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CHAPTER I - GENERAL INTRODUeTION 

L 1 - Structure and properties of tropolone 

The carbocyclic non-benzenoid aromatic compound tropo

lone or 2-hydroxy-2,4,6-cycloheptatrien-1-one (Fig.l-1a) 

occurs in the essential oils and in the heartwood of vari

ous trees of the Cupressaceae family and of western red 

cedar in the form of a-, 8-, and Y-thujaplicine (Figs. 1b, 

1c and 1d), puberulic acid (1e), and stipitatic acid (1f), 

in various plants of the Liliaceae family in the form of 

colchicine (1g), and in various galls in the form of pur

purogalline (1h) (Refs. 1-3). 

(a) (b) C) d l (el 

"'0 CH:fl "W OH 0 OH 
0 OH 

OCH3 

( f) (9) ( hl 

Fig. 1.1 - Tropolone and ·some of its derivatives. 

Tropolone and its derivatives are used in agriculture 

as inhibitors for enzymic action (Ref. 4). in the preser-

vation and maturation of foods and fruits, as a herbicide 

in the preservation of root-rotting disease of pepper (Ref. 

5), and in medicine fortheir hypothermie, analgetic, anti-

1 



inflammatory and antibiotic activities (Ref. 6). 

According to the HÜckel (4n+2) criterion for the carbo

cyclic systems, benzene (C 6H6 ), cyclopentadienyl anion 

(C5H5-) and tropylium cation (c
7

H
7
+) are aromatic (rig. 1.2 

and Ref. 7). 

-(J + - -è- + 
o(. -------- -------- -------- -----·--

f- *" *" + if- * *' -f- * "f- * if-
p 

* * of- * it- it-

C6H6( a) ~H5 ( b) CsH5-(C) CJ'"~'(d) C7H
7
( e) C7H7- (IJ 

Fig. 1.2 - rr-electron systems insome carbocyclic com
pounds. 

The OH-group is an electron donor and stahilizes the 

seven-membered, positively charged ring, like the five-mem

bered, negatively charged ring c5H5- is stabilized by elec

tron acceptor groups. 

The electronic interaction between the carbonyl and hy

droxyl groups in tropolone can be explained in the same way 

as the interaction between these groups in S-diketones. We 

can say that tropolone resembles an extended carboxylic 

acid, and also an extended enol form of a 8-diketone (Fig. 

1. 3). 

Q 
' -

(al 
( b ) 

R .. 
c 

Çf~ 
(C) 

Fig. 1.3 - The electronic interactions between the car
bonyl and hydroxyl groups in tropolone (a), 
acetylacetone (b), and carboxylic acid (c). 

This mechanism is sufficient to explain many of the re

actions of tropolone. Like benzene, and 8-diketones, tropo

lone can be halogenated, nitrosated, nitrated, sulphonated, 

and coupled with diazonium salts under mild conditions. 

Tropolone and 8-diketones are unstable with respect to 

strong bases and stable with respect to acids since proton-

2 



atión of the .carbonyl group leads to the formation of stable 

dihydroxysalts, in which the polar form (Fig. 1.4b and d) 

predominates. Therefore, it is incorrect to consider the 

chemica! reactions of tropolone as manifestations of the 
aromatic character of the ring. The correct formulation 

of tropolone is probably a hybrid between three possible 
structures, namely, the covalent (Fig. 1.4a), polar (Fig. 

1.4b) and conjugated forms (Fig. 1.4c). 

OOQ 
0 OH ·o OH cf. ~ 

H 

<•l (b) - (c) (d) 

Fig. 1.4 - Three possible structures of tropolone: th~ 
cavalent (a), polar (b), and con)ugated (c) 
form. The polar form of aeetylacetone (d). 

In the cattonic tropolonate complexes and acidic sol
utions ( -e-g.- SiT

3 
+Cl-, BT

2
+cl- ancL HT+Cl-) the polar form 

predominates, wherea~in the anionic and neutral tropolo-
( .+ - + - ) nate complexes e.g. L~ LuT4 , Na ThT5 , FeT3 , and HfT4 

the conjugated form is predominantly-- present-- This is re
flected by the distance between carbon atoms 1 and 2, which 

is only about 1·40 R ïn the cationi~complexes (Ref. 8), 
but consiàerably longer, 1·46 - 1·48 H, in the anioniè anà 

neutral troporonates (Refs. 9-10]. Considering that the 
c1-c2 distance in benzene is 1 ~39 R and in ethane 1·54 R, 
it is clear that the c1-c2 bond in the anionic and neutral 
complexes approaches a single-bond character, and in the 

cationic complexes an aromatic bond character. 
The tropolone ligands in the neutral complexes, studied 

in this work, present undoubtedly a very strongly conjugated 
n system. This is one of the main reasens for using tro

polone for high-coordinated complexes. Indeed, the conju
gated n system causes the tropolone molecule to be planar 

and compact, dimfnishing the ligand-ligand repulsion in the 
complexes. This is favorable for complex formation, as is 

the fact that tropolone acts as a bidentate ligand, havinq a 

3 



. d b h . b=d(L .. L) very short b1te as reflecte y t esmall rat1o - d(M-L) 

between the donor-donor and metal-donor distances. 

1.2 - General considerations about highly-coordinated com

plexes 

It is known that the geometry of two-, three-, four-, 

and six-coordinated metal complexes is of great simplicity 

and, according to Pauling (11), primarily dependent on the 

size and charge of the central ion. Large size and high 

charge of the latter, tagether with small size of the li

gands, favour high coordination number. Larger ligands are 

polarizable in the presence of highly charged cations and 

in this case the overlap of electron clouds, and hence the 

covalent character of the bands, is enhanced. 

It is also interesting to note that, when a number of 

chemically identical monodentate ligands are packed around 

a central cation, there is a preferenee for a particular 

coordinàtion polyhedron (Ref. 12). The polyhedra of pref

erenee for coordination numbers 4,6, and 12 are the tetra

hedron, octahedron and icosahedron, respectively, all hav:Î..ng 

triangular faces. 

The ratio p between the metal-ligand distance d(M-L) 

ahd the edge lengthof the polyhedron d(L •. L) versus the . 

coordination number (CN) fàr a number of possible polyhedra 

is show in Fig. 1.5. The best packing is obtained when 

the ratio p is as small as possible for a given coordina

tion number. 

The points representing the equilateral triangle and 

the three regular polyhedra with triangular faces (point 

Nos. 1,2,5, and 17) define a straight line. The polyhedra 

on or nearer to the straight line are the most likely to 

occur from a stereochemical point of view. 

It can be inferred from Figure 1.5 that complexes of 

higher coordination number will preferably be those havirig 

triangular faces. For instance, the geometrie configuration 

of eight-coordinated complexes is not based on the most 

symmetrical polyhedron with eight square faces - the cube -

but upon less symmetrical polyhedra, e.g. the square anti-

4 



prism - a decahedron with eight triangular and two square 

faces -, the bicapped trigonal prism- an undecahedron with 

one square and ten triangular faces -, and the dodecahedron 

with twelve triangular faces. 

CN 

3 

4 

5 

6 

7 

hOO 

0· % 

0·90 

~~ 
O·t5 

..... .....1 

I : 0 ·80 l:..J 
-:;:J-Q 0•7 5 

11 39 a. 0·7 0 

0· 65 

Q. 60 

0·55 

g0 

48 

CN 

15S 
13 s 149 

12 0 
110 
100 

8 

17 

16 0 

10 11 12 

Fig. 1.5 - The ratio p versus the coordination number 
(CN) for a number of possible polyhedra. 
Data have been taken from Ref. 12. 

POLYHEDRON CN POLYHEDRON 

1-equilateral triangle 10 - dodecahedron 
2-tetrahedron 8 

11 - square antiprism 
3-square 12-bicapped trigonal prism 

4-trigonal bipyramid 13-cube 

5-octahedron 14-tricapped trigonal prism 

6-trigonal prism 9 15 - monocapped square anti-

7 -monocapped octahedron 
prism 

10 16-bicapped square antiprism 
8-monocapped trigonal 

17 - icosahed ron prism 12 
9-pentagonal bipyramid 18 - cuboctahedron 

Table 1.1 - Meaning of the numbers given in Fig. l.S. 

It may be inferred from the same figure that the transi

tion from the octahedron (No. 5) to even the most favourable 

of the three seven-coordinated polyhedra (No. 7) will not 

occur very easily, but that the step from seven- to eight

coordination is considerably smaller, and that from six to 

five very small indeed. 

Moreover, the two most favourable eight-coordinated 

5 



polyhedra are approximately equal from a stereochemical 

point of view. The same remark holds for the nine-coordi

nated polyhedra. This gives rise to the occurrence of the 

'fluxional' structure to be discussed later (Section 3.3). 

Several investigators have used the hard sphere model 

in order to calculate the ligand-ligand repulsive energy 

for the possible polyhedra in highly coordinated complexes 

(Refs. 13,14) but the differences were toa small toserve 

as definitive criteria of choice. The detailed shape of a 

ligand and specially of a polydentate ligand is never a 

hard sphere. The choice of the polyhedron must take into 

account contributions to the energy from: 

(iJ direct interaction of the central atom with its li

gands, 

(ii) mutual repulsion of the ligands, 

(iii) the perturbation introduced when non-bonding electrans 

are present in the valenee shell of the central atom, 

and 

(iv) the constraints imposed when bidentate (or polydenta

te)ligands are employed. 

In the next Section (1.3) we shall see that the contri

butions (ii) and (iii) are very small and can be neglected 

in the study of highly coordinated chelate complexes. Thus, 

in genera!, the contributions of ion charge, ion radius . 

( contri bution (iJ), and multidentate agents ( contri bution 

(iv)) will dictate the stereochemistry of the coordination 

group. Muetterties et al. (15) have shown that cation radii 

smaller than 0·68 ~ give rise to six-, between 0.68 ~ and 

0·71 ~ to seven-, between 0.71 ~ and 0.97 ~ to eight- and 

equal to or higher than 0.97 ~ to nine- or ten-coordinated 

chelate complexes. 

It is apparent from the literature that the more favour

able ligands for high-coordinated complexes are small anions 

(CN-, F-) or multidentate ligands. Many multidentate li

gands have been used successfully in the synthesis of high

ly coordinated chelate complexes, e.g. acetylacetone 

(CH 3COCH2COCH3 ) (Ref.16), cupferron (C6H5NONOH) (Ref. 17), 

mandelic acid (C 6H5CHOHCOOH) (Ref. 18), N-benzoyl-N-phenyl

hydroxylamine ((C
6

H5 ) 2CONOH) (Ref. 19), ete •• 

6 



'Muetterties et al. (20) have pointed out that the low 

resultant charge, compact planar configuration and rela

tively small bite (b= d(L •• L)) of the bidentate tropolone 
d(M-L) 

favour the formation of highly stable seven- to ten-coor-

dinated cheüate species with the larger, highly charged 

cations. However, the bidentate tropolone is a ligand ca

pable of forming not only highly-coordinated, but also four

or six-coordinated chelate complexes with practically all 

the transition and non-transition metal ions (Refs. 21,22). 

In Chapter VII (7.3) these metal tropolonates will be in

vestigated closer. 

1.3 - General considerations about eight-coordinated com

plexes 

The most symmetrical polyhedron for eight-coordination 

is the cube. However, the cube only occurs in ionic crys

tals, when the anions form a continuous arrangement around 

the cations and the ratio of the ionic radii r+/r- is high 

( -1· 0, e.g. CsCl) • 

For mainly two reasans the cube must be excluded when 

dealing with metal complexes. Firstly, eight-coordinated 

complexes require the presence of eight bonding orbitals 

in the metal ion. In Oh symmetry there are only seven 

symmetrically adapted orbitals of species Alg' T2g, and 

Tlu (the Eg orbitals remain non-bonding). Secondly, a de

formation of the cube results in a decrease of the ligand

ligand repulsion and, consequently, of the potential en

ergy of the system (see contribution ( i i) inSection 1.2). 

Such a deformation can give rise to an antiprism, 

which is obtained from the cube by a 45° rotation of the 

top square around its fourfold axis (Fig. 1.6a), or to a 

dodecahedron, which is obtained from the cube by c~ntrac

tion of the AAA•A• and expansion of the BBB'B' int~r;pen
etrating tetrahedra (Fig. 1.6b). Because of the contrac

tion of the AA(A'A') and expansion of the BB(B'B') face 

diagonals, the two diagonal planes AAB'B' and A•A•BB be

come two orthogonal trapezia, characteristic for the dode

cahedron. 

7 



B 

contraction AAAÄ 
expansion 988'819 

oh--o2d s' 

(a) 
Figure 1.6 

Deformation of the 

cube into a square 

antiprism (a} or 

tb) into a dodecahedron 

(b). 

From the point of view of valenee bond theory, the for

mation of an antiprism or a dodecahedron arises from the 

hybridisation sp3d 4 The necessity to have four d orbitals 

available explains why eight-coordinated complexes only 

occur with metal ions having d 0 , dl or d 2 electronic con-
. . 4+ 4+ 4+ 4+ 4+ 5+ 4+ f1gurat1ons ( e .g. Mo , W , Hf , Zr , Th , Ta , U ). 

The number of non-bonding electrans in the valenee shell 

of these ions, being zero or very smal!, makes the pertur

bation introduced by the presence of non-bonding electrans 

also zero or very smal!, since four empty d-orbitals will 

always be available for hybridization in eight- coordinated 

complexes of these ions (contribution (iii), Section 1.2). 

Molecular orbital theory gives an identical result, be

cause the splitting of the ·d-orbitals in an antiprismatic 

or dodecahedral crystal field gives rise to a low-lying 

non-degenerated energy level (Fig. 1.7), which will aceom

madate the available valenee electrans in the metal ion, 

leaving the other four empty d-orbitals to participate in 

the formation of the metal-ligand bands. 

8 

Figure 1. 7 

Crystal field 

splitting of d-or

bitals in Oh, Td, 

~4d and o2d sym
metries. 

Classic examples of eight-coordinated monodentate com-



plexes with the eight bonds directed toward the vertices of 

a dodecahedron are Mo(CN)
8

4-, and the isostructura1 anion 

W(CN)
8

4-. The classic example for the antiprismatic struc-
. . 3-ture 1s the an1on TaF8 • 

Calculations on the ligand-ligand repulsive energies 

for these monodentate complexes show that there is no po

tential energy barrier between the dodecahedral and square 

antiprismatic configurations (Ref. 23). Therefore, in the 

absence of other directing forces, there may be a continu

ous movement of ligands around the metal ion, creating a 

'fluxional' structure. 

Applying the formula V= k.~.R .. -n, where V is the po-
1,..] 1J 

tential energy, k a parameter related to the geometry of 

the compound, R .. the distance between donating atoms i 
1] 

and j of the ligands, and n an integer, Hoard and Silverton 

(13) have calculated the repulsive energy from closed-shell 

interactions between the donating atoms for idealized dode

cabedral and antiprismatic configurations and have found, 

for n=6~-a difference of only Q.Q8~ in favour of the 

square antiprism in the monodentata complexes, However, 

this difference becomes nearly zero for eight-coordinated 

chelate complexes. 

Platting the potential 

. a parameter characterisi~g 

forms of eight-coordinated 

energy, V, versus Q. (which is 
1 

the various possible_geometric 

complexes), Lippard (24) con-

structed the diagram represented in Figure 1.8, 

0 6h = hexagonal bipyramid 

oh = cube 

0
4d = square antiprism 

c2v = bicapped trigonal prism 

0
2d - dodecahedron 

Qi 

Fig. 1.8 - The potential energy curve for eight-coor
dinated complexes of different symmetries 
( f rom Ref . 24 ) . 

Figure 1.8 shows that the cube must be excluded to be 

the geometrie form for the ML8 group, not only on symmetry 
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grounds but also for potential energy reasons. For the 

same reasons,the hexagonal bipyramid o6h must be excluded, 

In order to get insight into the possible structures 

of highly coordinated complexes, a method had been developed 

by Porai-Koshits and Aslanow (25). 

First, we give a general outline of the method. As an 

example, we will apply this methad to eight-coordinated com

plexes which have our special interest. 

In this methad one starts from the idea that the most 

probable polyhedron is the one having a fully triangulated 

form. Other possible forms can be derived by a slight dis

tartion along a •rearrangement path'. 

The fully triangulated form is the favoured one among 

all geometrie forms. It is the equilateral triangle for 

three-, tetrahedron for four-, trigonal bipyramid for five-, 

octahedron for six-, dodecahedron for eight-coordination, 

and so on. In each set, exceptions are found, e.g. the 

square form for four-, square pyramid for five-, trigonal 

prism for six-, square antiprism for eight-coordination, 

etc.. 

However, the latter forms are generally closely related 

to the fully triangulated forms and can be readily generated 

from these by a slight distortion. Such alternative geo

metrie forms often serve as intermediates or transition 

states in intermolecular rearrangements (mechanism or reac

tion paths in kinetics), 

For the eight-coordinated complexes, the reference poly

hedron is taken to be the o2d dodecahedron, Two alternative 

polyhedra, the o4d antiprism and the c2v bicapped trigonal 

prism, can be generated from the dodecahedron by stretching 

of one or two edges, as shown in Fig. 1.9b and 1.9c, accord

ing totherearrangement path indicated in Fig. 1.9d (Ref. 

26). 

Also important in the study of eight-coordinated com

plexes is the knowledge of the shape parameters e and a to 

be defined below, ~he values of which are characteristic 

for each possible geometrie form. 

The shape of a dodecahedron is specified by three para-
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B) 

Al. ca> 0 c + {b) 

Dzd. ~ 2d' (dl 2v 

0 4d ~ c2v 

Fig. 1.9 - Generation of bicapped trigonal prism (b) 
and square antiprism (c) from the dodecahe
dron (a). Fig. 1.9 (d) shows the 'rear
rangement path' for eight coordinated com
plexes (from Ref. 26). 

meters (Fig. l.lOa): (i) and (ii) the angles eA and eB 

formed by the bands MA or MB and the unique 4 axis which 

is the axis of intersectien of the two orthogonal trapezia, 

and (iii) the ratio of bond lengtbs a = MA/MB. 
For a polyhedron of o2d symmetry in the 'hard sphere 

model', which does nat account for any covalent binding 
between the metal and donating atoms of the ligand, the 

0 expected values for these three parameters are: SA = 36~9 , 
0 . 

SB= 69·5 and d = MA/MB= 1·00. In the •most favourable 

coordination polyhedron model' in which modestly compress
ible s·pheres are used and the valenee shell of the central 

atom is free of non-bonding electrons~ the expected values 
of these three parameters for the energetically most stable 

geometrie farm, when using n=6 in the expression V=K i~j Rij 
are: SA=35·2, SB=73·5° and <1=MA/MB=l·03 (Ref. 13), 

In the square antiprism of full symmetry o4d (B2m) l) 
the shape is determined by two parameters (Fig. l,lOb)& 

(i) the angle SA=SB formed by the M-L bond and the unique 
ä axis, and 

(ii) the ratio a=a/b, a being one of the eight equal edges 
of the lateral triangles, and b one of the eight equal 

1) -It should be noted that n
4

d(82m) is not a point group 
in crystallography. Therefore, the square antiprism 
cannot occur in an undeformed state in the crystal. 
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edges of the upper and lower squares. In the 'hard 

sphere model' the values are 8A=68=59·25° and ajb= 

1.00. In the 'most favourable coordination polyhedron 

model' the calculated values are 6A=68=57·3° and a/ b= 

1·057. 

( b) 

Figure 1.10 

A1 The parameters of the 

dodecahedron (a) and 

square antiprism (b). 

The parameters of the bicapped trigonal prism can not 

be found in the literature. The lack of information about 

this geometrie form is probably due to the fact that this 

structure has been considered as a distorted square anti

prism. However, in the Porai-Roshits and Aslanow method, 

the bicapped trigonal prism lies essentially halfway the 

rearrangement path between the dodecahedron and the square 

antiprism (Fig. 1.9), and must be considered to be an inter

mediate structure rather than a 'distorted' square anti

prism. 

1.4 - Solubility and thermodynamica! stability of tronolo

nates 

Tropolone can form an un~sually large number of chelate 

complexes with nearly all metal ions. More specifically, 

Muetterties and Wright (27) proved that tetrakistropolonate 

anions of the trivalent lanthanide ions (MT4-) and neutral 

tetrakistropolonates of hafnium, zirconium, thorium and 

uranium can be easily obtained and isolated. High coordi

nation is characteristic for these cations, and occurs with 

many other bidentate ligands (Section 1.2). 

The high value for the stability constants of the tro

polonates is a consequence of the stahilizing tendency of 

tropolone. This stahilizing effect is caused by the follow

ing circumstances: ( i ) in contrast to many other bidentate 
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donor species, the tropolonate ion (c7H5o2-) has a simple, 

rigid, coplanar and compact structure, and only one kind 

of donor atoms (oxygen); (ii) the short bite (Sec~ion 1.2) 

is associated with the presence of a compact, five-membered 

ring which . is to be compared to the more loose, six-mem
bered ring in acetylacetonates, mandelates, salicilates 

and other bidentate ligands. 
This stahilizing effect is illustrated by conspicuous 

differences between the acetylacetonate and tropolonate 

rare earth complexes. These differences are the following. 

The total formation constants 8 3 
1 ) for M(acac) 3 are of 

the order of lo14 (Ref. 28) while those for MT3 are very 

much larger than 1018 (Ref. 29). In an excessof tropolone 
the lanthanide ions from Gd to Lu form the complex ion 

MT
4
-. The value of 8 4 fortheleast stable of these ions, 

GdT4-, is equal to 1021, and for the most stable of these 
· - 1023 ' 7 Th ' 1ons, LuT4 , equal to • e ex1stence of only four 
stepwise formation constants and the magnitude of these 

indicate that the tropolonate ion (C7H5o2-) is astrong bi

dentate lingand even in the tetrakis_species MT4-, which, 

therefore, must be at least eight-coordinated. Camparing 
the values of K

1 
( 107 ' 5 ) and K4 ( 103 ' 5 ) of MT4-, one may 

conclude that the lower value of K4 probably reflects some 
destabilization of MT4- with respect to MT 3 , as a conse

quanee of steric crowding of bulky ligands around the M3+ 

ions. For_the same reasons,we expect a relatively low value 

of K4 in the neutral hafnium (IV) and zirconium (IV) tetra

kistropolonates. We have not found in the literature for

mation constants of these complexes, probably because they 

are neutral and very insoluble in the solvents commonly used 

in conductivity experiments. However, the mass spectra 

show clearly that K4 must indeed be low for HfT4 and ZrT4 
(Chapter IV, 4.2). 

Contrary to the tropolonate complexes, the acetylace

tonate complexes undergo a rapid ligand exchange and de-

where K3 

[ML ;] [L -] 

[ML
3

] K2 

1) 

so on. 

[ML 2+J(L-] 

(ML;] 
and 
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structive hydralysis in aqueous basic solution. A possible 

ligand exchange in tropolonates has been explored by tracer 

studies with 18o enriched water (Ref. 30), Aftera treat

ment of many hours,no enrichment of 18o could be detected. 

Neither the presence of any free tropolon , nor any sig

nificant attack of the ligand by OH could be observed,when 

treating these tropolonates with a strongly basic NaOH or 

KOH solution. 

The rare earth trisacetylacetonates can be obtained 

only from a salution with retention of the solvent, to give 

a solid state aggregate in which the coordination number 

exceeds six. Attemps to dissolvate the crystal lattice 

generally lead to a degradation of the complex. The rare 

earth tristropolonates, on the contrary, are free of sol

vent. 

The rare earth trisacetylacetonates are soluble in a 

variety of solvents and present as discrete molecular en

tities in the solution. The rare earth tristropolonates, 

on the contrary, are very insoluble in common solvents and 

can be dissolved only in strongly basic solvents (DMSO and 

DMF) at elevated temperature, where they form slowly 

MT
3

.DMSO and MT
3

.DMF, respectively. Upon addition of water 

or alcohol pure tropolonate MT3 , free of solvent, is pre

cipitated again. These intraetabie rare earth tropolonates 

are probably dimericspecies (MT3 )2 (Ref. 30). 

All what has been said about the differences between 

the rare earth acetylacetonate and tropolonate complexes is 

also valid, mutatis mutandis, for the hafnium (IV) and 

zirconium (IV) tetrakisacetylacetonate and tetrakistropo

lonate complexes. 

1.5 - Colour of metal tropolonates 

We conclude this chapter by a few remarks about the 

colour of tropolonate chelate complexes. 

Camparing the electronic contiguration of the transition 

metals with the colour of their corresponding tropolonates, 

we have noted a certain conneetion between these two. This 
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conneetion is probably due to the magnitude ~ of the crys

tal field splitting. 

A red colour is encountered for metal tropolonates 

having three to eight electrens in their d-orbitals. For 

instance, èrT3 , MnT
3

, FeT2 , FeT3 , and PdT2 are all coloured 

red, With nine electrens in the d-orbital, the colour is 

green, as in CuT2 .- The metal-tropolonates with zero or ten 

electrens in their d-orbitals, and for which we do not ex

peet any crystal field splitting (~=0), the colour is pale 

yellow, For instance, ScT3 , HfT4 , ZrT4 , ThT4 with d 0 and 

ZnT2 , HgT2 with d 10 contiguration are pale yellow. 

It is, therefore, noteworthy that CeT4 and PbT
4

, having 

d ofo d dlo 14 . . . d 1 an f conf1gurat1ons, respect1v~ly, are eep y 

coloured while in agreement with the above we expect a pale 

yellow colour. Muetterties and Wright (27) have suggested 

that this difference in behaviour with the other d 0 and d 10 

metal complexes probably arises from a low-lying excited 

state in the cerium (IV) and lead (IV) tetrakistropolonates 

causing an electron transfer from the ligand to the metal 

atom. The occurrence of electron transfer in CeT4 and PbT4 
undoubtly contributes to the thermal instability and lia-

b 'l ' ed · (C 4+ C 3+ d b4 + b 2+) of 1 1ty to r uct1on e - e an P -- P 

these complexes as contrasted to the high stability of the 

nearly colourless and reduction resistant complexes ZrT
4 

(d0 ), HfT4 (t 14d 0 ) and ThT4 (t0d 0 ). 

Fig. 1.11 - Bidimensional representation of HfT
4

. 
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CHAPTER II SYNTHESIS AND ANALYSIS OF THE INVESTIGATED 

TROPOLONATES 

2.1- Introduetion 

For a successful interpretation of the vibrational spec

tra of a substance, it is a good policy, and sametimes even 

a necessity, to study the spectra of a group of related 

compounds along with those of the substance in question. 

For this reason we undertook a study not only of hafnium 

(IV) and zirconium (IV) tetrakistropolonates, but of sodium, 

capper (II) and iron (III) tropolonate as well. 

So as to be certain that we could dispose of pure sub

stances for our Raman and infrared spectra, we have syn

thesized the monovalent NaT, the bivalent CuT2 and trivalent 

DeT
3 

three times, and the tetravalent HfT4 and ZrT4 four 

times. 

Por an unambiguous characterization of the synthesized 

compounds element analysis, chemica! analysis, and x~ray 

analysis (mainly powder diffractometry) were carried out. 

It soon became clear that the composition of a given prep

aration varies with conditions of crystallization and drying. 

Since hardly anything about this phenomenon has been 

described in the literature, we think it of interest to give 

here a detailed description of our methods of preparation, 

analyses and phenomena observed. 

In order to avoid frequent quotations in the text, we 

collect in Table 2.1 the names, pu,rity, manufacturers, and 

catalogue numbers of chemieals used in the syntheses and 

analyses of the five metal tropolonates. 

Each table in this chapter refering to an element analy

sis gives the sample number in the first column, the carbon 

content in the second, the hydragen content in the third, 

and the 'purity• of the sample in the fourth column. In 

this context we def ine the term 'pur i ty• · as the ratio be-

t ween the experimental value of the carbon content of the 
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sample and the theoretica! or expected value of the carbon 

content in a predefined compound. The contents are given 

in weight percent, and the 'purity' in percent. 

CHEMICAL PURITY MA "NUF ACTURER CATALOGUE 
NUMBER 

Tropolone; C7H602 98% Aldrich 070117 

Tropolone; C7H602 98% EGA Chemie 8970-2 

NaHC03 p.a. Me rek AG. 6329 

CHC13 p.a. Me rek AG. 2445 

(CH
3
coo) 2cu.H20 p.a. Me rek AG. 2711 

FeC1 3 .6H2o p.a. Me rek AG. 3943 

CC14 p.a. Me rek AG. 2222 

Na2so4 p.a. Me rek AG. 6649 

NH4 0H p.a • Me rek AG. 5432 . 
CH 30H p.a. Me rek AG. 6009 

Hf0
2 p.a. Alfa Inorganics 36101 

Zr0Cl2 .8H20 p.a. Riedel..: De H~en AG. 31670 

p4°10 p.a. Baker 056 

DMF or HCON(CH3 ) 2 p.a. Fluka AG, Bucks SG. 40250 

H
2
so p.a. Me rek AG. 731 

DMSO or ( CH
3

)
2
so p.a. Me rek AG. 2931 

CH2Cl2 p.a. Me rek AG. 6048 

Znc12 p.a. Me rek AG. 8816 

c
2

H
5

0H p.a. Me rek AG. 983 

Table 2.1 - Chemieals used in this work. 

Analyses of carbon for the same batch generally agreed 

to within 1% (which is of the order of the experimental 

error), whereas those for hydragen sametimes showed a vari

ation of more than 7% i). The results for hydragen gener

ally improved after vacuum drying of the samples. 

1) In the element analysis of CaT 2 , NiT 2 , BaT 2 , CuT 2 , and 

other tropolonates, Muetterties et aZ. (27) have found 

differences in carbon contents of about 3 to 4~ and 4 to 

14% for the hydragen contents. 
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2.2 - Synthesis and element analysis of the metal tropolo

nates 

2.2.1 - Sodium tropolonate 

The synthesis of sodium tropolonate has been described 

by Cook et al. (31). Aqueous solutions of tropolone and 

sodium bicarbonate were mixed in stoechiometric proportion 

in an Erlenmeyer at room temperature. Tropolone is a weak 

acid (pK =7) and reacts slowly with bicarbonate. The reac-a 
tion seems to be rapid, because the reagents dissolve im-

mediately. However, if the reaction is followed by measur

ing the pH, it is seen to be completed after two hours only. 

The salution was heated to remave co2 completely, and 

allowed to evaparate slowly in a crystallizer at ambient 

temperature. 
+ - + Na HC03 + c7H6o2 ~ Na c7H5o2 + co2 + H2o 

Fine, yellow needles of NaT were formed, which are sol

uble in water and in polar organic solvents. 

Sample No. 4 UFMG has been dried in air at 120°C. On 

drying, a degradation of the NaT crystals was noted. Samples 

Nos. 77010804 and 77013009 were obtained by recrystalliza

tion from saturated aqueous solutions of NaT and were not 

vacuum d ried. 

The element analysis data of the tropolonates were ob

tained on the Perkin-Elmer CHN Analyser, Model 240, in the 

Organic Chemistry Department of the Eindhoven University 

of Technology. The element analysis for NaT gave the 

results which are tabulated in Table 2.2. 

The analysis suggests that the real composition of so-

SAMPLE NUMBER c% H% PURITY % (C) 
4 UFMG 1 ) 

56·35 3·43 96·69 
77010804 54·78 3•42 93·89 
77013009 54·05 3•18 92•74 
Theoretical (pure NaT) 58·28 / 3·49 100.00 

Table 2.2 - Element analysis of NaT. 

l)UF.MG: Synthesized at the Universidad~ Federal de Minas 
Gerais, Brasil. 
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dium tropolonate, as recrystallized from its saturated sol

ution in water and not vacuum dried, is NaT,0·5H2o, which 

corresponds to two molecules of water and four formula units 

of NaT per crystallographic unit cell (see Ch. III, 3.1). 

A recalculation of the 'purity• with respect to NaT. 

0•5H
2
o results in the following table. 

SAMPLE NUMBER c% H% PURITY% (C) 

77010804 54·78 3·42 99·78 
77013009 54·05 3•18 98·45 
Theoretical(NaT.0•5H2o) 54·90 3·92 100·00 

Table 2.3 - Element analysis of NaT.0•5H2o. 

2.2.2 _ Copper (II) bistropolonate 

The synthesis of CuT2 has been very briefly described 

by Cook et al. (31). Equal amounts of aqueous solutions 

of tropolone (0·022M) and of capper (II) acetate (0·01M) 

were mixed in an Erlenmeyer at room temperature. The reac

tion is as fellows: 

Cu(CH
3
C00)

2 
+ 2C7H

6
o2 ~ Cu(C7H5o2 ) 2 + 2CH

3
COOH 

Immediate precipitation of the olive green coloured 

tropolonate was observed. The substance is soluble in 

chloroform. The high distribution coefficient D 1 ) implies 

a nearly complete transition of CuT
2 

in the chloroform 

phase. Using a separation funnel, the two immiscible phases 

were separated. By slow evaparatien of CHC1
3 

at 40°C, 

green needles of CuT2 were obtained. 

Purification was performed by refluxing the complex 

twice in methanol (2 hours). The tropolonate was filtered 

off and vacuum dried at 80°C for four hours. The results 

of the element analysis of three different preparations 

have been listed in Table 2.4. 

These analyses show that CuT2 , synthesized and purified 

according to the process described above, does not con~ain 

solvent molecules in the crystal, 

1) 
is the ratio between the 

chloroform and K
5 

of 

CuT 2 in water. 
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SAMPLE NUMBER c% H% PURITY% (C) 

77011301 54·75 3·11 99·56 
77011302 54·68 3·19 99·44 
78012429 54•80 2. 91 99·84 
Theoretical (pure CuT2 ) 54·99 3•29 100·00 

Table 2.4 - Element analysis of vacuum dried CuT2 . 

2.2.3- Iron (III) tristropolonate 

The synthesis of FeT 3 has been briefly described by 

Cook et al. (31). In aqueous solution, tropolone (0·016M) 

reacts with ferric chloride (0·005M) giving an intense, 

deeply green colour. 

This colour reaction takes place in two distinct stages. 

If a limited amount of FeC1 3 .6H2o is used, a red precipitate 

is first formed. This redissolves on further addition of 

ferric chloride to form a deeply green solution. We think 

that in the presence of an excess of ferric chloride a 

bridged complex of green colour is formed, which is much 

more soluble in water than FeT3 , owing to the fact that 

the bridged complex has a much higher dipale moment than 

the neutral, fairly apolar iron (III) tristropolonate. 

