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Part I consists of the msasuyrement of the angular dependence
of the anisoctropic C'° hyperfine interactions in the radical & i (coon)
The above radical is formed when perdsuberc malenic avid iz subjected
to weray demage. The deuterated radical’s EPR gpectra ars gompared
with those of the protonated radical., In addition it wes possible,
besause of the large snisoirepy in the 1% interaction, to identify
and deteymine the orisntation of snother yedical formed. The second

= @
radical ias CD, 000D {or CH,C00H) snd iz found to have two orientations

In Part 11 the rate of slseciron transfer between vanadium
(I¥) and vanadiws (V) 4z determinsd by ¥?' nuclear rescnance line
broadening. The rate of transfer was found %o be first ordesy in vanse
diwa (I¥) and second order in vansdium (V). The rate constant for the

exchange reactien in £.5 ¥ acid solution s k = 1.5 x 108 1? /meléd -sec.
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PART X
CARBON-THIRTEHY INTERACTIONS IE THY RLECTBON RESOHANCE OF ORIENTED
ORGANIC RADICALS

INTRODUCTICON

1% has been known for many yesars that the sbsorption of
elactromegnetic rediation by cerdtaln molscular systems can lead to
the formaztion of unstable or metastable molecules cealled fros radi-
cals oy simply radicals. Also countless kinetleists have postulated
the existence of radicale as intermediates in hundreds of chemical
reactions.

fdnce the diecovery of electron paramaegnetic resonance
(ZPR) in 1945 (1) a tremendous number of measurements have been
made on free radlcal aystems. An excellent review in the Torm of a
bock is available (2) which covers very well the important work dons
up to 1958,

Until rathar recently the free radicals studied were ob-
served in solutions, polycrystalline solids, or in amwerphous glasses.
The LPR apectre of free radicals in solutien are generelly much
simpler than in the sbove mentioned solids because the anisotropic
hyperfine intersctions are averaged to zero by the rapid tumbling
metions. In polyorystalline solids and amorphous glssses the aniaso-
tropies laad to broadening and overlapping of the resonance lines
because of the random orientations of the radicals in the external
magnetic field. Because of the above effects, very little kunowledge
ocan be gained concsrning the anisoiroplc interaciions which cen be
very instructive in learning about the electronic structurs of mole-

cules.



It would be highly desirable to be able to orisnt free
radicals in the external fleld in order to analyse the anlsotrople
hyperfine structure. This has been recently dene (%-9) by mesns of
subjecting single crystals of organic compounds to bombardment by
xerays or Y eprays. Thus one is able to form radicals which are
trapped in the crystal lattice and exemine the anisotyopic hyperfine
interactions., If the sorystal structure of the compound is known one
can place the crystal in desired orientations. On the other hand,
if the orystal structure is not known, one may learn something about
the orientations of the radicals by observing various smgular depend-
ences of hyperfine asplittings.

iwtensive work hes been carried out by McComnell et sl. (9)
en the radical éH(CQ@E)g formed from x-irradistion of walonic asid
TCH.(C00H), 1. Electron paramagnetic rescnance (BPR) studies on this
radical have vevealed the principal values of the hyperfine tensor
for the intersction bstwsen the C-H proton and the unpuired electron.

Thie interaction iz described by the hyperfine Hmsiltonlan where [

4
I ope =5 ]

. I < (1)
is & syametrical dyadic. Sguation 1 can be written in disgonal form

4

i

for the R.CH radical to give
2

= hb N0 8T
éfgﬂhf hAS, T+ BBS T+ hOS T (2)

The set of axes which disgonalize the hyperfine temsor were found (9)
and are shown in Fig. 1. 7The z-axls wag chosen parallel to the C-H

bends the x-zxls, perallel to the 2pw orbitaljy the y-axis iz the third
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Figure 1. The Cartesian coordinate system which diagonalizes the

proton hyperfine interaction



mutually perpendicular axis,

Additional work on this radical specles was carried out
by MeCounell and Fessenden (10) who measured the C'F gplittings in
natural asbundance when the magnetic field Hs wag directed paraliel
to the Zpr ocloud (i.s. the z-axisz). This splitting was cbserved to
be 210 3+ SHe. The C1'? splittings for ﬁa in the y and z dirsctions
were not cbserved because of interfersnce by other radical species
present., These splittings were caleulated to be 51 Mo (10,11).

