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CHAPTER I
INTRODUCTION

Background to the Problem = The bulk of the scientific

research coﬁcerned with solution chemistry has been done with
aqueous media. However, nonagueous solvent systems often are
available which provide better physical and chemical proper-
ties than does water for particular investigations. In ana-
lytical chemistry, for example, very weak aclds or bases are
often titrated in a nonaqueous solvent. Much nonaqueous
polarography 1s now done, and nonagueous solvents are vitally
important to spectroscopy. The technique ¢f solvent extrace
tion would be impossible without the use of at least one
nonagueous solvent.

The present research has been undertaken in an attempt to
learn more of the solution bseshavior of transition metal salts
in a nonagqueous medium containing small amounts of water;
8o, cobalt (II) and nickel (II) perchlorates in hydrous ie
butancl. Some studles have indlcated that solvation of tran=
sltlon metal perchlorates in the alcohol phases after extracs
tion is primarily due to hydration (28). The coextracted
water In such cases exceeds the normsl coordinatlion numbers
of the cations, leading to large “hydration numbers%. 1=
Butanol was chosen as the solVentmfor the study be@éuse it

is the alcohol of lowest molecular weight which can be used
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as an extractant of aqueous solutions, and it also has very
favorable thermal properties, which will be discussed later.

Quite a variety of opinion exists as to the detailed
nature of transition metal aquocomplexes in nonagueous sol=
vents (8,15,17,19). One of the best approaches to a theoret=-
ical treatment of such species, and without which no argument
would be really complete, is through thermodynamic informa=-
tion. Formation constants have been determined for a very
limited number of transition metal aquocomplexes in only a
few solvents and sclvent mixtures (8,15,17,19,20,81). The
method of Bjerrum (2) has been most widely used for calcue
lating the formation constants,.

Spectroscopy 1s the method most often chosen for aquo-
complexing studies. However, spectrosceopic information is
inherently linked to molar extinction coefficlents which
nearly always are small in the visible region for aguocom=
plexes. It is generally difficult to find a metal-water-
solvent system which has an infrared absorption band depen=
dent only on the water-metal interactions and not cowmplicated
».by other vibrational modes. At best the data has consider-
éble scatter which leads to uncertainty in the formation
constants (8,17),

Polarography has been used as s companion method to
spectroscopy, but some reservations also must be held about
its use (17,20), An inherent difficulty in using polarogrspghy
for studying aquocoumplexing ls that a high concentration of a
gsecond or supporting electrolyte is necessary. Whereas such

an electrolyte might not strictly affect the polarographic



measurements as such, it is difficult to imagine that the
chemical hydration process would be totally unaffected, Nel-
son and Iwamoto (20) have recognized that lithium perchlorate
might compete with copper (II) perchlorate for free water in
the solution, but stated that no quantitative evidence was
available to show that’it did; they, therefore, ignored the
(likely) interaction of lithium perchlorate in the interpre-
tation of their polarographic results.

Even at best, formation constants, with perhaps a temper-
ature dependence, can be determined by spectroscopy and polar-
ography. However, these two methods give no information about
the stepwise enthalplies and entropies of formation, which
usually give the best insight into the nature of the species,

To obtain a complete thermodynamic description, it 1s
necessary to use some form of calorimetry. In order for
Bjerrum!s method to be used for obtaining successive formetion
constants, the system should be capable of passing through
successive equilibrium states as repetitlve additions are
made to the same solution. Thermometric titrations offer a
convenient linking of these two requirements.

Most analytical procedures are ultlmately free energy
methods, i.e., they depend on a property related to the
equilibrium constants. For example, the pH change in a
conventional acid=-base titration depends on the relevant
ionization constants of the system, DBut reaction systems
wlth a small free energy change are also capable of measure-
ment if the entropy term in equation (1.1) is favorable.

A = AG + TAS (1.1)



Since a measurable heat of reaction is a very general
property of chemical processes, thermometric titrations have
considerable applicability to both thermodynamic studies and
analytical chemistry. One of the advantages of using thermo-
metric titrations for the study of aquocomplexing is the
possibility of obtaining both formation constants and enthal-
pies from the same set of data. With the formation constants
and enthalpies eXxperimentally determined, free energies and
entropies are defined by equations (1l.1l) and (1l.2).

AG = -RTIn K (1.2)

Another important advantage of thermometric titrations
lies in the sensitivity of the method. Precise data are
reasonably simple to obtain and yield more easily to quanti=
tative interpretation than do absorption spectra.

There are some disadvantages to thermometric titrations
for fundamental thermodynamic measurements, however. One of
these is the necessity of making a correction for the heat of
mixing of the solvent with the titrant. 1In this study of
aquocomplexing of cobalt (II) and nickel (II) perchlorates,
lébutanol was a fortunate choice of solvent Because the
integral heat of mixing of water with l-butancl is a linear
function of the water concentration. Consequently, the heat
of hydration of cobalt (II) and nickel (II) perchlorates is
easlily obtained from the overall experimental Hheat of reaction
of the l-butanol solutions by subtraction of a simple linear
function for the heat of mixing of water with l-butanol. How-
ever, in other systems, such as ethanol-water, the integral

heat of mixing of water with solvent may not be a simple



linear function at low water concentrations, thereby making
such a correction difficult, although not at all impossible
(6).



CHAPTER 11

THEORY OF THE PROPOSED METHOD

Corresponding Solutions - For the calculation of stepwise

formation constants, an adaptation of Bjerrum's (2) method of
" corresponding solutions" to calorimetric measurements was
émployed. This is develéped in detall in the following deri-
vation, which is applicable to £:1 metal salts.

Assume that the reaction of ligand L with metal M occurs
with equal ease for solvatéd ion (u**) or ion-associate
(W*+2X~). It will be shown later, however, that the latter
predominates in the low dielectric solvent l=butanol. Assume
also thatlin the calorimeter there are z moles of central
metal ion (as salt o) at total molar concentration Cy and
that the addition of y moles of ligand produces a total ligand
concentration CGy. Consider now the reaction

zi{soln.) + yL(lig.) — xqziL(soln.) ¢ X,zuML(soln.)+ oos

+ XyzMly(soln.) + Qpy (2.1)
where x, is the fraction of M in aquocomplex iy, at equilib-
rium, and Qpx 1s the heat of reaction of M with L. The mix-
ing of water with solvent produces Qg,] calories according
to the relation

Eg = Ei + Q':sol (2.2)
where Hj is the standard molar enthalpy of pure liquid L, ﬁ"‘?ﬁ

is the partial molar enthalpy of L 1in binary solution at GLg

6



and qsol is the heat of mixing of L with solvent.

Dividing equation (2.1) by z and formulating the corre-
sponding equation gives

ﬁ; + %Hi = (xHg ¢+ x2ﬁﬂL2 + cco 4 xNEMLN)

+ (R'M- xlﬁd' xgl_fm- soe = x‘NEM)

+ (gﬂi - xlﬂi - 2x2Hi = eeo = Nxfip)

+ Q. /2 (2.3)
where Hﬁ_is the partial molar enthalpy of M in the binary
reference solution, and EM? ﬁi and ﬁan are the partial molar
enthalpies in the equilibrium mixture. Equation (2.3) can be
rearranged and combined with (2.2) to give ‘

N N
% (EMLH -~ Hy - nf)x, = (1 - %‘, x ) (HO, - Hy)

N
+ (L - §nxn>(ﬁg‘- H )

+ (¥Qgo1 = Qpy)/2 (R.4)
The first two terms on the right represent, in effect, the
corrections for excess (free) metal and ligand, respectively.
Such terms will be small for dilute solutions, and ab infinite
dilution will be zero.
Consider now a second concentration of metal and ligand,
Cf and Cj, and the corresponding thermal equation to (2.4).
By taking the difference between the new equation and (2.4)

one has
N N e e 5 B o
A% G Xy = A(-l - % x )EY - B + A - % nx, ) (A} -H )
+ A(yqsol C er)/z (2.5)



N
where f, = > (H. - % - nfi®). When the last term on the
X

i i
right side of (2.5) i1s made zero; by proper choice of salt

and ligand concentrations, equation (2.5) becomes

N N N
2% T 2 M T 2 Ml - 3 ~ 0 (2.6)

N
Consider the case where 2 n,(x, -x}) = O. Since the N,
1

are not all zero, it follows that x, = x7 for all the r}n'so
Such solutions are said tla be corresponding, and the enthalpy
change attending the reaction can be written as
N 3

AH = % Cin%n ‘ (2.7)
To find such corresponding solutions a plot of AH/(:M versus
CL is made and the values of C and CL are found for which
AH/CM and (AH/CM)' are the same.

quations (2.5) and (2.6) may be used similarly to find
corresponding solutions in the small concentration range, for
then equation (2.6) holds with 1little error. With decreasing
concentration (2.6) becomes exact, but even at moderate con-
centrations the equation may still hold quite well. This is
because of the smallness of the (H& - ﬁu) and (H?_l - 'ETL) terms
in equation (2.5).

For the specific case of complex My, the stepwise forms-

tion constants are
[ML
e TEJT%T
= [ = [ 2.
k2 = nEITL] k_ﬂ'g‘%?l THI[L) (2.8)



The overall formation constant is

Do)

Be = ks = TR (2.9)
Now the total metal concentration is
(] + D] ¢ D] + oo + [y (2.10)
and, therefore, the fraction as the second complex is
3(2 CM B + + cee ¢ I (2'11)

By factoring out [M] from equation (2.11) one has

¥ 2
%'WE]T&%L S By El” W

and it is seen that
X, ® f(L), (2.13)
a function of the free ligand concentration. When x5 = xg

L)% L1 %
AT F AT TR - e (49

therefore, [L] = [L']. For corresponding solutions, x, = x,

for all n, and [L] = [L'].
From Bjerrum's treatment of successive complex formation

in solutlion

Z nf, [L]"

- _f L) 4 ooy NBy[ :
'%2[L]£+...+ﬁﬁgjﬁ -——— (2.15)

2 A,[L]"

where nn is the “average ligand number". Bjerrum called the
relationship of-equation (2.15) the “formation function® of
the system, in which an unambiguous éonnection between %he
average ligand number and the free ligand concentration is
expressed. If the concentration of free ligand is known, the
formation function may be calculated directly from the equa-

tion
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n = 91-—5—@1 (2.16)

M
By rearranging equation (2.16) to give
Cp = ACy + [L] (2.17)

one has the familiar equation of a straight line where n is
the slope, and [L] is the y-intercept.

According to equations (2.7) and (2.14), when AH/C =
(AH/Cy)* the solutions are corresponding, and therefore
[L] = [L']. One should then be able to select values of
AH/Cy where equation (2.7) holds, make a plot of the corre-
sponding values of CL and CMP and obtain a series of straight
lines with slopes N and intercepts [L]. This is illustrated
in Figure 1.

Formation Constants and Enthalpies - Once a set of values

for i and [L] have been determined, either by graphical or
some other means, the problem of finding values for the forma-
tion constants and overall enthalpies of formation becomes a
matter of curve fitting. Bjerrum's formation function may
be plotted against log[L] as shown in Figure 2. The curve
should asymtotically approach the maximum coordination number,
N, of the central metal ion. Equation (2.15) may then be
fitted to the experimental formation function to determine
the formation constants.

Poe (22) has proposed that a set of temporary or “pseudo
constants" be calculated from the Scatchard function a; a

starting boint

sz Bl 5 L (2.18)

where k;,, is the "equilibrium constant" for the chemical



Ci>Cip”Cin Cp = 8Cy + [1]

11
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Figure 1. The Corresponding Solutions thhod of
: Determining §i and [L]
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Figure 2. Typical Formation Function of Bjerrum
Where i Approaches N
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equilibrium

unoccupied site + L & occupied site (2.19)
Since the ease with which a site can be occupied would be
expected to be influenced by the number of neighboring sites

already occupied, k - is not expected to be a constant with

p
variation of @i or [L]. An increase of kg with & indicates
increasing ease of attachment and vice versa. The pseudo
constant is mch more sensitive to such effects than the
formation function curve. Extrapolation of the kps curve to
i = 0 gives k,/N and to i = N gives Nky.

