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PREFACE

Since Sidpwichk (1) summarised in 1941 the then available
data on.tho relative affinitiea of the commoner ligand atous for
various acceptor molscules aﬁd ions, coordination chenistry in
this rospect has boen & fleid of increased interest. liowever,
direct thermochemical studies have not boen widoly conducted due,
at least in part, to cheaical and technical difficultiec. levere
theless, thermochomical research provides some of the most bagic
of all chemical information. Such information is independent of

any othen\theories although it may support scme correct ones,

Amon g various thernochemical methods, solution caloriﬁatry ﬂ
iz wideoly adopted and was chosen in the studies reported here,
There are difficultios in dealing with air sensitive solecular
addition compounds and in finding proper solvents for solution caw f
lorimatry. For the conpounds whose thermal data are not directly
obtainable, rosearch has been done othorwise and considered to be

supplomental.

The theeis presents first the methods used and the basic

theories béhind them. The experimontal results and the discussion
then follow, All should be selfeecxplanatory irn the respective

chapterg,
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ALSTKACYT

Addlition comploxes MXQ‘ZLQ where i is 4r or Hf, X is Cl §
or 3ry and L ia tetrahydrofuran or totrahydrothicpiizne have been J
propared. Thermoshemical data have been obtained and the results
are interpreted, The enthelples of reaction of Nxa(c) - 2, e
NX“~2L(O) was neagured calorimeirically and the vaiueeo converted
to gns phase and correlated in terms of polarisability and ateric
effectu, ‘he compounds HXQ appear to be on the borderline Letween |
claes a ani class b behaviour with bafoiun showing a vepy m;ighclyé

sreater tendency toward class b beohaviour,

ine nuclear wmapgpeiie regonancs spoctira have been obuained
Tor thesc complexes and the internal chenical shifte dsterained,
‘he order of the increasing insernol shift correlates satlsinctoe

rily with the order of therael stabllity of the conplexog.

Yriphonyl phosphine oxide and tripuenyl arsine oxide
complexes of zircouium tetrachloriide and hainium tetrachlorl ic
have bLeen propared. They are 1:2 addition coaplaneo except
ZrclanﬁphsAsﬁ ®hich is a 1:3 addition coamplox. Yhey are insoluble
in coamon solvonts tacted, honce neither the therazl measurcaonts

nor the n, . res spcetrometry was carriod out. In stoad, theiy



-l
infrared spectra wore studied with those of carrsaponding
nloblun couplexes which have also been prepared as 1:2 addition
compoﬁnds. ihe analyées of the shifte of the Fe0 and the Age=)
slretehing frequencies confirm tho relative uardoess of
2irconiun(lV} chloride and hafniun{IV) chloride as Lewls acideg,
honce the rolative tondeney toward elass b bLebhaviour thornochow=

mically obamsrvad for sirconium and bafniun,
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LNIRVDUCTION

Until about the year 1950, workers in the field of gcoordi~
nétion chemistry were aoncerned alnost exclusively with the ste=
reochenistry of complex sonpounds and with the preparation of
complexes of new types or containing new liganda, (2) 1In recent
years, other physicocheumical principlos invoived in complex
formation have recoived increased attention. Efforts are ourrently
boing made to obtain qQuantitative information conCgrning tha |
influence of the ligand on the proparties of the complaexes formed
by a particular metal, or how the properties of the complexes
containing the same ligand depend wpeon the position of the métal
in the Periodic Table. (3)

Studies of the affinity and enthalpy of formation of
complex compounds afford vory interesting informatien rogarding
the energoutic phenomens involved in the formation of molacular
compounds from their molecular constituentos. (4) It has also been
pointed out that with suitably chosen domors and acceptora, both
froe energy and enthalpy changes in donoreacceptor reactions give
affipnity orders which are pluilar and the thernmal stablilities of
eimilar complexas thus give gome idea about the strength of the

donor-acceptor intsraction, (5,6)
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Of spocial ivtorest in this respect are the difforent
thermal.propérﬁies of aluminium and gallium {7+8) which, with
slullar atomic radii -~ 1,18 A and 1.26 A respectively we differ
1n“thoir elestronic confisurations orly in that as an ion the
former has a rare gas configuration while the latter has a
pseudo-rare gas one with a filled 24 subsholl, 5ince girconium, atonmic
radius 1,45 A, differs from hafnium, atomic radius l.44 A, only
in that the forwor has an capty 47 subshell waile in the lattor
thic subsheil is fiiled, the two olesents eunibvl qualitatively
very similar vehsvior. It wae of interast to obtain a guantitative
measuro of the accoptor abllity of their respective anhydrous

hﬂlidgso

Zirconium and hafniuwm are more alike than any otheyr pair
of congeneric elements knowm. (9) this is due to the fact that
both the atomic radii of ziroonium and hatniun and the radii of
the 20" en 0,79 & we ond RE*en 0,78 A <= are very similar ond
nearly identlcal, (10) and, pregsumably, bocause nighly ionic
bohaviour prevails in the chemistry of both clomenta. The
chenmistry of hafoium has been studied much less than that of
2irconium, but so far ag it has been oxamined it diffors very
little from that of zirconium, In most cacepy it 45 aaoumed that

it 4s peneraily conparable to that of zirconium, the small
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differencos belag 1n volatilitios or solubilities of compounds,

ihe principal Purpose of thls recwsarch is to dotorailne
the enthalplea of couplex formation boibwesn some zirconium(Iv)
halldes, l.e,, chlorido and bromide, bafnium(iV) chloride and the
1igends, tetrahydrofuran,THF, and tetrahydrothiophene,IﬁT. Thege
two ligands are chosen for the reagon that tuey are stru¢turally
ainilar, diforing only in the Leteroaton. Oxysen ia aore teale
towards the proton than sulfur while sulfur is more polarizabls
toan exygen. Using the pogular terninology of Poarson (11}, the
oxyzen compound 1o a harder base than the sulfu: analosue,. Since
nagnium hqs a fllled 4§ cubshell while zirconiua has not; HfCi

4y

for oxample, might be oxpecltod to be a softor acid than ZrClh

aceording to the R-bonding theory of hard end soft acida and
bases and bind more strongly to the sulfur donor than to oxYLen,

“big mey be furthor comfirmed if, on the other hand, ZrCl, io

4
proved to bind mere alrongly to the Cryzen donoy than ﬁfCla does,
Vur thermal studieas do not bear theoe all out, but HfCl“ is
praoved to be softer, though only slightly, than Zr01“.
Conplexes eontsining triphenyl phosphine oxide and
triphonyl arsine oxide as ligands have almo beon bPropared, but

their anthalples of gouplex formation are not obtainable by
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aolution calorimetry due to the poor solubilitles of tho coaplexes
ia the solvents tostods Their infrorsd apocira, howevor, are

disauaaed in the present work,

Uortain aliphatic amines and thiosthers have aloo been
tried as ligands in conjunction with Brﬁlu. 1he only coapeound to

be obiained in a wellelefinod state ig that containing tetrabydroe

thiophono,
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The theruochemical studies of complex compounds way bo
congidered under two catagoriesy firass, thoos bedng carried out 4in
the aquecus solution; and gecond, those studionw of addivion

compounds wileh ary propared and handled in agn-aqueous systozes

trom the thermochesleiry of agueous selution, coaparable
ot teln have Lbash correlated through the lmoglodgo of theoir waters
solvatod atates. rhue a sories of enthaipics of aydration are
found to be correlated with thelr Corroaponcing ionization

potentiala in a lirear relationahip,

This indicates that ligando in e complex act woere or legs
olectrostatlcally just iike the electrons in an atoa, Jhie is
thought to be roasonable since the addition of ligandos { who water
molecule 1n thls case ) 1g analogous to the addition of elscirons
ag such and the importan: influenceshere are size and effective

chargn of the positive contral ion,

The thermochemiocal studies of addition compounds have been

for the moot part directed tovwor.! an understanding of acceptor and
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dencr relatiopshipe which are highly lsportent features of 6oordie
nation compounids. Shis type of study is concernod copantdnily with
the ontholpy of tas reactian‘
:“;}in L4 “Eﬁ.?{a - xﬂanmzm
whore Axu is a Levwlia acid or acaepdor and ﬁﬁﬁ a Lewla bage oy

donor.

