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ABSTRACT

Vanadyl dltthphOSphlnateS and vanadyl perchlorates
were investigated by EPR and NMR technlques to study the
properties of the two dlfferent coordination sites of the

vanadyl ion; namely, the four equlvalent equator%al sites
- ’ 4 ¥

N 4 "’\

and the one axial site. The results are discussed ‘within
the context of previous studies.

Chapter III gives the results of an EPR study of‘the
five coordinate vanedy1 complexes, bis- (dlmethyldlthlophos—
phlnato)—oxo vanadlum(IV), blS (dlphenyldltthphOSphlnatO*.
oxo-vanadium(IV), and bis—(0,0'—diethyldithiophospbato)—oxo—_
venadium(IV) in the nonrcoordinating solvents‘tbluene and
cs,. TheAEPR<spedtra correepond-to the intetactiod‘of the UR-

51, . ‘ _— 31
V nucleus and two equlvalent P

paired electron‘with*the
nuciei Addltlon of l 5% by volume of the strongly coordln—
'atlng llgands pvrldlne, dlmethylformamlde, or hexamethylphos—
phoramide results in EPﬁ spectra 1nd1cat1ve of hyperflne

Sy nucleus and a 51ngle'3lP nucleus.

interactlons w1th the
It is shown that, in this Vanadyl spec1es, the added llgand
coordinates at an equatorlal 51te, resulting in a five co-
Qrdlnete spec1es in which one. of the‘dlthlophosphlnate“'
groups is monodentate and a six coordlnate SpeCleS in whleh
" one of the chelating dltthphOSphlnateS is rearranged SO"
that one.sulfur-atom occupies an equatorial*position and

. the other the axial p051t10n. - The equlllbrlum constants

and heats of adduct formation for the equatorlal llgand
J A - oo : I."g'. o .
_ ‘ R
& . -

iv
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addition were'determined from thefEPR spectra¢? At higher

ligand concentratlons, the EPR spectra show no 31P hyper-

s

fine lnteractlons which 1nd1cates that both chelatlng dl—
thlophosphlnate groups become monodentate. Infrared and

conduct1v1ty measurements 1nd1cated that the vanadyl dlthlo—

.

‘phosphlnaté dlssoc1ates completely 1n solutlons W1th Stlll
higher ligand concentratlons, but that several vanadyl

spec1es contalnlng one or two dlthlophosphlnate m01et1es

4

coordlnated to the vanadlum atom are present in. these solu—

L
txons .

’

Chapter v presents ‘the results of NMR line broadenlng

Rrky

studles of solvent resonances in solutions of VO2 in di-
methylformamlde (DMF) and dlmethylacetamlde (DMA) . These re—
sults lndlcate that chechal ~exchange from axral and equat;’
” oriar coordinatlon sites can control the formyl proton rej ~
laxation in DMF, but ax1al exchange does not produce |
v‘broadenlng of the methyl resonances in. elther DMF or DMA
which could be dlStngUlShed from outer sphere broadenlng

* The . results also showed an xnner sphere broaden;ng reglon
jwhlch was attrlbuted to relaxatlon by a dlpole—dlpole 1nter-

actlon for’ the formyl,proton resonance in DMF and the Cc-

'methyl resonance in DMA and to hyperflne 1nteractions for

[y
R4

the N—methyl resonances. These assertlons were substant1~
ated by the values of the tumbllng tlmes of the complexes
in solutlon whlch wera determlned from analyses of the EPR

. spectra of the complexes in the partlcular solvents. Slmllar

»studles of bis- (dlphenyldlthlophosphlnato)—oxo-vanadlum(IV)



in DMF and DMA are also presented in Chapter IV and indicate
“that DMA completely displaces. the dlthlophosphlnate chelate
from the first coordlnatlon sphere of VO2 but that in DMF

+

at least one monodentate dlthlophosphlnate remains coordln—

ated to the vanadyl 1on.

. ¢

3
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- CHAPTER I

= INTRODUCTTION

A. General Considerations .

The chemistry of VanadiumEIV):ieﬁdominated by the oxo-
vanadium(IV)‘Species, more commonly referred to as thelvan—d
adyl species. ‘The vanadyl unltd VO2 ; remains intact in
most env1ronments used for chemlcal reactlons and hence
' vgnadyl coordlnatlon complexes with a large varlety of
ligands including multldentate-llgands'have been prepared.
These vanadyl complexes which may be-anionsy cationetor
_neutral complexes are often unstable’ in air. Surveys of ¢
the known vanadyl compleXes have been complled in review
‘ artlcles by Selbln.l'2 , \ .

A spec1al aspect of the vanadyl ion is 1ts fac1llty to.
form both five and.six coordinate complexes. For example,
in blS Zacetylacetonato) oxo-vanadlum(IV), [VO(acac) ],
the vanadium atom lies at approx1mately the center of
'grav1ty of the flve ox&gen atoms arranged in a rectangular
pyramld,3 The aX1al p051tlon, EEEEE to the vanadyl oxygen,

T is vacant in this complex but has been shown_to‘readlly,-

. accept a ‘sixth ligand which has strong electron donor
prOpertJ.es.‘l—7 Adducts of Vo(acac)2 have also. been 1solatedf
in which one oxygen atom of the one acetylacetonate chelate
occuples the axlal p051tlon and the second coordlnatlng ‘
oxygen occupies an equatorlal posltlon (cis to~vanadyl

Voo



oxygen).7’8 The remaining equatorial coordina-ion site is
occupied by a Lewis base type ligand. Whether % e Lewis
base ‘Occupies an axial or eguatorial coordlnatloh site in the
_{fo(acac)2 adduct is probably a fUnction of its base_strength
and its steric characteristics but no general coﬁrelations
have been proposed |

leferences in the coordination properties of the ax1al,
i and equatorlal 51tes of the vanadyl ion should also be
_reflected in the dlfferences in llgand exchange rates from
the twdftypes of sites. Since one expects Lewis base co-
ordination at the ax1al 51te, trans to the vanadyl oxygen,.
to be weaker than at the eduatorial s1tes, the rate’ of
exchange‘from‘the axial site should be fasterl In'Chapter
CIv the results of llgand exchange studles by the nuclear
magnetlc resonance (NMR) solvent llne broadenlng technlque ﬁ\f»
’Vshow that thls is 1ndeed the case for the vanadyl ion in

the LeWis base sOlventS'L N- dlmethylformamlde and N,N- d1-

methylacetamlde.

@

in the preparatlon of a varlety of vanadyl complexes con—

The ‘recent 1nterest in sulphur chemlstry has resulted

ta1n1ng the bidentate monothlo acetylacetonate 9 dlthlo—

carbamate lo'll, 1 2 dljhlolene 12, or dlthlophosphlnate

15 ligands. The results of a spectroscoplc 1nvestlgatlon

of three vanadyl dlthlophosphlnate complexes are presented

in thlS the51s.. In partlcular, the complexes studied

were bis- (dlmethyldlthlophosphlnato) oxo—vanadlum(IV) 13,'

;,{f
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13,16
big- (dlphenyldlthlophosphlnato)—oxo vanadlum(IV) and
bis- (O O'—dlethyldleylophosphato)-oxo—vanadlum(IV) 13 17 18
and will be referred to 1nd1v1dually as the methyl, phenyl

and ethoxy complexes respectively.» An X- ray 19 crystal

s -

structure of the methyl complex indicated that it is struct—
urally similar to VO(acac) witgh the four sulphur atoms
"»formlng ‘the base . of a rectangular pyramld and - the coordin-
ation site trans to the vanadyl oxygen belng vacant. (See
fFig I-1). These complexes mere convenlently studr%d by

electron paramagnetlc resonance (EPR) spectroscopy The‘

changes ‘in the-EPR spectra upon addltlon of Lew1s bases to

solut;ons of the vanadyl complexes,are sensrtlve to changes ’

in the coordination of the vanadyl ion. The results 1nd1-
cate that several dlstlnct speC1esican ‘be formed when a

LeW1s base coordlnates to a vanadyl dlthlophosphlnate ~com- |

| plex.

B.  EPR Spectra

o : »

‘ EPR»speCtroscopy 20 'is a useful technlque fo ‘studylng‘

B

B the env1ronment of the 31ngle unpalred electron 1n.the o
.vanadyl systems. The appllcatlon of a magnetlc fleld x%e—

o
mOVes the Spln state degeneracy and tran81tlons between the

3

"F;spln states can be induced by the 1ntroduct10n of energy

* -
in the mlcrowave reglon The EPR spectrum is essentlally

;'va recordlng of energy absorptlons as"a function- of the

-

applled magnetlc fleld strength The spectrum of a vanadyl p'

¥
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FIGURE I~1 Structdre Qf big_(dimethyldithiophosphiqato)—dxp* _

*_-'«._vanadium(IV).19
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complex 1in %iquid solutions is characterized by an iso-

tropic g—value 9o which is a measure of the magnitude of

the electronlc Zeeman interaction, and a hyperflne spllttlng

constant ay hich descrlbes the 1nteractlon between the

electron and 51V nuclear magnetic moment. Since the 51

nucleus has a spin of 7/2, the EPR spectrum consists of
elght llnes w1th the spac1ng approx1mately equal to aX

centered at magnetlc flux B —«ﬁw /g B where/ﬁ'ls Planck s
l .

-is the spectrometer frequenpy

'constant divided by 2w, wo

in sec”! and B is;the'Bohr magneton.

4 The vanadlum nyptrflne spllttlng constant ls—pro—‘,
portlonal to the unpalred electron 5p1n densrty 29 at the
vanadlum nucleus.l In turn, one expects this unpalred
electron spln density to depend upon coo;dlnatlon at. the

vacant 51te'of a five coordinate complex.' Coordlnatlon

- of ligands Ep the vanadyl ion has been exten31vely studled

21-23
but the results give llmlted 1nformat10n Qgcause 1t

"4 >
is dlfficult to assess the. ‘site of llgand coordlnat:gn from
CRPN - ‘ : » T
'changes in aY. ' : ,~'_ : LR g';?ﬁgi

. . b
EPR results for the vanadyl dlthlophosphlnates are

/

much more enllghtenlng because, in addltlon to the lV hyper-

~,f1ne Spllttlng, the Spectra show a second hyperflne Splltt— .

4

,'1ng,'aP, due to the two. equlvalent 31P nuclel of spln l/2

aP depends on- the amount of;overlap of the phOSphorus s- type |

iorbltals and the orbltal of vanadlum in Wthh the unpalred

- P
.‘electron re51des, On thlSkbaSlS, changes in*> a observed
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‘'when a ligand coordinates to'vanadyl dithiophosphinates can

be dlrectly related to the position of the phosphorus atoms
relatlve to the orbltal contalnlng the unpaired electron.
‘The EPR spectra of solid solutlons of vanadyl com-
plexes indicate that the Zeeman 1nteractlon and the 51
hyperflne 1nteract10n are both anlsotroplc 1 e. the magnl—'
tude of the g-valuevand,thehSlV hyperfine Spllttlng constant
depend on the‘orientation of the vamadyl species relative
to the applied magnetic fieldvb These anlsotroples c0nta1n
1nformatlon about the hlghest occupled and some of the |
lower unoccupled molecular orbltals of the complex.24‘27

1
The anlsotroplc magnetlc 1nteract10ns are not COm—I

rpletely averaged by the rotatlonal motion of the complexes

in lquld solutlons, ‘and produce varlatlons in the line-

~W1dths of the hyperflne components of the EPR spectra.28

An analy51s of the solutlon EPR llnew1dths, comblned u

' wrth ‘the anlsotroplc magnetlc parameters determlned from
S the spectra of the SOlld solutlons, permlts the calculatlon
'1»of the reorlentatlonal correlatlon tlme,"rg,mofh the

Acomplex. ThlS correlatlon tlme, Wthh can qualltatlvely

be. v1ewed as- the time requlred for the complex to reorlent

Aby l radlan, controls the rate of numerous magnetlc relaxa-_

€

'fptlon mechanlsms and is 1nt1mately 1nvolved 1n the 1nter-

;nectlon w1th solvent NMR llne broadenlng by vanadyl 1ons

pretatlon of the relaxatlon~t1mes of the nuclel on ligands'”

' attached to the paramagnetlc vanadyl 1ons._ These relaxa—

tlon tlmes are con51dered 1n detall in Chapter Iv in con-h




C. _ El&%tronic Spectra

N

! ;l.n - "y : 4 -

? general the room temperature spectra of vanadyl

N

‘complexes dlsplay three bands in the 7. 5 to 30 kllokaeyser

 (kK) reglon which are desrgnated Band I (11 - 16 kK), Band

IT (14/.5 - 19 kK) and Band III (20 - 30 kK) . 1,2 ‘Band III is -

often concealed under an lntense band attrlbuted to a charge

[

transfer tran51tlon. The three bands are assrgned to’ the

transrtlons from the non—bondlng d 2 y2 orbltal to the antl—

o

: bondlng levels on the. ba31s of the followlng dlscu551on.
Con51derable controversy Stlll surrounds the 1nter—'
'pretatlon of the electronlc spectra of vanadyl complexes.

| All bondlng schemes proposed for vanadyl complexes agree

l
\

that the unpalred electron re51des in a molecular orbltal

Wthh 1s essentlally the non—bondlng 3d 2. yz atomlc orbltal

e
(IS :

of vanadlum.. However, the orderlng of the antlbondlng

’ levels to whlch the electron is promoted 1n the optlcal

apvex01tatlons is: not flrmly establlshed ; Early crystal fleld

”models ?9 employlng crystal flelds of Cy symmetry appro—

.,'prlate to VO(H 0) ' SUQQESted the order dx% -y 2 < dxz dy'z'v<
) . | 4

- d*§'< dPZ but dld not account for the known multlple

bond; character of the vanadyl unlt.BO' Ballhausen and Gray

= & o -
presented a molecular orbltal treatment of VO(H 0)5 'n'v R

31

_ > |
;'whlch tho moleculaf/orbltals were constructed from appro—{;
fﬁpriate llnear comblnathns of metal 3d 4s and 4p orbltals,
3 .
“;,~the Zs, Qp 2p and’2p orbltals of the vanadyl oxygen and K
. ‘-‘_ il . o : : » ‘ \ . :

. ?‘pxt

P L



o

the spgjhybrid'orbitals for the wafer oxygens. The result-

‘ing bpnding scheme, shown in'Fig. }-2, assigns m bonding to

o) ' R .

~the:vanadyl unit dnd has served as |[a model for a host of -

vanadyl‘systems. The unpaired electron is localizeéﬁmainly :

‘in the non-bonding dXZ;YZAcrbital'and the.antibonding orbit%”

als haverthe same/relative order as predicted by the .crystal
_ ‘ \ v v ‘ =

field model. e R . ,,i

32, performed\extended-

Huckel type molecular orbltal calculatlons for VO (H O)§+

Vanqulckenborne and McGlynn

and showed that the relative eneféles of the antlbondlng ‘

0

‘orbltals were-partlcularlly sensrtlve to the.b-o angle. A

'change of 15°'caused Shlfts of 5 10 kK and could result in

y

-a crossover of the d (b ) and the d y (e) levels.

Slnce the 9 o angle 1s}undoubtedly changed by the coordlna-

v =/ .
tlon of a Lew1s base at the aX1al p051tlon of g flve co-

ordlnate complex, cautlon 1s necessary when comparlng the
electronlc spectra of the same complex in dlfferent sol— -

vents 22, 23 or dlfferent complexes in the same c ordlnatlng

solvent ’//elbln z has also p01nted out that equatorlal dt

bondlng may 1nvert the order of the d (b ) and the d

y (e) levels. Thls 1nverted order 1s supported by

McCormlck lo'%rom studles of the vanadyl dlthlocarbamates.}:

,——\

'_ Hltchman and Belford have ass1gned the bands of
01s—bls (benzoylacetonato)~oxo—vanad1um(IV) hhelr crlterla'
for a551gnment was: the scheme Wthh gave the most reasonable_ .

values for the molecular orbltal coefflclents which were



. FIGURE I-2° Ballhausen and Gray‘molecular-orbiﬁal

. 24
055

‘ _ schéﬁé ?}vfdr,VO(H 5

N
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| ._ >‘. ; o . > i ;

, ‘ VoL _ . : :
calculated from measured anisotropic EPR parameters and
electronic transition energlesﬁ Their assignment required'
the relatlve energy orderlng proposed by Ballhausen and

Gray Thls conclusron also agrees: with the results of a

\
)

'lOWetemperature polarlzed 51ngle crystal spectrum of

Vo (H O)2+ 33 34 .

Ballhausen and Gray 31 haVe also pointed out that
\ .
thelr asslgnment %f electronlc tran51tlons agrees ‘with an

*

a351gnment based ,on the relatlve 1ntensit1es of the observed

bands. 'Ip C 4y symmetry, Ehe electrlc dlpole vector component

transform as the, By ant E representatlons and thus only
‘ J

:transitlons from the bl ground state to excited states of
Abl or e symmetrles are allowed, i.e. the transition to the
d,,rd z(e~)"level~is erpected to be more intense than the . -
other two transitions. lhe assignments progosed for the
complexesistndied in thls work also agxee ;lthithe expected
“intensity of the bands and show that.ihe relatlve energies
‘depend on the type of'ligand cooggiigted to the V02+”unit.

5

D. anrared Spectra

“ N -
Infraredvspectroscopy‘is-another technigue commonly

applied in the st dy of'vanale complexes. The infrared

spectrum is characterlzed by a sharp 1ntense band at l
.o \\ ll s
approxrmately 1000 cm whléh 1s a%trlbuted to the vanadlum-

oXygen stretch;172' Slnce the mdjtrple bond character of

.
N * -
. 3
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the VO unit is believed to arise from electron donation from
. p
filled Py and Dy orbltals of oxygen to empty dXz and dyz

vanadium orbitals, coordination of a Lewis base in the
axial position of a five coordinate complex should reduce

the vanadium acceptor prdperties and lower the V02+°stretch—
- Vd
ing ffequency. For example, addition of a pyridine molecule

7 ) .
to VO”(:;\cac),2 lowers the vanadyl V-0 stretching frequency 35
from.996 to 964 cm L. The V-O stretching frequencies of a
number of ;B(acac)2 adducts with substituted pyridines haye

been stndied and the observed shifts in the V—O stretch

upon adduct formation fall into either of two ranges, namely

42 + 4 cm -1 or 29 + 4 cn l. 8,36 It has also been/shown ;

that the complexes produc1ng the small shift had the sub-
stltuted pyrldlne coordlnated 'in the axial position, and

‘that the large shift corresponded to compgflexes having the
substituted pyrldlhe coordinated at an equatorlal site. 7' . :

Infrared spectroscopy is also useful for studylng
the nature of thehligands coordlnated to the vanadyl unlt.
The P-S stretches in d;thiophosphinates are sensitive to
the type of co%rdination?in whioh therdithiophosphlnate is
invge ved. 13. This coordinatlon may be bidentate, monodentatej
or'ionie. The characteristic feature of the inffared . .?

spectra of vanadyl cbmplexes containing the amides N, N-di-

Al

}methylformamlde and N,N- dlmethylacetamlde as llgands is

the carbonyl absorptlon in the region 1600- 1700 cm l.

The changes in the absorption frequencies observed upon



coordlnatian gq thewvanadyl 1on suggest that ‘the amides

e M s ‘ (137,38
coordln&teVVma the carbonyl oxygén.

E. Kinetic Studies " :

hY

The host of experimental results already quoted.and
the theoretical descriptions of the bdnding in vanadyl com-~
plexes deflnitely snpport the hypothesis that the chemical
properties of the axial and equatorial coordination’sites of
' vanadyl’are.quite different. It is wellwhnown that the
axial vanadium-ligand bond is weaket than the equatorial
bonds, since many six-coordinate vanadyl complexes release
the 1igandifrom the axial position when heated or dissolved
in inert solvents.5’39 One would expect therefore, that the
Fates of chemical exchange of the two types of coordinated
ligands with Uncootdinated ligands in solution woulé be
rather different.

f The effect of the coordination site on»the'exchange
rate can be dellneated by 1nvest1gat1ng complexes where all
flVJ\Of ‘the ligands coordlnated to the vanadyl ion are the
same. The exchange of llgands from bulk solvent to,the
inner coordination spheres of two such complexes, penta—

(N N—dlmethylformamldo)-oxo—vanadlum(IV) perchlorate

(VO(DMF) (C10 ) and penta-(N N—dlmethylacetamldo)-oxo—

4)2
'vanadlum(IV) perchlorate (VO (DMA) (c104)2), have been

iy ~

studied and the results are dlScussed in detall»ln-chapter

7/

IV. When VO(DMF)S(C104-)2 is dlssolved in DMF, an exchange
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Jreaction may‘occgr in which a coordinatéd;DMF_iigand is
replaced by a DMF molecule from the" bulk ébivént. Such

a reaction involves no net chemical change but can be
studied by NMR because it has been weli>est;bliéhed éhat
NMR lineshapes are influenced by dynamic processes such as
an exchange of nuclei betﬁeen{nonequivalent 'magnetic
sites..4o’41 The width of an NMR line depends on the
transverse relaxation rate of the nuclei which in turn‘

. ;éy be controlled by chemical e#chgnge processes. Further-
more, the nuclear relaxation fate depends oh ifs magpetic
interactigns»with the pafamagnetic spécieé and the overall
effect, as shown in mathematical detail in Chaptervlv; is
to broaden ‘the NMR line of the bulk solvent.

In 17O NMR studies of the séﬁvént.line broadening by

vanadyl ions in 17o-enriched'water 42'43 the existence of
two distinct types of coordinated water mdlequles was”
invoked in order to explain the observed line broadehings.
The:equaforially coordinated water moleculeS'e#changed with
' those in the bulk solvent at a rate which could be deter-
mined from the‘lihe broaden®*ng data,. The:brbadening due
i-fo‘the second type of coordinated water molecules ihdicated;
that their e#changé rate was considerably‘faster than thaﬁ)
for tﬁe equatoriali&’coordinated water molecules.>‘This

’second type of coordlnated water could be elther an ax1ally'

X 4
coordlnated molecule in the flrst coordlnatlon sphere, or

%



water molecules in outer solvation spheres, since both
_ ‘ . _ 4

would be expected to‘exhibit rapid exchange with the bulk

solvent. NMR studies of vanadyl perchlorate in other sol-

vents 44_46,-and studies of vanadyl complexes in water 47

have not resolved this aﬁbiguity. In all cases, the rates
of the axial exchange process and second coordination

sphere exchange were too rapid to permit quantitative'
: , R o

study by the line broadening“methdd.

t

EPR studies of vanadyl acetylacetonate and its amine

: -39

adducts in,benzene solution have shown that the rate of

elimination of an axially coordinated amine ligand is in

the range lO6 - 108 sec”l at room temperature. -The rate

of exchange of equatorially coordinated water molecules .
" 42,43

in vanadyl perchlorate solutions is in the range-

102 to 103 sec—l, séveral’orders of magnitude slower than
that observed for axiél ligand elimination.frdm the vanaéyl
acggylacetonate adducts. The rate of tbis latter.reaction
is too laxge tovﬁeasure by NMR line'bfoad?nihg teéhniQueép
but was obtained'frpm the EPR’méaéu;ehénts.3?

_The NMR 1ine‘br§adening of the‘formyl proton»iﬁ
dimethylformamide: (DMF) solutions of vanédyl'pérchlorate

has been reported by Angerman and Jordan.44'45

They
obtained an activatiOn enérgy\of 7.25 kcal/mole for the
e#changé bf»DMF mOyecules_between the first coordinatidn .
' jspﬁereJof thé Vanadyl ion and the bulk solvent. This
activétion-enérgy is considerably lower than the 13.7 -

|
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kcal/mole found for the exchange of equatorial Wéter ligands

in aqueous solutions of vanadyl perchlorate 42’43, and

~similar values for other solvent 1igands.48- This observa-
S a

tion indicated that further investigation of the vanadyl

perchlorate - DMF system was warranted.
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CHAPTER IT—

w A :
EXPERIMENTAL TECHNTIQUES:

A, Purification of Solvents

The solvents toluene (Allied Chemical Reagent); car- !
‘bonbdlsulfide (Mallinckrodt Anal&tiCal Reagent), pyridine .
(Raylo Reagent) , hexamethylphosphoramide (Aldrjich), N,N-
dimethylformamide (Baker Reagent), NUN—dimethylaCetamide‘ ;‘
(Fisher Certified) and N,N-diethylformamide (Eastman'Organic.
. Chemicals) ﬁere all\purified‘by double“vaouum‘distillatioh:'
from phosphorus pentoxide or from molecular sieves (BDH , ’
type 3A) and stored under vacuum over molecular 51eves.
"All solvents were subsequently transferred by dlstlllatlon ;
under vacuum except for hexamethylphosphoramlde (B.P, =

' o
49 /

1100°C at 6 torr) which was transferred with a syringe.

i

under a dry nitrogen atmosphere.

B. Preparatlon and Characterlzatlon of Complexes

1. '.Vanadyl DltthphOSphlnates 13, 14 —_
« . The vanadyl complexes blS (dlmethyldlthlophosphlnato)

poxo vanadlum(IV), bis- (d1phenyld1thlophosphlnato)—oxo vanad—
‘1um(IV) and bis-(0O O'—dlethyldlthlophosphato)—oxo-vanadlum—k

. (IV), to be referred to as the methyl, phenyl and ethoxy
.complexes respectlvely, were prepared by addlng the sodlum'gﬁj
‘salt of the correspondlng dlthlophOSphlnlc or dlthlophosphorlc }

‘ac1d obtalned from Dr "R« G Cavell Unlver51ty of Alberta,»

.«; : .



S 2. Vanadyl Perchlorates

/ R - : 17.

to an aqueous solution saturated with vanadyl sulfate
jFisher). The resulting blne paste was extracted with
chloroform. The vanadyl dithiophosphinate was left be-
hind when the chloroform was removed under vacuum. - The
ethoxy complex was sensitive to a1r, but the phenyl and
methyl complexes were washed in air with ether and then
dried under vacuum. The methyl and phenyl complexes were

stored under nitrogen with no gecomp051tlon, whereas the

‘ethoxy complex ‘showed black dep051ts w1th1n 15 minutes of

‘exposure to alr.

he complexes were characterized by their EPR
spectra,l3' In.addition_the phenyl complex was subjected
to microanalysis. |
* -.Analysis:
© VO(S,P9,) i Cale: C: 50.97 H: 3.56 S: 22.68

Found: C: 49.08 H: 3.72 S: 22.22

. VO(DMF)S(C104)2 was preoared by dlSSOlVlng hydrated

Vanadyl perchlorate 44 45 in DMF and dlStllllng off the__b

dwater as a benzene—water azeotrope. Upon coollng the
: solutlon to —10°C blue crystals appeared Wthh were col- .
"lected by flltratlon. Drylng under vacuum removed the 4
'excess solvent from the crystals.’ VO(DMA)S(C104)2

‘prepared by the same method w1th DMF belng replaced byp

DMA. Characterlzatlon con51sted of m1croana1y51s
-,‘. v .
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Analysis: ‘
VO(DMF)S(C104)2: cale: C: 29.59 H: 5.59 N: 11.08

§

Found: C: 28.48 H: 5.76 N: 10.93

VO(DMA)S(C104)2 Calc: C: 34.25 H: 6.47 N: 9.98

Found: C: 33.50 H: 6.45 N: 9.86

Y

3. Bis—(o-phenanthrolinefjpko-vanadium(IV) perchlorate

vo(Cy, 8N2)2(C104)2 was prepared by adding an acetone
solution of o-phenanthroline to an acetone solution of

VO (#,0) 5 (C10 which was acidified with dilute perchloric

42
ac1d. Within several minutes of stlrrlng, ‘a flne green
precipitate appeared. After coollng to -10°, the green
powder was filtered, washed with acetone, washed with ether
and dried under vacuum. The complex- was characterized by
microanalytical results.
Analysis: ¢ - '
: calc: C: 46.03 H: 2.58 N: 8.95°

Found: C: 45.87 H: 3.46 N: 8.33

4. Other Complexes

Numerous attempts were ﬁade to prepare HMP and
pyrldlne adducts of the vanadyl dlthlophosphlnates in
a'crystalllne form by addlng an excess of llgand and then
; remov1ng this under yacuum,. In all cases only an 011 reF‘

'saltedfi prever;'wheﬁ‘VO(aCac);Awas dlssolved 1n»HMP‘aqd o

s f oy
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the excess HMP pumped off there remained a green powder

which was shown to be VO(acac),-HMP.
a ' : S

Analysis: _
Calc: C: 43.26 H: 7.26

Found: C: 43.01 H: 7.}%
o

Thermogravimetric analysis slowed the loss of one HMP

group'ﬁer VO(acac)z'HMP at a temperature of 90°C.~NA ?