The following reactions are proposed for the two steps 

,Cl, 
2FeC1 3 .6H20 + 4HT ~ T2Fe~: ~;FeT2 + 4HC1 + 12H2o 

'Cl: 

,Cl, 
T2Fe~' :;FeT2 + 2HT ~ 2FeT3 + 2HC1 

'-er 
The red iron (III) tristropolonate is very insoluble 

in water, but soluble in chloroform. Just as in the case 

of the CuT2 complex, a high distribution coefficient D im

plies that FeT 3 passes entirely into the chloroform phase. 

The two immiscible phases were separated by a separation 

funnel, 

The FeT3 has been purified twice by refluction in meth

anol, was filtered off and vacuum dried at 80°C for four 

hours. 

The element analyses of two preparation~ of FeT3 have 

been listed in Table 2.5. 
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SAMPLE NUMBER c % H% PURITY% (C) 

77011303 59·78 3·55 99·35 
77121230 59·51 4·02 98· 90 
Theoretica! (pure FeT 

3
) 60·17 3·60 100·00 

Table 2.5 - Element analyses of vacuum dried samples 
of FeT3 

We have also grown single crystals of FeT3 by cooling 

slowly from 50°C a saturated salution of FeT3 in a mixture 

of equal volumepartsof CHC1 3 and c2H50H (Ref. 32). The 

results of two element analyses of crystals of the same 

batch are shown in Table 2.6. 

SAMPLE NUMBER c % H% PURITY% (C) 

78011327 58·46 3·97 97·16 
78011327 58·13 3·92 96·61 
Theoretica! (pure FeT3 ) 60·17 3·60 100·00 

Table 2.6 - Element analysis of FeT3 single crystals. 

The analyses of FeT
3 

single crystals show a much lower 

•purity• than those of the FeT3 powder obtained after puri

fication and vacuum drying at 80°C. The difference be

tween the analyses given in Tables 2.5 and 2.6 must be due 

to the presence of solvent molecules in the single crys

tals. We shall see (Section 4.4) that the X-ray spectra 

of the powder and of the single crystals of ?eT 
3 

a lso show 

differences in the 28 and d-values, indicating different 

crystal structures. 

Moreover, the thermogravimetrie curve (see Section 2.4) 

clearly shows the presence of about 3·0 wt% of solvent mol

ecules in iron (III) tristropolonate which has been grown 

from a chloroform-ethanol salution and which has not been 

heated in vacua. 

2.2.4 - Hafnium (IV) and ZiT'conium (IV) t e tT'akistT'opolonate 

Both compounds have been synthesized by two different 

methods, each of which has been described in the literature 

(Refs. 27 and 33). 

In the first process, Hfo2 was converted into Hf(So
4

)
2 
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by concentrated sulfurie acid in a sand-bath at 300°C, and 

ZrOC1
2 

into Zr(so
4

) 2 by the same procedure. Very strongly 

acid aqueous solutions of Hf(So4 ) 2 and Zr(so4 ) 2 were added 

to an excess of tropolone giving immediately pale yellow 

precipitates. 

The reactions are the following: 

Hf02 + 2H2so4 ~ 

Hf(S04 )
2 

+ 4HT ~ 
Zr0Cl2 +2H2so4 ~ 

Zr(S04 )
2 

+ 4HT ~ 

Hf(S04 ) 2 + 2H
2

o 

HfT4 + 2H2so
4 

Zr(S04 )2 + H2 o + 2HC1 

ZrT 4 + 2H
2
So 

4 
Further treatment was as follows. 

The HfT4 precipitate was refluxed in methanol, filtered 

off, but not vacuum dried (Sample No. 77020110-A). Vacuum 

drying could have improved the purity, but we did not real

ize this in the earlier stages of our investigation. Since 

the element analysis of this sample (Table 2.7) gave a very 

low value for the carbon content, we repeated the purifi

cation of the precipitate in a later stage of our investi

gation by refluxing the HfT4 twice in methanol, filtering 

off and vacuum drying at 150°C for four hours (Sample No. 

77020110-B). The results of element analysis of the two 

samples of HfT4 have been listed in Table 2.7. It is seen 

that vacuum drying of this substance does not give a better 

result. Whenever in the tables more data occur for the 

same sample number, these are for various samples of the 

same batch. 

SAMPLE NUMBER c % H% PURITY% ( c) 

77020110-A 46.87 2·81 92.43 
46·85 2·89 92·39 

77020110-8 46·71 2·74 91·91· 
46.99 2·96 92·66 

Theoretica! (pure HfT
4

) 50·71 3·04 100·00 

Table 2.7- Element analysis of HfT4, prepared from 
Hf(S04) 2 • Sample not dried in vacua (A), 

and recrystallized from CH30H and vacuum dried (B). 

The ZrT4 precipitate was treated in the same way as 

HfT4 •. The precipitate was refluxed in methanol, filtered 

off, but not vacuum dried (Sample No. 77020112-A). In a 
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second stage of our investigation, the purification and 

vacuum drying at 150°C (Sample No. 77020112-B) did not give 

a better result. It is seen in Table 2.8 that the element 

analysis, even for the most intensely purified sample 

(Sample No. 77040419), corresponds toa 'purity• which is 

hardly better than 96%. 

SAMPLE NUMBER c% H% PURITY% ( c) 

77020112-A 55·19 3·35 94·49 
55·26 3·40 94·61 

77020112-B 55·28 3•33 94·64 
77040419 56•41 3·31 96·58 
Theoretica! (pure ZrT

4
) 58·41 3·50 100·00 

Table 2.8 - Element analysis of ZrT4 , prepared from 
Zr(S04)2. Sample not dried in vacua (A), 

recrystallized from MeOH and vacuum dried (B), and as 
B but submitted to a third purification (Sample No, 
77040419). 

In our opinion, the products of the first synthesis 

consist of hafnium (IV) tetrakistropolonate or zirconium 

(IV) tetrakistropolonate with an admixture of hafnyl bis

tropolonate (HfOT
2

) or zirconyl bistropolonate (ZrOT2 ). 

This is plausible, since all hafnium and zirconium salts 

are very hygroscopic and even in very strongly acid sol

utions we noted the formation of turbid solutions indicat

ing a certain extent of hydrolysis. The oxygen of the 

hafnyl and zirconyl group seems to be so firmly bound to 

the metal that neither strong acids nor bidentate ligands 

as mandelic acid (C6H5CH(OH)COOH), cupferron (C 6H5 (NO)NOH), 

acetylacetone (CH3cocH2cocH3 ), or tropolone (C7H
6

o 2 ) are 

capable of removing this oxygen atom from the complexes. 

Moreover, the IR spectra of the complexes obtained by 

the first synthesis show an additional band at frequency 
-1 . . 

660 and 662 cm . Th~s band ~s probably due to the Hf = 0 

and Zr = 0 stretchings, respect i vely, and is not found in 

the spectra of pure hafnium (TV) and zirconium (IV) tetra

kistropolonates synthesized by the second process. 

The second methad of synthesis goes via the metal 

tetrachlorides. The synthesis of these chlorides has been 

described by Bailar (34) and the conversion into HfT4 and 
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ZrT
4 

by Muetterties (27). Here, we describe only the syn

thesis of HfT
4

• The procedure for ZrT
4 

is entirely simi

lar. 

The starting product, Hfo
2
c1

2 
was first converted by a 

concentrated ammonia solution. The white gelatinous hafnium 

hydroxide formed was filtered off and calcined at 480°C for 

18 hours. 

Hf0Cl2 + 

The temperature must be accurately controlled, since 

the crystal structure of Hf02 is modified at higher tem

peratures with the result that the product becomes chemi

cally inert (Ref. 35). 

In order to avoid any trace of moisture during the syn

thesis, all the solvents to be used in the subsequent part 

of the synthesis were dried by refluxing twice over dehy

drated Na
2
so4 ,and destilled. 

The hafnium (IV) oxide was then heated at 480°C in a 

stream of thoroughly dried carbon tetrachloride in the ap

paratus described by Bailar (34) and shown in Fig. 2;1. 

Prior to introducing the stream of cc14 , the apparatus was 

heated in a stream of dried nitrogen in order to remave 

any trace of moisture from the apparatus. The following 

reaction takes place 

HfC14 + 2COC12 

At the temperature of the reaction,HfC1
4 

sublimated and 

is collected in the ampulla between J and K (Fig. 2.1). 

In order to avoid contact with air or moisture during sub

sequent processing of the hafnium and zirconium tetraèhlo

rides, a seal was made at K, followed by a seal at J. 

FIG. 2.1Apparatus for the preparation of zircooium and ha.fnium tetrachloride~. 

In a plastic glove-bag, flushed with dry nitrogen, the 

seal was braken and the HfC14 brought into a 9tl mixture 
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of thoroughly dried chloroform and methanol. The slurry 

of hafnium tetrachloride was added to a solution of tropo

lone in dry chloroform. A rapid reaction followed and the 

whole amount of tetrachloride dissolved in the mixture: 

Since the reaction is not complete in first instance, 

a slight excess of tropolone is necessary to avoid hydro

lysis of the non-complexed hafnium salt at the moment in 

which the solution is removed from the glove-bag (we used 

0·01M of HfC14 and 0•42M of tropolone). In order to com

plete the reaction, the solution was refluxed in chloro

form for two hours. A great part of the solvent was evap

orated and the precipitate vacuum filtered on a B~chner 

filter. The complex was recrystallized twice from pure 

methanol and vacuum dried at 150°C during four hours in 

order to expel CHC1
3 

, which is otherwise built into the 

crystal structure of the tetrakistropolonate ( af. Chapter 

IV, 4. 5). 

The results of the element analysis of several samples, 

synthetized by the secend process, are given in Table 2.9. 

SAMPLE NUMBER c % H% PURITY % (C) 

2 UFMG 50·69 3·17 99·96 
77032417 50·84 2·95 100·26 
77120626 50·02 3·09 98•64 
Theoretical (pure HfT4 ) 50·71 3•04 100·00 

Table 2.9- Element analysis of HfT4 , synthesized from 
HfCl4, recrystallized from CH30H and vac
uum dried. 

Analysis of HfT4 , crystallized directly from chloro

form solution, not recrystallized from CH
3

0H and not vac

uum dried (Samples Nos. 77012406-A and 77031614-A) givès 

very different values for C and H as compared to the the

oretical values for pure HfT4 • We think that this product 

is essentially a molecular adduct of HfT
4 

and CHC1
3 

(cern

pare with the theoretica! va lues for C and H for HfT
4 

.CHC1
3 

in Table 2. 10). 

Vacuum drying gave a better result for the Samples Nos. 

77012406-B and 77031614-B. However, element analysis of 
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these samples still shows the presence of about 4 wt.% of 

solvent molecules in the crystals (Table 2.10). 

It is worthwhile to note that we always failed to re

move the solvent molecules entirely from the crystals if 

we do nat recrystallize them from methanol. 

SAMPLE NUMBER c% H% 

77012406-A 45·03 2·67 
77031614-A 45·59 2·80 
77012406-B 48·81 3·18 
77031614-B 47·76 2·87 
Theoretica! (HfT4 .CHC15) 44·56 2•67 
Theoretica! (pure HfT4 

50·71 3·04 

Table 2.10 - Element analysis of HfT4, crys
tallized from CHCl3, nat vacuum 
dried (A) and vacuum dried (B). 

As stated earlier, ZrT
4 

may be obtained by exactly the 

same synthesis as HfT4 . Sample No. 77040418 has been crys

tallized from hot chloroform (Table 2.11). Justas in the 

case of HfT
4

, we think that the product is essentially a 

molecular adduct of ZrT4 and CHC1 3 . 

SAMPLE NUMBER c % H% 

77040418 49·68 2·78 
Theoretica! (ZrT4.CHCl3) 49· 64 2·66 
Theoretica! (pure ZrT

4
) 58·41 3·50 

Table 2.11 -Element analysis of ZrT
4

, crys
tallized from CHC1 3 . 

The results of element analysis of three different syn

theses of ZrT4 obtained by the second process, recrystalli

zation from methanol and vacuum drying at 150°C, are given 

in Table 2.12. 

SAMPLE NUMBER c% H% PURITY % ( c) 

3 UFMG 57.56 3·89 98·54 
77040420 57·74 3•63 98• 95 
77120531 57·98 3·35 99·26 
Theoretica! (pure ZrT

4
) 58·41 3·50 100·00 

Table 2.12 - Element analysis of ZrT4, obtained from ZrCJ.t, 
recrystallized from CH30H and vacuum dried. 

26 



2.3 - Gravimetrie analysis 

Since it is very important to have pure and well-defined 

compounds at our disposal for our vibrational and X-ray dif

fraction studies of hafnium (IV) and zirconium (IV) tetraki~ 

tropolonates, and since element analysis, even when yielding 

a •purity• of 100% in carbon is no definite proof for chemi

ca! purity, we also determined the percentage of hafnium and 

zirconium in the chelates. 

For each experiment,a small amount of about 60 to 80 mg 

of the sample was weighed in a platinum crucible which was 

glowed previously to constant weight. The compound was oxi

dized with a Bunsen flame transforming the ligands into gas

eaus co2 and water vapour, while the metal remained behind 

in the crucible in the farm of the metal oxide. 

Since all tropolonates sublimate under 450°C, there was 

great danger of loosing a part of the metal during heating 

to 700°C (i.e. the temperature recommended for complete de

composition of chelates with organic ligands). 

At the first attempt we noted a weight loss of about 8% 

by sublimation. Changing the technique by heating the cru

cible from the top downwards the results improved . 

pt = 
p 

c 
p = s 
p = 

The following formula applies 

weight 

weight 

weight 

weight 

p = 
pt - p 
--'-~-c~ x 100 

PS . 
\ 

of platinum crucible plus metal oxide\ 

of platinum crucible 

of sample 

per cent of metal oxide in the sample. 

where: 

\ • ... ... 
\ . 

\ 

\ . 
Admitting that the oxidizing reaction of HfT

4 
in th~ 

crucible is: 

Hf(C7H5o2 )4 + 30 o
2 
~ 

M = 662•5 

Hf02 + 28co
2 

+ lOH
2

o 

M = 210·5 

the theoretica! yield for Hf02 will be (210·5/662•5) x 100 = 

31·77 wt%. An identical calculation for Zro
2 

gives (123/575) 

x 100 = 21·39 wt%. 

Three analyses of HfT4 , Sample No. 77032417, gave a mean 

value of 31•30 wt%, corresponding to (31·30/31·77) x 100 = 
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98·52% of the theoretica! Hf-content in a pure sample. 

Three analyses of ZrT4 , Sample No. 77040420, gave a mean 

value of 21·78 wt%, corresponding to (21·78/21·39) x 100 = 

101·82% of the theoretica! Zr-content in a pure sample. 

These results indicate that the compounds must be con-

sidered to be chemically pure. The deviation of a few 

percent in both instances is within the experimental error 

which is rather large since only small amounts of substance 

were used owing to the high price of the reagents. However, 

it is not clear why the three analyses for ZrT4 constant-

ly gave percentages above 100%, 

Results for other tropolonates were very poor. CuT2 
and' FeT3 sublimate so rapidly (below 280°C) that we experi

enced metal losses of about 15% during the heating of the 

samples, and the Na 2o formed during the combustion of NaT 

reacts immediately with moisture of the surroundings form

ing NaOH. Since the crystal structures of NaT, CuT2 and 

FeT
3 

were known from the literature, we have not carried 

out these 

compounds. 

a thorough 

time-consuming gravimetrie analyses for these 

Their chemica! purity has been ascertained by 

crystallographic investigation ( of, Ch. IV), 

But we have repeated the gravimetrie analysis of HfT4 and 

ZrT4 three times in order to be sure about the purity of 

these substances, since pure substances are a necessity if 

one wishes, as we did, todetermine the space group and cell 

constants of compounds with a low crystallographic symmetry. 

2.4 - Thermogravimetrie analysis of HfT4 and FeT
3 

In the course of our experiments two problems arose 

concerning the chemical composition of HfT
4 

and the purity 

of FeT 3 • These problems were the following. 

(i) The molecular peak of HfT4 in the mass spectra of HfT
4 

(Ch.III.2.~has been found at m/e = 541, although the 

molecular mass of HfT4 is about 662 amu (atomie mass 

units). 

(ii) It has been pointed out that vacuum dried polycrystal

line samples of FeT 3 (Table 2.5) corresponded toabout 

99% pure FeT 3 , while single crystals which were grown 
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from a chloroform-ethanol mixture and which were not vacuum 

dried corresponded to only 97% pure FeT3 (Table 2.6). We 

shall see in Chapter III that the diffractogrammes of both 

groups of samples are also different. Those of the poly

crystalline material do not correspond to the cell constants 

given by Harnor and Watkin ( 32). On the other hand, a Weis

senberg photograph of a FeT3 single crystal proved to have 

the unit cell and cell constants established by these 

authors. We suspected that the inclusion of solvent mol

ecules in the single crystals should be responsible for 

these discrepancies. 

In order to solve these problems, thermogravimetrie 

analyses of HfT4 (Sample No. 2 UFMG) and FeT3 (Sample No. 

78011327) have been performed. 

For HfT4 a Rigaku thermobalance, Model No, 8001, was 

used with a value of 1•071 mg for each division of the re

corder paper, as determined by previous adjustments of the 

balance using standard platinum weights. The thermogram 

of HfT4 was run on a 9•642 mg sample, increasing the tem

perature at a rate of 5°C/min. The thermogram has been 

given in Fig. 2.2 and its interpretation in Table 2.13. 
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Figure 2.2 

Thermogram of HfT
4 

It is evident that, upon increasing the temperature 

gradually between 150°C and 350°C, one tropolonate ligand 
. + 
is dissociated from HfT4 , giving HfT

3
, the mass of which is 
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541 amu. The other three ligands are oxidized intensively 
0 20° . . ' d b between 350 - 4 , rema1n1ng Hf02 as a res1 ue y tempe-

ratures higher than 420°C. 

T (°C) DIVISIONS MASS LOSS MASS LOSS INTERPRETATION 
INTERVAL (mg) wt. % 

25 - 150 0·2 0·214 2·22 moisture 
150 - 350 1·5 1·607 16·67 C7H502-
350 - 420 4·4 4·712 48·87 3C7H502-

(minus 2 0-atoms ) 
420 - -higher 2·9 3·109 32·24 Hf02 

( residue) 

Table 2.13 - Thermogravimetrie analysis of HfT4 (Sample No. 
2 UFMG). 

If we disregard the weight loss of 2·22% due to roois 

ture or, perhaps, solvent molecules in the sample, and if 

we take 121 amu for the mass of the tropolonate ligand and 

210 amu for that of Hf0
2

, the thermogramme indicates that 

65·54% of the sample weight is due to the tropolonate li

gands and 32·24% to Hf02 , which corresponds to a molecular 

formula Hf(C7H5o2 )4 • 

Thus, the thermogramme allows of drawing the following 

conc1usions. 

( i ) The molecular formula is in fact HfT4 • 

(i i ) K4 of HfT4 must have a much lower value than the other 

stabil i ty constants K
1

, K
2

, and K
3

, because one ·of 

the four tropolonate ligands is dissociated from the 

molecule at a much lower temperature than the other 

three (see Ch. 1,4) . 

(iii ) I t is plausible to expect the molecular peak in the 

mass spectra at m/e 541, which corresponds to the ion 
. +, 

rad1cal HfT
3 

• At a field of 70 e V the more loosely 

bound tropolonate ligand is torn away so rapidly from 

the HfT
4 

molecule that the molecular peak at m/e 662 

is not registe red . 

For FeT 3 , a Du Pont model 950 Thermogravimetrie ana

lyzer and 990 Thermal Analyzer were used with a value of 

0•1 mg for each division of the recorder paper. The therma

gram 9f FeT3 single crystals was run on a 14 ·90 mg sample, 

increas ing the tempe rature at a rate of 5°C/min. The 
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therrnogram has been given in Fig. 2.3 and its interpreta

tien in Table 2.14. 
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TfC"l-

T(CO)INTERVAL DIVISIONS 

25° - 1770 2·4 
177° - 222° 1·8 
222° -higher -

14'"1 

MASS LOSS 
(mg) 

0·24 
0·18 
-

MASS LOSS 
wt.% 

1·61 
1·21 
-

Figure 2.3 

Thermogram 

of FeT
3

• 

INTERPRETATION 

solvent molec. 
solvent molec. 
decomposition 
of the sample 

Table 2.14 -Thermogravimetrie analysis of FeT
3 

single 
crystals. 

Before reaching the temperature of sample decomposi

tion, the mass loss was 2·82% of the sample weight. Cam

paring this value with the results in Table 2.6 of this 

chapter (a purity of 97·16% or 96·61% corresponds to an 

impurity of 2•84 or 3·39%, respectively), wethink that the 

thermogravimetrie analysis confirms our supposition about 

the presence of solvent molecules in the single crystals 

of FeT3 • 

Harnor and Watkin (32) did notmention the presence of 

solvent molecules in their FeT3 samples, nor did they give 

the atomie positions of the atoms constituting the iron 

(III) tristropolonate. There must be room for the solvent 

molecules in the unit cell. A determination of the crys

tal structure of both rhombohedral and vacuum-dried FeT
3 

should beundertaken (Ch. IV,4.4). 

2.5 - Specific gravity of HfT4 and ZrT4 

Element and gravimetrie analyses of hafnium (IV) and 

zirconium (IV) tetrakistropolonate have convineed us that 
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the praducts obtained by the second methad of synthesis, 

and which are recrystallized from CH
3

0H and vacuum dried 

may be considered to be chemically pure substances. As a 

further step, we have determined the specific gravity of 

these tropolonates. The knowledge of this physical quan

tity is of interest when determining crystal structure 

by powder diffraction analysis (Ch. IV,4.5) The specific 

gravities have been deterrnined by the picnometer and buoy

ancy methods, 

2.5.1 - The pianometer method 

The picnometer methad can be used when the following 

conditions are fulfilled. First, the solid, whose specific 

gravity h~s to be determined, should not be soluble in the 

liquid chosen; secondly, the specific gravity of the pure 

liquid should be known at the temperature of the experiment, 

and thirdly, the specific gravity of the solid must be 

higher than that of the liquid. 

In our case,the choice of the liquid was very simple, 

because water has a known and lower specific gravity at all 

temperatures than the metal tropolonates, and HfT4 and ZrT
4 

are very insoluble in water. Care has to be taken that no 

small air bubbles remain adhered to the powder in the 

water-filled picnometer, especially because a certain re

pulsion between the highly polar water molecules and the 

neutral tropolonate complexes exists, as we noted during 

the experiments. To this purpose,the picnometer with the 

sample and only half filled with water was placed in a 

vacuum exsiccator which was pumped off during approximately 

half an hour. 

The specific gravity of the solid,ds, is calculated by 

the formula: 

= 
P x dT 

s w 
P -Pt+P s q 

P
5 

weight of the solid 

where: 

dT specific gravity of the liquid at the temperature of w 
experiment 

Pt = total weight of picnometer plus liquid plus solid 
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P = weight of picoometer entirely filled with liquid. 
q 

The mean results of our experiments have been given in 

the third column, and the specific gravities as obtained 

from X ray data (see Chapter IV,5) in the fourth column of 

Table 2.15. 

NUMBER OF MEAN SPECIFIC SPECIFIC GRAVITY 
SUBSTANCE EXPERIMENTS GRAVITY ( g/cm3) (g/cm3) FROM X-RAY 

DATA 

ZrT4 3 1. 51 1·510 

HfT4 4 1·70 1.688 

Table 2.15 - Specific gravities of ZrT4 and HfT4 ob
tained by the picoometer method at room 
temperature. 

2.5.2 - The buoyanay method 

The buoyancy method, described by Weissberger (36), and 

Ware (37) is based onthefact that asolid in a liquid 

with which it does not react and in which it does · not dis

solve, remains suspended when the specific gravities of 

solid and liquid are equal. The main difficulty of this 

method is to find an inert liquid having a specific gravity 

equal to the solid to be investigated. We have used an 

aqueous solution of ZnC12 , because neither water nor zinc 

chloride do react with ZrT4 or HfT4 . The specific gravity 

of a solution of 72 wt% of Znc1
2 

in water at 20°C is 1.95 

g/cm
3 

(Ref. 37), i.e. higher than the expected specific 

gravities of the investigated tropolonates. Thus, by adding 

gradually destilled water to the solution, the specific 

gravity is lowered until the solid remains suspended in the 

solution. This is the moment of equal specific gravity. 

We used a centrifuge in order to raise g (gravitational 

acceleration) and accelerate the rising or sinking of the 

solid particles in the f1uid. At the point of suspension, 

the specific gravity of the solution at the temperature 

·T (d~), being also the specific gravity of the solid, is 

determined with a picoometer and calculated by the formula: 

d
T Pb - pa dT 

= where: s p - p w c a 
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dT specific gravity of water at the experimental tempe--
w 

rature 
p weight of picoometer 

a 
Pb weight of picoometer plus salution 

p weight of picoometer plus water 
c 

The mean results of our experiments have been given in 

the third column and the specific gravities as obtained 

from X-ray data (see Chapter IV,5) in the fourth column of 

Table 2.16. 

. SPECIFIC GRAVITY NUMBER OF MEAN SPECIFIC 
SUBSTANCE EXPERIMENTS GRAVITY(g/cm3) ( gjcni3) FROM X-RAY 

DATA 

ZrT4 
4 1·510 1.510 

HfT4 6 1·732 1·688 

Table 2.16 - Specific gravities of ZrT4 and HfT4 ob
tained by the buoyancy methad at room 
temperature. 

Camparisen of the results of the two methods shows that 

the specific gravity of ZrT4 at room temperature is 1·51 

g/cm3 • The results for HfT4 are not so good and show a 

deviation of about 2% from the X-ray value. We have no ex

planation for the finding that the classically determined 

value for HfT4 is higher than the X-ray value, while the 

contrary should be expected. 
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CHAPTER III - SPECTROMETRIC ANALYSIS 

In Chapter II have been given the analyses of the in

vestigated tropolonate complexes according to the classic 

methods of chemica! analysis. In the present chapter some 

methods of spectrometric analysis will be given and dis

cussed. These spectra yield some additional data about 

the composition, the nature of the chemical bond in the 

tropolonate ring, and the structure of tropolone and metal 

tropolonates. 

3.1 - Ultraviolet and visible spectra of HT, ZrT4 , and HfT4 

The v and UV spectra were recorded in ethanol solution 

on the Perkin Elmer UV and V spectrophotometers. 

Inspeetion of the spectra (Figs. 3.1 - 3.4) of HT, ZrT4 
and HfT

4 
shows a hypsochromic effect (increase of v) in the 

strong K (~onjugierte: german for conjugated) and weak R 

(from ~adical) bands in the UV spectra of ZrT4 and HfT4 as 

compared with the spectrum of tropolone. This effect im

plies that the n-n• and n-n* transitions demand less enetgy 

in tropolone than in HfT4 or ZrT4 (Table 3.1). 

trROPOLONE HfT4 ZrT4 
TYPE OF INTERPRETATION BAND 

248 ( s) 237( s) 238 s K TI -TI. conjugated systems 

263 (sh) - - B n- n• aromatic systems 

332(m,br) 327(m) 329(m) R n-n* carbonyl group 

j403 (m) - - R n-n • hydroxyl group 

Table 3.1 - UV and V bands (in nm) of HT, ZrT4 and HfT4 • 

We suggest the following interpretation. It is known 

from the literature (Ref. 38) that the n -n* electronic tran

sitions occur at lower frequencies in aromatic molecules 

than in conjugated n-systems. It is, therefore, plausible 

· to suppose that the polar form predominates in pure tropo

lone so that the ring presents a more aromatic character 
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(although this is not comparable with the aromatic character 

of compounds like benzene), and the conjugated form in the 

tropolonate complexes (Refs. 10 - 12). This interpretation 

is supported by the disappearance in the UV spectra of HfT4 
and ZrT4 of the weak B (~enzenoic) band at 263 nm in pure 

tropolone. Furthermore, the spectra of enones (-C=C- con

jugated with C=O) are also characterized by a strong K band 

in the 215 - 250 nm region, the absence of the B band, and 

a weak R band (due to the n~11• transition) in the 310 - 330 

nm region. This is what has been observed indeed in the 

spectra of HfT4 and ZrT4 . The displacement of the band to 

higher frequencies is not only induced by the presence of 

the conjugated form, but also dependent on the oxidation 

state of the metal ion in the complexes, because a strong

ly positive ion is capable to withdraw electrooie density 

from the ligand, so that the electrooie transition in the 

ligand becomes more difficult, and consequently takes place 

at higher frequency. 

In the visible spectrum of tropolone a band at 403 nm 

has been found which is notpresent in the spectra of . HfT
4 

and ZrT4 • We suggest that this band is due to the n~ 11• 

transition in the OH group of HT. The OH group, injecting 

electrooie density, is a strong activator of the ring 

(either in tropolone or in benzene), so that the n-11• tr<in

sition from OH to the ring requires less energy than from 

C=O to the ring. The band at 403 nm HT will be absent in 

HfT4 and ZrT4 , because the two oxygens of tropolone loose 

their characteristics as carbonyl and hydroxyl groups and 

become practically equal. 

Thus, the UV and V spectra of HfT4 and ZrT4 corroborate 

our view that 

(iJ the structure and electrooie configurations of these 

two complexes are equal, 

(ii) the tropolonate ring in the anionic or neutral tropo

lonates presents a conjugated 11 system, and 

(iii) tropolone acts as a bidentate ligand in these com

·plexes. 
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3.2 · - Mass spectra 

Positive ion electron impact mass spectra were produced 

with a Finnigan 4000 quadrupole instrument under the follow

ing conditions: electron energy: 70 eV, electron current: 
0.20 mA, souree temperature 270°C. . Samples were admitted 

via direct insertion and volatilized between 210 and 350°C 
(HT and CuT2 ) and 350-390°C (FeT3 , ZrT4 , HfT4 ). 

3.2.1 - Tropolone 

The most important fragments of pure tropolone are given 

in Table 3.2. The aromatic character of tropolone directs 

the mass spectrometric fragmentation. The spectrum exhibita 

an abundant molecular ion peak at m/e 122 and I=95% (I=rela

tive abundance with respect to the most abundant peak). The 

abundance of this peak can be attributed to the ability of 

the two oxygens to accommodate the positive charge by hy

drogen transfer between the 0 and OH group in ortho position 

(mesomerism) (Ref. 39). Another characteristic in the mass 

spectrum of HT corresponds with the pronounced loss of car

bon monoxide, giving an intense peak at m/e 94 (I=BB%). 

The loss of a second carbon monoxide molecule gives an in

tense peak at m/e 66 (I=98%). Loss of CHO radical gives a 

peak at m/e 65 (I=BO%) in only slightly reduced abundance. 

The fragmentation continues with loss of c 2H2 , as in the 

well-known mass spectrum of phenol, giving rise to the base 

peak at m/e 39. 

m/e I (%) INTERPRETATION 

122 95 [HT]+' 

94 88 [HT]+. -CO ) [C H 0]+. 
6 6 

66 98 [C H 0] +' -CO 
~ lc H J + • 6 6 5 6 

65 80 [c H oJ+. -HCO' ~ [C5H5J + 6 6 
_c2H2 

40 79 [c H J + • ) re H ] + • 5 6 
-C2H2 

3 4 
39 100 [c5H5] + ~ [C3H3] + 

Table 3.2 - Main fragmentations of tropolone. 
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3.2.2 - CuT 2 and FeT 3 

The mass spectra of CuT2 (mw 305) and FeT3 (mw 419) 

have been published recently by Charalambous (40), and by 

Grotjahn and Kr"ger (41). The main fragmentation pathways 

invol ve loss of a tropolonate radical T' and of CO mol

ecules. 

In the case of CuT
2

, the molecular ion CuT2+ fragments 

by loss of a ligand radical T' to give CuT+. and by sub

sequent elimination of CO groups. In addition to this be

haviour, CuT2 exhibits still reactions which involve hy

drogen transfer rearrangements. 

m/e I (%) INTERPRETATION 

305 8.3 [CuT
2
J + 

184 12·1 [CuT
2

J + ~ [CuT] + • 

185 10·6 [CuT]+' ~ [CuTH]+ 

156 4·7 [CuT]+' ~ [CuOC
6

H
5
]+. 

128 3·2 (CuOC
6

H
5

] +' ~ [CuC
5

H
5

] + • 

122 26·4 (C7H602] + • 

94 42·7 (C7H602] + • ~ [C H 0]+. 
6 6 

66 42·0 [c H oJ+. 
6 6 
~ [C H J+ • 

5 6 

65 100·0 [C H O]+• 
6 6 

-CHO') [C5H5]+ 

63 40·9 [Cu]+ 

Table 3.3 - Main fragmentations in the CuT2 mass 
spectrum. 

The fragmentations at m/e 185 can be explai ned in this 

way. In Table 3.3 are given the most intensepeaks encoun

tered in our CuT2 spectra together with their i nterpreta

tion, using the notation of Charalambous. 

The molecular ion peak of FeT3+· is very weak. This 

ion fragments presumebly by loss of tropolonate T' to give 

FeT2+ (m/e 298), FeT+. (m/e 177) and Fe+ (m/e 56). The 

transition form FeT
3

+ • to FeT
2

+ occurs exclusivel y by loss 
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of T", but the transition from FeT2+ to FeT+. could also 

proceed stepwise by loss of CO groups to give m/e 270 and 

242. We noted that, at a high probe temperature (389°), 
the transition occurs preferably by . loss of T". The FeT+. 

ion undergoes elimination of one (m/e 149) or two (m/e 121) 

CO molecules. In the latter case the cyclopentadienyliron 

ion FeC5H5+• is formed. The peaks at m/e 122, 94, 66, and 

65 can be explained by the characteristic fragmentation of 
the HT+. ion. 

Our mass spectra of CuT2 and FeT3 are in agreement with 

literature data. 

m/e I (%) INTERPRETATION 

419 0·8 [FeT
3

] + 

298 3•9 [FeT 
3
]+ -T" -----.......,., [FeT

2
]+. 

270 3•2 [FeT
2
]+. --=fQ.., [FeTC6H5o]+ • 

177 8·0 [FeT
2

] + • HT" 
~ [FeT)+ 

149 3•1 [FeT]+ -CO [FeC
6

H
5

o]+ 

122 86·4 [C7H602] + • 

121 4•1 [FeC
6

H
5

oJ+ ~ [FeC
5

H
5

] + 

94 100·0 [C7H602J + • ~ [C H 0]+. 
6 5 

66 89·5 [C H 0]+. 
6 6 ~ [c H o]+. 

