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PART 1
A STUDY OF THE DEHYDRATION OF POTASSIUM

TRICHLOROCOBALTATE (II) TETRAHYDRATE



A STUDY OF THE DEHYDRATION OF POTASSIUM

TRICHLOROCOBALTATE (II) TETRAHYDRATE

CHAPTER I

INTRODUCTION

Purpose

Divalent cobalt forms complexes of v;rious stereochemistry, the
most common of which are octshedral and tetrahedral. Cobalt (II) com-
plexes also change configuration from one stereochemistry to the other
during reactions. The study of the energies and conditions which ac-
company these reactions i1s useful in understanding the causes of these
configurational changes. The purpose of this research was to study the
configurational changes éf potassium trichlorocobaltate (II) tetrahydrate
upon dehydration. To accomplish this the research was performed in three
separate parts.

The first investigation is the determination of the numbef, com-
postion, and stability of the complex hydrates. The number and com-
position of the complex hydrate species were determined by the step-wise
relationship of the dissociation vapor pressure as a function of the
sample mass at constant temperature. The stabilities of the complex
hydrates were determined by a study of the dissociation pressure as a
function of temperature at a constant composition. The stability

2



3
measurments were made at .a composition where the ratio of the two solid

phases is approximately equal. The enthalpy and entropy of the dehy-
dration reactions obtained from these studies will give a clearer under-
standing of the energies and conditions promoting the changes in con-
figuration.

The second part of the study is the fitting and interpretation
of the diffused reflectance spectra of each pure crystalline complex
hydrate identified. This was accomplished by using a computer program
developed by H. Joy. (1) The program iterates assignments obtained
from the experimental specta to obtain the best fit of Athe complex to
a ligand field model. The ligand field parameters used were Dq, B, C, Ds,
Dt, or (Do and Dr), and A, where Dq is the splitting of the "d" orbital
degeneracy by the ligand field, B and C are inter-electronic repulsions
of the "d" electrons, Ds and Dt or Do, and DT, are perturbations upon
the energiesof the "d" orbitals due to distortion from the major symmetry,
and A is the spin-orbit coupling perturbation. The program takes into
account configuration interaction between terms having the same sym-
metry and spin values. These parameters will be discussed more fully
in Chapter Four.

The third part of the study is the determination of the magnetic
noments of each complex hydrate species identified in part one. There is
a relationship between the magnitude of the magnetic moment and the
stereochemistry of the complex hydrate. Magnetic moments for octahedral
Cco(II) complexes have higher values than those for tetrahedral complexes.
Theoretical aspects for this will be discussed in Chapter Five.

Of additional interest is.the comparison of the emergies and
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conditions accompanying the changes in configuration during dehydration

of KCoClB-4H20 with those obtained for CoCl2

a previous study of this type. (2,3)

CoCl,+2H.0 from

-6H20 and K2 42,

Survey of Previous Work

Complex halides with the general formula, ACoX,, in which A is

3
ammonium or an alkali-metal ion and X is fluoride or chloride ions have
been reported by several investigators during the past 47 years. The
preparation of these complex halides can be divided into two mathods, -
wet and dry. The dry method usually 1nvolves:£he fusion of the ammonium
or alkali-metal halide with the corresponding cobalt(II)halide in an
atmosphere of hydrogen chloride or nitrogen. (4,5) H. Seifert (5) pre-

pared KCoCl, by differential thermal analysis of the KCl--CoCl2 system and

3
found an incongruent melting point. The peritectic was 362°C and
eutectic was 351°C. Wet methods were first used by Benrath (6) to pre-
pare trichlorocobaltates of lithium, rubdium, and cesium by a study of
the solubility data of cobalt (II) chloride and the alkali-metal

chlorides. Hydrated KCoCl, was prepared by this same method in a later

3
study by Benrath (7) and is the methoq used in this study. The dihydrate
is reported by Benrath, however, a tetrahydrate, trihydrate,and monohydrate
are identified in this study.

The magnetic susceptibilities of KCoF3(8) and CsCoCl3 (9) have been
measured, Both are in the range (4.80-5.20 B.M.) expected for octahedral

complexes. 1In both studies the complexes become antiferromagnetic at

low temperatures.
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The absorption spectra of KCoF, was interpretated by Ferguson

3
et. al. (10) using the four parameter crystal field theory. A Dq value
of 770cm.-1 places it well within the range of octahedrally coordinated
3 and R.bCoCl3 were both
interpretated by Gilmore (11) as distorted octahedral molecules using

complexes. The absorption spectra of CsCoCl

crystal field treatment. Gilmore used the dry method to prepare the

crystalline samples of CsCoCl3 and RbCoCl3 for spectra determination.

The crystal structures of KCoF,, CsCoCl3, and RbCoCl3 have been

3
determined by X~ray crystallography to be octahedrally coordinated.
(12,13,9) The crystal structure of the dihydrate of CsCoCl3 had been
determined by Thorup (14) to be a distorted océahedron. The Co (II)
ion is octahedrally surrounded with Cl ions and water molecules with
the two water mclecules cis to each other.

Little information is found in the literature about KCoCl3
hydrates except the basic work performed by Benrath. (7) A study of
the configurational changes occurring during dehydration of trichloro-
cobaltate (II) hydrates have not been undertaken. This study will

therefore add new information to the chemistry of trichlorocobaltates. -



CHAPTER II

COMPOUND FORMATION AND ANALYSIS

Compound Formation

Potassium trichlorocobaltate (II) has been prepared by Seifert
(5) by differential thermal amalysis of the KCl-CoCl2 system. Benrath
(7) has reported that potassium trichlorocobalt (II) dihydrate can be
prepared from the KCl—CoClZ—HZO system between 40°-50°C. This latter
method was used in this study.

Six tenths (0.6) mole of hexaaquocobal (II) chloride
(Analytical Grade) and four tenths (0.4) mole of potassium chloride
(Analytical Grade) were dissolved in a minimum amount of distilled water.
The resulting solution was placed in a covered 50 x 300 mm test tube and
suspended in a constant temperature water bath at 44°C. After 10 to 14
days, large, violet crystalline plates were formed which deliquesced
upon exposure to the atmosphere.

Dehydration of a sample of this violet crystalline complex in a
drying oven indicated,by mass loss,that four moles of water was lost.
The color changed from the violet of the tetrahydrate to a light blue
for the anhydrous sample. Next a sample of the anhydrous complex was

placed in a desiccator over wet calcium nitrate reforming the violet

colored tetrahydrate. The absorption spectra and magnetic moment data

6
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of the crystalline tetrahydrate and the powdered tetrahydrate sample
formed over wet calcium nitrate indicated the two samples were the éame
within experimental error and there were no changes in the two forms.

A sample of the tetrahydrate was placed in an evacuated system
equipped with a calibrated quartz spring. The wafer vapor removed by
evacuating the system was collected in a cold trap and tested for chloride
ion giving a negative test. A negative test indicated that the dehy-

dration of the tetrahydrate was the only reaction occurring.

Analysis

Since the potassium trichlorocobaltate (II) tetrainydrate loses
only water of hydration and only the anhydrous salt' is the final product,
analysis for the elements were performed on the anhydrous salt. The com-
Plex hydrate was placed in a drying oven at 120°C for 24 hours. Cobalt
analysis was carried out by weighing a 0.5 gram sample of the dried com-
plex salt and dissolving it in a 500 ml volumetric flask. Fifty (50)
milliliter aliquots of the dilute solution were then taken for the final
analysis. The aliquots were treated with pH 6 buffer, murexide in-
dicator, and titrated directly with 0.01 N standardized EDTA solution to
the first appearance of the purple end-point. (15)

Chloride analysis was performed by standard gravimetric pro-
cedures. (16) Due to the pink color of the cobalt solution, precipitation
titration methods were rendered ineffective for chloride analysis.

The potassium concentration was found by difference. The con-

centration of the water in the hydrates were determined by dehydrating a
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sample of the tetrahydrate to dryness in a tube described on page 12,
Chapter Three. The mass of the sample was measured by changes in the
extension of a calibrated quartz spring by use of a cathetometer. The
water concentration was found from the mass loss for each identified
hydrate species and the initial sample weight.

All analysis were performed in triplicate on two different
samples of potassium trichlorocobaltate (II) prepared by the described

method. The results of the elemental analysis are given in Table 1.

TABLE 1

COMPOUND ANALYSIS

Compound K Co Cl H,0
Theo. Exp. Theo. Exp. Theo. Exp. Theo. Exp.

KCoCl, 19.13 19.30 28.83 28.88 52.04 51.78

KCoC1,+4H,0 35.23 35.30
KCoCl .+ 3,0 ) 26.42 25.88
KCoCl,+2H,0 17.61 17.52
KCoCl_-H,0 | 8.81 8.57

2

w




CHAPTER 3
DISSOCIATION VAPOR PRESSURE
Discussion

The dehydration study of KC0013'4H20 was carried out by placing
a weighed sample in a vacuum system and the water vapor removed slowly
by evacuation. The final product of this controlled evacuation was
KGoCl3.

The number and compostion of the stable potassium trichloro-
cobaltate (II) hydrate complexes were determined from a study of the
equilibrium vapor pressure of the system as a function of the composition.
The behavior of the system is described by the phase rule, F=C-P+2, where
F is the number of degrees of freedom, C is the number of components, and
P is the number of phases. The degrees of freedom of a two component

system (KCoCl, and HZO) and three phases (two solids and one gas) is one.

3
By fixing the temperature, a constant vapor pressure occurs when both
solid species are present corresponding to the reaction of a higher hydrate

to the next lower complex hydrate. The generalized equation for the

species studied here would be:

KCOC13°nH20(S) = KCoCl3'mH20(S) + (n-m)nH20

() 1)

where '"n" is 4,3,2,1, and "m" is 3,2,1,0.

9
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The equilibrium constant for the above reaction is

*n, 0] P (0-m)

[KCoCl3 H20

K _= 2)
ed [RCoC1,+ (m)E,0]

Both of the complex hydrates are solids and are at unit activ-
ity, therefore, the equilibrium constant is a function of the equilibrium

vapor pressure alone. This can be expressed by

=g = pnm)
Req = % PHZO (3)

where P is the equilibrium vapor pressure in atmospheres.
The thermodynamic values for the formation of each hydrate
species was found by measuring the equilibrium vapor pressure versus

the temperature.

Experimental

The equilibrium vapor pressures were measured with an apparatus
previously descibed by Fogel and Lewis (17) with modifications shown in
Figure 1.

A weighed sample of the tetrahydrate was suspended from a quartz
spring (A) [having a total load capacity of one gram and a total ex-
tension of ten (10) centimeters] in a glass bucket (B) inside a sealed
glass chamber (C). The extension of the quartz spring varies linearly
with the load permitting the mass of the sample inside the tube to be
measured directly from outside using a cathetometer. The quartz spring
had been previously calibrated by loading the glass bucket with standard
weights (Class S, National Bureau of Standards) and measuring the ex-

tension using the cathetometer. Five (5) different loads and extensions
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were measured and plotted. The data for this standarization is given in
Table 2 and the graph of mass versus extension is given in Figure 2. The
slope of the line through these data points gave the force constant of
the qu;¥tz spring. The quartz spring used in this study has a force con-
stant of 0.6657 grams per centimeter of extension. The system contained
a mercury manometer (D) for measuring the equilibrium vapor pressure and
a Teflon stopcock (E) for evacuation of the system.

For temperature measurements between 30° and 50°C, the sample
chamber of the apparatus was submerged in a constant temperature water
bath so that the sample bucket was below the level of the water. A long
fiber hook between the quartz spring and the sample bucket permitted the
extension to be measured without interference from the liquid in the
bath. For temperature studies above 50°C an oil bath was used.

The temperature of both bath's was regulated by an electric
resistance heater and a bimetallic sensor connected through an electronic
relay. The water bath was stirred with a small circulating pump and the
oil bath was stirred with a stirring motor equipped with a screw—fype
propeller.

The temperature of the bath was several degrees above the ambient
temperature, therefore, considerable amounts of water was last to the sur-
roundings by evaporation. The water level was maintained by a reservior
and siphon system. In this way the temperature could be maintained to
approximately +0.1°C.

Using the apparatus described in Figure 1, the temperature and
composition of the hydrates could be controlled. By evacuating the

system, water vapor was evaporated and removed with a vacuum pump. When
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FIGURE 1

VAPOR PRESSURE APPARATUS
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TABLE 2

SPRING STANDARDIZATION DATA

Mass (grams) Xd(cm) AXd(cm) | Mass/ Xd(g/cm)
1. no load 3.115 0 0
2, .4135 - 9.345 6.230 .06637
3. .5130 10.905 7.790 | .06585
4. .6129 - 12,345 9.230 .06640
5. ..7135 ‘13.810 10.695 .06671
6. .9239 16.800 13.685 .06751

Ave. 0.06657

Mass of Sample = Xd(0.06657 g/cm) - mass intercept -(mass of bucket +
fibers)
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the desired amount was removed the evacuating was stopped and the system
was allowed to re-equilibrate. In this way the pressure and composition
of each of the hydrates could be studied. At constant composition, the
temperature could be varied permitting the pressure-temperature relation-
ships to be studied. The composition chosen was the mid-point of each

plateau where equal amounts of the two solid phases exist.

Experimental Results

The pressure as a function of composition of the complex hydrates
was Studied by placing a sample in the system and evacuating with a
vacuum pump until all the air in the system was removed. A constant
temperature, (31.2°C), was maintained while the vapor pressure of the
tetrahydrate was equilibrating. After several hours, a constant equili-~
brium vapor pressure was reached as indicated by a constant manometer
reading. The system was evacuated again removing the accumulated pres-
sure and again allowed to re-equilibrate, as indicated by the same con-
stant pressure reading. The equilibrium pressure remained constant
until the trihydrate was reached, then a slight drop in pressure was
observed. After obtaining a hydrate composition equal to that of the
dihydrate, the pressure dropped to such a low reading, that the tempera-
ture was raised to 45°C. At 45°C, a constant pressure plateau was
again obtained until the composition of the monohydrate was reached. At
this compositibn the pressure dropped to a very low reading and the
temperature was raised to 70°C. This temperature was impossible to

maintain with a water bath due to the large heat loss to the surroundings,
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therefore, the apparatus was transferred to am oil bath. A constant

pressure was again obtained until the composition of pure KCoCl, was

3
reached, when the pressure dropped to zero.