For thls reaction, aw in otiher chanical reactions as wall,
the =oat sipnificant thorsodynonie value in of cource $ho Dibl s!
fran onergy chongo. Freo éﬁer@iaﬁ are not cany to measuro for tho
complox compounds uniess a moasurable cquilibrius can Lo st L+ T2
However, cince we are intorested in the relative weepting orfand
donpabing ébiiitiéa of nlullar systens, the cathalyy choures nearly
paraliel the free wmergy changes, i.e., Bhe entropy effocts hove
7200 or Leso constant indence,

Ail, = A%, & ( A0, = 45, ) = ( A0, = 185, ) = A6, = Ay

gince Lﬁl = bsa

it haw besn pokted out (5) that 4B woot cases studiod,both
fres enoryy aud enthelpy choangos in doporeageepior rosotions zive
asfinity oxdeors which are oisilar, hus tho thorsal ctabilisics of
siailar adducts give sone idee avout the doncrmacceptor intorustion.
Yor exnuindo, cunsideration of thersair atatiliitios has boen used to

egtisate tho rolative accoplor atrenstho of ﬁrSl“, ZrClB(OC2H5),
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zrclamczug)a, and zrcl(oczﬁs):,, toward CHBCC}OGBH‘j (4,123, These

compounds will be roferred to in the diccussion,

In some ideal aituatibnm, interosting numerical data can
Lo obtonined from gas-phase equilibrium studies (13%,14). For
exanple, tho enithainy of dissociation of the adduct (cal)ﬁxnﬁ(caﬁ)3
hag beon found o be 17.0 Heal/uole. ihe coryespounding value for
Fjauﬁ(653)3 is a8%.% Keal/mole, Uork in the gazsoun state is
posoible only in minority of cance, however, ihe valuos oo
cbtalocd are onthalyles of foramation of tha complex cumpsunds
which arc ¢logely rolated to ths dativew~boend stiensthe 1he COryee
oponding enthalpy of Yoraation of & cosmlex coapound in solution
20y souetlimes be usod o caleuiato the sane dativeebond mfrength
pPovided that other data, e.i ., onthalples of suiliuwation, vaporie
zation ok solution are avaliavle. It has been found, novover, that
the enthalples of forsation of addlition coaspounds in sciution are
nezrly the saso as tho enthalpiss of dlesocliatics in tha vapor
phase (15,16), There arc somo instances where the enthalples of
ranction have bsen.foung to differ by a swmewnai larger aaount.
(17) Such differoances ara unlikeoly to be large cuouph to uffact
orders of stabiilities for a seories of closely rclnted auddltion

compounds.

To apprecliate the :oaning of the above mentionsd thermal

data, an understanding of the relationship of various free enorgy
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statoes 1o ossential. This is algoe true in deglgning oy carrying
out any thoraochenlcal study, This may bte gualitatively demonowe

tratod in torme of an enorgy. eycle of formation (18}.

1y

For an adduct 3in~b¥m formod from a donop Bzm and an
accaptor Axn, the varicus enbroy stens shown on page 17 should ke
considored, lae guantity QGT refers to the difforence botwsen the
corregpondling stator of reactante and products. ihis is uewaily a
practical Indication of the coordinate bond atran; th though it 18
sosetlnes coaplicated by crymﬁal £ield energy and roorganization
RHeTLY,y elee lence, 1f the accoptor aud the coupleox are both
coluile ik excess of the denedcospound, one can zwasure bolh che
erniinlpy of coupiex forsation ( in soiution ) end the onthalpy of

golution of the couplex and pot taelr Jifferonce as Ali,, the

L
otendard enthalpy of cosplex fornmation,

ine moest rocent exasmple in adapting this eycle to
coordlunate compounds elailar to those of intorest in the ;resent
thesls are the workas of X, L. Hichards and 4. whonpoon (149,20) ,aud
of I, N. irsenwovd and 0. 8. Srivastave (7). .hese anthors note
that i the an&h&lﬁy af reoaction for the process
mxB(c} + (n 4 2L(L) = H¥gel, in nl
is ~3H1 and that of the prcoceng

Hxﬁvﬁx;c or 1} 4 nhil) = xxj‘Lx in ni,
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S
is -QHE, then for the adduet formation
M%.(c) - xL( MY gL G
3 3(0)_ 2L(1) w }ﬁ Ix(l ox ¢)

the enthalpy of complex formation is =iii, w il Hy .

Ihis kind of adaptotion has rosul ted in an accunuiation of
data te the extent that soue toeraochesdvaliy quailtative undore
standing of coordinate tonds in adduct Gonpounds is now possible,

Thia i illustrated by thoe follawing discuacions.

Colleuted data (6,15) snow that tha snthalples of complex

foraation «f &znnﬁfg 1y thy roaction

ax, L
actepter  doflor adduct conplex compound
. ’ e ' Ko} it v PO £ . ' % -“';"i";;‘ -a im
for the serice (bH;)EHQLIB, (ChBBEI B:EGdB, (L%3)3x .-(urj)a and

(333 gﬁ-x(cxﬁ)ﬁ are 26.6.%0,9, 25,1, 18,3 and 17,6 feal/nole
respeclilvely. ‘hio was thought te indicats that the highly eloctro=
negative fluorida atom attached te¢ borea increased its eleciron
aeceptdng power [21,22,27,24,25). Thin was sunrorted by the fact
that 1, P=I'¥, was known but CL. PelF. and ¥ P=iF. were unknown (26,

o o] ) ] ) -
27,28), Here the mors electronerative chloride end fluorine atons
attached L0 phosphorus vresunably deoreasod iim olncbt»on dunating

powor,

snose evidurces would lead us to think thati the accepioyr

- pover of boronnalides are in the order of
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Howsver, additional information sohows that the enthalplies of
complex formation of the indicated renmctions of other boron

csmpléxes in Keal/wole avo {(29,3%0) as follows:

Cﬁiiﬁi‘é(") +* BX}}(’) = ijil‘;}!'%E:‘B{“) C5 ek .3(,3..1{ )) Ci,)f{c,t}»}}ﬁjrj(e)
2ol %048 3248
¢5§5w(1) - Bag(l) = CytiggliEF 5 (%) SgHghiCly(*)  CuH BHBr, (8)
- - ~ o
31.7 595 Le 2
Cylrlll) = Phg(l) = Cuhigicoi, (¢ Cyughitorsy, .(c)
- o -
lg.\}.[', !if}aﬁ
Do) e ER(E) = SoE NEcL e y wr wwg
f'} 5] \Q) :)(i..h} o w;—'.451 “'"~3(£;|) {15. 5 H r (&)
32.9 HieD
Coly N(L) ¢ BX,(1) = Cghyy Hiil{e) Csily  Whtiry(c)
8iel 1i4.5
{3 1 ? 3 s: 4 e i % *i¥l - e 2 tE Y, .
gityyfiled + A I Gyl PLCL 5 (g) u5§llhbbr3(g)
80,6 iaded

Cehghitp(l) + Big(1) Cghgiiphi 4(?) Cglightyaily(®) Cglighipoirg(®)
6'( 8;? ia-..

it

{(*) = {goln.)

iko secopting power order is thorefore actually

BBr. > BeL,, 2ORF,
o ” o

vith only a fev excuptions such as thoce previeualy montioned, the
sang trond, though developed to & silder oxitent, is followed by the
aluminiag walldos (34,32,35,24e35,30,37). whis trend which 1s

contrary Lo the order of clestronsgativity was thought to bo due
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to tws roasone: (29,30,38)
le From fiuwerido, chleoride, bromide to iodide, thore ia a docrone
lsing tondency to form rescnanco Je=bondg by bacic donation fron

the halogen atom intc the vacant boron or aluniniun orbitals,

X

B tAl Al L A3 H S Al
~ ) - . N '
B A i }:’, [ = _L!.
3 t
$N3 e HIS

Since resonnnce structures of this lkind are not possible 4in
the molecular additfon compounds, such resonance will tend to
reduce the tendency of adduct formation.
e ‘There iz, in the complexas of the saug oallle Deguence, a decre
:rease in tho clectrentatic xopulocion boiueon the PeX op AleX
© bond electrons and tho lone-sair elestrone on the iigand duo

to the inersuase in the radii of the halogen‘atOms.

These factors are rovoalod in tho large difference in the
reorganisation energies which are required to break the rescnance
Tebond and to change tho salides from planar ito tetrahedral shape
a8 the trihalide usolecules fora coordinate bonds, the pertinsnt
recorgonization energles have beon estimoted @lsewhers (7,38,39) as
liateﬂ'below. The larpge differences of the reorganization energics
among beyen and aluminivm halides should be high enough o oute
welgh, at least in part, the offect of olectronegativity asd to

revorce the crder of the acceptor ctrength of tho halidea,
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sition Lpergles { fron

pianar to fetrmhydral)
unit: Ical/uocle

Betiaated Loorpari

Lompound
Cotton & ictcﬁjqiiﬁ % 0 5

Lley & natly (32)79.9465 ?3:}3070

Poriing {7) Flaly SXeT

Adbr. All. tall  Calr, fal,
: ; ; e -

17.8.

she difforences in the raorganication energles botween tho
varioue galiium halides aro much emaller, ihis nay be the ysason
why the enthalpy data of gallium halide adducts

shown Lalovw

. - B o ’v -~ At - 4 -
indiente that i ol ocironegativity o

ii’;

£ e T
IR . )

