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A,BSTR.I\CT

The therma)- decomposition of tvrenÈy slx cupric carboxylates
r,¡ere studÍed by mass spectrômetry and thermogravírnetry. The mass

spec?ira of the decompQsítion psoduets of all the cuprlc carboxylates
are repcrted" Twelve cuprous carboxylates whÍch have never been

reported before ( except cuprous acetatel ), ruer. identiffed among

the decomposltíon products. Tr+o dffferent mass specÈral fragmene.-

atÍon patte¡:ns are postulated accordÍng to v/hether the acfd is an

alkyl- or aryL- carboxyJ-ic acid. some of Ëhe fragmentatíon steps
are supported by rnetastabLe peaks.

The cuprous carboxylat,es are shor.¡n to be dimers. A structure
sÍmilar to thaË of sil-ver perfluorobutyrate42 is proposed for the
euprous compounds" Unlfke the dímeric cupric aceEatel6-19, no

rnetal-metal bond ls expected berr¡een Ëhe copper atoms fn the
molecule.

the thennograms of the cupric
vacullm are reported. Explanatfons
grans are suggested.

carboxylates both ín aír and

for some feacures of Ëhe Ehermo-
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PART ONE

INTRODUCTION



CII¿IPTE& oNE: GIìNER/iL IIITRODUCTION

I,Ihen cupric acetate r,tas heeted in a1r, hydrogen or a vacuum' a

whíte sublimate i{as observed and raas analyse-d to be cuprous aceÈate,

Cri2-(CII3COz)2, by A, Angel an<i hÍs colleaguesl in 1902. Thermogravi-

metric studÍes harre been reported recentlSr2-4, how"ver no obvlous con-

clusíons about the exlstence of cuprous acetate rvere drar^¡n from thermo-

gravJ.metrlc analysis. I¡-r the dif ferential thermal analysis studies and

the ¡ness spectrorîetric analysfs of the volatíle decomposiEion producÈs

of cuprfc acetate by Htll and co-worlcers5, cuprous acetate ltas not

repo r t e<I

The thermal decompositÍon of other cupric carboxylates such as

formatez'6, propionaf.e2, n-but)rrate7, iso*buËyrate7, valerat.S, *ono-

bromo¿cetate9 and various substltut.ecl benzoatesl0 have been studied

using thermogravimetrÍc analysis (T.G"A.) and differentíal thermal

analysis (D.T.4..), but there was litcle evídence for the exÍstence of

Ëhe appropriate cuprous carboxylates.

ThLs study f.s an investÍgatlon of the thermal decomposition of a

series of cupric carboxylaÈes usingT.G.A. and mass spectrometry. The

series of compounds r.¡as chosen so t,hat: (1) there ís a r,¡íde range in
pK^ values of the original carboxylfc acids, from 0.2 to 4.87; (2) in'a
the case of aromatic carboxylates, steric effeces can be examined.

Thls series of compounds is i-isÈed in TABLE I. A total of truenty

ffve compounds are incLuded (not, countíng cupric trideuteraEed

acetare)

In order Eo bet,ter conpare Êhe observations and results of Ehe

tliennal studies on the compounds, the data obtained by mass sPectro-

metry are presentecl separately from the T.G.^4. data. Sínce Èhe T.G.A.

dat-a can be better explained by using the results from Che mass sPec-

trcne.tric study, ihe latter r.¡ill be presented f irst, in ParE Trvo, and

the former rv'ill be presenÈed ín Part Three. Some ínteresËing aspects

that arise from Ehis study axe: (t) the ldentifÍcatlon of a ner'' series

of cu;orous carboxyl-aies; (1i) Ehe characterisËic dimerf c naEure of the
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cuprous salEs. These in turn leacl cc other questf_ons such as, (Í) rvhat
is the sEÌ:ucLure of the cuprous carbo::ylates; (li) ruhat stabilizes their
fo-¡:matj'on and (iÍÍ) whether tire presence of a netal-metal bond between
the tr'¡o copper ¿.toms in rhe dimeric cuprous salt Ís feasible. As IÍtt1e
l-s knou'n about the chernisEry of the cuprous carboxylates, Ít is hoped
tÌrat this study i,iill he.'Lp to explaín the nature of this series of
conpounds,



CI.ÌAPTI{R TI{O: ITR0PERTIES 0F CUPIìIC CARBOXYLhTES

Because of the dlmeric nature and unusual magnetic behavÍor of
some of the cupric carboxylates, these compounds have been under Ín-
tense invesË.iga'cjon for the past, two decades" From X-ray data cuprÍc
âceËate monohydra.te is knor.¡n Eo be a bínucLear complex r¡iEh bridging
carboxylate groupslq (See FÍgure I). Tn the case of cupric benzoate

t,rlhycirate, it has been shov,¡n by X-ray sEructural analysis that it ls
not a binuclear complexl2r'''5. Instead it ís a polymer rvhose chain

sEruct.ure can be represenÈed schematically as in Flgure II. Betr¿een

the lfnear chains, f-he hydrated benzoaÈe ions are sandwiched. X-ray
sËructure determinations of mosË of the carboxylates have not been per-
f ormed. Hoi"iever', the Ll "V " , vf slble, I . R. and especially mâgnetlc sr¡s-

ceptibilÍty dai:a allow some predicEions about the strucfuraL properÈies

of Ëhese compounds. Sínce their strucEures in Ëhe solid stat.e are us-

ualLy different from Ëhose ín soLution and only solf-d cupric carboxy-
J.ates r'¡ere used in the experiments described here, Ëhe properites
mentioned ín thís vrork relaËe onlv to ihe comÞounds 1n their solid
qí-iÍ-.

ïn the magnetic susceptibilíty sËudíes of cupric alkylcarboxy-
Latesl2'Ì6'17, ft has been found that except for Ehe formate, they all
exhibit magnetic rnoments of approximateLy I.4 B.l'1. aË room tempera.ture.

Thís is very much lower than the val.ue normally observed for "normal"
cupric compounds and lower than tire "spin onl-yil value of 1.73 B.M. for
one unpaíred electron on the Cu(II) atom. For example, CuS04.5H2O has

a magnetic momenË of l.9l B.Il. The rnagneËic susceptibilitíes of Ehe

carboxylates do not. obey the CurÍe-hlefss larn' sÍnce rnrhen the temperature

is raised from 90o to 4000 K, ttrey pass ttrrough maxíma aÈ the region

278 ! 2Bo f and. tt¡erì decrease. This sort of behavfor is sln:--Iar Ëo

that of cuprl-c acecale and ít is therefore concluded that all the alkyl-
carboxylat,es lr.ave sÍmilar structure Èo dfmeric cupric aceËate (FIG.I).
A very weah, coval-eirt.rð bond betr.leen the copper atoms has been pro-
posedl6-19. This nragnetic behavior v¡as Ínterpreted by assuming thaÈ

wfthln each bfnucJ-ear molecule the trvo copper aÈoms interact sÈrongly

througir exchange forces, forming a lorver sÍngleE (dfamagnetic) and an

upper trÍpleÈ (paramagneÈir:) electronic state. For such a situation
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the molar magnetlc susceptlbf.lít.v _j,-s gf.ven by tire followíng

^Zxto2)1 rìÐv Ê 4-
^M 3KT

exp(J/kT)Ì-i + ¡¡a

6

equationÌ7'20

EQN. I{r + }
¡uhere Xtt

g

Àt

ß

k

T

J

molar magnetic sr.¡seeptibll_iey

Lande' Spectroscopic spltËtlng factor
Avogadro's number

Bohr ruagneton

Bolczmar:n coílsËant

temperature oK

energy separatfon beËi'¡een the singlet
(ervLce the exchange energy assocfated

copper ô bond)

Nc= temperature-lndependent, paramagnetic contributíon
{60 X 10-6 e.B.s., e.m.u. for Cu(Ii) }

rt r¿as found thaE the val-ues of. J Li-e in the narroî{ range 309 t 3l cm.-l
i.e. approxlnately I keal. mole-I.

Símilar magneÈíc suscepÈfbilíty studies have been made on a number

ef ¿r-rpr:i-c arylcarboxylatesl2'I3 e2I ,22. It has been found that some have

subnormal magnetlc moments at rcom temperature anci behave sfmilarly to
cupric acetate v¡hlle others have hlgher magneËic rnoments and f:heir
magnetfc susceptibilíties obey the Curie-I,lelss lar,¡" TABLE I lÍsts all
Ehe carboxylates used in this work r¿ith the pK" values of the original
acfds, theÍr approprlate mâgnetic behavÍor and their expected strucgures
from magnetfc studies on samples deirydraËed by heaÈ and high vacuum or
heaË alone.

From ehe magneËfc studfes iË rr'as suggested that the carboxylate
groups can have one of the three brldgi-ng confi-grrr:ations2l shor¿n in
FIG. III : (a) s)'n-syn, (b) antj.-anti or (c) anr:i-syn

and tríplet leveis
wiÈh Èhe copDer -



TABLI I
MAGNETIC BEHAVICR OF A}TIIYDROUS CUPRTC CAR.BOXYLATES

Cupríc
Carboxyl-ace

Formate

.{cetate
PropionaËe

iso-Bueyrace

n-BuLyrate.

PhenylacetaËe

I'fonochloroacetate

Dích1o ¡:oace Eate-

Dif luo::oacetâee

Tri f luoroace tate
Benzoate

o-CH3.*ben zoat.e

o-0CH3-benzcaËe

c-0ll-be-nzoate

o-NO2-berrzoate

o-Cl-benzoate

o-F-benzoate

p-CIì3-benzoate

p-0C2H5 ..benzoate

p-OH-benzoaEe

p-NO2-benzoate

p-C1-benzoate

p-Ir-benzoaEe

pentafluoro
b errzoat e

ß-napl.- t,iroate

Magnetlc Curie-I^Iefss
l4oment Larv

G room temp. Behavlor
Ín ß.Ì'i.

Bxpected Ref.
Structure

PKa
Value

of Aci-d

3.7 5

4.75

4,87

4. B4

4. B1

4 "28
2.85

1 .48

L.25

0"2

4. rB

3.92

4.09
,o7

3.2L

2.89

3 "27

4.35

4. B0

4.48

3.4C)

4.05

4,L4

I .48

l, l1

r.64
1.43

1.36

I .35

L.44

t.4?.

1. 66

1. B1

t.38
I .41

'å

1 .87

1"45

L.62

I. 3f;

*

I .58

r .56

*

¡t

1"51

PoLyine::

Dl-ner

Dimer

Dímer

Dimer

Dimer

Dimer

Dírner

Polyme::

Polymer

Dimer

DÍmer

Ììo

No

Yes

No

No

L2

L7

T7

No

Yes

Yes

L7

L2

L2

T2

29

22

22

z2

22

4T

L2

No

l.1o

No

Pol¡nner 12

Dimer 22

Di¡ner 22

l'lixture of 22
Polyner &

Dimcr

Polymer

Polyiler

* no i-lteraËure value avaflabl.e
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FlG. TII BrÍdging structures for the carboxylaÈes

Confíguratlon (a) is to be found in din¡eric cupric carboxylates and

the polymeríc earboxylates aciopt confj-gurations (b) or (c). Due to
electrostailc repulsion, Ëhe anti-anti or anti-syn configuratíons are
favored íf a large positive residual charge remains on the copper ions
after bonding r'riEh the carboxylate groups. The pK" values of the
carboxylíc acids are taken as an fndicatl-on of the avallable o-electron
clensÍty on the carboxylate oxygen at,oms. Stronger acids Ëhan acetic
acid have l-ess avai.labte õ-electron density on the oxygens. Thus

Decause rne irgancis e.re J-ess poiari¿able, a greater resiclual posi-fiïe
charge is left on the copper atoms Ín the cupric carboxyl-ates formeci

from strong acíds, In these cases anEL-anti or anÈi--syn configurat.ions
are favored. I'foreovern the higher effective positive charge on the
copPer atoms r,¡il1 cont.ract Ehe d - orbitals. This may reduce consicìer-
ably the overlap fn the metal-metal bond and reduee signÍfícantly Ëhe

srabilicy of the dimeri.c units. Therefore ít is expected that those
carboxylates formed from acids wÍËh high pl(u values (weak acids) ¡rould
be dÍmeríc Ín structure but a structural change v¡ould occur as the pK"
value decreases. There appears to be no rvell-defÍned pK, value at, rvhich
Ëhe dímerÍc sËructure changes to an aLternative structure. In fact for
Èhose acids r"hich have pl(. varues between 4.75 (acetic acld) anct 3.75
( foruric acÍd) magneEically dÍstinct. forms, or mixtures of such forms,
of the same carboxvlat,e have l¡een prepared ancr observedr3 , 22 . rt is
noËed that steric factors scabilfze syn-s]'n bonding of the ortho-sub-
stltuteci carboxylaËes, sucir as in the case of cupric o-methyl benzoate
t,rhich is binuclear.

The electronic specEra of some cupric car:boxylates have been
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studåed}2"22,2?,2tt. Ii was observed thai": they all exhfbÍted a broad

absor¡:t"Í-on banci ín the regiorr 690 1/+0 mu and, 1n additlon, those wl'rlch

are bel-Íeved to be binuclear shoru an absoi:ption bancl fn the r:egion 400 mu "

For alkyl carboxy.Lates this high-energy band cccurs in a relatively
narrouT region abolrt 375 mu. llower.'er sucli críte-ria for binuelear cuprlc

carboxylates musg be used r'ríËh cauÈion because. abso::ption bands of other

origins may appeer in the sarne reglo:r a¡rd ín the cases of arylcarboxylaËes

the banC in che ::egion of 400

transfer band. The assignment

complexes has beeri the subject

always occurs as a siroulder on a charge

the band in thls region for the bínuclear
eonsicierable discussion2 5,26,27 .

mu

of
of

Though lnfra recl spectrúmet,ry has not been used exfeusiirely in Èl're

ínvestigatíon of cupríc carboxylaËes, ii has been shot¡n to be useful in
the structural deË,ernination of some of tlrem2S¡29' 30 '31. Tbe assignmenE

of the bands in sorne cases sÈill remaÍns Ín dÍsagreelrent. l^rhere the

assignrients are certafil , the bands caused by tire C-O syir,meËrtlc sËretch*

ing, y3 and ihe C*0 asyii'ruecric si:retchi';.8, ì'g, have bee;". showir to be

impo):tânt ín canffrming Ehe preCletfu:ns from oEher methods. In binuclear

cuprlc carboxylates yg has been observed to have a hfghe:: frequency than

that in'the corresponding sodíum "11¡"28s29. 
Lrr a series of salts of

the sane carboxylic acÍd r¡ith dÍfferent netals, if the stì:uctures are

symrnetrÍcal , brídged, bf-nucleer complexes then both'¡3 and Yg are shíft-
ed ír¡ tl're same direcr-ion eíther to hígher or lor,øer frequencies than

those of the sodium salt2B'30. Thus cuprÍc acetaËe and chl.oroacetate

are shorvn co be binuclear rohíle the eri"fluoroacegate Ís not. iìecent,

I.R. sLudy of cupric ErifluoroaceÈate32 shoived that yg \ùas strongly
split by 35 cm. -l and Ehe band splitting was indeper:dent of Èhe phase

of the sample (in Nujol nul-l- cr in chloroform). It ruas suggesÈed Ëhat

the explanatlon of the splitting in terms of a rrlbratÍonal couplirrg

betx+een trrro ¡t rJ-ngs j.s favored over the possibllity of/o\
\./''

brfdging trifluoroaceEate groups.