£

C. ;‘_ Sample Preparation

Solutions. of the vanadyl dltthphOSphlnate com-
plexes were prepared under ‘vacuunm by dlstllllng a cali-
brated volume of solvent (CS2 or toluene) 1nto a ;essel
contalnlng a welghed amount of the vahadyl complex.' Re~-
'qulred amounts of coordlnatlng llgand were either distilled

in (DMF and pyrldlne), or added with a syrlnge under dry

1ove bag ‘The solution was then '

N2 atmosphere in a

thoroughly degassed veral freeze-pumpnthaw cycles

and transferred under vacuum to an attached 1 cm quartz

‘spectrophotometer cell for optlcal measurements and/or a

f}4 m pyrex tube sultable for EPR measurements.y,For NMR

'studles, an NMR tube was attached to the vessel and 5%

. by volume of hexamethyldlsllane or . cyclopentane were_‘ .

-'dlstllled in to. serve as 1nternal references to facilitatett
hemlcal Shlft measurements. Al EPR and NMR tubes were |

. .

:sealed and stored at 11qu1d N2 temperature untll}used

[}

/
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. The vessel was constructed.such that after“the EPR-and{ﬁMR
tubes had been: sealed the vessel could be placed 1nto a
modified cell compartment of ‘the Cary 14 spectrophotometer.-‘
Samples of vanadyl perchlorates were preparedwln.an ‘analog-
- OusS manner. ¢ o | |
Toluene solutions of the complexes containing pyri;
dine consistently shOwed black.deposits.in thefsampleitube
. when prepared at room temperature. At lower temperaturesy
no decomposition was observed, but the EPR lines were so -
broad at these temperatures that the hyperflne spllttlng
details of the spectra were not resolved. In. order to
study the pyrldlne vanadyl dlthlophosphlnate complexes, C827
was used as a solvent. - The: much lower V1sc051ty of Cs,
produced spectra showing well—resolved hyperflne structures
over the temperature range -45°C to +45°C, vThe dlsadvant-
»\age of u31ng CS2 as a solvent is that the complexes do' not »'
remaln in solution as the frozen state is approached and
glass spectra could not be obtalned.
Solutlons for conductance and lnfrared measurements
di were‘prepared under bench condltlons u51ng only the most.
stable of the dltthphOSphlnate complexés, the phenyl
'j:,complex._ These solutlons showed color changes after '
s approx1mately a thlrty mlnute exposure to alr.. Experl—'t
ments quoted were completed w1th1n thls tlme.i NUJOl
mulls of the vanadyl perchlorates were prepared under dry

f;Né in a glove bag and the spectra recorded 1mmed1ately

&
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after preparation..

1

D. : Instrumentatlon and Measurement Technlques

Electronlc and near 1nfrared ‘'spectra ‘were recorded
on a Cary 14 spectroPhotometer equlpped ‘with a vertlcally
extended cell compartment to accommodate sample vessel
and Spectrophotometer cell Infrared spectra were recordedv”
on both a Perkln-Elmer 457 u51ng cesium lOdlde plates and’
a Beckman IR 11 us;ng 0.5 mm ceS1umvbrom1de cells._

The EPR spectra were obtalned with a Varlan V- 4502

EPR spectrometer equlpped w1th an Alpha model 3093 Dlgltal

i er for magnetlc fleld callbration. Normal

Z were taken to prevent llneshape dlstortlon b;
foo Kc fleld modulation. The g—valueswere measured
;to‘Fremy's.salt;(g“e 2.00550):5;' u51ng a Varlan\<

N,
\~

\\

tual caV1ty accessory or calculatedafnom the ratlo k
jagnetlc fleld to the klystron frequency Klystron
;cles were measured uslng a Hewlett Packard model
lAffrequency meter. Both methods gave»g-values whlch o
were“equal w1th1n the experlmental error. ;The sample was;
malntalned at constant temperature (+1°C) with a‘Varian-'
V ~-4557 temperature controller and the temperat re wasf‘
measured w1th a copper constantan thermocouple comblned .
wrth a Hewlett—Packard 3420A DC leferentlal Voltmeter.v. e

Proton NMR' spectra were recorded on Varlan AGO-D -

Hf NMR spectrometers equlpped w1th varlable f¢~‘
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temperatureaaccessorles. Sample temperatures on the A60-D

_were determlnedkby comparlson of the peak to. peak separatlon;

of methanol or ethylene glycol samples with callbratlon

52
charts publlshed by yjan A55001ates. : ,Temperatures on
‘ . ‘gyaf} _ : N

the HA~100 were determined with a gopper constantan thermo-

£ N . N 3y

couple. In both cases temperatures weré/accurate‘to/zl°c

Linewidths*were measured on expanded sweeps -and were re-

- producible to +1 Hz. The normal precautlons were taken to

prevent 31gnal saturatlon ‘and - ensure correct pha51ng Chem-

.

.ical shifts relative to the internal standards cyclopentane .

or hexamethyldisilane were_measured directly on a 500 Hz

sweep ‘spectrum for-the'AGO—D Spectra whereas.a.Hewlett- -

-Packard model 5326C frequency counter was used to obtaln

Yellow Sprlngs Instrument Co. w1th an Impedance Brldge Type B

shlfts on the ‘HA- 100. The accuracy of the Shlft measure-

T —

/ ‘
' ments were’ llmlted by the error. 1nvolved in determlnrng the -

‘centers of the solvent resonance 11nes..

Conductande results were obtalned by measurlng the l’A“

re51stance of a YSI 3400 serles conductance cell from

7

, Thermogravlmetrlc analyses were carrled out under vacuum
'u51ng the Dupont Model 950 Thermograv1metrlc Analyzer com—ﬁ';

‘iblned wlth the Dupont 900 leferentlal Thermal Analyzer.'

Chem1ca1 analy31s for c, H N and S were performed

myen

ffby the mlcroanalytlcal serV1ce§at the Unlver51ty of Alberta,

o

hiDepartment of Chemlstry

11650~A from the General Radlo Company,/;oncord Massachusetts.V
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CHAPTE’ii IIT

STUDY OF THE COORDINATION OF LEWIS BASES TO VANADYL DITHIO-

PHOSPHINATES

A-v JIntroduction

v

<

The formatlon of s1x-coord1nate vanadyl complexes from

five- coordlnate complexes may be 1nvest1gateﬁ by monitoring

&

the changes in the spectroscoplc prOpertles of the vanadyl
system caused by the addltlon of a Lewis base. The vanadyl .
' dlthlophosphlnates are sultable complexes for these studles
since the position trans to the vanadyl oxygen is vacant in
‘ non-c00rdinating solvents and thlS posltlon is expected to

_accept a. good electron donor group.
\

In vanadyl dlthlophosphlnates, the 31ngle unpalred

?electron couples to the 51V and the two ?1P nuclel and ex-

0 e
hlblts a 24 11ne EPR spectrum 1n non—coordlnatlng solvents."

(See Frg III 1) : Addltlons of small amounts of LeW1s base_

.'produce dramatlc changes in the 3lP hyperflne structure of -

‘J';the EPR spectra. The changes were found to be rever51ble

v " A )
g and to vary ggth temperature and llgand concentraﬂ%on. The

"results could not be accommodated by the slmple medel pro—-”]y'

,posed 1n studmes of adducts of vanadylacetylacetonate with

.

. Lew1s'bases 39, in whlch the Lew1s base coordlnates to the
w? v%cant trang posrtlon of the vanadyl complex. Instead, y
,“lchénges 1n the arrangement of the chelatlng dlthlophosphlnate

o .

.”3groups about the vanadyl ion must occur 1f the measurements




. tained from these measurementsfaré°given in section III-D

-

o Lonsey o
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. of the ditﬁiophosphinate complexes are to be explained.

 The”EPR studies of the dithiophosphi;;kes and their .,
/ . - ! . ‘
rqactions with Lewis bases in solution are described in this

v

‘chapter. The magnetic paraméters which characterize the vari-

ous vanadyl species and the determination.of these parameters

from the EPR spectra are diséussed in the context of the

" relevant theory of EPR in section III-B. The experimental

measurements are described in siﬁxion III-C, the results ob-

-

- and ‘the 1nterpretat10n of the results and their 1mpllcatAons

in the chemistry of vanadyl dithiophosphinates is glven in

section III-E. } y

\ Thé'visible’spectra of the vanadyl dithiophosphinates

A}

show changes when the coordination about the vanadyl ion is

modified. 1In.the following sections, the electronlc spectra

.
b

.of the various vanadyl species are given, the major transi-

, b
tlons a551gned and the tran51tlon energies ag% used in con-
AN
Jugatlon w1th the measured magnetlc parametersito ‘gain some
insight into the MO occupled by the unpaired electron.

§ .

gTheorx- /

A géperal épin Hamiltonian for vanadyi éithiopﬁ?sphin—

4 . | .

. ate complexes is . , S

- -

\ =

~

‘_jf_e§ §+zhf AV§+h'fPl_

U >
+
[ 4
C N
N>
o]
()
[€p 201

(III-l)'

~-
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’_'_/7’\ :; |
where Bo is the Bohr magneton, S is the electron Spln oper— 3

ator; g is the Zeeman 1nteractlon tensor, B is the flux of

the applled magnetic fleld and i is Planck's constant divided

3 $ 3
by 2m. <IV' Pl and I pp are respectively tee n?clear spin
operators for the &;V nucleus (spin 7/2) and the fwo 31p

v P1 - p2

-nuclei (spin 1/2). A", A" and A" are the nuclear-elect-

ronic hyperfine interaction tensors for the 5¥V and the two

31P nuclei respectively,

The obfserved EPR spectra of the veﬁadyl dithiophosphin—
ates in solid solutions indicate.that both the Zeeman and
SIV hyperfine interactions have-axial symmetry and that the
ilP.hyperfiné‘intéractions are isotropic. It is then con-
;enient to‘expand the tensor interactions into individual

terms and write the spin Hamiltonian as

o

A

- S . 6g vooZ WA
22?- Boglchosesz Bog B51n68x + hAl,IVZSZ + hAl(IVXSx +
v >
~ ~ pl—/; 3 Pz—l-; 5
IVySy? + hA (IPl'S) + hA (IP2-S) 4 (I11-2)

where 6 is the angle between the molecular symmetry axis

and the laboratory- z-axis, gll and gl are the g~values par—v

. allel to and. perpendictiaf to the symmetry axis respectlvely,

F &
and AI! and AI are the Slv parallel and perpendlcular'hyper—
fihe splitting constants (in'sec-l); APl and AP? are the
' | : o 31

isotropic hyperfine splitting constants for the two. P |
' ° . o . » . ¥
nuclei (in sec—l). ‘The solution of the Schrédinger equation -

»
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for the spin system represented by the Hamiltonian (III-2)
in an appropriate-sét of basis functions, gives the!allowed
energy lévels of the spin system. The electron spin tran-
sition probabilities between the states can be calculated
by using time depenéent perturbation éheory 41 to describe
the éffects of the oscillating microwave field‘which is

applied in a direction perpendicular to the static field B

in an EPR experiment. The result is an EPR spectrum des-

cribed by the resonance condition 28'53f54
. S 2 2
gBoB v hAI (A\I’| +aY ) 2
We = +AMV+ '[I(I+l)_MV]
h V2 . ' ‘
4gB,B A ‘

« APl o+ 2P, ' (I1I-3)
where g2 =‘gisin26 +'gT|cosze ’ ; (I11-4)
and 3 g2 5 y2 R :

.9 A = inl sin26 + gflATIcosze . (II1-5)

1

-~

In équation,4III—3)} wo, is the spectrometer operating fre-

"

quency inksec;l, B is the applied magnetic flux in Gauss, M,

is the vanadium nuclear Spin quantum number, I has the value
. ’ ! EEN . .
‘7/2 and M?l and.MP2 are, the phosphorus nuclear spin quantum

1y hyperfine interaction is considered to

s

numbers, The .

second order 55_while the 3lP hyperfine interabtiéns éppear

o J .
2
‘
i
A

4
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. only to first order since the corresponding second order con-
‘tributions are very small.

31, . . o . .
P interactions are isotropic, the anisos

Since the
tropic information is all described by the first"threg_terms
of equation (III-3). It is the;gfbre convenient to consider
the field positions BMV at the centres of each of tﬁe 31,
superhyperfine mﬁltipléts. The épectrﬁm arising from
molecules whose molecular axes are parallel to the applied

magnetic field is described by the resonance condition

g1 1BB,, ‘ - ’ AVg

7| | BB h . o |

We = o + Y M+ . L o [I(I + 1) - MV2]
A K 311 BoB 5 : '

. o . |17y, -

(II11-6)

which is obtained from equation (III-3) with 0 = Q. Setting

6 = ﬁ/z, one obtains the resonance condition for the per-

4

pendicular spectrum e o
E | I 2 2
uangoBMv ' H n AI + aY j o
waf_ﬁ__+APV+d_ . "[I(I+ 1)-M,°]
R Y 91808 4 S !
oA,

& ‘ ‘? . o (I1I-7)

Usually, the values of the magnetic field, BMV,'for a
resonance of gi&en_MV.Vaer can be measufed expérimentally.
- The hype:fihe constant for the parallel lines in the spectrum

1

is expressed to a gbod approximation by



g-;

_ Yr - _(BMV MV “\7 el T By ) (I11-8)

[Te]

wheie AYI is the hyperfine splitting in sec ] and aYI is

the splitting in units Ofs Gauss. Units of Gauss are usually
used,when comparing splitting coastahﬁs of various systéms
while unité of sbec—l are cbnvenieng in exﬁressions describ-
ing relaxation interactions as will bé shown' in Cﬁapter Iv.
An expression similar to eqdatidn‘(iiI-S) can be*given for
AI and aI Which characterize the resonance lines in the
perpendigular épectfum. Since the vanadium hyperfine splitt-

ing constant is ﬁegative‘SG, the -lowest field mul;iplet

.cbrresponds to MV = —7/2.
The g-values are determined from spectra recdrded
using a_dual;sample cavity, in which the sample of inéerest
 experiences the same magnetic_flux and microwave freguency
as a reference sample. The magnétic field at resonance for
the standard, B, is different from that of the saﬁple;
MV,

~ sample g—value. The resonance condition for the sample is

B if the standard g—value, 9gr is differentvfrom the

_given by éqﬁation (III-3) and that for the reference by

o ' ' t N . -

. Bo Yo - .
TN e, = S (III-9)

Combining equation (III-9) ‘with (III-6) and (III-7), one

o



. : 4
obtains the following expressions for the anisotropic g-

Values. ‘
‘ glzaIf 2
; [I(T + 1) - M,"]
: v
R T s el
(III~10)
2y gRal :
AN R Rl N S A G S DRSS Wy

4glFMV‘ (BMV +;aIgV)

) o | (IT1I-11)

In equation (III-10) the field values BMV correspond to thé
parallel spectrum and in equatlon (I11I-11) they refer to the
. perpendicular spectrum.‘ After determining aTi and a| from
aequatlon (III-8), the anlSOtrOplc g-values are calculated

" 'by an 1terd%1ve procedure uayég equations (III_lO) and

(III 11).

" In liquid solutions, rapid molecular reorientations
and the effective spin Hamiltonian is -

A
1 N \

¢529— Bog°§-B + hA, f § xaFiT_ g 4 hA?sz2-§ S (III-12)

51

where .g, is the isotropic g-valué and AY is the V isotropic

hyperfine splitting constant. Again the solution®of the

Schrédinger eqUation'ih an appropriate basis set yields the

™

- | Y

erage out the anisotropic Zeeman and hyperfine interactionsf
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¢

energy levels of the spin system and the allowed spin transi-
tions are determined by considering the oscillating micro-
wave field as a time dependent perturbatidn. " The results

show that the EPR spectrum in solﬁtion is’ described by the

resonance condition 28
v, 2 |
! goBoB v o A, h [T(T + 1) _MV ] Pl
' h 2 JoBoB
+ APZM.PZ . | » (III-13)

Since the °IP interactions are adequately described by a
first order interaction, the separation betweéhhthe reson-

' . . s . e o3
ance lines arising from molecules with different 1p nuclear

spin quahtum numbers, but the same value of MV,}will:be v
Pl

eQual. These separations in Gauss give the values of a"~
and aPz, the 3lP hyberfihe splitting constants in units of
Gauss. The values can be converied(to units of se65¥'by

: multiblicgtioh by the factor q;so/h. As in the”analySiS‘of'
the anisotropic‘spectra, it is convenient‘to consider the
field positions BMv'at the centres of the 3ﬂP-superhyper-—

fine multipléts in iorderftodete’rmihégo and AX from SpectraA

T

'recorded with a duél—éémple cévity.' By conéidgring'the

resonance conditions at B and~B_M§;

T

. O ,
one derives the result

g bv .

=2 = a, = -(B, = B_, /My ,
goBo : MV . Mv Mv C
: - - (III-14)
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V . 51 . | . . T e . '.
where a, is the V hyperfine splitting in units of Gauss.

Combining equation (III-13) with equation (I1I-9), one

obtalns the followihd‘expressio? for g,. V
/ _ _ 2 2 /{//{ v 2
2B, (BMV B_MV)' 2V h 3T + 1) -My7)
, L : . 5
‘B~ + B | gsB° <B + B_ )
Gy TPy oo T

(III-15)

AY and ge-are-calculated by an iterative procedure using
equations (III-14) and (III-15) for eech~pair of M and -My
‘resonance 1ines. The everage'of ﬁhe four results is the
value reported The isotropic Sly hyperfine splitting which
l/ is determlned from the spectrum in liquid solution is re-
‘leated to the .anisotropic Spllttlngs determined from the glass

¥

spectrum by '

Ay = (AYl + 2AI)/3~; . (III-16)

. Similarily the isotropic andfenisotropic g-values aredrelated

by | - | S
o = g +'2gl)/3 . ~ (1I1I-17)

Another feature of EPR 5pectra'of Qenadyl complexes
1n 1 qu1d solutlons is the varlatlon of llnerdthS w1th the\

vanadium nuclear spln uantum number ' The eneral llne-
q °f

: w1dth eory developed by Klvelson and coworkers 28'57 indi-

cates that electron spln relaxatlon ln dllute (10 3 M)quygenf

B

free solutlons ;s-caUSed prlmarlly-by’the,modulatlop of the
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anieotrOpic Zeemaaland 51V hyperfine interactions by the
rotationallmotion of the molecules 28'and by collisional
modulation of spin—rotational interactions.57‘ Incomplete
averaging of the anlsotropic interactions results in lines
whose widths vary with MV‘ The peak-to—peak derivative
linewiaths ofthe hyperfine lines, ABMV, can be fitted to the
equation o | A ) .

AQMV o+ BMy o+ yMZ + 6N, (I1I-18)
using a least squaresgprocedure to éetermine o, B, v, and §.
These linewidth parameters are functions of the anisotropic
magnetlc parameters and the rotatlonal tumbllng tlme Ty-
\The"transverse relaxatlon time for the electron.'l‘2e is

>

related to the peak-to-peak width AB by

Bg, Bops . (x1I-19),
2e .- 2 . h .} ' ‘

T, may be calculated‘from the a,lsj Yy or § values combined

X
T

with. the measured anlsotrOplc parameters. . An expression for
T; is also given by the Debye theory of rotatlonal relaxat;LonE‘:'8
as ” 3 S L &
‘Tt = ‘QEQE— : (X11I-20)
3kT ' ‘ - S
fwhere n is the coeff1c1ent of v1sc051ty, r is the hydrodyn-
amic radlus of the molecule,: k is the Boltzman constant and :

T is the absolute temperature. Lquatlon (III 20) lndlcates =

that the 11new1dth depends on the molecular dlmenSLOns of ,:5
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(X
‘the vanadyl complex.
. : :
\/P The basic re;ationships given above will be used in
subsequenﬁ sections to anaiyze the experimental EPR spectfa

of the vanadyl dithiophosphinates, and in ChapteryIV to

analyze the spectra of the vanadyl perchlorates.
- ' oot
: ' ar

A}

c. Experimental Measurements

s “

The majority of the experimental work involved. the
. recording of the EPR spectra of the wanadyl dithiophosphin-
ates in solid and liquid"solupions. .All solutions were

prepared as described .in Chapter 2.. Firstp,the EPR spectra

the complexes in the non-coordinating solvents toluene

nd C82

_characterize the five coordinate complexes on the basis of.

at several temperatures were recorded in order to

their magnetic parameters. Next were-recorded'atfseveralv
temperatuées‘the'EPR spect}a of. the vanadyl difhiophosphin-
ate complexes in toluene which contéihgd'a small‘amountl(S%
by volume) of HMP and DMF. Since the specffa in small
amounts of pyridine in toluene at fdom tempéréture’indicated
decomposition df the'vanadylkcoﬁplexes,vthecdmpleXes'Wé:e,
1inVéétigated in'pyfidihé—ész’mixturés”ih the liquid range

s

. of CS (745°C to 45°C). Under these conditions, no indica-

2
tion of decomposition was ¢bServed, ‘The caseé ththe N
methyl and phenyl complexes in pyridiné/cs2 were also.

. studied at constant temperature as a functi n of pyridine =
: _ Ant 1 : _ proon PR _
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concentratlon (0.1% - 5 0% by volume). The complicated
Spectra in the mixed solvents were analyzed with the support
of computer synthes;zed'spectra.~ Flnally,.the EPR spectra
‘of‘thefcomplexes”ln;the‘pure Lewis-basequM?[.DMF and’
?Qridine were recorded0 Portions of'the solutions”prepared
for the EPR samples were 31multaneously transferred to a
spectrophotometer cell for the recordlng of the electronlc
spectra. ddltlonal solutloﬁg were prepared if larger
complex concentratlons were requlred to give adequate
J‘electronlc absorptlon spectra. / .
) The'results of the EPR investigation were cpmple€
mehted’bygﬁﬁfrared'studies.”Intrared spectral‘inbestigations
‘were llmlted to the pyrldlne—C52 solvent system which is
relatlvely free of absorptlons in the reglons of 1nterest.
The vanadyl V-Q‘stretchrng frequencies for the phenyl_and
'methyl complexes in-CSzvand 5%'pyridine/ES2 wer.e_recorded_.~
' in addition, the symmetric P-§ stretching frequency of the
phenyl complex in C82 was recorded as a functlon of’ added

pyrldlne,; ThlS P S stretch is sen 1t1ve to the type of

; cpordination of t dltthphOSphlnate group.

Solution: f the complexes in mlxed solvents and
pure Lewis bases were tested for the presence of 1on1c .

' spec1e5‘by conductance measurements_at room temperature. .

o1 . e -
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bt EPR Spectra in Toluene and CsS,

~fih.the coordination in vanadyl complexes
Fect the magnitudes of the magnetic parameters
ifest in the EPR spectra. To isolate the

gt ‘ocecur when a Lewis base coordlnates to the flve

!

3 vanadyl dlthlophosphlnates, 1t 1s necessary to
. ze the free complexes by their magnetlc parameters -

in non-4 mdinating solvents such as toluene and CS,.

f EPR spectra of 10 -3 ﬂysolutions of the three

L!vanadyl complexes in ‘toluene at 30°C are shown in Flg I1I-1

1

Y % . “'," .
and-are sig ‘ar to those reported preV1ously by other

WOrkers.% ifB These. lquld solutlon Spectra consist of

»elght 11; : due to the 1nteract10n of the unpalred electron :
w1th the. lV nuclear spln (I = /2); each of these elght
'llnes is further spllt into a 1:2: l trlplet of llnes by the
31

vllnteractlon of the electron with’ two equlvalent P nuclell
I = 1/2) ’ Some of the 24 p0351ble llnes are not resolved
;ihjthe spectra of_the ethoxy complex because-the‘phosphor—
,ﬁs ’hyperfine}splittinélus appro#imatelyahalf as large as'
.the vanadlum spllttlng soff that there is con51derable over- g
lapplng of llnes. The spectra 1n CS2 are s1m11ar to those‘?

in toluene but the llnes\were narrower because the C82 :

solutlons are less v1scous.‘




\\

(b) blS (dlphenyldlthlophosphlnato) oxo-

'FIGGRE III-1 EPR spectra of 107° M liquid

solutions of the vanadyl dithiOphosphinatef

. compléxes in toluene at 30°C.

(4) bis-(dimethyldithiophosphinato)-oxo-
vahadium(IV); ',4 o/

o

Vanadlum(IV), . : -

W 4
6’:\ L Y ‘5
5, )

(c) bis- (o, O —dlethyldlthlophosphato)-oxo—

vanadlum(IV)'\J V | ‘ .‘ﬁf 5

. N \\
v S

The experimental SpeCEta are %hoWn above

\ \

- the,computer 31mulatloné\1n each case.

A

\_
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4

!

. . '-.‘)
°descr1bed in the prev1ous section. The pﬁosphorus hyper-

z//-flne spllttlng aP (Gauss) is 51mply the spacing between the

components of the triplet. aY and g, are calculated from
—
spectra recorded ,using a dual- caV1ty by an iterative pro-

cedure u51ng‘equatlons (III+-14) and (III-IS). The values
of the isotropic magnétic parameters for the toluene and

,'CS2 solutions of the three complekes are given in Table

1II-1. The magnitudes of the variations in these para-
meters with temperature is similar to that observed for

Vo(acac)2 28 and indicates that the nolecular structure
_ . ) p
does not .change with femperature.

The relative widths of the various lines in the

spectrum were estimated from the peak-to-peak intensities:

-

of the lines. Measurement of the width of one of the.

‘lines which is’relathely free of overlap on an expanded

'fleld sweep gave an absolute width from which estlmates
of the absolute W1dths of the various hyperfine lines were .

obtalned This procedure assumes the lineshapes are

.

Lorent21an, in which case the product of the height and

ﬁ.
the sguare of the width is a constant. This‘methodﬂls
: : : J

inaccurate at low temperatures whefe the intensities are
affected by overlapping of "‘adjacent lines ang for spectra

‘ofxtne ethoxy COmplei where overlapping of lines is severe.

v : Since the overlapping ofﬁiines;;n/tne—spéctra of
the ethoxy complex ‘and “the variation of the linewidth of

B

//the hyperflne components 1ntrodutes s1gn1f1cant error 1n

/
’ the calculation of aY’and aP; the observed spectra were

I‘ . [
-
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7

compared wfrh thoée synthesized by a digital computer. The
computer program (see Appendix C) sets up a stick spectrum
from input hyperfine splitting ednstants and assignslto each
line a LOrenfzian lineshape with a width characterized by

en input parameter. Adjustments are .made in the hyperfine L —
splitting conStants and linewidths on successive simulations
until the'egreement between the observed and c;lculated
spectra is Satisfactory. The calculated spectra which agree
best with the observed ones are shown below the experimenral
spectra in Fig. ILI-1. The eicellent fit for the spectrum
of the ethoxy complex shows that this method allows the
determinatien of splitting constants and linewidths under
conaitioné of signiffcant overlap. For caees where there

is a minimum ef overlap, the hyperfine splitting constants

determined from the computer synthesized spectra agree

with the values determined by,directucalculation. ;The line~-

widths determined from the computér synthesized spectra are

'given for the three complexes in Table III-2. The much
\ ) R i

sﬁaller linewidths of the methyl complex can be‘attributed
to its small molecular radius compared to the redii'of the
phenyl and ethoxy complexes. The linewidth decrease with
increasing ‘temperature resﬁits from the decrease ih solvent
- viscosity an@ the consequentlyAsmaller Trhvhlues at higher
temperatures. l
The EPﬁ spectrum of the‘ghen§l complex in toiuene

at” =150°C is shown in Fig. III-2a. a® is measured directlyi



TABLE III-2

41,

EPR Linewidths in Gauss of Hyperfine Components of Vanadyl Di-

thiophosphinates at Various Temperatures in Toluene and CSz.’