. 02 SN
nlayingg

L,

Luportant

role aradn {7,005,

S0ae futhalyey of comples dormation Data for Gallidm dalllde asdducts
unit: Leai/ucle

e ‘-~“~‘.ﬂ~‘-‘~-‘*u.‘ ‘) u 0 B A s " L lo d g 2 %

Acceptar Gt BeLA o Hon L0 8,5 {Giig).,8
UL)“S 5Qf$- m.-d-‘ri : - é‘: =S -y b::,) 2

tadl; Sed ELel Shely  284Y 26,6 Seed U1

Gi&;.“ﬁ"bﬁ Sie? ll|'f6 10.,C 25!4 23,5 27!9 26!7

aij 25.7 —— 1.7 18.9 15.6 23%.0 22. 4

Jho above mentlened enihalpy duta chow the storic ¢rfegt

in various ways, Thuc, the progroasive decrvase in acceptor

atren:; th toward pipaeridive is pgreater than that soward pyridine
and it 1o groater for the complexos of triethyiawine w¥hilch ave tho
acot otorically hindered of ail

'

strains have bteen roviewed (L1) and aasitienad

the related exeurlion, ihke zifect

of oteric
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can be feund elsevhere (L5,40,42),

Hith Al01., Mlir,, and G202 as vefarencs aczapinrg, tne
) - s -
relative donating powers for ethers and thioethers nll show that
Et>C ¢ TdEF and Eb,5 ¢ THT. These are thought to be the result of
the steric efiect (19,20). ihs steric eiffect nay also be ons of

the reasons wihy the order of acceptor strength erl“ 3 Zrcﬁéucaﬁg)

>80l (00, 10.), » 2rCL(0C,H,.) . 42 observad toward the donow
2*77avsla v 253

03560932u5 {5,12).

Hesearches such as these have estabilshed thatl tno atrﬁngth
°f the coordinate bond in couplex coupounds is largely, if not
entirely, deteruinod by the competing factore of (I) at.pic alfact,
(II) clectronegativity and polarity effect, and (IIl) reorzanizas

tlon enerzy.

In the e.poriments described in this thesig, the stoeric
offect due to the ligend gize was oininiszed by choosing tetrahydroe
furap { Tl ) and totrahydrothiophene ( THT ) as raoference donors
1ﬁ@tudying ﬁha relative acceptor strength of sterically sicllar
zirconius ( IV ) chiorlde and hafoiuw ( IV ) chlorlde, Jhe liends
are both very compact molecules. rhe inforaation obtained éhould
bo of interest in comparisg tho bonding avillties of sirconium and

hafniun and give us scne 1ldea of hovw the electrensgaiivity and



.
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polarity effect influences the complex formation in the system
chosen, Vhen these are compared with the enthalpy data of zirconiua

brcmiﬂe.'houovor, the steric sffect iz sesn to be important.

Data for enthalpy of complex foraatlen wlth zirconium and
héxnium ars not sufficient to lllfistrats the relationship be tween
the enthaipies of the complox formatisn and the electronegativie
ties, Howevor, all the enthalples of formation Zor Lthe halidues
and oxides of hafniua, zirconiun, and titasiua ( inclnded for
gouparative purposes ) show an increase dows ths group as shovn

by the data liotod,

ENDEALPLIES OF FUiwdaiIOF OF TLLANIUM, oIRCONLUS, ABD HAFNIUH CoMw

POUNDLS FRUA THEIH SIALvARD SUATL, -a {25'C, Koml/uole)

TiF (5) }iﬁlaCl) 401 (s) xicl Cu) C1,(s)  TLO, (a)

,9u '8 192, 3° 1Pa.w 1?0.7 1¢J.oﬁ 225,8°
Zrr (s) Zrﬂlh(a) . A4pCiL, (s) Zrﬁlp(a} ZrO (a)
qae.ab 2%3° 178, €8 124, 5° £61 5°
nfg (a) HICl, (a} neelL, (a) seol {a)  HEo(e)
£3 e e
m. aﬂ“ 195 130: 2566.1

a. E. Oreenberg, J. L. Settle, and W, N, Hubbard, J, Phys. Chame,
66y 1345, 1962

by E. (reenbarg, Je i. Sotile, i Ae Fadar, asd ¥, N, Gobbard, Je
Phyg. Chom., 63, L1168, Ly6l.

Ce e Mo Lewis, and i, landall, thermodynasics, rovised Ly e Se

Pitzer and L. Drewor, 2ud. od,, telraweiili, Bew York, 1961,
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SLOTLGH 1L SPLUINOSCOPIC STUVIES UF CUGAPLEALD LIGANDS
1., IGFRARLD SLUDIEE

Adduct formation at the oxygen atom in RSPO o REAEG,
wiers R ds oither an alkyl o a phenyl group, always leads to a
chauge iz the atrength of the bend batweon the oxygen atom and
the rost of the donor molecule, A decrease i this kind ils aasow
clated with a decreaze in the froguency of the vibrational mode
aasuned to bo characteristic of strotching of the bend(s). Thum
the P-0 and As-C 3iretching frequoncies may be wsed as indlcatora
of accopicr strengthe Changss in adjacent bonds have aluo been
¢onsldersd to some axtent (5,42). It has teen pointed out that
purely kinematic cifecte would lead to an increase in the Sree
quency, 0 that the actual decrease due to bond weakening 4is, in
fact, larger than that measured dircetly by the froquency shifs
(617

Structure deteominations show that oxygen is the donor

PO

aton not only in adducts with phosphine oxides such as 85315(333)3

tnt alag Ju gdducts with phosniBryl halides such s .'sbagépaalj,

NbCl, .PCCY., B : - T1CL = y

B 5 G 5 aClb 0015, Sn61h 2?0013, T101h 2P0013 and (T131Q90c13)2.
The rogative phift of the P=d vibration froquency in adducts with

phosphine oxides has been sxtensivoly vorifiod (48=56),



i
Adducts containing ?hB?G and Ph3ﬁaa have been prapared
ond the complex formation effoct o the P=0 and Aswd strotching

-

frequencies investigatad,

Tho P=U and Ag-0 stretehing frequencies of tLhe conplaxen
diocussed in the presont work contalning triphenyl phosphive
oxlda, Ph‘BPG, or triphenyl arsine ozlide, P113Amf}, are Interpreted

in the light of inforaatlon in the litervaiure,

2s  BHULBAN MACIETIC RES HaNCE SIUDLES

The orizan and the principle of the RPPLication Of Demers
in conneotion with the study of rolative dopor ang acgepey
otrengths cas be undoeratood by etoariiugwith a quotation from .D,
Coyio and Po G hs Stone (52}

"The siuple qualiiative degerdption of the formation of
molocular addltion coapounda vy eleotron dunoreacceptor interace
tlons iapilos that tuo oloctroneattracting powerof tus donoxy and
thz acceptor atoms in an adduct will be gousowhat 4ifforent Irom
that in the frec Lowis bace and acid, and will depend 1a sart upon
the atrngth of the coordinate vond, Un theme grounda, the oapiri-
cal relationshdp boeiween the electronsgativity of substitucnte

and th: chexical iuternal shifis in o¢hyd derivatives was applied
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recently to an investisntion of the triaethyl dexivetives of
eluminivn and salliws ond thoir dAethyl etheratos. The resulto of
that“stuay indieated that the apparent sloctronegativity of the
Group III acceptor atom is diminished oy cenplex formation and
that the aloctroiegatdivity of the donor atcn is increased with
iuncreasingly strong coordintiticn ees furtheraore, the rolation
tetueen olestronogativiiy and chomical shifts in methyld Gelivas
tives sight provide a slnliar neans of evaluating relative

stabllilies in methylegubstituted addition coupounds, !

ibe pane resulss, Lowever, havenoti haen coniirmed uniforaly
in thelr atteuapt to correlate the seporatlon of the cheulcal shiftis
ave to ths methyiene and wmethyl protons of tho elbhyl groups with

the atabllity of soue of the boronwcontainin: sddition compounda,

He Le sichards and A. Thompson (19,20) applied this same
idea in their studies on the meteleoxypen cnd meial-svlfur bonds
in some addition coapounds of aluniplum and gallieu trihaiides
with othirs and thiloathers, along with their thormal studien on
the sane auﬁject. ‘these authors showsd that chemical chiifte and
thermochenical data correlate well if all moacurements arce aado
on gysvems which are in the oane atate. We =may conciuds that when
all relevent f{actors have boen considersd, neun.r. date aay glve a
mide to the condenﬁed;phaaa ordor of stakildty in a closoly

rolated sorics of comploxzes, but the Jdifficulty of cnoooin.. the



P
correcl poransters snd the anomalies which occur (1,19,50) show
that corrccied therzochemlcal meoasuroments, although considerably
nore tedlcus, are far aore roidable when disecussing roialilve bond

siren;tha,
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BeCrluk L LAPEHIMENTAL MEYTROUS

le CULSTHUCLILON UF CALURIMETLE

Pidi DHEFEROSIAL Yhe vessel de illusiratod iz Figure 2.
A glass jar of 135 inches kigh and 9 inches in diaceter vas ussd
as & thormobath containexr. It was motched wiilh an ouber metal
¢ontainers thece two veowoels were assemblod with Veralculito in
bolween them which Berved ng a heat inasulator. This insulstor linor
wag covercd with a vicoden riog and sealed In place witih Lo, 50.'

