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ABSTRACT

In the first part of tnis thesis the preparation and properties
of the copper complexes Me, N[Cu(RCOO),NCS], R = CH; yor H are
described, When R = CH;, related ONO  and ?r- complexes have
also been isolated. (X~ray molecular structural determinations
have shown that these complexes have dimeric structures related
to that of cupric acetate monohydrate). The antiferromagnetism
of these and similar complexes is discusseq, particularly with
respect to the metal-metal separafions found in this type of
complex and it is concluded that the antiferrqmagnetism observed
in, for example, cupric acetate monohydrate is not solely the
result of a direct mefal metal iﬁteraction, the bridging ligands
involved having considerable influence,

The preparation of some related dimeric Cr(II) compounds is
also described. | _;_

In the second part, the preparation and properties of a series
of nitritevdomplexes of cobalt(II) and zinc with sﬁbstituted pyridipes
ana substituted efhylené diamines as the other ligands are described.,
_Infrared and electronic-specﬁra have been used fo determiﬁé the
structures of the complexes formed; Thesevstrﬁctures are discussed
in relation to those established for nickel nitrite complexes,‘andv

some of the factors influencing the structures adopted are considered.
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Abbreviations

The following ligand abbreviations are used throughout

Lipand Abbreviation
ethylenediamine | - en
N—methylethylénediamine men
N, N-dime thylethylenediamine . ‘ a~dimen
N,N-diethylethylenediamine a-dieen
N,N'-diethylethylenediamine ' s-dieen
N,N,N',N'~tetramethyléthylenediamine .~ tetmen
pyridine S : , PY
2-methylpyridine ” 2~mepy

- B=methylpyridine : : 3-mepy
L-methylpyridine ' o | b-mepy
ISOquinoline | | I-quin
3-5 lutidine | 3-5 lut,
o~xy1y1enebis—(triphenylphospho%?m)af - p-céta*

In descriptiéns of electronlc and infrared spectra the following
abbreviations are used,
s - strong, m - medium, w - weak, VW - very weak,

sb ~ strong broad,



PART ONE

SOME ANIONIC, DIMERIC CUPRIC -

COMPLEXES



CHAPTER 1

Introduction to Dimeric Copver(II) Carhoxylate Complexes

Copper(II) complexes normally have mégnetic rnoments slightly
greater than the spin only value‘for one unpaired electron (1.73 B.M,)
and the temperature variation of susceptibilities frequently follows
Curie or Curie-Weiss. behaviour (71 and references therein).

The unusuglly low nmagnetic susqépﬁibility'of copper acetate
monohydrate'was first revorted in 19151; much 1ater2, the temperature.
variation of the molar susceptibility was examihéd, The suscepti-

bility passes through a maximum (ca., 880 x 10"6

c.g.5.u)at about
réom temperature and then decreases so rapidly that it would
apparently become zero at about 20°K, Because éf this anomalous
magnetic behaviour Bleaney and Bowers3 undertook an investigation
of the magnetic properties of copper acetate monohydrate by means
of electron spin resonance,‘ It was shown that the-paramagnetic
resonance spectrum ol copper acetate resembled that of an ion wifh
a resultant spin S = 1, but the‘intens;ty of’the spectrum decreased
aé the temperature was lowered, |

To explain these results it was postﬁlated-thatt
{(a) the crystalline field acting on each copper ion is similar to

that in other cupric salis such as the Tutton salts, and

(b) the lattice contains isolated pairs of copper ions which



interapt stronzly through exchangg forces, each forming a lower
spin-singlet state and an upger spin triplet étate, the latter
only veing paramagnetic,

The second postulate (b) was verified when the crysfal structure
of copper acetate monohydrate was determined (Ref,4), see Fig,la,

Isolate& pairs of copper atoms are bridged b& four acetate
molecules, the terminzl poéitions.being cccupied by water molecules,
The most intereéting féatﬁre of the structure is the close approach
- ~of the two copper atoms, the separation being 2,64 2 (éf, 2,56 ¢
in metallic copper),

The temperature variation of the susceptibility of the hydrafe
was also reworted by Foex et al.S and a further study, eéténded to
higher temperatures was carried out by Figgils and Martian In the
latter paper the magnetic behaviour of anhydrous copper acetate was
also. studied,

In general a singlet state with a triplet as the first excited

state at an energy J above the singlet gives rise3’5’7 to a molar
_susceptibility,
gng” 1 | | .
X, = & T =— + No : la.
BKT 1+% exp /KT
where g = Landé factor No = Temperature
N = Avogadro's number Independent Paramagnetic
B = Bohr Magneton ' ' contribution per mole
K = Boltzman constant - ' of ‘copper(1I)

T = Temperature ° Absolute
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J is a measure of the‘”exchange interaction" occurring in
the compound concerned.

If J is of the same magnitudé as KT, as the temperature is raised
from absoclute zero the triplet state becomes increasingly occupied,
with a éorresponding increase in suséeptibility until a maximum value
of'Xé‘is reached at a temperature usually denoted as Tc. This occurs
when T = 5/6 J (J'ig'degrees absolute); at much higher temperatures
than Tc the usual decrease in susceptibility with rise in temperature
is observed. Susceptibility maxima were observed fof anhydrous and
hydrated cupric acetétes at 2‘70o and 255°K leading to the values of
302‘cm."l and 286 cm.”> for the réspective exchange interactions6.
(These values were calculated by assuming Na = 60 x lO_6 and that
J is indeperident of temperature). A value of 259 i 26 cm.-l had
previously been estimated from paramagnetic resonance experimentsB.
Taking these.J values good agreemenﬁ is obtainéd between experimental
results and theoretical curves for the variétion of magnetic sus-
ceptibility of the compounds with temperature.

Since the discovery of theimagnetiq properties and étructure
of cupric acetate, a great deal of experiméntal and theoretical-work
has been carried out with a view to underst;nding the exact mechanism
of.the magnetic interactidn in this and many related cdmpounds.

A number of complexes with other carboxylic acids have been

prepared8 and in general have been found to have magnetic properties

11
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'similar to copper acetate (Table 1,1), The water molecules in
the terminal positions in the dimericbunit in copper acetate have
been revlaced by other neutral mélecules, X-ray crystal structure
determinations have been carried out on the ryridine adduct of
cupric acetate13’l# showinzg that it hés a2 very similar structure

15

to that of the monohydratey complexes with urea™ and triphenyl~
arsine oxide9 are assumed to be dimeric bscause of the general
similarity of their yproperties to those of cupric acetate, In
general the terminal groups appeér to have little effect on the
magnetic interactions between the éoppef ions with the notable
exception of the aniline type adducts of copper butyratel2 where
the Singlet-triplet interval is reduced by about 200 cm.-l (i.,e. 70%).
Not all carboxylic acids form dimeric copper complexes, There is
some_correlation between the magnetic moments, and correspondingly,
fhe structures of the compounds formed and the pKa of the acid

(see Table 1.2).



Table 1.1

Marnetic Data for Dimeric Cu(II) Comvounds

Acid ligand

Acetic acid

"Fropionic acid
Valeric acid
Stearic acid

Monochloracetic
acid-

Butyric acid

Compound TR Xéxlo
' CoffeS
Cu(CH;CCO), 295 869
299 959
Cu(CH;C00); py 290 839
Cu(C), HyC00), 293 899
Cu(ClCHz,COC)z 239 923
Cu(C;H,CC0), 290 816
aniline 200 1326

Cu(C; H,C00),

p-toluidine 290,5 1326

6 1 BM.
U,

1.29
1.k3

1,52
1.35

1.36
1.1

1.36

1,42

1,35

T 1073

1,73

-1

J cm,

300
284

325
300

13

Ref,

12

278

322

119

101

10
10

10

11

12

12

12



Acid

CH; CCOH

C1CH, ,COOH

C1,CH,CO0H

C15C,COOH

F;C,COOH

Table 1,2

’

PRa values and Maznetic MHoments

rKa

L6
2,6-2,9
i,25
0,66

0,33

Comround

Cu(CH;CC0),

Cu(C1CH, ,C00),

Cu(C1,CH.C00),
Cu(C1;C,C00);

Cu(F;C,C0C),

Roon temp,
loment

1.39
1,42
1,66
1,77
1.90

i
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Covver Formate Complexes

lio solid anhydrous or hydrated species of copper formate have

20 .
been found to be dimeric  although in some compounds, particularly

20

the tetrahydrate, appreciabvle magnetic interaction occurs <. (see

also Table 1,3), However by forming adducts with pyridine, u, B

23,24

22 '
and v picolines, dioxan  and urea compounds having behaviour

typical of dimeric structures can be prepared, These have signifi-

cantly higher J values than the corfesponding acetate complexes

(J ~ 600 c:m._1 compared with 300 Cm.-l 22)

‘Electronic Spectra of Dimeric Copner Carboxylate Compounds

The crystal spectrum of copper acetate monohydrate shows three
fna jor band525’26 at 1#,000 ém.-l, 27,000'(:111.“1 and 40,000 cm._l.
The band at 14,060 cﬁ.*l (band I) resembles the band found in
Cu(II)30, ,5H,0 27, The second weaker band at 27,000 c:m.-'1 (band II)

is absent in all but a few monomeric copper compoundsi the third
1

band at 40,0C0 cm,” ~ is intense,

Reimann.et’a1.28 detected a shoulder}at approximately 11,0C0 cm."1
on-band I which becomes ﬁronounced at liguid nitrbgen’temperatures.
'Ctherwisevthe spectrum is eséenﬁially temperaturgsindependegt, the

only effect upoﬁ cooling being a slight blue.shift. . Band &II)

occurs in a wide range of dimericAGOppervcompounds and the presence

of this band has often been used as evidence for the existence of

. 20. %
dimeriec copper species in solution ”)0'51.



Hagnetic Data for Cu(IIL) Formate Complexes

Table 1,3

Terminal
ligand

Pyridine
2 methylpyridine
3 methylpyridine

% methylpyridine

Ref,

20

NR RN N

22
22
22

22

Formula
of
complex

Cu(HCC0), royal blue

Cu(HCOC), turquoise-
Cu(HCC0), blue
Cu(HCCO0), ,2H,0
Cu(HCO0), , 4,0
Cu(HCC0), , (CgHs NH, )

Cu(HC00), ,py
Cu(HCCC), , 2mevy
Cu(HCCC), , 3mepy

Cu(HCCO), ,imepy

TOK /axlo

296
291
289
291
290

296

304
297
299
296

c.g.s.u

1566
1357
1174
1591
1200
1489
523
530
560
527

#
J value shown was estimated from data obtained at 3500C;

considerable variation in J with temperature was found using

a constant g = 2,186,

16

1

1,90
1.75

1,61

l.%
1.67
1,85

1,07
1,06

1,10

1,06

-3 -
J ecm,

550
540
512
546
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25,28

Although the polarisibilities of the bands have been measured

25’?6’34 the bands have

and several theoretical treatments carried out
not been satisfactorily assigned; it.is not known vhether band (1I1)
is charge transfer in origin or a d=d transition; this is further

discussed in Chapter 2,

. The Bonding in Dimerié Conper Comrounds

The small separation between corper atoms in copper acetate
has led to much discussion as to the nature of the bonding (if any)
between copper‘atoms, and.the mechaniém‘for the magnetic interaction
‘which occurs in these compounds,

The earliest approach to the problem was the § bend postulated
by Figgis and ﬁartinG»invdlving direct overlap of dxz—y2 orbitals,
This orbital functioﬂ, i.e, dxz-ya is concentrated in the xy plane
and overlap calculations indiczted that the overlap involved was
extremely small, It was étressed that the binuclear confipguration
of the mélecule was maintained by the bridging acetate groups aﬁd‘
not by the direct influence of metal—me%al bonding,

A strong o bdnd involviné'overlap of dzz'orbitals has also

3k

been postulated” ',
The § bonded model was strongly supported by Rosszz.
In a more recent tfeatmentsq the weak nature of the spin inter-

action has been stressed in the coupled chromophorg model, in which

a molecular orbital method was used, all overlap integrals between
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3920435

orbitals on different chromophores being neélected, Other authors
have postulated that the magnetic interaction occurs via the bridging
acetate groups by means of a sﬁ?erékchange mechanisn, but no detailed
description of such a mechanism hzas bheen given,

Chromous Acetate

The diamagnetism of chromous acetate was-reported by King and
Gorner, A single crystal X-ray diffraction stud&37’38 showed that
chromous acetate is also a binuclear molecule isostructural with
copper acetate, A more recent investigation of the magnetic proper-

ties of hydrated and anhydrous‘chromous acetate539 showed them both

to be slightly paramagnetic (p ~ 0,5 B,H,) Chromium(II) compounds,

which are normally high spin, genefally exhibit magnetic moments
corresponding to four unpaired electronsqo. Thus any consideration
of the bonding in copper acetate type complexes also has to account
for the almbst complete spin pairing found in the corresponding
chromium( IT) compounds, V 4 -

Molybdenum(II) and Rhodium(II) Acetates

More recent studies have shown that other compounds adopt a
dimeric structure, An X-ray determination of the crystal and
molecular structure of diémagnetic molybdenumtII) acetate shows

that this compound has a structure very similar to that of'copper(II)

acetate;  the Mo-lio separation is 2,11 3.
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Rhodium(II) acetate also =dopts the séme structure as copper
acétate. The Rh,.Rh separation 1s 2,45 X and the compound is
again diamagnetic, Adducts are readily formed Qith donor tyype
ligands such as triphenylphosphine, =ammonia eth#’hs. The addition
is frequently reversible and the adducts are presumably analogous
to those formed with copper acetéte, i.e, the bas;c diméric unit
is retained whilst various ligands occupy the terminal positions,

The work described in the first chapters of this thesis was
undertaken with a view to furthering the understanding of the bonding
in dimeric molecules of the cﬁpric acetate type, Among the particu-
lar aspects to be studied were the influence of both terminal ligands
on the magnetic interactions occurring in dimeric copper éqmpounds,

and the general correlation of metal-metal separations with the

interactions in dimeric compounds,
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CHAPTER 2

A range of compounds have been described in the literature
in which the terminal water molecules in cuprlc acetate monchydrate A
have been replaced by neutral 1igands, such as pyridines. Here
the prepération and propert;es.of a series of new compounds,
R, N[Cu(CH;C00),X] where X = NCS, NO, or Br are reported, In these
compounds the-water molecples have been replaced by anions,
Me,N,NCS has also been féund Yo induce the dimerisation of cupric
formate and the preparation and properties of the dimeric compound
Me,N[Cu(HCCO),NCS] are also reported, X-ray crystallographic
structural determinations have beeﬁ carried out, in the crystallography
department4§’47 on the pair of compounds Me, N[Cu(RCCO),NCS], R = CHj; -
or H, |

Acetate Complexes (R = CHj) -

The compound where X NCS precipltated immediately when
ethanolic solutions of cupric acetate monohydrate and tetramethyl-
ammonium thiocyanate were mixed, However the ahalogous complexes
formed by tetramethylammonium nitrite and tetraethylammonium bromide
are much more soluble in this solvent and were obtained in the solid

state only by the addition of diethyl ether to the concentrated

solutions,  Despite this method of preparation, X-ray ?owder
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photographs showed that they were true compounds and not mixtures
of the quaternary ammonium salts and cupric acetate, A crystalline
specimen,of the thiocyanate complex was obtained from 2-methoxy-

ethanol,

Me, N[Cu(HCO0), NCS]

" This compound précipitated when methanolic solutions of cﬁpric‘
formate tetrahydrate and tetramethylvammonium thiocyénate were mixed
at room temperéture. (At higher temperatures,:orvin the presence
ofAexcess tetramethyl ammonium thiocyanate, some reduction of Cu(I1I)
to Cu(I) occurred), Crystalline specimens of tﬁis compound were
also obtainéd using 2-methoxye£hanol as solﬁent.