Values for the enthalpies may be found in a manner simi-

lar to that used to find the B's from the equation (if the

f's are known)

ﬂ]ﬁ]%['] t !rgé‘ 2[1'32 oo ¢ OBy [LIY ‘_
M = 1 + L] + [L]z + ...'.. % [L]N (2.20)

If the stepwise attachment of ligands to the central

metal ion is purely a statistical function, so that D = ™M1»
then

&H = N, (2.21)
gives a linear relation between AH and n. From a plot of AH
versus f, the limiting slope at i = O should give the value
of Ny In like manner, temporary values for the successive
n's may be found by measuring the slope of the curve for L
at i = n - 1. Iterative refinement of the np's is necessary
for a good fit, as is the case with the (3’8. Computer tech-
niques are invaluable for such successive approximations,
simply because of the labor involved in making the calcula-

tions by hand.
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Entropies of formation can be calculated in a straight-
forward manner from the formation constants and enthalpiles

of formation by the thermodynamic equation

o %1 + RIng, (2.22)

Assumptions of the Theory - In the foregoing the theory

of corresponding solutions has been developed in a general
sense, but several assumptions are necessary for the adapta=-
tion of the method to the cobalt (II) and nickel (II) per-
chlorate-water-l-butanol systems.

Consider the following two reaction possibilities. Let

X be the perchlorate ion and L be the water ligand.

. , ML X ]
m.n_lxp + L == ufiLnXP for which lﬁqp = “'Ln-llp T

and (2.23)
ML_X + X & ML X_ for which k' =.ﬁlﬁlm
n p-1l np np p—lJ
Then if (2.24)
n
Bn = 11 Ino = ¥10¥20K30° ** %40 HauiiB
and
t ' ! 1
ﬁp * ﬁ knp < knlk1!12kn5'”knp (2.26)
it follows that
Lo x] = [][LI™ [(x]®4, 4, (2.27)
The average ligand number may again be formilated
np
S 3. 18,8, BI[L)™ [X]P
n = GM - n % (2038)
> [u][L]™ [x]P
OO0 ﬁ%ﬁb
Let Yinp be the fraction of M as the complex MLnXp. Then

Wnp = [M‘nxp]/clﬂ (2.29)
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and hence

P
% nw‘np (2050)

Similarly, for the heat of reaction

L AR
AH = %‘,%qnp[m.nxp]/cM

(2.31)
If one finds two solutions such that
AH = AH! (2.32)
then one has from (2.29)
n n p
(201 %, T S (%% Neo¥an! ' (2.33)

Equation (2.33) can hold at all values of Bnp Only if

Yop ® wﬁp, for presumably Mnp = qﬁp always, Since the wnp'a
are all equal, it follows that n = n' because, according to

equation (2.30), they are the same function of the wnp's.
Furthermore, one notes that

B 3, 11 * [X] P ; . ( :
n i R D ¢ “eB4
>3 4,8,00" KPP

np

¥, 18 independent of [X] 4f, and only if, [X] can be elimi-
nated from equation (2.34) by cancellation, i.e., if p = 0 or
if p is constant, and equation (2.34) reduces to equation
(2.11). When p = O one has the case of complete dissoclation.
When.p # 0, but is a constant, there results the case of com=
plete ion~association.

It should be emphasized that unless p is a constant
(including zero) equation (2.34) will not reduce to the form

of equation (2.11), and a plot of Cp versus Cy would not be
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expected to be linear.

Experimental evidence in the form of conductivity mea-
surements will be given later to support the hypothesis that
the perchlorates studied do not exist as dissociated ions in
l-butanol in the concentration range of from 0.08 to 0.01u,
but rather as ion-associates.

No attempt was made throughout the measurements to maine-
tain a constant ionic strength medium in order to minimize
any change in activity coefficients. In solvents of low di~
electric constant, the deviation from ideality for a complete=
ly dissociated solute is greater than in solvents of high
dielectric constant, and departure from the Debye-Huckel
limiting law occurs at lower ionic strengths. However, if
lon-association is very pronounced, the ionic strength is
then so low that activity coefficients may actually be nearer
unity than they are in solvents of high dielectric constant
(16). Therefore, at the experimentally investigated salt
concentrations in l-butanol in which mostly ion-associates
exist, the total ionic strength should be very close to zero.

A still more important reason for not attempting to
maintain a constant high ionic strength by the addition of a
second electrolyte is the competition of the supporting salt
for the ligand. The reaction of water with the medium could
be expected to produce thermal effects overwhelming and mask=-
ing the primary heat of reaction with cobalt (II) or nickel
(II) perchlorate.

A correction for the heat of mixing of water with l=bu=

tanol was necessary. As previously mentioned, the correction
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function was linear, and hence simple to apply. In making
such a correction, it was assumed that the enthalpy of mixing
of water with salt solution (assuming no reaction between
water and salt occurred) was always the same as for water
with butanol. While this assumption is probably not true in
the sfrictest sense, any difference would presumably be small

in comparison to the overall effect.



CHAPTER III

APPARATUS AND PROCEDURES

The Calorimeter - The concept of thermometric titrations

is a rather old one in view of today's modern analytical meth-
ods. The first thermometric titration was performed in 1901
when Steinwehr (26) introduced liquid reagent from a pipette
into a dewar flask and measured the teumperature change with
a thermometer. Since that time refinements have been made in
calorimeter design, and new instrumentation has been added.
As a consequence, thermometric titrations are no longer the
tedious, error-prone experiments they once were. Rather,
they are convenlient, precise, and capable of high accuracy,
depending upon the basic needs of the investigator. For ana-
lytical purposes, a thermometric titration can be performed
with acceptable precision within a matter of a few minutes
(13). For more fundamental work, where exact heats of reac-
tion rather than end-points are desired, more care mst be
exercised in design and construction of the calorimeter. How-
ever, a series of twenty-five sequential additionsaof titrant,
such as were performed in this study, can be made in about
an hour.

For a calorimeter to be satisfactory for the proposed
study of aquocomplexing, several basic requirements had to

be fulfilled:

% 4



4,

Se

6.

7.

9.

18

The design of the calorimeter should permit maintenance
free operation.

The calorimeter should be constructed of materials which
have low thermal conductance properties and high chemical
resistance.

The calorimeter should allow the sample solution to be
introduced by means of a syringe, thus avoiding exposure
of the sample to atmospheric moisture.

Provision should be made for introduction of a large
amount of titrant without interruption of the continuous
operation of the calorimeter during a titration.

The solution in the calorimeter should be continuously
mixed so that the reaction may proceed uniformly once
titrant is added, and equilibrium may be established
rapidly.

The temperature of the titrant should continuously be
controlled and maintained at the same temperature as the
solution, so that a correction factor will not need to

be applied.

The calorimeter must be sensitive to very small tempera=-
ture changes, with no appreciable time lag in detection.
An electrical heat capacity calibration system should be
used.

The calorimeter should have an overall accuracy of within
21% for some suitable standard calibrating reaction in-
volving a total heat change of approximately one calorie.

Several excellent solution calorimeters have been de-=

scribed in the literature, but they do not incorporate all of
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the desirable properties listed (6,13,14,25), Therefore, a
new calorimeter was designed and bullt specifically to meet
the above requirements. A sketch of the calorimeter is shown
in Figure 3. The parts illustrated are permanently mounted
in an isothermal air chamber,

The calorimeter has been found to give maintenance free
operation., Cleaning 1s effected by simply rinsing with ace-
tone or by immersing the lower part of the calorimeter in a
cleaning solvent; The calorimeter vessel itself is a small
sllvered dewar flask which can be cleaned in any conventional
manner.

The calorimeter was constructed of glass because of the
good structural stability and relatively low thermal conduc-
tance of glass. Some meta;s are better structurally, but
they tend to have high rates of heat transfer. Some plastics
have better thermal conductance properties than glass, but
they either have less structural stability or are not as cham
ically resistant., Glass was considered to be the best com-
promise. All parts which contact the solution are glass
except the internal heater wire (A) and the titrant hypodszmic
needle (D).

The sample injection port (E) is fitted with a serum
stopper so that a hypodermic syringe can be used to inject
the proper size sample (32;55 cc. of solution). The dewar
flask 1s equipped with a standard taper ground glass fitting
($ 50/40 mm.) such that when it is sealed in place the entire
unit is air tight. '

Titrant is introduced with an R-G precision micrometer
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syringe (0.0001 cc. divisions, 0.02% accuracy, 2.5 cc. capa-
city) (H) via a twelve-inch Wilkens Instrument and Research
Teflon 18 gauge hypocermic needle with a 22 gauge tip inserted
into the end. A "“piggy back" reservoir (G) attached to a B=D
MSO1l syringe stopéock (F) is‘arranged so that the micrometer
syringe may be removed from its position for refilling with-
out disturbing the operation of the calorimeter.

Mixing and stirring of the solution is accomplished by
a glass rod with paddles molded on the end (C). The rod is
mounted in two Teflon bearings, and a pulley at the upper end
allows the rod to be rotated by a remote electric motor. Some
qualitative tests indicated that liquid solutions of water
and l-butanol became homogeneous within 15 seconds.

An important feature of the calorimeter, and one that
greatly improved the precision over previous designs, is the
device which guarantees the same temperature for titrant as
for solution. The lower half of the Teflon hypodermic needle
(D) is coiled around the internal heater body below the sur-
face of the solution. The volume of the coiled portion of
the needle 1s approximately 0.05 cc, Since the injections
ranged in volume from 0,0050 to 0.0250 cc., the minimum time
that any injected volume spent within the coll was over five
minutes. Precautions were taken to see that both solution
and titrant were at the same temperature before the titration.
However, since the solution will not maintain the same temper=-
ature over the entire run (the process is adiabatic), the
colled needle allows the temperature of the titrant and solu-

tion to continuously equilibrate. As a consequence, no
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uncertain correction factor had to be applied for each incre-
ment, and the output data could be used directly as they were
recorded.,

The heart of any calorimeter is its temperature-sensing
element. A Victory Engineering Co. 2000 ohm*20% thermistor
(No. 32A30) formed one arm of a Wheatstone bridge, with the
unbalance potential of the bridge measured by a Sargent SR
recording potentiometer. The thermistor has a temperature
coefficient of -3.9% deg.'l and was operated at a potential
of 1.45 volts. The 1 mV. range plug on the recorder wss used, -
The temperature sensing circuit is shown in Figure 4. Vari-
able resistors in the bridge are digital reading Borg Equip-
ment Co. precision helipots, with a linear tolerance of 0.1%.

The bridge was operated at a sensitivity of 0.20 to 0.25
calories per inch of pen travel on the recorder. Megsurements
were made to the nearest 0.0l inch or *0.0001°C. Somewhat
higher sensitivities are avallable by applying a greater
potential across the thermistor. However, care must be taken
not to exceed the maximum operation potential of the thermlis-
tor which would cause internal heating of the thermistor to
occur, Preliminary experiments showed that the pen displace~
ment was a linear function of temperature.

The calorimeter has an electrical heat capacity calibra-
tion system as shown in Figure 4. A constant calibrating
current is provided by discharging a Willard six volt lead
battery across a General Radio Co. type 1432-F decade resis-
tor, or "dummy heater", which is preset to match the resis-

tance of the heater in the calorimeter. A relay system is
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connected from an X-ray timer (0.001 second) and time switch
to the heater, which is externally wound with six feet of
0,0034 inch diameter platinum wire having a total resistance
of 25 ohms. A Rubicon potentiometer was used to measure the
potential across the heater and across a secondary standard
General Radio type 500-B ten ohm resistor which was kept in
a sealed dewar flask at room temperature. The secondary
standard was standardized against a Leeds and Northrup 4025-B
National Bureau of Standards type (10.0000%.0005f) at 25°C. )
primary standard. Its resistance was found to be 10.,000%,003
ohms at-25°C.

The heat capaclty was calculated by the formla

iEt

h = Tt es " number of calories per inch pen travel
where 1 = current across heater in amperes

E = potential across heater in volts
t = time current was flowing in seconds
s = distance of recorder pen travel in inches
4,186 = number of joules per calorie
The performance of the calorimeter was checked by mea-
surement of the well studied heat of formation of water. A
recent careful calorimetric study by Hale, et.al. (9), gave
the heat of formation of water as AH, = =13.34 kcal./mole at
25°C,
A titration of 0.14451 molal HCl (aq.) with 3.9937 molar
NaOH (aq.) gave the value AHp = =13.39 kcai./ﬁole at 2790,
and AHp = =13.50 kcal./mle at 24°C. By using the listed

correction factor for the differences in temperature of 0.04
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kcal,/molesdeg., an average value of AHp = =13.46 kecal./mole
at 25°C. is obtained (23), This value is within the 1% accu-
racy sought.