Y

Sternsoen Digh jenperature Coment.

Inplde the thernmosinty a Dowar flask vas situalod at a
convenient pooition. The outer netal shelil of the Dewar flack was
suitably cut and arranged to house an allesiass calorimeior, The
beviar flaslk: was ltself held in position wilth agquariws comens. The
calorimetor was aueéende& inside the Dowar flapk with a f£ibre

supporting ring ao shown in Figure 3.

AHE S Tdekiouial Guvay A water-filled braso cover for the
thermostat was comstructsd, Ports were provided for tho calorimote

er, the thormestat heater, the coolipg coiis, tho thoraoregulator,
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tho thermometer, the thermostat stirrer, the water inlet and the

water ocutlet,

The size of the brass cover and ito wator inlet and water
outlet were so designed that, with proper pumping, the water in
the top would come to a certain aquilibrium lovel vithout ovorw

flowing when in operation, 7The ¢sver is as shown in Fligura L.

The wator inlet was put as far froa the water outlet as
possible to help water circulstion. The brass cever and the brass
tubes thercin were all acsldered into ® whole picco. lhe cooling
soil, made from one quarter ipnch coppor tubing, wes also goldered

te the top.

THE TE/AFSRATURE CONIRUGL SYSIEN An electronic relay,
115 V and 50«60 cys., Preciszion Scientific Cos, Chicage, supplied
electric power for the thermostat stirrer and the calorime tor
stirror which were goared with the driving motor such that the
thoraostiat etirver had the bigheat}epeed while the calorimeter
was driven at 160 r.p.a., The bath teuperature was controlled by
a mercury conitact thermoregulator. The controlled teuperaturs
could be set at will within the ravge, =355 °Fews 155°F, The thorw

moatat tomperaturo was controlled ai 2:,8°C 1,1,

a&etatory water pusp was used for the circulation of the

watar through the thermostat cover.
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{0 asseabic ond dicevssenble tho thermostat and caloriueterx,
the calorimotef stiryeyr vas disconuscied from thoe driving wheel and
the calorimetior heater aund the thermoccouple téhca cuy from the
welis. The operation was facilitated by ume of a Jacking oystom,
vWhen the Jacks were lowerod, the thermostat vesszel wae lowered so
that the caloriumstsy cculd casily be {aken out, usipg the »ing
BUpperis

THE ChLGlatnisR “he all~plaes calordmeter was fashloned
after that usod Uy Ne He ureenveud and te e Porkins (56). he die
sillling devico sriginally designed vas not adepled, hewever,since
it vwas not oneeded, Une of the mercury scale, for attachuent by was
algo replaced with & precision growrd glass rod whieh just fillked
in tho attachument  and which d 2 sauple bulb adapior at oue
and, he diagpas on Flgure $ sghovin the construction of the caloe

BOLeY.

“he calorigseter houd was a 55/50 Joiut woundsd off aliout
€ cue Irom the grindiag it carried i abiacluenls z e s refers
to a mercury-sealod inlet carﬁ;ng the stirrer, £ is a glass rod
held in position with a gulde tube. ihis was hept aix tizht by
neans of silic: ne greasc. The sample adaptoyr wes situated at the
lover end to hold the gampla bulb G, € and D are 10/30 cones,one

of which (D) carried a foodein to admit in dry nitrosen aocd the

e
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other for allowlng the gos {0 eseane. & and ¥ arce welle of spesia=~
1ly tiidnned glaczs for contalsirng the ecalibration heater and tho

thormocouple,

i ThEnillulrin Temperatures wers asasured by aeans of
an sipht-junciion theraccouple made f{rom Ne. 3¢ Congtantan aand
copper wiros. the bot Juncilons were immersed in sineral oil in
ong of the thin glege welle i the calorimeter. The reforence
Junctions wers containsd in a distilled wator-ice bathe Potentials
were asasured by =means of & potentiosneier, type 4025, aanuiactured
by He ilinsloy & Co. Llmltoedy which read to L aV. By interpolation,
the galvanousier deflsciion gave thermo-auf valuss preclse to iaaa

than C.J uv,

Lan CALULLNE dnx CALLoiailul 2EATLL ‘he caloriscierxr
heater ¢oil, mude from lioe 0 Constanian wire and having a total
reasistanco of about Y ohug, was staunurrdized with a reéiat&nca
therncneter Lrddge, type JelGOZ, . Tiusley &% Co. Liclvoc.lurrent
was taken iros thrae .arge-capaciiy &V battsries connecind in
parnilel, In o:desr to msehleve a steady current, it was sascsed
taroush & dunny heater of & ohng rosiatance for ab Lewst three
hours bofore a »un, fhe currsnt drawn was about C.): 1. ‘ho durae
tion of glectrical heating woos timed by means of en eleciric
timeyr, reading ¢o O.l'socond, which was synchropizoed with the

heater by a doutle polo double throw (N.rP.D.7.) swiich as shown



e
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in flgurs 6.

Ihe current was neasured Ly aeans of a potentiometor of
Ulesselhorst pattera, type 358%«ii, H, Tinsley & Co. Limited,using
the potential drup acroas five l-chn standard resigiors connocted

in parailel. vurrents wers measured with a precislon of 45 md,

2o SALRIHL IRIC #A8A0UReARLHTS

Fricandila Ol A Pho LULB & sonple filling tube sod
the sauple bulbs wers asvembled, 28 shown in Figure ¥ and connceted
to @ vacuun ilne aand oulgossed., Dried nitrogzen waa then let in. ihe
24/4C0 jolnt wag discounecied while nitrogon was passing threugh,
acd a epitrogen f£iiled tube containing the sauple was bLroken over
tho opening eund the sample poured in., Tke 24/50 joint was rocone
nected and the asconbly outgassoed again. Thoe stopcook was closoed
and. the 14/35 jolmi.was disconnected from the vacuws line. :he
gasple vas thon transforred to the saspls bulb which was subsee
quently saaled off at the point indicated in ¥izure 7.

PRLEALLBG Lie CALOLLHL I the proporeod senple bull vas
pPlacad in the rod % adaptor suown in Flsure S. iz was done vhen
tho calorianetor sead was not on thwe body. ‘he heoad and the body

wore thon agsesbled as shown in Flzure 9. fhe calorinaeter silirrex
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el
inler A was fllled with mercury and the wails E and F two=tilirds.
filled with mineral oil, The whole calorimeter was then introduced
into the Dewar flask ae ahowa in viguro 3, the thermcaiat {illed
with water up tv a level about 1 ¢m. bolow the 1id of the Dewar
fiagk with the two jacks shown in Figure 8 at the loweat zcsition,
by operating the jacks. The caloripetar stirrer was screwed into
position, and the calcrimeter hesatsr and the hot junctions of the
thermoccuple inserted ints the wollz B and F. Hitrogen vag 1led in
through the foedein 1 axd out through ¢ ( gsee Figzure 5 ) for at
leost one hour before 100 ml, of freshly Aistlilled ligand liguid
waa introduced tarcugh C into the ¢eelorimeior body using a susall
tippe& funnel while niircgen was otill fiowing. O was then ccﬁﬁred
and the vitrogen fiow st:;ped., The calorimetar inlet on the hrass
cover waB covored with gisas weol further to provent heat loss,
Tap wWatar was passed through the cooling coll and the reforence
Junctiong of thermocouple put into the disiilled water-ice bath.
The power supply switch on the eloctric rslay and xii the battexrles
were tursed on, with the hsater switch shown in Figure 6 in the
dunmy position. The apparatus was allewed to reach & steady state

tefoire calibraiion was begun,.

CALURIMBIRIC CALICRAILIUGN Ako HEASULodbh L

8, FORBWPERLICO CALICKALION Yihen the calorimgtor was
prepared, the calorimater teaperature, l.e, the potential of the

thermocouploywas taken every minute for at least 15 minutes. ihe
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hoater ouitch wxs ihon durasd Lo the cploriaeler poslilon &
curienl seasury & at Luast five tizes in aboui 300 seconds heating
poericd, ihe heater owitch was wurned back to the duumy posiiion
wheﬁ the heating was stoppud and tae cascriucicr tumpsralure

rocoraed ovory ainuce LALL che eaporatucs changed 1iBeB. 7.

e cidis whemesidle G it o ke culorimeier was alliowed to
coae Lo u steady atate arte. the fere-gseicod calibration, oo
caloriuacter Seogpsrature was thon recorded avery albute for at
lesst 10 minuics., Lo saapis Sull vas kn brosen BY thrasiing

Lhe Adaptir sod agalust ths CR.LOP Lmdt”” waki., ‘he homoerature Wasg
rogorded overy LY=0 szeconds for abeoui U-lO sdnulus and Lhel overy

inuts oiil the pemperature changed linsarly.

