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Discussion 
The activity coefficient data in dilute solutions 

are certainly compatible with the ion-pairing and 
dimerization equilibria. The close agreement of 
the constants with those obtained from X+ data 
lends added support to the assumption that these 
two equilibria are involved. As with the conduct­
ance data the results reported here cannot distin­
guish between an ion-pair and a monomer unit. 

Figure 3 shows that the mean molar activity co­
efficient is nearly constant over a very large con­
centration region. The extremes are only 25% 
apart, from 0.64 to 3.76 molar. Over this range, 
the mean ionic activity is nearly proportional to the 
total concentration, and the solution behaves as a 
nearly "ideal" binary electrolyte. 

Figure 4 shows the variation of total activity (on 
a semi-log scale) with concentration. The inflec­
tion in the curve reflects the fact that in this con­
centration range at a temperature only 8.5 degrees 
below this, the system separates into two phases. 

These results permit calculation of the standard 
free energy change for the solution process. For 
the process, Na(s> -»• Na+

(am) + e -
( a m ) , the values 

are: 
(1) To form the hypothetical ideal solution, C = 

1; A-Fi0 = +0.3 kcal. mole"1. (2) To form the 
hypothetical ideal solution, m = 1; AFV5 = —0.1 
kcal. mole -1. (3) To form the hypothetical ideal 
solution, Z N 3 = 1; A^3

0 = +3.8 kcal. mole-1. 
These data can be combined with heat of solution 

data,2b which give AiI0 = +4.4 kcal. mole -1, to 
yield ASi0 = 17.1 cal. deg. - 1 mole-1; AS2

0 = 18.7 
cal. deg. - 1 mole -1; AS3

0 = 2.5 cal. deg. - 1 mole -1. 
Using the value of 12.6 cal. deg. - 1 mole - 1 for the 
partial molal entropy of sodium ion2 and 10.8 cal. 
deg. - 1 mole - 1 for the entropv of sodium at 
-33.5° 17 gives S0 = 16.9 cal. deg. - 1 mole - 1 (hy­
pothetical ideal, m = 1) for the solvated electron. 

For some ten years there has been in use in this 
Laboratory apparatus for measuring the heat 
capacity of solids in the temperature range between 
10 and 32O0K. Since the apparatus and particu­
larly the method used for calculating the corrected 
heat capacities from the experimentally measured 
quantities differ in some respects from those de­
scribed in the literature, they will be briefly de­
scribed in the present paper. In order to check 
on the accuracy of our heat capacity measurements, 

Since extrapolation and interpolation were used 
extensively and also because smoothed curves were 
used for e and T+, we attempted to estimate the 
error in the final result. The estimate of the prob­
able error in the smooth T- curve is ±0.6%.10 

Since T- varies from 0.86 to 0.94 over the range 
studied, the probable error in T+ is about ± 7 % . 
The error in e is not easy to estimate, but it is cer­
tainly less than the error in T+ at high concentra­
tions. The root mean square deviation of —; ~ 

A log C 
from a smooth curve is ±4.6% (probable error = 
± 3%). Combination of all effects leads to an esti­
mated probable error in y±/y± ref ranging from 
0.8% at 0.01 molar to 9.6% for a 0.63 molar solu­
tion. Because of extrapolation errors, this in­
creases to about 16% at the point of tie-in with the 
vapor pressure data. Another uncertainty is in­
troduced by choosing aref from conductance data, 
with the magnitude of this error unknown because 
of the dependence upon the conductance function 
chosen to represent the behavior of the ions. 
However, a rough estimate may be made based 
upon the experimental error. The estimated prob­
able error in aref (6%) leads to an error of 4.2% in 
y±ref. The combined effects give a probable error 
in y± varying from 4.3% at 0.01 molar to 10.5% at 
0.63 molar. Consideration of all of these effects 
leads to an estimate of the probable error of AF0 of 
±0.36 kcal. mole - 1 which gives an uncertainty of 
± 1.8 cal. deg. - 1 mole -1 for AS0 assuming AHa to be 
accurate to ±0.1 kcal mole -1. 
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we have measured the heat capacity of a standard 
sample of benzoic acid, and the results are presented 
in this paper. 