Drying Apparatus - One of the experimental difficulties

in making a study of the stepwise agquocomplexing of cobalt
(I1) and nickel (II) perchlorates is that of preparing a zero
water concentration reference solution. OCommon techniques for
drying alcohols produce no less than 0.1% residual water as
tested by Karl Fischer titration (12). A 0.,1% solution of
water in l-=butanol, however, represeﬁts a molar concentration
larger than some of the salt concentrations used in this
study. 1t was obﬁious from the beginning that some method of
obtaining “dry" solutions (no residual water) would have to
be found fér tﬂe results to have much significanceo

Perchlorate salts are always obtained as hydrates in the
solid state. Attempts to prepare dry sslts by heating in an
oven results in decompositlion of the perchlorates, often
explosively., Dry solutions, therefore, cannot be prepared
by simply adding dry salt to dry solvent; i.e., the water
mst be removed after the solution 1s prepared.

Attempts by Fielder (6) to obtain dry solutions by direct
contact with Molecular Sieve 4A (Linde Co., Division of Union
Carbide) (10) resulted in very low water cdntentg but there
was soms losé of metal ions and contamination due to an ion
exchange with the sieveas. The presence of any speciles in the
solution other than the pure cobalt (II) or nickel (II) per-
chlorates was consldered highly undesiréble for the proposed

calorimetric studies.
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Arthur, et.al. (1), developed a very effective method
for drying salt solutions with Molecular Sieves using a modi-
fied Soxhlet extractor. The technique used in this study is
basically the same as theirs, with the addition of apparatus
for refluxing under vacuum conditions as illustrated in Fig-
ure 5.

Because of the potential danger involved in drying the
nickel perchlorate solution by heating to boiling (117°C.),
it was decided in this study to use as low a temperature as
possible for refluxing. 1l-Butanol solutions will readily
distill at 25°C. at 1 mm. Hg, but the temperature differential
between the butanol vapors and the condensing coolant was
found to be too small to give a gdod reflux rate; furthermore,
. too mich vapor was lost from the célumn, In the procedure
finally adopted the solutions were heated with a heating
mentle to 35°C. and refluxed at 15 mm. Hg. Once the distilla=
tion was in progress, vapor loss was negligible; therefore,
no concentrating of solutions occurred.

Drying Procedure - The Molecular Sieves 3A mist be wete

ted with predried solvent before use. The solution to be
dried was plaéed in the distillation flask, and the system
from Valvé A to the vacuum pump was evacuated. Air was then
bled from the flask by carefullj opening Valve A to prevent
bumping of the solution. Once the air had been pumped out
of the flask, and the pressure at the manometer had reached
10 to 15 mm. Hg, the stopcock on the vacuum regulator was
closed, and the heating mantle was switched on,.

Care was taken to fill the flask no more than half full
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as the l-butanol solutions of the peréhlorates were very prone
to bump at low pressure. Mloderate bumping can be expected,
and due precautions should be observed.

Solutions can be dried from 0.1% to less than 0,001%
water in four to six hours using the vacuum techniques., All
solutions were carefully stored and handled by syringes. Al-
though rigid precautions were taken, it seemed impossible to
prevent at least some contamination from atmospheric mcisture..
However, from comparative titrations and back extrapolation;
it is estimated that the solutions before titration in the
calorimeter contained less than 00001% residual water.

Karl Fischer titration, using polarized electrodes and
a Beckman Expanded Scale pH meter as a null-point detector,
was used in determining water concentrationso' The direct
titration procedure becomes 1nsensitive below 000001% water,
so a lower limit has not been established for the drying
technique, but 1t appears to be less than 000001%0

The cobalt (II) and nickel (II) concentrations were
determined by EDTA titretion as described by Flaschka (7),
uging mrexlde as an end-point indicator. The concentraﬁions
were determined first on a welight basls as molalltles and
then converted to molarities by density measurements. A lin-
ear relation between density and molality is shown in Figure
6o

Thermometric Titration Procedure ~ The heater and ther-

mlstor batteries were switched on 15 minutes prior to a run
to allow time for the current to become constant.

buch attention had to be given to the preparation and
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handling of solutions to insure the exclusion of water in the
aquocomplexing studies. .Equal precautions had to be taken in
preparation of the calorimeter, or the solutions would once
again take up water from merely contacting the calorimeter
before any measurements were made.

The “piggy back" reservoir was first filled with titrant
and then éonnected té the Teflon needle. Additional titrant
was forced through the reservoir and Teflon Needle until ex=-
cess titrant emerged from the tip of the needle at the bottom
of the coil showing that all air had been expelled. The
syringe stopcock was closed, the drop of water on the tip
removed, and a small bit of silicone grease placed over the
tip to prevent premature mixing of titrant with solution
before the beginning of thé run.

The small dewar flask was first cleaned and rinsed with
acetone; 1t was then placed in a vacuum desiccator overnight.
The dewar flask was next positioned inside the calorimeter
air jacket. Dry tank nitrogen at room temperature was passed
through a desiccant tube filled with Drierite and the calori-
meter flushed with the dried gas. After 15 minutes the streanm
of nitrogen was removed and the calorimeter chamber immediate=
ly sealed to exclude any atmospheric moisture.

Approximately 32cc. of a perchlorate solution was weighed
in a 50ce. B«D syringe. The solution was injected into the |
calorimeter, and the stirrer motor swltched on. A4 few minutes
were allowed for the calorimeter and solution to reach ther-
mal equilibrium.

Because of the change in composition of the solution
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throughout a thermometric titration, a series of heat capacity
callbrations had to be made at varlous points in the run.
Generally two calibrations at each point have been found to
be sufficient.

In making a calibration, the recorder was started, and a
temperature base line established, The timer switch was set
at a predetérmined time so that, according to the current and
voltage settings, about one calorie of heat was added to the
solution.

After two heat capacity calibrations were made at zero
water concehtration, the syringe stopcock was opened and the
titration begun. Titrant was delivered from the micrometer
syringe in increasing increments of 0.00560, 0,0100 and 000150>
cco 1n a typical titratlon up to 0,500 cc. total water con-
tent (~0.43 molar in water). In the l-butanol solutions of
cobalt and nickel perchlorates; the calorimetric reaction was
observed to be inlitlally exothermic due to the greater heat
effect of the reaction between water and the salt. Later
after this reactlion was partially completed, the overall
effect became endothermlc due to the endothermic heat of miXe
ing of water wlth l-butanol. Typilcal enthalpograms are shown
in PFlgure 7. |

The temperature base lines were extrapolated back to the
mid-point of the slope. A vertical line was drawn through the
md-point of the slope to give the helght, s. This helght,
in inches, was maltiplied by the heat capaclty, in calories

per inch, to glve the number of calories for each increment.
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CHAPTER 1V

EXPERIMENTAL AND TREATMENT OF DATA

Solutions Used -~ All of the solutions used in the study

were prepared with Baker'A,Rc grade l-butanol. The l-butanol
was dried over Linde iblecular Sieves 3A for a minimum of 24
hours. Reagent grade cobalt (II) and nickel (II) perchlorate
hexahydrates (G. F. Smith Chemical Co.) were used without
further treatment in preparing concentrated (0.5s) solutions
in l-butanocl. The concentrated solutions were dried as de=-
scribed in Chapter 111 and used in preparation of dilute
solutions for study in the calorimeter. The dilute solutions
(0,08 to 0.01M) were further dried and final concentrations
and densities measured before reaction in the calorimeter.

Calorimetry Data - The heat liberated in the calorimeter

for the reaction
M{soln) + L(11q) —» ML(soln) + Mg (soln) 4 «+o 4 Muy(soln)
| ¢ L{soln) # Qug (4.1)
in dilute solution consists of two main parts. When the total
guantity of water added is small; only the heat of aguotomplex
formation and the heat of mixing of water with l=butancl c¢on=
tribute significantly to the Q.4 measured in the calorimeter
Qeal = Qrx + Qgol (4.2)
Since Qugy 15 the experimental quantity of heat measured in
the thermometric titration of cobalt (II) or nickel (II)

33
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perchlorate in l-butanol with water, Q the heat of mixing

sol’

of water with l-butanol, must be determined before Q the

rX’
heat of reaction of L with M, can be determined.

A serles of five thermometric titrations of l=butanol
wlth water was made 1n order to gain ther@odynamicjmformatkm
about the heat of mixing. Young, et.al. (30), have measured
the mixing of l-butanol with water at high water concentra-
tions and found it to be a linear function of butanol concen-
tration from 0.0 to 0.12M l-butanol in water. The heat of
mixing was also found here to be very nearly linear with water
concentration at low water concentrétions as shown in Figure
8. Experimental data for two typical thermometric titrations
selected from the five are given in Table I along with the
calculated heats of mixing. From the five sets of data, the
partial molal enthalpy of solﬁtion of»water in l-butanol was
found to be 0,432%,002 kcal./mole waterskgm. butenol. |

Once the enthalpy of mixing had been determined, salt
solutions were titrated thefmometrically to determine the
heat of reaction, AH. Five solutions of Co(ClO4)s in l-buta=-
nol ranging in concentration from 0.0171 to 0.0863M and four
solutions of Ni(C10,), ranging in concentration from 0.0260
to 0.0803M were studied. Duplicate titrations were made at
each salt concentration, as shown in Figures 9 and 10. The
experimental data‘and calculated heats of reaction are given

in Table II.

Sample Calculation -~ A sample calculation illustrating
how AH is obtained from the experimental data is given on

page 45.
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TABLE 1

HEAT OF MIXING OF WATER AND 1-BUTANOL

36

32.034g l-Butanol

32 .,023g l-Butanol

ml HgO

s,in

h

ml Hao

s,in

h

AH

-2035

sol

0.,0050 =0.26 0.3075 €5 0.0050 =0.,34 0.3073 39
0.0100 =0.34 0.3075 5.8 0.0100 -0.33 0.3075 6.4
0,0200 =0,68 00,3076 12,3 0.0200 =-0,66 0,3080 12.8
0.0300 =-0.69 0,3077 18.9 0.0300 -0.,69 0.,3086 19.4
00,0400 =0.69 0.3077 £5.6 0.0400 ~0,69 0.3091 26,1

- 0,0500 =0.71 0,3078 3.4 0.,0500. =0.73 0.3096 33.<
0,0700 =-1.45 0.3080 46.5 0.0700 =1.43 0.3107 47,0
0.0900 =-1.48 0.3083 6046 0.0900 =1.46 0.3117 6l o2
0,1100 =1,48 0.3086 74.8 0,1100 =-1.48 0,317 75,7
0,1300 =-1.48 0.3089 89.1 0.1300 «1,53 0.3137 90.7
0.1500 =-1.50 0.3093 103.6 0.1500 -1.54 00,3143 105.8
0,1700 «1,.52 0.3097 118.3 0,1700 =1.49 0.3152 1<20.4
0,1900 =1,50 0.3101 132.,8 | 0.1900 =1.,50 0.3158 135.2
0.,2100 =1.53 0.3106 147.6 0,2150 -1.91 0.3165 154.1
00,2400 =2.32 00,3114 170.2 0.2400 =1.93 0.31l72 173.2
0.2650 =1,91 0.3121 188.8 0.700 =2.,32 0.,3177 196.3
0.2900 =1.92 0.3129 207.5 0.3000 =2,32 00,3184 219.3
0.3150 =1.95 0.3137 Z26.6 0.3300 «2.32 0,3190 242.4
03400 =1.95 00,3145 245.8 0.3600 w2,32 00,3196 265.6
0.3650 =1.,93 0.3154 <64.8 0.3900 -2,31 0.320L 288.7
0.3900 ~1,93 0.3164 283.8" 0.4200 =2.,35 0.3206 3l2.2
094150 -1.95 005174 503.2 004500 -2.53 005210 53506
0.4400 =1.93 00,3185 32<c.4 0.4700 =1.59 0.3213 351.5
004650 "1096 003196 34109 004900 -1.57 003216 3670’3
0.,4950 0.3210 365.5 '
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TABLE 11
EXPERI MENTAL DATA AND CALCULATED HEATS OF REACTION FOR THERMOMETRIC TITRATIONS