5 6 

65 72•1 [C H 0]+. 
6 6 

-Hco·> [C5H5]+ 

56 13·3 -[Fe]+ • 

Table 3.4 - Main fragmentations in the FeT3 mass 
spectrum. 

3. 2 • 3 - Zr T 
4 

and H fT 
4 

So far the mass spectra and fragmentation pathways of · 
ZrT4 (mw 574) and HfT4 (mw 662) havenotbeen given in the 

literature. 

The mass spectrum of ZrT4 is given in Fig. 3.5. A in
terpretation for the genesis of the main peaks is presented 
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in Table 3.5. The mass spectrum of ZrT4 does not exhibit 

the molecular ion peak at m/e 574. The highest mass in the 

spectrum has been found at m/e 453, which corresponds to 

ZrT3+, probably on account of thermal decomposition of the 

sample (see Chs. I, 1.4 and II, 2.4). The ion fragments 

by partial eliminatien of T' with retention of one oxygen 

Th d f Z 4+ . h . atom. e ten ency o r to reta1n t e oxygen atoms 1s 

proved by the very low intensity of the roetal ion peak at 

m/e 90, as compared with the corresponding peaks of Fe+. 
+ at m/e 56 (I=l3.3%) or Cu at m/e 63 (I=40·9), by the oc-

currence of the fragments ZrOT
2

H+, ZrOT+, and Zro
2
+·, and 

by the absence of fragmentation involving eliminatien of 

CO molecules. The intense peaks encountered at m/e 122, 

94, 66 anQ 65 are explairied by the characteristic fragmen

tation of the HT+' ion. However, the most intense peak at 

m/e 122 can be explained also by the occurrence of Zro2+·, 

which mass is accidentally equal to the mass of tropolone 

( HT = 122). 

m/e I (%) INTERPRETATION 

453 1·2 [zrT
3

J+ 

-(T-OHl~ 
+ 

349 1·0 [ZrT 
3

] + [ZrOT2H] 

+ -HT [ZrOT]+ 227 2•0 [ZrOT
2

H] 

122 100•0 [ZrOT]+ -(T-0)') [Zro
2

] + • 

122 100•0 [HTt' 

94 93•3 [HT]+' -CO [C H 0]+' 
6 6 

66 72·5 [C H O) +' -CO [C H ] +' 
6 6 5 6 

65 59·0 [c Ho]+. -HCO' + 
6 6 [C5H5] 

Table 3.5 - Main fragmentations in the ZrT4 mass 
spectrum. 

The mass spectrum of HfT4 is given in Fig. 3.6. A in

terpretation for the origin of the main peaks is presented 

in Table 3.6. It is interesting to note that the chemica! 

similarity between the hafnium and zirconium compounds 
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finds also expression in the similarity of the mass spectra 

of HfT
4 

and ZrT
4

• Justas in ZrT
4

, the mass spectrum of 

HfT
4 

does not exhibit the molecular ion peak at m/e 662. 

The highest mass fragment in HfT4 has been found at m/e 

543, which corresponds to HfT3+·. This ion fragments by 

partial elimination of T. with retention of one or even two 

oxygen atoms on the Hf ion, g1v1ng rise to the HfOT2H+ (m/e 

439), HfOT+ (m/e 317), Hf0
2

H+ (m/e 211) and Hfo
2
+. (m/e 

210) fragments. The intense peaks encountered at m/e 122, 

94, 66, and 65 are explained by the characteristic frag

mentation of the HT+. ion. 

m/e I (%) INTERPRETATION 

543 6·2 [HfT 
3

] + 

439 2·7 [HfT 
3

] + -(T-OH) [HfOT
2

H]+ 

457 1·0 [HfOT
2

H]+ 
+ H2o 

[Hf0
2

T
2

H
3
]+ 

317 2•5 [HfOT
2

HJ+ -HT [Hf OT]+ 

211 6·8 [HfOT]+ -(T-OH) [Hf0
2

H]+ 

210 5·3 [HfOT]+ 
-C

7
H

5
o• 

[HfO ] + • 
2 

122 100·0 (HT]+ • 

94 100·0 [HT]+. - co [C H 0] + • 
6 6 

66 100·0 [C H 0]+. - co [C H] + • 
6 6 5 6 

65 100·0 [C H ] + • - Hco· 
[C5H5] + 5 6 

Table 3.6 - Main fragmentations in the HfT
4 

mass 
spectrum. 

3.2.4 - ConaZusions 

(?) 

The mass spectra support the following points of view 

we have concerning the tropolonate complexes, explained 

in the foregoing chapters. 

(i} Our samples of tropolonate complexes are chemically 

pure. 

(ii) The hafnium and zirconium compounds have a strong 

tendency to form hafnyl and zirconyl derivatives. 
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(iii) The stability constant K4 has a relative low value 

in the eight-coordinated complexes, which must be due 

to the steric crowding of four bulky ligands around 

the metal ion, This is demonstrated by the absence 
of the molecular ion peak MT4 +. 

3.3 - Proton NMR 

We have already seen (Ch. I,1.3) that calculations on 

the ligand-ligand repulsive energies in eight-coordinated 

complexes, using the formula V = k i~j Rij• show ,that there 

is no potential energy barrier between dodecahedral and 
square antiprismatic configurations (Ref. 23). Therefore, 

in the absence of other directing farces, specially in sol
ution, there may be a continuous movement of the ligands 

around the metal ion creating a 'fluxional' structure. 
This fluxional structure has been observed in deuterated 

chloroform solutions of our chelate complexes HfT4 and 
ZrT4 • The proton NMR spectra of these solutions at room 

temperature did not give the expected ligand-proton peaks, 
but only a braad and weak band entirely merged into the 

noise level. 
The Zr(acac)4 and Hf(acac)4 complexes become stereo

chemically rigid on the NMR time scale at temperatures in 
the range of - 100 to - 170°C in a 2:1 CHC1F2 (freon) -

CH2ct2 mixture, and the spectra obtained in this way show 
clear proton peaks (Ref. 42). However, ZrT4 and HfT4 are 

so insoluble in a 2:1 CHClF2-cH2ct2 mixture at low tempera
tures that we failed to obtain structural information about 

the tropolonate ring in the investigated complexes by using 
the proton NMR technique, 
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CHAPTER IV - CRYSTALLOGRAPHIC INVESTIGATION 

4.1 - Introduetion 

We did not encounter 28- or d-values of the tropolona

tes treated in this thesis in the ASTM powder diffraction 

file. However, they may be calculated easily if the crys

tal structure, or at least the dimensions of the crystal

lographic unit cell and the space group, of the substance 

are known. 

The crystal structures of sodium tropolonate (NaT), 

copper (II) bistropolonate (CuT2 ), and iron (III) tristro

polonate (YeT3 ) have been investigated by various authors 

(Refs. 43 - 47, and 32). 

Syngony, space group, unit cell dimensions and number 

of formula units per crystallographic unit cell (Z) have 

been collected in Table 4.1 for each of these substances. 

SUB-
UNIT CELL 

SYNGONY SPACE GROUP DIMENSION~ z AUTHORS STANCE (length in ) 

P2 1/c 5 a=13.91 mono- (C2h) 4 Sas ad a and 

NaT clinic b= 3·69 Nitta, 
c=ll·67 Shiono 
8:93·1° 

P2 1/c 5 a= 3·80+0.005 2 mono- (C2h) Roberts on, 

CuT2 clinic b=13·82~0·02 Macintyre, c=ll· 60.:!:.0· 02 
8:93·40+0·2 Berg 

trigonal R3c 6 
a=12·432 2 (D3d) Hamor & 

FeT 3 (rhombo-
hedral) a =49·326 Watkin 

Table 4.1 - Crystallographic data of some tropolonates. 

The unit cell dimensions for FeT
3 

are for the rhombo

hedral cell. They have been calculated from the cell di

mensions of Hamor and Watkin (47), a=10·375, c=32·68 R, 
which are for the hexagonal cell, by means fo the relations: 

2 2 l 

arhomb = (3a + c )~/3 
arhomb = arccos {(c2 - ?a~/2)/(c2 + 3a

2
)} 

and 

The unit cell dimensions in Table 4.1 have been used to 

calculate the 28-values for the X-ray wavelengths usep in 
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our investigation by means of a program called SINTH and 

written in Basic. This program evaluates the 28-values 

from the Bragg equation 2dhklsin 8 =À, where À is the wave

length of the radiation and the interplanar spacings dhkl 

for Laue indices h k L (Laue indices are Miller indices 

times the order of the reflexion) are given (Ref. 48) 

(i} 

(i i) 

in the monoclinic 

d~kl =J~ 1 s1n B 

_ 2h LcosB ] 
ac 

in the trigonal ( rhombohed ra 1) case by 

2 2 -1 
d hkl = a (TR) 

2 }-1 + k 
b2 

with T = h2+k2+Z 2+2(hk+kl+hl) [ ( cos 2a-cosa)/sin2a J 
(sin2 a) I ( 1 2 3 

and R = - 3cos a + 2cos a) 

The output of the computer consists of a list of 28-

values in increasing order, and their corresponding d-values 

and Laue indices, up to a maximum which is set by the oper

ator. Those 28-values must be cancelled from the list 

which are associated with Laue indices not 'corresponding 

to the conditions limiting the reflexions. These conditions 

are set by the space group of the crystal (genera! condi

tions) and, possibly, by Wyckoff positions on which the 

atoms of the substance happentolie (special conditions). 

Both general and special conditions limiting the reflexions 

are listed in the International Tables for X-Ray Crystal

lography (Ref. 49). 

Sodium tropolonate and copper (II) bistropolonate both 

belong to space group P2 1/c with general conditions hOl 
l=2n, OOl : l=2n, and OkO : k=2n. This means that, for 

k=O, l must be even for each value of h, and for h=l=O, k 
must be even. In space group P2

1
/c special conditions only 

occur for Wyckoff sites a, b, c, and d, which all coincide 

with a centre of symmetry. Since in sodium tropolonate no 

atoms are lying on a centre of symmetry and in copper (II) 

bistropolonate only the Cu atoms, there are no special con

ditions limiting the possible reflections for these tropo

lonates. 

Iron (III) tristropolonate belongs to space group R3c 
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with general condition hhl : Z=2n. According to Harnor and 

Watkin the iron atoms are on Wyckoff a positions with 

special condition h+k+l=2n. The authors have not given 

atomie parameters for the C-, 0-, and H-atoms, but none of 

these can be on Wyckoff b-, c- or d-positions (which are 

also associated with the special condition h+k+l=2n) be

cause these positions are on a threefold axis and/or on a 

centre of symmetry. Since there are no other special con

ditions in the space group, only the general condition re

mains. 

Sodium tropolonate (Sample No. 77010804), capper (II) 

bistropolonate (Sample No. 77011301), and iron (III) tris

tropolonate (Sample No. 77011303) were investigated with a 

Philips P~ 1050/25 wide-range goniometer using Mn-filtered 

FeKa-radiation (36 kV, 20 mA) and a scan rate of 0·02 de

grees/minute in 28. After mechanica! adjustment, the gonio

meter has been calibrated with a calibration substance. 

This consisted of 99·99%a-A1 2o3 (corundum) of Alpha Elec

tranies (USA) with a grain size of 1 ~m, giving very sharp 

and well-shaped diffraction profiles. The reading on the 

28-cam of the goniometer has been set to coincide exactly 

with the 28-value (32·305°) of the first a-Al 2o3 reflexion 

(ct
102

=3·4795 ~) for FeKa
1
-radiation. Following this pro

cedure, experience has shown that the instrumental precision 

of the measured 28-positions down to 28=8° and up to at 

least 90° is better than 0·05°, and even 0•02° in most 

cases. Of course, larger deviations from the real peak 

positions may be found for low S/N ratio or badly resolved 

peaks. 

Peak positions of the reflexions of the three tropolo-

nates (28 ) have been listed in Columns I of Table 4.2 exp 
up to and including 4.6. The theoretica! values for 26, 

as calculated with the cell constants listed in Table 4.1 

with programma SINTH (28 1 ) are listed in Columns II of ca c 
Tables 4.2, 4.4, and 4.6, along with the Laue indices (Col-

umns III), and the differences 28 - 26 1 (Columns IV), exp ca c 

4.2 - Sodium Tropolonate 

First we consicter the case of sodium tropolonate (Tables 
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4.2 and 4.3). It is seen that the differe~ces 28exp-28ca1c 

are often higher than the accuracy of 0·05 stated above. 

Since the differences are erratic, this cannot be a conse

quence of any bad adjustment of th~ goniometer. Moreover, 

this instrument is regu1arly calibrated. The reason for 

the larger discrepancies must be inaccuracy in the cell 

constants given by Sasada and Nitta (43). 

With a programme called CELCON, written in BASIC, .and 

based on a least-squares refinement, the ce11 constants 

have been refined using the first eight experimenta11y ob

served reflexions. The corrected cell constants now 

turned out to be: 

a= 13·886 , b = 3·68 3 , c = 11·690~ , S = 92•267°. 

The 28ca1c-values for these cell dimensions and À = 

1•93597 ~have been listed in Column II of Table 4.3, along 

with the d-values for the new cell dimensions (Column III), 

the Laue indices (Column IV), and the differences 28 
exp 

28calc (Column V). The standard error of estimate, defined 

by 

0' = 
~ [< 28 - 28 ) . ] 

2 

i = 1 exp ca1c 1 

N - 1 
dropped from 0·070 to 0·025 for the first eight peaks (N=8) 

upon the refinement. It is seen from the table that the 

deviations 28 -28 1 are now everywhere under 0•05°, exp ca c 
except for the 1ines at 36·908 and 37·020 which were very 

noisy shoulders on the equally noisy, stronger peak at 

37·359°. 

No clear traces of the reflexions 002, 202, 202, 302, 

110, 302, 111, 210, 211, 211, and 012, although permitted, 

could be found in our goniometer recording. 

In a later stage of our investigation we became aware 

of the existence of a programme in FORTRAN IV, called LAZY 

PULVERIX, and written by K. Ivon, w. Jeitschko and E. Parthé 

of the University of Genève (50). Through the courtesy of 

these authors we got a copy of this program, which enables 

one to calculate not on1y the d -values and 28-values for 
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any wavelength, as our programme SINTH does, but also the 

intensities of the reflexions for a large number of space 

groups if the atomie position parameters of the atoms in 

the unit cell are given. 

2 e :o ( degrees) 28 
1 

(degrees) 
Laue indices 

28 -26 
ex ca c exo calc 

8·036 7-992 100 0-044 
16·069 16·024 200 0-045 

19·126 002 
20-408 20.349 Ï02 0·059 
21·024 21·159 102 -0-135 
24·168 24 ·136 300 0·032 

24·363 Ï02 
25·719 202 
30. 131 302 
31·499 110 
31•804 302 

32·024' 31·944 011 0·080 
32·400 32-374 100 0·026 

32.849 111 
33·096 33·113 111 -0·017 

34 ·563 f10 
35·688 211 
36-177 211 
36·181 012 

36·908 36·875 Ï12 0•033 
37·020 36·928 402 0·092 
37·359 37-350 112 o.oo9 

Table 4.2 - Powder data for sodium tropolonate (Sample 
No. 77020109), FeKa-radiation. Explanation 
in the text. · 

Using the atomie position parameters of Shiono (Ref. 

44), neglecting the hydrogen atoms of which the parameters 

have not been determined, and using the approximation that 

both sodium and tropolonate groups are electrically neu

tral 1 ), we have calculated with this program the inten

sities (on the scale I=1000 for the reflexion of maximum 

intensity) and listed them in Column VI of Table 4.3). 

l)This has been done for two reasons. Firstly, the program 
is nat provided with atomie scattering factors for atoms 
with a non-integral number of electrons. Secondly, in the 
solid state, the Na-0 bond has significant covalent 
character, because each Na+ ion has six oxygen neighbours 
at distauces which vary between 2•37 and 2 · 60 ~. i . e ., 
at distauces shorter than the distance expected for ionic 
bonding. The same is true for CaT

2
, MgT

2
, etc. 

(Refs. IS and 22). 
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For comparison, we have given in Column VII the experimental 

intensities. For reflections with a satisfactory S/N ratio, 

which were well resolved and did not go off the recorder pa

per 1 ) the .area under the peak has:. been measured wi th a 

planimeter and expressed in arbitrary units. For other re

flexions only a qualitative estimate of the intensity has 

been given1 s = strong, i.e. >2SO arbitrary planimeter units, 

vs = very strong. 

It is seen from Table 4.3 that the calculated inten

sities account well for the •missing' reflexions. They 

also correspond satisfactorily to the observed intensities, 

although reflexions with Laue indices hOO are too strong 

and the reflexion 211 too weak. 

As far as the reflexions hOO are concerned, it is im-

mediately 

SI l ) • ca c 

clear that 200 and 300 aretoostrong (Iobs 0~ The group of peaks between 28=31•3 and 33·S , 

which is not well resolved, has the appearance of a •trip-

let' with clear peak positions at 32·024, 32·400, and 

33·096. On account of the calculated intensities Icalc 

we should have expected the peak positions at 32.024, 

~2·93S, and 33·096, since Icalc for 28=32·93S (Laue indices 

111) is higher than for 28=32·407 (Laue indices 400). This 

may also be the consequence of an enhanced intensity of a 

hOO (here 400) reflexion. Taking again I b =SI 
1 

, the o s ca c 
intensity of the 400 reflexion becomes 4S and might well 

mask, together with the 111 reflexion of intensity 43, the 

. l11 peak. The intensity for the whole •triplet' as measured 

with the pianimeter turned out to be 240, whereas with a 

five times stronger 400 reflexion we should obtain 

9+67+SX9+17+43=181 on the basis of LAZY PULVERIX. 

The 100 peak, although Icalc is 1000, was so strong on 

our recording that it also appeared to be too intensive. 

1) The peak position of a reflection which goes off the 
recorder paper is measured accurately by increasing the 
range of the counter (i. e . increasing the number of counts/ 
sec for full-scale deflection) in order to keep the peak 
on the paper. In doing so,the area under the curve cannot 
be measured. 
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The strength of the hOO reflexions may have been the conse

quence of a preferred orientation upon mounting the speci

men. Although care was taken to avoid orientation effects 

(Ref. 51), we know by experience that this may be vary dif

ficult occasionally. 

I II III IV V VI VII VIII 

0 28° d hH hkZ 28 - I Iobs 28 exp exp calc REMARKS calc 28 (~) calc 

8·036 8·000 13·88 100 o.036 1000 vs 
16·069 16·040 6·938 200 0.029 6 32 

19·079 5·841 002 2 
20·408 20·420 5·461 Ï02 -0·012 129 121 
21·024 21·012 5·309 102 o.012 49 61 
24.168 24·161 4·625 300 0·007 27 'V 125 

24 ·524 4·558 Ï02 0.2 
25·515 4. 384 202 o.o 
30·351 3· 698 3o2 0·0 
31·558 3·560 110 0·8 
31·573 3·558 302 ·q 32·024 31·994 3·513 011 0·030 Peak 

32·400 32·407 3·469 400 -0·007 240 not 
32·935 3·415 Îll 17 well 

33·096 33·127 3·396 ll1 -0·031 43 
34.623 3·253 210 0·0 re-

35.806 3·149 211 0·3 
so1ved 

36·163 3·119 211 

1 
braad 
band, 

36·205 3·115 012 badly 

36·908 36·965 3·053 Ï12 -0·057 82 resolved 
- noisy 

37·020 37·189 3·036 402 -0·169 19 shoulders 
37.359 37·312 3·026 112 0·047 162 s 

Table 4.3 - Refined 28- and d-values and intensities 
of reflections for sodium tropolonate. 

We feel, however, that the overall correspondence be

tween observed and calculated intensities guaranties the 

correct indexing of our powder lines and thus the reliabil

ity of our cell constant refinement (which is based on a 

correct indexing). It is also clear that our sodium tropo

lonate must have been a well defined and pure preparation. 

4.3 - Copper (II) bistropolonate 

It is seen from Table 4.4 that the differences between 

the va1ues for 28exp and those for 2 8calc as calculated from 
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the cell constantsof Macintyre et al. (Ref. 46) are rather 

large, often as much as 0·2 degrees. The standard error of 

estimate for the first twelve observed reflexions is 0·157. 

I II \, III IV 
-

26 (degrees) exp 2ecalc(degrees) Laue indices ze -28 . 
exp calc 

12.64 12·52 011 o.12 
16·30 16·10 020 0·20 . 
18.96 18·78 021 0·18 
19·17 19·25 002 -0.08 
21·00 20·89 012 0·11 
25·36 25·20 022 0·16 
26·37 26·14 031 0.23 

29·57 100 
30.29 30·19 013 0·10 
30.81 30·69 110 0·12 

31·15 032 
31·86 31·68 Ï11 o.I8 

32•54 040 
32.85 32•76 111 0·09 
33·54 33·39 023 0·15 

33·85 120 
34·00 041 
34·52 Ï02 

34 ·83 34· 76 lz1 0·01 
35·50 Îl2 

35•77 35·76 121 0·01 
36·51 102 
37•45 112 
38·08 042 
38·20 Q33 

38.42 38·30 122 0·12 
38·66 38·61 130 0·05 

39·07 004 

Table 4.4 - Powder data for copper (II) tropolonate 
(Sample No. 77011301), FeKa-radiation. 
Explanation in the text. 

Since this is not compatible with our experience that the 

precision of our apparatus and calibration procedure guar-

antees the deviations 26 - 26 b to be smaller than 0·05 exp o s 
degrees for the sharper and well-resolved peaks, we sus-

pected the cell constants of Macintyre e t al. to be slightly 

in error. Our least-squares refinement programme CELCON 

yielded the following cell constants when using the first 

ten observed reflexionst 

B = 92 · 9 ° 9 
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I II III IV V VI VII VIII 

26° 26° calc dhkZ hkZ 
26 - I calc Iobs Remarks exp exp 

0 28 (A) calc 

12· 64 12·59 8·825 011 0·05 1000 >370 • 
16·30 16·28 6·836 020 0.02 143 143 
18·96 18.94 5·884 021 0·02 259 

} >191 -19·17 19· 29 5·777 002 -0·12 2·5 weak,unresolved shoulder 
21·00 20·96 5. 322 012 0·04 7.1 14 
25·36 25· 34 4·413 022 0·02 75 65 
26·37 26·40 4·240 031 -0·03 84 74 

29·67 3·781 100 9 0 
30· 29 30·27 3·707 013 o.o2 23 14 
30.81 30·81 3·644 110 0·00 39 

} 
19 

31·39 3·578 032 1·4 176 under tail of 28=31.86 
31·86 31·86 3·526 Ïll o.oo 336 
32.85 32·82 3.426 111 o.o3 39 } 71 unresolved 32.90 3·418 040 45 
33·54 33·53 3·356 023 0·01 23 19 

34·03 3·308 120 11 0 
34· 35 3·278 041 0·1 0 

34.83 34.75 3·242 Ï02 0·08 107 } 70 under 28=34.83 
34· 99 3·220 Ï21 2·6 

35·77 35·74 3·154 Ï12 o.o3 124 } 100 under 26=35.77 
35·88 3·143 121 0·3 
36·51 3·090 102 4·4 0 
37.46 3·014 112 6·9 0 
39.42 2 2· 942 042 0·3 } 38.42 38.424 2· 942 033 o.oo 21 shoulder resolved 

38.66 38·59 2· 929 Ï22 o.o7 155 164 
38·86 2· 910 130 10 shoulder unresolved 

Table 4.5 - Refined 29- and d-values,and intensities of reflections for capper 
( II) bistropolonate. -t-see note at the foot of the next paqe. 



Values for 28 
1 

based on these cell constants are 
ca c 

listed in Column II of Table 4.5. The deviations 28 exp 
28 1 (Column V in Table 4.5) now remains everywhere equal 

ca c 
to or smaller than o.o5 degrees, except for the reflexion 

002, which is a weak, unresolved shoulder on the strong 

021 reflexion, and for the Ï02 and Ï22 reflexions which 

were both rather broad on our recording. The standard er

ror of estimate for the first twelve observed reflexions 

now dropped to 0·043. 

As in the case of sodium tropolonate,we tested the ac

curacy of the indexing of the powder lines, and, therefore, 

also the reliability of the cell constant refinement, by 

camparing the experimental intensities with those obtained 

by the program LAZY PULVERIX. For this program, use was 

made of the refined cell constants, and the atomie po

sition parameters of Macintyre et aZ. , while the copper, 

carbon and oxygen atoms were all assumed to be electrically 

neutral and the hydrogen atoms were neglected. The calcu

lated intensity values on the scale I = 1000 for the re

flexion of maximum intensity have been list·ed in Column VI 

of Table 4.5. The observed intensities (Column VII of 

Table 4.5), as measured with a planimeter, were reduced to 

a scale such that the 020 reflexion yielded the same fig

ure as obtained by the computer programme. This is, of 

course, an arbitrary choice which, a posteriori, leaves 

the majority of the intensities somewhat on the low side 

as compared with the calculated values. 

It is seen, however, that the over-all agreement is 

rather .good, even better than in the case of sodium tropo

lonate. 

The conclusion is that our copper (II) bistropolonate 

preparation has been a well-defined and pure compound with 

a crystal structure in accordance with the one described 

by Macintyre et aZ. (46), and recently refined by Berg (47). 

t These figures refer to the area under the peak-which 
was visible on the recorder chart. Both peaks went off 
the chart. By extrapoiation, the full areas may be esti
mated to be 500 for the peak at 28 = 12·64 and 200 for the 
one at 28 = 18•96. 
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4.4 - Iron (III) tristropolonate 

It is seen from Table 4.6 (Columns 1 and 2) that only 

a part of the experimental reflexions is in accordance with 

the cell dimensions of Harnor and Watkin, and that the de-

viations 28 - 28 1 for these reflexions are generally exp ca c 
0 larger than the expected accuracy of 0·05 • A considerable 

number of the experimental reflexions cannot be explained 

with Harnor and Watkin's structure. These are even re

flexions of largely medium or strong intensity. 

We have found by other means (Ch.II,2.2.3 and 2.4) that 

iron (III) tristropolonate, when crystallized from a chloro

form/aethanol salution and gQ! dried in vacuo, contains a 

considerable amount of solvent molecules. Since Sample No. 

77011303 has been dried in vacuo, a part of the solvent 

molecules must have been expelled from the powder, thus 

changing completely the crystal structure. Obviously, 

Sample No. 77011303 must have been a mixture of 'pure•,i.e, 

solvent-free iron (III) tristropolonate and solvent con

taining tropolonate, the latter having the rhombohedral 

crystal structure of Harnor and Watkin. 

We have investigated a single crystal of iron (III) 

tristropolonate by the Weissenberg technique. The crystal 

has been grown by slow cooling from 50°C of a chloroform/ 

aethanol salution (1:1) and has notbeen dried in vacua 

(Sample No. 78011327). The structure proved indeed to be 

rhombohedral with cell constants near those given by Harnor 

and Watkin. The structure of Harnor and Watkin is, there

fore, correct, but refers to a solvent-containing iron 

(III) tristropolonate. We also made a diffractogram of 

the powder of this crystal using an IRDAB XDC 700 Guinier 

camera with CrKa-radiation. The experimental reflexions 

have been listed in Table 4.7 (Column 1). They fit very 

wel1 to a rhombohedral cell with dimensions a = 12·58
1 

R, 
a = 49·297°, which was obtained by our least-squares re

finement programme CELCON, This may be seen from Columns 

1 and 2 (or Column 4) of Table 4.7, where 28 1 has been ca c 
calculated from these cell dimensions for CrKa

1
-radiation. 

Our cell has virtually the same angle a as the one of Harnor 
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and Watkin, but the length of the rhombohedron ribbon in 

our case is more than 1% larger. Therefore, the values for 

26 
1 

listed in Column 5 of Table 4.7, as calculated f rom 
ca c 

our cell dimensions for FeKa1-radiation, are lower than the 

calculated values listed in Table 4.6 (Column 2). It seems 

that iron (III) tristropolonate can occur with different 

amounts of solvent molecules in its unit cell, thereby 

slightly èhanging the cell dimensions of its rhombohedral 

cell. 

We have not investigated this point into any further 

detail, since we were primarily interested in the spectra 

and structure of hafniUm and zirconium tetrakistropolonates. 

26 calc 
(degrees~ 2 6 -

26 a=12.432 Laue exp 
Estimated exp 0 a=49· 326 Indices 26 

calc Intensity 
(degrees) À=1· 93597 .R 

FeKa1 

13·45 m 
14·27 14·12 110 0.15 m-s 
15·51 s 
18·50 18 ·43 211 o.o7 m 
20·51 20·47 222 0.04 m 
21·06 m 
21·82 21•51 ilo 0·31 s 
22·12 s 
22·80 w 
23·93 23•86 210 0•07 w 
25.95 25·83 200 0·12 w 
27.03 w-m 
28.55 28·47 220 0·08 m 

29·87 321 
30.16 30·18 332 -0·02 s 
30·40 m 
32.31 m 

33·31 Ï10 

Table 4.6 - Powder data for iron (III) tristropolonate 
(Sample No. 77011303), FeKa-radiation. 
s = strong, m-s = , ~edium to strong, m = 
medium, w-m = weak to medium, w = weak. 
Further explanation in the text. 
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28 calc 
26 

calc 
-(degrees) 2 6 (degrees) 

28exp a=12.58 1 R Laue exp a=12.58 1 R 
0 0 

(degrees) 
a=49. 297 Indices 

26 
calc 

CL:49o 29
7 

À =2. 28962 R "-=1·93597 
· CrKa1 FeKa1 

16·47 16·53 110 -0·06 13·96 
21·53 21·58 211 -0.05 18.21 
23·92 23·97 222 -0·05 20·22 

25·21 Ï10 21·26 
27·93 27·97 210 -0.04 23·58 
30.24 30.29 200 -0·05 25·53 
33·39 33·41 220 -0·02 28·14 

35.06 321 -0·03 29·51 
35·39 35·42 332 -0·03 29·81 
39·15 39·16 210 -0·01 32· 92 

39·80 2l1 33·46 
42·31 310 35.54 
43·22 433 36·29 
43· 97 422 36·91 

44·11 44·11 320 0·00 37.03 
44·41 Ïll 37·27 

44·70 44·70 432 0•00 37.51 
48·67 421 40·78 

49·08 49•08 444 0·00 41.12 
50·72 50·69 442 +0.03 42·44 
51·12 51·09 330 } +0·03 42·77 

411 
51·35 431 42· 98 

Table 4,7- Powrler data . for rhombohedral iron (III) 
tristropolonate (Sample No, 78011327). 
IRDAB XDC 700 Guinier camera . with CrKa
radiation. Explanation in the text. 

4.5 - Hafnium tetrakistropolonate 

R 

The crysta1 structure of 'pure', i.e. solvent-free zir

conium (IV) and hafnium (IV) tetrakistropolonate has not 

been reported up till now, nor has a method been described 

to grow single crystals of these substances of sufficient 

size do determine the crystal structure by conventional 

means. 

However, it was important for our investigation to know 

at least the space group of these substances, and the num

ber of molecules per primitive unit cell, in order to pre-. 

dict the number of Raman and infrared active vibrations. 
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We have succeeded in obtaining these data by using an auto

rnatic program for finding the unit cell frorn powder data, 

written by V~sser (52), and based on the Runge-Ito rnethod 

(Refs, 53 - - 55), as refined by de Wolff (56- 58)~ Although 

Visser·•s program has been used with little success in our 

laboratory for various phosphates, we obtained an unequivo

cal result for hafnium tetrakistropolonate. 

A Guinier diffractograrn was made of Sample No,77032417 

using an IRDAB XDC 700 Guinier camera with CuKa-radiation. 

Alpha Electranies 99·99%U-Al2o3 with a grain size of 1 · ~rn 

was used for an internal standard, and Agfa Ortho 25 docu

ment film as a film rnaterial. This film has an invisibly 

srnall grain which enables the peak heights of the reflexions 

to be rneasured very accurately. It has, however, the dis

advantage of being very insensitive to X-ray radiation, 

which must be cornpensated for by a long exposure time (18 

days in our case). The diffractograrn has been converted 

into a strip chart recording by means of a Kipp DD2 den

sitometer. Film shrinkage and strip chart inaccuracies 

have been taken into account by photographic registration 

of a scale on the Guinier film and recording this scale as 

well under the densitometer. 

Values for the interplanar spacings d deterrnined in 

this way have been listed in Column 1 of Table 4,8, Using 

these data, Visser's ,program yielded the following cell 

constants for hafnium tetrakistropolonates 

a= 9·82 7 , b = 10·625 , c = 7·908 R, a= 107·70°, 
s = 116. 6 4 °, y = 62. 92 °. 

3 
This corresponds to a cell volurne of 651·9 R and a 

density of Z x 1·688, where Z is the nurnber of molecules 

per unit cell. Since the experirnental specific grav.ity 

has been found to be equal to 1·70 - 1·73 g/crn3 (Ch, II, 

2.5), Z = 1. As HfT4 has no centre of symrnetry, the space 

group must be P
1

• 

For cornparison, the interplanar spacings d as calculated 

with these cell constants have been listed in Column 2 of 

Table 4.8. A broad reflexion of low intensity at d = 5·17 

which was found on the Guinier film does not fit into the 
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d d~> d (~) calc.~or 2eoexp = 2eo Relative exp intens i ties 
XDC 700 a = 9·827 

Laue 
2 arcsin(l./2d) diffratometer as measured b =10·625 

Guinier c = 7·908 FeKacrad. vith an Ott 
a =107.7oo IncH~ Fel<a-rad. planimeter 

Camera 
6 =116 · 64° .),;l•9!5S7 ~ CuKa-rad. y = 62· 920° 

9-404 9·385 010 11·82 11-87 838 

8·142 8·145 100 13·66 13·74 1000 

7·762 7·755 110 14· 33 14·39 345 

7·019 7·013} ~1} 15·85 15·94 887 
7·010 111 

6·653 6.650 Ï01 16-73 16·80 444 
5·992 5·990 OÏ1 18·59 18·69 123 
5•303 5· 307 011 21·03 21·06} 363 
5·250 5·254 ï1o 21•25 21·32 

4·949 4•951} ÏÏ1} 22·56 22·61 32 
4· 945 120 

4·821 4·823 .ÏÏl 23-17 23·22 88 

4·691 4·693 020 23·82 23·90 67 
4•584 4·584 Ïll 24•38 24·45 144 

4·555 lOl 24·64 (30 
4•382 4·383 210 25·53 25·60 232 

4·320 4•320} ~1} 25.90 25·97 461 
4· 318 221 

4·265 4·262 201 26·24 26· 32 148 
4·149 4·148 0~1 26·98 21·08 254 
4·074 4·072 200 27·62 85 
3·930 3·930 ÏÏ2 28·52 28·61 42 

3·906 1Ïl 0, 
3·877 220 0 

3·758 3·758 Io2 29.85 29.94 42 
3·692 021 0 

3·661 3·662 IT2 30-67 30-75 39 
3·531 3·534 ïzo 31·82 not measured 

;.,~} ~} 3·503 3·506 122 
32-09 not measured 

3·505 Ï22 

3·499 121 

Table 4.8 - X-ray data tor hafn1um tetrakistropolonate Sample No, 77032417. 