The pressure versus composition analysis is shown in Figures
3-5. The plot of the pressure versus composition where the composition
is expressed as a factor "f" which is the ratio of the sample weight to

the anhydrous KCoCl, sample weight. The value of "f" for each hydrate

3

species is shown in Table 3.

TABLE 3

"f' FACTORS OF STABLE POTASSIUM TRICHLOROCOBALTATE(IT)

HYDRATE COMPLEXES

*

Compound f Values
KC0C13'4H20 1.352
KC0C13°3H20 1.264
KCOC13'2H20 1.176
KCoCls°H20 1.088
KCoCl3 1.000

%

£ = Sample Weight/Anhydrous KCoCl3 Weight

The equilibrium vapor pressures for each of the temperatures
studied are given in Tables 4-7.
On the flat portion of the curves, an equilibrium exists

between the two solid species, i.e. KCoCl3°nH20 and KCoC13~(n-1)H20,
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making two solid phases while the water vapor constitutes the third phase.
The two components are KCoCl3 and H20. According to the phase
rule, one degree of freedom exists which is the temperature. By fixing
the temperature, the system can be described by the constant equilibrium
vapor pressure,

Where "f" is equal to one of the complex hydrate species, only
two phases exist, (one solid and a gas) and the system becomes bivariant.
The system can no longer be described by its vapor pressure alone. This
condition was also found to exist for the dehydration of the dihydrate
above 55.4°C as noted by the plot in Figuré 4, page 19. The one solid
phase which exist above 55.4°C is a solution 6f the two hydrates and is
therefore represented as a solid solution.

The pressure-temperature data was taken at the mid-point of
the equilibrium plateau region where the concentration of each of the
two species was approximately equal. The temperature of the water bath
was raised and a new equilibrium was established. The pressure was
noted at this higher temperature and this procedure was repeated for a
10° to 20° range or until the éressure réached 25.75 mm Hg. [The maxi-
mum pressure that can be studied with an exposed manometer is the equili-
brium vapor pressure of water at room temperature.] The temperature of
the water bath was then lowered to each of the same temperatures pre-—
viously studied. 1In this way the equilibrium was approached from both
directions and the attainment of the same pressure indicated that a true
equilibrium was obtained.

The thermodynamic expression used for the pressure-temperature

study was derived from the following equations:
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FIGURE 3
KCOCJ.3°1+H20(S) = KCOCIB.BHZO(S) + Hzo(g)

KCOC].3-3H20(S) - KCOC]302H20(S) + 1-120(3)
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FIGURE 4
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FIGURE 5
KCOC13.2H20(S) = KCOCJ'B.HZO(S) "’ Hzo(g)
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TABLE 4

VAPOR PRESSURE DATA

KCOCLy 4Hy0( s = KCoCLy" 3H,0 (o + H0 o
°¢ P (mm) £
31.2 15.10 . 1.327

15.15 1.306
15.15 1.281
15.10 1.272

14.90 1.261
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TABLE 5

VAPOR PRESSURE DATA

KGoC1y+3H,0 = RGOCLy+2H,0 o + Hy0 ()
1°¢C P (rm) £

31.2 11.70 1.257

11.70 ' 1.246

11.60 1.230

11.50 1.218

11.60 1.198

11.55 1.190

11.60 1.183

10.90 1.179

1.65 1.176
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TABLE 6

VAPOR PRESSURE DATA

KGoCl,2H,0 .\ = KCoClyH,0 s = Hy0 0y
¢ P (mm) £ ¢ P (mm) £
45.0 11.80 1.146  55.4 21.30 1.176
11.80 1.134 20.50 1.143
11.70 1.126 18.95 1.130
11.70 1.100 16.90 1.120
10.20 1.098 16.00 1.110
6.20 1.091 12.10 1.098

8.35 1.093
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TABLE 7

VAPOR PRESSURE DATA

. - ot +

KCoCl3 HZO(S) KFoClB(S) Hgo(g)

¢ P (mm) £
70.4 12.80 1.074
12.80 1.058
12.85 1.044
12.80 _1.033
12.80 1.025
11.90 1.016
6.40 1.001

0.00 1.000
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A6° = -2.303RT log Roq = pH® - TAS® (4)
The equilibrium vapor pressure, Péngfois equal to the equilibrium con-

2
stant. Making this substitution and rearranging equation (4) to give

log Pénam) = -AH°/2.303 (n-m)RT + AS°/2.303 (n-m)R (5)
2

where P is the experimental equilibrium vapor pressure in atmospheres,

AB® is the standard enthalpy of reaction in calories mole-l, 2s° is the
standard entropy of reaction in entropy units mole-l, and (n-m) is the number
of moles of water lost. The enthalpy and entropy of reaction can be
calculated from the best fit of the logarithm of the equilibrium vapor
pressure as an inverse function of the absolute temperature. The 1inéar-
ity of the plots are indicated in Figures 6-9 for the temperature changes

of approximately 20°. The linearity of these plots indicate ACp is
relatively small and the enthalpy and entropy can be consideged to be

constant over a temperature range of 10 to 20° degrees. The pressure-

temperature data was treated with a least square analysis. Tables 8-l11
show the data obtained from these studies.

The thermodynamic constants for the dehydration reactions are
given in Table 12.

Once the thermodynamic constants for each dehydration step are
obtained the standard enthalpies of formation for each hydrate can be
calculated by using the standard enthalpy for the formation of solid

KCoCl,, -1.6 kecal mole-1 (18) and that for the formation of water vapor,

3’
-57.8 keal mole L. (19) This calculation is made by use of the
equation

- 0 . _ (o} _ o
nH,0. ) = AHg RCoCl,-mH,0  + (o-m)AHg H)0 . - AR (6)

(o]
AH RCoCly-nH,0 £ 38,0y

where Aﬂi is the energy of the dehydration for reation (1).
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FIGURE 6

Log P(Atm) vs 1/T(A°)
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FIGURE 7

Log P(Atm) vs 1/T(A°)
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FIGURE 8

Log P(Atm) vs 1/ (a°)
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FIGURE 9

Iog P(Atm) vs 1/T (A®)
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TABL® 8
PRYCQRF-TMPERATURE DATA FOR LOG P VERSUS 1/T
+ H,0

FCoCl,+41,0 = KCoC1 '3H?0

3 (s) 3 (s) 2°(2)
Perm) P X 10°(Atm) Loz P(Atm)  T(A%) 1/T X 103 (A°)
15.95 20.987 -1.6780 307.4 3.253
16.35 21.513 -1.6673 308.4 3.243
17.40 22.895 ~1.6403 309.4 3.232
18.85 24.803 -1.6055 310.4 3.222
20.00 26.316 . -1.5798 311.6 3.209
21.30 28.026 -1.5524 312.4 3.201
22,60 29,737 ~1.5268 313.4 3.191
23.70 31.184 -1.5060 314.4 3.181
25.05 32.961 -1.4820 315.4 3.171
26.15 34.408 -1.4633 316.4 3.161

Least Squares Analysis
Slope = -2361.4

Intercent = 6.006
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TABLE 9

PRESSURE~-TEMPERATURE DATA FOR LOG P VERSUS 1/T

KCOCI3°3W20(S) = KC0C13'2H20(S) + Hzo(g)
P (m) P X 107 (Atm) Log P(Atm) T(A%) 1/T X 103 (A%)
10.90 14.342 ~1.8434 304.6 3.283
12.10 15.921 ~1.7980 306. 4 3.264
14.15 18.618 ~1.7301 308.4 3.243
16.65 21.908 -1.659 310.4 3,222
19.20 25.263 -1.5975 312.4 3.201
21.35 28.092 ~1.5514 314.4 3,181
23.30 30.653 -1.5134 316.4 3.161

Least Squares Analysis
Slope = -2762.0

Intercept = 7.236
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TABLE 10

PRESSURE-TEMPERATURE DATA FOR LOG P VERSUS 1/T

RCOCL,* 2,0 o = KCoCL3*H,0 o + H)0 )

P (mm) P X 10°(Atm) Log P(Atm) T(A%) 1/T X 103a%)
11.00 14.474 -1.8394 316.0 3.165
11.80 15.526 -1.8089 318.0 3.145
14.20 18.684 -1.7285 323.0 3.096

15.30 20.132 -1.6961 325.4 3.073

16.90 22.237 -1.6529 328.4 3.045

19.00 25.000 -1.6021 330.4 3.027
20.05 26.382 -1.5787 333.3 3.000

Least Squares Analysis
Slope = -1631.9

Intercept = 3.321



33

TABLE 11

PRESSURE-TEMPFRATURE DATA FOR LOG P VERSUS /T

KCOCLy"Hy0 ) = RCoCLy oy + H,0( s
P (mm) P X 105(Atm)  Log P(Atm) T(a%) 1/T X 10°(a°)
6.65 8.750 -2.9579 334.0 2,994

8.50 11.184 ~1.9514 336.2 2,974

9.30 12.237 -1.9123 338.2 2,957

10,50 13.816 -1.8596 340.0 2.941

11.60 15.263 -1.8164 341.2 2.931

12.85 16.908 -1.7719 343.4 2.912

14.70 19.342 -1.7135 345. 4 2.895

17.55 23.092 -1.6365 348.2 2.872

20.60 27.105 ~1.5669 351.0 2.849

L.east Squares Analysis
Slope = -3208.6

Intercept = 7.573



TABLE 12

THERMODYNAMIC CONSTANTS FROM EQUILIBRIUM DATA AT 25%C

Reactions AH0 _ ASO _ AGO _

kcal mole e.u. mole kcal mole
KCoClB-QHZO = KC0013°3H20 + H20 10.81 +.2 27.48+.3 2.62+.2
KCOC13'3H20 = KC0C13'2H20 + H20 12.64+.2 33.11+.3 2.77+.2
KCoCl3'2H20 = KcoC13-H20 + H20 1.47% 2 15.20% 3 2,94 9
= KCoCl, + H,O 14,68%.2 34.65+.3 4,35+.2

| KCOC13'H20 3 9
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The standard entropies of formation can be calculated in the

same way with the estimated entropy of formation of KCoCl, using Latimer's

3
Rules (20), 44.1 e.u. mole-l, and the entropy of water vapor, 45.11 e.u.
mole-l, (19). The calculated standard enthalpies and entropies are

given in Table 13.

TABLE 13

CALCULATED STANDARD ENTHALPIES AND ENTROPIES

OF FORMATION
Compound AH; EAH? . -Aug nzl As; i -(Asg m -As; Ei
kcal mole kcal mole e.u. mole e.u., mole

KCoCl, -1.6 44.1

72.48 10.46
RCoCL,°H,0  -74.08 | 54.56

65.27 29.91
KCoCl,+2H,0 -139.35 84 .47

70.44 12.00
KCoCl, 3H,0 -209.79 | 96.47

68.40 17.63
KCoCl,-4H,0 -278.39 114.10

The average change in the enthalpy and entropy for the dehydration
reaction of many hydrates between adjacent solid hydrates is 72.0 kcal
mole_1 and 9.4 e.u. mole-l,respectively. (3) This can be interpreted
by comparing the values of the dehydration reaction with the solid-vapor

35
equilibrium in water and other hydrate systems. The AH: and As: from
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equation (6) can be written as

o (o]

(o] (o]
MH) = (A | -MHE ) + (o-m) AHZ(H,0) (7)
and
As: = (sg - s‘f’ )+ (a-m) s‘f’ (H)0) () (8)

If the structure of the two adjacent hydrates are the same,
then the difference in AH; of adjacent hydrates (AH; m—AHg n) should be
constant and the enthalpy of reaction (AH:) is the AH:ub of the ice-

vapor reaction. The AHZub of the ice-vapor reaction at 25°C is

12.4 keal mole T (see page 37). Where a structure change occurs there
will be a change in the AHS of the next species giving the value con-

f
siderably different from 72.0 kcal mole—l’(3) The same reasoning can

0

be used in interpretating the AS? of adjacent hydrates species. The ASsub

of the ice-vapor reaction at 25°C is 35.2 e.v. mole-1 (see page 37). If
the water lost is held only in a ice-like structure the difference in
entropy of formation of adjacent hydrates should be 9.4 e.u. mole—l,(3)
If however a structure change occurs. a value considerably different

from this is obtained.

Summary and Conclusions

The pressufe—composition data showed there to be four distinct
hydrate species during the dehydration, each involving a loss of one mole
of water. The dehydration of the dihydrate below 55.4°C gave a constant
vapor pressure indicating the formation of a distinet new solid phase.
Above 55.4°C the vapor pressue was not comnstant as shown by Figure 4.

The withdrawal of water vapor without the formation of a new solid species



37

results in the system being bivariant. This indicates that a solid
solution is produced above 55.4°C,

The equilibrium vapor pressure versus temperature data was
found to follow equation (5), page 25, for each hydrate species as shown
by the linearity of the plots. The experimental enthalpies of dehy-
dration found from these plots for the tetrahydrate and trihydrate were
10.81 kcal mole_1 and 12.64 kcal mole-l, respectively. These values
are close to the enthalpy change required to.convert one mole of ice to
one mole of water vapor at 25°C. The approximate value for this con-
version is found from the expression (21)

1

AH = AH s + Cp(Tz-Tl) + AHvap = 12.4 kcal mole 9

sub fu

where AH is 1.44 kcal molehl, T, is 25°C, T is 0°C, and AH is
s 2 1 vap _

fu
9.172 kecal m.ole_l and Cp is one cal g-ldeg_l.
The enthalpy change for the dehydration of the dihydréte is
7.47 kecal mole-1 the lowest value obtained for any step. The removal of
the last mole of water appears to be much higher due to unusual bond
strength and similar results have been obtained in other studies. (2)

The entropy change required to change one mole of ice to vapor

at 25°C is approximately 35.2 e.u. as determined from the expression (21)

(o]

ASsub

= AHqu/Tl + 2.303 log TZ/Tl + AHvap/Tz = 35.2 e.u.(lo)

If the entropy values obtained for the dehydration steps are
compared with the entropy for changing one mole of ice to vapor the
values for the tetrahydrate, trihydrate, and monohydrate steps compare
favor;bly. Tﬁe entropy value of 15.2 e.u. mole-l, obtained for the

dihydrate is considerably lower than the other steps indicating a solid
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phase formation with considerably more ordering.