Apparatus 
Cryostat and Calorimeter.—The heat capacity apparatus 

is of the "isothermal" type consisting of a vacuum in­
sulated calorimeter surrounded by a massive shield (called 
the "block") whose temperature remains nearly constant 
during a heat capacity measurement. The construction 
of this block and of the outer parts of the cryostat is similar 
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to that described by Giauque and Egan1 and by Johnston 
and Kerr.! The details of the construction of the cryostat, 
calorimeter and resistance-thermometer are available 
elsewhere.3 The calorimeter is a copper cylinder, of 0.025 
cm. wall thickness and having an axially located well into 
which the thermometer-heater is inserted. In the calor­
imeter used for heat capacity measurements of benzoic 
acid, amino acids and proteins, six radial fins, 0.040 cm. 
thick, are attached with 50-50 PbSn solder to the outside 
of the thermometer-heater well. The empty weight of 
this calorimeter, including the thermometer-heater, is 124.4 
g. The sample volume is 145 cm.3 In other calorimeters,4 

used with materials of greater thermal conductivity, the 
fins have been omitted without seriously lengthening the 
thermal relaxation time within the calorimeter. The outside 
of all calorimeters was covered with 0.0005 cm. thick dull 
gold plate. 

The Thermometer-Heater.—The resistance thermom­
eter-heater was made of pure platinum wire, 0.07 mm. 
diameter. I t is of strain free construction, similar to that 
described by Meyers6 and Catalano and Stout.4 The de­
tails of the construction are given elsewhere.3 The ther­
mometer, wound on a mica cross, was sealed inside a case 
containing helium gas at one atmosphere pressure. The 
thermometer case was soldered into the well of the calorim­
eter with indium solder.4 The weight of the thermometer 
and case was 11.39 g. 

The resistance of the thermometer was measured at the 
triple point6 of water and it was then calibrated over the 
range 10 to 300°K. against a laboratory standard Leeds 
and Northrup 25 ohm platinum resistance thermometer 
which had been calibrated by the National Bureau of 
Standards. This calibration is based on the International 
Temperature Scale of 1948 between the boiling points of 
sulfur and of oxygen and on the NBS scale of Hoge and 
Brickwedde' below the oxygen boiling point. There is a 
discontinuity in the derivative of resistance versus temper­
ature at the junction of the international Temperature 
Scale and the scale of Hoge and Brickwedde and in con­
structing the table of resistance versus temperature for our 
thermometer this discontinuity was arbitrarily smoothed 
out. A correction was also made to put the scale on the 
basis of the ice-point temperature of 273.150K. A typical 
resistance-thermometer heater had at the triple point of 
water a resistance of 127.734 ohms and dR/dT = 0.5078 
ohm deg - 1 . At 100K. the resistance had dropped to 0.1122 
ohms and di?/d T was 0.0134 ohm deg . - 1 . 

Electrical Measurements.—All measurements of the 
resistance of the thermometer and of electrical energy in­
troduced into the calorimeter were made with a calibrated 
100,000 microvolt White Double Potentiometer in conjunc­
tion with a Leeds and Northrup HS galvanometer. The 
illuminated galvanometer scale was at a distance of 9 
meters and was read through a telescope directed at the 
mirror of the galvanometer. At all except the lowest 
temperatures the resistance of the thermometer could be 
read to a precision of a few parts per million. A calibrated 
unsaturated Weston standard cell was used as the standard 
of electromotive force and the heating current was cal­
culated from the potential drop across a calibrated stand­
ard resistance. The energy input was automatically 
started and stopped by a timer driven by a pendulum 
clock. The timer was checked by comparison with a 1000 
cycle standard frequency and found to have errors of less 
than 0 .01%. 

Redetermination of the triple-point resistance of two 
thermometers after use for periods of up to 30 months 
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showed changes of less than 0.02°. The resistance of the 
thermometer at the boiling point of hydrogen was routinely 
measured during each cooling to hydrogen temperatures. 
Within the experimental uncertainty of about 0.03 degrees 
the resistance observed agreed with that obtained from the 
original calibration. 

Experimental Procedure 
The calorimeter is filled with sample and with He gas at one 

atmosphere and then sealed off. Careful account is kept of 
the weights during the filling of the calorimeter in order to 
obtain an accurate weight of the sample and to know the 
amounts of solder and helium in the filled calorimeter com­
pared to the empty calorimeter whose heat capacity is deter­
mined in a separate series of experiments. The calorimeter 
is hung from the top of the block and electrical connections 
between the two 0.66 mm. diameter P t leads of the ther­
mometer-heater and the No. 16 copper wires imbedded in 
the top of the block which are used for current and potential 
leads are made with four Pt leads about 2.6 cm. long. The 
two current leads are 0.10 mm. diameter and the two po­
tential leads are 0.07 mm. diameter. The length of these 
leads is measured in order to permit correction for the energy 
developed in them during the heating periods. The cryostat 
is then assembled and the insulating vacuum space pumped 
for several days at room temperature. The pressure read 
on an ionization gauge with a liquid N2 trap is less than 
10~6 mm. 