Methyl Complex in Toluene

Temp °C  -7/2 -5/2 =3/2 -=1/2 1/2 3/2 5/2 1/2
0 ©7.50  6.29 5.78 5.80 6.41 7.47 9.19  11.3
30 6.03 5.36 5.18. 5.20 5.57 6.25 7.17  8.40
60 - 5.08 4.69 4.61  4.67 4.96 5.41 6.04  6.76
90 5.14 4.83 4.77 4.82 5.06 5.37 5.88  6.45
116 5/40 5.09 5.09 5.14 5.29 5.54 5.87  6.28

Methyl Complex in C82

Temp °C  -7/2 -5/2 -=3/2 -1/2 -1/2 3/2 5/2 172

-45 . 7.65 6.42 5.87¢ 5.87 6.45 7.51 9.10 11.2

-30 6.80 5.88 5.47 5.54 5.99 6.88 8.15 9.59°

-15 6.29 5.53 5.26 5.33 5.69 6.45 7.51  8.80
0  5.78 5.19 4.94 5.00 5.33- 5.98 6.86  7.84
15  5.42  4.96 4.80 4.86 5.15 5.69 6.39 7,33
30 5.11  -4.82 4.69 4.82 5.11 5.58 6.23  7.09
45 4.77 4.45 4.41 4.54 4.78 5.20 6.69

5.93

(continued



TABLE III-2 (continued)

Phenyl Complex in Toluene

42.

Temp °C, -7/2 -5/2- -3/2 -1/2 1/2 3/2 5/2  1/2
0 21.2  15.4 12.6 12.1 14.0 18.0 24.2 32.6
30. 13.7 10.4 §.82 8.68 9.91 12.6  16.3 21.1
60 10.1 7.87 7.02 7.04 8.04 10.0 12.3  15.2
90 | 8.22 6.79 6.17 6.25 6.97 8.40 10.4 13.1
116 6.96 . 5.97 5.58 5.65 6.25 7.28 8.8l 10.5
_ N
Phenyl‘Complex in Cs,
Temp °C -7/2 -=5/2 -=3/2 -1/2 1/2  3/2 5/2 7/2
-30 19.5 13.6 11.0 10.7 12.3 16.4 23.4 32.9
-15 15.7 11.5 9.52 9.29 10.7 13.7 18.7 26.3
0 13.2  10.0 g=43- 8.28 9.42 11.9 15.8 21.7
15 gp" 11.5 8.89 7.65 7.60 8.57 10.7 13.9 18.4
30 0.1 7.99 7.00 6.98 7.85. 9.58 12.3 . 15.9°
45 9.20 . 7.41 6.65 6.68 7.48 9.06 11.4 14.4
Ethoxy Complex in Toluene
Temp °C -7/2  =5/2  =3/2 ~-1/2 /2 3/2 5/2 7/2
0 17.5 14.3 12.5 12.1 12.9 15.0 18.1  22.3
30 13.8 11.9. 10.7 10.6 11.1 12.5 14.5 17.3

(continuedg;,.;.)



TABLE III-2 (continued)

2

Ethoxy Complex in Toluene (continued)

Q

43.

o
Temp °C  -7/2 -5/2  =3/2 -1/2 1/2 3/2 5/2 7/2
60 10.7 9.64 9.06 9.01 9.40 10.3 11.6 13.3
75 10.2 9.25 8.74 8.6% 9.05 9.83 11.0 12.5
90 9.02 8.29 - 7.93 7.89 8.19 8.87 9.82 11.0
8.34 +9.19

105 - 8.42 7.77 7.46 7.46 7.75

10.3
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300 G
——

©pr spngtra of 10 3 M SOlld solutlons
of bis- (dlphonvldLthJophosphlnato)

oXxo- vanadlum(Iv) at -150°C in (a) tolu-
ene and (b) 55 HMP/tOlU“ﬂ



o« e 45.
v “ . '

as the spacing of the components of the tripletuof the par-'
allel spectrum. The vaiue is equal to that found in. the l
1iquid spectrum Some of the previous EPR work la indicated
that the 31P hyperflne 1nteract10n was anlsotroplc, but the
pbserved isotropic phosphorus spllttlngS do not agree well
with those predlcted'from the anisotropic Spllttlngs,' Since
there is considerable overlapplng of Ilnes in the perpendl—‘
cular part of the solid‘solutxon spectrum, only gll and Al|

| are determined directly from the speckga. Values for gl

~ dnd Al_were computed from the 1sotroplc parameters using
equation. (III;16) and- (II11-17). The magnetic parameters
determined from the ‘glass spectra are glven in Table III-3.
‘'Values for solid CS, solutions could not be Obtalned because
the vanadyl dlthlophosphlnates became 1nsoluble as the C5,

Jfreez1ng point was approached and the EPR spectrum of the

- SOlld con51sted of a 51ngle broad line.

12.5 Analysis of EPR Spectra in Mixed Solvents

.The appearance of the EPR spectra of the Vanadyl'com—
‘plexes is changed dramatlcally when a small ‘amount of a
strongly coordlnatlng ligand is added - to the solutlon in an
inert solvent at room temperature.p The trlplet structure
fesuperléposed on the vanadrum hyperflne components is’ re~’
,‘placed by a doublet pattern: 1nd1catlve of a spec1es in Wthh

.the*unpalred electron is lnteractlng w1th Only one phosPhor—j

us  nucleus. See Fig. III- 3a. Furthermore, the phosphorus-’ B
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> M liquid

FIGURE ITI-3 EPR spectra of 10~

solutions of bis—(dimethyldithiophOSpﬁinaﬁo)—
oxo—vanadium(IV) in 5%_HMP/toluéne at varioﬁs
températures. The éxﬁerimental spectra are
shdwn above the computer éimulations in each
case, Stick specfré for.the two dominant
.vanadyl species gre shown at thé'bottom of

the figure.
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~ splitting has decreased substantially compared to the split-
tlngs observed 1n solutlons w1thout added ligand.
The EPR spectra of 10 -3 M solutlons of the methyl com-
f plex in 5% HMP/toluene solutlon at various temperatures are
?d ;shown in Fig. III-3. ﬁée doublet patterns are observed in
, the range 0°C tov30°C. Below 0°Cc, the spectral lines be-
fcome broad and poorlypresolved. As the temperature of the

solution is 1ncreased a ‘triplet hyperfine patternfbegins

v to appear and the doublet pattern decreases in 1nten51ty

t

See Fig. III-3b. At 120°C, the doublet structure is verg
weak and the spectrum consists predomlnantly of trlplets,
\indicating that the unpaired electronkis interacting with
two equlvalent 31P nuclei. Slnce the magnetic parameters
describing this spectrum are 1dent1cal to those for the
ﬁ vanadyl complexes in the absence of HMP it, lS loglcal to
conclude that this hlgh temperature spectrum in 5% HMP/
toluene solutlon arises from the vanadyl dlthlophosphlnate
complex whlch is uncoordlnated by HMP. Coollng the sample
back to 0°C. gave an EPR spectrum Wthh ‘was 1dent1cal to “the
‘,corlglnal spectrum at 0°C. .
| The appearance of the spectra of the vanadyl complexes
in S% HMP/toluene at 0°C and at 120°C suggests that the

Bl

fspectra obtalned at 1ntermed1ate temperatures are. super—

*ﬂ-let and trlplet patterns. The doublet
itlngs in the low temperature spectra were

ing- the observed spectrum at 0°C Wlth
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'ncomputervsynthesized spectra.  With these phosphorus Split—
‘tlngs, the trlplet phosphorus spllttlngs and the line-
widths of the varlous hyperflne components from the corres--'

ponding triplet spectra in toluene, computed Spectra for a . °

;

-
1

mlxture of the two—sPec1es with .one and two phosphorus_
splittings were generated Slnce the. g—values of the doubletv‘
and trlplet Spectra are dlfferent (see Table III ~4), a fleld_
Shlft between the centers of the two spectra to be super-
1mposed was 1ncorporated in the spectral computatlon.v - The
relatlve proportlons of doublet and trlplet spectra weré ad—
hjusted until the agregment between calculated and observed
was satlsfactory. The 1nd1v1dual synthe51zed ‘doublet and

trlplet spectra and. the welghted sum\\f the two spectra

that constltute the calculated spectrum in* Flg III 3b are

[}

ldshown in Flg. III 4,

‘The llnew1dths of the doublet species obtained in
pyridine/CS solutions of the methyl complex were studled
from —45°C to +45°C.' In all cases, the llnerdthS of the
. doublet . spe01es were larger than the llnew1dths of,the
_ trlplet spec1es 'in CS2 solutlons of the methyl compiex at -
the same. temperature.~ Slnce the amounts of‘p;rldlne f
requlred for predomlnance of the doublet spec1es'were small
}(1 S%), these dlfferences could not be attrlbuted to' |
‘solutlon V1sc051ty dlfferences._s9 Detalled StuleQ of the .
111new1dths of the doublet spec1es obtalned in the HMP/tol—‘

v

"fuene and DMF/toluene systems were not carrled out because,?-

#



TABLE III-4

Isptfoéic MagnetiCﬁEarametersT for Vanadyl DithiophOSphinf

.‘ ates iﬁNS%'HMP/Toluene ahd'S% Pyridine/CS- at 3Q C++
Subst;tuent;of~ 5% P’yridane/(_:S2 '5% HMP/Toluene
'DithiOPhosphinate S ge 'aY‘ ab e go [ al
’ R ° P O/ . . "'/
Methyl =~ 1.974 95.0 24.9 1.970 100.1 24.0
Phenyl ' - 1.975. 95.0 25.5 1.968 100.2 24.5.
'Ethoxy - 1.976 94.8 36.0 1.972 99.4 31.2
/,/ ke )

.//’ T Hyperflne Spllttlngs are in Gauss. Estlmated errors

are + 5 Gauss for spllttlngs and + 001 for g-values

s
3

++ -
: Only .the ethoxy dlthlophosphlnate 1n 5% DMF/toluene at

J

30°C g1ves a. predomlnantly doublet spectrwm with

4

-g ==~l 975*a ‘ 97 5 Gauss and a 35, O.Gauss Otheru

dlthlophosphlnate complexes glve only trlplets in 5%

Y .

,‘DMF/toluene b"v;
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the addition of largé amounts of these ligands to the

solutions would be required in order ifr the douplet species

4

to predominate. The estimation of doublet linewidths, in

solutions contain%ng cdnsiderably less ligand, from the
) b

linewidths obtained from solutions where the doublet species
("\) N "
predominates, is difficult because the solﬁfion viscosities

are often very aifferentg Instead, it was assumed that
the linewiaths of the doublet species in HMP/tbluene and \
DMF/toluene solutions can be approximated by those of - the
triplet Species‘in pﬁre toluene at the same temperature.
Tﬁis approximation leads to small ‘errors in the determina-
tions of the relative amount% of doublet and triplet species
from comparison of calculétqh and observed spectra. The
calculated spectra which agfeed most cioéely with the

-observed ones are shown in %ig. IrI-3, and the magnetic

parameters characterizing the doublet species are given in

/
/

Table III-4. ]

l

A

Further changes oc#ur in the 31? hyperfine»structure»

. / :
when solutions containinq a small amount of Lewis base are

I S
frozen and the glass speétra recorded. -The EPR spectrum of
I\ )

the phenyl complex in S%NQM?/Foluene (see Fig. III-2Db)

shows no phosphorus splitting at all. Ho%ever, the spectrum
of the methyl complex in ;he same solvent showed a mixture
of several species whosé'indiVidual maghetic parameters

' could not be measured. The spectra of the ethoxy complex .

in 1% HMP/toluene indicétednthe presence of two Species -

-



O\

\ R VN
one W1thout phosphorus hyperflne Spllttlng, and another w1th
Spllttlng due to one phosphorus nucleus. See Fig. III-5., The
relative intensities of the singlet and doublet patterns
were altered by changes in the HMP concentration, with a 1%
HMP/toluene soiu%ion‘Yielding a spectrum composed of pre-
dominantly doublets. See Fig.éIII—S. The a’ value deter-
mined from the glass_spectfdh and the average of the aniso-

tropic 51V hyperfine‘splittings computed using equation

(ITI-16) are equal to the respective isotropic values deter-

- mined from the doublet spectrum of the 1iquid. The glass: \

spectrum of the phenyl complex shoﬁsfa singlet pattern

i% both 5% DMF/toluene and 5% pytidine/toluene solutions,
although the spectrum of the methyl co%plex shows a com-
plicated mixture in both solvehtosystems. The ethoxy com-
plex in 5% bMF/toluene has a singlet glass spectrum, while
in 5% pyridine/toluene the speotrum shows two patterns - a
singlet and a doublet. a? is again equal to the a’ value
determined for the doublet species in the liquid spectrum ,
of the same sample These results point out that vanadyl
complexes in SOlld solutions in 5% Lew1s base/toluene pro-
duce two spec;es —- one giving rlse to a doublet spectral
pattern and a secgnd giving rise to a 51nglet pattern. The

e

magnetic parameters of the observed species in the various

+

solvehts are comqiled in Table III-3.

The EPR spectra of the. vanadyl dithiophosphinates in

pyxidine, DMF and HMP glasses all show the absence of any .
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| | ~ TOLUENE

|

200 Gauss
N [

a

1% HMP/ TOLUENE

!

FIGURE III-5 EPR spectra of 10—3 ﬂ-solid solutions of
bis-(0,0'-diethyldithiophosphinato)-oxo-
vanadium(IV) at -=150°C in (a) toluene;

(b) 1% IiMP/toluene;

(continued....
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5% HMP/ TQLUENE

Sl

Xyt
ES

100% HMP

/ -~ e

FIGURE III-5 (continued)

/”
(c) 5% HMP/toluene; (d) HMP.
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. . A
phosphorus hyperfine interaction. The spectra of e phenyl

complex in the three solid solutions are shown in Fig. II1l-
6. The magnetlc parameters for these singlet spectra for a
given complex are equal, within experlmental uncertainty.,

+to those for the singlet spectra in 5% LerS pase/toluene
solid solutions (compare the values in Table IIIjB). rurther-
more, the spectra of the complexes in pyrldlne, DMF and HMP
at 30°C consist predominantly of eight singlet nyperfine
lines with magnetic parameters equal, within experimental
error, to the average of the anisotropic parameters Obtalned
from the glass spectrum for the same complex-solvent system
The spectra of the phenyl complex in HMP at L16°C and in DMF
at 30°C ‘ar shown in Fig. III-7. ‘The srnglet hyperfine
patterns ;:;21n 51nglets within the liguid range of HMP and
DMF, but in pyrldlne the 5pectrum shows a mixture of doublet
and-singlet patterns at higher temperatures as shown in

Fig. Ill—8. The/tehavior of the methyl and ethoxy complexes
jn pyridine, HMp and DMF is similar to that of the phenyl
complex in pyridine except that the doublet pattern appears
at lower temperatures for the methyl complex. The isotropic
magnetic parameters for the singlet patternsaare compiled

in Table III-5.

‘The EPR spectra of the methyl complex in pyridine/CS2
nixed solvents at -45°C and in neat pyridine at 30°C are . |
~ shown in Fig. I11-9. It is. clear that ‘the doublet Spectrum

'
LY
observed at 1low concentrations of pyridine decreases in
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| HMP -

200 Gauss - L
— :

d

FIGURE III-6 EPR spectra of 1073 M solid solutions of bis-

(diphenyldithiophosphinato) -—oxo—vanadiurﬁ (IV) at
-150°C in (a) HMP; (b) pyridine; (c) DMF.



" FIGURE II

k4

I-7

EPR spectra bfl 1073 ‘M liquid solutions of
bis-(dipheny i‘di‘@hidphbshpﬁinato) ~oxo-van-

‘adium(IV) in HMP at 116°C.and DMF at’ 30°C,

.
v, g .




30°C

| 200 Gauss

:
- -4

3

FIGURE III-8 EPR spectra of 10"~ M liquid solutions of

)

bis-(diphenyldithiophosphinato)-oxo-vanad-

stick spéctra for the” two dominant vanadyl
species are.given at the bottom of the

'figure R

ium(IV) in pyridine at 30°C and 90°C. The -

60.




)

4 »

3

'FIGURE III-9 EPR spectra of 10~ M liquid solutions

of bis—(dimethyldithiophosphinato)-oxo-vanadium(IV) in

pyridine/Cs, mixtures of various compositions at -45°C.
The spectrum in 1:00% pyridine was recorded at 30°C.

The stick spectra for the two dominant vanadyl spgcies

are given at the bottom of the figure.
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0.5% PYRIDINE /CS,

2.0% PYRIDINE/CS, .

50% PYRIDINE/CS;

) ¢

100 % PYRIDINE

T
f l |

N ‘I_l- |
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TABLE IFI-5

Isotropic Magnetic Parametérsf of Vanadyl Dithiophosphinate

; Complexes in Coord@&ing Solvents
| s ,
Complex Pyridine at 30°C  DMF at 30°C HMP at 116°C
Jo aq 9o ay 9o~ .a’

75___

7

Methyl 1.9740  93.5 °  1.9666 111.0 1.9657 113.9
Phenyl 1.9741  95.8 1.9649 112.9 1.9605 118.8
| : A tt
Ethoxy -, 1.9738  95.6 1.9652 113.0 1.9675' '109.8
~

’
G

- .
? . & o

Hyperfine splittings are in ‘Gauss. Estimag ed errors are

. + 0.5 for hyperfine splittings and + .000'5 for g-values.

tF Spectrum is predominantly d}_oub"lets." Parameters are those -

of theé®Houblet species with af = 30.0 Gauss.
.'\. . , 7. . o7 . » - [ ‘

b i -

J



' dlfferent EPR spectrum,.are,present.

o atlng.» In toluene solutlons contalnlng Varlous concentra—

d ’ . .' . . N » .‘ B 64. i
. : K 6 o . 'i

v intensity as the pyridine concentration is increased and a
: \ :

31

new spectrum.appears which has no >°P hyperfine structure.

The magnetic parameters of the singlet'are'equal; within

the eXperimental error, to the magnetic parameters of the

methyl complex in pure pyridine. A close: examlnatlon of
the spectra of the vanadyl dlthlophosphlnates in- llquld
toluene solutlons with low HMP" concentratlons 1nd1cates the

presence*of peaks of low 1nten51ty which are- not acLounted

f6r by the dominant doublet and triplet spectra. See Fig.

III-3c. These weak lines occur at positions which are very

" close to those found in the 51nglet spectra of the complexes

in_solutions with hlgh HMP»concentratlons. It appears that

in all cases,,When a'Lewis base with strong electron'donor

-

‘propertles is. added to the toluene solutions of the vanadyl

dlthlophosphlnates, threespec1es each with a dramatlcally

4

The precedlng descrlptlon of the experimental re-

sults has concentrated on the effects of the llgands HMP ,

-

DMF and pyrldlne on the EPR spectra of the vanadyl dlthlo—

“phosphlnate complexes. Experlments have also*heen per-

formed w1th other llgands whlch are- less strongly coordln—

/o

tions of dlmethyllsulfox1de, thSphoryl-chloride,'triphenyl—v

phosphlne'oxide or trimethyl.phosphate,'the EPR spectra

~1nd1cated the presence ‘of more than one pec1es and most of

the llnes could be ascrlbed to 31nglet, doublet orvtrlpfd~b

le t 3'lP hyperflne patterns. See Flg. III -10. Detalled

L 4



10% DMSO/CHCl,

N,

- 200 Gauss

3
-t

10% PO(OCH,],/ TOLUENE

) o
ta-
[

PIGURE III-10 EPR spectra of 107% ¥ liquid solutions of bis-
| S (dlmethyldlthlophoshplnato) ~0XO0- vanadlum(IV) |

in 10% dlmethyl sulfox1de/chloroform at’ 60 c

"~ and bls (0,0 —dlethyldlthlophgsphlnato) ox0-

vanadlum(IV) in- 10% trimethyl phosphate/tolu—
ene at 40°C, . The Sthk spectrum of the doub—'
let pattern i shown below the experlmental

S - 'spectrum in each case. -

4 . . f p—
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_showed that the phenyl complex gives triplet 31P hyperfine

to the spectra of VO (H: Of

*

‘analyses of the behaviour of the dithiophosphinate qomplexes

in these solvent systems were not carried out since the HMP,
DMF, and pyridihe systems typify the results to be expected

e
in other cases, and a clear qeparatibn offthe different

\ -

speC1es was pOSSlble in the HMP DMF, and pyrldlne’solutlons'
by variations in llgand concentratlon and sample ;emperature.
It has been reForted 17 -that the ethoxy complex is
unstable in ethanol eolutions. An investigation of the EPR
spectra of both‘phenyl.eod‘ethoxy compiexes inkethanol.
eplittinq, while the~ethoxy complex shoys a4mixture of ‘
doublet and trlplet hyperflne patterns whose relative in-
ten51t1es vary with the temperature. See Flg. ITI-11. The
behavior of ethenol~is~similar to that of DMF. thch pro-

> /
duced a mixture of doubl%ts and triplets only Wlth the

i R

N { °
] oA
I 1 -

ethoxy complex

4,
v

3. .: Analysis of Optical épéctré-

. 1 . ' o

- The visible and-near infrareﬁ.spectra,of the phenyl
' ‘ “ \v- _ . ¢

‘complex. in severalwsolvents are shown in'Fig. III-12. The

=~ (

qpectnum in toluene, dlsplays bands at 14. 3, 17.; anc 24.4 kK

whlch are characterlstlc of vanadyl complexes In contrast

) 0
2+ 31 ana Vo (acac) ? , the

spectrum of the phenyl—cgmgvexjin_toluene has a low inten-

2 , . "' ., - B . ) . ] B . " '\ . '
> sity shoulder, on the low~energy side rather than on the

-

. high energy side of_the intense badd‘at 17.1 kg; However,

s e
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25°C

T

Ed

FTGURE III—li% EPR ﬂpﬁctra of lOv3,M liquid solution&ﬂof

(

. blS«%Q Q'*diethyldltthphOSphlnatOf oxo—-

vanadlum(IV) in ethanol at 25°C and at 60°C.
% o e '
#The stick spectrum of the doublet pattern

' . is shown below the experimental spectrum at.

\

. 25°C.
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the spectrum in toluene does parallel the spectra of van-
adyl dithiocarbamates in non-coordinating solvents reported
by McCormick.lo “McCormick assiéned the most intense band
to the bl + e* transition since this ban%oexperienced eig—
nificant shifts when a ligand coordinated to the.sixth
position. The ef(dzx,dzy) level is expected to be changed
by coordination at the axie1 site while the b;(dxy) level )

is expected to be nearly independent*of coordination at

d produced by

=2

the cixth position. Since the ligand fie
the dithibtarbamates should approximate that of the dithio-

phosphinates, it is reasonable to assign the electronic

transitions as proposed by MCQSrmick.lO'aThen, with increas- -

* *
ing energy, the three transitions are bl +*b2, bl + e and

. N o |
bl > ag. The spectra for the methyl and ethoxy complexes

are very similar to the spectrum of the phenyl complex
and the tran51tlons are as51gned equivalently as shown in
Table- III -6+ The spectra ln the other non—coordlnatlng
solvent CSz, are 81m11ar to those in toluene.

The v151ble spectrum of the phenyl complex in the

.

Lewis bases DMF and pyrldlne resembles the spectrum of

2+ 31

VO(HZO) One expects the phenyl complex’to*be six—

coordinate in Lewis base solvents. The presence of an

,d_. ) level to /
zx'zy’ : . .

. v 4 : ‘ x
additional ligan%ﬁcould.shift'the e (d
lower energy while the b2 level remains relatlvely“constant

Wlth this inversion of levels, the &Fan51tlons in order of

‘ ~. _‘k l *
increa31ng energy would be by + e ’,bl > b2 and bl' aj ., /.
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TABLE III-6

_Electronic Spectra of Dithiophosphinate Complexes

¢

Complex

1

Methyl

Phenyl

Solvenfcwwr
*:
a2
A 14.3
B 12.2
o 11.9
D . 15.4
E 14.7
A 14.3
B 12.0
C 11.2
. D 15.7
E >15.§
A ©14.9
B 12.8
C : 111
D - 15.4
E 16,4

4

Absorption maxima in kK.

++ A, toluene; B, 5% HMP/toluene; C, HMP; D, DMF:

10..

Assignment
L I *
19 41
‘i6.7 24.7 sh
13.5 26.0 sh
13.2 +++
12;6- tt
12.0 +t+
17.1 24.4 sh
13.7 25.6 sh
13.2 24.4 sh
12.7 Pt
127 Tt
17.5 24.4 sh
13.7 .2513 sh
13.3 25.0 sh
12.7 ttt
12.7 22.2 sh

. . ’ . “
E, pyridine. C82 and toluene spectra.are equivalent.

+++ No shoulder is observed.

-

ot
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) ' i
which-is the assignmenttBallhausen and;gray 3L have pro-
posed for the pentaquo vanadyl cationg The two energy
ievel schemes are Shown.in Figw-III;lB.

In both pﬁre HMP and 5% HMP/tquene solutions, it
appears thaf both the e* and b; levels are shifted to
lower energy by the additibn of an HMP ligand to the van-
éayl complex. .The energy levels are.assuﬁed to have the
same relative order as in toluene. However, the species
iﬁ.S%’HMP/ﬁdluene is different from the Species in éure
HMP because-vanédyl cbmplgﬁes_in 5% HMP/tolueﬁe'give rise.
to a doublet pattern in the EPR spectrum andiin pure HMP
- they give rise to a singlet éattern.w Shifts'of~éﬁe optical

bands of Vanadyl complexes resulting from addition of

Lewis bases 'Nave also been observed by o;ﬁer workers. 10722

60

A

The ;hifts observed for the QanadQl dithicphosphinates
support the gPR:results in thét,ngw Specieé are formed in
the.bresence of a LeQis baée’and;énekénticipétes the new
species are a féSult of differences in thé'coordination
to the vanadyl ion. “

The spectral results discussed above for,thé ;henylnf
complex are also observed for the metﬁyl’and‘éthoxy comr

plexes. The absdf%tion maxima and band assignments are . ﬁgﬁl

given expliciﬁly in Table III-6,.

4.. _ Analysis of Infrared~Spec£ra'

The fréquenéy of the vanadyl vanadium-oxygen stretch

"

-
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| Energy leVel schemes for,

N

dcomplexes “(5), Ballhausen-dtay scheme

(b), 1nverted level scheme.2

oxo-vanadlum(lv)
31_

The closely

The spllttlngs are not drawn to scale..

¢

2

’

spaCed lines Tepresent fllled bonding " levels.
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is often used to infer information about the coordination

at the ax1al pos1tlon of flve coordlnaQS vanaoyl compounds ,

8, 36 61 The V=0 stretch in the phenyl complex was.observed"
: ‘ v ,

to change from 1000° em™Y in CS2‘t0'976 em™ ! in 5% pyridine/
C82 and'thefv—o stretch in the methyl oomblex changed from

996 cmfl”ln CSZ to 972 cm -1 in 5%,pyridine/CSZ. In both

'J

.cases the Shlft is 24 cm ; and EPR speotra of the'samples

in 5% pyridine/CS2 showed predominahtlyrdoublet Hyperfiﬁe

patterns. This evidence suggests that the species giving
rise to the doublet EPR spectrum has the position trans to
the vanadyl oxygen occupied.