If one makes the reasonsble assumption that the interfering
radical species is also formed from malonic acid irredistion, then
pne would expect that by deuterating malonic aclid the resulilng spec-
tya would be Ycompreasod! because of the amaller magnetic intersection
of the deuteron. It waz hoped that this compression effect would
make it possible to observe the smaller C'% aplitiings elong the v
snd ¢ orientstions. In practice 1t was still not posaible o ses
them. ‘There was gblill interfersnce from the other radicsl specles
and also from the small amcunt of unewchanged protons left. However,
the splittings were followed inte this reglon and the angular dapend-
ence was cbserved. The range studied extended to within *0° of the
+y and + 2 axes in the x=-y and x-z planes respectively. This angular
dependencs agress very well with that calculsted for a Zypw orbital
and represents the first real physical svidence of the existence of

such orbitals in organic radicals.



FPardeuterc-malonie acld was prepared by repsatedly equili-
brating salonic acid dn DU,0 and pumping off the seclvent. Complebe
equilibration of all exchangeable sites is attalned in o matter of
minutes., The high resclution puclesr magnetic resonsnce apastrum of
malondic acld dissolved in D,0U shows essentially all hydroxylic protons
in the ashort time requirsd %o prepare the solution and run the spec-
trum. The NNR spectrum of mslonic aclid in water showz both the
mothylens and the hydrexylic protons. This indleates that the ex-
change rate for the methylene protons is amell compared to thelr HMR
1ifetime but faat enough to effect complete exchange within a few
minutes. The heavy water used was 09.3% D,0 of Ligquid Carbonice Corp.

Single crystals were grown by slow pumping of D0 from
solutions. Crystels were growa at different stages of enrichment,

The erystal structure of melonic acid haz been determined by Zosdkoop
and MacGillavry. (12) The crystal iz triclimic with unit cell dimen-
gions & = 5.33 &, b = 5.1% 8, ¢ = 11.25 &; and angles o = 102° k21,

B = 13%% 10" and Y= 85° 10', The unlt sell has two molecules re-
lated by a center of gymmetry. The molecules are hydrogen bonded
end=-to-end in chains parellel to the crystalline ¢-axls, the garbon
atoms lying spproximetely in the 210 plane., The carbozxyl group
nearer the center of the unit cell is ianciined 13° from the 210 plane:
the other carboxyl group is twizted about 90°. The crystal ¢leaves
easily along the 01O and 100 planses, With the ald of cleavage data

and an optical gonieometer, the varicus faces of the erystal grown



from D,0 (or water) were identified. These are shown in Fig. 7.
Single crystals were subjectaed te x-rays from a tungsten

target operating st 50 kv and 20 ma for periods ranging from 1 to 16

hours. Zflectron paramagnetic rescmance spectra were taken using a

100 ke field modulation snd phase sensiitive detection unit bulli by

B, %W. Fessendsn dn this lsboratory. The spectra vere chserved at

x-band (9,500 He) fregquency using the klystrom from a Varian Asso-

clates V-4,500 Spectrometer. A cylindrical microwave cavity operating

on the THEOL wmode was enmployed. The crystals were mounted with wax

te & lucite goniometer which £it into the sample cavity. The spsctra

were calibrated using the NT¢ gplittings of peroxylamine disulfonate.



Figure 2. Drawing of the malonic acid crystal as it appears when
grown from water. The Miller indices of the plane faces

are given.
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THE SPIN RAMILICHIAN

The slectron paramagnetic resonance spectra eof radical

species can he interpreted by means of the spln Hamilteonian

in this equatiani#eg iz ¢alled the Zeeman ters and refers to the
coupling of the electronic and nuclear magnetic mements, e and ¥,

to the external magnetic field, ﬁ@.

= e e - ol 4
31(2 gl - p B (&)

~1 ~0
Bouation b may also be written

- &P E, (s)

Segell
#g = 'ﬁ’ ﬁg:f@

In eguation %, 8| iz the absoclute value of the electronic Bohr mag-
neton, ﬁn is the nuclear Bohr magnston, 8, iz the nuclear g-factor,
and g is the gpectroscopic splitting factor dysdic. For most organic

-~

radicals g iz almost egual to 8, times the unit dyadies g, iz the

g-value corresponding to a spin-only magnetiszation, 8, = 2,002%,

¥e therefore simplify equation 5 to read
- £
H, = VS, - hy I, (&)

Here v@ and Dé are the electron and nuclear rescnance fre-
guensies; 3§ and IK are the componsnts of elegtron and nuclear apin

along the extermnal field diresction



p), ah‘”‘g@ K3 i {7)
s”’u fs %
7)21 =h g BH (&)