In order to cool the calorimeter, liquid N2 is added to the 
dewar and a pressure of about 1 mm. of He gas admitted 
to the insulating vacuum space. By pumping on the N2 
in the dewar the temperature of the calorimeter can be low­
ered to about 5O0K. The inner can is then evacuated and 
a series of heat capacity measurements may be started. If 
measurements are to be made at liquid hydrogen tempera­
tures, the calorimeter is cooled as above to 500K. and the 
insulating vacuum pumped. The bath pressure is then 
raised to one atmosphere X2 and after standing overnight 
the solid N2 in the dewar will have melted and the liquid 
N2 may be removed through the blowout tube. The calorim­
eter and block, protected by the insulating vacuum, will 
not rise in temperature by more than a degree in this period. 
After removing liquid nitrogen from the dewar and flushing 
the dewar space with hydrogen gas, liquid hydrogen is 
added to the dewar. A small pressure of He gas is again 
put in the insulating vacuum space and by pumping on the 
hydrogen bath the temperature of the calorimeter can be 
lowered to between 10 and H 0 K . The insulating vacuum 
space is then pumped out and a series of measurements 
begun. 

In an individual measurement the temperature of the 
block is approximately adjusted a little above the mid­
point between the expected initial and final temperatures of 
the calorimeter. A series of measurements of the resist­
ance of the thermometer is made in the fore rating period, 
the electrical energy introduced during a heating period, 
and the resistance again measured in an after rating period. 
The times used for the heating periods vary from five to 
fifteen minutes (generally 7-10 minutes). The total time 
for an individual measurement varies from 30 minutes to 
an hour. In addition to measurements of the electrical 
resistance in the rating periods and the current and potential 
during the heating period, thermocouple readings to de­
termine the temperatures of the top and bottom of the 
block and top and bottom of the vacuum can are taken. 
During a series of measurements the temperature of the 
can is adjusted so as to minimize the temperature drift 
of the block. 

Treatment of Experimental Data 
Correction for Heat Interchange.—In a measure­

ment of heat capacity, electrical energy, measured 
to an accuracy of a few hundredths of 1%, is in­
troduced by means of the thermometer-heater. 
The thermal leakage between the calorimeter and 
the surrounding isothermal shield during the heat­
ing period is estimated from the variation with 
time of the thermometer readings in the fore and 
after rating periods. In Fig. 1 is shown the tem­
perature-time curve for a measurement on an 
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empty calorimeter (Laboratory designation III) 
near 12.50K. This example is chosen to illustrate 
the non-linear temperature-time curves that may 
be found for a calorimeter of low heat capacity at 
low temperatures and therefore represents the most 
difficult conditions encountered. The correction 
for heat interchange is given by the following 
analysis. Let T indicate the temperature of the 
calorimeter and TB that of the isothermal shield 
(block). Then the change of temperature with 
time is given by 

dT/dt = /3 + a (T* - T) (1) 

where /3 is the ratio of the electrical power intro­
duced to the heat capacity of the calorimeter and a 
is the ratio of the Newton's law coefficient of heat-
interchange between calorimeter and block (called 
.BN) to the heat capacity of the calorimeter, a - 1 

is the thermal relaxation time between the calo­
rimeter and the block. The times of the beginning 
and end of the heating period are designated as t = 
— T and t = T respectively so t = 0 corresponds to 
the midpoint of the heating period. The drift 
in temperature of the block is found from observa­
tions of the block thermocouple which suffice to 
determine the temperature drift even though the 
absolute temperature of the block is not known to 
high precision. To sufficient accuracy the tem­
perature of the block may be represented by a 
linear function of time. 

rB = r0
B + kt (2) 

Let T' represent the calorimeter temperature 
in the fore rating period (including the extrapola­
tion of this temperature to the midpoint of the heat­
ing period), T" the temperature in the after rating 
period and T the actual temperature of the calo­
rimeter during the heating period. During the 
rating periods /3 = 0. (In our calorimeters the 
heating by the thermometer current was ordinarily 
negligible. At the lowest temperatures a ther­
mometer current of 2.5 ma., compared to the usual 
current of 0.9 ma or less, was sometimes used to 
increase the sensitivity. In such a case a separate 
correction, amounting at the most to 0.1%, is made 
to take account of the fact that the thermometer 
current is not passing through the thermometer-
heater during the heating period. The fractional 
correction to the heat capacity is one minus the 
square of the ratio of the thermometer current to the 
heating current.) The solution of eq. 1 is then 

T' = r 'o + kt + (1/a) [(AT'/Al)0 - k](l - e-a') (3) 

and a similar expression with T" substituted for 
T'. The value of a used is an average over the 
temperature rise of the heating period and is given 
by the expression, following from eq. 1 
a = [{AT'/At)1 - (AT"/At)2]/[T2" - T1' -