Currently, as a conLlnua"tíon of tl're magnetfc succepEj-biiÍty studies,
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elêctron paremagnetic resonance has been employed to further examine

these compoun<1e33. Frorn Lhe EPR spectra ic is possfble to obtain Ehe

Spln Hamiltoirfan parameters of a, S = 1, ÈrÍpi-et state. From the para-

neters the g rzalue (the spectroscopic splÍtting facLor) is obEained

accurately '(2"160 t 0.004 for cuprJ.c benzoate) and Ëhus J (singlet-
tri.plet sepâration) can be esËÍn'rated (EQN. I).

The ÈherrncchemisÈry of some of the cupric carboxyiates has been

Ínvestigated2-9 , a.nú r¡fll be di-scussed along r+ith Èhe experimental daÈa

Ín Part Three.
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CI.IAPTER ïHREE: PRLPAiìhTi0N OF THE CUPRIC CAP.BOXYLÁTES

The cupric carboxyiaEes rrrere prepared Ín cne of the followfng
r.rays : *

Method (Ai.From carboxylfc aci-ds whl.ch are soLuble in Ivater or

exist fn the l"fquicl staEe at room remperature (tfJoç¡llr12.
In rhfs group wet'e fonnic, aceËic, deuteraËed aceËic, propionÍc,

n-butyric, iso-buÈyric, monochloroacetj-c, dÍchloroaeeÈ1c, díflucroacetÍc,
arrd trlfl-uoroaceEic aclds. Cupric h;r'droxide r¿as freshly prepared by

addÍng a sodíum hydroxi<le (C.P.) snJ-utÍon eo a cupric nitrat.e (C.P.)

soluEíon. The cupric hydroxide was fo¡:med as a blue gelatinous precf-
pítate and 1c r'¿as ffltereci off and r,¡ashed with distilled \ùâter, ït
rvas then added to a concentrated aqueous soiutÍon of the aefd (C.P.)

or ehe liquíd acld itself,. Copper hydroxÍde reacted with the acid Ëo

form blue or greenÍsh blue solueions. The soltitíons lüere líarmed to about,

l00oc to ensure cornpl-ecion of the reaction. The soluLion was put in
a dessíeator containf.ng anhydrous cal-cíum chloride and attached to a

vacuum line of abouÈ a fero cm Hg pressui:e" Cryscals of the cupríc

carboxylaEe separated out, r'1l-ren parE of the \,rater or acici had evaporated

The crystals rrrere Èransfer::ed to a vacuum sysËem of about 3 X 10-4

mm IIg pressure to dry for about 24 hours.

Method (B). From solld carboxylic acids whÍch are insoluble or

sparingLy soluble in waterl2,I3 :

In this group vrere benzoic, o-0CH3, o-CH3, o-F, o*OH, o-CI, o-NO2¡

p-OC2lJ5, p-CHE, p-F, p-Cl, and p-NOz benzoíc, phenylaceEic, pentafluoro-

benzofc and g-naphtholc acfds. A saturated soluEÍon of the sodium

carboxylate \,ras prepared by sÊirring for at least half an hour, a solu-
tlon of aqueous sodium hydroxide (C.P") r+fEh an exeess of tire solld
carboxylfc acld (C.f'.¡. Tire excess acid r¿as filtered off and the fil-
trate rvas added to an aqueous solutfon of copper nltrate (C"P.). The

cuprÍc carboxylate was preclpÍtated and r+as ffltered off and vrashed

wlth distillesl r{ater. The cai:boxyi-ates \üere drfed under a vacuum of
3 X I0-4 ntrr. IIg pressure for abouE 21+ h,¡urs.
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l.Íethorl (C) . Forms of cupric benzoate having dif f erent magnetic

susceptfbilitles have been preparedl2?13. One of Èhese forrns lùas pre-

1:ereci by dissolvíng benzoic acid t-n 951l enEhanol and adding thís solu-

tlon to P-n aqueous copper nitrate so'l uCl-on. Tiie precipitated cupríc

benzoate r,¡as filtered off and dríed in an oven aL 90o C 1n the presence

of alr for about an hour.

TABLE II lists the color of the crys¡"1" of the cupric carboxylaEes

end thefr meî:hods of PreParation.



COLOR OF CUPRIC

Ai'ìD I"ÍETHOD

I"fethod

T¡lBLll II
IAR3OXYL¿,TE CRYSTALS

OF i'F.EPAP"ATIOI{

of Preparation

A

I

å

¡l

¡t

B

A

A

B&C

D

B

B

B

B

B

B

.B
B

B

B

B

B

B
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Cuprfc Cariloxyl-ate

Formate

Acetate

DeuLerafed acet,ate

Propíonat e

iso-Butyrate
n-Butyrate
pheny.'!-acetaCe

I'lonoehloroaceEate

Dichloroace.tete

Dif l-uoroaceea.te

Trf.f luoroaceËate

tsenzoate

o-Ciì3-benzoaxe

o-OCH 3-b enzoaËe

o-OI{-benzoate

o*NO2-benzoate

o-CI-benzoat.e

o-!'-benzoate

p-CH3-benzoate

p-OC2H5-b enzoate

p-0ll-berrzoaÈe

p-NO2-benzoate

p*C1-benzoate

p-F-benzoaÊe

penta-f luorobenzoaEe

S-naphthoate

Color of CrvsËa]-

B1ue

Green

Green

Dark Green

Dark Green

Dark Green

Blue

Yellowish Green

Green Bl-ue

Sky Blue

Sky Blue

tsLue

Green Blue

Green Blue

Yellowish Green

Green

Green

BLue

Blue

Light Green Blue

Dull Green

BIue

Líght Blue

Light Blue

Sky BIue

Light Green Blue



PART TI\r0

MASS SPECTROI.fETRTC STUDIES



CIIAPTER FOUP^: INTRODTICTICN

Ä,lEhough extensive stuclfes on cupric carboxl'f¿tes have been made

in oËi:er f1elds, íË fs only reeently thaL mass spectrometry has been

utll-ized34. In the communicaÈion34 (the prelimLnary work of this study),
it was shoçnr that on heatÍng the cuprÍ-c benzoate or acetate in the mass

spec'É:roineËer CeconpositÍon occurred and the cuprfc carboxylaEes tlere not
detected in rhe vãpor. Instea<l, among the various volaEile decornpositÍon

p::oducts, <iÍmeric cuprcus carboxylates were identÍfied. CuprÍc aceEate

r,ras the only cu1:rÍc ca::boxylate prevíousIy reported to have the dimeric
crrPl'ous salt as one of the ther¡nal decomposÍtíon products I " It is Êhe

purpose of this study to use mâss specÍrometry to discover ¡vhether cupÌ:ous

carboxylates can be det.ected among tlie Èhermal- decornpositfon procitrct,s of
a series of cupric salËs. IE is only recenÉJ-y that mass spectromet.ry

has been applied to the study of metal-containl-ng molecules and cúnse-

qüêntLy information on sheír fragrnentatLon behavior under elecEron im-
pàct is very lfrnít,ed. Thus, íf the mass specÈra of a serÍes of related
compounds can be tbtaíned it rnay prove possible to make general conclu-
sions abouE che specËra and to relaËe these to the electronic sËruct.ures

of the.comÞounds"

l5



CiL4.PTIÌR FIVJJ: PRINC]PLES OF ]'{Á,SS SPICTRO}IETRY

Since i.J"Thor¡sonts díscû\'ery35 .rf necn isoËopes by

sco'Ì)y. a great deal of development l¡as be-err t.aki.ng place

and many books have been ivrltten on tl'ris subjecË35-39.

t6

mass specEro-

in this field

Tl-re principles of the direcË-focusslng mâss specErometer, r+hich

r+¿rs used j.rr Ëhís study, are r.re1l-linor,¡n and fully discussed in Ëhe above

ruentinned rerlerences. Basícally the.y invol-ve acceLeratlng Ín an electríc
fiel"d the lons fr¡rmeci l:y elect::on bombardment of a sa.mple and the sub-

sequenË separaEícn of the accelerated ions by a vsriable magnetÍc field
into ion beans, eâch rvith a specifíc mass io cha.rge raEfo.(n/e). The

ion bealns are focussed end coLlected. The eJ-ectrfc culi:îenr. produced

by the íon bearn fs amplified and then recorded. The intensity of the

ion current indicates the amoLrnÈ of the ion formed. A mass spect,rum

ccnsi-sts of tl-re relaÈive íntensíties of t,he currents at dífferenc nass

t.o charge ratios. Generally Èhe n¡ost intense peak in a spectrum is
used as a standard (the base ¡realc) havfng a reLative intensíÈ)' of 100.

In an electron impact process many types of ions are formed. Ot,her

than the foiir types that are studíeci Ín thÍs rsork, there are ions formed

by intermolecul-ar processes, rnultlpiy-charged ions and negaË,ive ions.
The four f:)¡pes are:

(A) Parent, Ions

When an aEomÍc or a molecular species is bonrbarded by elect,rons

of energy between L0 and 100 ev, one of the reactions is the removal of
an el.ecr.ron from the speci.es formÍng a molecular or an aEomlc posÍtíve
Íon whose m/e raEio gives the rnolecular weÍght of the cornpound. The

reactfon may be denoEed as:

(B)

occur Ín
termÍne<1

relatir¡e

M+e-)If++2e

Fragment' Ions

FragruenE Íons are producec! r^lhen

the parent ion or other fragrnenÈ

by serreral factors, such as Èhe

bond dissociaf-fon energles, the

various bond cleavage processes

i-ons. Theír f ormaEion is de-

Franck-Condon princfple, the

stabliÍcy of the neutral fraginent
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after b<lr¡d cleavage, the vlbratio¡-¡al- frequencíes and Èhe number of
degrees of freedom of t,he parent ion. The processes can be denoted as:

"LIl+e-ÞFi+ N1

f,tI\2

+2e

-+E2 1"

Hi-¡ere I'l = parenË species

e = electron
-L+

Fi , Fz = fragmenE í-ons

ì{1 , N2 = neutral fragnrents

(C) Rearrangement, Ions

Rearrangement nf atorns or groups of atoms aÊ the ¡noment of
the r:nincl.ec'.1-1"¡.'r dÍssccj.gîj.en lf Ih: ¡erent J.c:s" Tlrelr pr:ee"nce c?n-
noË be accounted for by sfnrple cleavage of the parent ions. It is knor.¡n

from ionize.È,Íon efficiency studfes thaÊ lt usua1"1y requÍres considerably
more energy f.ar the fo¡:matl-on of reârrangement ions than for fragment

ions. Rearrangement lons usually dísappear from the specËra ff the en-

ergy of the eLecEron Ín an electron Ímpact process is less than 20 ev.
Tl'rough rearrangement ions are therrurociynamicalj-y more favorable, actÍve-
Êion energy is requfred. It has bee-n obserrred that some fluorfne-conEain-
ing compounds shorv rather random rear)fangenìents under elect::on Ímpact.

(D) I'fecas Èab1e Ioirs

Sorne of the íons formed by the elecEron ÍmpacË process may be

"metastable". In general, dissociation can oceur anyrvhere betrveen the
icn source and the collecgor" But íf they decompose, say, from the "parent"
ior.t, Ifp, to the "daugheer" ion, Ìl¿, ln Èhe lon acceleratlon region of the
mess spectroneter' especíalJ-y Í.f thf-s oceurs at the end of Èhfs regJ.ono

characterístic pealc.s are recorded on the mass scale, neítheï aE a mâss

cor:responciing Ëo that of ì'lo rror to that of M¿, buü rather at an eif ective
+qç

mass, Il-'" l"f can be caJ-culated according Èo the foll-ot^ring equation, EQN.II,

FT -'
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derived by l-lipple. Fox and Con<icnl*0:

EQN. II

Tiris equatÍon v¡as developed for singl.e-focussj-ng sector-Èype mass

specÈromeCers. The charac.terfsE,ics of netas'cable peaks are:- (1) They

are of J-ov¿ intensfty o about 0.0iiá ta LZ of the base pealc. (2i They

usuallr¡ are observed aÊ non-integral masses. (3) thel'¿¡s broad, and

nay have r"idchs extendÍng saveral mass units. Inllth the trelp of EQN. II
¡ne-t¿stable peàks carl be r.'ery usefuL ín the determination of the
fra.gmenEatlon processes of moLecules under elecÈron fmpact.

Identicaf:ion of lons in a mass spectrum ís detèrmined from the
rn/e rati.os and the relacive lnËensiÈíes of the peaks produced by Ëhe

íon cttrrents. Some chernl.cal elemerrts have lsotopes. In a mass specEÎ:um,

ii a par-cici-ii¿ii: i<.,¡t coiiú¿iris st¡cir t"Lsl¡iipirtt¡, Li)e r¿'cio is) oi tire .r-ni:er¡-

sÍÈies of tlie peaks due to Ëhat íon fs glven by rhe nat,ural abundances

of the isot,opes of the el-emenËs. Since the natr¡ral isoÈopíc abundance

of the common elements are well known, the correct, ratÍo of the peak

lntensiËies in a gfven lon lndicates the presenee of a partl-cu.'!.ar

element ín thar ion.

l,q1
M* = '^(I

tf
L)



CHAPTIJR SÏ)i: Itr STiìUl'tÐNTA'f I0i\l

A ititachi RIIU-6D single-focusslng mass specÈrometer tvas used for
the iCen8lficaLion of the vclatiJ.e thermal decompositíon products" ¡\

Hone¡relJ- i50B visicorcier recorder r,rrjuth four gaLvanorneËers oi different
sensitfes of the ordet 27 , 9, 3 aird I Ì.'as used in recordl-ng the mass

specrra. The solí<Í sampl-e ( about % tg ) was paclced lnto a sarnple tube

i*'hí-ch r^¡as directiy inserted ínto Ëhe vacuurù sysÈem of the mass spect-
romeÈer via a vacuum lock. In the mass spectrometer che sarnple \^Ias

situated lnside a block ireaÈer i¡ì-rÍcir has a hole that opens dfrectly
fnto t:he ion source" The vacuri¡r, of tire mass speetromeÈer under t'rhich

Ëhe experiments were done rvas 5 X 10-6 mm }tg pressure or better.
Schemat,j.c representations of the mass spectrometer and lts Íon source

are shown ín FIGS. IV and \r.

r9
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CLIAPTER SEVììN: EllPIiP\lit'íENTÂTI0N AND RESULTS

The thenilai decc:npositions of the cupríc carboxylages in the mass

spee[rÕmer'er l{ere studíed uncer a vacuum of 5 }l 10-6 nrm Hg Þressure or
betËe):. The temperåture of thê ion source \.ras at zoooc. The energy
of t:he ionizing eiectrons was 50 eV.

The ca.rboxylate rvas packecl into the sample tube \{ith a ner¿ wcoden
tocthpicli ln such a \"Jay that the sa.mple woulcl not fall cjoi¡n r,¡hen the
sample tube r'¡as held upsÍde down. Äbout half a mg of sample v¡as used
eve¡--y time. A þackground mass spectrum r,¡as taken. The sampJ-e rvas

pufi into rhe l¡l-ock heater i¡r the mass spectrometer previously clescrlbed.
khen Éhe vacuum h'as pumpe<i dor.¡n üo che order of l x 10-6 mm Hg, f:he

Eemperature ât Èhe block heat,er, í.e. the appraxÍnra_te temperature of
the sample '{ras noted. The nass spectra of the Èhermal decompositlon
ploducts ìtrê-lîê r€corcied as follor,¡s" The temÞerãture of t.he heacer $¡as

slowly ral-sed in such a h'ay that the pressure r.7âs never nìore than
5 X 10-6 mn Hg at anJ: instant, The mass spectrum of the volaËfle
I)j:oducI:rù rrorn ¡:ire irr:*r;ing pr{¡ress r.res recorded ae conrrenlent interr¡al.s.
Tire naximum temperaEure to r^rhich samples could be heaged r¡as 300oC.