The data from Table 13 indicates there is little change in the
new complex formed with the loss of the first, second, and fourth moles
of water. The loss of the third mole of water from the dihydrate gives
values (AHo and ASO) that show an appreciable change in the new complex
being formed. It is also noted that the color of the hyq;ate changes
from a reddish violet for the dihydrate to a blue for the monohydrate

also signaling a change in the solid phase being formed.



CHAPTER 4

SPECTRA

Background Discussion

The absorption spectra of potassium trichlorocobaltate (II) and
its hydrates are characterized by a series of bands appearing in the
visible and near IR regions. The absorptions occur through the process
involving the excitation of an electron from one energy level to a
higher level. These electronic transitions occur within the (3d) energy
level of the cobalt (II) ion as a result of perturbations produced on it
by the electric field of the ligands. The spectrum determined is de-
pendent upon the energy of the "d" orbitals, their degeneracy, and the
distribution of electrons in these orbitals: these features are in turn
controlled By the oxidation number, number and type of ligand, and the
geometry of the complex. A correct analysis of the nature of these
perturbations can lead to a significant amount of information about the
symmetry of the complex.

In the free ion the five "d" orbitals are degenerate, however,
under the influence of the electric field produced by the ligands this
degeneracy is removed. This loss of degeneracy in the "d" orbitals was
first proposed by Bethe. (22) He considered the ligands as point charges'

and the interactions between the metal lon and ligands as purely

39
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electrostatic. This approach is referred to as tﬁe crystal field theory.
The basic difficulty of the crystal field theory is that no
account is taken for the metal-ligand overlap (covalency). This diffi-
culty is partly overcome by the ligand field theory which adds para-
meters to account for the covalent bonding occurring between the metal
and its ligands. It is this latter theory which will be used to explain
the experimental spectra. An attempt will be made to explain the dif-
ferences amoung the spectra of the identified complexes using ligand
field theory along with the thermodynamic values and magnetic moments.
Two possible symmetries exist for the Co (II) ion with chloride
and water as ligands. These are octzhedral and tetrahedral with a ground
4 5 2

tate configuration of T, (t, e
state configu lg( 2g g

These are weak field configurations, as would be expected with chloride

) and-éAz(egatZB), respectively.

ion and/or water as ligands. (23)

Theory

The quantitative approach is accomplished using the perturbation
theory. The total Hamiltonian consist of the various perturbations re-
quired to explain the splitting of the "d" orbitals. The first pertur-
bation is the octahedral potential provided by the ligands splitting the
five degenerate '"d" orbitals into two sets (eg, tZg) separated by the
parameter, 10 Dq, (Figure 10). The second perturbation is the distortion
of the octahedral or tetrahedral field by a tetragonal or trigonal &is-
turbance. These perturbations further remove the degeneracy of the "d"

orbitals. The two spectal parameters from this perturbation are referred
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to as Ds and Dt for tetragonal distortion and Do and Dt for trigonal dis-
tortion. The final perturbation is the spin-orbit coupling caused by
the coupling of the spin angular momentum (S) and the orbital angular
momentum (L). The crystal field splitting for the (3d)n systems is
large compared to the LS splitting, therefore, this perturbation does
not constitute a large error and can be neglected in first order

calculations.

FIGURE 10

EFFECTS OF VARIOUS PERTURBATIONS ON '"d" ORBITALS
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The energy of any electronic state can be theoretically deter-
mined from the integral in the form
E = fyfty de
where y is the normalized wave function and ﬁ is the Hamiltonian operator.

The quantitative treatment for the model proposed will be to add
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perturbation to the free ion Hamiltonian, Hf, (23) taking the form

A _ .2 2 2 1 2

He = h /2mziVi Z; ze /ri + zg*ie /rij + Ei(r)li Sy
where the terms describe the kinetic energy, the electron core potential,
the electron-electron repulsions and spin-orbit coupling, respectively.
The Hamiltonian showing the previously discussed perturbations on the
electrons of the metal ion in an octahedral system are

A h' ~ ~

Ho = Hf + Vo + Vt

or

A =8_+7 +V
o f o T

]
where ﬁf is the Hamiltonian for the free ion under the influence of the

ligands, ﬁo is the crystal field potential on the metal ion in an octa-
hedral field and is represented by Dq. ﬁt and ﬁr are the distortion per-
turbations upon the octahedral field potential caused by the lower symme-
try of the ligand field. ﬁt or tetragonal distortion results from a
symmetry of th or sz. VT or trigonal distortion results from a symmetry
of D3d.

Before investigating the application of these perturbations on
the complex it is necessary to develop the energy levels and wave functions
of the free ion in absence of the ligand field. The third term of the

A

Hamiltonian, Hf,

the unfilled shell. Using LS coupling, the terms (energy levels of a

is considered as a perturbation upon the electrons in

system) of the free ion for a givén (3d)n configuration can be derived.
The configuration is characterized by two quantum numbers, L and S, where
L is the total angular quantum number and S is the total spin quantum
number. The states for a given configuration are designated by the term

symbol, ZS+1L, where 25+1 is the multiplicity of the term. The states



43

arising out of a d7 electron configuration are given in Table 14.

TABLE 14

THE TERM ENERGIES FOR A d’ CONFIGURATTON

Configuration Term Energy in "F" Parameters Racah Parameters
2, 3F_ - 6F, - 12F, 3A - 6B +3C
a3- 4’ a’p- b2 aF_ + SF, + 3F4f 3A + 5B + 5¢ ¥
3 3 7 7
J193F2-1650F2F4+8325F4 J1933 +8BCH4C
2p 3F + 9F. - 87F 3A - 9B - 3C
o 2 4
2
¢ 3, - 1IF, + 13F, 3A - 11B + 3C
2y 3¥_ = 6F, + 12F, 3A - 6B + 3C
4p 3F - 147F 3A
o 4
by 3F_ - 15F, - 72F, 3A - 15B
4

Using the energies listed in Table 14 it is clear that the 'F
term lies lowest. The 4F term is referred to as the ground term for a
d7 electron configuration.

The energies of the states arising out of the LS coupling scheme
can be found by determining the wave functions by the use of lowering or
raising operators. (23) Using the coulomb integral, J=(ab| 1/r12| ab)
and the exchange integral, K;(ablllrlzl ba), the energy of the free ion
terms as a function of Fo, FZ’ and F4 can be determined. Fo is the

radial parameter accounting for the symmetrical part of the electron

repulsions of the free ion. These latter two parameters govern the
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difference in energies of the terms for a given configuration. By ex-
pressing the energies using the Racah (24) parameters, B and C, where
B= F2 - 5F4, and C=35F4, energy differences involving states of the same
multiplicity will vary only in B while those energy differences between.
states of different multiplicity vary in both B and C. This is illus-

trated in Table 15.

TABLE 15

ENERGY DIFFERENCE BETWEEN-d7-TERMS .

Configuration Terms Involved Energy Difference

Slater Parameters . Racah Parameters

w
~
Eo
P o)

158

a -4 F-p 15, - 75F,
b _ 2y 9F, + 6OF, 9B + 3C
b 2% 4F, + 85F, 4B + 3C
b _ % 247, - 15F, 24B + 3C
bp - 2p 2% 20F. + 75F 20B + 5C
a’ 2 4
+ vi 7
“\J1952F,-1650F ¥, +8325F,
* Jo38%+8BC+4C?
b ~ 2p 9F, + 60F, 9B + 3C

The absolute energies of the terms arising from a given configu-
ratiqn requires a knowledge of the wave functions of the electrons which
depend upon the principal quantum number. In most treatments only the
relative energies are needed which require only the approximate values of

B and C. These are determined from the experimental spectra as in the case
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of the parameter Dq.
The octahedral operator Go is obtained by expanding a series of

normalized spherical harmonics:

I Y7004,¢0R o (r))

Vo =735z
ilm

It can be shown that this expression takes the form (23)
= o o -4
Vo = i |1/ 41rRo(ri) + Y4 + '4/14 (Y4 + Y4 )

where the first term is responsible for a uniform shift of the energy
levels and will be ignored in discussing the electronic properties of
the system.

The application of the Go to the set of "d" orbitals result in

the values obtained in Table 16

TABLE 16

EFFECT OF ﬁo ON THE "d" ORBITALS

(a+2]V_|da+2) = pq
(dizlﬁoldiz) = 5DQ
(a+1|?_|at+1) = -4Dq

@, [V,la,) = 6énq

The values of the "d" orbitals under tetrahedral symmetry are the

same as those in Table 16 with (25)

Dqtet = -4/9 quct

Most complexes show deviations from octahedral or tetrahedral
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symmetry. These deviations are treated as perturbations upon the higher

symmetry by the tetragonal operator, Gt or trigonal operator, Vtr. The

-

Vt operator takes the form (23)
& o o ' 0]
Vt ARz(r) Y2 + BR4(r)Y4
Tetragonal distortion is taken as a perturbation along the z axis

changing the energles while not distorting the orbitals. The tetragonal

-

operator, V_, may be put in different form to show where the distortion

t’

parameters Ds and Dt arise. Using operator technique (27) where lzis sub-

stituted for z in the spherical harmonics
2 2
0 _ ‘32" ~r
X, = ‘E/4ﬂ d1/4 ——;5-

and
4

4 22
Y(Z =W 1/64 35z -302 r~ + 3r
r

the expression below is obtained for the tetragonal operator
- a4 2

1 62— - - ]
vy ns(lz 2) - pt(35/12 1 155/12 1z + 6)

where Ds and Dt are splitting parameters composed of the radial part of
the spherical harmonics
Table. 17 shows the results of the application of Vt upon the set

of "3d" orbitals.

TABLE 17

EFFECT OF V, ON THE "d'. ORBITALS

(dizlvt[dtZ) = 2Ds - Dt
(a+1]V _[a+1) = -Ds + 4Dt
@, IVeld, > = -2s -6 e
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The sign and magnitude of the tetragonal splitting parameters
Ds and Dt depend upon the nature of the tetragonal distortion.(27) These
value are determined from experimental spectra as in the case of Dq, B,
and C, however, the signs of Ds and Dt determine the ground state as seen
from Table 18. Using the 1gbel (dim) where m=0, dZZ, m=t1, dxz and dyz’
m=t2, dxy and dx2_y2, a positive Ds and Dt would result in the dZZ being
lowest.

If the octahedron is distorted along the trigonal axis, the
splitting of the octahedral energy levels are close to those in tetra~
gonal distortion. (Figure 10) The symmetry of the complex changes from
0h to D3d' The correlation scheme from Oh symmetry to lower symmetries
is given in Table 19. (28) The trigonal operator, Vt, is identical in
form to the tetrgonal operator, Vt’ but operating on a different set of

"qd" orbitals. (23)
TABLE 18

GROUND STATE DEPENDENCE ON THE SIGN OF DS and DT

Sign  Distortion (dtZIVt|diZ) (d+1|v_|a+1) (@ |v |d) Ground
- t' - o''t' o
Ds Dt State

+ + elongation 2Ds + Dt -(Ds + 4Dt) -(2Ds - 6Dt) A2g
- + compression -(2Ds - Dt) Ds - 4Dt 2Ds + 6Dt 4Eg
- - compression -(2Ds + Dt) Ds + 4Dt 2Ds - 6Dt 4Eg
+ - elongation 2Ds - Dt -(Ds - 4Dt) -(2Ds + 6 Dt) 4A
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TABLE 19

h 4h 2v
Ty, By, +E, Ay +E Ayy + Eg Ay + By +B,
T, Byg + B, By +E A +Eg A+ B, +B,
Mg Ble B Aog 4y
Alg Alg Al Alg A1
E, Ay + By A+ By E, AL+ A,

The last perturbation to be considered is spin-orbit coupling.
The spin-orbit coupling in )" complexes is small compared to the
crystal field splitting and is neglected in most weak field treatments.
Although it is small it can, however, be important in the magnetic pro-
perties (Chapter Five) of (3d)n complexes. Spin-orbit splitting of the
absorption bands for first row transition metals is seldom observed (29)
in the optical spectra because of poor resolution. The presence of spin-
orbit coupling is responsible for the occurance of the "spin forbidden"
absorption bands due to mixing of states of different multiplicity through
relaxation of the spin selection rule.

The spin orbit operator, ﬁs.o. has the form

B .= £i.3

where £ is the one-electron spin-orbit coupling parameter, and 1 and s

are the orbital and angular momentum operators. & is related to A by the
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expression
£ =+ 2/28
where the positive sign holds for less than half-filled shell and a
negative sign for an over half-filled shell. The d7 electron configu-
ration has a negative X value.
The spin-orbit coupling operator takes the form
2 1

les = ( 1Z.Sz + E 1'+°S_ + —2' l_'§+)

Through the application of the operator to the proper wave
functions, the perturbation to the Hamiltonian by spin-orbit coupling is
obtained.

