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o - ABSTRACT /
“d"‘q I ,

rVariqusg low-energy and high-—enerﬁr modificationq ;t‘or
anmines of some transition metal sulphates have been p;epared.
their energy differences, obiained from the heat of solution
measurenents, have given sibstantial verification fo;' the validity
of theé thermo&hémica; method recently proposed for measurement of

3

ligznd field splatiing energy«

Hydrates of CoCl, and NiCl, have been studied to show

that /'the method ig also applicakle to salits other than the sulphates.

/2
In order to illusitrate the gensitivaty of the technique, the wvalue
of 10Dg for the complex [ Fe(IZzo) 6-7 2+ 1n the double salt

Fe(:L,0) 650, (7E) 250, bas been estanated. This was Zound to be

4
conparable to the value obizined by the spectroscopic method.

-

IR and reflectance spectroscopy bave been used o
111u9’brafgé poscible differ'emc(;s in the nature of the bonding in the
two modafications of sald hydrates, From the information thus

.. Obtained, a poceible theore’i'zical éxplanat:r.on of the correlation
;:etween the difference in heats of colution and the ligand field

splitting energy has been presented.
g
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INTRODUCTICN

1. gldra-’teﬂ ! Q- - " ‘

Transition metal complexes have J.ong 'been known to
have a mmber of physical and chemical properties which d:.s-.
tinguish them from other metal ions. Even though the more éen?-
ral valence bond { VB ) theory and ithe malecular orbital { o0 ) -
theory have been applied to describe the nature of bondlng in
these complexes, the ligand field theory ( IFP ) has been widely

used, due to its relative simplicity.

o : LIS

In several ways the ligand field theory resombles the

i o, .
. erystal field theory, developed by Bethe (1), where the bonding -

in the complexes is regarded as completély ionic. Ome of the
differences is the requirement by the ligend f;eld theory that.
gome degree of covalent bonding must exist in thesa complexes,
and::i».n some cases, such as Fe(C0) 5. J-bonding has to be consi-~
dered foo, in order to account for the greater metal-carbon bond
energy of M-C=0 compared “to the metal-carbox;. bond energy of — "

n—'cﬁs (2,3)e

~fhus for a mimple complex, such as /[ M(H;0), 7 2 the
energy for each natﬂ-lfémd bond could be estimated i:y applying
elassic_al el:ac'l:;ostatic theory to ”'ihe interaction between tihe
positive 'charge on the metal ion, Ze, and the dipole moment of
water, 8, at a distance R. This energy im ‘about 50 kcal./mole

»
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Yo, -2

(4) for each metal-~ligand bond, which is considerably smaller

0

than any usual covalent or ionic bond emergy. Owing to the re~

lative weakness of the bonds in the complexes, they’could easily
be bro;m consequently many reactions involving metal-ligand
bonds have been studied, both in the solid state and in solution.

Considerable attention has heen given to the quastio;x
of the nature of these compléxes. In particular, attempis have;
been made to decide the, nunmber of water mol;oules coordinated to
"a particnlar jon. Bockris (5), who reviewed the.older experi-
mental data on the ‘aquo—conplexes concluded that “ﬁhq number of
water molecules bonded to each metal ion is variable depending
on the cation. This variation could be understood in 1l:erms of
a simple model whéra the electirostatic influence of th/a cation
on the neighbouring water molecules would vary according to the
pgizes and charges of the ions. The nearest waler molecules would -
be more affected and the influence would be weaker for the more
distant ones. In this model, the nearest water molecules whic
make up the inner-coordination spﬁare are thought to be more ?f}’
gpecific in huuber than those which make up the outer or secondary-
sphere. u

§ ! < :

Imotopic Fractionation experiments on the"aquo—couplexos
(6,7) Bave given support to the idea of definiteness of the co~
ordination number of a hydrated metal ion though this may not

necessarily be true for the larger cations such as Cst. In fact

it has been found that for the hydrated Cr>* snd a13* the




.
. -3 -
Al

coordination number is six. Similarly, recent investigations
using experiments ‘on small-angle aoatter,ipg of X~rays have indi-

ecanted that a coordination number of six is also true for the

hydra'ted' (‘.‘02"' and Ni%* ions (8-10). , &~ -

.

* &

However, it has been generally accepted for a long

-~

A

time that most of the hydrated cations have the gene::a.l formmla
[ (5 0), 7 n*, and, furthermore, all six water molecules in
éﬁich species are equivalent (11,12). In this state, the six
water mg;rgsuiea are octahedrally ’arranged around the ca't:iqn and

they are commonly known as ligandse

o

In sdlutfion, the amportance of these ligands is obvious—
1y to stabilize the ca:bion by reduging the concentration of the
charge density on the metal 1on. In ;r;ystall:'me solids, however,
the presence of ligands is sometimes necessary to stabilize the
crysﬂ:alsfas a whole. For example, in Fe(H,0),SiF., the six water
moleocules are coordinated to the 1?52"' ion to form a larger cai=
ionic species, and thereby would inorease the Sili'éz"- s:trf"
distances, resulting in reduction of the repulsive interaction.
The F-32+ alone 1s too small to give a stable 811'62—- 31162'
interionic distance and therefore no anhydrous Fesil‘s is known

to exist (13). ’

In most crystalline solids, however, the six water
nolecules may not be octahedrally arranged around the metal ion

becauge the presence of the anions may induce furiher interaction
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(14) suqhsas hydrogen bonding. Thus gona of the bonds might be

%
less s'brong than others in complexed ape%hyﬁ. -~

’

In addition to the ligands, another type of water
molecule may also be present in a crysfalline hydrate. These ;
molecules may he bonded differently and serve a different purpose
other than stabilizing the cation or the crystal as a whole.

Such water is comnonly known as “anionic" water, "lattice" water
or "gtructural® water. This anionic water is sometimes regarded
as filling the spaces it;. the lattice due to the nature of packing
(15) or in some cases it might act as a bridge between two lattice
J:ayers (16). The streng:hh of the bonds hccbld:i.ngw such water mole-—
cules to the lattice constituents varies from one soJ:Jid to another.
It is considered to be slightly greater than the energy of a
metell—ligand hond, though some authors believe it to be smaller
(17,18). .

In the pentahy(h:ate of copper(II) sulphate, for example,
it has been demonsirated by X-ray analysis that four of the five
water molecules are coordinated to the copper ion at a distance
of about 1.98 £ (19) while the other one is hydrogen bended to
the sulphate ion and tWo of the ligendsj hence i¥ has vden known
as anionic water, a.a‘ shown (20) in Fig. l. Similadly, tHe hepta—
hydrate of nickel(II) sulphate has been shown to have octahedral
entities of [Wi(H,0)5 7 * with the H,0-Ni bond length varying
from 1.96 & to 2,08 § (21) while the other water molecule is

hydrogen bonded to the sulphate ion and fo iwo of the ligands.




Hydrogen bonding in the hydrates of Copper Sulphate
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A Bligirtly dafferent siméffé: is found in the alums,
such as the potash alum, KAL(S0 4)2-12E‘,;'(3. Crystal structure
analysis has shown that each of the metal 1ons; ’x'i+ and A13+, is
surz:oun&ad by six water molecules in an octahedral fashion with
a H 0K bond length of 2.94 X and. & H,0-AL bond lkength of 1,94
2 (22). Because of the rela{;ively longer bond length of Hao—x
comg‘ued'to other metal-v:ai;er 'bonc} lengths, the water molecules

around the potassium ion in the alum are congidered to be lattice

water (23). ) oo

"

, The variation in the hond) leng';hs and the types of
bonding given above for the water molecules in the hydrated galts
indicate differences in their bond energies. Thus, not all of
them are equivalents some of them would be weaker than others
and hence would be more sensitive to reaction. Por erxample, an .
thermal &issociation, the anionic water in the pentahydrate of
copper sulphate would be .evolwed at a éuch higher temperature
then the other four water molecules (24-26) . Thais, however, does
not necessarily mean that in all cases the anronic water iz more
Kst'rongly bonded than the ligands. For example, the hepgahydrate
of nickel{II) sulphate is known to lose 1ts anionio water «abily
to form the hexahydrate in which all six watez: molecules are
coordinated to the metal ion (27,28)., It 1s also thought that
the non-coordinated walker moleculesg in potash alum are evolved

at a lower temperature than the water molecules which are ligands
(17,18). g



Thug, in the process of thermal dissociation of a salt,

-

the reaction

/1

| R /
‘1 ; ,
WXyaH 000y —» MR,y + aH 0 g

would go to /completion af'ter .passing through a number of stages
involvang :f’l)rmatlon of vc.nmts stable xntemed:.ate hydrates.