Infrared Spectra of Comypounds

The manner of coordination of the lons NCS~ and NO,  in these
compounds can be inferred from their infrared.spectra (Table 2,1).
Table 2,1

Infrared data (frequencies in cm, ~)

Compound - ’ Yon : | " Vo_g

Me, N[Cu(CH, C00), NCS] ' 2070 784w

Me,N[Cu(H.C00),N0S] 22070 790w
YN=0 YN-O 8x0,

Me, N[Cu(CH; ,C00), ONO] . | 1347 - 1165 810
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The values of the C-N and C-S stretches found for the complexes
Me,N[Cu(R,C00),;NCS] (R = H or CH;) are within the ranges expected
for the coordination of the NCS group through‘the nitrogen atoth;
this was subsequently confirmed by the X-ray structural determinations,
The spectrum of the nitrite complex has bands due to the coordinated.

nitrite (0-N-0) group assignable as follows 1347 cm.-l (

1l

Vi=0?

1165 cm, (vN;O)'and 810 cm,-l NO, deformation, (The terminology

used here is discussed in Chapter 6?, These results, particularlj

the frequenﬁy Of'y(N-O) are in accord with the presence of nitrito

groupshg’so. This mode of coordination is perhaps somewhat surprising
' since hefe there do not seem to be any steric or kinetic factors

‘. operating to prevent the formation of the more usual M-NO, linkages,

It is shown later however (Chapters 8 and 10) that M~-ONO linkages

oceur in cases where crystal field stabilisation energy considerations

are not.important; this would be the case here, the terminal ligand

appearing to have 1ittle influence on the electronic structure of the

dimer unit,

The pésitions of the Cc-0 stretching’frequéncies in the infrared
spectrum of the formate compound are of interest as symmetricélly
bridged formate gfoups are not well characteriéed.

In‘a series of compounds containing bridging acetate groups the

stretching frequencies show a regular shift from the free ion

positions (Table 2,2), both bands being shifted to higher frequencies,
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Table 2,2

COO Stretching frequencies in symmetrical coordination

Compound : Frequencies (cm.-l) | Ref,
' v - : v
) _ as 8 .

Cr(CH;C00), ,H,0 " . 1575 ' - 1420 51% -
Be, O(CH;C00) ¢ 1603 7 "
Zn, O(CH; C00)g 1839 1489 o
Me, N[Cu(HC00), NCS] 1626 , 1366 a

~ Me, N[Cu(CH;C00), NCS ] 1610 125 a

© Me, N[Cuj; C00), ONO] 1606 - 1423 | a
Et, N[Cu(CH; C00), Br] 1617 143 a

Free ion values
Na,00C ,CH; 1578 ALY : 520

Na 0OC,H 1567 1366 "

a this work
*  spectra measured in KBr discs

0 measured using thin film of solld,
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a pattern which is also shown in the anionic complexes, In solid

sodium formate the C-0 stretching frequencies occur at 1567 cm."l

1

and 1366 cm, —. Unfortunately another strong band assigned by

Itoh and Bernstein as a COO rocking mode occurs at 1377 cm.-l.
'vas(COO) can readily be assigned i1n the dimeric formate complex

to the strong band which occurs at 1626 em, L, A split strong

1 The band at 1366 cm,” T is

band occurs at 1366, 1351 cm,.
assigned as vs(COO) on the basis thét a similar pattern of frequencj
shifts mighf be expected as that which occﬁrs in the acetate
complexes, | | |

The compounds Cu(HCO0);,.L, where L = py, 2-mepy, 3-mepy or

1

. b-mepy a1l show a strong band between 1625 and 1530 em. - which

» conplaxes

can also be assigned to vés(coo) but in these,ligand modes make
theJassigngent of v%ym more difficult, The CCO deformation mode
at 775 cm.” T 1n Me, N[Cu(HC00),NCS] shows a negligible shift from
the free ion value, -

A shoulder at 1567 em,”L of low and varying intensity occurred
in the infrared spectrum of samples of Me, N[Cu(HCO0),NCS], This
can be assiéned to small quantities of monomeric impurities, The

concentrations of this ére deduced below from susceptiblility and

‘electron spin resonance studies,
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Visible and Near Infrared Svectra

These were obtained as reflectance spectra from the solld
compounds (Table 2,3, Fig,2a),

The main featurés-of the spectra of the anionic compounds are
“similar to those 'df the uncharged adducts of cupric acetate,
The energy of band I is known to vary somevhat on changing the
terminal ligand, Uith the anionic complexes studied here this
band is shifted to low energies relative to cupric acetate monohydrate
and the pyridine adductSB. It has been suggested that the position
of band I can be correlated with thé "donor54 or "ligand field“53
strength of the terminal group L in Cu(CH;CO,),L, This does not
seenm to be the caée for these anionic complexes in the solild state,
The variation in the position of band I on replacing NCS™ by ONO-
or Br 1is quite small; and although the bromide fon lies well below
N-bonded thioc&anate in the spectrochemical séries, band I for the
bromé bomplex is at lower energy than that of its isothiocyanato
analogue,

The spectrum of the bromo complex’showed a small shoulder at
-~ 19,000 cm.-l on the high energﬁ‘side of bandvI. This may be due
to the mresence of a small amount of the compouhd (Bt,N),CuBr, which
is known 22 to contain'é very strong band at 19,000 cm.-l (s molar
’ ~ 2200), Hoyever the powder photégraphiof the bromo complex of

cupric acetate contained mo lines attributable to‘tetraethylammonium



Table 2,3

Reflectance Spectra of Compounds {cm, 7)

Compound
St ——

Me~ N[Cu(CH; COO)z NCS]

Me, N[Cu(CH; C00), ONO]

Me, N[Cu(HCO0),NCS ]

br ‘ broad

sh shoulder

Band TT

~ 26,600br
~s 26,000br
py 264 200br
::..':267000"!,"
~ 25,400br
~ 25,700br

RT room temperature

W Possibly due to Et,NCuBr, impurity

Band 1

13, 300

26

Temp, -
RT

13,800 ~ 8500sh ~ 95°K

~ 23,5008h 13,400
~ 19,000sh# 13,100
12,900

13,300, 8,850sh

RT
RT
RT

z 9K
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Fig. 2a.
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Refiectance Spectra
of

M%N [culcHcoo)nes],

1
85 [cMx1073]
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tetrabromocuprate(II), so that if this is present; it is only in
a small amount, A small shoulder is also present in the spectrum
of the nitrito compound at ~ 23,500 cm.-l on the low energy side of
band II, No COmparable absorption has been found for the neutral
dimeric copper(II) carboxylates, though band (II) is usually quite .
broad,

In the formate complex, band I is again shifted to lower
energy relatiﬁe_to its posifion inlﬁupric acetéte honohydrate.
“Low temperétnre spectra of all the complexes show a shoulder on the
low energy side of band I, Fig.2a, as has been pfeviously observed
in the spectrum of copper acetate28,

The bands in the electronic spectrum of copper acetate have
not been unambiguously assigned, The assignment of band II has

31,62

caused most debate, Ofiginally‘Tsuchida and Yamada s from

single crystal spectral studies suggested that the band was a
diagnostic ﬁroperty of this type of dimeric Cu-Cu nnit., The
association of the band with the binuclear structufe was confirmed
by cryoscoplc and magnetic measurementszg’Bo,k Forster and
Ballhausen?G and Boudreaux56 assigned band II as an electron.
trahsition between Cu-Cu moiecular orbitals, More recently

Hansen and Ballhausen34 using the weakly céupled chromophore model

: 2 2 .
assigned band II as a double electron excitation 3dz2 - 3dx -y .

In contrast Kokoszka ét al.5 7 have favoured the single' electron
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excitation 3dz2 - dea-yz within the monomer components of the
binuclear structure, Band IT has also been assigned as a charge

38

transfer band”~ characteristic of the bridging n system rather than

of the binuclear structure,

26,56 which have considered a strong ¢ bond formed

Treatments
by dz2 overlap can now be considered invalid in view of e,s,r,
ev1dence37 that the unpaired electrons occupy a dxa-y2 orbital,
and also in view of the strﬁctural and magnetid'evidence presented
vin this thésis, that the interaction between th§ copper atoms 1is
‘not a strong bonding one, = Otherwise however thé rather insensitive
nature of the band positions to changes in terminal ligands and
bridging groups makes asslignments difficult and unfortunatelyAthe
reflectance spectra reported here add little to the understanding
of the origins of the bands, |

It s of interest to note the occurrence of chargeAtransfer
bands in approximately the position of band II in monomeric complexes
 with substituted acefylacetonate 1igand539’60’61.

Magnetic Susceptibility Measurements

The room temperature magnetic moments of the compounds are
listed 1in Table 2.4, As has been found for other dimeric formate
and acetate complexes the formate has an appreciably lower room

temperature moment,



Table 2,4

Room Temperature Magnetic Moments of Compounds

Compound | Temp, 10° XGu r (B,M,)*
oK C.B.5.1,

Me,, N[Cu(CH;C00), NCS] 292 880 1.4

Me, N[Cu(CH; C00), (ONO) ] 295 872 144

Et, N[Cu(CH; C00), Br] 295 80 - 1,43

Me, N[Cu(H,C00), NCS] 296 519 . 1,11

# calculated from Curie Law

Table 2,5

Temperature~-dependence of XGu for Me,N[Cu(CH;CO00),NCS]

Temp,°K 292 272 247 218 183 160 152 135 130
10%%, % 820 8l6 803 765 680 579 500 435 350

i#*

corrected for Na = 60 x 1076 -

Diamagnetic correction for ligands (from Pascais constants)
163 x 107 CoBeB.U, ’

Temperature dependence of XGu for Me, N[Cu(HC00),NCS]

Temp,K 296 264 245 225 197 177 155 126 98 86
10%%, * 459 300 383 365 304 20k 149 103 48 38

3% ) - .
Corrected for Na = 60 x 10 6 CoBeBell,

Diamagnetic correction for ligands (from Pascals constants)

145 x 10'6 CeZeSell,
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The temperature variation of the susceptibilities for the
1sothiocyénate complexes is shown in Fig,2(b) and Table 2,5,
The theoretical curves plotted are calculated from the usual
expression for the temperature variation of the magnetic sus-
ceptibility (eqn la) taking a value of & c.g.,s,u, for the T,IL,P,
contriﬁution per mole ofAcopper; The g values used in the caleu-
lations are those obtained from the e,s.,r, studies described in
Chapter 3,

The formate complex could not be prepared totally free of
‘a monomeric impurity, Because of the very low susceptibility of
the formate small traces of this impurity have a large influence
on thg temperature variation of susceptibility, Thus some powder
samvles had susceftibilities of approximately 200 C.8.8., at
~ 90°K, The temperature variation of susceptibility for these
could be fitted to an expression, |

Xexp M— [1+ L exp J/K'J.‘]"']' (1-X)+ x(Q48) g

2KT . 3 T

derived by assuming that thg impurity is a monomeric Cu(II) species
‘with a normal magnetic moment, i.e, 1,9 BM,'s, and that it obeys

the Curie Lawj X being the mole fraction of monomer,

With a J value of the order found for the formate, at the

lowest temperature the susceptibility will be entirely from the
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- monomer plus the contribution from the temperature independent

paramagnetism of copper, i.e,

X (0,448)

xéxp = “‘monomer + Na
T

Thus a susceptibility of 200 c,.g.s.u, at 80°A corresponds to a
0,025 mole fraction of monomer if a value of €0 c.g.s.u, 18 assumed
for the T,I.P, coméonent.

Previous magnetic measurements on dimeric formate complexes
have suggested that the suséeptibility measured at low temperatures
-for these compounds 1s a direct measure of the T,I,P, contribution223
values ranging from 120 - 160 ¢.g.8,u, Were obtained, E,s8,r, measure-
ments carried out‘on samnles of these compounds indicate that they
also contain monomeric impurities, so'that in faét no direct measure
of the 7,1,P, contribution.can be made from susceptibllity measure-~
ments without an independent method of checking for the absence of
S =} impurities,’ - | |

Crystalline samples of the formate and acetate compounds could
be prepared in only small yield so that sufficient material couldlv
not be obtained for Gouy measuremehts of the magnetic susceptibility,
X;ray powder patterns indicated that the powder and crystalline

samples had the same structure, Magnetic moments were obtalned

for a series of crystalline and powder samples using a Faraday
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balance, which requires only a small émount of material,* The
crystalline samples of the formate and acetate were found to have
the same room temperature moments as the pdwder samples of the same
compounds, |
The very low susceptibilit& ‘of the formate complex led to

considerable errors in the susceptibility data but calculations
from the data for the two compounds show that for the acetats
'J = 305 + 10 cm;-l and for the forméte J =485+ 20 em.” L, Similaf
values have.been found previously for related dimeric formate and
acetate complexesza. In all cases so far studied appreciably
greater spin exchange occurs in the formate complex compared with-
‘the acetate analogue, |

X-ray Crystal Structures of the Compounds

Determinations of the crystal and molecular structures of
Me, N[Cu(CH;C00),NCS] and Me, N[Cu(HC00),ICS] were carried out by
single crystal X-ray methods, In the crystallographic‘department46’4?.

Because the structures are of great importance when discussing the

bonding and magnetic interactlons which occur in these compounds,

% T would like to thank Dr D,M,L. Goodgame for carrjing out these
measurements and also Dr G,J, Hill of the Electrical Research
Associates Laboratories, Leatherhead, for the use of the Faraday

balance employed,
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they are quoted in some detail here,
The compounds formed green tetragonal crystals with the
following unit cell dimensions: Me, N[Cu(HCOO),NCS] a = 8,917,

15,800 8, U = 1256.3 & 2, % = 2; Me, N[Cu(CH;C00),NCS]

C

a

i

8,875, ¢ = 18,087 R, U = 14248 3, 7 = 2,

The main bend distances and bend angles of the two dimeric
anions are shown in Fig, 2(¢) and 2(d), in each case two of the
bridging groups have been omitted fér clarity, - In both cases
- the copper‘étomé and the thlocyanate ligands lle on fourfold axes,

In the acetate the Cu,,.Cu separation of 2,638 2 (s = 0,003 ') |
is typical of dimeric cupric‘acetate complexes, In the formate
the Cu,,.Cu separation is 2,716 £ (¢ = 0,002 £), Thus the longer
Cu,,.Cu separation occurs if thé compound Qifh,the greater spin
exchange, The significance of this is discussed fully in Chapter 5.