26.505g of 0.0620M Co(Cl0,)s | 26.499g of 0.0620M Co(Cl0,)y | 26.453g of 0.0449M Co(Cl0,)

m Hy0 s,in h Af,cal | m Hy0 s,in h /NH,cal | ml Ho0 s,in n  MH,cal

0.0065 2,45 0.,2603 - 389 0.0050 2,06 0.2482 =~ 310 0.0050 1.68 0.2583 - 376
0.0115 1.80 0.2604 - 678 0,0100 1.92 0,2483 =~ 603 0.0100 1.64 0.2584 - 745
0.0165 1.69 0.2605 - 953 0.0150 1.84 0.,2485 - 886 0.0150 1.51 0,2585 =1091
0.0215 1.59 0.2606 =-1215 0.0200 1.70 0.2486 -1152 0.0200 1.40 0.2586 -1418
0.0265 1.51 0.2608 =-1467 0.0250 1.55 0.2488 =-1400 0,0250 1.26 0.2587 =1721
0.0315 1.33 0.26C9 -1696 0.0300 1.49 0.,2489 =1641 0.0300 1.17 0.2588 =-2008
0.0369 1.24 0.2610 =-1914 0.0350 1.43 0.2491 -1875 0.,0350 0.96 0.2589 =-2258
0.0415 l.14 0.2611 =2119 0.0400 1.32 0,2492 -2095 0.0400 0,90 0.2590 =2497
0.0465 1.10 0.2612 -2318 0.0450 1,17 0.2493 -2297 0.0450 0.81 0,2591 =2721
0.0515 1.00 0.,2613 =-2505 0.0500 1.07 0.2495 -2487 0.0500 0.74 0.2592 =-2932
0.0565 0.90 0.2614 -2680 0.0550 0.97 0.2496 -2664 0.0550 0.58 0.2594 =-3116
0.0665 1.53 0.2616 =2994 0.0650 1.70 0.2499 -2990 0.0650 1.00 0.2596 =3455
0.0765 1.30 0.2619 =3278 0.0750 1.44 0,2502 =-3285 0.0750 0.77 0.2598 =3753
0.0865 1.14 0.2621 =3543 0.0850 1.17 0.2505 =3546 0.0850 0.50 0.,2599 =~-4004
0.0965 0.84 0,2623 -3768 0.0950 0.90 0.8507 =3775 0.0950 0.32 0.2599 =-4223
0.1065 0.80 0.2625 =3963 0.1050 0.73 0.,2510 =-3982 0.1050 0.18 0,2601 =4418
0.1215 0,63 0.069 =4221 0.1200 0.76 0.2514 =4253 0.1200 0.05 0.2604 =4671
0.1365 0.34 0.2632 =4441 0.1350 0.44 0.2519 =-4484 0.1350 =0.21 0.2607 =-4878
0.1515 0.11 0.2636 =4632 0.1500 0.15 0.2523 -4679 0.1500 =0.,41 0.2609 =-5049
0.1665 =0.10 0.2639 =-4796 0.1650 -0,09 0.2527 =4844 0.1650 =-0.55 0.2612 =5196
0.1815 =-0.,25 0.2642 -4940 0.,1800 =0.25 0.,2531 =-4989 0.1800 =-0.64 0.2615 =-5326
0.,1965 -0.,40 0.2646 =-5064 0,1950 -0,40 0.,2535 =5116 0,1950 =0.73 0.2618 =5441
0.21156 =-0.53 0.2649 -5172 042100 =-0.52 0,2540 =5228 0.2100 =-0.82 0.2620 =-5538
0.2265 =0.64 0.2653 =5265 0.2250 =-0.64 0.2544 -5324 0.2250 =0,88 0,263 -5626
0.2415 -0,66 0.2656 =-5355 0.2400 =-0,70 0.2548 =5413 0.2400 =0,95 0.26c6 =5701
0.2565 =-0,76 0.,2659 -5433 0.2550 =0,81 0.25563 =5488 0.2550 =0.99 0.2629 =-5769

6¢



TABLE II (Continued) .

26.421g of 0.0803M Co(Cl0,4)g

26.371g of 0.,0803M Co(C1l0,)y

26.245g of 0.0449M Co(C10,),

ml H;0  s,in h  AHyeal | m H,0 s,in h AH,cal | ml H;0 s,in h JH,cal
0,0040 1.62 0.2534 = 192 0.0018 0.78 0.2524 - 91 | 0,0033 1,06 0.2581 = 241
0.0090 2,01 0.2536 = 431 | 0,0068 2,11 0.2528 - 340 | 0.,0083 1.62 0.2581 =~ 609
0.0140 1.97 0.,2537 -~ 667 | 0,0118 2,03 0,2532 =~ 581 | 0.,0133 1.54 0.2582 =~ 963
0.0190 1.8L 0.8538 =~ 886 | 0.,0168 1,93 0.,2536 = 813 | 0.0183 1.42 0.2582 -1296
0,0240 1,78 0,2540 =1104 | 0,0218 1.76 0,2540 <1028 | 0.,0233 1,27 0.2582 -1602
0.,0290 1.65 0.2541 =~1308 | 0,0268 1,76 0.2543 =1244 | 0,0283 1,13 0.2582 -1884
0.,0340 1.64 0.£543 =1512 | 0,0318 1,64 00,2547 =1449 | 0,0333 1.04 0.2583 =2150
0.0390 1,55 0.2544 =1707 | 0.,0368 1,56 0,2550 =1645 | 0.0383 0,93 0.2583 -=-2396
0.0440 1.43 0.2545 =1891 | 00,0418 1,47 0.2554 =1833 | 0.0433 0.83 0.2583 -2625
0.0490 1,39 0.2546 =~2071 | 0,0468 1,38 0.,2557 =2014 | 0.0483 0.73 0.2583 =-2836
0.0540 1.27 0.2548 =~2239 | 0,0518 1.30 0.2561 =2186 | 0.0533 0,64 0.2584 =-3031
0.0640 2,29 0.2551 =-2552 | 0,06818 2,20 0.2568 =2501 | 0,0633 1,04 0.2584 -3379
0.0740 2.01 0.2553 =2838 | 0.,0718 2,02 0.,2574 <2790 | 0,0733 0,72 0.,2585 =3670
0.0840 1,72 0.2556 =3096 | 0.0818 1.74 0.2580 =3052 | 0.0833 0.51 0.,25685 =3924
0,0940 1,46 0.2558 =~3329 | 00,0918 1,47 0.2586 =3287 | 0,0933 0,36 0.2586 =4152
0.1040 1,29 0560 =3545 | 0.1018 1,29 0.2591 =3506 | 0.,1033 0.21 0.2586 =4353
0,1140 1.06 0.2562 =3739 | 0,1168 1.54 0.2599 =3795 | 0,1183 0.06 0.2587 =4610
0.1240 0,89 0.,2563 =3917 | 0.,1318 31,14 0.2606 =4045 | 0,1333 =0.18 0.2588 =4824
0,1340 0,71 0.2565 =4077 | 0,1468 Q.81 02611 =4262 | 0.1483 -0.38 0.2588 =5003
0.1440 0,53 0.2566 =4220 | 0,1618 0.54 O0.2616 =4452 | 0.,1633 =-0.,55 0.2589 =5152
0.,1540 0.42 0.2568 =-4352 | 0.1768 0,30 0.2620 =4619 | 0.,1783 =~0.,63 0,2590 =-5286
0.1690 0,43 0.2570 =4530 | 0,1918 0.14 0.2623 =4770 | 0,1933 =0.76 0,259l =5397
0.1840 0,20 00,2572 -4686 | 0.,2068 =0.,09 0.2626 =4898 | 0.2083 =0,77 0.2591 =5507
0.,1990 0,02 0.2574, =4825 | 00,2218 -0,21 0.2628 =5014 | 0.2233 =0.,89 0,592 =5595
0.,2140 =0,16 0.8576 -4945 | 0.,2368 =0.,37 00,2630 =5113 | 0.2383 =0,94 0.2593 =5674
0.2290 =~0.28 02577 =5055 | 0,2518 .0,46 0.8632 =5204 | 0.2533 =0,97 0.,2504 -5748
00,2440 =0,38 0,2578 =5154

0.2540 =0.30 0.,8579 -52186

0%



TABLE II (Continued)

26.135g of 0,0314M Co(Cl0,)p

_26.1393 of 0,0314u co(clo4)2'

25.974g of 0.01714 Co(C10,)y

ml H;0  s,in h AH,cal | ml HgO  s,in h AH,cal | ml H0 s,in h  AH,cal
0.0025 0.73 0.2444 =234 | 0.0015 0.52 0.2406 = 158 | 0.0050 1.01 0.2359 = 650
0.0075 1.39 0.2444 - 685 | 0,0065 1.57 00,2406 =~ 646 | 0.0100 0.87 0.2361 =1241
0.0125 1.35 042445 =1126 | 0,0115 1.35 0.2407 =1083 | 0.0150 0.66 0.2363 =1742
0.0175 1.22 0.2445 =1537 | 0,0165 1.21 0.2407 =~1486 | 0.0200 0.55 0.2368 -2196
0.0225 1.02 00,2446 =1899 | 0,0215 1,04 0.2408 -1849 { 0,0250 0.39 0.2370 =-2582
0.0275 0.89 0.2446 =2230 | 0.0265 0.85 0.2408 =-2168 | 0.0300 0.25 0.2372 =2907
0.0325 0,73 0.2446 =2523 | 0,0315 0,75 0.2409 -2462 | 0,0350 0.15 0,2374 =3189
0.0375 0,57  0.2447 =2777 | 0,0365 0.63 0,2409 =2729 | 0.0400 0.11 0.2376 =-3454
0.0425 0.49 0.2447 =3013 | 0.0415 0,55 0.2410 -2976 | 0.,0450 0.04 0,2378 --3689
0.0475 0,42 0.2448 =3231 | 0.0465 0,43 0.2411 -3196 | 0.0500 =-0.05 0.2380 -3886
0.0525 0.34 0.,2448 =3430 | 0,0515 0.36 0.,2411 =3399 | 0,0550 -0.08 0.3383 -4069
0.0625 0.43 0.2449 =3769 | 0,0615 0,45 0.2412 =3740 | 0.0650 =0,29 0,2387 =4379
0.0725 0.22 0.8450 =4057 | 0.0715 0.22 0.2413 -4028 | 0.,0750 -0.40 0,2390 =4641
0.0825 0,06 0.,2451 =-4307 | 0,0815 0,06 0,2414 =-4277 | 0.0850 =0.50 0,2394 =-4859
0.0925 =0,12 0.2452 -=4513 | 0.0915 =0.08 0.,2415 =-4493 | 0,0950 =-0,58 0,2397 =5042
0.1025 =~0.,23 0.2453 =4693 | 0,1015 =0,20 0,2416 =468l | 0,1050 =0.64 0.2400 =5199
0.1175 =0,50 0.2454 =4926 | 0.1165 =0.49 0.2418 -4918 | 0,1200 =1.03 0.2403 =~5403
0.1325 =0.69 0.2456 =5112 | 0,1315 =0.65 0.2419 =-5116 | 0.1350 =1,10 0,2407 =5575
0.1475 =0,83 0.2457 =5265 | 0.1465 =0.78 0.2420 -5284 | 0.1500 =1.16 0,2411 =5721

0.1615 =0.88 0.2422 -5428 | 0.1650 =1.,24 0,2416 =5830

0.1765 =0,96 0.2424 =5552 | 0.1800 =1.26 0.2420 =5929

0.1915 =1.05 O0.2425 =5655 | 0.1950 =1.29 0.2424 -6015

0.2065 =1.07 0.2487 =5753 | 0.2100 =1.,32 0.2427 =6086

0.2215 =1.12 0.2428 -5839 | 0.2250 =1.33 0.2431 =6152

002365 “1018 Oo2430 -5911 0.2400 -1 036 002435 "6204

0.2515 =1.21 0.,28431 =-5975 | 0.2550 =1l.41 0.,2438 =6234

L§7%



TABLE II (Continued)