Some of these intemedxate hydrates may be stable eover a wide
range of temperature depending on the sirength of the remaining
metal-ligand bonds. S¥nce the early part of thism century exten-— ’
sive investigatioms (29) have been done in thim field to determine
the number of staple hydrates that could exist for each salt.
For this purpose«/the modern techniques of daifferential thermal
analysis ( pTa’) and thermogravimetric analysis ( Toa )uhave been
most helpful. The number of stable inlermediate hydrates veries
from one galt to another tut most chemists have now agreced to the

number for each, However, there are still a few uncertainties

(30~32) especially when the existence is only tremsiiory (33).

«
+

If & salt ixﬂzg.te is heated slowly, the process of
thermal dissociation is analogous to boiling, where the disso-
ciation pressure of the salt becomes equal to atmospheric pressure.\
Therefore the number of intermediate hydrates t'hat could be ob-
serve@ in ﬂ?te courge of dehydration would depend on the externsl
pressure of the chamber c;onta.ining the salt (34,35)« Under atmos-
pheric pressure, for example, the heptahydrate of magnesium

s1}1ph&ta would give the anhydrous salt after passing through

N
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geveral stages, as follows (33,36)

z ral 2 o

Q
MgSO4.61120(B) b 4 H8304¢5H20<s) + H20(1) \Fa.‘l: 85—956 @

(+)
: o
Mgs0,.3Hp0(o) —> MES040280( 3 + HO(,) &t 135-45°C

0
H@O4.2320(8) — H§040H20(s) + HEO(g) at 1459’95 [H

()
and HgSO4.H20(B) — ) KESO4 (=) + Hao(g) at 320~40°C

If dehydration was done by using the DTA .technique,
each of the reactions shove would give an endotherm indiceting
the abgorption of heat. Under. reduced pressure the aigsociation
temperature would be lowereds consequentily each 9:(:’ the endotherns
on the DTA chart mguld be shifted to a lower temperature. The
shift might be so large that the endotherms would overlap each
other. For examplel at a pressure of 24 Torr, only iwo endotherm;

at 45°c and, 90°G we’fe observed by Rasgonskeya {37) in the thermo—

gram for 1@04-711?0. i

W ®
» e F

It is probable that the endotherm at 45°c “indicates
digsociation of the heptzhydrate to thé pentahydrate followed by
the dissociation of the pentahydrate to the monohydrate at 90%.

Closer examination of the solid Phase during the
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decomposition process for each of the hydrates of magnesium

+ ' pulphate wonld reveal two processes taking places
.(i) the e}ﬁ}na%ion of water from the’ lattice, and
(ii) & change in the lattice structure from that of the parent
hydrate to that characteristic of the product.
When thermal dissociation is done by applying a differential ' ] -
) heating technique, there is a poss:ibilzity that the second procéss
\ﬂo}xld not occur immediately following the first (35)» One reason
. for this is that not enough energy is transferred to the reactidn’
‘centre to start the nucleation of the stable product. Because .
of this, & metastiable solid phase may appear and its subsequent-
;rea.rrangement to form the stible one may take place only on
further heating. Ordinarily mogt salts form their lower hwdraiieg .
in stable form fairly esdsily. This,is the reason for the
oceurrence of siages in the course of dehydration to the anhydrous

salta. i

o
%

]

If the crystal lattiice of the parent hydrate remains
intact after enlution,of water it is expected that -this would
also be the lattice of the product. Kot very many salis have thus
far been found to ahos: this behaviour but the dehydration of
Caso 4.(0.5}120) may be cited as an example. The water-goluble
anhydrous CaS0 4 obtained by heating the hemibydrate in air at .
170-9o°c would absorb water wapour easily to re—form the hemi-
hydrate (38). The X-ray diffraction pattern for this anhydrous
salt 1s very similar to that for the hemihydrate. Thus it has

R

&
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béen concluded that the lattice structures are similar also. If the
a.]nhydrous salt were further heated, it would become insoluble ;n
water and would not absorb water easily when left in aar. The
densit;{; of .thfa salt would increase with the temperature of heating,
until at about 380°C it would become viritually constant. , The X-ray .
diffraction pattern would now be different from *bha.i; of the hemi-
hydrate and hence the i.a:btice gtructure would not be the same as
that of the hemihydrate. Thus it appears that the procé’ys};ﬁdf
evolution of water molecule‘x)s from the crystalline hemihydrate w?uld
not be accompanied by lattice rearrangement, and t;is lattice would

r

remain intact and stables The formation of the new lattice - that

i 1
of the anhydrous galt, would only be possable if enough energy were
supplied to initiate the process. In doing so the lattice would

contract giving the obmerved increase in density of the malt.

t
In A,pi'be of the fact that the crystallization of the

metagtable intermediate phase to form the more stable final phase
requires W relatvively h:l.gﬁ temperature of heating, the process
itmelf is edotKermic. Normally this process occurs immediately
following the svolution of water from the lattice and therefore
the heat effect is obecured by the endothermic effect of the

latter. If the iwo processes were peparated, their indivaidual
¥

Pad

beat affecis could be obmerved om DA, and this has been shown to
be the case for the dehydyation of ‘kgso 4«.7}120 at a pressure of

f 1
24 Torr. Following the endotherms st 45°¢C and 90°¢, an exotherm

o =

4 - -
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ocourved at 286°C on- further heating {38). - "
&
. Investigation of the product of dehydration of

Egso 4:7H20 at‘ a ,preasu;‘re lower than 24 Torr has also been x'nade
(39-41) . Expériments”p,erformed at,a pressure lower tham that at
which the minimum rg{%g of dehydration occurred, e.gey 4 Torr ab

40%, yielded prodt%éts which did mot diffract X~rays coherently. .

The producis were quite stable and characteristic lines of the
- A

monohydrate (kieserite) were only observed in their X-ray
diffraction patterns when the salts were heated a:t about 13o°c
for two days (39)« Products of a similar nature were also
obtained for hydrates of;;veral metal sulphates (42,43) and

ms;nga.nese oxalate dihydrate (44), when the ligands-were removed .

under vacuun.

These experimental resulis suggest that the metastable

2

phase wh:.ch appears to be normal for the came of CaSO 4 may not

necessarily so for other saltass Ii seems laikely that the loss of

wator lmgandsy from the pentahydrate of copper sulphate for. :

?’ P

examp?!.e, is accompanied by la;b‘bice ¢ollapse to form the metastable’
phage. This phase would lack adequate lattice order to diffract .
-»

)

X:rays coherently and might remain steble over a period of time. . -
Thus the question aripes whother the water present in either :bhe
hemihydrate or the dihydrate .of calcium sulphate is actually

ligand water or lattice water.  Crystal structure analysis of +the

- 6
dihydrate shows that the H,0~Ca distance is 2.44 A (15), however
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this does not necesgarily mean that the water molecules are
N

ligands. The fact 17 the' lattice does not collapse in the case
of Caso 4 wo;:.ld, strongly indicate that the water molecules simply
£ill vacant spa.eae; in the lattice.  Removal of these water N
molecules from the lattice would seem only to create holes, and
gince t:here would be mo subsequent rearrangement of the remaining

lattice comstituents, rehydration to give the original hydrate s

5 A = * . !
could occur fairly easily.
&Ju wp f
-, Similar discussion would appear also to apply to the

I y

UF,-3H;0. It has been observed that the lower hydrates of these >

4%‘;oaucf:s of dehydration of UO§+CZO

il

salts have sirjxilar X~ray patterns to thoage of: the parent hydrates
(45-47)« THF 4.(é.5~3)H20, prepared from an aqusous solut::on of L
Th¥* in 404 HF would yield Thp 4.(0°.5—2)320 .on standing in the

mother liquor for two days. Both thorium salts gave ThF 4.(0-5)1120 . / ‘
when heated at 250°C under vacuum, but THF,o(2.5=3)H,0 would: niot
form ThR 4.(0.5-2)1120 when heated in an oven (48) . since their

- X-ray diffraction patterns were similar, all the hydrates of ']‘.'m?‘er
have been regarded to have gimilar lattices. The anhydrous salt

obtained by hesgting HF and Th02 at 450_°c, however, gave & product

which showed ‘g -different X-ray pattern. This salt did not react -
with water to form any of the higher hydrates (49)% ey
v L \
L
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Tha possibill.ty of :t‘o:mation of motasta.ble phases is
now w:&plgmaccepted. Sizty years ago it wasﬂonly a working
b:rpothes:ls proposed byﬂ!‘artington (50) to describe the sequence
in the deh,y:dratio:; process. Partington regarded-a c;:yetal as
compoged of nolacul;r aggregates of the anhydrous salt and the  °
-attached water os¢illating about fixed points in a definite space
(’lat'bioce. ’ If th.es kinetic energy of one of these aggregates excedded

a finite anulow;nt, «the components would t and a molecule of water
&irould be ejected from the space lattice. 'I'his would disrupt that
portmn of the lattice a&;acent to the centre of the hsturbance. .-
* Thig lattice would break down and the molecules of solid lower
hyd?atewor anhydride would fall itogether into an amorphous
aggregate which “would rearrange only slowly to give a stable new

space lattice, that of the normal crystalline form.

