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THERMOCHEMICAL BOND ENERGY STUDIES OF VARIOUS TRANSITIONAI.,
METAL BIS-BETA-DIKETONE COMPOUNDS AND THEIR INNER

“ORBITAL SPLITTINGS BY BOMB CALORIMETRY .
(

Abstract -of Dissertation
Charles Irvin Drew

The thermochemical technique of static bomb calorimetry was used to

determine the heats of combustien for some twenty chelated etal complexes,
Studied were the first row transitional metals (Mnt 2 through %1 nt m) bis-heta

diketone romr)‘meo of acetylacetone 1x1d their u.z.lat“d ligands and the acetyl-
acetonates of Pd1? , Pt + 7, I’e»'*) Cetsd ]l’ , and 74 .

combusted in a pres-

Solid purified samples of from 1 to 2 grams were
surized oxygen amespﬂ(-‘lO to the reaction products Ho O (1), COg (g) and
metallic oxides. The temperature change for the exothermic reactions was
standardized with benzoic acid to give the enthalpy of combustion in kcal/mole.

The majority of the data for the combustion reaction are in erroxr of 1/2 of 1%

or less.

The heat of combustion data were used in a svitable Born-Haber dws:mm
rinine the average bond energy for the metal to lgaud
an he expressed io either terms of an ionic o a
respectively,

chemical cycle to dete

‘bond. The bond cleavage

coordinated houd breal, kaoown as herervelytic and homolyric cleavage
depending on the choice of the thevmochemical cycle, The homolyic bond ¢ mqm/'
cycleis suitable for the © qlcuhnon of the average bond"e.nergy.' :

A e e
et e

_f!
]
I

N . . - LD
For the acetylacetonate complexes of Mut2 through Znt% | the heterolytic
T Ium, the heterolytic bond energies obtained

thermochemical cycle was used.
These

are shown tovary with the electronic configuration of the central metal.

variations ave predicied by crysial field theory.

A ploc of the total heterolytic bond energies versus atomic number will,

with a knowledge of the f»‘p!.n_ state of the metal ions, give an estimation of 10Dq

For the cornplexes investigated, 10Dq values axe in

wlues for the complexes.
ed by the more accurate spectroscropic ny

anent with Uw“r‘ obt wd.

10

g(.):)»d ag.
1 series of compounds invertigated consisted of varicus ligands
The copper and mc‘km complexes were synthesized
expecied that

A SCCOong
similar to acetylacetone,
with benzoylacetone, dibenzoylmethane and salicylaldehyde. It waz
a pattern of decreasing bond energy coutd Jw found by the systematic replacement
by a phenyl giroup (the substituent

of first one and then the other methyl groups
effectj. No clear pattern emerged,

This investigation provides the framework for future ichsﬁg‘ati()m o prive
a more quantitative understanding of metal chelated complexes and their m:_my

ligand bond energies.
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HAPTER I

INTRODUCTION

1 . The amount of quantitative thermocherical data available on chelated
coordination compounds is rather limited in c&n'npafison to that for organic or
gsimple inorganic compdund_s . While within recent YEArs s0me Progress has been
made (27, 39, 40, 41), there still remains much to be done ,be:f{)"re a theory

can be postulated making possible the calculation of any chelated bond energy

(38). The transitional metal acetylacétonates are especially convenient for such

a study as they possess the useful physical properties of volatility, stability
and solubility in organic solvents {(40).

A uselul

o
o

nethod for the calculation of the bond enervgies is the use of

- the Born —»Hat‘)er cyc':}.e; in which the heat-of formation-of the transitional me.ta{
acetylacetonates can be determined by measuriug all the quantities in the
cycle. For many of these compounds the only unknown quantity remg.irdng
to be measured is the heat of combustion. Then, by application of Heas's
law of surnuvation, the heat of chelation for the gas phase reaction cau be
calenlared. A portion of this chelation ulOL‘) is the metal to ligand bond
formation (herveaftex designated as M-L for the g(:-nca_x_‘é.l. i'er‘m and M~0O where

f.is the oxygen),

A useful way of looking at bond energy terms is found in erystal field

theory. The orbitals of the transitional metals are divectional and bonding

1

occurs between specific configurations. Thus, certain of the five "d"" orbitals



are more closely directed towards an oxygen ext0111_<)f tl’leAligand. These
."'directiona.l" orbitals are increased in energy a.ndhencé the term innex ovbital
-splitting. This inner orbital splitting, know‘x} asrthe erystal field stabilization

ené:rgy (hereafter k,1'10w11 as ¢.f.s.e.) is dependent upon the electronic con-

figuration bf the metal, For the'c:ase of d°, c157~l‘ﬂg11. spin --and dm, no

inner orbital splitting can be detected. Hence, a straight line drawn between

d.S and dl0in a plot of btotal M-I bonding- ene.rgy versus atomic number for homo-

geous series reveals the case of no ¢.f.s.e. The diffevence between the

actual plot and the straight line gives the ¢.f.s.e, for each compound.  The

c.f.s.e. data is useful as it varies with the strength of rhe bonding energy,

1

the ligand involved, and with the wetal,

j ; In this work, M-L bond enexgy data have been deterimiced o three .
R types of compounds. Fivst, the divalent transitional metal acetylacetonate
’ commplexes of mauganese through zinc are combusted to determine the M-

bond enerey and the ¢.f.s.¢. In addition, the heat of combustion of Cu and Ni
gy s

complexes with ligands of benzoylacetone, dibenzoylmethane, and salicylaldelyde
asorfed acetylacetonate

iz reporved along with combustion data {or seven ags

compouads of the second and thivd transitional row metals.




CHAFTER I

NATURE OF THE BETA-DIKETONE CHELATED COMPOUNDS

The group of chelate ligands known as the Beta-diketones, of which

i

acetylacetone is the simplest, undergo structural changes when forming a

chelated ring. Normally, acetylacetone exists as a mixture of the keto form--

24%~-and the enol form--76%. In chelation, however, all is converted to

the enol form which bebaves as an acid and loses a proton forming an anion,’

The anionic structure behaves as the bidentate ligand which "hites” the metall

_ |
N (0N proioet C\ ;
S Nen” N T Sen N\
¢ - R R

76 {liquid)

R

FIGURE 1

KETO-ENOL TAUTOMERISM OF ACETYLACETONATE (from ref. 15, p.369)

When the enolated bidentate forms a chelate ring, aun important change
in the electronic structure of the ligand occurs and the two oxygen atoms become

equivalent, Infrared study verifies this effect. The absorption band of the con-




jugated carbonyl groyp, C=0 (1650 - 1750 cm"l), “present in the ligand dis-

appears upon chelation and a new band indicative of the resonance gystem’

appears at 1520 and 1590 om " {20},

i

A
Bl S
‘I/ (=) \l!
0; 0:

©

~CH,

FIGURE 2

ANIONIC FORM OF ACETYLACETONATE LIGAND (i’rozﬁ ref, 30y -

As miglit be expected, this new vesonauce system within the cheﬁ!.aiﬁe ring
is 5:01‘1"?6(-.:'3.“111)13:; more stable. For acetylacetonate corapleses, the increase
due to the formation of the new L(‘)(nldi’lt;‘t,SjaT(H) ﬁppf:;érs to be ébout 2 -3
keal/mole for each chelate ring formed. The sa licylaj{';iéhyde complexes do

not exhibit this additional resonance stabilization aund the infrared spectra

:alicylaldehyde complexes differs only slightly {rom that of the free:

S FIGURE 3

SALICYLALDEHYDE
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It should be »exppected, however, that all other chelates in this investigation

will display the resonance stabilization phenomena as shown by the derivatives

of acetylacetone,

A. MOLECULAR STRUCTURE OF IIIE CHELATED COMPLEXES
It is 'naiv.ei to begin a quantitative study of these complexes without at
least a rudimentary knowledge of the stereochémical factors with which we
are dealing. In.i.tially,_ classical methods were able to establish the structure
of zome of the vtransitjjonall metal chelated complexes, but classical methods
are limited to stable coraplexes. Some complexes are not stable en.o'i:x.gh 0
f:m.'{uﬁ:e tﬁe ph} sical process of separ:atio:wL of the optical or geometrical isoraers:
in addition, classical methods ave Hmited in structural deduction to only

creviously imagined possibilities, X-ray diffraction analysis, for these
p vy 8 I y ye81is,

reasons, has been corupleted on many of the trausitional metal chelated com -

pounds .(3).

) We shall assume in ail instances in this work, as the experimental
evidence éuggests, that the beta-diketone anion is coordinated through the
two oxygens of the lgand to the metal, There ave, however, three other
possibilities: 1) the coordinzit.i.mm may occur with only one ongen, as is the
case for the mercury (1) acetylacetonate: 2} it ray be bounded to the alpha

carbon (plativum {IV) ); 3) bonding may occur from the metal to the carbon-

carbon deuble bond as shown in the acidified Wernex complex, HPt(AA)CL (11),



\—*—..,.....// > s () - -~ ‘\\bv-
\\\\ ' / ‘ ~(2

M0 = M—C M|
S H

TIGURE 4

ACETYLACETONE AS A LIGAND
(from ret. 11, p.581)

-
Y,
=
B N,
oy PxE{';
Gy \v) e
/,)(

Nickel Asetylacetonate Trimar Cobult Acetylacetonate Teframer

FIGURE 5

POLYMERIC FORM OF Co AND Ni ACETYLACETONATES (from ref. 30, p.49)
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" FIGURE 6

X~RAY DIFFRACTION OF Ni ACETYLACETONATE (from ref. 4, p.461)

In general, the anhydrous ﬁrst TOW transitional»metal (I} complexes
were found to polymerize iﬁto either IJ:,ime:ric or tetrameric complexes due
to their preference for six coordination {see page 6 for Co(ll) and Ni(il)
acetylacetonate structure).

| The apparent exceptions can be traced to monomers which are not
anhydrous, For example, it has been shown recently that the presumed

anhydrous Zn(AA)g is the monohydratéd complex with the water acting as a

ligand to form a 5 - coordinated ixregular trigonal bipyramid (21). Other



8
hetero-ligand complexes of this nature are known such as the square pyramidal
vanadyl complex, VO(AA)y (9).