-

Theiinfrered~spectra of dithiophosphinates in the

» region 5Q0—700(ﬂMQ‘EhOW absorptionszdue_toethe P-S v

‘o

stretohing vibrations. The position of the symmetric P-S

stretch vsyﬁ, is sensitive to. the nature of the bonding
i 13,15
of the sulfur atoms in the- dfthlophosphlnate m01ety !

See Table III -7. sym 8ecreases progre581vely as the bond-

ing at the sulfur atoms changes from bldentate to 1on1c

to monodentate. The 1nfrared absorptlon of the blS (dl-'
¢

phenyldlthlophosphlnato) -0OXo- vanadlum(IV) complex in CS2L

'solutlons w1th varlous amounts of pyrldlne added has been

studied, and the results are shown in Fig. III—14 “ In- the-‘

>

absence of pyrldlne, a s1ngle vsym -absorption is observed

at 570 cm 1. Upon the addltlon“of pyrldlne, addltional
. t

-1

j‘absorptlons‘et‘SGO cm -1 and 538 cm appear.._As the con-

»

. K@;ion of pyr'idine is: increased, the inte’nsity of the

~e ) P . : .

i}
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TABLE III-7

%

Frequencies of Symmetric P-S Stretching Vibrations in Diphenyl-
. ' Y

dithiophosphinate Compoundsf

2

; Compound Bonding at - v__ (cm—lr Medium
g Sym N . )
_ Sulfur \ ‘
Bis4(diphenyldithio- N S . '
" phosphinato) ~oxo- - P vy 570 cs,
varadium(IV) ~ N\s~”
Sodium diphenyldithio- o | o
phosphinate ' . 565 Nujol mull
ey P - - ,
Ammonium diphenyldi- N  sg1 e 11
thiophosphinate _S -2 ' ANuJOl mu
» ‘ S )
Diphenyldithiophosphinic g ST Y 530 Nujol mull-
acid . / B s i - ‘
- J
> T ~
o4 ,ﬂ .

T/i@frafed frequencies from ref..13 and 15. R
: : e r

N .
IAN
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\ 100% PYRIDINE

"™ 50% PYRIDINE/CS,

10% PYRIDINE/CS,

@

"N\ 5% PYRIDINE/CS,

« o

®,

YIGURE IFI-14

Infrared spectra ‘of hls—(dlphenyldlthlophos— o

’7wh1natov—oxo -vanadium(IV) in- pyrldlne/LS

solutlon; of varlous comp051t10ns

2

. Co.
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T
1

absorption at 570 cm ~ decreases, while the intensities of

- -

the peaks at 538 and 560 cm_‘l increase. The absorption -at

1

538 cm ‘415 max1mum at a pyrldlne concentration of 10%, and

decreases in 1nten51ty at higher pyridine concentratlons

-

It is clear from Fig. III-14, that three distinctvabsorp—
" tions are present’ in the symmetrical E—S stretching_fegion
in 100% pyridine solutions of the phenyl complex. Spectral .
;fstudies of the methyl complex were hampered b§ the low sdl-
ubilitf%pf the complex in CSz, and the air.sensitivity of

‘the ethoxy comp lex prevented study . of its infrared spectrum.

" 4 : .

Infrared studies with other mlxed solvent systems were not

feasible due to thenpresence of 1nterfer1ng_absorptlons in_

the reglons <of interest. The conclusions formed on #he ’

3 " :
basls of the infrared spectra of the phenyl complex in the

pyrldlne—CS2 mlxed solvent should be appllcable to the
other mixed solvent systems since the EPR results in the

pyrid.ine—CS2 mixed solvent are similar to the.EPR results

in the HMP-toluene and DMF-toluene solvent systems.
] ' ) ‘ I ‘

-

5. . Conductance Results ' - | .

Conductance measurements were performed to establash
t 5

the presence or absence of 1on1c spec1es in solutlons. The

conductance was measured as a function of the concentratmon
‘l
of bls—(dlphenyldlthlophosphlnato)-oxo vanadlum(IV) in sev-~
ht;‘ - |
eral splvents Slnce the experlmentS'were carrled out under

El

bbench condltlons,.only the most stable phenyl complex was

4

x : ’ »
Y
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B and the summary of

;nvestigated.

Dependence of Conductance on Concentration of Bis

The numerical resu

TABLE IITI-8

77.

lts are given in Appendix

LY

those results is shown in Table I1II-8.

- (diphenyl-

dlghlophosphlnato) oxo—vanadlum(IV) in Sev ;al Solvents,

~

)

Sclvent

Concentration Dependence

independent

1% HMP /foluene
o
5%.pyridine/CS2 independent
10% HMP/toluene linear ‘ij
HMP’ linear
~ Pyridine linear
DMF " Iinear
< : ‘
N ' /
E.”  Discussion ‘
1. vpiscussLon_of Equjlibria Betwéen 'Differént Vanady;{l
. _»'A' R . ‘ . N . - T T - ‘ ,(::_
SEec1eS.

The EPR, 1nfrared and electronlc spéctral requkts

=

+ presented in. the prev1ous sectlon Andicate the presence foj

ey

‘“i—?

-

\

at least three dlStlnCt vanadyl speé;es in solutlons con-

talnlng a low concentratlon of a vanadyl dlthlophosphlnate,‘

]

b
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complex and varying concentrations of a strongly coordin-
ST : ; . h

ating ligand. The spec1es Wthh domlnates at the hlghest ””7“/_;

i +h low concentrations of coordinating ligand,

~

and gives rise to a triplet@BlP hyperfine pattern’in the
EPR spectrum, indiéating the presehce of'two equivalent

phosphorus atoms, has been’ 1dent1fled as the 5- coordlnate

vanadyl dithiophogihlnate itself and will be referred to*

as Species T. ‘ .
: 9.;-

A second varnadyl spec1es, to be referred to as/;_/,///’

,specres D, is characterized by a doublet hyperflne structure

in the EPR spectrum, which 1nd1cates that the unpalred *

electron is interacting with only one 31P_nucleus. This
i } , B
”vanadyl species may contaln a single phOQphorus atom or

it may contaln two non- equlvalent phosphorus atoms, only
one of which glves rise to an- observableahyperfine splitting..

" The former p0551b111ty would requlre dlsSoc1atlon of the

vanadyl‘dlthlophosphlnate to forT a species w1th a srngle"
dlthrophosphlnato chelatlng m01ety Since the‘only'p0531blem
sllgands which caﬁ&replace the chelatlng llgand are the un- ;
: charged Lew1s bases 1n relatlvely low concentratlon in the :
solutlon, any vanadyl spec1es contalnlng a 51ngle dlthlo-

phosphlnate chelate woubd be charged - a most unlﬁ§tly spec1es

ih non- polar solvents such as toluene and C82

A srmple procedure for detectlng the presence of
chhrged specr s in solutlon is to measure the conductance
of %:e solutlo . For a solute that 1onlzes completely, the

\
- o\ N ,' : . \ "_ . ) -

PR
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Lo

Q

conductance of the solutjon increases linearly with increas-,

ing solute concentration up to approximatelyvlo -1 M.62 The

conductiviiles of sOlutlqu contalnlng the phenyl complex

. ~

~in concentratlonspranglng[ffom zero to 7 x 10 -3 M in the
solvents’ 1% HMP/toluene and 5°‘pyridine/CS2'were deteﬁmined.
In both solvent systems, the conductance was”unaffected by
the présence»of'the/phenyl'complex;' The'EPR spectra of the,
same solutlons exhlblted a predomlnantly doublét hyperflne

pattern. One concludes that species D is not charged. How-

‘ever, the conductance experlments do not rule’ out the possi

Y4

1lity that’ spec1es D is- a solvent separated ion palt in
>a P

which the solvent (1n thls case the Lewis baée‘presentixn

‘

the solution) occuples the flrst coordlnatlon sphere and the

1

;dlthlophosphlnate aounterlon re51des in the Jecond coordin= e

T

x\atlon sphere "The formatlon of sucn ion palrs is faVOrable

A

>

l
when there is a strong 1nteractlon betw__p thé ion and ‘the,

_solvent and the counterlon is nelatlvely large.63‘ These - -

,condltlons are certalnly the case for the: phenyl complex /

1n 1% HMP/toluene or in 5% pyr1d1ne/CS~~~
The 1nfrared spectrum of the phenyl_complex in

pyrldlne/CS solutlon 1nd1cates the presef Bt three,di_h;o—".}

‘phosphlnate spec1es in addltlon to species T ,§%e fiYe~
. "’ kﬂ.‘. B N .
coordlnate vanadyl complex (see Plg IIL\14) ! A 8! all

shoulder at 560 cm -1 suggests that the SOluthD contalns

1

an 1on1c dlphenyldlthlophosphlnate spec1es (see Table III—

~r—7), Wthh 'on the bas1s of. the conQUCtance measurements,

Y
el
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‘suggested a p0551ble structure III, is lndlcated by a e

80.

N .o ‘ - .' . -
copld be either an.ion ‘pair- (see structure I) or a free

T

_dlthlophosphlnate ion at a concentratlon below the detec-

tion leve& of the conductance apparatuS»(<lO—4'M). ~The

a " e
infrared absorption at 538 cm 1 lndlcates the presence "efb‘
,’ R b ¥

‘ of a spec1es contalnlng a monodentate dlthlophophlnate

. .15 . R
moiety .5, for which structure’ Il is suggested. '~ In-

this structure, ,one phosphorous nucle:s is sufficiently

(3

far removed from the vanadlum atom that it W}ll not experl—
B,

. ence 51gn1f1cant hyperflne lnteractlon w1th the unpalred

-'electron. The, presence of a thlrd species, for whlch is.

»
G

Nl

t

' broadenlng of the band -at 570. Cﬂvl due to'overlapplng with

+

a new absorptrpn at lower frequency. (See Flg. III-14).

This second band could arlse from a structure with one of

v .

the dlphenyldlthlophosphlnate llgands arranged so that one

of its sulfur atoms OCCUpleS the axial cBordlnatlon site,

’

and a pyrldlne llgand is coordlnated at the equatorlal site

(structure III) Slmllar arrangements are known for. adducts
8 36,

of VO(acac) "The axial sulfur- vanadlum bondlng is

}

expected to be weaker than the equatorlal sulfur- vanadldﬁ? S

2

‘bonding, and the non—equlvalence of the sulfur atoms should

cause ‘the P-S stretchlng‘frequency to shift towards that of

monodentaté dithi0phosphinates; In structure III, the two

R

phosphorus nuclei are non-equivalent and it/ is conceivable

that the hyperfine interaction of the phosphorus nucleus

in the cross-coordinated chelate would bé too small>to.be
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observed in- the EPR-spectrum.
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On the basis of, the intensities of the infrared
absorptions, the concentration oﬁ;tpeﬂspeciesfwhiéhrgives
rise to the absorption at 560 cm_l %structure I) is small.

B :

in solutions containing 5% pyridine or less, and need not ]

be considered further in the discussion of species D.  The

.

EPR spectra of solutions where the' doublet_hyperfine pat-

tern predominates provide no evidence for the existence of

tbyéﬁhe infrared Spectra: The magnetic parametérs, part-

3

\

'iculafly the

two distinct §pecies,_ structures II and III, as suggested.a

3lP'hyperfine interactions, of structure 11

and -III are likely to be similar since the axial sulfur-
%énadium Bopding is ekpected;to.be very weak. It is shown
aLove that the coordination of a pyridine mole¢u1g at the
axial poéiﬁion eithef doesy;ot pccur, or that the effect
of such coordination on.the.magnetic parameters of the
omplex is insignificaht, beéause the EPR specira of the

A . ‘
\ °
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vanadyl species T in 1% pyridine/CS2 and-in pureCS2 solutions

‘are identical. Furthermore, the rate of exchange between

o~

.structures II and III is probably fast on the EPR time scale

‘ : | ‘ ° . .
so that any small differences in the EPR spectra of struct-

ures II and III would be averaged out and undetectable.' It

o

is therefore concluded that spec1es D is in fact two dlstlnCt
‘species Wlth structures Il and III, but that EPR measurements’
can detect only the composite Spectrum of these structures.

The number x of Lewis base molecules I involved in
. A . N S
the equilibrium

T + xL, —»D © ,
e .
was determlned for the vanadyl dltthphOSphlnateS by analyz—

LN
ing the EPR spéctra of solutlons containing different Lew1s

| o
base and comp lex concentrations. The appropriate equilibriUm

constant is written as-

- ,=_._-_.LD_L.; o (111-21)
[T][L] ' ‘ '

\\\\\Siiarelatlve concentratlons of species D and 8960138 T were
obt lged from computer—synthe51zed EPR spectra which resembled

\\

most closely the observed EPR spectra. Know1ng the ratlo

of the concentr\tron of these spec1es, R = {D]/[T], one

\ .
can express KT -D in terms of the known quantltles R, [L] ’

the total LeW1s base concentratlon, and [T] , 'the total

vanadyl concentratlon.

f b ' /
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< 5 x ' . '
K., . = R+ D (III-22)
(L] + RIL] - xR[T] )X

Examples of the calculated values of K, . for integral val-
‘ues of x are shown in Table III-9. Consistent values of

Kn_p were obtained only for the case x ='1, which is com- -
- ‘o
)

patible with struetures II and IIT for species D. The -
equilibrium constant Kp_p: Was detcrmined at several temper-
atures, for the three complexes in various solvent systems

and the results are shown in Fig. III-15. The values of

Keop at 298K, and. the enthalpies of adduct formation'
o

AHT—D calculated from the slopes of the lines in Fig. III-
15 are given in Table III-10. These heats of adduct forma-
tion are similar inhmagnitude_to those for the_vanadyl<w;
_acetylacetonate ‘adducts with ﬁMP DMF and various aminés;
4,3 The VO(acac)2 adducts were assumed to arlse from Lewis
base coordlnatlon at the ax1a1 p051flon whereas the adducts
of the vanadyl dltthphOSphlnateS have been shown to erlse
from 11gand coordlnatlon at an equatorlal site. . |

The room temperature equlllbtlum constants obtalned
from spectrophotometrlc measurements of the vanadyl dithio-
phosphlnate complexes in toluene solutlons contalnlng dif-
‘ferent amounts of HMP and DMF,are,also shown in Fig. III—lS.
Thé equiiibriUm constants obtained-ftOm the spectrophoto—
metrlc measurements were con51stently ‘higher than expected

from an extrapolatlon of the equlllbrlum constants obtalned

B from the EPB‘studles.\ ThlS dlscrepancy can be - attrlbuted
.o o j;’ hy / . .



TABLE III-9

84,

Calculated KT;D Values for Integral Values qf‘x; the. .Number Qf

Lewis Base Molecules in'Triplet—Doublet Equilibrium

é. Bis- (dlphenyldltthphOSphlnatO) oxo-vanédium(IV)_in HMP~- ..

Toluene Mixed Solvents

i

i% HMP/TOluene _

5% HMP/Toluene

105°C

X 75° 90°C 105°C 75°C 90°C

1 11 . 6.6 * 4.5 11 _ 6.6 5.1
SRS ' - . -

27 210 120 82 39 24 ., 18
'3 4,400 2,500 . 1,600 160 89 s
499,000 52,000 31,000 560 340 ° 230

b, Bis—(diphéhyldithiophosphinato)—oxo—vanadium(IV) in Pyri-

dine—C82 Mixed Solvents at 45°C

~

X 0.5% Pyridine/Cs, 1.0% Pyridine/CS, 2.0% pyfidipe/csz
1. 13 16 " 14
2 \ 240 140 B 59
3. 4,600 -7 1,300 L 260
4 . 97,000 14,000 1,200

1

c. Bls (dlmethyldlthlophosphnnato) oxo-vanadlum(IV) in Pyrldlne— -

K

C52 Mlxed Solvents at 45 C

a

. 2.0% Pyridine/CS2

X ; S 1.0% Pyridine/csz'
1 | | 9.3
2 7 D 77

8.0

‘33_ (continued...)
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TABLE III-9 (continued)

1.0% Pyridine/Cs, 2.0% Pyridine/Cs,
670 140 o
] . 1/\ N

6,200 630

Bis—(dimethy1dithiophosphinatorhoxo-vanadiﬁm(IV) in~Ryri—

dine—C52 Mixed Solvents at 0°C
0.10% Pyridine/cs, 0.20% Pyridine/CS,
110 ' _ 84’
23,000 5,200
23 x 10° 47,000
27 x 102 | 71 x 10°

Ao
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TABLE III-10 » .
A‘Equilibrium'Constants at 298K and Enthalpies of Adduct
| Formationt
Complex Ligand - Kf_D(l/mole) -A ‘g (kcal/mole)
Methy1l CHMP 42 5.7+ .9
. ¢ Pyridine - - 23 9.3 + .2
‘Phenyl HMP . .63 7.7+ 1.2
Pyridine 31 7.7+ .4
Ethoxy '  HMP . 160 | 7.5 + 1.1
| DMF 1 7.2 +. 1.1
R
o/

3

\

Experlmental« values were least squares fltted to
L -AHD /RT .

KT n = " Ae . and errors given are ‘the standard
errors from the least squares rOutihe{ KT b at 298K is.

_calculated u51ng the least squares parameterg

-~

i



FIGURE III-15 Temperature dependence of the equilibrium .,

constants, K for the formation of adducts of the vanadyl

T-D

dlthlophosphlnates with pyrldlne, -HMP and DMF. KT -D values
.are calculated from‘EPR results except for values at

10 /T = 3.35°~K -1

which are calculated from v1§1ble 5pect£um
results. A; bis;(0,0'—diethyldithiophosphatc)—o#Q—vanadium
(IV) i@ HMp/toluene; A, bis-(Q,Qf—diethyldithiophosphato>%
~oxo;vanadium(IV)bin DMF/toluene4 a, bis-(aiphehyl ithio- .
' phosphlnato) -oxo-vanadium(IV) 1n HMP/toluene, l ' b‘is;(di—
phenyLdlthlophosphlnato)-oxo vanadlum(IV) 1n pyrldlne/CS
‘o, bls—(dlmethyldlthlothSphlnato)-oxo-vanadlum(lv) in
HMP/toluene;. Q;:bis—(dimethyldithiophosphinato)-o#o—v
Vanadlum(IV) in pyridine/CSZ: For’ clarity, the values

of K shown'on»tﬁe Figure for bis—(dimethyldithiophos-ﬂ

T-D
phlnato)-oxo—vanadlum(IV) 1n.pyr1d1ne/CS2 are the observed

values d1V1ded by 10 ' The ba;s 1nd1cate estlmated uncer~
talntles in the values of KT 5 o 5' o f, . "f’
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to the presence of a thlrd_vanadyl species (which gives the
.sindlet hyperfine'structure'in the EPR) in low concentra-
_tions. In the EPR measurements, the ratio [D]}/[T] was
determined from the observed'spectra, but this ratio could
not be measured spectrophotométrically-since a solution'G,
"contalnlng only* D could not be prepared and the extlnctlon
coefficients of this adduct could not be determlned Instead
the condentratlon of T was measured spectrophotometrlcally
and the concentratlon of spec1es D. obtained by dlfference
from the known total vanadyl concentratlon 1n ‘the solutlon. P
'The spectrophotOmetrlc equlllbrlum data 1s, therefore, less
rellable than the EPR data, but does substantlate the con-
lclu81ons based on the analy31s of the EPR data. Further-
-more, the ratlo [D]/[T] calculated from the best flt EPR
spectra for the HMP/toluene and DMF/toluene systems Wlll
?;be lower than the true value because the D and T. llnew1dthsr
 were assumed to be equal The\EPR spectra of the methyl
‘1 complex in .1 - 5% pyrldlne/cs show that the doublet |
" fvpattern/has sllghtly larger llnew1dths than the trlplet o
“pattern.; Ij one broadens ¢he doublet spectrum in the o

[ L

, computer synthe51s of the spectra, a larger [D]/[T] ratlo

o would be requlred to produce a spectrum w1th relat1Ve ln-

°
.A\, o

ten51t1es s1m11ar to those obtalned 1f trlplets and doublets
'are assumed to have the same w1dths. See’ Flg III 16 Thus =ﬁ
the. KT D values calculated from EPR spectra in the HMP/

toluene and DMr/toluene systems are lower 11m1ts for the

L i
R "



FIGURE ITI~16 Computer synthesrzed EPR solutlon spectra.

of . blS (dlmethyldlthlophosphlnato)—oxo—vanadlum(IV) 1n 5%
,HMP/toluene at 60°C for a l:1 ratio of doublet: trlplet
_pattern at varlous llnew1dths of the doublet pattern rel-
ative to;the_trlplet~pattern. .(a), equal linewidths fort

doublet?and triplet‘pattern; (b){jdoublet linewidths 25%

/

broader than correSpondlng trlplet llnew1dths, (Cf, doub=- -

let llnewrdths 50% broader than trlpltt linewidths.
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equilibrium constantsY This accounts for some of the dis-

crepancy betweenin;b values determined from spectrophoto-
L ir““ . o I > :
met;xc ‘and EPR measurements. !

' The two structures postulated to glve rrse to the

I

doublet pattern 1nsthe EPR spectrum namely structures II

{and I1I, are eXpeéked to’ have Sllghtly larger molggtlar

dlmen51ons in solutlon than spec1es T Slnce the reorlent-
”\;atlonal correlatlon tlme depends on . the cube of the mdlecu-
lar radlus (see equatlon III 20), ‘small 1ncrease ln r

will result 1n ‘a larger Tr and hence broader EPR lrnes.;'g'

However, the llnes of the doublet spectrum could also be

effectlvely broadened by a second 31P hyperflne 1nteractlon.

ThlS coupllng could be large enough to Spllt each llne df
the observed doublet 1nto an unresolved doublet and thus
o effectlvely broaden the llne. Computer synthe51zed spectra .

for spec1es D of the methyl complex 1n the pyrldlne/CS

31

o
, solvent, 1ncorporat1ng a’ second small P hyperflne 1nter-

31,

actlon, shoyed that the second P spllttlng was resolved

iy _
before the llnes became as broad s the experlmental llnes.

2
[

urthermore, the 11neshape on an - expanded sweep was

Lorent21an whlch is not expected 1f the broadenlng results

L

from the overlapplng of two llnes.. On thlS bails, 1t is

ooncluded the broader llnes for the doublet pattern result
L) -
from spe01es D havlng a sllghtly 1arger radlus than Spec1es

iV

T rather than from an unresolved hgperflne lnteractlon. h’;*

A thlrd vanadyl spjcles, henceforth referred to as 7~u'
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species S, gives:rise to an EPR spectrum which shows no hyper-

93.

fine interactions between the unpaired electron and the phos-

v

phorus muclei. The absence of 31P hyperfine -interactions

indicatesothat'species S has(no'chelating dithi0phbsphina;e

‘moieties. This species predominates Uider conditions of low

PN . . - .
temperature and high Lewis base concentration. ’ The conduct—

ance of a solutlon of the phenyl complex ih- 10% HMP/toluene

varles approxlmately llnearly w1th the concentration of.

’ the vanadyl complex, This 1mp11es that the’ vanadyl dlthlo—

phOSphlnate complex dissociates under these conditions. The
1nfrared spectrum of the phenyl complex in 10% pyrldlne/CS2
solutlon (Fig. III-14): rndlcates that d&thlophosphlnate

species with bldentate and monodentate'coordlnatLOn are

¢ ¢

, present in aﬁdition to the ionio'species. The structures

. IV are suggested as p0351b1e molecular arrangements Wthh
are consistent' wlth the EPR spectrum‘and with monodentate

dlthlophosphlnate coordlnatlon.' The c1s and t rags isomers .

- of IV are possible and could glve rlse to dlfferent EPR

i

-

g spectra if ‘the magnetic parameters -of the two isomers were‘

~suff1c1ently Elfferent. It 1s expected however that the

dlfferences 1n the magnetlc parameters of the cis and trans

S

1somers of IV would be very small.

-

P .. A ”
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The relative concentraticns of the D and S species

involved in the equilibrium

4

- ' v
D'+ x'L ——_>_S o

in 1-5% pyridine/csé sclutions were determined by comparing
the observed EPR spectra with compuﬁed'spectra. 'The-equil-
~ib€}um‘constant _ ' | \.

(sl

K o = (II1-23)
08 (D] (L1 | &

was calculated for 1ntegral values of x‘, and the values
* obtained were con51stent WIth x' = 1 only. At —45°C KDJL
has the value 3.1 1/mole for the methyl complex. ThlS a
result 1ndlcates that the formatlon of. spe01es S from species
~D 1nuoi§es dlsplacement of one of the sulfur atoms from
vanadyl coordination bx a llgand molecule.' The species S

involved in this equilibrium is.assumed to have structure IV

" since the species must result from the addition of a single



™

ligand to structure II or III which represent*species D,
and the simplest way for this to occur is for a second
llgand to displace one of" the sulfur atoms of the bidentate

dlthlophosphlnate of structure II or III to make it a mono-

‘.dentate llgand in structure IV. However, to explaln the

conductance of the 10% HMP/toluene solution, the structure ‘

iv spec1es must be’ 1n equilibrium with ionized spec1es in

which one or both dltthphOSphlnateS are dlsplaced ﬁrom the
first coordination sphere of the vanadyl ion-and ionized.
All species giving rise to a’singlet EPR specttum apparently

ha&grvery similar magnetlc parameters since only one sing-
¢ ‘

let.s pecles»was resolved in the EPR spectrum.

T ——

The temperature dependence of the equ111br1um between
specles S and D warrants some comments srnce the EPR spectra
of the vanadyl dlthlophosphlnate complexes in pyrldlne,

HMP or DMF solution eXhlblt a temperature dependence At
+30°C the spectrum of the phenyl complex in pyrldlne (see E

Flg. III-8) con51sts of elght well resolved lines Wlth no .

- eV1dence of phosphorus hyperflne Spllttlngs. At hlgher

temperatures, doublets appear in the EPR spectrum. . This
result is consistent with the decrease 1n the dlelectrlc
constant 64 of pyrldlne as the temperature increases. The
lGWer dlelectrlc constant destablllzes the- dissoc1ated form

and drlves the equlllbrium to the D side. Slmllar EPR

" results were obtalned for the ethoxy and methyl complexes

w1th the doublets appearlng at 'lower temperatures in the

1
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methyl_andfethoxy compiexes than -in the phenyl complexes._
This mafiresult from the greater Stabilization of the di-
phenyldithiOphosphinate anion due to charge delocalization
to the phenyl groups. Obviously there are numerous struc-
‘tures p0551ble for the vanadyl speCies containing two or
more ligand%molecules and yielding singlet hyperfine EPR (
patterns.. However, their magnetiC»parameters would be
similar and»separate EPR lines for each wouid‘hot be resol-
ved: |

In DMF;'the:methyl complex shows EPR spectra above
46QC_which.are mixtures of triplets and sihglets‘andqa
reIatively smail‘amount.bf doublet. The'spectra,’shown in
Fig. III-17, indiCaterthat the'species givingjrise'to a
douﬁlet pattern (structures I, II and III) are not pre- .
dominaht in pure DMF . 'This_is in contrast to the results-
of~the'methyl compiex:in 5% HMP/tBlhene aha 5% pyridiﬁe/és2
where there Was clearly a doublet—triplet equilibrium- The
- phenyl and ethoxy complexes :show 51nglet EPR spectra over

. §
" the complete temperature range of the 11quid DMF. The

N

ethoxy spectra are shown in Fig. III- 18 Attempts to gai‘

' Y o
~further’in51ght*into the coordlnation of DMF in the vanady1
. : ' ST

. fspecies that gives a singlet EPR Spectrum were made by

studying the paramagnetic broadening of 'the NMR lines of
a .
the DMF solvent. The temperature dependence “of " the line

’

broadening results for the phenyl complexrin DMF,was

similar to that for-VO(DMF)s(ClO4)2;in DMF but the magni-
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EIGURE III-17. EPR spectra of 10 ° M liquid solutions of
bis—(dimethylditﬁiophosphinato)—oxd—vanad;um(IV) in DMF at
various teﬁperatures. The sg;ck'speétra for the predomin-

ant vanaéyl sﬁeCies at -40°C and:lzofc are given below the

corresponding experimental spectra.

