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The thermodynamic dissociation constant of HCN in aqueous solution has been determined from 10 to 45°.
The pK values obtained with their indicated 95%, confidence limits are: 10°, 9.63 4= 0.01; 15°, 9.49 = 0.01;
20°, 9.36 £ 0.01; 25°, 9.21 = 0.01; 30°, 9.11 £ 0.01; 35°, 8.99 =+ 0.01; 40°, 8.88 &= 0.02; 45°, 8.78 + 0.02.
The AH® value for HCN dissociation in aqueous solution was determined at 8 and 25° by a thermometric titra-

tion procedure.
0.2 kcal./mole.

The values obtained with their 95%, confidence limits are:
AS°® values of —7.4 and —3.9 e.u. were calculated from the AH® and AG® values at 8 and 25°,

8°,11.3 4= 0.2; and 25° 104 =

respectively. The AG® value at 8° was obtained by extrapolation from AG? values in the 10 to 45° region.

Introduction

The dissociation of HCN in aqueous solution
has been studied several times, but no extensive
study has previously been made as a function of
temperature.

The previously reported pK data®?® are not in
sufficiently good agreement nor have they been
determined over a sufficiently wide temperature
range to permit calculation of reliable AH® values
from their temperature dependence. The only
reported value for AH was determined calori-
metrically in the last century.?

This study was undertaken to obtain pX and
AH?® values for HCN dissociation as a function of
temperature in order to interpret equilibrium con-
stant and heat data determined by us for metal
cyanide interaction. Calorimetrically determined
AH?® values are reported here for HCN dissocia-
tion at 8 and 25°. pK values have been deter-
mined as a function of temperature, thus providing
data for (1).interpretation of the calorimetric
results; and (2) an independent estimation of
AHY,

Experimental

Materials.—Reagent grade NaCN (Baker), HCIO,
(Baker and Adamson), and NaOH (Baker and Adamson)
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were used in the preparation of solutions for pK and heat
determinations. An HCN stock solution was prepared by
passing a 0.05 F NaCN solution through an ion exchange
column containing a cation exchange resin (Amberlite
GC-120, Type I) until the [Na*] as determined by a flame
test was less than 0.05%, of that originally present. HCIO,,
carbonate-free NaOH, and NaCN solutions were prepared
and standardized by conventional means.

Potenitial sources of error with respect to the handling
and storage of cyanide solutions are (1) volatilization of the
molecular HCN species and (2) hydrolytic decomposition
of the cyanide ion. The first error was minimized by
avoiding acidic solutions. The main body of data in the
present work was obtained by titrating HCIO, into NaCN
solutions, thus keeping the solution basic during the
major part of the titration. The second source of error was
minimized by frequent preparation of fresh NaCN stock
solutions. The CN™ concentration of the stock solutions
was found by Liebig titration to decrease about 0.1% per
day; however, the base concentration of these solutions as
determined by HCIQ, titration remained constant. The
decomposition products of the reaction between CN~ and
water have been reported by Marsh, ef al.,* to be CO and
NH,. Infrared spectra obtained in this Laboratory showed
substantial quantities of formate ion to be present also in
CN~ solutions. Formation of any of these products is
consistent with the observed change in total cyanide con-
centration and the constancy of the base concentration.

pK Determinations.—NaCN solutions were titrated
with HCIO; at temperature intervals from 10 to 40°. Al
titrations were carried out in a water bath whose tempera-
ture was controlled to =£0.1° at each temperature studied.
The titration vessel was filled with N, prior to each titra-
tion; however, N; was not bubbled through or passed
over the solution during a titration since it was found that
this resulted in loss of HCN due to volatilization. pH
measurements were made at appropriate intervals using a
Beckman Model GS pH meter or a Leeds and Northrup
pH indicator (cat. no. 7664) equipped with a 1000-ohm
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heliopot with a microdial giving sensitivity equivalent to
that of the Beckman Model GS pH meter. The Beckman
E-2 glass and saturated calomel electrodes used in the
determinations were calibrated throughout the titration
range against a pH 9.18 buffer solution which was prepared
using borax (NBS Standard Sample No. 187a) and in-
structions obtained from the National Bureau of Standards.