By qualitative application of group theory it can be shown that

only T, and T, states are split by spin-orbit coupling under octahedral

1 2
symmetry. (25) The operator L(=Lx + Ly + Lz) possesses the symmetry pro-

perty of rotation about the three Cartesian axes. These belong to the

irreducible representation of T1g under Oh. The direct product

A x T

1g ¥ T1g ¥ Arge B % T

1g X AZg’ Eg X Tlg X Eg

do not contain an A1g representation, therefore, all the matrix elements

4, ula, ), G, rle, ), G lLlsa)
1g 2g 2g g 8

f1g

are zero. The direct products

Tlg X T18 x Tlg and ng b'4 Tlg X ng

both contain an Alg’ therefore, the matrix elements
T IL|4T )
2g 2g
are not zero. The same arguments can be applied to tetrahedral symmetry

and are shown to give identical results.
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A simplified method proposed by Abragam and Pyrce (30,3l) can
be used for calculating the perturbation due to spin-orbit splitting.
The roots obtained by the application of this procedure to the quartet

state of Co(II) ion by Low (32) gives the three roots

E = 3/2 a) [¢))
= ~ A} (2)
= - 5/2 ax (3)

For doublet states, the two roots are (23)

E=1/2 a) (%)

= - QA (5)
where A is the spin-orbit coupling comstant which is related to the spin~
orbit coupling for the ground state. (23) Alpha (a) is a constant for
each symmetry state and can be evaluated by application of the'Lz, Ly,
and Lx operators. (30,31,23) The (a) values have been calculated by
Fogel (33) and are given in Table 20. The roots are calculated using
octahedral symmetry and then assigned to the split states caused by the
lower symmetry.

Under D,, and D,, symmetry, it can be show that roots (1), (2)

4h 3d
and (3) belong to the doubly degenerate states (4E and 4Eg) while roots

. 4 4 4 4
(1) and (2) belong to singly degenerate states ( Al’ A2, Blg? BZg’
4 4

Alg and A2g)' For the doublet states, roots (4) and (5) are assigned

to doubly degenerate states (2E and 2Eg) and root (4) to singlet states

2 2 2 2 2

( Alg’ Azg’ Blg’ Bzg’ Alg’
Mention was made of configuration interaction in Chapter Onme.

2
and AZg)'

The effect is important in the d7 electron configuration, since it is

observed that, of the four quartet levels under Oh symmetry, two have
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TABLE 20

VALUTS OF THE PARAMETER ALPHA ()

State
e, ®, 1, ® -3/2
8 g
‘r, ®, *r, ,%r; © Y
g g g
‘r, ®, %1, @ 1.0
8 g ‘
%r, © 5/2
g
%r, @) -5/2
&
a’r, (@) 15/8
g
b2'1'1 ) -11/8
4
%, -1.0

g
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. 4 4 4 4
exactly the same symmetry, Tlg( F) and Tlg( P). These levels will
interact and is treated as a second order perturbztion upon the
Hamiltonian. The effect of this perturbation is tc dapress the energy

of the lower level, 4 4

Tlg(AF) and to raise the upper level, Tlg(ap) by
an equivalent amount.
Under D4h and D3d symmetry the T1g state splits into an AZg and

Eg state. Configuration interation can therefore arise between these
states under the lower symmetry.

The energy change arising from configuration interaction mixing

4 4

4 by 4
of the Tlg( F) and Tlg( P) is obtained from the integral (< Tlglvol

4Tlg>) This interaction is the off-diagonal élements of the perturbation
matrix. For first order calculations the off-diagonal elements are
neglected.

The determination of the perturbation parameters, Dq, B, C, Ds
Dt, or Do and Dr involves the evaluation of secular determinants using
the wave functions for the different states. Table 21 gives the wave
functions of the weak field terms arising from F and P states quantized
along the four-fold and thfee-fold axis.

The secular determinants shown in Figures 11 and 12 are used
in calculating the energies of the spin allowed states under D4h and
D3d symmetry. The energies for these two determinants are given in

Tables 22 and 23.
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Selection Rules

The absorption of "visible" radiation (UV, visible, IR) by a
transition metal complex arises from the ability of the oscillating’
electric vector to induce an electronic transition from one state with
a wave function of  to a higher state with a wave function w' by the
displacement of an electronic charge. This electric dipole mechanism
is used to explain d-d transitions of the transition metals.

The explanation of this electric dipole mechanism using group
theory is given in the general references by Cotton (28) and Figgis (25).
The results areusually expressed in the form Jf the "'selection rules"

which predict whether an electronic transition will be "allowed"

or
. "forbidden".

The first rule is the spin selection rule which states the
number of unpaired electrons in the initial state must be identical with
those in the final state.

The second rule is the Laporte selection rule which states that
the elctronic transition is forbidden if it simply involves a redis-
tribution of electrons in the same type of orbital in a given quantum
shell. According to this rule, d-d type transitions in complexes having
a center of symmetry are forbidden.

The transitions of interest in this study are all of the d-d
type and must become partially allowed by some mechanism. In order for
the absorption to be allowed by the electric dipole mechanism it is

necessary that the transition moment, Q

Q = <y|r|y’>
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TABLE 21

WAVE FUNCTIONS OF WEAK FIELD TERMS ARISING FROM THE F AND P

TERMS OF MAXIMUM MULTIPLICITY FOR d7 ELECTRDN CONFIGURATION

Free Ion Ligand Field Wave functions Quantized
Term . Term Four-fold Axis Three~fold Axis
o o o ,~3
Y3 2/3Y3-1/3 _5/2(Y3-Y3 )
4 4 -1 2 2 -1
F '1‘lg 5( 3/21{3 + 5/2Y3) 5/8Y3+ 1/6Y3
1 -3 -2 1
3 ( 3/2Y3+ 5/2Y3 ) 5/6Y3 - 1/6Y3
-1 3 3,.-3
3( 5/2Y3 - 3/?Y3) %(Y3+Y3 )
4
T 1 -3 2 -1
2g %( 5/2Y3- 3/2Y3) 1/6Y- 5/6Y3
2.,~2 -2 1
%(Y3+Y3 ) 1/6Y3 + 5/6Y3
4 2 -2 2 -3 o
A2g k(Y3-Y3 ) 1/3 2(Y3--Y3 )- 5Y3
4 4 ‘
P T o o]
1g Y3 Y3
1 1
3 13
v:! vl
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FIGURE 11

SECULAR DETERMINANT FOR HIGH SPIN STATES
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TABLE 22

NON ZFRO ELEMENTS FOR THE SECULAR DETERMINANT IN FIGURE 11

Element Energy

), -ADq + 2/5Ds + 9/4Dt
21 = 29y 15/5Ds - 15/4Dt
Z3l = Z]3 4Dq - 6/5Ds - 3/2Dt
222 2Dq ; +7/4Dt
Zys =2, 12/5Ds + 15/4Dt
Zs4 158 -7/5Ds
244 2Dq ~-7Dt

Zs 12Dq -7Dt

Z66 | -6Dq -4/5Ds + 6Dt

Zg7 = 296 4Dq + 12/5Ds - 4Dt

z +15/4Ds

77
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FIGURE 12
SECULAR DETERMINANT FOR HIGH SPIN STATES
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TABLE 23

NON ZERO ELEMENTS FOR THE SECULAR DETERMINANT IN FIGURE 12

Element Energy
Y1 +6Dq + 1/10Do + 17/3dt
Y, =Y, - 5/10D0 + 4 5/3Dt
Vi3 = Yqq +4Dq + 4/5D0 +Dt
Y,y -2Dq + 1/2Dc + 1/3Dt
Yy, =Y, ~8 5/10No+ 5 Dt
i, 15B +7/5Dt
Y4 +6Dq + 1/5D0 =~ 13/3Dt
Yor = Yus 5(4/10D0 + 2/3Dr
“55 -12Dq 14/3Dt
You = Vie +4Dq - 8/5Dc + 8/3Dt
Y65 = Y56 -8/100 -4/3 5 D
Y66 -14/5Dt
Y -2Dq - Do~ 3Dt

77
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be non-zero, where r is the radial vector which has the symmetry of the
electric dipole. The value of Q must be totally symmetric and contain
the Alg representation.

Complexes with 0h and D4h symmetry contain a center of symmetry.
In these complexes the "d" orbitals are symmetric to the center of in-
version and transform to give only "g" representations. The x, y, and
z components of the electric dipole vector transforms under these

symmetries to give "u" representation, therefore, the direct product

does not contain the A1g component. By this argument the transition
moment is zero and the transition is forbidden.

In OH and D4h complexes there exist a number of normal modes of
vibration of which some are of the "u" type. If the complete wave
function is taken as the product of the electronic wave function and
the vibronic wave function, then the transition moment becomes non-zero
during the vibration of the molecule when the inversion center no longer
exist..

Applying group theory the vibronic modes are

A

1u’

Eg’ 2T 24

1g° ng, and T

in 0y, symmetry, and

ZAlg’ Blg’ B2g’ Eg’ 2.A2

o’ and 3Eu
in D4h symmetry.

The vibrational ground state is totally symmetric and belongs to
the Alg representation. Taking the direct product of the ground state,

electric dipole vector, the excited state, and excited vibrational state

decomposes to give an A1g representation, therefore the transition is
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allowed. All electronic transitions under Oﬁ and D4h are allowed due to
one or more vibrational symmetry modes.
Tetrahedral complexes show two spin allowed transition as pre-

dicted from the selection rules. These are the 4A > 4Tl(F) and the

2

4A2 -+ 4Tl(P). The 4A2 > 4TZ(F) transition is symmetry forbidden as well
as not being in the region studied.

Undef some conditions, it is not correct to assume that the wave
'function is completely factorized into an electronic wave function and
a spin wave function. Where considerable spin-orbit coupling exist, it
is possible for the spin to change as a result;of the transition without
the transition moment integral becoming zero.' This results in a partial

breakdown of the spin selection rule leading to the appearance of spin

forbidden transitions in the absorption specta.

Experimental

The absorption spectra were obtained from powdered samples for
KCoC13-4H20, KC0C13°3H20, KCoCl3-2H20, KCoC13-H20 and KCoCl3. The
spectrum for the tetrahydrate species was also obtained from the crystal-
line form.

The reflectance spectra were obtained using a Beckman DK-1 re-
cording spectrophotometer equipped with a reflectance attachment, and a
modified Brown potentiometric strip recorder. The diffusion sphere of
the relectance attachment was coated with fresh magnesium oxide just

prior to spectra determinations.

The samples were prepared by placing a small amount of each
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species in a 15 mm microscope  well slide. The well was covered with a
thin glass cover slip, held in place with cellophane tape or glue. Since
all samples were sensitive to moistrue, slide preparation was accomplish-
ed in minimal time followed by immediate specta determinatiops. After
standing for a time (2-3 hrs.) exposed to the atmosphere, the samples
changed composition and were discarded after each spectal determination.

The reference port of the reflectance sphere was covered with a
slide containing freshly prepared Mg0 and covered in the same manner as
the sample slide. Two such slides were prepared and the spectrophoto-
meter was cycled through the region of interest to determine if the Mg0
absorbed in the region to be studied.

All spectra were determined using the same conditions. The re-
cording conditions were: sensitivity 1.0; time constant 0.2; intensity
range, 0-1; scan time, 3 minutes.

The PbS detector was used in the'range of 2100 mu to 700 mu and
the photomultiplier tube was employed in the region 700 mu to 400 mu.

The energy source was a six (6) volt incadescent tungsten lamp for the
IR and visible region.
The samples for each hydrate species were prepared by placing

finely ground anhydrous K00013 over wet Ca(NO until the appropriate

3)2
weight was gained. The slides were prepared and spectra determined.

The spectrum was also taken for each hydrate species by forming them
in the vapor pressure apparatus, Figure 1, pagel2, from dry KCoClS.
Both procedures produced identical spectra for each species.

A crystal of potassium trichlorocobaltate (II) tetrahydrate

prepared by the method described in Chapter Two was planned to such a
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thickness that lightwas transmitted through it. (In order to obtain the
crystal spectra the Beckman DK-1 was modified with the apparatus shown
in Figure 13). It was then mounted on an aluminum plate (A) over a
small hole bored in the plate. The reference port was covered with an
aluminum plate (B) with an appropriate sized hole so that the reference
beam can be scaled to obtain both the maximum and minimum of the absorb-
ance bands. The slide is inserted into slit (C) and the apparatus is
inserted into the cell compartment of the DK-~l. The cell compartment is
flushed with dry nitrogen while the spectra is being recorded. This
slows down the reaction of the crystal with a;mospheric moistrue. For
low temperature, liquid nitrogen is flushed through port (D) from a
specially prepared Dewar. Using this procedure spectra for crystals can
be otained at approximately liquid nitrogen temperature. (Note: Crystals
of the tetrahydrate are very sensistive to atmospheric mosisture and were
coated with mineral oil to prevent reaction during handling.) Attempts
to grow crystals for the dihydrates and anhydrous species failed. Thus
the calculations for the spectral fitting of the lower hydrates and the

anhydrous salts are based upon reflectance spectra.

Spectra Fitting

The experimental spectra were fitted using a computer program
written by H. Joy (1) which iterates the spectral parameters to obtain
the best fit for the spectral assignments.

Inspection of the spectra for KCoCl,, Figure 23, showed two

3’
absorption bands centered at 650 mu (15,385 cmfl) and 1800 mu
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FIGURE 13

ATTACHMENT USED TO OBTAIN LOW TEMPERATURE SPECTRA

0 |
L1




64 |
(5,500 cm_l). .These absorptions are characteristic of Co(II) tetfahedral
complexes. (34) Assuming tetrahedral symmetry, the ground state for
KCoCl3 is 4Az. (See Figure 15) The two observed transitions were tena-
tively assigned to the 4Tl(P) and the 4Tl(F) respectively., The spin

allowed transition to the 4

T2(F) is not observed since it is out of the
spectral range studied. Dq was assigned 350 cm-1 based upon values ob-
tained previously for tetrahedral chlorocobalt complexes. (25) B was
assigned 775 cm_l, 807 of the free ion value was predicted from the
nephelauxetic series. (35) C/B was set at 4.4, Ds at 100 cm_l, Dt at
50 cm T and S.0. at -170 cm (free ion value). (25)

Spectral assignments were then made fér the four spin allowed
4

transitions under D4h

4Eg(P). The program was allowed to iterate until the best fit was ob-

4 4
symmetry to the Eg(F), A2g(F)’ A2g(P)’ and
tained for the spin allowed transitionms.

The spin forbidden transition were next assigned using the
Tanabe-Sugano Diagram, Figure 14. Using the Dq and B obtained; the

2T (ZB and 2Eg under D4h) was predicted to appear on the high energy

2g" 2g
side of the 4Tl(P) transition. From the observed spectra a shoulder is

observed at 540 mu (18,500 cm_l) which was assigned to the 2T All

2g°
other parameters were fixed except C/B, and the program was allowed to
iterate until the best fit for the spin forbidden transitions were ob-
tained.