Experimental

Preparation of the Compounds ' -

The complex (MéAN)[Cu(CHscoo)ZNCS], A solution of tetramethyl
ammonium thiocyanate (1.8 g) in warm ~'§O° ethanol (70 ml) was |
added sloﬁly and with stirring foban ethanolic.solution of cupric
acetate monohydrate (3 gm in 80 ml), The palé green complex
precipitated immediately and was filtered, washed with ethanol

and dried in vacuo (67%‘yield).
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Found: C, 34,5: H, 5.6¢ Cuy 20,42 C,H) 4CuN,0,S requires
Gy 34,48 H, 5,95 Cu 20,2%,

The complex (Me,N)[Cu(CH;C00),0N0], A solution of tetré—
methyl ammonium nitrite (2,4 gm) in methanol (100 ml) was added
to an ethanolic solution of cupric acetate monohydrate (4 g in
120 m1), The solution Qas concentrated to approximately 25 ml by
evaporation under reducéd mressure, Slow addition of diethyl :
ether to this solution resulted in the precipitation of the pale
green complex which was filtered off, washed with diethyl ether
‘and dried in vacuo 49% yield.

Found: C, 32,1¢ H, 5,9¢ Cu, 20.4: C;H,BCuNzos requires
C, 31,8: H, 6,03 Cu, 21,05%, . '

The complex (Et,N)Cu(CH;C00);Br, An ethanolic solution of
tetraethylammonium bromide‘(a.l gm in 50 ml) was shaken vigorously
for 15 min, wiih solid cupfic acetate monohydrate (2 gm), - Treat-
ment of the resulting solution by the procedure described fof the~
previous compound gave a green complex (possibly contaminafed»with,
 a small amount_Of.tetraethylammonium tetrabromocuprate(II),

Found: C, 36,6¢ H, 7,0¢ Br, 21,0¢ Cu 15,7¢ C,,H;¢BrCuno,
requires C, 36,8¢ H, 6,7t Er, 20,bt Cu 16,2t N, 3.6%, The

compound is slightly hygroscopic.
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Crystals of MezN[Cu(CH3COO)2NCSj for X~-ray crystallographic
studies were prepared using Z2-methoxyethanol as solvent,, A
saturated solution of tetramethylammonium thiocyanate in 2-methoxy
ethanol was added dropwise to a saturated solution of cupric acetate
monohydrate in warm (60°) 2-methoxyethanol until the solﬁtion
became apple green coloured (addition of more Me,N,NCS solution
results in the solution becoming brown coloured and some reduction
to copper(I) occurs), The solutiqﬁ was cooled in a fridge for a
few hours;- green crystals were deposited in low yield, The
crystals were filtered off, washed with 2-methexyethanol and ether
and diried in vacuo, v |
The complex Me“N[Cu(HCOO)éNCSj A solution of Me,N,NCS (1,3 gm
0,01M) in methanol (25 ml) was added dropwise to a vigorously
stirred solution of cupric formate tetrahydrate (2,2 gm 0,01M) in
methanol (100 ml), | Both solutions were at room temperature
- A green finely divided precipitate formed rapildly which was filtered
off, washed with methanol and ether and dried in vacuo, Yield 30%,
Analysis -

Found C, 29,37: H,:4,96: N, 9,663 C7H¢kCﬁNzoks requires

Cs 29.1*’13 H: 4.91“ N:' 9.80o
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If hot solutions are mixed, or if the precipitation of the
complex takes place over a long period a vhite crystalline cuprous
complex is formed,

The cupric formate tetréhydrate used in the above preparation
was prgpared by reacting Merck's puriés. copper carbonate with
excess dilute AnalaR formic acid and crystallising the tetrahydrate
from solution,

Crystalline specimens of MehNCu(HCOC)zNCS were obtained by
adding a warm (60°C) solution of Me,N,NCS .in 2-methoxy ethanol to
a saturated.solution of copper formate tetrahydrate in warm (60°)

2-methoxy ethanol, The solution was cooled in a fridge for a »
| fe§ hours, The bright green crystals which formed in small yield
were filtered off, washed with 2-methoxy ethanoi and then ether and
dried in vacuo,

Analysis found C, 29,10¢ H, 4,93: N, 9,80, CpHy 4 Culi; 0, S
requires C, 29,41: H, 4,941 N, 9,80,

Attempts to prepare other anionic dimeric compounds

Attempts to make other compounds of thiijype with various anions,
using methods essentially similar to those employed for the compounds
described above, were‘unsuccessful; iddide; cyanide>or selenocyanate
1on$ reduced the Cu(II) under these conditions, _ Tetraethylammonium

cyanate gave a green compound with cuprie acetate the I.R, spectrum



1 assignable as the CN stretch

of which contained a band at 2190 cm,
of a NCO group63 and also bands due to the tetraethylammonium ion
and acetate, However satisfactory analyses could not be obtained

for this compound,
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CHAPTER 3

Electron Spin Resonance (E,s,r,) Studies on Dimeric Copper(II)

Carboxylate Complexes

Most magnetic studies carried out on dimeric copper(II)
carboxylate complexes have been measurements of magnetic suscepti-
bilitiess. In fitting theoretical curves to temperature variation
of susceptibility data, using the usual expression for the suscepti-
bility, 1.e,

xX= F.Ef.ﬁz. 1+ % exp (J/KT)]-]' + Na,
3KT '

three parameters, g, J, and Na can be varied, No is usually'assumed
to be & cgs units, but this still leéves two variable parameters g
and J, E,s,r, studies of the complexes Me,N[(R,CO0],NCS], R = CHj

or H, were carried out as an.independent means of determining the

g values for these complexes, The average g values obtained

for the complexes was then used to calculate J values from

the temperature. vafiation of susceptibility daté ;eported‘

above, | o | : ‘
E,s,r, studies of'dimeric complexes are relatively few16’37’55-69’109
largely because only recently70 has the possibility of obtaiﬁing the
e,s,r, parameters from the spectra of powder samples been realised,

3933, 64

The e,s.r., spectrum of copper acetate is anomalous giving

a spectrum for a species with resultant spin S = 1._ The spin



42

Hamiltonian for the triplet state of dimeric'copper compounds
is given by3:
| X = pHgs + DSZ2 + E(Sx2 - Sya) - %D
vhere D and E are the zero field splitting parameters, B is the Bohr
magneton and x,. y an? 2z are a principal axes coordinate system
fixed with respect to the Cu-Cu bond,

In a study of the e,s,r, spectra of the triplet states of
randomly orientated ﬁolecules Wasserman, Snyder and Yager7o found
that although absorption 6ccurréd over a range of several thousand
gauss, the shape of the derivative‘curve gives special prominence -
to the resonant fields in which the external field lies along one
of the principal magnetic axes of'thé triplet, These are the
orientations most useful for the derivation of the zero field |
parameters,

When the magnetic field is along respectively the x, y and z

directions the six AM = i 1 resonance filelds:

g \2 o
u 2 =(§9-) [(Hg = D' + B, + 2]

X
H;xf =(§i-) [(H, + D' - B')(E, - "))
g2, f-é)a[(ﬂ - D'+ EBY)(H - aﬁ')]
h “(s STo ° .

J



43

2 89 2 ] [ '
- =(-g-;) [(H_+ D' + E')(H, + 25')]
R 2 (2) 1aa, - 02 - 52

z \g, o

g 2 =(—§£)2[(Ho + D2 - '3

% 2
70 - }-I-Y. t D | .
. are obtained’” where Ho‘- e p 3 D' = o and E' = E/geﬁ' Hx, and

‘Hx, are, for éxample, the two M = + 1 resonance fields when the _
magnetic field 1s along the x direction and 8o is the free»elécfron
g value, In addition to the six lines given by the equations above
1f D <hv an additional line corresponding to the M = + 2 transition
may be obseivéd7o, This is quite isotropic and thus would appear
as one additional iine in the powder spectrum, Using X~band
radiation (hv 2?0.3 cm.-l) the D values which‘have béen observed:
in copper dimers are usua11y>greatgr than hy, | |

The room temperature e.,s.r. spectrunm obtainedxfor a powdered
sample of Me,N[Cu(CH;CO0),NCS] is shown in Fig,3(a), Using the
nomenclature from the above equations and assuming D > hv the lew
and high field ﬁeaké are.assigned as Hz, and Hz, respe&tively. | As
no splitting of the midfield peak is»observed at liquid nitrogen
temperatures E ~ O, under these conditions the observed resonance

occurs at fields given by
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82
Hf; = (-2) [HO(Ho +D")] (x and y are now equivalent and

denoted by j )

H = (-2) (Ho + D')

Substitution in these equations leads to values of g; = 2,36,
g, = 2,07, D = 0,34 which are similar to those found for cupric
acetate monohydrate (see below), At low temperatures (- 160°C)
hyperfine splittihgs are observed on both Hz, and Hz, (see Fig.3(b)).
Thnis seven line pattefn is typical of dimeric copper compound83’56’70,
showing interaction with both copper nucleii, In this compound
the observed splitting is 65 gauss, The midfield absorption (Hl.z).
becomes much narrower at low temperature but remains'unsplit
indicating that E ~ O,

The value of the method for obtaining approximate e;é,r.
parameters 1is confirmed by compéring the values obtained for-

copper acetate monohydrate; i,e, g, = 2,35, 8y, =2,08, D = 0,34 cm,-.1

33

with those obtained from more accurate single crystal data”

g, = 2,344 + 0,01, g, = 2,053 + 0,005, g, = 2,093 + 0,005, D = 345

1

Z

D = 0,345 cm.- . (There is some discrepancy in the literature

regarding the g values for cupric acetate, The original work of

3

Bleaney and Bowers” quotes g, = 2,42 + 0,03, g) = 2,08 £ 0,03,
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Subsequent determinations, also from single crystal stud1e557 agree

with the data from Abe and Shimada33 qﬁoted above,

E 1s significantly large in cupric acetate for Hi! to be split
at low teﬁperatures, for the calculatlons here the resonance was
assumed to occur at the mid point of the split 11ne, i1,e, E =0,

In the e,s,r, spectrum of Me,N[Cu(HCOO),NCS] the resonances
occur at highér fields and the -calculated parameters 1,e, g, = 2,40,
%L = 2,09, D = 0,44 show ﬁhat both the g values and the zero field»
| splitting paraﬁeter D are significéntly greater for the formate
than the acetate, No hyperfine splitting was observed on the
spectrum of the formate, and the midfield peak was unsplit at low
temperatures, which again Indicates that E ~ 0, The higher g values
observed for the formate reflect the higher value of the spin orbit
coupling constanf to be expected in this compound, because of the
decreased covalency in the metal iigand,interaction relative to
that in the acetate.57’lll’112’l13 : -

The room temperature X-band spectrum of the formate included
a small peék at = 3200 gauss, The hyperfine stfucture’observed on
this peak at low temperatures (Fig,3(c)) and the fact that the
intensity of the line increased with decreasihg temperature indicates
it was due to fhe presence of an S = §} impurity, Qual;tative measure-
ments 1nd1cated that this was pfesent in small quantity,lless than 5%

in agreement with the magnetic susceptibility data quoted above, The
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spectrum of the geetate isothiccyanate complexes showed only tiacés of S=)
impurity in this compound, The e,s,r, spectra of powder and
crystalline samples of Me,N[Cu(HCOO),NCS] were-identical.

Calculated parameters d;termined by the method desecribed

above are listed in Table 3.1,

Table 3,1

E.s,r, Parameters:. Dimeric Carboxylate Compounds

g, ;L D
Me, N[Cu(CH; C00), ONO] 2,36 2.07 0,34
Etb N[Cu(CH3 000)2 Br] ) 2.36 2008- 0035

Me, N[Cu(HCO00), NCS ] 2,41 2,039 0,44

The e,s,r, spectra of copper butyrate and its aniline
adduct are also of interest, The spectrum of the butyrate is
typica} of a dimeric compound, although the bands are brbader
than usual, The aniline adduct, which has been reported to
have a much lower J value, gives an extremely broad absorption

centred at approximately g = 2, which 1s not resolved at low
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temperatures, Similarly results have been reported for .other

- complexes with low J values, when 1t was postulated that the
broadening and averaging effects could'be’due to magnetié dipole
interactions between clusters of dimer units in.the triplet state,
E,s,r, spectra thus do not provide unambiguous evidence as to
whether or not a copper compound is dimeric,

Preparation of Compounds

The preparation of the compounds mentioned in this chapter

have all been previously described, either in this thesis, or

© 1In the referenceg given below,

>

Cu(C3 H,C00), and Cu(C3H,C00), aniline réference-12.



CHAPTER 4

Chromium(II) Complexes

Chromium écetate is a dimeric complex with ; very similar crystal
structure¥® to that of cupric ace;ateBS. However, the interactions
in this molecule 'are such as to lead to 2lmost complete spin pairing;
a magnetic moment of 0,53 B,M, has been reported39 for chromous -
acetate monohydrate, Some exploratory work waabcarried out to
determine whether chromium(II) complexes analogous to the Cu(II)
complexes reported above occur, and secondly 1f these could be
obtained as crystalline samples suitabie for X-ray structural
determination, |

The complex Me, N[Cr(CH;C00),NCS] was 1solated as a purple solid;
powder patterns indicated that it was 1somorphous with the cupric
analogue, Like chromous acetate 1t has a magnetic moment of :;O.G_B,M.'
The C-N and C-S strétéhing frequencies are within the range expected
for isothiocyanate groups at 2075 and 781.cm.-l respectivély.