1
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3f§ liquid solutigms of

FIGURE III-18. EPR spectra of 10~
bis-(0,0'-diethyldithiophosphinato)-6xo-

 ' vanadium(IV) in DMF at various.temperatures.

A5

\
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tude of the llne broadenlng was greater for the phenyl
complex in DMF (See Chapter IV). This 1nd1cated that the |
rate of exchange of DMF from the vanadyl coordlnatlon
Q.sphere was faster for the phenyl complex than for |

*

: VO(DMF)S(C104)2. Furthermore, the conductance of the DMF

\

-

,solutron was linear in the concentration of phenyl complex.
FIt was therefore concluded that the predominant species
~in a DMF solntion of the phenyl complex'is a singly charged
vanadyl complex with a-monodentatevdithiophosphiﬁate.ligand
: occquing:one coordination posltlon and_DMFloccupying the
'.other p081t10ns. The lower;charge of this sPeciesxcompared
to VO(DMF) ~ is expected to weaken the vanadlum-DMF bond |
iand consequently increase the rate of exchange The per—,

: s1stence of this dlSSOClated form for the phenyl complex ’
1s attrlbuted to the hlgh dielectric constant 6? of DMF

(36. l) relatlve to that of pygldlne (12 3)) The EPR"

"spectra of the complexes in HMP sol tlonAa e sxmllar to :
those in DMF a ThlS 1s expected since -the d'electrlc con-f
‘T.stants of HMP (30 0) and DMF are 31m11ar.-
. The EPR spectra of. the phenyl and meth'l complexes
~in 5% DMF/toluene solutlon at 25°C are predomlnan ly trlp—
lets, whlle the- spectra of the complexas in 5% pykldlne/cs
'vor 5% HMP/toluene solutions are predomlnantly doublets.‘\
‘JThl? dlfference 1n the solvent systems is due prlmarlly to’ o
‘:dthe dlfferences in the electron donor properties of the

65 )

llgands.~‘ The observatlon of . adduct formatlon of the'

|
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N .
‘ethoxy complex at lomer ligand concentrations than those
required for formation of analogous adducts with the methyl
or phenyl complex indicates that the ethoky complex is a o

>

stronger Lewis acid than the methyl or phenyl complexes.

2. Interpretation of g-values andeyEerflne Splitting
.Constants., | -
The g-values and hyperflne Spllttlngs combined with
the energles of the electronic tran51tlons form a ba51s for .
the dlscu551on of ,the molecular orbltals descrlblng th@
bondlng in the vanadyl d1th10phosph1nates.> Before the _mag-
netlc parameters can be related to molecular orbltal co-.

eff1c1ents,-1t is necessary to ascertain the ground elect—

" . ronic state.of the:complexes. ’Klvelson and Lee 25 have con-

o

cluded that the unpalred electron resrdes in a b (d 2)

-

orbltal in VO(acac)2 and vanadyl tetraphenylporphyrln\ If j
the electron were in a b (dxy) orbltal the coupllng to the
' nltrogen nuclel in vanadyl tetraphenylporphyrln would be

larger tham &he observed value of 2 8 Gauss. Furthermore, .
rf ' ‘ ' '

residence in an e(d ) orbltal would result 1n a. short

xz’ Y2

sp1n~latt1ce relaxatlon tlme due to a sllght 5p11tt1ng of a

the degeneracy by llgand fleld dlstortlons away from C4

symmetry and would lead to much broader EPR lunes than are°

observed F | '
‘Theﬂunpalred electron in vanadyl dltthphosphlnates

- and thelr Lew1s base adducts is also belleved to occupy a

- '. T
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molecular orbital of by symmetry whiCh'is‘primarily the
a %2 Y2 atomlc orbltal on the vanadlum atom. If the elect-
ron were in the b, (d ) orbltal then hyperflne 1nteractloné//

with the phosphorus atoms would occur via the sulphur llnk—_

31

age; and the P coupllng would befexpected to decrease by

approxlmately one-half if the d1thlophosph1nate chelate_

became monodentate. On the other hand, 1f the ua&alred

E electron re51des 1n a b (d 2_ 2) orbltal coupllng to 31

,I

RN

anuclel can occur V1a dlrect overlap of the vanadlumbf-
: dx2 2 orbltal and the P 3s orbltal. Then remQV1ng the _
. phoSphorus atom-from the reglon of hlgh;probabilzty'of'the o

(_d 2 y2 orbltal, as is the case for the sp301es glv1ng rlse_

-to the doublet spectrum destroys the coupllng to one P

atom.v The other 31P atom is Stlll 1n a regron of hlgh

a. <2-y2 probablllty and of course 1nteractlcn w1th thls

Ty Y 2

'phOSphoruS atom is. Stlll observed.u Res1qepce 1n ‘an

; iveﬁ

e(d d Y ) level is unacceptable for the’feason
, Syt d
'above for vanadyl tetraphenylporphyrln. Furthermore, the

. J
g ass1gnment of the unpalred electron to the (d¢2 2)

gorbltal agrees w1th McCormlck' ;Q a551gnment for the

vanadyl dlthlocarbomates and thelr pyrldlne and dlmethyl 2;:

AP K

",sulfox1de adducts
The methods by whlch the magnetlc parameters ‘can

be related to the molecular orbltal coefflclents and the o

energles of the exc1ted electronlc states 1n metal 1ons

wi,are described 1n detall by McGarvey.66 In the LCAO



‘,t m1x1ng is brought about by the CZ perturbatlon upon a

103,

approxxmatlon, the molecular orbital occupled by the un-
| paired electron in the ground electronlc state of thei |
;vanadyl.complex having Cov symmetry is assumed to‘be:u,
e
'f,pl_;rdﬂaflxz-yz->_+ 5;1322*12 >} -_a li-';-";'u"
. v R i (Symmetry Al) V,n‘ .

f“and"the_lowest 1ying;uno¢dupied mqlecularorbitalsto.bg\¥\ ;

“?r¢é”=u3.lky'> -‘B"ILZ > .(SymmetryyAzf R
"~v_;w3‘= Y‘jzxf}”—ry‘FJL3 > (Symmetry Bl) ’
e B : e 1 o
w'4 =6 |yz > .-‘-.S' IL4k>,,, B (Symmetry ﬁz) \ R
and Vs ='n{a:f3z2¥r2,> - b lx -y >} - n' Jng >
‘ ' i (Symmetry Al)
.“where le;yz' > |322—r2 >, |2x{> ]yz > and lxy > are :

the vanadium atomlc orbLtals, IL >, |L2 .;..., |L > are

_ _llnear comblnatlons of ligand orbltals of approprlate sym—yt

= metry, and a, a',jﬁ;js';”..., n, n', are the normalized MO
;coeff1c1ents.’ The m1x1ng CoefflCantS a and ‘b degcrlbe '

k'tfthe mlxlng of the vanadlum lx —y2> and |322-r2> orbltals :

'filn formlng the MO s.- It is. expected that b<<a 51nce the

. A A

‘ strong C4v llgand fleld The spln orblt coupl;ng,.ﬁL §

,7where E is the spln orblt coupllng constant and 3 15 the

»gorbltal angular momentum operator mlxes some exc1ted state'

oA AT ',““ o : " . : i 4

Byt
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charac;er 1nto the ground state wavefunctlon wl The first

ordegfmerturbed wavefunction, wl’ for the ground state MO isg

Y heE N, - ."la62(a+/”b)glyz)‘ L

then blven by f o . ,"' e E a) ':.:;/
| 'Yz (a- /’b)g]zx> L |

L : - . glaB_aglxg>- e
3 ‘ : Lo S >~ k E2 . } : Coi

L S A cln S

cémbining ¢i'JWith°thé“tWoprQSiblefspin&functionsffor a
51ngle electron, one obtalns a palr of molecular Spln '

,;»orbitals.. The representatlon oj the Spln Hamlltonlan 1n’*=

- thls ba51s set requlres the fol ow1ng relatlonshlps between :

the elements of the g and A tensors and the MO coeff1c1entshf

l

l..y‘

and the energles of the electronlc tran51t10ns

'g1iv;j2.obz3"er—sgza?szg/ﬁz o _~’v1111—24yf

- 2.0023 = -2a%a’y%gE, 0 (III729)

i

DI R e R

T *:f\"“f:7(9l - g.qqga)f v I-ze)

.'9-.

ey

where K. 1s the 1sotrop1c hyperflne contrlbutlon and P
2 00%3 B°gNBN<r 3> where gN 1s the g-value of the nucleus B
o anﬂ BN 1s-the nuclear magneton.' The exc1tat10n energles ;

of the states descrlbed by wz and w3 relatlve to the~
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B
AR

state wl, are de51gnated E2 and E3

In- the equatlons (III 24) to (III 27) orbltal overlap
jfcorrectlons have not been 1ncluded and the effd‘%s of the
.r: admlxture of some l3zz—r2> into the orbltal ¥y, have been'

‘“1gnored because the observed EPR spectra are adequately |
descrlbed in terms Of axial symmetry hestsumptlon of )
'fapproxlmate ax1al symmetry 1mp11es the near\degernacy‘of '
- the states w3 and W4 The neglect of contrlbutlons from

<

'the spln—orblt 1nteractlons f the sulfur nucle1 1s justl-
fled 51nce the unpalred electron is hlghly locallzed on V!
H'the vanadlum atom. | |

S

In order to lnterpret the observed magnetlc para— _A
' meters 1n terms of)MO coeff1c1ents and thereby obtaln 1n?'
'formatlon about the bond;ng 1n the vanadyl complexes, an -

3;a551gnment of the electronlc spectrum must be made.f The'~”

ba91s for thls asslgnment has been dlscussed in the pre-

",=v1ous sectlon for the varlous solvent systems and the

.,',,.» .
eE

-f'assignments g1Ven in Table III 6 f“"; '74%“,

The MO coeff1c1ents LY B and Y were determlned from‘

\ T v/._s

"f, the observed g—Lalues and vanadlum hyperflne spllttlng y"_jﬂ

' fjcomponentéa using equatlons (III 24 to III-27) andZT'FPfsh‘,f

'[1133 Gauss and E 168 cm 1;. The MQ coeffldlents are tabu—i fy

."ylated in Table III ll.v The magnltudes\of %he coeff1c1—‘scu'

ffhents cannot be con31dered accurate because of the uncer- y aj
..talntles in the spln-orblt coupllng g and the’dlpofsr o

tfhyperfine factor P, {,;a"‘,
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Phenyl

-, -Ethoxy

Eth‘o’xy'y' ‘
‘Ethoxy

. Ethoxy

Lad

/  TABLE III-11

Molécular/Orbital Coefficients

| Ay

| Sblyént_  Species azv

‘821 72
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Toluene
Toluene
A\

. DwF

‘5% HMP/Toluene

EMP

PYridine_fAi»

T

892

914

866
o 1.03

.928

.538 1.04

642 .742

Ty

.412 798

/635 1,06

631 .896

862 .8J9

.696  .780. .
'.694;7 J759

L7300 843

812 ..796.



‘As Hltchman angd Belford 27 have indicated, o is ‘close to 1
in all cases, 1nd1cating that the electron is essentlally
localized on the vanadlum_atom. a is lower for species T

-k

than‘for the S‘species which suggests the d : and dzy

-orbltals cogtrlbute more tow bondlngPW1th sulfur than w1th

oxygen or nitrogen lmgands. In ‘all cases, B is smaller

than unity due to the strong o-interactions between .the
_ . . : 67

‘ Vanadium-"édxy orbital.andallgand P orbitals. The relative

N - . | ‘g . 107¢

. B valu,s;Suggeﬁf_that o‘bonding with S is more covalent than.

with: N or O. R e _ -

M

The varlatlons 13 the,§ \ 1sotrop1c hyperflne para-
‘ L B

L e

meter,.aY indi‘cate- that one”of the factors,whlch affects -

: R PR ) ] .. . ) ]

the isotropic splitting is the amount of delocalization of
‘ ‘ S ‘ s ‘

" the b (3d'2' 2) orbitaI'Onto the ligands. The laréest‘a

values correspond to. spec1es which also have the largest
¥ } 2

observéd aY. As Kivelson and Lee 25 have 1nd1cated, the
-
varlatlons 1n K/q2 are probably due to changes in coordin-

ation at the vanadium atom. Tgirqaount of s-character. in
the b1 orbital, containing the unpalred electron, and the
effectlveness of spin polarlzatlon contrlbutlons to the )

isotropic 51V 1nteract1on w1ll certalnly dlffer in spec1es

R

-w1th dlfferent coordlnatlon.
]

3. "Hyperfine-Interactions

e S,
- e 4\

T

.. w» The mechanlsm of the hyperflne 1nteractlon between

v

i th\\BiF’nuclel 1n the d;thléphosﬁhlnate chelates w1th the

~'unpa1red electron on the Vana"um atom is believed to-be

s
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through a o-interaction between the vanadium dxz_yz orbital
, \

and an appropriate linear combindtion cf the two P-S o-
bonding o.‘r:bitals.l'6 The hypeffine splittings will be
influenced by the amonnt of phosphorus 3s chatacter in the
- P-S o-bonds. The coefficient C?s, of the phosphErusVBS
atbmic orbital inAthe molecular orbital containing ‘the

i
unpaireds electron, is related to the phosphorus hyperfine

'splitting by’68'

P P 2
A =3e360cT, 12 L)

' The values of Cgs calculated from the observed 31p h&pe;ﬁineA
splittings in the phenyl and ethoxy compiexes in tpluene_'
solutions are 0.095 and 0.117 respectively, The large -dif-

. ference in the coefficients and phosphorus splittings in .
these two complexes can bebattributed‘to the difference in
the amount of phosphorus s-character ln the P-S5 bonds of

'the dlIhLOphOSphlnate and dlthlophosphate moieties. In the
dlthlophOSphate compléx, the P-S bonds are shorter and have
-more s—chargcter than, in the dlthlophosphlnate complexes
Infreted 6g_and X:ray‘70 ev1dence for dlfferences in P S

- /y/;dlng 1n ‘these complexes have been reported

" When a Lewis base dlsplaces one of" the sulfur atoﬁs
of the dlth}ophosphlnate or dithiophosphate from 1ts coor-
dlnatlon to the vanadlum atom, the 31P nucleus of this

chelate no longer experlences 51gn1f1cant hyperfine 1nter—

actlons_becauseuthe spat1al ar;angement leads to a sub- .
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"é"z; ..

décrease‘ln the 1ntbréctlon between the vanadium
“i",; ' ,;-i‘u‘ ;

al anﬁ the P-S g-orbitals. The hyperflne

Spllttlng of the 31P nucleus. of the, dlthlophosphlnate chel-"
ate Whlch has not been dlsplaced is altered because ‘the

. //
bondlng in the V\\S’,

P grouping will be modified by the
asymmetry of the. coordlnatlon at the other equatorlal sites
In the species. D whlch result from the phenyl and ethoxy
complexes in solutlons contalnlng low concentrations of

P

pyrldlne,.c3 has the values 0.084 and 0.100 respectively.'»

. It would appear that the destructlon_afthe symmetry of the
coorélnatlon Ergng to the dlthlophosphlnate chelate leads
to lengthenlng of one or both of the P-S bonds and a
Adecrease in the amount of phosphorus secharacter in the
P-S ¢o-bonds. The HMP adducts of the phenyl and ethoxy
complexes show smaller 31 P hyperflne spllttings than the‘
pyridine adducts. ThlS may be attrlbutable to the differ-

/

ence in ‘the effects of oxygen and nltrogen llgands coordln—

ation on the V-$ and hence P-S bonding . P '

E. | Comparisons With Other Systems' -

Since the vanadyl dithiophosphinates—are'struoturally
31m11ar to VO(acac)z, both hav1ng the vanadlum atom w1th1n
.a square pyramidal arrangement ‘of other atoms, a comparlson,.A
,of the effect of Lew1s base addition in the two. systems

should be useful The EPR results in both systems show
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.

that ay is- changed by adduct formation}r anfor VO(acac)2

in toluene is 108 Gauss but decreases to 105 Gauss in the

pyrldlne adduct and 103 Gauss in the HMP adduct.?9 aY for

the vanadyl dithiophosphinates is 95 Gauss in toluene, re-
mains unchanged in the pyridine adduct and increases to |
100 Gauss in.the HMP adduct, The'addudts of the vanad&l
dithiophosphinates being discussed here are those giving

rise to a doublet pattern'tn the EPR specttum (species D),

a species which has been shown to contain one Lewis base

molecule per vanadyl complex molecule. The decrease in aY

~observed upon adduct formation in VO(acac)2 is \in contrast

to the unchanged or increased aY values observed. for
adduct formation of the vanadyl dithiophosphinates. The

difference may be a result of the'coqrdinationfby the

Lewis base at different sites in the two vanadyl systems,

Studies of VO(acac)2 in .J.O%.pyridine/benzene‘39 assumed the

pyridine coordinated at the axial Site. fSubSequent infra—-

rea_studies have shown this to be the case for pyridine.8

. In contrast, pfevious’sections of this Chapter showed that

.

ipYridine and HMP coordinated at the equatorial site of the

vanadyl dlthlophosphlnates. It.has also been pointed out
that the EPR spectrum of VO(acac)2 in 10% HMP/benzene at h )
room temperature ‘is composed of two spec1e539x, one spec1es

hav1ng aY equal to 103 Gauss and one spec1es hav1ng aY equal

: to 112 Gauss. Flg. III 19 shows that the relatlve amounts

‘of the two spec1es are nearly 1ndepedﬁent of temperature.

X
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The increase in the aY value for one of the HMP adduct
spec1es, compared to aY of VO(acac)2 in benzene, parallels
the increase in aY.observed when HMP coordlnates at an
eguatorial site in the vanadyl dithiophosph%nates. ’On this.
basis, theNVO(aéac)z'HMP species with the larger aY vague
might be attributed to a cpmplex in which HMP is coordinated
at ;n equatorial site and the species\wlth the smaller aY
value miéht,be attributed to a cbmplex in‘whlch HMP is
attached to the axial site.. Infrared studies of solutions
of 2-methyl pyridine containihg VO(acec)2 have indicated
the simultaneous existence of two isomers.36. These isomers
were also as51gned as the 2-methyl pyridine adducts of

VO(acac)z, ‘one isomer hav1ng 2-methyl pyridine axially

" coordinated and one isomer having 2-methyl pyridine equat-

orially eoofdinated. "Other substituted pyr dines have been
.shown to coordlnate only at the equatorlal P 31t10n 8;
vwhlch parallels the results presented here for he vanadyl
dlthlophOSphlnaEes.
"K Remdval ef the exchs‘miged solvent under vacuum from
| thevEPRvsample used to ggzduce the spectra in Flg._III-lS

.. left behind a green’solid,‘anis compeund,gave‘avmiCrbanaly—
sis and a thermogreph corresponeing'to a‘compeund with the

. : o N . \ . ' - . . .
molecular formula VO(acac)z'HMP The isolation of this

'compound suggests that HMP does not dﬁsblace the acetylacet- .

\

|
i

onate from the flrst coordlnatlon sphere. R

The conclus;ons reached from the study of Lewis;base
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coordination to vanad§1 dithi0ph03pihatee suggest that the
results of studies with vanadyl dithiocarbamatesfshould be
reeexamined. One expects the V-S bonds of oithiophosphinates:
- and dithiocarbamates to,have‘similar proéerties. ‘Adduct -
forwation of vanadyl aithiocarbamates was assuﬁed to involve

coordination of Lewis bases such as pyridine and dimethyl—”

sulfoxide at. the axial position.g’lo“ This was concluded

on the basis of changes in the vanadyl V-0 stretchlng fre—

51

; quency and .the v hyperfine couplings, but the work re- h

ported in thls thesis indicates that these probes are not
sen51t1ve enough to determlne the changes in coordlnatlon

about the vanadium atom that ~occur, in the presence of Lew1s

7

‘base llgands. On the ba51s of the vanadyl dlthlophOSphln—

)_

wate xesults, one mlght eXpect.coordlnatlon at the equatorlal

? . { é v
site at low Lewis base concentratlons and dlsplacement of

t
!

the sulphur. atoms from the flrst coordlnatlon Sphere at f’

<

k8

hlgher concentratlons. vj'» L

LY
“
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. CHAPTER IV

EQUATORAAL AND AXIAL SOLVENT EXCHANGE RATES OF VANADYL

COMPLEXES

A, Introduction

The rates' of solvent.exchange from the first coordina~)
tion‘Sphere of a metal ion are an important aspect ofpin—q
organic solution kinetlcs; 'Thebgeneral ekchanée reactlon
can be'represented'by | | |
s*+s (1wl

MS + S > MS )

where S and S* are chemlcally 1dent1cal and n is the number
of solvent molecules coordlnated to the metal " On the;left
hand 31de in equatlon (IV—l), S*.ls a bulk solvent molecule,
whlle on the rlght hand side S* ‘is in the flrst coordlnatlon
sphere of the metal 1on.' The klnetlc parameters for these
types of reactlons can often be. determlned by the nuclear

/ S

magnetlc resonance llne broadenlng technlque. In the»

N

"‘presented and 1t is. shown that under certaln condltlons'
‘the 11ne broadenlng of the solvent resonance by a paramag-]:
netlc 1on is" related to the solVent exchange rate, and thev‘
temperature dependence of the line broadenlng can glve the
jactlvatlon parameters of the exchange process.- The magnl-
FVtude of the line’ broadenlng can also be used to calculate
the nuclear relaxatlon tlmes of nuc1e1 on: solvent molecules;

’ coordlnated to the metal 1on. These relaxatlon times are
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interpreted in terms of’theinechanismsicansing the relaxa-
tion}' Ultimately rhe relaxation_ times‘are,controlledAby f}
.the rotational correlationttihe of the metal complex which
can be determined from the EPR linewidths “of the metal |
complex._ | I

. " The complexes VO(DMF)S(C104)2 and VO(DMA)S(ClO4)2
| dissolved in DMF and DMA resPectlvely can undergo the -
‘reactlon;represented by equatlon (IVfl). Since the vanadium
"atomic orbitals ln these‘complexes which participate inhthe
bondlng of the ax1al 11gand to the metal ion are dlfferent
from those 1nVOlved in the bondlng of the equatorlal
11gands 31, 32, the chem1ca1 properties of the two coordln-
ation 51tes should be'qulte dlfferent Prev1ous studles
'vwere not able to dlstlngulsh the exchange from the- ax1al
'51te to bulk solvent from the exchange of”solvent molecules

-

‘from the second coordlnatlon.sphere 1nto the bulk-solvent

The results in sectlon D show that ‘the axlal exchange has
- a specxal effect on ‘the llne broadenlng of DMF by vanadyl '
.1on from Wthh the kinetlc parameters for both equatorlal'
:and ax1a1 exchange can be determlned Sectlon D also con—

*vtalns llne broadenlng studles of DMF solutlons of,VO(acacxz‘,

. and blS (o-phenanthrollne)-oxo-vanadlum(IV) perchlorate,

:n~both of whlch are expected to accept a DMF 11gand at the
.vhvacant 51te. ; | ' )

| The EPR and 1nfrared data presented in. Chapter III

- showed that Lew1s bases 1n 1ow concentratlons coordlnatedi»

S



o '.;,f[‘ 1.
o " s . |
at the equatorlal 51te of the vanadyl dltthphOSphlnateS.
‘At hlgher Lewis base concentratlons, several coordlnatlon
p051t10ns are occupled by the base molecules, but 1t was
:not firmly establlshed that the dlthlophosphlnate llgands
~ had been completely displaced from the first. coordlnatlon
.sphere of the vanadyl ion. .To deflne ‘_elSpeCLes in 'a....sol-
. utioniof”hewis base,rthe.DMF and—DMA*llne broadening_data
~of the,phenyi co@plex was colleeted and_éompared-to the data
for{thewvanadylﬁperchlorates Qhere.theyfive innér'spherel
'boordlnation‘posltions.are.knownfto“be occupied by sol?ent'
omoleculesg;*lheselresults are givenfin section?b-ﬁ.
E vAtdiscussignbof the~solvent.line broadenlng data is d
.presented 1n sectlon E as well as- some COmbarlsons w1th
k1net1c data from preV1ous studles of vanadyl*systems.-'

I : [

B, Theory of NMR L1ne Broadening by Paramagnetlc Complexes

The tlme dependence of the magnetlzatlon M for an

"vensemble of free Splns 1n a homogeneous magnetlc fleld of

"_Vflux ﬁ is. given by

T YMxB o (av-2)

where e 1s the gyromagnetlc ratlo of the splns.-fUpontthe'.
appllcatlon of a statlc magnetlc fleld B = (0,0 B ),

BAoch 72 assumed that the magnetlzatlon relaxed to 1ts

Y, o

'equlllbrlum value M° w1th exponentlal tlme-dependence char—'f

acterlzed by a tlme constant Tl, the longltudlnal or spln—
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' lattice relaxation.time. If the magnetlzatlon recelves a
component in the plane perpendlcular to B,, thlS magnetlz—‘
ation is assumed to decay/wlth a time constant TZ, the _h
‘transverse or spin—spin relaxation time.' In a conventlonal
NMR experlment the nuclear splns eXperlence both a large

. static fleld B, and a small fleld B perpendlcular‘to P
osc1llat1ng w1th a frequency w; 1. e. g =-(é coswtl - B151nwt
B,) . Under these condltlons the motlon of the magnetlzatlon

is a-superpos;t;on of the'relaxatlon processes on the motlon

of the free spins as indicated'byrtheneQuation
' oo ' : ' .

S (zM"+ ;M ) (M. iM‘); '
- . : L S o0/ 4 :
e WxB) - 22 T (1v-3)
“where x; y and z are unit vectors in a 1aboratory system in

which B. lies'alongbthe Z‘direction; The three equatlons,
one for each component of the magnetlzatlon,'represented

by equatlon {1v= 3) are the Well known phenomenologlcal
_Bloch equatlons. Forvmathematlcal convenlence, the Bloch |
quatlons are usually expressed 1n ‘a rotatlng coordlnate '
‘system 1n whlch the X and vy axes are rotatlng at frequencyv
w about the z ax1s and the rotatlng component of- ﬁ lles B
~along the X-axis of thlS rotatlng coordlnate system.. Thls-”
';transformatlon 1s performed by deflnlng the components d”

,of the magnetlzatlon in the rotatlng coordlnate system as\“f

oA



; M coswt e‘Myelnmt,

o .

‘:-.
[}

l]'

.stlnwt -vMchswt .

o<
o

~The'COMpOnent ucieSin phase with the magnetic”field B, while
‘h v is. the out—of-phase component - In the rotatlng coordln—‘

ate system the Bloch equatlons take the form

e -0 - W, (1v-a)
o ae T o
i f' N : S g
,g! = T(we - wlu + yBM, - v/T, , (IV-5)
t R ‘
TaT TR Mm@

YB@. By deflnlng a complex magnetlzatlon, G, as

N

c}lex sum ‘of the' 1n-phase and, out—of@?hase com=- .\Qh'm

va.fvthe‘magnetlzatlon,""

G=u '+. iv, o (1v=T)
equ tlons (IV~4) and (IV—S) may be comblned 1nto the 51ngle
equatlon : .": o “ﬂ Hhi - .- ° TW_?[ : .,‘ih;“ of'h

T, - HwG | av-e)

McConnell 73 has modlfled the Bloch equatlons to in—e -

clude:i ?_transfer of magnetlzatlon between dlfferent sxtes o

T



" by the chemlcal exchange of nuc;%% qFor the 51mple case

';‘of two 51tes, a solvent 91te S and a metal 51te M, the,‘

‘Bloch equatlons for the nucle1 1n 51te S are: wrltten as .