Heat Determinations.—The heat of dissociation of HCN
in aqueous solution was determined by a thermometric
titration procedure at 8 and 25°. Equilibrium was ap-
proached from both directions with the heat of dissociation
being determined by titrating tetramethylammonium
hydroxide into HCN solutions and the heat of formation by
titrating HCIO, into NaCN solutions. The equipment
and procedure used in these determinations have been
described®; however, certain refinements of the equipment
and thermistor calibration procedure have been incor-
porated into the present study. These are (1) the use of
two thermistors in the bridge circuit giving approximately
double the response to temperature changes, (2) introduc-
tion into the circuit of an amplifier making possible meas-
urements over a hundredfold ionic strength, u, range which
is about ten times greater than that previously obtainable,
and (3) a thermistor calibration procedure in which the
thermistors and a 1° Beckmann thetmometer were placed
in a water bath which was controlled at the temperature of
interest (8 or 25°) to £0.001°, The resistance change of
the thermistors then was obtained at several temperatures
covering the range to be used in the subsequent determina-
tions (7.9 to 8.4° and 24.8 t0 25.3°). Data from this pro-
cedure showed the resistance of the thermistors in each
temperature interval to be a linear function of the tempera-
ture. This calibration made possible subsequent estima-
tion in the calorimeter of temperature changes as small as
0.03° to £19,.

Calculations.—The method used to calculate AH? values
from the thermometric titration data has been described .

A pK value corrected to g = 0 was obtained in the follow-
ing manner from the pK data of a given titration. u was
calculated in the usual manner. A Debye-Hiickel equa-~
tion of the form —log v = (4 v/2u/1 + B+/2s) was used
to convert pH to [H*] and the pQ (where Q is the molarity
quotient at a finite u) to pK. A value of 4 A. was used in
the Debye-Hiickel expression for the ionic diameter as
Hamer? has shown from literature data that best agree-
ment is obtained between pX values calculated from poten-
tiometric and spectrophotometric data using this value.

pK was calculated by the # method.? #% was calculated-

from electroneutrality and mass balance expressions using
titration readings in the 7 region 0.4 to 0.6. All calcula-
tions including a recycling process between p and v until
the approximation attained the desired self-consistence
were done on an IBM 650 electronic computer.

(5) J. J. Christensen and R. M. Izatt, J. Phys. Chem., 66, 1030 -

(1962).

(6) J. J. Christensen, R. M. Izatt, and L. Hansen, “Proceedings
of the Seventh Internatiomal Conference on Cobdrdination Chemis-
try,” Stockholmn, 1962, Paper 7F1, p. 354.

(7) W. J. Hamer in “The Structure of Electrolytic Solutions,”
W. J. Hamer, ed., John Wiley and Sons, New York, N. Y., 1859,
Chapter 15, p. 236.

(8) ¥. J. C. Rossotti and H. Rossotti, “The Determination of"

Stability Constants,” McGraw-Hill Book Co., New York, N. Y.,
1961.

THERMODYNAMICS OF HYDROCYANIC AcID Dissocration 829

Results

pK values corrected to 4 = 0 for HCN dis-
sociation at the various temperatures studied are
given in Table I together with the u value of the
solution used in the pK determination. At least
two titrations were made at each u value and in-
dividual pK values were calculated from six read-
ings in each determination. The averages of these
pK values are given in Table I together with
their 95%, confidence limits® (double the standard
deviation). The 959, confidence limits were cal-
culated before “‘rounding-off”’ the data.

Calculation of the heat of dissociation of HCN at
8° required a value for the heat of formation of
water at 8°. This value was determined calori-
metrically to be —14.54 £ 0.05 keal./mole using
the same method® that was used to determine the
corresponding value at 25°. In Table IT are given
the calorimetrically determined heats of HCN
dissociation as a function of z at 8 and 25°.

The data in Table II vary significantly with
temperature, but not with either u or the mode of
titration. For these reasons, a 959, confidence
limit* was calculated based on all data at each
temperature, and the AH value thus obtained was
taken to be AH®. The AH" values obtained in
this manner are 10.4 % 0.2 kcal./mole at 25°, and
11.3 % 0.2 keal./mole at 8°.