Kh - h)] (4) 

where t\ is a time in the fore period near the begin­
ning of the energy input and h a time in the after 
period soon after the end of the energy input. The 
constants T0', T0", (dr'/d*)o and (dr"/dOo in 
eq. 3, chosen for convenience at the midpoint of 
the energy input, are evaluated from the observed 
temperatures in the fore and after rating periods. 
These four constants also must be consistent with 

T 1 1 1 1 1 1 1 1 J 1 T 1 1 1 1 1 1 1 1 . 1 1 1 T 
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Fig. 1.—Temperature-time curve for a heat capacity meas­
urement of the empty calorimeter. 

the value of a since, by putting t\ — h = 0 in eq. 
4, a is determined by them. If /3 is taken as con­
stant, the solution of eq. 1 during the heating period 
is 

T = ToB + (l/a)(/3 - k) + kt + Ke-ot (5) 
/3 and the constant of integration, K are deter­
mined by the requirements that at t = — r, T' = T 
and at t = r, T" = T. (6) 

The total energy added to the calorimeter be­
tween t = —T and t = T is 

E + y i r 5 N ( r B - T) dt = 
E + a(AH/AT) fT_T (TB - D dt (7) 

Here E is the electrical energy and B, is experi­
mentally found to be sufficiently constant to be 
taken outside the integral sign. It is convenient 
to calculate the energy needed to heat the calo­
rimeter instantaneously from T0' to T0". This is 

E + a(AH/AT) f°_T [T' - T)At + fr
0{T" - T)At] 

(S) 

The integrals may be evaluated by combining 
eq. 1, 3, 5 and 6. This gives 

« [ / D _ , ( r - T) dt + Sl(T"- T) dt) -
(T0" - 7V)(I - (a r / s inh or)] (9) 

and by substitution in eq. 8 one obtains the ex­
pression for the mean heat capacity 

AH E sinh ar . _. 
AT ~ T0" - T0' ar { ' 

The approximation (sinh a r ) / a r = 1 + (ar)2/6 is 
valid to 0.01% for ctT<l/3 and may be used for all 
except the lowest temperature measurements. 

Above a temperature of from 15 to 2O0K., 
depending on the heat capacity of the calorimeter, 
the extrapolation of the rating period drifts may 
be made by taking the temperature to vary quad-
ratically with time and from 30 to 2000K. a linear 
extrapolation is adequate. However, at the lowest 
temperatures and with a low heat capacity (e.g. 
with an empty calorimeter) serious errors may be 
introduced by approximating eq. 3 by a quadratic 
expression. Usually the resistance R of the ther­
mometer may be substituted for T in the equations 
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above, but below about 25 0K. the non-linearity of 
the R-T curve makes it desirable to convert the 
resistance to temperature before making the 
extrapolation to the midpoint. In order to mini­
mize uncertainties in the extrapolation to t = 0, 
it is desirable to minimize the heating time. In 
measurements below 2O0K. we ordinarily use a six 
minute heating time. Typical values of a for an 
empty calorimeter (in min. -1) are in 0K.: 0.11 at 
12°, 0.022 at 20°, 0.0043 at 30°, 0.0006 at 100°, 
0.0029 at 200° and 0.013 at 300°. The values of 
a for a filled calorimeter are smaller by factors 
ranging from 2 to 6 depending on the sample and 
temperature. 

In the above derivation it was assumed that a 
and /3 are constant over the heating period. Be­
cause of the variation of heat capacity and thermal 
conductance with temperature, they will vary 
somewhat. A correction, described below, is 
made for the variation of /3. The maximum varia­
tion in a is at the lowest temperatures and at 10-15° 
K. amounts to about 10% per degree K. More 
elaborate calculations taking into account the 
variation in a show that even at the lowest tem­
peratures the error in using the mean a given by 
eq. 4 is small compared to other experimental 
errors. It should be realized, however, that the 
extrapolation to the midpoint of the heating period 
using this mean a is only a mathematical device 
for evaluating the heat exchange of the real calo­
rimeter during the heating period and that the tem­
perature to which the heat capacity should be 
assigned is : / 2 ( r_ T + T7) rather than the average 
of the fore and after period temperatures extrap­
olated to t = 0. 