Exp1anation in the text. 

cell and has been discarded. 

In Column 4 the values of 26 have been listed which 

would have been observed if FeKo:1-radiation had been used. 

These values are to be compared with those obtained for the 

same sample with a Philips diffractometer, using FeKa-radi

ation and a scan rate of 0·004°/min. in 26. The latter 26 

values appear to be systematically too high (Column 5). 

This must be due to a slight shift of about 0·07° in 26 of 
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the diffraction angle cam of the goniometer. Such shifts 

do occur occasionally. 

In Column 6 the intensities of the reflexions on the 

diffractogram have been listed. They have been obtained 

by measuring the area under the peaks with a planimeter 

and normalising to I = 1000 for the most intense reflexion. 

4.6 - Zirconium tetrakistropolonate 

Two X-ray diagrams have been made of zirconium tetra

kistropolonate (Sample No. 77040420). One with a Philips 

diffractometer, using FeKa-radiation and a scan rate of 

0·02°/min., and one with the IRDAB XDC 700 Guinier camera, 

using CrKa-radiation and KODAK SB-5 as a film material. 

The interplanar spacings obtained with the Philips diffrac

tometer have been listed in Column 1 of Table 4.9 and those 

obtained from the Guinier film (as processed as in the case 

of HfT4 ) in Column 2. 

The Guinier diagram was of rather poor quality, while 

the stronger reflexions on the Philips diffractogram went 

off the strip chart so that their peak positions could not 

be deterrnined very accurately. 

Nevertheless, it is clear by comparison with the d

values for HfT
4 

(Column 2 in Table 4,8 and Column 5 in Table 

4.9) that ZrT4 and HfT4 are isomorphous with nearly equal 

cell constants. 

Reflexions corresponding tod = 5·19 and d = 4·85 R do 

not fit into the pattern. Moreover, quite a number of weak 

reflexions occurred on the Philips diagram which do not fit 

into the pattern either. We believe that the sample, which 

had a purity of 99% after preparation (Ch. II, 2.2.4), must 

have disintegrated to a certain extent: the X-ray diagrams 

were made half a year after preparation of the sample, 

which was kept in a colourless glass bottle during that 

time. 

We had no opportunity to make a new preparation and new 

X-ray diagrams. 

Using our least-squares refinement program CELCON and 

the d-values marked with an asterisk in Table 4.9 we ob-
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tained the following cell constants for ZrT4 : 

a= 9·82, b = 10·58, c = 7·92 R, a = 107.7°, 

y = 63·0°. 3 
This corresponds to a cell volume of 650·9 R and a 

density of 1·47. The experimental density has been found 
3 to be equal to 1·51 g/cm (Ch. II, 2.5). 

d d~) ( )( ) d ä) 

I d a = 9.821 
(~) IPhilips dif. XDC-700 Laue b =10.582 d 

~~'ractometer 
Guinier c = 7.922 
camera Indices Cl. =107.68 ° 

11:-eKa-rad. CrKa-rad. 13 =116·53 0 for HfT4 
y = 62· 98 0 

9·360 9· 343 010 9·351 9.385 
8·154 8.174 100 8·149 8·145 
7. 742 7·744 110 7·743 7·755 

7·048 7.032 { 001 7.031 7·013 
Til 7.006 7.010 

lil* 6.660 ÏOl 6·653 6·650 
5. 997 * OÏ1 5·995 5·990 

011 5.307 5·307 
5. 247 * 5.246 Ï10 5·248 5.254 
5·197 5·190 

121 4· 937 4. 951 
120 4· 928 4 ·945 

4·851 4·855 
4· 820 * 4·827 211 4•820 4·823 
4·676 * 020 4·675 4·693 
4·572 4.581 Ï11 4.579 4·584 

101 4·565 4·555 
4. 384 * 4•387 210 4· 384 4· 383 
4·319 4· 327 111 4· 325 4·320 

221 4·308 4·318 
4. 262 * 4·261 Ï01 4·261 4·262 
4 ·142 * 4·141 OÏ1 4.142 4·148 
4. 075 • 200 4.075 4·072 
3. 937 • ÏÏ2 3 · 937 3·930 

Table 4.9 - X-Ray data for zirconium (IV) tetrakistro
polonate (Sample No. 77040420). Explana
tion in the text. 

* d-values used for cell cons t ant determination , pertain
ing to peaks which did not go off the strip c hart of the 
record e r, and/or th e position of which could be a ccurate
ly determined . 

** Th e r efl exion at d = 6 · 66 ha s notb e en re co r d ed by the 
di f fr ac tomet e r, since a s ma ll ra n g e o f t h e 28 -interva l was 
i n adve r t e dly s kipped b y th e o perator. 
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CHAPTER V - THEORY OF VIBRATION SPECTROSCOPY AND APPLICATION 

TO THE TROPOLONATES 

5.1 - Crystal vibrations and factor qroup analysis 

In this sectien we shall deal with the vibrations of mo! 

ecules or ions in a crystal (crystal dynamics). We will di~ 

cuss the methods to determine the number of vibrations which 

occur in a crystal and to classify these vibrations accord

ing totheir symmetry species (factor group analysis). We 

will only discuss some basic concepts of crystal vibrations 

and factor group analysis which, hopefully, will be suffi

cient to fellow the line of thought in the rest of this 

thesis. 

5.1.1 - Crystal dynam i ca 

It is known that the number of internal vibrations of a 

non-linear, 'free• molecule is 3N-6, in which N is the num

ber of atoms of that molecule (•free• means: in the gaseaus 

state or in ideal salution where the molecular movements 

are not hindered). Since a crystal can be considered to be 

a gigantic molecule of -N atoms, where Nis of the order of 

Avogadro•s number, we expect, theoretically, the number of 

crystal vibrations to be enormously large. In practice, 

however, the number of vibrations observed is found to be 

very restricted. 

To explain this phenomenon, let us take as an example 

triclinic HfT4 , with space group P
1 

and Z = 1 (Z is the num

ber of formula units in the crystallographic unit cell, 

which is also the primitive unit cell in this case). The 

only molecule present in the primitive unit cell perfarms 

its 3N-6 internal vibrations. Furthermore, it will make ro

tational movements as a rigid entity about the x-, y-, and 

z-axes. However, these movements are not rotations in the 

strict sense, because the molecule is confined within the 

crystal lattice. They are rotational vibrations (also 
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called librations) with a frequency pertaining to the in

frared part of the spectrum. 

The molecule, as a whole, has also three degrees of 

translational freedom along the x-, y-, and z-directions. 

These give rise to the occurrence of three acoustic vibra

tions with very iow frequency which cannot be observed in 

the infrared and Raman spectra. 

In the neighbouring primitive cells, the situation is 

exactly the same. However, there are interactions between 

the various primitive cells of the crystal. These interac

tions cán only increase the number of frequencies when the 

cells vibrate out of phase. The phase relations between 

the cells exist by virtue of standing waves in the crystal 

caused by thermal, acoustic or electromagnetic excitations. 

The standing wave can be characterized by its corresponding ... 
wave vector l ql = 2TI/À, in which À is the wavelengthof 

the standing wave. E.g., if the wavelength of the stand

ing wave camprises twelve primitive ~nit cells, then the 

phase difference between two adjacent cells equals 2TI/12 

(Fig. 5.1). 

Fig. 5.1 - Transversalstanding wave in 
a crystal with a wavelength 
comprising twelve primitive 
unit cells. 

It can be calculated easily that the wavelengths of the 

infrared or laser sourees used in vibrational spectroscopy 

are f ive hundred (visible light) to a hundred thousand (IR 

light) times larger than the dimension of a primitive unit 

cell which is of the order of about 10 R. Therefore, on a 

relative scale, À of the sourees is very large and 1~1 may 

be considered to be equal to zero. That means that in the ... 
approximation lql = 0 all neighbouring primitive cells will 

vibrate in phase and the number of vibrations, whi ch may 

be observed, cannot be larger than the number present in 

one primitive unit cell. 

In monoclinic CuT2 with space group P2 1/c (C~h) and 

Z=2, the primitive unit cell contains two molecules (Ref. 

46). Therefore, there are six (2 x 3) degrees of transla-
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tional freedom, two times three librations and two times 

(3N-6) internal vibrations in the primitive unit cell. 

In case of an interaction between the two polyatomic 

constituents (ions rather than molecules), we should have 

expected a doubling of the number of internal frequencies. 

However, since CuT2 is a molecular crystal, the two poly

atomic molecules are bound tagether by weak van der Waals 

forces, so that their interaction is very weak. As a .con

sequence, the internal vibrations remain practically the 

same for the two CuT2 molecules. 

Furthermore, the symmetry c2h of the Cuo4 group in CuT2 
does nat contain degenerate species, so that band splitt

ings owing to crystal field effects cannot be expected. 

These band splittings can be expected in HfT4 because the 

o2d pseudo-symmetry of the Hf08 _group containing species 

E is lowered in the crystal to P1 which contains vibrations 

of species A only. 

Of t.he six translational degrees of freedom, three give 

rise to the occurrence of acoustic vibrations. These cor

respond to an in-phase movement of both molecules in either 

the x-, y-, or z-direction. Three other translational de

grees of freedom give rise to the occurrence of three so

called translational vibrations, in which bath molecules 

move in an antiphase fashion along either the x-, y-, or 

z-direction. Since the acoustic vibrations are unobserv

able in the wavelength range of vibrational spectroscopy, 

we expect to find for CuT2 three translational vibrations, 

six librations and 2 x (3N-6) internal vibrations which are 

pairwise identical in frequency. The translational vibra

tions and librations tagether are called the external vi

brations of the crystal. 

Summarizing, we can say that the main differences be

tween the vibrational spectra of a 'free' molecule and a 

crystal of the same compound are the following: 

(iJ absence of external vibrations in the spectra of 

'free' molecules, 

(ii) increase of the number of internal vibrations in the 

spectra of the crystal if the number of molecules 
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(ions) in the primitive unit cell is larger than one 

and if there is a large interaction between the mol

ecules ( ions) , 

(iiiJ possible presence of band splittings of the internal 

vibrations in the crystal caused by crystal field 

effects. 

5.1.2 - Faotor group anaZysis 

Factor group analysis is a group theoretica! technique 

which deals with the determination of the number of inter

na! and external vibrations in a crystal and their classi

fication into the symmetry species of the point group which 

underlies the space group of the crystal in question. 

Necessary requirements for this method are the knowl

edge of the space group of the crystal, and of the Wyckoff 

sites (see Ch. IV) on which the constituent atoms of the 

primitive unit cell occur. 

The elements of a space group are the operations re

lated to the proper and improper axes C and S (in which 
n n 

n can only be 1,2,3,4 and 6), the operations related to 

glide planes and screw axes, and the displacements along 

the primitive translation veetors according to Formula 

( 5. 1), 

( 5. 1) 

where t 1 , t 2 , and t 3 are the three non-coplanar edges of 

the primitive unit cell, and n 1 , n2 , and n
3 

are integers 

between - oo and + oo, The complete set of elements forms 

a group of infinite order, called the space group (S). The 

displacements along the primitive translation veetors con

stitute a subgroup of S, called the translation group T, 

also of infinite order. 
+ 

In the \q\ = 0 approximation, the primitive unit cell 

and all its neighbouring cells are vibrating in phase. In 

this situation, a translation along any vector t does not 

only bring the complete crystal lattice into coincidence 

wi th i tself but a lso a1·1 instantaneous displacements of the 

atoms in each primitive unit cell with those in its corre-
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sponding cell. Consequently, the whole translation group 

behaves as an identity eperation for the vibrating crystal, 

This is a ve~y important point because it allows us to fac

torize the space group into cosets of the translation group 

T, 

(5.2) 

where R1 =Eis the identity operation, and R
2

, R
3

, ••• , 

Rn are the operations related to the proper and impraper 

rotatien axes en and Sn' to the glide planes, and screw 

axes. 

We must bear in mind that the cosets are not subgroups 

but subclasses of the space group because a subgroup always 

contains the identity element and the only coset which does 

so in Eq. 5.2 is the coset R1 T. 

The set of cosets of the space group constitutes the 

factor group F or quotient group of S with respect to T 

(Ref. 59). 

F = s I T (5.3) 

The factor group 'Fis homomorphic with the group of el

ements R1 , R2 , ••• , Rn, which means that there is an one

to-one correspondence between the cosets of the factor group 

and the elements of the group of elements R
1 

up to and in

cluding Rn. This may be verified easily by taking the prod

uct of any two cosets RiT and Rj T. Since any primitive 

translation commutes with any proper or impraper rotation, 

glide reflexion or screw operation, we have R . T.R . T = R.R . T. 
. . 1 J 1 J 
When R.R. = R.,. we have, correspondingly, R.T.R. T = RkT, 

1 J n. 1 J 
which proves the one-tq-one correspondence. 

Moreover, thesetof elements R
1

, R
2

, .•• , Rn is iso

morphic with the point group G underlying the space group 

S, and thus has the sameorderand character tableas G. 

When the group of elements R1 , R2 , ••. , Rn is not only iso

morphic but also identical to the point group G, the space 

group is called symmorphic. If not, it is called asym

morphic. 

Many physical properties of the crystal, including the 

vibrations, can now be described by this group of elements 
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R. (ar, speaking less correctly, by the factor group S/T) 
l 

of finite order instead of by the full space group S of in-

finite order. 

The determination of the number of vibrations and their 

classification into symmetry species are done in an anal

ogous manner as for a free molecule, with the difference 

that the group of elements Ri is used with the character 

table of the isomorphic point group G, and the circumstance 

that, if an atom i of a choosen primitive unit cell is 

mapped by an eperation Rk into an atom j of a neighbouring 

cell, the latter atom must be replaced by atom j of the 

choosen cell. 

ror the determination of the number of external vibra

tions, the ions or molecules in the primitive unit cell 

must be considered as rigid entities l), each one lying on 

a Wyckoff site with which its centre of. gravity coincides. 

Each entity has three degrees of translational and three 

degrees of rotational freedom (note that a monoatomie ion 

has na rotational freedom). 

The reducible representation for the translational vi

brations, including the acoustic vibrations, is constructed 

on the basis of the displacements of all rigid entities in 

the cell in the x-, y-, and z-directions. The three acous

tic vibrations are nat observed in the Raman and infrared 

spectra. They represent the displacements in the x-, y-, 

and z-directions of the centre of gravity of the primitive 

unit cell as whole. The remaining translational vibrations 

are always active in the infrared, because they transfarm 

. as x, y, and z justas the dipale moment P• and sametimes 

also in the Raman spectra. 

The reducible representation for the librations is con

structed on the basis of the cartesian components of the 

angular momenturn vector of each polyatomic rigid entity in 

the primitive unit cell. There are three librational de

grees of freedom for each polyatomic rigid entity, 

l) These rigid entities are monoatomie in case of a mono
atomie ion and polyatomic in case of a polyatomic ion or 
a mole ·cule. 

68 



For instance, in HfT4, with space group P 1 and Z = 1 

(see Ch. IV, 4,5), there are no translational vibrations 

and only three librations which transfarm according to 

species A of point group c 1 , and which are active in both 

the infrared and Raman. For CuT2 , with space group P2 1/c 
5 ( c 2h) and z =2, there are three translational and six rota-

tional vibrations. The factor group of CuT2 being iso

morphic with c2h, and owing to the existence of an inver

sion center,it is clear that the translational vibrations 

are only active in the infrared (A + 2B ) and the six li-u u 
brations only in Raman (2A + 4B ). 

. g g 
For the determination of the total number of vibrations 

(internal + external, including acoustic), one constructs 

the reducible representations on the basis of the cartesian 

displacements of all the atoms within the primitive unit . 

cell. The number of internal vibrations is found by sub

tracting from this number the number of external(including 

acoustic) vibrations (Ref. 7). 

The reducible representations are constructed in the 

following manner. Let us suppose that Ri is a symmetry op

eration and X a column vector which has for its components 

(i) the cartesian displacements of all atoms in the 

primitive unit cell in case of the representation for 

the total number of internaland external (including 

acoustic) vibrations (total representation), 

(ii) the cartesian displacements of the rigid entities in 

the primitive unit cell in case of the representation 

for the translational plus acoustic vibrations (trans

lational representation); or 

(iii) the cartesian components of the angular momenta of 

the polyatomic rigid entities in the primitive unit 

cell in case of the representation for .the librations 

(librational representation). 

If x• is the column vector representing X after per

forming the symmetry operation R., we have in matrix nota
J. 

ti on 

X'= M(R.) X 
l. 

(5.4) 
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If there areN atoms 1 ) in the primitive unit cell, the 

matrix M(R.) representing 
1 

ation R. will be of order 

the corresponding symmetry oper-

3N. It may be partitioned into 
2 1 

N submatrices of order 3, each one corresponding as far 

as its columns are concerned to one atom in the primitive 

unit cell, and as far as its rows are concerned to another 

atom in the cell. These atoms may be one and the same, 

the submatrices being then on the diagonal of the parti

tioned matrix M(R.) (Eq. 5,5). 
1 

x' 1 
y• 

1 
Z' 

1 
x• 

2 

Yi 
z• 

2 = 
( 5. 5) 

The character for the symmetry operation R. in the re-
1 

ducible representation is given by the trace of M(R.). It 
1 

is equal to the algebraic sum of the traces of the subma-

trices along the diagonal. Now, if R. converts an atom i 
1 

into a different atom j, the corresponding submatrix will 

be off-diagonal and cannot contribute to the character. 

Thus, we only need to consider those atoms each of which 

is mapped into itself by the operation R .• Their subma-
1 

trices will be all identical so that the character for R. 
1 

in the reducible representation is given by 

X (R.) = NR x (trace of one submatrix) 
1 . 

(5.6) 
1 

where NR. is the number of atoms in the primitive unit cell 
1 

1) In the following, when we speak of atoms, we also mean 
rigid entities depending on the type of representation (ta
tal, translational, or librational) we are constructing. 
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which will be transformed into themselves by the operatien Ri. 

Denoting a submatrix on the diagonal of M(R.) by M (R.) 
1 s 1 

we have for a rotation 2~/n around a proper axis C : 
n 

(

cos 2TI/n -sin 2~/n 0~) 
. M (C) = sin 2~/n cos 2~/n 

s n 0 0 
(5.7) 

and around an impraper axis s : n 

(cos 2•/n -sin 2~/n 

-~) M (S ) = sin 2~/n cos 2~/n (5.8) 
s n 0 0 

The traces of these matrices are X =2 cos(2n/n) + 1 and 

X=2cos(2n/n)-1, respectively. 

Strictly speaking, Eqs. {5.7) and (5.8) are only valid 

if the C - and S -axes coincide with the x-axis of the co-
n n 

ordinate system. If this is not the case the matrices will 

have a different form, but their traces will remain the 

same, since the trace of a matrix is invariant with respect 

toa rotation of the coordinate system as shown in Eq.(5.9) 

for a rotation around a proper C axis coinciding with the 
n 

y-axis of the coordinate system. 

(

cos ~n/n 

sin 2n/n 

0 
1 
0 

-sin 

cos 
~n/n) 
2~/n 

(5.9) 

For a ref lection in a plane a , which is equivalent to 

the operatien s 1 , we have 2n/n = 2n, and thus cos(2n/n) = 1 

and sin(2~/n) = 0. Ms(s 1 ) or Ms(o) becomes: 

Hs(Sl) " (g r -~) (5.10) 

with a trace equal to 1. 

Representing the rotation angle 2~/n for an operatien 

Ri by ~i' we get for the reducible representation fora 

factor group of order g: 

X ( R. ) = NR ( 2 cos ~ . ±. 1 ) ( i= 1 , .•• , g) 
1 . 1 

1 

( 5.11) 

where +1 stands for a proper and -1 for an improper rota

tien. 

The number of vibrations in each symmetry species r 
\) 

is found by applying the reduction formulal 
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= lrn X (R.) X(R . ) 
9pPV ~ l 

1 ) (5.12} 

where: 

nv the number of vibrations in the symmetry species 

r v' 
g the order of the point group G which is isomorphic 

with the factor group, 

np the number of symmetry operations belonging to 

class p of the point group, and 

X (R.) = the character of an operation R. of class P for 
\) l ~ 

symmetry species rv of the point group. 

The summation is carried out over the p classes of the 

point group. For the total or translational reducible re

presentation NR · in Eq. (5.11) represents the number of 

atoms or rigid ~ntities, respectively, which are mapped 

into themselves by operation Ri. 

Since the acoustic vibrations are characterised by the 

movement of the primitive unit cell as a whole, NRi = 1, 

and the characters of the reducible representation for 

these vibrations alone become: 

X (R.} = 2 cos<jl . .±,1 (i=1, ••• ,g) ac ~ ~ 
(5.13) 

The number of acoustic vibrations in each symmetry species 

r v of point group Gis given by: 

nv(ac} = lEn X (R . ) X (R.} 
g p P v ~ ac ~ 

( 5. 14) 

where the symbols have the same meaning as in Eq. (5.12}. 

The reducible representation of the remaining transla

tional vibrations can be obtained by subtracting Eq. (5.13) 

from Eq. (5.11}, after NR· has been replaced by NR*· = the 
~ ~ 

number of rigid entities which are mapped into themselves 

by the operation Ri: 

Xtrans(Ri} = (N~i- 1) (2 cos <!Ji.±. 1) (i=1, ... ,g) (5.15) 

1 ) 
~n case of complex characters, X (Ri) has to be replaced 

by ltS complex conJ'ugate value X\)*(R~) 1'n E (5 12) 
(5.14), (5.16), a nd (5.18). 1 qs. · ' 
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The number of translational vibrations in each symmetry 

species f~ of point group G is given by: 

n~(trans) =i ~npX)Ri)Xtrans(Ri) (5.16) 

where the symbols have the same meaning as in Eq. (5.12). 
The reducible representation for the librations is 

given by the expression 

Xlib(Ri) = (s- v) (±.2 cos<l>i + 1) (i=1, ••• ,g) (5.17) 

where + stands for a proper and - for an impraper rotation, 

and 
s = number of ions. or molecules in the primitive unit 

cell, 

and 

v = number of monoatomie ions in the primitive unit 

cell. 
The number of librations in each symmetry species of 

point group G is given by: 

n.~(lib) = l1:PnP.x (R. Jx1 .b(R.) g . ~ ~ ~ ~ 
(5.18) 

The number of internal vibrations can be found easily 

by subtracting Eqs. (5.14); (5.16), and (5.18) from Eq. 
(5,12). 

n~(int) = nv(tot) - n~(ac) - n~(trans) - n~(lib)(5.19) 

The theory dealt with in this section will be applied 

inthefactor group analysis of hafnium (IV) and zirconium 

(IV) tetrakistropolonate, and capper (II) bistropolonate 
(cf. Sectiens 5.2 and 5.4), 

We conclude this sectien with a remark about the mag
nitude of the frequencies expected in the infrared and Ra

man spectra. In the lattice (i.e. external) vibrations, 
the ions or molecules move as rigid bodies with a relative

ly large mass (the reduced mass ~ is large) and under the 
influence of weak van der Waals or relatively weak eaulombic 

forces (the force constant k is small). Therefore, the 
external vibrations are expected to occur in the low wave-

.. . -1 
number region (20 up to 250 cm ) of the spectrum, according 
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to the well known Equation (5.20) for the harmonie oscil-

lator: 
- 1 \ fk 
v = 2TrcVïi 

(5.20) 

where ~ is the wavenumber of the oscillator (in cm- 1) and c 

the velocity of light. However, for the internal vibra

tions, the reduced mass of the vibrating atoms is gener

ally smaller, and the forces acting between them are gen

erally stronger than in the case of rigid polyatomic 

ions or molecules. Therefore, we expect the internal vi

brations to occur in the high wavenumber region (250 up to 

4,000 cm- 1 ) of the spectrum. 

5.2 - Group theoretica! analysis of ZrT
4 

and HfT4 

In the course of our crystallographic investigation 

(Ch. IV, 4.5), we have found that the space group of HfT4 
and isomorphous ZrT4 is P1 , and the number of formula units 

(Z} in the crystallographic unit cell, which is in this 

case also the primitive unit cell, equal to one. 

The factor group of HfT4 is homomorphic with point 

group c1 • This means that the only irreducible representa

tion of the factor group is of species A and the only sym

metry operation is the identity operation E. All atoms are 

on Wyckoff a positions and the 3N=3x57=171 fundamental 

modes of the crystal are all of species A. Three of them 

are the acoustic vibrations, and three the optically active 

librations so that there must be 165 Raman and infrared ac

tive internal vibrations. 

Thus, the interpretation of the tetrakistropolonate 

spectra might seem to be a very difficult undertaking. How

ever, it is possible to reduce the problem considerably by 

making two approximations. 

(i) We remark that the four tropolonate rings c7H5o2- are 

nearly identical and will exert only a small influence 

on each other via the Hf-atom to which they are bound, 

and via repulsions between the ligands. Therefore, 

the internal vibrations of HfT4 , in as far as they be

long to the ligands, will coincide four by four, and 
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it will be sufficient to consider only one ligand mol

ecule. This may be taken to have c2v symmetry al

though the actual geometry differs slightly from this 

symmetry. The same approximations have been suggested 

by K.Naka~oto and A.Martell (60) for the ring frequen

cies in acetylacetonate, carbonate, and oxalate che

late complexes. 

(ii) The central MOB group (M=Zr or Hf) can be considered 

separately, provided that an appropriate correction 

is made for the fact that the oxygen atoms are at

tached to the seven-membered carbon rings of the tro

polonate ligands. The symmetry of the MOB group may 

be approximated by D2d (see Ch. VII, 7.3.2). There 

will be a small perturbation of this symmetry by the 

weak crystal field. 

For the rest of our treatment we think it practical to 

divide the frequency range of the tropolonate spectra rough

ly into three parts, namelys 

a) a high wavenumber region between 3500 and 2900 cm- 1 

where the OH- and CH stretching frequencies occur, 

) . . 2 -1 b a m1ddle wavenumber reg1on between 1600 and 7 0 cm 

where most of the remaining ligand 'vibration modes 

occur, and 

c) a low wavenumber region under 720 cm- 1 , where mainly 

the metal-ligand vibrations of the M0
8 

group, the trans

lational vibrations and the librations occur. Some 

ring deformation modes of the tropolonate and M02c2 
. 2 -1 rings w111 also have a wavenumber below 7 0 cm 

In the following, we will derive the number of vibra

tions and their symmetry species for the MOB dodecahedron, 

and then construct the symmetrically~adapted linear combi

nations of internal coordinates, and derive the number of 

redundancies for MOB (Sections 5.2.2 and 5.2.3). 

5.2.1 - · Number and symmetry species of the vibrations for 
the M0 8 dodecahedron. 

According to a well-known group theoretica! procedure, 

the number of internal vibrations of a 'free' molecule (in 

our case the MOB group in ZrT4 or HfT4 of D2d symmetry) 
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may be found as follows (Ref. 61). 

(i) The atoms constituting the molecule are numbered as 

in Fig. 5.2. 

(ii) For each symmetry operation R. of the point group to 
~ 
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R. 
1 

E 

s+ 
4z 

54z 

c2z 

c2x 

c2y 

~a 

~ 

which the molecule belongs one establishes how the 

atoms are transformed into eachother. The symmetry 

operations of point group D2d to which the M08 group 

in HfT4 and ZrT4 belongs, are listed in the first col

umn, and the atom transformations in the second column 

of Table 5.1. The symbols for the symmetry operations 

are these given by Bradley and Cracknell (62) and 

shown in Fig. 5.2. 

ATOH TRANSFORHATIONS 

1 2 3 4 5 6 7 8 9 

9 2 8 7 4 5 6 1 3 

8 2 9 5 6 7 4 3 1 

3 2 1 6 7 4 5 9 8 

9 2 8 7 6 5 4 3 1 

8 2 9 5 4 7 6 1 3 

3 2 1 6 5 4 7 8 9 

1 2 3 4 7 6 5 9 8 

Fig. 5.2 - Atom numbering and sym-

metry elements of the 

M08 dodecahedron. c2x and c2y bi

sect the edges o1o9 and o3o8 on the 

one hand and the edges o
1
o

8 
and 

o3o9 on the other hand, respective

ly. ada is the plane containing 

trapezium o9o5o7o8 and adb the 

plane containing trapezium o
1
o

6
o

4
o

3
• 

Ni ~i COS$ i 2cos~i±1 ±2cos~i+1 Ni(2cos~i±1) 

9 0 1 3 3 27 

1 90° 0 -1 1 -1 

1 90° 0 -1 1 -1 

1 180° -1 -1 ~1 -1 

1 180° -1 -1 -1 -1 

1 180° -1 -1 -1 -1 

5 0 1 1 -1 5 

5 0 1 1 -1 5 

Table 5.1 - Atom transformations in the M08 group including the evaluation of the 

characterS of the reducible representations (last three columns). 



0 2d 

Al 

A2 

Bl 

B2 
E 

rtot 

It is further established how many atoms NR· are 
1 

transformed into themselves by the operation R. (Col-
1 

umn 3). ~· is the rotation angle corresponding to 
1 

R. (Column 4), and the expresslons cos~. (Column 5), 
1 1 

2cos~.+l (Column 6), +2cos~.+l (Column 7), and 
1- ~ 1 

N.(2cos~.+l) (Column 8) are evaluated. When the + 
1 l-

or - sign should be taken has been explained in Sec-

tion 1 of this chapter. The series of values for 

2cos~~l forms the characters of the reducible trans-

lational representation rt ' that for ~2cos ~ .+l rans 1 

the reducible librational representation rlib'and that 

for NR.(2cos~i~l) the reducible total representation 
1 

rtot' These are once more listed in Table 5.2 along 

with the character table for point group o2d and the 

selection rules. 

E 2s4 c2 2c• 
2 2od SELECTION RULES 

1 1 1 1 1 2 2 2. z ' 
x +y 

1 1 1 -1 -1 R 
z 2 2 1 -1 1 1 -1 x -Y 

1 -1 1 -1 1 T xy z 
2 0 -2 0 0 R ' R xz, yz 

Tx Ty 
x' y 

27 -1 -1 -1 5 

r trans 3 -1 -1 -1 1 

. r lib 3 1 -1 -1 -1 

Table 5.2 - The o2d character table with selection 
rules, and the total, translational, 
and librational representations of the 
M0

8 
group. 

(iii) Using the reduction formula Eq. (5.12) the total num

ber of vibrations per symmetry species is evaluated: 

Al 'i 1/8 ( 27-2-1-2+10) = 4 
A2 

. 1/8 (27-2-1+2-10) = 2 . 1/8 (27+2-1-2-10) 2 Bl ::;: = 
B2 :;: 1/8 (27+2-1+2+19) 5 . 1/8 ( 54+0+2+0+0) 7 E :; 

( i v) Using the reduction formula Eq. (5.14) the number of 
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translations per symmetry species is calculatedz 

Al 
. 1/8 ( 3-2-1-2+2) = 0 'i . 1/8 ( 3-2-1+2-2) 0 A2 'i 

Bl 
. 1/8 ( 3+ 2-1-2- 2 ) = 0 

B2 : 1/8 ( 3+2-1+2+2) = 1 
E 'i' 1/8 ( 6+0+2+0+0) = 1 

(v) Using the reduction formula Eq. (5.18) the number of 

librations per symmetry species is found 1 

Al 
. 1/8 ( 3+2-1-2-2) 0 'T . 1/8 ( 3+2-1+2+2) 1 A2 'i' = . 1/8 (3-2-1-2+2) 0 B1 'i' = 

B2 
. 1/8 ( 3-2-1+2-2) = 0 . 1/8 ( 6+0-2+0+0) 1 E -; = 

(vi) The vibrational representation is found by subtrac

ting the translational and librational representa

tions from the total representation. 

Summarizing, we get the following structure for the 

total, translational, librational, and vibrational repre

sentations for the M08 group of o2d symmetry: 

rtot = 4A
1 

+ 2A
2 

+ 2B
1 + 5B

2 
+ 7E 

r trans B2 + E 

r rot A2 + E 

rvib = 4A 1 + A2 + 2Bl + 4B2 + SE 

By applying the selection rules listed . in Table 5.2, it 

is seen that the vibrations 4A1+2B1+4B2+5E are Raman acti~e 

and the vibrations 4B2+5E infrared active. There are nine 

coincidences in Raman and inf rared. Only A2 is inactive 

in both Raman and infrared. 

5.2.2 - Symmetricall y adapted linear combination of inter
na l coordinates for the M0

8 
dodecahedron, and re

dundan cies . 

The internal coordinates (stretchings, bendings) for 

the M08 group have been defined in Table 5.3. Their trans

formation properties under the symmetry of the o2d group 

are shown in Table 5.4. 

To gain an insight into the pattern of the displace

ments of the atoms within the M08 group for each fundamental 

mode, the well-known group-theoretical method is used of 

applying the projection operator to the internal coordina-
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tes. By applying the projection operator, a new set of 

coordinates is obtained, the sa called symmetry coordinates 

or SALC's, which is an abbreviation for symmetrically 

adapted 1-inear combination of the internal coordinates ( Re.f. 

7). These have the property to possess the full symmetry 

of the species to which the SALC belongs. In constructïng 

the SALC's of degenerated species, it is preferable to use 

the methad described by Nielsen and Berryman (63), since 

this methad yields immediately an orthonormal set of SALC's. 