3 . Bovév:eriwtidanoé from the dehydration kinetics of
copper(II) sulphate pentahydrate led Rae (51) to conclude that'the
lot:er hydrates 'formed%were microcrystalline, instead ?f amorphous
as suggested, by Partington. According to Frost et al.(52) the

" formation of microcrystalline lower hydrates was possiblé in that

» as dehydration proceeded from m;pl;ated points on the c¢rystal
surface, contraction ocourred resulting in capillary formation.
VThe regions beiween these capillaries _would be clogely packed with

a disordered assembly of microcrytals. Thus crystals .

T
I
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of macrosizes could not be formed as a result of the discontinuity

due to these capillaries.

-~

While there is no conclusive support in favour of either
mechanism, :’Fh*has been generally acgepted that ﬂ;e formation of ~
the amorphous oz: micrecrystalline -forms is really an imporiant
concept which may explain a number of obgervations.: VWhen the
true nature is uncertain the word metastable has often been used
to describe the state. i/hile the earlier mechanism is viewed as
a more plausible explanation for the hydrates of metal sulphates,
sgome authors have thought that certain results could 'be more
readily erpilaineoi by assuming that the metastable intermediate

4

products are microcrysialline.
f

Stndies of the kinetics of dehydration hove provided
betier understanding of the dehydration process. Ordincrily,
the interpretation of kinetic data is guite difficult because
of the possibility that the water evolved might be re-sorbed.
To avoid this complication, Garner and Tamner (53) carried out
their kinec‘tic s¥yly of the dehydration of CuS0 4.51120 Junder vacuume
They pointed out that the thickness of the product layer on the
surface of undecompozed salt did not appreciably retard the rate,
of dehydration under vacuum. This would imply that the product
is very porous to water vapour. g‘here might, bowever, be pressure
due to water vapour between a ré;zction interface and the crystal
surface. This could hgnder the escape of water vapour. )'I'he

exper:.m?;zts of Garner and Tanner were apparently carried out

| 5

L]

-
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under conditions of dynamic équih'brium, wléere the rate of |

production of water vapour equale the rate of its removal. It

would follow that the lower the pressure, the greater would be the

ratie of dehydration. Ilowever, Top]:ey ;and smith {54) and Volmer and
seydel (55), who rindependantly investigated the rate of dehydration
of }Sncao 4.QHQOTat various pressures of water vapour, found that
this was not sfrictly true. The relation obidined is repreduced ‘in
Fig. 2, ¥ith jncreasing pressure the rate was found to decreasge to
a ninimm.at about 0.1 Torr at which point it rose o a meximum at
about 1 Torr fc;re gradually decreasing again as the pressgure
approached th; equilibrinm vapour pressure o;' the hydrate. p
Although Topley and Smaith made an attempt to explain
this phenomenon, the explanation offered by Volmer and Seydel is

now generally accepted. According to them, under vacuum, water

. molecules could leave the surface of* the salt without hindrance.

The product would lakely be amorphous and would have & higher
free energy of formation ;shan the nqrmal crystalline salt due to
an additional sitrain energy. This additional strain energy could
originate from the difference in moleculsr volume in the solid

reactant and product.

For a reaction like

021

A(B) -ty B(B) + G(g)

the molecular vc:}ﬂa of the product, B, is in general smaller

than the molecular volume of the reactant, A (56). Because a

4
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: Figure 2

Topley = smith effect
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golid phame cannot readily accomodate thig volume change by
viacous flow, @ strain is set up in both phases. Therefore in
the expression for the free energy of formation of a reaction

micleus, the energy }e/:m due to this must be included, i.o.,

. daw//]&@* = adi2/3 + b1 (AG+E) (1)

where ¢ is the surface free energy, i is the number of molecules
in the mucleng, AF is the chemical free energy change for the
overa?lla reaction, B ie 'l;he girain energy, a and b are constants

~~ (57). If product B is amorphous; the sctrain snergy could be
spread out through the entire crysial. In a normal crystalline
product ’chi;s gtrain energy would be releaged upon erystaliiza—
tion. This seems to explain why the rate of dehydration

decreased to & minimun as the pressure of water vapour increased.

¢ +
At higher pressure, recrystallization would occurs

thug the product would shrink and cracks would form. This would
facilitate the subsequent releame of water vapour and hence
release the strain energy, a’co increase the rate. The product
would then be crystalline and would have a lower i‘reé energy.
Fur%';xer dacrease in rate would be due to approach of the

equilibrium vapour pressure.

Several experiments on dehydration of galts under wvacuum

have been done since then especially by Frogt and coworkers at

Queen's Universiiy. Sdme of the salts d4id not szhow the rate~

[
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pressure relation as above which hgs been generally known as the
"Topley~Smith" effect.

Hith the exception of the cases mentioned for the

hydrates of 03504, ‘l‘hli'4, 3026204 and UP4, most hydrates of other

metal salts yield products of vacuum Aehydration which do not
YG;i.:t':t'z-za.c‘!: X-rays coherently. It appears that for the four examples

given above, there ig strong covalent bonding in the lattices 91'

" the higher hydrates to form rigid crystalline networka. The
removal of water molecules from such lattices would not be "
accompanied by lattice relaxation. The spaces formerly occupied

by water molecules would not be filled by the remaining lattice

— e
——

constituexg_:s and therefore rehydraﬁn\?f‘tke\produqt, would be

facilitated. It,d ag & result of lattice rearrangementi, these
spaces were filled, the packing would be tighter and this would
! hinder the ease oafo rehydration. 4

- Por other salts also, such ag (us0,, the removal of

4?
water yuld not result in lattice rearrangement, but because the

- crystalline network is lese rigid, the lattice would probably
collapse into an amorphous aggregate. On the bagis of the
experimental results on the relation between the rate of dehydra- ,
tion and the pressure of water vapour, it appeare that the chaotic
aggrogation of the lattice constituents of the product would, in
the presence of water vapour, rearra;nga to form a malid erysialline

network. The influence of water vapour on the proceas of

rearrangement seeme to be similar to the effect of heating, in
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that both would increase the mobility of the .lattice oconslituents
to rearrange and form the normal corystalline salt. If the pressure
of the water vapour increased the more extemsive would be the

crystallization of the product phase to the point that at aimos—

/pheric pressure the product of dehydration of & salt would be com-

pletely crystalline.

1
s

3 « Properties of the Products of Vacuum Dehydratiion.

I% hes been ment’ioned that the products of vacuum
dehydration lack lattice order which resulis in the failure of the
salts to diffract X-rays coherently. In & normal crystelline
material, the lattice is composed of a periodic arrangement of
unit cells in"three dimensiong. Thisg peri;xdic arrangement is
;t'e;;;onsizgle/ forf ;:I;e ;'b‘ilit; of a cerystal to diffract X-rays coher~
ently. For the anhydride of 00,€,0 4° however, it appears that the

[

skoletal lattice of the trihydrate pemains intact on vacnum

o

dehydration and thus the principal diffraction lines due to anz"

and cgo 42- can be observed.

H.’!.thout such periodic arrangement of the lattice
constituents, a solid 'is said to have no short range order. This
tgm is often used to describe the siructures of glasses and
liquide, since these substances also do not diffract X-rays.
However, short range order alone is insufficient to determine
whether z matorial can give a ;'agula.r X~-ray pattern. This sghort
rang‘a‘order must continue to a finite-extent to give long range

ordeyr before X-rays can be diffracted coherently. Wicrocrystals

-
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for example, do noi rd:lff.ractJ X-rays because they do not have long
range order., A microcrystal’ is made up of a number of unit cells,
the sum of which does noi oxceaa‘ the limit of 100 £ in thiclmess.
According to Azaroff (58) thia is  the gize limit for a miorocorystal
to be able to diffract X-rayss Thus it im possible that a product
of vacuum dehydration may be in form of microcrystals and not

composed of amorphous aggregates as described above.

It is understood thet such a structure would be very
unstable, so that in time and under appropriate conditions it would
revert to the normal crystalline form. However, for some very
stable produsts of vacuum dehydration of certain salts, micro~
crystalline structure would be wnlikely. At least for iso s the
;tmcture of the product may resemble glass. Since glasses do not
diffract X~rays coherently, they are thought to lack ecrystallinity.
This has led to the view that glasses are wiscous, supercooled
liquids. A pictorial representation in two dimensiong of the
bonding in a glass is shown in Pig. 3be. Silicon Poms are bonded

to other silicon atoms by oxygen to form cyclic units of different

‘sizes in which no regular order occurs. This is in contrast to the

regular cyclic wnitsg of & erystalline material containing the same
chemical species, Fig. 3:. If the product of vacuum dehydration of
Niso 4 hag a structure very similar to that shown in PFig. 3b,
reversion to the normal crystalline form might be possible if the
bonde were broken and the mobility of the NiZ* and 80 42 " ions were
increased. Likewise glasses have g tendency to become crystalline

2
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after standing for a lomg time (59). Crystals may separate when
aged glasses are heated (60).