DurÍng this rise of temperature, usually from 40oc to 300oc, dífr"erent
samp.les behaved dífferently erzen though rhe inÍÈíaJ- process is
lnevi-tably dehydration for the samples contafníng vratei: of crystalization.
The intere-sting poinË is that sûme compounds had cuprous earboxylaees
as vo]-atÍle decomposíËion product,s r+hile others did not.

0f all the cuirric carboxylares listed in Tabi-e I, only eleven gal'e
deiecËable amounts ctf cuprous carboxylat,es among Ehe vol-aEíle decompo-

siËÍon products. ( Trideuterated cuprfc acetate, cu(o2ccD3)2, lras
also studj-ed but it ls chemical-l-y the same as t.he acet.aÈe, and ft
beharred in a símílar ruay as the âcetate durirrg the thermal decompositíon
process. Its mass spectrrun heJ.ps Ëo confÍrm the Ídentifícatíon of the
lons ín Èhe acetace specLrum, esp€ef.ally those r,¡hich produce over-
lappíng pealcs.) The others during the heatfng process gave various
decomposltÍon products, but copper concainfng species Írere noË cletecEed

aaong thern" rn Ehis laËter group, aLL of the compounds gave decom-

posit,ion prcducts conf:alning the carboxyl-lc aclds, but ín addÍtlorr

22
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some ga\¡e the ae.jd anhydrfde ai hfgher tenìperatur€:s. The temperatures
at which detectabl r: decompositlon sÈarted to occur r+ere fairly sharply
defined (tlOo) . TÂBLE r\¡ lists t,he copper ca::boxylares for r,øl-rích ¡o
detectable cuPrcus species tuete observed, the apnroximate t.emperatures
at vrhich the acíd and the acÍcl anhydrÍde \r'ere o'bserved in Ehe decompo-

sitfon produccs, [he more imporËant ions in the spectrum, theír assign-
menÈ and the volaefle decomposition products.

The trvelve renaining cupric carboxyfagss (trideuEerated aceEaLe,

94"7'Á deuteration, incLu.ded) decompose fn a simirar ruay to those ln
TABLE IV' in that they too gíve the carboxyl,fc ecid and sometimes the
anhydride as deconposíÈLon products but they also har¡e the distinctirre
feaÈure that volatlle copper containíng specJ-es are aJ-so detected. So

thar the mass spectraj- fragmenÈation patEerrrs of the cuprous carboxy-
lates rnay be easily surveyed, the data for f:he non-copper containing
decomposftfon products are glven fn a separate Èable, TABLE v, but one

must keep in rnÍnd Ehat Ehís ciare Ls ext.re.cËei f::om the -q¿me spectra
in whlch Èhe copper conEaínfng lons are present" TAIJLE vr shor,¡s Ëhe

mass spect.ral data for Èhe copper containing specles.



1-4'l!il ïv
Decomposltion of copper carboxylates for p¡hich

volatÍLe cuprous species '.rere noE detected

2Ii

Cupric

Carboxyl-ate

MonochJ-oro-

acet.Í{te

Approx. temp.
tor

Appearance of
I

Actd lhnh'--dride
I

i00oc

950c

l4ajor fons

lUe

46

45

44

29

2B

1B

136

122

106, t05

92,gL

77

b)

44

2B

1B

94,96

59

52,54

51,49

45

44

42

38. 36

37,35
19.

Assfgnment ÞÍaj or
decomposíÈion

produ.cts
detecEed

HCO2H

coz

t{20

c0?

QCtl2CO2H

caz

flzo

0Co2H?

co?

ClCLI2C02il

HC1

CII3C1

coe

(Cucl) g

(CuCl) +

CO?

Bormate

Firenyl-acetate 110ÛC

HCCOH+
1,'

Itc02'
.t

coz,'

HCÛ+

co{-
.L

Hzo'

4,CI12CO2-H''

+
(lCO2H

e{lo+

^^r, 
*

vu¡r2

o.{-
J-

csHs'
+

coz'
.L

co'
.L

Hzo'

.L
cLclF,2ca'r'

-L
CII2.CO2H'

CH3Cl+
.L

Clf2Cl'
¿.

C02H'
J.

coz'
¿'

cH2c0'
"{-

HC]-'
J.

cl_'

CTJ+



TAilLS, .iV ConÈJ.nued

At about 300Dü
392,394 ,39(t ,3'tB,
400 ,4OZ , LCtt 

n

406,408

29t+ ,296 ,298 ,3A0 ,
302,304,306

259,26L,263,
265,267 ,?_6c)

196, I9B ,2Oo ,
202,204

161 , 163, i.65,
167

126,128, i3û

Lzûac 115,113,llt
BB, 86, 84

87, B5, g3

78,76
g) t L'J

51 ,49

50,48
t+9,47

t+5

44

38,36

37,35

29

2B

1B

/rt about 300oC

/¡08, /+06 
o 404 '4A2,400.398,

396,394,392

347 ,345 ,343,
34 J. , 339

304 ,302, 3oo,
298,296,294

25

Dichlo-ro-
ã.cetace

J.
CuaCla'

Cu 3Cl3t''

t
CU3CL)

+
Cr2CL2'

Cu2C1+

{.
cu2'

+
HCC12-C0',

H|CCL2+

HCC12+

HCClC0'Ê

\,IVU
+

H2CCI'
,Ë

HCCI'

ccl+
-L

CCt2_Il'
..t-

coz'

HCl+

c1+
J.

HCO'

co+

Heo+

LlCCl2C02.H

l72CCL2

coz

HCl

Ii2C

(CuCl) g

(CuCi ) 4

cu4c1q+

Cu3Clu+

Crr3Cl'f



TÄBLE lV Continued

'92'?9?.'191' cu?c12+263,26L,2_59 -- j

Iål'tut'163' cu2ct+

o-CCH3-benzoeee I05oC - L52 CHtOCUltuCOrlt+ o-CIì3OC6HqCO2H

L35 Cll3OC6tlaCO+ COz

Lzo ocu$uco+ czno

105 ôco+ r{20

92 C6;IIao+ HCO2H

77 ó+ co?

46 "aor-o't* ri2co?

44 coz+

30 C2H6*, H2Co?

28 CO+

iB Hzo*

o-CH3-benzoatë I15ÕC 136 CHgCoH¡oCOzH* o-H3CC6H4CO2H

* 1i9 CH3C6IT4CO+ COz

11S cH2c5Hqcû+ Iizo

105 (,,Co+ co

91 CzHz*

90 cH2c6H4+

77 4+

44 Coz+

28 CO+

IB tt2o+

L7 OH+

o-F-benzoaLe 160Ûü 190oc 262 (Fc6H4co)20+ (FC6H4co)20

. 2.34 (nc6it4 ) 2Co2+ o-'FC6II¿,C02H

218 (nC6ur)2co+ coz

140 FC6,HqCO2H+ tlz0

L23 FC6IT4CO+ (rc5Hr+ ) 2Co2?

95 FC5H¡ (FC6Ha ) 2cO?

26



TABLE T.V con'cl-nued

t5
69

4tr

28

t8

27

ce Hg*

C4li2F' ?

J.
coz'

co+

Hzo+

?o-NO2-berrzoate I65oC

o-OIl-benzoate L00o

(Noz ) 3c6H2co2H+"r '6H5

o-NO2C6I{aCO2H

coz

Hzo

NO2C6HaOH?

CO?

o-HOC5HaC02H

C6H5OH

HCO2H

coz

Hzo

H2CO?

CO?

304

257

198

16ß

r67

t50

139

123

93

,tt

65

44

2B

1B

L7

138

L2CI

94(G220t)C)

92

65

6t+

46

44

39

30

2B

1B

Þ-C6H4-NO2+?

(l'lo2 ) 2C5Ha+?

NO2C5HaC02I1+

NO2C6HaCO+

I'JO2C6HqOH+
+

NO2C6H5'

CcHqOt

C6II5+

csHs+

coz*

CO+
.L

Ii2_0'

oH+

IIOC6H4CO2H+
J.

oc6H4c0'

c6HsoH+
+

c6H4o
+

csHs'

^tr41,5ì14

HCO2H+

coz-*

c ¡ Hs'f
J.

H2CO'
¿

co'
.L

1t2o'



TABLE ï\¡ contlnu¡¿d

p-cH3- 155oc 195oc zsL
benzoate 

226

2LO

198

L95

182

L36

t l^
J. L>

91

(cH3c6H4co) zo+ (cH3c6t{4co) 2o

(ct{rc5H¿o} zcoz* CTI3c6HqcooH

6cnrcuuu¡rcc+ caz

(cu3c6tta)20+ czno

(cn3c6H4)c6II4cc+ H2o

(CH3C6}ia) 2+ Hzco?

CH3ü5HaCO2H+ CO?

CIl3C6liaCo+ (cH3C6H4)2Co?

CH3C6H4+, (CH3C6lta)20?
cTHz*

2P,

p-oC2ll5- 75oC 245aC 3Lq ler e = oC2H5
benzoere (eC6lìq CO) z0'r (e.C6llaCO) 20

286 (eC6Hr* ) 2CO2+ p-eC6llaCO2ä

270 (ec61ìa)2co+ coz-

258 (eC6Ì{4 ) 2-o+ Hzo

242 (ec6tla)2+' (ec6ua )2co2?

227 (eC6Hq ¡CU2OC6Uq{-
(eC5Ha ) zCO?

zLZ (cIIzoC6H4 ) 2+ (eC6I{a ) 2o?

166 eC5Hr,CO2H+ (eC6Ha)2?

138 II0C6HL¡CO2HI'

I21 Hoc6H4co+,11
C6Hr{CO2Ì{f 

¿ '

93 Hoc6lra+
'Ì7 o+

65 CsHs+

5 i CqH¡{'
+44 i;02

28 CO+

18 IlzO+

77

65

5L

l+ !+

-L
C5Il5'

J.
csHs'

t
C,tH¡'

coz*

(CII3C5Ha ) 2 ?



TABLE I\¡ conflnued

3000c 316
(trace only)
2BB
(trace only)

272
(Ërace onll')
L67

i50

137

I2L

104

76

65

44

30

2B

1B

t38

L2L

93

65

4l+

30

28

t8

.L
CcHr.' .

nicó+t

co+
-L

ll20'

olI+

(llo2c6ttaco) zo+

(NO2C5Ha)2CO +

(NO2C6H4 ) 2CO+

NO2C6HqCOzIt+

NO2C6H4CO+

0C5HqC02H+

C5HaCO2H+

C6llaCO+
¿-

C5Iia'

csHs*

coz*

NO+
+

co'

Hzo'F

HOC6HqCO2II+

Itoc6Hqco+

c6H4oH+
J-

csHs'

coz*
.L

H2,CO'

COi"
.¡.

Hz-o'

(NO2C5HaCO) 2o

N02C5HaC02H

coz

Hzo

NO?

CO?

lloc6H4co2ll

coz

Hzo

29

30

28

1B

L7

F*Noz-
benzoete

P-OH-
benzoate

L75ac

gooc



ß-naphthoate tTnon

TABI.E I\¡

z?-sac 326

298

282

172

155

r27

v7

44

28,

IB

t7

contlnued 30

(C 1 6Ii7Co) 20

C1 6H7CO2H

coz

Hzo

(C1sH7) 2CO2?

CO?

(C 1 6H7Co) 20+

(Cr oHz) zCOz*

(CleI{7)2Co+

C16i{7CO2.H+
å

C 1 6H7CO '

c1gH7+

C6l{5+

coe+

co+
+

Il2O'
.)-

Ur1



Decomposition

oxyJ-aces ara

Çrlpric
Carboxylate

TAIJLE V

of ccpi:er(II) car::boxylates for
a.morrí{ decornpositioü producùs 

"

31

v¡hich volatile cLrprous carb-

Non-eopper containíng species only.

Appro,i. temp. I'faJ cr ions
for

appearance of '14/e

I

Acld l¡tnhvCri<1e
I

Assigrrnent

CH3CO2H+
+

co2H'
+

coz'
+

CH3CO'
J

cH2c0'
.t

CHCO'
J.

HCO'

c0+

u20'

cHr*

.L
CD3CO2D'

+
CD3CO2H'

Co2D+, cD3co+
,L

CO2H'
J-+

CO2' ,CD2C0'
.L

CDCO'
.L

DCO'

co+
+

Dzo'
+

DHO.
,+

H2O--, CD¡'

oH+

o+

+
cH3ci{2co2H'

.!
c2IIsC02.'

J-
C2tl5CO'

Maj or
decomposition

producËs
detected

CH3CO2H

coz

Hzo

co?

Acetate I 150C

Deuteratod

Acetate

Cu (O2CCD3 ) 2

1150c

bU

45

44

43

42

41

29

28

I.B

t5

64

63

46

45

44

ttz

30

28

2o

19

IB

L7

L6

CD3CO2D

CD3CO2H

coz

D2O, DHO, Ï:.2O

CO?

C2Il5CO2H

coz

CZH,*

74

73

57

PropÍonate I 3o0c



n-butyraËe 45oc

Íso-bulvrate 4ooc

ThBLE V eonËínuerj

45

44

2B

27

26

BB

B7

73

7L

60

55

45

44

43

LnçtL

4L

39

30

29

2B

27

26

B8

73

7L

55

46

45

4l+

43

{42

l+!

+
co2ll'

.{-
coz'

c2H5+.tlco+
+.+

C211a' , CO'

czH¡'

C2Ll2"'

C3H7CO2H+
.{-

C3It7CO2'

c2H4co2H+
-t

caHTco'

CH2CO2H2+

C2H3CO+
.L

co2H'

coz*

cgHz*

cgHo*

C3l{5+
..f-

C3It3'
.L

czHa'
-L

HCO'

Co+, C2H4+
+

czHs'

czHz'

C3I{7CO2H+

c2Hq co2H+
+

c3H7co'
J.

c2I{3c0'
J.

lico2H'

co2H+

coz+

c¡Hz*

c aHo-F
J.

ceHs'

32

c2H27

co?

C3H7CO2H

coz

csHo

czHe

czH+

czHz

CO?

C3H7CO2H

HC02l1

coz

c2l{6

cz-H+

czH'z

csHs

Hzo

cHq

c0?



T¡\BL!, V eontínued

Difluoroacetate l75oC

T::1f luoro-
âcetate

l-
csHs'

czHo{-

czHs*
-L .J-

C0' ' C2H4'

C2li3+
.L

v2tr2
.L

Hzo'

oH+
.L+

CI{a ' , O'
+

CI13'

HCF2CO2H+
-t

HCFzCO'

CfCO2H+
+

CF20H'
T

H2CF2'
"¡-

HCF2'
+

cFz'
J.

C02H'

coz*
.L

I{CF'
J.

lt2co'

co+
¿

HF'

Hzo*

oH+

-¡-
CF3CO'

CF2CO2H+
+

c)'s

HCF2+

cFz*

co2}1+
.t-

coz'
J.

cF'

CO+

HCF2CO2_I{

coz

H2CO

Hzo

CO?

CF3CO2l{

coz

39

30

29

2B

27

26

I8

L7

16

15

96

79

76

67

52

5I
50

45

44

32

30

28

20

IB

l7

i35oc - 97

95

69

5I

50

45

44

31

2B



Benzoaf-e 175cc

p-!'-
benzoate

p-c1-
benzoate

glll¿ I continued

2004c 226

i9B

122

105

77

5i
t+h

2B

2450C 262

234

L40

t23
95

76

75

'i4

73

69

51

50

44

39

2B

20

t8

J.
((rC0):o'

þzcoz+

SCo2g{-

,ÞCO+
+

coHs'

c+Hs'F

coz*

CO+

lrtc6uaco¡ 2o+

(FC6Ha) zCoza-

FC6HaCO2H+-

FC5HaCO+
+

FC6Hr¡'
J.