The next spectra to be fitted was the tetrahydrate, Figure 18.
From the experimental spectra three absorption bands are observed, These

are centered at 550 mu (18,300 cmfl), 690 mu (14,500 cmfl), and 1540 mu

(6500 cm_l). Assuming octahedral symmetry, the ground state was assigned
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FIGURE 14

TANABE-SUGANO DIAGRAM FOR Cr(III) d3
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FIGURE 15
ENERGY LEVEL DIAGRAM FOR TETRAHEDRAL d7 CONFIGURATION
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to the 4T1g with transitions to the 4Iig(P), 4Azg(F), and 4ng(F),
Figure 15. The transition to the 4Azg(F) is a two electron transition
and is very low in intensity. (36), Dq was set at 840 cm_1 obtained from
the 4Azg(F) transition, B was set at 860 cm_l based on fhe position of
HZO and C1~ ion in the nephelauxetic series, (35) C/B at 4.4, Ds at

100 em L, Dt at 50 cm L, and S.0. at -170 cm L.

The program was permitted to iterate the spectral parameters
until the best fit was obtained for the spin allowed transitioms.

From the Tanabe-Sugano Diagram, Figure 13, using the determined
values for Dq and B, the 2Eg is predicted at a slightly lower energy than
the 4A.zg transition. Upon observing the experimental spectra, a weak
transition was observed at 960 mu (10,400 cm-l). This shoulder was
assigned to the 2Eg transition. Fixing all parameters except C/B, the
program was again used to obtain the spin forbidden assignments.

Spectral parameters for the trihydrate and dihydrate were ob-
tained using the same procedure assuming some type of tetragonal dis~
tortion.

A suitable fit for the monhydrate spectra could not be obtained
assuming tetragonal distortion. The possibility that trigonal distortion
could be present was investigated because of the failure to assign the
observed transition at 520 mu (19,250 cmfl), Figure 22. Assuming a
tetrahedral symmetry, the two absorption bands in the visible region
were assigned to the 4Tl(P). The broad band in the near IR region was
assigned to the 4Tl(F). Using the energy diagram, Figure 16, the spectral
parameters were obtained using first order calculations. A Dq of 300

cmfl, B of 840 cmfl, Do of 916 cmfl, Dt of -170 cm.-1 were obtained.
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These values were then entered in the D3d program for iteration. The
D3d program iterated the assigned parameters giving the best fit for the
spin allowed transitions. No attempt was made to fit the spin forbidden
transitions for the monohydrate. Attempts were made to fit the mono-
hydrate spectra using other symmetries without success.

The collected spectra data is show in Table 24 giving the pre-
dicted transitions and the observed transitions. Table 25 gives a
sumary of the spectral parameters obtained for each of the four hy-

drated species and the anhydrate.

Summary

Attempts were made to fit the spectra of the upper hydrates

using both 4A and 4E ground states. The signs of Ds and Dt were
2g g

varied to give all possible combinations. The anhydrous KCoCl, was

3
fitted using tetrahedral symmetry with tetragonal distortion obtaining
reasonable results. The monohydrate was the most difficult of all the
species to obtain a reasonable fit, however, if tetrahedral symmetry
was assumed with trigonal distortion a reasbnable fit was obtained.
The Dq values varied from 819 cm.-1 for the KCoCl '4H20 to 260

3
cm_l for the KCoCl.-H,O0 with a value of 350 cm_1 for KCoCl,. B values

372 3
decreased as the water molecules were replaced from the Co(II) ion by
chloride ions. Ds and Dt or Do and Dt values indicated the magnitude
of distortion present and the shift in ground states. The spin-orbit
coupling constant was held at -170 cm.—1 throughout the spectral fitting.

The ratio of C/B ranged between 4.18 for the KCoCl,-2H,O to 4.4 for

372
KCoCl3-H20 which lie in the range predicted for Co(II) complexes with

water and chloride as ligands. (25)
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FIGURE 16
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ENERGY LEVEL DIAGRAM FOR TETRAHEDRAL d° CONFIGURATION
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FIGURE 17

TANABE-SUGANO DIAGRAM FOR Co(II) d7
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FIGURE 19

REFLECTANCE SPECTRUM OF KC0C13°4H20
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FIGURE 22

REFLECTANCE SPECTRUM KCoClB°H20
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FIGURE 23

REFLECTANCE SPECTRUM OF KCoC13
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TABLE 24

Transition Calculated Observed Peak
cm-l mu mu Description
KCoC1,+4H,0
1. AZg 4Bzg(ngF) 6677 1498 1500 sharp peak
2, 4Eg (1, F) 7446 1363 1340 broad peak
3. 4Eg (T, F) 7788 1284 1260 broad peak
4. ' “Blg(gzgr) 14,788 676 660 shoulder on T, (P)
5. 4Eg (T, P) 18,531 540 535 sharp peak
6. ‘Eg (T P 19,17 521 520 sharp peak
7. 4Azg(TlgP) 22,192 451 455 medium sharp peak
8. 2Alg(EgG) 10,073 993 960 broad peak
9. zBlg(EgG) 12,910 775 not observed
10. zng (1,6 16,312 613 625 shoulder on T, (P)
11. 2Eg (ngG) 17,837 561 not observed
12, zBég(TlgG) 18,657 536 not observed
13. zng (T, 6 21,273 470 490 very sharp peak
14, ZE; (TIgG) 25,221 396 not observed
15. ZAIg(AlgG) 22,462 445 not observed
KCIC1,+ 38,0
Ly, ABzg(ngF) 6857 1458 broad peak
2. aEg (ngF) 6554 1526 broad peak
3. “Eg (T, F) 68% 1451 broad peak
4. 4nlg(Ang) 13,872 721 740 broad peak partially

hidden
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TABLE 24-Continued

Transition Calculated Observed Peak
-1
m

c mu mu Description

KCoCl1,+*3H,.0 continued

3°3M,
4
2g By (T P) 18,075 553 545 very sharp
aEg (TlgP) 18,716 534 535 very sharp
4 .

AZg(TlgP) 19,353 517 520 very sharp
2A7g(Eg G) 10,238 976 ; not observed
Zslg(ng ¢) 10,763 929 not observed
25 (T, 6) 16,652 601 607 shoulder on very

2" 2g
2 sharp peak

E (T2 G) 16,258 615 610 shoulder on very
2 g g sharp peak

E (T, G) 16,068 622 617 shoulder on very

g 28
2 sharp peak
B, (T. G) 23,482 426 not observed
2g " 1g
an (T, &) 20,292 493 not observed
% () 6 23,549 425 not observed
KCoCl,+2H,0
4
. AchrlgP) 19,322 517 519 sharp peak
4Eg (TlgP) 19,297 518 520 sharp peak
‘Eg (T, P) 18,666 536 540 sharp peak
aBlg(Ang) 14,367 696 690 shoulder on sharp peak
4 3

Bpg(Tp,P) 7,227 1383 1385 broad peak
“Eg (T, P 7,060 1415 1420 broad peak
‘Eg (T, ) 6,729 1486 1500 broad peak
2

Blg(Eg G) 10,263 974 not observed
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TABLE 24-Continued

Transition Calculated Observed Peak

cln-1 mu mu Description

10,
11,
12,
13.
14.

15.

KCoC13-2H20 continued
‘e, M, 0 10,255 975 not observed
zEQ (T, ©) 16,137 620 615 shoulder on sharp peak
‘2Eg (ngG) 16,243 616 605 shoulder on sharp peak
zEg (TlgG) 20,366 491 495 i shoulder on sharp peak
2w,g (T ® 23,72 421 " not observed
ZBZg(TZgG) 16,423 608 shoulder on 10
2A2g(T1gG) 15,847 631 shoulder on 10
KCOC13'H20
4A2 4A1 (TZF) 3,841 2503 not in the region studied
AE (TZF) 2,599 3847 not in the region studied
4E (T2F) 2,286 4373 not in the region studied
&E (TIF) 4,686 2133 2125 broad peak
bp (T, 5,284 1892 1860 broad peak
&AQ (TIF) 4,852 2062 2075 broad peak
aE (TIP) 15,630 639 630 sharp peak
‘@) 15,35 651 660 sharp peak
AAZ (TlP) 19,250 519 520 medium peak
KCOCl3
anlp dEgCTZF) 3,303 3,027 ‘not in repgion studied
aE?(TzF) 2,968 3,369 not in region studied
4

B, 3,502 2,855 not in region studied
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TABLE 24-continued

Transition Calculated Observed Peak
c'.m"l mu m Description
KCoC13 continued
4, g 4Eg ('I'1 F) 5,098 1,961 broad peak
5. "Eg (T, ) 6,087 1,642 broad peak
6. 4A;g(T1 F) 5,330 1,876 1,825  broad peak
7. ”Eg (T, P) 15,878 630  630¢  sharp peak
8. 4Eé (T1 P) 15,225 657 670 sharp peak
9. 4Azg(T1 P) 15,286 654 652 sharp peak
10. zAlg(Al G) 14,387 695 not observed
11, 2Azg('l‘1 G) 14,875 672 not observed
12. 2ER (T1 G) 14,812 675 not observed
13. ZEg (T1 G) 16,596 602 610 very sharp peak
14, 2322(1:2 G) 19,175 522 530 shoulder on very sharp
15. 2E '(TZ G) 18,864 530 530 gszzlder on very sharp
2 4 . peak
16. Eg (T2 G) 19,328 517 not observed
17. zAlg(Eg G) 16,096 621 not observed
18. 2B (E G) 20,679 484 not obseyved
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TABLE 25

SPECTRAL FITTING PARAMETERS

Compound N~ B' c'/B Ns er No Dt or Dt B'/R
KC0C13-4H20 819 893 4.33 671 127 0.92
KC0C13'3H20 709 856 4.26 168 -9 0.88
KCOCIB'ZHZO 722 868 4.18 -46 32 0.89
KCoC13'H20 260 860 4.40 | 821 -16 0.89
KCoC1 352 752 4.37 98 47 0.78

3




CHAPTER FIVE
MAGNETIC MOMENTS
Discussion

The magnitude of the magnetic moments are useful when used in
conjunction with the electronic spectra to establish the symmetry and
electronic ground state of cobalt (II) complex compounds. As previously
mentioned in Chapter Four, there are two possibilities for the ground
state in complexes with d7 electron configuration considering only
octahedral and tetrahedral symmetry. These are the 4Tlg for octahedral
complexes and the 4Az for the tetrahedral complexes.

Assuming perfect octahedral or tetrahedral symmetry, the ground
electron distribution for Co (II) ion under the influence of weak field

ligands such as Cl and/or H20 is given in the diagram below. Both

electron configurations result in three unpaired electrons.

Td Free Oh
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Since both octahedral and tetrahedral enviromments result in
three unpaired electrons, the magnetic moment based upon the spin
angular momentum only has the same value as that found from the ex-

pression

bogs = [nta + 211/ | )
where n is the number of unpaired "d" electrons. This value for three
unpaired electrons is 3.87 Bohr magnetons.

In addition to the spin angular contribution there is the
orbital contribution to the total magnitude of the magnetic moment ex—
hibited by a complex. If the electrons of the Co (II) ion could be free
of the influence of the crystal field and spin—orbit coupling, such as
would be found in the free ion, the effective magnetic moment would

be given by the sum of the spin and orbital contributions as shown by

bope = [45(S + 1) +L(L + 112 B.m. @)

This would give an effective magnetic moment of 5.20 B. M. for an S
(spin angular momentum) value of 3/2 and L(orbital angular momentﬁm)
value of 3. For cobalt (II), values close to 5.20 B. M. are observed
experimentally for octahedral complexes with values less than this for
tetrahedral complexes. This suppressing of the orbital contribution
can be qualitatively explained by consideration of the crystal field
effects upon the "d" orbitals.

For octahedral complexes the orbital contribution to the mag-

netic moment can be shown by the rotation property of the "d" orbitals.
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In order for an electron to have an orbital angular moment and there~
fore an orbital moment with reference to an axis, it must be able to
transform into an equivalent orbital by rotation about that axis. This
requires the availability of an orbital with the same shape and degener-
acy as the orbital containing the electron.

In the free ion, rotation of the dx2_y2 orbital by 45° about
the "z" axis brings it into the dxy orbital. The dyz rotated by 90°
brings it into the fully equivalent dxz' This leads to an orbital con-
tribution to the total magnetic moment.

If the ion is placed in an octahedral environment, the de-
generacy of the five "d" orbitals is removed fﬁto equivalent dxy’ dxz’
dyz set and a dxz_yz and d22 set., The dxy cannot be rotated into a
fully equivalent dx2_y2 by rotation about the "z" axis because of the
energy difference caused by a crystal field, however, the dyz and dxz
can still transform into equivalent orbitals. This gives a contribution
5 2

e or

to the total magnetic moment from the orbital moment for the t2g e

4Tlg electronic ground state.

For tetrahedral symmetry, the splitting of the five "d" electron
orbitals are identical with that of the octahedral symmetry but re-

versed. The electron configuration of eat3 results in a filled “e"

2
level and a half-filled "tz" level. The dxz and dyz are no longer
equivalent by rotation about the "z" axis because the dyz and dxz each
already contain one electron. This configuration results in a quenching
of the orbital contribution to the total magnetic moment. (37)

It can be shown by group theory arguments that only a "T"

ground state will result in an orbital contribution. (25)
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In general, the magnitude of the magnetic moment can be used
to indicate the symmetry of cobalt (II) cozplexes. The largest values

are found for octahedral coordination (4T ground state) and lower

1g
values for tetrahedral coordination (4A2 ground state). (38)

Some information as to the amount of relative distortion in
octahedral complexes can be obtained by noting that when the symmetry
is low enough so that the dxz and dyz orbitals no longer transform
into one another by having different energies, some of the orbital
contribution is suppressed. This can occur in an octahedral complex

by elongation or compression of the "z" axis.