T .‘
' -——S-— -1yB S Rt 1 + -i - idw_ (G, + —M- oy (TV-9)
\25 . 's ' M

S - w,ﬁws snyéBof Tzé is the relaxatlon tlme

'wherefzws~=gw
'_for'nucleijin Sike*s;h é 15 the llfetlme of the splns in ‘h

"‘site»S andhrM 1s the llfetlme of the splns in 31te M Thevhh

: corresponding expre551on for the magnetlzatlon in. 31te M 1s'

B , , -
- =.°-'i'YBIM§ [ - oo, v 2 ave)
where Aw ?»@M,% W, ¢ YMBoland T2M is the relaxatlon,
tlme for- nuc1e1 1n 31te M. In NMR - experlments,the out~of—

vphase component v is monltored as the fleld Bo or the fre— f:‘
'quency w is swept through the resonance at a rate Wthh 1s'
'ftgenerally long compared to the 1ntr1n51c relaxatlon tlmes' '

":fiso that the Spln system is. alwdys in equlllbrlum. Th;sﬂh

hz ) ‘.z: .
v<_vcond1t10n 1s equ1valént to setting L = E dGS/Bt =
- R i Py at’ :-dt‘,\ :

’gfdG /ht =0/ -Purthermorefus = M and MM MM s1nce the -34

'f_[ﬁfleld‘Bl 1s kept small enough to- av01d saturatlon effects.}7>‘

:'f:_With these consideratlons, \guatlons (IV;9) and (IV-IO)

s'vcan be solved for the complex magnetlzatlon 1n the solvent';e s

i'«':‘_-sa.te, Gé The resultlng compllcated expre381on can be [l"n'
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- 'where -
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; v

31mp11f1ed by con31der1ng the Spec1al condltlons used 1n

- studies of solvent llnebroadenlng by paramagnetlc spec1es

Flrst of all the- concentratlon of the solvent (site S) 1s N

,vmuch 1arger than that of the paramagnetlc spec1es (51te M)

and one 1s justlfled in dropplng terms 1nvolV1ng MM compared
i

ﬁ,to MS terms., Also the total magnetlzatlon G = G + G,

S. M’

*to a good approx1matlon 1s equal to GS 51nce the 51gnal

' belng observed is that of nuclel in S SLtes. ,Wlth these;"'

approx1mat10hs, G can ‘be wrltten )

-ivRye

Q.

e = B ié“sv_;

(-1

v oy /il e sutni), L (ve12)
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4

This lmplles that the solvent NMR w111 be a Lorent21an
| :
llne of wfdth Av obs (Hz) at half- helght

Avobs =_l/nT2 ., | ’ (;V~15)
' -
centred at e . ‘
W = N2 I N | S : +Awd ‘(IV-16
obs = Ys T " M's [T S ' ’ )
2. M L

o -

where Awy, in this last equation is- the differénce betw§en
the resonance ffequencies of the nﬁclei in sites M a@d_s.
Furthermére,' .

| )i: o .[M] 1

- n — (Iv-17)
. TS [S] TM ‘ . Y . ‘

where n is the number of equivalent sites per paramagnetic
species whose molal concentration, [M],Aié‘low compéred'to

the solven't molallty, [S] 74
» . e D
G b

The paramagnetic llne.broadenlng° ¢ %
. 1 1 .
. _l -
Av:e = 7 ) )
. Ty Tos b
B "‘L‘f + —-—]-"—"— + AwMz
nmmy ) Tam o Tom |
- ’
i [s1t s \2
N Tl'__ + 1 + Aw, 2
2 ~

‘\l - S o : S R J : V (Iv-18)
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> and resonance shift

- BUghs = Wops T Ys ; -
< -nmMlde, o : |
) .\\'. = , MZ 5> f" (IV419)
o [ST{CL + Ty/Tyy) ™ + Tybwyl

M™ ™M
: _ ‘ “ .
‘therefore vary linearly with concentratien of paramagnetic
ion. | > | T
Swift and Connick 71 héve‘presented thé analogous
- derivation for the three site p#oblem and their resuit can
be gene:aliéed to deScribe'éhe situation f9r'any ﬁumbér of
l',.sites. Tﬁe resulting.expfessiqns fq; the 1iné broadeniﬂg

and resonance shift are

2 .
, 2
1 o n. YT + 1/ Tyy Ty, + Doy
Av = 7 [M] . __J_ . J Jj
P [ }" T Cf1i/T,, * 1/ YK !
3 M. 2M, M. ] - -
j j 3
* i (1V-20)
, . ‘ ' n.Aw ‘
Aw°b5=_%z Wt /T 024 (r, bw?
o 3 M./ 2m, ™, 5%
' | 3 < j o
| (Iv-21)

where nj_@s‘the nyber—ef solvent mo%?culeé‘coordinated at

~ sites of type j, Ty is the average lifetime of a molecule
j - : .

coordinated at the j~th site, 1/ ' is the nuclear relax-

Tom,
ation time in the j-th site and Adjﬁis the, difference

_ I S _ _ ‘ |
_ between the resonance frequency for a nucleus in-site'j

7
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and the observing equenby. The derivation of equations

.(IV-ZO) and~(IV—2l)fhe§lects any exchanges among the dif-

ferent coordination sites since only bulk solvent to coor-
dinated site-exéhange is included.

In the expérimeﬁtal NMR measurements of solutions
confaining vanadyl complexes, no paramagneﬁic shifts of
the fesonance frequeﬁcies were‘pbserved no? did the ;ine—
‘widths exhibit a frequency dependence. Therefore it was
assumed that the Aw? terms in equation (IV-20) and (Iv-glf
were small compared to.tﬁe other terms in the sum.and could
vbe neglected. This simplifies'the ekpressions for Avp and

”Awobs to

’ _ S y ) . .
Ay, = g1 .!MJ_Z ng/(ty + TZMj) . A(]v’.V—.22)

g | | :
— n.Aw./(1 + 1,, /T )
obs. [S]Zj: 373 | Mj- 2Mj

>
€
]

L

The analyéié of the linewidth data wasl%erformed uéing the
. . vgh‘

reducedbparamagnetic’contribution, l/TZP; defined by

\

Lo Ay, (sl © (1v-24)

T
2P -
1

Whichh from equation, (IV-22), is given by

i

2P

1 5 o ‘ | _
———,-E nj/l(TMj Ty ) . o (IV-25).
1 3 . j _ ,

T ~ ' \
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l/T2P values are then independent'of the properties of a
particular sample and depend only on the relaxation times,

T,y .r and the exchange rates, l/rM , of the chemical "sys-
3 ‘ . j . .
tem.

. -

Thetparamagnetic line broadening produced by exchange

between a coordinated site j and the bulk solvent exhibits
. L]

two limiting conditions which are of interest in the

present study. When fM >> T,y + the contribution to

j ] ‘
1/T 2P from exchange at the j-th site is n. /T . In this
J

limit, often referred to as’ the exchange controlled reglon,
the nuclei are coordinated at site j for times Wthh are

long compared ‘to the nuclear relaxation time at thlS site

4+

S0 that»the rate'of relaxations of molecules in the bulk

1solvent due to exchange with coordlnated molecules is

controlled by Ty - When Ty, << TZM , the nuclei spend only
3 j 3
a short time in coordlnatlon s1te j before reenterlng the

\

"'bulk solvent and they ma; exchange many tlmes ‘before being

. relaxed at thefcoordlnated site. In thlS limit, therefore,'
the contrlbutloT “to 1/'1‘2P from exchange between bulk sol—
'.vent and coordlnatlon site j is nJ/TZM.’: Thls llmltlng |
'condlt;on is referred'to as the»TzM reglon.

2. Temperature Dependence of Exchange Rates, Nuclear

Relaxatlon Tlmes and Chemlcal Shifts.

The temperature dependence of l/'I‘2P is determlned by

the temperature dependence of the individual terms Ty,
\‘ . ) P J_‘

\

\
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and T, . The solvent exchange rates, 1 _l, are of the

2M, 4 - s M.
: J _ J
form . «
-1 KT AH+ AS%
: Ty = — exp .| - R | (IV-26)
¥ . 3 ~ h RT R :

~on the basis of the transition state theory».75 In equation
(IV-26), k is Boltzmann's constant, h is Planck'e constant,
R the ges constant, T the absolute temperature and AH? and
AS? are the enthelpy and entfopy of activegion'for the

exchange of molecules from the j-th coordination site intdg
the bulk solvent. $2M  K
of the'interaction of ghe nuclear spin with the unpaired

is determined By intimate details

electrone in the paremagnetic ionfand the electron
‘Lreiaxation‘time. Ultimately, the nuclear relaxation retes
for all coordlnatlon 51tes are related EF\the tumbling
tlme T for the complex ion. One thereﬁore assumes phat
'the temperature dependence of all T2M ;s determlned by

J.
the temperature dependence of T, and one writes

. -1 . ) .. ‘ .
T =C exp EM/RT , - (IV=-27)

2Mj | Mj ! .
where‘EM“is the activation_enefgy for_molecu;ér tumbling
and Cy. are cpnetants‘te be determined from’the NMR line
broadeging datal.; . ' .:' T e

: The rate of nucleer'reiaxetion of a nucleus'near a
o paramegnetic ion-ie dominated by the fluctuations of the

dipolar and hyperfine inte;ac%iqns‘oﬁ the~nuclear and
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electron spins. A detailed analysis of the time-dependence

of these interactions predicts that 76,77

1 7v290°8. 25 (5+1) v, S(5+1) |
o = 3 + — AS Tye (IV-28)
T 15r. ‘ 3
2M h

" where r, is the average electron-nuqlear "separation,yI is
the nuclear gyromagnetic ;atiqg S the electron spin angu-
lar momentum (S_; l/2hin’tﬁe present studies), A, is the
_‘nuclear—eleétronicAhyperfine interactibn and wle is the
longitudinal electron relaxation iime. The first tgfm in
equation (iv—28) represénts the dipolar relaxation and'the *
éecond is the relaiation rate due to modulation of hypér-
fine interactions. T, may. be calculated from the EPR line-
. width parameters a, B, y and § defined in equgtibn
(III-18) and neasured ;71ﬁes of the anisotropic-magnetié

parameters. The dependence of T, on these parameters is

'givén_explicitly by Wilson and Kivelson.zg‘ Angefmaﬁ and

- Jordan 78 yave inaicated thaf the lineWidth‘pgrametér Yy
is less sensitive to eXperimental‘grrors than the other f
paraﬁeﬁérs and thé values. of y obtéined from an énalysis

- of the EPR-spéétralﬁankbe used t0'c§lCu1ate reliable'
“_Qalués-for thé tumblihg times Tr_of'the Vanadfl complexes.

Y and T are related by the equation



y==t — - s v
| r 8 309, l+wgt, 40 69,

: vV 22 . o
| 2b(g| |-g_L)A°w°.Tr bZAonTrZ . B
- 72 — ¥ vy runtl B B (Iv-29)
5(1+w°'rr)g° C 8(l+worr). St :

|

where -

2,V LV | o o _ .
b= (A, K o | o 39).

w; is here the resoenance frequéncy“of‘thevelectron-and other
I _ = . N
symbols are as defined earlier. Since équation (IV-29) re-

1. was determined by an

»sults in a cubic equation forﬂtr,

-

iterative procedure..
Another quaﬁtiﬁy which must be determined,is the'long- _
itudinal electron relaxation time TIe' The dominant contri-

butions io Tle‘l_are the'roéétioﬁa; modulétigniof aqisQ;
tropicmmggpetic interécinns 28 and‘collisiohallmodulatidh
of spin-rotational inpeiéction§;57f7The.theory:of reiaxa; 
tion by these méchaniSms lea@é tb'the expres§ion

21

b(gll’ql)won..

| p& - \2 2 L2 o
15 r | 177 | ws 7o I(I4]) -
~ v - — + ~ + —
Tie l+w§1§_ \ 9, - 5 - 40 59,
i by 9|79y * 2lem9 Pt T
- — —— coe o (IV=31)
T 40 oo e T }




where gél=d2.0023 is the g-value of a free electron.
The temperature. dependence of the contact shift of

the NMR resonance AmM.and its’ dependence o:g;he hyperfine
79

coupling has heen given by Bloembergen

o, S(5+1)goBoA, | , f
- . Aw T/wI = - : ;}Kl S S (IV=-32)

where ni is the frequency ofnthe;NMR resonance of the‘sol—_j
_vent."Then if l/TZM results predominantly from a hyper-
‘finellntéraction one can calculatesthe'expected contact

| hlft and compare 1t w1th the exper1menta1 values.

The follow1ng analyses of the llne broadenlng in DMA ",
and DMF are concerned with three types of coordlnatlon
v51tes: equatorlal ax1al and outer sphere._ The‘exchange
between outer solvatlon sphere and bulk solvent 1s fast

' compared to the relaxatlon of nuclel in the outer coordln—

‘ .

atlon)sphere in the temperature reglons 1nvestlgated Thusf
no. outer sphere-bulk solvent exchange controlled reglon for
l/ 2P is observed and the outer sphere contrlbutlon to

_i 1/ op is descrlbed only by the relaxation t1me n/T2MOS for

the nuc1e1 in the outer coordlnatlon Sphere,

‘v.Experlmental : d”~ v‘_a;*, _'_ c

he 1nveat;gatlon of the. solvent exchange klnetlcs of

¢ £

the vanadyl complexes requlred measurement of the NMR spectra

of the solvent alone and of solutlons contalnlng the para-
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magnetlc ion over the liquid. range of the solvent The
concentratlon of the paramagnetlc spec1es was adjusted to
maximize Avg, whlle malntalnlng a resonance narrow enough .

- to produce adequate 1nten51t1es From the recorded spectra
were measured the widths at half helght and the. chemlcal ’
-Shlft relatlve to an 1nternal reference The raw llne-

| Wldth data were converted to l/TZP‘as deflned by equation
l(IV-—24) and plotted versus rec1procal temperature for

1 subsequent analy31s. Thesevexperiments'were carried out
for VO (DMF) (c1o4) in DMF, VO(DMA)S(C104) in DMA, and
pis- (dlphenyldlthlophosphlnato)-oxo-vanadlum(IV) in‘DMF,‘
DMA and 1n N N dlethylformamlde (DEF) -

The EPR spectra of these systems were also studled
as.a function of temperature and the llnew1dths of the ’
1nd1V1dual llnes determlned “In addltlon, the spectra of
>‘the SOlld solutlons were record%d and the anlsotroplc _ |

. \

magnetlc parameters for ‘the complexes were determlned.

Infrared spectra in the 1600 - l700 cm -1 contalnlng

the carbonyl stretch absorptlon 80 ere recorded ﬁpr mulls

" "of-the vanadyl perchlorates and llquld fllms of: the

ydamldes.n Changes in the carbonyl absorptlon band upon co- 5
: ordlnatlon are related to the type of coordlnatlon of thebd
v'amldes to the’ vanadyl ion. The v1s1ble spectra of the - -

‘ vanadyl perchlorates in DMF and DMA werxe also recorded and -
compared W1th the optlcal absorptlon spectra of otherf

e vanadyl.systems.



-qf‘vo(DMA) (c10

130.

¥
D. Results .
1. Analysis of Infrared, Visible and EPR Spectra
The characteristic feature o infraredospectra of

) .
DMA, DMF -and coordlnatlon compounds contalnlng these mole—
jw

_cules as llgands, is the carbonyl absorpt1on 1n the reglon ,:

-1

1600 - 1700 cm ~. ' The carbonyl band of VO(DMF)S(ClO )5

-1

is shifted 30 cm to lower frequency compared to uncoord—-

81 In addltlon, the carbonyl absorptlon for. f'

\

inated DMF.
tﬁe complex is considerably broader than that in the free7’

solvent. ThlS 1nd1cates that there. may be a number of non-

equivalent coordlnated DMF molecules. A 51m11ar broadenlng

~and a shift of 40 cm_l, relatlve to lquld DMA, occurs in

\

‘VO(DMA)S(C104)2
The VlSlble Spectrum of VO(DMF)S(C104)2 in DMF sol-
utlon has an absorption max1mum at 12, 600 cm . l, and that

4)2 in DMA occurs at 12, 300 em L, See Flg.;m:”

IV—l; The absorptlon spectra of both complexes ‘show

dlStinCt shoulders on the high energy 31de of the absorp-

tion maxlmum just as the absorptlon spectrum of VOSO4 5H20

31

does.,g' ‘The 51mllar1ty between the V151ble spectra of

. the vanadyl amlde complex 1ons and the spectrum of the h'gs¢{r

LR
- B

‘aquo vanadyl ion 1nd1cates that the molecular orbltal des-"

”crlptlon of . the bondlng in VO(HZO) glven by Ballhausen_'

-and - Gray 3 should be va11d for the amlde complexes.'_The N

unpalred electron in the VO(DMA)5 + * and VO(DMF)5 ions 1s
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finhan'orbital-ofzb' symmetry“which is"-

5?.e vanadlum d 2 32 atomlc orbltal 'Ihis p
_fhreglons of hlgh electron den51ty along axes
;-ct the, equatorlal llgand—vanadlum bond axes.

f; EPR spectra of solutlons of VO(DMF)S(C104)2 d
fs(ClO4)- show the elght llne pattern characterlstlc
;\otroplc hyperflne lnteractlon between the unpalred'

51

H;and the V. nucleus of spln 7/2 See Flg. IV 2

Each :Ztrum can be descrlbed by the 1sotrop1c g—value,

do and the 1sotrop1c hyperflne spllttlng constant AY.

AYrand were determlned from the p051t10ns of the palrs

of 1i ) 51V nuclear spln quantum numbers +Mv and -MV
' "asidef _Vved by equatlons (III~14) and (III 15), and the

‘.

“<.results of the fouf caICulatlons were averaged The mag—*

+

netlc parameters for VO(DMF)S - and VO(DMA)5 were found

l-to be temperature dependent. The temperature dependence of .

‘ these parameters 1s shown in Flg. IV—3 and 1nd1cates that.f

T o

.r:no changes in molecular.structure,are occurrlng_as a
'functlon of temperature. ‘ ‘j 1 | [? | ‘ | |

A The peak to peak%derlvative llnew1dths of the hyper~,t
Itsvflne llnes ABMV follow equatlon (III 18) and the values of

B Y anchdetermlned from a least squares analysrs of

‘the measured llnew1dths' to equatlon (III 18) are glven 1n -

lh_ITable IV-I;- In order to extract T yvthe rotatlonal tumb- A

'u,llng tlme from the 11new1dth parameters, the anlsotroplc ';‘

o

'u‘magnetlc parameters were. determlned by studylng ‘the EPR 113
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TABLE 1V-1

A

a4, EPR Linewidth Parameters of VO(DMA)S(C104)2 in DMA

Temperature (K) o(Gauss) B (Gauss) Y (Gauss) 8 (Gauss)
275 23.02 5.47 - 2.29 -.054
. 293  16.54 3.5 ° 1.57 , 5 '-.002
313 13.76 ~3.10 7 1.07 " -.060
333 11.78 £+2.50 ©.869  -.039
353 ~ 10.80 . 2.2% .750  -.033
b.  EPR Linewidth Parameters of VO (DMF) § (C10,) , in DMF
B D |
Temperature (K) a(Gauss) B (Gauss) y (Gauss) 8 (Gauss)
275 20.89 - 4.41 2,15 .003 -
293 16.31  3.39 . " 1.45 -.030
313 13,30 ® 2,51 . * 1.08  =.025
333° 11.29 . 1.94 ' .798 -.018
353 © 10.31 - ° -1.73  .642 . =.027
373 9,469 = 1.47 .542 -.016
393 9,217 - 1.23 . .436 -.011
S 41§\m)?> 9,197 . 1.11 410 -.004
c. EPR Linewidth Parameters 'of bB:'L's-(di.phenyldilthuio;:»hogp’hi,n—
~ :ato) -oxo-vanadium(IV) in DMF‘_:;_' o o :

P
oy K i .

N ' ’ \//. i £y
Temperature (K) a(Gauss) <« - B(Gauss) - jy(Gauss) 8 (Gauss)

1

273 . 26.22  _ '6.22 ¢ - 2.85 -.040
293 | ¢ 18.81 - 3.76.°  1.51  _ -.067
313 14:78 - 2.80.  ~»1.05 | =.053
333. .. 12,73 2.33 - .799 . . -.048
353 - -11.42- . " 1.97 .649 ~.034

373 . ° 1on61 s 1.64  °  .534 . -,021
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spectra of the rvanadyl complexes in solid solutions at low

temperature. The glass spectra indicated that the complexes

were of axial symmetry and allowed dlrect determlnatlon of
the components of -the g—valueAand hyperflne tensors along -
- the stmetry°axis of the molecule; gli and ATi respectively.

The components of the tensors along axes perpendicular td

\

the aXlS of symmetry were determined from the iseotropic

and parallel components using eguations (III- 16) and
(III-17). 1In these calculations, the values of g, and AV' ’

at 25°C were used The values of- gi and AIvobtalned 1n'

’

this way are subject to some error since g, and A, are

'temperature dependent, but this error is not larger than

the estimated errors in the values of gl and Al measured

2

dlrectly from the glass spectrum. The magnetlc parameters‘
for the vanadyl perchlorates are given 1n¢$Fble v-2. !
The experlmental values of y and the magnetlc para-
meters allow one to solve equatlonL(IV 29) for Ty, by an.
1terat1ve procedure. The values of T for solutlons'o?'
.VO(DMF)S(C104) and VO(DMA) (ClO4)2 are shomu as a fumction
of temperature 1n Flg IV—4 ‘'The actlvatlon energies
for molecular mbllng in- lquld DMF and DMA obtalned from -
the data in Fng IV 4 are 2.7 + 0.1 and 2. 8 + 0 2 kcal/mole
respectlvely. The activation energy for DMF lS 1n excellent
agreement w1th the value 2. 8 kcal/mole predlcted from the
v1sc031ty of the llquld 82 The correlatlon times Tr were

-requlred for detalled 1nterpretatlon of the NMR llne broad-
, . v
ST » v !

e
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137.82

Magnetic Parameters of Vanadyl Perchlorate in DMF and DMA

)

Parametef | EEE
Jo . .. | 1.966
9 . ' 1.934
9y 1.982
Al (10 sec™)” T 1045
AT*(lOg sec” ) " 3.343

Estimated error +.0.5% \

1.963
1.931
1.979
1.977
3.405
1.245

~
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,
ening results as shown in a later section;
~ The EPR spectrum of VO(DMA).(C1l0,), in liquid DMA
indrcates the presence of two vanadyl species at'tempera-
tures above 120°C. See Fig. IVfS: This species may be
VO(DMA‘)42+ although the Vanadiuh hyperfine splitting in
thisvsecond species‘is-smaller than that for the»VO(DMA)5
ion and_it'has been observedlthat loss of axial coordin-

ation increases the hyperfine splitting in wvanadyl acetyl-

] 39 C : -
acetonate complexes, The presence of ‘this second vahadyl -

‘species will have little effect on the interpretatfon‘of\

the NMR 1imabfoadening results because the abundance Of
this species is Small\compared'to that of‘VO(DMA)S2+ in
the temperature range‘used in the NMR experiments. The
EPR spectrum of VO(DMF)S(C104{2 in liquid DMF did not \
reveal the presence of any species other than VO(DMF)52+
over therliéuid“range of DMF.

. |

2, . VO(DMA)S(C104)-2 rn pMA -

'The 60 MHz NMRrspectruﬁ of pmMa 83 at 25°C is shown

in,Fig.,IV—G and thevtenperature dependence of the line-

.widths ofathe'solvent'resonances-is shown in Fig. IV-7.

In the 40-90°C temperature range the resonances correspond—

ing to the N-methyl protons change dramatlcally. At 40°C

- the rotatlon about the C-N bond in DMA is rapld enough t9

4

broaden the 1nd1v1dual N—methyl peaks whlle at 90°C the

two resonances have completely_coalesced to.a sharp s;nglet.
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This large~temperaturé§dependence of Aﬁobs results in
large errors in measurements of l/Tzé:and thus data for ,
- the N—methyl resonance line broadenlng in this tempera—
'ture range were not used for‘analy51s. Th% observed val-

‘ues of l/T for the three methyl groups of DMA are shown

2P
in Fig. IV8: The curves indicate‘that tvo definite limit-
1ng cases of equatlon (IV-25) are réalized in dlfferent
temperature regions: the exchanged controlled reglon w1th
its negatlve slope, and the T2 reglon at hlgher tempera-
tures. The activation energies of the exchange controlled
vregionS'are similar for all three types of protons, but \
the values Of T2 for each group are quite different. The

Sllght curvature Of the l/T2P ys T -1 curve at low tempera-

tures is 1nd1cat1ve of outer sphere and/or axial ligand
: )

4

“exchange.

The exchange reactlon Wthh domlnates the llne broad-

’L;'enlng is undoubtedly the equatorlal llgand—bulk solvent .

exchange as~observed %n VO(H20)5(0104)2 in-water. The /™

“line broadenings were analyzed. using the equation '

)+ n/T ,(iv;33)‘

2Mosi

".,1;~1/ 2P‘" 4/(TMeq,+ 2Meq

-._where TMeq 2Meq are the lifetime and nuclear relaxatlon

time of a group of protons on a DMA molecule coordlnated to

'and A

‘the vanadyl ion at one of the four equatorlal 51tes, and T \*

- /

2Mos represents the contrlbutlons due to outer sphere

S
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FIQURE IV-—8 Temperature dependencg of l/T2P for the
' 4methyl protOns in DMA solutions of ‘
S ‘UVO(DMA)S(C104)2. 0, Cc- CH3 protons; g ,
' cis-N—methxl protons; O, trans-N-methyl
protons, ", —methyl protons for the
-_temperature range in whlch the pure solvent
. spectrum shows 'a 51ngle resonance for the
two N—methyl proton groups." The solid llnes:
'/represent the-i@ast squares fltS to the
experlmental p01nts., Lo '

T

n . o . .
P . . : . v
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and/or ax1al llgand exchange. ~ln this analysis E Meq ahd.
14

:’EMos (see equatlon (IV-Z?))were taken to be equal, and the
-preexponential factors Cy,o and C os were determlned-for
all three methyl groups. The determlnatlon of these para/
meters and the exchange rate parameters AH=|= fnd AS+ (see
equatlon (IV 26))was performed by a non—llnear least

: squares analy51s 84 of the l/T2P data for all three types
" of’ protons 31multaneously The parameters whlch give the
best agreement between calculated and observed values of
1/.2P as well as calculated relaxatlon rates are glven in
Table IV-3 The crlterlon for the best fit is the~m1n1—
mlzatlon of the sum of squares of thé relative re51duals

between experlmental and predlcted Values. The calculated ~

" curves are shown in- Flg. IV-8 together with the\experlmen—

J

_ The chemiCal‘exchange-rate and the enthalpy'and

E entropy of actlvatlon are ‘similar to ‘those observed in the
solvent exchange of the vanadyl ion in water 42’4
alcohols 48 Wthh supports the a551gnment to equatorlal-

3‘and in

bulk solvent exchange. It should be noted that the values‘

for the N-methyl protons are about four tlmes._d
-1

of T2Meq

as large as T for the C-methyl protons. The nuclear

relaxatlon rates Tz eq-l are due to a dlpolar and/or a

2Meq

hyperflne mechanlsm as detalled 1n equatlon (IV -28). .If

. 1
one. assumes that the values of . T2Meq s for all- types of

methyl protons in DMA are determlned completely by the
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drﬁolar mechanlsm, the values of r ’calculated from l/T2P
'and determlned from the EPR'measurements are 2 7 A for
hthe C-methyl protons and 2. 0 A for the N-methyl protons. “l
x; represents an average dlstance between nuclear and
electronac magnet1c~d1poles. The value of r for the C—-
methyl protons is reasonable 31nce DMA is bonded to @he
vanadlum 1on9by the;oxygen. The small values of rl calcu- -

lated for the'N—methyl'protons are 1nconsrstent.w1th’oxy;

gen coordlnatlon to the vanadyl ion and the orlgln of

-1

T2Meq " for the N—methyl protons cannot be ascrlbed to _

_udlpolar lnteractlons.