C5l{a'

caHs+
+

\,6n2
-t-

C6l{' ?
.L

Cr¡H2F' ?

+
cqHs

+
C,+Hz

+
coz'

+
C3I{3'

co+

HF+

Hzo*

¡clc6ilaco¡ 2o+
+

(Cl-CsH4) zCOz'
+

(c1c61Ì4)2co'
ì-

^1,ì rrr,ru6r14uu2Jr
+

ClC5HaC02'
..t-

CtC6HaC0'

ClC6Iir¡OH+

(+co) 2o

QCo2I{

coz

þ2co2?

CO?

(FC6HaCû) 2-o

FC6H4C02.H

coz

Hzo

CO?

(ClC6HaC0) 2o

C1C6l{aC02ll

coz

Hzo

CIC6H'+OH?

CO?

34

I 300C

750C t3ooc 298,296,294

270,268,266

254 ,252,250
158, 156

157,155

It,I rL39

130, t2B



T¿\BLE V conti-nue<ì

1t3,111

75

5t

50

4l+

38

2ç<

18

25ooc 29B,296,zg4

261.,259

+
ClC5IIq '

.L
coH¡'

.L
cqHs'

¿.
C,*Hz'

+
coz'

.L
ceHz'

+
co'

-þ
Hzo

.L
(cl_c6i{rf co) 2o' (clc6H4c0) 2o
(c1-c6rì4 co) o (c6Hq co) 

+

CJ.C5HaC02H

caz

IJ2O

CO'J

35

o-C1-
benzcate

PenE.af luoro-
benzoate

J
ClC5liaCO2H'

+
ClC6ltaCO.

+
clc6H4'

+
CsH,*

+
C5 tia

+
C,4HS'

\L
cqHz'

J.
coz'

¿-
c0'

-ts

Hzo'

+
cL zlnl o 

'

{-cizFg'
+

C12Itg'
+

c1iF7'
+

ctoFs'
+

F5C6CO2lI'
+

F5C5CO'
+

F5C6,Ft'
+

Fsco'
.L

csFs'
+

c5iì211'

csFs

i 75oc

l/+5oC

L5B, 156

L4L,L3g

tt3,ti1
76

75

51

50

44

2B

1B

334

315

296

265

234

212

195

l"b ð

L67

rt7
99

93

cizFto
F5C6CO2H

coz

Hzo



T¡,ilï,Ð V contfnued

69

44

31

28

lo

JO

+
cF¡'

+
coz'

+
CF

-L
co'

+
Hzo'
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Té-BLE VI

Mass spectra of cuprous carboxylales for¡ned as thermal

decompositlon products of the cuprlc carboxylaËes.

t" tl .8. 'l'he i-nËensÍ-ty J.s nct calcu,t.ate-d l-n cases r¡here the coppa:l

containing species are observed at the same mass unit as the

non-copper contafning ones or oEher copper contalning species.



TAJILE VI 3B

R

Te:nperatirre

Intens ity
s f:anciard ( 100 )

Cu2 (RC02) 2'
ín :¡tass uníÈ
( inf ensri-ty)

-a-
cu2 (RCo2) R-'

+
cu2- (RC02) co2 '

-|.
Cu2IìCO2 '

+
Cu2R2

+
Cu2R'

+
Cu2_F

.t-
Cu20'

cu2It{'

+
cuz'

+
CuC02'

t
cuz'

l'1is cellarieous
lons

Cit3

l5ooc
J.

Cu?l{C02'
t85

Lti 4 (.62'J

24b {s4)
248(13)

229 ( i 3,\
231( 1!. )
233( 3)

rBs (1oo)
187 (e0)
Lïe (21)

14r (21)
r43 (7-L>

r4s (6)

Lt42(L4)
1/+4 ( t0)
146 ( 3)

126(11)
128(åo)
r30 (3)

io7(19)
loe (B)

63(27)
65 ( 13)

cD3

?-454 C

+
Cu2iìCO2
188

2.s0 (7 3)
2s2(67)
254 (17)

232(e)
234 (7)
236 (3)

i_88 ( loo)
19c(85)
192(23)

Lt+4¿,

I46ì.
l4 8'+

I42'h
L44r'
L4þ*

126 (B)
128 (B)
i30 (4)

Lo7 (2ej
loe (14)

6 3*'
65/,

CÌl aCIl2

t Booc
-.t-

Cu2_RCO2'
199

272(28)
27 q (25)
27 6 (6)

CH3CIì2CH2

95oc
+

Cu2ilCO2
213

300 (:ì9)
302(34)
30¿+ ( B)

(Ci{3 } 2CIi

1l.5oc
+

Cu2RCO2
2!3

3oo ( 3o)
3C2(27)
304 ( 7)

2r3(100)
2r.s (90)
217 (2r)

t6e (17)
17i(1s)
L7 3 (4)

r27 (16)
i29 (14)
r_3r (3)

126(e)
I 28 (B)
r_?0 (2)

107(12.s)
r0e (6)

63(i2.s)
65 (6)

199 (1oo)
20r_ (90)
2a3QL>

1ss (s)
157 (4>
rse ( 1)

It+2(7>
144(6>
L46 (2)

r2i(i1)
12e (10)
13i (2)

1.26(e>
r28(B)
130 (2)

107(i)
109 (4)

63 ( 10)
6s(s)

CuCO'
e1(14)
e3 (7)

213(roo)
2ts(Be)
217 (23',)

i6e(e)
171 ( B)
173 (3i

127 (r0)
rze (e)
131 (2)

126 {6)
128(s)
r.30 (i.2)
107(e)
loe (3)

63(e)'63
6s (4)

+
cu2(RCoz) (R0) '

27 2 (2)
27 4(2)
27 6(\>

J.
Cu2llO'
LBs (3)
187 (3)
l8e(1)

-+.

Cu (RC02 ) R'
1e3 (3)
res (r.7)

J.
HCuitC02-'
lst_ (4)
ts3(2>



TAEI,E Vï Ccnl-lrrv.ed

R F2CH F¡C C6II5 p-IrC6Ha FsCo

Temirerarure l95oc 180tc zzooc zssoc 245oc

ïntensi-ty cu2Rco2+ cuz.p.-úo2+ c.r2R+ crr2R+ cu2 (RCo2)z+
sfandard 22L 239 203 22L 548

+
Cu2(RCo2)2' 3i6(20) 3s2(i3) 368(76) 404(Bs) 548(100)

3tB(1i) 3st+(12) 370(68) 406(79) sso(e0)
320(¿+) 3s6(3) j72(17) 408(le) 552(26)

.Lcu2(RC02)R' - 324(27) 36aQ6)
326(2s) 362(23)
328(6) 364(6)

.L
cuz (Rco2 ) co2 ' 265'* 283 (B)

267* 255(1)
. 269re. 287 (2)

.{-cu2RCo2' 221 (100) 239 (I00) 247 (IL) 265(21)
223(86> ?-41(Be) 249(9) 267 (LB)
22s(2t) 243(22) 2sl (3) 26e (s)

+cu2_R2 - 280(28) 316(i7) -
282(2s) 318(16)
284(7> 320(s)

c,r2R+ 203(1oo) 2zt (too)
zc,S (.3i) î23{,39',¡
207 (2L) 2?-s(21)

+cu2F' r45 (sB) i4s (6s) I4s(24) -
147 (s3) 147 (58) 147 (22)

. 149 (i4) L49 (L4> 149"
+Cu2o' 142(2Lj 142(21) -

144(1e) 144(18)
146(4) 146(s)

J.Cu2H' L27 (4)
12e (4)
r:i (r)

cu2' 126 (37) 1"26 (27 ) 126 (4 ) 126 ( 7 )
128(32) t.zg(25) r28(4) r28(6)
130(7) i3o(6) 130(i) 130*

+CrrCO2' 107 (9) IOi (23)
loe (4) roe( io)

+cu' 63 (93) 63 (9s) 63 (sz) 63(9s)
65(42) 6s (so) 65 (24) 6s (30)

IfisceLlaneous cuCo* CuR2+ CuR2+
ions 91 (5) 217 (52) 2s3(20)

e3(2) 2te(7-s) zss(e)

c.rn+
r4o(iB)
It+Z(9)

39



TABLE VÏ Cci:f::Lr¡uecl

o-C1C6IIq

26ooc

Cu2 (RCo2 ) 2
438

4 36 (64)
438 ( roo)
440 (60)
442(20)
444(4)

4C

R

Temperature

Iutensity
standerc

cu2 (RCo2 ) z+

.¿-

cu2 (RC02 ) R'

cu2 (Rco2 )coi+
+

Cu2RCO2

+
Cu2R2_'

cu2R+

J.
Cu2F'

-L
Cu2O'

.{-

Cu2H'
+

cuz

J.
CuCO2'

+
Cu'

Ifiscellaneous
ions

p-ClC6Ha

I 75oc
+

Cu2R
239

436 (3s )
438 (s3)
440(3r)
442(e)
444 (vL)

3s2(r7)
3e4 (27)
396 (16)
3eB (4)

281'"r
283'k
285'k
287;t

348 (14)
3so(1e)
352(!2)
3t4 (+)

237 (7e)
239 ( ioo)
241 (34)
243(e)

tzør,
128,t
130:t

63*
65*



l+l

The Íons contafnl-ng crpÞer c¿n be recognizad by ttre relatÍr¡e
intensiiies r+ithfir a grcrrp of peaks, sfurce copper has t'¡o isotopes of
aasses 63 and 65 wÍth a äatur¿l abur¡ci:¿¡:rce of 69.12 and iO.gZ respecL-

iveJ,y. lin ion coi'¿taining ünû ccÞpcìr- ¿goñt ç'i11 appeai: as a cloubleÈ in
t.he msss spectr"uriì trvo nrã.ss t¡l-riCs ¿p.11:i and tl¡e 'rel-ative fntensities of
Èhe lov¡er mass peak to the krigiie:: one r.,'iil t¡e û"69i:0"309" An ion
corrtafning llrtõ copper áeoms u'i.l-i, ì;e observeri as a f:riplee of peaks in
Êhe spectrun sp,rced tr,¡o nrass uníbrì âpart. For Cu2 the relatÍve inten-
sitj-es of the mâsses 126:l28:l3Cr ¿l::e C,47720.427:0.096. In sone of
the spect,ra, one or t\rro chlorÍne âtonìs are al-so prcjsenË in the ions.
For che 35:37 Ísotopes of chlor:j-ne the raÈio is 0.758:0 "242. The

folJ-orving rat,íos are cal-cnlaued:*'

Cu2C1,

Cu2CL2, 196: !98:200:202:2-04 = O"274:C.42L:0.235:0.060:0"005

Table VII shovrs Ehe experLmenial- raËÍos of peak tref-ghts of a gÍven ion
so Èhat they may be compared i^¡ith Ehe ealcul-ated values above, Also

shor"ïl are Ëhe Eotel intensÍties,:f eac:h ri.on arrd t.hefr íntensitÍes
norrnalized to the base peak, whiei'r 1s assigned a.n Írrtensity cf 100"



TABLB ViI
Isotopie r':at:Los and relative intensities

of copper con'¿ainirrg sPecies

42

Ions

AceËate
+

Cu2(CH3Co2)z'

Cuz (CH3COz ) COr+
J.

Cu2 (CI13C02 ) '

+
Cu2O-

{-
Cu2clH3'

cuz'
+

CuCO2'
t

Cu'

Deuterated
4 

-^L^L^iautri-u

+
Cu2(CD3C02)2'

cu2 (cD3c0z)co'
.L

Cu2CD3CO.2'
-Ë

ctz
.L

CuC02'

l"fass I'lun'ri:er
Raeio

2t+4:246:248

229:23L:233

185: 187 : 189

L42zL44zL46

141 : 143: 1/+5

126: 128: I 30

107: 109

63:65

2502252;254

23222342236

IBB:190:192

12.6:i28:130

107 : 109

272:27 4 2276

L99 z2OL:203

155:157: 159

142:L44:146

I27 :!29;L3L
L26:L2BzL30

107 ; 109

9l:93
63:65

Totai
Peak
Height
ln rnm.

174

36

285

37

o!

33

37

53

Relative
InEensity

Isot,opic RaÈíc

0.4E: ît.4?-z 0.i0
0.4'l z tt "42¡ 0. 1l

t"47:0.43:0.10
0.51: 0.38: 0.11

A "42: 0.422 0. f 6

0.46: 0"42:0.1.2
0"70:0.30
0,68:0.32

t.47 z 0.422

0.47: 0.36:

0.48: 0"41:

0.40: 0.40:

0.68: 0 "32

OI

13

100

1-3

23.5

i2

i3
L9

Propfonate
.L

Cu2 (c2H5Coz)z'
.L

Ctrz?2ß5CO2'
+

Cu2C2H5
+

Cu20
+

Cu2H
+

cuz'
+

CuCO2'
+

CUCO'

Crr*

A.47 : 0.43:

0.47: 0.43:

0.5C:0.40:
0.48: 0,42:

0.46:0.44:
0.4'7 : 0 .42:

0"63:0.38
0 .67 -. 0. 33

0.69:0"3i

0" 11

0. lB

0. 11"

0.20

0. 10

0"10

0. 10

0.09

0. 10

0.12

231

2B

30¿l

30

30

75

ol

t00

9.8

9.8

2B

100

l+.3

7

11

7

5

10

7

I3i
463

20

JJ

50

33

24

45

JL



T¡iBLE \¡II contfnrrecl 43

n-butyrate
+

Cu2 (C3ll7CÕz) z'
cu2 (c3H7co2 )c3H7o{-

+
Cu2C3 il7 C02

ct 2caFITol-
+

Cu2C3H7
iL

Cu2ll'
+

cu2
J.