No. COORDINATE SYMBOL No. COORDINATE . SYMBOL No. COORDINATE SYMBOL 

1 H04 rl 13 0 6Ho5 a l O~HOA 0 HO 

2 H0
6 

four MOA 14 0 6Ho7 al 
a gles 

~3 0 3Ho 1 n l 
aRgtl!s 

r2 betveen betveen 
3 H05· bands 15 o 4Ho5 SJ two 124 two r3 adjacent OBH09 n2 opposite 
4 H07 r4 16 o 4Ho7 a4 ligands ligands 

5 HOl Rl ~~~~às ~5 0 6HOB e 1 
6 HO) R2 

four MOB 17 0 6Ho4 Yl . '26 o
6

Ho
9 

OAHOB 
bet vee~ e a 

7 MOB R3 
bands lB 05Ho7 y 2 two 27 04Ho8 e. 3 

angles 

B H09 R4 
opposit• 28 04H09 

between 
ligands 84 

tvo 29 o5Ho 3 e s 9 o 1Ho6 al OAHOB 19 0 3HOB c l 0 HO ad j acent 
aRgtl!s 30 05Ho

1 e 6 10 o 3Ho4 
angles, 

0 OB HOl ligands a 2 spanning c 2 betveen 31 o 7Ho3 e 7 11 o5r-io9 a 3 the 1 o 1Ho9 C3 two 
ligands adjacent 32 o 7Ho 1 e a 12 0 7HOB 2 0gH0 3 a4 c4 ligands 

33 o 6Ho3 ~1 OAHOB 

Table 5 . 3 - Internal coordinate definitions of 34 o4Ho
1 v 2 angles 

the MOB group . 35 o5HOB u3 
between 
two 

36 0~09 ~4 opposite 
liaands 

INTERNAL 
E s+ s~z c2z c2x COORDINATE 4z c2y 0

da 
0
db 

rl rl r4 r3 r2 r4 r3 r2 rl 

Rl Rl R4 R3 R2 R4 R3 R2 Rl 

a l a l a3 a4 a2 a3 a 4 a2 a l 

81 81 83 82 84 8 1 84 83 82 
yl yl y 2 y2 yl y2 y2 yl yl 

El E:l E:2 E:4 E:3 El E3 E:2 E:4 

nl nl n2 T)2 T)l T)2 T)2 T)l nl 
.el el e7 e6 e 4 e 5 e s e 3 e 2 

111 111 11 4 113 112 113 114 11 2 11 1 

Table 5.4 - Transformation properties of the internal 
coordinates in M0

8 
under the symmetry 

operations of o2d. 
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The 2x2 matrices for the E species in o2d symmetry, which 

are necessary for the application of this method, have been 

given in Bradley and Cracknell (62). It is not always 

necessary to give the transformation properties (see Table 

5.4) of all internal coordinates, because the application 

of the projection operator to further internal coordinates 

of the samekind (e.g. r 2 instead of r 1 ) often provides a 

linear combination of SALC•s which were obtained already 

before. 

The projection operator, PA1 , belonging to species A1 , 

when acting upon r 1 , gives the following normalised sym~ 

metry coordinate: 

We further obtain: 

PA2 rl = 0 J pBl rl = 0 ; pB2 rl = 1/2(rl+r2-r3-r4) 

Following Nielsen and Berryman, we will use for the degen

erate species E the projection operators 

(5.21) 

instead of 

PE = 1/g ~ XE(Rk)OR 
. k k 

(5.22) 

where g is the order of the group, OR the symmetry oper-
. E ( ) h k. , at1on Rk, pij Rk t e element on row 1 and column J of 

the matrix of species E of the group belonging to eperation 

Rk, and XE( Rk) the character of that matrix. We shall call 

h . . . E PE E E 
~ e four proJeCt1on operators of spec1es : 11 • P

12
, P

21
, 

and P ~2 , according to which element of the matrix of order 

two has been chosen (Table 5.5). 

SYMMETRY 
ELEMENTS 

E s+ 
4z s~z c2z c2x c2y 0

da 0 db 

MATRICES (~ ~) (~ -~) [_~ ~) r~l 0) (~ -~) (-~ 0 ( 0 -1) ~ 0 -1 1 -1 0 

CHARACTER 2 0 0 -2 0 0 0 0 

Table 5.5 - The matrices of order two of species E in 
0 2d' 
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If these operators work on r 1 , we get for species E the 

following SALC's: 

E 1/2 ( r 1 r4) pll rl = r2 r3 + 
E 1/2 p 12 rl = ( rl r2 + r3 r4) 
E 1/2 ( r 1 r4) p 21 rl = r2 r3 + 
E 1/2 P22 rl = ( r 1 r2 + r3 r4) 

we note immediately that the four SALC's are pairwise 

equal, i.e. 
E E and E E 

pll rl = p21 rl p 12 rl = p22 rl 

If the SALC's pertaining to species E are properly or

dered, the block-diagonalised G-matrix (see Ch. V, 5.5) 

will contain two. identical bleeks for species E, which will 

be called ' the Ea and Eb bleeks. We noticed that ~he SALC's 
. PE . 

o~ta~ned by 11 perta~n to block Ea and those obtained 

by ~2 to block Eb. 

Applying the same methad to the four angles OAM08 , we 

obtain the following SALC's: 

PAl a 
1 = 1/2 (al + a2 + a3 + a4) 

pA2 
a 1 = 0 pal 

al = 0 

B 1/2 (al -a 4) P 2 a 1 = +a 2 - a 3 

pEa 
al = 1/2 (al -a2 + a 3 -a 4) 

PEb a 
1 = 1/2 (al -a2 - a3 + ('( 4) 

The complete set of SALC's has been listed in Table 5.6. 

sl (All= lj(rl+r2+r3+r4 sl3(All = lj(61•6z+63+64l szs<All = lj2=~<al.a2.a3.a4.a5.a6.a7+aa 
s2 (Bzl = lj(rl+r2-r3-r4 sl4(Bll = lj(61-62-63+64l s26(A2) = lj2 (6l.e2-a3.a4_as.a6 ... a7.a8 

s
3 

(Ea) = lj(r
1
-r2-r3+r4 s 15 (Ea) • 2=~< Sî- 64 ) s 27 <B1 l = lj2=~( e1-e2-a3 .. a4+6çe6-e7+e8 ) 

s
4 

(Eb)= lj(r
1
-r

2
+r

3
-r4 s 16<Eb) = 2 (-62 + s3 > s 28 <a2 > = 112 (a1.a2 ... e3 ... a4 -e5.e6.e7.a8 ) 

s
5 

(A
1

) = lj(R 1+R2+R3+R4 s 17<A 1 l = 2=~<r1 + r 2 l s 29<Eal = _lj<e1 - e2 + e6 - e7 > 

s
6 

(a2 > = lj(R 1+R2- .RrR4 s 18 <a2 > = 2 < r1 - r2 > s 30<Ebl = lj( e1 - e4 - e5 + e8 > 

s7 (Eal = lj(Rl-R2-R3+R4 sl9(All = lj( <l+<z•<3+t4l s3l(Eal = lj( el- e4 + es - es> 

SS (Eb) = lj(RcRz+R3-R4) S20(Bl) = lj~~l-t2+t3-E4) S32(Eb) = lj( e2 - e3- e6 + e7) 

s9 (Al)= lj(al+a2+a3+a4) s21(Ea.> = z_lj<•l- <3) s33(Al) = ~(ul + "z +. "3 + u4) 

5 1o< 8 zl = lj(al+"z-"3""4 5 zz<Eb) = 2 <-•z • •4> 5 34< 8 2> = ~< "1 • "z - "3- u4l 

Sll(Ea) = ~(al-a2+a3-a4) 5 23(Al) = 2 =~(~1 + Tlzl 5 3S(Ea) = ~(ul- "z + U3- U4l 

5 12(Ebl = ~<a1-"r"3+a4l 5 24(Bzl = 2 < ~1 - 112> h&<Ebl = ~< "1 - "z - "3 • u4l 

Table 5,6 - SALC's of the M0
8 

group in o 2d symmetry. 
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There are nine A1 , one A2 , three B1 , seven B2 , eight 

Ea, and eight Eb SALC's, That is five A1 , one B1 , three 

B2 , three Ea and three Eb coordinates in excess of the num

ber that must be expected for a MOa molecule of o2d sym

metry (af . Ch. V, 5.2.1). 

The normal coordinate is identical tó the SALC when the 

latter is the only one occurring in the symmetry species. 

In all other cases, a normal coordinate of given species 

is generally a linear combination of all SALC's occurring 

in that species. 

The occurrence of coordinates in excess, also called 

redundancies, is due to the fact that some internal coor

dinates defined for the molecule, and, therefore, also 

the SALC's constructed from them, are linearly dependent. 

There is no contribution of the redundant coordinates to 

the fundamental or normal modes of the MOa group. We shall 

see later how these redundancies can be eliminated from 

the total set of SALC's (af. Ch. V, 5.7). 

We can construct also reducible representations of the 

MOa group with each of the sets of equivalent internal 

coordinates as a basis (Table 5.7). This is useful,because 

the applièation of the reduction formula to these represen

tations gives immediately the symmetry species occurring 

in each set (Table 5.7, last column). It is clear that 

the final result must be the same as the one obtained 

above. 

SET OF 
INTERNAL E 

COORDINATES 

4r 4 
4R 4 
4 a 4 
4 S 4 
2y 2 
4 E 4 
2n 2 
89 8 
4f.l 4 

Table 5.7 -

82 

s+ 
4z s-4z c2z c2x c2y 0 da 0 db SPECIES 

0 0 0 0 0 2 2 A
1

+B
2

+E 
0 0 0 0 0 2 2 A1+B2+E 
0 0 0 0 0 2 2 Al +B2+E 
0 0 0 2 2 0 0 A

1
+B

1
+E 

0 0 2 0 0 2 2 A +B 
0 0 0 2 2 0 0 A l+B2+E 
0 0 2 0 0 2 2 1 1 

Al+B2 
0 0 0 0 0 0 0 A1+A2+B1+B2+2E 
0 0 0 0 0 2 2 A

1
+B

2
+E 

Reducible representations of the MOR group 
(D2d) based on sets of equivalent internal 
coordinates, and the species obtained from 
them. 



Inspeetion of Table 5.7 shows a total number of 

9A
1 

+ A
2 

+ 3B
1 

+ 7B
2 

+ BE symmetry species in all sets to

gether. This is 5A
1 

+ a
1 

+ 3B2 + 3E in excess of what must 

be expected for the MOB molecule. The same number of re

dundancies have been found in the construction of the SALC's 

( vide supra). 

5.2.3 - Group theoreticaZ anaZysis of the tropoZonat e ring. 

The tropolonate ring c7H6o2 (Fig. 5.3) has c2v pseudo 

syrnrnetry and 3 x14-6 = 36 internal vibrations. 

Figure 5.3- Internal coor-

dinates of the 

tropolonate ring. 

1,2,5-9: carbon atóms, 

3 and 4: oxygen atoms, 
lt. 

10 - 14: hydrogen atoms. 

A group theoretica! treatment along the same lines as 

described for MOB results in the following structure of 

the vibrational representation for the tropolonate ring: 

r vib = 13A1 + 5A2 + 12B1 + 6B2 

All species are Raman active and, with the exception 

of the species A2 , also infrared active. Thus, we have for 

Raman 36 active vibrations and for the infrared 31 active 

vibrations. The vibrations belonging to species A2 and a2 
are all out-of-plane vibrations. 

The atoms constituting the tropolonate ring are num

bered as in Fig. 5.3. The same numbering has been u'sed in 

the computer programs. 

The internal coordinates of the tropolonate ring have 

been defined in Table 5.B. 

The complete set of SALC's, constructed from the in

ternal coordinates of the ring by means of the projection 

operator has been given in Table 5.9. 
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No, COORDINATE SYMBOL No. COORDINATE SYMBOL No. COORDINATE SYMSOL 

I C203 rl 17 CSC2Cl 61 34 03C2CIC5 P I co occc and 
2 clo4 r2 bonds !à c9clc2 62 35 04CIC9C2 P2 HCCC 

19 HlOC5C2 ~ I 36 "1oc5c2c6 " I 3 c2cl out,.. of-g 20 "I4c·9cl ~2 37 H11C6C5C7 " 2 4 C5C2 planes al 21 c6c5c2 . YJ 36 HI2C7C6CB . " 3 5 c9cl a2 (CO and 22 cac9cl Y2 J9 HI3CBC7C9 " 4 6 cc CH) c5c6 bi 2J C6C5H10 
ccc 

lil4c9c6cl bonds el 40 "s 7 c6c9 b2 24 C6CgH14 e2 
and 

41 C7C6C5C2 t 8 c7c6 c, 25 "11c6c5 Àl 
CCH 1 

9 c7c8 angle• 42 c7c6c9cl t 
c2 26 H

13
c

6
c

9 >.2 2 ring 
43 c6c5c2cl t 

10 c1o"5 dl 
27 c7c6c5 61 3 tors i ons 

44 .c6c9c!c2 ' 4 11 cl4H9 d2 
26 C7CBC9 6z cccc 

45 c5c2clc9 ' 5 
12 C11H6 

CH 29 C7C6H11 UJ el 46 CBC7C6C5 '6 13 c
13

H
8 

bonds JO c 7c
6

H
13 u2 e2 47 c6c7c8c9 ' 7 

14 c12"s f Jl H12c 7c 6 VI 
J2 "12c1c8 v 2 

15 CIC203 cco "I J3 C8C7C6 < 
16 c2clo4 "2 angles 

Table 5.8 - Definitions of the internal coordinates in the tropolonate ~ing. 

The number of internal coordinates ·and, therefore, also 

of the SALC's is larger than the number of fundamental vi

brations expected for the tropolonate ring due to the fact 

that some of them are linearly dependent. These redun-

dancies, f i ve of species A
1

, two of species A
2

, three of 

species a1 , and one of species B2 , can be eliminated to ob

tain the correct set of 36 fundamental modes by the pro

gram GMOPSECONDVERSION (Section 5.6), 

COORDI COORDI SALC'S COORDI SALC'S COORDI 
SALC'S NATES- SALC'S NATES- NATES- NATES-

Species A1 slJ =· e I +82 CCH s25 = ' 7 cc cc s37 = À ~-· 2 CCH 

sl4 = À l+À 2 CCH s38 = 6 1-62 c cc 
SI a ~l+r2 co Species BI 

sl5 = 6 1 +6 2 ccc 
SJ9 = CCH 

s2 = g cc s26 = rl-r2 co u ~-u2 

SJ = al+a2 cc sl6 = u l+u2 CCH s27 = aCa2 cc s·40 = u cu2 CCH 

s4 = bl+b2 cc sl7 = \) 1+"2 CCH s28 = bl-b2 cc Species s 2 
s5 = cl+c2 cc 

sl6 = c ccc s29 = cl-c2 cc 
s41 = p l+p 2 co 

s6 = dl+d2 CH 
s30 = dl-d2 CH 

Species A2 s42 = a l+o 5 CH 
s7 = el+e2 CH 

s31 = CH ece2 s4J = 0 2+0 4 CH 
SB = f CH Sl9 = P l-P 2 co 

SJ2 = " 1-" 2 cco 
s44 = " J CH 

s 9 = " 1+n 2 cco s20 = " 1-o 5 CH 
s3J = 6 c 6 2 ccc 

s45 = t 1- 1 2 cc c c 
slo= 6 1•6 2 ccc s21 = 0 2-o4 CH 

sJ4 = nl-n2 CCH 
s46 = t 3-t 4 cc cc 

s11 = n l+n2 CCH s22 = t l+t2 cc cc 
sJ5 = YI-Y2 ccc 

s47= ' 6--r7 cc cc 
sl2 = y l+Y 2 ccc s23 = t 3+t 4 cc cc 5 36 = 6 1-e 2 CCH 

s24 = ' 5 .. 6 cc cc 

Table 5 . 9 - SALC•S of the tropolonate ring. 
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Just as for the M0
8 

group, we can construct also 

reducible representations of the tropolonate ring with 

each of the ~ets of equivalent internal coordinates as a 

basis, in order to get insight into the symmetry species 

pertaining to each set. These reducible representations 

have been listed in Table 5.10, along with the syrnmetry 

species pertaining to each set. 

INTERNAL E c2 o v(xz) ov(yz) SPECIES COORDINATES 

2 co stretchings 2 0 0 2 A+ B 
5 CH stretchings 5 1 1 5 3A1+2B1 

7 cc stretchings 7 1 1 7 4A 1+3B1 
1 1 

2 CCO bendings 2 0 0 2 A + B in 10 CCH bendings 10 0 0 10 5A 1+5B1 
1 1 planes 

7 CCC bendings 7 1 1 7 4A
1
+3B

1 

2 CO out-of-planes 2 0 0 -2 A2+ B2 out-of-
5 
7 

CH out-of-planes 5 -1 1 -5 2A
2

+3B
2 planes cccc torsions 

Table 5.10-

7 1 -1 7 4A2+3B2 

Reducible representations of c 7H~07 - in 
C symmetry based on sets of equi~alent 
i~~ernal coordinates, and the symmetry 
species pertaining to each set. 

5.3- Correlation methad 

A great deal of information about the position and in

tensity of the vibration modes of the central M08 group can 

be obtained by applying the methad of descent in symmetry, 

or correlation methad as it is also called (Ref. 64). This 

methad makes use of the correlation between the species of 

a given group and those of its subgroups. 

The line of thought is the following. Certain vibra

tion modes may be inactive or degenerate under the symmetry 

of the molecule in the 'free' state. If ,this molecule is 

built into the crystal, its syrnmetry may be lowered by the 

crystal field with the result that inactive modes may be

come active and degenerate modes may split up into non-de

generate modes as a consequence of the circumstance .that 

the symrnetry species to which they belang will change into 

one which is active or non-degenerate. Whether this will 
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happen or not can be read from a correlation diagram. If 

the crystal field is weak, we cannot expect the modes which 

become active to be intensive, nor the splitting of the .de

generate modes to be very large. Weak intensity and/or 

small frequency splitting may thus provide a clue to the as

signment of modes which change their symmetry species by the 

symmetry lowering. The intensity or frequency splitting 

may also be so weak that they remain unobserved in the 

crystal. 

We have shown already (Ch. I, 1.3) that the dodecahedron 

can be obtained from the cube by distortion of the two in

terpenetrating polyhedra AAA•A• and BBB'B'. Therefore, it 

is of interest to establish the structure of the vibra

tional representation of the MOS group in case it would 

have Oh symmetry (which we shall call in this context the 

•ideal symmetry• ), and to relate this representation to the 

one for o2d symmetry (which we shall call •symmetry of the 

free molecule') and also to the one for c 1 symmetry (which 

we shall call •crystal symmetry') by the method of symme

try descent. The Oh - n2d - c 1 correlation will be help

ful for the assignment of the low-frequency vibrations of 

HfT4 and ZrT4 • 

For oh symmetry, the structure of the vibrational rep

resentation for MOS, as derived by the sameprocedure out

lined for n2d symmetry, is the following: 

fvib =Alg+ Eg+ ZT2g + A2u + Eu+ 2T1u + T2u 

By the mutual exclusion rule for centrosymmetric mol

ecules, the Raman active vibrations are those of gerade 

symmetry, and the infrared active vibrations those of un

gerade symmetry. Therefore, there are no coincidences. 

It is seen from the correlation tables in Ref. 64 or 

from Table 5.11 that there are two possible correlations 

for Oh- n2d. Which of these is to be used depends on the 

mutual orientation of the symmetry elements of both groups 

to eachother • 

In the first mutual orientation, the symmetry elements 

c2x' c2y' and c2z of point group oh pairwise coincide with 
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those of point group o2d' while the planes oda and odb of 

Oh coincide with those of o2d. This situation is indicated 

in Table 5.11 by c2 , ad in the heading of the second col

umn. 

C2,ad 

oh 0 2d 

A Al Alg 
E2g Bl 

Al+Bl 
Tg A

2
+E 

Tlg B2+E 
A2g 

Bl Alu 
2u Al 

E Al+Bl 
TU B

2
+E 

Tl u A
2

+E 
2u 

Ci,ah 

0 2d 

Al 
B2 
Al+B2 
A

2
+E 

B1+E 
Bl 
A2 

A2+Bl 
B

2
+E 

A
1

+E 

Table 5.11 - The two 

possible 

correlations 

between oh 

and o2d. 

In the second mutual orientation, the symmetry elements 

c2a and c2b of oh pairwise coincide with c2x and c2Y of 

o2d, while the planes ox and ay coincide with oda and o db 

of o2d. This situation is indicated in the table by Ci,ah 

in the heading of the third column l). 

The M08 group and its o2d symmetry elements have been 

given in stereographic projection in Fig. 5.4. 

The oxygen atoms have been numbered 1, and 3 up to and 

including 9. Should the symmetry have been Oh, the oxygen 

atoms numbered 1 and 6 should have coincided with a three

fold axis in point A, the oxygen atoms numbered 5 and 9 

with a threefold axis in point B, et~. This fixes the 

position of the symmetry elements of point group Oh so that 

-the mutual orientation of the elements of both point groups 

l)There is a variety of ways f or ind i c a ting the symme try 
elements in the literature. We prefer the notation of 
Bradley and Cracknell (62), because it is çompletely 
unambiguou~. In the notation which is used by Fateley 
e t al. (65), and from which souree Table 5.11 has been 
taken, the elements c 2a' c2b' c 2c' c2d' c2e and c 2 f a re 

all indicated by Cz, and the e lements ox, oy a nd a z 
indicated by oh. 
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to each other can be inferred from Figure 5.4. 

I 

I 
I 

--------- ... 

9 

,, 
', 

' ' ' ' " 
' ' \ 

' ' I 
\ 
\ 

B 

5 
I I 
I t 
I t 

Figure 5.4 

Stereographic 

projection of HfOS 

in o2d symmetry. 

I 3 A I 

~a~:--~~--~~~--~~--~~~--~--~1 

7 
D 

B 

---

I 
I 

I ., 

I 
I 

I 

It is seen that the first mutual orientation is present 

so that the correlation Oh-D2d in our case is given by the 

second column in Table 5.11. 

We also abserve in the stereographic projection that, 

in the MOS group,the M atom is on a o2d site and the eight 

RELATIVE INTENSITIES 

'SPECIES R IR SPECIES R IR RAMAN IR 

ss 

a 
a 

a 

ia 
ia 

ia 

ia 

ia 
ia 

ia 

ia 
ia 

a 

ia 

a 
a 
a 
a 
a 
a 
a 
a 
a 
a 

ia 
a 

ia 
ia 
ia 

a 
a 

ia 
ia 
ia 

a 
a 

ia 
a 

s 

duplet } : 

duplets } m-w 
m-s 

m-w 

duplet } : 

} 
m-w 

duplet~ m 
l.a 

w 

ia 
ia 
ia 

m-w 
m 
ia 
ia 
ia 
m 
s 
ia 
m 

Table 5.12- Correlation Oh- D2d,expected activities 
and relative intensities in Raman (R) and 
infrared (IR) for the vibrations of the 
MOs group. a = active, ia = inactive, 
s = strong, m = medium, w = weak, m-w = 
medium to weak, m-s = medium to strong. 



oxygen atoms on Cs sites (Od is the only symmetry element 

that passes through the 0 atoms). 

We have tabulated in Table 5.12 whether the correlated 

symmetry species are active (a} or inactive (ia) under Oh 

and o2d symmetry in the vibration spectra. The relative 

intensities of the vibrations have been estimated by making 

use of arguments to bedescribed inCh. VII, Sectien 7.3.2. 

We shall see in Chapter VII how the methods described 

in these sections can be helpful for the assignment of the 

vibrational bands of the tropolonate complexes in the 

middle and low wavenumber region. 

5.4 - Group theoretical analysis of CuT2 

Capper (II) bistropolonate crystallizes inspace group 
5 P2 1/a(c2h) withZ=2 (Ref. 45). According to the theory ex-

plained in Sectien 5.1, factor group analysis of the crys

tal results in the presence of three translational vibra

tions of species 2A + B , and six librations of species u u 
3Ag + 38

9
, 

A group theoretical analysis along the same lines as 

described for M08 results in the following structure of 

the vibrational representation for the Cuo
4 

group in CuT
2

: 

rvib = 3A
9 

+ 2Au + 4Bu. Therefore, we expect for the ex

ternal and internal vibrations tagether nine to be active 

in IR (4A + SB ), and nine to be active in R (6A + 3B ). 
u u g g 

Due to the presence of an inversion center in both the 

crystal and the cuo4 group, there will be no coincidences. 

As explained in Sectien 5.3, the correlation methad 

will be of great help in the assignment and in the predie

tien of the intensities of the vibrations. In the case of 

CuT2 , the Cuo4 modes are considered as vibrations of a 

plane square with ideal o4h symmetry, which is reduced to 

c 2h symmetry in the 'free' molecule. The correlation table 

can be found in Ref. 65, and has been used in Table 5.13. 

In o4h symmetry, the species obtained from the reducible 

representation for the Cuo4 group are: A
19 

+ a
19 

+ a
29 

+ 

A2u + 8 1u + 2Eu. 
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VIBRATIONAL NlJt! CRYSTAL c2h-D4h CRYSTAL c2h-D4h INTENSITIE 
TYPE BER in-phase out-of-phase IR R 

symm.stretch. 1 A (A (Al ) ) B (A (Al ) ) ia s+m 
g g g g g g 

symm.stretch .. 1 A (A (8
2 

) ) B (A ( B
2 

) ) ia m+w g g g g g g 
asymm.stretch. 2 A(B(E)) B(B(E)) S+S ia 

u u u U . U U 

in -plane- 1 A (A (Bl ) ) B (A ( B
1 

) ) ia m+w 
bending g g g g g g 

2 A (B (E )) B(B(E )) S+S ia 
.U U U u u u 

out-of-plane 1 Au(A)A2u)) B (A (A2 ) ) 
u u u m+m ia 

bending 1 A (A (Bl )) B (A (B
1 

)) m+m ia u u u u u u 

Table 5.13 - Correlation o 4h-C2h• vibrational types, the 
symmetry species of the Cuo4 group in the 

crystal, and expected intens1ties. 

Application of the reduction formula (Eq. 5.12) to the 

reducible representations, which have the sets of equivalent 

internal coordinates of one Cu04 group for a basis, shows 

that the Cu-0 stretchings under c2 h symmetry occur in spe

cies A and B , the in-plane bendings also in species A 
g u g 

and B , and the out-of-plane deformations in species- A 
u u 

(Table 5.14). Since there are no internal vibrations of 

species B
9

, two of the three expected redundancies have to 

occur in species B . The third redundancy occurs in A . 
g g 

INTERNAL E c2 i ah SPECIES COORDINATES 

2r 2 0 0 2 A +B 
2r' 2 0 0 2 Ag+Bu 
2 a 2 0 0 2 Ag+Bu 
2 S 2 0 0 2 A9 +Bu 
4ö 4 0 0 -4 2A9+2~ 

u g 

Table 5.14 - Species per set of 
equivalent internal CODE 
dinates of the Cuo4 group. 

Fig. 5,5 - Inter
nal coordinates of 
the Cuo4 group. 

However, the primitive unit cell has two CuT2 molecules 

(Z=2). Therefore, the number of internal vibrations will 

be doubled, i.e. there will be eight stretchings, six in

plane bendings, and four out-of - plane deformations for the 

two Cuo4 groups together. Each pair of identical internal 

vibrations (one in the first Cu0
4 

group and an identical one 

in the othe r cuo4 group), whether it b e of species A
9

, Au, 
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or B , will be converted into itself by the glide plane of 
u 

the unit cell with a phase difference of 0° (A-mode) or 

180° (B-mode~. Thus, the two symmetrical stretchings 

A (A
1 

) in bath molecules will give rise to the in-phase g g 
mode A (A (A

1 
) ) and the anti-phase mode B (A (A 1 ) ) in 

g g g g g g 
the crystal (see Table 5.13). 

Since the interaction between the two CuT2 molecules 

in the unit cell is expected to be very small (weak van der 

Waals farces between two neutral molecules), the vibra

tional modes will probably coincide by twos. Therefore, 

we do not expect any doubling of the corresponding bands 

in our spectra. 

In the case of the simple Cuo4 group, it is not ne

cessary to use program GMOPSECONDVERSION in order to locate 

the three redundancies in Table 5.14. This may be done by 

inspeetion of the SALC's themselves (Table 5.15), or by 

constructing the displacement configurations (Fig. 5.8). 

SALC's \). SALC's \), 
~ ~ 

s
1

(A )=~(r 1+r2+r3+r4 ) \)1 s7 < 8 u)=~< a 1 -a 2 _. 81 + 82 ) \) 

g l 7 
s2 (Ag)=~(r 1 -r2+r3-r4 ) \)2 sa (Au)=~( o 1 +o 2+ o3+ o4) \)8 

S3(Bu)=~(r1+r2-r3-r4) \)3 s9 (Au)=~(o1_o2+o3_o4) \)9 

S4(Bu)=~(r1-r2-r3+r4) \) s1o<Ag)=~<a1+a2+ 81+ 82) z1 4 
s5(A9 )=~(a1+az- 81- 8 2) \)5 s 11 (Bg)=~(o 1+o 2-o 3-o4 ) libr. (x) 

S6(Bu)=~(a1_az+B1-82) \)6 s 12 < Bg )=~< o 1- o2- o3+o 4 l libr.(y) 

Table 5.15- SALC•s of the Cuo group. v. is related 
to the displaceme~t configu~ations of 
Fig. 5.14. 

They turn out to be s 10 (Ag), since a simultaneous expan

sion or contraction of all four angles in the same plane 

around the capper ion is not possible, and s 11 CB
9

) and 

s 12 (Bg), which correspond to the librations of the cuo
4 

group around the x~ and y~axes, respectively. 

5.5 - Theoretica! bases of normal coordinate analysis 

The frequencies of the fundamental modes of a molecule 

or crystal depend on the total energy of the system of N par

ticles (atoms) which farm toqether the molecules or crystal. 
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In polyatomic molecules with a large number of atoms, 

it is convenient to use the matrix notation. The harmonie 

potential energy function can be written as 

(5.23) 

where X is the column vector representing the cartesian 

displacements of all atoms of the molecule from their equi

librium positions, XT the transposed X matrix (row vector) 

and Fx the matrix of the force constants. The elements of 

F are, in the harmonie approximation, the coefficients of 
x 

t:; x:~::~~~:~ x:::: 0 °: :'r: r:,:r::n: \3/'J. ~öx ~ !~ ~ x i x j + ... 
- \ i) o • 1. i)o 

=l (5.24) 

because the constant term v0 can be taken equal to zero, 

h f . . J ov) . b . t e coe f1.c1.ents êx· 0 w1.ll all e zero, s1.nce V must be 

a minimum at x.= (l=1, ... ,3N), and the termsof the third 
l. 

and higher order are neglected in the harmonie approxima-

tion. 

It is also possible to express V in terms of the m in

ternal coordinates Ri, which are the stretchings, bendings, 

and torsions between the atoms in the molecule. When B is 

a matrix that transfarms X into R, where R is the column 

vector representing the displacements of the internal coor

dinates from their equilibrium positions during the vibra

tion, we can write: 

and 
(5.25) 

(5.26) 

Then, the potential energy of the system becomes 

2V = RTF R 
R 

(5.27) 

The elements of FR 

of the quadratic terms 

2V = l: m (:o2v) 
i , j= 1 ó R i o R j 0 

The 

2T = 
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kinetic energy 

3N ~l:ixj~ 2 
.l: m j dt , or 
J=l 

are now defined by the coefficients 

of the function1 

m ( . . ) R . R . - . l: . FR l. , J R . R . 
l. J l.,J=l l. J 

(5.28) 

of the atoms can be expressed by 

in matrix notation by 

(5,29) 



Where the components of the vector * are the cartesian com
dx · 

ponents of the veloeities of the vibrating atoms,----J- . 
dt 

In Eq. (5.29), Mis a diagonal matrix of order 3N, the dia-

gonal elements of which are the masses mk of the atoms of 

the system: Mii = ~ with 

k . ( i-1) ent1er 1 + 3 (5.30) 

We now define a matrix: 

GR = B M- 1BT (5.31) 

where B and BT are the same transformation matrices which 

occur in Eqs. (5.25) and (5.26),- and M- 1 is the inverse of 

matrix M. If GR is a singular matrix, which means that 

. I I · - 1 the determ1nant GR equals zero, the 1nverse of GR, GR , 

is not defined. If, however, GRis not singular, GR- 1 is 

defined, and we can write for the kinetic energy in terms 

of the internal coordinates 

2T = ( 5. 32) 

According to the Lagrange equations of movement, the 

following must hold: 

~t(1ki)- (~~J = 
0 (i= 1, .•. , m) (5.33) 

where L = T - V. We know that V does notdepend on the 

R's and T not on the R's. Therefore, we can write Eq. 

(5.33) 

:~ ~a:-v~- ('i~:v~ · d~ (g~~ ·(~~~- o < s. 34 > 

We define a new matrix C of order 3N x m (m is the num-

ber of Ri's and 3N the number of Xi's), so that holds: 

CB = E3N, and BC Em (5.35) 

where ~ 3N and Em are unit matrices of order 3N and m, re

spectively. In this case we have also: 

= (5.36) 

Bis the transformation matrix from X toR (R=BX), and 

C the transformation matrix from R to X (X=CR), and 

2T = XTMX can be expressed by 

(5.37) 
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From this follows: 

~ = E .(CTMC) .. i{. ( i=1, ••• ,m) (5. 38) 
OKi J ~J J 

Substitution of the derivatives relative to time 

d
d (~~j= ~ (CTMC) .. fi. (i=1, .•• ,m) (5.39) 
.t u i) J; ~ J J 

and of 

ÖV E 
-- =J.FR(i.j.)RJ. (i=1, ••• ,m) öR. 

~ 

or in matrix notation: 

(CTMC)R + FRR = Om 

( 5.40) 

(5.41) 

Left multiplying Eq. (5.41) with Eq. (5,31), 

in mind Eqs. (5.35) and (5.36), one obtains: 

and keeping 

BM- 1BTCTMCR + BM- 1BTFRR = 0 , or 

R + GRFRR 

Eq. (5.42) is analogous to 

m:X + kx = 0 

0 

which can be obtained from Hooke's and Newton's laws 
2 

Î .= -kx and f = m d x = mx 

(5.42) 

(5.43) 

dt2 
Eq. (5.43) has the general solution x= Acos(2Tivt + i). 
For a fundamental mode, in which all atoms are oscil

lating with the same frequency and in phase, the general 

salution of Eq. (5,42) can be written as 

R . = A . cos ( 21T lv. t + c. . ) i = ( 1 , . . . , m ) 
~ ~ 1 ~ 

( 5.44) 

where Ai is the amplitude, v i the frequency, and Ei the 

phase angle of the ith fundamental mode. 