Wire Corrections.—During the heating period 
energy is developed in the two platinum wires, 
0.01 cm. in diameter and about 2.5 cm. long, 
through which the heating current is led from the 
block to the calorimeter. This energy is not 
included in the measured electrical energy since the 
two potential leads are attached directly to the 
heavy leads of the thermometer-heater. Half 
of this energy goes into the calorimeter and half 
to the shield. The heat capacities must be multi­
plied by a correction factor 1 + r/R where r is the 
resistance of one platinum wire lead and R is the 
resistance of the thermometer-heater. Since the 
wires are of the same material as the thermometer-
heater, the correction is independent of tempera­
ture. It amounts to 0.2 to 0.3% for our ther­
mometers. 

Non-constant Heating Correction.—In deriving 
eq. 10 /3 was assumed constant. Actually the 
heating rate will vary because of variations in the 
resistance of the thermometer-heater and of the 
heat capacity of the calorimeter. A correction to the 
heat interchange during energy input must there­
fore be made. In measurements below about 100° 
K. the heating current is kept nearly constant with 
a large series resistance and the electrical power 
into the heater increases as its resistance rises. 
The heat capacities must be multiplied by a factor 

1 + ( V , ) a f A r [d In R/dT - d In (AH/AT)/dT] (11) 
where AT is the temperature rise in a measure­
ment. This correction reaches a maximum value of 

about 0.3% between 10 and 15°K. and is down to 
0.02% at 30°K. and above. Above about 100°K. 
the heater voltage is kept constant during energy 
input and the sign of d In R/dT in (11) must be 
changed. The correction in this range never 
exceeds 0.02%. 

Transient Heating Correction.—During energy 
input the heater wire is hotter than the calorimeter. 
In extreme cases this temperature difference may 
amount to as much as 15°K. After an initial brief 
period following the beginning of energy input 
this temperature difference remains approximately 
constant. Then, in measurements where the heat­
ing current is kept approximately constant the 
current may be represented with sufficient ac­
curacy by a linear, and the potential difference by 
a quadratic, function of time. In "constant volt­
age" measurements the potential difference is 
linear and the current quadratic in time. Ad­
vantage is taken of these facts in scheduling the 
measurement of current and potential difference 
during energy input, the linear one being read at 
t = 0 and the quadratic one at t = ± T/S/S', two 
times so chosen that their average is equal to the 
mean value of a quadratic function. A correction 
to the energy is necessary to account for the rapid 
change in current or voltage in the transient period 
before the steady state has been reached. The 
transient change in current or voltage may be ade­
quately represented by an exponential function 
with a characteristic time called tw, the thermal 
relaxation time between the heater wire and the 
calorimeter. tw is determined at a few tempera­
tures in special experiments where the transient 
change of the current is read on an ammeter of 
short time constant. tw is proportional to the 
product of the heat capacity of the heater wire 
plus some of the mica support and the thermal 
resistance (called A/E) between the heater wire 
and the calorimeter. This thermal resistance is 
calculated for every measurement as the ratio 
of the steady state temperature difference be­
tween the heater and calorimeter to the electrical 
power, A/E = 5R/P. 5R = R„ - i?av where i?w 
is the resistance of the heater wire and Rav the re­
sistance corresponding to the mean calorimeter 
temperature, both at the midpoint of the heating 
period. In addition to its use in the transient 
heating correction, A/E is very useful in detecting 
numerical errors in the calculation of the heating 
current or potential difference. The value of the 
effective heat capacity of wire plus mica is deduced, 
at a few temperatures, from the special experi­
ments and a curve drawn, taking into account the 
shape of the heat capacity-temperature curves of 
these substances. To correct for the initial tran­
sient change in current, the heat capacities must be 
multiplied by 

1 + (dR/Rv)(,U/2) (12a) 

for measurements at constant voltage and by 
1 - (SR/Rw) (U/2) (12b) 

for measurements at constant current. When the 
case enclosing the thermometer-heater is filled with 
pure helium, the maximum value of tw observed 
is about 5 sec. and the correction does not exceed 
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0.1%. However if the helium in the case is con­
taminated with air, as once occurred,4 t w may in­
crease by a factor of three or four with a cor­
responding increase in the correction. 