¢, Ao icddeinaiovl wAllond SLGH the cualoriastier was
cllosed to come to a siteady sitabls after the muasuresent anu the
calorineter rreopored azain, ihe sase srocedure as in g vas followed

to carry out the aftereporiod cailvraticu.
P78 Bballosaubl Acy waLGUonadub
Qe Lo Chblosallul the energy 4in coiorico ouppiled

by the colibratlon hoater was deieralned using tho eguaticn

oz
Woe T RE/NM.1800



whers thoe sy bole hove thelsr uswval signiflcauce 1 orecidleud
. .

thoory, dhen I variod slightly during the hoating tine, ITE valuos

wore ploitted nyalnst T and ¥ An joulss is the area under ths curva,

The calorlneter teuperasure rise &7 was detarainsd graphle f
coddy by plosting vho recorded fomperatures-caf, in wV uniit,e alont |
tho roeerded time, outrapolating ilinear porcions belore and alter
neating to the alidie peint of e heatlinyg period and itaking the

dlffcrance tharo.

Jao cadlurarion ¢ vag calculaied as
- '; e r
v = o cal/uy
for the foree and thoe aiter- period caliovration regpectivoly.iney
were in agreogusni with ono another to within 3. ine average of

the two was taksn as the calibration for the asosuroment,

B, b cbdoUbben g The molay enthalpy of reactlon or
the molar enthalpy of sclution deserived in tho last chajtor waa
calenloled using the cquation

JE o Oy AT X few. /W ple cal/mole

LR L de

where f.W. 1o the forsuls woipht of the sauple end ¥ is tho

sampla
wolght ot the aaguple uazod,

3,  INFRAHLD SPECIRA
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Infraved spaches wers recoried s ing o soclsann e or a

Porkinetingr aodal 1357 specirouuter with souiua chiovide or cosium

v

ivdide plotss. Zamles were prepared in tho fora of Bgjdol, mulls 4dn

s

& glove box and held botwoor salt plates, the adges of wadch wore
greased 1o provent Ingress of nmolsture.

fle Mo Fe Be SPLULLG

Proton nuclear nagretic resenance gpocira wors rogordad

on a Varian V=4302 epeclroscter at tu 5c/Ge

ike sauple was dutroduced inte a Luun which kad becn cone
Bect.d Lo Lk vacuws lice, ocuipassod and fiugned wioa Jdry nitrogon.
ihe 2olvent, puriiied benzzze in our work, was then added. che
srawralied sndutleon go forsed wag transferrod $0 a0 B.m.Te 8pec iy
tube which had beon gonnectsd to the above-mentioned tusos Lt was
frozen videh Liguid mitregen ond ths spectrua tube scaled aff

undeor reduced DrooLlre.

Do  PHBPABALLUN OF LHaiFLEd
Fircoriua {IV) chloride and hafniwa (IV) chlorids,wupplicd
LY Ao De Tmchey Incs, wore purified by subiimation in o atoosphere
of dry nitrogen in & ssaled tube at 280'C and 275°C rospoctively.

The sublimatdon tube shown in Filgurce 9 consisting of =4
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1
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o ly

sublination compartaeiits and storage supoules was originally opéﬁ
at ond A but closed at énd B, L was connected Lo a vacuus line and
the whole sublimution tube oulgassod. Lried nitrogen was then

passed through A and B which was now opened to ths atmosphers. A

tube fiiled in a giove box with zirconium (IV) tetrachloride or

batnlum (IV) tetrachloride was ipserted tarough A4 whils nitrogen
was flowing throughk B. Nitrogen was then admitted through &4 wiile
B was connected to a tude leuding to & fune hoode The tetrachloride
was heated with a flane and sublized frow one coupartment to ance

ther till it reached the storage empoules, ‘Jhese were thon mealed

off at & and D,

Zirconiuwm (IV) bromide was prepared using a prodeduro
siailor to that descrived Ly Ray and %esiland (59)'aa follovs:

a. Distlllation of Lyosine:s Grouine wiich md been
allowed to stand cver P205 ¥ag introduced into container 4 of the
distilling apparatug shown in Flgure1o, Tiue tube was nutgassed
whils bromine in A was frozen with iiquid nitrogen. C was thon
closoed srd the bromine dietllled into the thinewailed tube, B,
untlil the ﬁubo-bmlow the lower corstriction wea atous 3034 full,
The saspla tube B wao sealed off at D.

be Preparing the Reaction Tubes The appararus ébdwn in
Flgurs 11 was ageexbled contaoining nuclear grade circonium aponges
The brouine anpeule was soratched with a file bL:efore assonbling.

The aupoule was shattered by mcans of a rod passed in at & while
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rnityrosen waa_flowing out of the openinz. & waz thea covered and
bronine from B wam decanted into the roaction tubo I, jhe hranse
fm;ring of vreslne was complated by coocling ¥ im liguid nitrogen.
the whole ftransferring tube was then ouizasceed and the reacilon
tubie zealed off at ¢ undzy vacuus,

ce rorzation of Blrcociun Potrabroside: The reaction

tube Do b owas

e

ated in an aituasdnium Siock furoace at 5800
ith eno enﬁ containdlng liquid Lroadine Mept at roow touperaturc,
The preossure of the brosive was sulficient for the reaction to
preceed, [he appuratus wos aesenbled s shown in Filgure 12 aad
heating eontinuod for tue days. Crudo zirconlun beiralroside, thus
producsd dn the udddle purt of tue reacticn tube, was tranaférrad
ints a test tube in a iove box, ‘he tube wos thon inserited into
the dried subiization trainr a5 shown it Fisure 9. vhe suslimation
¢ zircouivn tzirabroslide was carrled out, using the came proces
duro os for fthe sublization of zirconiwa tetrazehiorlde proviounsly
describeds heo luoly powdered, white zirconiws tetravroaide was
stored in an ampoule undor nltrogon, Anale! Cald., op C2e220y L1
P30 Yound Lp 28682, 1t 776Ul
Tetrabhydrofuran ( Misher Certiflod reagent ; and tetrahy#

deothiophene ( Aldrich ) were froshly purified uy uistillagion,

the middice porclon beinr ccllocted,

3
~
i
k)
el
=~
Tet
=9
e
s
<
12
ol
=
[N
ot
&
O
2

clde and trishonyl arsing oxido wore
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propered asn fuarniashed by ¥ro, Phiillips of this laborotery and

2 i LR T - EE oY vy
usud witheut furihey puriflcatian,

Riotium notnl wan firet ehleripotn.d 4o give: niobiue aantle
chlioyids by pzsoing Jried chlordne LO8 Jrom o4 eylitlder svar aogtal
huated to 220%C. he yellow seniaonlorlds was Lhon roducsd o
niovluwn tetrachiordde by celallice ploblum. Jhose Lo LILEE wers
carrdca Ut An a claple single oyslou, Lhus avolaiig rauoleoahca
from orc oycien o anotier at any siegc. e reduteion of LG ponw
tackhloride by the acinl was acileved by piocing bwe alusinious
Llock furnacos end Ljond, Lo ool Jur highos LLapuldbure Qus Lo
G ther for thue Lower ohg. he producio were wrannieived Lo LLOrage
aapoules in e grovoe bon ond averoed under LLIUTOL60e hBULQ DIOCoe
dured are aeds sleatdons of Lhooy gesceydoed by e arley and Lorp

(OL), Jevapioy and Loniaman (G2), and sehafcr and sablepie i, 637

Mes LG COEGLOROD UOND Prepalad eilip & Proguelire chsoehe
tdally toe Gaae as thie Joneribod oy L4y and doscicnd {(599) as
folicua:

AGuul one Liter of wonpeng was refiused wiih 9 tuw ui. OF

guLtth Ll uecd nvuua apd furagiin, extracted wioh water, arded over

Satl,, aud distilloed. ille disiislate was rofiuxed with beaz zopho=

none sotyl, redistilled, and finaily stored over gsodiui.



iy

she jurifled penvsne s dLstilied of redusod BrOBsure
from soddus metal inis a Johlenh tuoce iwmerscd in Idaguid niuro on,
Jbe dsililat: ( abort 50 al, ) was allowed Lo aliadn room (oDt
raturey aitor which dry alsrogen wne ad liteds oo costont of an
Quaptuds of aeul bhiklde | Led ge ) Was introdused intw too wube
and Lo thin sugponcion wom auded wbout 1.0L imch o Sholcilow
selrds ancunt of fliand, VAZorous suirrios for ies hrs, sradnced
4 hoovy widlie ox yellow procipitoce Lub stirming vas conbisucd fop
@ furieer &4 hrg. or Lolger Lo onsure compleic ouuctione i

solvaul voilune was hod roduced Lo ong-unird G¥ puapilg boloro

Lo uesla mesorial das suparabed in e filterduy apsurdtus aialloy

3 [T 3 P S S T P I T RS L ; W

EO o Ly aoaardiad Ny cXANGE QI Comudiulors Luisde i proauct was
sty . | ST S o g P B gy

Wiiand wlinl wensong Lbeluve WY A Uiy ACULE Ao pOun Voapultae

Ul@e A8 LA GOLNLSLDE Vel alregensn Live, Loy wWore stored in
Gupoules undoer nltropsn,

s ',

{ie babasoz Mok aids LERYYS WA WP

LnBauws For enlorina and brosine in CULIPLCKROE WLy
carrdad out by Voloord (ltration or potonbiosotricolry reldowing

Al

the proparation of the sausle LY Porr bosmb combustlon {Gh)e
j -4 l W

I the varr Lost seabusidon, about LedUU grum oosple vas

put dnte & ¢2 ni. boadb and immediately mixzed with 0.3 pram

; 9,
}-w

t‘ -

powdered Lucioue ond one ddwoor { 1L rrams ) 0F sodiucm nerow



e b
Ihdo was slxed Lhoroughliy ud ipndied with o smeli hot fiase.,
After ia#iﬁing tho charge, the boud was cooled rapldly to room
tewperalure and oponed, iho asit was dissolved with 100 al. of
distilled woator and neutralized by adding 50 ml., of wilutoe(l:l)
nltric acdd siowiy withk consiant eatirringe ualides wers thon dew

terulnod volussbricaily,.