Substitution of Eq. (5.44) in Eq. (5.42) gives: 

2 2 
-41! vA+ GRFRA·- Om {5.45) 

{A1,A2'''''Am}· 
set of equations has only non-trivial solutions 

where A 

Th is 

when 

(5.46) 
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2 2 where À= 4rr v, because in the case of the A.'s being 
~ 

equal to zero, there is no vibration at all. 

From the eigenvalues À. = 4rr2 v~ of the GF matrix, the 
~ ~ 

vibrational frequencies vi for the whole system of particles 

can be evaluated. 

Eq, (5.46) represents an m-order secular equation in À, 

which corresponds, after elimination of the redundancies, 

to a 36-order equation for the tropolonate ring and a 21-

order equation for the Hf08 group. However, it is possible 

to transform the matrix GRFR in block-diagonalized form, 

according to the various irreducible representations of the 

point group to which the molecule belongs, In this manner, 

various sets of equations in À of lower order can be ob

tained and the calculations considerably simplified, This 

is done by introducing the SALC's, which are collected in 

the column vector s. The transformation from R to S is 

given by the matrix multiplication: 

S = UR (5.47) 

where U is a unitary matrix whose elements .are obtained as 

described in Section 5.2. 

and 

Being ut the associate matrix of u, and defining 

F = UF ut s R 

G = s 

the potential energy of the system of atoms becomes 

(5.48) 

( 5.49) 

2V = S t F S (5,50) 
s 

analogous to 2V = RTFRR, and the kinetic energy 

2T = (5.51) 

2 .t.TGR-lR•' analogous to T = ~ The secular equation Eq. (5,46) 

becomes in terros of Fs and G
5 

(5.52) 

with exactly the same solutions as has Eq, (5.46), because 

the potential and kinetic energy of the system must remain 

invariant with respect to a coordinate transformation. 

However, the matrix G
5

Fs has now a block-diagonalized form, 
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each block along the diagonal corresponding to a given sym

metry species and the off-diagonal blocks being zero ma

trices. 

5. 6· - Computer programs used in normal coordinate analysis 

In this work, use has been made of programs for normal 

coordinate analysis in Fortran IV. These were originally 

written by Schachtschneider (66), but were extended at the 

Eindhoven University of Technology by Vogel, Bril and 

Dikhoff (68). We will give in this sectien a summary of 

these programs. They have also been described shortly in 

Refs. 67 and 69. 

5.6.1- CART 

This program calculates the cartesian coordinates of 

all atoms in a molecule or crystal. The input consists of 

the distances and angles between the atoms, and the dihe

dral angles between the planes (not necessarily symmetry 

planes) of the molecule. The output consists of an X ma

trix (cartesian coordinates of the atoms). When the atomie 

masses are also given, the program calculates optionally 

the centre of mass and the moments of inertia of the mol

ecule. 

5.6.2 - GMOPSECONDVERS I ON 

This program is an extension of Schachtschneider•s 

original program GMAT. 

The input of GMAT consists of the X matrix obtained 

from CART, the atomie masses, and the internal coordinate 

matrix R. The output consists of the B and GR matrices, 

which are calculated from Eqs. (5.25) and (5.31). When 

the U matrix is also included in the input, the block-diag

onalised matrix GX' given by Eq. (5.49), is evaluated op

tionally. However, GMAT can only be used for 'free' mol

ecules. It does not eliminate the redundancies, and is 

not suited for a complex U matrix. 

GMOP is an adaptation of GMAT for crystals. It has 
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been written by Bril and Vogel ( 67) using the rnethod de

scribed by Shirnanouchi et al. (70), This program includes 

CART as a subroutine so that there is no necessity to run 

the latter program separately. 

In a second version of GMOP, called GMOPSECONDVERSION, 

which has been devised and written by Vogel (Refs. 67 and 

68), linear combinations of th~ SALC's are constructed in 

a rnanner that as rnany zero coordinates are obtained as 

there are redundancies arnong the SALC's, A zero coordinate 

is a linear combination of SALC's which gives rise to the 

occurrence in the G matrix of a row and column (of the sarne 

index) consisting of rnere zero's. 

If S is the vector on the •new' SALC's as obtained by 

linear combination of the original SALC's frorn vector S, 

the orthonorrnal transformation matrix C, defined by 

S = CS (5,53) 

is evaluated in a subroutine SUPACR, following a theorern 

found by Sun, Parrand Crawford (71), and by application 

of standard rnethods of linear algebra. 

Program GMOPSECONDVERSION, which has also been made 

suited for complex U matrices, yields the rnatrices B, GR' 

G5 , and Ü. The matrix 0, which has been called by Vogel 

the Sun-Parr-Crawford U matrix, is defined by 

0 = CU (5.54) 

The matrix Gs, which has been called by Vogel the Sun-Parr-

Crawford G-rnatrix, and which is defined by 

Gs = Ü G Üt 
R (5,55) 

has a row and corresponding column consisting of rnere zero's 

for each zero coordinate arnong the 'new' SALC's, 

This matrix is not evaluated in GMOPSECONDVERSION, but 

in the program GZCONVERSION to be described here-after. 

In the case of crystals, the 8 and G matrices evaluated 

by GMOPSECONDVERSION are the 'optica!' B and G rnatrices as 

defined by Shirnanouchi et al. (70). 

5.6.3 - GZCONVERSION 

It has been stated above that the set S of •new• SALC's 
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defined by Eq. (5.53) generates through Eqs. (5.54) and 

(5.55) a sa called Sun-Parr-Crawford matrix G5 , which has 

a row and corresponding column of zero elements for each 

zero coordinate among the set s. There are exactly as many 

zero coordinates among the set S as there are redundancies 

among the setS of 'old' SALC's. 

The secular equation Eq. (5.52) may be converted into 

(5.56) 

where 

(5.57) 

In Eq. (5.56) the matrix G5 F5 contains the same rows and 

columns of zero elements as does G5 , even if the correspond

ing rows and columns of F5 contain elements different from 

zero. 

Therefore, these rows and columns may be deleted from 

F5 and G5 to yield the matrices Fs and Gs of order m minus 

the number of the redundancies. If this order is repre

sented by m', Eq. (5.56) becomes 

(5.58) 

This secular equation has the same non-zero roots for À as 

Eqs. ( 5. 56) or ( 5. 52). 

The conversion of GR and FR (or rather Z which takes 

the place of FR for programming purposes) into Gs and Fs 
(or rather Z') is executed in GZCONVERSION, which has been 

written by Vogel ( 72). 

5.6.4- FLEPO 

This program has been adapted by Vogel and Dikhoff (68) 

from the original Schachtschneider•s program FPERT and is 

an iteration program based on a minimisation methad de

veloped by fletcher and Powell (73). The input consists 

of the Gs and z• matrices from GZCONVERSION, a set of esti

mated force constants, and the experimentally determined 

frequencies vi(obs). The output consists of a number of 

calculated frequencies v.(calc) which are compared with the 
. 1 

observed frequencies vi(obs), and a set of adjusted force 
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constants, valid for the moment that the expression 

I 1 >..i ( calc) - >.. i ( obs ) 1
2 

is a minimum. The main difficulty of this program is to 

find a reasonable set of force constants to start with, 

since otherwise the number of iterations would increase 

considerably, or the program might find another minimum 

which is not the correct one. 

5.6.5- VSEC 

This program calculates not only the frequencies of the 

normal modes of the molecule, but also their potential en

ergy distribution, the amplitudes of the vibrations, the 

cartesian displacements of the atoms during the normal mode 

and the Coriolis coefficients due to vibration-rotation 

interactions. 

5.7- Determination of the number of normal modes of each 

vibrational type and for each symmetry species for 

the groups M08~4 • and C7tl5Q2:. 

A normal mode of a given symmetry species rv is gener

ally a linear combination of SALC's of species rv if more 

than one SALC pertains to rv. In such a case, however, 

the normal mode is entirely, or largely, built up of SALC's 

which belong to a given vibrational type. The vibrational 

type (v.t.) may be a stretching, an in-plane bending, an 

out-of-plane bending, or a torsion. 

For the assignment of the wavenumbers in the spectrum, 

we must know the numbers of normal modes of each vibra

tional type, which occur in each species rv. These num

bers, which will be denoted by N (v.t., rv ) , may be deter

mined by the following procedure. 

(i} Wedetermine for each type of (equivalent) internat 

coordinate in how many SALC's of each symmetry spe

cies it will occur. This may be done by application 

of the projection operator, or by applying the re

duction formula to the reducible representations 
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which have the sets of equivalent internal coordi

nates for their bases (Section 5.2.2). These numbers 

are summed over the types of internal coordinates 

which belang to the same vibrational type. The total 

number for each vibrational type (v.t.) and species 
V . V 

f will be denoted by Nt(v.t.,f ) . 

(ii) Wedetermine the number or redundancies, Nr (v.t.,rv ), 

which occur among the SALC's of the same vibrational 

type for each symmetry species. This may be done by 

determining the zero coordinates f or each species 

with the help of program GMOPSECONDVERSION, andascer

taining by inspeetion which vibrational type of in

ternal coordinates predominates in each zero coordi

nate. 

( iii ) The numbers N(v.t.,f v ) are given by the differences 

Nt(v.t., fv )- Nr(v.t . , fv ) . 

GROUP' v.t. rv Nt(v.t,, r v) N (v.t. , rv ) 
r 

N(v.t.,r v ) 

Al 2 0 2 
M08 stretching 82 2 0 2 
in E 2 0 2 

Hf : 4 
Al 7 5 2 
A2 1 0 1 

and bending 81 3 1 2 

ZrT4 
82 5 3 2 
E 6 3 3 

stretching 
A 2 0 2 

Cuo4 8g 2 0 2 u 

in in-plane A 2 1 1 
bending 8g 2 0 2 

u 

CuT2 
lout-of-plane A 2 0 2 

bending Bu 2 2 0 Ja 

stretching Al 8 0 8 
81 6 0 6 

[,... - i n - plane Al 10 5 5 
~7H5°2 bending 81 9 3 6 

ring ~ut-of-plane A2 3 0 3 
bending 82 4 0 4 

torsion A2 4 2 2 
82 3 1 2 

Table 5 .18 - Nt' Nr and N for the M0
8
-, cuo

4
- and 

c7 H6oÏ g roups. 
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For the MOs-• M04-, and c7H50Ï groups, the numbers 

Nt have been obtained by inspeetion of Tables 5,7, 5.14, 

and 5.10, respectively, and are tabulated in Column 4 of 

Table 5.1S. 

The zero coordinates are listed in Tables 5.16 and 5.17. 

By inspeetion of these tables, and using Tables 5,3 and 5,S 

for the definition of the Ri's, we obtained the values for 

N which are listed in Column 5 of Table 5.1S. The differ-r 
ences N = Nt - Nr are given in Column 6 of this table. 

S.S - Displacement configurations for the MOS~4-, and 

f.7!!5Q2 groups 

Since normal modes are usually linear combinations of 

SALC•s with coefficients which can be determined accurately 

only if the correct force field and force constants are 

chosen for the molecule, it is generally impossible to make 

accurate drawings for them. Generally, drawings of the 

SALC's themselves ar plausible linear combinations of them 

are given as representations of the normal modes, We pre

fer to cal! these drawings displacement configurations. 

They may be constructed easily by a methad described in 

Herzberg (64). Those for MOS' Cuo4 , and c7H5o 2 - are repre

sented in Figs. 5,6, 5.S, and 5.7, respectively, 

Fig. 5,6 - Displacement configurations for the MOSgroup. 
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Fig. 5.7- Displacement configurations for 

the tropolonate ring, c7H5o2-. 
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Fig. 5.8 - Displacement configurations for the M04 group. 
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Table s. 16- Zero coordinates of the tro polonat.e nng erom program GHOPSECONDVERSlON. 1'he Ri • s are 

the internat coordi.nates as detined in Table S .O . 
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+R
31 

+R
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9
-a

20
) 
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25

+R
26

+R
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+R
28 

~R2q~R30.a31 
-R32) . 

0• 041545( R9+R10- R11 - R12 ) ~ 0 • 306379( R1 7-RlS) " 0 • 23124 3(R
19

-a
20

) - 0 • 11 7933( a
25 

+R
2 6

.a
27

+A
2 8 

- R29- R30- R31- R32 ) + 0·383128(R33+R 34 -R3çR36 ) 

0• 282667 ( R9-R10~R 1 f +R 12 ) ~ 0 • 176199(R14-R16 ) - 0 · J7501 4 (R22-R2 3 ) + 0·290273(R
2

ç Rza-Rz
9

+RJZ ) 

0•282667(R9 -R10+R 11-R12 1 + 0·176199(R13-R15)- O•J75014(R2 1 -R24 ) + 0·290273(R
26

- R
27

+RJO-Rl l ) 

-0· 080251 ( R9 -R10 -R u•RIZ) • 0 · 316120( R14 -R
16

) 0 · 269304 ( R
22

-R
23

) 0· 156165( a
25

.a
2

f\-R
29

+ R
32

) 

-+- 0·364615CR26-R
27

-R
30

.a
31

) 

.Q.Q8025l( R9- R10•R11 - R12 l • 0 ·3l6120(R13- R15 J 0 · 269304( R21-R24 J t 0 · 156165 CR
26

-a
27

+ R)O-RJl) 

•0· 364615(R25 · R28+R29-R32 l 

0·254459(R9 -R10 -R11 +Rl2) + 0·037995(R 14 -R
16

J + 0 · 19841 9(R
22

-R
23

J - 0·108088(R
2
çR

28
-R

29
+R)2) 

+ 0 ·045495 ( R26-R27- R30• R3 1 J + 0·388704(R3 3-R34- R35+R
36

J 

0·254459(R9 -R10+R11 -R 12 )- 0·037995(R13-R 15 ) + O.J 984 1 9(R
21

-R
24

l- O•l08088 ( R
26

- R
27

+R
30

- R
31

) 

+ 0 · 045495( R25-R28.a29-R32 ) + 0·388704(R33-R1~+R1o;-R ) 

Table 5 .17 - Zero coord1nates Cz1 ) or t.he M0 8 group . The a
1 

· s are defined in Tab l e S. 3 . 
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CHAPTER VI - VIBRATIONAL SPECTRA OF THE TROPOLONATES. 

EXPERIMENTAL PART 

6.1 - Infrared spectra 

The infrared spectra of tropolone and tropolonate com

plexes were recorded on various instruments depending on 

the wavenumber region to be investigated. 

For the high and middle wavenumber region from 500 up 

to 3600 cm- 1 , the spectra were recorded on a Grubb Parsons 

IR Grating Spectromaster. The samples were mixed with 

thoroughly dried KBr .· or Cs! and pressed to disks in vaauo 

with a pressure of 10 atmospheres. 

Each compound was run at least three times, often using 

various batches of the same material. All spectra were 

measured at room temperature, and calibration of the in

strument was performed using a polystyrene film. The wave

numbers of the bands were reproducible within 2 cm- 1 For 
-1 . the high wavenumber range between 2800 and 3600 cm , the 

spectra of the ligand and the tropolonates have been given 

in Fig. 7.1 (Ch. VII,7.1), and for the middle wavenumber 

region between 1650 and 500 cm- 1 in Figs. 6.1 - 6.6. No 

absorption was observed in the region between 2800 and 

1650 cm- 1 • 

For the low wavenumber region from 200 up to 700 cm -1 

the infrared spectra were recorded on a Hitachi EPI-L 

Grating IR Spectrophotometer. The instr~ent was calibrated 

with polystyrene film and was flushed with dry air while 

recording the spectra. The maximum uncertainty in the re

ported wavenumbers is estimated to be less than 1 cm- 1 for 

this equipment. 

The samples were in the form of Cs! and polyethylene 

disks. In many instances, samples were also recorded as 

nujol mulls between two Cs! disks to check for possible 

peak shifts by the matrix material. The differences in 

wavenumbers for any peak, as measured in Cs!, polyethylene 
. -1 and nu Jol were never larger than 1 cm , and no difference 
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in resolution could be observed for the various matrix 

materials. The spectra have been given in Figs. 6.7- 6.12. 

The infrared spectra in the far infrared region from 

450 down to 20 cm- 1 were obtained at room temperature, with 

three different Fourier Transfarm Spectrophotometers. The 

samples were dispersed in polyethylene disks. 

The spectra of HT and NaT were recorded on a Beekman 

Model 720 Spectrophotometer, equipped with a minicomputer1 >. 
The results are not very reliable, because we noted a de

composition of our samples by the exciting Hg source: dur

ing the run of the spectra, the pale yellow coloured poly

ethylene disks became dark brown. 

The far infrared spectra of CuT2 , FeT3 , ZrT4 , and HfT
4 

were obtained on a Bruker model IFS 113-v .Spectrophoto

meter 2 ), and on a Nicolet Model 7001 P Spectrophotometer3 ). 

The Nicolet spectra have been given in Figs. 6.13- 6.16. 

The infrared wavenumbers, listed in Table 6.1, are the 

averages over three or more different spectra of the same 

sample, or of several samples of the same material. 

6.2 - Raman spectra 

The Raman spectra were recorded on a Cary 82 Raman Spec

trophotometer, using pure polycrystalline samples (powder). 

The CuT2 , ZrT4 and HfT4 powders were excited by the 

5145 R line of an Argon Ion Laser, Spectraphysics, Model 

165-03, and those of HT, NaT, and F~T3 by the 6471 R line 

of a Krypton Ion Laser, Spectraphysics, Model 165-01. The 

estimated accuracy of the reported wavenumbers of the Raman 

spectra is within ~ 1 cm- 1 

1) We thank Dr. A Bril a nd Mr. H. van den Boom of Philips' 
Research Laboratories, Eidhoven, Netherlands for recording 
these spectra for us. 

2) Courtesy of Bruker-Physik Ag, Karlsruhe - Rheinste tt en, 
W.-Germany. 

3) Courtesy of Nicelet Instruments GmbH, Offenbach am Main, 
W. - Germany. 

105 



TROPOLONE NaT CuT2 
FeT3 

ZrT4 H!T4 

IA RAHAN I A RAHAN IR RAMAN IR RAMAN IR RAMAN IR RAHAN 

3450 mb 

3180 vs 3050 "' 3050 V 3040 111 3040 n1 3040 m 

3050 7 )000"' JQ25 V 

2990 V 2950 111 2990 V 2995 fll 2950 ... 2950 m 

2930 V 2920 V 

1606 9 1608 s 1606 s 1607 m 

1564 V 1565 V 159) s 1595 fll 1588 s 1588 vs 1589 s 1592 8 1593 5 1592 s 

154 3 9 1542 s 1536 s 1540 111 1521 sh 1521 111 1522 sh 1522 s 1534 ~ 

1532 Sh 1520 YS 1512 V 1513 8 1515 s 1512 V 1518 sh 

1473 s 1485 m 1472 sh 1470 "' 1471 fll 1468 sh 1465 V 1474 VS 1465 sh 1473 vs 

1462 sh 1464 m 1462 m 1443 ah 1446 m 1407 vs 1424 m 1425 Y8 1434 '" 1429 VS 1432 V 

1443 "' 1-446 m 1408 sh 

1420 s 1424 s h 1420 s 1385 "' 1411 Y8 1411 m 1378 vs \412 VS 1407 s 

1365 111 1340 s 1353 9 1362 9 1362 vs 

1)52 V 1354 V 1355 sh 1360 V 1359 sh })60 V 

1262 s 1268 fll 1234 s 1250 Sh 1256 m 1248 V 1254 V 1250 '"" 

1232 s 1235 m 1224 s 1222 m 1239 m 1232 m 1244 m 1226 m 1226 '" 

1202 111 1215 Sh 1229 1'1'1 1218 6 1224 111 1223 s 1231 1111 

1216 s 1215 sh 

1042 m 1034 V 1073 V 1070 V 1067 V 1070 V 1090 V 

1014 V 1005 V 

%Om 976 m 972 ." 974 8 974 11 973 8 973 s 

950 m 962. 962 V 965v 

9 \l V 90Jv 914 m 922 111 9 15 V 920 V 

867 mv 872 V en v 872 m 873 s 880 V 872 s 875 vv 872 OI 88\ V 872 m 679 m 

854 IIIV 

750 9 744 m 755 " 758 V 760 m 765 m 

735 Sh 748 m 735 s 752 sh 7)6 s 751 s h 
725s 730 vv 7)} VS 735 s 727m 736 Sh 734 sh 

710 vs 727 sh 715 s 1 24 vs 72lvs 
708 9 713 s 109 m 705 m 708 m 708 m 
671 V 6BCJ m 685 V 685 vs 664 V 

598 m 59CJ m 6<>9m 599 Sh 605 Sh 
635 m 593 sh 5ee v 570 vs 585 V 582 s 586 m 581 JaS 

543m 586 s 581 m 549 s 532 VS 536 m 538 s 539 '" 
452 m 461 8 461 111 515 vv 515 sh 

437 8 422 m 419 m 421 Sh 422 111 423 m 418 m 424 s 
410 m 414 m 414 111 415 s h 
391 111'1 391 111 398 m )91 VY 400 V 391 m 398 m 400 V 396 m 400 Sh 

377 111 367 V 371 .. 315 Sh J19v J12 V 379 V' 373 V 377 m 
348 m 342m 332 m 319 sh J12 V 320 mv 

307 m 312 vs 309m 282 s 245 vs 248 sh 
253 s 248 m 252 V 268 sh 256 "' 289 m 257 1118 

222 V 222 V 220 V 226 m 226 vv 218 V 222vv 244 V 230 V 205 m 
19 1 s 191 s 204 m 18R v 

166 s 184 s 170 V 162 V 168 V 160 111 168 m 160 m 
139 m 141 " 141 m }44 V 14J V 140 V 146 V 144 V 

124 s 

118 vv 108 m 105 V 114 m 106 " Jl6 V 109 1 
97 m 98 V 96m 98 V 94 V 

78 • 68 m 72 • 62 V 72 m 82 V 70 m 76 mv 72 m 
65 6 60. 49 m 41 V Slv 43 V 47 • 58 m 46 V 52 m 

36 VS 26 V 30 V 24 V 25 vv 33s 26 V 26 • 
Tabte 6. 1 - IA R and aman vavenumbers and relat1ve lntensity data oe HT and tropotonate COlliptexes . 

vs • very s trong • . s "' strono, m = medium. v = veak, vv c: very ve ak, sh ::. shoulder , b •broad. 
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It was not possible to use the full intensity of the 

two lasers, because all samples were decomposed in the 

laser beam. Hutchinson et al. (74) have obtained far in

frared spectra (down to 100 cm-l of some eight-coordinated 

complexes such as Ni(napy) 4 (Cl04 )2 and K4 Hf(ox) 4 .sH2o 1 ), 

but were unable to obtain Raman spectra because of sample 

decomposition in the laser beam. We were able to record 

good Raman spectra of the tropolonates (Figs. 6.19 - 22) 

by decreasing the power of the laser beam to an extent that 

no decomposition occurred. The decrease in intensity of 

the scattered radiation can be compensated for by increas

ing the sensibility of the photomultiplier, and lowering 

the scan rate. In doing so, we were able to choose a small 

slit width in order to obtain a better resolution of the 

peaks. 

It was not always possible to eliminate the ascending 

base line, which is due to the fluorescence in the tropo

lonate rings and occurred mainly in the spectra of trapo

lene and sodium tropolonate (Figs. 6.17 - 18). Even then, 

however, the peaks emerged to such an extent from the base 

line that they could be measured accurately. 

The wavenumbers of the Raman lines for the various tro

polonates are listed in Table 6.1. 

1) 
napy 1"8 naphthyridine; ox oxalate 
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Fig. 6.2 - Infrared spectrum of NaT (Grubb-Parsons). 
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Fig. 6,4 - Infrared spectrum of FeT3 (Grubb-Parsons). 
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Fig. 6.5 - Infrared spectrum of ZrT4 (Grubb-Parsons). 
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Fig. 6.6- Infrared spectrum of HfT4 (Grubb-Parsons). 
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Fig. 6.13- Infrared spectrum of CuT2 (Fourier Trans
farm Infrared Spectrophotometer). 
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CHAPTER VII - INTERPRETATION OF THE VIBRATIONAL SPECTRA 

7.1 - Tentative assignment of the principal vibrations in . 

the tropolonate ring 

-1 7.1.1 - Th e hi gh wavenumb e r r e g i on, 2900 - 3600 om 

In the IR spectra of all investigated tropolonates a 

number of weak peaks is present, which lie between 2900and 

3100 cm- 1 (Fig. 7.1). They have been tabulated in Table 

7.1, and must be considered to be the C-H stretchings for 

unsaturated ar aromatic molecules. 

29;0 ."_. 

~~-2800 XIOO 3200 

~ 
280<J 3000 )100 

Fd 1 

~ 0 

2800 3000 
Cu12 

3000 JIJ5j) 

~ 2 00 )000 

)110 

Hl 

_i ~ 
JLOO 

Figure 7.1 -

IR spectra of HT and some 

metal tropolonates in the 

high wavenumber region. 

According to the group theoretica! analysis of the tro

polonate anion, which has c2v pseudo-symmetry (see Ch. V, 

5.2), five C-H stretchings must be found in this region, 

three of species A1 and two of species B1 • We have found 

in HT, ZrT4 , and HfT4 two, in NaT and FeT3 three, and in 
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CuT
2 

four braad and hardly resolved bands, comprising prob

ably several components. The two C-H stretchings of spe -

cies s
1 

are expected to occur at higher wavenumbers on 

account of the larger force constant for asymmetrie 
. . ed 1 ) h stretch1ngs. The 1nfrar spectrum of tropolone s ows 

- 1 clearly a shoulder at 2990 cm and a very strong band at 

3180 cm- 1 , of which the first must be assigned toa symmet

rie (A 1 ) and the last to an asymmetrie (81 ) C-H stretching 

(Fig, 7.1). In the Raman l) spectra 'of ZrT
4 

a nd HfT
4

, 

these bands have been found at 2960 (A1 ), 3015 (81 ), and 
- 1 ( ) . 3045 cm 8 1 , respect1vely. 

The bands in all investigated tropolonates have been 

found at l ower wavenumbers and with lower intensity than 

in HT. ALthough they are more resolved in the NaT, FeT3 , 

and CuT2 spectra than in those of HfT
4 

and ZrT4 , the inter

pretation will be the same as for the tropolone spectrum 

(Table 7.1). 

The weak and very braad band at 3450 cm- 1 in tropolone, 

consisting probably of the two 0-H stretchings of species 

A1 and 8 1 , i s absent in all t ropolonates, as was expected 

on the ground of the replacement of the hydragen atom in 

the OH group by the metal ion. 

HT NaT CuT2 FeT3 ZrT4 Hf T
4 ASSIGNMENT 

2990 sh 2950 w 2930 w 2920 w 2950 w 2950 w ~ vCHt v CH 
1 ° 3 

3000 w 2990 w 2995 w (A ) 

3050 ? 3050 w 3025 w 3040 w 3040 w 3040 w v CH l CH 
4 , \} 5 

3180 s 3050 w l (81 ) 

3450 w br v OH 

Table 7.1 - Band assignment of tropolonates in the. high 
wave.number region. The numbering of v 
corresponds to ·that in Fig. 5. 7. 

7.1.2 - Th e middZe wav e numb e r reg ion, 7 00 - 1800 c m-1 

I n this region, only the IR spectra of tropolone, a-thu

japlicine, and CuT2 have been studied until now. This has 

been done by I kegami(75), Koch(76 ), and Jung( 77) . An inter-

l) · I n th e fo llowing tex t, i n f rared a nd Ra ma n will be 
a bb rev iated by IR a n d R, r espect i v e ly. 
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pretation of the R spectra of all tropolonate complexes, 

and even of the IR spectra of FeT 3 , ZrT4 and HfT4 in this 

region is still lacking in the literature. In this section 

we will undertake this study, camparing the R and IR spec

tra of the tropolonates in order to give a tentative 

in this region. assignment of the main bands 

The stretching mode of a 

erally observed between 1800 

ketonic carbonyl group is gen
-1 and 1600 cm . In B-thujapli-

cine (Fig. 1.1c),an intense IR absorption is indeed found 
-1 . . -1 . 

near 1620 cm , ~n tropolone ~tself near 1610 cm and ~n 

NaT (which is not a complex but an organic salt) at 1606 
-1 . . cm Th~s band must be due to the C=O stretch~ng mode 

and the location of its wavenumber near the lower limit of 

its normal range is undoubtedly the consequence of the con

jugated 1!-system in the tropolone ring. 

In all tropolonate complexes, however, the band of 

highest wavenumber (apart from the C-H stretching bands) 
. -1 
~s found only at about 1590 cm • The absence of any ab- . 

sorption band between 1600-1800 cm- 1 and 3400-3600 cm- 1 in 

the tropolonate complexes suggests that the two oxygen 

atoms of the carbonyl and hydroxyl groups are coordinated, 

and that tropolone acts as a bidentate ligand. 

The strong IR bands of CuT2 at 1590 and 1513 cm- 1 found 

by Junge (77) (1593 and 1515 in our spectrum) are shifted 

b 2 - 1 b 18o b . . h b y at most - cm y su st~tut1on. T ese ands, also 

found in HfT
4 

(1593 and 1522 cm- 1 ), ZrT
4 

(1589 and 1515 

cm- 1 ), and FeT 3 (1588 and 1513 cm- 1 ), cannot be assigned 

to the carbonyl stretching frequencies, because the theor

etica! value of frequency lowering for a carbonyl C= 18o 
stretching as compared to a carbonyl C=

16o stretching, cal

culated on basis of the reduced mass, should be about -20 
-1 -1 cm Moreover, these bands at about 1590 cm are strong 

in R (see Table 6.1), although we should expect a medium 

to weak band in R, since the C=O bond is strongly polar 

(Ref. 78 ). Therefore, the bands can be readily assigned 

to the multiple bond C=C stretching frequencies, as in the 

spectra of benzene and tropylium bromide (C7H7+Br-), where 

the C=C stretchings have been found at nearly the same po

sitions (Ref. 64 and 79). 
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In the 1500-1400 cm- 1 region,there are two bands which 
. . -1 . 

held our attent1on. The band at about 1470 cm 1n CuT2 , 

FeT
3

, ZrT4 , and HfT4 is medium to strong in R and inactive 
. -1 . 1n the IR. The second band at about 1420 cm 1s very 

strong in the IR and medium to strong in R. The band at 
-1 . about 1470 cm has been observed also 1n the IR spectra 

of benzene and tropylium, while the band at about 1420 cm- 1 

is absent in the IR and R spectra of these compounds. 

The band at about 1470 cm- 1 in the IR spectra of benzene 

and tropylium has been assigned to the C=C stretching of 

species E1u in benzene and species Ei in c7H7+Br-· (Refs.64 

and 79). In our tropolonate complexes this band can be 

assigned to the symmetrie C=C stretch of species A1 , which 

is strong . in Rand weak or inactive in the IR. 

The assignment of the band at about 1420 cm- 1 to a C=C 

stretching is questionable because it was not found in the 

·spectra of benzene and tropylium and the assignment to a 

~-H bending is also doubtful, because the C-H bending fre

quencies appear in benzene, tropylium and all tropoloriate 

complexes in the 1250-1000 cm- 1 region, which lies well 
-1 under 1420 cm • We suggest the possibility to assign this 

band to the C-C single bond frequency. In benzene and tro

pylium all carbon-carbon bands are partially double bands 

and equal in strength due to the benzenoic resonance of the 

n electrans in an aromatic molecule. The c1-c2 bond dis

tanee in the anionic and neutral tropolonate complexes is 
0 . . . . 

about 1·46-1·48 A, wh1le 1n an aromat1c system the C-C d1S-

tance is about 1·39 i (Ch. I, l.i). Therefore, the force 

constant of the C-C single bond must be smaller and hence 

the corresponding vibrational frequency lower than in.an 

aromatic molecule. 
We found a strong IR band with shoulders at about 1350 

cm-l in all tropolonates. This band, medium to weak in R, 

is absent in the c6H6 and c7H7+ spectra, and shifted -16 
-1 b 18 b . . . C T cm y 0 su st1tut1on 1n u 2 . 

It is also the most metal-sensitive band in the middle 

frequency region, because it shifts from 1340 cm- 1 in CuT2 , 

via 1353 cm- 1 in FeT 3 to 1362 cm- 1 in HfT
4 

and ZrT
4

, as the 
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coordination number increases from four via six to eight. 

The same and even more pronounced trend was observed in 

the acetylacetonate complexes of hafnium and zirconium 

(Ref. 16). As the coordination number increases, one ex

pects an increase of the metal-ligand bond distance and 

hence a decrease of the metal-ligand bond strength and an 

increase of the C-0 bond strength. This strong IR band, 

- which is medium to weak in R as expected on the ground 

of the high polarity of the C-O bond -, is probably the 

purest C-0 stretching frequency in the tropolonate com-

plexes. 

The very 

braad in 

We note also an inverse intensity in our spectra. 

strong IR band at 1362 cm- 1 in HfT4 is weak and 
-1 . . R, and the shoulder at 1358 cm 1n the IR 1s 

medium to weak in R. Since there must be two C-0 stretching 

frequencies of species A1 and B1 , we assign the peak at 
-1 

1362 cm of HfT4 to the asymmetrie stretch of species B1 , 
-1 . and the shoulder at 1358 cm to the symmetr1c stretch of 

species A1 on the ground of the inverse intensity. 
-1 . 

In the 1000-1250 cm reg1on of the IR and Raman spec-

tra of the tropolonate complexes, and also of c6H6 and 
+ c7H7 , various bands of medium to weak intensity have been 

encountered, which must be assigned to the various C-H vi

brations in the ring. This is evident from a normal coor

dinate analysis of c6H6 and c7H7+ (Refs. 64 and 79). The 

spectra of tropylium and of benzene are much simpler than 

those of the tropolonate ring of c 2v pseudo-symmetry because 

the species to which the C-H bendings pertain aré all degen

erate (Ei and Ei in c7H7+; Elu and E2g in c6H6 ), and not de

generate (3A1+2B 1 ) in the tropolonate ring. There is little 

information available from the published spectra which can 

be used to assign the bands in this region to either spe

cies A1 or B1 . 
-1 In the 1000-700 cm region, there are two very strong 

bands at about 970 and 725 cm- 1 in R which are weak or in

active intheIR spectra. Junge (77), Hutchinson (33), and 

Hulett et al, (21) have given no attention tothese bands, 

because they have not obtained the R spectra of these com

plexes. We think that the band at about 970 cm- 1 must be 
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C H - D6h I 64l c 7H;sr - - 0 7h 179) C7H60 2 - c 2v ring 175) CuT2 - c2v 

IR RAHAN ASSIGNMENT IR RA MAN ASSIGNHENT IR RAHAN ASSIGNMEN'l' IR RA.'<AN 

1607 • 1608 s vco .. vee 
1606 111 v;c= .. v~~(T:t2g> 1593 9 1595 ." 