25.,971g of 0.0171M Co(Cl0y4)g

26.375g of 0.08034 Ni(C10,),

26,434g of O.OBOSMlNi(ClO4)2

ml HgO  s,in n AH,cal | ml HyO s,in h  AH,cal | ml Ho0 s,in n  AF,cal
0.0020 0.43 042457 =279 | 0,0050 2,45 0.2393 - 268 | 0,0030 1.41 0.2468 - 159
0.:0070 0.96 0.2457 - 925 0.0100 2,41 0.2396 - 532 0.0080 2.40 0.2470 - 429
0.0120 0,78 0.2458 =1491 | 0,0150 2.29 0.2399 - 786 | 0.,0130 2.31 0.2471 - 690
0.,0170 0,56 0.,2458 =1959 0.,0200 2,15 0,2402 -1027 0.0180 2.13 00,2473 - 934
0.0220 0.44 0,2459 =2373 | 0,0250 2,01 0.2405 =1256 | 0.,0230 2.09 0.2474 -1175
0.0270 0.33 0.2459 =2738 | 0,0300 1.94 0.2408 =1478 | 0.,0280 1,92 0.2475 =1400
0.0320 0.21 0.2460 =3050 | 0.0350 1.82 0,2411 =1690 | 0.0330 1.77 0.2476 -1612
0.0370 0,11 0.2460 =3317 | 0,0400 1.68 0.2414 =1890 | 0,0380 1.68° 0.2478 -1814
0.0420 0.06 0.,2460 =3561 | 0.0450 1.58 0,2416 =2080 | 0.0430 1,59 0.2479 -2009
0.0470 =0.03 0.,2461 =3766 | 0,0500 1.48 0.2419 =2261 | 0,0480 1.50 0.2481 -2195
0.,0520 =0,08 0.2461 =3948 0.0550 1.37 0.2421 =2432 0.0530 1.38 0.2482 <2370
0.0620 =0.25 0.2462 -4271 | 0,0650 2,47 0.2426 -2750 | 0,0630 2.42 0.2484 -2688
' ' 0.,0750 2,10 0.2430 =3035 | 0,0730 2.22 0.,2487 =-2988
0.0850 1,74 O0.R2434 =3286 | 0,0830 1.77 0.2489 3245
0,0950 1.45 0.2438 =3511 | 0.0930 1.46 0.2491 =3473
061050 1420 002442 -3713 | 0.1030 1.26 0.2493 -3683
0.1200 1.36 0.2447 =3976 | 0,1180 1.47 0.2496 =-3958
061350 0.95 0,2451 =4200 | 0.,1330 1.00 0.2499 -4188
0,1500 0.62 0,2455 =4394 | 0.,1480 0,65 0.2502 =4386
0.1650 0,33 002458 =4561 | 0.1630 0.37 0.2504 =4557
0.1800 0,12 0.2461 =4709 | 0.1780 0,17 0.2507 =4709
0.1950 =010 0.2463 =4836-| 0.1930 -0.,04 0.2509 -4852
062100 =0,23 0,2466 =4951 | 0,2080 =020 0.,2511 =4959
02250 =0.36 0.2468 =5054 | 0.8230 =0.33 0.2513 -5063
02400 =0.51 0.2470 =5142 | 0,2380 =0.46 0.2515 =5156
. 0.28500 =0057 0,2472 -5225 | 0,2530 =-0.56 0.2517 -5238



TABLE II (Continued)

26.574g of 0.0659M Ni(ClO4)g

26.68cg of 040659l Ni(ClO4)2

26.,004g of O.OZGOMZNi(ClO4)2

ml HyO  s,in h /AH,cal | ml Hy0 s,in h AH,cal | ml HoO s,in n  AH,cal
0,0034 1.53 0.2420 = 207 | 0.,0036 1,53 0.2543 =~ 217 | 0,0100 2,72 0.2446 =1074
0.0084 2.27 0,2423 = 514 | 0,0086 2,12 0.2544 = 518 | 0,0150 - 1.37 0.2447 =1614
0.0134 2.23 0.,2427 = 817 | 0,0136 2.17 0.2545 =~ 825 | 0,0200 1,09 0.2448 =-2073
0.0184 2.05 0.2430 =1100 | 0.0186 2,01 0.2546 =1113 | 0,0250 0,87 0.2449 =2469
0,0234 1.99 0.2433 =1377 | 0,02368 1.89 0.2547 =1387 | 0,0300 . 0.66 0.,2450 =2803
0.0284 1.80 0.2435 =1633 | 0.0286 1,72 0.2548 =1642 | 0.,0350 0.49 0.2451 =-3088
0.033%34 1,67 0.2439 =1875 | 0,0336 1,57 0.2549 =1879 | 0,0400 0.34 0.2452 -3329
0.,0384 1.54 0.,2441 =2102 | 0,0386 1.41 0.2550 =2098 | 0.,0450 0,29 0.2452 =3556
0.0434 1.4l 0.2444 =315 | 0.0436 1.3l 0.2551 =305 | 0.,0500 0,20 0.2453 =3756
0.0484 1.30 0Q.2447 =2516 | 0,0486 1.21 0.2552 =~2501 | 0.0550 0.10 0.2454 3928
0.0534 1.23 00,2449 =2709 | 0,0536 1,10 0.2554 =2684 | 0.0600 0,04 0.,2455 -4082
0.0634 2.02 0.2454 =3046 0.0636 1.94 0.,2556 =-3019 0,0700 0,06 0Q.2456 4349
0.0734 1.67 0.,2459 =3344 | 0.0736 1,62 0.2558 =3318 | 0.0800 =0.,20 0.2458 =4574
0.0834 1.42 0.2463 =3614 | 0,0836 1.28 0,560 =3577 | 0,0900 =0.35 0.2460 =4757
0.,0934 1,03 0.2467 =3841 | 0.0936 0,95 0.2562 =3797 | 0.1000 =0,42 00,2461 =4919
0.1034 0.83 00,2471 =4044 | 0,1036 0.73 0.2565 =3992 | 0.,1100 -0,50 0.2463 =5058
0.1184 0.84 0.,2476 =4305 | 0.,1186 0.82 0.,2568 =4252 | 0.1250 -0.86 0.2466 -=5233
0.1334 0,44 0,2481 =4520 | 0.1336 0.45 0.2571 =4469 | 0.1400 -0,99 00,2468 =5370
0.1484 0,18 00,2486 =4705 | 00,1486 0.19 0.2574 =4656 | 0.,1550 ~1,04 0.,2471 =-5492
0.1634 =0,06 0,2490 <4863 | 0.1636 =007 0,577 =4812 | 0,1700 ~1,10 0.,2473 =5596
0.1784 =0.24 00,2494 =5000 | 0.,1786 =0.26 0.,2579 =4945 | 00,1850 =-1.,16 0.2476 =5682
0.193%34 =0,39 0.,2498 =5121 | 0,1936 =0.41 0,258l =5061 | 0,2000 =1.22 0.2478 =5750
0.2084 =0.50 0,2501 =5228 | 0.2086 =0.52 0.2583 =5164 | 0.2150 =1.23 0.2481 -5815
0.2234 =0.60 0,2505 =5324 | 0.2236 =0.61 00,2585 =5256 | 00,2300 =1.28 0.2483 -5864
0.2384 =0,70 0,2508 =5409 | 0.2386 =0.71 00,2588 =5337 | 0.2450 -1.27 0.,2486 =5916
0.2534 =0.75 00,2512 =5487 | 0.2536 <=0.77 0.2591 =5410 | 0.2600 -1.27 0,2488 -5968
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TABLE I1 (Continued)

26,281lg of 0.0260M Ni(Cl0,)

26,270g of o.o5;35MNi(clo4)2

26.402g of 0.0535M N1(C10,),

ml H,0O  s,in h AH;eal | ml HyO . s,in h AH,cal | ml HyO s,in h AH,cal
0.0060 1,78 0.2486 =~ 689 | 0,0042 1,85 00,2450 =~ 317 | 0.0033 1.44 0.2422 = 243
0.0110 1.45 0.2486 +1253 | 0.,0092 2,20 0,2450 = 693 | 0,0083 2,21 0.2423 = 616
0.0160 1.24 0.,2487 -1756 | 0.,0142 2,06 0.2451 =1050 | 0.0133 2,00 0.2424 = 960
0.0210 0,98 0.2488 2183 | 0.,0192 1,81 0.2452 -1373 | 0,0183 1,90 0.2425 =1290
0.,0260 0.76 0.2488 2546 | 0.0242 1,70 0.2453 =1679 | 0.,0233 1,80 0,2427 -1607
0.,0310 0.6l 0.2489 22865 | 0,0292 1,53 0,2454 =1963 | 0,0283 1,63 0.2428 =1900
0.0360 0,49 0,2490 -3149 | 0.0342 1,37 0.2455 =2223 | 0,0333 1.40 0,2429 -2162
0.0410 0,37 0.2491 -3398 | 0.0392 1,26 0.2456 =2469 | 0,0383 1,32 '0.2431 -2412
0.0460 0.24 0.2491 -3609 | 0.0442 1,11 0,2457 =2693 | 0.,0433 1,15 0.2432 =-2640
0.0510 0,18 0.2492 -3802 | 0.0492 0,98 00,2458 =-2899 | 0,0483 1.0l 0.2433 =-2848
0.,0560 0.10 0.2493 =3972 | 0.,0542 0,85 0.2459 =-3087 | 0.0533 0.90 0.2435 =3040
0.0660 0,02 0.2494 =4260 | 0.0642  1.41 0.,2461 =343 | 0.0633 1,47 0.,2437 -3380
0.0760 =0.17 0.2495 =4492 | 0.0742 1,06 00,2463 =3709 | 0,0733 1,10 0.2440 -3669
0.0860 =0.30 0.2497 -4685 | 0,0842 0,72 0.,2465 =3947 | 0,0833 0,79 0.2443 =3916
0,0960 =0.40 0.,2498 -4850 | 0.,0942 0,49 0.,2467 =4154 | 0,0933 0,57 0.2445 =4131
0.1060 =0.,50 0.2500 -4984 | 0.1042 0.33 00,2469 =4337 | 0.1033 0,37 0.2448 =4319
0.1210 <=0.81 0.2502 <5169 | 0.1192 0,20 0.,2472 <-4571 | 0.,1183 0,27 0.2452 =4561
0.1360 <=0.92 0.2504 5321 | 0.1342 -0,08 0.2475 =4765 | 0.1333 =0,05 0.2456 =4759
0.1510 =1.01 0,2506 -5446 | 0.1492 =0.27 0,28477 =-4933 | 0,1483 -0,22 0.2460 =~-4933
0.1660 =1,08 0.2508 <5550 | 0,1642 =0.43 0.2480 =5077 | 0,1633 =0.42 0.2464 =5078
0.1810 =1.13 0.2510 5639 | 0.1792 <=0,59 0.,2483 =5199 | 0.1783 -0,53 0.2468 =5208
0.1960 =1.16 02512 <5720 | 00,1942 =0.67 0.2486 =5309 | 0,1933 -0,67 0.2472 <5319
0.2110 =1.21 0.2515 =5785 | 0.2092 =0.,77 0.2489 =5406 | 0.2083 -0,72 0.,2476 -5422
0.2260 =1.,26 0.8517 -5835 | 0.,2242 <0.85 0,2492 =5490 | 0.8233 -0.81 0.2480 -5512
0.2410 =1.25 0.2519 -5887 | 0.2392 =0.88 0.8495 =5570 | 0.2383 -0,90 0.2484 5589
0.2560 =1.28 0.,2521 =5931 | 0.25428 ~0.93 0.2498 =5643 | 0.,2533 -0.92 0.2488 -5664

1747
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Sample Galculation

From Table II, page 40
To 26,421 g of 0.0803M Co(ClO4)2 in l-butanol was added
0,0040 ml, of water producing a 1l.62 in. deflection of the
recorder pen. The heat capacity was 0.,2534 cal./in. over the
interval. The number of calories liberated in the increment

was

dq,gq = 8 eh
= 1.62 in. + 0.2534 cal./in. = 0.4105 calories
The correction for the heat of mixing of water with 1-
butanol is -432 cal./mole HoO « kgm. butanol. But since there
is less than 1 mole of water added, the correction to the

experimental heat must be adjusted accordingly. The number

of moles of water added is

"

(Hzo)mol

0.0040 g. / (18,016 g./mole)