Correction for Thermal Gradients within the 
Calorimeter.—In the derivation of eq. 10 it is 
assumed that thermal equilibrium between the 
resistance thermometer, the calorimeter shell 
and the sample is reached in a time which is short 
compared to the thermal relaxation time between 
calorimeter and shield so that it is justifiable to 
assume the temperature read by the thermometer 
is that of the entire calorimeter and contents. 
At the lowest temperatures the time for establish­
ment of thermal equilibrium within the calori-
metric system is very short and the first measure­
ment of the resistance thermometer, taken one-
half minute after the end of the energy input, repre­
sents an equilibrium temperature. At higher tem­
peratures nonequilibrium thermometer drifts are 
normally observed for three to six minutes after 
the energy input. However, the time for estab­
lishment of steady state drifts may, with a sample 
of large heat capacity and not too good thermal 
conductivity, rise to about ten minutes at 15O0K. 
and fifteen minutes near room temperature. Even 
after steady state drifts are established, the tem­
perature read by the resistance thermometer will 
not be exactly equal to the mean temperature of the 
sample. In an empty calorimeter, for example, 
during the fore rating period, when the calorimeter 
is warming, the mean temperature of the calo­
rimeter is higher than that of the thermometer, 
and in the after period, when the calorimeter is 
cooling, the temperature of the thermometer will 
be the higher. Consequently the true rise in 
temperature of the calorimeter corresponding to 
the electrical energy introduced is less than that 
deduced from the thermometer readings. In 
a filled calorimeter the temperature rise indicated 
by the thermometer readings may be either greater 
or less than that corresponding to complete thermal 
equilibrium in the calorimetric system depending 
on the heat capacities and thermal conductivities 
within the system. A further correction to the 
heat interchange between calorimeter and shield 
during the heating period is required since the 
temperature of the outside of the calorimeter which 
is exchanging heat with the shield is not identical 
with that corresponding to complete thermal 
equilibrium in the calorimetric system. The steady 
state temperature gradients within the calorimetric 
system and the correction to the heat interchange 
during energy input will both be proportional to 
the thermal conductance between calorimeter and 
shield (.BN). We may write the correction by 
which the heat capacity must be multiplied as 

1 - 2 7 B N = 1 - 2ya(dH/dT) (13) 

where y is to be experimentally determined and the 
other symbols are defined above. y(dH/dT) has 
the dimensions of time and the correction may be 
thought of as involving the ratio of the thermal 
relaxation time within the calorimeter to that 
between the calorimeter and shield. Catalano 
and Stout4 determined the value of y by observing 
the effect of a change in shield temperature on the 

resistance of the thermometer and using a simple 
model for the thermal connections between dif­
ferent parts of the calorimetric system. An al­
ternative method, which we now employ, is to 
measure the heat capacity at the same temperature 
with two different values of .BN and use these data 
to calculate y. The two methods give concordant 
results. In practice some helium gas, sufficient 
to increase -BN by a factor of two or three, is ad­
mitted to the insulating vacuum space separating 
the calorimeter and shield and a series of measure­
ments of heat capacity is made. The values of y 
calculated are plotted against temperature and 
points read off the curve are used to correct the 
heat capacity measurements taken with a good 
vacuum. In essence the method consists of ex­
trapolating the measured heat capacities to those 
that would be obtained if the thermal insulation 
between calorimeter and shield were perfect. With 
an empty calorimeter the yBx correction amounts 
to about 1% at 3000K. and with a filled calorim­
eter the correction is considerably smaller, usually 
amounting to no more than 0.3%. The correction 
diminishes rapidly at lower temperatures since BN 
varies approximately as T% and y does not change 
rapidly with temperature. It is estimated that at 
3000K. uncertainties in the Y.BN correction can in­
troduce a maximum uncertainty of 0.2% in the heat 
capacity data and this error drops rapidly at lower 
temperatures. 

Corrections for Empty Calorimeter, Solder and 
Helium.—The heat capacity of the empty calorim­
eter is measured over the entire temperature range. 
To obtain the heat capacity of the sample the heat 
capacity of the filled calorimeter is corrected for 
that of the empty and for the changes in weights 
of solder and helium of the filled calorimeter com­
pared to those of the empty. The heat capacities 
obtained are values of AH/AT and must be cor­
rected for curvature if the differential heat capacity, 
Cp = dH/dT, is desired. In most substances this 
correction is significant only at the lowest tempera­
tures. 

The Heat Capacity of Benzoic Acid.—The ben­
zoic acid sample was a Calorimetry Conference 
Standard sample8 obtained from the Thermo­
chemistry Section of the National Bureau of Stand­
ards. The sample was transferred directly to the 
calorimeter from the bottle in which it was re­
ceived, without further purification. The weight 
of the sample (in vacuo) was 100.99 g. (0.8270 mole). 
The fraction of the total heat capacity of the 
filled calorimeter contributed by the empty calo­
rimeter was 0.10 at H0K., 0.36 at 100°K. and 0.27 
at 3000K. The experimental heat capacities, 
listed in Table I, are the ratios of the increase in 
enthalpy, AH to the rise in temperature, AT. In 
benzoic acid the correction for curvature, to change 
to the differential heat capacity, Cp, is for all 
points less than a change of one in the last place 
entered in the table and so the table entries are also, 
to well within the experimental error, values of Cp 
at the mean temperature T. The heat capacities 
are expressed in terms of the defined calorie 

(S) D. C. Ginnings and G. T. Furukawa, T H I S JOURNAL, 75, 522 
(1953). 
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Fig. 2.—Ratio of heat capacity of benzoic acid measured 

by various observers to the table of Furukawa, McCoskey 
and King, versus temperature. 

