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The enthalpy of reaction of tris(hydroxymethyl)aminomethane, NBS Standard Reference Material
724a, measured in an adiabatic solution calorimeter at 298.15 K in 0.1 N HCI solution is —245.76
+0.26 J - g7 !, and in 0.0500 N NaOH solution is 141.80 =0.19 J - g~'. The conditions applicable and
the factors included in the overall uncertainties are discussed in detail. For the reaction in 0.1 N HCI
in the range, 293 t0 303 K, ACp=1.435+0.023 ] - g~ - K-', and in 0.0500 N NaOH in the range, 295 to

303 K, ACp=1.025+0.025] -g~' -K-.

Possible sources of error in measurements of the reactions are discussed. A summary of other
enthalpy measurements of the reaction in 0.1 N HCl is given.
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1. Introduction

Tris(hydroxymethyl)aminomethane or 2-amino-2-
(hydroxymethyl)-1,3-propanediol, (HOCH,);CNH., is
popularly known as TRIS or by the trade name,
THAM.! For some years it has been used in medicine
and as a buffer in analytical chemistry. Recently it
was issued by the National Bureau of Standards as a
standard reference material for solution calorimetry,
SRM 724 and 724a.2 The experimental work which is
the basis for the certified enthalpy values for this
standard reference material is discussed in sections
3.3 and 3.4.

The neutralization reaction with excess aqueous
hydrochloric acid may be written

n[(HOCH,)sCNH:] (¢) + (n+x)H* (aq) —
n[ (HOCH,)3CNH;]* (aq) +xH* (aq).

Under some conditions (described in secs. 3.1a and
3.1b) side reactions may occur which produce high
enthalpy values. For the dissolution reaction in water,
slightly alkaline solutions are preferred for calori-
metric measurements to eliminate possible reaction
with CO; dissolved in the water.

The use of the reaction of tris(hydroxymethyl)-
aminomethane with 0.1 N hydrochloric acid solution
“as a test reaction for rapid moderately exothermic

! Fisher Scientific Co. Trademark. Commercial materials are identified in this paper
in order to adequately specify the experimental procedure. Such identification does not
imply recommendation or endorsement by the National Bureau of Standards.

2 Available at Office of Standard Reference Materials, National Bureau of Standards,
Washington, D.C. 20234.

reactions” was proposed by Irving and Wadso [1]? in
1964. The same year, the U.S. Calorimetry Conference
requested that the National Bureau of Standards (U.S.)
issue a sample to be used as a standard reference
material for solution calorimetry. At that time, a new
vacuum-jacketed adiabatic solution calorimeter had
been constructed (in the Thermochemistry Section at
NBS) which was still untested, but was believed to be
capable of high precision and accuracy, and well-
qualified to do the enthalpy certification work. It was
assumed that the certification would involve only a
series of simple calorimetric experiments to confirm
the work of Irving and Wadso. However, the first re-
sults obtained late in 1967 with the new Standard
Reference Material No. 724 were approximately 0.1
percent more exothermic than the values reported
by Irving and Wadsi, and the experimental impre-
cision of the measurements was about twice that
expected of the calorimeter.

An intensive effort began to locate the cause of the
discrepancy in the results. No difference was found in
the enthalpy value obtained with samples from dif-
ferent sources, nor in samples which were stored for
years in darkness when compared to those stored in
the presence of fluorescent lighting, nor in samples
stored in the room atmosphere as compared to those
stored in a hygrostat of 50 percent relative humidity.
The calibrations of our bridge, potentiometer, standard
resistors, standard cell, and electronic counter were
checked; a dummy heater with its leads directly in
the calorimeter solution (thus at calorimeter tem-

3Figures in brackets indicate literature references at the end of this paper.
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perature before leaving the vessel) was compared with
the permanent calibrating heater in the platinum well —
the difference between the results obtained with the
two heaters was less than 0.004 percent; temperature
differences at various points between the adiabatic
shield and the vessel were measured and the currents
in the shield were readjusted to produce minimal
departures from the vessel temperatures; and the plat-
inum resistence thermometer was replaced by a
quartz-oscillator thermometer—none of these pro-
duced any detectable change in the results.

Having eliminated the sample composition and
treatment, and the measuring equipment as likely
sources of error, we decided to measure for comparison
the enthalpy of another reaction on which published
results were available [3], the reaction of H.SO4-8H,0
in 0.02 N and in 0.08 /V sodium hydroxide solutions.
The results we obtained [2] agree with Gunn’s values
[3] within a few hundredths of a percent. The standard
deviation of the mean for our experiments was 0.01
percent, which was a definite improvement over the
imprecision in the experiments with TRIS.

Our efforts were then directed to investigating con-
ditions of the TRIS reaction in aqueous HCl which
might explain the existing discrepancy in the enthalpy
values obtained by various laboratories. Much is
still not understood about this reaction, but we report
here the results of some of our measurements which
have led to our confidence in the experiments on which
are based the certified enthalpy values for Standard
Reference Materials 724 and 724a under certain speci-
fied conditions. We have also summarized values
obtained by other laboratories (published and un-
published) for the TRIS reaction in aqueous HCI.

2. Materials, Apparatus, and Procedures
2.1. Tris(hydroxymethyl)aminomethane

Our measurements reported in this paper were
made using two samples of TRIS, SRM 724 and SRM
724a. The latter sample is to be issued upon deple-
tion of the first sample, SRM 724.

SRM 724 was prepared from tris(hydroxymethyl)-
aminomethane obtained from several commercial
sources, and the purifications* and assay® were per-
formed in the Analytical Chemistry Division. In the
purification, each 1-kg lot was washed twice by stirring
with methanol and filtering. The material recovered
from the second washing was dissolved in hot water
and filtered. The TRIS was crystallized by slowly
dripping the filtrate into vigorously agitated methanol.
The crystalline TRIS was filtered, washed with cold
methanol, and then the entire crystallization procedure
was repeated. The crystals from the second crystalliza-
tion were air-dried for a day or more, and then dried
at about 338 K in a rotating vacuum drier until the
product was free-flowing and showed no tendency to
stick to the walls. The assay of this material is 99.94 =+
0.01 percent (HOCH.)3CNH,. An indirect coulo-

4D. Enagonio, Separation and Purification Section.
5 G. Marinenko, Microchemical Analysis Section.

metric procedure was used for the assay (see [4] for
details of the procedure).

The material for SRM 724a was 10 kg of TRIS ob-
tained from a commercial source and was not further
purified. (This material was part of a total of 60 kg,
and 50 kg was used for acidimetric standard, SRM 723).
The assay is 99.9690 +0.0030 weight percent.” The
results of the coulometric analyses, the titration pro-
cedures, and the method of selecting the random
samples have been described [5].

The general procedures recommended by the Stand-
ards Committee, U.S. Calorimetry Conference,
October 1966, were followed (except as noted in this
work) in the storage and use of the TRIS samples, i.e.,
the material was stored in a hygrostat containing a
saturated solution of magnesium nitrate (50 percent
relative humidity), it was used without further heating
or crushing and the calorimetric samples were weighed
in air, sealed with air in the sample holder at atmos-
pheric pressure, and not exposed to heat.

2.2. Solutions

The calorimetric solutions (approximately 300 c¢m?
in volume) were taken from stock solutions, 2 dm? in
volume, which were stored in polyethylene bottles.
The solutions for the reaction with HCl were prepared
by dilution of ACS reagent grade hydrochloric acid
(37.0-38.0%) with distilled water. The solutions were
analysed by titration with (1) 0.1 N standardized sodium
hydroxide solutions using a recording pH meter, or (2)
ACS analytical reagent grade sodium carbonate which
had been dried for 1 h at 545 K, using bromphenol blue
as an end point indicator. The 0.1 N HCI solutions
were within 2 percent of the nominal value and the
estimated uncertainty in the analyses is 0.5 percent
or less.

The distilled water used in the preparation of the 0.1
N HCI was in equilibrium with air (which contains
0.03% CO.). The decision not to use CO,-free solu-
tions was based on the following considerations. The
Standards Committee of the Calorimetry Conference
made no recommendations regarding the treatment
of the aqueous calorimetric solutions except that there
should be “approximately one atmosphere air pressure
in the vapor space over the solution; the solution may
then be assumed to be essentially saturated with air.”
Furthermore, many solution calorimeters are constant
pressure systems which are not sealed from the atmos-
phere and may be affected to some extent by the
atmosphere. An important factor influencing the choice
of the reaction of TRIS in aqueous HCI as a standard
was that a reproducible enthalpy value could be ob-
tained without the need for special procedures and
analyses. It is not necessary that the reaction be
accurately defined as long as the enthalpy values are
reproducible and the defined conditions can be ob-
tained in various calorimeters. We concluded that the
most reproducible condition for the preparation of
the HCIl solutions (without using elaborate analyses
and precautions in preparation and handling) was to
use solutions which were in equilibrium with air; this
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is one of the conditions for the certified enthalpy value
for the reaction with HCI.