’

In a compound containing highly s

such as sulphate ions, glass formation could be achieved if the -
anions were subjected to asymetrical forces pitrong enongh to ]
distort the bonds (61})e In tp products of vacuum dehydrahtion oé
gulphate salts such forcesg could very well be present to give the
proposed random distribut:.gri 7ofk ions, If so, heating and oooling
would be éxfg;écted“ to:;.use migration of the ions and ligands.
Changes in coordination symytry of the cation would cause changes
in the colour of the mample. This has been observed to occour in

glasses containing cobalt and nickel cations (61).

s

The lack of lattice order may also caﬂf the 1):!*%\«11101.“J of
vacuum dehydration c‘:f a salt to have a higher heat capacity.and a
higher entropy tﬂhan the normal orystalline material. Giauque and
Archibald (62) found thet NgO, prepared by lzea».tfm‘g,'“Mg((m‘)2 at
300-350°C wnder vacuum, has a heat capacity of sbowt 1.998 cal./
dege-mole at 100°k. This velue is higher than thei heat capacity
for the normal céystall:’ma ¥g0, prepared by crystallization Dfrom
the melt g63),wwhioh was fonnd to be 1.894 cal./deg.-mole at 100°K.
Similarly, Prost et al. (52) measured the heat capacity for both
the normal orystalline MgSQ 4.H20 and corresponding salt obiained
by vacuum dehydration of the he?tahydrate. Using the extrapolation
technique introduced by Kelley et al. (64) to calculate the heat

ocapacity at lower temperatures, the entropy for both forms was

N
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evalueted by graphical integration. The no;;ohydrate obtained by
vacuun debydration of the hepiahydrate wag found to have an entropy
about 2.8 eju. higher than that bf the rormel corystalline salt.

Prost ot al. (52) ‘discussed the difference in the heat
capacity in terms of bond atrength of the solid.v It appeared that
in a dwordered Intt:.ooe, “the average bond strengt& betwaen the
chemical species 'uould bg weaker than t that expectauor anormal-- - -
crystalline lattice. Gonsequen;ly, the a.verage frequency of ‘thermal
vibration would be lower, resuliting in a higher heat capae:i.ty.
tAlterna*bively, if the'producis of vacvum dehydrationwere micro-
crysta.:uine,‘the greater surface density and the lower vibrational
frequency at the surface could alpo account for the observed
properties. Quinn, Missen and Frost (65) found that the product of
vacuum dehydration of NgsSo 4¢?H20 bas a larger aurface aresa than the
normal crystalline malt, as maasured by the method of anauer,

Emmett and Teller (66). Propedpeir results, they apggeajed that "
the product of vacuum dehydration was interspersed with capillaries
having width from 11 % to 20 . Thus it appears that as dehydration
proceeds from the nucleated poinis on the crgtal surfacese, '

contraction occurs resulting in the fomat:o;itof these capillariesn.

The process of reversion of ‘the prodnét of }qpl;uﬁ;
dehydration to its normal crystallinq form ig normally sccompanied
by evolution of heat as observeda in the dif:!’aren:bial thermal
analysis for Mg30 4.7320 (38)*. This exothermal effect indicates .
that the prqduct of vacuum dehydration of s galt has a higher energy
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content than the normal crystalline salt; thus it shall be termed '
"high-dnergy" modification. Therefore it has higher heat of f

hydration and higher heat of solution. Measurements have been *

made by various authors (40,67-69) and the energy difference has

S

been the most important single criterion for disting!;ishing the

high-energy form from the normal crystalline form.

A microcrystalliné salt- should have the extra energy N

u

- content mosﬂy in the form of surface energy.. Sodium ¢hloride, -

-

L2

for example, has a surface energy of about 155 ergs cm.._2 on the

(100) face (70). The surface area of the high-energy modaification

of GoCl, was found %o bé sbowt 39.5 m gm,> (65)s If these values

are considered to be typical for thé salis investigated, a rough

approximation for the surface energy would be about 6 X 107 ergs \/
<\gm."1 or 1,4 cal. gxi."l. Thig su;face energy seems to be enough J

to accomnt for the excess energy of (:oc.'l.2 (6'?) but it ‘ié mucgl too

small to a?cmmt for the case of Mgsoar, Tor examplg.

- Thus it :appearg that the high-energy modification of
a hydrate could he approxima'tely”rega.rded to have a disordered a
latiice. Such a form could cqnceivably possess a large entropy and
tI;is would decrease when the golid revertis “to its normel crystelline
form with evolution of heat. It i;s o'bviou; that the amount of heat
given off would be proportional to the amoun‘t; of high-energy
modification present in & sample, Thus Frost, Moon and Tompkine
(68) investigated the quantity of the high-energy modification

that could be present in samples dehgdrated. at various pressures’

e
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of water vapau;-. From their results it is obvious that the

/ fraction of, the high-energy form present in & sample is determined

by ihe pressure of water vapour during dehydration.

L]

Jamieson et al. (71,72) ;wried out vaouum dehydration
experiments at low pressures in the presence of various desiccantis.
The heats of solution of the products were measured and le{-::d as
a function of percent water left in t‘hfa g&lts. The heat of solu—~
tion graph for the hydrates of ct:balt(II) sulphate is reproduced
;.n Fige 4 as an ;xmple. The heatsooi’ solution for the normal
kcrysta:,lline hydrates whii:h{(;rere prepared by heating the hepia~
hydrate in an oven fell on t)he lines AB'and BC where A is the heat
of s(.rlution for the anhydrous salt, B is the heat of solution for
"the mShohydrate and C is that for the heptahydrate. The line BC
mIusnas the equation

e’ a5

-, yBc - 114.7 - 2080x- ~

X

g -
X

The high-energy modifications of lower hydrates prepared by vecuum

dehydration of the. heptahydfate have their heats of molution

KN

falling on the line CDE with the equation

& - L

Tope = 200"~ 5.52x. .

v

o

The maximum heat difference beiween the two forms, Q‘DB’ has been
calculated for each salt infestigated. For the hydrates of .
cobalt(II) sulphate, Q; was estimated to be about 70 cal./an.

¢

& 'Dghe pignificance of the quantity QDB ‘became apparent
when ’it wag later realized to be proportional to the ligand field
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sgthi}lg energys. For example, whex? the values of Q’DB for the

8 investigated were.expressed as koal./mole of heptahydrate
they were identical with the ligand field splitting energies of
the h'exaaquo cations, as found by the spectroscopic method. Thim ~
discovery has mi’biate_d the present study on the ammine complexes
of the same salts in an attempt to ascertain the usefulness and

validity of the thermochemical method for measuring ligand field

-

splitting energies.

4. Lagand field spliiting energy

' -

e
-~

The ligand field spli:bting e?%‘rgy denotes the geparation
between two sets of degenerate d-—orbitals of a metal ion in an |

octahedral freld. ~

The d—-o::bi‘bals of a metal i;n, which would be comple:ely
degenerate for a free ion in the gas phase, would not have equal
energy in the presence of an electrostatic field resulting from the
arrangement of ligands around it. In Bn octahedral fiald, the five
d-orbitals would split into two groupss: the ty e orbitals which are

triply degenerate and the e " orbitale which are doubly degenerate,

A system containing one electron, denoted by &t (0egs in
a'l'i'% ) would serve ai’s the simplest example. In an octahedral field
this”electron wonld occupy one of the t2 g orbitals which are lower
in energy\xthan the e " orbitals. If the electron is excited to the
higher eg orbitals, it would absord rafliation. The difference in



- 28 -

energy beiween these iwo sets of orbitals could then be caleulated

from the frequency of the absorbed radiation.

-

~

For this simplest case, the energy differ?nce 1s termed
the ligand field splitting energy which is often abbreviated as
10pg or A . Similarly, “the ligand Tield splitting energy for a
d9 system could bes found sance the abeence of one electiron could
be treated in the game manner as thé présence of one electron {73 .

-~

Pig. 5 illustrates the orbital splitting.

.

Cases other than ?11 and d9 are more complexs thus the
frequency of the absorbed radistion may not give the ligand field
splitting energy dir;cﬂy. This is not aurpri:sing pince some
degree of interaction between the electro;xs would be expected in
a na.:a;—electron system. . For such cases, the analyses of the
specira #sre made with the use of group&theory. Pig. 6 showe the
various energy states for the 313.n systems in an octahedral field.