The reflectance spectrum of the solid shows a strong broad
band at 19,050 cm.-l, with a weaker band at 24,600 cm.-l. This
is very similar to the reported solution spectrum of chromous
-acetate_monohydrate58, although both bands were.not resolved in

-1

this case, the band at m 25,000 ¢m, ~ being filled by a gaussian

# The Cr,,.Cr separation in chromous acetate is sometimes quoted119

as being 2,46 £, In fact in the structural determination referred
to it was-conciuded that this distance 1is 2,6#.2, as in cupric acetate,
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énalysis of the spectrum obtained, Small traces of Cr(III)
impurities also give rise to a band at a 25,000 cm.-l, and this band
1s particularly difficult to eliminate from the reflectance spectra

of Cr(II) complexeslo?

s but the band observed‘appears to be too
intense to be entirely due to suriace 1mpur1ties. | |
Attempts to obtain a crystalline sémple of the\above complex
were unSuccessful, when chromoﬁs acetafe was preclpitated frmh
»  watér in the presence of MegN,NCS?‘pale blue crystalé were 6bta1ned
together with the .red acetate, - A sample of this complex was
1solated and was'found to be (MekN)b[Gr(NCS)GJ.' The infrared
spectrum of this complex suggests the présence of isothiocyanate

-1

groups, thé C-N Stretching frequehcy occurs at 2075 cm, ~ and the

C-S stretch as a split band at 807 and 793 cm, T,
Although chromous formate was found to react with ethanolic
solutions of tetramethyl ammonium thiocyanate to give a purpte solid

a pure sample of this compound was not Isolated,

Preparation of the Complexes

The preparation.of'the-compleXés was carried oﬁf in a glove box,
A nitrogen atmosphere was bbtained inside thé box by inflating a -
polythene bag; with nitrogen, inside the Box.’ - (The nitfogen used
was passed thréugh wash bOttles'confaining chromous chloride solutioﬁsv
over amalgamated zinc), When thelﬁolythéne bag completely filled

the box, the valves through which the air from inside the box had
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been displaced wefe closed and the contents of the bag spilled into
the box, This procedure was_thep repea?ed.

The preparations were carriedlout in anrapparatus similar to
that described by Holahlls, a constant stream of nitrogen was passed
through the apparatus throughout the4reaction; All solventé used
in the glove box were bolled and purged with nitrogen before being
introduced into the box, »

Chromous chloride solutions were prepared using the method of
Lux and his co-workersll7’1m8. “When very pure chromium metal®*
is reacted with dilute hydrochloric acid, in an inert atmosphere;

a very pure chromous chloride solution is obtained, This technique
does not introduce impurities, as the reduction of Cr(III) with zine
amalgam does and is much more convenient than electrolytic reduction

procedures,

Chromous Acetate

Excesé chromium metal (1,5 gm) was reactéd with dilute
hydrochloric acid (10 m1l, 4N), The deép ﬂlue solution was filtered
into a saturated aqueous solution (20 ml,) of sodium acetate, The
.brick red precifitate was washed with distilled water, ethanol and
then ether and dried in vaéuo. |

Analysis Cr(II) found 27,3% required 27,65%. Cr(II) determined

¥ Electrolytic chromium obtained from Murex Limited, Rainham, Essex,
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by titration with iodine (as KI; solution),
Me, N[Cr(CH;C00),NCS],

F;nely'powdered chromous acetate (0,6 gm) was added to an |
ethanolic solution (30 ml,) of Me;N.NCS(O,é gm).' A purple solid
formed immediately, The reaction mixturé was stirred for approxi-
mately f;fteen minutes, The solid was then filtered off, washed
with ethanol and ether and driéd in vacuo, |

Analysis Cr(II) found 17,0%, requiredl17.20%. |

Chromous formate monohydrate

Although the magnetic properties of this compound have been
descr:lbed21 preparative details were not given, Iﬁ was prepared
using a method basically the same as that-described abové for
chromous acetate, It 1s more soluble than chrbmous acetate and
it was found that the addition of approximately 10 ml, of ethanol
speeded up the precibitafion of the blood red complex, This was
filtered off, washed with ethanol and ether and déied in vacuo, |
(Me, N), [Cr(NCS)¢]

An aqueous solution of chromous chloride was prepared as
described abdve (see prep, of chromous acetate). One millilitre
of this solution was édded to a rapidly stirred aqueous solution
(10 ml) of Me,N.NCS (2,4 gm), The pale blue precipitate which
formed was filtered off, washedeith éthanol, theﬁ ether and dried
in vacuo,

Analysis NCS~ found 49,5%, required 50,00%,



CHAETER 5

Discussion of Dimeric Copper Compounds

The behaviour of the magnetic susceptibiiity with temperature
for numerous dimeric Copper(II) compounds has been accounted for
in terms of a spin singlet-spin triplet equilibrium®, The origin
of the interaction leading to this éinglet-triple@ Separation has
been the subject of much debate, » A

Thé close approach of the copper ions in éupric acetate

6 to the prOposition that a direct

monohydrate4 led immediately
metal-metal bond was involved, Theoretical treatments have
considered this bonding, regarding it as a weak & bond6,~a strong

26,56 or a weak 1nteraction3h.

O bond
Although X-ray crystal structural determinations have been
carried out on a nu@ber of dimefic»copper(II)'cémpounds with
structures related to that of copper acetate (Table 5;1),/the
COpPpPer=-copper sepafétioﬁs-are‘a11~very'similar; - with the exception
of the separation in a copper fqrmate complex81 the structure of

which was published during the course of thisvwork.' It has not

yreviously been possible to attempt to correlate:the spin.interaction |

¥ The singlet triplet sepération is sometimes defined as J (e.g. 6)
and sometimes as 2J (e.g., 664 75)., Thrqﬁghout this work the
singlet triplet separation is taken to be J, and where necessary
for comparison,literature values will be .adjusted, '
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55

letal-Metal separations in Complexes with structures related to the

Copper Acetate Structure,

Compound

Cu(CH; C00), ,H,0

Cu(CH; CCO), py

Cu(CH; C00), py -
Ccu(C;H,C00),

~ Cu(CH,C00), ,2H, 0
He‘N[Cu(CH,COO)zNCS]

Me, N[Cu(HC00), NCS ]
Cu(HC00), .} dioxan

Cg(I) (diazoém;ﬁobenzene)
N1(II) (diazoaminobenzene)
Mo(CH;C00),

Rh(CH5C00),

Ru, (C5H,C00), C1
Re(csﬁgcoo)z,01
B g0

(05 H5 Ns adenine)

Metal-metal
separation

2,64
2,63 monoclinic
5.64 orthorhombic
2,65
2,61
2,6k
2,72
2,58
2,45
2,38
2,11
2,85
2,28
2,235
2,947

Referehce
4
13
14
76
95
he, 47
46, b7
81

79
e
52

77

78
E
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with copper-copper separation,

The pair of compounds Me,N[Cu(RCO0),NCS]; R = H or CH,
have widely differing singlet-triplet separations, Crystal
structural determinations have been cafried out on both compounds&s’u7
and the copper-cobper separations differ very significantly. ‘The
surprising feature is that thebgreéter exchange interaction occurs
in the complex with the longer metal métal separation,

Since the publication of tﬁe structure of copper acetate mono-
hydrate, many other X-ray structural determinations_héve been carried
out and it has become apparéﬁt that mere proximity of metal atoms in
a compound is not a good criterion for metal metal bonding83. ' Fér
example Cu(I) forms a dimeric complex with the anion of dlazoamino-
benzene (Fig,5a, ref,80), here the Cu-Cu separation is only 2,45 X,
but as the authors point out the close approach 1is presumably |
a consequence of the overall molecular geometry rather than the'_
result of any metal-metal bonding interaction, Indeed for linear
N-Cu-N coordination the Cu-Cu,Separation would be,fhe same'as'that
between the pitrogen_atoms N, and.Ng (see diag.) i.e. 2,19 R;
considerabl& less”thénvthe observed separation, In this respect the
structure- of cuprié acétate»monohydfatewis invmarked.contr;stﬂto that
of molybdenum acetate (Fig.5b), . In the 1at£ervc0mpound_the nolyb- ,

demum ilons are inside the plane of four oxygen atoms suggesting .

a strong a;tractivé’or bonding force between the molybdenum ions;
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the copper 10n§ in cupric acefate are well outside the plane of
the oxygen atoms suggeséing an overall repulsion between them,
This effect is marked in the Structu:e of MéQN[Cu(HCOO)2NCS]
described here, Thus the structure of copper acetate presents no
strong evidence fqr retal metal bonding,

Although a.bonding model‘involving a strong ¢ bond between
the copper ions has been_post&lated, this is not compatible with -
e, ,s5,r, measurements on zinc déped-copper acetate monohydrat957
which have shown that 8y and gy lie nearly along the oxygen-copper-
oxygen bond axes confirming that the single unpaired electron
centred on each copper atom occuples a @x%_y2-orbital; the?efore
only the § bonded mode} Involving overlap of the d&Z_yZ orbitals
will be considered, Direct 6ver1ap of dkz_yz orbitals will
decrease exponéntially as -the metal-metal separation 1ncrea$e66’84 ‘
which would lead to a rapid fall off in the exchange interaction
as the metal metal separation increases, [This assumes, of course,'
that no large differences in the radil of the d orbifal functions
occurs, in the th compounds discusséd thefd orbitals woulﬁ be |
- expected to have a smaller radius in the formate complex (see below)].
vTheffact thatrgreater 1nteraction;occurs,1n.thelmolécu1e;w£th.the '
longer metal-ﬁetal~separafioni1nd1cates%that:the<bridging-l;gands
play an important role in the;exchange interaction - in diméfic-coppe:

complexes, . The possibility that,the.interactionrinvolves the
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bridging groués has often been discussed but direct gvidence of
their iﬁfluence has»not previously been yresénted,
Metal—metal'interactions'6ften occur in transition metal
complexes when the paramagnetic centres are separated by distances
such that direct bonding between them 1s not possibie, the inter-
action taking place via the intervening diamagnetic groups.i Such
'super exchange' interactions are also postulated to occur in a
range of dimeric coppér compounds where the metal metal separations
are not much greater than that found in copper acetate, Typical of.
these is di-p(pyridineoxide)bis(dichlorocopperII)., The copper has
a distorted square plan;r configuration in a dimeric molecule, the
copper copper separation being 3,25 R. The magnetic moment at room

temperature is 0,85 B.M‘886—89.

A related structure occurs in
- acetylacetone mono(o-hydroxyanil)copper(II), Here the coppér-
copper separation is 3,0 ﬂ‘and the room temperature moment 1s

1.37 B.1,%°

.  In fact the magnetic behaviour of the latter compound
closely parallels thataof-copper‘acetate. Values of J and g
calculated from temperature variation of susceptibility data being

298 cm.-l

and 2,09 respéctively. In contrgst to the magnetic:
‘behaviour of these compoﬁnds'other=compounds,1ﬁﬁwhicﬁ“COpper(II)
ions approach closely have normal magnefic.behaviour. For exanple,
. the CsCuCl; structurg consists of distorfed hexagbnally close packed:

layers of caesium lons and chlorine atoms with the copper atoms



occupying all the octahedral holes, which have s8iX c¢hlorine nearest
neighb&urs,» The Cu~Cu separation is 3,062 2 vut the magnetlc
moment is normal down to 80°K9l, Discussing the possibility of
metal metal bonding in this compound Schlueter et a1,91 deduce from
overlap calculations that nfor metals at the right of the first

. transition series the single bond length for dzg-d;z o bonding is
so extremely short that suchAmétal metal bonding cannot possibly v
occur unless there are gross cﬁanges in the Qrbital exponent of the
comblneq me tallt, Obviously these calculations would rule out any
direct metal-metal bonding in copper acetate and related compounds,
However the calculations can give only an approximate value of the
" overlap because of the‘uncertainty'ih the orbital exponents for the
isolated atoms and also the 6hange,of exponent in considering a

6 were able to quote overlap

- complexed ion, Thus Figgis and Martin
calculatidns supporting the & bonded nmodel,

Interactions in éompoundS'with,polyatomicAbri&ging groﬁps are
not so weii characterised, A super»ekchanée mechanism has been
postuiated'to account for the antifefrdmagnetism of copper(II)
formate tetrahydrate, In this compound alyhough the Cu,..Cu
 separation 1is 5;80'3”}9'thehroém-femperature;moment 1s 1.64 B.M;s,
More receni:‘lyg3 a superfexchange:mechanismghasvbeen.fostulated.to‘
‘account for.the‘ahtiferﬁomagnetic behaviour of the adenine'complgx
Cu(CsH,Ns.), 4H,0, This 1s a dimeric copper complex with a copper ;

copper separation o£72.947 R 92.
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The theory of super exchange mechanisms has been developed
84,97,98,99 99

comparatively recently Early models”” stressed
the contribution of excited paramagnetic forms of the bridging
ligands, - In the more recent theory of Anderéon however the
distinction between direct and indirect exchange becomes 111
defined, In super exchange the exchange i1s described as taking
place between orbitals which are expanded by o&erlap with suitable
ofbitals froﬁ_the diamagnetic 11gand. Spin pairing then occurs
as this then allows delocalisation of the electrons into non-ortho-
gonal orbitals, The existence éf a n-bonding.system extending
over the copper acetate”molécule has previously been discussed,
The results presented here suggest that the formate gréup provides
a better pathway for the exchange than the aéetate group and- that
the exchange occurring in copper acetate and related_compounﬁs is not
ronly a result of direct d orbital overlap, ‘ |

The suggestion that the'spin sPinlinteractioﬁ'in copper acetaté
is caused by a super exchange 1nteracfion'is not intended to exclude
direct metal—metal bonding in the other compounds listed in Table 5.1,
A graduation in 1nteractions.betweeh 1st and Zhd‘tfansition series

eiements.has been observed in the-structures of the Cr2019‘3"‘103

and W,C1, ions, . The Re,,.Re separation observed in dichloro-

tetrabenioatodirhenium(III) 1s identical within experimental error
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2- 101 1ion and

with the seéaration observed in the ReCl,
Re,C14[P(CyH5 )3 ], 102 vhere 'wnsupported" metal metal bonds occur,
Similarly the Mo,..Mo 2.11 2 sepafation in Mo(CH,COO);_.l+1 i5 very
similar to that occurring in Mozclaz' (2.1% R), where again an

t

unsupported me tal metal bond. occurs, In all these complexes
-multiéle metal-metal bonds are proposed83.

The rble of tetramethylammonium thiocyanate in 'conditioning'
the copper formate to adopt a dimeric structure élosely parallels
that of‘pyridine. It has been proposed that acids with low PKa
values will be correspondingly poorer donors of ¢ electron density,
In the complexes that copper forms with these acids there will be
a considerable residual positive charge on the copper atoms leading
to instability of the dimeric forms, Suitable ligands in the
terminal positions will be effective in reducing this positive
charge leading to stability of the dimer, This has begn found
to occur with acids with PKa's less than k=4.266’74f75. The radii
of the d orbitals will bevsensitive to the §051t1ve nuclear charge
and would be expected to be correspondingly smaller for the formate.

Unlike acetatessl the two crystal struc?ural determinations
which have beeh carried out on dimeric formates show very significant

differences in the metal metal separations, This refiects the

greater flexibility of the formate group which can adjust to compensate



for packing factors and residual charges on the copper atoms,

It 1s of interest that the magnetic behaviour of the two formate
complexes (Ref,22 and this work) is very similar, in keeping.withi
a super exchange~rather than'direct interaction, Unfortunately,
although the results described here i1llustrate the iImportance of
the bridging groups in the mechaniém‘df the spin 1ntefaction, the
presence of some direct 1nteraétion cannot be disprovéd, - The |

literature on copper acetate and related compounds will continue

to grow,
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'CHAPTER 6

Introduction to the Chemistry of Nitrite Complexes

One of the interesting features of the chemistry of the.