In preparing the aqueous NaOH solutions for the
endothermic reactions, the distilled water was boiled
at least 15 min and as it cooled it was guarded by a
COs-absorption tube. Stock solutions, stored in closed
polyethylene bottles, were prepared by dilution of 10 N
NaOH and analyzed by titration using potassium
acid phthalate (SRM 84¢g) and a pH meter or phenol-
phthalein as an end-point indicator. During the titra-
tions, CO,-free air was passed through the solution
in the flask to reduce reaction with CO, in the at-
mosphere. The uncertainty in the analyses is estimated
to be as much as 1 percent in some cases because of
the possibility of some reaction with atmospheric
COs. In the use of the solutions, the only precautions
taken to avoid reaction with CO, were to use solutions
prepared and analysed not more than 2 weeks prior
to the calorimetric experiments, to transfer the solu-
tions as quickly as possible from one container to
another, and to avoid breathing directly on the solu-
tions. In this way, carbonate formation in the solutions
was minimized.

2.3. Apparatus

The vacuum-jacketed adiabatic solution calorimeter
used for all of these measurements has been described
in detail [2]. The sample holder and all parts in contact
with the calorimetric solutions were of platinum-
iridium alloys. The volume of the sample holder used
in this work was 2.7 cm?, the mass of the TRIS samples
was 1.5 g, and the volume of the calorimetric solutions
was approximately 300 cm?. The volume of the vapor
space above the solution was normally about 15 cm?,
but in certain special experiments (such as those using
different masses of solutions described in sec. 3.2)
the vapor space volume was from near 0 to 40 cm?,
The stirring rate was 350 rpm in these experiments
(except as noted) and 3 to 5 wK - min-!. The uncer-
tainty in the stirring energy in an experiment is esti-
mated to be 5 percent of the total stirring energy or
less, based on results obtained over a period of 8
years.

The experiments reported here were performed
between February 1970 and May 1971, except some
preliminary work on the endothermic reaction in
January to March 1969 and some very recent work
on the effects of CO, and on the effect of the presence
of gold which was done between July and October 1972.

In various groups of experiments three different
systems (described previously [2]) were used as noted
to measure the calorimeter temperature. In each sys-
tem the temperature-sensing unit was placed in the
platinum well which projected from the vessel cover
and extended into the solution to about 1 ¢m above
the stirrer propeller. The well was centered on the
same radius as were the vent and sample holder shown
in figure 1. Between January and August 1970, an
experimental system was used which employed a
modified quartz-oscillator thermometer with digital
read-out. A 25-Q) platinum resistance thermometer
with a G—=3 Mueller resistance bridge and an elec-
tronic null detector were used to measure the calorim-

eter temperature prior to January 1970, and between
September 1970 and June 1972. Since June 1972, the
temperature has been measured with a quartz-
oscillator combined with direct frequency counting and
digital print-out. Both of the quartz-oscillator systems
were calibrated by comparison with the platinum
resistance thermometer system.

2.4 Apparatus Modifications for This Work

This calorimeter was designed primarily to measure
enthalpies of reaction or heats of reaction at constant
pressure [2|. During the search for the cause of the
small disagreement in enthalpy values measured by
various laboratories for the reaction of TRIS in 0.1 N
HCI, temporary modifications of the calorimeter
were made in order to magnify certain effects and
are explained in this section.

Figure 1 is a diagram of the calorimeter vessel and
some of its associated parts. Five platinum tubes (two
are not shown) lead up from the cover of the vessel;
at left, the vent tube (B); in the center, the tube
which surrounds the stirrer shaft; and at right, the tube
containing the push-rod which opens the sample holder.
In the upper right of figure 1 is an enlarged view of the
original vent seal at the vessel cover. It consisted of
a weighted platinum rod (D) which seated in a poly-
tetrafluoroethylene (PTFE) ring (diameter of hole
= 1.6 mm) located between the two parts of the vessel
cover. In some experiments the rod was in place and
it formed a seal; in other experiments the rod was
withdrawn and there was a direct vent between the
vapor space above the solution and the atmosphere.
In some experiments the rod was withdrawn and the
upper end of the vent tube was connected by rubber
tubing to an open-end manometer (A) containing either
mineral oil or mercury. This limited the diffusion of
vapor from the calorimeter, and made possible ob-
servations of changes in pressure in the vapor space
above the solutions during the experiment when there
was a seal at the stirrer. The capillary tube, C, shown
in figure 1 was used only in a special group of experi-
ments and will be discussed later in this section.

The o-rings at the top of the platinum tubes for the
stirrer and push-rod (fig. 1) also limit the extent to
which the calorimeter is sealed from the atmosphere.
Normally, since this is essentially a constant pres-
sure system, PTFE o-rings are used. They are intended
to function more as bearings than as seals; they wear
with use and flow when heated; they form poor and
unreliable seals under these conditions; however,
they provide a good bearing surface for reproducible
stirring energy. We have found that these bearings
may hold pressures up to 10 cm of mineral oil. In
experiments where good seals around the stirrer shaft
and push-rod are needed, the PTFE o-rings are re-
placed by heavily lubricated rubber o-rings which are
compressed by brass fittings (not shown in fig. 1).

In the measurements reported in this paper, four
venting arrangements were used:

(1) In the “unvented” or sealed system, the vessel
was sealed by nitrile rubber o-rings around the stirrer
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scale, centimeters

FIGURE 1. Diagram of the calorimeter with modifications for some

of this work.

(A) Glass, open-end manometer filled with mineral oil or Hg; (B) Vent tube; (C) PTFE
capillary tube; (D) Weighted platinum rod for sealing vent; (E) Cover of calorimeter jacket;
(F) Cover of adiabatic shield; (G) The silver calorimeter vessel, platinum-lined; (H) Platinum
sample holder.

shaft and the push-rod, and the vent was sealed at the
vessel cover by the weighted platinum rod (see fig. 1,
upper right).

(2) In the ‘“vented” system which was partially
closed to the atmosphere, the platinum rod was re-
moved and the top of the vent tube was connected
through rubber tubing to an open-end manometer.
PTFE o-rings were used as bearings at the top of the
stirrer and push-rod tubes.

(3) In the vented system open to the atmosphere,
the arrangement was similar to (2) except that the
rubber-tubing was disconnected from the manometer.

(4) In the system where the effects of various atmos-
pheric gases on the TRIS reaction were studied,
nitrile rubber o-rings formed seals at the top of the

stirrer and push-rod tubes. The platinum rod and the
PTFE ring were removed from the vent tube, and a
PTFE capillary tube (C) was passed through the rubber
tubing and vent tube as shown in figure 1. The lower
end of the capillary tube was located a little above the
stirrer and the upper end could be connected to a
gas introduction line. The gas was passed through the
capillary tube and bubbled through the solution;
the exit gases passed through the space between the
capillary and the vent tube and the rubber tubing to
the atmosphere. When the gas flushing was completed,
the capillary tube was disconnected from the gas
introduction line and placed inside the top of the
open-end manometer where the rubber tubing was
connected as shown in figure 1. The calorimeter solu-
tion was thus essentially saturated with the gas under
study and the space above the solution was filled with
the gas at atmospheric pressure.

2.5. Calibrations and Physical Constants

The platinum resistance thermometer was cali-
brated in October 1961 and checked at the ice point
in 1968 (see [2] for the calibration data), and 1 K equals
0.10104 Q2 at 298.15 K. For converting the quartz-
oscillator readings, Q, to the equivalent temperature,
T (in °C) on the platinum resistance thermometer we
use the linear equation, T=A4+ B(Q). The constants,
A and B, are 0.10030 and 1.01080, respectively, for
the experimental quartz-oscillator system, and
—8.41001 and 1.01273, respectively, based on a cali-
bration in June 1972 for the system currently in use.

The last certified NBS calibrations of the three
standard resistors (0.1 Q, 10 , and 10 kQ used in
the electrical energy measurement circuit) were made
in June 1969, and of the standard cells in terms of
the NBS absolute volt of 1968, in July 1969. The records
of these calibrations at 1- or 2-year intervals provides
additional confidence in the values used because of
the consistent trends in the calibrated values. Dial
calibrations of the G—3 Mueller resistance bridge were
made in this laboratory in January 1969 and November
1970, and of the six-dial potentiometer, in January
1969.

The heat attributed to the chemical reaction is ob-
tained from comparison of the calorimeter tempera-
ture rise with that resulting from the addition of pre-
cisely, measured electrical energy. The time of
electrical heating is based on the standard frequency
signals available at NBS.

The 1969 atomic weights [6] were used to obtain the
molar mass for TRIS (CsH:0O3N), 121.1369. For
energy conversions, 4.184 joules=1 thermochemical
calorie. The following densities were used in com-
puting buoyancy factors: 1.35 g cm™3 for TRIS [7],
and 0.00118 g- cm™3 for air under the average condi-
tions in this laboratory.

3. Experimental Results

The objective in this work was to provide certified
enthalpy values for the reaction of Standard Reference
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Material 724a (TRIS) with 0.100 N HCI, an exothermic
reaction, and with 0.0500 N NaOH, an endothermic
reaction, under the conditions recommended by the
Standards Committee of the U.S. Calorimetry Confer-
ence in October 1966. We observed large variations
in the enthalpy of the reaction in aqueous HCI under
extreme conditions, and we conclude that under less
extreme conditions small variations in the enthalpies
of reaction occur when there are small departures
from the standard conditions. The results of our
measurements under the extreme conditions, some
supplemental measurements, and the work which is
the basis for the certified enthalpies of reaction are
discussed in the following subsections.