1 5 85 lU vîi .. <s29 l 1594 111 
cc . 

V 16 (Ez I 1555 eh 1564 V 

1543 • 1542 8 V C-OH 1520 vs 15 12 " 

1485 8 . vee 
13 ( E l u ) 1477 v s vee 

13 ( E ~) 1475 s 1485 m V cc 147 1 rn : 
1462 Sh 1464 11\ 1<441 sh 1446 rn 

1420 vs V CH(II) 14\1 vs t4tt M 
1340 9 

1352 V 

ll78 V unassigned 1262 s 1268 "' 
VCtt(ll) 

llnd/or 
12)2 .s 1235 lil 'IJ C-OH 1239 1!1 1232 1!1 

1202 D\S 
VCH(IJ ) 1229 11\ 

VCHIII )IE l v~~c 11 
>ce; > 1178 m 1222 V 1210 mY 1218 s 17 1g 

1037 a ~~Cl I >ce1u> 992 mw v~~(lt '<e~ > 950 '""' 972 V 974 s 

925 V unassigned 

992 vs V~(Alg') 868 vs vic<-'~ l 960 m 
V CH(.U 

914 1!1 

867 lftV 872 V 

849 mv VCH(,L)IE l 
8~ mv 880 V 11 lg 

7~0 ftl8 144 m v~~e!~~Ïng fl73 • 

731 va 758 V 

706. vcol·lll 
7 10 va 

658 m un•ssigned 709 m 

671 a (v~HC .lJ(A2ul 633 111 v~HUJ(o\2 ) 673 " 68 9 m vcccc 

606 ""' lv~l ll )1 • 2.) 433 111 v~~c u >uz> 4 37 m 4 52 m v CCCC 398 m 391 vv 

332 m 

Tabla 7 . 2 - Ass.icpunent ot the ring !requencies in the middle vavenumber region a!t.er H•rzberg C6il, 
f'at:etey 6t at . <79) , Ik~ami (75), .Juft9e (7f) , ancl a!t.er this vork. The Raman and 

intrared data of tropolone and of the tropolonate complexee have baen taken ·Crom ou r 
spectra (Ch, vr, 6 . 1-2} . • 

rino <rn . ... 3 ZrT4 HrT
4 

c 2v rin; ( t hl s vork) 

ASS.IGUMENT IR RAHAN IR RAKAN I R RAHAN ASSIGNHEHT 

1588 s 1588 vs 1589 s 1592 s 1593 s 1592 s v~i· vî; 
151) V S 1521 lft UlS s 1522 s lSl4 V\f' (8

1 
){ C• C) 

vee 

1468 s h 1465 V 1474 va 1465 s h 1473 vs vee 
9 • v~î ( A l ) 

140 7 vs 1424 m 1425 vs 14)4 111 1428 vs 14)2 V vî;<et l 
1378 vs 1412 vs 1407 s v~g<A 1 ) 

1353 s 1362 s 1362 vs v~o( Bl l 
vCO 

1)54 V 1355 8h 1)60 V 1358 sh 1)60 V y~O(Al ) 

1256 m 1248 V 1254 V 1250 mv 1255 mv yCH( 11 ) 
20 

>JCH( 11) 
21 

1244 m (81 ) 
VCH(JI ) 

12 18 $ 1224 m 1226 m 1223 a 1226 m 1231 m 
VCHI 11 to 'o) CHI 11 ) 

1070 V 1067 " 1070 V 10 80 " 
17 

( Al ) 19 

unas& i <Jned 914 m 973 s 973 s v~c,.._.l) ring brellthinç, 

962 !ft 9&2 "' 965 mv 

922 m 915 V 920 V 
vCH(.l ) 

28 
to VCHI.L ) 

32 
872 s 875 vv 872 1!1 881 V 872 m 879 !ft (A2) and t a 2 ) 

'V CH(.l.) 760 m 765 m 

748 m VCC( 11 ) 
22 to yCC( 11 l 

25 
7l5.s 727 m 735 s 7 36 5 734 s h ( Al) and ( 9

1
) 

V (Cu·O) 
715 • 724 va 72tva V(l'f-O ) , ( A

1
) M0

2
c

2 
ri ng 

vCHI.L l 705 m 708 m 708 m y COU ) 'IJ CO(l) 
26 27 

684 V tA
2

) and ( a
2

) 

379 V 372 V 379 V )7) V 377 V 
unass i g ned 

yCCCC 
33 to VCCCC 

36 

(A2 l and c~r2 ) 

The abrev iation.s va, s, ID, mv, sh have thei r ueua1 meaning . We have adopted 

the not ation or Herzbero• CC • •tl:'etching, CO • s tretching , CC ( JJ ) • in ... 

phne bending:, CH( 11 ). and CO( 11 ) • in plane bencUng, CH(.l). CO<.l. ) CC(l) .. 

out-o!-plane bendino, CCCC .. torsion. J usti!ica.tion in the text . 



assigned to the C-C symmetrie stretch of the ring (or ring 

breathing )' of .species A1 just like the very strong and po

larizecl band in benzene at 992 cm -l has been assigned to the 

C-C ring breathing of species A
1 

. The lowering from 992 
-1 . -1 . g h . 

cm tO 970 cm 1s expected on account of t e larger s1ze 

of the tropolonate ring as compared with the six-membered 

ring of benzene. The influence of the ring size is dem

onstrated by the lowering from 992 to 868 cm- 1 of the same 
+ - . band in c7H7 Br • The reason why the frequency lower1ng 

of this band in c7H7+ is much larger than in c7H5o2- must 

be the fact that the electronic density in the positively 

charged tropylium is lower than in the negatively charged 

tropolonate anion. It is a known datum of general chem

istry that the larger the electronic density between two 

atoms (e.g. C-C, C=C, C=C) the strenger the bond and hence 

the higher the vibrational frequency corresponding to this 

bond. 

The other strong band at about 725 cm- 1 , inactive in 

IR, is assigned to the totally symmetrical stretching of 

the five-membered Mo2c2 ring. This band is also sensitive 

to the various metal parameters which will be studied ·in 

the next section, so that we do not doubt that the metal 

ion participates in this vibration. 
-1 . 

In the 750-650 cm reg1on, we found various medium 

to strong bands in the IR, which are weak ar inactive in 

R. According to the normal coordinate analysis of c7H7+Br

and c6H6 , these bands must be assigned to the C-H out-of

plane bendings modes. 

In Table 7.2 the most important IR and R bands in the 
-1 . + -1650-650 cm reg1on of c6H6 , c7H7 Br , c7H6o2 , CuT

2
, FeT

3
, 

ZrT4 and HfT4 have been listed along with the assignment 

of their symmetry species. 

7.2 - Tentative assignment of the metal-ligand vibrations 

of metal tropolonates in the literature 

7.2.1 - Introduet ion 

In the study of the vibrational spectra of metal com-
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plexes in the low-frequency region, two schools can be dis

tinguished in the literature. 

By one school, represented by Nakamoto (80), Mikami 

(81), and Hutchinson (82), the metal-ligand vibrations are 

assigned mainly to wavenumbers between 200 and 450 cm- 1 -

These authors justify their apinion on normal coordinate 

analysis and metal isotape substitution. 

By the other school, represented by Junge (77), Fay 

(16), and Hulett et aL (21), the metal-ligand vibra

tions are assigned to wavenumbers in the region between 

200 and 700 cm- 1 . These authors justify their apinion on 
18 b . . d h t d d f th b d 0 su st1tut1on, an on t e s rong epen ence o e an 

positions on the charge, radius, mass, and d-orbital popu

lation in the valenee shell of the metal ions. 

We have chosen for the methad of the latter school for 

the following reasons. 

(i} The wavenumbers of the M-0 stretchings in the inter-

(i i) 

pretation of Nakamoto et al. ( 80) are too low. 

Nakamoto and Hutchinson have used metal isotape sub-

st i tution to sustain their assignment. Isotape sub-

stitution in the case of the heavier metal atoms 

leads to only a small isotopic effect, which must be 

treated with care. For instance, the frequency shift 
. . 90ZrT 94 rT . h d 1n pass1ng from 4 to Z 4 1s ar ly more than 

2 cm- 1 , which is close to the experimental magnitude 

of the error (Ref. 82). On the other hand, the ab

sence of a frequency shift in substituting one metal 

isotape for another does no't prove that the associ

ated vibration is not a metal-ligand vibration. 

There are many pure metal-ligand symmetrie stretchings 

or bendings, in which the metal ion is not or hardly 

displaced from its equilibrium position during the 

vibration and in these cases the influence of isotape 

substitution will be zero or very low. 

(iiiJ They carried out a normal coordinate analysis with 

force constants which appear to us to be low, because 

the stability constants, which are a measure of the 

bond strength, are very high for the acetylacetonate 
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and tropolona te complexes ( d f. Ch. I, 1. 4) . More

over, even when the complete set of G elements is 

known, many sets of F elements (force constants) can 

be constructed to give the same set of eigenvalues 

À for the secular equation I GF - E À I = 0. 

It is very important to have further data available. 

Such data can be provided by camparing the various metal 

tropolonates with each other and with the closely related 

acetylacetonates, by camparing the number and the intensity 

of the bands of the R with those of the IR spectra and by 

relating the frequencies to the charge, mass, radius, ion

ization potential, and d-orbital population of the metal 

ion. 

As stated before, we are in favour of the arguments of 

the •second• school for assigning the metal-ligand vibra

tions to the various wavenumbers observed in the spectra. 

Junge (77) and Hulett et al. (21) already recorded the IR 

spectra of CuT2 and FeT3 down to 300 cm- 1 and Hutchinson 

( ) . -1 et al. 82 also those of ZrT4 and HfT4 1n the 600-150 cm 

region. We were able to extend the measurements in the 
-1 IR down to 20 cm and to record R spectra of the investi-

gated tropolonates down to 26 cm- 1 ( af. Ch. VI). In the 

following,we will first camment on the findings or our pre

decessors and campare them with the results obtained from 

our tropolonate spectra. 

7.2.2 - 1 6 o- 18o substitution 

As demonstrated by Junge (77), all bands in CuT
2 

be-
-l -1 tween 720 and 350 cm , except those at 423 and 399 cm , 

h . . h 18 . b . s ow a strong 1sotop1c effect, w en 0 1s su st1tuted for 
16o (Table 7.3). There is no doubt that the large shifts 

for the 712, 636 and 586 cm- 1 bands indicate a strong par

ticipation of the oxygen atoms in the corresponding modes. 

Since the C-0 frequencies are found in the 1300-1400 cm- 1 

region of the spectra, these bands must be assigned to the 

Cu-0 vibrational modes. According to Junge (77), the 423 
-1 . . and 399 cm bands may perta1n to mixed Cu-0 and ligand 

modes. The small isotape shifts (indicated by ~v in Table 
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7.3) in the lower, and large isotope shifts in the higher 
-1 wavenumber range of the 740-20 cm region are a strong 

evidence for the assignment of the metal-ligand vibrations 

at much higher wavenumbers than has been proposed by the 

authors of the first school. When this is true, the 

strength of the Cu-0 bond will be about two times higher 

than was assumed in the workof Nakamoto et al . (80). 

In more recent work on the acetylacetonate metal com

plexes, Nakamoto et al. (83) have revised parti ally their 

earlier opinions, and attributed the frequencies between 

500-700 cm- 1 to mixed metal-ligand and ring vibrations. 

The Cu-0 bond strength in Cu(acac) 2 has been calculated by 
0 

them to be equal to 1·45 mdyn/A (about 1•5 times higher 

than in their earlier work). 

JUNGE ( 77) THIS 

IR[l 6oJ IR[18o1 llv IR 

710 m 698 -12 709 m 
636 m 621 -15 635 m 

615 -21 
586 s 560 -26 586 s 

423 s 417 -6 422 s 
399 w 394 -5 398 w 

332 m 

WORK 

RAMAN 

720 s 

609 m 
593 sh 
581 m 
419 m 
391 w 

Table 7.3 -

IR and R spectra 

of copper (II) 

[1602] and [1802] 

bistropol onate. 

llvis the isotope 
. . -1 

sh~ft ~n cm 
<v160 _ \>180 > 

7.2.3 _ Re l ations be tween metal - l i gand v ibr ations and metal 
i on par ame ters . 

The re are various bands below 740 cm- 1 in the tropolo

nate complexes which are strongly dependent on: 

(i} charge, radius, ionization potential, and mass of 

the metal ion (the ionization potential is also de

termined by the values of charge and radius of the 

ion), 

( ii ) c oordination number of the metal ion, 

(i i i) d-orbital population, and number of unpaired electrens 

in the metal ion. 

7 . 2.3.1 _ I nfZuen ce of char ge , r adius, ionization potential 
and mass o f the metal ion . 

On theore tica! grounds we expect tha t the highe r will 
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be the charge (Z) and smaller the radius (r) and mass (A) 

of the metal ion, the higher will be the frequency of the 

metal-ligand vibration. Figure 7.2 shows clearly that this 

is true for the non-transition metals of the same row of 

the Periadie Table of the elements (e.g. Na+, Mg2+, Al 3+), 

and also for the transition metals which, even having the 

same mass, undergci a changeintheir charge and radius(e.g. 
2+ 3+ 2+ 3+ . 

Mn , Mn or Co , Co ). The values of the two d1fferent 

metal-ligand frequencies for the tropolonate complexes in 

the 450-660 cm- 1 region in Fig. 7.2 have been taken from 

Refs. ( 21) and (22), and from our own vibrational spectra. 

The only exception to the mass dependenee is found for 

HfT
4 

and ZrT4 (note the crossing of the relevant lines in 

Figure 7.2). Hafnium is a much heaver element than zirco

nium so that we expect the ZrT4 metal-ligand frequencies 

to be higher than those of HfT4 . This different trend can 

be explained by the lanthanide contraction which causes the 

connecting line between La (L=57) and Hf (Z=72) to rise 

steeper than between yttrium (Z=39) and zirconium (Z=40). 

660 

640 

620 

•• ~5 
c 

I> 560 

I 

410 

460 

"'" 

"• 

c:( 

! ~· , . 
.. · 

Figure 7.2 -

Variation of two different 

v(M-0) vibrations frequencies 
Hf"• • ,,.. w1 th the ion charge ( Z) and 

mass (A) of the metal ion 

in metal tropolonates. 
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In Figure 7.3 the variations have been given of the 

same metal-ligand bands between 450 and 630 cm-l with the 

first ionization potentials (in eV) of the valenee elec

trans in the 'free• ion. The examples given in this fi

gure show clearly what has to be understood by the first 

ionization potential. Since the ionization potential 

depends heavily on the charge and radius (I ~z2;r) of the 
n 

metal ion, we expect that the higher are the ionization 

potentials in the same column (family) of the Periadie 

Table, the higher are the metal-ligand frequencies in the 

wavenumber region under discussion. This is what is 

observed and may beseen in Figure 7.3. Again, the only 

exceptions in the general trend are the two metal-ligand 

vibrations in HfT4 and ZrT4 . The shielding effect of the 

fourteen 4f electrans between La (Z=57), and Hf (Z=72) is 
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responsible for the relatively low ionization potential of 

h 4+ ' ' h h I f 4+ t e Hf ~on w~t respect to t e n o Zr . Therefore, 

a lower wavenumber is expected for the Hf-0 stretching vi

brations than for the Zr-0 stretching vibrations, the more 

so since Zr is a lighter element than Hf. However, there 

will be a stronger covalent bond for Hf-0, and hence a 

higher metal-oxygen frequency by virtue of the stronger 

overlap of the hafnium 5 d-orbitals than of the zirconium 

4 d orbitals with the ,ligand orbitals. These two effects 

will partially cancel ~ach other and result in an approxi

mately equal wavenumber for the Zr-0 and Hf-0 stretching 

vibrations. 

7.2.3.2 - InfZuence of the coordination number 

In the acetylacetonate and tropolonate complexes a gen

eral trend has been observed consisting in: 

(i) a decrease of the metal-ligand frequencies, and 

(iiJ an increase of the carbonyl stretching frequency with 

increasing coordination number of the metal. 

This can be understood by the increase of the M-0 distance 

and decrease of the C-0 distance upon increasing the coor

dination number. In Table 7.4 the values for the wavenum

bers v(M-0) and v(C-0) for various four-, six-, seven-, 

and eight-coordinated acetylacetonate and tropolonate che

lates have been listed. 

SAMPLE 1 CN 1 2 3 
\>( C-0) REFERENCES v(M-o) v( M-0) \>(M-0) 

BiT +Cl- /; - 514 580 1330 (22) 
BiT; 6 - 495 570 1342 (22) 
Hf(acac) 2ci2 6 313 446 463 1341 (16) 
Hf(acac) 3Cl 7 262 432 454 1387 ( 16) 
Hf(acac)4 8 253 417 446 1397 (16) 
Zr(acac) 2cl2 6 336 450 460 1338 (16) 
Zr(acac) 3Cl 7 314 432 449 1381 (16) 
Zr(acac)4 8 301 416 441 1397 ( 16) 
CuT2 4 307 586 635 1340 this work 
FeT3 6 312 549 588 1353 this work 
ZrT 8 282 532 585 1362 this work 
HfT4 8 245 538 588 1362 this work 4 

Table 7.4 - Influence of the coordination number (CN) 
on the M-0 and carbonyl frequencies. 
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7.2.3 . 3 - In fZuenae of the d - or bi t aZ popuZation 

Hancock (84), Haigh ( 8 5), and Hulett and Thornton 

et aZ . (21) pointed out that the M-0 stretchinq f r equencies 

of acetylacetonates, substituted acetylacetonates, tropo

lonates, and also the M-N f requencies in amino, hydrazine, 

pyridine and q uinoline complexes of the transition metals 

exhibit a correlation with d-orbital population which is 

consistent with the crystal field stabilization energy 

(CFSE ) for high-spin compl exes 1 ) On theoretica! grounds, 

it is expected that the higher the CFSE the higher will 

be the metal-ligand vibrational frequency. Magnetic mo-

ment dete rminations (on a Gouy balance) show that all first 

row transition metal tropolonates are high spin compounds, 

except CoT 3 ( a f. Ref. 86 and Table 7.5 bottorn row). In the 

absence of any CFSE, the M-0 frequencies of the transition 

metal tropolonates of the same row of the Periadie Table 

will increase slowly due to the increase of the n uclear 

charge and decrease of the ion radius. This is indicated 

by the dotted line in Figs. 7.4 and 7.5. However, the 

HTx CaT 2 Hn'l'2 CoT
2 

NiT 2 CuT
2 

ZnT
2 

scr
3 

TiT
3 VT3 c rr

3 HnTJ FeT
3 CoT

3 
GaT3 zrr

4 
H!T

4 

1 695 699 ... 703 709 698 712 71 9 732 72 1 708 705 727 71 3 708 708 

2 561 587 592 6 11 635 5 90 583 596 621 627 6 11 588 656 607 585 588 
] ( 561) (58 7 ) (588) (589) (589 · 5) ( 590) { 58 3) ( 585) (588) (590) (592) (594) (5~6) (607 ) 

4 487 517 530 545 586 5 33 544 54 1 557 565 583 54 9 585 582 532 538 

5 406 4 16 417 4 25 422 416 420 430 419 429 427 421 452 4 25 4 22 4 18 

6 379 382 382 391 398 382 405 410 400 406 4 07 398 39. 
7 307 ,.. 348 375 361 338 312 373 3 10 282 245 

d ~ popu-
do 

l ation 
.5 . 7 d 8 d9 . 10 do d 1 d 2 d3 d4 •' d 6 d 10 d o d o 

CF'S E 
0 0 - 8 - 12 -· 0 0 -4 - 8 - 12 -6 0 -24 0 0 0 

(Dq ) 

u ere 0 5-89 4·4 1 2·94 1 · 86 0 0 - ) • 7 9 4 · 74 5 · 78 0 0 0 0 

Table 7 .5 . Va r i at ien of the M- 0 f requencies (in cm 1 1 ot t he metal t ropo l o nates vith d- populat i on. 
CFSE. the e!fect ive magnetic ft'IO ment ( ll in Bohr m;aqneton). 'T'he CFSE (in Dq) is c:alculated 
as$um i n9 oc t ahedral coordination, excluding palr ing e ne rgy anc:l J ahn-Teller stabllizat ion 
roe CuTz and MnTJ. The third rov v i th t he vavenumbers in parentheses conta ins t he e:..- · 
peet~ wave numbers if t he CFSE: s hou ld be exclud ed (see t he dot t ed line in Figs. 7 .5 - 6) . 
Da t a we re t aken f ronl Ref s. lof a.nd IS, and from th is vork . · 

1) Th e ex tent to wh i ch the d- o rbitals are separated in a 
cry~ tal f ield is denoted by 10 Dq or 6. The energ ~ diffe r 
ence between the d-orbita l s in a crystal field is called 
crystal field stabilization energy, which is defined as a 
n e gat i v e quantity, b e cau s e CFSE always stahilizes a complex 
unless i t happens to be ~qual to zero. 
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speetral bands of the bivalent and trivalent transition 

metal tropolonates with d-population different from zero, 

five, ar ten clearly show in this region an additional in

crease in the metal-ligand band wavenumbers paralleled by 

an increase of the CFSE of the metal-ligand bond. This 

has been indicated by the full lines in Figs, 7,4 and 7,5, 

600,-------------------------------------. 

"0 

"" 
600 

l "0 
560 

.5 
I> Sl.O 

3<0 

120 

............... --- ................ 

---

'" L."____, __ __.,.. __ ....-~.-------.....--.,-~.,---:t--4-:r----:.n,.r 
OOq 

c.r, 

Figure 7,4 -

Variatien of 

v(M-0) with d

orbital population 

( CFSE) in metal 

(III) tropolonates. 

The data have been 

taken from Refs. 

21 and 82. 

We think that this is a strong argument, tagether with the 

arguments given in the foregoing paragraphs, to assign the 

bands in the 450-650 cm- 1 region to metal-ligand vibrations. 

Whether or nat the frequencies of the metal-ligand vibra

tions are enhanced by the CFSE, the band shapes and inten

sities for corresponding vibrations are identical for all 

metal tropolonates, inclusive those of the hafnium (IV) 

and zirconium (IV) tetrakistropolonates, which have bath 

d 0 electronic configuration. 

It is worth while to note that Hutchinson et at. ( 74 

and 82) have found the same influence of the CFSE on the 
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-1 1 metal-ligand vibrational modes in the 200-400 cm spectra 

region of the transition metal tropolonates (bottom part 

of Fig. 7.4). Undoubtedly, these bands show nat only a 

strong influence of the CFSE, but also a large mass effect 

(the seventh row of wavenumbers in Table 7.5). It is there

fore likely to assign these bands to metal-ligand fre

quencies. However, for reasans explained in the foregoing 

text, the assumption of Hutchinson et aZ. that the bands 
-1 . between 200-400 cm should be the only pure M-0 stretch1ng 

frequencies in the tropolonate complexes cannot be correct. 

6i0 

610 

"0 

>10 

g 
" 

I> 

430 

420 

410 

40 

o-

o--· 

ODq 
c.-T1 

4 d cl 4 

ODq 80q 121>q 6Dq ODq 

HnT2 CoT
2 

NiT2 C\aT2 ZnT1 

Figure 7.5 -

Variation of v(M-0) 

:with d-orbital 

population (CFSE) 

in metal (II) tropo

lonates. Data have 

been taken from Ref. 

22 and this work. 

The bands at 307 (CuT2 ), 312 (FeT 3 ), 282 (ZrT4 ), and 

245 (HfT4 ) cm- 1 (Table 7.5) are very strong in IR and weak 

ar absent in R. Therefore, these bands cannot be assigned 

to totally symmetrical vibrations (species A
1
), but only 

to other symmetry species, e.g. to s 2 arE in the M08 group 

of n2d symmetry. 

A comparison of two transition metal tropolonates, 

whose metal atoms pertain to the same subgroup of the peri

adie system, constitutes another strong a~gument for the 

importance of the CFSE in the assignment of the speetral 

bands in the 650-400 cm- 1 region (Ref. 86). On purely 

theoretica! grounds, we expect the crystal field splitting 
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of the d-orbitals in RuT 3 (4d 5 ) and RhT 3 (4d 6 ) to be larger 

than in FeT
3 

(3d5 ) and CoT 3 (3d
6

) because the second row 

transition metal complexes are almost exclusively low spin 

complexes due to the lower spin-pairing energy, tendency 

towards higher coordination numbers, tendency towards higher 

oxidation states, and the wider overlap of the 4d orbitals 

with the ligand orbitals. CoT
5 

follows the same trend of 

RuT
3 

and RhT
3

, because co3+(3d ) forms the only !ow-spin 

first row transition metal tropplonate. In Table 7.6 we 

can see that the metal-tropolonates with a high value for 

the CFSE have higher M-0 frequencies than the metal tropo

lonates with electrooie configuration d 0 or d
10

, for which 

we do not expect any CFSE. 

FeT 3 RuT 3 CoT 3 
RhT 3 ScT 3 ZrT4 GaT 3 InT 3 HfT4 

v(M-o) 588 662 656 663 583 585 607 608 588 

in cm -1 549 573 585 580 544 532 582 557 538 
421 429 452 430 420 422 425 412 418 

ec 3d 5 4d 5 3d6 4d 6 3d 1 4d0 3d10 4d10 5d 0 

spin high low low low 0 0 0 0 0 
CFSE(Dq) 0 20 24 24 -4 0 0 0 0 

Table 7.6- Variation of v(M-0) (in cm- 1 ) with d-popu
lation and CFSE in the first and second 
row transition metal tropolonates. ec = 
electron configuration. Dq is calculated 
assuming octahedral cöordination, excluding 
pairing energy. 

We have found the same but less pronounced influence of 

d-population on the values of the v(M-0) wavenumber in the 

400-450 cm-
1 

region of the bivalent (Fig. 7.5) and trivalent 

(Fig. 7.6) transition metal tropolonates. The values have 

been taken from references (21) and (86) and from our own 

vibrational spectra, which show also bands in these rP.gions. 

" 4 
8D<( lW., 6Dq ODq 24Dq 0Dq 

Figure 7.6 -
Variation of v(M-0) 
with d-orbital popu
lation in the 400-
450 cm- region. 
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There are some departures from the expected tendency. 
-1 . 

For instance, the 419 cm band of VT3 1s toa low on the 

ground of the Dq values (indicated by arrowin Fig. 7.6). 

In spite of this discrepancy, we think that there are suf-
. . ( 16 1So b . . ) . h f1c1ent arguments see 0- su st1tut1on to ass1gn t e 

bands in the 400-450 cm-
1 

region to metal-ligand vibrations. 

7.3 - Tentative assignment of the metal-ligand vibrations 

in HfT
4

, ZrT4 , CuT2 , and FeT
3 

7.3.1 - Introduetion 

In this section,a tentative assignment will be given 

for the solid (powder) spectra of HfT
4

, ZrT
4

, CuT
2 

and 

FeT 3 in the low frequency range. The assignment is based 

on the IR data in the 740-200 cm-
1 

region, which have been 

given in the literature and discussed in the preceding 

sections, on the comparison between our IR and R spectra 

in the 740-20 cm- 1 range, on the correlation method, and 

on the expected intensities of the IR and R bands (Ch. V, 

5.3). 

Unfortunately, it has nat been possible to determine 

depolarization ratios of the R lines since single crystals 

of pure HfT
4 

cannot be obtained from saturated solutions 

(see Ch. II, 2.2.4), and the solubility of HfT4 in'chloro

form or other solvents is toa low to obtain sufficiently 

intense R lines suitable for such measurements. 

Befare giving a tentative assignment of the vibrations 

of hafnium (IV) and zirconium (IV) tetrakistropolonates in 

the low-frequency region, we must know the geometrie form 

and the symmetry of the MOS central group of HfT
4 

and ZrT
4

. 

In the preceding chapters we have assumed without any proof 

that the central MOS group has the dodecahedral farm and 

o2d symmetry. For clarity, we will restriet our consider

ations only on HfT4 . Exactly the same considerations are 

valid for ZrT
4

• 

In order to determine the geometry of the central Mf0
8 

group in HfT4 , a straightforward methad would by X-ray 
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structure analysis. However, single crystals of pure HfT4 , 

which are sufficiently large for such an analysis, have not 

been obtained so far. Upon crystallization of HfT4 from 

saturated solutions in CHC1
3

, DMF, DMSO, or other solvents, 

one obtains usable single crystals, but these contain sol~ 

vent molecules in the crystal lattice as was shown by el

ement analysis (Ch. II, 2.2.4), or reported in the litera

ture (Refs. 10, 87 and 88). 

Therefore, we employed vibrational spectroscopy to de

termine the symmetry of the Hf08 group in pure HfT4 . For 

each of the three possible geometrie forms (D2d dodecahe

dron, o4d square antiprism, and c2v bicapped trigonal prism 

(Ch. I, 1.3)) one determines the number of IR and R active 

internal vibrational frequencies by group theoretica! 

methods, and compares the results with the number of peaks 

occuring in the spectra. Since the numbers of active vi

brations in the IR and R differ widely for the three ge

ometrie forms, it is possible to point out which one is 

the most probable. 

Two complications arise. Firstly, one must sort out 

those frequencies which belong to the ligand molecules. 

This has been done by comparing the spectra of HfT
4 

with 

those of other metal tropolonates and of tropolone itself. 

Secondly, one must take into account the numbers of active 

lattice vibrations, since the spectra are taken from solid 

samples. These depend on the space group and the number 

of molecules in the primitive unit cell of the crystal, 

and on the symmetry of the Wyckoff sites on which the mol

ecules are encountered. 

HfT4 was obtained following the synthesis described in 

Chapter II, 2.2.4. Its purity proved to be 99·5%. 

The results of the crystallographic investigation have 

been given in Chapter IV, 4.5. Since the space group of 

HfT4 is P
1 

and Z=1, the lattice vibrations consist of three 

librations only, which must be IR and R active. 

The numbers of IR and R active vibrations, including 

-the librations, to be expected for the Hf08 group for each 

geometrie form have been listed in Table 7.7. 
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Excluding the peaks pertaining to the ligands, twelve 

frequencies have been found in the infrared and seventeen 

in the Raman spectra of which ten coincide in IR and R 

(Table 7.B). 

All these frequencies lie within the range 20-740 cm- 1 

as is expected for metal-oxygen and libration frequencies. 

It is thus seen from Tables 7.7 and 7.B that the dodecahe

dron is the most probable geometrie farm for the HfOB group 

in HfT4 . 

POLYHEDRA POINT GROUP NUMBER OF ACTIVE VIBRATIONS 
IR RAMAN TOT AL COINCIDENCES 

Antiprism 04d B 10 15 3 

Dodecahedron 0 2d 12 1B 1B 12 

Bicapped tri 
c2v 20 24 24 20 gonal prism 

Table 7.7 - Expected vibrations for the MOB group in 
D4d' D2d' and c 2v symmetries. 

The same geometrie farm of the MOB group has been 

found by X-ray diffraction analysis in single crystals of 

HfT4 .DMF, K
4

Hf(c2o4 ) 4 _.SH20, Zr(CóH5N2o4 ) 4 , and 

Hf((ONC
6

H
5

)(0CC
6

H
5
J
4 

(Refs. 10, 89, 17, and 90). 

We have studied also ZrT4 . The crystallographic inves

tigation ( Ch. IV, 4. 6) as well as the analysis of the vi-. 

brational spectra (Table 7.9) pointed out that ZrT4 is iso

morphous with HfT4 • Thus, the Zr0
8 

group has the same geo

metrie farm, as may be expected on purely chemical ground. 

7.3.2 - Tentative assignment o f the vibrations i n HfT4 

As in the preceding section, we restriet our assignment 

to the spectra of HfT4 . The assignment for the other metal 

tropolonates will be given .in the' next sections. 

Firstly, we shall separate the external from the in

ternal vibrations. We have seen that the HfT4 crystal 

(space group P1 ) contains only one formula unit (Z=1) in 

the crystallographic (=primitive) unit cell. Therefore, 

we expect only three librations to be present which wi11 

be all of species A. There are na translational vibrations. 
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Considering that the librations of the B3o6
3- group in 

-I -1 sodium metaborate have been found at 126 cm and 142 cm 

(Ref. 69), we expect the three librations of the much 

heavier, and probably more loosely bound molecule HfT4 to 

occur at lower frequencies. We also expect the librations 

to be more intense in R than in IR, since rotational move

ments of a molecule pertain to species T 1g under Oh sym

metry, which species is active in R and inactive in IR. 
. 2 ~1 . Therefore, we ass1gn the 6, 52, and 72 cm med1um bands 

in R (26, 46, and 76 cm- 1 weak bands in IR) to these li

brations. 

Our assignment for the internal vibrations of the Hf0
8 

group will be based on four main arguments, namely: 

(i) the correlation Oh - D2d' 

(ii) the selection rules, i.e. the expected activities of 

the IR and R bands in Oh -and o2d symmetries, 

(iii) the band intensities, which are proportional to the 

square of the transition moment P 1 ) This traneg 
sition moment is given by: 

~1) 
P :::: <flf~ ~ r dQ . ) E 
eg e g 1 

where: 

~g is the wave function of the vibrational ground 

state, 

~: the complex conjugate of the wave function of the 

excited state, 

~the dipale moment vector (in R, ~must be replaced 
da 

by ~ , the derivatives of the matrix elements 
dQi 

akl of the polarizability tensor with respect to the 

normal coordinates Q.), and 
~ 1 
E the electric vector of the incident light, 

(iv) the fact that the force constants associated with 

the stretching modes are generally considerably 

higher than those associated with the bending modes. 

1) 
This argument must be handled with care since all the 

integrals have to be evaluated to give the right answer. 
Generally this argument is true. However, in some special 
cases the sum of two integrals may be smaller than the 
value of one integral. 
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The 3N-6 or 21 vibrational modes of the Hf08 group un

der oh symmetry are of species A1 + E + 2T2 + A2 + E g g g u u 
+ 2Tlu + T2u' which are correlated to species 4A1 + A2 + 

2B
1 

+ 4B2 + 5E under o2d symmetry (af. Ch. V, 5.3). 

According to the species obtained from the reducible 

representations of the M0
8 

group, based on sets of equiv

alent coordinates (Table 5.7), the eight Hf-0 stretching 

modes must be of species 2A
1 

+ 2B
2 

+ 2E. 

the eight Hf-0 stretchings of species Alg 

under Oh symmetry. 