Combination of the AH? values at 8 and 25°
with the corresponding AG® values (AG® at 8°
was obtained by extrapolation of the data from
higher temperatures) gives AS®* = —3.9 (8°) and
~7.4 (25°) e.u., respectively, for HCN dissocia-
tion.

Discussion

The pK value determined in the present study
at 25° is in excellent agreement with that deter-
mined spectrophotometrically by Ang,? 9.22, but
not with that determined by Britton and Dodd,*
9.31. Ang states that freshly prepared cyanide
solutions were used in his study while no mention
is made of such precautions by Britton and co-
workers'!! in their studies at 18 and 25°. It is
likely that their value at 25° is high because of
failure to account for the difference between the
cyanide and total base concentrations resulting
from cyanide decomposition. Failure to account
for this difference in our calculations would place

() W. J. Youden, *‘Statistical Methods for Chemists,”” John
Wiley and Sons, New York, N. Y., 1951, pp. 9-20.
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TasLe I

pK VALUES (CORRECTED TO u = 0) As A FuncTION OF TEMPERATURE FOR HCN DISSOCIATION IN AQUEOUS SOLUTION
# VALUES ARE THOSE OF THE SOLUTIONS USED IN THE pX DETERMINATIONS

u X 108 10 15 20

24
15 9.63 0.48 9.36

5.5

1.7 9.62 9.50 9.36

0.90

0.33
Average 9.63 9.49 9.36
959, confidence

limit +0.012 +0.010 +0.012

our 25° pK value at 9.28. pK values reported
previously®!! at 18°, 7.58, 8.89, and 9.32, differ
appreciably from each other and from those deter-
mined in the present study at 15 and 20°, prob-
ably because of the previously mentioned errors
which are inherent in the preparation and han-
dling of HCN solutions.

One calormetric AH value, 10.96 kcal./mole,
has been reported? for HCN dissociation. This
value, obtained at 18° in 1882, together with our
AH? data at 8 and 25°, would suggest a small, but
definite, increase in AH? from 25 to 8°. The pK
change with temperature found in the present
work is consistent with this observation. In Fig.
1is seen a plot of pK wvs. 1/7, where the limits of
uncertainty are the 959, confidence limits given
in Table I. These data show a slight curvature
over the temperature range studied which is con-
sistent with the observed AH change with tem-
perature. Drawing the best straight lines through
the 40 to 25° and 10 to 25° data one obtains for
AH® 9.4 and 10.7 kcal./mole, which can be as-
signed to 32.5 and 18°, respectively. The average
of these values, 10.1 kcal./mole, agrees well with
the 25° calorimetric value. The 18° value, 10.7
kcal./mole, is in good agreement with the 18°
calorimetric value, and the extrapolated 8° value,
11.6 keal./mole, is in good agreement with the 8°
calorimetric value,

Canady, et al.,'? present evidence that in the
dissociation of a molecular acid in aqueous solu-
tion the contribution of the proton to AS® is ap-
proximately —4 e.u., and the total AS® for such an
ionization is —14 to —18 e.u. Recent data ob-
tained by us® confirm this observation. The
AS? values obtained in the present study for HCN
dissociation are much lower than expected at 25°,

(12) W. J. Canady, H. M. Papee, and K. J. Laidler, Trans.
Faraday Soc., 54, 502 (1958).

‘Temperature, °C. ~

25 30 35 40 45

9.19

9.21 9.10 8.99 8.87 8.78

9.23

9.21 9.11 8.99 8.89

9.22

9.19

9.21 9.11 8.99 8.88 8.78
+0.014 +0.008 +0.014 +0.018 =0.020

9.8
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Fig. 1.—Plot of pX for HCN dissociation vs, 1/7.