Cu(C3H7CC! z)CEHz'
+

HCuC3Il7C02'
+

CUCO2'
+

Cu'

iso-butyrat:e
cu2 ((cli3)2c}Ìc02)2

-L
cu2 (cH3 ) 2ci.lc02 '

Cuz (Ctl3 ) 2t),f
+

Cu2Il'
{-

cuz'
+

CuCO2'
+

Cu

Difluoroacetate
J.

cu2 (F2cHCOz) z'
.þ

Cu2F2CHCO2
+

Cu2F
+

Cu2O'
+

cuz'
+

CuCO2'
+

CuCO'
+

Cu'

Trif J-uoroacetate
+

Cu2 (F3CC02) 2 
'

+
Cu2 (CF3CO ùCoz'

300: 302: 304

27222742276

2L3z2L5;217

l-85:187: 189

169:!71:L73

L27 :L29:L3L

126 t l2B:L30

193:195

l5l:153
107:109

63:65

300: 302: 304

2L3:2L5;2L7

1.59 : L7 I: L7 3

127 zl29 zL3l

L26: LZB: L30

107 : 109

63:65

316: 3lB: 320

22L2223:225

145:L47:I49

L42tL44:L46

L26: LZB: I30

107:109

91:93

63265

352:354:356

2B3z2B5z2B7

o"67|

0.67 z

0.48:0.42:
0.48: A"4Lz

0.47 -. 0.43:
0.48: 0"43:

0.48: ù .42.:

0.69: 0.31

0"68:0"32
0.69:0.3I

732 39

44 2.3

IB9B lOO

59 3.1

t94 10.2

LB7 iO

r09 5.7

442
583
107 6

t02 5

r47

489

8,4

77

¿+)

43

43

30

r00

\7

L6

9

Õ

B

509 20

2583 100

L545 60

547 2L

954 37

162 6

974
1683 65

0.48 :

0.50:

0./+2

0.41

o .42

0 .44

0.42

0. 43

0.39

0.34

0. 35

0.25

0. 31

0.42

0.42

0. 39

0.43

0.43

0.33

0.33

0"10

0.09

0. 11

0. i0
0. 12

0. i0
0"10

0.66 :

0.75

0.69

0 .47

0.46

0.46

0 "47
0.51

0.66

0.48

0 .47
(r ,,4

0.47

0.47

0"10

0.10
ô li

0. 10

0" 11

0. 10

0.11

0.ll
0. 10

0. 10

0 "t+6: 0. 43: 0. 11

O "4Bl 0.42: 0. 10

B7

50

13

7.4



-L
Cu2CF3C02'

+
Cu2lt'

+
Cu20'

+
cuz'

+
CuC02'

J.
Cu'

Benzoâte
,.t-

Cuz (óCoz)z'
J.

cu2- (OCo2-)coHs'

Cu2(C6II5)2'
+

Cu2þCA2
+

Cu2C5H5'
+

Cu2H'
+

cuz'
+

cu(c5II5)2'
-l

CuCsll5'
+

Cu'

p-F-benzcate
-l

Cu2 (FC6H\ CAz) z-'

Cu2 (FC6ll+ CO2 ) FC6lla+
.¡-

cu2(FC6H4)2'
+

Cu2FC6H4C02'
+

Cu2FC6Hq
+-

Cu2F
+

cuz
+

Cu(FC6Hq)2'
+

Cu'

PenËafluorobenzoaÈe
+

Cu2 (F5C6COù z'

o-Cl-benzoaüe

Cuz (C106ilaCo2 ) 2{'

TABLE VïT conl-ir:.ued

239 :24L ¿ ?-43

I45:L47:L49

L42:14t+:i46

L26:L28:L3A

107:109

63:65

368:370t372

324t326:.328

280l.282228t+

247 z2t+9 z25L

203 2205:207

L27:I29:l-3I
126: I28: l-30

2L7:2L9

140: 142

63: 65

4O4zt+06;4OB

360;362:364

316 : 318: 320

265:267:269

22I2223:?-25

I45lL/+7;149

126 : t2B: 130

253:255

63:65

548:55C:552

436 t 438: /+/+0 :

4422 44t+

C./rB: A.42:

0.47 ¡ 0.4,3 :

O.47 : 0.42:

O.¿+7: 0"43:

0"69:0"3i
0.66: 0.34

c. I0

0. I0

0. J.1

0" i0

674

43Í

i ?_0

i85

106

465

.59 r

i97

L97

63

554

22

22

228

1?

r44

563

169

i15

132

643

140

39

90

384

4{+

100

65

iB

27

t6
r,q

100

33

JJ

II
94

3.7

3.7

39

L2

24

t.46: A"4e,z

0.47 : 0.43:

0. 1i

0. i0
ô 1l

0"Ir
0"i0
0. 1.0

0.10

0"47: 0.42

0.48:0.4i
0.47 | 0.44

ö.49: A.4L

0.49: 0.41

O,672 0.33

0.66:0,34
0.69 : 0.31

0.46:0.43:0.10
0.48: 0"41: 0.il
0.45 : 0 "42: 0. 13

0.48 : 0 "42: 0. 1l

0.48: 0.43: 0.10

1"00:0.39: ?

!. .00: 0 "77 ". ?

0.69:0.31
0.76: 0 ,24

0,?-6:0./+0: 0,24¿
0.08 : O .02

BB

26

1B

2T

100

22

6

t4

60

62



&&g.ylÄ cantinued

p-C1-benzoace
-f

cu2 (c1c6i{ac02)2' 436:438:440: 0.27: 0.42: 0.2.42 654 58
442:444 0.07:0.01

-L
cuz(clc6Hac02)cl-c6H4' 392:394:396: O.27.0"422 A.24: 332 29.5

398 0.06
J.c'-12(clc6H4)2' 348:350:352: O.27:0"39: 0.26: 245 2I"B

354 A.O7
J-cu2clc6llq' 237:239224L: 0.36:0.45:0.16: lL25 100

243 0.04

4s



IfeLastable peaks r,¡ere observecl j-rr

spectra. They are lisËed f.n Tabl-e \¡ITi
EQN. iI, a rnetasfable peak appears in a

46

some of the cuprous carboxylate
. As explained j-n ChapEer !'ive
mass spec.trum at â mass gírren by

M* = [dl
Mp

where Ís the mass of the paren'r lon Ln mass units
is the mass of the dauaht-er lon ín na.ss units

Since both the. parene ion and daughter ion are ÞresenË in the mass

sPectrum ft is possíbie to calcuiaf-e the expected positíon of the rrreta-

stable peak for every possible transition. All the possible eo¡rbinations
ln formfng the metastable peaks \rere conìpuÈed roli:h the aid of a IBM 360

comPutei: usinS FORTRAN IV language. The progran is ín the APPENI}IX. The

comput,er p::ínÈs out Ëhe calculated nletastable peaks ln numerical order.
L'hen the experíme.ntal value is comÞared v¡ith rhe cal.culated vaiues .che

pãrerrt and dziugh¡lel ioir í<¡r eacir rneiastal¡;-e transiÈj-orr can reaciily be

discovered. Since netastable pealcs are broaci, the experimenËal values
listed Ín TABLE \¡III give the range of the diffrrse peaks and Ëhe âpprcx-
ímate mass rvhel:e the maxírnu¡r inEensity was observed.

Irp

ìrd



TABI,I] VÏÏT
Ifefastable Peaks in f:he- Cuprous Carbcxylate Mass Spectra

47

I.{eËas LabIe
ion

observecl
(f.n mass

rrn{ -+el

Ffe t¿¡ s tab lc
lon

cal-culat-ed
(in mass

uni ts )

Parent

iso-butyraËe

60. s 60"56

39 39.09 43

Dl.f luoroaceÈate

FragmentaÈlon

Cu2 (c3H7c où z+

+-co

Cu2 (C3II7Co2)C3H7O+

cu2 (c3H7c oZ) Z+

+-c3H7c02

Cu2C3I{7C02+

+J-
C3H7C02H' + CzHq COzll'

-cIi3

(cH¡) 2CllCo2H+ + CHECHCO2H+

-cH¡

(cus )zcH+ -r clt¡cllcH*
-ctlz

Cu2F2CHC02+

*-FCIlC02
+

Cu2F'

Cu2(þCo)2+

**C0z_

cuz (0coz ) c6tt5

Cu2 (SC02 ) C6 Hq

*-CO2

Cu2 (C6H5)2+

Ðaughter

g*Þutyrêle
246->25L

M.ax *247

150+155

Max n,l52

tu60

250.58
248.59
246.6L

r54. 89
153 " 06
151"23

60. 56

Jl,4
302
300

276
274
272

217
215
213

73

304
302
300

BB

BB 73

4T

93+98

Max 't,96

Benzoate

285->29C

Max r2B7

24A->247

I'fax 4,243

98 "67
96.60
95. 13

289.20
287.23
285.26

245.90
243.94
24r.98

225
223
22r

T49
147
145

372
370
368

328
325
324

32e
326
324

284
282
280

+

+



!Aß¿¿_yj_I'! consinued 4B

oEher possibflitíes for

LB'Ì172

¡1¿2ç 't, 16 B

90"5

56 .5

p-F-berrz.oate

3 i 8-:"325

Ilax 'v321

275+283

l{ax t'278

206+?-L3

ìÍax 'r,209

1B 2-Þ 190

Max 'ì,18f''

L69 "36
I_67 "s7
L65.79

372
370
368

Èhls range

251
?-49
247

282
284
280
282

2L9
217

106
105

-þ
Cuz (4 Coz)z'

* -4' coe
+

CuzóCOz'

+
Crr2QC02'

* -CO2
+

Cu2 C6Il5

+
Cu2 (C6H5)2'

9-Cu
+

Cu(C6H5)2'
&

Cu(CoHs)z'

*-CeHs
+

CuC5H5'

J.
ÖCCI.

i-.-cc
+

coHs'

L70.71
r6B. 7B
166"83

17 A ,07
I.68. BB

168. i 7
166.98

92.07
90.32

.57 .40
56 .47

324 .7 4
322 "77
320.79

28L "32
279.35
277.38

209.98
208.99

IBB " 20
LB6 "25
184.31

408
406
404

263
?_62

269
267
265

251
249
247

22.5

223
221

207
245
203

219
2L9
2r7
217

142
140

320
3t8
316

235
T34

7B
tt

364
362
360

Cu2 (FC6lìa Caz) z+
.l- -CO2

Cu2 (FC5HaCO2) FC5Ha+

Crr2 (FC5H4CO2)FC6H4+

.t. -co2

cu2 (Rc6tlq ) 2+

(rc6u,*co)20+

+ -co
(FC6Ha \2CO2+

Cu2FC6Hr. Co2'F

* -CO2
+

Cu2.FC6Hro

364
362
360



TAI]LE v i.l_I cont].nuec 49

95

759559

TOB r08.06

73.s 73.37

59.21

BB. B 88.64
90. 5

50"8 50.67
50 "22
49 "77

+
FC6,Hq CO2 H

+ -0H
J-

FÓCO.

+.
FC6Hq CO 

'

Y _t,U

+
F(.,

+
FC6Ha'

+ -HF
+

C6I{3

140

L23

t+42

t44O

438
436

398
3e6
394
392

298
296
294

155
L57

123

398
396
394
392

354
352
350
348

270
268
266

139
141

n-C] -hqnzn¡ l. a

350+359 358 " 38
356.40

Þlax 't 354 354 .41
352.44

308+316 314. B6
312.89

Max ""31 I 310 " 91
308.94

238+247 244.63
242.65
240 "67

1.23+127 i24.65
126 "63

Max +L24

Cu2 (CLC6H +Ctz)z+
* -C02

Cu2 (C1C5 HaCO2 ) ClC6Ha+

Cu2- ( C tC5 H +CO ùClC5 Hq+

* -C02

Cu2 (CJ-C5Ha ) 2+

(ClCoH+C0) zO+

+ _c0

(ClC6HE )zCOz+

ClC6,HaCO2+

+-o
ClC5H¿{CO+

ClC5HaC0+

+ -co
+

ClC5ltr¡'
J.

ClC6Ha'

+ -HCl

coH¡r

CIC6EaOH+

+ -c1c0?
+

CsÌls'

139
141

111
ri3

11i
LL2
tt3

128

tJ
75
t>

33 33.00 65



CI]APTER EIGHT ITISCIISSIOi{ Ol¡'i THE }lASS SPECTRj,

Frorn the results in Chapter: Seven, it is posslble to devise two

Èypes of fragmentaf-l-on sclìeme for the ne\,,' sel:ies Õf cupl:ous carboxylates

depe¡ding upon r,rhether the tlgand is Èire anion of an ali-i:haf:ic or aro'-

ma¡ic carbo>rylic acid. !'IGURES VI and VII show the patterns of the two

types of frag:nenfatj-on scher're. A1Ëhougll a compJ-ete i:rag,mentati,on scheme

cannoC be postulate'd r.¡itirouL anbÍ.guity, some rat.ion¿lizat.j-orr of the

specgra seems possible. If: appea-rs to be more corlvenienË to use the

concept oi molecular o::bftals than Lhe "¡alenc.e bond st::uctures ln an

attempt to rari,onaLize the spectra.

The mass specLra índíc¿lte that cupro¿s carboxylates are dimers.

Though their stïuctures have not been experimentally determíned, an a-

nal ogy can be drarvn from Ehe scrucEure of dímeric sllver perfluo::o-

bu¡yrate42 vrhich l-s shor.'n ín FIGURE \¡III. Thus a probable seructure

for the cuprous carboxyiaEes ís

,o_*cu-o\

in l+hfch R represents an alkyl or aryl group" In the sl-l-ver per-"

fluorobutyraie, t.he rlistanct- betçreen Ëhe sll-ver atoms i.ç 2"90 I trhictr

ís al¡nost the same dfst,ance beti^reen the silver etons in nretallic

sihrer (2.S89 8)" If cuprous carboxylate beiraves similariy the

copper-copper distance r,¡ill be about 2.56 R. Tf Ëhe O-O separaEion

ís abou.t 2.08 I as for Lhe sil-ver complex, then Ëhe OCuO bond angle will be
tl

sLíght1v <1800. The OAgO angle is about 1600" It iras been suggested43:44
TTfor Cur and Agr complexes in ruhich 2-f.oLð, coordírratíon occurs, thaE due

to a relativeiy srnall energy di.fference betvreen the fj.lled 3d orbitals

and the unfi.lLed 4s and 4p orbltal.s extensive hybridizatLon is permit*

tecl arnong them (FIGURE IX). The el-ectron pair Í.nitially in the dr2 or-

bital occupies rJrl giving a círcul-ar region of relatively high electron

density from r¡hich f-igancls ere so:üe\rtiat repelieri and regf-ons above and

beLc.r.¡ this r:íng in whlch the electron density is relativelY lot*'. Ligands

are attracted to these regÍons" BY furËher mfxlng of V2 r'rlth the p,

orbÍCal¡ ÈLro hybri.d orbítals Õ1 ancl Õ2, sufEabl-e for formlng a pair of
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FIGURE VI
FragmenËetioü Scheme for Cuprous Allcylcar:boxylates
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FIGUIìE VII
Fragmentation Scheme for Cup-rous Ar1'lc,¿rboxylates
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línear covelent bclnds can be formed. Thus Í-n cuprous carboxylate the

the hybrid orbítals Õi and é2 cf the copper atoms are used as acceptors
for Ehe J-one pafr of oxygen electrons. The copper-copper distance in-
dicates f:hat Ëhere may be sonle sorE of interactíon betrveen the tr¿o metal
atoms. In the case of the sl-l-ver complex, the dlamagnetism of the crystal
shor.'s that the briciging strucÈure does noE lnvolve unpairing of elecLrons
in the si.lver "ot*42. As staÈed the elec{:ron density f s high in a ci.r-
cular region around the copper arom. Since Ehese hígh elecËron densíty
reglons tend to repel each other, no bonding is expectecl betrveen the

copper ato¡ns in the dirnerfc cuprous carboxylate mol-ecule. Liftle elecE-
ron delocalization is to be expected l¡eËr+een the copper atoms and the
rest of t.he molecule because o>:ygen does not have any vacant, lor+ lytng
acceptor orbiEals. In the silver complex tlie C-0 bond lengths are all-
equal and normal for a carboxyl group ÍndicaÈing delocallzation of elect-
rons over the carbon and two oxygen atoms. The same situation probably
hol.ds f or the cuprous carboxvlaf:e dimers.

Tvro possibflÍÉies seem most, f-ikely for the forrnatlon of the mole-.

cular iono ví2" Èhe electron can be removed from a molecular orbical
havíng rnainly metal- character, i.e. a non-bondíng d orbltal, or the e-
lectron ean be removecl from a molecular orbíEal havíng maínly ligand
character, i.e. the n orbital of the carboxyl group. The fÍrst possi-
bflity rr'oüld place nost of tlie posítlve charge on one of the copper

atoms but this can be reduced (by partial delocalízation of the n elect-
rons froin the carboxyl group ontc Èhe copper atom). The second possi-
bilfty r+ould place ttre positlve charge on the carboxyl group. Thus, the

n¡olecular ion could be represenÈed by eíther (a) or (b).

79- c"f.-o.a
*-'\ì-cu- 

i)'-"
R-c<o_.:_>

(a) (b)

It has been possible to obtain a suffíclent number of cuprous
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carboxylate- dlmers to study the ínf-l-uence os the R grcup on the mass

spectra. It ls to be expected that ek¿ctron wlthdrarving substJ-tuents

lrould destabilj-ze the molecular lon, and electrorL releaslng subsÈj.Èuents

would stabíl1-ze the molecuiar fon. .4,::y1 subsÈituenÈs shoulci ba partl-
cularly effecÈive 1n thls respect, Thus, Ehe ::elative inte.nsiÈy of the

rnolecular íon is i.orsest for R ". CF3 and CliF2 and highesË for R = Phenyl.