Four coordinated acetylacetonate comple,(e.s are known in the Beryllium
compeoeund Wllich is of tetrahedral configuration (10). Beryllium's first row
transitional analogue is four coordinated Cu(A;A)2 which forms a nearly planar
ax.':x.'.angement with slight Jahn-Teller distortions (34). Without exception, ail
other ki.lOWIllévOpper (II) beta~diketone complexes are square planar, The
acuylarctonates of Pd (I) and Pt (II) are also square planar,

Being a stereochernical phenomen(m, polyraerization doc not occur if

- the hchd is sterically hindered in such a manner that the only pessible

structure is the stoichiowmetvically expected complex. Thus, the trimeric

nickal (1) acetyiacstonate is rnn‘fcued from the nctaued"ﬂ trimer to a square

i

planar-moromer when the acetylacetonate is-zeplaced-by- c‘lpwalr:yumm ne
(2, 2, 6, 6, tetramethyl—f&,5—~hepta‘1‘1edior.1<3)(.11),
| In this investigation, ir was found that the Ni (I1) acetylacetonates and

benzc;y. acctonates are polymers, but the 911} cn7oy1methandu wmp.mn tiz a
square [)‘i?..llfi'.i.al‘ mononer, Fhl‘Slb cQusr»t(,m ‘VHh he findings for dipivaloyl-.
Joethana, It is uncevtain-at this point whether the galieyialdehyde RG (I complex
in six or four coordinated, Calculations are carried out for both possr} ilities
with the results: for four CO(‘erina.uon, M-L = 71.5 keal/moele; foir six
coovdination, M~L = 47.7 kcal/mole. In view of the gener 111y decreas ing
strength of the salicylaldehyde complexes, six coordination seems favovable,,

However, the lowex than expecied value suggests that the salicylaldehyde’



st e ",
1 b il

9

does not coordinate in the same manner as the acetylacetone.
Eight cooxrdination is possible with beta ~diketone compounds and is known
for the Zr(AA) 4 and Ce(AA) 4 The structure for both these compounds is

shown below displaying an Archimedean square anti-prism of »~ D, symmetry.

FIGURE 7

VAN

BIGHT COORDINATELD CONFICURATION ( from ref, 30, g, 30}

The eight coordinated "pinwheel” anti-prism has not been discovered

and it seems unlikely that it will appear due to steric hindrance..

FIGURE 8

PINWHEEL STRUCTURE {from wef. 11, p.584)
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Complexes with a coordination number of two are formed with the
‘monovalent metals. Examples are the acetylacetonates of Ag(l) and Ti(l).

Two coordination also occurs with the Hg(ll) acetylacetonate which is an anomaly,

CH; CH, CH,
AN AN
C:.':'.:'_' Q C--~0.  0==C
TN 7\ N
CH M cH Hg cH
N S N N Ve
C-—0 : C==Q O-—-C,
/ 4 N
M, CH, CHy

FIGURE 9

TWO COORDINATION (from ref. 20,p.105)




CHAPTER 111

EXPERIMENTAL - MATERIALS AND METHODS

A, General
The heats of combustion were determined with a static oxygen bomb
calorimeter (Pary, Serial No. 1269), Due to rather large uncertainity (+ 10 cal)

in the heat of combustion data, reduction to the standard states (Washburn cor-

rections) were not applied,”

The observed heat of reaction for the samples is taken to be the idealized

fing the oxides i their standaxd states. Siuce correctims

of this type never amount to more than a few tenths éf 1 9% of the total heat of
combustion, it is a valid agproﬁxirgati_og (o’u) Hem;e, t'ilerc‘o'ris;f:rcz te‘r};n fo..rr
heats of combustion in this paper is "heé.ts of a combustion reaction, '’

The .héa,t:s; of sublimation for those compounds investigated were taken
for the most part fromn Joseph T. Truemper, "A Study of the Volatile Charac~
te'lrisl‘:}.«:'js 0.?':'_ Various Met;}.im&;‘ta -I)j,l\fet(nl»es Chélz}t.@ Compmmds." (343,

In acourats determinations, the metal orides formed in the cc»m}z)usiign

reaction must he identified. However, work which is merely prelimivary in

uature need not determine accurately the nature or ratio of metal oxides as the

differences in heats ol formation of the transitional metal oxides ave not very
great, We ave looking for trends in a large number of compounds. Accurate

determninations on one particular compound must, kowever, eliminate errovs



due to the uncertainty of the combustion products (i.e., by x~ray diffraction

analysis or by use of rotating bomb calorimetry).

B. Description of the Calorimeter

The. Pary Instrument Company Series 1200 adiabatic cxygen bomb
cal.o.rimetér jacket was used with a Paxr 1106 inverted dxy;en bomb. The
jaéket temperature was controlled by a Parr 1500 electric water heater, 'Thus,
hot or cold water could be .aldde'd to the jacket as needed during combustion to
maintain adiabatic conditions during the entire ruu.

The oxygen bomb was immersed in the calorimeter bucker which was
weighed to contain 1500 grams of delonized water, [u oxygen .b'»’.‘)I.'ﬂb 13
coustyuctad of lliuy, an alloy which protects Lhc Lorn ug'unft at ack by
hot gases ot acids prodticed du.ring combustion, The elecizodes are 667 alloy
material and the mp%ulo support Loop is platmumml() % iridium, The 1106
iftverted bomb has a capiacity of 340 ml, IL is .,<,Lt -sealing under pressure
with a m‘ur"n vaive head and chuippéd with ﬂl;re_e legs att';ache“.d. i.:g i:ﬁe screw
ep 50 that the bomb can be fired in an iy . crted poaiﬁ;i,r_‘;ﬁ with all fittiogs at
the bettorn in;si:emi of &t the top., The Pary fuse wire used llaé a heat of
combustion of 1400 cai/gram ox .‘2.,3":21!./ cma. Approximately 10 cur of wire
was placed so as to juét rouch the pellet,

The samples were weigbed approximately and pelletized in a simple

Pary pellet press, The sample to be burnt was then carefully dusted to
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rernove any loose paiticles and weighed in the previously weighed combustion
crucible,

Before assembling the bomb, one ml Of deionized water was added to
ensure that the atmosphcxé‘ within the 1)0m b was saturated with watex vapor.

Thus, the reaction of combustion can be sa 1d to yield watex in the liquid state,

The heat of solution of any COy dissolved in water is taken as negligible.

s

Next, the as sembled bomb was filled with oxygen {yeagent grade} to
a pressure of 35 atmospheres as indicated hv Pary No, 1824 snap coupling
oxygen gauge. 1o avoid correction for trapped atmospheric nitvogen which
would be converted to 8 'mrm oxide, the bomb was flushed by purging with

£y

{ne to an inrernal stem on ihe axbaust outlet, tiw 1 ml of warer

was not exhausted,)

E .

| The sealed and | pressurized bomb s then l)]w ed in the weighed waier
bucket which is placed inthe calorimeter., After the stirring T notor is activated,

ﬂ.('.ii buch \"f

the external water jacket is adjusted to the temperature of the int

and allowed to equiltbrate for at Jeast 200 f’.w‘c_;cc:,.mls,. ,

vo of the bucket WAL

Altey poting the tevopers

by a large electrical curyent wi
wive, The red hot wire ignites the sowple which then buynes easily in the
vressuyized oxveen atmospherce,

s yise s wmeasured by a Payy mercurial thermometar,

Seriad Ne, TDRE87, with the aid of o 4 power FPary 3003 theymometer veadicg
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Jens. Corrections in the observed temperature reading were made by referéﬁce
to a correction chart supplied with the thermometer. These corrections were
made by the Parr Company in comparisdn with a platinum resistance thermometer
certified by the National» Bureau of Standards ( see Appendix for Test Certificate),

Before recording the final temperature rise, 400 seconds were allowed

to pass at which time the rise was considered a maximum ( see graph on page 16).
To avoid stem corrections, care was taken throughout the entire run that the

bucket temperature was close to the ambient temperature. No significant

error is introduced if the stem and bulb temperatures do not differ more than
1/6 of the range of the thermometer. This means rhat the bucket temperature

must be within + 2.66°C. of the ambient.




TABLE I

TIME-TEMPERATURE DETERMINATION -- BENZOIC ACID

Time (sec.)

0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
90
100
126-
150
190
200
260
400

Delta T = 2.629°C,
Peliet Weight = 1,1146 grams

6318 Cal/Gram (Standard)

(6318 cal/gram)(1.1146 orams)
. 2.629 degrees

Temperature (degrees C.)

26.309
26,309
26,309
26.4
26.6

.26.8

27.2
27 .4
27.6
27.8

-28.0

28.2
28,3
28,5
28,58
28.70
128,80

28,88 . .

28,920
28,930
26,933 -
28,938
23.938

2678 Calories per Degree
( one deterraination)
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C. Calibration of the Calorimeter .

Boml» calorimeters are, bgsically, devices in which the heat of combustion
is compared VJiﬁh-SéH}Q known amount of electrical enexgy. Itis -the'éccepted
practice tb compare the heat of combustion of the substance under investigation
with benzoic acﬁd which has been suitably purified. All calibrations were done
using benzoic acid supplied by the Parr Instrument Company and standardized

for calorific purposes, Thé heat of combustion of this benzoic acid was given
as 6318 cal/gram.