{o determine the chlorine and the briaine centunis of thoe
tatréhalidaa, the samples were Iirat dissolved in LU osodiux
hydroxidie solution, oxddiged with hydrojgen peroride and than
noutrellisd wiih nitrdic acid and distilled ammonia. ialide wag

titraved voluvaoltricallys

Agalyses for suliur in coaploxes were carried out gr&vie
aatrically following the preparstion of the sample by Parr boab

g¢omtustion,

The c&arge.ana the dgnition were the saxe as aboveementiole
ed, After igoiting the charge and the bomb was cooled aud opaned,
bowsver, tho relt was wade Jjust faintly acldic with concantrated
bydrechloric acid. ine ualutien wag filltered through & qualitative
filter paper inte a 600 ul. beuker. The ash residue was'ﬂémhad
with distilled Wators The comhlned filtrate was ddluted to approe
ximately 400 =ml,, added with about 10 al. saturated bromine water

and bolilad to expel the libderated bromine, It wos mode just




wHle

neutral to mothyl orange using sodium hydroxide, thon added with
exactly 1 o, ¢f 1 N hydrccalorie aclds Suliphate gas then
detormined gravizetrieally.

“he analyses of nmetal in bhoth the tetrahalides and the
complexcs wore done gvavimstrically. 4 sasple 1o a tared crucibdle
vas moiotened with watey and irnited 4in a uwuffle furnhace to

conatant welght at 1000°C,
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BECTION 1I | BAPEKLAKKIAL ol i
1  FRAPLEATIVE UF CiPLiind
Jabig 1 lists the condlitions of preparstion for ihé
various complexem, The genera: procedure deseribed in the lust

section was used inL cach case.

Tahle 1. Preparation of complexes

Reactauts #t. 0of ﬁxu(gm.) Yeriod of stirring dodlox oq@roduct
zrcl“ & Td¥ O.73 40 hours wiilteo
Lrcy, & omr 1.61 58 acurs yeliow
»&rﬁlh‘& FhEPU Led 3 7 hours whl to
Zr01“ & Phﬁkao 1.86 7€ hours white
dfCL, & THY 3.53 %6 hours white
8£CIQ 8 Tl 1.95 26 hours yellow
Zrﬁrh b TOF 3479 0 hours whi to
ﬁrﬁr“ % THT . L&Y 48 hours . yellox
ﬁbCl# & Ph3P0 Colth 108 hours yallow
rmc;a.l’ & f"n}aso Udlye 96 hours wilte

THF, tetranydrofurany YHT, teirabydrothlophene; Fa, phenyl.
’
»
2¢  Aithlioed UF GBlAl lbilosd Al Guelilakiid

The complexes indicated mbove, together with the wetal

hnalides used as one of the reactants, were anaiyzed foliéwing
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the prm;adura'doscribed in the last section. Tho results ars

showr in lable &,

Table 2. Analysls figures for halides and campleoxes

Céméoun& T( s found ] Qalcuiahaduﬁ___
se(Ae,Ne) X 5 Ip{ir,Er) X 3

xfcmh 3883 60,95 29.nk 6ULRG

LrCl, ~2TEF 25,90 36,22 20,18 37459
zrcxk~2wﬁw 23,40 35.58 14,48 22,28 24,65 15.67
LrCL ~2Ph4P0 13.65 17,65 11.56 27496
XrClafﬁthéaG 6.86 i2.02 ?.50 : 11.82

gel, She 48 Lo 88 95.73 4427

HLCL, «2THE 29,47 2G.61 38,42 - 30.53

HICL, =2 157 35,65 2845 12.02 154 28456 l2.91
srer, 22425 7700k 22e20 77.80
Erﬁrkog?ﬁF Y7.40 57.96 | l&.ﬁﬁ | 5759
Zr&r&@&?ﬁ? 1&.98 Bh4 32 2.71 15,5a Sthels3 10.92
Kool 40,24 60 4C 39459 60 b1
Hbﬁlana?hﬁﬁu ‘:9;90 15.49 3.69  | 13,26

HbCL «2Ph 4sC 1C.81 16.80 1G, 5% 16413

TUF, tetrabydrofurang (57T, tetrabydrotbicphenej fh, plhenyl.
3, Thh®iAL ALASUELILITS AND CALCULALLONS

the eutholples of reamction, ~ik,, of zirconinm (IV)
caluride, zirconlum (iV) tromide, and bafmium (1V) chloside
with tetranydrofuran, iiF, aud tetrabydroialiophene, idl, the .

enthalpies of soluticn, =alg, of the complexes containing ihiF
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mable 3. Calorinetrical measuremont data.

Compound

zrCl,
]

s ,.,’h-‘-ﬁglz;
LrCl“ PLg.
el
+
ErCll~2TﬁT
¥

HfClﬁ

HfCl“~2TﬁF
EIi‘Cl4

ﬁfclu~2THT

Zrar“

ErﬁrhfaTﬁF

Zrﬁra

ZrﬁrthTﬁT

%
(g§ple

0. 45081
Qe 31409
0.1.5528
0020461
0. 45886
0.29833
Qelde3b
0.16020
0. 4799,
O 42326
021343
C.14863
O HLEOLS
0.22588
0,16076
0.06776
0. 74752
0,19950
O 514621
Caldif09
2423855
0. 2335357
Qe 25768
022353

Ligand or/and

solvent

THr

THF, tetrahydrofuran;

Calibration
(cal/u)

0.1881
0e1793
0.1683
0.1678
0.1748
041748
0.1679
0.17L4
0.1596
0.1300
0.1780
0.1667
0.1664
0.1674
0.1896
041589
0.1720
0.1680
01702
0.1764
0,184
041659
0.1782
Cel724

-5H

~hi

(kBal/mole) °

9.8
4.6

Le.9
4l.1

hl.0
5l.©

403
40,2

51.8
52. l@-

EFels
0.1

T, totrahyarothiophone.

6.7
6.5

2.2
lz.2

6.9
7.2

16.4
1065

2l.1
2l.l

and THT licted in Tables ) aud 2 in THF and THT respectively were

measured calorimetrically.The enthalpy values obtained are listed



in Table 3, Fro

-

1 these rosulis, the enthalnles of coaplex formge

iion were calculated and are chown in Zablo 4.

Table 4, Inthalpies of complex Poraation inm! keal/mole.
Donor ; Acgoptor
arcl HECL iriy
4 4 I
‘THI, te trahydrofuran x3.6 3he6 36.2
Tl totrahydrotilophene 2948 33.3 867
Table 5. Huclear magnetic regonance corraiations,
Compound  Solwv, Proton shift Iuternasl -ﬁﬁr ~&ﬁf «aag ~AHE
relative o ghift *Vc *vc
Ti8(r) wF I
L 2 /5-(} {ﬁa -3

TEF Gsﬁs
2r614~2?MF C6E6

RE0L, =2THE G H,
& &°¢
Zrﬂrh~2TRF 3636
THT CGBG
3?01&*2THT Géag
HfCleETBT 0636
7 e w2THT G.H

The san

oxanined for th

6.72 8.78 2,06
5025 901% 290 QD.E 35.6 7@.§ Q?cg
5o76 8.83 2.07 41,0 3“06 730y QSO&’
5456 9.3 535 28e% 36e2 S0t
Teh?  8u4s5 0.58
Tolth  9.01 1.57 42,0 29.8 77.1 43.6

7.82 B.77 1.55 BG.2 35,1 765 51.9
Teb4  Ye27 le 42 2g.8 8.7 2745
rahydre fvyrans TidTe tetrahydrothiephéne.

¢ sorics of couplexes conbtaining THF and THT were

oir M. #. R. opscira. They all ghowed absorptions



siifis wsre calsulated therefrow acd correlated wiih theraal data
as 1t was recently done by T, L. Richards angd 4. Thoupaon {19,20)
and others befors then. The rosuilss ave ticool ii JLnle De

He  INFLRARED SPLC LA

Taome cosplexon whooo wolubllilliles are 00 36w to poiull
theranl neasurcsent were examinsd Ly momns of I. He spoctronally.
ihe procedure is describsd in the last sccilon and the resulis

for Mujoi mulls arc given in Tableo 6.