‘"nitrite ion is 1ts versatility as a ligand, the ion can coordinate

‘to metal lons in a variety of ways. In a study of nitrite

‘complexes of nickel 1 complexes containing the nitrite group

coordinated in the following ways were isolated:?

- (a)

(b)

(c)

(a)

Nitro complexes containing the nitrite group bonded to the
transition metal through the nitrogen atom,

Nitrito complexes-containing the nitrite group bonded to the

- transition metal through an 6xygen atonm,

Compounds containing chelating nltrite groups were 1solated,
These contain nitrite groups bonded to one transition metél
atom by both oxygen atoms, This coordihation*ranges from
symmetrically chelatipg nitrite groups ﬁhere_the’twb metal .
oxygen distances are equal through to.thé extreme of nitrito
groups where one pf the oxygens 1s no longer bonded.to the
metal, Where the,bonding-lies,between %hese extremes the
nitrite groups will be described as ‘Yunsymmetrically dheiating";
Thevnitrité'group bridges two metal atoms, bonding to one |
through a nitrogen atom and to the other with an oxygen atom, -

This mode of bridging is referred to as bridging(NO),
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(e) To explain some infrared data a form of bonding waé postulated1
in which a nitrite group bridges two metal atoms bonding to
them both with the same oxygen atom, This will be referred
to as bridging('0'),
These modes of coordination are dlagrammatically represented
in Fig,(6a) and some compounds in which the particular modes of

coordination are found are listed in Table 6,1,

Methods of Determining the Mode of Nitrite Bonding
(a) Infrared spectroscopy, - |

The uncoordinated nitrite 1oﬁ belongs to the sz point group
and has three nén-degenerate infrared active fundamental v;brations
(Fig,6b), | These are v, and v the sjmmetric and antisymmetric

nitrogen oxygen stretches and & the NO, deformation,

NO,

Free ion values

Many workers have studied the infrared and Raman spectra of

sodium nitrite, both in the solid state and agueous solut16n13-17.

Although there is not complete agreement bands have been reparted
at 828 + 3 cm.-1 (medium sharp), 1250 + 30 (very strong, broad)

and 1326 + 2 cm.-l (weak sharp), On the basis of Raman polaris-
, _ 15 ‘

-ability measurements on an aqueous solution

and on singlé crysta1814’17.
.the band at 1326'cm.-1 has bheen assigned as v%, ‘ Thiskleaves vas as

the broad intense absorption centred at ~1250 cm.-l. It is apparent

that the nitrite ion is unusual in having v, higher than v __.



. Chelating

Bridging (NO)

M- ? ~0~-M

o

Fig, 6(a)

7k

0.
|

n”
\ _N
o/

Unsymmetrically chelating

Bridging 'O’



75

Table 6,1

Typical compounds illustrating modes of bonding of the nitrite ion

Modes of bonding Complexes
Ni(NH3)4(N02)z (2%)
Nitro K2 Ba.CO(N02 )5 (3*)

Cu(NH3 )~ (NOz )2 (12*)

[Co(NH; ); ONO]C1, (%4,5,6)
Nitrito Ni(py), (ONO), (1)

Ni(adimen), (ONO), (7%)

Co(B;As0), (NO, ), (1)
Chelating Ni(tetmen) (NO, ), (9%)

[K, Hg(NO, ), JNO; (8*)

Bridging (NO) v [Ni(en)z (NOz ]C].Oz, ;[Ni(en)z N02 ]BF“ (10*11*)
[(NH; )hCOINH“;
“NOJ

Co(NH; ), IC1, (20)

Bridging ('0') ? N1(BMepy)s (NO; )5 ./ 3CeHg (1)

# Indicates that reference given is to an X-ray Crystallographic

Structural determination,
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" Fundamental vibrations of the Nitrite Ton
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Coordinated Nitrite Groups

The nitrite group is of sufficiently low symmetry for all the
normal modes to be both infrared and Raman active in the free iong
on coordination of thé nitrite group however the positions and
intensities of the infrared absorptions vary in a manner which
»15 characteristic of the'mode of bonding adopfed by the ﬁitritg
group (Table'6.2). |
Nitro complexes

Mathieu et al,

18’19.have shown from Raman polarisability data

and symmetry considerations that in the nitro complexes of Co(III)

1 while vg remains unaltered

and Pt(II) Vg 18 raised to ~ 1400 cm,
vfrom its free ion value at 72 1330 cm.-l. It appears that in nitro
complexes of bivalent; first serles, transition metals, although
Vas is raised from the free ion #alue it remains less than Vg
(Unfortunately some confusion arises in the literature becauée some
autharsao'as have reversed the‘free ion assignments of vaé and “éym)'
Nitro coordination can also be characterised by considering the
vibrations assoclated directly with the metalbnitrite bond,  If the
planar group M-NO, 1s considered’in isolation it has six normal
vibrations modes, Three‘of these approximate‘to Vo vas and 6N02'
of the uncoordinated NO,~ 1on, The othér three are illustrated
(Fig,6b). _ Nakamoto et al.21 found that the nitro complexes

[Co(NH,)5N02]++, [Co(Nﬂg)k(Noz)z]f, and similar compounds could



.Type of bonding

. Ionic

Nitro

Nitrito

Chelating

Unsymmetrically
chelating

Bridging (NO)

Bridging (O)

28

Table 6,2

Infrared frequencies of NOp~ #
Metal Ion Vas . vsym Ref
Nal KT 1255 - 1270vs br 1325-13%5v v 13-17
. - 27
g T | 1300 - 13%vs  1320-1350w vw . 1,18,21
Cort Cut 1280 - 1335vs  1335-1395m-vw  1,28,29
co™ R 1375 - 1420s vs 1330-1350s 18, 28

V=0 - VB0 |
Ni(II) 1400 - 1340ms-s 1220-111bs vs 1

Co(III) Rn(III)1470 - 14608 1070-1060s vs8  18,30,31

Ni(II) Co(II) 1315 - 1265vw-m 1205~1175vs 1
Mn(II) 1300vw 1240-3205vs br 1

Cd(II) Hg(II) a | 1270-1200vs br  1,18,32
Co(II) Cu(II) 1390 - 1370ms  1205-1195vs 1

Ni(II) . 1440 - 14205 1255-1200s v& 1

Co(IIT) 1515 - 14858 = 1200-1180s 21,23
N1(IT) 1490 - 14608 1025-10058 1

(a) this frequency has not been assigned with certainty,

Information for this tabie was drawn mainly from Ref,l,
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be distinguished from the nitrito complex [Cr(NH§)50N0]+; the
M~N wagging mode occurred at approximately €00 cm.-l in the
former complexes and was not present in the spectrum of the latter,

Nitrito Coordination

As 15 the case of nitro coordination six vibrational modes are

expected; these are approximately two nitrogen oxXygen stretches -

N=0 N=O and an ONO deformation SONO’ a metal 11g;nd stretch

Vy-0? a metal oxygen bend GMONO’ andian out of'plane deformation pw,

v and v

There is little avallable information in the literature on the ‘
positions of the last three modes, The nitrogeh oXygen stretching
frequencies In nitrito complexes have been shown to occur as two
' strong bands occurring in nickel complexes at 1400 - 1340 cm.-1
(Vy_o) and 1220 = 1114 (v ). |

In all other modes of coordination the N-O stretching frequencies
will_be described as V=0 and YN-0
occurring at higher energy.,

' V=0 being takgn as the band

Chelating Nitrite Groups

The infrared spectra-of these complexes contain a strong broad

1 II

band assigned to vy_o which occurs at 1205 - 1175 em, — in Ni

complexesy Y is seen as a very weak band occurring at slightly

N=0
higher energy. 65 also frequently occurs at higher energy than
in the free ion, As the coordination becomes more unsymmetrical

the infrared spectrum become similar to those observed in nitrito

complexes(1),
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Bridging (NO)

An X-ray structural determination has been carried out on only
one compound containing bridging (NO) groups11 but it has been
postulated1’20 ﬁhat several compounds contain this group, Two
strong bands from N-0 stretching modes are observed in the infrared

spectrun,

Bridging (0)

No conclusive evidence for the occurrence of this mode of
bonding, 1,e, no complete X-ray crystallographic structural deter-

mination is available, It has been postulated1

as the most logical

»method of explaining the position of the NO stretching frequencies
in a group of compoundsl, the coordination number of the metal ions
present indicates that the nitrite groups must be bridging.

Electronic spectra

The 'd-d' electronic transitions also provide information as
to the mode of bonding of the nitrite group, In-the case of nitro
and nitrito coordination the two modes of coordination are well

26, the nitro group is a

separated in the spectrochemical seriles
'strong' ligand; the nitritd group is fairly weak,

Indirect evidence of tﬁe mode of bonding.can also éften.bé
obtained from the electronic spectrum, The coordiﬁation number

of the metal atom, which can usually be deduced from the electronic

spectrum together with magnetic susceptibility data, often indicates
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whether the nitrite group is acting as a mono-dentate or bi-dentate
ligand, In the case of chelating nitrite groups more direct use of
electronic spectra can be made since the electronic spectra of complexes
containing chelating nitrite groups are often very similar to those
containing chelating nitrate groups and a direct comparison 1s useful

if the latter form of coordination is well established,

X-réy studieé

.Several X-ray crysfallographic structﬁral determinations have
now beep carried out on complexes containing nitrite groups (Table 6.1)
Atwith several different modes of coordination providing confirmation
for conclusions which have been drawn from other evidence, This
means that predictions of coordination type can confidently be made
using evidence for the sort outlined above,

Occurrence of Different'Bonding Modes

Nitro and Nitrito

Prior to the work described in Ref.llnitritorcoordinétion was
found in‘only a few compounds in which an umisual réaction mechanism
led to the formation.of unstable nitrito complexes w1th a few |
kinetically inert metal 1onss’6’31. In a series of nickel complexes
vw:Y.t}'Lsu’bsf;j.tu‘t:ecl-et:h:,rlené<:U.aun:!.ners?‘"’-33 it was found that nitro
complexes were found in Ni(en),(NO,);, Ni(men),(NO,); and Ni(ophenylene
diamine)z(sz)zg with increasing substitution of the ethylene diam;ne
nitrito complexes were formed, Similarly Ni(NH;),(NO;), contains

nitro groups whereas Ni(py)z(Noz)z contains nitrito groups, These
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results led to the conclusion that steric factors were also 1mportanf

~in determining the mbde of bonding of the unidentate nitrite group;

The influence of these is shown clearly in the structure of Ni(en,(NO,),
where interactions between the n;trite group and the amines lead to

- signifiecant diffefénces in bond lengths compared with Ni(NH,)‘(NCS)z.ZV.
However when kinetic and steric factors are not important nitro |

‘cbordinafion occurs in most éomplexes of N1(IX), Pt(II), Pd(II),
Co(III), Rh(II), Ir(III) and Pt(IV). |
Chelating '

h Chelating nitrite groups occur in several complexeé of the

type ML (NOy), M = Cort and NiII, L=a monodentate ligand, e,g.

g;p0], Stefic factors presumably prevent the nitrite grouﬁs

bridging, chelation of the nitrite gfoups will then be favoured

as the coordination of the metal ion is increased from four to

six, In tetranitrite complexes of C 1 and CuII 1

the chelation
apparently becomes very unsymmetrical since symmetrical coordination
would presumably cause too mich steric interaction around the metal

ion,

Bridging [NO] and bridging [0}

The latter mode of coordination has not been confirmed,
Bridging [NO] nitrite groups occur in several complexes of Ni(II)
and Co(III) but factors influencing these modes of bonding have not

been elucidated,
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The studles described in the fcllowing chapters ha&e extended
the range of nitrite studles to include twé other first series
transition metals, Co(II) and Zn(II)j with a view to furthering
the understanding of the factorsuinfluencing the mode of bonding
of nitrite groups; Although information on the stereochemistry
of zinc complexes is difficult to obtain this metal was chosen -
because the influence of crystal field stabilisation energies.could
then be studied,

Magnetic studles on a series of nitrife complexes containing

bridging nitrite groups have also been carried out,
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CHAPTER 7

Cobalt(II) Nitrite Complexes

Compléxes of trivalent cobalt containing lonic or coordinated
nitrite lons have been known for many years and the classic example

of nitro-nitrito isomerism, Go(NH;)g(N02)2+ and Co(NH3)5(0N0)2+ was

found in this group of complexess’si Co(II) nitrite complexes
6, 34-38

however are not well characterised . | In:this chapter thé

preparation, infrared, electronic spectra and'magnetic moments of

a range of cobalt(II) nitrite c§mplexes with amine ;1gands are

reported, In all cases the corrésponding nickel anélogues have

already been preparedl so that direct comparisons are possible,

The compounds reported are [Co(py), (ONO), J(pyridine),, Col, (ONO),

(L = 180quinoline or l-methyl pyridine), ColL;(NO;), (L = 1soqu1noiine,

‘pyridiné or B picoline), CoL, (N0;), (L = py, I—quiﬁ; 3-mepy or

b-mepy), Co(a-dimen),(NO;),, Co(tetmen)(li0;), and Co(s~d1een);(DNO)2,
Many of the compounds described here were prepared by the method

émployed by Babaeva and his co-workers for théApreparation of

Co(py)g(NOz),. In this procedure sodium cobaltinitrite was heated

with the pure liguid amine, prolonged interaction (2~3 months) at

56 to form CoIII(py),(Noz), whereas

‘after three hours at 50-60°C mainly Co(py)s(NO; ), was obtainedB.

roon temperaturég was reported
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Here reduction to cobalt(II) was affected by heating the reactants
on the steam bath for 1 - 3 days, A similar procedure using

K, NL(NO, )¢ JH, O 39 as starting material provides a very convenlent
way of preparing nickel nitrito complexes such as Ni(py), (ONO), .,
In that case the reaction occurs quite rapidly on warming,

The stoicheiometries of the initial products obtained from
sodium cobaltinitrite depended on‘thé identity of the amine ligand,
Thus pyridine gives first a 6:1 combound which :apidly loses pyridine
to give a 3:1 complex, Isogquinoline and Y—picbline, however,
formed 4:1 compounds as the reaction products, whereas with 3-methyl-
pyridine the highest amine to metal ratio wasb3:1. ’H1th tﬁe diamines
N,N-dimethyléthylenediamine and N,H'-diethylethylenediamine 2:1
complexes were obtained, but N,N,N',N'-tetramethylethylenediamine
gave only a 1:1 compound, Comélexes with fewer heterocyclic amine
molecules than the maxima indicated above could be obtained by mildr.
thermal 6r other methods, |

The mode of bonding df the anidns can be deduced from their
infrared (1.,r,) spectra tTable 7.1) empioying_the criteria diséussed
in Chapter 6. The results for the comple#es Qith heterocyclic
amines will be conéidefed first,