À dominal-rt feaËure of mass specträ in generaL is che tenciency to-
t"ards formatlor' of even-electron ioris, l"e. ions in v¡hích there are no

unpaired electrons. Slnce ¡nost neut:ral molecules are et'en-'eleeËron

specÍ-es it foiior¿s that theJ-r molectrlar ions r'rj-Ll be odd-elecË::Õn

specÍes. Even electron ions can be fonned by eJ-irninaËion frotn these

Íons of odd-electron neutral specÍes (radíca1s). Exceptions to EhÍs

generaLization occur when very stable even-elecEl:on neutral niolecules o

such as H2O, CO, CO2 can be ellmlnated.

¡:,li.l¡-t-na-Liort r¡j:- iì: oT' RUU2' íroirr Èirr: lÏu,lecui.¿i¡; .i.t.r¡i ieacis LU speci€s

¡vhich may be deslgnated as (c) and (d) respecEively.

,--.<'_.:->.. --.(IÏ:
(c) (d)

Formation of (c) occurs much less readJ.ty than (d). (c) r+as ob-

served (at lor*r relative intenslty) in orrly three specLra. (d) is rhe

most aburrdant ion in che spectrun when R i-s an all<yl group, sugg,esÈJ-ng

that it is a st.able specíes. Tile strircEure sl:or'¡n involves interact.ion

betvreen the copper atoms. Such interac{:ion r.,oulcl probably stablize the

íon. This inceracEion betr¿een the trn:o copper atons in the ion can be

râtional-ized in the fol.lowing rnanner. Tine 3d22, empty 4s arril 4p, orbit-
als of each copper acom can fonn the foll-owin¡1 normaLized ortirogonal

hybrid orbiÈaLs:
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ob=

vc

Iå( 2s
t !¿

T

' ( )c
JL2

+ 2{2 d12)

ßrv)

È, ,' - JTa'z - J-6pv)

The direcf:ions of ihe axes are fnclÍcat.ed as follor^'s,,Þ
1/

--o--?--ð,!-/lq\ 
" tilb___í cú-_
A

The z axfs Lies along Èhe CuO bond and the y axfs l1es in the Cu-Cu

dírection. A non-llonding pair of elecÈrons occupies Õ" rvhfch poj-nts

away from the other coppei: at,Jm. Ô" acts as the accepÊor for the donor

paír of elect.rons from the oxygen atonì. The Õ6 orbÍtals of the copper

atoms overlap wíth each oÈher and form a covalent bond if electron pro-
motíon froln a 3d orbftal occrrrs. The d*" orbltals can be used to form

a 6 bond betr+een the copper aËoms. Furthermore the d*, orbftals have

the same symmetry with respect to reflectlon in the molecul.ar plane
(i.e. anËls¡rmmeErÍc) as the pî system of the carboxylate group. The

excess eleetroníc charge on the copper atoms can be transferred back

to the ear:boxyj-afe Broup vla the d* orbital. and ttre pn system. Such

lnteractÍon would Eend to stabllize the species. This ion is probably

formerl b)'the de1>arture of RCO2'raclical from the parent, molecular ion.
The posf.ËÍve charge thus left is most lfkely shared by Ehe

,g_-Cu
'zt"t-----' II \lþCrl. + il ring. Support for boncl formation betrueen the copper
\'.----r I.o_cu

atoms is given by the presence of other lons containíng two copper aÈoms
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in the spectra, and in r.¡irich copper--ccppe:: bond formaiicn cennot be de-

nled. Furthermore, f:he relatÍve inÈensí-Èies of species conEaining a

sl-ngle copper aEom Ls loru'. Further fragrnentation of (d) is not ext:en-

sive, except ç¡hen R - CF3 or CFIF2. Thl.s nay be bece.use the electro-
negaeÍve substítuenE has a ciest¿rbll5-zí.ng effect, ås noted above., and

becar:se ions can be forrled in r*'l'rlc.h there âre stËûng coÞper-fluorine

bonds formed by mlgration of fluorine fror,r the ligand. to the copper-

agom. The migi:ation of fluorlne in fJ-uorÍne containinl3 compounds has

been mentior:ed earLier (Chapter Five). C,r2F+ ioiis rve¡:e observed in
both cases f or R = CF3 and CIIF2. I',heir R is an aryl group the mosE im-

portarrt fragmentations of the molecul-ar ion involve sr-rccessíve loi;ses

of. CO2, a sta-b-1-e even-electror ntolecule, attd rnigration of the aryl
group ro one of the copper atoms. This leads to Íons ivhich are fonn-

ally odd-electron species " Apparentl-y f:he aryi- group :Ls able to gíve

suffici-ent stabilizaËi.on to these i-ons by,virtue of irs delocai-lized

îi system. The odd-electron species Cu2R2T can elírnina¿e either a cop-

per ëiLritri o'¿' cire ar,ui racrical- í¿ìre firsc prtcess is l;uppc;^i:eJ L-v L^rt:

presence of a ¡neËastable peak ín the spectrum of cuprous benzoate) to
¿- -!-

gíve the even-electron íons Cu2R' arrcT CuR2' . The former species forms

the basq peak iir Ehese specÈra
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Iir Fart Truc eleven cuprous carboxylates har¡e been idenËified from

the mass spectra. Sfnce it was not possible fo heaE the cupric

carboxyl,ates airove 30CoC j-n the mass spect.romet.er, t-he thermal decomp-

osÍtion processÉs above thÍs temperature v¡ere left unexamined. It is
Êhe purpose oi this part of the sÈudy Èo invest-igate the thermal de-

cornposition of cupric carboxylates Ehernrograrriuiet-rically up to a

t-emperature of 50t¡oC or higher. It fs hoped thet Ëhe exÍsEence of

euprotrs carbcxl'l-ates oÈher than the eleven me¡rÈj-oned in Part Trvo can

be deduced fror,r the thernogravimet::íc analysÍs results. If cuprous

carboxylate l-s an intermediate stable species ín the process of thernal

decompositíon of the cupric salt then orre r.rould expeeÈ to be abl-e to

observe a plaLeau 1n the thermograms. Charbonnier and hís co-workersl0

fnterpreted their T.G.A. for cupric fluorobenzoates and p-chlorobenzoate

by suggescing thaÈ the cuprous salts might be the stable specÍes rvhich

caused the ap¡rearence of ínflexi<rn ln the graphs. If such evidence can

be observed in the T.G.A. studies, ít will help to deËermine the more

accurafe ËemperâEures a! r.¡hÍch cuprous carboxyiates are iormed under

the condÍtions of the T.G.A. experinienEs. The T.G.A. of some of the

cupríc carbo>;)'l¿¡ss, includfng some of those that. are knc¡vrn to hat'e

cuprous salts as decomposition products from Èhe mess spectromet.ríc

study in Part T\vo, have been examined by other r¿orkers2'6-10 but only

ín Lhe cases of cupric acetate2, fluorobenzoates and p-chlorcbenzoaLel 0

specific mention of the cuprous salts r¡ere made. A T.G.A. study of the

series of cuprfc carbo>rylates lísted in TABLE I ruill heLp to evaluate

the T,G.A. method of investígation.

60
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The thei-inogravÍraeEric tnethod of anal-ysis (T.G.Á,') was sËarted by

llonda45 ín abouË 1915. Only sÍnce abouf, 1947 has Etris tectrníque been

wÍdely accepted afEer the applicaLion of the Cl-levenarcl chemobalance

t,o problems ín analytical chemisüry by Duval-46. ilaslcally thermogravl-

meÈry is a techniqtre rvhereby a sampl.e is continuously r"eighed as iË is
heated aE a ccnsotant, preferabi)' linear rare of temperature increase.

The resultíng weíght change agains-u temperâture curve, ör rhermc'gran,

so obtained gl.ves ínfo-¿maticn concerning the thermal stabÍ.lÍ ty and

composi"Ëion of the origirral sample, its intermedíate compounds a.nd

Èhe composiËior' of tlie residue.

To Íllustrate the pr:inclple of T.G.A., consider the thermcgram of
a hypoËhetícai compounci, l"lX2' 6H2O as given in FTG . X47. It is assumed

that the sarnple is heaf.ed in an air atmosphere at, a reâsonabl-e heating

xare of 5oC / nrln. From A to B on the curve, Ëhe sarnpJ.c ís stable. in

I.ieight

Change

i00 300 400

Temp. oc

FIGURIÌ X THERI'IOGRA}í oF A HYPOTLIEIICAL Sr$IPLE l'L{z 6H2O

ühat chere Ís no change Ín weight-. At B' Ëhe sample beg'irrs to lose

wefghto the process being completed aË C. The first weight loss, ft
is assumecl , is <lue to the evoluf:i-on of the sj.x moles of ruat.er per mole

of sanpl-e, thus givj.ng the anhyrilrÕus conpouncl , Ì,fX2. In actuaL pract,lce'

however, either the g,aseous evoJ-r'ecl product tuould have to be Ídentified
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by analysis or Lhe sample removed aÈ C and subJected to analysfs. ìlost

lnrerpretatlons of the curve are subjective in Ëhat ii the rveighi change,

BC, correspcnds to that expected for Ehe loss of the r¿ater molecules,

then thls is the reaction that is assÍgned Eo the Éransition. The latÈer

method Ís more rapícl , but al-so subjecË to false i.nterpi:etaLion. From

C to D, the cotnpound ìL\r- ís stable and gives a. l:orizontal plateau in

the cu::r'e. AE D, the sample decomposes furËher, givíng anoËher plateau

frorn E to F ruhich, it 1s assumed, iras the compos:'.tion of the oxide, l{0.

In ¿rn aÍr atnosphere, IfO couid easily be formed. Agaln, dist,ance DE

would correspond to the rueight loss expected for the decomposiËion re-
action, The curve is quantiËative írr thaË the compound sEoichiornetry

can be cal-culated aÈ any temperature. The utility of the Lechnique lies
in the sirnpllcity of the meEhod and the Ínfonnation obtained from a single

measuremenç. llowever Ít Ís not unusual to use complimentary t,echniques

such as, X-ray díffraction, Ínfrared absorptÍon spectroscopy, different-
lal thernial analysis, gas chromaEography and mass spectrometry to inter-
pr-ei t.lic Ëhc'::mcgrain.

There are a number of iactors that affect the Èhermogram of a

sample. Some of Ehem have been studied and discrrsse.d by several

authorsk7-51. The factors fal.l Ínto two categoríes:-
1" InsÈrumental facEcrs

(a) Furnaee heating rate
(b) Recorcling or chart sPeed

(c) Furnace atmosphere

(d) Geomerry of sample holder and furnace

(e) SensiÈivity of recording mechanism

(f) Composition of sample contaÍner

2, Sample characterlstfcs
(a) Àmount of sampl.e

(b) Solubilíty oi evolved gases in sample

(c) Particle síze
(d) Lleae of ::eaction
(e) Sample packlng

(f) Nacure of the sarnple

(g)'l'herinal conductivÍ-ty
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l'lany of 'clie above factors such as saropie holder geometry, reccrding
speed, balance sensitir¡íty anci sample contairrer air buoyancy are fíxed
wlth any gÍi.re-n thennobalarrce. Other facÈors such í1s sampl-e particle
sfze, packlng, the sc¡lut'ilit1' of evolved gases in the sample, furnace

convection currenCs and eler:ÈrosEatic effecËs ere va;::'-able and difficult
to reproduce. Some of the more general facto'rs r.rilI be dlscussed.

i.(a) lieatírrg iate. The apparent decorrpositj-on temperatures on a

thermogram clecre¿.se rn'ith a cìecre.::se j-n ireating rate. BuÊ a decrease

Ín heating ral-e does not affect a sainÞle Ehat unciergoes a fast Írrever-
sj-ble ::eaction. The- detection of iniernediate compoun<ics ís also
dependent on the heatlng rate employed. At fast heating râtes, Èhe

curves may not reveal interrnedíaÈe curve breaks.

1. (b)Recorcli-ng or Cha::Ë e¡reed. The eifect of chart speed ôn the

recor<iÍng of the curves of various reactÍon Í-s quf-ce proncunced. In
Fígure XIl 7 (a) , f o¡: a slor¡ thermal deco¡¡posltion reactiorr a f ast chart,

speed f lattens l:hr? curve. Tn FÍg. XI (b'), for a slor¡ :eac¡-íon followed
by a rapld one, a fast chart speed shor^rs more resolution. A sinilar
effecc occurs in Fig. XI (c) for a fast reacElon fi:llor.red by a slor¿ one.

I . (c) Ef f ect of f urnace atmosphere. Varíatl-ons; j-n atmosl:here are

part.icula.rly lrnportant beeause the sample und.er fnvestígaticn evolves

a gas tr react.s r.'ith a gas f rom the atmosphere surrcurrding it. In the

former c¿ise, for an i.ncrease in concentratíon of rhe anbfer¿t. gas the-

rale óJ: ciecomposf,tion r.¡ill clecrease. In the latter case, a change of
furnacr: atmosphere ruây change t.he eourse of cleeomÐosiËion entíre|.,".

2.(a) Amour¡t of sample. HeaE for the thermal clecomposÍtíon has

Eo be transfered tlir:ough Èhe sarnpl-e, Thus Ehermogr,sms of different.
shapes rnay be obt¿.J-ned for ciifferent. âmcunËs of Ëhe same sample espec-

ially ighen ther:e ís a big dtfference in the arnount.

2.{c) Partfcie sLze" ln generaJ-, a cìecrease I.n particle size cf
the sarnple lov¡ers the t-ernlierature af: r¿irich Ëhernial decompositj-on reacE-

ions are compleEcci.
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2. (d) The Heat of Reaction. The heat of reactíon ...¡11-1. affect the

difference beÈween the sample temperâture ancl furnace temperature, caus-

fng the sample temoeraËLrre to lead or 1ag the furnace remperature cle-

pending on i'¡'rether f:he heaË effect ls exothermic or endoEhermic.

The¡:e are a- number of possible sources of error ihat lead t,o in-
accurac j.es ln the t,hermograms. They are:

(1) Sample conËaÍner air buoyancy

(2) Furrrace convection currerrts and turbulence
(3) Randcut fluctuatíons in Ehe recording mechanism alid balance
(4) Furnace inductlon effects
(5) EleccrostaLic effecEs on balance inechanism

(6) Environrnent of the thenrobal-ance
(7) Condensation on sample support
(B) Tempers-Ëure measurement and calíbration
(9) t^leifjlìt calibratíon of reccrding balance
(i0) CharÊ p¿rper rulÍngs
(11) ReactÍon of Ehe sample v¡ich sample eonrainer

.A.ccurate thermograns require thã.t correctlons be made for these errors.
Many of these errors are interrelated and cannot. be consiciered separately.
Some of them can be eifminared by proper g,herrnobalance desígn, construcË-
Íon and locatfon in the laboratory. OËhers, such as air buoyancy and

convect,ion currents are different for each particul-ar instrunient. The

effect of air btrol'ancy is a function of heaEing rat:ee loaci and temper-

ature r.¡hereas Ín the case of furnace convection currents and turbulence
Eheir effect fs J-a::gely dependenE on the sÍze and shape of the sample

cont,airrer. Correctlons to these facCors can probably be estimated by

calibratÍons. One rnaJor source of error 1s 1n the tempe-rature of the
sample rn'hl-ch is usually taken as the temperature nìeasured by a tllermo-
coupl-e above or belot.r the sample conEaíner. Though calíbration helps
to correct the sanple Ëemperaturer the accurate temperature measurenient,

is further ccmplicated by the nature of Lhe deconposition reactfon
(exothermic or endoËhermlc) ancl the sanple conductivity.
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A thermobalance is used in T.O.A. Ì3asically it consists of a re-

cordí-ng baiance, a furnaee, a furrrace programmer an<l a recorder. The

lnsçrument used fn fhls stu.dy r{as e Perl',Ín-lllmer TGS-1 thermobalauce

219-0i61-60H2. The Cahn R G e¡Iec.Erobalance is a part of the Perkin-

Elmer insErurrenl . The recorcler used, \!'as Texas fnstrunienÈ Inc. Servo/

Rirer I Model i,D, s/N 2195.