3.1. Anomalous Effects in the Closed Calorimeter

The experiments described in sections 3.1a and
3.1b are not of high precision. It is unlikely that the
conditions of these experiments would be used in
precision calorimetry, however, the results under the
extreme conditions may serve to explain small varia-
tions in the enthalpy of reaction when there are small
departures from the conditions of the certified values.
The possibility of the occurrence of these variations
to an undetermined extent has prompted the assign-
ment of a larger uncertainty to the certified value for
the reaction in aqueous HCI than would otherwise
have been necessary.

The calorimeter was designed primarily as a con-
stant pressure calorimeter. The modifications made to
seal the calorimeter did not result in a constant volume
system in the usual sense because slow leakage some-

times occurred at the seal around the stirrer. How-
ever, the leakage rate was usually slow enough to
allow observations of pressure changes above the solu-
tion during an experiment.

a. The Venting Effect

In an earlier investigation where the enthalpy of
reaction of gaseous ketene in aqueous NaOH was
measured [8], it was necessary to make the calorim-
eter sufficiently gas-tight so that the gaseous products
could be collected and analysed. Following that in-
vestigation the reaction of TRIS in 0.1 N HCI was
measured as a check on the performance of the
calorimeter. The enthalpy values were about 3 per-
cent higher than those previously measured under
what were believed to be identical conditions; the
only difference was that the PTFE o-ring bearing was
replaced with a lubricated nitrile o-ring at the top of
the tube surrounding the stirrer shaft. The calorimeter
was an unvented system, arrangement (1) as described
in section 2.4. When the nitrile o-ring seal around the
stirrer was replaced by a PTFE o-ring bearing which
was not a seal, the enthalpies measured for the TRIS
reaction were again the lower values obtained before
sealing the calorimeter.

In table 1 are the results of measurements of the
reaction of SRM 724 or SRM 724a with 0.1 N HCI in
the vented and in the unvented calorimeter, arrange-
ments (2) and (1), respectively, as described in section
2.4. The pressure changes observed in the vented
system appear to be insignificant and will be discussed
in section 3.1b. The iritial systems were always at

TABLE 1. Results of measurements of the reaction of SRM 724 and 724a with 0.1 N HCI solutions in vented and unvented systems
—AH(298.15 K)
Expt. Electrical energy
No. equivalents SRM 724 SRM 724a
Initial Final Vented Unvented Vented Unvented
J K! J K! J-g!

389 1729.06 1731.24 |, 245.73 |
390 1727.79 1730.15

391 1728.19 1730.38

392 1727.93 1730.15

393 1727.72 1729.88

394 1727.97 1730.82

397 1728.07 1730.09

398 1728.29 1730.20

399 1727.80 1730.37

400 1728.90 1730.66

401 1728.06 1730.84

402 1731.12 1730.88

405 1728.58 1730.07

406 1729.26 1729.45

407 1727.83 1731.01

408 1728.27 1730.14

409 1729.96 1730.30

410 1728.56 1731.52

Mean
Sdm




atmospheric pressure and the increase in the pres-
sure above the solutions during an experiment
amounted to only about 5 ¢m of mineral oil (approx.
density =0.9 g - cm~3).

The Expt. No. in table 1 is the serial number of
experiments with this calorimeter. The temporary
quartz-oscillator thermometer system (see sec. 2.3) was
used in this group of experiments. The mean values of
the enthalpies using SRM 724 and SRM 724a agree
with each other within the experimental imprecision for
both the vented and unvented systems. The mean
enthalpies in the unvented system are more than 3 per-
cent larger and less reproducible than those in the
vented system. However, there is no significant differ-
ence in the electrical energy equivalents measured for
the initial and final systems in these experiments. The
energy equivalents may differ by as much as 0.1 per-
cent between experiments because of small variations
in the mass of the calorimetric solutions. The agree-
ment between the electrical energy equivalents in the
vented and unvented systems indicates that the calo-
rimeter was performing properly in both systems. The
disagreement between the enthalpy values for the reac-
tion in the vented and unvented systems indicates the
possibility of a side reaction causing a larger exo-
thermic enthalpy value in the closed system. The obser-
vations of pressure above the solutions in the vented
system indicated that the increase in pressure during
the reaction was similar to that which occurred during
the electrical calibrations; the temperature rise was
essentially the same in the reaction and in the
calibrations.

The vapor space volume above the solutions in these
experiments was approximately 20 cm?. Condensation
within this vapor space would produce an exothermic
heat which might be different in a vented system than
in an unvented system. However, since there is no
change in ionic strength for the hypothetical reaction,
the condensation correction is assumed to be zero.

It was also possible that the venting effect was the
result of a side reaction catalysed by the platinum
which lines this calorimeter. However, this effect has
been observed by Duer [9] in an isoperibol calorim-
eter with no platinum parts; the vessel was glass with
a stainless steel lid. His enthalpy measurements with
SRM 724 in 0.1 N HCI averaged —249.24+0.96 J - g~!
in four experiments before providing a definite vent
to the atmosphere; after venting the calorimeter, the
average of five experiments was —246.19+0.25] - g~
The uncertainties are 2 sdm, the difference between
the two enthalpy values is 1.2 percent, and the experi-
mental imprecision was definitely improved by venting
the calorimeter.

P. J. Gardner [10] has given us permission to pub-
lish his results of measurements of the TRIS reaction
with a new calorimeter constructed during his tenure
of a Visiting Fellowship to the Chemistry Department
at the University of Otago during 1971-72. The isoper-
ibol calorimeter was glass with reentrant wells for
the thermistor and heater. The stirrer was steel with
PTFE bearings which presumably formed good seals
initially, but after wearing did not seal the calorim-

eter. The following enthalpy values were first measured
for the reaction of TRIS in 0.1 N HCI: —7520, —7150,
—7300, —7150, —7130, and —7330 cal - mol~'; the aver-
age was 7263 =62(sdm) cal - mol-! or 250.86 +2.14
J - g7'. These results were very erratic and high. He
measured another test reaction which gave satisfac-
tory agreement with published values. He then
returned to the TRIS reaction. By this time he was
using longer fore periods to insure thermal equilib-
rium before the reaction, and the PTFE stirrer bearings
had worn and the calorimeter was probably vented to
the atmosphere. This time the mean of seven experi-
ments was 7118 =5(sdm) cal - mol~! or 245.85+0.17
J - g7. These two sets of results are similar to ours in
the vented and unvented systems.

Robie and Hemingway [11] found a venting effect,
but in the opposite direction. Their isoperibol calorim-
eter is lined with gold. The average of their ten en-
thalpy measurements with SRM 724 in a sealed calo-
rimeter was —245.16 =0.38 J - ¢! [12] and after venting
the calorimeter, the average of five experiments was
—245.64+0.24 J - g1 [11]; these two values are within
the experimental imprecisions (2 sdm) given and may
not be significantly different, however, there does
appear to be an improvement in the precision of the
measurements upon venting the calorimeter. In Sep-
tember 1972, we made four measurements of the TRIS
reaction using 0.6 g of gold turnings with TRIS in the
sample holder. The average enthalpy in these experi-
ments was —245.78 + 0.32 J - g~! which agrees well
with the certified value, —245.76 J-g ! (discussed in
sec. 3.3); the experimental imprecision, 2 sdm, is
larger than normal because of stirring problems at
that time. However, it appears that the presence of
gold did not affect the enthalpy of reaction significantly.

We have looked for the venting effect in other reac-
tions such as that of H,SO, (aq) in NaOH(aq) [2] and
in KCl(c) in H,O [13]. These enthalpies of reaction
were the same in the unvented calorimeter or in the
calorimeter open to the atmosphere.

b. The CO, Effect

In June 1970, a preliminary investigation was made
of the effects of dissolved gases (the major components
of air: N», Oz, Ar, and CO.) on the TRIS reaction in
0.1 N HCL The results of this investigation were
reported informally at the U.S. Calorimetry Conference
in October 1970.

The gas under study was introduced into the calorim-
eter through a PTFE tube, (C), in figure 1. The com-
pressed gas from a commercial cylinder was passed
through a tube containing magnesium perchlorate and
a CO, absorber (this was by-passed when CO. was
used), and then through a bubbler containing 0.1 N
HCI1 before entering the PTFE tube and the calo-
rimeter as described in section 2.4. The gas was bub-
bled through the calorimetric solution at approximately
50 ¢m? - min~! for about 90 min while stirring to satu-
rate the solution and displace air above the solution
with the gas under study. Small droplets of solution
accumulated on the vessel cover as a result of gas
bubbles bursting at the surface of the solutions. These
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droplets probably caused errors due to evaporation to
the main solution during the experiment, therefore, the
results are not of high precision but are useful in
showing gross effects.

The temporary quartz-oscillator thermometer system
was used for measurement of the calorimeter tempera-
ture. The vent tube was connected to an open-end
manometer and the pressures above the solutions were
recorded during the experiment. Arrangement (4),
section 2.4, was used for these measurements. In the
nine preliminary experiments the enthalpies of reac-
tion (in J - g7') were: N, atmosphere, —246.8, —246.2,
and —245.7; O, atmosphere, —247.3 and —246.0; Ar
atmosphere, —248.5 and —246.0; and CO, atmosphere,
—260.9 and —262.8. The last two values are obviously
about 7 percent higher than the others which we
regard as normal values within the experimental uncer-
tainties of these rough experiments.

