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ABSTRACT

Methods have been devised for the prepa;ation of some malonate
and C-substituted malonate salts and complexes with various metal ions.
The solid state ultraviolet, visible and infrared spectra have been
measured and discussed with respect to the bonding of the compounds.
Infrared spectra studies confirmed that ali complexes involve
bonding through the carboxyl oxygen. Infrared analysis of these complexes

confirmed the presence of two bands between 1600-1500 cm-l and 1400-1350

cm-l. This differs from the position of such bands in the free acids,
which upon coordination causes these bands to be shifted to lower or
higher frequencies. The formation of these complexes through the carboxyl
oxygen atoms has been confirmed from the X-ray analysis. The visible
electronic spectra of the transition metal complexes indicated the mpst
probable stereochemical shapes of the metal ion. The magnetic properties
of Cu(II), Ni(II), Co(II), Fe(III), Mn(III) and Cr(III) complexes of
malonate, ethyl and benzylmalonate were studied over a wide range of
temperatures. The magnetic susceptibilities of all the compounds were
found to be normal. Hence the Curie-Weiss Law was obeyed.

The Mdssbauer spectra of iron(III)malonate, ethyl and benzylmalonate
complexes exhibited a similar pattern characteristic of a high-spin
" octahedral structure. X-ray crystallographic data of 2n(II), Cd(II),
Ca(II), Ba(II), Co(III) and Al(III)malonate and 2n(II) ethylmalonate
complexes are reported. However, Xray powder photographs of Zn(II)
malonate confirmed it asisomorphous with Co(II) and Ni(II)malonate.
The crystal structure of Al (III) malonato complexes were studied by the
single-crystal method and the cell parameters were obtained.

Finally, lH n.ﬁ.r. and 13C n.m.r. of some malonic acids and the
v _chélated malonate group and the exchange of a-protons with deuterium

from the solvent D,0 are reported.
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CHAPTER I INTRODUCTION

1.1 Investigations of the structure of malonate compounds*

There has been recent interest in the malonate group.
Malonate ion, 5OC-CH2~COB, exhibits flexible stereochemistry
and variable modes of binding with metal ions. It is known from
the literaturel’ that malonic acid may chelate with the co-
ordinated atoms to form four-membered as well as six-membered rings.
However, there is a decided preference for six-membered chelate
ring formation by malonate except in Ca(II)3 and Nd(III) complexes,4
where only four-membered chelate rings are formed. X-ray structural
analysis has shown that the conformation of the six-membered malo=-
nato chelate ring is greatly dependent on its enviromment in the

1,4=7 The boat conformation appears to be the most

4,7-11

solid state.
common in malonate structures, but the chair conformation
has been observed.10 However, the variety of observed bridging _
interactions underlines their importance in carboxylate metal
crystalline structures, These bridged bonds are probably
responsible for the extensive polymeric units commonly féund in

such derivatives and are obviously important in determining the

crystalline structures,

Lanthanoid compounds

The conformationsof the malonate ion in lanthanoid
malonate complexes have been studied in a series of X-ray investiga-
. . 9 4 10
tions involving NdZ ma13. 8H20 , Nd2 mal3. 6H20 and Eu2 mald. SHZO.
In Euz(ma1)3.8H2010 there are three different europium(III)

malonate stereochemistries: both four and six-membered chelate

* The references for this section are on pages 31 and 32.
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Fig.l1.l. (a) The coordination around Eu ions.
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(b) The three malonate ions in Euz(mal)3.8820



ringsand extensive bridging. The two europium ions have different
coordination numbers. One éuropium is surrounded by nine oxygen
atoms contributed by three malonate groups and. three water molecules,
with Eu-0O in the range 2.37-2.843. The othgr europium is surrounded
by eight oxygens contributed by four malonate groups and two water
molecules with Eu-O bond distances in the range 2.37-2.48&. The
malonate ions form six-membered chelate rings with europium. The
rings formed by ligand No. 1 and 2 have a boat conformation with

the europium ion and the methylené carbon atom at the same side of
the OCCO-plane, while the ring formed by ligand 3 adoptsa chair
conformation with the europium ion and methylene carbon atom at
opposite sides of the OCCO-plane. The three malonate ions, together

with the coordination around the Eu are indicated in Figure 1l.1.

Basic Scandium malonate

In basic scandium malonatell Sc(OH)mal.ZHZO the malonate
ion forms a six-membered chelate ring with the Sc ion. Each Sc ion
is octahedrally surrounded by three carboxylate oxygens contributed
by two malonate ions, two hydroxy oxygens and one water oxygen. The
structure is composed of infinite Sc-hydroxo malonate chains which
are linked by hydrogen bonds. Within each chain the Sc ions are
bonded Ln pairs by double oxygen bridges formed by the hydroxy ions,
aﬁd the Sc pairs are in turh linked by carboxylate bridges Sc-0(1l) C(1)
0(2)-Sc*. The bond distances and angles within the malonate are

. 9 . .
similar to other malonate structures. These are shown in Figure 1l.2b,

Calcium malonate

The conformation of the malonate ligand in calcium malonaté3
‘differs considerably from that found in other metal malonate compounds

where only four-membered rings are formed. The structure of calcium



Fig.l1.2. (a) The coordination in Sc malonate}2H2011.

(b) The band distances (A) and angles (°) within

11
the malonate ion in Sc malonate.ZHZO .
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malonate dihydrate is reported (Briggman and Oskarsson, 19771;

Karipides et al; 19773). Although the coordination of the malonate was
the same in both investigations, the crystal data are slightly
different. The crystal data reported by Karipides et a13 were confirmed
in this investigation (see chapter VI for the basic salt). It seems
very probable therefore that the calcium malonate dihydrate reported by
both.sets of workers is really the basic salt since their Xx-ray
structural data on this compound have not been accampanied by chemical
analysis proving the identity of the compound.

The calcium ion in this compound is eight coordinatedl'3 and
is bound to six oxygen atoms from four different malonate ions and two
water molecules. All four oxygen atoms of a malonate ligand participate
in binding Ca(II)ions. The two malonate carboxylate groups coordinate
in different manners. One carboxylate group C(1l)-0(1)-0(2) binds three
different Ca(II)ions forming a four-membered ring with one Ca(II) énd
unidentate bridge linkages to two other Ca(II)ions. The unidentate
carboxylate bridge bonds Ca—O(la) and Ca-0(2b) are found in metal
carboxylate complexes in particular in Ca(II)carboxylates (Fig.l.3.).
These bridge bonds are responsible for the extensive polymeric units
found in these complexes. In Ca(II)malonate the Ca-o(la), 2.397A and
Ca-O(Zb), 2.4245, bridge bonds are shorter than all the nonbonding
Cg(II) carboxylate oxygen distances. |

More recently Marsh and Schomaker13 refined the structure
reported by Karipides et al in space group C2/m in agreementVQith
Briggman et'al and this work rather than in C2, and the bond distances
and angles were corrected accordingly. It was foundlthat in calcium
malonate dihydrate both 0(5) and 0(6) form hydrdgen bonds rather than
only 0O(5) :eported by Karipides et a13. |

Studies have also been carried out more recently on the

’ 12
structure of calcium malonate dihydrate by the neutron diffractionmethod .
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Fig.l.3. The coordination poclyhedron in

3
Ca malonate.ZHZO .

Fig.l1.4. The coordination in

Ca malonate.2H2012.

Fig.l.5. The coordination polyhedron

in Sr malonate anhydrousl.
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This compound differs appreciably from the struqture of the compound
discussed above and is probably the true dihydfate. In this compound
each malonate ion is coordinated to four different Ca2+ ions. The
malonate ion forms a six-membered ring witﬂ the Ca2+ ion. The
coordination around the Ca(II)ion is shown in Fig.l.4. The two halves
of the malonate ion are in quite different envir;nments; the bond
lengths and angles around C(l) are different from those around C(3).
The malonate chelate'ring has a boat conformation with Ca2+ which is
similar to that observed in Sr malonatel. The C-C-C angle is 111.3o
(112.5o in Sr malonate). The C-C-C angle is 109.50; close to
tetrahedral value in Ca malonate reported by both Briggman1 and
Karipides et a13, suggesting considerable relaxation of bond angle

strain. The crystal data of calcium malonate dihydrate reported by

different workers are listed in Table 1.0.

Strontium malonate

In anhydrous Sr malonate the compound is composed of a three
dimensional network linked nine-coordinate Sr2+ complex}. The
malonate ion forms one six and two four-membered rinés. The Sr ion is
coordinated by nine carboxylate O atoms forming a distorted tricapped
trigonal prism (Fig.l.5). It is found that the relative interatomic
distances and angles'within the four ligand halves C = C<:g are
not significantly different and agree well with those found in other
malonate compounds. Howevér, if the C-C-C angle (in six-membered ring)
is disregarded there are no differences between bond distances and

angles in the Ca malonate3 and Sr malonate (112.5o in Sr malonate and

109.5o in Ca malonate).
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Sodium malonate

In sodium malonate monohydrate, N32C3H204.H20, each Na+
ion is coordinated by five carboxylate oxygen atoms and one water

14. The malonate ion (Fig.l.6. )

molecule forming distorted octahedra
forms a six-membered chelate ring with one of the Na® ions and a
four-membered ring with the other. The conformation of the malonate
ion is similar to those found in rare-earth malonates with six-
membered chelate rings, and Sr malohate.1 The C-C distances agree
well with those found in Ca mal and Sr mal. The C(3)-0(3) bond
distances involving 0(3) hydrogen bonding are lengthened and C(3)-0(4)

are shortened as compared to those observed in the other carboxylate

group., The Na-0 bond lengths are between 2.41 and 2.494.

Beryllium malonate

The crystal structure of potassium bis (malonato) beryllate
hemihydrate, KZ[Be(C3H204)2] .%HZO has recently been reported.15 The
Be2+ ion is coordinated tetrahedrally by four carboxylate oxygen
atoms contributed from two malonate groups. The Be-0 bond distances
are in the range 1.609-1.6232. The conformation about the beryllium

atom is shown in Figure 1.7.

Magnesium bis (hydrogen malonate) dihydrate

In Mg(C3H .2H20, the Mg ion is surrounded by four

30402
carboxylate O atoms (Mg—0=2.0455) and two water O atoms (Mg-0=2,06X%)
forming a slightly distorted octahedron.16 Fig.l1.8. The hydrogen
malonate ion forms a six-membered chelate ring which is almost planar
witghﬂgZ+ ion, with a C-C-C angle of 119.87 A similar conformation |
of the hydrogen malonate ion is found in potassium hydrogen malon#te,

with a C-C-C angle of 119.40.37



Fig.l.7.

Fig.l.6.

1239

The bond lengths (Z) and angles (°)

in Na malonate.H2014.

15

The coordination in Be malonate.l H O .

2 72

15.



Fig.l1.8. The coordination polyhedron around Mg (II)ion in

16
Mg (H mal) 2.21-120 .

Fig.l1.9. The coordination around Cd(II)ion in

cd malonate.8207.

l6.
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Cadmium malonate

In cadmium malonate monohydrate,7 the structure consists
of one six-membered and two four-membered cheléte rings. Each
malonate ligand chelates three symmetry-related cadmium atoms
with two of the oxygen atoms also in bridging positions and makes
each‘of the malonate carboxyl groups tetradentaté. The coordination
about C4d is completed with one water molecule to give a coordination
number of seven. The lattice formed is polymeric and further
strengthened by hydrogen bonding of water hydrogen atoms. The Cd-0
distances vary from 2.27-2.55, also the bridging oxygen atoms are
not equally shared between cadmium atoms, the bonds in this case
are shorter on the six-membered chelate ring side. The structural

details are shown in Figure 1.9.

1.2 X-ray powder studies of bivalent metal malonates

A series of malonate derivatives of bivalent cations of

7 8

the type MC_H.O,.2H O where M = Mg(II),17 Zn(II),l Mn(II),17, Co(II),l

37274 2
Ni(II)19 have been studied by the powder method and the space groups
have been determined. Although the empirical formula units are
similar, the indicated malonates are reported to crystallise in
different space groups, suggesting a variation in metal ion-malonate
coordination. These powder studies are far enough to specify their
formula and to determine their crystalline system and to establish
their isomorphism. However, bivalent C02+, Niz+, Zn2+ malonate
compounds are found to be monoclinic with B # 90o and they are

2+ 17,20,21 Fe2+ 22

isomorphous, whereas Mg , Mn2+, are orthorhombic .and

isomorphous. These results are similar to those of the other metal-

carboxylate compound523'24

having an octahedral arrangement around
the metal ions. The complete X-ray analyses of these compounds

with the exception of Mn(II) malonate have not yet been reported.
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Manganese malonate dihvdrate

Preliminary studies of manganese malénate have been made
by Walter-Levy et a117 and later by Gupta and éhand.20 A complete
crystal structure of the compound has been carried out more
recently21 which confirmed the previous lattice parameters. In
the crystal, each an+ ion is octahedrally coordinated by four
carboxylate O atoms from three different malonate ions and two trans
water O atoms with Mn-0 distances ranging from 2.13 to 2.233. The
water molecules and the surrounding oxygen atoms form a distorked
octahedron (Fig. 1.10.). Within the malonate ion the bond lengths
and angles are normal. The malonate ligands adopt the envelope con-
formation, as in most complexes of the malonate ligand.5 In the
crystal, all four H atoms from the two water molecules are involved

in hydrogen bonding which holds the polymeric layers together.

Copper malonate

The structure of copper malonate has been investigated by
various workers25 -27 both by powder and single crystal X-ray
methods. The salt which was prepared by neutralization of malonic
acid with copper carbonate has three waters of crystallizationand
is rgported to be monoclinic with cell parameters a = 10.62, b = 21,00,
c.= 13.55, B = 1119, space group P21/n, Z =16,

Copper malonate tetrahydrate which was prepared by
reaction of malonic acid and copper hydroxide at 25°C has been stud-
ied by the powder method26. »The compound belongs to»tﬂe triclinic
symmetry group with unit cellvparameters a=7.630, b =10.33, c =
5.288 , o = 103,145 B = 99.06, y = 108.54°. The distances between
the planes and relative intensities of diffraction lines are also

reported.



Fig.1.10. The crystal structure of Mn malonate.2H2021

Fig.l.11l. The crystal structure of Cu malonate.4H2027

19.
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The complete X-ray analysis of copper malonate tetra
hydrate27 later confirmed this result. Although the salt was
prepared by using a different method of synthesis (i.e. equal
volumesof 1M solutiomsof potassium hydrogen malonate and Cu(II)
chloride) similar unit cell parameters were obtained.27

The crystal structure with formula [Cu mal,4H20]2 is
constructed from two different types, i.e. anions [Cu(mal)z.ZHZOJZ-
and cations [Cu(HZO)6]2+. In the complex of the first type =
dimalonato cuprate, the Cu atom is surrounded by two malonate
ions which form two six-membered rings. The fifth and sixth
positions are occupied by two water molecules.27 (Fig.1.11).

The interatomic distances and angles in mélonate are
similar with that of malonic acid.28 Similar structures have been
reported for the corresponding oxalato complexes.29

In a complex of second type the copper atom coordinates
six water molecules with Cu-O6 = 1,95, Cu-O7 = 2.0, Cu--O8 = 2,47, K;
06Cu07 87.10; 08Cu06 = 92.9 3 08Cu07 = 90.0°. The hydrogen bonds form
between the 02 atom of the carboxylate group of the malonate ion and

the anionic complexes from the neighbouring layer.

1.3 Malonates of tervalent metals

Some comparisons can be made between tris (oxalato)“
complexes and tris (malonato) complexes of M(III) ions. It is known
that the complex ions of the type M(ox)33_ possess similar
configurationsand the same coordination number six. Preliminary
X-ray examination30 indicates the exact correspondence of the mole-

. } + +
cular formulae of the potassium tris oxalato complexes of Al3 ’ V3 R

Cr3+, Mn3+ and Fe3+,.and the isomorphism of their crystals, all of

which occur in the monoclinic system with three water molecules per
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mole of salt, but corresponding Co3+, Rh3+ and Ir3+ complexes are
triclinic and they contain, 3}, 4} and 4} molecules of water.31

In the case of tris malonato complexes of M(III) ions
it has been found that the tris malonato coﬁplexes of A1(III), Cr(III)
and Fe(III) are isomorphous having similar octahedral environments
around the metal ions. The complete X-ray analys;s of A1(III) and
Fe(III) malonato complexes have not been reported.

X-ray structural analyses of coordinated malonate ion
in tris malonato metal complexes of the type K3 [M(mal)3], XHZO
(M = Cr, Mn, Co) have been reportedz’S where three six-membered
malonate chelate rings are involved. In these complexes the metal
is surrounded nearly octahedrally by the oxygen atoms of the malonate
groups. The molecular geometry in Cr(mal)3 complexes is shown in
Figure 1.12.

The Cr-0 bond distances and angles indicate a regular
octahedron., These values are well within the range observed in the

8,38 The malonate conformation is highly

chromium malonato complexes.
dependent on its enviromnment as predicted by Butler and Snow.32 In
Cr(mal)3 complexes the five atoms CrO0(1), 0(1'),C(3), C(3') are almost
coplanar, The conformation of the six-membered malonate chelate

ring assumes an envelope conformation5 (Fig.1l.13.a).

It is different however from that reported for (-)[Co(NOz)Z(en)z]

(+) [Co(mal)z(en)], where the six-membered chelate rings adopt a
flattened skew boat conforniation33 (Fig. 1.13.b), and for Na (+) [Co(en)
(mal)z].2H2032 where both rings adopt a boat conformation (fig.l.13.c).
‘The boat conformation is the most common in malonate structures.

The chair conformations (fig.1.13.d) are said to be energetically
unfavoured for malonato complexes.32
The structuresof some dimeric chromium (III) malonato

8,38

complexes have been reported recently. In [Cr(mal)z(OH)]24-,



- 5
Fig.1.12. The geometry for rCr(mal)3]3 anion”.

(a) (b)
bto Co

{c) (d)
Co Co

Fig.l1.13. Malonate ring conformations: (a) envelope,

(b) skewboat, (c) boat, (4) chair32.

22.



Fig.1.14. The geometry for [Cr(mal)z(OH)];-anione.

Fig.1.15. The projection of the Co-malonate in [Coen(mal)z]‘

33

23.
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each chromium atom is six coordinated, approximately octahedral,
the ligating atoms being two cis hydroxo groups and two cis malo-
nate groups, The malonato ligands are bidentate, each coordinating
through two oxygen atoms; the uncoordinated'oxygen atoms are
involved in extensive hydrogen bonding in the crystal. The four
independent chromium - malonato oxygen distances Qith an average
of 1.963&, are shorter than the two Cr-0 distances (1.9875) in the
bridging unit, Figure 1.14, Both uwalonato groups are in the

boat conformation,

The X-ray crystal structure of K3[Co(ma1)3].4H20 has
been reported5 and the cell parameters confirmed by this investigation
(see Chapter VI). The molecular geometry of the Co malonate chelate
ring is very similar to that observed for the Cr(mal)3 complexes;
The Co atom is surrounded octahedrally by the oxygen atoms of the

32,33 Figure 1.15. shows the projection of the Co-

malonato groups.
malonate six-membered chelate ring in bis (malonato) ethylenediamine
cobaltate (III), The bond distances and angles within the complex
ion are normal and are in good agreement with those observed in
other related complexes.6

The water molecules are not coordinated directly with
the metal atoms, but link different parts of the structure by means
of ‘hydrogen bonding. The crystal structure of Mn(III) malonate
complexes has been studied more recently by the single crystal diffraction
method.2 The results of X=-ray analysis confirmed a distorted octa-
hedral enviromment around the Mn3+ ion in both bis aﬁd tris Mn(III)
malonate complexes.

Potassium trans-diaquo bis (malonato) manganese (III)
qihydrate, K[Mn(HZO)z(mal)ZJ.ZHZO has the space group Pbcn, orthorhombic

unit cell containing four molecular units with a = 6.842, b = 13,49,

c = 14,1154,
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Each manganese atom is coordinated by four oxygens
from the two malonate groups with equal bond di;tances (M~0 = 1.90&)
and two oxygens from the water molecules with longer bond distances
(M-0 = 2.308). The arrangement of the molecule and bond distances
and angles are given in Figure 1l.16.

The bond distances and angles within.the malonate ion
are in agreement with the values formalonic acid28 and substituted

34,35

malonic acid. On comparison of the bond distances in Mn(II)

malonato and bis malonato diaquo manganese (III) complexes, the MnIII

-H.0 distances of 2.30 A in [Mn(mal)z(HZO)Z]- ions are slightly

2

longer than those of MnII"HZO(Z.ZOZ) in Mn mal,2H20 which confirms
the suggestion2 that bonds between MnIII ions and water molecules
are very weak and may be easily disrupted in solution.

Studies have also been carried out more recently on
the structure of the complex known as K[Mn(mal)z(CH3OH)] by X-ray
analysis.36 The crystals are triclinic, space group Pi, with a = 8,55,
b = 8,56, c = 8.954, & = 113,60, B = 94.78, and y = 99.97° and Z = 2,

The polymeric structure consists of carboxylate;bridged
trans-bis (malonato) dimethanol manganaﬁe (III) and bis (malonato)
manganate (III) anions and potassium cations. Theré are two
different manganese atoms in the structure whichravedifferént
octahedral environments (Fig.l1l.17). Each of the two different
manganese atoms is bound to four oxygen atoms of the malonate ligands
with M-0 distancesof 1.91A similar to that of bis malonato diaquo
manganese (III) complexes. The two remaining sitesvof the coordination
octahedron afound both manganese atoms are different. - The Mn(I) atoms
areklinked to one of the oxygen atoms of the carboxylate groups‘of
.the malonate ligands with Mn(1)-0 = 2.26A ‘chelating the Mn(Z)Iatoms,
while in Mn(2), the two remaining positions are occupied by methanol

N (] .
molecules with Mn=0 (methanol) = 2,203A. The manganese-oxygen distances



Fig.l1.16. The geometry for

2- 2
1 .
[Mn(mal)z(Hzo)zd anion”.

Fig.l.17.

Fig.1.18. The geometry for

an(mal)3]3- anion3.

[Mn(mal)z(CH

26,

The geometry for

BOH]- anion36
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indicate the tetragonal elongation of the coordination octahedron
around two different manganese atoms, sSimilar to that found in
K[Mn(mal)z(HZO)ZJ.ZHZO complexes. In K[Mn(mal)z(CH3OH)], the two
different malonate chelate ringsadopt the eﬁvelope conformation,
‘which is rather common in such compounds.

Hydrogen bonds are formed between the‘hydrogen atoms
of tﬁe hydroxy groups of the methanol molecules and the oxygen
atoms of the malonate ligands cheléting the Mn(I) atom in a
neighbouring cell.

In K3[Mn(ma1)3].2H202, a monoclinic unit cell, space
group C2/c, has four molecules per unit cell with a = 14,799,

b = 7,850, c = 16,2108, B = 108.51°. In the crystal each manganese
atom is coordinated octahedrally by six carboxylate oxygen atoms
from three different malonate ions. The geometry of the molecule is
shown in Figure 1.18.

The Mn-0 bond distances of 1.92, 2.00 and 2.04& in the
complex indicate the distortion from octahedral symmetry around the
central manganese atom. The Mn-O bond distances in tris(malonato)
complexes (Mn=0 = 1.92-2.043) are longer than the Mn-0 distances -
(Mn-0 = 1,908) in the diaquo bis»(malonato) manganeseb(III) complexes.2
Hydrogen bonds are formed between the water and the oxygenbatoms
0(3) of the malonate ligands which may contribute to the stability
of the crystal structure and it is shown that the H20-0(3) hydrogen
bond influences the lengthening of the Mn-0(3) bond and therefore ;hé

geometry of the complex anion is more distorted.
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CHAPTER II PREPARATIVE METHODS

General Methods of Preparation of the Compounds¥*

Starting Materials

All chemicals were of reagent grade and were used without
further purification.
Acids were obtained from BDH.

2.1 Metal-malonate Compounds

All simple malonate coméounds except nickel malonate were
prepared by the method by adding an equimolar quantity (plus a slight
excess) of the solid metal carbonate to an equimolar quantity of an
aqueous solution of malonic acid with continuous stirring and gentle
heating at about 35°C for a few hours. The excess of carbonate was
filtered off and washed with water; the filtrate was evapofated using a
rotary evaporator.. When sufficient salt had separated the mother
liquor was decanted, and the crystals of salts were filtered off,
washed and dried in air. These compounds all contain water of crystal-
lisation. Nickel malonate dihydrate was prepared by the method of
Ives and Riley.1 After crystallisation in hot water, the salt was
dried in air, very finely powdered, washed with absolute alcohol and
water, and air dried. In the case of the barium and calcium malonates,
the analysis results indicated that these compounds are basic sélts.
Récrystallisation was not effective in producing a pure non-basic.com-
pound. In the case of magnesium malonate, é more concentréted solution,
lower temperature conditions and allonger reaction period were used.
Under these conditidns a pure compound resulted. However, the precipi-
tate was allowed to stand in contact with the mother liquor at room
temperature overnight before filtration, which might have been effective
‘for purification of the compound as pointed‘out élsewhere2 for analogous

Ca(II) oxalate compounds. The anélyses of carbon and hydrogen were

* The references for this section are on page 52.



Table 2.1. Analysis of malonato metal compounds
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Empirical formula ZC H M2+
Cu(II)(malonate).Z%HZO 17.0 3.30 29.94
17.1 3.34 30.16
Na2[Cu(ma1)2(H20)2] 20.7 2.3 18.30
20.6 2.3 18.17
Zn(II)(malonate).2H20 17.5 2.90 32.2
17.7 2.90 32.1
Co(II)(malonate).ZHZO 18.8 3.00 29.6
18.3 3.07 29.9
Ni(II)(malonate).2H20 18.2 3.0 30.33
18.3 3.1 29.83
Cd(II)(malonate).H20 15.2 1.6 48.15
15.4 1.7 48.35
Ca(II)(malonate)Ca(OHz).léHZO 14.80 2.4
14.81 2.9
Mg(II)(malonate).5H20 16.6 5.4
' 16.6 5.5
ZBa(II)(malonate)Ba(OH)z.ZHZO 10.2 1.4
10.5 1.4
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carried out by Miss M.E. Easton at Bedford College. Metals were deter-
mined by atomic absorption spectrophotometry3. These are listed in
Table 2.1.

Preparation of sodium bis(malonato) diaquocuprate(II)

Naz[Cu(mal)z(HZO)ZJ was prepared by the method of Riley.4 A
pale blue powder was obtained.

Coordination Compounds of Trivalent Metals with Bidentate Ligand

Malonate

Preparation of compounds

Potassium tris (malonato) aluminate(III) 6-hydrate

K3[A1(C3H204)3].6H20 was prepared as described by Bailar and
Jones5 for the corresponding tris (oxalato) complex. Recrystallisation
was from the minimum of hot water. White crystals were obtained upon
standing at room temperature -and contained six molecules of water.

679 (-0.1 mole) of aluminium sulphate A12(SO -18H,0 was

4)3
treated with a solution of 24 g (0.6 mole) of sodium hydroxide. ' The
precipitated aluminium hydroxide was separated washed and boiled with a
solution of 0.6 mole of potassium hydrogen malonate or a mixture of 0.3
mole of potassium malonate and 31.2 g (0.3 mole) of malonic acid in
about 800 ml of water. Potassium malonate was prepared by neutralisat-
ion of the appropriate quantity of malonic acid 31.2 g (0.3 mole) and
potassium carbonate 41.4 g (0.3 mole). The aluminium hydroxide which
did not dissolve was filtered out and the filtrate was evaporated to

crystallisation.

Sodium tris (malonato) ferrate(III) tetrahydrate

Na,[Fe(C.H,0,),].4H,0 was prepared by the method of Scholz.6
=73 3727473 2
Recrystallisation was from water and alcohol. The pale green crystals.
tend to be light sensitive and on account of their photochemical decom

position, the compound was kept in a desiccator in the dark.
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Potassium tris (malonato) cobaltate(III) tetrahydrate

The Method of Al-Obadie and Sharpe

Thomas7 reported the preparation of Ehis compound by the lead
dioxide oxidation of cobalt(II) malonate. ' More recently Al-Obadie and
Sharpe8 attempted to make it by the use of the literature method for
the cprresponding oxalate complex.5 The method;was unsuccessful, it
failed at that step in which addition of alcohol to an aqueous solution
should have precipitated the green crystals of the malonate complex
of Co(III). However, the product was pink in colour due to the decom
position of Co(III) to Co(II) malonate.

However, the method of Lohmiller9 was tried under conditions
where the pH of the solution was carefully controlled, since the compound
is unstable in aqueous solution at low pH. There was a modification of
the crystallisation step where adding alcohol to the green oil should
precipitate the malonate complex of Co(III). Absolute ethanol was
added to the dark green oil that was formed while scratching the inner
surface of the vessel with glass stirring rod, and the supernatant liquid
was then decanted and the process repeated until crystallisation of the
oil began. The crystals were filtered off and washed with absolute
methanol and stored in a vacuum desiccator in the dark. The compound
tends to absorb water and decompose on exposure to air. It ié thermally
unstable and light sensitive in aqueous solutions, particularly at low
pH. The solid form stored in a vacuum desiccator appears stable.

The crystals did not appear homogeneous under the microscope. They
were contaminated with some pink crystals which probably indicates decom;
position. The low result for the carbon content indicates that the
K3[C§(mal)3].4H20 product might be contaminated with bis malonato
species, 1i.e. [Co(mal)z(HZO)ZJ-and Co(II) malonate, analogous to the

solid-state decomposition10 of K3[Co(ox)3].3H20.



Table 2.2  Analysis of malonate trivalent metal complexes
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Empirical formula ZC H K M3+
K3[A1(ma1)3].6H20 19.2 3.1 20.84

19.3 3.2 21.00
K3[Co(ma1)3].4H20 16.98 2.52 21.59

19.49 2.54 21.80
K[Mn(mal)z(HZO)zl 21.70 2.40 12.50 18.30

21.57 2.41 11.70 16.44
K[Cr(mal)z(HZO)z].3H20 18.70 3.50 10.15 13.80

18.70 3.60 10.15 13.50

Na

NaBEFe(mal)3].4H20 21.72 2.68 13.62 11.06

21.50 2.80 13.71 11.10
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[Co(en)zmal]Br and K[Co(en)malz]HZO were prepared by the

method described elsewhere.lo’ll

Preparation of cis-bis (malonato)diaquo chromate(III) trihydrate

K[Cr(C3H204)2(H20)2] was prepared‘by the method of Chang.13

The product was recrystallised from hot water and 95 per cent ethanol.
The purple crystals were filtered, washed with 95 per cent ethanol and

absolute ether, and air dried.

Malonato Manganates

Preparation of anhydrous potassium bis(malonato)diaquo manganate(I1I)

K[Mn(C3H204)2(H20)2] was prepared by the method of Cartledge.14

The fine olive green crystals were left in the desiccator in
the dark. All manganese(III) complexes decompose rapidly in the atmos-
phere not free from moisture and the organic solvents. They are
unstable with respect to thermal or photochemical decomposition.

Analysis of M(III) malonates is given in Table 2.2.

2.2 Metal-ethylmalonate Compounds

These compounds were prepared by the similar method to that of
the malonate compounds as described before.

Recrystallisation was also impossiblé due to the low solubility
of these compounds. In the case of the nickel compound, as analysis
indicates, it is contaminated with nickel hydroxide or is the basic salt.
Attempted recrystallisations from water were unsuccessful. However,
the purification of the nickel ethylmalonate was carried out by the
grinding and waéhing method.1 This treatment was found to be quite
effective particularly in purifying of the nickel compound. The rest of
the compounds were pure and recrystallisation was not needed. They all
'.contain water of crystallisation except calcium ethylmalonate where
the anhydrous salt was obtained.

There was difficulty in filtration of these compounds and



Table 2.3 Analysis of ethylmalonate metal compounds

Empirical formula ZC " Mz+
Cu(II) (etmal).2H,0 26.10 4.59 27.45

26.14 4.40 27.66
Zn(II) (etmal).2H,0 25.63 4.50 27.98

25.94 4.35 28.24
Co(II) (etmal).2H,0 26.78 4.70 25.99

26.68 4.48 26.18
2Ni(I1I) (etmal) .Ni(OH),.3H,0 23.15 3.98 34.20

22.90 3.84 33.58
Cd(II)(etmal).H20 23.07 3.03 43.09

23.05 3.09 43.15
Ca(II) (etmal) 34.86 3.52

35.28 3.55
Mg(II)(etmal).3H20 28.10 5.31

28.80 5.80
Ba(II)(etmal).%Hzo 22.05 2.58

21.72

2.55

39.
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Whatman paper Grade 5V was used in all cases. Analysis is given
in Table 2.3.

Coordination compounds of trivalent metals with ethylmalonate

Potassium tris (ethylmalonato) cobaltate(III) tetrahydrate

The preparation of the tris(ethylmalonato) cobaltate(III)
by the method analogous to that used for the malonato complex was

unsuccessfu1,9’15

although the pH of the solution was carefully con-
trolled. Repeated attempts failed at the step in which addition of
alcohol to an aqueous solution should have precipitated the ethyl-
malonate complex of Co(III). However deep pinkish colour crystals
were always as the final products. Analysis results indicated that it
was an impure Co(II) ethylmalonate.
Procedure 1

The method of Lohmiller and Wendlandt9 for the corresponding
malonate complex was followed. Cobalt carbonate 5 g (0.042 mole) was
slowly added in small portions to a boiling mixture of 6.34 g (0.048
mole) of ethylmalonic acid and potassium ethylmalonate (0.028 mole).
Potassium ethylmalonate was prepared by the neutralisation of 3.7 g
(0.028 mole) of ethylmalonic acid with 3.87 g (0.028 mole) of solid
potassium carbonate. The violet coloured sdlution was cooled to room
temperature and 12.7 g (0.096 mole) of ethylmalonic acid was added.
Sﬁall amounts 6f solid potassium carbonate were then added until a pH
of 6 was obtained followed by addition of 15 ml of 307 Hy0,.  The pH
was then adjusted to pH 7 by addition of ﬁore potassium carbonate
(vigorous oxidation reaction began). After the reactionvsubsidedAthe
green coloured solution was heated to 35°C and stirred for 1 hour in
the dark. The splution’was filtered and cooled to about 0°C and
placed in a seﬁarating fﬁnne1.~ The addition of 150 ml of cold 95%
ethanol gave a grey product to which more alcoﬁol was addéd. The

process was repeated several times, decanting the liquid before each
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addition, but the pink crystals of the cobalt(II) salt were always as the
final product.
Procedure 2

The literature method for the corfesponding malonate complex15
was followed; it is also analogous to the preparation of the oxalate com
plexﬁ with the exception of the crystallisation étep.