The standard procedure for experimental calibration conditions was
followed as is recommended by the Permanent Committee on Thermochemistry
of ‘1 International Union of C:hemistry‘. The recommendations i’orvprocedu:ce
sier the initial oxygen pressure t:c; be 30 ~ 35 atmospheres; 3 grams of benzoic
acid pcrhtelof bomb volume should be buried; 3 ml of watex per liter of -
bewmb 90].‘11me sklol,l.id be- added,; other samples should be of sufficient size to
give about the same temperature rise as given by this amount of benzoic acid

(36).- {Experimentally, the rise was approximately 2.309C.)

D, (_L‘he:::m_imls
1. Beta Diketones
valicylaideiyde ~ The c:mnmercially avéilabie Eastman Kcdak Company
product was used. It was distilled at a B.P. of 196.5°C,

1

vl-1, 3 butanedione - This compound was commercisily available
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and the J. U, Baker Company product {(mp - 58 ~600C.) was used as received,

1,3 Diphenyl-1, 3 propanedidne (dibenzoylmethanate) - This compound
was commercially available and the J. T. Baker Company product (mp -~ 76~

78°C.) was used as received.

2. Metal Chelate Compounds

Bis~(ace‘tylacetonato)mangane_se(II) - The §ommercially prepared Alfa
Inorganics Industry product was used. The .light tan poWder was dried without
water loss. Althoﬁgh this compound appears as a polymer in solution and is
presumgd a polymer in a:nhjdroﬂs sdlid states (22), the foliowing information
indicates, howevey, that this is mést likely a four cooﬂﬂn_ated n'zonbnrxef and
probably: sq‘t.tare‘fp!.anax in structure., Ihe mn was sha.'rp at 25666‘. 10 25700,

' Zb1.1t:'trﬁ‘é anhyﬁréﬂs'pblYmer does. not melt below 360°C. R.Vepérated' a.ttempt;atm '
drying gave. no change in the mp. In-addition, the bond energy M-L for the
éxp'eri' meital compound highly indicates a four coordination. Thus, it appears
that there are two possible structures for anhydrous bis-(acetylacetonatoyMn(il):
'.!.')_ the anbvdrous, §-coordinated polymes obtained by drying ‘diacpmbivs
(acetviacetonare)Mu{ll)(22); and 2) a 4-coordinated square ;:)lana.r in.onomef(S).

-High .«_-‘;pins,‘smtebiu either case is shown with-magnetic SI‘ISC.‘,G'[)ti.bility' of 5.88 B.M.

99,

......

Bis-{acetylacetonato)iron{ll) - The commenrcially available K & K
Laboratories inc. product was used. The dark red powder was dried without

water toss, Indicated structure is a 6 coordinated trimex -~ a high”
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spin complex of 5,4 B.M. (13).

Bis-(acetylacetonato)nickel(ll) - The commercially available K & K
Laboratories Inc. product was used. This pale green powder was dried .

without water loss, It is a trimer (see x-ray diffraction, p. 7).

Bis-(acetylacetonato)cobaltdl) - The commercially available K & K
Laboratories Inc. product was used, Cobalt is a tetramer with a coordination

number of six for each cobalt atom.,

Bis=(acetylacetonato)copper(ll) - ’i‘he commercially available Alfa
Inorgzmic%s product was used. The chalk like deep blue crystalline mé,ter:i,a,l
dried with slight watex lese. Indicated structure is s-four coordinated,
sguare planar species.

iaceronateiZinc{l) - This was commercially available by

Alfa Ihgj:ga.nic&: Inc, The pﬁﬁ?eri\}hite crySLallme material indicated water loss
on drying,  The structure investigated was the monohiydrate spécies . Graddon
(21) has reported this as a five cocrdinated, trigonal bipyramid w.i.i;i; water
acting as the fifth hgzmd.

Bis - (acerylacetonato)palladinm(il) - Available from Alfa Inorganics,

the yellowish substance was run as received, Probable styructure is sguare
planar,

Bis~(acetylacetonatoyplatinum(l) - Available from Alfa Inorganics,

the greenish-yellow substance was run as received. The probable sixucture

is square planar,
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3. Preparvation of Synth@sized Complexes

'fhe following method was used for the preparations involving li(_[uvid
diketone acetyltrifluoroacetone. A 5% metal ion solution of the nitrate salts
was buffered with 5. grams of sodium acetate '[;er 100 .ml-o_f solution. Then,
an excess of the bﬁffered metal ion sclution was shaken with the stoichiometric
amount of diketon¢. The shaking was continued until the reactidn was complete.
The same method was uséd with the solid diketones (benzoylacetone and 1,3
diph.enyl-l, 3 propanedione) with-the exception that an excess of the 'buf.feifed
metal ion solution was added slowly, with shaking, to t}ie concentrated alcr.)ho»lj._q_
s()iutiop of the diketone. This ofder of addition was used in ocdex to avoid the
'g)iﬁ@é:ipit;ﬂti o1t Qf; the d_i}.{.etohe which is insoluble in water,

The sa.i'ic.'j,f‘la‘]_dc-i"ayde‘ compiexes were syn-thes%:e:_ed. bv adding half saturared .
scift.lrﬁorns of the métﬁd}. acetate salts in 50% alcololic solutions to stoichiometvic
amounts: of ,.sali_‘c_ylaldehyde,b The reactants were shaken until the reaction
appearcd complete. Inall cases high yields from 75‘*9,0“0_ were obtained,

Following the _prgc}ipital’;ion of the metal chelate (:’().1'1'1p()-un.ds by the m.et‘hods 7
a.bove,» the prec‘ip_i.t'ate was collected by filtration, ‘was_hed, recrystallized and
:-;u.b_scquéﬁ:ly driedin a drying oven for 372 l‘l;)‘dl"{i (\)O - 10()063.), The ‘speCific

details follow. Meral percentage analyses were carried out for all synthesized

8

corapounds by Schwarzkoph Microanalytical Laboratories, Wooadside, N,Y.

is-(acetyltrifluoroacetonato)copper(ll) - The deep blue precipitate was

washed with water, vecrystallized from benzene, and dried. The observed
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values for the 1ﬁp,~Which are recorded in the 1iter.ature,kare 189°C. (35)
and 200°C. ‘(3‘5). Anal, Calcd. for (Cg5Hg4F3092)9Cu:Cu, 16.94. .'T:_'"ound:
Cu, 17.19, | |

2. Bis-(acetyltrifluoroacetonato)nickel(ll) - The green precipitate included at

least two différent products. The m'f)vre soluble product in the organic layer'_
was isola‘te_‘d, washed with water and again with benzene. The observed mp was
240 - ZSQOOC. Wi:icll decomposition. (Litérature (35),> 2309C.) Al;al. Calcd. for
(CgH 4F'5 09), NizNi, 17,09, Found: Ni, 16.09%.

3.  Bis-(benzoylacetonoacetonato)copper(Il) - This greenish-blue precipitate

was washed with water and recrystallized from ethanol-water and dried.
Cbserved sharp mp was at 1970C.,  Litevature confirme a mp of 197%, (35).

Apal. Caled, for {(Cintl909)2Cu:Cu, 16.35%. Found: Cu, 16.62%,

“ 4o Bis-(benzoylacetonato)nickelill) - The greenish precipitate was washed

with water and recrystallized from benzene and dried. The mp observed was

) O P Lo ' . e
178 - 179°C. (Literature (35), 178°C.) Anal. Caled. for (C 10: 909 )9 Ni:Ni,

15.32%, Found: Ni, 15.28%.

5. h l’-_%is-(d_ibenzny,lg}_§Q§;§gf.;11ato)copp‘er(II) Thé pale greenish pre‘cipi.tate

was washed w_ith.\'v;«rate_r and recrysvtiﬂliz(‘-;c'( fr()ﬁl_ ethanoi -water solution and dried...
The observed mp was 2300C, with a crystél. change and decomposﬁion,

melting at 307°C. Aréal. Caled. for (CygHy;09)y Cu:Cu, 12.33%. Found:

Fu, 12.40%.

6., Bis -(dibenzoyimethanato)nickel(il) - The gold-green precipitate was
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washed and recrystallized from hot -ethanol-water solution and dried. The
observed mp. was 305-307°C. showing fairly sharp melting point. No
report of the isolation of a crystalline product could be found in the literature.

Anal. Caled. for (CygH)0g)o Ni:Ni, 11.57%. Found: Ni, 11.33%.

7. Bis-(salicylaldehydo)copper(ll) - The dark greén. crysta.lline preéipitate
was washed with water and ethanol and ether ahd dried. _T l}e compound melted
with deco‘mposiéion beginning at 265°C., Anal, Calcd. for (C7 H.-) bZ)ZCu:C11,
20.64%. »Fo_und:. Cu, 20.94%. | N

8. Bis-(salicylaldehydo)nickel(Il) - The bright green precipitate was washed

and dried. Melting with decomposition occurred at 3230°C. Anal. Caled. for

(Cy Hy O Yo Ni:Ni, 19.37%. Fouad: Ni, 17.73%.

-

9 Tis-(salicylaldehydoleobalt{ll) - The reddish-brown precipitate was

washed and dried. Decomposition began at 320°C, Anal. Calcd. for

(Cry Hg Oy )y Co:Co, 19.93%. Found: Co, 19.32%.
All of the above compounds were-combusted with the exception of the

trifluoroacetonates. In this case, adequate combustion equipinent was not

available to handle the halide cornpounds.