In all of these experiments, except the two using CO»,
the manometer contained mineral oil. With CO. the
pressure changes were larger and it was necessary to
use mercury in the manometer. One end of the manom-
eter was open to the atmosphere and the readings
indicated the difference between the pressure above
the calorimetric solution and the atmospheric pressure.
Figure 2 is a plot of the manometer readings, P.u
— P .tm, versus time for four of the experiments using
different gaseous atmospheres. The pairs of vertical
lines mark the electrical heating periods for the calibra-
tions and the single vertical line marks the time when
the TRIS reactions were started. At the left of figure 2,
the set of points at the top are for the N, atmosphere;
the second set, for the O, atmosphere; the third set,
for the Ar atmosphere; and the fourth set at the bottom,
for the CO, atmosphere. The larger circles marking
the pressure readings for the CO, atmosphere indicate
that the readings were actually made as cm of Hg and
were converted to cm of mineral oil using a factor of 15;
thus, the uncertainty in these readings is greater than
for the other three gases and roughly proportional to
the diameter of the circles. When the connection be-
tween the manometer and the vent tube was made
initially, the readings were all zero (or at atmospheric
pressure). With N, atmosphere, the pressure above the
solution continuously increased during the experiment.
The changes in pressure for the O, and Ar atmospheres
were similar; there was initially a small reduction in
pressure as the system continued to absorb the gas,
a leveling off, and then increasing pressure above the
solution during the remainder of the experiment. In
the atmospheres of N2, O,, and Ar, the increase in
pressure during the TRIS reaction was essentially
equal to that during the electrical calibrations. This
is to be expected since the temperature rise was the
same for the reaction and for the calibrations.

The pressure changes in the CO, atmosphere were
quite different. Initially there was a large and rapid
reduction in pressure as the system continued to
absorb CO,. After reaching a minimum the pressure
steadily increased and began to level off near atmos-
pheric pressure. (It was learned that this was due to
air leakage through the stirrer seal and will be dis-
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FIGURE 2. Plots of observed pressures in the vapor space above the

solutions during preliminary TRIS experiments in a sealed
calorimeter where the HCI solutions were saturated with various
gases: Curves at left (top to bottom) Nz, Qs Ar, and CO,
atmospheres.

Negative pressure reading indicates reduced pressure above the solution.

cussed later in this section.) The pressure changes dur-
ing the calibrations are negligible, but during the
TRIS reaction there was a pressure increase of approx-
imately 20 ¢cm of mineral oil or more than 1 c¢m of Hg.
This unmistakable increase in pressure above the solu-
tion was a result of the TRIS reaction in the presence
of CO,. This was accompanied by an additional exo-
thermic heat effect when air was also present as shown
by the high —AH, values. When the calorimeter is not
sealed, the additional exothermic effect in solutions
saturated with CO, is not found.

To confirm our earlier results with the CO, atmos-
pheres, we measured enthalpies of the TRIS reaction
with and without CO, in July 1972, where the calorim-
eter temperatures were measured with the new quartz-
oscillator system (see sec. 2.3). The precision of the
calorimetry was improved in these experiments by pre-
venting the accumulation of droplets of solution on the
vessel cover during the preliminary gas flushing. This
was accomplished by flushing the CO, through the solu-
tion before the cup of the vessel was attached to the
cover, with a space of about 2 cm between the solution
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and the cover. Then the PTFE tube was withdrawn so
that the lower end of the tube was about 2 mm below
the cover of the vessel. The flushing with CO» above
the solution level was continued during the assembly
of the calorimeter.

In figure 3 are the plots of manometer readings,
P a1 — Paim, versus time for the eight later experiments.
Plots (a) and (e) are for Expt. Nos. 674 and 680 with air
above the solution where the pressures are given
as cm of mineral oil and the shapes of the curves are
similar to those in figure 2 for N., O, and Ar at-
mospheres. No gas was bubbled through the solutions
and the systems were in equilibrium with air. The
measured enthalpies of reaction were close to the certi-
fied value. Plots (b) and (c) in figure 3 were for CO»
atmospheres and are similar to the corresponding curve
in figure 2 except that the pressures are in cm of Hg.
There was the characteristic increase in pressure
above the solution during the TRIS reaction and the
high enthalpy of reaction, —258.54 J - g-! and —251.91
J - g1 After Expt. No. 678, (c) in figure 3, it was sus-
pected that air leakage through the seal at the stirrer
was the cause of the curve leveling off near atmos-
pheric pressure. A better seal at the stirrer was formed
by the use of more lubricant on the nitrile o-ring.
Evidence of the improvement in the seal may be seen
in figure 3, plots (d) and (f) where, with CO. atmos-
pheres, the reduced pressures above the solutions
remained at more than 20 cm of Hg until starting the
TRIS reaction. The pressure increase in Expt. No. 681
was slower than in Expt. No. 679 because of the slower
stirring rate, 200 rpm, instead of the usual 450 rpm
used for other experiments in this group. It was un-
expected that in these two experiments where the
atmosphere was relatively pure CO.,, the enthalpies
of the TRIS reactions were very close to those from
the reactions in the presence of air alone. With the
suspicion that both air and CO. are required to obtain
the strongly exothermic side reaction, in two experi-
ments, (g) and (h) in figure 3, some air was admitted
to the CO.- saturated system after the minimum pres-
sure was reached. Again in the presence of CO-
+air the enthalpies of reaction, —280.07 J - g=! (g)
and — 269.71 J - g=! (h), were significantly larger than
in the presence of air or CO» alone.

It was also observed in the systems saturated with
CO., that upon initiating the reaction the increase in
pressure above the solution was relatively slow. It can
be seen in figure 3 that the increase in pressure
extended over a period of about 15 min. However, in
atmospheres of air, N, O., and Ar, the increase in pres-
sure was almost instantaneous. The gas which was in
the sample holder obviously expanded rapidly because
it was at the source of the heat of reaction.

Although these results cannot be regarded as quan-
titatively precise, they do indicate two effects in the
TRIS reaction with 0.1 N HCI in a closed system:
(1) an increase in the pressure above the solution dur-
ing the reaction in the presence of CO.. and (2) a side
reaction in the presence of COy + air which is more exo-
thermic than the reaction in the presence of only air
or CO.. If only the hypothetical reaction occurred in
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FIGURE 3. Plots of observed pressures in the vapor space above the
solutions during later TRIS experiments in a sealed calorimeter
in atmospheres of air, air+ CO2, and CO..

The scale for (a) and (e) is cm of oil, and cm of Hg for all others.

the system saturated with CO., a slightly smaller value
for —AH, would be expected because of the reduction
in solubility of CO: at the higher temperature. How-
ever, the effect of the change in composition of the
solution on the CO. solubility is not known. Quantita-
tive and qualitative analyses of the solutions and gases,
and more accurate pressure measurements would be
necessary if the side reaction is to be fully described.

Variations in the enthalpy of reaction may be
expected, especially in constant volume systems,
unless care is taken to exclude CO; from the system.
If CO: is absent from the system, the enthalpy value
may be slightly lower than the certified value, where
the solutions are in equilibrium with air which contains

0.03 percent CO».

3.2 Supplemental Measurements

Our enthalpy calculations are based on the assump-
tion that the energy equivalents at the mean tempera-
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TABLE 2.

initial and final systems in the TRIS reaction with 0.1 N HCI1

Measurements of electrical energy equivalents at various temperatures for

Expt. Initial system Final system
No. AT T EEE AT T EEE
K K J K1 K K J K-
*477 1.28279 295.72 1730.35 1.28096 301.09 1733.07
1.28262 297.01 1730.33 1.28064 302.37 1733.40
1.28347 298.57 1729.50 1.28080 303.66 1733.29
1.28242 299.58 1730.81 1.28050 304.95 1733.57
(Mean) 1730.25 (Mean) 1733.33
693 0.22025 297.46 1727.35 0.22008 298.38 1730.15
22010 297.69 1727.26 .22021 208.61 1729.73
.22028 297.93 1727.32 .22009 298.85 1729.90
(Mean) 1727.31 (Mean) 1729.93
695 0.57543 296.53 1727.87 0.57436 298.53 1729.15
57471 297.12 1727.80 .57390 299.12 1728.78
.57385 297.71 1726.97 .57423 299.71 1728.54
(Mean) 1727.55 (Mean) 1728.82

*The temporary quartz thermometer used in this experiment had a different heat
capacity than the new quartz-oscillator used in the other two experiments; this accounts

for the difference in the EEE.

ture of the chemical reaction are the same as those at
the mean temperatures of the electrical calibrations.
Therefore, multiple electrical calibrations of the initial
and final systems for the TRIS reaction in 0.1 N HCI
were measured to determine whether the energy
equivalents changed significantly with temperature.
The results of these measurements in three experi-
ments are given in table 2. The earlier quartz ther-
mometer system (discussed in sec. 2.3) was used in
Expt. No. 477 and the corrected temperature rise,
AT, was 1.28 K for each of the four electrical calibra-
tions of the initial and final systems. There was no
consistent change in the electrical energy equivalents,
EEE, with temperature and the maximum departure
from the mean of the group was 0.04 percent. Although
EEE of the initial systems would change by about 0.02
percent per deg (from known heat capacity data),
this trend was considered negligible in relation to our
measurements of the TRIS reaction because the differ-
ence between the mean temperature of the calibration
and that of the reaction was less than 0.3 K. In Expt.
Nos. 693 and 695 the temperatures were measured
with the later quartz-oscillator system (discussed in
sec. 2.3) and the temperature rises during the calibra-
tions were 0.22 K and 0.57 K, respectively. There
was no evidence of a change in the energy equiva-
lents with temperature in this range and the stated
assumption was justified.