10 g (0.0402 mole) of cobalt acetate was added to a solution
of 12.5 g (0.223 mole) of potassium hydroxide and 19.8 g (0.15 mole)
of ethylmalonic acid in 20 ml of water with stirring. To the resulting
Co(II) ethylmalonate 4.8 g (0.020 mole) of lead dioxide was added
slowly followed by 5 ml of glacial acetic acid added a drop at a time.
The solution was stirred in the dark for 1 hour during which time the
colour changed from violet to dark green. The resulting solution was
filtered directly into a flask containing 2-propanol (150 mi) and the
violet coloured liquid was decanted from the green oil that was forme&.
The extraction was repeated several times. To the resulting
extract 957 ethanol (10 ml) was added while scratching the inner surface
of the vessel with a glass stirring rod. The supernatant liquid was
decanted each time and the process repeated three times.. ﬁere again
the pink Co(II) ethylmalonate crystals were always the final'pro-
duct. Analysis results indicated again that it was an impure Co(II)
ethylmalonate.

[Co en, etmal]Br.H,0 was prepared as follows: 10 g 6f
[Co ehZCO3]C1 preparedkby Dw&er's method,16 was treated with Ag20 freshly
precipitated ffdm 11 ¢ silver nitrate. The silver chloride (and the
excess of silver oxide)was filteredvoffTand ethylm#lonié acid (5 g)
was added. The mixture was shaken until the‘evolution of CO, had
.ceased. The voluﬁe‘of the solution wés reduced to 40 cm3 dn a rotary
eﬁaporator and KBr (8 g) was added to the hot solution. The crystals

were filtered off from the ice-cold solution, washed with ice-cold
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methanol, cold ether and dried in vacuum. The crude product was

recrystallised from warm water and dried as before.

Ethylmalonate manganates

Preparation of anhydrous potassium bis (ethylmalonato) diaquo

manganate (II1I)

‘ K[Mn(etmal)Z(HZO)ZJ was prepared by the method of Cartledge14
for the corresponding malonate complex.
Method

1.58 g (0.01 mole) of KMnO, and 3.30 g (0.025 mole) of ethyl-

malonic acid were shaken with about 150 ml of absolute methyl alcohol
for about } hour. It was necessary toallow the reaction mixture to
stand for one week at 5°C to complete the reaction. The cream product
was filtered off and washed with cold methyl alcohol. It was stored in
a desiccator in the dark. Recrystallisation of the product from methyl
alcohol was not successful,

Potassium tris (ethylmalonato) aluminate(III) trihydrate

K3[A1(etmal)3].3H20 was prepared by the similar method for
the corresponding oxalate and malonate complex. The light yellowish
liquid was concentrated and crystallised upon standing for 1 hour to
creamy coloured crystals., These were collected and dried in a vacuum
desiccator.

Méthod

A solution of 16.75 g (0.025 mole) of aluminium sulphate,
A12(804)3.18H20 was treated with a solution of 6 g (0.15 mole) of sodium
hydroxide. The precipitated aluminium hydroxide was filtered off,
washed aﬁ& boiled with a solution of 0.15 mole of potassium hydrogen
ethylmalonate, or a mixture of 0.15 mole of potassium ethylmalonate
and 9.91 g (0.15 mole) of ethylmalonic acid in about 250 ml of water.

Potassium ethylmalonate was prepared by neutralisation of the appropriate



Table 2.4 Analysis of ethylmalonate trivalent metal complexes

Empirical formula %C H K m>*
K3[A1(etma1)3].6H20 30.64 4,25 19.30
30.60 4.11 19.93
K[Mn(etmal)Z(HZO)z] 29.9 3.5 8.29 19.8
30.7 4.1 10.02 14.07
Na
Na3[Fe(etmal)3].2H20 32.78 4.00 12.50 9.86
32.69 4,02 12.51 10.13
N
[Coenzetmal]Br.HZO 26.6 5.7 14.0 14.4
26.6 5.9 13.8 14.4

43,
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quantity of 9.90 g (0.15 mole) of ethylmalonic acid and 10.37 g

(0.15 mole) of potassium carbonate. The excess of aluminium hydroxide
was filtered off and the light yellowish liquid was concentrated using a
rotary evaporator. On standing for 1 hour.creamy crystals were
deposited.

Sodium tris (ethylmalonato) ferrate(III) dihydrate

Na3[Fe(etmal)3].2H20 was prepared by the method of Schoiz for
the corresponding malonate com.plex.6 The compound is light green,
photosensitive and it tends to absorb water and decompose on exposure to
air. It is thermally unstable. The compound was stored in a desiccator
in the dark.

Method

A solution of 16.22 g (0.1 mole) of FeCl3 in water was treated
with about 380 ml of conc. ammonia. The precipated ferric hydroxide was
filtered out, and washed with water until the washings produced no precipi-
tate with silver nitrate. The resulting Fe(OH)3 was added to a concen-
trated solution of 19.81 g (0.15 mole) of ethylmalonic acid and 0.15 mole
of sodium ethylmalonate or a mixture of 19.81‘g (0.15 mole) of ethyl-
malonic acid and 15.9 g (0.15 mole) of NaZCO3 in about 600 ml of water.
The mixture was then digested for one day during which‘time the Fe(OH)3
slowly dissolved(by adding water and evaporating it again and again.)
After filtering with suction (excess of Fe(OH)j) and washing, the resul-
ting green liquid filtrate was evaporated to about 100 ml and allowed to
cool. Small amounts of acetone Were added to the light gréen gummy.
product to bring about the depositionofthe complex as a pale.gréén

powder.

2.3 Metal-benzylmalonate Compounds

Attempts to obtain analogous salts containing anions of

higher dicarboxylic acidsas ligands have been successful. We have
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examined the possibility of making benzylmalonate compounds by the
method analogous to that used for malonate and ethylmalonate complexes.

Again there was great difficulty in the filtration of these
compounds and a considerable foaming occurs during the process.

This was particularly so with Co(II) benzylmalonate where experience
showed that the reaction should be carried out af room temperature,
and a longer period allowed for reaction, as the product which was
formed at even low temperature was always contaminated with the
brown Co(II) oxide. The reaction was carried out while stirring for
10 days and finally the stirred slurry mixture was filtered off many
times (Whatman paper No. 5) until the excess of carbonate was com-
pletely removed and a clear solution was obtained. It was concen-
trated on the freeze drier. The pale pinkish precipitate which had
coagulated was separated fram the only slightlpink supernatant liquid
by filtration. It was washed and dried.

In the case of nickel benzylmalonate a similar situation was
observed, and finally the light greenish precipitate which was in contact
with the mother liquor for a few days at room temperature Qas easily
separated by filtration; it was obtained as a light green powder. It
was washed and air dried; it contained two molecules of water of
crystallisation.

Copper benzylmalonate crystallises as deep sky blue and
contains half a molecule of water of crystallisation; |

Zinc benzylmalonate crystallises as a brighf white compound
which contains two and a half molecules pf water of crystallisation.

Magnesium, calcium and barium salts were basic. 7

Analyses were carried out aﬁd the results are summarised iﬁ.
Table 2.5. Again, recrystallisation of these compounds was impossible

.due'to the very low solubility of the compounds. Tﬁe compounds do not

wet easily, forming a dry surface scum when water is added and on



Table 2.5 Analysis of benzylmalonate metal compounds

Empirical formula ZC H M2+
Cu(II)(benzylmal).%HZO F 44,92 3.19 23.95
T 45,37 3.42 24,00
Zn(I1) (benzylmal) . 24H,0 F 39,72 4.22 20.95
T 39.69 4,33 21.00
Co(II) (benzylmal).2H,0 F 42.1 3.5 20.39
T 41.8 4,2 20.52
Ni(II)(benzylmal).ZHZO F 41.4 4.5 20.28
T 41.8 4.2 20.46
Cd(II)(benzylmal).HZO F 37.0 3.1 34.42
T 37.2 3.1 34.80
Ca(II)(benzylmal).Ca(OH)2 F 38.7 3.0
| T 39.2 3.3
Mg(II)(benzylmal).Mg(OH)Z.ZHZO F 48.8 4.3
T 48.4 4.1
Ba(II)(benzy;mal).Ba(OH)z.éﬂzo F 32.1 2.7
T 32.1 2.4

46.
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shaking solutions of the benzylmalonate salts emulsions are formed
and considerable foaming occurs during the process.

Coordination compounds of trivalent metals with benzylmalonate

Potassium tris (benzylmalonato) éluminate(III) trihydrate
K3[A1(benzy1 mal)3].3H20 was prepared by the similar method for the
corresponding oxalate with the exception of crystallisation.5
Method

33.5 g (0.05 mole) of aluminium sulphate A1,(50,) 5.18H,0 was
treated with a solution of 12 g (0.3 mole) of sodium hydroxide. The
precipitated aluminium hydroxide was filtered off, washed and boiled
with a solution of 0.3 mole of potassium hydrogen benzylmalonate or a
mixture of 29.13 g (0.15 mole) of benzylmalonic acid and 0.15 mole of
potassium benzylmalonate.

(Potassium benzylmalonate was prepared by neutralisation of
29.13 g (0.15 mole) of benzylmalonic acid with 20.73 g (0.15 mole) of
solid potassium carbonate in about 400 cc of water.) After additional
stirring (magnetic stirrer) for a few minutes the resulting solution
was filtered. ©Excess of aluminium hydroxide was filtered off (Whatman
paper No. 54). After cooling at 5°C overnight a very sticky liquid
was obtained. There was difficulty in obtaining the compound as
crystals from the light yellowish gummy liquid. The addition of a
number of solvents was also unsuccessful, and resulted the deposition
of the complex. Finally the gummy liquid was concentrated to dryness.
The product was a white shiny solid which was ground and stored in the
desiccator. Recrystallisation of the compound was impossible although -
the complex is highly soluble in water but the gummy nature of the
complex was the cause of unsuccessful crystallisation. Even the method
of grinding and washing with acetone and ethanol was not effective in

the production of a powder or crystals. However, the analysis results

were satisfactory.
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Sodium tris (benzylmalonateo ) ferrate(III) dihydrate

Na3[Fe(benzy1mal )3].2H20 was preparfd by the reaction of
freshly made ferric hydroxide with a solution of sodium hydrogen benzyl-
malonate as described by Scholz6 for the cérresponding malonate complex.
Method

A solution of 8.11 g (0.05 mole) of Feél3 in water was treated with
ammonia, the colloidal precipitated ferric hydroxide was filtered out, and
washed with water until the washings produced no precipitate with
AgNO4 (0.1 M). The precipitated Fe(OH)3 was added to a concentrated
solution of 14.56 g (0.075 mole) of benzylmalonic acid and 0.075 mole of
sodium benzylmalonate or a mixture of 14.56 g (0.075 mole) of benzyl-
malonic acid and 7.95 g (0.075 mole) of anhydrous sodium carbonate in
about 100 cc of water. After additional stirring (magnetic stirrer) for
a few minutes the mixture was then digested on the steam bath for a week,
The Fe(OH)3 slowly dissolved (by adding water and evaporating again and
again.) There was again difficulty in filtration of this complex due to
the gummy liquid which was formed. However, the excess of ferric hydro-
xide was removed using Whatman paper No. 5 and the dark green liquid
was concentrated. Here again there was a great deal of difficulty in
the crystallisation of the gummy semi-solid. However, the deep green
gummy liquid was concentrated on the rotary evaporator to nearly dryness
and then left in the desiccator. The shiny product was ground in a
mortar and pestle and stored in a vacuum desiccator in the dark.
Recrystallisation was also impossible. The product was very pure and
therefore purification was not needed. The compound is light, heat and
moisture sensitive. ‘ The complex was stored in a vacuum desiccator in the

dark and appears quite stable.
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Benzylmalonate manganates

Preparation of anhydrous potassium bis (benzylmalonato) diaquo

manganate (IIT)

K[Mn(Benzylmal),(H,0),] was prepared by the reaction of stoi-
chiometric quantities of potassium permanganate and benzylmalonic acid
in absolute methyl alcohol as described by Cartlédge14 for the corres-
ponding malonato complexes.

One hundredth of a mole (1.58 g) of potassium permanganate and
0.025 mole (4.85 g) of benzylmalonic acid were shaken with about 150 ml
of absolute methyl alcohol and the reddish brown liquid which was
obtained allowed to stand for one week at 5°C. It was then filtered
off and the light brownish product was washed with absolute methyl
alcohol and dried and stored in a vacuum desiccator in the dark.

Potassium tris (benzylmalonato) cobaltate(III) tetrahydrate-

Repeated attempts to prepare K3[Co(benzy1mal)3].4H20 by the
method used for the corresponding malonatea’9 compounds again was
unsuccessful, Although the pH of the solution was carefully controlled
the attempts always failed at the step in which addition of alcohol to
the aqueous solution should have separated the dark green oil from the
aqueous solution. The complex tends to be very unstable. . Finally the
attempt was carried out in a very carefully controlled condition where
all the apparatus was already cooled in the drS’? ice and acetone-bath.
A similar method to that described by Lohmiller and Wendlant9 for the
corresponding malonate complex was followed. 1.25 g (0.0105 mole) of
CoCO3 was added to a boiling mixture of 2.33 g (0.012 mole) of benzyl-
malonic acid and 0.007 mole of potassium benzylmalonate. This was
prepared by the neutralisation of 1.35 g (0.007 mole) of benzylmalonic:
'acid with 0.99 g (0.007 mole) of potassium carbonate‘in 21 mi of water.
When the solution was cooled to room temperature 4.66 g (0.024 mole) of

-benzylmalonic acid was added. Small amounts of solid K,C04 were then
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added until a pH of 6 was obtained followed by 3.75 ml of 30% H202
added slowly. The pH was then readjusted to pH 7 by addition of more
K2C03 (a vigorous oxidation reaction began). After the reaction had sub-
sided, the colour changed to deep green. The solution was then heated
to 35°C and stirred in the dark for 1 hour. The solution was filtered
and cooled to OOC and placed in a separating funnel. The extraction of
water and potassium benzylmalonate from the mixture was unsuccessful .
The extraction was repeated several times and various proportions of sol-
vents were examined and finally a mixture of acetone and chloroform was
found to be successful in removal of the water and potassium benzyl-
malonate from the dark green oil that was formed. The extraction was
repeated until a large amount of green solid and white mixture formed;
this was filtered off immediately and the green oil was separated from
the white potassium benzylmalonate. The process was repeated again
with the acetone and chloroform each time while scratching the inner
surface of the vessel withaglass stirring rod and supernatant liquid was
decanted each time. However, the green oil that was separated decom-
posed rapidly to pink crystals at the final step where the attempt

was made in the conversion of the oil into the crystals. From obser-
vation it could be seen that the ccmplex does exist but at very low
temperature (-60°C) and it is very unstable, highly sensitive‘to_the
;ight and to the atmosphere if this is not free from organic vapours.
However, it decomposed before it could be isolated for analysis. fhe
results of analysis indicated that the pink crystals of the cobalt(II)

salt were the final product, analogous to that found for the Co(III)

ethylmalonate complex.



Table 2.6 Analysis of benzylmalonato trivalent metal complexes

51.

Empirical formula %C H K w*
K3[Al(benzy1mal)3].3H20 F 46.06 3.75 15.0
T 46.50 3.90 15.1
K[Mn(benzylmal)z(ﬁzo)zj F 46.00 3.70 6.27 13.8
T 46.69 3.92 7.60 10.68
Na
Na3[Fe(benzy1mal)3].2H20 F 48.77 3.75 9.23 7.4
T 48.86 3.82 9.35 7.6
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-3*
CHAPTER III: VISIBLE AND ULTRAVIOLET SPECTROSCOPYl 3

3.1 Introduction

Visible and u.v. spectroscopy are powerful tools in the
investigation of structural aspects of chelates. The application of
visible spectroscopy is limited to chelates of tﬁe transition metal ions,
the lanthanides and the actinides. Ultraviolet spectroscopy is more
generally applicable and can be useful in structural determination of all
chelates since they all abosrb this region.

In a typical transition metal chelate the observed spectrum in
general, consists of a series of crystal field bands which are in the
visible region and depend largely on the donor atom of the ligand and
on the metal ion.

The crystal field transitions are of two types: the more intense
spin-allowed transitions and the lower intensity spin-forbidden transitions,
which usually appear as Shoulders on the spin-allowed transitions. The
ultra-violet spectrum is complicated and consists of electronic transitions
between the ligand and the metal (charge transferj and also transitions
within the ligand itself which are m - n* or o - o* transitions. The
spectra of non-transition metal ion chelates usually result only from
charge transfer; and the ligand transitions.

The ligand transitions in all cases are characteristic of the
coordinated ligand and not of the free ligand. However, the spectrum
of the free ligand aids in classifying the transitions of the coordi-
nated ligand. Interpretation of the results of spectral determinations
would require a complete molecular orbital treatment; such treatments
are rare and the methods used for such computations are cnly approximate
in nature. »The’present situation is that the spectral results are used
to test the theories, and the correlation of the spectrum with the theory

* the references for this section are on pages 66, 67 and 68.
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gives a greater understanding of the bonding and interactions in

chelates,

-~

The visible spectra of transition metal ion chelates, however,
can be understood and described quantitatiQely by crystal field theory
or its extension, ligand field theory. An aid in making band :.assign-
ments comes from the fact that spin or multiplicity-allowed transitions
are broad while spin-forbidden transitions are usually sharp. Multi-
plicity-allowed tZg > e, transitions lead to an excited state in which
the equilibrium internuclear distance between the metal ion and ligand
is larger than in the ground state. 1In the course of the electronic
transitions no change in distance can occur (Frank-Condon principle), so
the electronically excited molecules are in vibrationally excited states
with bond distances corresponding to the configuration of the ground

state involved in the transition.

3.2 Experimental Methods

Visible and Ultraviolet Spectra in the Solid State

Since the complexes are insufficiently soluble in the common
solvents, the spectra were recorded in powder form by the diffuse reflec-
tance method.

The u.v. visible spectra of freshly ground samples were run‘on
the Unicam SP700 recording spectra photometef using the SP735 solid state

i

attachment with freshly prepared magnesium oxide in the reference beam.

3.3 Results and Discussion

cr(in a3
In an environment of octahedral symmetry the ground state of

_Cr3+ ion is aAzé and three spin-allowed transitions are expected:

.4A -+ 4T . 4T1g(F), 4Tlg(P). The solution spectra of Cr(III) oxalato

2g 2g .

complexes have been reported by several workers. The results are
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all very similar, having two absorption bands in the visible and near
ultra violet at ~ 17,400 cm-l and 24,000cm-1 ch;racteristic of octahedral
Cr(III) complexes. The crystal structure of ;ris(oxalato)chromium(III)
complexes has been reported,7 which confirmed the earlier structure
predicted by Mead.5 It has been found that six oxygen atoms of three
oxalato groups surrounded the central chromium atom in an octahedral
environm.ent.7 The crystal structure of bis(oxalato)diaquo chromium(III)
complex is known to be octahedra18. It has two bands in the visible
region.9 The visible absorption spectra of tris(malonato), cis and
trans-bis (malonato)diaquo complexes -12 are analogous to those of the
Cr(III) oxalato complexes, each having two bands in the visible absorp-
tion spectra, and also show similarities to the crystal spectrum

13 and Hatfield.lA It was found by Hatfield

reported by Piper and Carlin
that both Cr(III) malonato and Cr(III) oxalato complexes have similar
octahedral structures. Recent X-ray structural analysis of some
Cr(III) malonato complexesls“17 confirmed that the coordination ié
indeed octahedral.

In the solid state spectra of K[Cr(mal)z(H20)2].3H20 two
bands were observed at 18,200 cm—1 and at 24,450 cm-1 corresbond to
the transitions 4Azg > 4ng(F) and 4Azg - 4Tlg(F) respectively. The
observed bands are similar to the absorption spectra of cis-bis(malonato)
diaquo chromium(III) complex and those of the corresponding
oxalate complex, which are consistent with.a regular oétahedral environ-
ment about the chromium atom. |
Mn(III) d4

The_electronic_énd structural proéer;ies of high-spin man-
ganese(III) complexes have been of unusual interest since the ground

~electronic state in octahedral complexes (SEg) is subject to strong

Jahn-Teller forces.
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There are several reports concerning the spectra of six-
coordinated high-spin Mn(I11) complexes.u’ls-z4
In all cases two prominent bands generally are observed, one
near 20,000 cm-1 and the other in the range 5,000 - 15,000 cm-1 for com-
plexes having six similar ligand atoms surrounding the manganese ion.

13,21

Piper and Carlin and Barnum22 have interpreted their results in

terms of an octahedral model and assigned the higher energy absorption
as the spin-allowed, d-d transition 5Eg > Sng. The high energy
absorption around 20,000 cm_1 (Band 1) is easily identified, as it is
the only quintet-quintet crystal field transition. The band observed
at 22,200 cx:n-.1 in bis(malonato)diaquo Mn(III), at 21,500 cm-l in bis-
(ethylmalonato)Mn(III) and at 21,200 cm_1 in bis(benzylmalonato) Mn(III)

complexes is undoubtedly the 5E > 5T transition.
g 2g

The lower energy absorption (Band II) 5,000 - 15,000 cm-1 in

Mn(III) complexes has been suggested to be due to the following effects:
1. A spin forbidden transition from the ground state to 3Tlg state

(in Oh).
2. A spin-allowed transition between components of the 5Eg ground state

subject to Jahn-Teller splitting.
3. The transition from ligand to metal "charge transfer".
4. The transition arises owing to a static or dynamic splitting of the
' Eg ground state.zo

19,23 of tris malonato complexes a movement of

In the study
Band I to higher energies in the bis(malonato)diaquo complexes together
with reduction in intensity on going from tris(malonato) to bis(malonato)

Mn(III) complexes has been considered characteristic of a tetragonal perturbation

if water molecules occupy trans positions. However, from X-ray structure

determination, Mn(IIi) malonato complexes are known to be tetragonally

25,26

distorted. Our study of bis(malonato)diaquo,}bis(ethylmalonato)

diaquo and bis(benzylmalonato)diaquo cémplexes (Table 3.1 ) did not
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show any intense absorption band in the near infrared as was found

in the tris-bidentate malonate complexes by Dingle.19 It is because

in bis-bidentate diaquo complexes one bidentate ligand is replaced by water
molecules, as it was considered to be trans with DAh symmetry. A correspond-
ing band is replaced by a much less intense band at 15,100 cm-1 in
bis(malonato) Mn(III), at 11,500 cm_1 in bis(ethylmalonato)Mn(III) and

at 12,000 cm.-1 in bis(benzylmalonato)Mn(III) complexes. Our results

are in agreement with those of Dingle19 and Patel et al.,23 though the
nature of the low energy absorption is not certain. The spectra of
six-coordinated Mn(III) complexes are not simple to interpret because of

both static and dynamic Jahn-Teller effects.

Table 3.1 Solid state spectra of complexes of manganese(III)

(band positions in cm-l)

Complex band 1 band II
K[Mn(mal), (H,0),] 22,200 15,100
K[Mn(etmal)z(HZO)z] 21,500 ‘ 11,500
K[Mn(benzylmal)z(HZO)Z] 21,200 12,000

Fe(III) d°

Little is known of the details of Fe(III) spectra.  This is
because of the greater tendency of the trivalent ion to have charge'
transfer bands in the near ultraviolét region which have sufficiently
strong low energy wings in the visible to obscure almost,completely in
many cases, the veryweak, spin-forbidden d-d bands. However, the
.spectral features of iron(III) ions in octahedral surroundings are in -
accord with the theoretical expectations. The weakness of the bands

and large numbers of the bands and variation in width of the bands
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(with one being narrow) these are characteristic of a Fe(III) dS system
explained in terxrms of ligand field theory27. Although the solution
spectra of an Fe(III) oxalate complex has been reported,4'28
the description of the absorption bands olee3+ in the visible and ultra-
violet regions has not been made. The tris(oxalato) ferrate(III) complex
is known to have an octahedral structure29 and fo;r bands have been
observed in both Solution28 and the single-crystal spectra. The
crystal spectrum of tris(malonato) ferrate(III) complex has been found14
to be similartothafofcorresponding oxalate complex.13 The observed

14 are based on the

bands and assigned transitions reported by Hatfield
known structure of the tris(oxalato)ferrate(III) complex. The results
of solid state spectra of Fe(III) malonate, Fe(III) ethylmalonafe and
Fe(III) benzylmalonate complexes are very similar to those of single-
crystal spectra, and on this basis, the observed bands in the reflectance
spectra can therefore be assigned with a great deal of certainty by

13,14 The solid state spectra

reference to the single crystal spectra.
of our Fe(IIl) complexes were poorly resolved. All the transitions are
spin-forbidden and hence the intensities will be low. However in high-
spin octahedral d5 systems the transitions occur between the 6Alg ground
state and the quartet excited étates, which gives four absorption

bands in the infrared and visible regions. The two observed bands at

10,400 cm_1 and 15,400 cm--1 in Fe(I1I) malohate, at 10,500 cm.-1 and

1 1

15,400 cm.-1 in Fe(III) ethylmalonate, at 11,600 cm -~ and 16,500 em — in

Fe(III) benzylmalonate complexes can be assigned to the transitions

6A > 4Tlg(G) and 6A > 4ng(G), respectively, Very similar absorption

1g lg
bands have been observed in some other iron(III) complexes.22 The
sharp band of small intensity observed in the visible region at

- 1 - .
22,600 cm in Fe(III) malonate, at 22,500 cm 1 in Fe(III) ethylmalonate

and at 22,700 cm-l in Fe(III) benzylmalonate complexes accompanies transition to
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the 4A1g(G), 4Eg(G) levels. This band is much narrower thanthat for

transition from 6A1g to the two first quartet levels ATlg s 4T

2g
The 6A1g > 4Alg(G) 4Eg(G) transition occurs as a double band (with

separation of ~ 300 cm-l) in Fe(III) malonate and Fe(III) ethylmalonate

complexes. In the case of Fe(III) benzylmalonate complex the fourth
band .occursas a slight shoulder on the sharp bana towards the higher
frequency side of the spectrum at 25,700 cm-l. The weak shoulder has
been observed in most octahedral Fe(III) complexes, and has been
explained in terms of the splitting of the aAlg’ bEg levels.13’14

The results of our solid state spectra which are in close

agreement with those of the crystal-spectrum, are strongly suggestive of

the iron(III) ion in a regular octahedral environment in these complexes.

Table 3.2 Observed absorption bands and assigned transitions for

octahedral Fe(III) complexes
(band positions in cm™%)

6, _4 6, 4 6, .4 4

Compound A1 T1(0) AT (G Ay A, TR,

Na,[Fe(mal) ;].4H,0 10, 400 15,400 22,600
25,700 (w)

Na,[Fe(etmal) ;1.2H,0 10, 500 15,400 22,500
25,600 (w)

Na3[Fe(benzy1mal)3].2H20 11,600 - 16,500 22,700
25,700 (sh)

(NH,) ;[ Fe (mal) ,]. 30,0 11,090 15,720 22,660

' ' 22,880

Co(I11) d6
The visible absorption spectra of Co(III) spin paired complexes is
‘expected to consist of transitions from the IAIg ground state to the

other singlet‘states.32 However, the two absorption bands found in
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the visible spectra of regular octahedral Co(III) complexes represents

transitions to the upper states 1Tlg and 1ng. The absorption spectrum

-

of octahedral Co(III) oxalato complexesare found to have two bands in

2,31 The u.v./visible spectr-

the visible and near ultraviolet region.
of the tris(malonato)cobaltate(III) ion consist of two bands situated
at 16,500 c:m—1 and 23,800 cnrl. These correspond to the transitions

1A > 1T and 1A - 1'I' respectively. In addition a third band

1g 1g lg 2g
is found as a shoulder on the low frequency side at 12,800 cm-l. A simi-
lar band at 13,000 cm'_1 has been reported for the corresponding oxalate
complex, which has been assigned to a Alg4'3T1g transition.33 The
solid state spectra of the Co(III) malonato complex is almost identical to

that of the oxalato complex, indicative of a similar octahedral struc—
ture.
co(1n) d’

The free ion spectrum is not defined completely. Apart
from the AP term, only the 2G and 2H termshave been assigned with cer-
tainty, which makes the assignment of the spectrum difficulf. How~
ever, the Co2+ complexes can be obtained in regular tetrahedral and
octahedral environments, which explains the large range of compounds
for which the spectra have been studied.

An octahedrally coordinate Co(II) ion should have three spin-
allowed d-d transitions; those from the ground state, thg(F)’ to the

4 4A and 4Tlg(P). Regular octahedral complexes such as

Tag> P2g ,
the hexaaquo cobalt(II) ion exhibit three bands.>0>31

states
The visiﬁle
absorption has been found30 to be rather weak and placed in the blue
part of the spectrum, accounting for the pale pink colour of the com-
pound.k Thé solid sﬁate spectra of Co(II) maionate, Co(1I1) ethyl;
’malonate and Co(II) benzylmalonate compounds are similar to fhat of

the Co(H20)§+ ion. They all have fheir strong band at ~ 20,000 cmfl,
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and the usual structure of the band with a less intense band (shoulder
towards blue) which is an indication of octahedral Co(II) compounds.31

-~

The band of Co(H20)2+ at 8,000 cm_l has been identi-

4

fied as the first octahedral field tfaﬁsition 4Tlg(F) - ng(F){

Similar bands were found for Co(II) malonate at 8,200 cmfl,and for Co(II)
ethylmalonate at 11,500 cm-l,and at 8,100 cm-1 f;r Co(II) benzylmalonate.
The low intensity visible band at ~ 16,000 cm.1 in Co(H20)§+ has been
identified as 4Tlg(F) -+ 4A2g(F). " Corresponding bands Gbserved at
16,600 cm'-1 in Co(II) malonate, at 16,700 cm-1 in Co(II) ethylmalonate
and at 15,400 cm.1 in Co(II) benzylmalonate. The strongest band

found in the spectrum at 20,200 cm,-1 in Co(H20)§+ is undoubtedly due to

the transition 4Tlg(F) >4

Tlg(P)' Similar bands were observed at
20,000 cm-1 for Co(II) malonate,at 19,500 cm'.1 for Co(II) ethylmalonate
and at 19,100 cm-'1 for Co(II) benzylmalonate compounds. From the
results of solid state spectra of Co(II) malonate, Co(II) ethylmalonate

and Co(II) benzylmalonate, we could assume an octahedral configuration -

for these compounds. The results are shown in Table 3.3.

Table 3,3 Visible absorption spectra of octahedral Co(II) complexes

(band positions in cm_l)

Assignment [Co(H20)6]2+ Co(II)mal Co(II)etmal Co(II)benzylmal
b @-tt 8,000 8,200 11,500 8,100
lg zg ] ? ? 9’
AT (F)*AA 16,000 16‘600 | 16,700 15,400
lg zg 3 b ’ ?
4

Tlg(F)+4T1g(P)', 20, 200 20,000 19,500 - 19,100




62.

i a®

Octahedral, tetrahedral, -and square planar configurations
occur in nickel complexes.32 In nickel(II) complexes of octahedral
symmetry three transitions are allowed; ffom the ground state 3A2g to
3T (F), 3T (F), 3t (P). The spectrum of Ni(H 0)2+ ion has indeed

2g 1g 1g 2776

three absorption bands as is to be expected for six coordinate octa-
hedral Ni(II) com.plexes.32

In the solid state forNi(II) malonate, Ni(II) ethylmalonate
and Ni(II) benzylmalonate complexes three bands in the visible asbsorption
characteristic of octahedral Ni(II) complexes were observed. The
spectra of these complexes were similar to that of the aquo ion, and
similarly the three observed bands in each spectrum can be assigned as

a characteristic feature of the spectra of octahedral Ni(II) complexes.

The results are shown in Table 3.4.

Table 3,4 Visible absorption spectra of octahedral Ni(II) complexes

(band positions in cm—l)

Assignment  [(Ni(H,0),1°" Ni(ID)mal Ni(II)etmal Ni(II)benzylmal
35, 3. () 8,500 8, 300 8, 300 8,200

2g 28 ] ] ) ] ]
30, S (P 13,500 14,600 14,400 14,500

‘zg lg ’ H] 9 1]
3 3 '
By T, (P) 25,300 25,300 - 24,800 24,900
Cu(II) d9

Copper Cu2+ with d9 electronic configuration produces an Eg
ground state in octahedral symmetry. Such a state is susceptible to
‘Jahn-Teller forces which remove the degeneracy of the eg orbitals.35’36

The result is either a tetragonal elongation or compression. An

<
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elongated structure is usually assumed to be the most common example

+ . . +
of Cu2 coordination. For tetragonal Cu2 complexes the octahedral

2 2 . . 2 2 2
doublet states Eg and ng will split as Eg > A, o+ Blg ,

1g
2 2 2
ng - Eg + BZg' In elongated form the energy levels are as shown

below, with 2Blg as the ground state:

2
Eq
2 -7
P
TZg -~
”~
RN
S 2
~
Ne BZg
2p
100q 2
7
2 -7
EQ P
|-
‘ ~
~
N 2B‘Ig
~
F . Octahedral tetragonal
ree ion field field

Instead of the single 2ng-é--zEg transition of regular octahedra in a
tetragonally distorted molecule the transition occurs between components
of the Eg (in Oh) ground state and’ from the ground state to components of

fbeﬂbg state : - 2B > 2B 2B -+ ZEg. A further band at much lower

1g 2g* Tlg
energy is expected from 2Blg > 2A transitions. Electronic spectra theory

1g
predicts thattetragonal splitting of the eg and t2g level would produce
a single broad band near 600 = 900 mu which consists 6f several
nearly superposed bands. This is in agreement with the results of
Graddon37-who studied the solution spectra of a number of Cu(II) carbo--
xylate complexes. According to Graddon the single band observed at

14,280 cm‘-1 in Cu(II) oxalate and Cu(II) malonate can be - regarded as

the only single transition required by crystal field theory for the
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tetragonally coordinated cupric ion. The visible absorption spectra
of a number of copper(II) o, w-dicarboxylates of formula

38,40,41 . results confirmed

[Cu(OOC(CHZ)nCOO)] have been studied.
that the electronic spectra of some of these Cu(II) carboxylate com—
plexes contain an additional near-ultraviolet band. The appearance of a
new band at ~ 28,000 cm-1 (band II) has been considered as "an indi-
cation of the linkage between the two copper atoms", as a result of
dimeric structure. It has been suggestedao that the absence of

band (II) from the spectra of copper(II) oxalate and copper(II) malonate
derivatives indicates that pairing of copper atoms does not occur.