TaBLE 11

AH VALUES (KCAL./MOLE) AS A FUNCTION OF g ForR HCN
Di1SSOCIATION AT 8 AND 25°
(b) Titration of HCN

(a) Titration of CN~ with H* with OH~

p X 108 AH (25°) AH (8°) p X 103 AH (25°)
26.3 10.44 11.18 10.9 10.64
10.45 11.28 10.56

10.20 11.32 8.75 10.32

11.46 5.47 10.34

13.3 10.32 11.28 10.19
10.30 11.62 3.28 10.55

10.39 11.32 10.36

10.09 11.38 2.19 10.31

6.75 10.48 11.09 10.42
10.36 11.03 1.31 10.25

10.41 11.29

and are still lower at 8. These low AS? values
are consistent with the observation that a high
degree of solvent ordering would be expected of
the highly polar HCN(aq) molecular species (di-
electric constant of HCN(1) = 117 compared to
H,0(l) = 82) counterbalancing the contribution
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to ASY of the CN—. Thus, the observed AS“ is
essentially that resulting from the contribution of
the proton. The molecules previously studied by

Canady, et al., and by us had low polarity and,
thus, did not show this effect to an appreciable
extent.
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The electron spin resonarnce spectra and the magnetic susceptibilities of (NH,);[MoOCl;} and Rb,[CrOCl;) are
reported. The results are consistent with an electronic structural description which includes considerable oxygen-
to-metal w-bonding. Complete consistency between the e.s.r. and the susceptibility data is found for (NH,),-
[MoOCls]. The lack of consistency of the data for Rb;[CrOCl] is attributed to the presence of a small amount
of Cr3* impurity. Comparison of e.s.r. data with reported . susceptibility data for Mo®* solutions of varying

HCI concentration is interpreted in terms of the nature of the species present.

Introduction

In a previous report! the electronic structures
and spectra of the chromyl (CrO3%+) and molyb-
denyl (MoO?+) ions were discussed. Both the
charge transfer and the “crystal field” d-d spectra
could be accounted for by the molecular orbital
energy level scheme derived for the electronically
equivalent (d!) vanadyl (VO?*) ion.? The most
striking feature of the electronic structures of
these oxycations is the existence of considerable
oxygen-to-metal #-bonding.

In the present paper the electron spin resonance
spectra and the temperature dependencies of the
magnetic susceptibilities of (NH,),[MoOCI;] and
Rb,[CrOC;] are investigated and the results are
interpreted in terms of the previously proposed
electronic structural description. The magnetic
susceptibilities of solid samples of (NH):[Mo-
OCIJ;]% and Rby[CrOCl;]* and solutions of Mo®* 5
have been reported in the literature, but for only
room temperature.

A comparison of the results of the present e.s.r.
measurements on Mo’+ solutions with the sus-
ceptibility results of Sacconi and Cini® allows an

(1) H. B. Gray and C. R. Hare, I'norg. Chem., 1, 363 (1962).

(2) C. J. Balthausen and H. B. Gray, ibid,, 1, 111 (1962),
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Chem. Absir., 26, 4987 (1932).

(4) R. W. Asmussen, “Magnetokemiske Undersggelser over
Uorganiske Xompleksforbindelser,” Gijellerups Forlag, Copen-
hagen, 1944.

(5) L. Sacconi and R. Cini, J. Am, Chem. Soc., 76, 4239 (1954).

interpretation of the magnetic nature of the species
present in these solutions.

Results

Chromyl Ion.—The electron spin resonance
spectrum of a solid sample of Rb,[CrOCls] shows
a single broad resonance line centered at g =
1.986. The g value indicates an orbitally non-
degenerate ground state, as expected for a
compound containing CrO3+., The g factor for a
paramagnetic molecule with an orbitally non-
degenerate ground state differs from 2.0023 due to
the mixing of ground state and excited states
via spin-orbit coupling. The expressions for the
g values for d! transition metal oxycations in
Cyv ligand fields are?

_ _ §
¢, = 20023 (1 T ZE(D)) (1)
- _ 4
& = 2.0023 (1 S ,Bl)) 2)
with
{g)=1/3(2¢,*+ g (3)

In these equations £ is the spin-orbit coupling
constant for Cr¥+ in CrO*+ and the AE’s are the
energies of known crystal field transitions in
Rb;[CrOCL;].! The ¢ value for CrO3+ is calcu-
lated to be 65 cm.~!, using the observed (g} value
and the known AE values (AE(?B; — E(I) ) =
12,900 cm.—!, AE(®B; — ?B;) = 23,500 cin.—Y).