The expressions for their rela.tzve energies are given in Table 1
%

in terms of Dq and the electromic interaction parameter, B, which

ig also known as the Racah paranmeter. Such ;Ilagrams and tables

‘could be used for evaluating 10Dg for an octahedral complex when

the absorpiion maxima in its spectrum are found experimentally.
Each of these maxima represents the energy meparation beiween the

2

ground state and one of the excited states.

°

As an example, the reflectance spectrum for CoCl,.6H,0

shall be discussed. Three absorption maxima, ¥;, J, and 93,
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Pigure 6
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Energy states for 3dn in an octahedral field
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. N
Energy states and energy expressaons for 3dn systems
in octahedral field

g

34 systems .states ° energy expressgions
&, af T, - ~fDq
- B 6Dg _ .
2 7‘ﬁ 2 & )
8 ! 7.58 ~ 30q - #(2258” + 1900 + 1600g8) -
. ‘1‘2 2Dg
o
A, 12ng
T T+5B =3Dg + «}(22532 + 100Dg + 180'.DqB)%
3,8 -12Dg
T, -2Dq
' m.©  7.5B + 3 - $(2258% 100pg + 1800qm)F
T, T<58 + 3Dq + %(225324- 100Dq + 1801:@)%
at, & B " —6pq i




-32 - S .

< -

_ found {74) at 18,500 cm."'l, 17,00:} cm.’l and 8,000 cn."'1 due to g

the electronic transition from the 4'1‘1 g(r) ground state to the

4‘1‘1 Pj, 4,&2g(1?) and the 41'28(1') states respectively, From Table 1,

o

v = B T -0 7 = (2258 + 1000q + 180pq8) %
Y -¥ = BT -y 7 - 100

+*+ 10Dqg = 17,000 - 8,000

- 9,000 om.t

and B = 775 cm. 2,
- Recently a very simpl:ified method for carrying out a
:bheoretical calculation of the relative energy of each of the
d~orbitals in any form of electrostatic fiel'tl has been published’
(75,76) . However the method is limited to & ana &° systeng where

the electroni¢ repuleion is minimal.

1

Some expressione for calculating 10Dq in an octahedral
field Lkave been proposed. Using rigorous quantnn mechanical

_pranciples, Van Vleck (73) arrived at the equations -
, i3 a3

4 .
10Dg = g eq <£5> ergs (for point charges) (2)
’ R
4
10Dgq = %2 e»<-’3> ergs (for point dipoles) (22)
R »
@

where & is the electronic charge, q is the charge on .the ligand,
B is the dipole moner#, R is the metal-ligand distance and <r4>

in the average radius of the d-—orbitals.
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- _&f Extreme caution muat,be'used in gé.pplying these equa.t:.oﬁs
because aseveral assumptions and ?,pproximatlons were made in the
courgse of their derivation. Sell«evident among these is the
assumption that the ligands were considered to be point charggs

or point ‘dipoles. Therefore one would expect that simple inse:‘-tion%
of the values of each term in the expressions would not give a

number which would agree very well with that found experimentally.

v

Several suggestions for the improvement of these

«

expressions have been made {77). The velue of the dipole moment
of the ligand is best consadered as the tQtal dipole moment which
is the sum of the pemanent” dipole m:)men?, Ry and the induced

dipole moment, m;« The latter increases with ‘Yhe inténs:j.ty of ¢

-

the electric fiald experienced by the'dipole. For an octahedral

.
complex, the expression is

d

q R,
"“2 — 2«37 ‘;3’ )

(

ﬂiumn

+(3)
(1 2,37 5—-) .

RS

where & is the polarizibility of the dipole. (The detailed

derivation for the expression of M, is given in Appendix I.)

i

The value of R, the metal-ligand distance, could be
obtained by several methods including crysﬂ;bal‘ structure analysis
or simple addition of the radi of the metal ion and the ligand.
0f course, R may change depending on the; environment of the

complexed ion, but this change would not result in any considerable

L4
A
[ g



_ variation of 10Dq. B

-

<r4) could be calculated by using the quanium mechaniocal

expresgion for tha redial wave~fyunction of the 3d orbitals, 33

[y

~

(!‘4} f (H3d) . r » 1\' - (4)

81,/30

a ig the Bohr radius and zefr. is the effective nuclear charge

4 /e :
where 93\& - [ “rf] 2 exp.(-zr/3s)

which could be estimated by using Slaterts Tules

" However, even ifn the values of i, R and (r4) are used,
they still would not.give the expected result. In order to avoid
this, an empirical vaine for (r4 ) is commonly naed,ha gub;titution
whic?: resultg in the logs of importance of the above expreasion from
a purely theoretical viewpoint., For that reason, Jfrgensen (78)
used the simple expression ‘ ]

10Dq ~ g- <r 7 rydberas (5)

o

which is useful as a rough approximation for the value of loi)q in g
complexes involving wimple ligands"m;ch ag water molecules or

ammoniae -

Until recently it seemed to be possible to esiimate 10Dg Py

- % Detailed dinonssion of which is given in many standard books >

on quantum mechanics. '
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only from the observed spectra of ‘the tomplex. Where spectral

10

Al - ¥
studies were impossible, as in the cases of do and &y no values

of 10Dq were available.

N - -

A discussion of 10qu:{n relation to the lattice energy
Bas been made (79). The lattice energy of a malt, #Huth as “the
sulphate of a metal, MSO 4 is defined as, the energy released when
the gasecus ions combine %o form the orys;ta:l). Phe reattion could
be written as
e+ () T 0 (o) £37

- [ 2
The heat of reaction, AH, could be calculaled from a knowledge of .
; . - 24 2w
4 f 8o-82
the heats of formation o 11504 (s)’} (g) and SO4 () (80-82).
Al is related to the lattice energy, U, as .

AH = U + 28T (6)

where T is the temperature and R is the gas constant. B

In general, theé latiice energy, U, could be expressed as
. U = Ui + € + E

where Ui is the energy of interaction between ions, E ig the
energy of crystal field stabilization and ¢ is the energy of
fg?a;'bigm of partially covalent bonds ii‘z the crystal HSO 4 (83).
ﬁ;refore, the increase in lattice energy of the _series MnSO 4 to

’anSO“ (84), Fig. 7, has been attributed to the increase in ¢ and
E. ¥or MnS0, and ZnS0,, E im zero. Therefore their lattice

ey

-
o
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A similar formula for calculating the lattice energy
has also been’ given by Kapustinskii (89) and was later refined by

Ve

Yateimirskii (90). It is

e

(1) 232, . 0.345 - 0,00870(x, + =,)?

. = 287.2 (10)
where 1, and r, are the radius of the cIn and anion
respectively. This formula has gained vopularity since the

values for the terms are easily obtained in the literature.

t

However, since both e;:prasaions/ for U:l are derived w
gtrictly from the electric interactions’ between the ions in the
crystal, the lattice energy ;Jbtained in thsgay ig therefore
only the ionic part of the total lattice energy, U, of a salt.
US. is therefore expected to be legs than the value obtained expe-—
rimentally. For a non transition metal salt, thie value is lees
by an amount which is termed the covalent energy, C. For a
iransition metal salt, this value 18 still less by an amount

which iz termed the mtabilization energy, E.

4

Thug this mothod of estimating 10Dg seemg to be also
Jimited to the galts of the transition metals with dl - d4 and
d6 - 49 and therefore having some stabilization energy. It
is not useful for calculatiwol)q for the manganese(II) and
zinc(II) salts, In addition to :ha.t, no attempt has been made to
/

extend the caleunlation for the evaluation of the lattice energy of

a salt containing complex ions puch as the hexaaquo or hexaamminq




- 30 -

ions of the metals. -

P

Perhaps the main disadvantage of calculating 10Dg from
the lattice energy lies in its inacouracy. This is evideni from
the fact that 10Dq is of the order of 25 kcal./mole for the
divalent ions of the first row of transition metals. This is &
mere fraction of the total lattice energy of the salts which is of
the order of 1700 kcal./mole for the sulphates of these transition

metals.

'

.«

Thus it socems desirable <10 have a supplementary
technfque for the purpose of measuring the ligand ;‘;‘5:91&. gplitting
energy without the necessity of studying the spectra. Such a
technique was suggested by Jamieson et al, (71), FEven though no
theoretical principle has yet been given to justify the technique,
the number of experix;:ental results publighed has given substantial
support to its validity. Except for the hydratea of ocpper(II)
sulphate, all the hydrates of metal sulphates from manganese(II)
to zinc(II) were found to give the mal.ximui heat difference, Q’DB’
in koal./mole of heptahydrate, to be equal to the ligand field
splitting energy for the hexaagquometal(II) ion. For the hydrates
of copper(1l) sulphate the maximum heat difference, Qyps vas found
to he too small to be congidered as an expression of 10Dq for the
hexaaquocopper(II) ion. ‘I'huls apart from investigating the ammine
complexes, some time therefore has been devoted to the study of

this apparent anomaly.