The sesond term in the spin Hsmiltonian describes the inter-
setion of the unpaired electroa spin with the nuclear spin and is

wyitten

7

3 ‘f - (f-‘ X ;..I) KQ)

i

H = B o D e
§ ~ ~
A o~

4

Ried

2

The first term in eguation O includes the (electron~apin)-
{ruslsar-spin) Fermi contact inteoraciion which arises from g finite
aloctron spin density at the nucleus, and the (electron-spin)-(puclear-
spin) dipole interaction. D is a symmetrlc second ramk fensor. The
sacond term in © describes the magnetic inteoractions of the elestron
orbit with the slectron spin and the nuclear spin. Y is a pseudovec~
tor fizsd in the radical, (13,1%4) The pseudovector interaction comes
into play when the set of awxes which diagonalizes the g-tensor does
not eolnclde with the set of axes which diagonaliszss the dipelar in-
teraction tensor. OCbvicusly, if the g-tensor were completely lsolrop-
iz, then the pmeudovector interaction would be zerc. It has been
shown (13) that the pseudovector interastion is of the order of ig
times the dipolesr interaction, Ag being the anisotropy in the g-tensor,
In the presant case and for most organie radicels, typlcal snisotrop-
fes iu g are of the order of 107 or less waking the second term in

aquation © megligible with respect to the first term. ¥We will thus



w}pg«

retain only the first term of equation 9 and rewrite it in the dla-

gonal ferm

FAL,, = has T+ nBS I + BCS T (10)

The x,y, and z axes which diagonalize the dipolar pert of D havs
been found for éH(GGGH)Q and are shown in Fig. 1.

The terms A.B,C in equation 10 contain both isctropic and

anisotropic perts

Asa+a, (11)
Bea+ Ea (12)
0= o Cy (13)

The isotropic term, &, 2arises from the Fermi contast in~
teraction and the anisotropic terms A&’ Bdg Gé arise from the
(electron-spin)-(nuclear-spin) dipelar interaction. The isotropic
and snisotropic terms ayre related to the density of spin angular
momentum in the radical, # 8 p(r). Here E(r) is called the spin

density distribution function (15)
{pG av =1 (2t

Zguation 14 is oimply a normelization condition for the spin density
and vhen multiplied by fi § it is o statement of comservation of apin
angular mosentum over the enbtire paramagnetic molecule.

if E, is the vector posiitlon of the nucleus in guestien
then P(fn) is the spin density at that nucleus and the isotrepic

coupling comstant & is (15,16,17)
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o
a=n"g 18l 55, 2T PG (15)

MoConnell and Strathdes (18) have calculated the dipolar interaction
tensor for a distributed spim in Teslectron radicals. The disgonal

componenta of the dipolar tensor are

- - 2
a = h ’g@mtgnﬁﬁ e (-3 g08°0) 4, (16)
€ lx-z.)’
-1 ( (1«3 5in%c cos’P)
By =h gﬁlﬁ’ggﬁﬁ ) elx) dr  (17)
¢ lr-»anl3

(T mdon B0 o B
(1-3 sin’® sin®f ) dv  (18)

i

Cq n %13) By Py 5 (3(;3) -
€ lr»gn
These equaticns are straightforward sxtensions of the

classical magnetostatic dipole-dipole interactions wh%r@‘gﬁgm is the
vestor connecting the nuclear dipole at En and the electronle di-
pole at the position pr welghted by ths electronic spin density at
that pesition, P(g). The angles @ and @ are the polar and asimuthal
sngles of the V@G%G?‘§fgﬁ in the =,¥y.2 axis system., Since the
eguation deseribing the laterasiion between two dipoles is only valid
when the distance between them is large compared to thelr size, &

v of the

@

small region about the nucleus, with a veluwae of tha ord
size of an elestron (B/Mc)?, is excluded from the integrsticn., The
gymbol € indicaltes the exclusion of this reglon. In faet 4t is

within this reglon € that the isotropic contact interaction arises. (1L6)
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The guantities 4,B,0 in equation 10 were determined (9)
by aligning the corystal so that the magnetic field was parallel to

the 2,%, and y axes respectively and measuring the doublet splitting

due to the proton. The results are

A =292 2 M (19)
B=612%2HMe (20)
C=0l +2 ¥e (1)



COMPERISON OF CH(CooH), wITH (p(CooD),

The EPR spectrum of zn xu-irradiated malonic acld crystal
sontadning comparsble amounts of protons and deuterons is shown in
Pig. %, The c¢rystal is oriented with the external field parallel
to the canonical y-axis (ses Fig. 1). The outer doublet arises from
the proton interaction in the redicals Egéﬂ and the splitting ls
that measured by MeConnell et al. (9) corresponding to the y orien-
tation (i.e. C Oy = 91 Me), The inner triplet arises from the deu-
teron interaction (I = 1) in the radical ﬁgéﬂ, the splitting between
the components being Cg e 14 Me.