They stem from 

+ A2u + T2g + Tlu 

1) 2) The A1 (A
19

) band, v1 , is strong in Rand inactive 

in IR as may beseen from Table 5.12. The only very strong 

R band, inactive in IR, is the 721 cm- 1 band, which we have 

assigned already to the Mo2c2 ring breathing (af. Ch. VII, 

7.2). This vibration consistsof a simultaneous stretching 

of all the bonds in the ring, including the Hf-0 bonds. 

There is a second symmetrical stretching mode of spe

cies A1 (A2u), v 2 , which should lie close to the A1 (Alg) 

mode. This A1 (A2u) band, v
2

, which is IR and R inactive 

under Oh symmetry, becomes R active under D2d symmetry. 

Since this band arises from a R inactive species A2u' we 

expect it to be medium to weak in our R spectrum. Tenta-
0 -1 0 tively, we ass1gn the shoulder at 734 cm to th1s second 

Hf-0 symmetrie stretching of species A1 (A2u). 

For the stretchings a2 ,E(T
29

) and a
2
,E(Tlu),weoexpect 

two pairs of two bands close to eachother of. medium to 

strong intensity in IR and R. Since the force constants 

associated with the stretching mOdes are generally higher 

than those associated with the bending modes, we assign 

the a
2

,E(T1u) stretching modes, v
8 

and v
12

, to the close 

l)In the following text, the species are denoted by the 
species of the n2d point group, foliowed by the correlated 
species of the oh point group in parentheses. 

2) 
The symbols v

1
, v

2
, etc., bebind the species designation 

refer to the circumstance that the modes of the given spe
cies have displacement configurations given by v 1 , v 2 etc., 
respectively, in Fig. 5,6. 
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pair of bands at the relatively high frequencies 538 and 

588 cm- 1 (539 and 581 cm- 1 in R), and the B2 ,E(T2g) 

stretching modes, v
7 

and v11 , to the close pair o~ bands 

at the relatively high frequencies 398 and 418 cm- 1 (400 

and 424 cm.:. 1 in R). 

E(T
2
g) and E(T1u) should have a higher intensity than 

B2 (T2g) and B2 (T 1u) in IR as well as in R. This is because 

there are two components of the dipale moment (vx and v y) 

associated with species E, and only one (v ) associated z 
with species B2 as far as the intrared is concerned, and 

two components of the polarizability tensor (axz and a yz) 

with species E, but only one (a ) with species B2 as far xy 
as the Raman effect is concerned. 

0 ( ) -1 0 For this reason, we ass~gn E T2g to 418 cm ~n IR 

(424 cm- 1 in R), B
2

(T2 ) to 398 cm-1 (400 cm- 1 in R), 

E(T1 ) to 
u -1 

- 1 ( g9 -1 0 ) ( ) -1 538 cm 53 cm ~n R , and B 2 T 1u to 588 cm 

(581 cm in R). 

The reason for assigning the stretchings B2 ,E(T
2

g ) to 

398 and 418 cm- 1 in IR, and the stretchings B 2 ,E(T1u ) to 

588 and 538 cm- 1 in IR, and not v ice ve rsa, is that E(T
1
u) 

must be of higher intensity in IR than E(T2g)' since T 1u 

is intrared active, and T2g intrared inactive under Oh 
-1 0 syrnrnetry. On the other hand, the band at 538 cm ~s 

strenger than that at 418 cm- 1 in IR. 

Apart from the e;ight stretching modes, there are twelve 

active bending modes :of species A1(Eg), B1 (Eg)' A1 (Eu)' 

B1 (Eu)' B2 (T2g), E(T2g), B2 (Tlu), E(Tlu), and E(T2u), and 

there is one inactive mode A2 (T2u). The twelve active 

bending modes correspond to nine frequencies if crystal 

field splittingis negligible. The bands A1 ,B1 (Eg) are 

expected to lie close together, as well ·as the bands 

A1 ,B1 (Eu). A1(Eg), \1 3 , is probably of medium, and A1 (Eu)' 

v 4 , of medium to weak intensity in R, while bath are absent 

in IR. B1 (Eg)' v 5 , and B 1 (Eu), v 6 , also bath absent in 

IR, are expected to be much weaker in R than the corre~ 

sponding E-bands. They might even be absent in R. This 

is because the B1-bands are associated with the poiariz

ability component difference a -a· , and the A1-bands 
XX yy 
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wi th a. +a and (l 
XX yy ZZ 

All bending frequencies are expected to lie under the 

stretching frequencies. 

For all these reasons, we assign B1(E ) to the weak 

1 -1 ( ) ? Raman band at 88 cm , A1 E to the med1um Raman band at 

205 cm- 1 , and A1 (Eu) to the ~edium Raman band at 257 cm- 1 

The band of species B1 (Eu) is probably to weak to be ob

served in R. 

The bendings B2 ,E(T2g) are also expected to be close 

to eachother, as wellas the bendings B2 ,E(T1u). As far 

as the farmer pair of bendings is concerned, these are ex

pected to occur in bath R and IR, and to be of medium to 

weak intensity. Tentatively, we assign B2 (T2 ), 

the weak band at 146 cm- 1 in IR (144 cm- 1 in~), 
E(T2g)' v14 , to the medium band at 168 cm-

1 
(160 

R) • 

v
9

, to 

and 
-1 cm in 

The bendings s 2 ,E(T
1
u) are also active in bath IR and 

R, but their intensity should be much higher in the infra-

red spectrum, since species 

tive under Oh syrnmetry. We 

strong and braad IR band at 

Tlu is IR active and R inac

assign E(T1u), v 13 , to the 
-1 . . . 245 cm S1nce th1s band 1s 

so braad, it might very well contain the bending B2 (T 1u), 

v 10 , as well. In the Raman spectrum, E(Tlu) might be the 

shoulder at 248 cm- 1 , while B2 (T1u) is probably to weak to 

be observed in R. 

Of the pair of bending modes A2 ,E(T2u)' species A2 (T2u) 

is absent in bath IR and R, and species E(T2u)' v15 , ex

pected to be of medium to weak intensity in IR and of weak 

intensity, or to be absent, in R. Tentatively, we assign 

E(T2u) to the medium to weak band at 289 cm- 1 in IR, which 

is absent in R. 

The tentative assignrnent for HfT4 in the low wavenumber 

region of the vibration spectra has been summarized in 

Table 7.8. 

7.3.3 _ Tentat ive assignment of the vibrations in ZrT4 
Since ZrT4 and HfT4 are isomorphous, we do nat expect 

any remarkable difference in their vibrational spectra in 
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HfT4 
IR RAMAN ASSIGNMENT \), 

· 1. 

736 s ligand 

734 sh Al(A2u) stretching \)2 
721 vs Al(Alg) stretching \)1 

708 m ligand 

684 w ligand 

605 sh ligand 

588 mw 581 ms B2(T1) stretching \)8 
538 vs 539 m E(T1u) stretching \)12 

515 sh very doubtful 

418 m 424 s E(T2g) stretching \)11 

398 mw 400 sh B2 (T2g) stretching . \)7 

373 w 377 m ligand 

320 mw only in Ni co let FTIR 

289 m E(T2u) bending \)15 
257 ms A1(Eu) \)4 

245 vs 248 sh E(T1u) + B2(T1u) bending \)13+\) 10 
205 m A1 (Eg) bending \)3 

188 w B1 (Eg) bending v5 
168 m 160 m E(T2g) bending v14 
146 w 144 w B2 (T2g) bending \)9 

98 w 94 w unassigned 

76 mw 72 m libration (A) 

46 w 52 m libration: -·(A) 

26 w 26 m !i bration (A) 

Table 7.8 - Tentative assignment for HfT
4

. Explica
tion in the text. 

the 740-20 cm- 1 region. In fact, inspeetion of Figs. 6.5, 

6.6, 6.11, 6.12, 6.15, 6.16, 6.21 and 6.22, and of Table 

6.1 reveals that the samebands at nearly .the same V 
and with nearly the same shapes and intensities have been 

found for HfT4 and ZrT4 • The only notable exception is the 

very strong and broad band at 245 cm- 1 in HfT
4

, which is 

displaced to 282 cm- 1 in the ZrT4 IR spectrum. This agrees 

with the atomie masses of zirconium (91·22 amu) and hafnium 
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(178.49 amu). This band,which appears to be very metal 

sensitive is assigned toa bending of species E(T1 ). The . u 
same strong band has been found in the IR spectrum of CuT2 
(63·54 amu) at 307 cm-l and in that of FeT3 (55·85 amu ) at 

312 cm- 1 , in accordance with the trend of the masses of 

the metal atoms (Fig. 7.7). 

Considering these facts, the assignment of ZrT4 is en

tirely analogous to that for HfT4 • The assignment of ZrT4 
has been summarized in Table 7.9. 

ZrT4 
IR RAMAN ASSIGNMENT v. 

l. 

735 s ligand 

736 sh Al (A2u) stretching v2 
724 vs Al(Alg) stretching vl 

708 rn ligand 

599 sh ligand 

585 w 582 s B2(Tlu ) stretching va 
532 vs 536 m E(Tlu) stretching v12 

515 vw very doubtful 

422 m 423 m E(T2 ) 
. g stretching vll 

398 m 400 w B2 (T2g) stretching V? 

372 w 379 w ligand 

319 sh 312 w _E(T2u ) bending VI5 
282 s E(Tlu) bending vl3 
268 sh B2 (T 1u) bending vlO 

256 m Al (Eu) + Bl (Eu) bending v4+v6 

244 w unassigned 

230 w B1 (Eg) bending v5 
204 m A 1 ( Eg ) bending \)3 

168 w 160 m E(T2g) bending vl4 
143 w 140 w B2 ( T2g) bending V9 

98 w 96 rn unassigned 

82 w 70 m libration (A) 

47 w 58 m libration (A)' 

25 vw 33 s libration (A) 

Table 7.9 - Tentative assignment f or ZrT4 • Explication 
in the text. 
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7.3.4 - The vibrational spectra of Fe T3 

The interpretation of the vibrational spectrum of FeT
3 

is hampered by the fact that we do nat know the crystal 

structure for this compound. Harnor and Watkin (32) re

ported the space group of FeT 3 to be R3c (Z=2). We have 

seen, however, that this structure refers to a compound 

containing solvent molecules in the crystal lattice (Ch. 

IV, 4.2), and that 'pure' FeT
3 

shows a different X-ray 

diagram. 

A space group R3c with Z=2 has also been reported for 

ScT 3 by Andersen et al. (Ref. 91). Their compound, pre

pared in a water-methanol mixture, was vacuum-dried over 

P4o10 at room temperature • . Is is questionable whether 

this will have been sufficient to remave possible solvent 

molecules from the crystal lattice, although the experi

mental and calculated densities for the compound agreed to 

within 1%. 

On the Qther hand, the compounds AlT
3 

and MnT
3 

have 

been reported to belangtospace groups C2/c (Z=4), and 

P2 1/c (Z=8), respectively (cf. Refs. 92 and 93). 

Harnor and Watkin ( ) reported o3 symmetry for the 

FeT3 molecules, and Andersen et al. (91) the same symmetry 

for the ScT 3 molecules in their compounds. The geometry 
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deviates substantially from Oh symmetry so that there is 

no use in correlating the symmetries for an intensity 

evaluation of the speetral bands. 

In the compound MnT3 of Avdeef et al. (93) there are 

two disordered toluene molecules in the crystallographic 

cell. The MnT3 molecules are of two types, and distorted 

from a regular o3 symmetry . The AlT3 molecules in the 

compound of Muetterties et a l ·. have only a slight distar

tion from o3 symmetry, the real symmetry being c2 • 

On the basis of these data, we think it immature to 

undertake a tentative assignment of the FeT3 spectra. The 

crystal structure of the 'pure' compound should be estab

lished first for a reliable interpretation of the spectra. 

However, we are sure that the IR bands at 228 cm -1 

(weak), 705 cm- 1 (strong), and 735 cm- 1 (strong) must per

tain to the ligand. The bands under approximately 150 

cm- 1 will pertain to lattice vibrations. Since there are 

no coincidencies in this region, there seems to be a 

centre of symmetry in the crystal. 

The band at 715 cm- 1 in R will be a symmetrical FeO 

stretching vibration (Feo2c2 ring breathing). The R bands 
-1 at 570 and 414 cm , and the IR bands at 588, 549, and 414 

cm- 1 will probably also pertain to stretching vibrations 

with a view to the relatively high wavenumbers. 

The medium to strong R bands at 391, 309, and 191 cm- 1 

and the medium to strong infrared bands at 312, and 252 

cm- 1 will pertain to Feo6 bending modes. 

7.3.5 - Tenta t i v e assignme nt o f the vibra t ions i n CuT 2 

According to the theory explained inCh. V, 5 . 1, fac

tor group analysis of the CuT2 crystal (space grou p P2 1/a, 

Z=2) r esults in the presence of three translational vibra

tions of species 2Au + Bu and six librations of species 

3A + 3B . 
g g 

We found in the far IR spectrum of _CuT2 three bands of 

medium to weak intensity, which are assigned to the trans

lational vibrations of spe cies 2A + B . The medium band 
u u 
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at 68 cm- 1 is assigned to species 8 , and the medium to 
-1 u. 

weak bands at 26 and 49 cm to spec1es Au, since we expect 

the vibrations of species 8 to be somewhat stronger than 
u 

those of species A . This is because two components of 
' u 

the dipole moment vector (~ and ~ ) correspond to species x y 
8 , and only one (~ ) to species A . 

u z u 
We also found in this part of the spectrum six R bands, 

which must be assigned to the librations of the crystal, 

namely: 
-1 

(i} three strong to medium bands at 184, 72, and 41 cm 

which are assigned to the three librations of species 

A , and 
g -1 

(ii) three medium to weak bands at 141, 114, and 30 cm 

which are assigned to the three librations of species 

8 . 
g 

We expect the librations of species A to be stronger 
g 

than those of species 8 , 
g 

since four components of the po-

larizabi_lity tensor (axx' ayy' azz' and axy) correspond to 
species A and only two (a , a ) to species 8 • g xz yz g 

Now, we turn our attention to the internal vibrations 

and will start with the Raman spectrum. 

According to Table 5.13, both pairs of in-phase and 

antiphase symmetrical stretchings A ,8 (A (A
1 

)) and g g g g 
A , 8 (A ( 8

2 
) ) 

g g g g 
-This holds also 

will be inactive in IR and active in R. 

for the pair of in-plane bendings 

in-

A ,8 (A (81 )). Since we expected the frequencies of the g g g g 
components of each pair to differ hardly (Ch. V, 5.4), 

there should be three Raman bands in the low wavenumber 

region if ligand bands and librations are discarded. In

stead, we have found seven bands. Of these seven bands, 

one is very doubtful, e.g. the band at 593 cm- 1 • There is 
-1 a strong and narrow band at 191 cm very close to the A 

libration at 184 cm- 1 . This might be a fake: we had not
9 

the opportunity of checking the spectrum due to the fact 

that the Raman apparatus was out of order during a very 

long time. If it is not a fake, the band should be an A 

libration, and the assignment of the band at 72 or 41 
-1 cm should then be incorrect. At any rate, the band at 

g 

147 



191 cm- 1 cannot be assigned to one of the Raman active 

symmetrical stretchings or in-plane bending, since the 

frequency is much too low. 
-1 If we leave the bands at 593 and 191 cm out of con-

sideration, we are still left with five bands (instead of 
-1 . three) at 710, 609, 581, 419, and 391 cm • Th~s can be 

explained by admitting that the in-phase and out-of-phase 

movements of the pairs of identical modes in both Cuo4 
groups differ more in frequency i n special cases than we 

expected. The bands at 609 and 581 cm~ 1 , which are both 

of medium intensity, could then be assigned to the pair of 

symmetrical stretchings A ,B (A (B
2 

)), which pair was g g g g 
expected to consist of a component of medium and one of 

weak intensity (Table 5.13). Analogously, the bands at 

419 and 391 cm- 1 of medium and weak intensity can then be 

assigned to the in-plane bending modes A (A (B1 )) of ex-g g g 
pected medium intensity, and the in-plane bending mode 

B (A .(B1 ) ) of expected weak intensity. 
g g g -1 . 

Of course, the strong band at 710 cm must be ass~gned 

to the pair of symmetrical stretching modes A ,B (A (A
1 

)). 
g g g g 

In the infrared spectrum, we encounter two very doubt -
-1 ful bands at 141 and 105 cm . The spectrum was recorded 

only once, by courtesy of Nicolet Instruments Co., and we 

had no opportunity to chec_k whether the bands are real .or 

not. Omitting these bands, and those assigned to ligand 

vibrations and translation vibrations, we are left with 

seven bands. Since there are two pairs of asymmetrical 

stretchings, two pairs of in-plane bendings, and two pairs 

of out-of-plane bendings which are active in IR and inac

tive in R, we should expect six bands in IR if the compo

nents of each pair coincided in frequency. 

We assign the pairs of asymmetrie stretchings 

A ,B (B (E )) to the bands at 635 and 586 cm- 1 , in accord-u u u u 
ance with the relatively high frequencies and the expected 

intensities (cf. Table 5.13). One pair of in-plane bend

ings A ,B (B (E ) ) of expected strong intensity is as-
u u u u -1 . . . 

signed to the bands at 422 and 398 cm of med~um ~nten-

sity, and the other pair of expected strong intensity to 

the band at 307 cm- 1 of medium intensity. The bands at 
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248 and 166 cm- 1 of medium and strong intensity are as

signed to the pairs of out-of-plane bendings A ,B (A (A 2 )) u u u u 
and A ,B (A (B 1 )) of expected medium intensity. However, u u u u 
it is not possible to decide whether the pair stemming 

from A2 belongs to 248 cm- 1 , and the pair stemming from 
u 1 

Blu to 166 cm- , or vice versa. 

The tentative assignment for CuT2 in the wavenumber 

region below 735 cm-l has been summarized in Table ;.10. 

IR 

731 vs . 

709 m 

635 m 

586 s 

422 :} 398 

332 m 

307 m 

248 m 

226 m 

166 s 

141 ? 

105 ? 

68 m 
49 m 

26 w 

RAMAN 

710 vs 

609 

:} 593 

581 

419 ~} 391 

226 vw 

191 s} 184 

141 m 
114 m 

72 m 

41 m 
30 w 

ASSIGNMENT 

ligand 

A (A (Al ) ) and g g g 
ligand 

A ( B ( E ) ) and 
u u u 

B (A (A 1 ) ) symm. str .• g g g 

B (B (E )) asymm. str. v3 u u u 

A (A (B2 ))and B (A (B 2 )) symm. str. v
2 g g g . g g g 

A (B (E ) ) and B (B (E · ) ) asymm. str; v u u u u u u 4 

A (B (E )) and B (B (E i) in-plane-b• v6 u u u u . u u 
A (A (Bl ))} 
Bg(Ag. (B g)) in-plane b. 

g g lg . . 
ligand 

Au(Bu(Eu)) and Bu(Bu(Eu)) in-plane b. v7 
Au(Au(A2u or a1u)) and Bu(Au(A2u 
or B1 ) ) out-of-.plane bending 
liganl:l 

Fake? 
A libration 

g 
A (A (Bl or A2 )) and B (A (Bl or u u u u u u u 
A2u)) out-of-plane bending 

B libration 
Bg libration 

g doubtful band 
!i bration 
translation vibration 
translation vibration 
libration 
!i bration 
translation vibration 

Table 7.10 - Tentative assignment for CuT2 in the 
wavenumber region below 735 cm-1. v.•s 
refer to Fig. 5.8 . 1 
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CHAPTER VIII - INFLUENCE OF BASIC SOLVENTS ON THE STRUCTURE 

OF HfT4 

Investigations performeà in the Department of Funda

mental Research of the University of Grenoble, France,_ 

using the differential perturbed angular correlation (DPAC) 

method, have- shown that the iQsertion of chloroform ~ol

ecules in the crystal lattice of hafnium (IV) tetrakistro

polonate results in a pertut:bation of the symmetry of the 

Hf08 group. This is reflected in changes of the coupling 

frequency w
0

, the relaxation time 1:, and the asymmetry 

parameter n of the electric f ielà gradient (Ref. 87) • 

Hf4+has the electronic configuration Xe 4f14 5d0 6~0• 
In the eight-coordinated chelate complex HfT4 eight out of 

nine valenee orbit.als (five 5d, one 6s, and th~ee 6p or-

bi tals) are oceupied by the donating atoms of the l:igands. 

Theoretically, it is possible that the ninth vacant o~bital 

will be occupied by the lone pai~electrons of a basic 

(Levis base) solvent molecule such as ehloroform (CHCls), 

d:imethylfo!:'mamide (DMF), or dimethylsulfoxide (DMSO), to 

form a cooràination bond towards the metal ion_ Indeed, 

t.his is the case in Th'l'4 .D~ (Ref. 12)- Structure deter

mination by X-ray diffraction pointed out that the basic 

solvent moTecule DMF i~bound to the metal io~Th4+, giving 

rise to a nine-coordinated com~lex. 

Tranqui e~ al. (10) h~ve obtained single crystals of 

HfT
4 

.DMF. The· structure of this complex, determined by X

ray diffraction, clearly shows a slig~tly distorted dodeca~ 

hedron for tne Hf 08 group, the DMF molecule occupying the 

space between two tropolone rings of two different HfT
4 

.molecules in the crystallographic unit cell. An analogous 

result was obtaineq by Davis et al. f or ZrT4 .2·25HCCl~ 
(Ref. 88). Thus, the solvent molecule is nat fixed to the 

roetal through the n~nth vacant orbital. 

The IR spectra of polycrystalline HfT
4

.DMF and HfT
4

.DMSO 

(Figs. 8.1 - 8.2) confirm the results of the cited author 
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(Ref. 10). Comparing the spectra of pure (vacuum-dried) 

HfT
4 

with the spectra of HfT4 which has been recrystallized 

from DMF or DMSO, we note a negligible shift (hardly more 

than 1 cm- 1 ) of those bands which pertain to the metal-li

gand vibrations. For the sake of completeness and for the 

reason of comparison, we have also investigated the influ

ence of these solvents upon the structure of ZrT4 . The re

sults were the same (Figs. B.3 - 4). 

Therefore, it is concluded that neither HfT4 nor ZrT4 
give rise to nine-coordinated complexes with basic solvent 

molecules. 

Moreover, the insertion of a solvent molecule in the 

ninth 'vacant orbital of Hf4+ or Zr4 + should lower the o
2

d 

symmetry of the MOB group in these complexes to c2v or 

lower symmetry for the M09 group. In this case, and as

suming the spaçe group to remain P
1 

with Z=1, we should 

find in the low wavenumber region of our spectra twenty 

four bands of species 9A
1

+3A2+6B
1

+6B
2 

corresponding to the 

internal-vibrations the M09 group, and three bands of spe

cies A2+B 1+B2 corresponding to the external vibrations 

(librations), all together twenty seven active bands in R, 

twenty three in IR, and twenty three coincidences (A
2 

is 

only active in R). We have found only seventeen active 

bands in R, twelve in IR, and ten coincidences in R and IR 

(af, CH. VII, 7.3.1). 

Since the insertion of basic solvent molecules does 

not modify the vibrational spectra, we sustain that the 

dodecahedron of o2d symmetry is the most probable geometrie 

form for the MOB group in HfT4 and ZrT4 , even when these 

compounds contain DMF or DMSO in the crystal lattice, and 

that these solvents do not form a chemical bond with these 

tropolonates. 

It is assumed that HfT4 and ZrT4 form molecular adducts 

with the basic solvent molecules, bound together by weak 

van der Waals forces, and maybe also by some overlap of the 

TI orbitals of the tropolonate ring with the orbitals of the 

donating atoms of these solvents. It is also assumed that 

basic solvent molecules are capable of causing some pertur-
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bation of the M08 central group which is reflected in small 

modifications of the nuclear parameters w
0

, T and n (Ref. 

87), without entering the coordination sphere of hafnium or 

zirconium in HfT4 and ZrT4 . 
4+ The reasans why the Th ion is capable of accepting 

the ninth ligand in its coordination sphere are probably 

due to the facts that 

(i) the ionic radius of Th
4+ is larger (1·06 ~) than the 

ionic radii of Hf4+ (0.83 R) and zr4+ (0.84 R) (Ref. 

94). 

( ii ) the Th4
+ ion has vacant 5f orbitals with appropriate 

energy to participate in chemical bonding. zr4 + has 

no f orbitals and the 4f orbitals of Hf4+ are totally 

occupied. 
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Fig. 8.1 - Infrared spectrum of ZrT4 , recrystallized 
from DMF (Hitachi). 
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Fig. 8,2 - Infrared spectrum of ZrT4 , recrystallized 
from DMSO (Hitachi). 
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Fig. 8,3- Infrared spectrum of HfT4 , recrystallized 
from DMF (Hitachi). 
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SUMMARY 

This thesis deals mainly with the structure and vibra

tional spectra of hafnium (IV), zirconium (IV), iron (III), 

and capper (II) tropolonates (HfT4 , ZrT4 , FeT 3 , and CuT2 ). 

We were primarily interested in the geometrical form of 

the MOS group in hafnium (IV) and zirconium (IV) tetrakis

tropolonate, and in the answer to the question whether 

these compounds form chemical bands with strongly basic 

polar solvents such as dimethylformamide (DMF), dimetyl

sulfoxide (DMSO), and chloroform (CHC1 3 ). 

Since pure HfT4 and ZrT4 do not form crystals of suf

ficient size to undertake a conventional X-ray structure 

analysis, we used vibrational spectroscopy as a tool for 

our investigation. However, X-ray powder diffractometry 

proved useful to establish the hitherto unknown space 

groups and the number of formula units per unit cell of 

these compounds, and to ascertain the identity and purity 

of all our preparations. 

The purity of the preparations was also checked by el

emental analysis, mass speetrometry and, occasionally, by 

thermogravimetrie analysis. Such a check is a necessity, 

since many tropolonates contain solvent molecules in their 

crystal lattices if no special precautions (recrystalliza

tion from methanol and heating in vacua) are taken. 

Raman and infrared spectra were taken of the •pure•, 

i.e. solvent-free, conpounds HfT4 , ZrT
4

, FeT3 , CuT
2

, NaT, 

and HT, over the wavenumber range from 3600 to 20 cm- 1 

We were able to 

(iJ determine that the most probable geometrie form for 

the MOS group in HfT4 and ZrT4 is the dodecahedron 

with n2d symmetry, 

(iiJ establish that HfT4 and ZrT4 are isomorphous and tri

clinic with space group Pl, and Z=1, 

(iii) establish that the crystal structure of FeT
3 

is dif

ferent from the one given by Harnor and Watkin, which 

is the structure for solvent-containing FeT3 , 

(iv) assign the lattice vibrations and metal-ligand vibra-
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(v) 

(vi) 

tions for HfT4 , ZrT4 , and CuT 2 , 

assign the vibrations of the tropolonate ring, 

interpret the mass spectra of HfT4 and ZrT4 • 

We also found that HfT4 and ZrT4 do not farm chemica! 

bands with DMF, DMSO, and CHC1 3 when these basic solvent 

molecules are built into the crystal lattice. 

SUMÁRIO 

Esta tese trata principalmente da estrutura e dos es

petros vibracionais dos tropolonatos de háfnio (IV), zir

cbnio (IV), ferro (III) e cobre (II) (HfT4 , ZrT4 , FeT3 e 

CuT2 ). 

Estávamos, antes de tudo, interessados em determinar 

a forma geométrica do grupo M08 em HfT4 e ZrT4 e dar uma 

resposta ao problema sobre a possibilidade da formaçao de 

uma ligaçao quimica entre os complexos octo-coordenados e 

as moléculas de solventes básicos e polares, coma dimetil 

formamida (DMF), dimetilsulfóxido (DMSO) e clorofórmio 

(CHC1 3 ). 

Vista que HfT4 e ZrT4 puros nao formam cristais sufi

cientemente grandes para realizar uma análise estrutural 

convencional por meio da difraçao de raios-X, usamos a e~ 

petroscopia vibracional coma instrumento para nossa pes -

quisa. Contudo, a difratometria por meio de raios-X com 

material policristalino (pó) provou ser urn método muito u 

til para determinar os grupos espaciais até agora desco -

nhecidos e o numero de moléculas por célula unitária (Z) 

destes campostos e a identidade e a pureza de todos os na~ 

sas preparados. 

A pureza destes preparados foi controlada tambérn por 

meio de análise elementar, espetrometria de massa e, em 

alguns casos, de análise termogravimétrica. Tal controle 

era necessário, porque muitos tropolonatos conteriam molé

culas de solvente na rêde cristalina, se nao fossem toma-
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das eertas precauçöes (p. ex., recristalizaçao em metanol 

e aquecimento em vácuo). 

Os espetros de infravermelho e de Raman foram obtidos 

com os cernpostos purificados, na regiao de numeros de onda 
' -1 

entre 3600 e 20 cm . 

Conseguimos: 

(iJ determinar que a forma geométrica mais provável para 

o grupo M0
8 

em HfT4 e ZrT4 é o dodecaedro com sime

tria o2d, 

(ii) estabeleeer que HfT4 e ZrT4 sao isomorfes e tricli

nicos com grupo espacial Pl e Z=l, 

(iii) estabeleeer que a estrutura cristalina de FeT
3 

é di 

ferente daquela dada por Harnor e Watkin, os quais 

determinaram a estrutura de FeT 3 , contendo moléculas 

de solvente, 

(iv) atribuir as vibraçöes da rêde e as vibraçöes metal

ligante de HfT4 , ZrT4 e CuT2 às suas espécies de si 

metria, 

(v) atribuir as vibraçöes do anel do tropolonato às 

suas espécies de simetria, 

(vi) interpretar os espetros de massa de HfT4 e ZrT4 . 

Chegamos também à conclusao que HfT4 e ZrT
4 

nao formam 

ligaçöes quimicas com DMF, DMSO e CHC1 3 , quando estas mo

"léculas básicas e polares se acham ocluidas na rêde cris

talina. 
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I 

De door verschillende auteurs geopperde mogelijkheid 

van de aanwezigheid van n-binding in acht-geco&rdineerde

M(AA)4-chelaat-complexen ter verklaring van de sterke me

taal-ligand binding in deze complexen, is niet aannemelijk. 

W.D. Bands, R.D. Archer en w.c. Hamilton, Inorg.Chem., 10 

(1971) 1764. 

R.L. Bodneren D.G. Hendricker, Inorg.Cnem., 12 (1973) 33. 

II 

De door Boyer c.s. gesuggereerde mogelijkheid dat mole

culen van polaire oplosmiddelen een chemische binding a~n
gaan met de negende vacante atoomorbitaal in hafnium (IV) 

tetrakistropolonaat (HfT4 ), zoals waargenomen door Day c.s. 

in het negengeco~rdineerde thorium (IV) tetrakistropolo

naat-N,N'-dimethylformamide complex (ThT4 .DMF), moet worden 

ontkend. 

v.w. Day en J.L. Hoard, J.Am.Chem.Soc., 92 (1970) 3626. 

P.Boyer, A. Tissier en J.I. Vargas, Inorg.Nucl.Chem. 

Letters, ~ (1972) 813. 

III 

Ofschoon men kan verwachten dat de kubus als hoogst 

symmetrische stereometrische figuur dé geometrische vorm 

bij uitstek zou zijn voor acht-geco~rdineerde complexen, 

worden toch steeds de geometrische vormen van lagere sym

metrie, voornamelijk begrensd door driehoeksvlakken, in 

deze complexen aangetroffen. 

J.L. Haard en J.V. Silverton, Inorg.Chem., l (1963) 235. 

D.G. Blight en D.L. Kepert, Inorg.Chem., 11 (1972) 1556. 



IV 

De bewering van Hutchinson c.s., dat slechts die ban

den, welke bij metaalisotoopsubstitutie sterk verschuiven, 

aan metaal-ligandvibraties mogen worden toegekend, is aan 

ernstige bedenking onderhevig. 

B. Hutchinson, D. Eversdyk en S.Olbricht, Spectrochim. 

Acta, 30 A (1974) 1605. 

V 

Aangezien in verbindingen met zware-metaalionen de 

methode van isotoopsubs.titutie slechts een minimale che

mische verschuiving van de metaal-ligandbanden tot gevolg 

heeft, zou isotoopsubstitutie van de lichtere donoratomen 

van de liganden de voorkeur verdienen. 

H. Junge, Spectrochim. Acta, 24 A (1968) 1957. 

VI 

Aangezien Gesmundo en Lorenzelli uitgegaan zijn van 

een verkeerde veronderstelling, is hun toekenning van ban

den in het infrarode spektrum van BP0
4 

twijfelachtig. 

F. Gesmundo en V, Lorenzelli, Atti dell'Accademia Naziona

li dei Lincei, 38 (1965) 88. 

VII 

De strukturen van éénkristallen van neutrale, vrijwel 

apolaire substanties verkregen uit verzadigde oplossingen, 

kunnen niet zonder meer als de strukturen van de •zuivere• 

substanties worden beschouwd. 

T.A. Harnor en D.J. Watkin, Chem.Comm., (1969) 440. 

A.R. Davis en F.W.B. Einstein, Acta Cryst., B 34 (1978) 

2110. 



VIII 

De opvoeding van een kind tot volwassen mens is een 

van de hoogste vormen van levenskunst. Er zijn in deze 

vorm van kunst grote, middelmatige en kleine kunstenaars. 

Het schijnt echter, dat tegenwoordig op dit gebied het 

aantal kunstenaars afneemt. Men heeft noch tijd, noch 

rust, noch geduld, om deze grote kunst te beoefenen. 

IX 

Vele theorie~n over 'de jeugd• als een aparte maat

schappelijke groep zijn in feite een uitdrukking van de 

behoefte van volwassenen, om een voor henzelf ongrijpba~r 

en soms bedreigend verschijnsel als dat van 'de jeugd' te 

lokaliseren. 

x 

Een in opkomst zijnde materialistische exegese be

schouwt de Bijbel eerder als een verzameling van politieke 

dan van religieuze teksten. Ofschoon het moeilijk is een 

eindoordeel te vellen over deze methode van bijbelverkla

ring, is het niet verstandig deze methode zonder meer als 

marxistisch en atheistisch te beschouwen. 

XI 

Ondanks de ernstige sociale misstanden waarover de pu

bliciteitsmedia zo breed uitweiden, leven in het algemeen 

de mensen in de derde wereld blijer, gelukkiger en tevre

dener dan mensen uit de eerste wereld met al hun welvaart 

en rijkdom. 