L:1 Complexes The i,r, spectra of these compounds show that they

are nitrito-complexes, - Bands due to the two N-O stretches occur

at ~ 1400 and ~ 1115 cm._l, corresponding to those observed for
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Ni(pyridine), (ONO), and related complexesl’ah, Moreover, X-ray

powder patterns show that Co(l-methylpyridine),(ONO), is isomorphous
with its nickel(II) analogue, The relativeiy,simple nature of
Co(isoquinoline), (ONO), contrasts with the 421 isoquinoline complex
with nickel.nitrite which appears to contain both N- and O-bonded
nitrite groupsl. A | |

A 421 complex with pyridine could not be 1§olated. The hexakis
compound loéesAﬁyridine readily 5ut;the loss of amine does not sfop
ét a 4:1 stoichiometry, However fhe propertieé.of the hexakis

complex immediately after isolation, or when kept in an atmosphere

of pyridine suggest that its true formulation is [Co(py)“(oﬁo)z]

' ]
(pyridine), as has been foundlLl with some other hexakis pyridine

complexes, rather than [Co(pyridine)s](Noz)z,' The i,r, spectrum

of a sample mulled in a mixture of nujol and pyridine (Table 7,1) was
characteristic of the presence of nitrito-coordination and not ionic
nitrite, 'Mulls in dry nujol alone showed a medium intensity band

! 1 in addition to those

at ~ 1220 cm,”t and a weak band at 850 cm,”
observed for [Co(pyridiné)k(ONO)Z](pyfidine)g, indicating that without
extra pyridine some of the 3:1 compléx (see below) is formed‘on
grinding, Cobalt(II).nitrate also forms a hexakis-pyridine t:;omp].exl*'3
which, in contrast to the behaviour of the cobalt(II) nitrite-pyridine
system, was obt:al‘.!.ne'cﬁ3 by the ready uptake.of 3 moles of pyridine by
the compound Co(pyridine)3(ﬁ03)2, énd.was formulated as [Co(pyridine);

(NO; ), J(pyridine);,



Tolt

Table 7.1
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Nitrite infrared frequencies (cm.-l) qf the complexes

Complex v(N-0)
[Copy, (ONO)2J.2py & 1405s ' 1109s
b 1405m, ~1220m, 1109m

Copys (NO, ), _ 'l36hw, 1223s

. Copy, (NO, ), ‘ o - 1330m, 1180s
| Co(i—quin);(ONO)é . 1406m; 1116s
éo(i-quin)s(Noz)z 1425m, 1212ms, iO92m
Co(i-quin), (NO, ), \ 1315w, 1195s ‘
Co(4-Mepy), (ONO), 1410m, 1115s
Co(l-Mepy), (NO, ), - 1329m, 1180s
Co(3-Mepy)s (N0, ),  1302vw, 1228s
Co(3-Mepy), (NO, ), 1334w, 1195s
Co(adimen), (ONO), : 1396s, 1120s -
Co(sdieen), (ONO), B 1380dm, 12103;
.-'.Co(tetmen)(Noz)a R 1290d, 120778
) a Hulled in mujol + pyfidiné;
b Mulled in nujol only,
©  Obscured by ligand bands
4 .

8(NO; )
82Lss
850w,  82lw
852m
854m

c

850m
- 855m
852m
- 806m
815m
850m

Assignment uncertain due to amine bands in same region,
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Despite the formal th symmetry of the CoN,0, coordination sphere

‘in Co(isoquinoline), (ONO), the electronic band corresponding to the

%P symnetry remains unsplit (Figure 7a)

lg (7) - 4T transition in O

2g h
and this is also true for the 4t1 complex with t-methylpyridine and
the hexakis-pyridine compound (Table 7,2). The weak shoulder between

. b

18,000 and 19,000 cm.--1 may be the ng (F) - Aag transition, as

t

this is expected44 in this region for ligand fields of Dgq ~ 1000 cm.-l.

The electronic spectra in acétone‘sdiution suggest that lower complexes
are formed (seé later), | o

| The‘magnetic moments (Table 7,2) fall within the usual range
for six coordinate cobalt(II), | The value quoted for the hexakis~"
pyridine compound is less accurate than those of the‘other_bémpounds
'becéuse of the need to avoid the use of the‘powdered_specimens usually
-employed in the Gouy method,

2t1 Complexes Several coordination geometries are possible for

the purple 2:1 compounds;v Coordination of the anions through
nitrogen is fuled out.on the basislof the i.r,»résults (also the
high ligand field strength of nitro-groups woﬁld almost certainly
have'led to a sQuare, 1ow;spin CoN,. system, whereas the complexes
are high spin), Nor are the i,r, spectra consistent with the

21’23, Two other likely configurations

presence of bridging nitrites
are four coordination with nitrito-linkages or six coordination with
chelating anions, The'i,r, data indicate very strongly that the

anions are, in fact, chelating in these compounds, The relative
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intensities and frequencies of the v(lN=0) bands are consistent with
this mode of coordinationas, and the values ofHS(NOZ) are raised
well above the free ion value which is not the case for simple
nitrito-coofdinatién,l’22’24

The reflectance spectra show a small splitting of the hng

level, as well as the expected bathochromic band shift with respect

~ to the band energies of the 4:1 compounds, The increased ligand

field distortion implied by the former obsefvation is also demon-
strated by'fhe 1owei‘magnetic moménts (Table 7,2). » In contrast
to the behaviour of the 4:1 compounds the electronic spectra of
the 2:1 éomplexes in acetone are essentially the same asvthése of
the solids, except that the small splittings of the first séin—
allowed bands are not resolved in the solution spectra, The

relatively high extinction coefficients(120 -~ 190) observed for

the main band in the visible region suggest that the complexes

have cis-configurations, as in the bidentate nitrato-complex
Co(Me,PO)z(Nog)zqs’hs. The spectra are also similar to that of
the compound Co(2-methylpyridine), (NO;), for which an essentially

by

cis-arrangement of bidentaté nitrate groups has been proposed,

" 3:) Complexes In view of the various ways in which the nitrite

lons can coordinate the natures of the 3:1 complexes present an

" interesting problem, ~ Infrared evidence suggests that all the amine
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- molecules are coordinated, = It has been shown48 for 3~methylpyr1dine

that in the region 2000 = 200 cm,-l'four bands (at 1227, 630, k54
and 337 cm.-l) are shifted to higher frequeﬁcy,upon coordination,
In the complex Co(}—methylpyridine)3(NOz)z the 1220 cm.“1 region is
obscured by V(N-0) but no bands assignable to‘free amine occur in
the other regioﬁs.' Also there.is no evidence for uncoordinatéd

pyridine in Co(pyridine);(NO;), as there is no band at 603 cm,-l,»'

but only one dﬁé to coordinated pyridine49 at 629 cm.-l. The 504 cm.fl
band of isoquinoline which disappears on coordinaticm.l"2 is absent from
the spectrum of Co(isoquinoline);(NO,),,

The 1.r. spectrum of Co(isoquinoline); (NG, ), shows thaf there
are two typeé of nitrite coordination present_(Fig.?b). Three
v(N-0) bands were observed (Table 1) at frequéncies consistent with
nitrito- (1425 and 1092 cm.-l) and chelating-nitrite (1212 cm.-l *)
coordination (the &8(NO,) region‘éas obscured by iscquinoline bands),
On this basis, this compound can 5e formulated.as having a CoN;0;
‘coordination sphere; méde.up of the three amine ligandsy one nitrito-
group, and one chelating nitrite, A similar.environment for the
cobalt(II) ion has been post‘.v.:.lat.edl*'3 for the compound Co(pyridine);(NO;z),,

In contrast to the above, the 1,r, srectra of the 3:1 complexes

with pyridine and 3-methylpyridine each contained only one pair‘bf

1

3* : - :
The weak band expected6 in the 1300 cm, — region.was not resolved,
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Table 7.2

Room temperature magnetic moments
energies of the complexes

93

and electronic band

-1
(emolar for solns,)

9170, ~18,5C0sh, 20,800

v cn,

8600(10), 14,400sh, 18,850(125),
2\.1, wOSh

6850, 11, 760, 13,8005h, 16,800Vw,
19,420, 20 €C0sh, :

83cCsh, 9500, ~1k, 800wsh, 18, 900,
~20, hOOsh

8s00(15), '14,300wsh, 18,800(120),
20,500sh,

9800, ~18,690sh, 21,280

8700(17), 1l l“OOWShv 18, 900(190),
20, 500sh, )

6990, 11,760, 16,000vw, 19,420,
~21,050sh, ~22,400sh,

8600(22), 14,300wsh, 18, 900(190),
20,600sh,

| 8130, ~9090sh, ~14,800sh, 18,690,

~20, 400wsh,

Complex & B pp(BLML) Phasgb

[Copy, (CNO), ].2py 59° R
_ | R

Copys (N0 )2 " | 4;47 R
Copy, (NOp )y .'_ ,36 R
A
Co(i—quinjk(ONO)z 4,8 R
| A
| Co(i-quin); (NO; ), L,48 R
A
Co(i-quin), (NO;), = 4,53 R
A

Co(b-Hepy), (ONO), 4935 R
A
Co(lf-Hepy)zmoz)2 4,48 | R

A

8700(18), 1%, 300wsh, 19,000(190),
20, 800sh,

930C, ~18,5008h, ~19,600sh,
20, 800

8500(15(. 14, 400sh, 18,750(165)
20, EOOsh

87c0(17), 14,300wsh, 18,900(185),
20, 7C0sh,
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Table 7.2 (continuved)

Complex a peff(B.M,) Phaseb v cm,—l (emolar for solns,)
Co(Z-tepy); (10, ), 443 R ko, 12,0507, 16,000vw, 19,420,
: ~21,300sh,
A 8500(17), 14,300wsh, 18,900(160),
' 20, 00sh, -
Co(3-Mepy), (NO, ), Coh4y - R 7870, ~9500sh, 14 LOOwsh, 18,870,
~20, 650wsh. ,
A 8600(16), ~14,300wsh, 18, 900(1140),
20,700sh, -
Co(adimen), (ONO), = 4,78 R 8900, 16,100vw, 20,400
Co(sdieen), (ONO), 4,75 R 7875, 10,000, ~18,2C0wsh, 20,120
Co(tetmen)(NQz)z L, 77 R 9&00, 14, 700vw, 18,900, 2k4,400vw

a Ligand abbreviations as in Table 7,1,

b R = solid, by reflectance; 'A = acetone solution
¢ Approximate value (see text)

q

* Asymmetric to higher energy,
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v(N-0) bands, a strong one:at 1228 em,™% and a weak one at ~1300 cm.'l.

This implies that in these compounds both nitrite groups are bonded
in a similar fashion, more specifically as essentially chelating
groups, The rresence of at least one such group is confirmed by
the high vaiue‘of 8(NO,), ~B855 cm.nl.-' In the case of the pjridine
complex the preSéncé of only one type of nitrite coo;dination.is |
supported by the ébservation of only one S(NO,) band, but we cannot
be sure that there is only one such band for th; 3-methylpyridine
complex because of amine absorption at ~800 cm,f;,

Three coordinated amines and two bldentate nitrites require
distorted seven-fold coordination for the metal lon In these compounds,
Distorted eight-coordination is known for Co(NO;)E- 59’ Zn(NOz)E°-51,
Cd(NOz)f~ 51, and Hg(NOz)E~ 8, and has been sﬁggested on similarity
of spectral evidenCe52 for Mn(Nozjf' and Co(NOz)E'. it appears
that these oxy-anions, and especially the nitrite ion, may be
particularly liable to produce complexes with high’;oordination
numbers by employing their chelating ability. On this basis it
: is reasonable to postulaﬁe a CoN304'coordinat;on sphere for the
3t1 complexes with pyridine and B-methylpyridine. . Inspectlon of
fhe géometryﬂof the Zn(NOz)fn 1on’ shous that there would be no

steric problem in replacing two of the chelating nitrite groups by

three of these amine molecules, The reflectance spectra are quite

e e et e et = & s 3 it r i o e 2
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different from those of their 2:1 analogues with a very pronounced
splitting of the ‘ng level indicative of appreciable distortion
of the ligand field, (Fig.7a).. |
The 3:1 complex with 3~methyipyridine was obtained as well-
forrmed, monoclinic cr&stals. In view of the possibly unﬁsual
coordinafion geometry these were examined by X-ray diffraction
by Professor D, Rogers and Mr T, Sundaresan of this Department,
Unfortunately,’detailed study of the structure has had to be
suspended, partly because of high thermal attenuétion, but more
significantly because the crystals ﬁecomposed Qithin 20 hours'
exposure to X-radiation (even with FeK radiation) although the
compound is apparently quite air-stable in the absence of X-radiation,
No 3:1 complex could be isolated with #—méthylpyridiné. On
treating the 4:1 compound with ether the amine was gradually removed
but the products were mixtures of the 4:l an& 2:1 species.

Solution Spectra  All the Co(amine)n(ch)z complexes dissolve in

acetone, The eleétronic spectra of solutions of the compounds

where n > 2 are virtually identical fto those of the analogous

2:1 compounds, and it appears that dissolution is accompanied by

removél of amine 1igands from the 4:1 and 3:1 compounds leaving
Co(amine)z(NOZ)z, with chelating anions, as the predominant soluté
Species; A similar dissociation occurs for Ni(pyridine), (ONO),

and related compounds on solufion in benzenel, and for Ni(pyridine); (NO;),

53

in dichloromethane,
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The aéetone solutions of the ¢obalt complexes were‘unstable and
changed colour from purple to red~brown within ca, ten minutes,
This change was accompanied by a decrease 1h'the intensities of
the d-d bands and an increase in the absorption in the ultraviolet
region, Addition of free anmine aiso decreased the intensities
of the d-d bands, but quantifative studies of the'solution-equiliﬁria
have not been made,

Complexes with diamines The 501id complexes with the three

i-substituted ethylenediamines listed in Table 7,1 are quite
analogous to the corresponding nickel compounds,  N,N=dimethyl-
ethylenediamine and N,N‘-diethylethylenediamine give nitrito-
complexes of the type Co(diaminé)e(ONO)z » but with the more heavily
substituted ligand N,N,N',N'ftetramethylethylé£ediamin¢ only one
diamine molecule coordinates and the metal ion achieves six co-
ordination by means of chelating nitrite groups,

Sk

Previcus work had shown”  that diamines offering 11tt1e steric
hindrance perpendicularvt§ the Ni~HN, plane produced nitrocomplexes
with nickel nitrite, Héwevef attempts'tq prenare the analogous
cobalt(II) complexes, using ethylenediamine, its N;mefhyl and -ethyl
derivafives, " or raéemic'-l, 2—d1pheﬁylethylened1amine have *been
unsubcessful. This is further discussed in Chapter 10, Also,
solutions of the so11d nickel nitrito-complexes with N,N-dimethyl-

25

and N,N'-diethylethylenediamine in various organic solvents showed
J

an equilibrium between nitro- and nitrito~isomers, However,
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solutions of the cofr35p§nding cobalt complexes, even in dfy,
oxygen-free solvents, rapidly produced brown, flocculent preclpitates
and gave dark red éolutions-having no discernable d-d bands but with
1ntenée'absorption in the near ultraviolet region.