0.000222 moles HgO
The correction therefore bécomes
dq.,q = -432 cal./mole o 0,000222 mole
® =-0,0089 calories-
The heat of reaction of HpO with Co(ClO4)p in the inter-
val 1is then :
dqrx = ddeal - ddg01
= 00,4108 + 0,09589 = 0.5064 calories
To obtain the heat of reaction, AH, in terms of cal. per
mole of salt, one finds the number of moles of salt in the
solution to be
moles salt = salt molarity « kgm. of solution -%?

where fyis the density of the solution in kilograms per liter
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of solution., The density of the perchlorate solutions was
found to increase linearly with salt concentration as shown
in Pigure 6. The volume of solution containing 1000 g. of
butanol has the approximately constant value of 1l.241 1lit,
per kgm. of solution. Therefore,
moles salt = 0,0803 mole/lit., o 1,241 1lit./kgm. s
0.026421 kgm,

= 0.002634 moles

FPinally, the heat of reaction is

Qpx = d4py / moles salt

0,5064 cal., / 0.002634 moles = 192 cal./mole
or, by convention

AH = -192 cal./mole
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Constants of the Systems - Once the experimental heats

of reaction have been determined, values of the average lig-
and number, n, and the free ligand concentration, L] or
[Hzojfree’ may be determined according to the principle of

", Values of total water concentra-

" corresponding solutions
%ion were found for eachhsalt concentration at equal AR
values. According to Rossotti and Rossotti (24), if the sol-
utions are corresponding

¢y, = fcy + (L] (4.3)
and a straight line should be obtained for each series of
points for any particular value of AH. It should be clearly
realized that if straight lines are not obtained (within ex-
 perimental error), then the "eorresponding solutions" treat-
ment may not be considered té be valid for the systeﬁ under
study. A least squares calculation was performed to obtain
fi and [L] for each value of AH from 100 to 5300 calories in
100 calorie intervals. The standard error of estimate of the
fit was in all éaseS'better than 0.3% for Co(ClO4)2 and O,6%
for Ni(dlo4)2'(11). A graphical illustration of the analysis
is given in Figures 11 and 1le, with the calculated values
listed in Table III.

After values of the average ligand number and the free
ligand concentration have been determined by least squares
procedure, the formation functlion curve may be drawn by plot-
ting 0 versus log[HZO]free. Experimental results are shown

in Figures 13 and 14.

Since

. Bli] [1]2 4 ... + N@ylLIY
R SN RE N LT L (4.4)
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 TABLE III o
'LEAST SQUARES CURVE FIT FOR fi AND [1]

50

~___Co(C104)2 in l~Butanol __Ni(ClO4)o in 1-Butanol _
-AH i [H20]  log[HeO] | - A Ho0] logfHoo]
100 0.0355 0,00103 ~2,987< 200 0,0669 0,00106 ~2,9747
200 0,0712  0.00150 =2.8239 | 400 0,1305 0,00212 =2,6737
300 0,1058 0,00203 -2.6925 600 0,1986 0,00322 -2,4921
400 0,1428 0,00251 =2,6003 | 800 0.,2694 0,00432 -2,3645
500 00,1803 0.00300 =2,5229 | 1000 0.3357 0.00579 «2,2373
600  0,28187 0.,00359 =2.4450 | 1200 0.4041 0.00740 =2,1308
700 0.2543 0.,00441 =2.3556 | 1400 0,4780 0,00885 =2,0531
800 0.2912 0,00507 =2.2950 | 1600 0.5583 0.,01024 =1,9897
. 900 0.3278 0.,00595 =2.,2255 | 1800 0,6396 0.,01175 =1,9300
1000 00,3646 0,00671 =2,1733 | 2000 0,7304 0.01308 «1,8834
,1200 0,4380 0,00849 =-2,0711 | 2100 0.,7781 0,01377 =1,8611
1400 0.5195 0,01021 =1.9910 | 2200 0.8273  0,01446 -1,8398
1600 0,6023 0,01225 =1,9119 | 2300 0,8734 0,01542 -1,8119
1800 0.6925 0,01419 =1.8480 | 2400 0,9239 0.01636 =1,7862
2000 0,7789 0,01660 =1,7799 | 2500 0.,9707 0,01753 ~1,7562
2100 0,.8260 0,01776 =1,7506 | 2600 1.0229 0.01857 =1.7312
2200 0,8730 0.01903 =1.7206 | 2700 1.,0714 0.02011. ~1.6966
2300 0.9169 0,02046 ~1.6891 | 2800 1.1234 0.02144  -1.6688
2400 0,9648 0,02190 =1.6596 | 2900 1.1769 0,02292 -1,6398
2500 1.,0121 0.02343 =1.6302 | 3000 1.2370 0,02420 -1,6162
2600 1,0613 0.02505 =-1.6012 | .3100 1.2970 0,02567 -1,5906
2700 1,1145 0,02664 =-1.5745 | 3200 1.3566 0.02738 -1,5626
‘2800 1.1606 0.02828 -1,5485 | 3300 1.4211 0.02912 -1.5358
2900 1.2418 0,02912 -1.5358 | 3400 -1.4864 0,03104 -1,5081
3000 1.,2909 0.03159 =-1.5004 | 3500 1.5552 0.03300 . -1,4815
3100 11,3540 0,03339 =~1.4734 | 3600 1,.,6286 0,03510 =1,4547
3200 '1,4164 0,03547 =1.4501 | 3700 1.7076 0,03743 =1,.4268
3300 1.4807 0.03754 =-1.4255 | 3800 1,7852 0.,04016 -1,3962
3400 1.,5445 0,03987 =1.3994 | 3900 1,8719 0.04285 =1,3680
3500 1.6155 0.04205 =1.3762 | 4000 1,9670 0,04536 =1,3433
3600 1.6870 0.04458 =1,3509 | 4100 2,0639 0,04827 -1,3163
3700 1.7574 0,04750 =1.3233 | 4200 2,1671 0,05129 ~1.2900
3800 1.,8351 0.05054 =-1.2964 | 4300 2,2711 0.,05505 =1.2592
3900 1.9154 0,05373 =~1,2698 | 4400 2,3843 0,05910 -1.2284
4000, 2.0053 0,05677 -1.2459 | 4500 2,4975 0.06412 =1,1930
4100 2,0926 0,06053 =-1.2180 | 4600 2,6192 0.06966 =1.1570
4200 2,1965 0.,06382 =1.1950 | 4700 2,7581 0.07550 =1,1220
4300 2,3043 0,06775 =1.1691 | 4800 2,9220 0,08085 ~1,0923.
4400 2.4222 0,07158 =-1.1452 | 4900 3,0991 0.08680 =1,0615
4500 2.5403 0.07613 =-1.,1184 | 5000 3,3060 0.,09291 ~1.0319
4600 2,.6771 0.08080 =1.0926 [ 5100 3.5263 0,10073 =0,9968
4700 . 2.8231 0.08580 -1,0665 | 5200 3.7624 G.10950 =0.9606
. 4800 2,9773 0.,09157 =-1.0382 | 5300 4.,0317 0.11889 ~0,9248
4900 3.1478 0.,09743 =-1.0113
5000 3,3491 0,10307 -0.9869
5100 3,5933 0,10865 =0.9640
5200 3.8646 0.11466 =-0.9406
5300 4,1383 0,12195 -0.9138
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and values of fi and [HpO) fpg, are available from the corre-
sponding solutions treatment, in principle one should be able
to calculate the formation constants,

In order to calculate the formation constants after the
procedure of Poe (22), one needs first to obtain a set of
pseudo constants, kps‘

kps = (W= EIIL] (4.5)
The pseudo constaﬁts are themselves related to the stepwise
formation constants by

k1 = N . kps

kg = (N - 1) /2« kyg

kg = (N - 2) /5 « kpg

&
s

N = Eos /N (4.6)
Unfortunately, one has to assume a value for the maximum‘ ”
coordinationvnumber, Ny, unless this information 1s indicated
by the shape of the formation function curve or has been
found otherwiss, In this study, data were obtalned at n
values only slightly above n = 4, and there was no apparent
tendency for the curve to bend over and approach a limiting
value of . = N. The maximum coordination mist certainly be
greater than four, but it was not possible Lo determine N
from the data. Therefore, it seemed reasonable to suppose
that N would be six, the normal coordination of divalent
cobalt and nickel compounds. Support for this cholce comes

from the visible absorption spectra which elearly show six

coordination about the metal. Pseudo formaticn constants



54

were, however, calculated for assumed values of N= 4, 6, 8, 9
and 10. 1t was found that when k,q was extrapolated back to
i = 0 and ky calculated, values of k) were very nearly the
same regardless of the value of N. Plots of the pseudo con-
stant curves‘for N = 6 are shown in Figures 15 and 16 with
the calculated values given in Table IV,

It should be pointed out that both graphs indicate by
their nearly horizontal slope between n = O and i = 2 that
the first two attachment sites are roughly equivalent, The
increasing slope beyond n = £ indicates that the remaining
attachment sites are more eaéily occupied, once the first two
sites are filled. Thus there is indication that two of the
positions are different, either chemically, sterically or
both, from the others. The pseudo formatioh constant curves
were extrapolated to n = N to obtain values for kg and k6.

The stepwise formation constants are related to the over-
all formation constants by |

Bp = kky «oo k

N (4.7?

Final fit of equation (4.4) to the data required refinement

of the éonstants caléulated from the pseudo constants by iter-
ation. Thereby, a set of overall formation constants,f,,

wefe obtained which Were used to calculate the solid lines

in Figures 13 and 14, Experimental values are shown by the
circies. The calculated formation constants are tabulated in

Table V.

Once the formation constants are avallable, the overall

enthalpies of formation should be calculable from

—_ L] + n: 2[1..]2 $ cee # WNBN[L]N
R N Y ) + BlL® + «oo + Byl (4£.8)
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TABLE 1V

PSEUDO FORWATION CONSTANTS

1 Kos
0.1058 8.84
0.1428 Q.71
0.2543 10.04
0.3278 9.71
0.3646 O.64

- 0.3998 9.28
00,4380 Q.28
0.4769 9.13
0,95195 9.28
0.5569 9.03
0.6023 9.11
0.6480 Qecl
0.,6925 9.20
00,7358 8,99
0.8260 8.99
0.8730 8.95
0.9169 8.82
0.9648 8,75
1.0121 8,66
1,0613 8,958
1.1145 8.56
1.1696 8,56
1.2418 8,96
1.2909 8.68
1,3540 Bs73 -
1.4164 8,71
1.4807 8.73
1.5445 8,70
1,6165 8.76
1.6870 8,77
1.7574 8.72
1,8351 8.72
1.,9154 8,73
2.00563 8,84
22,0926 8.856
2.,1965 9.05
2.,3043 9.0
2.4222 Q.46
2.5403 9,64
TR.8771 9.97
2.8231 10.36
30,1478 11.33
303494 12.26
340933 13.74
53,8646 15.78
4,1483

18,37

Ni(ClO4)2
n Kps
0.0669 10.64
0.1305 10.49
0.1986 10,63
0.2694 10.88
0.33587 10.24
0.4780 9.78
0.5583 10,02
0.6596 10.15
0.7304 10.60
0.7781 10.82
0.8273 11.06
0.8734 11.05
0+9239 11.13
0.9707 11.01
1.0229 11,07
. 1.0714 10.81
1.1234 10,74
1.1769 10.65
1.2370 10.73
1.2970 10.74
1.3566 10,67
1l.4<11 10,66
1.4864 10.61
1.5552 10,60
1.6286 10.61
1.7076 10,63
1.7852 10.55
1.8719 10,58
1.9670 10,75
2.0639 10.86
2,1671 11.0=
22,2711 11.06
2.,3843 11.16
2.4975 11,12
£.6192 11.1<
£.7581 11l.27
2 .9220 11,74
5.0901 12,31
3543060 13.c1
3.5263 14.15
3,764 15.4<
4.,0317 17.23

b7
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TABLE V

CALCULATED FORMATION CONSTANTS

Co(C104)5
5.70 x 101
1.20 x 10°
1.26 x 10%
4.40 x 104
4,0 x 10°

1.0 x 107

57.0
1 21.0
10.5
5.5
9.1
25,0

Ni(Cl04)g

6,37 x
1.71 x

1.60 x

1.9 X

65,7
26,8
13.4
7.0
4.0

2304

10l
109
104
10°
10°
10

7

o8
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Figure 17. Heat of Reaction of Go(ClO4)g with Hz0 as a
Function of Average Ligand Number
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Figure 18. Heat of Reaction of Ni(ClO4)g with HpO as a
Function of Average Ligand Number
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if the q's can be estimated. If the stepwise formation of
the aquocomplexes 1s a statistical process, then it is easily
shown since np, = nqlbthat

& = n,fi | (4.9)
and n; would be given by the limiting slope at i = O of a AH
versus fi plot. Such a plot is shown in Figures 17 and 18,

By taking the limiting slope of the curve fornp, at A= n ~ 1,
a set of temporary enthalpies of formation was found.