The solid state spectra of copper(II) oxalate has one band at 13,698 cm
Its structure was proposed to consist of an infinite chain-like

monomer , 38 which may involve interchange interaction to complete a dis-
torted octahedron of oxygen atoms about each central copper atom. In
fact the monomeric structure of Cu(II) oxalate has been confirmed by the

recent single crystal X-ray analysis.39 The copper atom is octahe-

drally coordinated by four oxygens from the two oxalate groups

(Cu~0=1.96 K) and two oxygens from the water molecules

2.48 ). In the case of Cu(II) malonate compounds, the struc-

(Cu -0
tural determinationsby different workers are not in agreement with each

32,34 chain complexes,36

other. It has been suggested as simple monomer,
and as distorted octahedral.37 A recent ESR spectrum38 of copper(II)
malonate trihydrafe indicates that the Cu2+ ion is octahedrally sur-
rounded by oxygen atoms (visible band at 14,280 cmm1 44L The complete
X-ray crystal structure of copper(II) malonate confirmed.thatkthe
coordination is indeed é distorted octahedron.43 It was found that
copper (II) malonate tetrahydrate with empirical formula
[Cu(C3H204)2.4H20]2 is formed from two complexes of two different
types. In the complex of the first type which is dimalonato cuprate,

the copper atom is octahedrally surrounded by four oxygens of two malo-

nate groups. The oxygen atoms of two water molecules are

1
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(Cu - 0 = 2,48 K) away from a copper atom to complete a distorted
octahedron with four closer oxygen atoms (Cu - O distance, 1.96 - 1.97 K)

-

belonging to two malonate groups. The dimalonato cuprate is very
similar to that of the dioxalato cuprate reported by Lohn.39 In the
complex of the second type [Cu(H20)6]2+, the Cu atom coordinates six
water molecules which are hydrogen bonded with the other oxygen atoms
of two neighbouring malonates in the crystal lattice.

The bands observed in the diffuse reflectance spectra of the
solid at 13,800 cm-1 for Cu(II) malonate. 2.5 H,0, at 14,000 cm.-1 for
bis (malonato) diaquo Cu(II) complex, at 9,400 cm-1 for Cu(II) ethyl-
malonate. H,0 and at 14,400 c:m—1 for Cu(II) benzylmalonate . Hy0 tend to
be broad as expected theoretically for the tetragonally coordinated
Cu2+ ion with the usual Jahn-Teller distortion.45

The interpretation of the visible spectra is not straight
forward. However, if the environment is coﬁsidered to have a static
tetragonal distortion, then the splitting of the 2D term in crystal
fields of octahedral-tetragonal symmetry should give two transitions,

2B > 2A and 2E 2B -+ 2B2g’ however, it is unusual to observe such

1g 1g g’ 1g
a clear separation of these two bands in the spectra of Cu(II) complexes
and they usually tend to overlap and produce a single broad asymmetric

band.
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CHAPTER IV: INFRARED ABSORPTION SPECTROSCOPY*

4.1 Introduction

Much work has been done in identifying the i.r. absorption bands
with compounds analogous to those in this research, and it is intended to
use previous work to help in band assignments.

"The analysis is divided into several sections in order to observe
the effects of different bonding species upon the i.r. bands. Our
investigation is based on the i.r. absorption spectra of the compounds
which have been prepared and would fall into the following categories:

1. Malonato metal complexes

2, Ethylmalonato metal complexes

3. Benzylmalonato metal complexes
Attempts have been made in the study of:

1. The shifts due to metal coordination or changes in the spectrum

on coordination.

2. Carboxylic acid vibrations - C = O stretching vibrations.

\

Changes in the Spectrum on Coordination

On coordination to a metal, the ligand bands in general are shifted
to lower or higher frequencies. .So the modes of vibration and the
nature of the metal bond to the molecule will affect the intensity and

. . 1,2,3
position of the bands '“'.

o In a series of metal complexes having the same structure the magni-
tude of these band shifts becomeslarger as the coordination bond becomes
stronger. So it is possible to determine the orderrof strength of
coordinate bonds by comparingrthe magnitudes of the band shifts.

Extensive infrared studies have.been hade on metal complexes of

carboxylic acids‘4-17. In the study of the i.r. spectra of the

‘carbonato metal complexes the nature of the metal-ligand bond was

* The references for this section are on pages 104 and 105.
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4
assumed to have covalent character.

M >e=0

The results fiom i.r. spectra of some‘Co(III) carbonato complexes based on
on the normal cordinate analysis later confirmed the covalent nature of
the coordination bond.5 Similar results have been reported for the
M(I1I) oxalato complexes.7

Schemlez et al.6 carried out a number of absorption studies of
simple and complex metal oxalates. The results based on the normal
coordinate analysis of the free oxalate ion indicate that in most metal
oxalato complexes the ligands are coordinated to the central metal ion
through the two oxygen atoms, the M-O bonds having some 507 covalent

character.

M/°\c%>
ot

The literature investigations are mostly concerned only with the
ligand vibrations and no direct information is available on the metal-
oxygen vibrations in these complexes. Nevertheless the relationships
between the metal-oxygen and the carbon-oxygen stretching frequencies
of a series of oxalato metal complexes have beenrinvestigated.8 Their
results suggest that the frequencies of the ungoordinated C=0 stretching
(vq and v,, around 1700 ~ 1600 cm.l) increase  and those of the coordi-
nated C-0 stretching bandS‘(vs, around 1450 ~ 1350 c:m-1 and Vo, around
1300 ~ 1200 cm_l) decrease as the frequency of the metal oxygen (M-0)

stretching band‘(va, around 600 ~ 500 cm.l)increases in the order of
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the metals Zn(II) < Cu(II) < Pd(II) < Pt(II).

From these results it clearly indicates that the metal-sensitive
bands both in the high and low frequency régions can be used as a
measure of the strength of the coordinate bond.

The C=0 and C-0 stretching frequencies are not sensitive to
the nature of the metal ion in the 1:3 metal—oxaiate complexes. It
was suggested by Nakamot08 that this may be due to the broadening of
the C=0 stretching vibrations in octahedral complexes compared with
those of the square or tetrahedral 1:2 oxalato complexes. ' Therefore
the M-0 stretching frequencies are found to be more useful as a measure
of the strength of the coordinate bondsthan the C-0 stretching bonds in
the 1:3 complexes, The M-0 stretching modes which appear in the low
frequency region are more sensitive to the nature of the metal than
are the ligand vibrations in the high frequency region. In the case of
M(II1I) oxalato complexes the M-O frequency increases as the metal is
changed in the order

Al3+ > Co3+ > Cr3+ > Fe3+v.

However the metal-sensitive bands are not always easy to iden-
tify and the investigations mostly are concerned only with the ligand
vibrations in these complexes.

Carboxylic Acid Vibrations

The infrared absorption spectra of the COO group in different»
environmentsare weli established.3 - The carboxyl group in a saturated
acid, which can be regarded as ionised, exhibits a characteristic
absorption band at ~ 1725 = 1700 cmfl.« This band is often strong and
is due to the C=0 stretchinglvibration. Dicarboxylic acids often have
two bands in this region, e.g. malonic acid showstwo peaks at 1740
and 1710 cm-l, oxalic acid has only one absorption band between 1710
and 1690 cm-l, ethylmalonic acid absorbs strongly between 1740 -

1700 cm-l, but in benzylmalonic acid two frequencies are shown at 1760
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and 1735 cm-l. The infrared spectra of a very considerable number of

carboxylic acids have been reported.

There are five bands to be considered in detecting a carboxyl
group. The bands at ~ 2500 - 2700 cm-l, near 1700 cm.l, near 1420 cm-l,
near 1250 cm-1 and near 900 cm-l. The first two are the most highly
characteristic. The nature of these bands wili be discussed later.

However, in the examination of an unknown compound in which
a carboxyl group is postulated, the carboxyl intensity could reasonably

be expected to be closely similar to that of the nearest known carboxylic

acid with a similar structure around the COOH group.

The carboxyl group pPresent in a salt is ionised and resonance

is possible:

o -
40 P //o
-c\ i mcren -c \ OP -c’\‘\
o) o To)

©

The characteristic carbonyl absorption is replaced by two bands between
1610 and 1550 cm—1 and between 1400 and 1300 cm-'1 which corrgspond to

the antisymmetric and symmetric vibrationsof the C00 group. Of

these bands the former is more characteristic, and it is more constant

in frequency whilst many other skeletal vibrations occur in the wide

range 1400 - 1300 cm-l. When the ionised carboxyl group is coordi-

nated to a metal it is seen to be somewhere between being an ionised and an
unionised group and the vibration due to the antisymmetric stretchingmodeof
the COO group occurs around 1650 - 1590 cm.1 aepending on the nature

of the metal., Therefore it is poséible to distinguish between free

.and coordinated COO groups in these complexes and determine the degree

of the coordination. "In examining the effect of coordination on

the COO stretching frequency, it is important to interpret the results
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based on the structures obtained by X-ray analysis.

The results of X-ray analysis on sodium malonate monohydrate21
indicate that the two C-0 bonds in the carboxyl group are equal, the
bond distance being 1.26 A. In Cr(IID) mélonato complex, however,
the C-0 bonds coordinated to the metal are lengthened (1.276 K), while
the uncoordinated C-0 bonds are shortened (1.233 R). This effect is
common in coordinated carboxylate structures, but in malonato complexes
most of such structures are polymeric utilizing the nonchelating oxygen

2-24 and the C-0 distances are there-

atoms to continue the sequence,
fore more dependent on the environment, which would account for the
differences in the C-0 bond distances observed in other carboxylate

groups.

Experimental

Infrared Spectroscopy Measurements

The spectra were measured on a Perkin Elmer infrared spectro-
photometer Model 457 as Nujol or hexachlorobutadiene mulls, between
KBr plates. The spectra of the solid complexes were also measured
using the KBr method.

The spectrophotometer was calibrated using a polystyrene film.

4.2 Results and Discussion

The infrared absorption spectra of a number of metal compounds
containing malonate, ethylmalonate, and benzylmalonate ligands are
\reported and some results of malonato, ethylmalonato, benzylmalonato’
éomplexes are included for comparison (see Tables 4.1 - 4.6).

The spectra have been compared with those of corresponding

acids, and oxalato and malonato complexes.6’8’10

4.3 Malonato Metal Compounds

Assignments of the observed frequencies of the infrared

6,11

spectra of malonate metal compounds have been discussed The
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vibrationsof the malonate ion and malonic acid are quite similar

except the antisymmetric and symmetric COO stretching vibrations of
malonate ion which become the C=0 stretching and C-0 stretching vib-
rations coupled with in-plane OH deformatidn vibration of malonic acid.
The results are listed in Table 4.1, A very strong band around 1600

- 1550 cm-1 and another near 1400 - 1350 cm.-1 observed in the spectrum
of all the simple malonate compounds can be assigned, reSpecfively, to
the antisymmetric and symmetric OCO stretching vibrations. These
frequencies appear as a doublet in the spectrum of malonate ion.6 These
frequencies become the C=0 stretching (1735 cm-l) and C-0 vibrations
coupled with in-plane OH deformation vibration (1439 and 1314 cm-l) of
malonic acid.9 The C-C stretching frequencies in the malonate compounds
(seen as a doublet at ~ 1170 and ~ 970 cm-l)correSpond to the bands at
1174 and 960 cm-1 of malonic acid, which can be assigned to the symmetric
and antisymmetric C-C stretching frequencies.

The broad band observed in the spectrum of malonic acid at
~ 900 cm-1 is due to the out-of-plane OH deformation vibration; it
vanishes in the spectrum of the malonate iom.

The bands observed below 800 cm.-1 can be assigned to 0CO
bending and wagging vibrationsof the malonate ionand correspond to the
COOH in-plane and out-of-plane deformation vibrations of malonic acid.
Fairly constant bands observed in malonic acid and the malonate com—
poundsat ~ 1460, -~ 1300 cm..1 and 900 cm.1 may be assigned to the
CH, beﬁding, wagging and rocking respectively.

However the malonate compounds of various metals studied have
similar i.r. spectra except in the region of those.frequencies charac-
teristic of ionised carboxyl groups. The antisymmetric COO stretching
frequency is known to be sensitive to a change in the metal, the relation-
shiprbetween this frequency and some physical property of the metal has

12,13

. . . . 12
been discussed by several investigators. For instance, Kagarise
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has shown for the salts of some carboxylic acidsthat a linear relation-
ship exists between the antisymmetric COO stretching frequency and the
electronegativity of the alkaline-earth metal constituent of the mole-
cule increasing in the order Sr(II) < Ca(II) < Mg(II) < Be(II). It

was also suggested13 that the CO0 stretching frequency is a function of
the combined effect of mass, radius and electroﬂegativity of the central
metal atom. From the data listed in Table 4.1 it is observed that
there is a good relationship between the COO stretching frequency and
the electronegativity of the alkaline-earth metals, in the order

Mg(II) > Ca(II) > Ba(II), in good agreement with the stability constants
reported for these compounds.14 This order is in perfect agreement
with recent X-ray structural analyses on alkaline-earth malonate com-
pound825—28 which indicated that the strength of M-0 bonds decreases
along the series of these compounds (see Table 1.1).

However, IR spectra results indicate that coordination occurs
through the carboxyl oxygen atoms. A previous investigation8 showed
that the nature of the metal to ligand bond (M-0) could be determined
from the C-0 stretching frequencies without determining the low fre-
quencies characteristic of the M-O stretching vibrations. That is,
the frequencies of the uncoordinated C=0 stretching bands (1700 ~
1600 cnrl) increase and those of coordinated C-O stretching band de-
crease as the frequency of the metal oxygen (M-0) stretching increases.
These results suggest thaﬁ as the M-0 bond becomes stronger, the O0-C bond
coofdinated to the metal becomes weaker and the C-0 bonds free fFom
coordination and the C-C bonds become stronger. These results are
in accordance with recent X-ray structural analyses. X-ray analysis
of several alkaline earth malonate c:ompoundszs_28 indicates that the»

0-C bonds bonded to the metal are lengthened and the uncoordinated C-0

bonds are shortened as the M-0 bonds are shortened in the same order

as mentioned above.
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The discussion regarding to the position of the metal-sensitive
bands in the lower frequency region requires the consideration of M-0
stretching modes which appear at low frequencies. For the assignment
of these low frequency bands a normal coordinate analysis of the whole
chelate ring should be carried out, Results are available in the case
of divalent metal chelates.8

It was observed that in the case of simple malonato compounds
there is a shift of the antisymmetric and symmetric COO stretching to
higher and lower frequencies respectively, as the metal is changed in
the order: Cd(II) < Zn(II), Co(II) < Ni(II) < Cu(II).

The strength of the M~0O bond increases along the series of these
compounds. The magnitude of the M-O stretching frequencies and the
stability constantsof these compounds15 change in the same direction;
this is expected, since an increase in the M-0 bond order means higher
stability of the complex.,

Assignment of the Observed Frequencies of the Malonate Metal Complexes

The assignments of malonic acid and its simple metal com
pounds can be used to interpret the spectra of the metal coordination
complexes. The bands for similar complexes are reportedlo.

The broad band ~ 3500 cm-1 is due to the water of crystalli-
sation indicated by empirical formulae of these complexes, A similar
band is observed in the hydrated malonate salts., In basic Ca(II) and
Ba(II) malonate compounds the corresponding band occurs, together with a
sharp singlet band at higher frequencies at ~ 3500 cm-1 and 3620 cm-1
respectively. The latter band is of the type usually fogndl? in the
hydroky species and is characteristic of the free OH stretchiﬁg fre-
quency.

The strong absorption bands observed near 1630 cm..1 in the

spectra of the complexes correspond to the broad band at 1563 cxn.1 in

the spectrum of simple malonato compounds which has been assigned to
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the antisymmetric stretching vibration. The absorption band near

1380 cm--1 of the complexes (corresponding tc 1405 cm-l of the simple malonate
compounds), can be assigned to the OCO symmetric stretching vibration.
However the antisymmetric OCO stretching ffequency in malonato com—
plexes is higher than the corresponding OCO frequency in simple malonate
compounds, and the symmetrical OCO frequency of ;omplexes is lower than
those of the simple malonate compounds. These results are in excellent

*”" which indicate

agreement with recent X-ray structural analyses,
that the 0-C bonds coordinated to the metal are longer, i.e. weaker
(1.28 - 1.3 &), and the C-0 bonds free from coordination are shorter
(1.22 - 1.24 K), therefore stronger in malonato complexes as compared
to the 0-C and C-0 distances of 1.26 and 1.25 - 1.26 R, respectively
observed in simple malonate compounds (see Table 1.1 ). Our results
are in agreement with those of Schmelz,10 suggesting that the metal to
ligand bond of malonate metal complexes is more ionic than in oxalate
metal complexes. The OCO bending vibrations are also affected by
coordination. It can be seen from the table that the OCO bending

of the simple malonate compounds near 800 cm_1 splitsinto two peaks in
the 1:3 complexes. A similar effect has been reported previously for the
1:3 oxalato complexes,16 which has been explained on the basis of the
normal coordinate treatment to be due to the effect of the coupling

between the ligands in octahedral 1:3 complexes.

4.4 Ethylmalonato Metal Compounds

The infrared absorption spectra of these compounds are similar
to those of malonate compouhds, except for the appearance of new
bands in the region 1100 - 1350 cm-l, where a group of bands known as
a band progression3 appears with more or less regular sPacings.
Bellamy pointed out that the number and position of the bands in this

region aepend on the chain length.

However; the number of these sets of absorption bands which
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are associated with wagging and twisting motions of methylene groupsis
known to have some relationship to the number of carbon atoms in a
methylene chain; it is approximately equal to or greater by half than
half the number of carbon atoms depending on whether the latter is even
or odd. From the table it can be seen that there is an increase of
numbgr of these bands in the case of ethylmalonato metal compounds.
These bands which remain fairly constant in the acid and the series of
compounds studied appear at ~ 1330, ~ 1300, ~ 1260, ~ 1240, ~ 1150 cm-1
compared to the bands at ~ 1280 c:xn-1 and 1180 cm_1 in the malonato metal
compounds. More of these progression bands were apparent for the salts
than for the corresponding acid, and this is due to the removal of an
interfering peak (at ~ 1350 cmfl) attributable to the C-0-H grouping.

The assignment of the COO symmetric band, which falls in the
region of the symmetric deformation of the CH, group, is difficult,
Also any bands due to the group CH3-CH2 which appear inasimilar region
and the presence of many bands in this region makes any assignment
ambiguous. However, there are two bands one,at ~ 1385 cm..1 and another
strong broad band at ~ 1350 cm.l,which may be assigned to the methyl
group deformation and the symmetric COO stretchiné frequencies respec-
tively. The former remains almost unchanged in value in the acid and
the corresponding salts.

The COO antisymmetric stretching frequencies lie ét 1600 -
1550 cm-1 somewhat lower than those of the malonate compopnds and are
shifted to higher frequency as the metal is changed in the order
Cd(II) < Zn(II), CO(II) < Ni(II) < Cu(II). The relative stabilities
of these compounds follow a similar o;der14. A linear relationship was
also observed between the'antisymmetfic CO0 stretching frequency and
the electronegativity of the alkaline-earth metals in the order-

-Ba(II) < Ca(II) < Mg(II) as in the case in malonate compounds. The

strength of M-0 bonding also increases along the series, in agreement
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with those of malonate compounds.

All the hydrated compounds show a broad band at ~ 3420 -
3300 cm..1 (v HZO). In basic Ni(II) and Ba(I£S ethylmalonate salts
the corresponding bands occur together with a sharp single band at
~ 3540 and 3400 cm.l respectively, which is chargcteristic of the free
OH stretching frequency, although it occurs at s;mewhat lower frequencies
than is normally observed for these bands.

The region 1500 ~ 1300 ém-l, where the frequencies of CH; and
CH, deformation appear is interestingy malonato compounds show a single
band only, at ~ 1450 cm_1 with higher intensity.On passing from malonate
to ethylmalonate compounds, the band at 1450 cm-1 connected with the CH2
deformation vibration splits into a pair at ~ 1460 and 1425 cm-1 due to
the introduction of CH3—CH2 groups. The other CH2 group deformation
vibration at ~ 1280 cm - in malonato compounds is more intense and splits
in ethylmalonato compounds to 1265 and 1240 cm_1 bands owing to the
presence of CH3 and CHZ'

The other constant frequencies of ethylmalonate and ethyl-
malonic acid are found at ~ 1090 and ~ 1035 cm-1 which could be the
results of either the stretching vibrations of the C~C bond or the CH3 defor-
mation vibration. In ethylmalonato metal complexes the band at 1035 cm'l
appears as a doublet at 1035 and 1055 cm.l._

| Several bands have been obsérved below 800 cm—lg‘by anaiogy.
with malonate compounds these bandé can be aésigned to tﬁe 0oco defor;
mation vibrations of the ethylnuilonéte ioﬁ aﬁd the COOH in-plane aﬂd»
out-of-plane deformation vibrations of ethylmalonic acid. The 0CO
deformation vibration of the simple ethylmalonate around 800 cm“1 splits
in the ethylmalonate M(III) complexes.
: The region below 600 cm-1 contains several bands. On examining

i ‘ . -1
the spectra of the acid and its salts below 600 cm =, the new bands

appearing in the region 560 - 450 cﬁ-l are tentatively assigned to M-0
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stretching modes. The corresponding band is shifted to higher frequency
in the ethylmalonate metal complexes.

4.5 Benzylmalonato Metal Compounds

The infrared absorption spectra of benzylmalonic acid,
bivalent metals and tris-benzylmalonate metal complexes have been studied.
Most .of the observed frequencies in the region 4b00 - 400 cm.1 have been
reported in terms of being characteristic of either the aliphatic,
aromatic or carboxylic portions of the molecule. The assignments made

in the following discussion are based on a comparative study of these

and data from the literature.3 These are listed in Tables 4.5 and 4.6.

Results and Discussions

The observed frequencies are divided into three groups;
vibrations of aliphatic portions (methylene groups), vibrations of the
aromatic portions (phenyl groups) and vibrations of the carboxyl groups.
The interpretation of the observed spectrum in terms of vibrations
involving the aliphatic and aromatic portions of the molecule is
straightforward.3 The only doubtful assignment is that of the bendingmode
of the methylene group adjacent to the COOH group. However the strong
band observed at 1410 cm--1 has been considered for this frequency.

The infrared absorption spectra of benzylmalonic acid and
its compounds are very similar. As expected those frequencies which
aée characteristic of the aliphatic and aromatic portions of ;he molecule
will remain nearly unchangea in going from the acid to the saits and
complexes (Table 4.5, 4.6 ), whereas those frequencies related to the
carboxyl group are markedly changed.

However, the C=0 stretching vibrations of the acid can be assigned
to the strong double band at 1760 and 1730 cm-l, éomewhat highgr than
‘those of the ethylmalonic acid and malonic acid itself. The C-O

- stretching coupled with OH deformation vibration givesthe strong bands at
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1410 cm ! and 1270 and 1240 cm - respectively. In benzylmalonate
compounds the corresponding band disappears and is replaced by the strong
brcad bands between ~ 1550 - 1510 cm-l and ~ 1400 - 1300 cm-l, which can be
assigned to antisymmetric and symmetric COO stretching vibrations,
respectively. Malonic acid, ethylmalonic acid and corresponding com—
pounds have shown similar effects. The assignments of the bands in the
regien 1600 - 1500 cm 1 is difficult., The COO antisymmetric stretching
is expected in this region as well as the aromatic C=C stretching fre-
quencies, and the presence of many bands in this region makes any
assignment ambiguous. However the bands due to the phenyl group at

~ 1610 and 1585 cm.—1 can be easily identified in the spectra of the benzyl-
malonic acid. On passing from the acid to the salts these bands are
obscured or appear as shoulders on the main strong broad band of COO
antisymmetric stretching frequencies. The fairly constant band observed
in the acid and all the compounds at 1495 cm_1 is also due to the aromatic
C=C stretching frequencies. The strong double bands observed at

1452 and 1440 cm-1 may, by analogy with those of the malonate and ethyl-
malonate compounds, be assigned to the CH, deformation vibration.

In the spectra of benzylmalonate comﬁounds the symmetrical
CO0 stretching falls in the region of the CH deformation modes, so that
only an approximate value can be given for_this frequency.

Absorptions below 1300 cm—1 are very similar to those of the
eehylmalonate compounds. The absorption bands at 1290.and 1240 cm_1
correspond to those at ~ 1270 and‘~ 1240 cm..1 of ethylmalonate com-
pounds and may therefore be assigned to the CH, deformation vibrations.

In benzylmalonate compounds both bands are much reduced in intensity.
The bands observed at 4‘1320 and ~ 1290 cm-;, and the double band at 1200
and 1215 cm-1 are the aromatic and aliphatie CH deformation vibrations,
fespectively. The other constant frequencies of the acid and the

compounds are found in the region 1200 - 650 cm-l. A series of strong
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bands appear between 1000 - 650 cm-1 which are related to the aromatic
CH-out-of-plane deformation vibrations. The strongest bands in this
region are found at 700 and 750 cm-l. They remain almost unchanged in
the acid and the corresponding compounds. These bands and a series of
relatively weak bands at 1200, 1175 - 1110, ~ 1080 cm-1 are characteristic
frequencies of the mono substituted aromatic compounds. The aromatic
CH stretching vibrations produce bands close to 3030 cm-1 on the side of
the main,much stronger CH2 absorption bands below 3000 cm-l.

All the hydrated complexes show a strong broad band around
3350 cm—l, due to the stretching vibrations of the water molecules.
In the spectra of Mg(II), Ca(II) and Ba(II) benzylmalonates a sharp
singlet band occurs at a higher frequency around 3610 cm-1 as a shoulder
on the broad water band. The latter band is of the type usually found
in hydroxy complexes17 and is characteristic of the free OH stretching
frequency,

Here again the relationship exists between the antisymmetric
CO0 frequency and the electronegativity of the alkaline-earth metal
constituent of the molecules, as in the case of malonate and ethylmalonate
alkaline-earth metal compounds. It was also fouﬁd that the COO anti-
symmetric stretching frequency is shifted as the bivalent metal is
changed, in the same direction observed for the malonate and ethyl-
malonate M(II) compounds having similar structure. The results are in
good agreement with the stability order of divalent metal compounds of

other ligands.u"18

The C=0 and C-0 stretching frequencies can be used as a measure
of the strength of the coordination bonds in a series.of metal carboxy-
late complexes. In a series of metal oxalato complexes, the ffequen-
cies of uncoordinated C=0 stretching bands increase, and those of coordi-
nated C-0 stretching decrease, as the frequency of the M-0 stretching

band increases. The magnitude of these band shifts becomes larger as
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the coordination bond becomes stronger. On comparison of the I.R.
absorption spectra of the malonate, ethylmalonate and benzylmalonate
compounds (see Tables) it is seen that the magnitude of these band shifts
is in the order ethylmalonate < malonate < -benzylmalonate. These
results suggest that the strength of the coordination bond to the metal
increases along the series, which also suggest that the benzylmalonato
compounds are more stable than the corresponding malonate and ethylmalo-
nate compounds. This is expected since benzylmalonic acid has
greater strength of bonding to the metal ion.19

The effect of substitution on the stability of some malonate
ions has been studied.zo It has been pointed out, that the sub-
stitution of the ethyl group causes a slight decrease in the stability
of the malonate ion, while the substitution of the benzyl group increases
the coordination power of the carboxylate ion, and therefore increases
the strength of bonding to the metallg.

The infrared spectra of the benzylmalonate salts and benzylmal-
onato metal complexes are very similar, except that in the complexes,
the antisymmetric and symmetric COO frequency are shifted to higher and
lower frequencies respectively than the correspoﬁding simple salts,
in agreement with the results of malonate and ethylmalonate metal com-
plexes. The magnitude of this shift in A1(III) benzylmalonato complexes
is higher than that of the Fe(III) complexes which may indicate stronger
M-0 bonding. This is consistent with the results of those of other

7,

M(III) carboxylate complexes.
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CHAPTER V: MAGNETOCHEMISTRY1—7*

5.1 Introduction

(1) Normal Paramagnetism

The theory of paramagnetic and electric susceptibilities has
been fully described by Van Vleck.7 If a substance with a permanent
magnétic moment W is placed in a magnetic field with the molecular
magnets free to orient themselves! they will be subjected to two opposing
effects. These are (i) the magnetic field of strength H which tends to
align all molecular magnets in the same direction as that of the field,
and (ii) the thermal agitation (the kT effect), which tends to randomise
the direction of the molecular magnets. Clearly, as T decreases, the
effect of the applied field becomes relatively stronger. In an ideal
system, in which the dipoles are so far apart that no interaction takes
place between them, the molar paramagnetic susceptibility is inversely
proportional to the absolute temperature:

2

N
Xy = T (D

where N is Avogadro's number, M is the permanent magnetic moment, k the
Boltzmann constant, and T the absolute temperature. From this expres-

sion it follows that

R | o

N

When a value of X is determined for a paramagnetic substance, it is
necessary for precise work to correct for the diamagnetic contribution
and fof the temperature - independent paramagnetism, TIP, sometimes
called Van Vleck high freqaency paramagnetism. A susceptibility which
has been corrected for the presence of diamagnetic components is denoted

* The references for this section are on pages 165, 166 and 167.
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by "corrected molar susceptibility" yS°fF ! i -

p YT Xy or XM which equals XM XD where
Xp is the sum of the diamagnetic contributions to the susceptibility.
The value of the magnetic moment obtained using xg is called the "effec-
tive magnetic moment", U,gge  Substituting for the fundamental constants

in the above expression we obtain the relationship:

Woee = 2.84 /T X T B.M. (3)

Magnetic moments are now expressed in Bohr magnetons (B.M.): this is

the natural unit of magnetism and equals the magnetic moment of an

electron assumed to be "spinning" on its own axis. It is given by the
expression eh/4mmc and has the numerical value of 9.273 x 10_21 erg gauss—l.
The value of U obtained from the above formula is a constant only when

M is proportional to 1/T. The temperature dependence of the magnetic

susceptibility of a paramagnetic substance is given in the ideal case by

Curie's law:

(%)

Hlo

X

M
where T represents the absolute temperature, and C is the Curie constant.
Curie's law is generally applicable to a magnetically dilute system,
that is, one in which magnetic interaction between neighbouring molecules
is negligible. The susceptibilities of many paramagnetic SUbstaﬁces
change with temperature according to the modified Curie law (Curie-

Weiss law):

=T$e' )

X
M
where 6 is a constant known as the "Weiss constant" at least over a con-

siderable range of temperature. P. Weiss obtained this expression by .

consideration of the mutual interaction of the elementary magnets or

molecular magnetic fields. The value of 8 is constant over a smaller or

greater témperature range, the significance of this is discussed by
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Se1w00d.6 The magnetic susceptibility of many compounds is much better
expressed by the Curie-Weiss law than by the Curie law alone, but no
particular significance can, in general, be attached to 9. 8 is an
empirical factor and is simply a measure of how the origin of the para-
magnetism, in the system, departs from the idealvbasis on which the Curie

law is derived.

(2) Temperature-independent Paramagnetism (TIP) or "Van Vleck high

frequency paramagnetism"

Van Vleck's treatment of paramagnetism refers only to atoms
in which the spin angular momenta, s, of all the electrons can combine
to form a resultant S, and independently the orbital angular momenta
1 combine to form a resultant L. Application of Van Vleck's theory7 to
various paramagnetic systems is rather complex, but it accounts for
departures from the Curie-Weiss law. It depends entirely on the magni-
tude of the spin multiplet intervals as combared to Boltzmann dist;ibution
factor, kT. This gives rise to three specific situations in which the
spin multiplet intervals may be (1) small, (2) large, or (3) nearly
equal, as compared with kT. The import of this terminology is quoted
from Van Vleck.7 The final results of Van Vleck's calculations are as
follows.

(1) Multiplet intervals small compared to kT:

NB
Xg = 307 [45(S + 1) + LA + )] (6)

where § and [ are the resultant spin and orbital moments, respectively.
This expression is used for calculating susceptibilities of ions of
most transition-group elements when no orbital quenching takes place.

(2) Multiplet intervals large compared to kT:

x _ng?eyae g% [EUsD)  _FQ)
%= MICAE [“7\) T30 WG, ™

where B is the Bohr magneton and
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F(J) =§[(s s L+ 12 - 5052 - s - 12

-

(3) Multiplet intervals comparable to kT:

In this case, the effect of the quantum number J is comparable
with kT. This case involves summation of the contributions of atoms
with different values of J. The number NJ, thak is the number of atoms
in a mole with a given value of J, is determined by the Boltzmann tem-
perature factor

0
L+S {[g;%823(3+1) /3kT) + @i} (2T + 1)e Wi/KT
Xy =N L W /KT ®)
i

J=| (L-S) | £(2J + 1)e

According to Van Vleck when the multiplet intervals are small or large
compared to kT, the Curie law should be obeyed, neglecting the temper-
ature-independent paramagnetic contribution to susceptibility arising
from high-frequency elements. But where the multiplet intervals are
comparable to kT, Boltzmann distribution between various energy levels
occurs, which results in large departures from the Curie law.