The Cahn balance is a null-point instrurnent fn rvhích a J.íght source

phoiocel-l is the detecf-or ancl en electrornagnetic Dlltrsonval movemeat

supplies Lhe restoríng force^ A sche¡naLic diagra¡n of the balance l-s

shor,'n in FIGURE XII. Loop A has a range frorn 0 fo 200 mg.; loop B

from 5 co 1000 mg.; and loop C ís usecl Èo tare '¿he other loops. Any

welghf: change cau.ses the balance beam to mô\'e. ThÍs motion is detected

by the change in photocell voltage caused 'oy the movement of the shut-

ter attacl'red to the be-am rvhich lnt.errupEs t,he light soLlrce. The photo-

ce1l voltage is amplifiecl arrd then applÍ.ed t't the coil attaehed to rhe

Ìream " 'Jtire c:c¡1- j. .ts :i.il a ¡iìap-ile-dic iiel-il ¿;ii,j currenu i.¡¡rsl:í¡rg LirlJtisit i.l

exerts â movemenf: on Èhe bearn, ínstantaneously restcring it Ëo the null
position. The coil current is Ëirus a meesure of sample r'refghE. The

Cahn bal-ance fs mounred Ín a vacuum bottle. Tl-re lowest plessure per-

missible is 10 mni. Hg.

The furnace consists of a plat,inurn resfstance r¿ire in a holloi'¡

ceralnic cyl-i.nder, røhich heats the sample accordÍng to r:he teû'.perature

program selecËed. The furnace acts as boËh heater and temperature

sensor. ltrhen in use, iL fs supported from belorv ínside a hangdowr*. tube

on the vacuum bott]-e.
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CH.APTER TiiEl"\¡iì: EXPIRIJ'fI]NTAL

The T.G.A. study of the cupric carboxi'f¿ces \\7as done in vacuum as

wel.l as ín air. Due to the number of factors p.n<l possible sources of

error (discussed earlier in Chapter Ten) Èirat affecrJs â thermogram, the

follor^iing procedu'ces \"rere used:i-n ärt attempt Lo obiaf.n accurate Ëhermo-

grams:

(1) Sarnple liandling. In order to cornpare tire thermograms, abouÈ

the sane amount of sample r"ras used, aboui I nig. for every sample. The

t,he::niograms ar'3 reported as percerttage rveight l-oss so that the âmount

of sarnples used clid not have to be exactly 1mg. To minimise the dif-
ferencc f"n sample particl.e sLze, the sampi-es r.Iere ground ín a mortar

rvích a pesfle uni;il" they r.rere in a poivder for-m iqfth no vfsibie differ-
ence bet¡ueen them, except in the case c;f the hygroscopic cuprÍc tri-
fluoroacetate wirÍch could noÈ be handled in air. Uníformíty ín paclc-

íng t,he sampJ"e r,¡as attempted by gerrtly pressÍng the por.rder sanple in
Ëhe sample pan r+Íth a spatula. The sanpl.e.s \^Iere spread out as evenly

as posslbl-e in the sample pâx1 " The sarúe síze anri shape of sample pans

\.rei:e rrsect. 'lilev r.'e::e mSde ot- p-LaÈi.nu¡r to a.vciid pcssibie react-.i.urt of
Ëhe sample rv-ith the sample pan and the pan with the furnaee atrnosphere.

(2) \{eÍghing the samples" Tfn Cahn electrobal-ance lras c¿.l-fbrated

according to the manual so tlraÈ during the course of the experíments a

ful.l scale deflectíon on the recor<ier represented a raeíghÈ of I mg. of

sample. ïn order Ëo aceount for the r+eight:Loss or gain due t,o aj.r

buoyancy and oÈher various factors on the sample pan, a thermogram of

the sample Þan ai-one r,¿as ol¡tained before every sarrple ruo and under Ehe

same condit:iorrs as the sample run (Ïieating rate, Ftessure, atmosphere

eËc.). The thermogram should be a strafght J.ine, tlìaE ís no rveight gain

or loss should be apparent on the chart record. Thus any deviaËion of

Ehe charL record from Lhe ba.se line for Èhe durnmy run \\tas added Eo or

subÈrs-cEed from the chart::ecord of Ehe sample i:un to obcaín che thermo-

grarn of Ehe sampie.

(3) Temperat-ure Calibration. In generai, in 'I.G"A. ít is dif ficult
to hnor¿ the true temperature of the sampLe because the temperaËure

6B
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lneasuríng cle,vj-ce is nof- in ccntaci r¡lth Èhe sanple. In order to obtaÍn

ås accurate a temperaÈure as possible a temperature calfbration utilizing
the Curie pofnt.s of a numbe:: of meLals and a1lo1's \.¡as dcne according Eo

ühe ma¡'ruai under the same condÍtioris âs Èhe sample 'À-uns. Basically,
a sharp chang,e f-n appareilt r+eight occurs rvhen certain metals or alloys
ai:e heatecì in a magnetí-c field as their temperature passes through their
Curie eemperaÈu;:es, rvhÍcir are knor+n accurateJ-y. The Ehermogram obtair'ed

in such ã manner rsas u.serd for t,ire fÊrnperat.ure correcti.cln of the Ehermo-

gram of the samples. llov¡ever one nusl realÍze that even after such a
proceclure f:he temperaEure of ttre sample Ìvas assumed ro be the same as

that of Ehe metals or alloys <ir-rrfng the course of hearlng.

(4) General Proced';r'e. The preceding three procedures are descrip-
tj-ons of individual parts of rhe eliperÍments" The experiments lrere per-
f ormecl accordlirg Èo t,he f o1.lor+ing sequences. The condf tíons under r¿hlch

tire experinenEs r,rere done are lísted in TABLE IX.

Atmosphere

HeatÍng RaLe

Cha,rt R.ate

Preesure

/rÍr
10oC/min.

L2 Ln, l]nr.
.Atmosphere

TABLE IX

Vacuum

1Ooc/min.

12 ln. lhr.
I0 nun. Hg

CONDITIONS ÏN T.G.A. EXP}IRIMENTS

First, t-he therraogram of th¿r sample pan h'as obtained under Èhe appropriate
conditions r¿if:h Èhe base lfne seL aE the cenËer of the chart paper so

that both weì-ght gaÍn or loss could be detected. Then the temperaEure

calÍbration rüas rrade r¿if:h the foli.or+ing netal and alloys in nitrogen
(oxfclation of the metal or ai-loys rnay take place in air at high temper-

ature) ; AJ-une1 (Curfe pt. l5BoC) , I{umeÈal (39OoC) , Nd.croseaL (445oC) ,

Perkall.oy (SgSoc) ancl Ïrori (7B6oC); and in vacuu.m Èhe foLlor+ing were

used:ALumeL (i5Boc), Nfckel- (3SOoc), Irlicroseal (445oc) and Perkalloy (59Boc).
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The cirart recorder r¡as then zeri:ed r.¡iÈh r¡o sample ín the sample pan.

The sarn'ple Rras next J-eaded into the sampJ-e pan unËj-i- there ruas a full
scale defiection (l mg.) or an almosË full scale deilection of Èhe re-
corci.er. Precautlon r¿as Ëaken to malce sure Lhar. the sample pan hung free-
l).. Á.s soon as the reeording peir for weighing i:raced a level , stralght,

l:Llie lndicating thac t,he sarnple pan rvlth tl're sarnple vras Ín equílibrium
rsitii Íts surroundlngs, the furnace çras srvfEched on. Another recordíng

pen i.r¿jr:r: used to mar,L- Èhe EerùperaEure sirnuii:aneously. The sample 1,'¿g

heaÈed to the desired eemperâEure. Corrections were made to tl're thermo-

gram thus obtained irsing Ehe tenrperature calíbration Èhermogram zrnd Ehe

sample pan the::mùgr:an. Then the raeíght loss was converEed into percenÊ-

ages.



CFÌhPTER THIRTII]II'ì : ]TESUL'TS A¡ID DISCUSSION

The thermograms of the t\\'enËy fÍve cuprlc carboxylates are pre*

serrted ln FIGURES XIIT to )iXX-\¡II. The eleverr cupric carboxylates

r,rfiich have been confj.rmed by mass spectromerry to deconpose thermally
glvin¡,, cuprous ca.rboxylates (under 30Ooc) among the products, are- pr-e-

sented first fn I'ÎGURIIS XIII Êo XXIII. The thermograms obeained in aír
a-nd vacuum for a Éonpound ¿re both placed fn Èhe same figure.

The Èhermcgrams of sorne of Ehe cupric carboxyS-ates have been re.-

ported in lÍteraÍ:ure2r6-10. In general, the Eher-rnogi:ams obtairred in
this study agree ivíth them. I{o'i¡e-ver higher decornposiÈion üeniperãEures

ar:e recorded ln this work; thls ¡nost l.Íkely ís due to Ëhe faster heating

rate employed in our experiments. One cornmon featur:e in all the thermo-

grams ís that the. curve obtaíned in rracrru.m (10 mm.He) indÍcal:es that the

decorni:osition EeniperaËures are lov¡er t.han those Ín ai::. Thls trend rnay be

caused by evacuation of volat,ile decomirositÍon producËs. The same reascn-

íng can be applÍed to explaín the l-or+ei: decomposiËíon temperaLures obtaj-n*

ed j-n the n:¡:ss speî.lroTnetrj,c study i*'hich i+as done in a much lùet.ter: tracuunì

(J.0-6nm. Ilg). Therefore {t must be empirasized that the temperatures

shor.¡n on the thermograms a.re only appllcable to T.G"A. studíes performed

under sinÍlar condirions,

The residues remaining afË.er the thermal decomposítions r+ere usually
a míxf-ure of cuprÍc oxide a-nd some carbonaceous materíal q'hen the decomp-

ositíon Look plar:e ín air, and met,allic copper or a mixture of cuprous

oxícle and carbon{}ceous mat.erfal rrrhen the deccmpositi-on t,ook plaee in
vacuum. The carborraceous material r,ias noted by Angell and his co-\corkers

Ín the thermal decompositíon of ctrpríc acetaf:e. They propose<l a forrnula

of Ciillq04 ior the carbonaceous material from the results of their anal-
ysis. This carbûnaceous substance can be distfnguished from the rest as

the naterial insol-uble in concentrated nitric acid. The copper oxide

resíclues were estímared fr:om Èhe percentege ro'ei-g,irt loss ín the thermo-

gram. IË ls not Llnusr-ral that the ureight l.oss shoui-d differ from the

tireo::etÍcal value f.or a residue of copper oxÍde because of the presence

of a mÍ.nute quantÍ-ty of carbona.ceous srtbsEance (less than l0% of the

residue Í-rr cup::ic acetate ) and Èhe loss of copper thrcugh volat,ile copper

-;1



Du.r.Lng t,he course c¡f heat.ing tire.re is usuall-y no r.veJ.l-definecl

plai:eati obsarved exce.pt vrhen deirydration of the o:igJ-nal sainple occu¡:s.

This seems to be f:he case even rvhen Ehe cuprous carbo>:ylaùe cloes exist;
it is usuall-12 not ä srabl-e LranslenE specfes or it may be a species pro-

dueed by on-a of iruo or rnore competJ-ng proeesses that may occur durÍng

the course of de-composlhion. iìorvever irr súme cases, an Ínflexir:n on

the curve r¡as observecl; as reporEecl i-n Èhe l-iLeratu::e10, suggesÈing

the pi:ssfbie r'ormation of a cuprous carboxylate. There are other ceses

tu'i1ere several Ínfle:cions \ùere observed on a cheñnogran indicating a

complicaEed decornposiËion.

Iigure )IIII shorus the thermograrns of cup::íc acecête. The f-herr'ro-

gram obtaj.r:eC j-n air assumes the same shape as ihe one ob-"air.red by l,e

\¡an My et. a12-. The plateau B -Þ C lnclicaÈes the f orrnation of the anh]¡drous

sal-t afte:: Éhe re¡roval of r,/aËer of crystalí¿af.ion fronr ûhe hydratecl

salt, r.¡hiclr talces pJ-ace in Êhe 90CIC to t40oc tenrpera.ture range. Tire

decomposíi:j-on of anhydrous eupr:lc acetate Ínto the resiclue starEs to
occr¡]: at about 200oC. There:ls no inCfcatfsn of the formation of any

cupr:oss acet¿ìte-. lior,¡ever from fhe rnass specLroneev::l-c daea some cuprous

salt- dcres fo::m. One can cnly asstime that the cuprous carbc:<ylate ls
one of fhe producf:s of the decomposítíon. Suggest,ions have been made

ÈhaË tire clecomposition proceeds accordíng to the folloiuíng equatfons4:

cont:aining deco;lposi.f:1on pi'oducÍ:

ace,tatel ). In some cases, such

resi<lue J"r:f i:; this ís due to Ëtre

as a major: decornposil-fon producÈ

to behave in a silnilar ma:rner9.

tuz(cHrco2) a

Cr¡ 2(CH ,C0 2) a

But Llrese do riot åcco'-rnt

fore, thei:e ¡nust be scme

cuprolìs carboxylate ås e

72

(2 to 47, i-n the case of cupric
as chloroecetate, Èhere Ís very 1j-Ltle
for¡narÍon of volatile cuprous cirloríde

. CuprÍc bromoacetate has been. obser:""ed

zHzO -l Cu2(CI{3CO zl ra * ZEzA

-à. 2CuO r¡ 2CH 3COCII 3 * ZCO 2

for tire form¿eion of cuprous acetate. There-

couroetf-ng rear'-l-on oecurrirlg sl¡'rul-taneousLy rvlËh

reactíon product. The thennograrn obtafned in
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vacuun dl'.ffers frorn the one o-bfaiired in air fn the sense thaü tire t.emp-

eraËures of dehydratl-o¡.r and deconrposf.l-ion are lorver and the r,reight of
the resi-due l-s sma,l-l,er" The smaller resídue fs probably caused by the
formation of cuprous ox:i.de and copper lnsËead of cupri-c oxide in the

ltt the ea.se of the therrnogram obtained in air. Another reason can l¡e
that t:he fornat.ion ci rhe volatil-e cr¡prÕus salt ls more favorable in
vacuuÍn, r¿lrich resules ín a higher r+efp¡hf loss. Ttrís Ls supported by

the high intr:nsity of íons due to the cuprclus salt reiative to other
spec.ies in the mass speccrun. Tlhe sllghf- loss ln weight D+E on the
thermogram after the decomposiËJ.on of anhycirous cuprÍc äcefate could

be dua to further d.acomposiElon of cupric oxlde in8o cuprous o:lÍde and

cÐpner, ûr cìecompcsiËion clf organíc by-pr:oclucts.

Figrlre XIV shor.rs Ehe thermoßrams of cuprfc propionate. It appe:ars

tlrat the prcpionate as used, \,tâs mostly anhycirous, slnce on]-y a small
fnf.'cíal rveight l-oss occur:s. The rest of the Ëhermogram seems sirnilar
i-i.¡ 'i¡a' ui c'.ip;ic cuêc<1fÈ. iii<.1 tirertrrogi:a-rrr oi¡tärled b;, Le Van irt\¡ et al.2

aplrears to be that of the hydrared salr" An inflexion is observed Ln

the vacr¡um thetmoE;raïn at about 195oC, The percenËage r"'eight loss cor-
responds. to that reetuired for the formatJ.on of the c,uprous salt.