Tablle 6. PO or As-0 strotching in Ph§?G
or Ph,AasC and their comploxes.

Compound P=U oy Ao«0 3Bhift Compound w0 or Ap-U Shift
gtretohing stretshing
(en™t) (en™t)
Ph, PO CAL7S , ‘ #hy480 870
2re &~2?h5?0 1117 -5 ZrClhnﬁPhE&ﬂw 460 ~;O
ﬁfClh~aPh5?G 120 =55 E£01“~2?h3§30 G395 + 3
NbelhaaPh;Pﬁ 1Ly -32 WbClq»zthAaﬂ 52 =28

'hy phenyl.
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CHAPTER II1 DLECUSST N

Cl¢  THERMOUHEMIBTRY OF I8 CUMPLKXES ﬁxagah HHARE M
15 Zr OX H{y Xy CL OR bLpj; AKL L, THE OR iy

All’the conplexes contalning THP or THT listed in ‘lable 1
sre soluble in cicons ¢f the courresponding organie 1lizand, Hence
the energles involved in these cumparable eleciren donor-acceptor
reections or the aenthalples of formation of tasse addiiion
gompounids can b¢ measured LY using the scheue described in Chapter

1.

~Let us define the followiag hoat quuutities:
Alacceptor,e) % ( = 4+ 2 JL(ligand,l) = AL (dissolved in XU)y=3H
ALZ(G)  xL{1) ::ALa(dismolved in xL), ~4H
and A(c) 4 2L(2) FAL(c), =i, = =Bi_ 4 Aif
The quaniiiy ~¢Hf'1m the enthalpy of fornation of the’cumplex in
the condensed phase; the cycle helow was ussd to calcdlate the .

enthalpy of formation froam Zaseous rsactants.

CYCLky
no (e - a2l (o) g o e2n (g)
LR ¥ J‘} 3 r o m,,a.‘m..,..,’ Vie ‘* S8 L\
s rV,
1 » y, 2L (1)
8 1‘,1 ) .t’ [ -
‘ F
i . 1
Al
ng(c) 2L (1)L HX =2L (o)
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Eril, ~2TRE 55.6 8.5 a(vai)’ 7643

;rbﬁ&nh.fx 2003 2805 steun® v

BECL, ~2THE 3.6 26,62 27,00 73y

AICL,=2HT  3Bak 26067 2(9.4)° 7645

SELE T el :«:('7.1)‘°
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fo attenpt weas sade to Jetorsine ?c and T tor theso cospleoves, 1t

i b ety o P % P - o gt Eag a8y v 3 % o
is pssuned that theme values ars equal for such 2 closely related

ortes of coapoundy {(19). ‘he lack of a vriue of L for Lrar,

weuld not affect ths relative thoraal sind

Ees S

angd f';lx"’;;r‘.;-—éﬁ'{i’f‘if’ whichprovidethe only comparison we wish to make on
the Lania of the corrected enthalpyy valuon. o

-y - .
wiite  LIIWOV 0::\3 VALY VALNeSs

of (( «i¥ 4+ V4 ¥ w5 )  ware
& ¢

for conparative ruryose,.
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& |
o \' o . e 3 P e Yt R 4 Ll - I 2 .
+ o oats frew o the gas chasge fhn LeUl, asd aldl, complexas, 1 Le
;,’ L;
Yoo b
geen i

st both AUT ceuplenes ars forsed nmore axotiorsically than

their TEY counterzarto. hie is ceaparabiz with the reiative

thermal stabllitles of gorresponding or sisilar paliliue coapiexcs

&

(L3,20), nuasly,

i ey Eix;\) I'd (nliul?”u digana
A & I A
Pe S Baal rnle L9, Yool /eata
Gl =gt U ¢ QL el

4 o ] ¢

D,5ei0,8 Feal/mole 49,1 kenl/aclo

Yhest palliun valucs hod teen enmrmured winh thel r alualnius

counterparis and ezslaine

-

A iy terase of boxinoens of acocenlor azlidén

and the dozor bages (V,20) fellowing

valliuve vwaps thug naid 0 be a softer acid tha
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et (Jue
die Lo Lho wroeconce of tho filled 3d~ orbdiols in the centrai
gallium(@li} aluze Tna iilied a4 saalles on the webal smoy foxu
do~tiy bonaa with the vocans 5& okl i of sukphur. Jhis slbualion
¢an occur nelther with alusdniua(lil) whers tooge are no f£illied d
shells nor wibh Oxygon WCnors wnere tus & O1ULLELE &io not oi

suitaile aneryy o ailow for (he vebonding. aeaua, aluwainiae

-
]
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e
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la¢ Loras bhelmally a0re stable cukpleves Wilh CHY 1Rl

Gonlatoing Ligands Loan #iin suiphureconialnliag ove, L.ce
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a poelardsin. fleld cueh as Lhab crerted
vy whe poorly spdelded sizconlun or hoinius aucleus, the ihice
ligand would be umowre polarizcu aud eonseyuontly the covalent

Ligapdenetal vond strength would te onbanced. (his cxplaine aleo
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curragsonding
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couordinace wonding wirousi sulpbur

-

(L any onasa, he prossace of inner de erfand f- orbitals

[

lueraanss thr solwess of the weial ag an acid, due to cither

HmhonGilyg O porarisacdon esfoects, and thds makos 1t a better

Acgep Lol Yoy sulpaur taan for oOxygen. When Lun thio- and oxos
adduc iy of anulk and 3bu15 are convidercd, tho thio-gunploxes are

s

0 R I o o ks R AT 3 s ey de %
00w cosploxes. It Lo Lilely tzat Loth

J
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Telohding and polerisacion offocto seour tul -taur and Lhe netale

JLpand tond da grrengihesod
alihough the greoat gunirast

surica ie not olgorvad

increonse from tae Tul coupl
larger for the hafnlws gord

the presence of {illed 47 o

ag on neid, scfter than air

48 orbitals and waich 1s therofors betbtoy shielded thun hafrdual(lIv),.

Howavar, -ircsopiun{iv)}), Lei

than hafnluw, G728 A, 18 ,

by a synergic type of elfcct. Hendu,
valweon the paliliue and Wusdniun

sirconiun and nofniwe, the enthalpy

ax be the 0% aralogue Lz gagll 1o be
oz than for ine circenium counterparte.

rhitals dn bafoiun(IV) should mabe it,
conlum{I'r) which hae ro such £illed
tyow 13ittle lurszer in sive, G.79 A,

to fllred and Wochow, o
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Iittle less electronepative than hatniun Q values are 1,752 and

1.23 respoctively). “his Dey be the roason why the enthalpies of

the zirconiun cemnlenes in thin worll are a 1ittle larpger than

hafniuvns annlopues in apite of the sioe differ

I, TLEMAL SUARTLIDY AND IONTC »ULe riun

Tt bas long been pointed out (70,7L,72) tnat enthalpies

of hydration and similar stabilily values oz winearly relaied to

. Y s S 4 N LNt o B
the dondic fuwnciion which 4

= ratic of the valeince, &, snd the

.

Lonie radineg, r, in i of

- SN PR - R P, 3
ivon Tor tho conlen, Nis

corr:ilation is congidered to indicrie clecirosziaiic bending and

tne positive deviations arc attributed Lo covaient Londing.

Ahen we plot the avove menticned gas phuse enthalpy data

agadnst dondc function as ghowm in Figure 13, vie note zhat the

cxyguo= and the sulphure- contolning compleres of ailuniniuwa(iII)

chioride and Sniliua(TIT1) chloride can vo diviaod ioio Lo L roups.