E, Oxides.
The metallic oxides produced during each determinacion were sampled
and collected., As explained previously, the nature and equipment used in the

project makes complete analysis of the oxides prohibitive, The accurate



e ST

23

analysis of each oxidized product involves X-r_ray‘di_.ffrar:tion and the difficulties -
_encoﬂntered in co,'llect‘ing all oxides produced during é,s-ingle determination
is hetter accomplished with a rotating bornb calorimeter. Many of the
complexes exhibited a cémbustion phenomenon. known as spalling whereby
the combustion productsv are thrown out of the combustion crucible and
splatl:e d over the walls of the bomb charaber (29). Further di.t’fimﬂties in
exact analysis are ‘encountered when one considers the possibiﬁties of the
fo‘rmatién of hydrated oxides and metal hydroxides.

However, a desciil)tion and probable comp;)sitionl of each oxide is listed

4

helow. We are assuming that these are the only oxides produced by the com-

“hustion reacticus although this is obviously an idealizacion. In the case of

£ .|‘ L : ‘ ; v . . qx o
“Fet? oxide, it was observed that two types of residue were present ~-zolid

magnetite Fe 304  and reddish Feg O3 . Analysis by weight coutent revealed

that the approximate ratio of Feg Oy to FegOq is 2:1, It was assumed that

no hydrated oxides were formed.
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TABLE II

METALLIC OXIDES FORMED IN COMBUSTION REACTIONS

- COMPLEX

OXIDE

DESCRIPTION

NIII (CS H7 Oz) 92

Co(C5H709)
Ni(C5 Hy Oy) 5

Cu(C5H; Oy)y

PA(Cy Hy Oy) g

1

All other Cu
compounds

All other Ni
compounds

THC 5H40y)
CefC gH,09) 5

Pe(C5 1, 04)

MnO 2

Fe 304 :Fez (_)3
2.1

Ce g0y
NiO
CuO
Zn0O
PdO

Pt

NiO

T1503
Cey Oy

Be©®

black amorphous solid

reddish~brown and nietallic pellets

greenish-brown
green

black

white powdex
black powder |
sifi‘.very

black

green

. black amorphous powder

yellowish
grayv-green powdet

white



CHAPTER IV

DATA.

The results of experimental work are tabulated and processed in this
chapter (see Appendix for raw data). Inaddition to the presentation of data,

representative colculations are shown in detail for one compound ~~ big -

{salicylaldehydato)copper(ll).

A, Standardization
Tables XII and XIV (see Appendix) contain the data for two different

standardizations of the bomb calorimeteyr,  They

vatues as they represent standardizations with different amounms of deiorized
warer in the calovimetry bucket. Most of the experimental work was done
with the second more precise calibration.  The data are marked with an

asterisk where the second calibyration standard is used..

. rleats of Combustion

Tables X1 througb XKL contain the date for the hests of comnpstion
of each compound which was expc-zrimentallytc:-;i.:edn At lfv:as,'p four Tuns were
made for each compound detérmination except for the compounds of 'platimm:«.
and palladium where only 2 grams of sample were available for analyéis,_

The summary for beat of combustion data is found in Table [ {sece p.26).
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Corrections to constant pressure enthalpy changes were made by using the first

law relationship where A n is the change in the number of moles of gaseous

" molecules for the combustion reaction.

AH, = = AE. + BnRT

The enthalpy of cornbustion in keal/mole calculated in Tahle Il is utilized
in Table IV as one of the eight additive quantities which make up the thermochem~
ical cycle. The Born I"Iaber_cycle‘for bis;salicylaldeliyde is found on page 31.
All other quantities, aside from the heat of combustion reactions, are known
as standard reference values or ha.x)e_ been determined in the recent iiterature. .
The other seven Quaxltifies whicﬁ make up the ‘thermocl'.lemica_}, cycle ére described
bez-.}.o“w with the source of the data, As an example, the 'va;vlue.s used for bis~

salicylaldehyde Cu /i) will be cajculated for each quantity.
Salya ¥ . i )

1. The heats of oxidation for the molecular cdmpositions of each compound

are listed in column one of Table IV. The heat of oxidation is calculated as

the heat of formation of the metallic oxides. and oxidation products (the heat of
formation of elements in their standard states being zera). For each compound

& I
combusted, the heat of oxidation is determined as:

AHSQX = l/a A.HfMaob + AHfCOL2 + DHfhzO

The heat of formation of CO yand 190 is taken as -94.0518 kcal/mole

and ~68.3174 kcal/mole respectively (51). The source for the heat of forma-




e.g Bis-Salicylaldehyde Cu(ll)

CuO = ~-37.1  kecal/mole

.
i

14 x i\Hf' COy 1316.7 kcal/mole

I

341.6 kcal/mole-

AHOX = 1695.4 k¢al/mole

2. AHy is the heat of vaporization of metal (see Handbook of Chemistry
and Physics (23, p.1832).

AH Cu, .*-Jép = -81,52 k‘c_:al/mdl’e

3.~ The heais of formation of the various ligands used, Hf}; , have been
previously determined (40 ). The values are given in Table IV for each
separate determination,

e.g. Salicylaldehyde: = A Hyp, = 66.7 kcal/mole

4. The heat of vaporization of the ligands has been determined elsewhere for
these compounds. Where the data are lacking estimates are made from analogous
coﬁlpounds. Experimentally, 8 Hv-ap_values were determinéd by use of the :
Clausius-~C l.apeyroﬁ. equation. (35)

e.g. Salicylaldehyde: AHp o oo= 11.4 keal/mole
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5.

The heat of transition from the keto to the enol form is listed in the
fifih columu, For salicylaldehyde there is no transition. For acetylacetone,

this ig 2.61 kcal/mole (23),

6. The sixth quantity in the cycle is the heat of formation of the chelated
complex, Essentially this is the uoknown quantity and is determined once all

~the other additive quantities of the cycle are known.

7. " 'The seventh quantity is the heat of vaporization of the complex. It is
determined experimentally (35). Where experimental quantities are unavailable,

estimations are made. from analogous cormpounds.

= 204 keal/mole(39) -

- e,g, Ba-{salicylaldebydato)Cu{iD: AH-
‘e.g. Bis-{salicylaidehyds to)CufiD: -4 Cotip, vap,

Tha bond energies for the metal to ligand-are-calculated for each compouent_

in the ]drst columns of Table IV (39). These va]ués represent the average for
lea.ch meta.i to oxygen bond strengﬂ‘i.,' A> will .be explained in the following |
chapter, these values axe the 'hombly'tic bo.nding energies for the process:
M:O = M'+ O |
In making these calculations, it is assumed that the heat of chelation of
the ﬁ:on‘;ple;x ig the enthalpy related to the breaking of two O-H bonds (one for

each ligand), - the formation of either 4, 5, or 6 M-Q bonds, and the heat of

formation of one H-H bond.
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e.g. bis-(salicylaldehydato)Cu(ll)

CBHp cpel -2B(0-H) - 4E(Cu-0) + E(H-H)

-91.56 = «2(-110 keal/mole) - 4E(Cu-0) + (-103
' ' “keal/mole)
f v :
4E(Cu-0). = 208.56 kcal/mole
 E(Cu-0) =

52,14 kcal/mole

Of-conse, it ié imperétive to know coofdjllé.tioﬁ numberé before th}e
E bonding energies can be detei"mined.'_ A ét_1i11ma.ry of the ho_'molytic..bond
energies with thé.zr coordination numbers and probable structures is given
on the fb"tlmving page Af:o_x' _t:'11¢_43011i§_$¢31:nﬁis investigated, For references (o Lhe

structures of the compounds, "see Chapter .



THERMOCHEMICAL CYCLE FOR EVALUATION OF BOND ENERGIES IN BIS{SALICYLALDEHYDATO)Cull)

o 5 1 £ aHf. chel . CulC. H S
Cu{g} + 4oy g Og ZAFE = : 4 ‘“”‘(L”] 50.2 ), (@
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o
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@ Cu(Cy H 0,3, ()
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, | - : LH,, | | S
Cu(s) + 14C(s) + 1705(g) + 6H,{g} - Hy(g) =—mampCul(s) + 14CQ, (g) + 5H,0(f)

A + 241 - 24 H | . - Ak AH
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TABLE V 34

COMPQUNDS, STRUCTURE AND M-L BOND ENERGY

- COMPOUND = COORDINATION - ST RUCT URE | 4 HM-L HOMO-

4 LYTIC BOND
_ NUMBER ' ENERGY)(kcal/mole)
Mn(AA)q 4 | | ~ 8q. planar monomer 68.5+1.5 |
Fe(A A)IZ : 6 oct. trirﬁeric polymerv - 71.0+1.6
CO(A.A) 9 6 oct. tetrameric polymer 73.2 + 1;1
Ni(AA) 2 5 oct. frimeric polymer 72.2+0.4
J Cu(AA) 9 4 ‘ sq. planar monomer 64.2+ 1.1 B
} | {(H,O)Zn{AA), 5 tfigonal bipyramid 66.7 + 20
| 1 PA(AAY 5 4 . sq. planar 58.6 + 2.2
}T"::(;'-.\LA} 9 4 sq. planar o 58.8 146
3 Cu(BA) 4 | sq. plamar . 48,6+ 2.2
CNEw , 6 octpolymer  68.4+l5
CuDBM) , 4 o sq. planar  s.5)
%1 Ni(DEM) 4 4 S sq. pianar » (58.4)
j }(31.,1(87&) o 4 | 8q. piana]_c | | 52.1+4.1
| Ni{S2) | 9 - 6- ' o ocf. poiymér ' 47.7 +0.9
Col{SA) 21 6 | oct. polynvmr 58.6+ 1.3
| Be(AA) 2 4 v tetral.lé‘ch:a}.l monomer (’75.5)
Ce{bh) 4 6 | boct. monémer *
THAA) -2 ‘ ' linear monomer (80.2)
Ar(AA) 4 8 arc’l-ﬁmedea‘l aﬁtbprism *

Not sufficient 8 H‘mp data available to calculate bond euergy.
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CHAPTER V

DISCUSSION OF - RESULTS

‘The homolytic bond energies described iﬁ the last chapter result from
the heat of f()fnlzation. of the chelated structure of the neut:rval atoﬁxs in the
gaseoﬁs state, A].th@gh analysis of neutral atoms could lead to a determin-
ation of the ligand field effect, traditionally the gaseoué reference state chosen
is that of charged ionic species., Thﬁs, there is a necessity to convert the |
bond energy data fro;n a homolytic to a heterolytic cleavage:

ML o= ME4+ L7 AH= heterolytic hond cleavage energy  (S=i). -

"Homolytic and hererolytic bonding are related in the following manner (407).