(4.1840 joules). The temperature rise in an 
individual measurement may be inferred from the 
spacing in temperature between successive measure­
ments. In Table I the measurements are listed in 
chronological order. The last three points, marked 
with an asterisk, were made with helium gas in the 
vacuum space in order to determine the correction 
for thermal gradients within the calorimeter. 
These points are less accurate than the usual ones 
with a good vacuum and should be given no weight. 

Also listed in Table I are the deviations, in per 
cent, of each of our experimental points from the 
table of Furukawa, McCoskey and King.9 This 
table is not smooth to the number of figures given 
in it, and we have interpolated in it as it is printed 
rather than changing it to a smooth table. The 
error in our heat capacity measurements is esti­
mated as not exceeding 5% at 1O0K., 2% at 150K., 
1% at 2O0K. and 0.2% between 40 and 250°K. 
Above 250°K. the error increases, reaching about 
0.4% at 3000K. The observed scatter in heat ca­
pacity data is less than the above errors by a factor 
of two or more and the estimated error includes 
an allowance for possible uncertainties in the NBS 
temperature scale relative to the thermodynamic 
scale. The agreement of our data with the table 
of Furukawa, McKoskey and King9 is well within 
the estimated error except at the lowest tempera­
tures where our measurements are higher than those 
of the NBS workers, reaching a maximum deviation 
of 10% for our lowest point. Measurements of 
the heat capacity of the Calorimetry Conference 
Standard benzoic acid have been reported by Os­
borne, Westrum and Lohr10 and by Busey.11 A 
plot of the ratio of the heat capacities of benzoic 

(9) G. T. Furukawa, R. E. McCoskey and G. jf. King, / . Research 
Nail. Bur. Standards, 47, 256 (1951). 

(10) D. W. Osborne, E. F. Westrum, Jr., and H. R. Lohr, THIS 
JOURNAL, 77, 2737 (1955) and private communication. 

(11) R. H. Busey, (a) ibid., 78, 3263 (1956); (b) ORNL-1828 (Jan. 
26, 1955). 
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acid to the table of Furukawa, McCoskey and King, 
as measured by the above two sets of workers and 
by us is shown in Fig. 2. Below 16°K. the heat 
capacity given by the NBS table appears to be too 
low by more than the estimated uncertainties of 
the various experiments. In this temperature 
range the thermal relaxation time between the 
calorimeter and its surrounding becomes short and 
the corrections for heat interchange must be care­
fully made. We believe that in this range our 
isothermal calorimeter, with the heat interchange 
corrections calculated as indicated earlier in this 
paper is capable of more accurate results than many 
adiabatic calorimeters where the adiabatic condi­
tion is determined by a copper-constantan 
thermocouple which becomes quite insensitive at 
low temperatures. The thermal relaxation time 
between the calorimeter and its surroundings, the 
reciprocal of a in eq. 1, may be used as a figure of 
merit in comparing various calorimeters in the 
low temperature region. If this time becomes too 
short, so that the thermal contact between the 
calorimeter and its surroundings is good, the elimi-
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nation of corrections for heat interchange by con­
trolling the temperature of a shield becomes very 
difficult. In the temperature range above 250°K., 
on the other hand, where a difference thermocouple 
is very sensitive and where the corrections for 
thermal relaxation times within the calorimetric 
system become important, we believe that an adia-
batic calorimeter is capable of more accurate re­
sults than our isothermal calorimeter. Even in 

One of the most obvious deficiencies in present 
day knowledge of the metabolism of living organ­
isms is the lack of information concerning energetic 
changes associated with the synthesis of proteins. 
For several years we have been engaged in measur­
ing the heat capacities of the naturally occurring 
amino acids and some selected proteins to establish 
the entropies of these compounds. Concurrently 
Tsuzuki and Hunt2 have been measuring the heats 
of combustion of these same compounds. The 
projects were undertaken to supplement work 
on the few amino acids studied in the 1930's by 
Huffman, Borsook and others.3 

We present here our data on glycine and /-ala­
nine, d-alanine has been studied previously4 as 
has glycine5 but not below 9O0K. Estimates of the 
entropies of these amino acids must be revised as a 
result of extending heat capacity measurements be­
low 9O0K. Furthermore, over the entire range of 
temperatures employed, our data offer a greater 
degree of precision than the previous studies. 