A similar phenomenon was encountered when attempts were made

to prepare compounds analogous to those nickel complexes which
1

héve been postulated to contain bridged (0O) nitrite groups
The preparation of Ni(@-Mepy)g(NOé)g.leHé for example involves
dissolving Ni(l4-mepy), (ONO), in boiling benzene, When Co(4-mepy), (N0, ),
was dissolved in boiling benzene a mauve coloured solution was-forﬁed N
but even when air free benzene was used this solution rapidly became
reddish brown ahd deposited an orange deposit, It 15 of interest

in this respect that the purple complex Co{py);(NO;), is unstable
even in dry air becoming orénge~brown coloured over a period of‘weeké.
The decomposition products formed in these reactions have not been

investigated but they are probably Co(III) species,

~ Experimental

Freparation of Complexes Unless stated otherwise the general method

of preparation was to react sodium cobaltinitrite (A, R, grade) with
an excess of the amine in a stoppered flask on the steam bath, P
The mixture was filtered hot and the desired complex separated on

cooling, often as‘large, well-formed crystals,

Co(pyridine), (ONO),],(pyridine), Sodium cobaltinitrite and

pyridine were heated for 24 hrs, Orahge crystals separated from



the filtrate on cooling, The compound loses pyridine rapidly on
exposure to the atmosphere, [Found: O, , 14,4, Cale, for
CsoHs,ColigO, ¢ NO, , 14,7%],

Co(4-methylpyridine), (ONO), Oranse crystals, recrystallized from

methanol containing ~ 10% L-methylpyridine, [Found: C, 55,0;
Hy, 5.2; N, 16,2, Cy,H,3Colig0, requires C, 55.1; H, 5,4
N, 16,05%].

Co(isoquinoline), (ONO), Orange crystals, recrystallized from

methanol/isoquinoline, [Found: C, 64.5;' H, 4,5; N; 12,75;
NO, , 13.h, C; gHy gColNg0, requires C, 64,8; H, 4,2; N, 12,6;
No, ", 13,8%). |

Cb(iSOQuinoline)3(N02)g This complex was obtained as large, dark

brown crystals on recrystallising the previous compound from acetone
(Lgin~>5 ml,). [Foundg c, 8,2; H, 4,0; N, 13,15;

NO, ", 17,4, Cy,HpqColNsO, requires C, €0,2; H, 3,9; N, 13.0;
NO, ", 17.1%1. | | B

Co(3—methylpyridine)3(NOz)2. Sodium cobaltinitrite and S-methyl-

pyridiné were heated for 48 hrs, The dark bfown;crystéls which
separated’from the filtrate cn.cooling were recrystallised from

4:1 methanol]}—methylpyridiﬁe, [Found: C, 49.6;  H, 4,8; W, 16,1,
C, gl21CoN; O, requires C, 50,2; H, 4,9; N, 16.3%].

Co(pyridine);(NO,),  The hexakis~pyridine complex Qas stirred with

anhydrous ether until the solid showed no i,r, bands due to the

stérting material, Prolonged washing with ether caused the partial

99



I~

100 -

formation of the 2:1 compound, [Found: ¢, 46,5; H, 3.8} N, 18,1,
CysH, 5CoNs O, requires C, 4g,4; H, 3,9; I, 18,0%],

Col, (NG, )z, (L = isogquinoline, 4=, or 3-methylpyridine) The 4:1

complex (for isoquinoline and 4-methy1pyr1dine) or Co(3-methyl-
pyridine); (NO; ), was heated in vacuo until a homogeneéus purple
solid had formed (~ 4 hrs), (The 3-methylpyridine compound formed
as a purple oil which solidified on triturating with anhydrous
ether), (I, = isoquinoline: Found: C, 53,2; H, 3.9 K, 13,6,
Gy 34 ,CoN, 0, requires C, 52,8; ﬁ,'3.45; N, 13,7%. L = 3-methyl-
pyridine: Found: NO, , 26,9; C,?H,hCoNkob requires NO; = 27,4%,
L = b-methylpyridine: Found: C, 43.6; H, 4,1; N, 16.6.

Gy 21, 4 Coll, O requires C, 42,7; H, 4,25 W, l6.6%], /

Co(pyridine), (NO,),  This purple compound was obtained by stéring

the hexakis-complex in vacuo over H,SO, for 6 hrs, It is very
hygroscopic, and it decomposes slowly on keeping, . [Found: C, 38,7;

H, 3.85; N, 18,0, GCoH (CoN,0, requires C, 38.8; H, 3,2; N, 18,1%].

Co(N,N—dimethylethylenediamine)2(ONO)Z A solution of cobalt(II)

nitrite was prepared by addins anhydrous cobalt bromide. in ethanol
to solid silver nitrité and~shaking 1ﬁ a nitrogen atmosrhere,

The solution‘was then filtefed into an excess of fhé diaminé in
efhanol to give a_pink—browﬁ 5011d, 'The comnlex was recrystailised
from ethanol. -[Féundt é,.28.7§ Hy 7.5 N, 25.6; 0, 19,95,

CgHz 4 CoNgO, requires C, 29011'; H, 7.43 N, 25,7} .09 ‘19.55%].
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Co(N,N,N',N'-tetramethylethylenediamine)(0,), Sodium cobalti-

nitrite and the diamine were heated for 3 davs, Addition of
ethanol to the filtrate and cboling to ~ 0% overnight gave mauve
crystals, . [Found: C, 26,8; H, 5,73 I, 21,4, CgzH, (Coli, 0,
requires C, 27,0; H, 6,05 N, 21,0%]. '

Co(N,N'-diethylethylenediamine), (ONO), On heating sodium cobalti-

nitrite and the diamine large purple crystals were formed, No
sultable solvent could be found for separating the compiex from
unreacted starting material, so the large crystals weré hand-picked
and washed with ether (these operations were carried out in a dry-box
as the compound is hygroscopic), [Found: C, 38,2; H, 8.3;

N, 22,1, Cy.H;,C0N¢0, requires C:. 37.63 H, 8.1"'; N, 21,9%].
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CHAPTER 8

Zinc Nitrite Complexes

Zinc has less tendency to form octahedral complexes than
elther nickel or cobalt, also there are no crystal fieid
stabilisation energy (C,F,5.E,) effects involved in complex
formation with this metal, A series of zinc nitrite complexes
has been prepared to investigate the effects of these propérties
on the coordination of the nitrite groups, The major disadvantage
in working with zinc is the relatively few physical téchniques
_thch can be used to determine the structures of the complexes
formed, However, as infrared spectroscopy is the main technique
for determining the mode ofvc00rdination of nitrite lons consider-
able structural 1nformat1qn can be obtalned for the complexes reported
here, (No C,F,S,E, occurs w1tﬁ manganese 2omp1exes and more
techniques are available for studying the complexes formed,
Preliminary experiments with manganese indicated that although
'compiexes of the type Mn(py), (ONO), could be prepared complexes .
with'substituted efhylenediamines as ligands.could not:readily
be obtained because of oxidation and hydrolysis), '

The 1nérared spectra (2000 - 650 cm.'l) of the complexes
are listed in Table 8,1, For reference purposes the positions
of the nitrite 1nfrared bands in various nickel complexeé arev

summarised diagrammatically in Table 8,2,



Complex

Zn(py); (NO, ),

. Zn(2~-mepy), (NOp ),

Zn( 3-mepy)z (N0, )
Zn(b-mepy), (NO, ),
Zn(3,51ut ), (NO; )g
Zn(Taquin), (NO, ),
Zn(en); (N0, )y
Zn(men)z(NOz);

Zn( ophen), (NO, ),
Zn(a-dimen)z(Noz)z
Zn(S-dieen), (N, ),

Zn tetmen(NO,),

Table 8,1

YN=0

1351(m)
1370(s)
1342(s)
1346(m)

%

1370(m)
3

*

#
1380(s)
1380(m)

1316(m)

¥  bands obscured by ligand modes

YN-0

- 1171(sb)

1131(sb)
1166(sb)

| 1163(sb)
~ 1185(sb)

néo(sb)
1230(sb)
1215(sb)

1170(s)

- 1145(s)

1215(s)
1183(s)
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%No,

850(m)

' 83§(m)

853(m)
865(m)

3

*

850m

826

812(a) .

850(m)

(a) position uncertain because of presencé of ligand modes,
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Prior to the commencement of this work no structural
information on zinc nitrites was available, The molecular
structure of CSZZn(NOz)4 has recently been Qeterﬁined by X-ray
crystallography51 and this 1is pértinent to the discussion of the
structures of the compléxes prépared here, Each zinc ion 1is
surrounded by four nitrite groups disPOSed in a‘similar manner
to that reported8 for the complex KzHg(NO,),NOs;, 1,e, there are
four unsymmetrically chelating hit?ite groups surrounding each
zine ion, | The unsymmetrical ﬁature of the bonding 1s demonstrated
by the Zn-0 bond lengths; 2,49 and 2,10 ﬁ'resﬁect;vely for one
nitrite group, (The‘correspbnding distances in a symmetrically
chelating nitrite group, e,.g. Ni(tetmen)(NOz)zg are 2;06 and 2,12 8),
The infrare& spectrum of the tetranitrite complex is in fact much
more typlcal of a nitrito complex with V=0 occurring as.a strong
band at 1381 cm.'l, v, . a strong broad band.at'1167 em,” Y and

N-0
GNOb as a sharp medium intensity band at 847 cm.-l; (This is
in contrast to the spectrum of Ni(tetmen)(NOz)z where the corres-
~ponding bands occur at 1289 cm.-l(m), 1200 em, " N(vs) and 863 em, X(m)).
Thus the band lengths and the infrared spectrum both suggest that
the interaction with one of the oxygeh atoms is very weak,
The complexes ZnL, (NO,), where L is py, 2, 3 or 4 mepy, or

'Eequin. all have infrared spectra typical of nitrito complexes,
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It seems'probaﬁle that the structures are closely related to that
of the Zn(NO,); ionj two of the asymmetrically coordinated nitritér
ions being replaced by pyridine or substituted pyridine molecules.
The 1nfrared spéctrum of Zn tetmeanC@)é suggests that the coordina~
tlon of the nitrite group is much more asymmetric in this molecule
than the nickel analogue and X-ray powder patterns confirm that the&
are structurally different,

Zn(s-dieen), (NO;), and Co(s-dieen),(NO,); have identical
infrared sPéctra, as has been described in Chapter 7,. the cobalt
complex (and thus also the zinc complex) contains nitrito groups,
Zn(a-dimen), (NO;); has a very similar spectrum to Ni(a-dimen),(NO,),,
a .preliminary X-ray structural investigation indicated that it has
a vefy similar moleéular structﬁre; l,e, nitrito gr&ups agaln occur, .

It has been shown 1nlthe case of nickel complexes that as the .
substitution of the ethylenedlamine groups decreases thére is a
tranéition from nitrito to nitro groups, . Perhaps-the most
interesting zinc compleﬁes are those with_ligands which 1in the case
of nickel form nitro complexes, These are Zn(en),(NO;),, Zn(men)Z(Noz)z
and Zn(ophen), (NO,);. Unfortunately in all these complexes only one -
‘of the N-O stretching modes can bé assigned with certainty: Although
‘this means that the mode coordination of the nitrite groups cannot be
unambiguously 1dent1fied, hitro coordination can almost certainly

be eliminated,
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The infrared spectra of Zn(ophen),(NO,), and Ni(ophen), (NO,),
are illustrated in Fig.,8(a), The i,r, bands of this ligand change
considerably on going from one model compound to.another which |
makes assignmént of the nitrite bands diff;cult. In the nickel

complex the band at 1280 cm,-l

has been tentatively assigned to
the nitrite groups, In the spectrum of the zinc complex this is
replaced by a strong broad band at 1170 cm,-li typlcal of nitrito
coordination, | |
The spectra of Zn(men),(NO,), and Zn(en)a(NOz)z contain strong
_ bands at 1215 cm.-1 and 1230 om,”t respectively, This 1owerihg
of a band from the free ion positions is typical of oxygen coordina-
tlion, The position of the band in these complexes coupled with the
wealk nature of the other NO stretching mode  is more typical of
chelating than nitrito coordination, suggesting some interaction
wifh both oxygen atoms of the nitrite group, The exact natpre
of these interactions cannot be determined withbut-furthef-evidence.'
(The stretching modeslin Zn(en), (NO, ), do not differ greatly from
those observed in the‘free ion, . However Zn(en)é(Noz)z like
Zn(py)z(ONO)z behaves as a nonﬁelectrolyte in nitrobenzene)

Far infrared spectra (500 - 200 cm, 1) o :'

There is little 1nformation available on the far infrared

spectra of oxygen coordinated nitrite groups,
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The bands expected In the far iInfrared reglon are the metal

ligand stretch » a metal oxygen bonding mode 6 and an

Y1-0 M-ONO

out of plane deformation pw, The metal ligand stretch has been
assigned59 at 340,‘355 and 345 c:m,'.'1 in the series of complexes
[M(WH; )sONO]JC1,, M = Rh, Ir and Cr respectively. (The assignment
in thése complexes was aided by the fact that the nitrito isomers
are unstable for the Rh and Ir.complexes and the bands reported
gradually change to 352 and 374 cm.-l resypectively as isomerisation
occurs, The bending and wagging modes were not located and were
presumed to be at low energy, The far‘infrared spectrum of the

1

Zn(NO, ); ion has been reported, In the spectrum of (oqat2+)2n(NOz)5

a single band occurs at 308 cm.”1 which was assigned as vh;o,-however

in the compound Cs,Zn(NO,), a broad band occurs at ~ 310 cm.-‘;l

1 andv290 cm.-l.

which is split into two components at 328 cm,”
Again no ofher modes were observed,

The far infrared spectra of Znl, (NO), (L = pi, 2-mepy, 3~mepy
.or'h—mepy) are all very similarj a very broad absorption occurs
between 380 and 260 cm.-l. In thé spectrum of Zn(}-mepy);(NOé)z
this is resolved into three peaﬁs at 338 cm.fl, 318 cm.-1 and
290k cm.”l and similarly in the spectrum of Zn(2—mepy)2(N02)2_three

1 and 3C0 cm.-l. In view

peaks are observed at 348 cm.-l, 330 cm,
.of the probable similarity in the coordination of the nitrite groups

in these complexes to that occurring in the Zn(NO,)= ion this group
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of bands are probably all components of the M-O stretching mode,
the splitting occurring as a result of the low symmetry of the
complex and solid state effects, Metal oxygen stretching

1 and 305 cm."1 in

frequencies have been observed60 at 285 cm,
the corresponding nitrate complex Zn(py)s (NOs),.