~

5. Copper sulphate

Copper(II) iom is a a” systom where the hexaaquo and
the hexmnine conplexes would be expesoted to give simple specira,
each consisting of a single ahnorptipP maximum. However, ilt turns -
out that the mpectra 'or co'ppor(n) complox;s are quite complicated
because most of thé complexes have tetragonal smetry as shown in
Pig. 8b instead o:t' octahedral symmetry as shown in Fig. 8a (91,92).

3

In an octahedral field, the d-orbitals of the copper(II)
. jon would have their relative energy as shown in ri;. 9b. ?[:t B
tetragdnal distortion ig applied along the z-axis by removing ;the
two trans-ligand; :t:rom the metal ion, the effect on the individual
orbital is phown in Pig. 9c. The relative energy of the d -2 orbital
would be lowered with respect to the other orbitals, The exient of
this would. dependyon the extent of the distortion. Fige 90 shows
the intermediale case where the ligandu on the z-axis are further
away than those in the xy~plane but their potential is still felt
by the ceniral copper(II) ion. If these two ligands are, 5o far

, away that the complex im essentially of a square planar configura-
tion, Fig.8c, the energy of the d,2 orbital could sink well below
that of the 4 - orbital as shown in Pig. 9d.

Heéxaaquocopper(II) ion in agueous solution is thought
%o have tetragonal aymmetry as shown in Pig. 8b., Therefore it is
expected that the abhsorption maxima would be seen in its spectrum

due to the electronic transitions from the 4 - snd 4 - orbitals to




/.

'Ligand symmetry around copper ion .

. &

. Figure 9

Orbital splitiing in ligand fields
- of different symmetry
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&

the d y? d,2 and dxa_yz orbitals with increasing energy. However,
s:inee the energy separation of these orbitals is only of the order
of 5 x 103 om.L and their half-width is about 3 X 103 cm. L,

resolution of these bands is impossible (93)

. “Thug the problem for an investigator dealing with the
spectra of copper{II) complexes is to decide which maximum denotes
which electronic transition- If there is a broad band, as seen in

the apectrwn of hexaaquocoppar(II) , the investigator mus’i firgt

analyse it into the probable components, using a knowledge of the

stereochemistry of the coﬁplex. _ Such a method was used by Bjerrum

A

¢t al. (94) in their investigation of the aquo and-ammine complexes

-

of cop.pex-(n) ions in amueous solution. The broad absorption band

was resolved into two bands having mexima at 790 mm and 1060 n
for the agquo complexes. With the help of their theoretical
cdleounlation of the relative energies of these d=orbitals, they
é's.signed the - bands as due to the electronic trangitions from the
4, and . orbitals to the d_p_ o orbital. Sirce the third band
due to the transition from the d  and dy orbitals to the d o 2
orbital was mbt seen within the wavelength region of their study,
it has been concluded that this would probably occur in the
ultraviolet region of higher frequeﬁzy. From the results of this
investigat;i.oz{, Orgel (95) estimated the value of 10Dg for the
hexaaquo and hexaammine complexes of copper(II) 1ons to be lé,OOO

-1,

cme  and 16,000"61‘11“2‘::1 respectively,

Holmes and MoClure (96) investigated the reflectance
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spectrum of the ietraaguocopper(IX) ion found in copper sulphate
pentahydrate. Crystal structure ana.:l.ysis has shown (19) that the
copper ion is surrdund:ed by four water molecules in the xy~plane.
Thesother coordination poai'i::lons on the z-axis are filled by iwo ’
oxygen atoms, each from different neighbouring sulphate ions.

This gives a tetragonal sm;netry. As was the case with the
hexasguo complexes in aqueous solution, the absorption band was
fmmdj ‘to be very broad., Detailed analyses have been made usging
polarized light with application of a Gaussian distribution curve
1o analyre the specira. The broad band was found 1o be compoged
of threse symmetric bands having maxima a.'l;k14,500, 13,000 and 10,500
cn. corresponding to the transitions from the d ,, dyy and dyy to
the 4 o 2 * The iransition t;on 4,2 g"“ agsumed to be in the
infra.reld region where it could not bde detected. The value of 10Dg

for this tetraaquo complex 'was estimated to be the same as that for
2. o
[Fi(E,0) 7.7 (97)

A truly octahedral arrangement of six water molecules
around copper(II) ion\ves found in CuSiF¢.6H,0 (98). Pgppalardo
{98) recorded the reflectance spectrum of this salt. Two maxima
obtained were a‘i:tr:fbuted to spin-orbit compling, and 10Dqg dednced
from this was 11.2 X 10> cm.™>,

* . -
Detauiled reviews of the apectroscopy of copper(II)
complexes have been given (99,‘100). From the experiments done on
the hexasmmines of copper(II) halides, Eliott and Hathaway (100)

4
-

have/a.snig;'ii values ranging from 10.4 X 10° emat 40 10.6 % 103 o

@
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for 10Dg. From their investigation of Cu(RHB) 550, they gave 10Dq
of 11 X 10? om.™t. These measurements show that the values of 10Dq
for copper{II) complexes are noi as high as have been estimated by
Jfrgennén and quoted by Orgel (95) but of the order of 10 X 10°
oi,”l, Thie would be comparable %o the yalues of 10Dg obtained for

other metal complexes in the spame series.

Bstimation of 10Dg for copper{lI) complexes by the
calorimeiric method in the present investigation is not intended
to prove which values cited in the literature-are correct. It is
done to show that then anomaly mentioned for ‘the case of tpé hydrates
of copper(II) sulphate in the earlier part of this thesis is only
apparent, and that the heat of solution line for the high-energy

modification of these hydrates must be looated with great care.

The heats of solution for the hydrates of copper(II)
sulphate gaven by previous workers are reproduced in Fig. 10. The
heats of molution for the normal crystalline lower hydrates have

been fitted (68) to two equations: '

Jop * T5.24 — 2.276x

and Tgg ™ 82.T4 ~ 2.562x.
Congidering only high-energy medifications which contain less than

10.14% water (monohydrate composition), Frost, Moon and Tompkins

(68) gave the equation describing them ass

" IS

" ym - 149.0 - 500981 o

which intercepis the low line BC at approximately the irihydrate
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Figure 10 -~

"

Heats of solution for hydrates of CusO 4

(O Data from Frosi, Moon and Tompkins
4  Data from Donnan and Hope

‘ Data from Bichowsky and Rossini

3

-
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-
Pt

compositions If all the heats of solutioh for the products of
vacuun dehydration were considered; the equation of the line XYz -

which passes through all thege points have been calculated to be.’

-

o #
ym - 142-% head 4027610 )

Within the limit of expa;-imental error this line is parallel to AB ./
(i.e. the line joining the heats of solution of ihe a:;hydroua salt

and the monohydrate) which is in accord with what has been found

“for other hydrates of metal sulphates {71,72). By extrapolating

Tope the :heat of solution for the heptahydrate could be found and

uging the slope of Yiyz the heat of molution for the high-energy
monohydrate at point D' was estimated as 113 cal./gm. The heat of
solution for the nqemal crystalline monohydrate is 56.87\97.1’./511.

and thus the heat of transition is 56413 cal./gm. or about 17 keal. .
per mole of heptahydrate. However this energy seems to be too low

to be regarded as the value of 10Dg for the hexaaquocopper(IX} ion

which has been given as approximately 30 kcal./mole (95)
' -
If the equmation for ym is used instead, the heat of .

solution for the monohydrate at point D has been egtimated to be
approximately 146 cal ./gm. which would give the heat of transition
approximately as 89 cal./éx. or 25 kcal./mole of heptahydrate. o
However, the line pgH is not pprall o AB, which seems unusual

compared to the cageg which haye been gtudied (71,72).

”»

It seemed, thereforey that further research wae necessary

go thait the general applicability of the calorimetric techn:lc;;ie for
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determination o

ooy
(.f

-2 " Two alternatives are left for consideration:

z (1) If the line XYZ in Fig. 10 is correctly interpreted, in order
that the eneérg:y‘ diffe}'ence conld be expressed as 10Dg for hexaaquo-— ¥
T copper(II) ion, there would have to be a monohydrate whit;h would
g have 3 heat of solution of about 10 cal./gm. This seems toc be very
unlikely because it is too low by comparison with the heats of

solution of the monohydrates of other metal sulphates.

the
-7 high—energ;} lower hydrates, with the trihydrate as starting material,.
~ t

(ii) on the other hand, if the line FH is accepted as correcC:‘t

must be shown that it represents the heat of solution line £

- Next, a lower line which represents the heats of solution for the
normal crystalline hydrates must be found so that the eatimation
of the heat of molution at the monohy&raée composition wonld give

. an energy of the order of 45 cal./@n. ' . .