. z
N CTT(MAST L LT (NA i 4 = L9/ R . R -3
GATEL) = 6O HO .L‘,)},_@em boE Lo+ 2(5/2RT) - B : G A}.

N

A\l

is the electron affinity of

A

i

1 ; ts-the lonization potential summation and Ey,

¢

-~

EX)

the ligand, and the texm 2(;”/2 RT) is used to convert the ionization energies to

™

2980K,
In effect, then, what we-are now viewing is known as the lattice energy
and a new thermochemical cvele must be constructed to take intoe account a

bond cleavage of a heterclytic nature. Such a cycle follows,



EROLYTIC‘ BOND ENERGY IN BIS{ACETYLACETONATO)Cu(ll)
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THERMODYNAMIC CYCLE FOR EVAL LUATION O
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2O . ~AL ,,,_.,.,_.,;._"“% > H Yoo, . Ci C H O ) 3

57 727z “2g
&
2AH | .
&8 ans . C-AH
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TABLE VI
HETEROLYTIC BONDING -- ACETYLACETONATES

)

E(M-0) © 6AEM-L) I 42(3/2RT) -2BEL 6A E(M-L)

1omo Homo - netéro

Mn  68.5+1.55 . 411,0 531.2  2.96 . -15.68 929.48 +9.30
Fe 71.0+ 1,60  426.0 555.2  2.96  -15.68 968.6+9.40
Co 73,2+1.10 43@7 574,2  2.96 - -15.68 1001.2@.80
N 72,2+ 0,43 | 433.2 594.6  2.96 ~15.68 1015.1 + 2.56
Cu  64,2+1.13  385,2. 646.0  2.96 -15.68 1018.5 4_:6."/'8
Zn 66.2_4—_2.04 397.2  630.2 2.9 -15.68 1014~7i12-24

In analyzing the series of acetylacetopates Mn through Zun, we must

make adjustments for differing coordination numbers and structures. There-"

fore, we are using the total heterolytic bonding strength as 6 times that of

the adjusted bond strength, In reality, this does not correlate with the structure
- of all of the complexes as not all are 6 cooxrdinated. 'Howe\}er, for our purposes

this "adjusted"plot to a uﬁifox?m structure creates a difficulty only in the mean-

ing of graphicaily ‘c;bt;aﬁnﬁd - fAH, One éomplex not corrrzsponding to 6 coor-

dination is Cu*"z . - However, the 10 Dq value for Cumay b e .ftd.justed by

using the l'elaticmsh.ip of the magnitude of 10Dq for octahedral to square planar

complexes in a ratio of 10 t0 9, =



A, ('_‘.RYSTAL FIELD STABILIZATION ENERGIES

The heterolytic bonding calculated with the use of eqUation 5;2 can be
used in visualizing a variable relationship between the energy needed to form
the heterolytic bonds and the atomic number ) This‘ relationéhip is p:redicted_
by crystal fiéld theory and gives ué an indication of the crystal field stahiliza -
tion energies created by the presence of unfilled "d" orbitals in a ligand field, ‘

This method is outlined by Geoxrge and Mc Clure (19) with the use of the .

following relationship:

-OH = ~(4n, - 6ng ‘)Dq + P (for octahedral coordinaﬁon) (5-3)
where: -9 H is the observed stabilization

0, is the number of t o,

> electrons
]

| u, 1s the numbex of e, electrons

~Pisthe palcing enevrgy .. . .

The method ﬁsed is t.ha't of plotting the total heterolytic bond energy versus.
the atomic number of the metal ions. To use this theory we must a.séume a
linear relationghip between phe thermodynamic quantity and the atomic number
in the absence of the ligand field. In addition, we 1’111.1st_assumé that there
exigts a "center of Symmei:rgf' among the split d-orbitals created by the ligand
field.

The "center of symmetry'” concept in effect states that for the octahedral
case, there exists three d-orbitals ~- »the t 2 _orbitals (d xy »d oy dyz ) -

e, orbitals
2

that are destabilized by an amount equal to the stabilization of two e

(d X.?'-'yz s dzz ).
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FIGURE 13

SPLITTING OF D ORBITALS BY CRYSTAL FIELD. v
( for octahedral configuration)

e ~ Gy

e e e e = e - =~ center of symimetry

Iﬁ the octahedral case, this 'means that the two eg orbitals are ori.ented
directly at the ]_igands ( along the xyz axés ) and thus are "increased” in-energy.
The remaining tog orbitals ave decreased in energy by an equal zimount.

The -A Hvalue is determined graphicaiiy from the plot on page 41,

Tnen wi@h the 'l.ise: <T equation 5-3 and knowledge of the electronic config-
urations of the ions, the Dq values axe calculated; The quantity known as

10 Dq is the energy difference between two sets of orbitals which have become
split due to the field.i‘mposed on them, The Dg va li.z.ez%s can be calculated in
‘«Jarib'i.zs_1'na.:n_nersf, the most accurate of which is spec,:troml:opica.liy. However, a
correlation between the 10 Dq values obtgined spectroscopically and thermo-

dynamically is extremely interesting since the derivations are based on

entively diffevent theorectical models. The less accurate thermodynamic

method used here, however, has the added advantage of giving quantitative

information concerning the strength of the bonds involved with the metal.