The alternatlve 1nterpretat10n, that the N-methyl o

' fprotons are relaxed only by hyperflne 1nteractlons; re-

'qulres some Justlflcatlon since one might expect to

.observev51gn1f1cant&contact shlfts ?9 and Frequency—depen—
gy Con ‘ -

dent linewidths'v, in thlS case.. It‘must-be'aSCertained’u.'

.“1f the magnltude of the hyperflne 1nteractlon 1s large

b“renough to produce the observed llne broadenlng, but too

i -

small to glve observable contact shlfts and frequency
':dependent w1dths.. In order to determlne the magnltudes

of AY requlred to glve the observed values of l/TZP' _orie

e

»flmust estrmate Tl' usxng equatlon (IV—31) ' In thlS

b‘fexpre551on l/T “is a functlon of Mv and one calculateS"

id:;k_l for the average of the p0551ble MV values. At 25°C,

'jfthe average value of Tl.-ls 6. 5 X 10 ?Esec in a 14 l kG

'offfleld. Wlth thlS value for Tl v and the observed l/T



590 Hz' at 25°C in a 60 MHz NMR experlmentfl Comparlson

‘of thls Am value w1th the magnltudes of T.

CAw

°

;v-i48;d

? 4 . . . .
. ; S . o ) . . »
values for the Némethyl protons, one obtains'auvalue of .

2.4. x~106 sec for the hyperflne Spllttlng constant AY.

.’The correspondlng contact Shlft of the NMR resonance Aw

can be calculated from equatldn (LV—32) w1th the result

J

x5

T oMeq. and TMeq_:'

under these condltlons conflrms the 1n51gn1f1cance of the
M? terms 1n equatlon (IV 20) c,t S L

The most favorable condltlons -for the observatlon'

of a Shlft 1n the 'NMR resonance w1ll occur at hlgh tempera-ﬁ

/

ture where T2Meq domlnates the relaxatlon. Under these o

~

condltlons, the observed Shlft Awb ’ w111 be glven by

o

Am = 2 Aw, . , (IV-34)

: For a sample contalnlng 0 020 molal VO(DMA) (ClO4)

DMA at 130 C the w1dth of khe N—methyl resonance 1s

obs
at l30°C.' Thls shift in -the resonance frequency 1s

~'41 +. 4 Hz, whlle Aw would be 3 0 Hz 51nce Aw = 439 Hz

©

clearly w1th1n the experlmental error 1n determlnlng the B

v
-~y

o centre of a: peak 40 Hz w1de..n"\,s f'h'h‘hﬁ'_;p‘ g }w:«1

0. ozo molal VO(DMA)S(ClO

In order to pursue the search for an observable

[4 . s .-

Shlft 100 MHz measurements were performed | One would

‘1ﬂexpect a’ shljt of 5.0 Hz for the N—methyl resonances in- a

4)2 solutlon at 130°C.;;The‘

- ‘observed shlfts Were 4 + 2 Hz for the N—methyl resonance ‘13

e

_and'z-i'szz fqr the,Crmethyl resonance, These observatlons

o .
PR « -
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are consistent with the hypothesis that theprelaxation of

the‘N-methyl protons is governed by a hyperfine médhanism

while the C—methyl protons relax via the dlpolar mechanism.

x

They do ‘pt preclude the poss1b111ty that both mechanlsms
contribute t6 the relaxation of,all protons, with the mapor
contribution forﬁC¥methyl'protons being dipolar, and the

major contribution for N-methyl protons being hyperfine
interactions. .

A further point-which must be considered, is tﬁe

-

-frequency dependence of the N—methyl proton resonance line-

widths. Since l/Tl contains terms which depend on the
electronic Larmor ftequency, Wo, (see equation (IV-31)), a

difference ir. the widths of the.N-methyl proton resonances

" at 60 MHz and 100 MHz is expected if the hyperfine con-

tribution to l/TZMeq is domioant. At'130°C, the values of

=x

T, , for VO(DMA)S2+ in DMA calculzted using equation (IV-

le
31) are 6.5 x 10~° and 7.1 x 1078 sec at 60 Miz and 100

-

MHz respectively. One would. therefore expect the llne—

‘w1dths at 100 MHz to be 10% broader than those at 60 MHz.

Since ournestlmated errors in the linewidth measurements

are at least as large as this, the frequency dependence

 of the llnew1dths was not observed .

- The least squggés ana1y51s of the VO(DMA)S(C104)2

line broadening data 1nd1cated SLgnlflcant outer sphere

' contributions at room temperature.and below (see Fig, IV-|'

8 and Table IV-3).. On the basis of a simple model developed
| A
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by Luz and Meiboom 85, the average distance, do' of clos-~

"

est appfroach of the solvent molecuf%s, beyond’the first

coordination sphere, can be estimated from
. 4

1 4w PN [M] S(sntl),Y%ng‘Z' '-
= .. . . + 71, (IV=35)
ToMed 45 1000 a e

]

where p is the density of the eolution, N is Avogadro'é

number and- the other symbols'have been defined earlier. The

values for d obtalned from the values of n/T2Mos given in

‘Table IV-3, are 5.4 A for the c- -methyl protons, 5.8 A for

vllnerdth from- axial ex hange would be T

tE

the cis-N-methyl protons apd 6.3 A ‘for the trans-N-methyl
protons. These values see% to be smaller than one would
eXpect on the basis of molecular rodels, but some of the
broadenlng ascribed to ourer ephere effects may be due to
exchange of solvent mole‘ules with DMA molecules coordln-“
ated at the axial positipn of the vanadyl., If the axial-

solvent exchange rate were rapid, the contrlbutlon to the

2Max— , and it

~would have a temperatu e dependence whlch would be indistin-

gulshable from the outerasphere broadenlng. Thls problem

will be dlSCUSSEd further after an analysls of the line

*broadenlng of DMF by VO(DMF) 5(Clo, ) is presented.

3. VO(DMF)(C10,), in DMF

— , ‘ 4 - ,
‘The 60 MHz NMR spectrum of DMF 3486 at 25°C is shown

)i .
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}
l' . : ‘.
in Figure IV-9. The linewidths of the resonances as a
fuction of temperature are given in Fig. IV-10. In the
temperature, range 100~135°C;'intefnal rotation about the
'éfN bond has an appreciable affett on the 'widths and shape
of the N-methyl resonances of the solvent. Therefore |
3

1/T,p data in this region‘wes not used in the analysis.
The experimental péramagne£icfbroadenings-of the formyl
proton and methyl pgoton,resooapces are plotted against
T—l‘io Fig. IV-11. The magnituae'and temperature depend-
ence of the line broadening of thegmethylyresonances'is, \
similar to that observed for thelﬁ-methyl pfotone in DMA
r(see Fig. Iv-8), and, at high temperatures, the methyl
resonances are broader than,tﬁe formyi fesogance just as
the N-methyl resonances of<DMA are broader than the‘C-
methyl resonance. The Tom (high temperature) reglon in
DMF is less well defined than the correspondlng region in
DMA, but the outer séhere effects in DMF -are very clearly
defined. . . B : | ‘ |

'In contrast to the line broadening of the methyl
resonances in DMF and those 15 DMA,the temperature
gependence of t/e broadenlng of the formyl resonance in
DMF is much les pronounced in the reglon where chemlcal‘
excﬁange,effec s are dominent., Since all bonds in DMF
are expected t 'reﬁain‘intaot when it coordinates with
'j"t§e>vanadyl ion, the elopes of.tﬁeflog(l/sz} Vs 1

lines in’ the exchange controlled region'should be the same -

’
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100 T T

22 26

FIGURE 1v-11,

-spectrum shows a Single resonance for the

B 1 | i T 1 1] 1 i R n
50
| '
.U
[+ 2
w
™
o
— lor
BN B
~ -
5 - -
. -
. ] 1 1 1 “l' { . L‘ 1 1 : 1 . .
30 34 38 42 4.6

1037 k™)

Temperature dependence of l/Té? for the
formyl and methy;‘protons in DMF solutions: .

of VO(DMF)S(ClO o, formyl proton;

ey

‘0, cis-N-methyl protons; O, trans N—methyl
protons; B , N-methyl protons-for the

-tempé:ature range in which the pure solvent

two N-methyl groups. The solid llnes rqpresent

‘the least squares f1ts to the experlmental

points.
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for the formpi resonance and both methyl resenances. Clearly
the formyl broadening 1nd1cates the prgﬁence of - an exchange
reaction which does not appear in the methyl proton line
broadening. |

Careful examination of the ﬁerﬁyl l/T2P data indi- )
cates that a single stra%ght line does not give a good fit
of the exchange-controlled region. Indeed, the resuits
are better described by two linear portions with a leyel-
ling off between them'near 103/T = 3.4K 1. This obserbation
suggests that two exchange prdcesses, Qith different rates
and temperature dependence, are controlling'the fermyl

14

proton line broadeningoin this region. One postulates
that'the'broadening of thé formyl proton in the low tem-
. perature part oé the exchange—controlled region ds due to
exchanée of a DﬁF molecule coordinated at the axial
positien, and that the rate of thisrprocess-is different
from equatorial exchange and dist@nguisﬁable from outer
~sphere broadening.v This hypothesis reduires that the
broadening of the methyl reeonanées by axial exchange is %
inéignificaht} while-providing anfadequate‘éxpianatiop_of_
the formyl preton brodden£Ag

The unpalred electron in vanadyl eomplexes is local—

1zed in the vanadlum 3d 2 y2 atomlc orbltal 25, 31 and

N the unpaired electron den51ty at’ the protons in an axially

coordlnated DMF molecule is expected to be very small. \

One expects{;therefore, that.therrelaXQtlop times, szaxi'



o/ . 156.

.

of the protons in the axially coordinated molecule’wlll'he
determined by ‘dipolar interactions between the'electron

and nuclear“moments,'not by hyperfine interactions. The
dipolar relaxation time for the formyl proton in an\ax1ally

coordinated DMF molecule is expected to be about 50 times

N

shorter than that of the methyl protons because the inter-

-~

action distance for the methyl protons is about twice as
. large as that for the formyl proten and the dipolar line-
width varies as the\sixth power of the interaction distance

(see equation (IV-28)). @ne expects, therefore, that

-1

) for the methyl protons is small, but (TZMax)—l

(T2Max
for the formyl proton is comparable in magnitude to’ The q_l

<

1n the low temperature portlon of the exchange ~controlled
reglon./ Since the llne broadenings of the methyl reson-
ances 'in the exchange—controlled region show no 31gn1f1-
cant deviation from a 51ngle straight llne,.lt.was

assumed that.('I".“‘Vh_ix-)“l for;thermethyl protons- is negligible

N -1

-1
) or T2Meq

compared to either (7.

Meg
The line broadenlng data was analyzed by a least
squares method in terms of the medel postulated above
wh1ch descrlbes the formyl proton widths as arlslng from
,the exchange between bulk solvent and three dlstlnct'
| coordlnatlon 51tes (axlal, equatorlal and outer sphere),
and the methjl proton broadenlng arlslng from exchange
between solvent and two distinct sites (equatorlal and

souter sphere) The 1/T)p data for both methyl resonances
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s : BEE eq

Ey and the'preexponentlal factors cMeq and Cyog for each

methyl group. Next, the formyl line broadening data was’

?

f1t holdlng AH+ eq’ AS+éé and E constant at the values

;determlned from the analysis 8f the methyl proton data,

N

' tudes Qf (T.

Asf C C,. and C.__ for

ax’ “Max’ "Meg Mos

ano the parametérs AH ax '’

theg&prmyl protons were. varled until convergence of the

'least squares procedure was achleved The solid curves

s e a

" in Fig. IV—ll are calculated-u51ng the.parameters obtained

from these least squares analyses. The parameters and

calculated rela;atlon rates are glven in Table Iv-4,

[

The relaxatlon rates for the methyl protons in DMF

at hlgh temperatures are con51derably higher than that for ’

the formyl proton. I& one assumes ‘that T,, -l for "all types

of protons ls dominated by Qipolar‘interactions, interactlon

.

o
distances of 2.6, 3.2 and 2.0 A for equatorial formyl pro-
tons," axial formylfprotonS‘and equatorial methyl protgns

respectlvely are obtalned Arguments analogous to' those

' glven in the analy51s of TZMeqﬁfdr the N—methYl protons'in

aDMA lead to the conclu51on that the methyl protons in DMF .

are relaxed~predom1nantly by hyperflne interactions modu-

”5lated bQ‘the relakation of the unpaired électron-ofvthe
[ Vanadyl complex, whlre dlpolar 1nteractlons modulated by

-molecular tumbllng account satlsfactorlly for the magnl—_

v
1 for the formyl protons.

~.and (T 1

o 2Ma¥y

2Meq
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. The interaction distance between the unpaired eIectron and
the formyl proton in axial coordination is significantly
larger than the interaétion distance for the formyl proton
in equatorial coordination. This is in agreement with the
weaker bond between the axial ligand and the vanadium

atom, and is supported by crystallographicfstudies of otherf

6-coordinate vanadyl complexes.6 B
The interaction distance between the unpaired eléct~

roﬁ'and the methyl protons of an-axially—coordinated.DMF

Q
molecule will be at least 5 A if the interaction distance

] . : °
for the ‘formyl proton in axial coordination is 3.2 A. The

relaxation rate (T, x)—l for methyl protons is therefore
insignificant (410 sec -1 at 25°0) compared with (T2Meq)-l\
or (T )fl. As 1nd1cated above, no hyperflne contri-

Meq

‘bution to the methyl (T )fl is expected since the un-

2Max
paired electron density is very small at the axial methyl

protons. The neglect of broadening of methylfresonance by

[

axial exchange was therefore justified.

The hyperfine interaction for the equatorial methyl

6 -1 -1

protons muet be 2.0 x 10" sec if‘(TZMeq) is determinedp

| onlyfby'hYperfine interactions;‘.This‘interaotioﬁ'is.
sllghtly smaller than the value determined for the N~methyl
’iprotons of DMA, and arguments, analogous to- those preSented,
d_prev1ously for the DMA N—methyl data, .can be given to
-’account for the unob ervablllty of frequency ShlftS or
‘,frequency dependent line broadenlng. |

i
Y

P
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4

. The outer spherellnteractlon distances for the pro;
,tons in DMF were, calculated u51ng Luz and Meiboom's theory
85 and the values of n/T’ s glven in Table IV-4, | The
distances are 5 2, 5.4 and 5.8 A respectively for the
formyl cls—methyl and Erangfmethyl protons. - These values
are smaller than those determined above for DMA molecules‘/
in the second coordination sphere of VO(DMA/)5 "and'the-
effects of axial exchange have‘been included explicitly
here. It would appear that the outer sphere lnteraction
‘distances obtained'from n/'I‘2Mos are smaller than one would’
expect on the basis:of‘molecular‘models and that this;is
due' to the naivity of the model for outerJSPhere,lnter—
actions, notfthe neglect of the axlalgexchange process.
‘The observathn that‘the n/T ' values are approx1mately
equal for all three types of protons suggests the molecular
‘arrangement in the second coordlnatlogggfgﬁge is not highly
'structured., Then orlentatlons of the .amides may be such
.bthat on the: average the methyl protons are ‘nearly as close
as the formyl proton to Qhe vanadyl ion. Another possrb-7

11L€g§1s that outer sphere relaxatlon “Yesults from a: hyper-'v

.dflne 1nteractlon Whlch may be more effectlve for the methyl

- protons than«the formyl protons. ..,. - -*Z., - S
5'4;L_}'Bis—(o;Phenanthroline)-oxo—vanadium(lv) Perchlor@te‘;
© in DMF |

~ The’ results presented in the prev1ous sectlon 1ndlcate

0



that the effect of axial exchange on~the solvent line

broadenlng could be separated from the effects of equator~u.

ial exchange in certaln c1rcumstances. A 51mple chemlcal

~ 1

ER

-method of aCCompllShlng this séparation is tO“choosera
- system whéfélthe éguaterial siteslare blocked and only
"the axial site can accept the solventkmolecules.iFurther-
more,”the Species should'have a formal charge of +2 for
“a meanlngful comparlson of the results w1th the vanadyl
1on studles in. sectlons 2 and 3 The - neutral bldentate
iéf ' 1lgand o—phenanthrollne; is belleved to coordlnate at
s the equatcr1al p031t10ns of the vanadyl ion and the re-
c sultlng compleX»has a +2 charge.sp solvent line broadening
studles of DMF solutlons of the blS (o phenanthrollne)—oxo-
- fv,v vanadlum(IV) complex were performed and the results are
: shown in Fig. IV—lz.f The l/T 'data 1nd1cate an exchange
coﬁtrolled reglon above 60°C but the EPR spectrum at the
> ' samer témperatureg ShOWn 1n Flg. Iv- 13 1nd1cates the
- ,»v~presence of two sPeC1es in- solutlon.;‘Presumably, the
falh: ;” -phenanthrollne llgand is belng replaced by\QMF at the

equatorlal p031tloh 1n the flrst coordlnatlon sphere

above 60°C ' The exchange of these DMF molecules can then

contrlbute toJ/TZP.Calculatlons showed that the l/T ‘:'f;,
,values glven in Flg. IIItlZ are compatlble w1th lO% con—V

{ ver51on of the blS (o-phenanthrollne)—oxo—vanadlum(IV)

i
- -

to VO(DMF) , The lower values of l/T observed 1n the
wﬂouter sphere TZM reglon for bls—(o—phenanthrollne)-oxo- .
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* 200 Gauss

A ) ¢

LB

FiGURE IV-13. - EPR spectra of; 10 "2 M liquid sOlutiohs of

e ) - bis-(o- phenanthrollne) -0x0- vanadlum(IV)
S | ?ﬂ:_perchlgggﬂg in :DMF at, 60° C 4nd 120°C. The
a o stick spectra for the two vanadyl/spec1es at

- ;20 c are glven at the bottom of the flgure

R

. . z

<
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vanadium(IV) in DMFicompared to VO(DMF) 2+ 'in DMF (see
Fig. IV- 11) reflect the bulkiness of the o—phenanthrollne
iigends; i.e., the outer sphere interaction distances are

considerably 1argervfot bis—(o—phenanthrolime)-oxo—vanad—

ium(IV) than for VO(DMF)52+.

5. VO(acac)2 in DMF s

M_ . — Py

The VO(acac), complex is another system in which

only one position is available for coordination by the sol-
. \ | ,
vent. 1In contrast to, the systems alrealy described .

VO(acac)zvis neutral and one expects the rates of exchange

of electron donating solvent molecules from the axial

position to be faster than in VO(DMF)S(C104)2 47 ‘The

- NMR solvent line broadening of DMF caused by Vo(acac)2 is

-

shown in Fig. Iv-14 and shows no indication of an exchange
g

controlled region. Apparently, the exchange 1s too fast
to control’ the l/T2P values The l/T2P Values are described

by the equation l/T2P = 4.5 exp (1, 800/T) which is “*the

: equatlon of the. solld llne in Fig. IV-14.

- " o .// ’ . ¥

Ve

6. | Bis- (dlphenx}dlthlquosphlndto) -0X0O~ vanadlum(IV) in

DMF, DMA and DEF. - é[

The NMR flne broadenlng Of DMF, DMA and DEF by the

) vanadyl dlthlophosphlnate was Jnvestlgated{to gain: more
‘ \ ‘

\ i
)

lnformatlon about the nature of the vanady; SpeCleS in’

: ,eolutlens contalnlng the dltthphosphlnaﬁes and Lew1s

* o 3 )
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bases. Complete replacement of the dithiophosphinate

LY

groups in the first coordination sphere by the solvent

molecules DMF or DMA would result in the species VO(DMF)5

2+

and VO(DMA)5 . The line broadening for the perchlorates

of these ions have already been presented

‘The 1/T,; data for DMA solutions of
: . . ¥ '
complex is shown in Fig. IV-15. The plot

almosg superimposable on that for VO(DMA)5

in section 2 and

the phenyl

‘of this data is

(c1o4)2 in DMA

shown in Fig. IV-8 except for the high temperature region.

The equivalent line broadening results for the two systems

°

below 100°C indicate that the diphenyldithiophosphinate

Echelates are completely dlsplaced from the flrst coordin-

atlon sphere of the vanadyl ion. At higher temperatures,

’therdiphenyldithiOphOSphinate presumably becomes coordin-

'to the model D oposed in sectlonz for the

ated to the vanadyl ion and this effectlvely reduces the

3

line broadenlng in- the TQM region. This is supported by

the EPR spectrum of the DMA solutlon of the phenyl com-

plex at 145 C which 'shows patterns of low

1ntensrty that

arise from Coupllng of the e}ectron_Spln with other,nuole;,
2 . R 2

~

namely 31? of the,diphenyldithiOphosphihate. The least

\

hlorates in DMA gave the parameters given

The least squares curves are shown in Fig,

with ‘the eéxperimental data. A comparison

uares fit o%;the dlthlophosphlnate line broadenrng data

'vanadyl per-
in Table. IV~5a
Iv- 15 together

of the parameters
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Temperature Hependence of l/T for the methyl

L]

protons in DMA' solutions of blS—(dlphenyldltth—

phosphlnato) ~0x0- vanadium(Iv). e, C- CH,

‘protons,°Dg ClS*N methyi protons,'Q; trans- -
N- methyl protons; l , N-methyl protons for the

temperature range in which the pure sBlvent

: spectrum shows a 51ngle resonance llne for the”
‘two V—methyl proton qroups The solid llnes-‘

represent the least squeres fltS to the experl—

mental p01nts , e % . 7,' ..
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in Table IV-5a with the corresponding parameters for théﬁa

vOo {DMA) (ClQ4)2 system given' in Table IV-3, -indicates that
. ’ ™ . &

the parameters for e two systems are equal if one con-"

siders the error limits for the parameters to’ be; twice ‘the

i

standardverrors. The. larger value of EMﬁfor the:dithlo;
p hosphinate system compared to the perchldrate systém
reflects the difference between the systemsAin thebhigh:
temperature TQM-region. If one conshders the”’ l/T P data
.in_Flg. IvV-15 for temperatures below 10 /T = 2.4 K,} only;

then the value of‘EM is decréased from 4.7 to 3.l’kcal/

mole.\ The parameters determined fr?m the least squares
analy51s for the data ‘below 10 /T = 2. 4 K l‘are shown in

,Table IV~5b.and are in good agreement with the. parameters
, .

for VO(DMA%'(ClO in Table IV- 3.

! 4) 2 , |
Fig. IV-16 shpWs the l/T2P data for DMF“solutions

contalnlng bls (dlphenyldltthphOSphlnatO) oxo vanadlum .Q\\\

(IW),p,The measured line broadenings above.lOO C were

o

found to vary with'the length of time a sample remained
N . ) N P . . 5 °
2at.these elevated-temperatures, and the;Efore are not-

© .considered in the'follOWing'analysisn A Comparison of the °

data in Fig- IV-16 w1th the correspondlng data for

».
-

VO(DMF) (ClO4)2 in DMF shown in - Fig. IV—ll shows that ‘the
*

L/T2P values, for both the formyl and N—methyl protons,

,at a glven temperature 1n the EXchange controlled reglon

ot are. 51gn1f1cantly larger for the phenyl complex than‘forv,

VO(DME)S(C104)2€_ ThlS result 1ndacates that the dlphenyl—

. R f_ L . . ./_ N N )o
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. FIGURE IV-16. Temperature dependence of /T

~

I'and methyl protons in DMF solutions

-t

for the for

-of bis-(diphenyldithiophosphinato)—oxo-&anadiﬁm(IV).

0,' formyl proton; D,Icis-N—methyl protons; o,,b

trans-N-methyl protons. The solid lines represent

the least.sqﬁares fits to the experimental points:

&
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dithiophosphinate ligand is not completely displaced from
the first coordination sphere of the vanadyl ion when the
phenyl complex is dissolved in DMF. The EHR*spectrum of

the, phenyl complex in DMF shows broader llnes than the'EPR

+ p
spectrum of VO(DMF)52 at a glven temperature as can be

seen from a comparison of the linewidth parameters in Table

Iv-l.'This suggests that the complex formed in DMF solu-

e

_tlons contaiging the phenyl complex has a larger hydrodyn- -

+
amic radius than VO(DMF)Sf . Also, the EPR spectrum of the

- phenyl complex 1n9DMF shows no hyperflne coupllng with the
phosphorus nucleus Wthh suggests the dlphenyldlthlophos—
phlnate coordlnates as-a monodentate llgand Furthermore,

the conductance of the DMF solutlon 1s llnear ln the con-
: 7
centratlon of the phenyl complex which 1nd1cates that
A

there exists a dlSSOClated species in s@dutlon. These
AA.

‘results requlre that the predominant vanadyl spetles 1n a
« :

DMF solutlon ‘of the phenyl complex at ‘room temperature

.

has one equatorial co@rdlggtlon site’ OCCUpled by a mono- ‘
"' Yy

-dentate dlpheﬂggdlthiéphosﬁglnate?and the rema;nlng coor-+*

dlnatlon p051tlons od&upledfby DMF The methyl proton

L]

'fbroadenlng data was then fit to th1s model and the para-

meters AH* eq’ 'AS%‘q, EM and the prexponentlal factor C

were determlned for .each of the methyl groups. Values - |
@ . ‘. N oL B

Mos

of ?Meq were not determlned sance the TZM reglon is not

'deflned by the data for the methyl protons in Fig. IVfl6.

&

Next the formyl proton data was fit ho;dlng AH+ eq’ As+éé-

£ ' [

-
B B
1 . o i -

-
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and Ey constanﬁ at the values obpeined,from the methylp

data and varying the axial parameters as was done for the
case of VO(DMf)S(ClO4)é.. The parameters and celCulated “
4relaxat10n rates are shown in Table Iv-6. A compariSOn

of the parameters in Table IV-6 with those for >\_ .
VO(DMF)S(C104)2 1n Table IVv-4 indicates that the rate of

equatorial exchange is five times faster in the dithio-

.

~phosph1nate system.

' The llne broadenlng in DEF by the phenyl complex was
investlgated-ln order to ﬁetermlnexwhether the‘formyl
. proten broadening in DMF was typical of other formamides.
" Fig. IV=-17 shoWs‘the:l/Tz?'reéults for phe formyl‘proton
| of DEF sdlutions of bis- (diphenyldithiophosphinato)-oxo-
Vvanadlum(IV) ~ The remperature &ependence of the line-

1dth of the formyl proton resonance of the pure solvent
,DE? lS“Sthn in Flg.‘IV-lS. Tne l/T2P data shown in
Fig. IV-17 nasleftémperature dependence similar to that
- for the formylpproton_of DMFnsolutions of bis—(dipnenyl—
dithiophosphinaco);ox04§anadium(IV) shown in Fig. IV-11.
- In the eXChange controlled reglon, the l/T2P values af a -
given temperature are equal w1th1n experlmental error for
the.two systens. However, /T ZP‘values in both the- 1nner
.epﬁere.qnd gnter_sphere Tz.fregion are 1arger_in‘the@DEFf

‘\j'

so{vent One would expect the l/T2MOS values‘inabEF.to o
\ b

' be smaller ‘than in DMF since the vanadyl complex 1n DMF

#

'whlch has one- monodenfate dlphenyldlth1ophosph1nate llgand '

N
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~‘and»four DMF'ligands coordinated:to the vanadyl ion is

AN e )

'expected to have a smaller effectlve radius than the

»

:correspondlng vanadyl complex in whlch the DMF llgands are

rgplaced by‘DEF. *On the Qthr hand,‘the v1scos;tyrof REF

the h‘-igher values of 1/T,; o in'DEF than in DMF. ' This *

would also account for the hlgher l/T2M values observed

in DEF. compared to DMF. An analys1s§pf the DEF system

;o
in terms of axial -and equatorial exchange is not feasible

since_thevcomponeht of the formyl praton line broadening

‘»

N . . T A T -
. due to equatorialwexchange is not known and-cannot be N

L .
determlned from the €H3 or CH2 proton resonances since

2]
llnew1dth measurements for these resonances are hampered

by the sp1n~sp1n spllttlng of these resonances and were

therefore not,undertaken._ e \ L "
" - ; \3 .