The Magnetic Properties of the First Transition Group Elements and

their Ions

Various efforts have been made to calculate the effective
moments of the ions of the elements of the first row transition series.
It has been found that, in general, none of the theoretical formulae fits
the experimental data perfectly but the best agreement with experiment

is obtained by completely neglecting the orbital contribution, the

L(L+1) term, from ueff = V4S(S+1)+L(L+1)B.M., leaving what is often

referred to as the so-called 'spin only' expression

Mg = v4S(S + 1;). = E(n +,2.) B.M.

This effect is commonly known as "quenching" of the orbital contribution

and in transition metalvcomplexes it can be interpreted in terms of the
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crystal-field theory by a change in symmetry.

During complex formation the presence of a ligand field removes
the degeneracy of the d-orbitals and thereby, the rotation mechanism to
transform the orbital into an equivalent and degenerate orbital which
does not already contain an electron with the same spin becomes impos-
sible. For complexes with octahedral symmetry fhe equivalence of the
dxz-yz and dxy orbitals has been destroyed, the conséquence of this is
that the important source of orbital contribution in the free ion 1is no
longer possible and hence their orbital contribution of 2 units vanishes.
The t2g set of orbitals remain degenerate and consequently are capable
of giving an orbital contribution to the magnetic moment unless occupied
by paired electrons. Hence the tgg electronic configuration does not
contribute to the orbital angular momentum because any attempt at ro-
tation will put two electrons of the same spin in a single orbital,
contrary to the exclusion principle. Further, since dx24y2 and d,2
orbitals, being of different shapes, cannot be transformed into each
other by rotation about any axis, there can be no orbital contribution
associated with this pair of orbitals.

In Table 5.1 are listed experimental and theoretical (spin-
only) values of the magnetic moments of a number of metals of the first
row transition series. It may be observed that the experimental
values, in general{agree fairly well with theory, there is little
departure from the spin-only moment in those configurations where com-
blete quenching of the orbital contribution is fequired (48, dg), but
no particular agreement with the theory is obvious when the quenching
is incomplete (d7). Thus it is possible in principle té use the spin
only formula to calculate the magnetic moments of these ions in octa=- '

hedral environments.



*Table 5.1 Magnetic moments of first row transition metal spin-free 111.

configurations
. u= u =
Free ion S.O. u
No. of 4 [4s(s+1) i
electrons ¢ S  ground +L(Le1) 77 L[4s(s+D)] observed
term B.M. at 300 K
B.M.
‘ 1 2
1 2 3 D 3.00 1.73 1.7-1.8
2 3 1 JF 4.47 2.83 ‘ 2.8-2.9
3
3 3 3 4p 5.20 3.87 3.7-3.9
4 2 2 >p 5.48 4.90 4.8-5.0
5 0 % 65 5.92 5.92 5.8-6.0
6 2 2 °p 5.48 4.90 5.1-5.7
7 3 % 4p 5.20 3.87 4.3-5.2
8 31 p 4.47 2.83 2.9-3.9
9 2 % %p 3.00 1.73 1.7-2.2
10 o o g 0.00 0.00 o)

*Table 5.2 Quenching of the orbital contribution, to the magnetic moment, due

to the ligand field

Stereochemistry
Octahedral Tetrahedral
No. of Free tg em ligand Quenching ent;1 ligand Quenching
. ion 99 field oforbital field of orbital
a- ground . ground .
ground s ground contribu- R ground contribu-
electrons configura- . configura- .
terms . term tion . term tion
tion tion
1 2D t1 2T No el 2E Yes
29 29
3 2 3 2 3
2 F t2g Tlg No e ' A2 Yes
4 3 4 2.1 4
3 F t2g AZg Yes et, T, No
5 3 1 5 2,2 5
4 D tzgeg Eg Yes e t2 T2 ‘No
4 3
t2g v Tlg N__Q
6 3 2 6 2.3 6
A
5 . S tdeg Alg Yes e t2 1 Yes
5 2
N - - -
t2g ng [e]
5 4 2 5 3,3 5
t E Y
6 D t2geg ng No et, es
6 1
A Yes - - -
t29 1g
4 5 2 4 4 3 4 :
T No e t A Yes
6 1 2
E Yes - - -
t29%g “g
3 6 2 3 4 4 3
CA Yes e t, T No
2 6 3 2 4.5 2
E Yes et T No

*taken from reference 56.
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5.2 Experimental

Magnetic Susceptibility Measurement down to'Liquid Nitrogen Temperature'

The low temperature measurements need a cryostat to maintain
the low environmental temperature of the séecimen. This cryostat
necessitates a wide pole gap (approximately 6 cm) and so, in order to
achieve reasonable fields for this type of measu;ement the Newport
equipment is fitted with special pole tips to ensure fhat the positioning
of the sample is not critical. To perform susceptibility measurements
at low temperatures by the Gouy method a number of basic units are
required. In the case of the Newport equipment they are:

1. Magnet and power supply capable of producing sufficient field
intensity.
2, Semi-microbalance.
3. Cryostat for maintaining specimen and transducers in a nitrogen
atmosphere at the low temperature.
4. Specimen temperature measurement and control units.
The general arrangement of the balance and cryostat is shown diagram—
matically in Figure 5.1.

Magnetic susceptibilities were determined by the Gouy method
using a Newport variable-tempefature balance. The Gouy tube was cali-
brated using Hg[Co(CNS)al of known susceptibility1 = 16.44 x 10.6 C.g.S.
units decreasing by 0.05 x 10-6 per degree temperature rise, near room-
temperature.

All measurements were made over the temperature range 113 -
293 K, and with different field strengths(i.e., different magnetic cur-
rents) to confirm the absence of any ferromagnetic impurities.

A tube calibration constant (factor B) must be obtained before
measurements can be made with a substance of known susceptibilify. ‘A

number of readings were taken with different packing of the tube using
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Hg[Co(CNS)a] as calibrant. The determination and calculation of mag-
netic susceptibilities were performed according to the direction of

. .2 . .
Figgis and Lewis, using the expression

106X _a ; B F'
where o is a constant allowing for the displaced air, and equal to
0.029 x specimen volume, R is the 'tube calibration ¢onstant', W is
the weight of the specimen, and F' is the force on the specimen, 1i.e.
(F - §), F being the observed force, § is tube correction factor. In
order to find § i.e. the diamagnetism of the tube, the empty tube is
weighed with the field on and off, the difference being &§. Since the
glass tube is diamagnetic § is a negative quantity. & should be sub-
tracted from the observed force (F) in order to obtain the force on the

specimen alone (F').

Calculation of B for the first tube mass/g

Weight of empty Gouy tube without field applied 7.71340
Weight of empty Gouy tube with field applied (10A) 7.71240
Weight of empty Gouy tube with field applied (15A) 7.71200
Weight of Gouy tube, filled with water 8.73942

Weight of Gouy tube, filled with Hg[Co(CNS)a] without field
applied 9.63465

Weight of Gouy tube and Hg[Co(CNS)h] with field applied (10A) 9.68142

Weight of Gouy tube and Hg[Co(CNS)4] with field applied (15A) 9.69875

Temperature 20°%¢
w -
At 10 amps 8.='X—§FT_—JE
_16.44 x 1.92125 - 0.029821
- 47.77
= 0.660572 x 10~° c.g.s. units
| ) ) 1. - 0.029821
At 15 amps g = 16.44 x 1 2??5 0

0.4817639 x 10-6 c.g.S. units
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B for the second tube

W =1.6887 "% =-1.33 mg
a = 0.0253582 F' = 42.68 mg
At 10 amps g - 1644 x 123?23 - 0.0253582
_ 0.6498798 x 10™° c.g.s. "units
At 15 amps g = 16.44 x 1.6887 - 0.0253582

59

0.4701164 x 10 ° c.g.s. units

The diamagnetic contributions of the ligands were calculated from the
observed susceptibility measurements of the corresponding acids.
In the case of hydrated compounds the susceptibility of each hydrate was

determined and the contribution from water molecuesz(xH =-13 x 10_6)

20

was subtracted from it to obtain XP .
ara
A correction was also included for the diamagnetism of the metal
itself. Allowing for the diamagnetism, the effective magnetic moment,

U was calculated from the molar susceptibilities Xy 2s
- - }
U= 2,84 [(xM Xdia)T]

5.3 Diamagnetic Susceptibility and Diamagnetic Correcting Constants

The literature reports data of the susceptibilities of a large
number of organic anions including some for malonate ion. These values
deduced either theoretically or experimentally for the malonate ion by
various workers are often widely different, and the selection of such
values which should be undoubtedly correct could not be ddne from values
available in the literature. Parasad and éo-workerss.used graphical
methods to determine the susceptibility of themalonate ion, by measuring -
the molar.susceptibilities of a large number of malonate salts of dif-
ferent.elements of the periodical table. . The susceptibilities reported

by them are not a fixed quantity, and these values not only differ from
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one another according to their combination with different groupsof ele-
ments, but are also not in agreement with the calculated values from
Pascal's constants. The diamagnetic susceptibilities of the malonate
ion have been determined experimentally on samples of the free acid.g’10
Asai et a1.9 reportéd the value of (-46 x 10-6) for the observed and cal-
culated susceptibilities of the malonate ion, while later Dubicki et al.lo
reported another value (=56 x 10_6). Such differencés, in some cases,
also arise from the fact that the calculated values of the molar suscep-
tibilities reported in the literature for the malonate anion by vérious
workers are also often widely different. The difference in the calcu-
lated and observed values can be attributed to bond effects which Have
not been considered in calculating the molar susceptibilities of the
organic acids. Where the bond effects for atoms constituting the orga-
nic anions have, however, been taken into account, the susceptibility
of the malonate ion has been calculated to be (-39.8 x 10_6)11 in exact
agreement with our calculated values.

In order to check the observed literature values of the molar
susceptibility of the malonate anion, and to examine the accuracy of
the theoretical calculations, the magnetic susceptibilities of the malo-
nate, ethylmalonate, and benzylmalonate ligands were deduced directly
from measurements on the acids. In order to average the errors of
packing, if any, measurements were made with three separate fillings of the
same acid and an average of the three closely agreeing values of the
.susceptibility thus obtained was taken as the final value of the specific
susceptibility. The diamagnetic susceptibility of malonate, eﬁhyl
maionate and benzylmalonate wereobtained by subtracting the susceptibility
of the hydrogen (XH = -2.93kx 16-6 from Pascal's data) from the molar
susceptibility of the éorreSponding acid , assuming strict addivity.
The observed values obtained were in excellent agreement with the

theoretically calculated values. In the case of malonate anion the
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susceptibility was found to be inconsistent with the values reported by
previous workers. The susceptibilities of ethylmalonate and benzyl-
malonate anions do not appear to have measured by any previous workers.
The results are given in Table 5.3 column 2 along with the §alues
obtained by the grabhical method by Parasad and co-workers in column 3.
Columns 4 and 5 give, respectively, the experimental values of previous

workers, and those calculated by Pascal's atomic constants. All

the values of susceptibilities are expressed in -1 x 10-6 c.g.S. units.

Table 5.3
X anions
This work Graphical Other Pascal's
Anions? (obs) . workers cal
Li-Na-K Mg-Zn-Cd Ca-Sr-Ba :
293 K ref. 8 (obs)
' ref.9,10 ref.2
Malonate 39.8 45.5 52.0 53.0 46.0 39.8
56.0
Ethyl-
malonate 63.5 63.5
Benzyl-
malonate 100.5 A 100.8

a: from observed value for free acid - 5.86 for 2 protons

5.4 Results and Discussion

Ni(11)

The magnetic susceptibilities of Ni(II) malonate, Ni(Ii) ethyl-
malonate and Ni(II) bénzylmalonate were meaSured between 113 - 313 K,
The ﬁariatibn with‘temperature of tﬁe molar éusceptibilities and‘the
effective.magnetic momeﬁts are given in Tables 5.5 - 5.7. All the com—-
poundé studied are of high-spin type,‘énd the valués of magnetic moments
‘range between 3.17 - 3.2 B.M. forFNi(II) malonate, 3.1 B.M. for Ni(II)

ethylmalonate and 3.1 - 3.2 B.M. for Ni(II) benzylmalonate complexes.
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Moments were independent of the temperature, with 8 = -2° for Ni(II)
malonate and 8 = O for the other two complexes.

Ni(II) shows magnetic moment values for two unpaired electrons
in octahedral and tetrahedral complexes while its square planar complexes

’

are diamagnetic. Six covalent octahedral paramagnetic complexes with an

3A2g'ground term, associated with low orbital contribution to the mag-
netic moment, have the moment range (2.9 - 3.3 B.M.), and the moment
should be independent of temperat;re, apart from small increasesat higher
temperature which arise from the T.I.P. contribution (temperature inde~
pendent paramagnetism). The variation of paramagnetic susceptibility
for a number of anhydrous Ni(II) complexes of the organic acids including
those of Ni(II) oxalate have been studied13 over the temperature range
310 - 423 K. The magnetic moment of the anhydrous Ni(II) oxalate has
been reported to be slightly below the spin-only value; u = 2.75 B.M.;
it seems likely that those moments which are below spin-only value are
in error. Bhatnagar's data for these Ni(II) complexes, give magnetic
moments slightly lower than spin-only values, and the Weiss constants
found for these compounds are not small, as the theory requires; how-
ever, his values of susceptibilities have been calculated from these
large 6 values, and the moments have been obtained accordingly. No.
explanation of the results has been put forward, and the defails of

his experimental method and the kind of calibration used are lacking.-
It has been prOposed2 that the magnetic dilution in Ni(Ii) oxalate

may not be adeqﬁafe. If the compound is indeed magnetically dilute,
the departure of his results from those expected fromvtheory can be
partially explained in terms of the experimental error. The magnetic
moment of 3.1 B.M. at room temﬁerature was 1atefbreported15 for the ‘
-Ni(II) okalate dihydrate, whose structure is known14 to Be octahedrai.

The nickel atom is in an octahedral environment of oxygen atoms (two
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from two water molecules and four from two different oxalato groups) .
Normal room temperature magnetic behaviour has been observed15 for a
number of high-spin complexes of Ni(II) with substituted malonic acids

R-CH = C(COOH)2 and a number of derivatives of the following type:

R M[RCH = C(C00),],. (H,0)

R = M= NL (B M = Co Hogg (B-M.)
n n

CeHg - 3 3.52 3 5.45

0-C1C(H, - 4 3.64 3 5.98

p-C1CH, - 6 3.71 2 6.13

p-CH,O0C,H, - 5 3.68 3 5.78

p-NO,CcH, - 7 3.69 5 6.14

The high values of magnetic moments and their variations could be corre-
lated by consideration of the strength of the parent acids and substi-
tutions in the benzene ring which need not be discussed here.

Plequin16 reported the results of magnetic susceptibilities of various
organic salts of bivalent nickel, which have a normal magnetic behaviour
at room temperature. The magnetic moment at room temperature of Ni(II)
malonate dihydrate is given as 3.27 B.M. in agreement with our work.

Rao et al.17 confirmed Ploquin16 results, and suggested a six covalent
octahedral structure for this complex. The structure of Ni(II) malonate

dihydrate has been investigated by X-ray powder methods,ls’19

since no
single crystals have been prepared. A The results obtained from the X-ray
powder method are sufficient to prove the structural formula to be

Ni malonate, 2H,0. Thé compohnd is monociinic with four molecu}es per
ﬁnit‘cell, and is isomorphous with both Co(II) and zZn(II) malonate.

No details of complete structural analysis have been obtained so far.

(X-ray structural results are discussed in Chapter VI). Our results
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Table 5.5 Varation of magnetic susceptibility and moment with

temperature (112-323 K). All X values in c.g.s. units

Compound Ni(II)mal'2H20 Field 10 amps
Temp/ K Xg )(Mxlo6 X 'Mxlo6 ——X-}—xlo6 pef£(B.M.)
M

112.5  56.2090 11061.4  11140.0  0.8977x10°%  3.179
132.5 48,1569 | 9476.9  9555.5  1.0465x10 "  3.196

152 42,0051 8266.2  8344.8  1.1983x10°%  3.199

172 37.3663  7353.4 74320  1.3455x10°'  3.210
192.5  33.3558 6564.1  6642.7  1.5054x10™%  3.211
212 29,7885 5862.1  5940.7  1.6833x10 "  3.187
233 27,2837 5369.2  5447.8  1.8356x10° "  3.200
253,5 25,2145 4962.0  5040.6  1.9839x10™%  3.210
273 23,4481 4614.4  4693.0  2.13084x107°  3.215
293 21,9641 4322.3  4400.9  2.2722x107%  3.224
313 20,4986 4034.0  4112.6  2.4316x107%  3.222
323 19,8712 3910.5  3989.1  2.5069x10°%  3.224

-6

Diamagnetic correction = -78.6x10 ~“c.g.s. units



121.

o%Hz Tem(II)IN "' g bTa

/L .
0086 O0°0GSE 0-0l€ 0-0lL2 0°-DEZ2 0O-06! O0°0S1 O0°01I O0O°0QL 0°0€ c.m_u

\MAAAAAALS QARAAAAL AL RAAARAALAS 4 -qqidd:-i11<<-<-d-<¢¢-q-qqd-11-q-w14w—d¢-d1#4-1&-11-1- \ASS RAANALS) ao

) ] . 3 [} [ ] [ ] [ ] [] -

. [) . 1] [} [] [} [ [ ] e

H . . . . N . ’ ]

[} ’ L} . . . ’ . . -

. . 1] L] L] . L] [] . o

N . ] I ' » . ’

S cccaccssqecscenanschecacncranprontocnrnendearenrccr st rtorat st octesopPRedeancaneandacsne e enssons e o m-c
[] [] [} [] (]
- u . 1] . » 1] ” " “ 9
3 . ) » » . . (] [} . -
' . . . ' » . ' '
- 1 ' ' ' ] ) " ] ’ 9
o [} ) (] 1] ] [ [} [) [] -

. ' ' ' 3 . . . .
I SO S Sttty FRITSRE I S s S (e s 1

. ' ' ' 1 . " .

ﬁ \ ' ' ) ' ' ' '

' ' ) ] ' ' ' ' 9
| ' . . ' . . . . p
| ' . ' . . . ' .

L] 1] 1 . [ ] » [ ] 1 -
T A T T T R LT~ (TS PP PP I Y|
3 . ' . » . . . . . -

L] L] L] 1] L) L] . L] .

g . . . . . . ' . . h
- [} ] ) [} [] 1] * [] [ ] -
! ' ' ' i ' ’ ‘ ' '

L] L] Ll L] . » L] [} . 4
e mmrmes dececbscscehcincnsccvcaboomraveredoanencasns SR L L P A ﬁ

¥ ' . . . ’ . [)

3 ] ’ ] ] 1 [ ] ] , h
- [} 1} ] (] L] 13 ] ] [} -
L] . 1] ] . * 1] . .
d . . [ . . . . [ . h
L ) " 3 13 1 ’ ) ) [} - vpﬁx
S ceepeciccccenpecceccrccgenrencces M errtcreopasancacaaganccnsennanmaceerasponcnsnon ] G- (satun °s°*6°5 OT) —

. ' ' » ’ ' ] . -
[ : . . . . . . . : ] 1 9 O
3 ' ' ' . ' . . . N -

' ' ’ . ’ ' . ] .

" [ [ ] ] ' 1 ] ] 1 h
- i 1 ' ' ' ' ' ) . 4

) . [ D 0 ) . ] U [y
et R T L R D e S T LT A m ﬁ
L ' v ’ ' ' ' Il
8 ] 1] [} ] [) ] ] ] y

[) 1] 1] ) L] [ [] []
| H ’ ' . . . N . g

L] ' L] L] . L] [] q
o . . . . . ' . . E
R Lt LEE R TR ORI D R L LT P L R P cevedecracenandieccancne o 1*2
r 1] . (] 1) L] . » . -

1] . . . L] L] . L]

b ] 13 ] . . L] » . L
o ] " [} “ () 1} [} " -

' (] (] (] (]

o . . . . ] . . . h
SRR, cqemcacaean e ccoveomrrensruscrodonnesracnviecnssssnoshorsvesrenndanessrcradeeresranealenssosees ol QGN

' ' 3 ' ' 1 ' 1
g [ (] 1l [ ] [] ] ] (] 1
S 4 [} [} [) ‘ 1 [} [} [] e

' ' ' ' ’ ' } . .

7 , . ] . [ . ) . 0 b
L . ’ ' . ' . ' . . p

) [] (] ] » L] 1] 1 i °
. VS UE RPE R S RRON RPEAR S RPN RS SRR SRS S XY 4

1} ' H ' ' . . . ‘

" ' ' v s . 1 1y . ’ N
- . ' ' . ' ' . . » <

. . ] . ] (] L] [} » p
B ] [l ] ] ] ’ 1 ’ 1
- ] ) [} ] ] ] [) [] [} -

assaadashanaasaasabasasasaaabagnsasasalaascansaalasossssasbonnssaasalansssassslnsasnsaastosaanssany o.m

61°C-G G SbTd UT UMOUS ST oanjeiaduwol U3Is A31[1qT13de0Sns iefowl JO UOTIETIEA



122,

Table 5.6. Variation of magnetic susceptibility and moment with

temperature (112-323 K). All X values in c¢.g.s. units

Compound 2Ni(II)eunal.Ni(0H)2.3H20 ‘ Field 10 amps
Temp /K Xg xMx106 xl;leo6 -Yi— x106 ueff(B.M.)
112 63,4791 10651.4  10803.5 0.92563x10™"  3.124
132.5 53,5553 8986.2 9138.4 1.0943x10™% 3.125

152 46,2365 7758.2 7910.3 1.2642x107% 3.114

171 40,5883 6810.4 6962.6 1.4363x10™% 3.099
191.5 36,1403 6064.1  6216.2 .1.6087x1o‘“ 3.098
212,5 32,9199 5523.7 5675.9 1.7618x10™" 3.119

233 29,8973 5016.6 5168.7 1.9347x10"% 3.117
253.5 27,3035 4581.4 4733.5 2.1126x10™ 3.111

273 25,1513 4220.2 4372.3 2.2887x10™%  3.103

293 23,467 3937.6 4089.7 2.44452x107%  3.109

313 21,8682 3669.4 3819.0 2.6185x10 3.105

323 21,2103 3559.0 3708.6 2.6965x10™%  3.108

. -6 .
Diamagnetic correction = =152.12x10 " c.g.s. units
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Table 5.7. Variation of magnetic susceptibility and moment with

temperature (112-323 K). All X values in c.g.s. units

Compound Ni(II)benzylmal.2H20 Field 10 amps
Temp/K Xg XMX106 xﬁxl?G iix106 eff (B.M.)
112.5  37.4995 10759.2  10898.8  0.91753x10°%  3.145
132.5  31.9135 9156.5  9296.1  1.0757x10 0  3.152
152 27.727 7955.2  8094.9  1.2353x10°%  3.150
127 24.3769 6994.1  7133.8  1.4018x10 0  3.146
192.5  21.7897 6251.8  6391.4  1.5646x10°%  3.150
212 19.7103 5655.2  5794.8  1.7257x10°  3.148
233 17.9033 5136.8  5276.4  1.8952x10° 0  3.149
253.5  16.3975 4704.7  4844.3  2.0643x10°%  3.147
273 15.2587 4378.0  4517.6  2.2136x10°%  3.154
293 14.1552 4061.4  4201.0  2.3804x10°%  3.151
3i3 13.2189 3792.7  3932.3  2.5430x10°%  3.151
323 12.8529 see7.7 3827.3 2.e8ac™t 3.1se

-6
Diamagnetic correction = -139.62x10 = c.g.s. units
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are in agreement with those of Rao’’ suggesting a sixcoordindl octa-
hedral environment about the Ni atom in Ni(II) malonate and its analogous
Ni(II) ethylmalonate and Ni(II) benzylmalonate complexes, and these
results are consistent with the diffuse reflectance spectrum, which
lends further support for the proposed structure for these compounds
(see.Chapter III). ‘
Co(II)

From the magnetic point of view two different stereochemical

7
arrangements are expected for cobalt(II) (d systems). These are octahedral,

> e 2, and tetrahedral.tg e3 complexes.

t
2g g

High spin octahedral complexes with 4Tlg ground terms possess
moments in the range 4.7 - 5.2 B.M. at room temperature, and the moment
should vary with temperature, and the moments of high-spin octa—

hedral complexes, which are higher than spin-only values, arise from

2
g

and the first excited state, t;g eg3, and as a result a relatively large

the unquenched orbital contribution of both the ground state tgg e

orbital contribution to the moment occurs in these types of complexes,
whereas in tetrahedral high-spin complexes, the contribution to the
moment is quite small and the experimental moments are smaller than
those for the corresponding octahedral complexes, and the moments do not
vary as much with temperature. Nyholgchas~suggested thét this disting-
tion may be used as a diagnostic tool to differentiate between six and
four coordination complexes.

The magnetic susceptibilities of Co(II) malonate, Co(II) ethyl-
malonate and Co(II) benzylmaloﬁate compound#bwere carried out over a
range of temperature. The observed magnetic moment - values range
between 4.74 - 4.76 B.M, for Co(IIj ﬁalonate, 4.72 = 4.75 B.M. and
4,8 = 5.0 B.M. for Co(II) ethylmalonaté and Co(II) benzylmalonate res-
pectively. The moments vary with tempefature, as expected for the Co(II)

ion in an octahedral environment. It was found that the Curie-Weiss
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law was obeyed over the temperature range studied. The Weiss constants
are 0 = -24° for Co(II) malonate, 6 = -12° for Co(II) ethylmalonate and
6 = -20° for Co(II) benzylmalonate complexes. Such values of 0 areof the
same order as those in the literature expeéted for the high-spin Co(II)
octahedral complexes. The normal paramagnetic behaviour at room temper-
ature of a number of anionic Co(II) complexes of‘substituted malonic
acid, R-CH = C(COOH)2 with R = C6H5 and its chloro, ﬁethoxy and nitro
dérivatives of the formula KZCo[RCH = C(COO)ZJZ.(HZO)n have been repor-
ted15 (see page 119). The room temperature magnetic moments of these
compounds have been found to vary from 5.5 - 6.1 B.M. depending on the
nature of the substituent in this series of complexes. The magnetic
moment of octahedral Co(II) malonate is reported to vary with temperature,

13 The

© = -580), having a value of 4.97 B.M. at room temperature.
magnetic susceptibilities of Co(II) malonate have been measured at
room temperature17. The structure has been found by the powder method

19,21 The details

to be isomorphous with malonates of nickel and zinc.
of complete X-ray structural analysis have not yet been reported.

High spin octahedral cobalt(II) malonate has a moment of
5.2 B.M. at room temperature.17 The values of the magnetic moments
found in this work for salts of Co(II) with malonate, ethylmalonate and
benzylmalonate at room temperature are slightly lower than those repor=-
ted by Ranade and Rao.17 The reason for this is not quite clear. How-
ever similar low magnetic moments for Co(II) oxalate have been reported.
According to Figgis and Lewis,a the moments below about 4.7 B.M. are in
error, the compounds méy not be octahedral in stereochemistry or are
not magnetically dilute. From the évailable data of X-ray powder

19,21

diffraction of Co(II) malonate, it is clear that there is no evi-

~dence of any metal-metal interaction. Although the magnetic moments of
tetrahedral Co(II) ions are expected to be lower than those of octahedral

systems (see pége 111) the diffuse reflectance spectra i.e., the
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Variation of magnetic susceptibility and moment with

Compound Co (II)mal.ZHZO

temperature (113-293 K).

All x values in c.g.s. units

Field 10 amps

Temp K Xg Xy xlO6 )(_l\"lxlo6 X::: xlO6 pef£(B.M.)
113 102.812 20256.1  2033.7  4.9177x10>  4.740
133 90,1663 17764.7  17843.3  5.6044x10°  4.742
153 79,5485 15672.7  15751.3  6.3488x10 > 4.742
173 71,6072 14108.1  14186.7  7.0488x10™°  4.748
193 65.2160 12848.9  12927.5  7.7354x107° 4,757
213 59,3100 11685.3  11763.9  8.5006x10 >  4.742
233 54.7999 10796.7  10875.3  9.1951x107°  4.748
253 50,9151 10031.4 ~ 10110.0  9.8912x10™°  4.753
273 47,2861 9316.4  9395.0  10.644x107° 4.743
293 44,3435 8736.6  8815.2  11.344x10° 4,747

Diamagnetic correction

= --78.6><10-6 ¢.g.s. units
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Table 5.9. Variation of magnetic susceptibility and moment with

temperature (112-323 K). All x values in c.g.s. units

Compound Co (II)etxnal.2H20 Field 10 amps
Temp/K Xg )(Mxlo6 x;dx106 Xx:ql x106 peff (B.M.)
112.5  94.1445 22089.9  22192.2  4.5061x107°  4.720
132.5 84,9200 19113.4  19215.7  5.2041x10°  4.732
152 74,3747 16739.9  16842.2  5.9375x10° 4,720
171.5  66.4022 14945,5  15047.8  6.6455x10> 4,719
191.5 59,4720 13385.7  13488.0  7.414x107° 4,705
212,5  54.2503 12210.4  12312.7  8.1217x10°  4.716
233 49,7256 11192.0  11294.3  8.8540%10 >  4.724
253.,5 45,7486 10296.9  10399.2  9.6161x10°  4.719
273 42,5526 9577.5  9679.8  10.331x10 > 4.717
293 39,7149 8938.8  9041.2  11.061x10° 4,716
213 37,4883 84377  8540.0  11.709x107° 4,731
323 36,4385 8201.4  8303.7 12.043x10™° 4,737

' . -6 .
Diamagnetic correction = -102,32%10 "c.g.s. units
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Table 5.10. Variation of magnetic susceptibility and moment with

temperature (113-293 K). All x values in c.g.s. units

Compound Co (II)benzymal. 2H20 | Field 10 amps
Temp /K X )(Mxlo6 )(1:,114106 X'l x10° peff(B.M.)
M

113 90,6364 26025.9  .26165.5  3.8218x10™° 4.883

133 77.1470 22152,5  22292.1  4.4859x10° 4.890

153 67,3145 19329.1  19468.7  5.1365x10 > 4.902

173 59.6153 17118.3  17257.9  5.7944x10™° 4,907

193 53,5800 15385.3  15524.9  6.4413x107° 4.916

213 48,6844 13979.5  14119.2  7.0826x10 > 4,925

233 44,8696 12884.1  13023.7  7.6783x10° 4.947

253 41,5275 11924.5  12064.1  8.2891x10 > 4,962

273 39,12720  11235.2  11374.8  8.7913x10°  5.005

293 36,7275 10546.2  10685.8  9.3582x107> 5.025

Diamagnetic correction = =139,62 xlo"6c.g.s. units
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intensity and the positions of the bands in the visible region of Co(II)
malonates (see page 61 ) show that only high-séin octahedral complexes
are present.
Fe (I1I)

The magnefic moments and susceptibilities of Fe(III) malonate,
Fe(ILI) ethylmalonate, and Fe(III) benzylmalonaté complexes were measured
between 113 - 293 K and are shown in the Tables. Allvthree sets of
compounds are of high-spin type, and the following magnetic moments
(Bohr magnetons) have been found for the sodium salts: Ferrimalonate
(+4H20) 5.9, Ferriethylmalonate (+2H20) 5.9 and Ferribenzylmalonate (+2H20)
5.85; corresponding to 5 unpaired electrons. The plots of llxﬁ
versus T give straight lines through the origin, i.e. 6 = 0.

In an octahedral environment the high-spin Fe3+ complexes are
expected to possess moments very close to the spin-only value of 5.92 B.M.,
which are independent of temperature (see page 111). Magnetic measure-
ments have been carried out on Fe(III) oxalato complexes, and used to
determine the nature of the bonding of the ironm in the system.zz’23
The magnetic moment of this compound is reported by Johnson22 to be
5.75 B.M. at 291 and 90 K with 6 = 4°. The moment of this compound was
later reportedza’25 to be 5,92 B.M. over the range 80 - 300 K with
8 = 0° Similar magnetic moment values have been given recent1y26 for
this complex at room temperature, which are in better agreement with
theory than those early dat# of Johnson.22

According to Curtis et al.27 "ionic" (highly paramagnetic)
ferrioxalato complexes have moments of 5.88 and ferrimalénato complexes
of 5.87 B.M. which are independent of temperature (8 = 0°). The crystal

' 28

structure of potassium ferrioxalate has been reported.” The iron

atom is octahedrallyFSurrounded by six carboxyl oxygen atoms., The
. ‘ .

complex is isomorphous with the oxalato complexes of A1(III) and Cr(III).2

Hatfie1d3o found that the crystal épectrum of Fe(III) malonato complexes
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Table 5.11. Variation of magnetic susceptibility and moment with

temperature (112-293 K).

Compound Na3[Fe(mal)33.4H20

All X values in c.g.s. units

Field 10 amps

Temp/ K Xg )(MXIO6 XX 10 ——-}-—xlo6 peff(B.M.)
112 79.2429 38434.2  38636.0  2.5883x107° 5.908
132.5  67.8829 32924.4  33126.2  3.0188x10° 5,950
152 58,9889 28610.7  28812.5  3.4707x10 > 5.943
171.5 51,7193 25084.8  '25286.6  3.9547x10 > 5.914
191.5  46.1010 22359.8  22561.6  4.4323x107° 5.903
212 41,6404 20196.4  20398.2  4.9024x10™° 5.906
233 37,9106 18387.3  18589.1  5.3795x10 " 5.910
253 34.9414 16947.2  17149.0  5.8312x10 > 5.916
273 32,382 15705.9  15907.7  6.2863x10 > 5.918
293 30,182 14638.8  14840.6 6.7383x10 "> 5.922
o units

Diamagnetic correction = ~201.8%10 ~c.g.Ss.
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Table 5.12.