Experimental 
Amino Acids.—The glycine and /-alanine used in these 

studies were provided by the late Jesse P . Greenstein of the 
National Institutes of Health. Both were free of other amino 
acids as indicated by unidirectional paper chromatography 
using five different solvent systems (formix, MeOH-pyri-
dine, ketone mix, phenol and butanol-acetic acid). The !•-
alanine was 99.9% free of the <Z-isomer by the criteria of 
Meister, et alfi Both amino acids were crystalline as evi­
denced by examination in polarized light. Both materials 
were dried a t room temperature for several days at 1O -4 

mm. in a system trapped with liquid nitrogen. After load-

(1) This work was supported by the U. S. Atomic Energy Commis­
sion. 

(2) T. Tsuzuki and H. Hunt, J. Phys. Ckem., 61, 1668 (1957). 
(3) H. Borsook and H. M. Huffman in C. L. A. Schmidt, "Chemis­

try of the Amino Acids and Proteins," C. C Thomas, Springfield, 
III., Baltimore, 1938, p. 822. 

(4) H. M. Huffman and H. Borsook, T H I S JOURNAL, 54, 4297 
(1932). 

(5) G. S. Parks, H. M. Huffman and M. Barmore, ibid., 55, 2733 
(1933). 

(6) A. Meister, L. Leventow, R. B. Kingsley and J. P. Greenstein, 
J. Biol. CUm., 192, No. 2, 535 (1951). 

this region, however, a comparison of our measure­
ments of the heat capacity of benzoic acid with those 
of the other laboratories indicates that our estimate 
of a possible error of 0.4% at 3000K. is a generous 
one. 
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ing the calorimeter they were subjected to pumping a t 
< 1 0 - 8 mm. pressurefor 48 hr. No weight losses which could 
be considered significant occurred. Nonetheless the heat 
capacity measurement on glycine at 269.270K. is 1.1% high 
and was ignored in drawing the curve from which the 
thermodynamic functions were derived. We believe the 
high value probably arises from the melting of water in the 
sample. To produce the excess heat observed in this meas­
urement, 0.022 g. H2O per mole of glycine would be 
required. At other temperatures the effect on the heat ca­
pacity of this amount of water is always less than 0.06%, and 
since it is small compared to the experimental error, no cor­
rection has been made. 

Experimental Methods and Calculations.—The methods 
for measuring heat capacities and for calculating the results 
have been described in detail.7 As an additional detail, the 
method used to extrapolate the heat capacity curve below 11 
0 K. was as follows. Values of (AH/AT)/T2 were plotted as 
a function of T and this curve extrapolated in such a fashion 
that AH/AT was proportional to T3 as T approached zero. 
The fractional error involved is no doubt appreciable, but 
since S"w is less than 0.2% of 5°298.i5 the absolute error is 
tolerable. The calorimeter used was the one with six radial 
fins and the heater-thermometer was the one bearing the 
laboratory designation " H " described in the previous paper. 
The sample weight was 47.431 g. for /-alanine and 98.129 g. 
for glycine. The heat capacity of the empty calorimeter rep­
resented 40-50% of the total heat capacity over most of the 
temperature range employed, falling to 2 5 % at 3CO0K. in 
the case of glycine. 

Results 
The experimentally measured quantities (AH/ 

AT) are given in Table I for glycine and in Table II 
for /-alanine. The individual values are listed in 
the chronological order in which they were ob­
tained and the thermal history of the compounds 
can be deduced from the table. Glycine had an ex­
ceptionally stormy history as a result of a broken 
vacuum line. In general the temperature rise in 
individual experiments can be deduced from the in­
tervals between the points. Where an occasional 
run was lost or where cooling overnight led to over­
lapping of points, the following applies: From 11-
5O0K. AT was approximately 0.1 T. From 50-
1500K., AT <5.5°, from 150-2000K., AT <6° ; 

(7) A. G. Cole, J. O. Hutchens, R. A. Robie and J. W. Stout, T H I S 
JOURNAL, 82, 4807 (1960). 
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The heat capacities of /-alanine and glycine have been measured from 11 to 3050K. The entropies at 298.15°K. were 
found to be 30.88 cal. deg . - 1 mole - 1 for /-alanine and 24.74 cal. deg . - 1 mole - 1 for glycine. The heat capacities, entropies, 
(H° - .ff°o)/Tand -(F0 - H°o)/T are tabulated for both substances from 10 to 31O0K. The values of 50J98-Is - 5 ° » found 
are in good agreement with previous work by Huffman and Borsook on d-alanine and by Parks, et al., on glycine. However, 
extrapolation procedures employed below 9O0K. by previous workers led to too high an estimate for 5 °» for both amino acids. 