Ilgrrres XV and XVI shorv the tirermclgrams of cupric n-butyrate a-nci

fso-butyraEe respectively. They are Ín good agreelnent r¡Íth thc¡se in
the l-iter"Ë.rr*7. The sharp drops aE about 280oc ín che air Ehermograms

indícate the pr:esence of more than one process in Ëhe decomposition

react,ions. The theinrograms obtained fn vacuum seem t,o follor.r a símilar
patterr¡ to the cupric acetate

Ffgr:res XVII and XVIII show the thermograrns of cupric dlfluoro-
aceEåte and trífl-uoroacetafe respecfj-vei-y. I'lo indj.r:ati-on of the form-

atíon of cuprous ca;:boxylat,es can be observed. In the alr thernogranr

of the trifluoroacetaÈe the hygroscopic property of t,he salr ís shor.¡n

by the galn of rueight of the sarnple at the early stage of ireatíng. The

lhermo¡,,rams shour the same type of beharzior as cupri.c acetate "
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Fl-gure XIX sirorus the tirenr,ogram of largely anirydrous dímeric cuprfc
benzo¡.re" The first decomposÍtÍ.on ln tire eÍr thermog,ram upon heating
can be e:*pl"ainecl from f,lle mass spectr¿l as rnal-¡rly Ëhe loss of benzofc

acki" The di.stincE inflexl.on may sf gnify the presence of stabi-e cupi:ous

benzoare ( b1' percentage n'elght i-oss). Further deconpositfon occurs
at 365oC givíng benzoÍc anhyd::ide as the maJor dec.:rnpositlon product,.
The thennogÌ:am obuained in vacuunr sho'u¡s a definÍte change ín the shape

of t.lrc curve" The Ínflr:xion thaL appârerrtly sep¿1r6.tes the Èrvo stages

of clecomposition t¿hen the sample is heaÈed ln a.ir, 'oecomes much less
obvicus. This inipJ"ies thaE Ëhe rates of dlfferent re¿cËions chanf{e as

the aT:nosphere is evacuated. A mechanfsn for the the,mal deconposj.ËÍon

has been pr:onosed52-, b,.rt, the cuprous benzoate r,¡as Lr.naccount,ecl for.

ltigure XX is Ehe Ëhermogram of cupric o-chlorob erLzoa9e. The sarnple

appeä.rtr^ to be rnonohyclrated. the anirydrous salt. starts to deccmpose aË

ebouÈ 26OoC Ín air. The major decompositÍon producEs identified in the
tr';{ss rirrÊr'Í-re ar4 ri-rC ¡Lnnrr{rjrlê- thg, a.Cici e12d SC¡ro r.rrnrnlc qnl l. ilOf¡g-¡gfç?tr '_vr¡\t

the thermogran shor¡s that Ëhere are probabll' other processes occu.rring
l'¡hen heated to over 300oc sfnce only a mínute quantfty of residue is
left behlnd. These processes probably fnrrolve the formaEion of r¡olatile
copper chlaricles" the therrnogram 1n vacu.u.m seems to Eake a different,
coul:se ín decornposiclon above 300oC whlch resulr:s Ín a larger amourl-t

of resÍdue"

Fi.guxes XXI and XXII are Ëhe thermograms of hydrated cuprfc p-chloro
and p-fluorobenzoa.t,es respectively. The ghermograms in aír harze the
se.tue shape reported by Charbonnj-er ee all0. Ttre inf lexions in tire de-
conposf-tions cf tile anhydrous salts approximately correspond to rhe

cupl:ous salts by percentage rueíght. These ínflexions appear as plaÈeaus

ín the thermograms obtaíned í-n r.raeuum, an lndÍcaÈfon of the poss:lbílity
of st¿.ble cup::ous carboxylate ín vacuum. Thts explafns Èhe high fnEen-

sÍty of j.ons clue to euprous carboxylates fn Ëhe mass spectra.
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B5

Ftgure XXIII shorvs the thernoBrâms of anhydrous cuprlc perìta-

fluorobei:z,o^te. Littl-e j-nforrnati"on can be exËracted frcm the thennogrem

ol¡tained in air. l.lor¿ever the diffe¡:ence beËrùeen ihe thermog::ams in vac-

uurn and in ¿j-r sbo-øs thaf, Ehe sa-m¡;le seems to decompose in a diiferent
fiìanrier ín each case. In È.he nrass spe-ctfa, CtZFt6 and pentafluorobenzoic

acid had been identjfj.ecl as mnjor deccmposition. products luith fornraËíon

of a Èrace of Ë.he cuprous salt. The pJ"ateau in El're thermoflÍaiï in r:acuuul

afËer the fírsË decomposition stage may be, but not necessarily, an in-
dication of the formation of a stable cuprous saiE, althouglt by pel:cent-

age r+eíghE J-oss 1c is a líttle loru in røeÍgirt" It decomposes furLher aÈ

abouÉ 380oc.

It, ruas hopecl aÈ Ëhe beginning of Lhis strrdy that a generalizecì pat-

tern of the thermograms could be established for all Ehe cupric ca::bcxy-

lates r.'hÍch are knor.¡n frour the mass spectts. t-o decompose into cu-prous

salts. Such a patEerr, if ir existÉ, rnight be applleC to predict the

possibilíEy of-' tbe exístence of otire¡: cup::ous carboxf i¿ces Írom ttrermal

decomposition of oLher cupríc sales. Though reasonable descrfptions

for the eleven crrpric carboxylates dÍscussed so far can be formulated

indi'.'ídua11y vrith tile afC of tl're mass spectrometrlc daËa, iro well defÍned

patËern was discovereci ämcng Ehe thermograms.

FÍgrrres XXIV to XXXVII are the thermograms of the iourteen cuprj-c

carboxylates rvhich do not shoru any evídence of decomposicion Ínto the

cup-r-ous salt. in the mass spectrí:. These too do not seem to have a gerr-

eral pattern of decomposition among t-irem. Some of the thermograms can

be explained reasonably but some show sig,ns of complications rvhich defy

ratíonalization urlth the mass spectral- data ga.thered. The carboxylaf:es

Chat belong to f:he iaÈËer group are cuprlc o-01ì, p-CI{, o-OCH3, p-0C2H5'

o-Cl'13, p-CH¡ be.nzoat-es and ß-napirÈhoaÈe (Figures XXIV to i{XX respecEive-

fV) . The only clear ÍndÍcaticrns f ::om ihese thermograms are the dehydra-

tion steps. In ina,ny of the aron:aEic carboxyla.l-es Ëhe resiclucr is Èoo

heavy for CuO alone. The nany inflexions on Êhe decomposition cr:rr¡e
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94

afcer the iniEíal- <iehydration process suggest t,he possíbilÍ.ty thaÈ inany

deconrposition processes are talcing place

Fígure XXXI is the thefinùgran of cupi:ic fcrmale. l'he sample seems to

be partl.al-j-y dehydrated" .l'he thermo¡;rams of the dÍhydrate and tetrah)'drate

salt irave been exar:rj-ned befo::e2, and apart f rom the clehydration pâri of the

thermogra..rns they aÞpear to be similar to lrlgure XXXI. Tl"re rveig,hE gair: after

Ehe deconposíticn in air Ís probabiy an írrclicaËion of the oxidatj.c¡n cf so¡ne

of rh+: metal.i.ic copper to cupríc oxide. The decompositíon in vacuum re'-

sults ín the formaiion of metaLlie copper"

Figures XXXII arrd XXXIII a::e Ehe t.hernograms of ehe cuprÍc monachloro-

aeetate ariC ciíchloro¿icetaEe respecLively" The formation of vola.tiie cup-

rous chloride in Ehe mass spectronìeÈer is very promÍnenÈ. 'Ilhis e>;pJ-ains

ivhy the thermograms in vacuun do noE shoru tire presence of a rcsídue after
deconrposition. Llherr cr:mpared viEh the r¡ass specËral data fhe curve at

Ior¿er tíin?cl::tlures (belcl,¡ 250îC) sr.re$s tc be the resu.l-f: ctf tile fc::rnat.i.on

of other vol-atll-e organlc compounds such as Cil3Cl and ClCtl2CC2H in the

monochl-orr)âcetate and Clì2_C12 and CL2HCCO2H in the dichloroaceÈâÈe. The

thernog:';-rms in air show simllar trends Ín rhe decomposÍtj-ons" i{o\u'ever'

¡he formaf:íon of copper chlorfdes compeËes r"ith Ehe formaÈfon of eopper

oxides. This results ín the presence of some resi<lue after deconposition.

Figure XXXIV shorvs the thermogranìs of cuprfc phenylacetaËe. The

thermogram Ín air indicates the sampLê rr'âs hydrated rn'hereas in vacuum

t,he sanrple \,ras partially dehydrated. The evacuation of Che tirermo-

balance probably caused the loss of water before Ëhe sample \^las heared'

Frorn the mass spectrÕmetric data the clecomposítion seems to be quite

sfmple; on1"y phenylacetic acid ruas deÈected as a major prodtrct. llovr-

ever, after the fh'st sÈeep descenE. a second decontposítion stage fs

observed before tl¡c flnal plat-eau ls reachecl aird this Índlcates the

occurrence of other decomposition processes.

FÍgures XXXV and XXXVI are the therniograms of cupric o-N02 and

p-NOZ benzoates respectively. They boCh l.rrdicaËe straighg forrpard
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decornptisi-tíon. Deirycracior:I l'-s foll-oru'ecl b,v Lhe fast loss of the organic

f.igands arrd tlìe fcrmation of the oxlde in agreemenf i+ith Ëhe observations

of Charbonnier r:t ai-}o.

Figure. XÐíVII shorus tire Ëherrnograns of cupric o-fluorobei\zoate"

The ther¡nogt:am ín lri:: agrees r.rÍÈh t,Ìrat reported Ín the llteraturel0"
It r,;as suggestsd thaE Ít gives tuprous sal.t as decorLposítíon product

sj-milar to tire criprfc p-fluorobenuoåte, Hoi¿ever the therrnogram in va-

cuum seens t-o behave dífferently from fihat rrf ehe p-fluorobenzoete.

Ttris indicat,cs Èhar t-ire o-fluorobeflzoate decompcses in a manner differ-
ent from that of tire para-subsr.ituEed cornpound"

In gene-ral, as indicated from the Éhermogrãr¡ls, the cuprous carboxY-

}ate j-s lot an intermedi.ate epecies';hat the cup::ic salE musL 8o ttrrough

Ín Ehe process of tirermal- decompositíon" For comparíson purposes the
Â .--^'r--,t -t---,.- Ll--.- ..1-^ ---*--:^ ----l------1 ->--^ ) --- 

! - _ -__-J^è-_
r.L..ii. ¡l:;-tliju J.¡J!iL ;¡.¿L !¡¡U !uijii! Ç¿L¿---J:;LUJ ugÇV'l.rP\rrç s>-:-eJ

of r,rays ani at dif f ererrt råEes. Hor,¡ever chis rneÈbod Ís ÍncapabLe of.

procir-rcing concLusive predÍ-cti.ari.s of the r.;aye in r,¡hÍch the cieco¡¡positfons

cân occur. lìat,ior,alj.zations, \i?here possibi-ee seem to be consÍstent vJÍtl"l

the rnass specËromef:ric results.
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CIIAPTER FOUIìTI]]]N: CONCI.USIOI{ 1C4

I¡r the rnass specl-rometric and ther¡r,ogravimetric sÈudy of the ther*
mal decomposition of the t\{eilty six cuprÍc carboxylaEes, tu'elve of thein

(includi.ng trideuf.erated aceta.te) produce the cuprous salt as one of Ehe

decomposítion products, It does not appear possible to postulate v'ltich

cuprlc aroinatfc carboxylates produce the cuprous salt duríng the pt:ocess

of decompositlon. On the ot-her hand, for the alkyl and substítu.ted-alkyl
carboxyiates, excepf for the formaEe, it seems E,hat they a1j- girre the

approprí.af:e cuprous carboxylaËe among the deconrpositJ-on products, un-

less othere nrore rrolaÈile, cuprcus corni>oqndse such as cuprou.s chlorÍde,

can be forr,red.

The formation of cuprous carboxylates does not seem to be confined

tc¡ those salts f::om carboxyiíc acids with pKu values r,¡hÍch fall in a

parti-cular range" l:lo'"rever, it seems tha{: for the acíds having higher

pKn values Ëhe cuprous compounds tend to be morc stable.

The cuprous cãrboxylates are dÍmeric. A sËEucÈure si¡nii¿r to ËhaE

of the silver perfl-uorobutyraÈe is proi:osed. iË J,s suggesteC ËhaÈ no

netaL*metal bond Í-s expecteC betrveen [he f:I,'lo coPper aeoms.

In the mass spectra, tl.:o different fragmentatlon patEerns are postu-

lated for rhe cuprous carbo>llrlates; one for Lhe alkyl and the other for
the aryl compor:nds. The thermal decomposlEion products of the cupric

carboxylares are :t.dentífíed chiefly as the aci<l ancl the anhydride from

the lnass spectra"

In Ëhe Ehei:mograms, the cuprie arylcarboxylaÈes r.¡hich have cuprous

salts as decomposít"j.on produccs tencl co shoi¡ some Índicat.íon of their
presence, tuhereas the alkyl carboxyl-ates have an spparently simple- de-

comirosition. The therrnograms of Ehe other carbo>rylaEes shot¡ \'arious

degrees of cornplexity. Further inr¡estigatfon Ëo explain these thermo-

gr¿,ms can probably be achieved by direct connectíon of the Ehermobalance

ryÍth the mass spectl:ometer via some sorE of differentíal vacuum sysËem.
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100

4IIft\!ÄE

}ÉTCTIIÌ{G TH}i }IETASTABLE I)EÁ.KS IN I,ÍÂSS

N = no. of rnajor peal'"s The peaks are

I{E/rL B, SUbl

INTEGER l\,2 ".\:

DII'{11ì\SIOi{ /i.(1 00), B (100, 100)

READ (5, 100,[:ì{D=900) Z,l{, (Á.(I),I=1,ì{)

rORì/i"AT (L2ï5>

I,.iRITE (6,zjri) Z

tc5

SPECTiìuì\l . Z = specËrrr rro.,

errlerÊd ín ascendíng mass unit.

200 !'oRt'fAT (/ ///1.11 ,20x,r5Í/LH,4x,'IíET/rSTÁBLEr,l.zx,r PARENTf ,10X,

IDAUGTiTER')

I=0
201 I*I-þi

J *I*l
rF (J .cr. N) Go ro 203

202 B(I,J) = FI,OAT(A(I)"4(I)) /A(J)
i.r' (J .EQ. N) c0 r0 203

"i* I*l
GO Trl 202

203 rr,' (r .EQ. N) c0 To 300

co To 201

300K==N-1
Tll¡\X = 0"0

DO 400 I*i,l(
Y=I*I
D0 400 J=Y,N

TF (TlrAX "LT. B(I,J)) G0 TO 500

co To 400

500 TþfÐi = B(I,J)
1,. = I
M=J

4OO CONTTI{UE

i4i?.ITE (6, 700) Tt''ÍA,\,4(M),4(L)

700 FORÌ-IAT (lH,4X,F]0"5,12X, 15, 14X, 15)

E'iL,l'r) * Û.0

SUil = 0.0



APPEI.ìl):t-X conülnued

DO 800 I*l,K
Y*I*l
D0 800 J*Y,N

SLJIÍ=SUt'{+Lì(I,J)
rr (sur.I .GT. C.0) GO TO 300

CCT{TINUE

GO TO TO

CALL EXIT

END

i.0l:

800

900
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