137.

Variation of magnetic susceptibility and moment with

Compound Na3[Fe(etmal)3].2H o]

temperature (112-293 K).

2

All x values in c.g.s. units

Field 10 amps

Temp/K Xy XMx106 X,}x106 XE« x106 pveff£(B.M.)
112.5 69,6358 38380.8  38653.7  2.5871x10 5.922
132.5 59,0439 32542.8  32815.8  3.0473x107° 5.922
152 51,3682 28312.3  28585.3  3.4983x10°° 5.920
172 45,4433 25046.7  25319.7  3.9495x10 > 5,927
192.5 40,7298 22448.8  22721.8  4.4011x107° 5,940
212 36,9659 20374.3  20647.3  4.8433x10"° 5.942
233 33,7729 18614.4  18887.4  5.2945x10 > 5.958
253,5 30,9773 17073.6  17346.5  5.7648x107° 5.955
273 28,5044 15710.6  15983.5  6.2564x10 5.932
293 26,5813 14650.7  14923.6  6.7008x10™° 5.939
Diamagnetic correction = -272.9GXI66c.g.s. units
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Table 5.13 . Variation of magnetic susceptibility and moment with

Compound Na3[Fe(benzylmal)3].2H20

temperature (113-293 K).

All X values in c.g.s. units

Field 10 amps

Temp/K Xg xx10° X110 .7%;x1o6 Hef£(B.M.)
113 48,3633 35662.0  36046.9  2.7742x10 5.732
133 41,2714 30432.4  30817.3  3.2449x10° 5.75
153 36.02703  26565.5  26950.4  3.7105x107° 5.767
173 31.8372 23476.1  23860.9  4.191x107° 5.770
193 28,5241 21033.0  21417.9  4.669x10 " 5.774
213 26.0013 19172.7  19557.6  5.1131x107° 5.796
233 23,9996 17696.8  18081.6  5.5305x10 > 5.829
253 22,0895 16288.3  16673.1  5.9977x10™° 5.833
273 20,4426 15073.9  15458.8  6.4688x10 5.834
293 14114.8  14499.7  6.8967x107° 5.854

Diamagnetic correction

19.142

= _334,86x10'6c.g.s.

units
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‘is similar to that of oxalato system31 and confirmed their isomorphism.
The M&ssbauer spectra point to an octahedral high-spin Fe(III) system for
Fe(III) oxalato complexes, which confirmsthe early data of Johnsonzz and
Curtis.27 The magnetic moments of Fe(IIIi malonate complexes in the
present study are similar to those reported by Curtis,z7 and also in
good ‘agreement with those of similaf Fe(III) oxélato com.pl‘exes,zl'-26
and these results are also consistent with the diffusé reflectance
spectra; suggesting therefore a ﬁigh-Spin octahedral symmetry for
Fe(III) malonato complexes, and by comparison a similar structure could
be ascribed for the Fe(III) ethyl, and Fe(III) benzylmalonato complexes.
Another piece of evidence reinforcing this suggestion is provided by
the Mossbauer spectrum which strongly supports the proposed structure of
these complexes (see Chapter VII).
Cr(III)

The complexes of Cr3+ are mostly of the octahedral type. In
an environment of octahedral symmetry the ground term of the Cr3+ ion is

3

A The moment is expected to be independent of temperature (O zero

2g°
or very small), and slightly below the spin-only value of 3.88 B.M, for
three unpaired electrons (see Table 5.1,5.2).

The magnetic susceptibility of a magnetic dilute system of
octahedral Cr(III) oxalato complexes has been studied22 at room tempera-

24,25 over an extended temperature

ture and recently by other workers
range. The results are similar. Weiss constants are small and the
moments are slightly below the spin-only value by the spin-orbit coupling
effect. A magnetic moment of 3.84 B.M. was obsérved24 for ionic
K3[Cr(ox)3].3H20 complex whose structure has ;ecently been found by

X-ray analysis to be octahedral.24 The complex is isomoiphgus with thé
complexes of A1(III) and Fe(III) oxalate.29 It has been suggested30

that Cr(mal)g- ions occupy positions which are identical with those

of Fe(mal)g- ions, and they are isomorphous. The‘crystal structure of
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Table 5.14., Variation of magnetic susceptibility and moment with

temperature (112-323 K). All X values in c.g.s. units

Compound K[Cr(mal)Z(HZO)z].BHZO Field 10 amps
Temp/K Xg >(Mx106 xb“xloﬁ --—)};—x106 ueff(B.M.)
112.5 41,8060 16107.4 - 16277.9  0.6143x10™" 3.843
132.5  35.4652 13664.3  13834.8  0.7228x10°° 3.845
152 30,8506 11886.4  12056.9  0.8294x10™* 3.845
172 27,6511 10653.7  10824.2  0.9239x10™* 3.875
192.5 24,3390 9377.5 9548.0  1.0473x10™" 3.850
212 22,0445 8493.5 8664.0  1.1542x10 " 3.849
233 20,1745 7773.0 7943.5  1.2589x107* 3.864
253.5 18,4594 7112.2 7282.7  1.3731x10" 3.859
273 16,9816 6542.8 6713.3  1.4896x10 "  3.845
293 15,7709 6076.3 6246.8  1.6008x10™* 3.842
313 14,7199 5671.4 5841.9 1.7118x107% 3.840
323 14,3667  5535.3 5705.8  1.7526w10"" 3,853

Diamagnetic correction = -170.5de%50.g.s. units
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K[Cr(ox)z(H20)23.3H20 has been determined by Van Niekerk and Schoening.32
The four oxygen atoms and two water molecules surrounding the central
chromium atom form an octahedral arrangement

The visible spectra of the malonato complexes of Cr(III) are

33,34

similar to those of the Cr(III) oxalato complexes. The shift of

the bands to the shorter wavelength from the tris-malonato to cis-diaquo
complexes is also as for the corresponding oxalato complexés33. it

has been found by Hatfie1d30 that the crystal spectra of the tris(malonato)
chromium(III) complexes are similar to those of octahedral tris(oxalato)
chromium(III) complexes. The complete X-ray analysis of Cr(III) malo-
nato complexes35-37 later confirmed this result, which lends further sup-
port for the octahedral structure of these complexes.

The magnetic moment of 3.84 B.M. was found for
cis-K[Cr(mal)Z(HZO)z].3H20 over the temperature range 112 - 313>K. The
moments were independent of temperature, with € = 0° after the manner
expected for the Cr3+ ion in an octahedral environment.

Our results of the magnetic moment and the visible spectrum are
in agreement with those obtained for the analogous oxalato complexes,24’25’33’34
and the diffuse reflectance spectra results are also consistent with

33,44,45 suggesting therefore a similar octa-

those reported values,
hedral structure for this complex.
Mn (I11)

In an environment of octahedral symmetry the d4 configuration
can give rise to compounds of either the high-spin or the low-spin
type. For the high-spin type the ground term is tﬁe SEg from the 5D
term of the free ion,‘and the magnetic moment is expected to lie
slightly below the spié-only value for four unpaired electrons (4.90 B.M.)
and to be independent of temperature (6 small).

A large number of complex compounds of trivalent manganese

have been reviewed by Goldenberg.38 Magnetic measurements have been
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carried out on Mn(III) oxalato complexes and used to determine the
nature of the bonding of the manganese in the system.22 The magnetic
moment of octahedral high-spin K3[Mn(C204)3].3H20 is reported by

38 ,.81 B.M. at

Johnson22 to be 4.88 B.M. with 8 = 14° andvby Goldenberg
291 K.  The magnetic results however indicate that the complex ion is
stabilized by ionic linkages.

The magnetic moment of potassium bis (malonaﬁo) diaquo
manganate dihydrate has been repofteng to have a value of 4.37 B.M, at
323 K which is much lower than the theoretical value of 4.90 B.M.
obtained for the spin-only approximation of Mn3+ ion in an octahedral
environment. The moment of this compound has been recently reported4o
to be 4.90 B.M. at 300 and 90 K with 6 = Oo, which is in better agreement
with theory than the early data39. The low magnetic moment found39
for potassium dioxalato-dihydroxo-manganate is likely to be due to the
presence of asmall amount of magnetic exchange. It has however been
suggested4 that there are Mn—-0-Mn linkages in place of some of the
hydroxyl groups. Recent experimental studies40 of the paramagnetic
susceptibilities of several high-spin octahedral bis(malonato)diaquo
manganese(III) salts; of general formula M'[(C3H204)2(H20)2Mh].nﬁzo,
(where M' = K or Na+, n=2; M =Li,n=3; M = NHZ, n = 0) and of
potassium tris(malonato) manganese(III), K3[(C3H204)3Mn].3H20[have shown
that they usually obey the Curie-Weiss law with a temperature indepen-
dent magnetic moment of 4.80 - 5.1 B.M. with 8 values close to Ooa,
which is expected in octahedral spin-free manganese(III) complexes.
Since high-spin d4 systems éontain a degenerate ground state in octa-
hedral symmetry, Jahn-Teller distortions are expected with two opposite
trans Mn-0 bonds longer than the other four aﬁd this is borne out ih

41 with X-rays

+ .,
has now confirmed a distorted octahedron around the Mn3 ion for both

the crystallographic structure. A structural study

the bis and tris(malonato)manganese(III) complexes. Moreover, the Mn-Mn
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distances of 2.99 and 3.35 X are considered to be long enough to eliminate
any interaction between Mn atoms.

The magnetic moments and susceptibilities of Mn(III) malonato,
Mn(III)ethylmalonato and Mn(III) benzylmalonato complexes were studied
over a temperature range of 113 - 293 K. On account of the high photo-
sensitivity and general instability of manganic complexes, utmost pre-
caution was taken during the measurements to avoid possible decompo-
sition of the samples. However, for each complex, either two or three
samples were prepared in the dark and their magnetic moments were measured
accordingly. The results revealed that all three sets of compounds
are of high-spin type and they obey the Curie-Weiss law over the temper-
ature range studied. The room temperature moment of 5.0 B.M. was found
for Mn(III) malonato complex, with 6 = 2° which is in excellent agree-
ment with the reported value.4o In the case of Mn(III) ethyl and
benzylmalonato complexes, when the magnetic moments were calculated from
experimental values of the mass susceptibilities, it was found that the
values did not check that theoretically for Mn3+ with four unpaired
electrons, assuming only the spin moments to be effective. The obser-
ved susceptibility value of Mn(III) ethylmalonato complex at 293 K is
46.46 x 10--6 c.g.s. and that of Mn(III) benzylmalonato complex is
32,60 x 10-6 c.g.8., similar to that of the Mn(III) malonato complex with
x = 31.94 x 10-6 c.g.s. at 293 K.  The room temperature moments in
Mn(III) ethyl and benzylmalonato complexes were highgr than the value
expected for the high-spin manganese(III) ion. The moments also‘
decrease continuously with decreasing temperature, i.e.,their reciprocal
molar susceptibilities vary linearly with temperature, the lines inter-
cepting the teﬁperature éxistogive small valuésfor the Weiss constants,
_with 0 = 2° for Mn(III) malonate, 6 = 16° for both Mn(III) ethyl and’
benzylmalonato complexes. | Similar 6 values were found for some Mn(III)

oxalato22 and maidnato complexes.40 The moments of both anhydrous
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sodium and potassium bis(malonato) manganese(III) complexes have been
found to decrease with lowering of the temperatureao (90 to 300 K).

At 300 K L is 5.5 B.M. and 5.01 B.M. and 8 is 16° and 8° respectively.

ff
It is suggested that this decrease is due to some slight magnetic inter-
action presumably because of bridging.

The discrepancies of the measured magnetic moments for
Mn(III) ethyl and benzylmalonato complexes from the theoretical predic-
tions seem to be outside the experimental error of most of the measure-
ments concerned. A survey of the literature revealed that this defect
in moment was not peculiar to these Mn(III) compounds, but that it
existed in the certain other compounds of manganese,38 and in most
cases no clearly defined explanation had been advanced. The experimental
data on Mn compounds generally show large effective moments and this is
said to be due to partial oxidation, perhaps combined with some tempera-
ture independent paramagnetism. It is known that the simple manganic
ion has a large oxidation potential and it is difficult to manipulate
because of the readiness with which it disproportionates into the manganous
ion and manganese dioxide. The magnetic moments of the simple and
complex salts of manganese reported by Goldenberg38 are mostly higher
than the theoretical values. The compounds prepared were always con-
taminated. It has however, been found that in fact such deviations are
due to the presence of certain amount of impﬁrities. Whén the neces-
sary corrections for the paramagﬁetic contribution of the respective
amounts of the impurities were made, the values of U agreed well with
theory. The anomalously high magnetic moments of Mn(III) ethyl and
benzylmalonato complexes are Very likely to be due to the contamination
of the samples with finely divided manganese dioxide suspen&ed on the
complexes. ' It is very difficult to exclude the formation of manganese
dioxide along with the~compounds. An impurity with the high magnetic

susceptibility of MnO, could seriously interfere with the measurement-
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of the susceptibilities of the compounds. However, traces of the
impurities were shown to have no noticeable effect on the spectroscopic
analysis in the visible region, as was pointed out elsewhere.42 Mn (III)
ethyl and benzylmalonato complexes were prepared by the method of
Cartledge and Nicholsl‘3 for the corresponding malonate complexes, by

the Feaction of stoichiometric quantities of potassium permanganatecxni
either ethyl or benzylmalonic acid in non-aqueous medium (ébso—

lute methanol). These conditions appear to be favourable for the for-
mation of highly magnetic oxides of manganese which would account for

high value for Analysis of both complexes showed that they con-

Hegg®
tained more manganese than the formula indicates.

Mn found 19.8%; calc. for K[Mn(etmal)z(HZO)zl :+ 14.077%

Mn found 13.87; calc. for K[Mn(benzylmal)z(HZO)ZJ : 10.677.

A detailed study was made. It was assumed that the magnetic

moment values would be altered linearly if the complexes were contamined
with Mn02, probably formed along with the compounds. From the analyses
Mn(III) ethylmalonate was composed of 11.457 MnO2 and 88.5% of the
complex, and similarly, Mn(III) benzylmalonate was composed of 6.247%

of MnO2 and 93.767 of the complex, and the magnetié moments were there-
fore calculated on the actual manganese contents. Y for MnO, was

taken to be 46.58, When corrected for this, the room temperature
moments of 4,93 B.M. and 5.01 B.M. were obtained for Mn(III) ethyl and
benzylmalonato complexes respectively, in excellent agreement with
theory. Clearly it is impossible té establish the origin of these
anomalous magnetic moments in the absence of structural analysis.
However, complete crystallographic information is availabie for potassium
bis(malonato)diaquo manganate(III) by X-ray.analysis.41 This coﬁpound .
was also known to give rise to two bands in the visible region of the
'spectrum.Ao

Our results of the magnetic moments of Mn(III) malonato
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Table 5.15. Variation of magnetic susceptibility and moment with

temperature (112-293 K). All X values in c.g.s. units

Compound K[Mn(mal)z(Hzo)z] Field 10 amps
Temp/K Xg )(Mxlo6 Xb'4x106 'Tgfx106 veff(B.M.)
112.3 81,8969 27367.5  27498.0  3.6366x10 4.991
132 6 .68687 23348.0  23478.5  4.2592x10 > 5.000
153 61.1624 20438.6  20569.1  4.8617x10 > 5.038
172.5 54,3859 18174.2  18304.7  5.4631x10 > 5.047
191,5 48,7859 16302.8  16433.3  6.0852x10 " 5.038
212 43,8662 14658.8  14789.3  6.7617x10 > 5.028
232,5 40.3056 13468.9  13599.4  7.3532x10 > 5.05

253 37,0704 12387.8  12518.3  7.9883x10 > 5.054
274 34.2061 11430.7  11561.2  8.6496x10 > 5,055
293 31,9429 10674.4  10804.9  9.2551x10"° 5.053

. _6 .
Diamagnetic correction = ~130.,5%10 ¢.g.s. units
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complex in the present study are similar to those reported values,40
and also in agreement with the corresponding Mn(III) oxalato complexes,22
and these results are also consistent with IR and diffuse reflectance
spectra40 suggesting,therefore a high—spin.octahedral symmetry for
Mn(III) malonato complexes. The IR and solid state spectra of Mn(III)
ethyl ;nd Mn(III) benzylmalonato complexes are ;ery similar to those of
malonato and oxalato Mn(III) complexes, therefore thesé complexes may
also be considered to have a similar distorted octahedral structure.
Verification of this conclusion must, of course, await a detailed
crystallographic study of each of the complexes.

Cu(II)

The magnetic moments, and susceptibilities of Cu(II) malonate,
sodium bis(malonato)diaquo Cu(II) complex, Cu(II) ethylmalonate, and
Cu(II) benzylmalonate compounds were measured between 113 - 323 K,
These are listed in Tables 5,16-5.19. All the comp&unds studied are,
magnetically, perfectly normal bivalent copper complexes, and‘the
observed room temperature magnetic moment values are 1.94 B.M. for
Cu(II) malonate, 1.93 B.M. for bis(malonato) diaquo Cu(II), 1.90 B.M. for
Cu(II) ethylmalonate and 1.93 B.M. for Cu(II) benzylmalonate complexes.
It can be seen that the moments are all higher than the spin-only
value, 1.73 B.M., for one unpaired electron, as expected for the Cu(II)
ion in an octahedral environment in the absence of magnetic exchange.

It was found that the Curie-Weiss law was obeyed over the liquid
nitrogen temperature range with 6 = -2° for Cu(II) malcnate, © = +6° for
bis(malonato)diaquo Cu(II), 6 = 0° and 14° for Cu(II) ethyl and Cu(II)
benzylmalonato complexes respectively. |

| The copper(II) carboxylates have been the subject of many
investigations and a large amount of magnetic data on copper(II) com-

4

plexes is available. These éomplexes are mostly found to have the

distorted octahedral stereochemistry with ~ 1.9 B.M. as the moment for
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the cupric ion, although a few are known which are square planar or appro-
ximate to a tetrahedral stereochemistry. On the basis of their magnetic
moments at room temperature copper(II) compounds can be classified in two
main groups. A great majority of these cﬁmpounds show normal moments
(1.8 - 2.0 B.M.), indicating the absence of any appreciable spin coupling
between unpaired electrons belonging to copper étoms. On the other
hand, a number of copper(II) compounds have been reported to show
moments considerably smaller than the spin moment 1.73 B.M. for one
unpaired electron (~ 1.4 B.M. or less). Thus some kind of spin inter-
action either of a direct nature46 or of a super exchange process47

(via intervening oxygen or other atoms) must be responsible for the sub-
normal moments. Ploquin16 measured the magnetic moments for a series of
copper(II) salts of a, wdicarboxylic acids (HOOC(CHZ)n COOH), n = 0-8 at
room temperature. Recently, Asai9 carefully re-examined the magnetic
moments of the same series of compounds and tried to correlate the
obtained moments with the probable structures ofthe copper(II) salts.

It was found9 that all members of the series examined, with the single
exception of the malonate (n = 1), gave 5ubnormal,magnetic moments, 1i.e.
moments smaller than the spin-only valué of 1.73 B.M., for a single
unpaired electron. Copper(II) malonate has a slightly higher moment
than the theoretical value, the difference being attributed to orbital
contributions. The studies of the copper(II) compounds with suﬁnormal
magnetic moments have been extensive with copper(II) acétate(and its
homologues)whose structure consists of a binuclear molecule,4§ in which
the copper ions are bridged in péirs by‘four acetate groupsito form a
dimer molecule. The Cu-Cu distance is 2.64 &. The subnormal magnetic
moment‘of 1;20 B.M. has been reported9 for Cu(II) oxalate, whose struq-'
ture has been suggested9 to comprise a dimeric structural network, or
polymeric molecules involving coordination links rather than separate

molecules having a single copper atom, or as dimeric molecules as in
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copper(II) acetate monohydrate crystals.48 In fact, the monomeric
structure of Cu(II) oxalate has been confirmed by the recent sinéle
crystal analysis.49 The copper atom is octaﬂedrally coordinated by
four oxygens from the two oxalate groups (Cu-0 = 1,96 &) and two oxygens
from the water molecules (Cu-0 = 2.48 R).

In the case of malonate, the twistingof chains at the central
carbon atoms renders the formation of such anetwork structuré similar to
that in Cu(II) oxalate altogether impossible. In fact the normal mag-
netic moment found9 for Cu(II) malonate suggests that the atom pairs of
copper are not formed in the crystals.

10,50 between the appearance of a

A rough correlation is found
new band at ~ 28,000 cm-1 and the subnormal magnetic moments of the
copper (II) carboxylates. The ultraviolet and visible spectra of the
copper(II)a,w-dicarboxylates with subnormal magnetic moments all show
a new band at ~ 28,000 cm._1 (band II) both in solution and in the crystal
which is suggested to be due to the copper—-copper linkage as a result of
dimeric structure. The reflectance spectra of copper(II) malonate and

51 1 10

Cu(II) oxalate have a single broad band at and

14,280 cm
13,698 (:m“'1 respectively. The near-ultraviolet band (band iI) was not
observed in copper(II) oxalate and copper(II) malonate derivatives in
which no direct copper-to-copper link exists.so The results of magnetic

16,9 of the dimeric structures of Cu(II) salts of a,w-dicar-

moment data
boxylic acidsare also confirmed by infrared spectraldata,52 especially

by the variation of the C-0 stretching and the CH2 rotation bands. It

is concluded that the formation of pairs of copper atoms leads to the
distortion of the methylene chains in crystalline copper(II) a,w-dicarboxy-

32 that the dependence of the shift of the

late complexes. It was found
" antisymmetric COO stretching frequency of the copper(II) salts of these
series from the normal position is similar to that of the variation of

the magnetic moment of the copper(II) salts from the theoretical spin-
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only moment for one odd electron, suggesting that these two quantities
are related to each other, It was proposed that52 the electronic struc-
ture around the copper(II) ion or a pair of copper(II) ions causes the
lowering of the magnetic moments and the band shift. The infrared
spectral studies also indicate the monomeric nature of the Cu(II) malonate
and oxalate compounds.52 A recent electron spfn resonance study5

also confirmed the formation of pairs of copper atoms in thé copper (II)
salts of higher carboxylic acids with subnormal magnetic moments in all
cases except copper(II) malonate, supporting the conclusion made by

9,10 a

. 9 .
Asai, The room temperature magnetic moments of both anhydrous nd

the various hydrates of Cu(II) malonate, CuC3H204, mH,0, m = 1,16’50

m=2,16 00510 L 59,16,17

have been reported by different workers.
These are shown in Table 5.4 together with the values found in the
present study. It can be seen that the magnetic moment values vary
somewhat from sample to sample, but in general the agreement is fairly
good. The observed differences could arise from the fact that some
workers have calculated the effective magnetic moment with or without
taking into account the diamagnetic correction for the Cu(II) ion.

Some have used the Pascal constants for the diamagnetic correction of
the non metal part of the molecule, and some have used the experimental
values. Moreover, the numerical values of Pascal's constants are
different in detail from table to table. An observation worth making
is that most of the magnetic measurements on Cu(II) malonate compounds
have not been accompanied by accurate analysis proving the identity of
the compound. Failure to establish purity may readily explain devia-
tions in suscéptibilitiés reported by various workers. In the case of
copper (I1) malonate compounds, the structural determinations by different

10,50,54

. workers are not in agreement with each other. It seems that

the magnetic moment and structure of each compound depend strongly on

the past history of the sample and its mode of preparation. The
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Table 5.4 The magnetic moments of Cu(II) malonate

6 6
Compound Temp/K XMXIO xdiaxlo Meff Refs.
c.g.s. units (B.M.)
Cu(C3H204) 286 1358 -46 1.76 9
RT 1370 -56 1.75 10
Cu(C3H204).H20 300 1530 1.92 16
300 1444 -34 1.86 46
Cu(C3520 4) .2320 300 1680 2.02 16
Cu(C3H204).2%H20 RT 1395 =90 1.77 10
Cu(C3H204).3H20 300 1598 1.95 16
296 1513 -85 1.95 9
296 1411 1.84 17
Cu(C3H204).2%HZO 293 1513 -85 1.94 This
work
Na2[Cu (C3H,0,) , (H,0) 2] 293 1415 -132 1.93 x?c::l:;

RT = room temperature
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observed moment of 1.94 B.M. of copper(II) malonate in the present study
is similar to that reported for the Cu(II) malonate trihydrate.9 A
recent electron spin resonance Spectrum53 of copper(II) malonate trihy-
drate indicates an octahedral environment around the Cu2+ ion in this
compound. The latter has a single broad band in the visible region of
the Spectrum.51 Dimitrova,et al.l,s5 have carried out a complete X-ray
analysis of copper(II) malonate tetrahydrate. It was'founa that the
oxygen atoms of two water molecules are 2.48 A distant from a copper
atom to complete a distorted octahedron with four close oxygen atoms
(Cu-0 distance,1.96 - 1.97 4) belonging to two malonate groups.

The Cu(II) ethyl and benzylmalonate complexes have the same
reflectance spectra and magnetic moment as the Cu(II) malonate (see Tables
5.16 ~5.19, Chapter 1I1). Therefore these complexes may also be con-

sidered to have similar distorted octahedral structures.
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Table 5.16. Variation of magnetic susceptibility and moment with

temperature (112-323 K). All X values in c.g.s. units

Compound Cu(II)ma1.2%H20 Field 10 amps
Temp/K xg xMx106 xb'dxlo6 Xé x106 peff(B.M.)
112.5  18.9212 3985.4  4070.5  2.4567x10°%  1.922
132,5 16,0669 3384.2  3469.3  2.8825x10 ¢  1.926
152 14,0291 2954.9  3040.0  3.2894x10°¢  1.931
172 12.3229 2595.6  2680.7  3.7304x10°%  1.928
192.5 11,0227 2321.7  2406.8  4.1549x107°  1.933
212 9,9422 2094.1  2179.2  4.5888x10 ¢  1.930
233 9.0622 1908.8  1993.9  5.0154x10"%  1.936
253,5 8.3343 1755.5  1840.6  5.4332x10° 1,940
273 7.7075 1623.4  1708.5  5.8530x10%  1.940
293 7.1840 1513.2  1598.3  6.2568x10°"  1.943
313 6.639 1398.4  1483.5  6.741x10™" 1.935
323 6.4497 1358.5  1443.6  6.9271x10°%  1.940

. . . -6 .
Diamagnetic correction = =85.1x10 c.g.s. units
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Table 5.17. Variation of magnetic susceptibility and moment with

temperature (113-293 K). All X values in c.g.s. units

Compound Naz[Cu(mal)z(H20)2] Field 10 amps
Temp/K Xg XMxlO6 X;,ixlo6 x} xlO6 veff(B.M.)
M

113 11.7071 4093.4  4225.4  2.3666x10°%  1.962
133 9.8367 3439.4  3571.4 2.8 x10%  1.957
153 8.5213 2979.5  3111.5  3.2139x10°%  1.960
173 7.4275 2597.0  2729.0  3.6643x10°°  1.951
193 6.6217 2315.3  2447.3  4.0861x10°%  1.952
213 5.9313 2073.9  2205.9  4.5333x10%  1.947
233 5,3563 1872.8  2004.8  4.9879x10°¢  1.941
253 4.8392 1692.0  1824.0  5.4826x10% 1,929
273 44946 1571.6  1703.6  5.8701x10™%  1.937
293 4.1501 1451.1  1583.1  6.3167x10"%  1.934

-6 .
Diamagnetic correction = -132x10 ¢.g.S. units
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Table 5.18. Variation of magnetic susceptibility and moment with

temperature (112-323 K). All x values in c.g.s. units

Compound CU(II)etmal.2H20 Field 10 amps
Temp/K’ Xg xMxlo6 xﬁx106 X; x106 | peff(B.M.)
112.5 16,8749 3875.8  3978.1  2.5138x10%  1.900
132.5 14,3090 3286.4  3388.7  2.951 x10 " 1,903
152 12,4545 2860.5  2962.8  3.3752x10°%  1.906
171.5  10.9073 2505.1  2607.5 3.8351x10%  1.900
191.5 9.7660 2243.0  2345.3  4.2638x10°%  1.903
212,5 8.7694 2014.1  2116.4  4.7249x107%  1.905
233 7.9806 1833.0  1935.3  5.1672x10°°  1.907
253,5 7.2777 1671.5  1773.8  5.6375x107%  1.904
273 6.6809 1534.5  1636.8  6.1096x10°° 1,900
293 6.2411 1433.4  1535.7  6.5115x107%  1.905
313 5.8216 1337.1  1439.4  6.9474x10°%  1.906
323 5.6296 1293.0  1395.3  7.1922x10°%  1.906

Diamagnetic correction = -102.32x10‘6c.g.s. units



162,

0°0S€ 0-°S[E 0-082 0°Sv¥Z 0-0(Z2 O0O-SLI

/L

() 3 t ) ] [ ] L] [} [}
] 1 - ] ] ' ! ] ' []
' 1 t ' ' . ‘. ’ ' P
‘' ] ) ] . . ' . . <
, ' ' ] ] . . [ ] <
1 ] ' ‘ ] ' ¢ ' B
[ ' [] [} ' ] [} ] m
] [] ] ] + t 1 ] ]
- L L L o L D R R el L L LTV cgn- Syl
’ ' + ' ' 1 . ' . P
. 1 ] ] [l v [] ] t 9
[] ] ' " ] [} [] (] (] 9
1 1) ] ] + ] 1 1 [] 9
' ' . . [ ' . H L
L . L] L} + L] 1] » -
' ' . ’ » ' . ' ' 9
' ' ' ] ' ' ¢ [} ' b
S SRR R | 4 SRR RS NI SR - R S
’ ' . . . [ . . ' b
v [ ] [ ] ' D ‘ ' 3
' ' 1 ' ' ] \ ] 3
4 1 ] ) ’ 4 e di ] ] p
[ . . 3 . ' ‘] ' .
' . . . ‘. ] ' [ .
. L] 1] L 1] . . ) 1]
] 1] 1} ) ] ) ” ' [} [} L
[ T T [ 4 essshccannaaecl .. 4 4 PP -
' . v ] . " ' "
’ . ' ] . . [ . m
' [l [l ] ’ i ' ] []
] ] [ [ ! g ' ' ' 4
1] ] [} ] 1 13 ’ 1] 1]
) . ' [ v . [ . . u
[ ' ' . ' ’ . ’ ' <
1] * ) . ‘. . . ] 1 -
' ‘ ' [} ’ [ [ 1 <
cmemvcecqecscncncsaapernan ’ - .o cecssesccpannncacengeccececcnqecnnccntn g een - neoo ol
] [} ) 1 ' L] () [} b
] ' . ] ’ ' . ' L
[] ) ) [ 0 . [} (] ) 4
: ) ) » » ’ ] ] b
" 1 ' \ ’ [l ] ] ]
) () ] 1 [) )
! . ’ Py ] . ' . ]
' . . d . ' . . ]
i ] U .
cecnesa |u|-:t.'o-ﬁlanco-llo*lult a|l+loiil-o:|n.n-u-..a-..a_-..-cccotll_.lllllltan* nu
' 1 [, ' ] ' ] L] ' p
) L] L} L L] . L} ) L) P
. ’ ) . L] * . ) L] p
[ " 0 ’ ] ’ ] ) p
1 ) ] 1 ) ] ' ] ]
] (] (J 1 ' ' ] ] [} p
1) [} . ] : . ] (] . P
L] L] L] L] . . L . L] -
eemcecccdesnnncocacth o ul e ncmncboccncermadoccaceaca e a e [ boceccacvadocsenacnanchoccancon =
) 1 K] ] 1 ] ] ] ] 1 P
[ ] [} ' ' ] ] ] <
’ ’ . ' . ' ' ' P
. ' ' . ' ' ' ' ’ <
. () ] (] ' v ] (] ) [ -
1 ) ) t ] ] [) ] ] -
[} [} ] \ ' 3 ] 1 ' g
1) 1 1] . + + 1 ) ) -
4 . L Al + L) L} 1 -
[ 7 QPR Fertecamcepmenaccnangmrerane . memteeccas PP -
2 1] ] ' 1 ] [} 1 ' ] 1
U ] 1 ' ' ' [l ] ] b
M ) ) . . ’ ' ’ . 4
’ ' ] t * ' . ) . 9
' 1 ] . 1 3 ] t [ 9
. ' ' . ' ' " . . b
! ] | ] ] ! ] ] ' 3
[} ' ] ] L ' [} h N P
sadaaanebaaa g dasagaaaeadasaaagaag b aaaaaadiassa et aaaraaalaassasaaadaaiaaaaialangaaaagy

0°0r!

[4

0

0-S0!

HZ * Tew3d (II)nd

0-0L

0°S€

*81°G "bt1d

ad-o

0°t

02

0°€

or

0°S

09

0L

0-8

Wy
s3Tun *s°b'o OT) -—
(837 9 o1

- b



163.

Table 5.19, variation of magnetic susceptibility and moment with

temperature (112-323 K). All X values in c.g.s. units

Compound Cu(II)benzylmal.1/2H20 Field 10 amps

Temp /K Xg xMxlo6 xb:lxlo6 X; xlO6 peff(B.M.)
112.5 16,3589 4330.6 - 4450.7  2.2468x10°%  2.000
132.5  13.6927 3624.8  3744.9  2.6703x10"% 2,000
152 11.6146 3074.7  3194.8  3.1301x10°% 1,979
172 10,0329 2655.9  2776.1  3.6022x10°"  1.962
192.5  8,9466 2368.4  2488.5  4.0185x10°  1.966
212 7.9581 2106.7  2226.8  4.4907x10°%  1.951
233 7.1459 1891.7  2011.8  4.9707x10°°  1.944
253.5 6.5591 1736.3  1856.5  5.3866x10 "  1.948
273 5.9747 1581.6  1701.8  5.8763x107%  1.936
293 5.5232 1462.1  1582.2  6.3201x10°%  1.934
313 5.1184 1355.0  1475.1  6.7793x10™%  1.930
323 4.8938 1295.5  1415.6  7.0641x10™%  1.920

Diamagnetic correction

=

-120.12x16° c.g.s. units
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CHAPTER VI: X-RAY DIFFRACTION THEORY1 >

6.1 The General Nature of Crystals

The constancy of the external forms of well-developed crystals
early led to the idea that they were built from blocks of a unit structure
regularly repeated in space. Quantitative studies of the interfacial
angles confirmed this idea and established a crystal as constituted of
these units stacked side to side in three dimensions.