Theory of Magnetic Suéceptibilities

The magnetic susceptibility for singlet Al or A2 ground states
with excited states large compared to kT can be calculated using the

following equations (23)

o
x=N 37— -22 7] , (3)
nm m nm m '
where
B w oy fu v (&)
and
B2 = sl lulv )12 )

with
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uy = is(Li + 231)

where jm is the multiplicity of the ground state, 8 is the Bohr magneton,
i
tor for the spin angular momentum.

The first term in equation (3) gives the energy contribution
of the first order Zeeman effect on the nth level due to the magnetic
field acting on that level. The second term gives the energy contribu-
tion due to second order Zeeman effect arising from the change in
energy due to "mixing-in," influenced by the magnetic field, of levels
which originally were not degenerate with the ﬁth level. The first
and second terms in equation (3) are called respectively the low and
high frequency terms.

Assuming E - E >>/Z2
o n-

the temperature depende’- magnetic susceptibility

is given by
(6)

where "g" is the sp. the amount of orbital

contribution possessed _,For the free ion, the
Lande splitting factor is obt O

SS+1) ~L(L+1)+IJWT+1) (7
2J(J + 1)

g=1+

If L is zero (mo orbital contribution) then "g" is 2.00 which is the

case when spin angular momentum only accounts for the magnetic moment.

L, is the operator for the orbital angular momentum and §i is the opera-

aegarding the second term of (3), -

PR
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wy = B(Li + 231)

where jm is the multiplicity of the ground state, B is the Bohr magneton,

Li is the operator for the orbital angular momentum and S

tor for the spin angular momentum.

i is the opera- _
The first term in equation (3) gives the energy contribution
of the first order Zeeman effect on the nth level due to the magnetic
field acting on that level. The second term gives the energy contribu-
tion due to second order Zeeman effect arising from the change in
energy due to "mixing-in," influenced by the magnetic field, of levels
which originally were not degenerate with the hth level. The first
and second terms in equation (3) are called respectively the low and
high frequency terms.
Assuming Eb - En >> kT and disregarding the second term of (3),
the temperature dependent contribution to the magnetic susceptibility

is given by

=N8 5(s+1) 6)

where "g" is the splitting factor, a measure of the amount of orbital

contribution possessed by the ground state. For the free ion, the
Lande splitting factor is obtained from

S +1) ~L(L+1)+JJ +1) (7)
2J(J +1) )

g=1+

1f L is zero (no orbital contribution) then "g" is 2.00 which is the

case when spin angular momentum only accounts for the magnetic moment.
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The problem when L # O is to calculate the amount of contribution the
orbital momentum contributes to the value of the "g" factor.

Ions with a ligand field symmetry lower than cubic (Oh or Td)
show magnetic properties which are anisotopic. (39) The general

relationship for "g" in ions showing anisotopic behavior is (23)
g = 2(6ij - A Aij)

where aij is known as the Kroneker delta with values of unity when i=j

or zero when i#j, and A is given by the expression below (23)

WolL lv) (w lE v ) ®
E -E
n o

In the first order approximation the orbital contribution to
the "g" factor is obtained by considering the energy of the interaction
between the ground state wave function and the first excited state.
This gives a parallel contribution in the "z" direction and a perpen-
dicular contribution in the "x" and "y" direction. The calculated
"g" factor for a Co (II) ion in a trigonal field can be shown to give

(23)

g=2(1 -2 and g = 20 - 22
1 2

where A is the spin-orbit coupling constant, Al and A2 being the energy

differences between the ground state and the split first upper excited

state. A better understanding of Al and A2 can be obtained from the

diagram below. (40)
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The high frequency term in equation (3) arises from the "mixing-in" of the
upper excited state with the ground state by spin-orbit coupling. This

is the temperature independent contribution to the magnetic susceptibil-
ity. This contribution is determined by summ{hg over the MS values to
give

2 2
_ 8NB _ 8Ng
Xhe © A and x, . = A,

By combining the high frequency and low frequency contributions,

the expressions for the total magnetic susceptibility are obtained as

shown by

X) =1—§§%$~2-<1-—2%)2+%%2— )
and

XL= lﬁ,‘;z a —’,;—’2‘)2 + 5‘—‘;532— (10)

Using the equation for X;» a contribution parallel (Xll) and

a contribution perpendicular (Xg) to the "z" axis can be calculated.
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Under D4h and D3d symmetry the "x" and "y" contributions are taken to

be equal and the average magnetic susceptibility is given by

= () + 20
R L 1)

This average susceptibility should correspond to the susceptibility
obtained for a finely ground powdered sample.

The magnetic moment is calculated from the expressions

- 4,
Byq = us.o(l - Al) (12)
and
A
RY = Mg o(1 - %—) (13)
: 2

Expressions developed here are for the magnetic susceptibility
and magnetic moments for the ion in a trigonal field, however, the same

result is obtained with the ion in a tetragonal field.

Experimental

The magnetic susceptibility of the complex compounds, KCoCl3,
KCoC13-H20, KCoC13'2H20, KC0013-3H20 and KC0013'4H20 were measured
using a Faraday type balance, Figure 24. A temperature range of 77°
A to 296° A was studied using various coolants.

The coolants used were liquid nitrogen, n-propanol slush, dry-

ice-acetone, ice-water, and a circulated cold bath.

A small powered sample of anhydrous compound (0.005 to 0.015
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grams) was suspended in a fused quartz bucket (A) attached to a quartz
spring (B) by a long rigid fiber (C). The sample mass was determined
by measuring the extension of the quartz spring which was previously
calibrated. [The force constant for the spring used was found to be
0.19649 cm/mg by adding standard weights to the empty bucket and
measuring the distance traveled with cathetometer (D) (+ 0.005 cm)].
The quartz spring is attached to the top of the cylindrical vacuum
chamber (E) by means of a glass hook. The lower end of the chamber
is fitted with a reduced size glass joint to be encased by a Dewar
flask (F) specially designed to control the temperature. The entire
chamber housing the quartz fiber can be evacuated through a Teflon
stopcock (G).

A manometer (H), attached to the housing chamber allows a
measurement of the pressure inside the chamber.

A dry inert gas (nitrogen or carbon dioxide) is used to insure
thermal contact between the coolant and the sample.

Magnetic susceptibility measurements are made by passing a
two pole magnet (I) upward past the sample until the field is entered
as noted by the deflection through the cathetometer (J). The magnet
is then reversed until maximum deflection is noted just before the
sample leaves the magnetic field. The deflection noted through the
cathetometer (* 0.0005 cm) is read and recorded. The procedure is
repeated for ten (10) readings and then the same procedure is repeated
as the sample leaves the magnetic field by moving the magnet upward.
This results in a maximum deflection in both directions giving more

uniform readings. The total deflection for the sample is one-half the
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FIGUKE 24

DIAGRAM OF FARADAY' TYPE MAGNETIC BALANCE
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difference of the average upward and downward deflections.

Magnetic susceptibility measurements were made twice for each
of the five temperatures or until a variation of not more than 57 is
noted. For liquid nitrogen, dry-ice-acetone, n-propanocl slush and
ice bath, this procedure was used to indicate that an equilibrium with
the coolant had been reached. Once the five measurements were deter-
mined for KCoClS, water vapor was permitted to enter through (G) until
the KCoCl3-H20 species had been formed as noted by the mass ipcrease.

The chamber (E) was evacuated slowly while maintaining a low tempera-
ture around the sample to prevent the loss of water vapor by dehydration.
After the chamber was evacuated, dry nitrogen was allowed to enter to
give thermal conductivity between the coolant and sample.

The same procedure was followed for each of the remaining
species (KCoCl3-2H20, KCoCl3

tures were studied for each complex hydrate.

-3H20 and KCoC13-4H20) until five tempera-

Calculations

The total deflection and mass of the sample gave the gram

susceptibility, Xg’ at a given temperature from the equation

K(A +
Xg = M

A.. )
dia (14)

where K is the calibration constant for the Faraday balance, A is the

total deflection, A ia is the diamagnetism for the bucket, and M is

d
the mass of the sample. [The diamagnetism for the bucket used in this

study was found to be 0.00190 cm.] The calibration constant for the
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balance was found by using a crystalline sample of HgCo(SCN)4 having
a known gram susceptibility of (xg = 16.44 x 10-4 cgs at 20°C). (41)
The calibration constant (K) was found to be 9.000 x 10_3 c.g.s. for
the baiance.

The molar susceptibility was found from the equation

Xy = xg-F.W. (15)

where F.W. is the formula weight of the compound.

A correction for the diamagnetism of the cobalt (II) ion and
other ligands is added to the experimentally determined, Xg The Pascal
constants (42) of interest are: cobalt (II), 12 x 10_6; chloride,

26 x 10-6; potassium, 13 x 10_6; water, 13 x 10_6 c.g.s. units. The
corrected molar susceptibility is designated by x; found from the

equation

Xg = Xn - g (16)

The diamagnetic contribution, Xdia’ is always negative, there-
fore, the corrected molar susceptibility is greater than the uncorrected
value.

The compounds studies were found to obey the Curie-Weiss Law

“u

c—_—
X T (T + 0) (17)
where CM is the Curie constant, 8 is the Weiss Constant, and T is the
absolute temperature.

The equation can be rearranged to give
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T=—=-20 (18)

A plot of T versus (x:)-l, Figures 25-29, gives a straight

line with a slope of C, and an intercept of 6 on the T axis.

M

A more precise statement of the Curie-Weiss Law is

c CM

Xp = (r+ey T TIF (19)

where TIP is the temperature independent paramagnetism. A plot of

x; versus (T+6)_1, Figures 29-33, gives a straight line with a slope of

C.. and an intercept of TIP.

M
The Curie constant, CM’ has the value
2.2
NG )78
C =___(if_____ (20)
M 3k

where N is Avogadro's number, k is Boltzmann's constant, Hogs is "the
effective magnetic moment," and 8 is the Bohr magneton, 0.927 x 10—20
erg/gauss. The effective magnetic moment, ueff’ which after the values

of the constants are substituted and solved for Mogf gives the equation

_ 1/2
Mogg = 2'83(CM) (21)

where CM is the slope determined from the least square analysis of plots

in Figures 30-34. (43) The data analyzed using the above equations

gave values of Mogg? 0, and TIP as shown in the summary Table 27.
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FIGURE 25
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FIGURE 26

T° A versus 1/x; for KCoCl
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FIGURE 28

T° A versus 1/X2 for KCoCl
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FIGURE 29

T° A VERSUS 1/x; FOR KCoCl,
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FIGURE 31
xS versus 1/T46 for KCoCl,+3H, O
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FIGURE 32
X versus 1/T46 for KCoCl.,*2H,O0
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FIGURE 33

X< versus 1/T+6 for KCoCl.°+H.O
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FIGURE 34

X; versus 1/T+6 for KCoCl
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TABLE 26

MAGNTTIC SUSCEPTIBILITY DATA

(1/149) x 10°

T X; X 106 (c.g.s.) (X;)-l 9
KCaCl 44,0
298 10,946 91.31 2.0 3.33
273 12,120 82.26 2.0 3.64
265 12,330 81.10 2.0 3.75
195 16,525 60.51 2.0 5.08
77 40,771 24.52 2.0 12.66
KCoC1,+3H,0
296 12,598 79.37 3.0 3.34
273 13,525 73.94 3.0 3.62
264 13,855 72.17 3.0 3.73
195 18,371 54.43 3.0 5.05
77 43,796 22.83 3.0 12.50
KCoC13~2H20
296 11,569 86,44 4.0 3.33
273 12,520 79.86 4.0 3.61
264 13,272 75.34 4.0 3.73
195 17,079 58.54 4.0 5.03
77 42,485 23.54 4.0 12.35
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TABLE 26-continued

% X x 108 (x;)‘1 0 (1/T+8) x 10°
296 1,535 94.90 12.0 3.25
273.4 11,491 87.02 12.0 3.50
195 15,870 63.01 12.0 4.83
146 19.108 52.30 12.0 6.33
77 35,031 28.55 12.0 11.24
| KCoCl3
296 9,473 105.56 13.0 3.24
273 10,332 96.79 13.0 3.50
196 14,222 70.31 13.0 4.79
146 19,273 51.89 13.0 6.30
77 31,838 31.31 " 13.0 11.15
TABLE 27
MAGNETTC DATA SUMMARY
Compound Fxp. (uB.M.) Cal.(uB.M.) 8(°a) TIP x 106(c.g.s.)
KCoC1,+4H,0 5.07 2.0 370
wrarT a0 5,25 1.0 700
¥CHCT = 2P0 5.27 4.0 200
KCoCT ,H,0 4.92 4.82 12.0 760
4.76 4.69 13.0 600

'VCOCI3
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Summary and Conclusions

The magnetic moments for the tetrahydrate, trihydrate and
dihydrate are in the range for those reported for Co (II) octahedral
complexes with a 4Tlg ground state. The value of 5.07 B. M. is close

to that of 5.13 B. M. reported for Co(H20)401 by Grindstaff (2) sug-

2
gesting similar structure for this species. The values of 5.25 and

5.27 B. M. for the trihydrate and dihydrate compounds indicate only
small changes in structure occur in these during the dehydration from
the next higher hydrate species. The magnetic moment of 4.92 B. M.

for the monohydrate together with the spectral data indicates a change
to a 4A2 ground state caused by a shift in the symmetry'from octahedral
to tetrahedral. A further decrease in the magnetic moment to 4.76 B. M.
indicates the anhydrous complex goes to a more symmetrical tetrahedral
configuration. The magnetic moments of the monohydrate and anhydrous
compounds are in the range expected for cobalt (II) surrounded by four

chloride ions and is close to reported values for K CoCl4 (44) and

2
(NH4)ZCoC14 (45). These values are high for symmetrical complexes and

are indicative of distortion.
The magnetic susceptibilities for the monohydrate can be cal-
culated by using equations (9), (10) and (11) at the experimental tem-

peratures reported by using the spectral assignments given in Table 24

4

for the A1 (4A2 -+ Al) and A2 (4A ~ 4E) transitions. Upon substituting

2

the appropriate values for the constants in equations (9) and (10) the

following equations are used for the final calculations.