It should be pointed out that the AH versus fi plots are
not linear as expected statistically, indicating a difference
in energies of attachment. In the thermometric titrations
which were carried to a sufficiently large total water con-
centration tovailow.Zﬁ to reach a minimum value, BH,;, was
approximately =6.6 kcal./mble for Go(ClO4)2, and ~6.4 kcals
per mole for Ni(ClO4)g. It is interesting to note that at
i = 2 over sixty per cent of the total energy of reaction
has been released. The values of AR rapidly fall off beyond
A =2, This is further evidence which indicates a difference
in the first two sites of attachment.

The overall enthalpies of formation were calculated by
successive approximation, and the final values are listed in
Table VI.

Consideraﬁion has been given to the precision of the
numbers listéd in Tables V and VI. The numbers tabulated
there are those which were used to give the closest fit to
the experimental points by équation (4.8). However, the pro=-
cedure by which these values were obtainéd (i.e.ﬂ n's are

calculated with the B's and [L]'s; A's are calculated with
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n2

N4
5
Ne

TABLE V1

EXOTHERMIC OVERALL ENTHALPIES
OF AQUOCOMPLEX FORMATION

(CALORIES PER IDLE)

Co(C10,)g
2,85 x 10°
4,70 x 10°
5.35 x 10
5.60 x 10°

5.8 x 10°

5.9 x 10°

Ni(C10,

g

3.05 x 10°

4.80
5,25
5.45
5.65

5.8

X

X

X

X

10°

10°

10°

10°

10°
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the the [L]'s; [L]’s are determined graphically) embodies a
mgltiplication of errors. 1t is therefore, virfually impo s=
sible to evaluate the overall error in the vélues of n because
- of the interdependence of the factors entering into egquation
(4.8). One would naturally assume the greatest degree of
confidence in the fi and [Hzo]free values, less in the [ val-
ues, and the'léast confidence in the  values. The standard
error of estimate for the fi versus log[L)] curve fitted with
the formation constants of Table V wasg iess than 2% for
Co(Cl04)e and less than 2.5% for Ni(ClOg)g. The greatest
error is seen to lie in the higher n regions of the curve
where the less certain values for‘65 and ﬁ% play an important
. role in the célculaﬁion. The enthalpies of formation listed
in Tablé VI gave an overall curve fit with standard error of
estimate less than 3.5% for Co(Cl0,)s; and 5.5% for Ni(ClO,).
A revised set of values of f3 and n is given in Table VII.

With the formation constants and enthalpies of formation
determined, calculétion of the entropies of aguocomplex forme=
ation is'straightforward.by the equation

n T
Entropies of aguocomplex formation are listed in Table VII.

o, = - RmB, | (4.10)

Conductivity Studies - One of the assumptions made in

the discussion of the theory of corresponding solutions in
Chapter II was thét the degrée of ion-association does not
change significantly over the'conceﬁtration range of the mea-
surements., In order to test this assumption conductivity
titrations were performed on l-butanol solutions of Co(ClO,)s

and Ni(ClO4)g. A Leeds and Northrup precision Jones type



TABLE VII

REVISED FORMATION CONSTANTS, OVERALL ENTHALPIES
AND ENTROPIES OF AQUOCOMPLEX FORMATION

Co(C10y4)2 Ni(Cl04)g
log B 1.76 1.80
log B2 3.08 3483
log p5 4,10 4,36
iog [5‘4 : 4.64 ‘ 5,80
log fBs 5.6 5.8
log g 7.0 7.2
log 1, 3.45 5.48
log 1 3.67 3,68
log ng 373 3.72
log iy 3.75 3474
log'q5 | 5.8 3.8
log fg (3.8) (3.8)
o | -1.53 e.u. | -1.98 e.u.
Oy -1.68 -1.32
o +0.81 2,54
o4 $2.45 +5.52
o 46.2 ‘ 7.6

05 +12.2 +13.4
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conductivity bridge was used in conjunction with a dilution
cell at a frequency of lQOO cps. The titrations were per-
formed by titrating water from the micrometer syringe into
50 cc. volumes of several of the solutions used in the ther-
mometric titrations. The results ére presented graphically
in Figure.lQ.

It 1s apparent from the equivalent conductance values in
the range of O to 2% water that the solutions have very small
 ’conductivity;at the concentrations for which the formation
vconstants'were determined. The conductivity does increase
with water concentration, though it does not exceed 3 ohms™1
at a wabter content of 2% and a salt concentration of 0.02 M.
At higher salt concentrations the conductivity is still less.

Some of the.increase in conductivity can be attributed
to changes in the visgcosity and dielectric constant of water
~and some to increased lonization. However, in a study of
the conductance of Co(ClO4)g énd Ni(ClO4)e as & function of
concentration in hydrous butanol solvent containing 13.5% wa=-
ter by weight, Cheung (4) showed that the degree of ion-pair=
ing in a solution of concentration as small as 1 x 10"%4 was
only of the order of 50%.

It may be reasonably concluded from these results that
dissociation must be very small, and hence a small change in
the degree of ion-association will not invalidate the treat-
ment of the data by the method of corresponding solutions
over the water concentration range studied.

NMR Studies ~ The structural features of the solvation

of Co(Cl04)g and Ni(ClO,)z in butanol solution, though
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~~&~- 0,0344N Co(C1l04)g
—6— 0,0635N Co(C10,)
- =&~ 0.,0527N Ni(C10,)g
—A— 0.1090N Ni(C10,),

Equivalent Conductance (ohms™1)

| | |

0 ' 1 e
Per Cent Water

Figure 19. Conductivity of Co{Cl0,)s; and Wi(ClO,)g
Solutions at 25,0°C.
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important to a compiete understanding of the thermodynamic
properties of the systems, cannot be readily studied., Thus
although absorption spectra indicate4six—coordination, there
exists the possibility that the six sites of octahedral sym-
metry about Co¥*t and Nit?t may be occuplied by oxygen atoms of
one or all of the butanol molecules, water or the perchlorate
anion, It was believed, therefore, that proton magnetic
resonance measurements might provide some qualitative struc-
tural information about the aquocomplex formation and hydra-
tion processes.

In a study of 0.4 mlal Co(ClO4)g it was found that at
25°C the fine structure of the methylene and methyl groups
was destroyed by the'inflﬁence of the paramagnetic salt and
that these resonance peaks were shifted up~-field from the.
'hydroXyl proton. By adding water to the soclutions it was
found that the hydroxyl peak increased in height and was also
shifted up-field.

A very weak, broad and diffuse band was observed far
down-field of the peaks assigned to water and l-butanocl. This
peak was located near the low frequency end of the 2000 cps.
chemical shift range of the Varian A-60 Spectrometer. The
peak was found to shift up~field with added water and to in-
crease in height. After reaching a maximim height at a water
to salt ratio of 5031, 1t began to decrease and eventually
merge with the hydroxyl peak. |

It is possible that one is observing the “bound" solvent
in the association complexes. As water replac;s the%butanol

the peak sharpens up due to the greater binding energy of the
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water with respect to butanol.

It was felt that more could be learned if the peaks could
be sharpened by slowing the rates of exchange of water for
butanol at equilibrium. Attempts were made to obtain low
temperature spectra with the Varian HA-100 Spectrometer,
having a cold probe at -60°C. It was found, however, that
the chemical shifts are very temperature dependent. Spectra
were teken at several intermediate temperatures between 25°
and -60°C, but a meaningful correspondence could not be made
between the spectra.

Great difficulty was also encountered getting a lock on
the frequency with an internal standard, such as TWS; so
chemical shifts cannot be reported.

Color of the Solutions - An observation of peculiar in-

terest to chemists regérds the color of the dry salt solutions .
The normal preparation of the solutions by adding the hexa-
hydrate perchlorate salts to butanol ylelds a rose color for
'00(0104)2 and a bright-greén'for'Ni(ClOé)éo Even in golutions
with a relatively low watef édncentrétiéhg the colors are the
same as before. In removiﬁgvthe last traces of water from
the solutioﬁs, a slight, yet quite notlceable, color change
was observed. The Co(ClOy)z showed a slight bluish tinge in
addition to the rose color, and the N1(0l0,)p became yellow-
ish-green in appearance. The blulsh component of the color
in the case of the cobalt salt may be assoclated with tetra-
hedral structure, though this is only conjecture. Tetrahed»
ral CoClp has bands in theiGOOO to~7000 A. range which givax
the bluish colof to this saltiin'anhydrous solvents.



CHAPTER V
- DISCUSSION OF RESULTS AND CONCLUSIONS

Aguocomplex Formation - It was pointed out earlier that

the stepwise formation constants, kg and kg, do not appear to
follow the normal pattern of descending order. In fact, kg
seems abnormally large. From the corresponding solutions
treatment of the thermometric titration data, values for the
average ligand number could be obtained for n values only
slightly above four. At @i = 4 there was no indication of the
ﬁ versus log[lﬂcurve gpproaching a limiting value. Since

the assumption was made that N = 6, the theory demands that
six forﬁation constants be used to fit the data. JSeveral
curve fltting routines, including regréssion analysis, were
attempted in an effort to find the formation constants, but
these methods calculated ocne or more of the constants to be
negative. If the requirement ls lmposed that all of the forme
atlon constants be positive andin decreasing order, kl>k2>oo-
kg, 1t 18 not possible to obtaln a reasonable fit. 4 fit
was obtained by successive approximatlion, however, by making
kg~~ky. Since kg appears to be anomolous, it 1s possible
that the maxlmum coordination number mgy be greater than six.
If this were the case, 1t would, in effect, make the tabulated

Uresiduall

~ m

kg not a stepwise formation constant, but rather a

formation constant including terms fi > 6.
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In a study of aguocomplex formation of Cu(ClO4)2 in
nitromethane, Larson and Iwamoto (17) noted that strict in-
terpretation of the limiting slope for polarographic data
required postulation of & limiting "hydration number®" of 9.
No values were listed for kg as all»values calculateé were
larger than for kg. Their observation seems to be in line
with the results of this study.

Formation function curves calculated from the two sets
of six tabulated constants are shown in Figure 20. If in
aquocomplex formation substitution of water for butanol were
a statistical process based upon the equal accessibility of
all sites, then the curve should be symmetric about i = N/2.
The curves in Figure 20 are obviously nof symuetric about
n= 3. 'Howevér, as was méntioned earlier, there are good
reagons for considering that the formation of the first two
aquocomplexes should not be cbnsidered on a statistical basis.

Some of thé thermometric titrations of the 00(0104)2
golutions were carried out to relatively high water conéenu
trations. A minimum AH value was ovserved at a water to salt
ratio of about 60*%¥10, and at larger ratios the process start-
ed to become slightly endothermic, according to Figure <1.
From Figure £0, it may be seen that the aquocomplex formation
reaction is essentially completed at the water/salt ratios
corresponding to the mininunzZﬁ, and that any further thermal
effect is due largely to the mixing of water with the solution
of aquocomplexes. It was shown earlier that the experimental
heats of reaction must be cérrected by subtracting the heat of

mixing of water with solvent to give the heat of aquocomplex
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1 - 0.0134m Co(ClOy,)g

2 - 0.0086m Go(Cl0,)g

-7 k i ‘ i 1 1

0 o0 100
| n (moles HoO/mole salt)

Figure 21. Heat of Reaction of Water with Cobalt (II)
‘ Perchlorate in l-Butanol at 25°C.
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| formétion, AH. Strictly speaking, the partial molar heat of
mixing of watér with butanol would not be expected to be iden-
tical with the partial molar heat of mixing of water with
solution except at infinite dilution. Also, the assumption
that they are the same probably does not hold as well at high
water concentration as at lower cbncentration, since the
integral heat of nﬁxing’is not a perfectly linear function of
water concentration. Therefore, a slight deviation may be
expected from the dotted horizontal line in Figure 21 which
represents the case of no further reaction and perfectly
compensated heat of mixing of water with butanol.