The geometrical properties of a crystal are conveniently des-
cribed in terms of its crystallographic axes. These are three or some-
times four lines, meeting at a point. They are chosen so as to bear a
definite relationship with characteristic features of the crystal, for
example, the axes may coincide with or be parallel to the edges between
principa] faces, Where possible, the axes are chosen to be at right

angles to each other, This is illustrated in Figure 6.1.

4

N

Figure 6.1. The crystallographic axes.

-

0X, OY and OZ are the crystallographic axes, the interaxial angles, a, B

'andry are all as shown. A particular plane, (ABC), of the crystal

* The references for this section are on page 210.
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is chosen as a standard or unit plane, in terms of which the crystal
faces may be described. This plane must cut the three crystallographic
axes, and is often a good face of the crystal. The intercepts where
this plane cuts the axes, OA = a, OB = b, OC = ¢, are known as the
crystal parameters. Their lengths are purely relative but their ratios
are important and are used to describe the crystal. The law of rational
indices states that the intercepts made on the crystallographic axes by
the intersections of the plane parallel to possible crystal faces shall
have values such as + a/h, + b/k, + c/1, in which h, k and 1 are integers,
including zero. The three integers used to index the plane are called
Miller indices. These indices are described as the reciprocal of the
intercepts of the plane along each of the three crystallographic axes.
Thus, if the original lattice planes had the indices (h, k, 1), resulting
from intercepts 1/h, 1/k and 1/1, a single interleaving plane would cut
the axes at half these distances from the origin, i.e. }h, ik, and i1,
and have indices (2h, 2k, 21). For example, plane LMN has indices

(3, 3, 2) respectively in Figure 6.1,

A plane parallel to an axis is one of the types (h, k, 0),

(h, 0, 1) or (0, k, 1), and one parallel to two axes is one of the types
(h, 0, 0), (0O, h, O0) or (0, O, h). If the indices of a plane can be
derived from another by multiplying throughout by -1, then the two
planes are parallel.

Every crystal possesses‘certain elements of symmetry. Exter-
nally, this appears as repetition of the crystal faces and their angles.
A crystal is said to have an n—-fold axis of symmetry when a rotation of
360°/n about the axis produces an orientation which cannot be distin-
gﬁished from the first. Another possible symmetry operation is inver-
sion. This may Be visualized in terms of the normals to the crystal
faces. A 1-fold inversion axis, I, means that in effect there is a

centre of symmetry present and for each face on the crystal there will be
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one parallel on the opposite side. Generally, crystals can be divided
into seven different fundamental classes or systems on the basis of their
external shapes. These are summarised in Table 6.1 A crystal is
made up of an'infinite'number of repeating groups. Each group consti-
tutes a unit cell, this being the smallest portion of the crystal which
possesses all the various kinds of symmetry which characterize the crystal
as a whole. In general the unit cell is characterized by six parameters,
three axial lengths and three interaxial angles (Fig.6.2). The lengths of
the unit cell edges are designated a, b, ¢ and the interaxial angles

o, B, Y. The angle o is between b and ¢, B is between a and ¢ and Y

is between a and b.

Figure6.2. Unit cell.

6.2 X-rays and Crystal Structure

Important information concerning the arrangement of the atoms
and molecules within crystals has been obtained from the measurements Sf
the transmission and'reflection'of X-rays. A crystal is a periodic
three-dimensional array of atoms in which the interatomic distances

are about 2 x 10-8 cm on the average. This fact reveals the
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a#b#c

Table 6.1

System Lattice constants Essential symmetry

Cubic a=R=v-= 90° Four 3-fold axes
a=b-=c

Tetragonal a=R=y= 90° One 4-fold or 4-fold
a=b#c inversion axis

Hexagonal a=8=90% v =120°  One 6-fold or 6-fold
a=b#c inversion axis

Rhombohedral oa=8=vy #90° One 3-fold or 3-fold

(Trigonal) a=b=c inversion axis

Orthorhombic o=R=v= 90° Three mutually perpendicular

a#b#ec 2-fold axes (either rotation
or rotation inversion)

Monoclinic a=7v=090°% B #90° One 2-fold or 2-fold
a$tb#c inversion axis

Triclinic a#B#Y One 1-fold or 1-fold

inversion axis
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possibility of obtaining diffraction effects if radiation with a wave-
length in this range (1 - 2 K) is passed through a crystal. When a
wave-front of X-rays passes over the atoms in a crystal, each atom
scatters the X-rays. A crystal therefore acts as a three dimensional
diffraction grating towards X-rays. According to Bragg, the crystal
can be regarded simply as a series of identical ﬁarallel planes spaced
at definite intervals, so-called lattice planes. When X-rays fall upon
a lattice plane, its single lattice points become secondary radiation
sources, which scatter the incident electromagnetic radiation in every
direction of space. It can be shown that the scattered rays extinguish
one another in every direction, with the exception of one direction,
which can be obtained by considering the lattice planes as a mirror,
from which the X-ray beam is reflected. However, an intense diffracted
beam is obtained only if the rays reflected by the single lattice
planes reinforce one another. The con&ition for this is that the
path difference of the rays must be integral multiples of the wavelength.
From Figure 6.3it can be seen that the path difference of two neigh-
bouring rays is BC + CD. d is the perpendicularAdistance between the
two lattice planes. Since for BC = CD the path difference is 2BC,
furthermore since BC = d sin 6, so the path difference is 2d sin 6,
this must be an integral number of wavelengths, that is n)A where n is
an integer. If this is so,
pk = 2d sin © (D

where 0 is the angle which the X-ray beam makes with the 1attice'piane,
and A is the wavelength of the X-rays. This eduation is known as
Bragg's Law and is defined in terms of an interplanar spacing d and a
glancing angle 0. : 7 .

When a crystal diffracts X-rays in accordance with Bragg's
Law, the scattered X-rays are said to constitute a reflection. Since

the reflectioh is attributed to the plane (h, k, 1) the reflection
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Figure6,3. 'Reflection' of X-rays from thelattice planes of a crystal.

itself is designated h, k, 1. It follows from the Bragg equation‘that,
a particular reflection h, k, 1 can occur only at angle 6. In general
reflection takes place from all possible planes (h, k, 1) out to the
limiting value of d(h, k, 1) = A/2, which occurs when 6 is 90°. As
the wavelength employed is usually much less than the maximum Spacing,'
it is possible to observe reflections from a very large number of planes.
IA general, only a few planes are in position to reflect if the crystal
is kept stationary, and it is therefore necessary to rotate the crystai
if all the possible reflections are to be observed. When a crystal is
rotated in a collimated beam of monochromatic X-rays, accordingly i?
reflects a large number of discrete beams in directions determined by .
the geometry of the crystal lattice. The diffracted beams may be
'recordedvon a photographic plate as a series of spots ;_( each

spot corresponding with a particular set of planes in a crystal)
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or by other types of counters.3’4 The mathematical analysis of the
diffraction pattern gives the distribution of electron density in the
crystal since the diffraction is caused primarily by the extranuclear
electrons. Thus a picture of the structure can be built up consisting
of sections or projections of the crystal lattice which show contours of
equal electron density. The positions of the atoms are usually assuﬁed

to coincide with regions of maximum electron density.

6.3 Determination of the Crystal Structure
1,3

Space Group Symmetry

The application of the theory of space groups to crystal struc-
ture determination involves the assumptidn that equivalent sites of the
crystal are occupied by identical atoms.

According to the theory of space groups there are 230 essen-
tially different ways of arranging asymmetric but identical bodies in
crystal lattice systems. These are so-called space groups; Any crystal
can be classified into one of these space groups. The space group
gives only the symmetry elements of a crystal lattice. Depending on the
number of latticepoints in the unit cell, and their arrangement relative
to the symmetry elements, am infinite number of arrangements is possible
within each space group. The glide planes and screw axes are the sym—
metry elements of the crystal lattice which can be derived from the sym-
metry planes and rotational axes of symmetry by associating them with a
translation. Information about the space group is sometimes obtainable
from a simple study of X-ray reflections recorded; on thg basis of the
.‘systematic absence of interference spots of certain type. The screw
axts (rotation-translation) and glide plane (reflection-tramnslation),
whicﬁ are of great iﬁportance from the point of view of the determination
of the space group, can be found indirectly from such syétematic absences.

Such systematic absences are termed space group extinctions or simply
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extinctions. A list of X-ray extinctions of a given crystal is thus
characteristic of the repeating operation of the pattern of the
crystal, i.e.,of the space group of the crystal in hand. A complete
list of space groups and the absences are éet out in full detail in
the international tébles for X-ray crystallography and by Buerger.1
When -the space group is determined, the number of asymmetric units
necessary to build up the symmetry of the space group and complete the
identically repeating unit cell can be found easily. The translation
appropriate to a space group is of atomic dimensions and is negligible
when the crystal is considered as a macroscopic structure. In many
cases it is possible to identify the crystal space group from the dif-
fraction pattern, but unfortunately it is not usually possible to show
the asymmetry of a structure in this way as nearly all crystals diffract
as though they had a centre of symmetry. As a consequence, the inter-
pretation of diffraction spectra may be ambiguous in some cases and
the space groups must be confirmed by much more detailed study of the
reflections and their intensities.

If the unit cell dimensions are determined, its volume, and,
from the known density of the crystal, the number of ~molecules, Z, in

the unit cell can be calculated.

4

2 pv x 0.6023 x 102
= M

where p is the density (g cm3), v the volume (cm3) of the unit cell,
and M the molecular weight. If the space group has been determined, the
number of atoms in equivalent positions contained by the unit cell can be

deduced.

2,5

6.4 Principles of X-ray Powder Photographs

The value of X-ray diffraction as an investigator's tool in

chemical analysis was greatly extended by the introduction of the powder
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method by means of which X-ray diffraction photographs can be obtained
not only of powdered crystals, but also of polycrystalline aggregates
and of polycrystalline surfaces such as those of metals.

Most crystalline materials do nof normally occur in sufficiently
large single crystals, so that a powder of a large number of very tiny
crystals must be utilized instead. There are many applications of the
powder method, but two of these are of primary importancé. Fundamentally,
the powder method provides a way of investigating, within limits, the
crystallography of the crystal in the powder. Secondly, since the powder
diffraction diagram of a crystallite of a material is characteristic of
the atomic arrangement in the material, it is like a fingerprint in that
no two substances give rise to identical diagrams. Conversely, if two
materials do give rise to identical diagrams, they must be the same
material. It follows, therefore, that powder photographs of known
materials can be used to identify the composition of an unknown material.

The indirect method of identificatio;, in which the pattern of
the unknown is compared with those of likely substances, has been much
used. In such cases if a set of standard diagrams of known substances,
or tabular representations of them are available, then it is usually
possible to identify a pure substance with the aid of a set of rules for
findiﬁg an unknown diagram among the standard diagrams. Such procedure
can be used to great advantage when a group of structurally related com-
pounds is being studied. In such a group, the common structural fea-
tures often give rise to lines which are common to the whole group.

The lines not common to the group, however, are the ones most helpfullin
distinguishing between the various members of thevgroup . Thus, when
studying isomorphous series such procedure can be most helpful in the
identification of any member in the series assuming that the unknown has
a structure similar to that of one of the known structure types.

The sample to be measured in the powder method is ground to a

3
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fine powder, which is really an aggregate of a large number of tiny
crystals (crystallites). The random orientation of these crystallites
in the specimen ensures that every possible reflection plane is presented
parallel to the specimen surface by at least some crystallites. If such
a system is irradiafed by monochromatic X-rays, the powder sample gives

a diffraction pattern, consisting of a series of lines corresponding to
Bragg reflection from each set of parallel planes and separated by
distances determined by the characteristics of the crystal lattice from

which they have been reflected.

Principles of the Calculation of Powder Patterns

Any diffraction pattern may be considered to consist of two
aspects: (1) the positions of the diffraction lines, and (2) the inten-
sities of the lines. The positions of the diffraction lines are
related to the size and shape of the crystal lattice on which the
crystal structure is built. This dependence is most commonly expressed

by the Bragg relation:

A

2dpy

Sin thl =

where ehkl is the Bragg angle, A is the X-ray wavelength, and dhkl is the
interplanar spacing for the atomic planes represented by the Miller
indices h, k and 1 (nh, nk, nl). The interpretation of a powder photo-
g;aph requires the identification of all reflections. | From thé mea-
sured position of each line on the powder pattern, the Bragg angle 6, for
that reflection line can be calculated. Each 6 can be readily trans-
formed into the interplanar spacing dhkl for the planesresponsible fo:
the reflection of that line.6 Primarily, then a powder photograph
yields a set of numerical values for the various d's (= A/2 Sin 8) of the

‘crystal sémple, one d for each line of the powder photograph. A powder

photograph is always interpretable up‘to this point (except for possible
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complications due to d's so close together that they are unresolved,

that is, so that one observed line is really two or more overlapping
lines). The spacings can also be arrived at in another way, for they
are functions of the cell edges a, b, and é, interaxial angles a, B8 and ¥,
and the indices of the reflecting planes(hkl). If the cell dimensions
are known, a list of expected dhkl values can be prepared apd the list

of calculated and indexed spacings can then be compared with the list of
observed, but unindexed spacings, and the individual spacings in the
latter may thus be identified. Normally, the cell dimensions are not
known, therefore, the unit cell dimensions and indices must be determined
in some way from the experimental dhkl values.: This is fairly easy in
geometry when the cell angles are all 900, and there are graphical pro-
cedures for assigning indices to powder photographs of crystals belonging
to such systems.5 The relationship between dhkl and the parameters
which describe the direct lattice is very complicated for low-symmetry
systems (orthorhombic, monoclinic or triclinic crystal) because too many

variables are involved. It is more simply stated in terms of the

reciprocal parameters, where

2 -
hk1

2 .2 2 .,2 2 L2

d h® a*” + k™ b*™ + 17 c¢*” + 2hka*b* cos y* + 2hla*c* cos B*

+ 2klb*c* cos a*
The quantities a*, b*, c*, a*, B* and Y*are the reciprocal lattice con-
stants and are found from the real cell parameters through the equations:

be sin o cos Bcos Y = cos O

* = —— cos o* = - :
a \Y , sin B sin Yy
b% = &€ sin B cos B* = S°8 O cos Y - cos B
v sin a sin y
ok = ab sin y cos y* = 08 o cos B = cos y
v : sin o sin B

V= abe(l - cosza - coszs - cosZY + 2 cos 0 cos B cos 'Y)i
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where a, b, ¢ @, B and 7Y are the real cell parameters and V is the volume
of the unit cell. Using these relations or others which may be derived
from them, it is possible to relate the positions of all the powder
lines observed to the crystal lattice with no knowledge of the inten-
sities of the lines. This means that, the set of positions of all the
X-ray reflections from a crystal depend only on fhe dimensional charac-
teristics of its atoms, while the intensities of the reflections hk1l
depend entirely on the arrangement of the atoms in the unit cell., Thus
in the determination of the unit cell dimensions, only the positions
of the reflections need be considered and the intensities may be ignored.
If an unknown material is to be identified, it may be one pure substance
or a mixture. 1In either case the observed intensities of the diffraction
pattern need to be considered. In such cases a comparison of the
interplanar spacings and the relative intensities of the observed set
with those calculated, usually produces a correct identification, which,
however, should only be accepted as final when the whole observed pattern
is compared with that of the calculated structure and found to agree, both
in spacings and relative intensities. The relative intensities based
on 100 of the most intense lines observed, are usually sufficient for
identification purposes.

The combination of the unit cell and the arrangement of atoms
in it comprises the crystal structure itself. Therefore, the positions
and relative intensities of the reflections of a crystal are charac- |
teristics of the crystal structure. Whether or not the powder diagramv
of an unknown crystal can be interpreted, at least this diagram is
characteristic of the crystal and can be used as a "fingerprint" to
distinguish it from other crystals, and hence to identify it. This is
the philosophic basis for using the X-ray powder pattern in crystal

identification.



180.

Experimental

The powder pattern diffraction traces were recorded at room
temperature using a Phillips PW1011 X-ray diffractometer with 6 - 20
scan technique and with Ni-filtered CuKa rédiation (A = 1.54178 4).

The scan range and 20 values for background measurements were deter-
mined by inspection of the graphical trace of each peak. The inten-
sities and 26 values of all independent reflections weré recorded

(26 range 5 - 539). Beyond this 26 value very few reflections had
significant intensities. The 26 values measured from diffractometer-
chart and powder photographs were converted into the interplanar
spacings (d) of the diffracting hkl planes, using the published X-ray
diffraction tables of J.H. Fang and F. Donald Bloss (1966).6 The
tables give d values corresponding to 28 values in the range of 0.11° -
1800, in increments of 0.01° for the most frequently used wavelengths.

Since direct X-ray diffraction study of these compounds has
been proved to be difficult, an attempt was made to examine the struc~
tures of these complexes on the basis of the previously published data
by: (i) the known crystal data of each corresponding compound were
computed; (ii) the data set were then collected; these consisted of
the diffraction angle 20 and d spacings of the diffracting hkl planes.
These were regarded as calculéted values which are given in column 3 of
each table; (iii) the reciprocal lattice levels (the values of hkl) for
all the relevant spectra were estimated visually by comparing these with
the data set computed of the previously published data in the first stage,
assuming approximately the same cell dimensions. The results obtained
by this method in most cases were found to be reasonably consistent,

All computations were performed on the University of London CDC
7computer by way of the crystallographic programmes developed by Dr Langford
and Dr Marriner at Birmingham University Physics Depart:ment.7’8 Single

crystal diffraction photographs were carried out with a single crystal
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Pye Unicam oscillation/rotation camera, using CuKo radiation. The
single-crystal photographs of Al3+ malonato cemplex were carried out at
Birkbeck College using a precession camera.

The complete list of observed and calculated interplanar
spacings, the relative reflection intensities, and the reflection
indices when known are tabulated in Tables 6.3 - 6.10 for -
comparison,

Determination of the Unit Cell Dimensions with the Highest

Accuracy. The minimization of errors by the use of an internal

standard.

One simple and highly recommended method of correcting for
all possible errors is to mix the substance under investigation with a
standard substance whose spacings are known to the desired accuracy;
the resulting powder photograph shows both patterns superimposed.
For this purpose it is desirable to use a simple substance giving few
lines, otherwise overlapping is frequent. Quartz was used in this
investigation; Since the accurate 26 values of quartz were known,
the peak shifts 6(28) were then obtained, where §(28) is the difference
between the known and the measured value of 28 of the standard, which
were then used to determine the precisé spacings of the substance under
investigation. For the best accuracy, the aVérage errors were calcu-
lated by taking the average of all the individual errors, from which
the position of the reflections on the chart paper, that is, the 20
values of the substance, were corrected. The interplanar spacings
were then obtained directly from the table for the corresponding diffrac-.
tion angle 26. The d ..values thus determined together with the éorres-
ponding reflection indices when known were then computed. Applying
.the least-sqdares ﬁethod,"the unit cell dimensions were
refined. The accuracy attainable by the internal standard proceduré

described is directly comparable with the accuracy to which the spacings
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of the standard are known.

Calculation of the Tables

Relative intensity measurements

The column labelled I/I1 in each table contains the relative
intensities of these reflections based on 100 for the strongest intensity
obsefved from the experimental diffractometer trace. If the profile was
fully resolved its height was measured by counting squares on the chart
paper. The relative intensities.were readily found and listed by
applying an "absolute scale factor" to the measured peak height. Such
scale factor was chosen to scale the set to a maximum value, usually
100, for the strongest reflections observed,that is, the most intense
reflection is arbitrarily assigned the value of 100 and the other inten-
sities were scaled accordingly. These are listed in the first column of
the tables for each corresponding d value.

X-ray Determinations

6.5 Experimental and Results

The structure of Ba (II) malonate dihydrate

The crystal structure of this compound has been studied for
the first time. The struéturesfor';he corresponding calciﬁm and stron-
tium compounds9 have been published, and they are different from each
other. The data now obtained for barium mﬁlonate were examined to see
if they fit either of the structures proposed for the calcium and
strontium compounds. fhis analysis has been pursued only far enough to
prove the structure to be of'tﬁe strontium type. Weak and broad
spectra, and doubling of peaks caused some difficulties in the recog-
.nition of any individually significanf peaks in the spectra. The
broadening may mean that some crystals have slightly different unit-cell
"dimensions from others; or that the unit-cell dimensions vary in dif-

ferent regions of the same crystals, owing to variations of composition
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Slide 1. 2Bamal,Ba(0H)“.2H”0 (x1,lo0)

i-if

!/

Slide 2. Similar to the above (x2,200)
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Slide 3. 2Bamal,Ba(OH)*.2H”0 (x5,500)
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. 2,4 X
or to strains”’’. 1In these circumstances certain crystals or parts of

crystals give X-ray reflections at slightly different angles from others,
and a broad line is the result. Alternatively, the broadening may mean
that crystals are too small to yield a normal diffraction patterns.

In fact, when the crystallites are very small, the number of parallel
planes available is too small for a sharp diffraction pattern to build
up, and the lines in powder photographs become broadened. When dif-
ferential broadening is encountered in powder photographs, it is often
difficult to decide which is the most likely cause. In barium malonate,
electron microscopic examination confirmed that the Ba malonate crystal-
lites consist of very fine grains (see Slides) and it seems most
reasonable to assume that the broadening is due to the very small

size of the crystals. Further, when operating the X-ray diffractometer,
the initial position of the chart is set manually and thus some correction
might be anticipated. Attempts to solve this problem were made,

using quartz as an internal standard substance, whose spacings are
accurately knownlo. Measurement of the quartz reflections gives a
calibration curve based on peak shifts peasured under variéus conditions
for quartz of known reflection angles, which can tﬁen be used for inter-
polating the precise spacings of the Ba malonate. For the bestkaccu-
racy, the reading error due to the location of the centre of the line

on the chart paper can be minimized by preparing and measuring several
traces. Various mixtures of quartz and barium malonate were tried.

For several such mixtures examined, the 26 values and the intensities

of quartz reflections in the mixture were obtained, and it revealed

some significant variations from the initial measurements. Since the
accurate 20 vaiues of quartz were known, §(28) were then obtained, where
8 (26) is the difference between the known and measured value of 206 of the
'standard. By comparing the original diffractometer trace with three

traces obtained using mixturesof barium malonate with quartz, the best
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values of the reflection angles were determined. The 26 values

thus determined were then plotted against the §(20) of quartz, and the
peak shiftscorresponding to any 26 values were read directly from this
graph. Finally the improved values of 20 were estimated in which at
least some of the errors of the original diffractometer trace are
removed. This gave a new set of 20 values which were converted into
the interplanar spacings(d). By computing the new sets of values of
the proposed cell dimensions, the.data were collected covering all the
reciprocal lattice nets, hkl. At this stage of the refinement a

new value for 20 for each corresponding hkl value when known was com-
putedr and the probable error of the trial and refined cell dimensions
were estimated by the method of least-squares, and were found to be
negligible., Nevertheless the problem proved difficult, and the spectra
finally obtained indicated 2 peaks, one at 20 = 24.0° with quite weak
intensity, as well as one with medium intensity at 26 = 24.520, which
could not be identified. Attempts to improve the data were made by a
series of computations of the cell parameters using different values of 8
(106°, 950, 92°, 91°, 91.5%). Of several such data obtained, the one
having B = 92° gave the most satisfactory results, and the unit cell
dimensions were then refined accordingly by a least-squares method as

described before.

Table 6.2. Crystal data for 2BaC,H,0,.Ba(OH),.2H,0

Trial cell dimensions:

a = 7.0930 , b =9.5170 , c = 12.7400 &,
o = 90.00 , 8 = 92.00 |, ¥y =90.00 deg.
Refined cell dimensions: |

a =7.0931 , b = 9.5193 , c = 12.7421 &,
‘@ =90.00 , B =91.96 |, ¥ = 90.00 deg.

STD Errors in a, b and ¢ are 0.0033, 0.0034 and 0.0050 A.



187.

STD Errors in @, B and y are 0.000, 0.037 and 0.000 deg.

No further attempt was therefore made to refine the structure, as it
seemed very unlikely at this stage that further refinement would lead
to a more reliable set of structural data. The observed and calcu-
lated d spacings are given together with the observed powder intensities
in Table 6.3.

It may be seen that there is a general agreemeﬁt between the
observed and calculated values, remembering that this analysis is based
on the known structure for the Sr compound. The reason for some dis-
crepancies between the predicted and observed values is at present
unknown. Some observations are worthmaking, e.g. the Sr malonate com~
pound studied by Briggman and Oskarssoé)is in anhydrous form. Further-
more, X-ray structural data on both calcium and Strontium malonate
reported by them have not been accompanied by accurate analyses proving
the identity of the compounds. Failure to establish purity may explain
such deviations in the values. In fact, the X-ray analysis of Ca
malonate studied by us also did not confirm their results (see page 190).
However, from our own evidence as well as from the reported work it is
known that the structure of the compound depends strongly on the past
history of the sample and its mode of preparation. The compound
examined in the present investigation is a basic salt and has the fol-
lowing analysis:

Found: C 10.2 ; H 1l.4s%
calculated for ZBaC3H204, Ba(OH)z.ZHZO : C 10.5; H 1.4%
| Although we extrapolate the celi parameters of barium malonate
from that of strontium malonate, we have not provided a general proof
of the structure. Without completé X-ray structurai analysis it is noé_
possible to assign an unequivocal structure to these complexes. Moreover,

although the strontium and barium malonatesshow close resemblances in

the values of their crystal angles,and they crystailise probably with
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Table 6.3 Powder pattern data for 2Bamal, Ba(OH)2.2H20

Iobs obs. d(Z) calcd h k 1
s 12.5738 12.7346 0 0 1

12.5738 12.7346 0 0 1
vs 9.4083 9.5193 0 1. 0

7.0530 7.0890 1 0 0

6.3301 6.3673 0 0 2

6.3301 6.3673 0 0 2

6.1721 6.1058 1 0 1
W 5.7910 5.6856 1 1 0

4.2203 4.2449 0 0 3

4,2203 4.2449 0 0 3
w,b 3.8096 3.8123 0 2 2

3.8096 3.8123 0 2 2
m,b 3.5872 3.5882 1 0 3

3.5353 3.5445 2 0 0
ww 3.4013 3.3866 1 2 2
vw 3.3634 3.3576 1 1 3
m 3.2000 3.1893 2 1 1
ww,b : 3.1589 3.1680 0 2 3

3.1589 3.1680 0 2 3
w,b 2.9766 2.9845 2 1 2
w 2.9030 2.9071 2 1 2
v 2.7648 2,7677 2 0 3
v 2.6595 2.6576 2 1 3
m/w 2.5082 2.5026 1 2 A
m/w 2. 3860 2.3798 0 4 0
vw,b 2.3619 2.3630 3 0 0
W 2.3066 2.3092 3 0 1
vw,b 2.2659 2.2625 2 1 4
ww 2.1222 2.1224 1 2 5
v 2.1002 2.0983 3 2 1
vw 2.0736 2.0759 0 4 3

2.0736 2.0759 0 4 3
v 2.0535 2.0527 1 0 6
_— 2.0468 2.0464 3 1 3
W 2.0294 2.0271 3 2 2
v 1.9701 1.9708 1 1 6
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Table 6.3 continued

Iobs obs am) calcd h k 1
vw 1.9256 1.9260 1 3 5
w,b 1.9066 1.9061 o 4 3

1.9066 1.9061 o 4 4
w,b 1.8654 1.8671 3 3 1

1.8554 1.8551 1 2 6
vw 1.8224 1.8221 1 5 1
vw 1.8139 1.8151 2 1 6
vw,b 1.7039 1.7035 3 o 5
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the same symmetry, orthorhombic or monoclinic, they are not truly iso-
morphous.  Microscopic examination of the barium malonate showed that
these consisted of microcrystals or powder which are not suitable for
single-crystal X-ray diffraction studies (see Slides), and their
crystallographic study has for this reason proved a difficult task.

In our opinion a detailed structural investigation of this compound and
the close similarity between the two structures will 1ead>to more defi-
nite results.

The Structure of Ca(II) malonate

The structure of this compound has been determined from its
X-ray powder pattern, and has been fully refined by partial three-
dimensional single-crystal X-ray diffraction photographs.

The crystal data both of Briggman and Oskarson (1967)9 and
of Karipides (1977)11 were examined. Our results are in agreement with
those of Karipides (see Table 6.4 ). Both the previous sets of
workers make reference to a so-called calcium malonate dihydrate,
CaC4H,0,.2H,0, which is described as monoclinic. It seems very pro-
bable that what the above workers called calcium malonate dihydrate is
really a basic salt, in view of their similar method of preparing the
compound (from the basic carbonate). The compound examined in the
present study has the following analysis:

Found: C 14.80 ; H 2.4%

Calculated for CaC3H204.Ca(OH)2. 1%H20; C 14.81 ; H 2.9%

Using quartz as an internal standard the X-ray diffractometer tracé was
shown to have an error of 0.087 cm. The corrected and calculated

values of d spacings, and hkl values are given together with the observed
powder pattern intensities in Table 6.4,

Single crystal X-ray work

A well-formed crystal was chosen, it was mounted around the C

axis and the photograph was taken at room temperature using Cu-Ko
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Table 6.4 Powder pattern data for Camal,Ca(OH)z,l%Hzo

Sym. monoclinic

a=13.9278 , b =6.8559 , c =6.8639 &  Volume = 629.598°
a =90,000 , B =106.137 , v = 90.000 space group C2/m
Z =4
1/11 obs* d(x) calcd h k 1
100 6.6619 6.6895 2 0 )
<1 6.0836 6.1014 1 1 )
1 4.7805 4.7912 1 1 1
4 4.1216 4.1540 2 0 1
1 3.7216 3.7384 3 1 0
3 3.6245 3.6357 3 1 1
7 3.4115 3.4279 0 2 0
39 3.3313 3.3492 2 0 2
<1 3.0369 3.0415 0 2 1
<1 3.0219 3.0415 0 2 1
1 2.9535 2.9688 3 1 1
<1 2.8019 2.8199 3 1 2
2 2.7557 2.7631 4 0 2
4 2.6780 2.6768 2 0 2
<1 2.6285 2.6440 2 2 1
2 2.2869 2.2848 2 0 3
3 2.2373 2.2298 6 0 0
1 2.1371 2.1442 6 o 2
<1 2.1085 2.1098 2 2 2
2 2.0226 2.0168 3 3 1
<1 1.9349 1.9347 2 0 3
1 1.9024 ©1.9019 1 3 2
3 1.8341 1.8382 3 3 2
5 1.8102 1.8081 4 2 3
1 ©1.7289 1.7270 3 1 3

* All the above data are based upon an average error of 0.0875
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Slide 4. Carnal,Ca(OH)~.1~H”0 (x550)

Slide 5. Similar to the above (x2,200)
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radiation (A = 1.5418 &).

The unit cell dimensions obtained by single crystal photo-
graphs agree reasonably with the values reported for the similar com-
pound recently.11 The accurate values of the lattice parameters were
obtained from powder data by least-squaresrefinement. Crystal data for
CaC3H204,Ca(0H)2.1£HZO=
Monoclinic, space group C2/m, Z2=4; a = 13,9278; b = 6.8559; c = 6.8639 K;
B = 106.137% V = 629.59 &3 . |

The crystals are shown in Slides 4 and 5.

The Structure of Zn(II) malonate dihydrate

The crystal structure of Zn(II) malonate dihydrate ZnC3H204
2H,0 has been previously reported,12 and the unit cell dimensions have
been confirmed by the present investigation.

Attempts were made to re—examine the structural analysis of
this compound from its Z-ray powder diffraction pattern, using the data
obtained by the above workers. An instrumental error of magnitude O.lcm
was obtained by applying the internal standard method, and the initial
values were improved accordingly. The relative iptensities of the pos-
sible reflections were measured by the method outlined above. A
listing of final observed and calculated interplanar spacings and the
relative intensities are compared in Table 6.5, Excellent agreement
.was achieved between the observed and calculated values obtainea in the
present work and those in the literature.12 The crystals viewed in an

electron microscope are shown in Slides 6, 7 and 8.