Xqq = 2-597/T + 543 x 1070 (22)
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and

x] = 3.0641/T + 853.8 x 1075 (23)

The calculated values are compared with the experimental values
in Table 28. The agreement is quite good and adds support to the
presence of trigonal distortion in the monohydrate.

In most cases the value of im(e*p) is lower than the cor-
responding im(cal) with this trend becoming larger at lower tempera-
tures. This can be explained on the basis that in the development of
equations (9) and (10) no consideration was made for the removal of
the spin degeneracy of the 4A

2
orbit coupling with the 4A1 and 4E upper excited states. When this

state resulting from second-order spin-

new perturbation is included, equations (9) and (10) become (40)

2 2
- ISNB .. _ 4Ay2 20 8NB
and
158 2 2. o 8ng>
X1= T3kT [a- z—) (1- Sk'l’)] +=, (25)
2 2

where a is the splitting of the spin degeneracy of the 4A2 state ob~-

tained from the expression (40)
o = 8\2(L/a, - 1/A,)
1 2

This new term becomes significant only at low temperatures. The splitting

value o of the spin degeneracy for the monohydrate using the above

expression is 35 cmfl.
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TABLE 28

CALCULATED MAGNETIC SUSCEPTIBILITIES FOR KCoCl_+H,O

372
Temp CA X (cal) X (cal)? X_(exp)
emp _t mC mexp
-6 -6 ~6
296 10,577 x 10 10,540 x 10 10,540 x 10
273 11,404 x 107° 11,362 x 1076 11,490 x 1070
195 15,666 x 107 15,503 x 107® 15,870 x 107°
146 20,672 x 1070 20,524 x 1078 19,100 x 1076
77 38,524 x 1070 37,993 x 1076 35,031 x 1076

i;(cal)a values are obtained using equations (24) and (25)



CHAPTER 6
RESULTS AND CONCLUSIONS

From the experimental evidence obtained in the dehydration
study of potassium trichlorocobaltate (II) tetrahydrate, the stereo-
chemistry of the five species formed can be deduced as well as the
probable structural changes which occur during dehydration. A cor-
relation of the spectral, magnetic, and thermodynamic properties of
potassium trichlorocobaltate (II) hydrates during dehydration can be

made with those of CoC12-6H20, CoClz'4H20 and X,CoCl -2H20.

2 4

The diffused reflectancespectrum of the tetrahydrate is very

close in appearance to that of CoC12-6H20 and CoCl -4H20 reported by

2
Grindstaff  (2), These compounds have been shown by X-ray analysis

to be composed of Co(H20)4CI2 octahedra units. (46) The Co(II) ion

is surrounded by four waters adjacent to each other forming a plane
with the chloride ions perpendicular to the plane. This gives a tetra-
gonally distorted octahedron with the C1 at a longer distance than

the in-plane waters. The experimental spectrumof KCoC13-4H20 fits a
tetragonally distorted octahedron with a 4A2g ground state under D4h

symmetry caused by the elongation of the "z" axis. If the Cl1 ions are

in the axial position, a structure similar to that of CoCl -4H20 would

2

be indicated. The magnetic moment of 5.07 B. M. is also quite close

110
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to the value reported for CoC12-4H20 of 5.13 B. M. (2) The experimental
results found in this study supports an octahedral coordination with
a probable formula of KCl-Co(H20)4C12.
The first dehydration step involves the loss of one mole of
water from the tetrahydrate. The enthalpy change of 10.81 kcal mole—1
is only slightly less than the energy change for the conversion of
one mole of ice to vapor at 25° (12.4 kcal mole-l). This indicates
some additional energy is released through possible rearrangement of
€1 and HZO during the dehydration. In a constant environment, bonding
would remain approximately the same and only energy changes associated
with the ice-vapor reaction would be noted. The entropy change of
27.48 e.u. mole—1 is less than that for the ice-vapor reaction (35.2
e.u. mole_l) indicating the trihydrate is in a more ordered state. The
spectra of the trihydrate shows less band splitting indicating a more
symmetrical configuration. This is further supported by the ease
with which the spectra was fitted to a symmetrical octahedral ligand
field. The magnetic moment of the trihydrate is 5.27 B. M. indicating
a large orbital contribution also confirming an octahedral structure.
The results of this study supports an octahedral structure with the

Co (II) ion surrounded by three Cl and three H,0 trans to each other.

2
In this configuration the ligands would give an average symmetrical
field around the Co (II) ion which is necessary for the spectra found.

The diagram below illustrates the proposed structure for the

trihydrate.



112

The second dissociation step involves the loss of one mole of
water forming the dihydrate species. The enthalpy change of 12.64
kecal mole—l is very close to the ice-vapor reaction at 25°C (12.4
kcal mole-l). The entropy change of 33.11 e.u. mole—1 is close to
the entropy change for the ice-vapor reaction (35.2 e.u. mole_l) also
confirming very little change in the bonding. The spectrum indicated
a marked change in the shape of the absorption band corresponding to

the 4Tlg(F) > 4Tlg(P) transition (octahedral symmetry). This transition

splits under tetragonal distortion (D4h symmetry) to a 4Eg and 4A

2g"

The 4Azg was fitted at a lower energy in the dihydrate indicating the
distortion is a compression or shortening of the "z" axis. The structure
of CsCoCl3~2H20 (14) has been determined by X-ray analysis to be an
octahedron with four chloride ions and two waters in the cis position.
The two cis waters are hydrogen-bonded to chloride ions in adjoining
octahedra units. The octahedra units form chains linking through c1l .
The thermochemistry and spectra fitting indicates potassium trichloro-
cobaltate (II) dihydrate shows a similar structure linking octahedra
units through trans chloride ions. This can occur during the dehydration'

of the trihydrate by adjacent octahedra units linking up through the

Cl ions on one unit to the Co(II) ion in an adjacent unit. The possible
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structure of the dihydrate is shown below.

- v
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The experimental magnetic moment of 5.25 B. M. for the di-
hydréte indicates octahedral coordination around the Co(II) ion and
also indicates only a small change in configuration has occurred in
the transition from the trihydrate.

The removal of the third mole of water resulted in the smallest
energy change for any of the dehydration steps. The enthalpy change
of 7.47 kcal mole-1 for the step signals that a change in configuration
is occurring. The difference in the enthalpy change for the dehydra-
tion reaction and that of the ice-vapor reaction at 25°C (12.4 kcal
mole—l) comes from different heats of formations of the dihydrate and
monohydrate species, equation (7), page 36. This energy change can arise
from the structural change from the octahedral dihydrate to the tetra-
hedrally distorted monohydrate. The entropy change is also low (15.2
e.u, mole’l) indicating a major structural change.

The dehydration of the dihydrate was attempted above 55.4°C
and resulted in the system being bivariant. (See Figure 4, Chapter 3).

The formation of two phases is thought to result from the structures
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of the dihydrate and monohydrate being similar at this temperature
forming one phase.

The spectra of the monohydrate fits a badly distorted tetra-
hedron. The distortion is angle distortion and not bond distortion
as encountered with the tetrahydrate and dihydrate. A Dq value of
260 cm_1 is also low indicating a distorted configuration. A magnetic
moment of 4.92 B. M. indicates a change in ground state to a 4Az.

From the spectral, thermochemical, and magnetic moment studies
it appears that both water molecules are removed from the inner co-
ordination sphere during the dehydration of the dihydrate. One water
molecule is completely expelled while one is held in the outer coordina-~
tion sphere. The chloride ions link up to Co(II) ions in adjacent
chains forming C02016= units distorted by the water so as to have a
pseudo tetrahedral symmetry. This would give a structure similar to
that of KCuCl3 (47) which has Cu2C16= units in layered packing with

Cu(II) to C1 interactions between layers. In the case of KCoClB-HZO,
the water is the interacting species forcing the linking chlorides out
of plane and into a tetrahedral-like geometry.

A second possibility exists during the dehydration of the
dihydrate. This would involve the linking of the Cl ions with Co(II)
ions in adjacent octahedra to form a chain sharing opposite faces of
the octahedra. This type of structure has been found in the CsCoCl

3

species. (13) This structure was ruled out for KCoCl3-H20 and KCoCl3
because the spectra obtained for these species definitely fit a tetra-
hedral ligand field, a definite monohydrate species was formed, and the

magnetic moment indicated a change in ground state.
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The removal of the final mole of water requires slightly more
energy than the ice-vapor reaction at 25°C (14.68 kcal mole-l versus
12.4 kcal mole—l). This extra energy could occur if the water molecule
is being shared by other Cl ioms through hydrogen-bonding. The
entropy change is quite close to the entropy change for the ice-vapor
reaction at 25°C supporting the formation of a more symmetrical structure
for the anhydrous compound. The Spectrum was easily fitted to a tetra-
hedral symmetry with a Dq value of 352 cm—l. This value is close to
the value reported by Figgis (48) for Co(II) tetrahedrally surrounded
by chloride ions. The magnetic moment of 4.76 B. M. also indicates the
coordination of KCoCl, as being tetrahedral. A value of 4.77 B. M.

3

has been reported for tetrahedral (NH4)20001 by Fogel, et. al. (45)

4
The thermochemical, magnetic moments and spectral results

support a structure for the anhydrous compound similar to the mono-

hydrate without the influence of the water molecule. The C°2C16= units

in the KCoCl3 can go to a more symmetrical geometry similar to that
found in triphenylphosphinium trichlorocuprate (II). (49) The proposed

structure for KCoCl3 is shown below.

ct
c ci

cw/’c°‘§=:7c” 2 °\\c,

From this study it appears that the most logical way in which
potassium trichlorocobaltate (II) tetrahydrate undergoes rearrangement

is the one described. The upper hydrates show octahedral coordination
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going to tetrahedral coordination for the monohydrate and anhydrous
compound. This change in structure occurs during the dehydration of
the dihydrate as was found in the study of K206014-2H20 by Grindstaff
(2). The tetrahedral form of the complex was found to be indefinitely
stable in a dry atmosphere at room temperature. This is supported
by identical spectral and magnetic data obtained over a period of
two years. The formation of the trichlorocobaltates by fusion methods
have been shown by Gilmore (11) to have distorted octahedral configura-
tions by spectral studies. In that study the samples were formed under
conditions which could lead to a metastable condition with the complex
formed not in a true equilibrium. More invesfigation in this area is
needed to prove conclusively that this phenomenon is occurring.

It was again indicated in this study that the preferred

structure of Co(II) ion with a mixture of C1 and H,0 as ligands is

2
a distorted octahedron. The change in structure from a distorted octa-
hedron to a tetrahedral geometry by dehydration can be indicated by

the thermochemical values as proposed in a previous study. (2) The
enthalpy change and entropy change for the dehydration of the lower
hydrates in this study and that by Grindstaff (2) are contrasted in
Table 29. The change in enthalpy appears to be in the range of 6-7.5
kcal mole—1 for the dehydration step involving the change in structure.

The entropy change appears in all steps to be a more sensitive indicator

of small structural changes than the enthalpy.
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TABLE 29

ENTHALPY AND FNTROPY VALUES FOR THE REACTIONS

\ C ni = . -
(1 kCoC13 nI?O(S) KCoCl3 mHZO(S) + (n m)Hzo(g)
(2) !\2CnCY.4-nH20(S) = K2C0C14'm}!20(s) + (n—m)HZO(g)
Reartion n m AHokcal moloe-1 ASO e.u. mole-l

1 2 1 7.47 15,2
2 7 1 6.96 14.2
1 1 | 14,68 34.65
2 1 1 12.71 32.0

Further work in this area could consist of the dehydration

studies of other complex halides with the formula, AMX3, such

«? . . .
as CSC0C13 -920, RbCoCl3 ZHZO, KNiCl3 2H20, and KCUCI3 ZHZO.

Other anions beside chloride needs to be investigated

(50)

to see if thermochemical data is a universal indicator of structural

chanse or ccrurs only for the chloride~water exchange.



PART II

THE DEHYDRATION OF [Cr(H20)6Cl3 WITH LIGAND FIELD TREATMENT

OF [Cr(Hzoz]Cl3 AND TRANS [Cr(HZO)éClZ]Cl



CHAPTER 1

THE DEHYDRATION OF [Cr(H20)6]013 WITH LIGAND FIELD TREATMENT

OF [Cr(H20)6]013 and trans [Cr(H20)4012]C1

Introduction

The hexahydrate of chromium (III) chloride forms three hydrate
isomers which are the green [Cr(HZO)SCl]Clz-HZO, [Cr(H20)4C12]Cl-2H20,
and the violet [Cr(H20)6]013. Only a few examples of such compounds
exist and most belong to the "inert" d3 or d6 electron configuration.
This "inert" behavior makes studies involving the configurational changes
occurring during dehydration extremely time consuming. The time required
for re-establishing equilibrium between species being in some cases

weeks.

As a second part of this study, the dehydration of [Cr(H20)6]Cl3

was studied at room temperatures. The dissociation pressure versus com-
positon and temperature was measured with the apparatus in Figure 1,
Chapter 3. Only the first step of the dehydration was accomplished due
to the time involved. The study showed by mass loss and chloride analysis
that the species formed was [Cr(HZO)AClz]Cl.

The absorption spectra of both [Cf(HZO)B]Cl3 and [Cr(H20)4C12]01
were measured and fitted to the crystal field model using the computer

program by H. Joy. (1)

119
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Previous Studies

The dehydration of [Cr(H20)6]Cl3 has been investigated by Cathers
and Wendlandt (51) by differential thermal analysis. The results of this
study indicates Cr013'3/2H20 is formed in the temperature range of 100°-
250°C. The reaction given was

2[Cr(H20)6]Cl3 = (CrCl3)2°3H 0+ 8H20

+ H,0
2 (g) 2°(1)
No HCl gas was released by the violet [Cr(H20)6]Cl3 or green [Cr(H20) Cl]
- o
012 H20 below 250°C.