Tho oxygene containing conpounds are in che sroup with o paipr of

approximately parailel Lines aaving posi ive Slopes,

containing compounda arc in the sroup withn o siailar paiyr of lines

neving much onalier jovsicive or cven pupeidve swopes. (ils say be

interpreted as au iwlicatliou chabt tho SULphielr=coL bullilyg cuaploxes

of galllum chloride have a .cre covalent nnture than the oxyi.en
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aneloguss, According to the covalent~ionle bonding thnecry of hard
and soft acids and bases, this would mean. that oither thlocihers
or gallium(T1i) chloride jie, or botn of them ars, scftaer in the
Peargon seuse, than the corresyonding ethers or alusinium(Ill)

calorida.

o cempare the siailar gas vhase onthmlpy data of
sirconimm(IV) chloride #nd anafniua(iV) chlerdde couplexss with
aluniniuwa(IlI) chlorids and galiius(iil) chloyide complexes in the
lopie ifunctiomeentualpy relationship, one should coampare the
enthaepy waba of couuplex furmatlion Wits the szie nunber of acnqra
and acseptors. It bas veen established that the enthalpy of
addd. cior 0f the sucond swleculs ol the Ligwsd is congiderably
less than tiat of Shs lirat (19,73.74). ‘rom éhe £88 phass
onthalpy data of Al§13~uh380, AlGlB-ZC“BSO, QaGlE~C&H83, and
6aCly-2¢,lp0 (193, 1t is found that the enthalpy of l:l acdition
comploxes i the gas phase is about three quarters of that of 132
addition couplexes, sazuning tkhat thic 33y be applied to estingate
the gas phase cnthalpies of 1:)l additjon in complex fermeticen for
our comploxe¢s, the gae phase values for tiha addition of a esingle
ligand are estiuated and listed with thoee for the alusniniuw{III)
chloride’complexea and the zallium(III) chloride complcxéa.ig
Table 5, and axe plotted together in Fieurel3, Aleo listed in
the tables are the slopee of tie lines cormecting the polois

plotted fur the alusinium complexes and the others with the saae



ligande This was Jdone ou the fssuspiilon that aluminius(II)
chlcridé. salliva(1il) éhlﬁ:i“e and diethyl echer form the

ot denle vonds axong too céaplaxom llsteds Any value for
an ethor couwplex walch wight 1le above the sirali_ it line pacssing
througn buasg poluils fox Al:l3~EtaO and GaCl5w£t2 wowld Inlicate
a ceordinuces bvond morc sovaient bLhan waliheld averape of the

coorvdisute weads of ALCL (=iE,0 and Ca615~2t26. Tha rzlative
3

differences of tne slopos of the straight lincs ther should Le

a =measure of thu eovalent deviatlon fyrem the averafe,.

ieble O. Ionic function and onihalpy, -bné+uc+ Fy in cal/id,.

Complaxn Hotel aton, il Ca ar g Al
Ionic sradiuve ia A G2 Cu77 QU786 UL5L

Ionile function

:..
02
AV
A
-

2
=3

,rf;‘vlz'l 5"88

1 57.1

.

1%
L%y
~3
[ ]

b
5t

ClE-Chﬁ8G oy A.ontpalpy,adding 1 ligend 4 )

E"iC:L "'26{,_2’::;6 b. I».chg)e RN "’I.L] 111‘ 9 2 - 5185 ﬂ. . 6?

‘u

0O
4
MCl,-u‘jqu or g.onthalpy,edding 1 ligand 49.5 57.8  57.4 L7

4L ~2C beSlopa,r=al 1in w2, Prmi e A3l 27

Quu\ n.'

“"l AT Re nt: thalpy,adding 1 ligmnd 40,2 5520

beSLlope,li=al 1line 14437
N ?-ﬂtaé d.entnalpy,adding 1 ldgand 44.0 e
~ .
b.Slopa, Al Line Ge29

-
the fumctlen 25/t 1lg somotimes used in siesd of 2/r in
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carrglating stoldlity data, The vme of the former functior mokes

ro substantial differenco in the prosent imstance, hovwever.

The conelusions drawn sbove fros the plots of the enthapy
data arainet tho lonle functions zust not be talien too sericusly
hacanse, although the zethod provides satlefactory osrrclations
for sozplongs forasd In agueows solutions, it is enwlly upsot by
unforzseen factorsz sueh es storde hindrance, ioreover, 4t hao not,
%o our knowledsge, baepn applied ¢o lone with charges sraster than

+5e
lo, CHHERC4AL STABILILY ALD BLECIRIC ALD STERIC Eriulis

& comparicoen betwcen the enthalpies of complex formation
of sirconium{iV) bromide c¢ouploxes and zircuniun(iV) chleyide
complenes can be made with only asbout the caze degrso of signle
ficapce in tho gas phase as in the condensed phase due tv the
lack of furtser information. ihe data on hand, howover, show that

for complexes of THF the following relation holds:

VA AN Q-ams* > Zrcl Quaz-m'
Siveds heal/uole 47,8 Leal/avlie

shds i the sans treud as those {or mosi Loroil and

eapecially aluninium complexes. The sane reasoning thorefore
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N A
ghow & change in the aeparation of the amethyl and (i “eihylene
rnsan&mcém or the 5eparn£ioa of the resonances due Lo the £= and
the t~CHa groups relative to the saparation in the frue lirands,
These changosg of geperation are often reforred to as internal
8h1fts oy internal ahesical shiftn (12,20,75,76)¢ The feraotion
of aclesular adlftion compounds by electron doncreacceptor intspe
aeticons Lovllon 40 Lig BLOCILIIN RiLraciing nower of the donor
and ncceoptoy stons in an adduet will be surewiat dliferunt froam
that in the iree Lowis vase end acid, The olesiron attracting
pover wlli depend in part upon the sivength of ths ecordinata
bend, the empiricnl relotionsidp between the internal shifte and
the electronegativity of substituents, Howover, due to the @many
factors koaows to influcnce proton chemical siifts, a diract corrae
lation tetweer chemical ahilfts and eloctron attracting nower of
tha accéptar ag indicated by adduct atabilitiea hus noi buoen estae
tiished, Fevertheleas, it isc found (20) that whon ell relevant
factors have been ronsldered, reomer. data give & guide to the
condenced phase ordsr of stebillity in closely reiated sories of
Goumplexes, The. data listed in Table > show a good.carrelation Lete
woen internal shifis and anthalpioes df reaction in solution,~dﬁr:
the correlstion betwnen internal shifts and entialplog of formge
tiou,mauf, in aisc aatisfactory, thoush somewhat pocror. Sluce
the n.ag.re data were obteined in solution and tho enthalples of

reaction weasured in excoens ligand, it nay woan that 500U COrToe
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lation may be expected enly under plullar conditions,

LEFRCTY OF COMPLEX PORMATION Of FaU 44D ApgeC

T "lb.-ll‘(’ 5‘5{1:.1‘ A ﬂ 'J 101\ .,.AJ.A' ‘.;) u..;u)&..aww Jlb,‘,i W"‘,-‘J

3

WHERL M 18 4y, d£, GR Npy L 1s T#e3, INIPuBEsYL

FHCSPHINE UXIDE om IPABC, IRIPLL L. A.0LLG CAIDE

These conplexes also ave 1:o addltion compounds By GERS
Zrﬁ;Q«ET?&aD. They are, howsvor, inascluble iu the organtie solvents
tastod, eg. Cﬁﬁé.ﬂﬁ?cﬁ, hence ne solution caloriuetric measuruaent
could be made. In stead, thelr infrarod spectra ware obteined and

a discussion of those follow:

3holdor and Tyree (48) found el strotehing bands at 1125

cm"l for (Phyr0)ysncl,, (Ph,P0) 2SnEr,, and (PhgPG) Pebr,, at 1130
fer (*n. PD) 11014 wd at 1139 en ™t for Phﬁpo; all in Nujol.

Cotton, lavnes, and Hannigtoer (47) found the P=O sireteh for PhBPO
tc bo at 1195 ¢u™t and fop various Ph,P0 complexes of haiides and
perchlorates of the first transition sories elements to 1is cote
waen ilz2% cm"l ang 1170 cm'l. Halman and Pinchag (77) reperted
alao the P=d strotening froguency for PhBPO at 1150 cm”l.ln.spite
of the differonces in the reported TPPO frequencies, tney all showed

& lowering of the corressondins froquencies on gomuplox formation.
3 It i q

Cotton, Larnes and Lannilster (47) proposed that the P boud has



PO
at least partial muliple bond character and there are three
effects of complex formation upon the P-0 hond order and hence
on the bondestretching force éonstgnt.

&. Yhen the oxygen atom is placed close to the rositively
charged metal lon, to which it uoy, to some extent, elsec form an
actual covalent bond, an enhancement of the Fepd g=bend will be

waxgeCtéd.Tha effect tendsAto raise kPo'

b. At the saze time the pa~+ dn back bonding Oesd will
“tend to"be decreased,thus lovering kpo'

¢s Conceivakly, for transition metal ions where there are
low~energy f£illed d‘orbitais, there may te é drift of metal dn;
glectrons toward oxylen pn-orbitals,’displacing the oxygch -
electrons toverd dm-ortitals of phosphorus. This_would probably
tend to increase kPo’ |
While the second effect must be dominant, the éonsolidated result
15 the lowerirg of kpo oud thus the P=O stretching, This proposal
has aléé been'applied impiicitly by Goodgéme and Cottbn (51) for
the similar 1oweriné of As-0 strotehing iu the complex formation
of Cu(Ph3A30)2012 and Cu(PhBAsO)aﬁra.

Comparison with our data as shown in Table & shows that
while the uniform lowering occurs in the TPPO series, diffefent

results arlse in the TPAsO analozues, Furthor, in the TPPO

complexes, all three have aprrovimately equal shifts. However, the

‘shift for NbClﬁuaTPPO is larger than that for Zr014~2TPP0 and the
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