FIGURE 14

TOTAL HETEROLYTIC BOND ENERGY-ATOMIC NUMBER PLOT FOR

DIVALENT Mn - Zn ACETYLACETONATES

METAL

64 H(M-L)

Mn 929,4 +9.30 '
Fe 968.6 + 9.40

Co 1001, 2 + 6.80

Ni 1015.1 +2 ’36

Cu 1018.5+6.78

Zn 1014,7+ 12,24

~~~~~~ Dotted_ line indicates no crystal field stabilization
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TABLE VII

10 Dg VALUES OBTAINED FROM FIGURE 14

ELECTRONIC COMPLEX

tyy € ~AH Dq  10Dg 10Dq
CONFIGURATION e (kcal) {kcal) (cm-l)
a® o Mt 3 2 0
- (highspin)
ab Fet2 4 2 23=4Dq  5.75 57.5 20,125
- (highspin) '

a’ Cot2 5 2 38.2=8Dg 4.78 47.8 16,673

ad ni +2 6 2 35=12Dq 2,92 29.% 10,220
12, 400

foR
O
P
o
vl
o
(8]
[
BN
BT
! o
)
e
(3
<o
w
(8]
oo
o

R 2 A T R




43

‘Spectroscopic values of 10Dq or c.f.s.e., are obtained by taking the

- visible absoxption spectrum for the compound and correlating the absorption

bands with the ground level energy diagrams derived from the symmetry

IR A e i £

aud electronic state of the particular ion. Correlations between energy level
diagrams and the absorption spectra are made by obsefvi‘ng the Laporte
selection rules of spin allowed and spin forbidden velevctron t;:al‘x.sitions .
Examples of spectroscopically deterﬁnined c.f. se are explained later in
this chapter,

The thermodynamic model of c.f.s.e. assumes that a relation can be

made between c.f.s.e. and the total binding energies for a series of compounds
This correlation holds; however, only if all other quantities comprising the
“&3

total binding are counstant or vary in a consistent, predictable manner{ 17, ».75),

The factors which rmust be predictable are the various attraction and repulsion

forces between 'ghe 1igaﬁd and the centrai metal ion and fhe effective ionic
radius of the metal ions. All these factors contribute to the thermodynaﬁﬁc
but not to the spectroscépic c.f.s.e. values. For the above reasoning, a’
s}.igh‘dycurv‘ed dotted line is drawn between Mn and “n in the c.f,s.e. plot |

on page 41 to emphasize that the relationship may not be linear. Calculations

for the ~A H values are made, however, assuining only a linear relationship.

Accounting for force pairing energy is unnecessary since the d5 ) a0 ; d’ ions
are in the high spin state,

One advantage in working with the divalent metal series over their tri-
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valent counterparts is that better c.f.s.e. correlations are expected for the
" divalent series since the "variable' attraction and repulsion forces are
somewhat smaller for the divalent series. (Compare Wood's data on trivalent-

acetylacetonate with this work (40)).

_ L : {
3. SPECTROCSOPIC AND THERMODYNAMIC COMPARISONS OF .C.F.S5.E.
- A comparison between the 10Dq data obtained thermodynamica\liy and
spectroscopically for the hydrated divalent ions (Mn+2 - Znt2 ) and that

obtained thermodynamically for divalent acetylacetonates is shown in the

rahie below,
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TABLE VIIi

10Dg VALUES FOR DIVALENT FIRST ROW TRANSITION COMPOUNDS IN CM™!

M(H, O) 5*‘2 | M(AA)Q
spectra  Heat of Hydration  Heat of Chelation.
10 Dg 10 Dqg 10 Dg '
a9 M11+2 - - | e
a0 petZ. 10, 000 15, 000 20,125 %
a7 Cot2 - 9,300 14, 600 | 16,673
ad  it? 8,900 10,000 10, 220
Pt St 12,000 15,000 13, 400
a0 g2 | “ ” o |
] 2+ 3
* Sou'rc:e: bl . From the visible absorpt:}on sgec;tra 7 | .

2. Bstimatred from the lattice energies and
~ heats of hydration (17) ‘

3. Experimentally from this worlk

Fs ‘ -
4. The absorption shift for 'Fe(HaO)éa is at 10,000 cm 1

whereas 1;1]@181')5}(')):Dli1011 shift for ¥ e(AA).g‘ should lie above
20,000 cm ™" to give a red cornpound. Figure 16 indicates that
thiz shifr should double the 10Dq value,
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As is expectéd, the ther_fnodynamic data are-higher than the spectro-
scopic valﬁes for both types of compounds. Nevertheless, there ils fair
agreement 1§etween the thermodynamic and spectroscopic data.

The d6 case of Fe+2 provides an interesting example for a comparison
~of the aqueous hydrate with the acetylécetonate. In solutic')n‘, the ferrous ion has
a pale green color due to a weak absorption band in the red at iO, 000 cm™! (see
Figure 13), T‘he b.ié—(acetylacetoilato)Fe(II) is a dark red éompound, indi.catiné

that the absorption band has shifted considerably up the visible colox spectrum

toward the blue. This weak absorption for both high spin aqueous ferrous ion

] |
] ' a;nd‘acetylacétonat_e ferrous complex is due to the spin allowed transition;
i i v
[ . ol
; , 5
S NS S B
; | 2g g

From the energy diagram for a0 (Figure 16), it is observed that the

- difference between the energy levels .Tt'zg. and E | increase rapidly with slight

g

chénges in the 10Dq value .. Thus, it is expected that color change from pale
~greén for Fe(H 20)6+2 to red v,for_ acetylacetonate Fe(ll) wouid indicate an
increase in the 10Dq value of the crystal field splitting energy. Indeed, this
was experimentally observed (10,000 ﬁtm"l for Fe(tiy ) ({*'2 compared to
20,000 r.:rﬁ 4 for .:»ic:ety},a[ce't_onate Fe(il)). |
What has been 'obse;rvcd:for the ferrous ion is that é replacement of

water molecules by other ligands results in a change of the lODq c.f.s.e,

Obviously, the acetylacetonate oxygen ligand atoms are more closely bound to

the metal than are the loosely arranged water molecules. Thus, a greater
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ligand field is created by the acetylacetonates. .

FIGURE 15
THE ABSORPTION SPECTRA OF AQUEQUS SOLUTIONS OF THE FIRST '

TRANS[TION SERIES IONS (from ref.17, 221 -4)
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The acetylacetonates of Cu"'z, Ni"J"Z, and CS{'Z correspond, however, Vvery
closelfy. in color to their respective aqueoué_'ions, éhowing that the 10 Dq
values should be approximately thé same.. Thls indicates similar Stru-cture
and e'lectfonic states.

It should be noted that many of the synthesized copper and nickel com -
plexes underwent a c:oloﬁc change when the acetylacetonate ligand was replaced
by salicylaidehyde, benioylac_etonate or dibenzoylmethanate (see‘Chaptelr 1ID).
This indicates a greater ligand field strength and different 10 Dq values should

be expected for these complexes.

B S Y BN

{
SN SO

i
Ay,

FIGURE 16

THE ENERGY DIAGRAM OF & e.g., bt
(from vef. 17, p.164)



CHAPTER VI
ADDITIONAL DATA ON LIGANDVARIATION AND OTHER
' ACETYLACETONATES
In addition to the divalent acetylacetonates of the first row transitional

metals, the following compounds were investigated,

TABLE 1IX
HOMOLYTIC BOND ENERGIES FOR ADDITIONAL LIGAND

VARIATION COMPOUNDS

COMPOUND A A (Keal/mele) A FEM- Lhmn o) COORD.H#

: - - o - {Kcal/mole) N
CulBA)y -2413.0 -+ 8.75 48,6+ 2.2 4
NiBAY 54T 2234.7 19,17 68.4+1.5 - 6
Cu(DBM) g - -3487.3 (53.3) 4
Ni(DBM) 5 -3390.6 {58.4) 4
Cu(SA) , ~1553.9 4 16.36 52.1- 4.1 4
Ni(SA)9 © -1517.1+ 3.77 47.7 +0.9 6
~1517.1 71.5 4
Co(SA), ©-21464.3 + 5,39 58.6+ 1.3 6.
: -1464.3 87.0 4
] Be(AA), ~1265.9 : (75.5) 4
! z,u XA}A ~1856.3 -+ 8,24 8
: Pa(AA) 7 ~-1226.0 "_’r_'8 .9 58,604+ 2.2 4
CelAA), - ~1720.4 o 6.
Pe(AA) 5 -1233.2+19.0 - 59.0 ¥ 4.6 4
TLAA) | ~607.3 (80.2) 2
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and M-L bond energy.

50

It was originally thought that systematic ligand variation would show
definite trends in M-L bond energy. . Thus, it was assumed that electron

withdrawing groups on the ligand would weaken the M-L bond energy and

“ electron donating groups would strengthen the bond.

One basis for such a correlation is the Hammett equation which has been
used to show variation in the stability: constants and p:resuma.bly in the M-L
bond sfreugth (due to electron donating and withdrawing groups)(16).
: The sample of éompound investigated here was small, but no coherent

variations were found in this work by replacing the ligand methyl groups. -

~ with phenyl groups (see Fig. 17 ). Other thermochemical bond energy

investigations of ligand vatiations with Fe 1) and N7 (39) have found no

corvelaticn between either resonance or electraidonating ability of the ligand

If the-above assumption is true and no correlation exists, then one might

conclude that electron withdrawing and donating groups affect the reaction

‘kinetics and not the reaction thermodynamics. 'That is to say that electronic

and resonance variation affect the stability constants but not the bond enexgy.

JJtig of interest to note that in Fig. 17 the plot of the symmetrical

- ligand groups of the acetylacetonates and the dibenzoylmethanate complexes

'shows approximately parallel positive slopes. The asymmetrical ligand

groups of the benzoylacetonate and the salicylaldehyate complexes, on the

other hand, have approximately parallel negative slopes. This leads one to
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Spé‘culate that symmetry may play an important role in rélating the cobrdinate
bond exJ,ezfgy to the .].ig'and enyironment.

The alternate possibility to explain Figure 17 is that the experiméntal
errors for the data obtained and the lack of accurate hez;,t: of vaporization data
forfhe cornplexes do not allow any speculation concerning the na,tvu'r»e of the
ligand and its effect on the heterolytic energy.