There are small differences in the electrical energy
.equivalents for different experiments because of small
variations in the mass of solutions used. The energy
equivalents actually measured for each system are
used in the calculations of heat evolved or absorbed.
However, the differences in the energy equivalents do
not reflect the precision of the measurement of the
electrical energy equivalents. In order to obtain a factor
for correcting the energy equivalents to a standard
mass of solution, measurements were made on systems

containing 5 percent more and 5 percent less than the
standard mass of HCI solution (302.7 g) and of TRIS
(1.50 g); these results are given in table 3. In these four
experiments the temperature was measured with the
platinum resistance thermometer and the system was
vented to the atmosphere. arrangement (3) described in
section 2.4. The vapor space above the solution in the
vessel was nearly eliminated in Expt. Nos. 530 and 531.
and was less than 40 ¢m? in volume in Expt. Nos.
532 and 533. Arvidsson and Westrum measured the
heat capacity of TRIS as Cp(298.15 K)=239.96 cal -
mol-1 - K-1 or 0.1394 J - g¢-1 - Q-1 [14]. The correc-
tions to the energy equivalents here were less than 0.02
J - Q-! for the differences from the standard mass
of TRIS: these corrections were neglected. The factors
for correcting to the standard mass of HCI solution

TABLE 3. Electrical energy equivalents of initial and final systems
for the TRIS reaction in 0.1 N HCI using more and less than the
standard mass of HC] solution and of TRIS

Electrical energy

Mass of equivalents
Expt. No. HCI soln.
Initial Final
g J- Q- J Q-

5% more than the standard mass of HCI and TRIS:

530 317.68 17,730.6 17,756.4
531 317.71 17,731.9 17,764.0
(Mean) 317.70 17,731.2 17,760.2

5% less than the standard mass of HCI and TRIS:

532 2817.68 16,498.1 16,516.9
533 287.77 16.505.7 16,527.4
(Mean) 281.72 16,501.9 16,522.2

Factors: 41.00 J - Q-1 g-! for initial system
41.29 J - Q-1 - g1 for final system
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TABLE 4. Corrections to the measured electrical energy equivalents (table 5) and the energy equivalents
corrected to a standard mass of HCI solution for initial and final systems of the TRIS reaction in 0.1 N NCI

Correction to Energy equivalent
Expt. Mass of Mass of 302.70g HCI corrected
No. TRIS HCI soln.
Initial Final Initial Final

g g J-Q! Jf 2 =" JJ == 1f = (=
521 1.49696 302.76 s =25 17,117.6 17,146.7
522 1.49214 302.73 —1.2 —1.2 17,115.3 17,149.3
523 1.52248 302.72 —0.8 —0.8 17,122.5 17.141.8
524 1.53278 302.69 +0.4 +0.4 17,116.1 17,142.1
526 1.50880 302.69 +0.4 +0.4 17.116.7 17,142.3
(Mean) 17,117.6 17,144 4
(sdm) 25133 =5
(0.008%) (0.009%)
528 1.52958 302.74 —1.6 =16 17,117.4 17,137.3
529 1.52074 302.72 —0.8 —0.8 17,116.1 17,139.2
532 1.45790 287.68 +615.8 +620.2 17,113.9 17,137.1
533 1.43550 287.77 +612.1 +616.4 17,117.8 17,143.8
534 1.52143 302.73 —1.2 —1.2 17.115.6 17,144.0
(Mean) 17,116.2 17,140.3
(sdm) +0.7 2L 5
(0.004%) (0.009%)

given at the bottom of table 3 were obtained from the
two means for mass of HCI solution and for the energy
equivalents for the initial and final systems. These fac-
tors were used to obtain corrections to the energy
equivalents for TRIS experiments to be described
in the next section. 3.3, and the pertinent data are
given in table 4. In each group the standard deviation
from the mean of the corrected energy equivalent was
less than = 0.01 percent which is an indication of the
precision of the calorimetry.

3.3 AHr of SRM 724a in HCI (aq)

Some of our measurements of the enthalpy of reac-
tion of SRM 724a in 0.1 N HCI using the platinum
resistance thermometer system previously described
[2] are given in table 5. The masses of TRIS and
of the HCI solution for these experiments were listed
in table 4. The electrical energy equivalents given in
table 5 are the values actually measured (not corrected
to a standard mass of HCI solution). The “Stirring
energy correction” is the net result of the extrapola-
tions from the mid-points of the initial and final rating
periods to the time of starting the reaction; it was sub-
tracted from the difference between the temperatures
at the mid-points of the rating periods to obtain the
corrected temperature rise, AR c reaction. The enthalpy
of solution at the temperature of reaction is AH(T) =
—[EEE (ARc))/(mass of TRIS), where EEE is the mean
of the initial and final electrical energy equivalents.
The enthalpy of reaction, AH(298.15 K), is the sum of
AH(T) and the correction obtained from ACp=1.435
J - g7 - K- which will be discussed later in this section.

The first five experiments given in table 5 were
vented to the manometer containing mineral oil,
arrangement (2) described in section 2.4, and are in
good agreement with the vented experiments given in

table 1 where the quartz-oscillator thermometer was
used. The last five experiments listed in table 5 were
vented to the atmosphere, arrangement (3) in section
2.4. Here the mean enthalpy of reaction was slightly
smaller and the precision of the measurements was
significantly improved as compared to the first five
experiments. Thus, it appears that even the seemingly
insignificant confinement by the open-end manometer
of the vapor space above the solution may have affected
the enthalpy of solution.

In table 5, the values for —AH (298.15 K) which are
marked with an asterisk were measured in a solution
which was initially COs-free; the unmarked values were
in solutions always in equilibrium with air. The CO:-
free solution was prepared in a Pyrex glass Erlenmeyer
flask. The distilled water was boiled approximately
30 min to remove CO,. Immediately after removing
the flask from the heat, the concentrated HCI solution
was added. Then the flask was sealed by a rubber stop-
per containing a glass siphon tube with a stopcock on
the outer end. The air intake for the flask was guarded
by a tube containing MgClO;s; and a CO: absorber.
After cooling, the solution was analysed as 0.0984 N
by titration with 0.1 N standard sodium hydroxide solu-
tion using a pH recording electrometer. All portions
of the HCI solution were dispensed through the glass
stopcock into a polyethylene bottle for weighing the
calorimetric solutions. The weight of the solution was
adjusted and the solution was poured into the cup of
the calorimeter vessel which was quickly attached to
the cover. Thus, although the HCI solution was ini-
tially COa-free, the calorimetric solutions were exposed
to the atmosphere during weighing and transfer to the
vessel as well as during the experiment since the calo-
rimeter was not gas-tight. It is therefore not surprising
that no significant difference was observed between the
enthalpy values for experiments using solutions ini-
tially CO.-free and those using solutions always in
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TABLE 5.

Calorimetric data for reaction of SRM 724a in 0.1 N HCI solution

The last five experiments are the basis for the certified enthalpy value

Electrical energy Stirring .
Expt. equivalents energy ARc reaction T reaction Corr. to —AH(298.15 K)
No. correction 298.15 K
Initial Final
J- Q- J- Q- QO K J-gt J-gt
Vented to manometer:
521 17,120.1 17,149.2 0.000522 0.021514 297.946 —0.29 *245.96
522 17,116.5 17,145.2 .000497 .021454 297.945 = 29 246.01
523 1iA23%3 17,142.6 .000495 021882 298.147 .00 *246.24
524 17,115.7 17,141.7 .000494 021993 298.146 .00 245.77
527 17,116.3 17,141.9 .000474 .021660 298.144 —.01 *245.90
(Mean) 245.97
(sdm) +0.08
(0.03%)
Vented to atmosphere:
528 17,119.0 17,138.9 0.000474 0.021941 298.143 —0.01 245.70
529 17,116.9 17,140.0 .000479 .021826 298.143 ={ul *245.82
532 16,498.1 16,516.8 .000518 021677 298.358 +.30 245.75
533 16,505.7 16,527.4 .000519 .021333 298.358 +.30 *245.75
534 17,116.8 17,145.2 .000554 .021856 297.952 =28 *245.81
(Mean) 245.76
| (sdm) +0.02
_L l’ (0.01%)

*Initially solutions were CO.-free.

equilibrium with air. The analysis of the latter stock
solution was 0.1003 V.

A value of ACp for the reaction of TRIS in 0.1 NV
HCI was obtained from a least squares fit of the data
in table 6 to a linear equation. A quadratic equation
was also fitted by least squares and this indicated that
the data did not justify a quadratic term. ACp for the
reaction is 1.435%+0.023 J-g'-K!' or 41.54+0.67
cal *mol ' - K™!' (the wuncertainty is the standard
error). This is in excellent agreement with the value
of 1.437 J - ¢ ' - K ! reported by Hill et al. [15].