Preparation of Compounds

A methanolic solution of zinc nitrite vas prepéred by reécting
a solution of zinc sulphate with a solution of sodium nitrite,
A solution of sodium nitrite (2,76 gm 0,021) in‘boilihé methanol
(90 ml) was added to a solution of Znso;.mzo (5.7 gn 0.02M) 1in
cold methanol (50 M), The mixed solutions were reheated to bolling
point and were filtered hot as the precipitated sodium sulphate 1s
less soluble In hot methanol than in cold,

The general procedure for preparing zinc nitrite complexes
was to add the ligand to the methanélic solution, The methanol
was then taken off under vacuum and the residual solid was recrystallised
from -a suitable solvent,

Analytical results for the complexes are listed in Table 8,
Zn(py), (NO, ), |

Pyridine (2 ml > 0,02M) was added to a methanolic solution

(50 ml1) of zinc nitrite (0,75 gm 0,005M), The methanol was taken

.off under vacuum and the product recrystallised from absolute alcohol,

Yield 1.8 gm,
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Zn(3-mepy), (NO; ),

Prep, as for pyridine complex, Yield 1,3 gm,

Zn(2-mepy), (NO, ),

Prep, as for pyridine complex, Yield 1,2 gn,

Zn( b-mepy)z (NO; ),

Prep, as for pgridine'complex. Yield 0,9 gnm,

Zn( i—quin)a (Noz )a

Excess i1soquinoline was added to a methanolic zinc nitrite
solution, - On standing a flocculant white precipitate formed
which was recrystallised from ethanol,

Zn(3-5 1ut), (NO, ),

3-5Lutidine was added in excess to a solutlon of zinc nitrite
in methanol, A ecrystalline precipitate rapidly formed in good
yield, This precipitaté vas recrystallised from ethanol,

Zn(tetmen)(NO, ),

Excess tetmen was added to a methanollc solution of zinc nitrite,
A white crystalline precipitate slowly formed, ~The producf was
recrystallised from methanol, | |

The compounds listed below were a11>prepared using'a 2:1 mole
ratio of ligand to metal, . The‘hydroscopic,;omplexés were handled
in a dry box; ; ‘ ' |

Zn( en)z, (NOz )2

Methanol . taken off under vacuum, Product ;écrystallised from

a mixture of ethanol and ether,
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Zn(men), (NO, ),

Prep, as for Zn(en);(NO,);, Compound was hygroscopic,

Zn(a~-dimen), (NO; ),

Prep, as for Zn(en),(NO,), - hygroscopic,

Zn(s-dieen), (NO; ),
Prep, as for Zn(en);(NO,), - hygroscopic,

A saturated méthanolic solution of é-phenylenediamine (2 gm
0,1M) was added to a methanolic solution (30 ml) of zinc nitrite
(1,5 gm 0,01M), A crystalline precipifate formed rapidly, The
product was recrystallised from methanol, Yield 1,5 gm.

In ali cases, the corresponding halide complexes which were
‘prepared for purposes of comparison vhen assigning the infrared
bands of the nitrite groups, could be prepared as crystalliné

solids by mixed ethanolic solutlons of the ginc salt and the ligand,
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Comglex

Zn(py), (NO; ),

zZn( 2-me py), (NO, ),
Zn(}-mepy)g(Noz)z
Zn(4-mepy)s (NO, )4

zZn(3=-5 Lut), (NO, ),

—  Zn(I-quin); (NO,; ),

Zn(en), (NO, ),
zZn(men), (NO, ),
Zn(ophen); (N0, )y
zn(a~dimen), (NO, ),
Zn(s-dieen); (NO, ),

Zn(tetmen(NO, ),

Analytical Results

Reguired.

¢ | H
3,19
4,08

38,06
41,95
k1,95
R
45,3
52,01

4,08
4,08
5,90
3.39
17,3 5.85
23,7 6,7

38.7 L1
28,78 9.25
37.0 8,28
26,34 5,89

N
17.75
16,20
16,30
16,30

15.05 .

13,48
5.4
27.6
22,5

\25.18
21,6
23,89

NO, ~
29,2

26,8

22,2
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Found
¢cC H N
3853 3.26 17,86
42,03 4,31 16,31
1,7 4.2 16,7
1,75 4,35 16,4

44,9 4,8 15.0

52,15 3,51 13,57

17.03 6,40 29,8

22,5 6,07 26,2
38,92 4,54 22,15
28.69 7.78 25,47
36,8 8.3 21,3
26,43 5,71 23,5

NO, ™

29,0
26,5
26,3

26,7

'
i
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Chapter 9

Magnetic Studies on Comvounds containing Bridging Nitrite

Grougg

Studies of nickel nitrite c0mp1exesl led to the isolation
of a number of complexes postulated to contain bridging (NO)
and bridging (0) nitrite groups, It was considered possible
that both types of bridging would lead to magnetic interactions
between the bridged nickel ilons, To investigate these interactions
the magnétic susceptibilities of a group of the compounds have been
determined over a temperaﬁure rénge.

During the course of this work the data for [Ni(en),NO,]C10,
hayeheen publishe 55. There is good agreement between thé pubiished
results and those reported here, ' |

Thé room temperatﬁre moments of the compounds are listed in
Table 9,1, fgmperature variation of susceptibil?ﬁy data 1s listed
in Table 9.é and representative behaviour of the-compounds is shown
in diagrams 9{a) and (b).»

Structures of the Compounds

The structure of only one of the compounds studied here, 1.0,
‘tNi(en)2N02]C10g, has been definifely estaﬁiished, The structure
of_the-iéomorphous fluoroborate cﬁmplex(II) indicates that nickel

atoms\ére linked in chains bj bridging (NO) nitrite groups,

An X-ray crystallographic structural determination is being carried



out on Ni(3-mepy), (NO;); ,JC¢Hg but no details of the structure are
so far available, |

Some information on the structure of the other complexes has
been obtained from their 1£frared and electronig spectral. " The
infrared spectra of the complexes Me,N,N1(NO,)s Ni en(NO,), and
N1 men(NO,), suggest that only oﬁe type of‘nitrite coordination
occurs in these complexes, 1.e; NO bridging, . The ﬁickel atoms
are.all octahédrally coordinated, o

The structures of the other complexes, i,e, Ni(iquin),(NO,),,
N1(3-mepy), (NO; )3 C¢Hy and Ni(h—mepy)z(Noz?chHg are more complex,
Infrared data suggest that more than one type of nitrite coordination
occurs and it is in thése complexes that bridging by nitrite groups
coordinated by a single oxygen atom has been postulated to account
for the infrared spectra, The nickel atoms are. again octahedrally
coordinated, |

Magnetic Behaviour of the Compounds

In keeping with the octahedral coordination of the nickel
atoms the room‘temperature moments indicate a 3A28 ground state
for all the complexes, For the.perchlorate cbmplex the room tempera-
ture moment is less than the spin only value indicating some magnetic
interaction, , | | | | |
The temperature variaﬁlon of susceptibility data for this compound,

(Table 9.2-§1ng:=m:aé).shows that 1t does not obey a Curie Weiss law,



Below 150°K antiferromagnetic behaviour is obser#ed,

of the linear portion of the graph gives a Weiss constant of 110°,
-A1l the other compounds obey the Curie-Weiss law over the

temperature range studiéd, The Welss constaﬁts, ranging from 20

to 76°; indicate some magnetic interaction but unfortunately this

cannot be correlated with the postulated structures of the compounds,

There 1s no clear distinction between those compoundé containing

Extrapolation
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NO bridged nitrite groups only, anq those with more complex structures,

Table 9.1

Room Temperature Magnetic Moments of Cempounds

Compound
Me,N N1(NO,);
N1 en(NO, ),
N1 men(NO,),
[Ni en, (NO;)]C10,
Ni(1quin), (NO, ),
N1 (3-mepy), (N0, ), 4 C4H
Ni(h—mepy)z(NOé)z.Céﬁs

* Calculated from Curie Law

° Obtained from temperature variation of susceptibility data,

B2
2,98
3.16

3,26

2,81
3,10

2,98

3,15

295
297
298

295

294
294
296

60

36

20

20
110°
58
7

(cd]
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Table 9,2
Variation of Molar Susceptibility (x 10_6 €.5.5.,u,) with Temperature | (°K)
Compound | Diamagnetic Correction for Ligands¥®
[Ni(en), NO, JC10, | R (p,C.) 137 X 10_6 C.E.8.1,
X', | 3318 3648 3016 4215 LSh5  hoey 5426 5708
T 295 263 259 212 18 156 138 110
Xy 6040
T _95
Me, N, N1(NO, ), (D.C.) 121 x 1075 ¢.g.s.u.
Ky | hosh 4365 451k 4765 k996 5297 5589 6280
T 295 275 262 248 ‘ 234 220 X6 179 .

X'y 7502 8437 9662 11270

T 146 125 104 83
Ni(men) (NO, ), ' | | (D,C)* 94 x 10~° C.g2.5.U,
X'y | 4438 4833 5089 5528 5977 6533 7209 8015

o 298 273 280 238 220 196 176 159

7(_'M 9058 (10440 13080
T | 135 13 &

* From Pascal's constants




HE_en(NOz)z
X'M 192 417 5067

T | 297 264 242

5698
214

(D.C)*

82 x 10°

6

CE2,.8,.U,

6228 6879 7430 8151 9380 10600

194

174

157

140

126 105

119

12920
86

Ni(iquin), (NO, ),

X 'M Lhoso 4354 L4683

(D.C.)* 1k6 x 10°° c.g.s.u,

5112 5418 6028 6760 7550 8470 9325

T 294 266 248 220 211 180 153 128 110 93
N1 (3-mepy), (N0, ), 1C¢H, (p.c.) 184 x 107° c.g.s.u.

X'y | 3745 hok2 4326 4705 hg3h shhg 5922 eh92 7168 8210
7 29b 270 251 222 208 182 1 140 119 9
Ni(h-mepyig(NOZ)z CeHe - (b,CcH)* 220 x 16-6 -
Ry | 42 58 47k 5252 5734 6288 6808 7530 8880 10026
T 296 26k 2h2 214 19h 173 152 132 103 84
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Prevaration of Compounds

The preparation of all the complexes studied here have been

1,57

reported elsevhere

Ni(men)(NO, ),

Prep, as in ref,l, p».95. Not recrystallised from methanol.
Analysis, Found 26,1% Ni, Theoretical 26,1% Ni,

[Ni(en), N0, 1C10,

Prep, ref,1, p.o%,
Analysis, Found C, 15,0, H, 4,8, N, 21.5.
Required C, 14,81, H, 4,97, N, 21,60,

Ni(Iquin),(NO,),

Prep, as in ref,l, p,105 (as a grey crystalline precipitate
from a methanolic solution of nickel nitrite), -
Analysis, Found C, 52,6, H, 3.52, NO,~, 22.3.
Required C, 52,88, H, 3.45, NO,~, 22,50,

Me, N,N1(NO, )5 .

Prepared as in ref,l; p.147.
Analysis, Found 21,4% Ni,
7 Required 21,67% NI,
N1 en(NOz)z.
Prepared as in ref,1, p.95.
Analysis, Found 27,4% Ni,

Required 27,85% Ni,
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Ni(3-mepy)z (N0, ), 1C.He

Prep. as in ref,l, p,107,
Analysis, Found C, 47,1, H, 4,39, N, 15,48,
Required C’ 46.31’ H’ 4.#4! N’ 15.4#.

Ni(4-mepy), (NO,), CcHe

Prep,ras in ref.l, p.lo?o.-
Analysis, Found C, 51,98, H, 4,69, W, 13,28,

Required C, 52,1, H, 4,86, N, 13,50,



Chapter 10

Nitrite Complexes, A Summary

The results described here generally confirm the usefuiness

of infrared spectra for determining the structures of nitrite

complexes, Not surprisingly, unambiguous structural assignments

cannot always be made from infrared data alonej the infrared
spectra of the free ilon, a nitrito group and a éhelating group
can in particular be very similar, Usually other experimental

evidence, e,g, electronic spectra,or conductivity meaéurements,

gives clear information of which of these types of bonding is

Involved,

| Rathervsurprisingly none of the new nitrite complexes
described is a nitro :compoundsg ‘oxygenvcoordinaiion, i,e, nitrito
or chelating, is the predém;nant mode of bonding that has been
found, | ' '
For the cobalt complexes the same factors éré'involved as

have previously been discussed in relation to nickel nitrite

complexess steric factors favour the formation of the nitrito

complex for most of the compounds described, In fact the cobalt

complexes in general are very similar o the corresponding nickel

complexes, However nickel complexes corresponding to the 381

cobalt(II) complexes with pyridine and substituted pyridines have

not been isolated; and the 4t1 isoquinoline complexes differ in

122
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that the cobalt complex is a simple nitrito complex whereas
the nickel analogue . contains nitro groups as well as nitrito,

Cobélt(II)icbmplex;S'with en; men, etc were not isolated,
Only mixed pfoducts confaining Co(III) species could be obtained,
The combination of high ligand field Strength and small steric
hindranée involved with these ligands both favour the higher
~oxidation state, low spin aslsistem. |

In the casé of zinc the usual tendency of this metal to form -
complexes with a lower ligand to metal fatio than the corresponding
nickel complexes is bbserved, thus pjridine forms Zn(py)s (NO,),,
whereas with nickel Ni(py),(NO,), is obtained, With substituted
ethylene diamine ligandé octahedral complexes are formed as the
substitution is decreésed from tetmen,

With en, men, and o-phén»nitro compleXes are ndt formed with
'zinc;'- A large number of factors are involved in determining the
structure adopted by a particular complex, in this case it 1s
conceivable that the steric hindrance to niﬁro bonding, in the
case of nickel cdmplexes, is more than»Balanced by the greater C.F.S5E,
this mode of boﬁding wﬁuld froduce, .Obviouély this would not be the

case for zinc, and oxygen coordination would thus be favoured,
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PHYSICAL TECHNIQUES

Electronic spectra were obt%ined by diffusé ;eflectance using
a Beckman D.K.2, Solution spectra were obtained on a Perkin
Elmer 350,

Magnetic measurements were made by the Gouy method, using an
instrument constructed by Dr D. Forster. The field was calibrateé
using CoHg(SCN), 61. |

E.s.re spectra were obtained on a Varian V 4500~15 spectrometef.

Infrared spectra were recorded on a Grubb Parsons spectrometer

(4000 - 400 cm.‘l) and D.M.4 Mark II (500 - 200 eme™Y) instruments.

Analzses

Carbon, hydrogen And‘nitrogen analyses were performed by
fne Microanalytiqal Départment. <>Nicke1 was determined Qfavimetrically
by precipitation with dimethyiglyoxime. Copper_yas detefmined by
precipitation as cuprous thibcyanatesa. Analysis for nitrite was

63

carried out by the method in Vogel -,
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