E. Discussion . .

1. Vanadyl Perchlorates o

The 17O line broadenlng by VO(HZO)S(C104)2 at low
temperatures has been attributeéd. to the exchange of water,

molecules .coordinated to the vanadyl ion with lifetimes

which are much shorter than those of the water molecules

. \ . . ’
coordinated at equatorial sites in thg first coordination
sphere of the ion. 42,43

b

coordlnated water molecule or molecglés in the outer soﬁ;

vatlon sphere could account for theaexperlmental Qbserva—
u -

o

¢

- 4 - . ’
Either the exchange of an akially-

R ' - o177,

,may be/iarge_enough to ihcrease '&'sqfficiently to y%g}g\J,

—
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. tions Line broadening by vanadyl complexes in other sol-
vents 14748 4 imi
) . -

-

gives similar results with no resolution of
|

the two processes ‘which can conceivably ‘explain the slow
exchange'region broadenlng

o
¢

example wher\ the outer sphere effects can be separated

The VO(DMF) (ClO4)2 line
broadenlng data presented in this thesis constltute an.
from line’ broadenxng due to axial exchange

. The large
difference in the dipolar relaxation times for the formyl
: e

and methyl protons in axially-coordinated DMF molecules

4
affected

makes the formyl proton linewidth sensitive to axial ex-
change while the methyl lingwidths are not appreciably

In an attempt to substantiate the assertions
\
5

in the VO (DMF) (ClQ4)2 system,\one can study the line
' \
broadening of the DMF resonances by bis-(o-pheénanthroline)-

oxo-vanadium(IV) perchlorate, a molecule in which the
equatorial coordination sites of the vanadyl ion are

occupied by the bidertate o-phenanthroline ligands

. ; 50
The NMR data shown in Fig. IV-14 indicated an exchange-

ture. See

controlled region above.60°C, but EPR studies indicated
the presen'e~of a. second Vanale species at this tempera-

\
Presumably, the eéphenanthrollne
ligands are not bound strongly and may be displaced by

b%oadening;

DMF solvent molecules and the equatorlallchoorQinated
DMF .molecules account.for the exchange-controlled line

v

]
The-uncharged vanadyleacetylacetonate complex and
o 7 -

Y
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its effects on the linewidths-of'the-proton resonances of
DMF were investigated also. 1In this case;'no exchange-con-

trolled region was observed. See Figf'IV:lG. 'The rate

¢ g
of exchange between bulk solvent ang axially-coordinated

DMF molecules must be too fast to control the llne broad-
enlng The vanadlum—DMF bond is probably weaker in the
vanadyl acetonate—DMF adduct than the ax1ai vanadlum-DMF
bond in VO(DMF)5 2+ because the acetylacetonate 1s uncharged,n
and thlS would result in a.more rapid llgand exchange.
Wuthriqh and Connick 47 have shown that the equatorial
ligand exchange rate in uncharged complexes is approx1m—

ately 10° times faster than the exchange in charged com-

") N .
Dplexes. éne might‘expecfltherefore the rate of axial '//h
‘exshangefin the acetylacetonate to be of the-ordet of‘lO7
Asec_ , since the axiai eXChange rate in VO(DMFS)2+ is
10% sec™!. EPr studies 3?"1" the axi al exchange. rate

in amine adducts of vanadyl acétylacetonate indicate that

a rate of 10’ secf'l is eminently reasonable.

_The axial exchange rate in VO(DMA)52+ is probably

.

too\fast over the acce551ble temperature%range, to con-
trlbute ~to the 11ne broadenlng.‘ The solvent.freezes “o

™~
before axial chhange becomes slow enough to control the

linewidth of the C-methyl resonance. The rate of equat-"

or1al exchange in VO(DMA) .f is 25 times faster‘than 1n

VO(DMF)5 *at 25°C, and has a lower enthalpy of activation.

/

‘This reflects a weaker vanadlum-llgand bond in the DMA
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. 3 . ) ‘ - . ‘ .
complex ion as one might expect on.steric grounds. Steric
3
factors ‘would also increase the interaction distances

'between the unpalred electron and the protomns of an axially.

'coordlnated DMA. molecule. This would decrease (TZMaxl-l

L]
~and lower the axial contribution *oc the ‘linewidths as

compared to the VO (DMF) 2+ case. .

P oo

')

ot

: -1 Lo
The /T,oYw T for all tﬁree types of

s of log 2p

L}

protons in DMA in Fig. IV-8 show 1 slight curvature at low

temperature. It was assumed that this curvature was due
* . »
to outer sphere effects since an axial exchange contr1bu~

»

tion, 'at least on the ba31s of the DMF results, should have
.nproduced a broadenlng of the C-methyl resonances whlle the
N—methyl proton w1dths should have remained unaffected

The dlstances of closest approach by outer sphere~mole—»

° ' Pe

- cules in DMF and DMA studies arer comparable. However, in

both cases, the N—methyl 1nteractlon dlstances for outer
/

sphere molecules appear to be smaller thanamolecular models

would predlct This may result from orlentatlon of the
~molecules in the'second_solvatlon sphare ih p051t10ns;
.whgre the N-methyl protons are close to the paréamagnetic

‘center. hnother/explanatioh of thévsmall outer sphere

.1nteract10n dlstances 1nvokes small hyperflne 1nteractlons

to molecules in the second coordlnatlon sphere. Such a’

’ 47,89,

mechanism has beeﬁ’postulated for othervsystems , but

. . .. § : .
the' cause of the small outer.sphere distances in e pre-

sent case is unclear. L (
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¥ ,
The coordlnatlon of oxygen dopors to metals 1s
_generally via two modes: line¥r coor 1natldn and anghlar K
*oordlnatlon. In linear coordlnatlon the metal occuples ;uf

a p051tlon between the two lone palrs of the oxygen atom,tu~

while in angular coordination the metal bonds to one of ﬂ

‘he lone pairs. Line broadening studiés with Co(DMF)6 ‘7ij
4) 5 83 1nd1cate that the Co-0-C bond is bent, 51gn1f“:”
ing angular‘coordlnatlon. The crystal structure of ‘;

. . . 19“, X

~Fe(DMF)6 also supports the angular model, Coordin-

'atlon of the planar DMF molecules in the xy plane resultsr
i;n steric crowdlng and orlentatlons parallel to the xz -
and’ YZ planes or sllghtly pltched from these planesils o
I%kely. Two possible coordination arrangements are
i~lustrated in Fig. vIV-lQ Structure I ls favored because"
‘gof less sterlc hlndrance w1th the axial solvent molecule.
rFu thermore, tilting of the DMF molecule would make the
'»two CH3 groups more equlvalent w1th respect to: the d 2 y2
_orhltal Structure I also keeps the‘C—H proton well -
'-renoued from. reglons of hlgh d 2 Y2 probablllty Wthh
“-supports the observatlon of only dlpolar coupllng to the
' C—H proton. On the other hand, scalar COUpllng through
space may be less £avorable than scalar coupllng through
the bonding systems of DMF and ﬁk@ There are many .
‘sterlcally reasonable conformatlons‘of the complex 1ons

in whlch the overlap between the vanadlum 3d 2 y2 atomic

orhltal and the amlde n-molecular orbltals is favorable.

r
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r

Since the yanadiumt3dxz_y2 orbital ‘energy 3y similar to
the energies of the highest occupied m-orbital of the

) amide ligamd'89 " the molecular orbital contalnlng the un—‘

‘paired electron should have some of the character of this
fllled = orbltal of the free amlde llgands.- The highest
_‘occupled m-orbital of the amlde m01ety has large ampll—
tudes at the nitrogen and oxygen atoms, but has smaller
amplitude at the earbon atom. 8? The unpalred electron
dens;ty at the nltrogen atom should be greater ‘than that
at the carbon atoﬁ, and hyperflne 1nteract10ns with the N-
- methyl protons should therefore be more 51gn1flcant than

those with formyl or C-methyl protons.- )

.
! v

2. vanadyl Dithiophosphinates "

N ' N - " y
. The EPR, infrared aﬂd conductance measurements re- .

-

gported in Chapter'III'supported the exietence bfvionic“

speéies when vanadyl &ithiophosphinates were dissoived'in’

Lewis béses.i The same‘types'of‘experiments i
-
\
th varlous

‘vmixed sol-
vents suggested equlllbrla between spec1es o
.',numbers of coordlnatlon positions. of the vanadyl ion
'occupleé by Lew1s baee“molecules. The NMR line broadenlng
= data. presented in thls Chapter conflrm that DMA completely
ffdlsplaces the dlphenyldlthlophosphlnate groups from the
‘flrst coordlnatlon sphere of the vanadyl ion when blS (.

B dlphenyldlthlophosphlnato)-oxo—vanadlum(IV) is dlssolved

in DMA at room temperature. At hlgher temperatures the

T
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i 'on~vanadium and weakens the electrostatic V QMF inter-

. - 184,

diphenyldithiophosphinate againacoordinates to the vanadyl

l

ion which parallels the observations in Chapter ITL for

the vanadyl dithjophosphinates in the mixed solverits HMP-
toluene,'DMF—toluene and pyridineicsz. . The prominence of

unchaxged spec1es at high temperatures is presumably due.

to the decrease of- the dielectric constant of- the solvent

-

with Jncrea51ng temperature.

’

. In contrast to ‘the DMA line broadening results, the

l/T2P data for DMF solutions containing bis—(di‘henyldi~

thiophosphinato)-oxo-vanadium(IV) indicafed thak one
equatorial coordination site of ‘the- Vanadyl ion is

occupied,by a monodentate diphenyldithiophosphinate ligand.

The exchange rate for the DMF molecules coordinated at the

;remaining three equatorral sites was greatly enhanged

2+

COmpared to‘equatorial exchange‘r%tesffor VO(DMF)S . This .

iswexpected since the'coordination of the diphenyldithio—

phosphinate anion to the vanadyl ion reduces the charge

3

aczéah. Wuthrich and Connick 47 have presented 51milar

.evidence which shows that the ligand exchange rate 1n—

creases when ‘the fdrmal charge on vanadium is reduced

Since conductivity\ﬁeasurements were undertaken

only at room temperature, lt 1s not known whether the

\ .

spec1es at high temperatures has one or two dlpqenyldl-f"

';thiophosphinate,groups coordinated to the- vanadyl ion.,

<

r.If coordination by the monodentate dlphenyldithiophosphin—b%



ate occurs at two equatorlal sites, then the number of

\ o
equatorlal srtes for DMF coordlnatlon is- reduced to two

Wthh could account for the small l/TzM'Values observed

185,

for ‘the formyl proton for the phenyl complek compared to o

VO(DMF) (ClO4)2

phlnates to the vanadyl ion produces a neutral complex K

- Wthh further decreases the strengtH of the vanadlum—DMF

' bond Thls effectlvely 1ncrea es the vanadlum-formyl

i

proton 1nteractlon dlstance and consequently decreases ,

l

the vafues of l/T ‘ If dlfferent spec1es do 1ndeed
)

ex1st 1n DMF solutlons éontalnlng the phenyl complex,

. théy must haVe 31m11ar magnetlc parameters because the

‘EPR spectra of the DMF«solutlons showed no. e%ﬁdence of

RN

more than one ‘species.

Lo

Coordlnatlon of two dlphenyldlthlophos—_f-

-
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CHAPTER V °
CONCLUSION:
A.  Vanadyl Coordination-‘ .

Several conclusions can be drawn from the results
pnesented infthis thesis which improve'the understanding of
the chemlstry of vanadyl complexes in soluthn. Hopefully,
these conclu31ons W1ll be useful in the plannlng‘and 1nter—
pretatlon ‘of further studies of flve and 31x coordlnate‘
vanadyl complexea. ) e

A popular assumptlon in studids of the chemlstry of
vanadyl complexes has been that five coordlnate vanadyl
complexes take up a Lew1s base type molecule at the vacant
ax1al p051tlon. In contrast the prlmary conclu51on drawn
from the 1nvest1gatlon of the reactlons of the flve coordln-
- ate vanadyl dlthlophosphlnates w1th Lew1s bases reported
“in thlS the51s is that these complexes form s1x coordlnate '
‘complexes by coordlnatlon\pf Lew1s bases at an equatorlal
fp051tlon with- the 51multaneous rearrangement of one. dlthlo—
:hphosphlnate chelate to’ occupy the ax1al and one equatorlal
hhslte.: No ev1dence for aX1al coordlnatlon was obtalned.y_SXh
f{ These obéervatlons are complemented by the recently pub- .
| ’llshed‘workeof Calra Halgh and Nas51mben1 . who found t
:’that some LeWis base agducts of . VO(acac)zbalso exhlbltuthls
hbstereochemlstry./ Other LeW1s bases have been shown to -
coordlnate preferentlally at the axlal §051tlon of VO(acac)é

I_.V,

N "{v. s

- - L . © .
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7

Unfortunately, neither'vo(acafgc)l2 nor the vahadyl dithioPhos#.

phinates have been studied in e\larﬁe-enough Variety of

prewrs bases to establlsh any correlatlons from whlch pre-»

-

dictions about the 51te of coordlnatlon could be made.'

A second conclusron of the studles with the vanadyl

~
>

dlthlophosphlnates is that the dlthlophosphlnate chelate can

behave as a monodentate llgand coordlnated to the vanadyl

. ion. ’In such a complex, the 51te vacated by the dltth—

phosphlnate sulphur is occupled by a Lew1s base. Mondentate

)

'coordlnatlon has also been postulated for metal cOmplexesl

of the dlfluorodlthlophOSPhaté llgand on the basrs of 1n—_

\’frared and NMR P-F coupllng constants.90

,The dlsplacement of the dlt"ophosphrnate m01ety
'from the flrst coordlnatlon sphere of the vanadyl ion by,
»1DMF molecules 1n contrast to: the observed stablllty of

VO(acac) in DMF 1nd1cates that the V-S bond is consrder—
2 B

b2

"/ably weaker than the V-0 bond in VO a('ac)2 This can-

-/

probably be attrlbuted to the stronger electrostatlc 1nter—.5t

Ty

4
actlon between the p051t1ve vanadlum and electronegatlve

L
e

31

The pbservatlon of the P hyperflne Spllttlng in~

the EPR spectra of the flveacoordlnate vanadyl dlthlo—:,iﬁ_:vi

phosphinates and thelr srx COordlnate Lewrs base adducts ;5

) . -

R supports the conclu51on that the unpalred electron" h,'

' occuples the vanadlum d 2 y2 orbltal Thls same conclu51on

o~ \ . K
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L3
. .

was reached by Klvelson and Lee S study of vanadyl tetra—
L

25 '
phenylporphyrln. ThlS conclu51on seems o be appllcable to
' 7

all vanadyl complexes since no ev1dence has ‘been presented

- ’

to support occupatlon of a dlfferent orbltal by the . unpalred

electron,

. 3 . - . -
4 ‘ ] . ‘ ’ .
i ) ., : ) : ..

,

B.YV . Vanadyl~Exchange Kinetics‘:' "bﬁ o .:._ .
' Klnetlc studles are a useful method for 1nvest1gat1ng

the detalls of reaction mechanlsms. In partlcular, the k1n~ o

‘etlc studles of the vanadyl perchlorates undertaken in thlS

: the51s eluc1dated the dlfferences in. the prOpertles of the Ky
-i equatorlal and axial coordlnatlon sltes of,vanadyl complexes.“

"The most 1nterest1ng concluslon from the NMR l;ne

(.,
broadenlng studles is that the llfetlme of DMF 1n the axial

.

coordlndtlon p051tlon in VO(pMF)S(ClO4) 1s as long as

2.x 10 5 secondsrat room temperature.' ThlS 1s surpr1s1ng _j.

< - ©

y -51nce it has heen belleved that the coordlnatlén at thls

81te rs very weak and that llfetlmes of llgands in the,»
' ax1al 51te would be of the order of lO =7 - lO- O\EEJ ;_

;reported for the llfetlme of the pyrldlne adduct of

l*VO(acac)z kﬁkiﬂalier, Carlln and Rleger 32; The large dlf- t;f.f

-~

‘ﬂ;ference fﬁ llfetlmes in the two systems is, due to the

';;stronger ax1al bondlng 1n VO(DMF)S(CIO )2 1n whlch the ;h

- ;vanadyl 1on hgg_a p031t1ve charge., Undoubtedly, the

‘jAllfetlmes of molecules coordlnated at the axlal slte 1n

f;other catlonlc vanadyl complexes have magnitudes 51m11ar '

kY
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to that in VOIDMF) (0104)2 but the comblnatlon of chemlcal

e systems studled and experlmental measurement methods used
&

- could not 1solate the ax1al exchbnge effects. Indeed this

L4
*

was found 1n the study of VO(DMA) 10104)2 from whlch no

3 q
conclu31ons about ax1al exchange can be drawn.
. A com ison of the exchange parameters for the
vanadyl ion in & number of solvents 1s ‘given 1n Table V= l )7

v

Although DMA and DMF have nearly 1dentlcal electroﬁ’honor

propertles on the ba51s of the cla551f1cat10n proposed by

Gutmann 65, DMA exchanges about 25 tlmes faster than DMF

ThlS dlfference is attrlbuted to the sterlc 1nteractlon

i caused by the C--CH3 group 1n the VQ(DMA)5 complex“ The,:
slower exchange rate of DMF compared to HZO is due to the
51gn1flcantly smaller electron donor strength of water. |
Slmllarlly, CH3CN has a weéker\electron donor strength

than HZO and CH3CN exchanges about six tlmes as_ fast asv.sh

>

HZO The large ‘error llmlts fbr AH+ and AS% 1n the earller,_)

sttudy of the solventllne.broadenind of vanadyl perchlorate o

% in DMF 4.4,,result from the attempt to f1t the formyl proton‘df

-

“.llne broaden;ng data to a 31ngle exchange process As
D ) 24
i,y shown 1n thls thesls,.the 11ne broadenlng 1s determlned

[1vlby both axlal and equatorlal exchange and the data do not':

] ERASEN .

carrelaugwell w1th a 51ngle exchange mechanlsm The 51g—A:v

;hlflcantly larger value for AH+ obtalned 1n thlS the51s

o S

is in much better agreement w1th the AH* of HZO as- expectedf_i

t‘- i
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|
. TABLE V-1 \ o
Kinetic Pararﬁeters for Solvent Exchange from the Solvated
. Vanadyl Ion “ : T &
u Te M ot , A
Solvent D'onor,65 ] l/TMeq-(lO3-» sec—l) AH+ kcal/mole 7@74: cal/deg
~ Number at 25°C ' mole
DMA - 27.8 4.7 10.1 + .5y =7.9 + 1.6
44 ‘ o . -
CH,CN “7. " 14.1 2.97 6.65 + 29 ~20.3 + .9
cuon 4 - . 55 946+ .68 -la.2: .2
3 el ~
: : o » : : . o
0 3 18.0 S0 137 | - 0.6
. . . i . \ . >
DMF 26.6 ST . 13.1 + .6 -4.1+ 1.8
- DMF 44' Y 26.6 - .76 . 6.77 + 1.94  -22.6 +.5.7
\7 o]
.. / . ‘
O
' L]
' .
» ) B } > ° )
‘» .
s 7
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on the basis of electron donor properties.. From Table V-1

‘one then concludes that the lifetime of the solvent molecule

in an equatorial site depends on the electron donor properties

of the solvent and its steric characterifstics. .
Another interesting feéature of the vanadyl-amide

'studies is the assertion’that the N-methyl proton relaxation

times result from modulation of hyperfine interactions

between the protons and the unpa;red electron. Previous

. proton NMR studies of the vanadyl systems have con31stently

° .

explained relaxation tlmes by postulatlng only a dlpolar
1nteractlon between the protons amd the unpaired electron.

. . T . . ' . \ ) A
Often the magnitude of the electron nuclear interactions .

was not considered since the l/T2M limit was notﬁbbserved

in the line broadening data. This was the case for the.

.study in CH3OH and CH3CN. However, a re-examination of

the results for CH,CN shows that a hyperflne contrlbutlon
tovl/T2M must be postulated in o;der to produce the 11ne
broadenlngs observed and st111 be-in the exchange controlled

llmlt The . transfer of unpalred spln den51ty to nuclel

4

far removed from the site .of coordlnatlon V1a the n}system .

of the ligand is observed in DMF, DMA- and CHBCN, arld can

be expected in other coordlnatlng llgands W1th delocallzed

]

-~

Lz
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The Téblesﬂiﬁ Aépeh@ik A giﬁe the observed proton mag-

netic resonance liﬁéwidﬁhs'at.half height and the calculated
‘values of l/T2P for the systems de;q;ibed in Chapter IV, ~
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TABLE A

Formyl Proton Line Broadening
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of DMF Solutions Containing

VO(acac)2

103/7(x~1)

Formyl

Loem L

Spe&travrecordéd'at 60 MHz.

. Y (H2)
’ 0.0449 molal ‘
4,69 | 35.8
' 4,57 C26:1
4,47 . 20.4
440 ~ l6.4
4,32 ©13.0
4.24" 10.6
4,14 8.9
4.07 7.6
3.99 6.6
391 5.8
3.84 4.9
3,79 5.3
.3 4.5
3.54 3.5
S 3039 2.7
‘;3‘311 3.26 2.2
‘ ©3.16 - \ 17$
.
+

\

l/Tg

S e
i

P(103sec-%)

A

34,2
25,0
19.6 .
15.7 -
12.4
10.1
8.5
7.3
6.3
5.6
4.7 -
5.1
4.3
3.3
"2.5
S2.1

1.7
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'ff_ TABLE A-7

L ’ Lt . L
. Formyl Proton Llne Broadenlng of DEF Solutlons Contalnlngr

‘ BlS (dlphenyld1th10phospﬁ1nato)-oxo—vanadlum(IV)

/’T> ‘ ’. . e :5 ,- Formyl . ," S

T(K~ o - L : 3 al.
10 / ( o : , Ayobs(Hz)_ L 1/T P(10 sec™”) -

".0:00995vhola2» R

S 7 \\X 2k a2
Yoooael D e 79 0 snd
450 T 125 30 i
ST e o 2306
420 T 07l 1704
a9 T gl0 143
o 4a01 9.0
. 3.92 7.8
3.84 &5 7.2
| ’3L82;~f"f‘ o 7.2
EQ*; :f”£\3 62;74f1 R et e
CLLsasan e X
Lo3ae T : LA
'-j3 39
333
‘; 260,
| g0
..g’;jfm-s os-gf**igl_ffrs,ﬁ?f')f;_-
L .,;§.92f570fgtqf" g

W W W W e
. LN b . . L] . . . L] O
O Uid 9 . 0w o v O @ w W v R N

ﬁ;78 4.

v‘ - B ""J\ : V. 9 5 i
N :1 Qp 175'“

L, 12,0

- 13.2?

»fr;l;;n“r?;5~s;:;;g>;;s,;;;,;,~-;;;:,  (contlnued..‘..".) o

ks D

. Sy -

Calv e

O NN NOMU s s W
3. .




103 /7Y

10.00995 (eontinued)
2.85

2.76

2,69 T ©
12,60

2.53

2.48

2.40

2.35

-

) 5.'\/

Formyl

1/T

Z'P(lo

3_

218.

se.c_

1

)

.t.

o

\

‘Spectra recorded at éq MHz.

21.3

19.1

17.9
10.7
8.7

7.9

5.1
3.7
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APPENDTIX B

Apbendix B gives the conductance measurements of
several solvents containing &arfous concentéationé of
bis—(dibﬁenyldithiophosphinato)—oxo-vanadium(IV). The
Tables give the molarity of'the phenyl éomplex]_M,Aﬁhe‘

measured resitance of the conductance cell,'R, and the

calculated'conductance, L.

-
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TABLE B-1l

€

" conductance of Several Solvents Containing Various Concent-

rations of Biéé(diphenyldithiqphOSphinatb)-oxo—vanadium(IV);

.-

, Solvent | Miml-l) R(ohm) - L(ohm_})
1% HMP/toluene 0 X 106 . X 10?6-
: o 1.7 x 1074 o x 105 1.0 x107°
9.0 x 107* o x10% 1.0 x107°
1.37 x 1073 Lo x10% 1.0 x107°
2.58 x 107° o x10% 1.0 =x10
4.44 x 1073 0 x 10° .0 X 1078
6.44 x 107> o x10% 1.0 x107°
.98 x 1073 0 x10% 1.0 x107°
5% pyridine/CS, 0 S 10 x10% 1.0 x107°
| a1 x 107 0. x 1% 1.0 x 10
~ | 8.63 x 10 % o x10® 1.0 x107°
© 1e7x10 1.0 x10° 1.0 x 1076
2,67 x 107 0 x10° x 107°
o og22'x 1070 0. x10% 1.0 x107°
2.02 x 1003 o x10® 1.0 x107°
10% HMP/toluene - 0 1.0 x10° 1.0 x 1078
16 x10t  10%x10° 1.0 x 10°®
‘6.4 x10°1 90 x 10° 1.1 x 10
1.54 x 1070 6.2 x 105 1.6 x.207°
2.26,5 107 5.0 x 10° 2.0 x 10
| 60 w10 3.7 x10° 2.7 x 1070
) ~ 5.58 x\lo—z 2.47Jx~;oz 4.09 x'lofz
;7T 7.88 x 107 -~ 1.67 x 10 6.05 x 10~
'x 1072 x 105 9.18 x 107°

. - . 1.06 x 10 1.10
(continued.;.;..;)

_$ gs\\



Solvent

HMP

pyridine

DMF -

" TABLE B-1 {continued)

M(ml~

2.6

5.6
1.11
2.43

- 4.64

6.30
8.59

1.22

2.5

5.9

1.24
2.48
3.84

.6.63

9.26

7.8

3.9
1.95

®x X X ©

XX X X X X X %

TM oM oKX X X X X ©

1

-
\
R{ohm)
2.82 'x 10°
2.64 x 10°
2.48 x 10°
2.23 x 10°
1.83 x 10°
9.2 x 102
7.45 x 10°
5.90 x 102
4.60 x 10°
3.0 - x 10
6.73 x 10
4.18 x 10
2.58 x 10
1.63 x 10
1.21 x 10
8.20 x 10
6.45 x 10
3.2 x 10
1.49 x 10
3.30 x 10
7.9 'x 10

NN W W W Wwwm

=N W o

221.

L (ohn 1)
~3.58" x 104
3.83 x 104
4.07 x 107%
4.53 x 1072
5.52 x 1074
1.10 x 1073
1.36 x 107>
1.71 x 10
2.20 x 1073
3.3 x 1078
1.49 x 107%
2.39 x 107%
3.88 x 1072
6.13 x 1074
8.26 x 107% "
1.22 x-1073
“1.55 x 1073
3.1 x 107°
6.83 x 1077
3.08 x 1073
1.3 x 1072
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APPENDIX C

~ Appendix C gives the FORTRAN computer program which N
was used to simulate EPR spectra of liquidsas discussed

g in Chapter III.

€
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