The certified value for the enthalpy of reaction of
SRM 724a in 0.1 N HCI solution is

AH(298.15 K) =—245.76+0.26 ] - ' (1)

and is based on the last 5 experiments in table 5. The
conditions which apply to this value are as follows:
(1) The standard reference material should be used
without further crushing or heating.
(2) The concentration should be 5 g of the sample
per dm® of 0.100 NV HCI solution.
(3) The sample and the calorimetric solution should

be in equilibrium with air at atmospheric
pressure.

(4) Measurements should be made at constant
pressure.

The overall uncertainty (0.11%) assigned to the cer-
tified enthalpy value is the square root of the sum of
the squares of the following uncertainties: the experi-
mental precision at the 95 percent confidence level,
0.03 percent; inhomogeniety in the sample, 0.01 per-

TABLE 6. Data used in obtaining the relationship of temperature
and the enthalpy of reaction of TRIS in 0.1 N HCI
Expt. No. | T reaction | —AH(T)

K J-g!
536 293.628 252.25
537 293.706 292802
534 297.952 246.09
528 298.143 245.71
529 298.143 245.83
532 298.358 245.45
533 | 298.358 245.45
535 303.088 239.15
538 303.098 238.36

cent; and other possible systematic errors, 0.10 per-
cent. The latter is larger than would have been assigned
if the anomalous effects of venting and CO: were
unknown. Until these effects can be fully explained and
the conditions of the reaction more precisely defined,
a smaller uncertainty can not be assigned.

The following possible errors and corrections to the
AH,, were considered for the worst conditions and
found to be negligible:

(1) Heater lead corrections, —0.004 percent;

(2) Factor switch on potentiometer,—0.004 percent;

(3) Vaporization correction for air in sample holder,

<0.05 J or <0.02 percent.

The first two corrections are opposite in sign to the
third resulting in a net correction of about 0.01 percent
in the worst case.
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3.4. AHr of SRM 724a in NaOH(aq)

The platinum resistance thermometer was used to
measure the calorimeter temperature in all experi-
ments in this section. The NaOH solutions were pre-
pared and analysed as described in section 2.2.

The enthalpy of reaction of TRIS in aqueous NaOH
is dependent on the NaOH concentration. In 11 pre-
liminary experiments we measured the enthalpy of
reaction of SRM 724 at various concentrations of NaOH
as given in table 7. The mass of the samples was be-
tween 1.7 and 2.1 g and the mass of the solutions was
307 to 308 g. The correction to 298.15 K was obtained
from ACp=1.03 J - gt - K- (eq (3) discussed later in
this section). A least squares fit of the NaOH concen-
tration and enthalpy of reaction data in tables 7 and 8
resulted in the following equation (in J - g=1):

AH(298.15 K)=146.03 —87.8(N) 4+ 43.2(N)*, N< 1.0
(2)

where N is the normality of the NaOH solution. The
standard error of the estimate is 0.19 J - g1. This
equation agrees with the values reported by Hill et
al. [15], within the uncertainties of the NaOH analyses.

TABLE 7.

In tables 8 and 9 are the data for 9 more recent expe-
riments with SRM 724a which are the basis for the cer-
tified value for the enthalpy of reaction in 0.0500 N
NaOH. The electrical energy equivalents for the initial
and final systems are given and the stirring energy cor-
rection was described in section 3.3. (In Expt. 541 there
was a malfunction of the electronic counter and an esti-
mated value was used for the electrical energy equiva-
lent of the final system.) The observed temperature
rise, ARc net, is the result of the endothermic chemical
reaction plus the electrical energy added to prevent a
drop in the calorimeter temperature. (Without the addi-
tion of electrical energy, adiabatic conditions could not
be maintained because the adiabatic shield would be
warmer than the vessel.) Details of these electrical
energy measurements are given in table 9.

After initiating the electrical heating, a time lag of
10 to 20 s occurs before there is a noticeable rise in
the calorimeter temperature, however, the endothermic
TRIS reaction in NaOH rapidly absorbs heat as soon
as the sample holder is opened. Therefore it was neces-
sary to delay initiation of the reaction until the calo-
rimeter temperature was rising from electrical heating
to prevent a drop in the calorimeter temperature. The
time interval between the start of electrical heating

Data used in obtaining the relationship of NaOH concentration and the

enthalpy of reaction of TRIS in NaOH(aq)

Expt. | Normality T reaction AH(T) Correction AH(298.15 K)
No. | of NaOH to 298.15 K
mol - dm~3 K Jf et J-g! Jf o kJ - mol—!

264 0.005 297.974 145.47 0.18 145.65 17.644
265 .005 297.933 145.33 .23 145.56 17.632
274 .049 297.741 141.33 42 141.75 17.171
275 .049 297.792 141.20 37 141.57 17.149
272 .051 297.740 141.14 .43 141.57 17.149
213 .051 297.744 141.17 42 141.59 17.152
276 .051 297.735 141.19 43 141.62 17.156
270 .144 297.923 133.76 822 133.98 16.230
271 144 297.936 134.38 .22 134.60 16.306
268 .944 297.978 101.53 .18 101.71 12.321
269 944 297.932 101.32 .23 101.54 12.300

TABLE 8. Calorimetric data for experiments which are the basis for the certi fied enthalpy value for the reaction of SRM 724a in
0.0500 N NaOH
Electrical energy -
: Stirring Corr. to _
Eﬁpt' equivalents energy | ARc net |Q reaction S?nﬂ;ls)ie I\L?g‘l:{ 0.0500 N | T reaction zcggri'st% AH (298.15 K)
0- Initial Final correction : NaOH .
J-Q-1 J-Q Q Q J g mol -dm=3| J-g! K J-g! J-g!
539 17,360.8 | 17,382.2 |0.000731 |0.068443 | —214.20 | 1.50772| 0.0487 —0.11 298.174 —0.02 141.93
540 17,361.8 | 17,379.1 .000805 .068278 | —216.74 |1.52355 .0487 ~ Il 298.171 —0.02 *142.13
541 17,360.7 |(17,380) .000766 .055982 | —214.61 |1.51584 .0487 — .11 298.135 +0.02 141.48
542 17,364.4 | 17,382.6 .000664 .056105 | —212.09 |1.49550 .0487 = Il 298.113 +0.04 *141.75
543 17,364.6 | 17,379.3 .000801 .055751 | —213.70 |1.50330 .0487 = .1} 298.312 —0.17 141.88
544 17,360.4 | 17,376.8 .000843 .055720 | —215.58 |1.51776 .0487 =il 298.318 —0.17 *141.76
545 17,356.8 | 17,380.6 .000779 .055804 | —213.35 |1.50277 .0489 — .09 298.314 —0.17 141.71
547 17,364.4 | 17,383.2 .000715 .056145 | —215.37 | 1.52006 .0489 — .09 298.120 +0.03 141.62
548 17,361.8 | 17,377.6 .000576 .060575 | —215.27 |1.51439 .0489 — .09 298.298 =L 141.91
Mean= 141.80
sdm = +0.06

*Vented to manometer.
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TABLE 9. Data for electrical energy added during the reaction of SRM 724.a in 0.0500 N NaOH

Expt. | Reaction E
No. delay E i ‘ 7K Elt
s V A s Q J

539 7o 18.65942 0.1926715 390.2940 96.8458 1403.16
540 (5! 18.65945 .1926707 390.1824 96.8463 1402.76
541 75 18.65707 .1926458 330.2647 96.8465 1187.04
542 75 18.65649 1926397 330.2258 96.8465 1186.82
543 75 18.63263 .1923931 329.7832 96.8467 1182.20
544 135 18.62740 .1923397 330.2887 96.8464. 1183.35
545 135 18.62060 .1922698 330.3186 96.8462 1182.60
547 75 18.68088 .1928915 330.4768 96.8466 1190.83
548 45 28.57851 12951283 150.2719 96.8342 1267.44

and the opening of the sample holder is the “Reaction
delay” given in table 9; the variations shown here did
not affect the enthalpy of reaction.

The voltage drop across the calorimeter heater, E,
the current through the heater, I, and the time of
heating, t, are also given in table 9. The resistance of
the calorimeter heater, £/I, indicates the precision of
the electrical energy measurements. In Expt. No.
548 the voltage was increased by 10V; the heater
resistance decreased by 0.01 percent. The total
electrical energy added during the chemical reaction
period, Elt, is subtracted from the product of ARc net
and the mean electrical energy equivalent to obtain
Q reaction (table 8). The enthalpy of reaction at the
reaction temperature, AH(T'), is —( reaction/(sample
mass). A correction for condensation in the vapor
space above the solution was estimated to be about
0.001 J in the worst case and was neglected.

Equation (2) was used for the corrections to 0.0500
N NaOH (table 8). Similar corrections were made to
AH(T) in four additional experiments used in obtain-
ing ACp for the reaction. The results of these experi-
ments are as follows:

Expt. No. | T reaction AH(T)
K dJopT

549 303.130 146.74
550 295.443 139.17
551 295.559 139.17
552 303.069 147.12

A least squares fit of the data for the mean temperature
of reaction, T reaction, and for AH(T) in 0.0500 N
NaOH from these experiments and those in table 8
gave the following equation for the range, 295 to 303 K

(inJ-g):

AH(T)=141.80+1.025(T —298.15 K) (3)
The standard errors of the constants are 0.05 and
0.025, respectively, and the standard error of the
estimate is 0.19 J:-g '. Thus, ACp=1.025+0.025
J-g 1t or 29.7+0.7 cal - mol-!. This value was used
for the corrections to 298.15K in table 8.