The Structure of Cd (I1) malonate monohydrate

The crystal structure of this compound was investigated to
compare it with the values of the polymeric Cd malonate monohydrate and
_dihydrate previously reported.13 Our results are not in agreement with
the observations of Post and Trotter (1974) aithough their cell dimen-

sions for both monohydrate and dihydrate were tried. The failure of
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Table 6.5 Powder pattern data for anal,2H20

Sym. monoclinic

a = 11.0625, b = 7.4221, c =7.2901 & Volume = 596.03 &>
o = 90.000 , B =95.275, vy = 90.000 Space group I2/m
Z=4
I/Il obs* 4@ caled h k 1
6.3256 6.3349 1 ) 1
6.1551 6.1553 1 1 0
10 5.8098 5.8205 1 0 1
100 5.5050 5.5078 2 0 0
45 5.1792 5.1897 0 1 1
68 3.9002 3.9075 2 1 1
3.7033 3.7110 0 2 )
3.6494 3.6296 0 0 2
17 3.4013 3.4051 3 0 1
5 3.2832 3.2911 3 1 0
4 3.1922 3.1993 1 1 2
1 3.1655 3.1675 2 0 2
9 3.1232 3.1291 1 2 1
7 3.0727 3.0776 2 2 0
9 2.9094 2.9103 2 0 2
3 2.5931 2.5948 0 2 2
2 2.5411 2.5447 3 1 2
26 2.5014 2.5017 4 1 1
7 2.4088 2.4092 2 2 3
1 2.3679 2.3690 4 1 1
2 2.3394 2.3418 0 3 1
17 2.2981 2.2980 4 0 2
2.2908 2.2901 2 2 2
11 2.2100 2.2115 4 2 0
1 2.1774 2.1785 2 3 1
6 2.1303 2.1324 2 3 1



Table 6.5. (continued)

195,

1/1, d(®)

obs* calcd h k 1
12 2.0588 2.0598 2 1 3
8 1.9529 1.9537 4 2 2
5 1.8554 1.8555 0 4 0
3 1.8292 1.8295 4 2 2
8 1.7681 1.7677 6 1 1
3 1.7586 1.7584 4 3 1
1 1.7307 1.7299 0 3 3

All the above data are based upon an average error of O.lcm
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Slide 6. 2Znmal.2H"0 (x220)

Slide 7. Similar to the above (x1,100)
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Slide 8. Znmal.2H"0 (x5,500)
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Table 6.6 Powder pattern data for Cdmal.H,0
Observed d and 26 values are given together with the
observed intensities %
26 d(d)
obs. caled.* obs. calcd.* Iobs
8.40 8.1154 10.526 10.8944 vw

9.38 10.0554 9.4282 8.7965 [
10.40 10.2756 8.5057 8.6085 vs
12.19 11.8706 " 7.2604 7.4551 v
12.99 13.1074 6.7543 W
14.01 14.3960 6.3210 6.1525 w
14.74 6.1211 W
15.53 15.7245 5.7056 5.6356 W
16.70 16.2719 5.4472 vw,b
17.50 17.3316 5.0675 5.1165 m
17.85 17.8461 4.9689 4,9701 w,sh
18.09 4.9036
18.75 19.2821 4.7324 4.6031 w
20.25 20.1893 4,3851 4.,3982 w
20.72 20.6350 4,2867 4,.3042 sh
20.92 21,4875 4.,2462 4,1354 s
21.55 4.1159
23.05 23.0031 3.8584 3.8662 m
24,02 23.8710 3.7047 3.7276 m
24,60 24,5124 3.6187 3.6315 w
25.25 25.2514 3.5270 3.5268 m
26.39 27.3164 3.2561 3.2647 v

© 28.23 28.6323 3.1611 3.1176 m
29.13 29.0257 3.0654 3.0763 w
30.20 30.4858 2.9592 2.9322 vw
30.60 30.8667 2.9214 2,8968 vw
32.33 32.2513 2.7690 2.7756 vw
34.62 34.5398 2.5909 2.5967 vw
35.35 35.3540 2.5390 2.5388 vw
36.33 36.1445 2.4727 2.4851 v
26.75 36.6606 2.4454 2.4512 w/sh
36.90 37.0986 2.4358 2.4233 w
37.80 37.6747 2.3799 2.3876 m
39.92 39.8723 2.2583 2.2609 w
40.03 40.0466 2.2523 2.2514 w
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26 d(a) I
obs. calcd.* obs. calcd.* obs
42.01 41.9801 2.2007 2.1521 vw
42.49 42.4361 2.1274 2.1300 n
43.55 43.3229 2.0781 2.0885 -
44.13 44,1594 2.0521 2.0508 v
45.10 45.0804 2.0102 2.0110 w
45.45 45.4504 1.9955 1.9955 w
46.50 46,7261 1.9529 1.9440 w,b
47.65 47.6332 ©1.9084 1.9091 w,b
48.08 48.3865 1.8923 1.8811 w
49.05 49.0650 1.8572 1.8567 w
50. 45 50. 4040 1.8089 1.8104 g
51.78 51.8224 1.7655 1.7634 w
52.90 52.9823 1.7307 1.7282 w,b
53.80 53.7458 1.7039 1.7055 w,b
54.20 54.2742 1.6922 1.6901 w,b

* J.C.S. Dalton, 1974, 1922,
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repeated attempts suggested that either the two investigators were

examining different compounds, or different crystalline forms are not

in the same, but rather in different habits and different structures.
The compound used in the present work has the following

analysis:

Found: C 15.2; H 1l.6%

Calculated for CdC3H204.HZO : C 15.4; H 1.7%

Under the microscope the substance is seen to be powdered which is not

suitable for single-crystal X-ray diffraction studies. The powder

pattern diffraction traces were therefore obtained. The observed and

calculated values of d spacings are presented in Table 6.6 together

with the corresponding reflection angles.

The Structure of potassium tris (malonato) cobaltate (III) tetrahydrate

The unit cell dimensions of this complex have already been
determined and published14, but the details of the X-ray powder
diffraction pattern have not been recorded. Due to the high sensitivity
of this complex, care was taken during the X-ray examination, wherein
the compound was ground and packed in the dark, in order to minimize
thermal and photodecomposition. Referring the crystals to a set of axes
approximately similar to those in the compound previously reportedl4,
the data were obtained. The degree of fit between the two patterns was
very good, and the general appearance of reflections resembles very
closely the corresponding calculated data based on the product obtained
by Butler and Snowl4.

The a§erage error of magnitude 0.13 was obtained from which
the corrections were made by the internal-standard procedure already
described. The complete data of thi§ canplex are listed in Table 6.7

A comparison of the interplanar spacings of the observed set
‘with the @'s calculated indicates that the observed values are sl;ghtly

high. This may be due to errors in the data selected for structural
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Table 6.7 Powder pattern data for potassium tris (malonato) cobalt(III)
tetrahydrate
Sym. orthorhombic

14.0501 & Volume = 3914.137 A°

a=21.3166 , b=12.0672, c =
o = 90.000 , B = 90.000 , Y = 90.000 Space group Pna2l
z =8
.
I/Il obs* aw calcd h k 1
8 21.8705 21.3166 1 0 o
13 10.4761 10.5013 1 1 0
11 7.9924 7.9885 2 1 o
6 6.7224 6.6721 1 o 2
87 5.9336 5.8656 2 o 2
28 4.9388 4.9184 2 2 1
59 4.6107 4.6056 4 1 1
26 4.1540 4.2057 2 2 2
64 3.5381 3.5528 6 o 0
13 3.4309 3.444 6 o 1
15 3.3485 3.3360 2 o 4
100 3.2318 3.2154 2 1 4
11 3.0562 3.0514 o 3 3
69 2.9708 2.9761 7 o 1
4 2.9318 2.9328 4 o 4
13 2.8062 2.8065 6 2 2
8 2.7328 2.7368 o 1 5
28 2.6772 2.6828 2 4 2
10 2.6557 2.6508 2 1 5
17 2.5873 2.5825 3 4 2
17 2.5467 2.5473 o 2 5
‘33 2.5143 2.5184 1 4 3
60 - 2.4767 2.4775 2 2 5
20 2.4314 2.4345 4 1 5
10 2.3818 2.3786 o 5 1
6 2.3518 2.3512 7 2 3
11 2.3243 2.3242 9 1 o
13 . 2.3083 2.3079 6 2 4
8 | 2.2583 2.2602 7 1 4
14 2.2305 2.2319 2 5 2
9 ~ 2.0840 2.0819 9 1 3
13 2.0403 2.0398 10 0 2
5 1.9701 1.9715 1 1 7
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Table 6.7 (continued)

a(a)
k 1l
I/Il obs* calcd h
1.9384 1.9379 11 0
1.9153 1.9155 3 5 4

* All the above data are based upon an average error of 0.13 cm
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determination. The direct effect of inaccurate lattice constants is
to cause the positions of the calculated diffraction lines to be
shifted from their true position.

Single-crystal photographs of the microcrystalline powder of
this complex could not be obtained.

The Crystal Structure of potassium tris (malonato)

aluminate (III) 6-hydrate

The crystal structure of this compound has not been reported.
The structure of the corresponding oxalato complexes have been
previously reported. It is shown that the potassium tris (oxalato)
complexes derived from the tervalent metals aluminium, chromium and iron
are isomorphic, belonging to monoclinic system. A literature survey
revealed that the X-ray analysis of tris(malonato) complexes of Co(III)
has been published so far. However a preliminary investigation by
X-ray powder photographs indicated that the tris(malonato) complexes of
Al(III) and Co(III) are not isomorphous. In fact the Co(III) malonato
complex is orthorhombic whereas the Al(III) malonato complex is mono-
clinic.

X-ray measurements of the tris(Malonato)Al (III) complex were
performed by single crystal and powder methods. A choice of space groups
and unit cell dimensions was determined from precession photographs.
The accurate values of the lattice parameters were obtained from
powéer data by least-squaresrefinement as described before.

The powder photograph was taken using CuKa radiation
A= 1.54178 ﬁ) using the procedure already described. The interplanar
spacings were calculated from the diffraction pattern and all the
reflection lines were indexed accordingly. The obse;ved values of
interplanar spacings are compared with those calculated values, together

with the observed intensities and hkl values in Table 6.8.
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Table 6.8 Powder pattern data for potassium tris(malonato)aluminate (III)

-6 hydrate
Iobs obs. A caled h k 1
vw 13.1924 13.2027 0 0 1
13.1924 13.2027 0 0 1
w/s 8.9432 9.2696 0 1 1
' 8.9432 9.2696 0 1 1
w 7.8372 7.6614 1 0 0
vs 6.6075 6.6013 0 0 2
6.6075 6.6013 0 0 2
w 5.8288 5.8379 ) 2 1
5.8288 5.8379 ) 2 1
m/w 5.1052 5.0656 1 2 1
m 4.5246 4.5280 1 2 2
w 4,3959 4. 4009 0 0 3
4.3959 4.4009 0 0 3
vw 4.2909 4.3119 1 2 1
v 4.1463 4.1691 0 1 3
4.1463 4.1691 0 1 3
w/m 3.9308 3.9233 2 1 1
W 3.8176 3.8215 1 3 1
w 3.7109 3.6749 2 1 0
m 3.5367 3.5535 1 0 4
s 3.4809 3.4779 2 2 1
v 3.1557 3.1598 0 4 1
3.1557 3.1598 0 4 1
3.0655 3.0632 2 1 4
m 2.9951 2.9954 1 4 ]
W 2.9280 2.9190 0 4 2
2.9280 2.9190 0 4 2
m 2.8693 2.8718 2 3 0
W 2.7968 2.7903 2 3 3
w 2.7442 2.7492 1 3 4
w/m 2.6158 2.6167 0 4 3
2.6158 2.6167 0 4 3
m 2.5636 2.5538 3 0 0
m 2.4767 2.4802 2 4 0
w 2.3830 2.3801 1 3 5
W 2.3559 2.3582 3 2 4
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obs obs. d(a) calcd h k 1
m 2.2659 2.2705 1 5 3
m 2.2064 2.2092 3 2 1
w 2.1424 2.1426 1 4 5
vw 2.0790 2.0795 3 4 1
vw 2.0624 2.0614 4 0 3
m/w 2.0407 2.0441 0 5 4

2.0407 2.0441 0 5 4
W 1.9689 1.9663 2 4 3
vw 1.9470 1.9460 0 6 3

1.9470 1.9460 0 6 3
vw 1.9141 1.9154 4 0 0
vw 1.8953 1.8937 3 0 7
n/w 1.7719 1.7697 1 7 1
vw 1.7421 1.7439 3 5 1

1.7068 1.7072 4 4 1
w 1.6837 1.6851 4 1 7
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The precession photographs indicate monoclinic crystal symmetry
and the reflections hol with 1 even,and OkO with k even are present
which indicatesthe possible space group P21/C (International Tables for
X-ray Crystallography). Table 6.9 gives information concerning the

crystal data.

Table 6.9 Crystal data

Composition K3[Al(mal)3].6H20
MW 558.523
crystal system monoclinic
space group P21/C
a (3) 8.2633
b 13.0176
c 14.2399

-]
B () 67.99

23
vV (A7) 1420.19
z 4

-3 .

D (gam 7) 2.6

systematic absences:

2n + 1

hol 1

2n + 1

okoO k

The Structure of Zn(II) ethylmalonate dihydrate

i

The crystal symmetry of Zn etma1.2H20 has not been determined
previously. A structural study with X-rays has now been made and
interpreted as though the compound has the same symmetry as Zn
malonate, namely that the crystals are monoclinic. Siqnificantv
differences between these two representative stfuétures were observed.
0vercrowdihg in the acid radical could be the reason. Examination

of the spectra shows that they differ greatly. The results are
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Table 6.10 Powder data for Znetmal.2H20

Observed d and 20 values are given_ together with the

observed intensities

Iobs dobs (K) 26obs Iobs dobs 26obs

m 7.5957 11.65 m 2.5425 35.30

vs 6.7735 13.07 vw 2.4519 36.65
6.0137 14.73 w 2.4251 37.07
5.5083 16.09 T ow 2.3048 39.08
5.1552 17.20 W 2.2539 40.00

W 4.7881 18.53 W 2.2168 40.70

w/m 4.5314 19.59 w/m 2.1506 42,01

s 4.2806 20.75 W 2.1080 42.9

W 4.0971 21.69 W 2.0895 43.3

m 3.9567 22.47 w,b 2.0726 43.67

m 3.8850 22.89 W 1.9617 46.28

W 3.7967 23.43 W 1.9229 47.27

m/w 3.7308 23.85 W 1.8396 49.55

m 3.6000 24.73 vw 1.8129 50.33

W 3.5430 25.80 w/m 1.7208 53.23

w 3.3847 26.33 W 1.7083 53.65

W 3.2784 27.20

w/m 2.1512 28.32

m 3.0634 29.15

W 2.9688 30.10

W 2.9640 31.15

vw 2.7883 32.10

vw 2.6811 33.42

vw 2.6610 23.68

m 2.5996 34.50
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Slide 9. Znetmal.2H"0 (x550)

Slide 10. Similar to the above (x2,200)
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given in Table 6.10.
Under the microscope the crystals appear colourless and very

well formed, belonging to the orthorhombic systém (Slides 9 and 10).
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o ~3*
CHAPTER VII MOSSBAUER SPECTROSCOPY1 3

7.1 Introduction. Theory and Application

Mossbauer spectroscopy is the study of y-ray absorption
or emission between the ground and excited state of a specific type
of nucleus. It is a branch of spectroscopy which has been developed
since 1958 and has proved to be a useful tool for investigation of
electronic configurations and the structures of chemical écmpoumis
containing specific nuclei. Among the nuclei which have been

found to show Mossbauer effects are Fe57, Ni6l, Zn67, Snll7, 1127,

1129' Xe13l, Pt195' and Au197.

The Mossbauer effect for iron depends on the fact that
the nuclide 57Fe which is formed in the decay of‘57Co has an e#cited
state (t% ~ 10.7sec) at 14.4 Kev above the ground state; this can
lead to a very sharp resonance absorption peak. Thus if y radiation
from the 57Co source falls on an absorber where the iron nuclei are
in environment identical with that of the source, then resonance
absorption of yY-rays will occur. However, if the Fe nuclei are in a
different environment, no absorption occurs and the radiation is
transmitted and can be measured. 1In order to obtain resonance
absorption it is then necessary to impart a velocity to the absorber,
relative to the source. This motion changes the energy of the
iﬂcident quanta (Doppler effect) so that ét a certain velocity there
‘is correspondence with the excitaﬁion energy of the nuclei in the
absorber. The usefulness of the MOssbauer effect is due to the fact
that the resonant capture of the photon depends on several kinds of

electron-nucleus interactions. 1In the absence of a magnetic field at

the region of the nucleus the most important hyperfine interactions

* The references for this section are on page 218.
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are the isomer shift and the nuclear quadrupole coupling.

The isomer shift (8) is due to the interaction between
the nuclear charge distribution and electrons with finite probability
at the region of the nucleus (s electrons).. It manifests itself
as a shift from zer; relative source-absorber velocity of the
centroid of the resonance spectrum, it is a mea;ure of the
difference in electron charge density at the nucleus of the source
and absorber atoms and thus is most clearly related to the nature
of the chemical environments of the resonant nuclei. The isomer
shift (§) is a linear function of s electron density at the
nucleus and is expressed as a velocity (mm/sec). The value of
the Mossbauer isomer shiftis a measure of the change in electron
density at the nucleus. In the case of iron compounds, the isomer shift
decreases with increasing electron density around the nucleus, thus
it is to be expected that with iron complexes of various ligands
the decreasing order of the isomer shift follows the increasing order
of the covalence of the bond between the metal and donor atoms;
that is to say, the nephelauxetic sequence.

The nuclear quadrupole interaction is due to the coupling
of the quadrupole moment of the Fe nucleus with an electric field
gradient at the region of the nucleus arising from the asymmetry of
external charges. It manifests itself as a splitting of theb
resonance curve into two peaks. The distance between peaks of the
doublet, designated AE, is the quadrupole splitting. Thus the
magnitude of the quad:upole splitting can serve as a measure of
the inhomogenity of the electric field of a Mossbauer nucleus. The
electric field at the nucleus is determined primarily by the
glectronic_configuration of the atom and consequently by the nature
of the bonding, and secondly by the symmetry of the cfystal lattice

or of the molecular structure., The occurrence and the magnitude of
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of quadrupole splitting are therefore of use for the study of
chemical bonding or the symmetry of the compound, No quadrupole
splitting occurs in the Mossbauer spectra of purely ionic compounds
of iron (I1I), while the quadrupole splittiﬁg of some iron (III)
compounds containing iron partly in ionic and partly in covalent
bonds 'is small and depends slightly on the temperéture.

The Mossbauer spectra of some iron (III) complexes
with monocarboxylic acids have been investigated by some workers.s’6
These complexes were shown to be triangular - trinuclear in structure
and contain bridging carboxylate ligands and a central bridging
oxygen, The Mossbauer parameters have been published for a series
of iron (III) salts of organic acids.7 There have been very few
reports of Mossbauer studies of Fe (III) complexes with dicarboxylic
acids. Onerecent paper reports on the magnetic properties and
Mossbauer spectra of several polymeric iron (III) dicarboxylic acid
complexes including those of malonic-—acid.10 These complexes,
however, are different from those studied in this work. The Mossbauer
effect has been used to obtain a more direct indica;ion of the valence
state of the iron atom. Gallagher and Kurkjian7 utilized the Mossbauer
effect to substantiate the changes in the oxidation state proposed
from the thermal decomposition in Ferric oxalate and alkaline earth
trioxalato ferrates. The successive products formed in the decom=-
position at 75° and 130°C of both hydrated and anhydrous potassium

trioxalato-ferrate (III) were also established by the Mossbauer

spectroscopy.9

Experimental

Mossbauer measurements was carried out at Birkbeck College.

"All values of isomer shifts are reported relative to a 57¢o-pa1adium

source on powdered samples at 290.5 and 80 K. The Mossbauer spectra
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results are shown in Figure 7.1.

7.2 Results and Discussion

The Mossbauer spectra of sodiuﬁ salts of Fe (III)
malonate, Fe(III) ethylmalonate and Fe(III) benzylmalonate complexes
have a typical singlet absorption peak. The isomer shift values
observed are 0,45 mm/sec for Fe(III) malonate, 0.42 mm/sec for Fe(III)
benzylmalonate and 0.36 mm/sec for Fe(III) ethylmalonate complexes and
are within the characteristic region associated with high=spin Fe(III)
compounds.11 These are similar to the values observed for oxalato
Fe(III)7’8 and room temperature Y valuesof the polymeric malonato
Fe(II1I) complexes reported recently.10 The prominent feature here
is that all the complexes effectively have zero quadrupole splitting
at both 290 and 70 K. This is expected sincemthe quadrupole splitting
of the common trivalent iron (3d5) salts . - the spherically sym=
metrical half filled d shell does not contribute to the electric-
field gradient, The direct implication of zero quadrupole splitting
is that these compounds possess 0h symnetry despite ghe presence
of the chelate rings, which strongly suggeststhat the oxygen atoms
are in very nearly perfect octahedral positions. The spectra consist
of a broad peak with zero quadrupole splitting values at 290 and
70 K., The direct implication of this is that there is only one type
of iron in the compounds, We are interested primarily'in the isomer-
shift which is essentially the position of the center of the absorption
band. In the case of iron compounds, there is a tendency for the
moré covalent compounds to show smaller isomer shifts, a smaller isomer
shift corresponding to increased central electron density., The
results of our Mb%sbéuet spectra of Fe(III)vmalonate and substituted
malonate complexes have shown that the substitution produces some

Changes in the bonding of the iron atom in these complexes., It can
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be seen that the isomer shift is smaller in ethylmalonate derivatives
than in the corresponding benzylmalonate or the unsubstituted malonate
itself. The values of the isomer shifts found for these complexes
show the largest s-electron density at the iron nucleus observed
with the substituted malonate iron (III) camplexes. We attribute
this decrease in the isomer shift essentially to:the greater

covalent character of the iron - ethyl and benzylmalonate bonds.

The magnetic moment values of these compounds (see p.134)

indicated a high-spin octahedral Fe(III). However, in short, the
iron atom behaves somewhat as in a typical ionic ferric salt, little
influenced by its organic ligands. There is a recent reportlo on

the Fe(III) malonato complex which has been formulated as

[Fe 0(0 CCH C02)3(H20)3JC104 .3H,0. The structure of the compound
was postulated, using the magnetic properties, to be a trimeric iron
with bridging carboxylate groups and a central common oxygen atom.
The MOssbauer spectrum of this compound consists of two absorption
bands. The isomer shift value, of 0.41 mm/sec reported is characteristic
of high-spin Fe(III). The broad line observed has been attributed to
be a consequence of iron being present in a variety of slightly
different environments as a result of the polymeric structure of
these complexes.

The Fe(III) malonato complex studied in the present
investigation was prepared by a different method of synthesis (see
page 35) and gave satisfactory analysis results (Table 2.2).

Its infraréd spectrum was similar to those reported for similar
compounds (Table 4.2). Although X-ray data are not available for the
Fe(III) malonaﬁo complex, the fact that chromium can replace iron
isomorphously in these salts strongly supports an octahedral structure
‘51m11ar to that of Cr(III) malonate complexes, and not an oxo bridged

structure as studied recently by Dziobkowski et al . This result
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is also in agreement with the magnetic moment obtained and with

diffuse reflectance spectrum.
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CHAPTER VIII 1H AND 13C NMR STUDIES OF DICARBOXYLIC ACIDS

AND THEIR METAL (III) COMPLEXES

8.1 Introduction*

There have been several investigations of malonato complexes

using 1H1Lnurparticular1y those of Co(III) complexes,l’ in which

certain conculsions regarding chelate ring conformations have been made,
In the cases of malonato complexes studies have been made on complexes
mal] , where X is a chelate, concerning the lability

2

of methylene protons of the malonate ring, and isotopic exchange rates.

of the type [CoX

Values of AH , AS and the proposed mechanisms have been discussed4.
Comparative conclusions have been made between the nature of the
active methylene protons of the diethylmalonato ester and the malonato
methylene protons of the above complexes.1 Some work has been
published recently on the application of 13Crnma:spectroscopy to the

study of cobalt (III) complexes, including those of aminopolycarboxylates,5

amino acids,8 and of diamines.g’lo

Experimental

1H n.m.r. spectra were measured with a Perkin Elmer

60 MHz continuous wave spectrometer at 35°C, or with a Jeol Inc.,
JNﬁPS 100 Fourier transform 100 MHz spectrometer in the 1H mode.
Chemical shifts were relative to tertiary butanol as internal
standard, or to external TMS, 13C n.mr. spectra were measured using
the Jeol Fourier transform instrument in the 13C mode. Most spectra
were obtained using a DZO lock, 8000 data po;nts, repetition times

between '3 and 10 seconds, and up to 6000 scans depending on the

concentration of the sample. Concentrations were normally about

* The references for this section are on page 229.
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0.2 g cm-3. Either tertiary butanol or p-dioxane were used as
internal standards., Most 130 spectra were carried out at Rothamsted
(some were measured by P,C,M.U., Harwell, where T.S.P. was used

as internal standard, and some by U.L.I.R.S;, King's College, London).

H n.m,r. spectra were measured at Bedford College.

8.2 Results and Discussion

1. N.M.R. spectra of malonic acid.
In D,0 the 1H spectra of malonic acid in D2804 solution

show that the single peak expected for the CH, signal splits into a

2
triplet (2.1 ppm vs, t-butanol J ~ 7.3Hz) indicating the presence

of the H-%-D group, with its signal superimposed on the singlet

from the CH2 group., The intensities of these signals were found
to decrease with time as cp, is produced. Finally an equilibrium

was reached with no further decrease in intensity of the signal, i.e.

CO0 H+ coon’ coon*
H-C-H —> H=-C=D D-C-D

l R —— — ‘

C00 H+ coo " coo '

In NaOD/DZO solutions a similar trend was observed, i.e. the
appearance of the triplet, the intensity of which decreases with
time.

In D,0 neutralised with Na,Co4 solution, malonic acid
shows only a singlet from the CH2 group (1.91 ppm vs. t-butanol)
which remains unchanged for several hours.

The 13C n.m,r. spectrum of malonic acid in D20 shows a
signal of 171,57 ppm for the carbonyl shielding and a split signal
at 42,4 ppm for the CH2 resonance confirming the presence of CHZ,CHD
and CD.. The carbonyl resonance compares with a value of 170.4 ppm

2

for a saturated solution in methanol;11 In NaOH solution the
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Table 8.1 13C n,m.r, signals of malonic acid, ethylmalonic acid,
benzylmalonic acid and derivatives (&8 in ppm vs.TMS)
Compound Signal D,0 DZO/ Na2C03/ Al(mal)33-
soln NaoD D20
CHZ(COZH)Z COZH 171,57 178.49 178.37 175.49
CH2 42,33 49.44 48,90 42,40
41,43 48.73
40.64 47.92
CH ,CH ,CH(CO H) , A1(etma1)33'
COZH 174,28 180.88 180,86 178.50
CH 54,05 - 61.64 54,85
CH, 22,80 22.40 22.38 24,54
CH, 11.73 13.00 13.04 12.48
4@l—-cnzcu(cozn)2 | A1(benzy1ma1)33"
32 CojH  173.21 179.86 '180.00 177,38
Cy 138,63 141.66 141,72 140.50
C,sCq 129.53 129.38 129.46 129.62, 129.38
c, 127.71 126.95 127.04 127.25
CH 54.42 61.7 61.21 55.41
CH 35.17 37.11 37.24 36.19

2
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carbonyl peak shifts to 178,37 ppm, and the methylene signal is
split (Table 8.1). When malonic acid is neutralised in H,0 with

NaZCOB,-then evaporated to dryness and redissolved in D,0, the

2

proton decoupled spectrum shows a singlet for the CH, resonance

2
which persists for several hours. If neutralisation is carried
out in D20, some exchange occurs during neutralisation, but the
spectrum is then frozen for several hours and shows the peaks
2,CHD and CD2 species.

2. N.M.R. spectra of ethymalonic acid.

required for CH

Similar results were obtained here as for malonic acid.

In DZO solution ethylmalonic acid gives signals from the CH3 group,
- 0,28 ppm (triplet J ~ 7.5Hz); CH2 group, 0.65 ppm (quintet, J ~
7.6 Hz); CH, 2,19 ppm (triplet J ~ 7.24 Hz). On standing, the
triplet CH signal decreases and the CH, quintet broadens. Finally
the CH triplet disappears and the CH2 signal sharpens to a quartet,
Similar effects are noticed when the acid is neutralised with Na2C03
(Table 8.2 ). With an excess of NaoOD the triplet CH signal has
almost disappeared and the CH2 signal is quartet when the first

measurement is taken in the fresh solution.

The 13C n.m.r. spectrum of ethylmalonic acid in fresh DZO
solution exhibits a singlet for the CH resonance, which rapidly
collapses to a complex triplet, When ethylmalonic acid is neutralised
in H20 with Nazooz, evaporated to dryness and dissolved in D20 a
singlet resuits for the CH resonance, which persists for several
hours. No resonance is observed for the CH carbon in NaOH solution,
indicating fast exchange., The 130 n.m.r. spectrum of ethylmalonic
acid is given in Table 8.}, |
3. N.,M.R. spectra of benzylmalonic acid.

The 1H n.m,r, spectrum of benzylmalonic acid in CDCl2 is

reported in Table 8,1.In this solvent there is no change in spectrum



for 24 hours.
In DZO solution the spectrum is more complicated as a
consequence of the slow exchange reaction:

—_—
CGHSCHZCH(COZH)Z C6H5CHZCD(C02D)2

After 30 minutes the singlet of the high field (CHZ)

s

pattern has increased at the expense of the low field (CH) triplet.
After 24 hours the low field triplet has disappeared and the high

field pattern has become a singlet, indicating the presence of

13
06H5CH2CD(C02D)2. The

ethylmalonic and malonic acids are shown in Table 8.1.

C n.m,r. spectraldata of benzylmalonic

Discussion

Free Acids and Anions

The 1H n.m.r, spectra show that the methylene protons

of all three malonic acids exchange with deuterium from the solvent

223.

in both acidic and basic solution. In neutral solution, however, this

exchange is very slow. This is also supported by the results obtained

in the 13C spectrum. The reactions are faster with ethylmalonic
acid than for the unsubstituted compound. The resu}ts show that
(Table 8.2) initially the CH2
neighbouring CH and CH3 groups. When the exchange of D for H in
the CH group is complete with excess of NaOH, the couplihg of the
CH2 groups is now only with the methyl group, giving a quartet.
As the exchange takes place the CH2 signal becomes complicated as
it arises from the quintet of the > CHCHZCH3 group superimposed on
the quartet of the > CDCHZCH3 group. When half exchange has taken
place, this gives rise to seven or.eight bands.

The 13C n.m.r, spectra give expected values for the
shielding in all acids. The results show that on formation of the

anion12 the carboxylate carbon signal shifts to lower field with a

shift of +6.60 ppm for ethylmalonic acid, +6.92 ppm for malonic

signal is a quintet, with splitting from
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Table 8.2 Splitting of CH, signal in ethylmalonic acid in

DZO/Nach3 solution as a-H exchanges with D from solvent

Intensity Splitting of CH2 signals Time

CH:CHZ:CH3

1:2:3 quintet fresh solution

0.7532:2 broad quintet after two days

0.45:2:3 7 or 8 bands after seven days

0:2:3 quartet in excess of NaOD
(fresh solution)

Table 8.3 13C n.m,r, signals from malonate group (ppm vs.TMS).

Compound Carboxyl Methylene

Malonic acid/D20 171.57 42,23 41.43 40.64

Malonate ion/NaoH 178.49 49.44 48,73 47,92

Malonate ion/neutral 178.37 48.9

[co en2m31]+ 179.5 ~ 42

[Co en ma12]' 180.22,179.93 -

[co ma13]3" 182.81 46.21

uns [CoTMDDAmal 1~ 178.66,179.31  43.52'
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acid and +6,65 ppm for benzylmalonic acid. For ethylmalonic acid
there is a down field.shift for both methylene and methyl carbons
in basic media.

The results in TableSJ.show thgt the addition of a
proton to the anion of benzylmalonic acid produces an upfield shift
in the carboxyl and a-carbon resonances both of é.79 ppm. The
CH2 and C1 resonances are slightly more shielded, with upfield
shiftsof 2,07 and 3.09 ppm respectively. The Cys C3 and C4 resonances
show deshielding with small downfield shifts. When the anion is
complexed with A13+, the increased shieldings of the carboxyl and
the a-carbons are smaller, 2.62 and 5.8 ppm respectively, and the
increased shielding of the CH, carbon is smaller, 1.05 ppm., The
resonances are resolved in the complex. A similar trend

C, and C

2 3
is observed for ethylmalonate and malonate., On acidification, the
carboxyl and a-carbon show large increases in shielding of 6.58 and
7.35 ppm, of 6.80 and 6,57 ppm for ethylmalonate and malonate
respectively. In ethylmalonate, the ethyl group shows a smaller
upfield shift, On coordination to A13+, there are smaller upfield
shifts for the carboxyl and o=-carbons, 2.36 and 6,79 ppm, and 2,88
and 6.50 ppm for ethylmalonate and malonate respectively, whereas
the methylene carbon of the ethyl group is now deshielded, 2,16 ppm.
However, the methyl group carbon is shielded by 0.56 ppm. The
results indicate that the resonances for the A13+ complexes fall
between those found for the free acids and those for their sodium
salts. The 13C n.m,r, spectra of Al (III) complexes show that
substitution into the CH2 group of the malonate chelate by ethyl or
benzyl has simitar effects on the carboxylate carbon and a=carbon
_chemical shift values. Thus, the 13C chemical shifts of carboxylate

carbon and o-carbonare shifted to lower field ~ 2.0 ppm and 13.0 ppm'

respectively on going from malonate to ethylmalonate and benzylmalonate
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Al (III) complexes.

N.M.R. of Cobalt (III) complexes of Malonic Acid and Ethylmalonic Acid.

The 60 MHz 1H n.m.r. spectrum of [Coen2 mal JBr has been
reported.4 The assignments for the signals.relative to t-butanol in
ppmn are as follows: NHZ(cis to 0), 3,13; NHZ(trans to 0), 4,14;
CHZ(mal), 2,11; CHz(en), 1.47. The 100 MHz n.m.r. spectrum in

the present work shows the CH, malonate signal at 2.17 ppm and the

2
methylene groups from the ethylenediamine show the expected splitting;
giving signals at 1.57 and 1.47 ppm, In basic media, the CHZ(mal)

signal broadens and then splits into a triplet, showing that deuterium
substitution has occurred as in the free malonate anion. The CH2

signal then disappears with time as in the case of the [Co enzmal]+

ion with DZSO4.4

The 130 n.m.r. spectrum of the [Co en2m31]+ ion (ppm vs. TMS)
is as follows: carboxyl, 179.5; CHz(en), 45,87, 44.25; CHz(mal), 42,0.
On addition of base to [Co enzmaIJ+ in D,0 solution the methylene (mal)
signals are no longer visible, but changes are noticed in the signals
from the ethylenediamine methylenes.