%

The second alternative seems to be more plausible because
it is possible that a small fraction of the high-energy form was
present in the sample which givea the heat of solutiron f;.lling on
the line BC in Pig. 103 snd therefore has a higher heat of solution
than tha pure mormal crystalline form. To e;zsure completeness of

. recrystallazation, the ocompound could be heated in a sea.lgd tube _
(43) " thus one would expect the product to give a i;wer heat of
solution. Purthermore, if such a monohydrate were obtained, the

heat of solution line from the monohydrate to the anhydrous form
would be parallel to the line FGH.
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6+ The chlorides 7

Acoording to the ligand field theory, the value of 10Dg
! . ~

for a ¢ mplex sh,gj:ld not vary a great deal from one environment to

another. \ The minor variation observed is atiributed to the diffe—

e

rence in the secondary coordinatianrf This-has been shown o ‘be
S Q‘L'___ﬂ/v——— 4
true for many complexes, such as thg smmines Gf\copper(n) halidee

which have been &iscusaad. L “\

AN N \\ ) \

The values o{ 10pq for hexaaqnocobalt(n) complex in two

different environmenis are 9.3 X 103 cl. 5’{1 Coc12.61120 orystal
(74) and 9.5 % 10° on.t i1 €080, . TH,0 (96) The reason for this
is that in the hexaaguo conpléms, tlpe potential experieneed by the
eleciron or electrona in the d.«-or’oit&ls is almost exclusively due
to the six water, moleculé‘a\@omd 'the\ metal ion sinde they,
colleotinly mveloping the ion, shield it from,the influwence of

- the field smet 1& by the anions around it. @ 7

kN

l‘nrth;\uore, the splitti/ng of d—or‘bitsila is con';letely
determined by-the potential and n?'; by other properties of ihe
ligands such as their size orashape.h Thus ‘l':he ligands which can
set up stronger’potential.placed at larger distance from the metal '
ion may met up a potential‘ equal to that of a weaker ligand placed
at.a Bhor'berj’ distance, This oonce?t, therefore, impliex; that an
octahedral :r;'lx.eld is one with equal magnitude of potential applied
from the s:lxi corners of an octahedrony and this.could be set up by

/
any mixture of ligands as long as the requirement above is fulfilled.

e

£

-

<3
-
-
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Thus it meems natural to believe that the present

calorimetrie. technique of estimating 10Dq. would aléo apply to any
kind of salt hydrate. Among these hydrates, the ¢hlorides have
been of interest because from the previous stndy (67), the heat

7,

dirferenca between the . high-energy modification and the normal
\cr:rstallz.ne nonobydrata was found 'ho be too small 10 be regarded

o e -

ag an expression \for 1onq.
.\

. Prom t?e gas_absorption s‘ﬁdy (65), the high-energ;\r
monohyd;-ate of cobalt(II)\cmLonde has a large surface area of 35.9
m.agn."l. The ratio of excess Nto the ‘wurface avea is 0426
cai.n."z which is of the same order of magniinde as that found for

\}.
lgo which is considered as{:,gwtalline {101,102). This ratio

is smaller +than the correspon or_the high-energy
Pt "

mondhyirate of ¥gi0,, i.e. 5.9 calun.™2, which has been viewed to

have a disdrdered lattice (46}. Therefore it has been cvoncluded
that the products of vacuum dehydration of cobalt(Il) chloride
. hexahydrate are ;iorocrystalline. .

v i

oo & It has also been found that the relation between the
‘rate of dehydration and the water vapour for the hexahydrate of
, cobal t(II) chloride (41) is somewhat eimilar to the "popley~Smi the
effect {(54) found for lnc204.2H 0; except for the absem;e of the
gharp -inim&at low prosam-e of water vapour. Inptead, there is
a maximum in rqte at a vater vapour -pressure of 1 Torr at 30 C»
If this maximum ia equivalent to ]the peak which oceurs at 1 Torr

in the came of Inc204.2820, —one would Jjexpect the product to be
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miordcrystalline. ’ .

'I;ha sage of formation of mioroorystalg for the lower .
hydrates of cobalt(IX) chloride under vacuum is understandable.
The chloride ion ig spherical mdﬂmaller than the sulphate- ion.

It is expectsd that ionio -obilit; is greater for the chloride ion
than for tRe suiphate jon. It is also true that the lower hydrates -
of the chloride have a great tendenoy to dissolve in their own

water of cmtal‘.'lismtion. Even though }tater molecules oonldl egcape
easily under vacuum, it seems possible that while passing through

the disordered product iayar they may initiate recrystallization

\

of the latter. ) )

» 1

a ? 5 3 Y ’

Nith mlightly different interprabation apblied $o the
results of the study on the a;amim complexes and the hydrates of
copper{II) sulphate, it seems possidle to give soue meaning to the
heats of solution measured for the hydrates of these chloz:ides. It
¥ill be considered thit the line joining the heats of solution of
the high-energy lis'dr'ates need not nccessarily pass through the
point representirng the heat of solution of the miarting material on
the 1line BC. This proceedure was adopted for the smalysis of the
heat  of solution 'data for the hydrates of copper(II) sulphate and
ghall be used vhen"yarr;n‘fad. -

A point of theoretical interest is that although coclz.
6H20 has six water molecules, not all of them are ligands as

generally believed. Crysial structure analysis has shown that only

v
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four of these are ligand waler while the other Iwo are anionio (103,
104}« The other two coordination positions are filled by the

chloride ions to give a distor%s& octahedral field.

Sugh g situétion has also been meen to apply to the’
pentahydrates of copper(II) sulphate and mangenese(II} sulphate,
where the axial iigands are oxygen atoms from the sulphate ions.
Since the technjgque has been sucesafully applied to these salis, it
seems poas;blq‘that it would also apply to the hydrates of the

-
&

chlorides. .

7. Double galtis

’

A number of hexshydrates of metal ions are formd in
double salts of general formula KSO,.(NH,),50,.6H,0. All the six
water moleculea are ligands arranged almost octahedrally aroun& ﬁhe
metal ion. Some metal-ligand bond distances are ligted in Table 2.
Thig arrsngement suggests that 10Dq for the complexes in double
salts should be of the pame order of magnitude &g those given for
the correesponding complexes in the sulphates-and the chlorides.

s

F3

2+
0f these, the spectirum of [7Fb(320)6d7 has been
discussed (105). The absorption spectrum of the complex in agueous
solution im virtually identical to that, obiained for the complex in

the sulphate salt. Two absorption maxims are al 10,400 om. -1

and
8,300 om.”l rekpectively, indicating the eplii of the ag d%biﬁpla.

A& mimilay spectrum has also been obtained for the complex in

(‘Q
G

.

P P

ks
g
L
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Table 2

Netal-water bond distances in double salis

Netal ion Bond distances in 2 ref.
Yo 2 at 2.14, 2 at 1.88, 2 at 1.85 106,107
- Fi 2 at 2,085, 2 at 2.083
. 2 at 2,036 108
Cu La at 2.22, 2 at 2.10, 2 at 1.96 109
Zn 4 at’ é.p7, 2 at 2,12 110
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res1r6.6320 salt with the maxima at 10,300 cema ,and 8,700 em. L,

- The aplit could be at’r.::;."mited to either the spin-orbit coupling,

tetragonal distortion or the Jahn-Teller offect.

&

The complex in agueous solution ig expecteq. to possess
perfect octahedral symmeiry. Therefore the aplit in 'bhe/e g orbitals
cannot be due to tetragona,’l distortion l.:;ut due to extﬂer a dynamic
Jalm-Teller effect or spin ;rbit coupling. Cotton and Meyers (105)
suggejsted that the spin-orbit coupling for Faz"' 10n is too small to
account for the splitting, Therefore the effect must be due to a

J.d;ynamic Jahn-Teller) effects-

the iron(1I) g located at the centre of a tetragonally distor-

ted octzhedron. Thus the energy levels of the orbitals could he

arranged aporoximately as shown in Fige. 1l. 8ince the transition

abgorption maxima are found at 10,800 om.hl and 8,400 cm."l

10Dg would be approximately 9,600 om."'l.
- 3

, the

rd

It would be intefesting to see whether the calorimetric
technique could measure the walue of 10Dq for this case. Part of
the present investigetion shall be devoted to the es*biomation of

. ~ 10pg for the complex [ ®e(5,0) 6_72 2 4n the salt reso4.(nn4)2so4.

4

- " 5320-

.

-

s in FeSO 4.(1m 4)230 4.6H20, it has been shown that -

2y



L

v
4
v

Pigure

11.