The enthalpy values in table 8 which are marked
with an asterisk were obtained in systems vented to
the manometer containing mineral oil (see sec. 2.4)
and all others were vented to the atmosphere; there
appears to be no significant difference in the results.

In a group of earlier experiments (Nos. 272—-277
made in March 1969) the conditions were similar to
those in tables 8 and 9 except that the SRM 724 reac-
tion was started only a few seconds after beginning
the electrical heating. Because of the heater lag the
calorimeter temperature dropped and there was a
relatively large difference between the temperatures
of the vessel and the shield; a correction (described in
[2]) for the heat transferred to the vessel was about 0.03
percent of the heat absorbed by the reaction. The mean
of these six experiments was AH(298.15 K) =141.63
+ 0.03(sdm) J- g '. Although the mean enthalpy is
within the combined experimental imprecision (2 sdm)
of that given in table 8, the latter is probably a better
value since no corrections were necessary for depar-
tures from adiabatic conditions. The standard deviation
of the mean for the earlier experiments was smaller
than that for the experiments in table 8 because con-
ditions were reproduced in all six experiments. The
fact that there were variations in Reaction delay,
E, and t (as shown in table 9) suggests that the larger
imprecision is more realistic.

Based on the experiments in table 8, the certified
value for the enthalpy of solution of NBS Standard
Reference Material 724a in 0.0500 N NaOH solution

at a concentration of 5 g per dm? of solution is
AH(298.15K)=141.80+0.19] - g .

The sample should be used without further heating
or crushing, and it should be with air at atmospheric
pressure in the sample container. Air at atmospheric
pressure should be above the calorimetric solution.

The overall uncertainty (0.19 J-g!' or 0.13%)
assigned to the certified value is the square root of
the sum of the squares of the following uncertainties:
the experimental imprecision at the 95 percent con-
fidence level (2.31 sdm), 0.15 ] - g !; analysis of sodium
hydroxide solutions, 0.10 J-g!; and other possible
systematic errors, 0.07 J - g1

593



4. Other Values Reported

Most measurements of the enthalpies of the TRIS
reactions have been reported in the literature as an
indication of the calorimetric accuracy and precision
applicable to some other primary study. Consequently,
these TRIS values are not indexed and are essentially
lost to the usual literature searching procedures. We
have made an effort to collect as many results as possi-
ble of TRIS measurements in various calorimeters
using different procedures. Some of these are as un-
published data for which more detailed information
is available from the authors.

The endothermic reaction of TRIS in 0.05 N NaOH
has been measured by only one other group, Hill,
Ojelund and Wadso [15]. Their value of AH(298.15 K)=
141.90 +0.04 (sdm) J - g ! is in good agreement with
our value, 141.80%£0.06 (sdm) J - g=! given in section
3.4.

In table 10 is a summary of measurements of the
enthalpy of the TRIS reaction in 0.1 N HCIl using
samples other than the Standard Reference Material,
and in table 11 is a similar summary where SRM 724

was used (SRM 724a was used in [39] and this work).
These tables are a reasonably complete summary and
show the range of values obtained as well as the
precision of various measurements.

The first two columns in tables 10 and 11 give the
reference, the authors, and the year when the enthalpy
values were reported either by publication or by
private communication; the order is chronological. The
next column describes the calorimeter in code® and
with a reference which describes the calorimeter
used. A majority of the calorimeters are the constant
pressure, isoperibol, and glass type; only two are
constant volume, six are metal, and one is adiabatic.
The last columns list the enthalpy values at 298.15 K,
the number of experiments averaged, and the un-

6 Code Type of calorimeter
H Constant pressure
U Constant volume
I Isoperibol
A Adiabatic
G Glass
M Metal
(& A commercial calorimeter which must pass an acceptance test based in part

upon the value obtained for the TRIS reaction.

TABLE 10. Summary of values reported for the enthalpy of reaction of TRIS in 0.1 N HCI using samples other than the standard reference
material (SRM 724 or 724a)

Number Uncertainty
Reference Author(s) and year reported Calorimeter? —AH(298.15K) averaged
No. 2 sdm Other
cal - mol-1 J-gt

[1] Irving and Wadso (1964)........ccoeveiviniinininnn... H.I1,G,[43] 7105 245.40 8

7099 245.19 5

7106 245.44 5

7100 245.23 6

7105 245.40 7

7106 245.44 &

»7104 245.37 Mean

[16] (Gt ([E059) aus oo000mmm000000060006 00060000006 0080000 U,IM,[16] 7107.0 245.47 7 0.03 |,

7107.1 245.47 6 0.03 i
[17] Held and Criss (1965).........ccoevuiuniininiineineennns H,I,G,[17] 7113 245.68 5 | SAS—— 1.00
(18] Sunner and Wadso (1966) ............cccceeeeeeernnnn H,1,G,[18],C ©7112 24564 |

7111 245.61 6 0.07 |
[19] Becker, Lindenbaum, and Boyd (1966)............. H.I,G,[44] 7118 2 3. 1 T N 0.62
[20] Finch, Gardner, and Sen Gupta (1966).............. H,I,G,[45] 7150 247.0 7 SR 1.7
[21] Vacca and Arenare (1967)..........cccevvvivviininn.n. H,I,G,[46] 7109 245.54 5) 0.03 i
[22] Wilson and Worrall (1967)...............ceceneiinnnnn. H.I,G,[47] 7110 245.6 3 el 1.7
[23] Wood, et al (1967).....c.coviviiiiiiiiiiiiiiieiiennn, H.I,G,[23] 7117 245.8 3 1115 | S —
[24] Kanbour and Joncich (1967).............cccevvennnn. H.I,G,[24] 7123 246.02 6 045 |l
[25] Curnutt (1968)........covvninininiiiiiiieiieiiianens H.I.G,[25] 7115.8 245.76 7 0.14 |l
[26] Richards and Woolf (1968).................ccccoenee.. H,I.M,[48] 7120 245.92 0.52

H.I,G,[26] 7100 245.23 0.69

[35] Hansen (1969)..........cooiviiiiiiiiiiiieeeeennn. H,I,G,[49] 7125 246.1 9 1.2
[27] Cunningham, House, and Powell (1970)............ H,I,G,[50] 7144 246.7 4 205 |haoncoceonion
[28] Beck. Wood. and Greenwood (1970)................. H,I,G,[23] 7108 245.5 10 1.4 |,
[29] Cook, Davies, and Staveley (1971)................... H,I,G,[18],C 7110.7 245.60 3 0.04 |l
[30] Cassel and Wen (1972)........ccevvviiiinicnineinnnn. H.I,G,[30] 7109 245.54 7 (1528 N S
[31] Vanderzee and King (1972)..........cccevvvivvinnn.n. H.I,G,[51] 7110 245.57 26 (U S
[32] Olofson (1972).....euiviiieiiiiieieeeeee e U,I.M,[32] 7120 245.92 10 (U
[33] Somsen and de Visser (1972)...........cccocvvveennnn. H,I,G,[18].C 7104 245.37 8 0.10  [.ooeienin.
[10] Gardner (1972).....c..oevuiiiiiiiiiiiiiiiiieieeeeen H,IG, 7118 245.85 7 034 |oooiiiinnnn.

4 See footnote 6 in text for explanation of code.

" This value was later changed to 7107 (245.47 J - g-') to correct a computational error.
¢ This is reported as the “‘best” value for this commercial calorimeter.

594



TABLE 11. Summary of values reported for the enthalpy of reaction of TRIS in 0.1 N HCI using SRM 724 and 724a
Number Uncertainty
Reference Author(s) and year reported Calorimeter # —AH(298.15 K) averaged
No. 2 sdm Other
cal - mol-! J g1
[34] Fitzgibbon and Holley (1968) .......................... H,I,M,[52] 7110.7 245.60
[15] Hill, Ojelund, and Wadso (1969)...................... H,I,G[18],C 7109.0 245.54
. ) 7125 246.1
(35] | Hansen (1969) ..........ccccvvovverrversrersrrresrnnes HLLG.[49] { o s
[36] Johnson and Hubbard (1969) .......................... H,I1,G,[18],C 7108 245.51
[37] Kreis and Wood (1969).........cccovvviiiiiiniininnn... H.I,G,[23] 7123 246.0
[3] Gunn (1970) ..onininieee e U,I,M,[16] 7107.0 245.47
[38] O’Hare. Johnson, and Appelman (1970)" . ...|H,L,G,[18].( 7109.6 245.56
[39] Brunetti, Prosen, and Goldberg (1971)...... ...| H,1,G,[39] 7120.2 245.93
[40a] Tso and Criss (1972)...c.cecvveinininnennnnnnn. ..|H,I,G,[17] 7110 245.57
[40b] Tsai and Criss (1972)..... H,I,G,[17] 7113 245.68
[40c] Chang and Criss (1972) ....ooviviiiiiiiiiiieeaens H,I,G,[17] 7111 245.61
245.62
9] | BT (K709 socnonanacontacotanotomsoneanoestaaieaoseasoodioo H.I.G 7128 246.19
[41] Baker, et al (1972)................ ..| HI,G,[41] 7080 244.5
[42] Navratil and Oetting (1972) ....... ..| H,I,G,[42] 7108 245.50
[11] Robie and Hemingway (1972) ............... | HILM,[12] 7111.8 245.64
[53] Christensen, Kimball, and Izatt (1973).... ..| H1,G,[54] 7104 245.3
T T Roore00000000000000 60060 0000005G0E00I0E FEROBACA0AGE H,AM,[2] 7115.4 245.76

4 See footnote 6 in text for explanation of code.

" Results reported at Second International Conference on Calorimetry and Thermodynamics at Orono, Main (July 1971) and published

in [39].

certainty. The uncertainty is given as 2 sdm where it
was specifically defined, and as “other” where it was
not defined. In two cases where 2 sdm is also given,
“other” refers to the estimated overall uncertainty
assigned.