In treating the case of aquocomplex formation of ion-
| agsociated séits such as Co(ClO4)2 and Ni(ClO4)z, it is ne-
'cessary'to arbitrarily assign‘ali of the hydration to the
cation.  HoWever; this assignment is not without some justi-
ficaﬁibn. The electric field is more intense around a small,
doubly charged cation than it is in the proximity of a more
voluminous, singly charged anion. Moreover, the replacement
of butanol ligands around‘thé cation by water is certainly
favored sterically. BeCause‘of the greater intensity of the
cation electric field, the formation of relatively strong
Nﬁ+-OH2 coordinate bonds in preference to weaker OSGIQOTooH;OH
hydrogen bonds would seem to be thermodynamically favored,

Mechanism of Aquocomplex Formation ~ A general require-

ment imposed upon any reaction mechanism is that 1t be in
‘agreement with the relevant thermodynamic quantities. A pro-=
posed mechanism should, therefore, be examined in terms of

the known formation constants and enthalpies and entropies
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of formation.

There are five proposed structures shown in Figure <2
for cobalt or nickel perchlorate in butanol. Structure (I)
represents one'extreme, with the metal ion con@letelyenlvated
by butanol and free of anyvaséociation with the anion. The
low electrical conductivity of the perchlorate solutions
effectively rules out structure (I).

Structures (II) and (III) repfesent the other extreme,
with either monodentate or bidentate~coordinatién of the per=-
chlorate anion directly to the cation. The perchlorate ion
'1s well known for its almost complete lack of any tendency to
form inner 3phere,coordinated Qomplexes in aqueous solution.
This property of perchlorates 1s often used by physical and
synthetic ino;ganic chemists when a non-interfering anion is
desired. Recently Straub and Yung (27)_have found, however,
that perchlorato complexes of cobalt (II) and nickel (II) do
‘indeed form in methylene chloride. Their infrared and near
infrared measurements haVelindicated a tetrahedral arrangement
of monodentate perchloratelions‘about the cobalt,Eb(mD4M]2:“
and an octshedral arransem?nt of both monodentate and bideh-
tate perchlorate lons about the nickel, [N1(010,)J%~. such
specles, however, are found only in solvents of very low
basiclty, and, therefore are not expected to be found in
alcohol solutlons.

© Structures (IV) and (V), with the perchlorate anions
bound by hydrogen bonding td'the hydroxyl groups of the bu-
tanol ligands, seem more réaSOnable and are conslstent with

the following mechanism for the reaction.
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Figure 22. Possible Structures of W(Cl04)s in 1-Butanol -
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From the values of the overall formation constants,,@l
andﬂz,(Ihble VII) and the corresponding enthalpies of forma-
tion, 1t seems logical to infer that the first two sites of
attachment are essentially different from the others, yet
mutually similar. Both structures (IV) and (V) fulfill this
requirement, for the axial positions as shown are obviously
sterically different from the remaining positions and equival=-
ent to each other. For the first two replacements of butanol
by water, there is a relatively large negative enthalpy change.
For structure (V), however, one would qualitatively expect
a small negative enthalpy effect, but a positive entropy
effects This follows from the reasoning that the smaller
water ligand should have greatervsteric freedom than the much
more-bulky‘butanol molecule, even though more firmly held.

Cbnsideration of the replacement of an axial butanol by
water in structure (IV) shows that 1t would be possible to
have a closer approach of the anion to the doubly charged
cation, due to the differences in sterié bulk of the water
and butanol molecules. The closer approach of the charges
would certainly alter the electric fleld intensity and there=
by affect the enthalpy.

A negative entropy effect implies a loss of translational
gnd rotatlional freedom. In a slmple exchange of a water mole-
cule for a coordlnately bound butanol molecule, one would
expect a small posltive entropy effect owing to the relative=-
ly larger amount of freedom gained by the butanol compared
with that lost by the bound water. If the overall entropy

change 1s to be negative, however, this otherwise positive
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contribution to the entropy of the process mist be counter-
balanced by a still larger negative entropy contribution from
greater restriction in the freedom of the water ligand. Be~
cause of the closer approach of the anion to the cation when
water replaces butanol, and also because water has a greater
dipole moment than does butanol, the water molecule should

be more firmly bound than the butanol, This is confirmed by
a simplé electrostatic calculation of the energy of the sys=-
tem using point charges.

If one considers the stereochemical arrangement of the
proposed complex structure as illustrated in Figure 23, he
will note that the approximately tetrahedral sp3 orbitals of
mde oxygen of water are not in the most favorable configura-
tion to overlap the octahedral sp5d2 orbitals of the cation.
The oxygen of the water could tilt somewhat to give greater
orbital overlap, but this would certainly alter the electro-
static field of the cation-anion interaction as well as cause
steric interference with the butancl ligands.

When a model of the proposed complex of Figure 23 was
constructed (Framework solecular Models, Prentice~-Hall Inc.,
Englewood Cliffs, N.‘J.), one general fact became imuediately
apparent for the proposéd structure as well as for any of the
other complex structures shown in Figure 24--there is a con-
siderable amount of steric crowding about the central metal
ion. The crowding, owing to the interference at the Van der
Waals radius of the hydrogens, is most severe when there are
six butanol @mlecules around the central metal ion. It was

noticed frdm the model that water doubly hydrogen-bonded to



Figure 23.

Formation of the n = 2 Aquocomplex
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perchlorate ion could not form colinear hydrogen bonds at the
normel bond angles of water ond perchlorate, but some bood
angle deformation would have to take place. Doubly bonded
hydrogen-~bonding systems are known to exist, however, e.g.,
acetic acid dimer. '

A point which should be noted concerns the magnitude of
the formation oonstants. The formation constantsibr(b(@Q4L3
and Ni(ClO4)2 aquocomplexes are relatively small, indicating
that the complexes are rather weak (24). This fact probably
reflects more the similarity in the bonding of butanol and
water than any failure to achievo maximam overlap of the
oxygen~mebal orbitals. However, the binding energy may be
somewhat less than could be expected for more favorable sym-
vmetryo |

Substitution at; the remaining four ligand sites presum-
ably occurs in a. stralghtforward n;anner° The small negative
enthalpy changenfor stepwlse subatitutlon arises from the
replaoement of butanol by water at the equatorial positions,
with very little difference in the binding energles of water
and butanoln The positive -entroples arise, &s pointed out
earlier, from the freedom gained in such a replacement by the
butanol compared with that lost by wster.

Relliability of the Thermodynamic Quantities -~ One of the

paradoxes encountered in thls study involves the relative

precision of the data obtained and the thermodynamic quanti-
tles calculated from the data. The experimental values were
measured with a reproducibility of better tham 1%. Because

of the high precision and the fact that so many data points
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were obtained, a well defined “experimental' curve was obtain-
ed. Greaﬁ difficulty was encoentered, howe%er, in finding a
set of constants to reproduce a "calculated" curve which fits
the experimental curve with the eame precision. In fact,

this could not be done; however, a set of constants was found
which gave a good fit at all but a few points.

A comparison of the formation constants for Gu(GlO4)2 in
acetone (20) with those of Co(GlO4)2 and Ni(0104)2 in butanol
shows that they are all of comparable magnitude; however,
comparison of the values for the first and second replacements
of water by acetone or ethanol from fully hydrated Co(ClO4)2
and Ni(C10,)z (21) indicates a reversal in the order of sta-
bility from that shown by ks and kg of this work. In view
of the uncertainty in the proper value of N to be used, this
point of disagreement cannot be resolved.

A further'eritieism of the above papers must be raised
concerning the assumptions made about the nature of the com-
plex species in organic solvents. It has been generally
assumed in pfevidus gstudies of aquocomplexing that the tran=-
sition metal perchlorates were completely dissociated in
ethanol, acetone and nitromethane solutions. This point
appears to be in contradictioh to the interpretation of the
conductivity measurements made in this study.  Even in mix-
tures of 50 mole per cent water in butanol, calculations
indicate that ion~association predominates over the concen-
tration range studied. At small water concentrations still
less ilonization can be expected (4). The dielectric‘constant

of a 50 mole per cent water in butanol solution is comparable



to that of acetone.
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CHAPTER VI
SUMMARY AND SUGGESTIONS FOR FURTHER STUDY

Solutidns»of cobalt (II) and nickel (II) perchlorate in
anhydrous l-butanol, ranging in concentration from 0.0171 to
0.0803M, were titrated thermometrically with water. The
results were analysed by the principle of corresponding solu=-
tions to giVe,the average ligand nﬁmber and the free ligand
concentration.~_N9 upper concentration limit was established
for the method.

Values for the first four stepwise formation constants
were calculéted from Bjefrum’s formation function with good
precision. The fifth and sixth constants are less certain,
being determinéd on the basis of a smaller number of points
at‘ﬁ values lesé than four. The formation constants were
used to calculate thé‘overall enthalpies of aquocomplex form-
-ation, which were in turn'used to calculate the entropies of
formation. From the stepwise enthalpies and entropies of
formation, a structure is proposed for a reaction mechanism
to fit the ther@odynamic data.

.Ihus, it has been-shbwn_that in a study of aguocomplex
formation by thermometric titration it 1s possible to deter-
mine not only the formatidn constants, but the enthalpies
and entropies of formation as well from.a single set of calw-

orimetric values.
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One of the more important pieces of information lacking
in this study 1s the experimentally determined maximum coor-
dination number. The assumption of a value of six, although
in accord with conventional practice, leaves sonbthing to Dbe
desired. The only conceivable way of finding such a maximum
by thermometric titrations would be to extend the measurements
to mach higher water concentrations. Unfortunately, consid=-
ering the degree of reproducibility of the data and the un=
certainty involved in correcting for the heat of mixing, the
values of the heat of reaction (M) at high water concentra-
tions are almost equal to the error involved in their deter-
mination. Therefore, with the precision currently available
with the,célorimeter; eztenéion of the thermOmetric titra£ions
of cobalt éndfnickelvperchloraté in butanol to high water
concentrations is notvusefal. If a way of improving the pre=-
cision‘of the measufements were devéloped,'either by better
technique or by modifications to the calorimeter, such a
study might prove very informative.

Since th:’i.s; work has shown the applicability of the the-
ory andvtechniéue of'thermometrié titrations to the study of
" the thermodynamicé of aquocomplex formation (at least in
principle), a logical step is to study other transition metal
perchlorates in other solvent systems. One extension of this
work would be to study copper (11) perchlorate and such other
solvents as acetone, 2-butanone, 6ther alcohols and other
oxygenated solvents. The literature concerning the aquocom~
plexing of copper peréhlorate in organic solvents 1s the mos%

extensive of any salt at present, and this makes possible a
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critical evaluation and comparison of methods of study of
agquo complexing.

A possible reevaluation of Fielder's (6) data for the
aguocomplex formation of cobalt perchlorate in ethanol, using
.8 non-lineaf correction for the heat of mixing of titrant and
solvent is needed. Fielder found that the cobalt perchlorate
aquocompleXxes were apparently too stable in ethanol solvent
to be amenabie to a corresponding solutions analysis. His
conclusions seem to contradlct the results in this study,
since the aquocomplexes of cobalt perchlorate would be ex-
pected to be less stable in ethanol than 1in l-~butanol.

A gualitative study of both hydrous and anhydrous solu-
tions of Meﬁalvperchlorates by infrared spectroscopy could
prove very helpful in confirming the prpposed hydration
mechanism. I1f the perchlorate ion does change from a singly
‘ﬁo a doﬁbly»hydrogen bonded anion, then a vibrational shift

in the spectrum should be observed (5,18,27).
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GLOSSARY

enalytical molar concentration of metal, M

analytical molar concentration of ligand, L

experimental heat of reaction of L with solution

experimental heat of mixing of L with butanol

experimental heat of reaction of L with M

standard molar enthalpy of pure liquid L

partial

partial

partial
partial
hgat of
overall
overall

overall

‘molar enthalpy of L in binary solution at CL

molar enthalpy of M in binary solution at Cy
molar enthalpy of L in the equilibrium mixture
molar enthalpy of M in the equilibrium mixture
reaction of L with i

formation: constant for complex ML,

enthalpy'of formation for complex il

entropy of formation for complex Al
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