Further investigation into this area is suggested as a future project.
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COORD.#  COMPOUND M-O 68 EQM-0) £l  25/RT) -E,  6AHM-O,____ )
4 O CufBAly 48.6  -291.6 646.9  2.96 [15.69  -924.9+8.75

6 O NiBA), 68.4  ~410,4 564.6  2.96 1566 -992.3+9.17

4 Cu{DBM), 53.5  ~321.0 646.0  2.96 -15.69  (-954.3)

4 Ni(DEM), 58.4  -350.3 594.6  2.96 -15.69  {-932.4)

4 Cuisa) 52.1  ~3i2.8 646.0 2.9 -i5.69  -946.1+ 16.36

4 NiSA) , 715 ~429.0 594.6  2.96 -15.69  -10i0.6+3.7

4 ColSA) 5 87.0  -527.4 574.2  2.96 -15.69  -988.9 +5.39.

6 Ni(SA) , 47,7 -286.2 594.6  2.96 -15.69  -868.2+3,77

6 Col54) 53.6  -351.6 5742 2.96 -15.69  -913.1+5.39
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TABLE XI
TOTAL HETEROLYTIC BONDING ENERGY FOR FOUR LIGANDS
‘ (kcal/mole)
 METAL (AA), (BA) 5 DBM),  (SA),
Ct  -1018,5+7 - 924.9+9 - 954.3+15  -946.1+ 16
Ni -1015.1% 3 -992,3%9 - 9324415  -1010.0+4
Co - 1001,2%7 | ~988.9 ¥ 5
FIGURE 17

TOTAL HETEROLYTIC BONDING VS ATOMIC NUMBER'FOR FOUR LIGANDS
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CHAPTER VII

Co " CONCLUSIONS

In this investigation it is shown that the combustion data for chelated
nietal complexes cén offer a great deai of .insight'in‘co the nature of these
com‘pounds Not only can the M-L bond ell¢rgy be calculated from the heat
-of chelation derived from the thermochemical cycle, but correlations
can be made to show variations predicted by crystal field theory. In pérticul.ar,
the humped curve graph of the total heterolytic bond energy Versué atomic
number gives a good indication of 10 Dg Va].ﬁes and ‘provid_es‘ a link between
sr_'y's{_tal. field thé,or.y R spectrosc_opjzc data, and the bond erergies for these .

particular compounds. This investigation of the divalent metal acetylacetonates

has resulted in much better 10Dq c.f.s.e. correlation than previously obtained

with the trivalent metal acetylacetonates (40),

. : ‘ TRENDS.
According to the molecular orbital theory, as the auti-bonding "eg”

. . ' ) ’ y .
‘orbitals becorne filled, the metal to oxygen bond should weaken. Since ail

compounds were high spin, the "eg” orbitals of MnT2, Fel2 | Cot2, and Nit?

; 3 1 o pute o b -~ = y , . S .
all contained two electrons. But for Ci™2 and Zu™? the anti -bonding orbitals

contain three and four electrons respectively, and the data indicates a slightly

lower M-~1. bond for these cases.
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The bonds of Fe-0, Co-0 and Ni-O were found to have the highest energy
for the acetylacetonates complexes., These compounds are polymers and it
stands to reason that there rrxight be some attraction:between the metals to

form weak metal to metal bonds. However, since the metal orbitals are not

directly alined, a more important contribution might be the energy gained by
increased resonance stabilization of the polymeric species over the monowmeric

compounds.

LIMITATIONS OF THE CALORIMETRIC METHOD
The method of bomb calorimetry does have limitations and disadvantages.

The bond energies are swamped by the large energy value of the total heat

N

of combustion {or the coroplex, To do accurate determinationg, the combustion

production products must-he determined precisely. The accuracy is also aftected
by side reactions such as the formation of carbon monoxide, carbon and other.
products of incomplete combustion,

since the over all error produced in the experiment is the sum of the

individgual errors, an effort must be made not only to reduce the number of

gources of error but also the degree of evror from each source. One is

severely limited in the degree of accuracy when using mercury thermometers ..

? e temperature rise must be measured with the accuracy of 0.000%7°C, if the
{ - etror due to the temperature measurement is to be kept at a minimum of not

more than 0.01 percent, In order to obtain measurements of this precision
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a 25 ohm platinum resistance thermometer must be used (31). With the use of
‘a mércury thermométer, the over all experimental error averaged between

1/2 of 1% to 1%.in this work. Thisis not bad considering that the NBS measure-
ments on Foss‘il fuel heats of combustion with the best of equipment is accurate
té within only a few tenths of 1% The greatest accuracy obta.fnable with this

method on pure substances i80.01% to 0.02% according to the National Bureau

of Standards.

OTHER METHODS
Other methods of dctermining the bond energies should be investigated
which could lead to smaller errors and gti:eéter accuré;y.- An approach which
mizht be in";fest.ig:e\.tgd-.i:s the use of an electrical cell to measure tlie heat of
- reaction. A modified Gib‘g}is"»f[;-le_lm_ohotz equation suitable for enthalpy measure-

ment has been established as follows (42):

. ' o D€
H = -23,070 calfvolt j| €~ T{57F A

where: H = heat of reaction {(cal)
4 = valence :
€ = e.m.f. (volts)
T = teroperature (°K.)
This equation is valid only for the case of a saturated reversible cell

in which gases are liberated. The cell reaction pertinent to this study would

bes:
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M*2 4 2C5Hg0y = M(G HyOp)y (8) + Hy(p)

 The only measurements necessaxry are the e.m.f. of the cell and the
temperature, Sil1cé both can be accurately measured, the per cent of error
should be greatly redﬁc.ed_.,

With the use of a suitable thermochemical cycle the éoordﬁ.nate boﬁd'
energy could be expressed for the gaseous phase réaction, thus avoiding the
problem of the heat of hydration side reactions.

The possibilities 6f future 'investigations in this field are abundant..
An i11'V'e£;ti.g-at1011 of the 2nd a11d_3rd row transitional metals could be undertaken -
to s’hqw the c.f.s.e. for the 4d and 5d orbitals. The é.ce!:ylacetonates of the
Lanthanide series could be investigated to show the ¢ ,.fvn s.e. for thé 4f
~orbitals.. Ligand variations could be altered to inVestigé.te—the m..etal cﬁ‘elation:;
bonding with elements other than oxygen, Nitrogen metal bonds of aniino

acids and the porphyrin groups of haemin and chlorophyll come to mind as

interesting studies to be made.
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<lent heterolytic bond cleavage energy. ™ A plot of the 6 A E(M- IJ)heforo}

- SUMMARY -

.The héats of combustion of some twenty éhelated-comp‘lexes have been
determined by static bomb calorimetry in order to calculate the average bond
energy of the metal-ligand bond. The data from the heats of cmnbustion were
used in a suita.blé Born-Haber therchhemical cycle to determine either

the heterolytic or homolytic cleavage energy for the metal to ligand bond.

In the case of all twenty chelated complexes investigated, the central metal

was chelated with coordinate bonds to either 2, 4, 6, -or 8 oxygen atoms.

The six divalent first row transitional metal acetylacetonates investigated

TN -7 Y were fouie . AR LY . < . N Taine > Fomnd enevoica n_"-:\.-'
(Mn-Zn) were .LQ_d.ﬂd to hav e {NE ‘uno'molyt.,ic: coordinate bond energics betw‘,en.

66 and 75 keal/mnole, The bond enexgy of ihe series was adjusted to an equiva-

Lytic

versus atomic 1'1.umbér showed the ‘expected liumped curve for 49 - alY trans-
sitional metals as predicted by crystal field theory.

- From the plot, a graphic deternﬁ.nation of the 10 Dq was taken which
compared favorably with the more accurate spectroscopic 10 Dq ya.l’ue:s . A
e:r)in;)a.]:i.j::«ﬂ’)::u between the color of the cornpounds and that expected from ground
state energy diagrams for the various 10 Dq values was exblained.

Corhpounds consisting of various 1igaﬁcls similar to acetylacetate were
investigated to determine substituent effects. The Coippe - and Nickel complexes

were synthesized with benzoylacetone, dibenzoylmethane, and salicylaldehyde,
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It was shown that while the Ni +2 acetylacetonate énd benzoylacetonate complexes
polymerize to form a. 6 coordinate complex, the dibe_nzoylmethanate is_most
probably only a 4 coordinate monomeric structure. This is due to steric:‘repﬁ»lsion
of the two .bulky phenyl groups.
It was expected that a patterh of decreaéing bond energy could bé found .
by the systematic replacement of first one and then the other methyl groups
of the acetylacetonate type complexes (i.e., the benzoyl and dibenzoyl);»
No clear pattern emerged, except that in general the (M-L) homo Pond ¢nergies
were lower for R = pheﬁyl than- fbr« R = methyl,
The 'Sa,licyl.aidellyde 'complexes were studied as an example of a six B
ring chelated system which does h()t.ex}.ﬁ.mt vc:onjl_’lgatc resonance st&hilizati.oﬁ.'
as found i acetylacetonate type (.:omp].exe's, Again, no discernable pattern
‘emergediindicating & ;sxlbstituefxt'ﬁffectﬁ "Thé daia_did revea.l,_ howeyer, that. ...
the symmetry of the complexes might have an efféc_t_on the coordinate bond
energies,
The third type of compounds investigatled consisted of other acetyl-
_ acetor:été metal complexes not found in the first transitional xow. In general,
these acetylacetonate 'c:omplcxés of Pdt2 , pt2 , Al*f'g , Be+2 , Ce+3 s 11+l ,
and Zf"ét were mez.;ely an assortment of available comp.le_xes not pi:eviqusly
investigated.-

A2