The spread of the data in tables 10 and 11 is essen-
tially the same, there is no significant difference be-
tween the maximum and minimum values. There
appears to be little difference in the results from a
single calorimeter of measurements using samples
of different origins [1, 16, 3, 18, 15]; this has also been
our experience in measurements not given here.

Gunn [16] found that the enthalpy of reaction in
0.2 N HCI was about 0.4 J- g ! (12 cal - mol™') higher
than in 0.1 N HCI at a concentration of 6 g of TRIS
per dm? of solution. Doubling the TRIS concentration
in 0.2 N HCI increased the enthalpy about 0.07 J - ¢!
(2 cal*mol ') and tripling the TRIS concentration
increased the enthalpy about 0.21 J - ¢! (6 cal - mol ™).
Held and Criss [17] found no concentration dependence
in the enthalpy using 0.25 to 0.076 mmol samples in
80 cm® of 0.1 N HCI (0.38 to 0.12 g - dm~?). Criss et al.
[40a, b, c¢|, measured the reaction in dilute solutions
(ranging from 0.002 to 0.01 molal or 0.2 to 1.0 g dm™3)
with apparently no significant difference from the
values obtained at the recommended concentration of
5¢gdm™ or 0.04 molal.

We have found no difference in the enthalpy values
obtained at various stirring speeds. However, Olofson
[32] has suspected that the reaction is sensitive to
insufficient mixing in the calorimeter, and Gardner
[10] measured 7118 = 5(sdm) cal - mol™' at 700 rpm
and 7109 = 6(sdm) cal - mol™! at 470 rpm. This differ-
ence may not be significant, but it is a factor to be

investigated if low enthalpy values are obtained in a
calorimeter.

Christensen et al. [53], reported low enthalpy
values when glass ampoules sealed with a flame were
used. This was believed to be the result of partial
decomposition of the sample.

The experimental precision of data, such as that
given in tables 10 and 11. is sometimes mistakenly
used as a gauge of the accuracy of the measurements.
To a certain extent this reasoning is justified by the
fact that those who strive for high precision are usually
simultaneously concerned with achieving high ac-
curacy., but the latter is more difficult to determine
absolutely. Some of the values reported in the tables
are obviously measured in calorimeters designed for
applications where relative enthalpies are of interest
rather than absolute enthalpies, and high precision and
accuracy are of little concern. Therefore. in order to
separate the measurements in calorimeters where an
effort was apparently made to achieve high precision
and accuracy, we have listed in table 12. in ascending
order of the —AH(298.15K). only those values in
which the standard deviation of the mean was 0.1
percent (2 sdm=0.5 ] - g¢-1) or less. In cases where
more than one value was reported using a single calori-
meter, the value of highest precision is given in the
table. Also, the calorimeters marked with ““C”” in tables
10 and 11 are considered as a single value because the
measurements were made in a commercial calorimeter
and are subject to a bias because of its acceptance
test. The overall uncertainty assigned to this work,
0.26 J - g=1! (see sec. 3.3), includes all of the values in
table 12 within their experimental uncertainties (2
sdm).
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5. Discussion and Conclusions

The overall uncertainties assigned to the certified
values for the enthalpies of the exothermic and
endothermic reactions of the Standard Reference
Material 724a should be small enough for greatest
significance but large enough to include conceivable
future adjustments in the mean enthalpy values as
more information is acquired about calorimetry and
the chemical behavior of the reactions. The values
given in table 12 are measured in calorimeters capable
of relatively high precision, and yet the spread of the
results is nearly 0.4 percent (or 0.89 J:g'), which
indicates the presence of errors beyond the experi-
mental imprecision. Some time will probably elapse
before the spread of these values can be explained and
the overall uncertainty in the certified value reduced
accordingly.

This work provided the only value in table 12 which
was measured in an adiabatic calorimeter; this
eliminates the heat transfer corrections necessary
in isoperibol calorimeters, but may conceivably
introduce some errors of which we are not aware in
the present state of adiabatic calorimetry. Gunn
[3. 16] has measured the reaction in a constant-volume,
rocking-bomb system; the fact that his value falls
near the lower end of the values in table 12 suggests
a possible need for a P—V—T correction which is not
presently known. Wadso and co-workers [1, 15, and
18] have made relatively extensive studies of the TRIS
reactions using various samples and highly repro-
ducible calorimetric procedures. The emphasis in
our work has been to measure the reaction under

TABLE 12. Summary of the measurements of highest precision for
various calorimeters (from tables 10 and 11)
Ref. Authors —AH(298.15K) | 2 sdm®
No.
Syt J-g!

[53] Christensen, et al.............. 245.3 0.3
[1] Irving and Wadso ............| 245.47 0.3
[3] GUND e s el n el s e e e 245.47 0.02
[42] Navratil and Oetting... 245.50 0.2
[21] Vacca and Arenare ........... 245.54 0.03
[30] Cassel and Wen........ 245.54 0.3
[31] Vanderzee and King.......... 245.57 0.1
[34] | Fitzgibbon and Holley........ 245.60 0.3
[40] Criss, et al..........ocoeeiiiinild 245.62 0.4
[11] | Robie and Hemingway....... 245.64 0.2
[18] Sunner and Wadso............ 245.64 0.1

This work.......covvvivininenns, 245.76 0.04
[25] Curnutt........ccoovvvenininennn. 245.76 0.1
[10] | Gardner................ccceenn... 245.85 0.3
[39] | Brunetti, et al................... 245.93 0.1
[24] Kanbour and Joncich......... 246.02 0.5
[9] Duer......coooovviiiviiiiiinill 246.19 0.3

1

2 The uncertainties are rounded to the nearest 0.1 J- g~ ! unless

they are less than 0.05 J - g~ '.

various conditions in an effort to find possible explana-
tions for the unexpected, large spread in the enthalpy
values reported.

All calorimeters represented in table 12 were lined
primarily with glass except two which were lined with
gold (Gunn, and Robie and Hemingway), and two which
were lined with platinum (Fitzgibbon and Holley, and
this work). Thus, the material lining the calorimeters
does not account for extreme values.

It is possible that the venting effect described in
section 3.1a is responsible for some of the high values,
and that inadequate stirring is responsible for some of
the low values; however, we are reasonably certain
that these are not sources of error in our work. The
variations in samples, concentrations, and CO: in the
HCI solutions (see sec. 3.1b) are not likely to cause
errors beyond the experimental imprecision. Electrical
energy and calorimeter temperature measurements
are always a source of possible error (see [39]); we have
thoroughly checked these systems which have been
described in detail for this calorimeter [2].

The relatively large overall uncertainty assigned to
the certified values for the enthalpy of reaction of
SRM 724a in 0.1 N HCI has been a disappointment to
some. However, very few calorimetrists are concerned
with accuracy and precision of measurements beyond
the assigned uncertainty of £0.11 percent. Measured
enthalpy values can be expected to fall within these
limits providing the conditions described in section 3.3
are met. Perhaps in the future after further studies
have been made of the chemistry of the reaction and
the effects of various conditions on the enthalpy of
reaction, it will be possible to define more specifically
conditions for the reaction in 0.1 N HCI and to provide
a certified value to which a smaller overall uncertainty
can be assigned.

There is good agreement between the two values
reported ([15] and sec. 3.4) for the endothermic reac-
tion of the Standard Reference Material in 0.05 N
NaOH, and the uncertainty assigned to the certified
value is approximately as expected. Because of the
calorimetric problems with endothermic reactions,
the CO, reaction with dilute NaOH solutions, and
the sensitivity of the enthalpy of reaction to NaOH
concentrations, it was expected that the uncertainty
would be larger than that for the exothermic reaction.

The Standard Reference Material 724a is useful
not only for comparing the accuracy of calorimetric
measurements, but for checking the relative per-
formance of a calorimeter from time to time. It pro-
vides a method for checking quickly and easily whether
modifications in a calorimeter have produced changes
in the precision or absolute values of measurements.
However, it is recommended that the TRIS reactions
not be used instead of the usual electrical energy
measurements to calibrate calorimeters. Although
the search must continue for a reaction which can be
certified with less uncertainty, for the present, SRM
724ais the best available.

We wish to thank those who have given us permis-
sion to use their unpublished data in this paper.
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