The 3¢ nom.r. spectrum of the [Co ma13]3- ion shows the
carboxyl carbon at 182,81 ppm and the malonato methylene at 46,21 ppm
(see Table 8.3),

The H n.m.r. spectrum of [Co enzetmal]+ ion has been
reported4 and the assignment of the signals relative to t-butanol
is as follows: CH(mal), 1.90 (triplet); CHZ’ 0.72 (quintet); CH3,~O.40
(triplet). The 13C n.m.r. spectrum (ppm vs. TMS) shows signals at

183,72 (carboxyl); 56.22 (CH); 47.44, 46.34 (CHZ,en); 26.26 (CHZ);

14,23 (CH3).

The 13C n.m.r. spectrum of [Co enzmalj+ shows that the

malonato group is chelated in neutral solution since there are two

signals from the ethylenediamine carbons. A monodentate malonato
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group gives rise to more signals.g’10 On the addition of base

2mal]+ the 130 n.m.r.

spectrum changes as follows: The methylene signals from the

(saturated NaOH in DZO) to a solution of [Co en

two non equivalent methylene groups of eth&lenediamine in [Co enzmalj+
are at 45,87 and 44,29 ppm. After the addition of saturated

NaOH/DZO the spectrum shows three signals at 45.60, 45.12 and 44.20 ppm.
It has been suggested that in strongly basic solution the [Co enzmal]+
ion exists either as the monodentate malonato species [Co enzmal 0H]°
or as the species in which a proton has been removed from the malonato
methylene group in the chelate ring.13 The three signals observed

are consistent with the presence of the monodentate malonato group,
three signals from the ethylenediamine methylene groups are

expected for a complex of the type [Co enZXY]. The results are

not consistent with the deprotonated species [Co enzmal(-H)]o,

since two methylene signals are still expected, nor with a mixture
mal]+ and the deprotonated species. After 24 hours

2
three signals appear at 45.13, 44,68 and 44.20 ppm. After 48 hours

of [Co en

the mixture was acidified, The malonato carboxyl peak now appears
at 172,8 ppm instead of 179.52 in the complex showing the presence
of free malonic acid., The three ethylenediamine methylene signals
at 46,72, 46,09 and 44.59 ppm result from the equilibrium mixture
of cis and trans [Co enz(OHZ)]3+. Thus in neutral solution the
coordinated malonate group is stable in [Co enzma1]+. It does not
become dechelated, nor do the methylene group protons exchange
with deuterium from the solvent. In basic media the malonato
group is dechelated aﬁd at the same time exchange takes place
between the methylene protons and the deuterium of the éolvent.
The 130 n.m,r, results show that the carboxyl carbons are deshielded

on coordination with respect to the free acid, but are more shielded

than the free anion. In addition the methylene carbon in [Co mal3]3-
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is deshielded with respect to the other species (see Table 8.3),
The 13C chemical shift of the carbon signals shows a successive
downfield shift in the series ethylmalonic acid < ethylmalonate

. +
anion < [Co en, etmal] .

2
The ethylenediamine methylene resonances in neutral

solution are 45,87 and 44.78 ppm compared with those in [Co en2C03]+

at 45.82 and 44,78 ppm, Thus there is no evidence of strain in

the two bidentate ethylenediamine ligands on changing the ring

size of the third chelate. However, the CHZ(en) resonances in

[co en, etmal]+ are at 47,44 and 46,36 ppm, slightly deshielded

with respect to the simple malonato or the carbonato complexes.

The shifts to greater shielding are associated with carbons which

are sterically perturbed, the steric compression shift.l4 It

appears that the ethylenediamine methylene groups in the simple

malonato complex are more sterically strained than in the ethyl-

malonate compound. The presence of the ethyl substituent gives

rise to a flat boat conformation of the malonato ring. Thus the

malonato ring and the ethyl substituent would be fu;ther away

from the ethylenediamine groups than the skew boat conformation.
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CHAPTER IX GENERAL CONCLUSIONS

The compound which has been prepared and studied fall

into the following categories.

(1) Malonato metal complexes
(2) Ethylmalonato metal complexes
(3) Benzylmalonato metal complexes

The diffuse reflectance studies have demonstrated the
most probable stereochemical shapes of the metal ion. The
visible electronic spectra of transition metal ions with the
anions of malonic and C-substituted malonic acid have been studied
in the solid state. Here, we noticed the similarity of the
transition bands in the spectra of malonato, ethyl and benzyl
malonato metal compounds, The wavelength of the absorption band
recorded of each metal ion in the visible region of the spectrum
remains almost constant throughout the series (Chapter ITII) thus,
the substitution on the malonate chelate has no effect on the
position of the bands in the visible region in these compounds.

The solid state spectra of bivalent cobalt, nickel and of
trivalent cobalt, iron, manganese and chromium possess expected
bands in the visible region characteristic of a regular‘octahedral
environment around the metal ions. The diffuse reflectance spectra
of copper(II) malonate and C-substituted malonate compounds
exhibited a typical broad ébsorption band representing a single
electronic transition as is required theoretically for the tetra-
gonally coordinated cu?? ion with the usual Jahn-Teller distortion.
Recent X-ray analysis of Cu(II) malonate confirmed that the
_ coordination is indeed a distorted octahedron (Chapter I)» All the
recorded spectra of manganese (III) complexes are similar with '

two absorptionsaround 21,000-22,000 and 11,000-15,000 cm-l.
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High-spin dA complexes are susceptible to Jahn=Teller distortion.
The bands were taken to indicate a highly tetrégonally distorted
structure. Similar results have been reported for the solid
state spectra of Mn(III) malonate complexes.whose structures. have
been shown crystallographically to have tetragonal distortion (p. 24).
Infrared spectral studies confirmed thaf all complexes
involve bonding through the carboxyl oxygens. Infrared analysis
of these complexes confirmed the presence of two bands between
1600-1550 ctu-1 and between 1400-1350 cm-l. This differs greatly
from the position of such bands in the free acids, and this may be
rationalised in terms of the nature of the ligand and of the metal,
which upon coordination causes these bands to be shifted to lower
or higher frequencies. This kind of shifting is a function of the
type of bonding between metal and ligand. A previous discussion
(Chapt.IV) shows that the assignment of bands in the 1600-1500 cn”t
region appears to be full of controversy, as a large nﬁmber of
bands which are important to the complexes in this research, appear
in this region, This band may be regarded as a combination of
ring and carboxylate absorption, so that only approximate values can
be given for these frequencies. There also appears to be slight
controversy over the definite assignment of bandsin the 1400-1350 cm-1
region. In the infrared spectra of metal complexes the OCO anti-
symmetric stretching is higher and the symmetric OCO frequency is
lower than those of the simple malonate compounds, in good agreement
with the recent X~ray analysis results (see Table 1.1).
The formation of these complexes through carﬂoxylate oxygen atoms
has been confirmed.
The assignment of metal-oxygen frequency bands is

difficult, since these are often combination bands and some are

very weak in intensity. However, since the results of X-ray analyses
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of malonato complexes are available, accordingly the existence
of M~0 bonding does not require further confirmation.

The magnetic moments of copper(II), nickel(II),
cobalt(IT), iron(III), manganese(III) and ;hromium(III) complexes
of malonate, ethyl and benzylmalonate were measured between
112-323 K (Chapter V).

The magnetic properties of all the compounds studied
were found to be normal, i.e., the susceptibility showed a linear
plot and very low values of Curie-Weiss constant were observed
over the temperature range studied., Hence the Curie-Weiss law
was obeyed. The magnetic data (Tables 5.5 - 5.19 ) showed
that all the compounds studied are of high-spin type and the ligands are
distributed octahedrally about the metal ions. The high magnetic
moment observed in some cases was thought to be due to the
presence of impurity.

The &, isomer shift values from the Mossbauer spectra
suggest a high-spin octahedral environment of iron(III) when
in malonate, ethyl and benzylmalonate complexes (Fig. 7.1 ),

The Mossbauer spectra of iron(III) malonate, ethylmalonate
and benzylmalonate complexes have similar patterns and all are
within the characteristic region associated with high-spin Fe(III).
The values of the isomer shift found for these complexes show the
largest s-electron density at the iron nucleus observed with
substituted malonate iron(III) complexes,indicating their greater
covalency,

Magnetic resonance studies on malonic, ethyl and benzyl-
malonic acids showed that the a—-protons exchange with deuterium
_ from solvent in both acidic amibasicDZOsolﬁthn In D,0 solutions

- - 3m
the complexes [Al(mal)3]3 . [Al(et:mal)3]3 and [Al (benzylma1)3]
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are stable to hydrolysis and do not exchange protons with the
solvent,

In basic solution the [Co enz(mal)]+ ion undergoes a
fast ring opening with hydroxide, at the séme time the a-protons
exchange with deuterium from the solvent.
13C n.,m.r, studies showed that the methylene carbon in
[Co(mal)3]3' is deshielded with respect to those in [Co enéma1]+,
free malonic acid or the free anion. The 13C n.m.r, deshielding
effect of the carbon signals is more in [Co enzetmal]+ than those
in ethylmalonate anion and ethylmalonic acid.

X-ray powder photographs of zinc(II), cadmium(II),
calcium(II), barium(II), cobalt(III) and aluminium(III) malonate
complexes and zinc(II) ethylmalonate complexes were examined (Chapter VI).

X-ray powder photographs of zinc(II) malonate confirmed it to
be isomorphous with cobalt(II) and mickel(II) malonate, all of
which crystallise with the formula unit MC3H204.2H20. According
to our electronic spectra results, the cobalt and nickel(II) malonate
compounds are octahedral, therefore suggesting similar binding
of malonate to Zn(II) ion. ‘

Manganese(II) and magnesium(II) malonates are known to be
isomorphous and isostructural from a crystal structure investigation.
The an+ ion is coordinated by carboxylate oxygens octahedrally
hence a similar structure could be proposed for the isomorphous
M32+ malonate compound.

Although barium malonate and strontium malonate show
close resemblance in the values of their cell parameters, they are
not isomorphous (p.182). The barium compound could only

be isolated as microcrystalline powders (see Slides) so that X-ray

crystal studies could not be done.
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The results of powder photographs of cadmium(II) malonate
did not confirm the reported data (see Chapter VI ). The
reason is not clearly known. We may conclude with respect
to this compound that its identity is firmiy established but
that some doubts remain concerning its structure. However, a
detailed structural investigation of this compoﬁnd by the single-
crystal method will lead to more definite results.

The geometry around the cobalt(III) and chromium(III) centres
in malonate complexes is octahedral. The malonato ligands are
bidentate, each coordinating the metal ions through two carboxylate
oxygen atoms, forming a six-membered chelate ring.

The crystal structuresof aluminium(III) malonato complexes
were studied by powder and single-crystal methods and the cell
parameters were obtained (Table 6.3 ). While we have no further
structural data available on this compound, the fact that the tris-
malonato complexes of aluminium(III), chromium(III) and iron(III)
are known to be isomorphous strongly supports the suggestion of a
similar octahedral structure for these complexes. From consideration
of our infrared investigation, the strength of coordination
increases in benzylmalonate and decreases in ethylmalonate
substituents with respect to the malonate itself. It has been
pointed out that benzylmalonic acid has greater strength of bonding
to the metal ion than malonic acid. However, there are some
uncertainties of the assignment of the symmetric and asymmetric
stretching frequencies of the carboxyl groups in thevinfrared
spectra of both ethyl and benzylmalonato complexes, since these
are often combination bands and the appearance of many bands in
_ this region makes any assignment ambiguous. Thus, prediction«af

the relative magnitude of metal-ligand bond order for these complexes
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from this consideration would be speculative. Considering the
results of Mossbauer spectra for Fe(III) malonate and C-substituted
malonate complexes, the isomer shift values indicated an increase
in covalency in the order malonate, benzylﬁalonate, ethylmalonate.
This is not corroborated by increase in the stability in the
order named.
The benzylmalonate complexes have stability constants
lower than the malonate complexes and if one accepts this criterion,
it implies less covalent bonding. The isomer shift, however,
implies that it is somewhat more covalent and that the phenyl group
is donating electrons towards the iron. These discrepancies may arise
in part from the use of thermodynamic data as a criterion of
covalency. Since MSssbauer measurements measure the quality of a
bond the results are more reliable. Again, comparing Fe(III) ethylmalona£e
with the malonate, the stability constant of the ethylmalonate is slightly
lower than for the malonate itself; its isomer shift is significantly
less, indicating that it is the most covalent of the series. Such
a conclusion is supported by the results obtained in the comparative
study of the13C n.m.r, spectra. Because of electron withdrawal by
the carboxylate group, the phenyl group appears to have the same
electron releasing effects as does the methyl group. Benzylmalonic
and ethylmalonic acid have similar pK values and the 130 shieldings
of the o-carbon atom are almost the same. Both these acids are
weaker than maionic acid itself because both methyl and benzyl groups
are overall electron releasing. It is interesting to note that the
13C chemical shift of a-carbon in malonate is ~+12.0 ppm from
malonate to ethyl and benzylmalonate anioms. This arises from
the inductive effect of the ethyl and benzyl groups which remove
electron density from the 2p orbital of the a—C atom compared with

. e . . . . -3
the malonate. This is associated with an increase in the <r >2p
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factor. It is apparent that the electronic effect contributes
more to the total than does the steric effect with respect to

these complexes,
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There has been recent interest in the acidity of the
a-protons in the malonate group, both in the esters
[1] and in malonate coordinated to cobalt [2].

We report in this paper preliminary results of the
'H and *>C n.m.1. studies of benzylmalonic acid and
the aluminium(Ill) complexes of malonic, ethyl-
and benzylmalonic acids. The results show that
benzylmalonic acid undergoes exchange with deute-
rium from solvent D,0 in acid and in basic solution.
In npeutral solution, no exchange takes place in
CDCl,, but slow exchange occurs in D,0. The similar
observations for malonic and ethylmalonic acids will
be reported later [3].

In D,0O solution, the complexes [Al(mal);]%",
[Al(etmal);]*>~ and [Al(bzylmal);]*~ are stable to
hydrolysis, and do not exchange protons with the
solvent.

Experimental

The aluminium malonato complexes were
prepared by a modification of the method of Bailar
and Jones [4] for the tris(oxalato) complex. Thus,

L38S

TABLE 1. 'H N.mu. Signals of Benzylmalonic Acid in
CDCl3 (5 in ppm vs. TMS).

CHj doublet 3.25 (J =7.63 Hz)
CH triplet 3.75
CeHs singlet 7.25
COzH broad 9.36

potassium tris(malonato)aluminate(11I) hexahydrate,
potassium  tris(ethylmalonato)aluminate(Ill)  tri-
hydrate and potassium tris(benzylmalonato)alumi-
nate(II) trihydrate were prepared by the addition of
the appropriate potassium hydrogen malonate to the
required amount of freshly prepared aluminium
hydroxide. The filtered mixtures were concentrated
on a rotary evaporator, and set aside to crystallise.
Analyses were satisfactory. The measurement of
n.m.r. spectra will be described elsewhere [3].

Results and Discussion

The 'H n.m.r. spectral data of benzylmalonic acid
in CDCl; are reported in Table L In this solvent there
is no change in the spectrum for 24 hours. In D,0
solution the spectrum is more complicated as a
consequence of the slow exchange reaction:

C¢HsCH,CH(CO, H), = C¢H;CH,CD(CO,D),

After 30 minutes, the singlet of the high field
(CH,) pattern has increased at the expense of the
low field (CH) triplet. After 24 hours the low field
triplet has disappeared and the high field pattern has
become a singlet, showing the presence of C¢ HsCH,-

CD(CO;D),.

TABLE I1. B¥C N.m.r. Signals of Benzylmalonic Acid and Derivatives (6 in ppm vs, TMS).

‘ @‘— CHCH(COH ), Al(bzylmal)3~
3 2

D, 0 soln. D,0/NaOD Na;CO3/D,0°
CO;H 173.21 179.86 180.00 ‘ 177.38
Cy 138.63 141.66 141.72 140.50 .
C,.C3 129.53 129.38 129.46 129.62,129.38
Cs 127.71 126.95 127.04 127.25
CH 54.42° 61.7" 61.21 5541
CH; 3517 37.11 37.24 36.19

85plit signal showing presence of CH and CD.
fresh solution rapidly collapses to split signal of CH and CD.

bAcid neutralised with Na;CO3, salt dried and dissolved in D;0. CSinglet of
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TABLE I11. **C N.mur. Signals of Ethylmalonic Acid and Derivatives (6 in ppmvs. TMS).

D,0soln® D,0/NaOD? Na,CO3/D,0%P Al(etmal)}
CO,H 174.28 180.88 180.86 178.50
CH - 54.05 - 61.64 54.85
CH, 22.80 22.40 22.38 i 24.54
CH, 11.73 13.00 13.04 1248
®Fromref.3.  PAsTable Il
TABLE IV, 3C N.m.r. Signals of Malonic Acid and Derivatives (5 in ppm vs, TMS).
p,0* D,0/NaOD? Na;CO03/D,0*P Al(mah3~
CO;H 171.57 178.49 178.37 175.49
CH, 4233 49 44 48.90 4240
4143 48.73
40.64 4792

SFromref. 3. PAsTable II.

The C n.m.r. spectral data of benzylmalonic,
ethylmalonic and malonic acids are shown in Tables
11V,

The addition of a proton to the anion of benzyl-
malonic acid produces an upfield shift in the carboxyl
and a-carbon resonances both of 6.79 ppm. The CH,
and C, resonances are slightly more shielded, with
upfield shifts of 2.07 and 3.09 ppm respectively.
The C,, C; and C, resonances show deshielding
with small downfield shifts. When the anion is com-
plexed with AI*®, the increased shieldings of the
carboxyl and the a-carbons are smaller (2.62 and 5.8
ppm, respectively), and the increased shielding of the
CH, carbon is smaller (1.05 ppm). The C; and C;
resonances are resolved in the complex.

A similar trend is observed for ethylmalonate. On
acidification, the carboxyl and a-carbons show large
increases in shielding of 6.58 and 7.35 ppm, respecti-
vely. The ethyl group shows a smaller upfield shift.
On coordination to Al®*, there are smaller upfield
shifts for the carboxyl and a-carbons (2.36 and 6.79
ppm), whereas the methylene carbon of the ethyl

group is now deshielded (2.16 ppm). However, the
methyl group carbon is shielded by 0.56 ppm.

In general the resonances for the Al** complexes
fall between those found for the free acids and those
for their sodium salts, with the exception of the CH;
resonance in the ethyl group of [Al(etmal);]*~.
Thus coordination of the anion by AI*® in general
produces shielding.

There exists the possibility of geometrical isomers
in the tris complexes of C-substituted malonate.
This point, and the reactions of such complexes are
under investigation.
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Magnetic resonance studies on malonic and ethyl
malonic acids show that the a-protons exchange with
deuterium from solvent in both acid and basic D,0
solution. In basic solution the [Coenymal]l® ion
undergoes a fast ring opening with hydroxide. At the
same time the a-protons exchange with deuterium
from the solvent. >C n.m.r. studies show that the
methylene carbon in [Comaly)®~ is deshielded with
respect to those in [Coen,mall", free malonic acid
or the free anion. The Y3C n.m.r. shieldings for
ethylmalonic acid and [Coen,Etmal}* are reported.

Introduction

There has been recent interest in the malonate
group: crystallographic work has shown that the
conformation of the six membered malonato-chelate
ring is greatly dependent on its environment in the
solid state e.g. [1-5]; malonate has been shown to be
an important C, biosynthetic unit [6] and the acidity
of the a-protons in the malonate ligand has been
demonstrated [7-10].

In this and subsequent papers we describe further
investigations of the malonato group coordinated to
metal ions, and present a study of malonic and of C-
substituted ethylmalonic acids and their derived com-
plexes in solution by both 'H and *C n.m.r. spectro-
scopy. There have been several investigations of mal-
onato complexes using 'H n.m.r. particularly those of
cobalt(II1) [7, 10], and some reports of the applica-
tion of C n.m.r. spectroscopy to the study of
cobalt(III) complexes, including those of aminopoly-
carboxylates [11-13], and of amino acids [14], and
of diamines [15].

*To whom correspondence should be addressed.

tPresent address: BRUKER Spectrospin (Canada) Ltd.,
5200 Dixie Road, Suite 116, Mississauga, Ontario, Canada,
14W 1E4. :

The aim of this research is three-fold: firstly, the
assignment of chemical shifts to malonic acids and
their complexes of cobalt and of other metals;
secondly, the investigation of the stereochemistry of
complexes containing more than one malonate ring
each of which carry a C-substituent [10] and thirdly,
the elucidation of the first step in the reaction of the
metal-malonato ring with hydroxide ions. The kinetic
results of this last reaction, in the case of [Coen,mal]*
are explicable either in terms of a ring opening
reaction or of a proton extraction from the malonato
methylene group [16].

Experimental

'H n.m.r. spectra were measured with a Perkin
Elmer 60 MHz continuous wave spectrometer at 35
°C, or with a Jeol Inc., JNM PS 100 Fourier transform
100 MHz spectrometer in the H miode. Chemical
shifts were relative to tertiary butanol as internal
standard, or to external TMS. *C n.m.r. spectra were
measured using the Jeol Fourier transform instrument
in the *C mode. Most spectra were obtained using
D,0 lock, 8000 data points, repetition times between
3 and 10 seconds, and up to 6000 scans depending
on the concentration of the sample. Concentrations
were normally about 0.2 g cm 3. Either tertiary
butanol or p-dioxane were used at internal standards.
Most 3C spectra were carried out at Rothamsted
(some were measured by P.C.M.U., Harwell, where
T.S.P. was used as internal standard, and some by
U.LLR.S., King’s College, London). 'H n.m..
spectra were measured at Bedford College.

Preparation of Cobalt Complexes - E

[Coen,mal]Br and K[Coenmal,]H,O0 were
prepared as before [10, 16]. K3[Comal;] 3H,0 was
prepared by both the methods of Lohmiller and

- Wendlandt, and Al-Obodie and Sharpe [17], and gave -
. satisfactory elemental analyses. [Coen,Etmal]Bre
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H,0 was prepared as follows: 10 g of [Coen,CO;]Cl
prepared by Dwyer’s method [18], was treated with
the Ag,O freshly precipitated from 11 g silver nitrate.
The silver chloride and the excess of silver oxide was
filtered off and ethylmalonic acid (5 g) was added.
The mixture was shaken until the evolution of CO,
had ceased. The volume of the solution was reduced
to 40 cm? on a rotary evaporator and KBr (8 g) was
added to the hot solution. The carmine-red leaf
crystals were filtered off from the ice<old solution,
washed with ice-cold methanol, cold ether and dried
in vac. The crude product was recrystallised from
warm water and dried as before.

Anal. Calc. for CgH4N4CoBrOs: C, 26.6; H, 59;
N, 13.8; Co, 14.4. Found: C, 26.6; H, 5.7; N, 14.0;
Co, 14.4%.

Results

Uncomplexed Acids

Malonic acid

The 'H n.m.r. spectrum of malonic acid in D,SO,4
solution shows the methylene group signal split into
a triplet (2.1 ppm vs. t-butanol J ~ 7.3 Hz) indicating
the presence of the CHD group, where its signal is
superimposed on the singlet from the CH, group.
The intensities of these signals decrease with time as
CD, is produced.

In NaOD/D,0 solutions a similar trend is noticed:
viz. the appearance of the triplet, the intensity of
which decreases with time. In solution in D,O and
neutralised with Na,COj, malonic acid shows only a
singlet from the CH, group (1.91 ppm vs. t-butanol)
which remained unchanged for several hours. A
singlet for the methylene signal is also reported for a
malonic acid solution in polysol-d [19a].

The "3C n.m.r. spectrum of malonic acid in D,0
shows a signal of 171.57 ppm for the carbonyl
shielding and a split signal at 42.4 ppm for the CH,
resonance confirming the presence of CH,, CHD and
CD,. The carbonyl resonance compares with a value
of 1704 ppm for a saturated solution in methanol
[20]. In NaOH solution the carbonyl peak shifts to
178.37 ppm, and the methylene signal is split (Table
II). When malonic acid is neutralised in H,O with
Na,CO,, then evaporated to dryness and redissolved
in D,0, the proton decoupled spectrum shows a
singlet for the CH, resonance which persists for
several hours. If neutralisation is carried out in D,0,
some exchange occurs during neutralisation, but the
spectrum is then ‘frozen’ for several hours and shows
the peaks required for CH;, CHD and CD, species.

Ethylmalonic acid

In D,0 solution ethylmalonic acid gives signals in

the 'H n.m.r. spectrum from the CH; group, —0.28
ppm (triplet J ~ 7.5 Hz); CH, group, 0.65 ppm

(quintet, J ~ 7.6 Hz); CH, 2.19 ppm (triplet J ~ 7.24
Hz). The spectrum is similar to that reported in
trifluoroacetic acid solution [19b]. On standing the
CH signal decreases and the CH, quintet broadens.
Finally the CH triplet disappears and the CH, signal
sharpens to a quartet. Similar effects are noticed
when the acid is neutralised with Na,CO; (Table I).
With an excess of NaOD the CH signal has almost
disappeared and the CH, signal is a quartet when the
first measurement is taken in the fresh solution.

TABLE 1. Splitting of CH, Signal in Ethylmalonic Acid in
D,0/Na,CO; Solution as o-H Exchanges with D from
Solvent.

Intensity Splitting of CH, Time
Signals

CH:CH2:CH 3

1:2:3 quintet fresh solution

0.75:2:2 broad quintet after two days

0.45:2:3 7 or 8 bands after seven days

0:2:3 quartet in excess of NaOD
(fresh solution)

The C n.m.r. spectrum of ethylmalonic acid in
fresh D,O solution exhibits a singlet for the CH
resonance; this rapidly collapses to a2 complex triplet.
When ethyl malonic acid is neutralised in H,0,
evaporated to dryness and dissolved in D, 0O a singlet
results for the CH resonance (doublet in ORD
spectrum), which persists for several hours. No
resonance is observed for the CH carbon in NaOH
solution, indicating fast exchange. The *C n.m.r.
spectrum of ethyl malonic acid is given in Table IL

TABLE IL 13C N.m.r. Spectrum (ppm vs. TMS) of CH3CH,-
CH(CO,H),.

CO,H CH CH, CH,
DO solution 17428 5405 2280 1173
D;0/NaOD 180.88 - 2440  13.00
D,0/Na,CO;  180.86 614 2438  13.04

Cobalt(IIl) Complexes of Malonic Acid

The 60 MHz *H n.m.r. spectrum of {Coen,mal] Br
has been reported [9]. Relative to t-butanol the
spectrum (in ppm) was reported as follows: NH, (cis
to 0), 3.13; NH, (trans to O), 4.14; CH,(mal), 2.11;
CH,(en), 1.47. The present work using 100 MHz
shows the CH,(mal) signal at 2.17 ppm and the
methylene groups from the ethylenediamine show the
expected splitting: giving signals at 1.57 and 147
ppm. On the addition of base the CH;(mal) signal
broadens and then splits into a triplet, showing that
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TABLE lil. *C N.m.r. Signals from Malonate Group (ppm vs. TMS).

Carboxy! Methylene
Malonic acid/D,0 171.57 42.23 4143 40.64
Malonate ion/NaOH 178.49 49 .44 48.73 47.92
Malonate ion/neutral 178.37 48.9
[Coenymal]* 179.5 ~42
[Coenmal,] ™ 180.22, 179.93 -
(Comal;] 3~ 182.81 46.21

uns{CoTMDDAmal} ™ *

178.66,179.31 43.52

8From ref, 13.

deuterium substitution has occurred as in the free
malonate anion. The CH, signal then disappears with
time as in the case of the [Coen,mal]’ ion with
D,S0, [9].

The ¥C n.m.r. spectrum (ppm vs. TMS) of the
[Coenymal] * ion is as follows: carboxyl, 179.5; CH,-
(en), 45.87, 44.25; CH,(mal), ~42. On addition of
base to [Coen,mal]’ in D,0 solution the methylene-
(mal) signals are no longer visible, but changes are
noticed in the signals from the ethylenediamine
methylenes.

The C n.m.r. spectrum of the [Comal]3” jon
shows the carboxyl carbon at 182.81 and the
malonato methylene at 46.21 ppm (see Table IlI).

Cobalt(IIl) Complex of Ethylmalonic Acid

[Coen,Etmal 1*

The 'H n.m.r. spectrum (ppm vs. t-butanol) of the
[Coen,Etmal]* ion has been reported [9]. C—H(mal),
190 (triplet); CH;, 0.72 (quintuplet), CH3, —0.40
(triplet). The '*C n.m.r. spectrum (ppm vs. TMS)
shows signals at 183.72 (carboxyl); 56.22 (CH),
47.44, 46.34 (CH,, en); 26.26 (CH,); 14.23 (CH,).

Discussion

Free Acids and Anions

The 'H n.m.r. spectra show that the >CH,
protons of malonic acid exchange with deuterium
from the solvent in both acidic and basic solution.
In neutral solution, however, this exchange is very
slow (confirmed by '*C spectrum).

With ethylmalonic acid a similar trend is observed,
the reactions are, however, faster than for the unsub-
stituted compound, in basic solution. Table 1 shows
that initially the CH, signal is a quintet, with splitting
from neighbouring CH and CH; groups. When the
exchange of D for H in the CH group is complete,
with excess NaOH for example, the coupling of the
>CH, groups is now only with the methyl group
giving a quartet. As the exchange takes place the
>CH, signal becomes complicated as it arises from
the quintet of the >CHCH,CH; group superimposed

on the quartet of the >CDCH,CHj group. When half
exchange has taken place this gives rise to seven or
eight bands. .

The '*C n.m.1. spectra give expected values for the
shieldings in both acids. The results in Tables 1I and
11l show that on formation of the anion [21] the
carboxylate carbon signal shifts to a lower field with
a shift of +6.60 ppm for ethylmalonic acid and a
similar shift of +6.92 ppm for malonic acid.

For ethylmalonic acid there is a downfield shift
for both methylene and methyl carbons in basic
media.

Complexes of Malonic Acid and Ethylmalonic Acid

The '*C n.m.r. spectrum of [Coenymal]* shows
that the malonato group is chelated in neutral solu-
tion since there are two signals from the ethylene
diamine carbons. A monodentate malonato group
should give rise to more signals [15].

On the addition of base (saturated NaOH in D,0)
to a solution of [Coen,mal]* the changes in *C
n.m.r. spectrum shown in the Figure arise.

Figure 1(a) shows the methylene signals from
the two non equivalent methylene groups of
ethylenediamine in [Coen,mal] . These are at 45.87
and 44.29 ppm. The first measurement after the addi-
tion of saturated NaOH/D,0 Figure 1(b) shows three
signals at 45.60, 45.12 and 44.20 ppm. At this stage
in the reaction it has been suggested that in strongly
basic solution the [Coen,mal]” ion exists either as
the monodentate malonato species [Coen,malOH]°
or as the species in which a proton has been removed
from the malonato methylene group in the chelate

" ring [16]. The three signals observed are consistent

with the presence of the monodentate malonato
group, three signals from the ethylenediamine
methylene groups are expected for a complex of the
type [Coen,XY]. The results are not consistent with
the deprotonated species [Coen,mal(—H)]°, since
two methylene signals are still expected, nor with a
mixture of [Coen,mal]® and the deprotonated
species. After 24 hours three signals appear at 45.13,
44.68 and 44.20 ppm. After 48 hours the mixture
was acidified. The malonato carboxyl peak now
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|

7 45 44
PPM
Figure. Changes in the ethylenediamine CH, signals when

[Coen,mal]* is treated with NaOH solution. (a) [Coenymal] *

in D,0. (b) Scans begun immediately after addition of NaOH
solution. (¢) Scans begun 1 hour after addition of NaOH. (d)
After 24 hours. (e) After 48 hours. (f) Final solution
acidified with conc. HCL.

appears at 172.8 ppm instead of 179.52 in the com-
plex showing the presence of free malonic acid. The
three ethylenediamine methylene signals at 46.72,
46.09 and 44.59 result from the equilibrium mixture
of cis and trans[Coen,(OH,),]3".

Thus in neutral solution the coordinated malonate
group is stable in [Coen,mal]*. It does not become
dechelated, nor do the methylene group protons
exchange with deuterium from the solvent. In basic
media the malonato group is dechelated and at the
same time exchange takes place between the
methylene protons and the deuterium of the solvent.

The results in Table III show that the carboxyl
carbons are deshielded on coordination with respect
to the free acid, but are more shielded than the free
anion. In addition the methylene carbon in
[Comal;] 3~ is deshielded with respect to the other
species in Table I11.

Complexes of Ethylmalonic Acid

The ¥C n.m.r. shieldings of ethylmalonic acid
species are shown in Table 1V, ‘

The carbon signals show a successive downfield
shift in the series ethylmalonic acid < ethylmalonate
anion < [Coen,Etmal]*,

TABLE IV. 13C N.m.r. Signals (ppm vs TMS) of Ethyl-
malonic Acid Species.

Carboxyl CH CH, CH3

Acid/D,0 solution 174.28 54,05 22.80 11.73
NaOD/D,0 180.88 - 24.4 13.00
[Coen,Etmal]* 183.72  56.22  26.26 14.23

The ethylenediamine methylene resonances in
neutral solution are 45.87 and 44.78 ppm compared
with those in [Coen,CO;]* at 45.82 and 44.78 ppm.
Thus there is no evidence of strain in the two
bidentate ethylenediamine ligands on changing the
ring size of the third chelate in contrast to the results
of Douglas and co-workers for the quadridentate
ligand TMDDA [13]. However the CHa(en)
resonances in [Coeny(Etmal)]* are at 47.44 and
46.34 ppm slightly deshielded with respect to the
simple malonato or the carbonato complex.

13C studies on organic compounds show that shifts
to greater shielding are associated with carbons which
are sterically perturbed — the steric compression shift
[20 (b)].

It appears that the ethylenediamine methylene
groups in the simple malonato complex are more
sterically strained than in the ethyl malonato com-
pound. A possible explanation is that the presence of
the ethyl substituent gives rise to a flat boat confor-
mation of the malonato ring. Thus the malonato ring
and the ethyl substituent would be further away from
the ethylenediamine groups than the skew boat con-
fomations.
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