The Pat?2 and pe2 acetylacetonates are analogous to the Ni acetyl-

acetonates except for their square planar structuve and indicate a generally
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lower (M-L) bond energy for the 4d dnri 5d transitional metals over tﬁe 'Sd

- counterparts.

. The. 'oth.er»a‘cetylacetonaté compleXes, beside showing exémples of
“interesting stereochemistry, provide the framé work for future investigétion,
~ thus giving a more complete quantitative understanding of metal-ligand

chelated bond energy beyond the first transitional row. .
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THERMOMETER TEST CERTIFICATE

- -The Part Instrument Company certifies that this = 'Catalog No. 1603

. thertnometer has heen tested for use in differential ‘
temperature measurements, as in calorimetry. The Serial No. TD8687 oo
‘test ‘wes' made by comparison with a platinum -

resistance thermometer certified by the National i TEST DATA
Bureau of S%mndards. The thermometer was held Reading of Correction
upright in a large, covered, circulating water bath- Thermometer to Reading

with the bulb and scale completely immersed. All
readings. were taken with the aid of a magnifier
and were 'esrima{*ed jo one-tenth of the sn:\ailesi’ 19. 500°CG. _0.006°C.
scale division. In normal use a large portion of .
the stem will not ke immersed and its temperature

may differ slightly from the bulb temperature. This ¢1.000 - .000
will introduce o significant error if the difference
between stein and bulb temperatures is less than 22,500 - .002
Vith of the range of the thermometer. If the
terperature difference is larger, an emergent stem ' 24.000 : - ,012
corraction should be applied.
’ 25.500 -~ 016
F’osm‘:'e f+ 3 corrections in the adml.mng fab!ev 27.000 . . 016
should be ddded to the observed rsadings, Meg- '
ative {—] corrections should bz subivacted. The . '
_ coreciions ai %9mprz«ra*urés hetween the test points 28,500 - 5,016
can be 'E{erzﬂre??iinrédmijig interpolation, or by plotting — i .
these valuer and drawing a correction curve. 30,000 : - .020
31. 500 : - ,022
Mercury-in-class thermometers change slightly with
age. Any significant physical change is usually 33. 000 . .018
confined te the bulb. This aifects the scale squally : -
throughout, theretore the thermoamoter will remain L :
accurate for differential measwements. Hewaver, 34. 500 - .018
continued accurzey for true temperatures cannot ’
be guarantesd, ‘
inctructons for the proper cars and handling of .
calorimetric thermometors are giver on the reverso
© side of this certificate. . Test Dake 3.28-69 '

Signed for PARR INSTRUMENT CO.

|

By o RN C
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TABLE XIII

RESULTS OF CALIBRATION EXPERIMENTS UBING STANDARD BENZCIC ACID
' (First Standardization) '

SAMPLE WEIGHT ATOC A FE(cal/ O ) - d a2

10090 2.653°  -2402.9 5.8 - 30.25

£.0083

fan]

648 -240%.8 -2.6 . 6.76

$.9932 ' 2.604 ~24(9.8 +1.4 1.96

[
<
frey
™o

734 ~2424.1 +15.7. 246.49

010 -2407 .4 ‘ ~1.0 1.00

)
D
P
[

]

1,0159 2,673 -2403.8 4.6 21.16

"y L7 g . - o ey AT - . . g p N Tyt
VLO3H6 . 2757 =23%d.% o SE 240,25

et

L0081 2,648 ~2407 .7 -0.7 49

1.0070 o 2,040 -2409.9 +1.3 2.25

1.0173 . 2.660 -2416.3 | 47.9 62,41

<
<2
ey
b
™
e
B2
N

~0413.7 45,3 " 28.09

10063 2,642 ~2406.4 _ -2.0 4.0

Kl . . -
cal ow t240604 + VL3
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TABLE XIV
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RESULTS OF CALIBRATION EXPERIMENTS USING STANDARD BENZOIC ACID-

- (Second Standardization)

A IE(cgl/oC) ) d do
0.9400 8 +2.2229  =20664.4 6.1 37.21
0.9837 +2.331 -2666. 2 4.3 18,49
0.9747 +2.306  -2670.2 0.0 0.0

0.9700 42,292 -25673.8 +3.3 10.89
1.1146 - +2.629 -2678.6 +8.1 65.61
1.2436 . +3.177

0LGRTE +2.337  ~2669.7 0.8 .64

AR = -2670.5 + 4.7
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TABLE XV

HEAT OF COMBUSTION OF BIS(ACETYLACETONATO)Mn(Il)

SAMPLE AT,  THERMOMETER . PUSE LE

WEIGHT (g} ° CORRECTION CORRECTION  (cal/g)

1.4872  3.087  -.006 | 0.00 . - 4999,1°

1.3016 2.693  -.002 | 0.00 - 4983.0

1.2818 * 2,418 -.014 | 0.00 - 5037.7

1.2927 * 2,415 -.012 0.00 - 4988.9
AE = -5002.1 + 24,59

* Second Calibration experiments



TABLE XVI

HEAT OF COMBUSTION OF BIS(ACETYLACETONATO)IRON(II)

THERMOMETER FUSE

AE

71

* Second calibration experiments

SAMPLE B Tor |

WEIGHT (g) CORRECTION CORRECTION (cal/g)

1.1086 1.938  -.003 o -.000 -4210.2

1.5787 2,796  -.000 -.000 ~4265.5

1.4431 2.310  -.012 -5.00 -4269.7

1.3348" 2.149  -0.12 -,000 -4299 .4
0E =-4261.2 + 97.1



TABLE XVII
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HEAT OF, COMBUSTION OF BIS(ACETYLACETONATO)COBALT(II)

1.4985 * - 2.354

e e | W VP S SR S YR 3

-.004 .

-

Second calibration experimeuts

AE = -4189.2 + 26.5

SAMPLE ATo. ~ THERMOMETER  FUSE AR
WEIGHT (g) C  CORRECTION CORRECTION  (cal/g)
1,4875 2.568  -.000 -.000 - 4157.8
1.5238 2.662  -.013 0.000 - 4182.6
a7 2,230  -.006 ) £ 0.000 - 4221.5

0.000 41951



TABLE XVLI

HEAT OF' COMBUSTION OF BIS(ACETYLACETONATO)NICKEL (ID)

AE

R e = T S PR .
R

* Second calibration experiments

AT, THERMOMETER FUSE
WEIGHT (2) C  CORRECTION CORRECTION (cal/g)
2.340 0.00 0.00 -4167.6
2.729  0.00 10.00  -4181.5
2. 250 0.00 0.00 ~4170.0
AE = ~4171.0 + 9.99
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TABLE XIX

. HEAT OF COMBUSTION OF BIS(ACETYLACETONATO)COPPER (1)

* Second calibration experiments

SAMPLE AT, THERMOMETER  FUSE . AE

WEIGHT  ©  CORRECTION CORRECTION . (cal/g)

1.3305 * 2.289 . =-.006 0.00 - 4594.3

1.3191 % 2286 -.014 0.00 - 4627.9

1.3888 * 2,402 -,006 0.00 - 4618.7
AE = -4613.6 + 17.3



TABLE XX

HEAT OF COMBUSTION OF BIS(ACETYLACETONATO)ZINC(II)

SAMPLE Av T

| oo ~THERMOMETER  FUSE AR
WEIGHT (&) CORRECTION CORRECTION (cal/g)
1.5238 2.682 -.002 0.00 ~4225.0
1.4423 * 2.318 -.012 0.00 . -4291.9
1.4201 * 2.240  -.012 0.00 -4212.3
1,1929 * - 1,916  -.003 . 0.00 ~4289.3
1.3913 * 2.218  0.000 | 0.00 ~4257.3
AE = - 4255.1 + 36.2

* Second Calibration experiments
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TABLE XXI.

HEAT OF COMBUSTION OF BIS(ACETYLACETONATO)PA(IT)

SAMPLE ATos  BENZOIC ACID THERMOMETER A E
WEIGHT (g) WEIGHT CORRECTI ON (cal/g)
0..5235 2.268  0.5326 -.012 - 4040.9
0.4601 2.576  0.6819 . -.012 - 4042.3
0.4921 2.429  0.6691 . . - 0.000 - 4000.8
’ AE = -4028.0 +23.5




SAMPLE

TABLE = XXII

HEAT OF COMBUSTION OF BIS(ACETYLACETONATO)Pt(1I)

THERMOMETER

AE
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S T et e el e i
R Tty

BENZOIC ACID
WEIGHT(g)  WEIGHT AT 00 CORRECTION (cal/g)
0.4766 0.6527 2,350 - -.012 -3163.3
0.5186 10,6716 2.436 - -.010 ~3077.7
0.4841 0.6847  2.388 -.004 -3165.8
AE = -3133.4 + 48.5
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TABLE  XXII

HEAT OF COMBUSTION OF TETRA-(ACETYLACETONATO)
© ZIRCONIUM (IV) |

SAMPLE _ AT, C THERMOMETER AE

WEIGHT (g) CORRECTION (cal/g)

1.6273 2,571  -.010 -3805.07

1.6935 2.669  -.006 | -3795.70
© 11,3804 1979 -.008 -3824.5

ANE = -3806 + 16.9
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TABLE XXIV

HEAT OF COMBUSTION OF BIS(SALICYLALDE HYDATO)COBALT(II)

SAMPLE AToq - . AE

WEIGHT (g) = | L (cal/g)
1.1144 2.029 . -4863.2
1.0732 1.945 -4841.2
1.1674 2,135 o 48847
12100 2.201 . -4858.5

AE = -486L.9 + 17.9



HEAT OF COMBUSTION OF BIS(SALICYLALDEHY DATO)COPPER(IL)

SAMPLE

TABLE XXV
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8Toq AE
WEIGHT (g) - (cal/g)
1.0867 2.039 -5010.7
1.0421 1.983 -5082.4
1.0678 2.036 ~5093.6
1.0321 1.986 - -5140.1
8E = -5081.7 + 53.52



TABLE XXVI

HEAT OF COMBUSTION OF BIS(SALICYLALDEHYDATO)NICKEL(I) -

31

SAMPLE ATo, AE
WEIGHT (g) - » , (cal/g)
1.0025 ' 1.845 -4916.2
1.0476 o 1.918 -4891.1
1.0532 1,933 ~4902.6

= .4903.3 + 12,56



TABLE XXVII

HEAT OF COMBUSTION OF BIS(BENZOY LACETONA"I‘Q)NICKE L(II)

82

SAMPLE BT AE

WEIGHT (g) (cal/g)

1.0765 o 2.351 -5832.6

1.0210 | 2.242 -5864.7

1.1020 2.426 -5879.7
AT

-5859.0 + 24.06



HEAT OF COMBUSTION OF BIS(BENZ OYLACETONAT O)COPPER(II)

TABLE XXVIII
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SAMPLE. | Aibc AE
WEIGHT (2) - (cal/g)
1.3214 3.089 ~6243.1
1.0241 2.396 -6250,4
1.0476 2. 464 ~6282.3
1.0432 2.433 -6228.6

~6251.1 + 22.68
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TABLE XXIX

HEAT OF COMBUSTION OF BIS(ACETYLACETONATO)BERYLLIUM(II) -

SAMPLE WEIGHT (g) AT TEMPERATURE AR

CORRECTION (cal/g)
1.2301 2.814 -.016 . -6109.0

AF = -6109.0

TABLE XXX

HEAT OF COMBUSTION OF BIS(DIBENZOY LMETI—IATO)NICKEL(II)

SAMPLE WEIGHT (g) AT, TEMPERATURE AE
c. CORRECTION  (cal/g)
1.0871 ,_ 2.782  -.012 | -6711.2

AR = -6711.2

TABLE XXX

HEAT OF COMBUSTION OF BIS(DIBENZQYL’L\/IE"J.“HATO)COPPER(II);

' SAMPLE WEIGHT Aﬂ:;,c _ TEMPERATURE AR
e ‘ CORRECTION - (cal/g)
0.8957 2,297 -,002 ' _ -6837.4

AE = -6837.4
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" TABLE XXXII .

HEAT-OF COMBUSTION OF (ACETYLACETONATO)THALLIUM(I)

SAMPLE WEIGHT 'ﬂ'IfO-C - TEMPERATURE AR

CORRECTION _ (cal/g)
1.7894 1.341 0.00 s -2001.3
AE = -2001.3

TABLE XXXt .

HEAT OF COMBUSTION OF TRIS(A.GE’I‘YLACETONATO)CEROUS {11)

SAMPLE WEIGHT Ja\ TO c TEMPERATURE . AE
‘ CORRECTION (cal/g) -
1,6759 2.736 0.000 ' ~3931.8

0.9734 1.434 0.006 -3934.1

AE = -3932.9 + 1.6
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