EY

3

Orbital eplitting of 3a° gystem in octahedral

and tetragonal ligand fields

-
3
A e
J—
3
P
4
Y2
v 3 -
s
L3
¢
12
-
v
-

’

%
! *
. - - ¥ /
9 ,/
i
if
‘ i
!
~ *,
“\
\ .
\

’ £
N
f
&
o
e
-~
P
, P
=
¥
> <
e -
- » -
J
/ﬁ
5
.
s
P2
L
.
o
“
.
/
,
/
.
"
4
4 v
. .
5
N
.
.
E) ’
A3 N < Al
A ’
]
-
-
-l
.
.
.
N
*




by
I
7
i
‘I"
/(
o ’
$
¢

*
-t
. -
\s
L’
>
»,
Cd
-
N, )
“
Y
/
. .
et g
4
<

o

“a



8. Speciroscopy \ . o
.Jr ‘\“
Fw”\a. s N
It has been observed thet the twd differe\q{modifications

of salt hydr&tez differ quite a great deal an their colour

high-energy monohydrate of cobalt(II) sulphate, for example,
deep violet wh:’.l;a’ the lower-energy aodi\i“icationj.s rosy. The
yellow colour of the monohydrate ;fwnickel(II)m sulphate turns green
.” when this compound is heated :ig a sealed tube at an elevated
temperature. These colours ind::catc differences in the energy

# levels of the metal ions as a ormsequence of the variation in the
Y, \

coordination around them.

For cobalt(II) salts, it has been suggested (111) thst

the deep violet and red colorations are due to octahedral coordina- .

tion while the blue colour may be due to tetrahedral coordination \
%  around the cobalt(II) ion. Since neither modification of the
monchydrate of cobalt(II} sulphate shows any blue coloration, it
geems pomzsible ﬂto conclude that neither involves tetrahedral
° coordination. Therefore, the difference between the “two modifica~

tions must be sought in the nature of the arrangement of the oxygen ,

atomg around it.

4
The energy levels of cobalt(1I) ion shall be considered

ag an example, Fig. 12, In the free 1tn, the electronic ground
state of the high-spin cobalt(II) ion is 41' and the excited mtate
of the seme multiplicity is 4p, In an octazhedral field, the 4)‘

4'r28 and 41'13 in order of decreasing -

.+ gtate would split into 44, ,
s 2g

-
%




Figure 12

. Energy states of cobalt(II) ion in octahedral
and tetragonal fields
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energy, while the 4P would give 4‘1’1 g gtate. In a field of lower
symmetry, such as D An? all states with“the exception of 4A23’ would
split further, as shown in Fig. 1%b. The spectrum of the salt wpuld

show several maxima, the number of which is primarily determined by

" the number of the excited states having the same multiplicity.

~

"I water molecules of the hexaaquo complex of cobalt(IfE;)
were removed, the symmetry around the cobalt ion would change, and

z’ thug “the "abgorption maxima in its sptiotrum would be shifted. This

' change would depend on the effect of removal of these water molac;ulnes
on the lattice environment of the cobalt(II) ion. In this ‘lngesti:
gation two possible cases have been studieds wiﬂ;\ and withont
rearrangement of the sulph;s.te ions around the metal-igons.

x

With rearrangement of the sulphaie ions to form the
normal crystalline hydrate, the octahedral fieJ:d around the metal
ion would be disoribd because it is expeoted that the ‘potential set
up by (0-503)2" wld be weaker then ‘that due to H,0. If the .
;ymmetry of the resulting ﬁel;i is assumed to be D An® 88 ahowngin
Fig. 12b, the absorpiion maxima would split, one of which would be
on :the higher energy gide of the original peak. As more waler
moleoules are removed from the coordination sphere, the symmeiry
would aga.i;z ‘af:(proa.oh that of the octahedral symmetry of tixe
anhydrouk salt because then the sulphate ions around it would ,
determine the symmetry, The extent of‘ the splitting of ths ‘mexima
in the specira of these complexes would depend on the extent of ihe

distariiony if the distortion im large, the maxima would be 4
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regolvable, otherwias they would overlap.

\

&

*

Por the cases when rearrangement of the phate ions is
'?xot extensive, which results in the formation of' mior )cryata.u:ino
lower hydrates, the ahort range order of the ion’ would be present
and would he the mame as that of the macr;crys'tals.’ 'I'h:é symmetry
of the field around the metal ion would be the same as that
“described for the normal crystalline .hydrates., Therefore the A
spectrum of such & salt would be the same e:icept for the broadening
of the maxima due to lower s;;mmetry around the cobalt(IT) ions on
the gurface, This.is so because, in the microcrystais; the number

of such species on the surface would be conmiderable in relation to
the number of fully coordinated species in the bulk,

-~

If the'product is amorphous, the sulphate ions do not
rearrange to form another crystal lattice, the symmeiry of the
potential field around the metal ion is less definite. When the
percent of water left in the salt im high, the symmetry of Lthe
field around the complex is detérmined by the number af.water
molecules attached to it. As more of these water moleoulgs are .
removed, the Qymmetry would be less definite until the m;nohydra‘te .
(or anhydrous) stage is reached where ythey are totully stripped of
water #nd the ions would fall into complete chaos. Such an
arrangement of ions would gave a apeoérum with no definite maxima,
but a broad band covering the whole range of possible abBorption

maxime which arise from these different symmetries.

-
BV
. S
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P In all cases, however, the maximum due to the elecironic
transition from the ground state to the’ 4'.!'.‘1 g(P) staté would be
quite distinot because i4 lies somewhere sround 19,000 cm. L. The

variation in 10Dg and in the symmetiry of the field would not affect

the position and the intemsity of this bar\d a greg,i deal. i

9. Infrared spectroscopy

g

PR .

. The dehydration process for the hydrates of transition
metal sulphates goes to completion afier passing —throﬁgh"va.rioui
stages of intermediate integral hydrates. It-has been suggested
that to a certain degree the uat;r x;zolecules prpse;lt in the parent
hydrates are non-equivalent. In all instances, the monohydrate is
formed as the last.stage before dehydration proceeds to give the ‘
anhydrous salt. It has been generaliy accepted that the iast water
to go, which is contained in the monchydrate, is anionic waters: a
water molecule which is strongly ‘bonded to the sulphate ion by -
hydrogen bending. Even im the case of the hexshydrate of nickél(II)
sulphate where crystal axnlalysis has shown that all six water mole~
cules are coordinated to the nickel ion, the last water to leave at
a temperature of about 290°C is bBelieved to be anionic. How this
lagt water, which 1s initially coordinated to the nickel ion,

L

becomes anionic is not yet fully wnderstood.

o, -
Y

Undsr vacuum, however, the dehydration proceeds at a

a

Ll

fagter rate from the onset of the experiment. Some malii form the
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anhydndes without vassing through any intemﬁadiate stege, as shown

]

v in Pig. 13. It appears that when deh;ydz-atn.on ig, done under vacwun

, the water molecules leaving the salt are nonsﬁlé'&tivet At a lower

ssilre, guch ad O.3 Torr, both types of bondged Hao, voordinated

. « or anionic, ha.ve : chance of leaving jgl}'e,,/s t. Thus, st&tis: )

* T g if%mally, in 00504.'11520 the déhydration would " six to ofie %Ln

(G eome would be coordinated. %mfortlmat&ly,

o - o

o ** there is no ea.gy way to\ghow that this 18 true. o . g

i [ \ 4 -
~ -

. ) .
, - In ‘the nrelimin ¢y study of the infrared absorpiion

‘of cobalt(II) sulphata, it was fmmd that- the snect:*um of the salt .

- shﬁ’-‘s 'almost" all the featnres of the parent heptahyd,rate ap showm | '
e, :m Flg; 14.;, The absorption, ba.g;ls at 3200 cm. 1, 1650 cme® w1 and bt "
s 1100 cmsy «3‘ hava been agdigned to the 0-H stretching, H20 deformatzon
= ) ., and 0--!503 stre'bchmg respect:.vely‘ (112). The: band at 1650 cm. 21 . -

. suggeste that the remaining water molecules in the h:.gh-enerm' ° .
. ] morﬁohydrate are coor(hnated to the metal 1ons becausetthis ‘band. 18“”

- . alsa _present in the spectrum of the hepta&ydrate but abgent in the i

ipectrum of the crystalllne monohyd.rate- ’ g ’ : :

»
v

. In the recent measurement of the magnetxc suscelptmbillty P
4 e - I . .
. " of the high-énergy hydrates af HnS04, oS0, A “and COuG (113) it was .

found that these salts have higher ama@ehc au}ceptibility than
o t%e:.r cor?qugnd:.ng low-enexrgy modifications. It was prqp?sed \tha’g ’ .
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