The X-ray structure of [Cr(HZO)AClZ]Cl-ZH 0 has been shown by

2
Dance and Freeman (52) to bhe trans Cr(H29)4CiZ+ octahedra units. The
octahedra units are linked together by hydrogen bonds between the water
mélecule bonded to the metal and the Cl~ iom in the outer sphere. The
X~ray structure of [Cr(H20)6]013 has been reportei by Andress and
Carpenter (53) to be composed of Cr(H20)6+3 octahedra.

The electronic spectra of Cr(H20)6+3 in solution was shown by
Schalafer(37) to have two spin allowed and one spin forbidden transitions at
17,400, 24,630, and 14,970 cm-l respectively. These absorptions corres-

pond to the transitions from the 4AZg ground state to the 4'I‘ 4T

2g’ “1g’
and 2Eg. The spectrum of chrome alum, KCr(SOA)z-lZHZO measured by
Spedding and Nutting (54,55) showed these same bands at 18,000, 24,600,
and 14,900 cm-l,respectively. The absorption spectra for D4h symmetry
involving CrX4Y2 complexes where X is water and Y is chloride have been
investigated in acid solution (56,57) showing two absorptions in the

visible region at 15,750 and 22,200 cm—l. No spectra has been reported

for the solid [Cr(H20)6]Cl3 or [Cr(H20)4012]C1 compound .
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Compound Formation and Analysis

The formation of the violet [Cr(H20)6]Cl3 isomer was prepared by

placing 100 grams of Cr(III)(NO °6H20 (reagent grade) in 100 mls of

93
HZO and 100 mls of concentrated HCl. The mixture was cooled in an ice
bath while dry HCl gas was bubbled into the mixture until crystallization
was complete. The crystalline product was re~-crystallized from a water
and HCl mixture removing the last traces of HCl by washing with acetone.
The sample was dried in a vacuum desiccator and chloride analysis
determined gravimetrically. (16) The chromium concentration was obtained
gravimetrically by oxidizing the chromium(III) with hydrogen peroxide in
a basic solution to chromate and precipitating as barium chromate. The
water concentration was obtained by difference. The analysis showed:

Cl 39.78% exp.; 39.90% caled.; Cr 20.36% exp.; 19.52% caled.; H,0 39.867%

2
exp.; 40.58% calcd.

The formation of the green [Cr(HZO)AClZ]CI was prepared by plac~-
ing reagent grade [Cr(H20)4C12]Cl-2H20 over concentrated H2504 in a
desicaator. The chloride concentration was obtained gravimetrically by
boiling a sample for several hours to remove the Cl ion from the inmer
sphere and precipitating from acid solution. The concentration of
chromium was found gravimetrically as barium chromate. The concentration
of water was determined by difference. The analysis showd: Cl 45.95%

exp.; 46.17% caled.; Cr 38.747 exp.; 38.20% calcd.; HZO 15.347 exp.;

15.63% calcd.
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Experimental

A sample of [Cr(H20)6]Cl3 was placed in the vapor pressure ap-
paratus, Figure 1, Chapter 3. The apparatus was placed in an oil bath
thermostated at 55.4°C and evacuated with a vacuum pump. The system was
permitted to reach equilibrium as noted by a constant manometer pressure.
The accumulated vapor was removed by a vacuum pump and again_allowed to
re-equilibrate as indicated by the dissociation pressure reaching the
same constant value. This procedure was repeated until a composition
equal to that of the [Cr(H20)4012]C1 was obtained when the pressure drop-
ped. The sample was removed from the system and titrated for €l iom
indicating two Cl~ ions in the inmer sphere and one Cl in the outer
sphere. This supports the formation of [Cr(H20)4C12]Cl species.

A new sample of [Cr(H20)6]Cl3 was placed in the vacuum sysfem and
pumped until a composition with equal amounts of the [Cr(H20)6]C13 and
[Cr(H20)4C12]C1 was reached. The pressure was studied as a function of
temperature over a range of 35° degrees. As a test for equilibrium, the
temperature was varied several degrees above and below the original
temperature. The system was given time to re-equilibrate (usually several
days) and then returned to the original temperature. The return to the
same pressure was used as evidence that equilibrium had been reached.

The vapor pressure versus temperature is shown in Figure 35. The vapor
pressure versus temperature data is ghown in Table 31.

The dissociation pressure displayed as a function of composition
in Figure 36 indicated that [Cr(H20)6]Cl3 dissociated according to the
reaction:

+ 2H,0

[Cr(1,0) (1C1 () ¥ H20%p)

3(s) [Cr(H20)4C12]C1
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The dissociation pressure was found to follow the expression:
Log P = -AH®/An 2.303RT + AS®/An 2.303R

where R is 1.987 cal.mo].enl deg—l and An is the moles of water removed.
The standard enthalpy and entropy of reaction obtained from this expres-
sion was found to be: AH® = 7.92 keal mole t and As°® = 15.33 e.u. mole L.

The diffused reflectance spectra for [Cr(H20)6]C13 and [Cr(H20)4
C12] Cl were obtained by placing a small amount of the finely ground
sample in a microscope well slide prepared in the same manner as in Chapter
4., The sample was placed in the DK-1 spectrophotometer and the absorption
spectra obtained in the range of 2000mu to 70C mu with the Pb detector
and tungsten la-ip. The 250-700 mu range was determined by using the

photo-multiplier detector and H, lamp. All d-d transitions occur in the

2
300 mu to 1000 mu region and are displayed in Figure 37.

Spectra Fitting

The spectrum of [Cr(HZO)ACIZ]Cl, Figure 37 shows three bands

1

located at 16,400 cm —, 22,500 cm_l and 32,200 cmfl. Assuming a Dab

symmetry with a ground state of 4Blg, the first transition was assigned

to the 4B > 4B2g and aBlg - 4Ec, and the second transition to the
o

lg
4 4 4 4 -1
B, - A, and B, -+ E . Dq was set at 1640 cm = obtained from the
1g 2g 1g g

first transition, B was set at 700 cm-l, C/B at 4.0, Ds and Dt at 100 cm'_l
and S.0. at 60 cm-l. All parameters were iterated by the program until
the best fit for the spin allowed transitions were obtained. The
transition at 18,800 cm-l was next tentatively assigned to the 2Tlg(G) in
Oh symmetry from the Tanabe-Sugano diagram, Figure 15. All parameters

were fixed except C/B and from the computed program the best fit for the
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Log P versus 1/T x ch (A9)
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TABLE 30

VAPOR PRESSURE DATA

4 =
Cr(!20)6 Cl3(s) [Cr(HZO)AClZ]C1(s) + ZHZO(g)
% 7 {mm} f %0 P (mm) f
55.4 1n.55% 1.682 55.4 8.65 1.487
9.40 1.670 7.40 1.468
8.60 1.654 ’ 5.30 1.458
8.85 1.618 1.80 1.450
3.8n 1.608
R.85 1.55R

8.95 1.519
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TABLF 131

3

Lor o(;tm) vs 1/T x 1N (A% nata

(N C 1 = [Cr(} "
[Cr(1,0), 1 30s) [ r‘420)4r12]c1(s) + 2n20(g)
3 o 3,.0
" {rm) P x 107 (z5m) Loz Platm) T(A) /T = 107 (A7)
£.329 -2.273 3n7 3.257
£.7282 -2.105 311,2 3,213
R,557% ~-2.068 320.0 3.125
. nnn -2.000 323.,0 3.1796
11,7044 -1.934 328.4 3.045
.45 15.065 -1.822 334.0 2.994

.70 70.AR57 -1.685 343.0 2.915
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FIGURE 36

VAPOR PRESSURE OF [Cr(H20)6]Cl3 AS A FUNCTION OF COMPOSITION

55.4°C
10.0
. Q.0. —
P (mm)
5-0 -
(0]
[Cr(H20)61C13 [Cr(HZO)SCl]Cl2 l
O _ 1 1 [ [
1.650 1.600 1.550 1.50 1.45

£ sample weight/anhydrous weight
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FIGURE 3
REFLECTANCE SPECTRA

—_— [Cr(H20)6]Cl3
- - — [CI(H20)4C12]C1

500 1000

wavelength (mu)
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TABLE 32

COLLECTE"Y SPECTRA DATA

Trangitin Calsulated Nbhserved Peak
-1
She mu mn Nescrinption

[Cr(ﬂ20)4C12]C1

1. AB,? AFﬁ(aTo?P) 15,610 A4N.6 642 shoulder on intense peak
2. - 4FZ?(A'T‘?"F) 15,491 645.5 645 shoulder on intense peak
3. “pzp(awégp) 16,478 606.8 610  intense peak
4. AP°(4TTPF) 22,382 446.8 445 narrow intense peak
5. &W;(4T1pw) 22.442 445.6 445 narrow intense peak
6. AAZQ(AT]PF) 21,910 456 455 shoulder on narrow

4 | ’ intense peak
7. Eg ( TIHP) 35,034 285.4 not observed
8. th(aT]gP) 34,975 285.9 ‘ not observed
9. 4A 4 |

20 ( T‘?P) 34,780 287.5 not observed

10. 4A]g(zEOG) 12,316 811.9 not observed
11. ZBlE(ZEgC) 12,329 S11.1 not observed
12. 232P(2T2n6) 18,685 535.2 532 small peak in valley
1. ZEO(ZT?OC) 18,606  534.8 535 small peak in valley
14, ZE;(zTZRG) 18,704  534.6 535 small peak in valley
5. gﬁ?(?T]0C) 27,735 260.6 part of narrow peak
14, Zmn(lepc) 27,667 361.4 part of narrow peak
17. ZA?o(zT;OG) 28,885 346.3 part of narrow peak
18. 2A1¢(2A1ac) 25,970 385.06 part of narrow peak

19, zﬂn(zﬁl?ﬂ) 29,815 335.4 333 small peak
& >



TABLE 32-continued
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Transition Calculated Observed Peak
-1
cm mn mu Description
4 2 2
20, By Eg( B’PH) 30.013 333.,2 330 small peak
o 9 o
27 'Fﬁ(2T1°H) 33,052 302 309 small peak
b3 -5
n
22. ”Eﬂ(zT]PH) 32,939 303 310 small peak
2 " a2
23 “A?"("TIQH) 32,763 305 312 small peak
Y C
Cr(H?O,6 _13
1, 4A79 4T7"(F\ 17,807 561 557 medium symmetrical band
2 “r (%) 25,278  395.6 390 tall symmetrical band
3. AT1”(“) 39,526 257 not observed
4. ZEQ(G\ 13,707  729.5 not observed
S. 2y, (e) 16,466 692.3 hidden under band 1 on
- lower energy side
Al “TIH(C) 20,806  480.6 485 shoulder on 1
2
7, "qu(H) 31,900 3113.5 314 low peak
R. ZTQO(U) 31,424 8.2 318 shoulder on 7
Q. 2y 33,442 299.03 not observed
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TABLE 33

SUMMARY OF FITTTNG PARAMETERS

fomnley Dq Rt Cc/B Dq Dt R'/RB
[Cr(“20)4C19]C1 1643 637 4.0 103 96 .h9
1780 760 3.58 0 0 .83

[Cr(ﬂ20)61013
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spin-forbidden transitions were obtained.

The spectrumfor [Cr(H20)6]Cl3, Figure 37, showed three bands at

17,800 cm_l, 25,300 cm-l and 31,900 cm~l. Assuming Oh symmetry with a

4Azg ground state, the first transition was assigned to the 4Azg +4Tlg(F),
and the seconé transition to the 4A2g > 4ng. Dq was set at 1780 cm-l,

B was set at 740 cm-l, C/B at 4.0, Ds and Dt at zero, and S.0. at 60 cm_l.

The program was allowed to determine the best fit for the spin allowed
transitions. The spin forbidden transition at 31,900 cm-1 was assigned
to the 2Tlg()i). Again all parameters were fixed except C/B and the pro-
gram iterated this assignment giving the best value for C/B and the spin
forbidden transitions.

The collected gpectral data is given in Table 32 and the fitting

parameters obtained are given in Table 33.

Results and Conclusions

The dehydration of [Cr(HZO)G]Cl3 indicated that [Cr(HZO)AClZ]Cl
was formed at the temperatures studied. The enthalpy of 7.92 kecal mole_l

for the dehydration is definitely in agreement with that of CoCl °6H20,

2
K2Cocl4-2H20 (20) and KCoCl3°4H20 where a change in structure occurs.
The change in structure here being from an octahedron for [Cr(H20)6]013
to a tetragonally distorted getahedron for the [Cr(H20)4C12]C1. It also
apprears that the substitution of a chloride ion for a water molecule irvolves
about the same energy as shown in a previous study. (3) _, The entropy

for the dehydration reaction of 15.33 e.u. mole-l is also in agreement

with the previous study for the chloride-water exchange. (2)

It was noted from this studv that the dehvration of Cr(H. M 1M
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and [Cr(H20)4C12]CI'2H 0 can serve as a model system for testing the

2

theory that structure changes can be indicated by thermochemistry. The
[Cr(H20)4012]C1-2H20 hydration isomer is known to have water hydrogen
bonded in the outer sphere and should give enthalpy and entropy values

equal to theice -vapor reaction at 25°C. The [Cr(H,0)_]Cl, involves the
2776°773

chloride and water exchange with a structure change while the [Cr(HZO)4

Clz]Cl'ZH 0 involves no change in structure.

2
The spectra of [Cr(H20)4012]01 was found to fit a tetragonally

it
Z

distorted octahecron with axis elongation. An observed Dg value of

1643 cm_l is in agreement with the calculated value obtained using the

average field rule.

Dq[Cr(H20)4CIZ]Cl = 4”’Dq[Cac(H20)6]Cl3 + 2/6Dq0r013

Using the Dq value found for [Cr(H20)6]Cl3 and a Dq value of 1380 cm--1

for CrCl3 (12), a calculated value of 1647 cm—l is obtained for

[Cr(H20)4C12]Cl.

The spectrum of [Cr(H20)6]013 was found to fit a near perfect

octahedral model. An observed Da value of 1780 cm'-l is in agreement with

-1
the 1740 em ~ (37) reported for KCr(SO&),'12H9O which has chromimum (IIT)

ions octahedrally surrounded by water molecules.
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