Vhen we refer to equations 13, 15, and 18 we see that the
relative splittings aﬁjcb should be proportional to the muclesr
g-factors gnﬁ/gm@ if one assumes no isetope effect in P (r) for the
two yadicals. Indeed the ratic of the splitiings egrees with the
ratio of the nuclear g-factors to within ewxperimental error.

G,

B
=== 6.5 (22)
Cﬁ

W/I
E’ ‘»0 C} ¥
&, Bup = = 3. \gss?,% (23)

hny isotope effect in O (r) is not detectable. The spectra of this
tmixmed® cryetsl shovw the same feature slong the other canonical
orientations, the deuterium splitiings being /6.5 of the proton
gplittings, The g-values alao are the same for both radicals. Those

previously wmeasursd for Rgéﬁ are g, = 22,0026, gy = £, 0035, g, = 2o D55,
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There is however ap effect of deuteration on the resonance
line widbth., For a given crysial the deuteron and proton linss have
the asme pesk-to-peak width in the derivative curve spectrum but
this width decreazes with increasing deutercn conceniration. I
non-deutersted malonie acid the lines of the proton doublet messure
about 11 Mo from peak-to-peak on the derivative curve whereas in ~ 98%
deuterated malonic acid both the proton and deutsron lines have &
width of k.5 He. At this point it should also be noted that the satu-
ration properiies of both redieals are essentially the same. Local
dipolar field effects from neighboring molecules are not sufficiently
large te sceount for this ldinswmsrrowing with lncreased deuteraiion.
If cne sssumes that = small amount (ca. 2-3%) of the unpaired spin is
found on the carboxyl groups then this could interact with the esr-
boxyl protons to give further splitting of the C-H doublet, I% might
ba gxpscted that esch line of the doublet would be split inte an un-
reselved trdiplet by ths two carbexyl protonsz or even further splilt
by some additional interaction with the hydrogen~bonded protons of
the adjacent molecules, At any rate, & replacement of the carboxyl
protons by deuterons would result in a smaller zplitting of the maein
doublet (or triplet feor the éE(C@DD)g radical) and lead to an apparent

narrowing of the resconance lines,



THE CARBOH-THIRTEEN INTERACTION IW C'1% D{(COOD),

In our discusalon of the (1'% interaction in malomic aeid
radical we will be dnvelved with the dsuterated species zince all
the meesurements were done on the perdeuterco radical. Fig. &4 illus-
trates a typlesl spectrus showing the splititing due to CVF on the
central carbon atom of the radical C13 D{CCOD)y plus the spectrum
of the othar radicals without C'%, CD(COOD),. {The matural sbundance
of C'% is 1.1%). The energy level diagrems corresponding to the
spectrum in Pig, 4 are shown in Fig. 5; the strong transitions are
laballed., The large ianer triplet of the spectrum arises from the
bulk of the radicals Raéﬁ whareas the outer palr of triplets is due
te the 1% conteining C%%. Thes distance between the centers of the
outer triplets messures the §7% interaction and the distmnce betwesn
the individual components of any of the triplets is the deuterium
coupling constant for that ordentation. Other less intense lines in
the central portion of the spectrwm sre dus to the mo called "ime
purity radicale™ which will be discussed later.

The C'® interaction with a 2pm electron has been salcula-
ted (11) for the external field perallel and perpendicular to the
wW-plowd;

for H || B 243 Mg, (28)

[ cale

i

for EG‘L éﬁ&lﬁ = Ccale = 51 He. (25)

The cbhserved value thg 210 He iz in good agreement with

i

the calculated value. In 24 and 2%, B and A consist of both dipolar
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Figure 5. Energy level diagrams for the magnetic interactions in the
radicals CD(COOD), and C'*D(COOD),. Splittings are not
drawn to scale.




and contact terms. It is expected that the contact tern im slosze
to that obaserved for C'PH,(19), 2 = 115 + 10 Me., The caleulated
dipolar contributions are (11) Bd = 128 He mnd Ay = - &h Mo, hence
the values given in eguations 24 and 25, Ve slso nete that

%é + Eé& = O, This is a general property of the diposlar tensor;
that its trace should vanish.

Since the value of 4 for C'9 could not be observed direct-
1y becauss of interference by other radical species, the next best
thing was done. The angular behavicr of the splittings was chgerved
and compared with the predicted behavior.

Iet us write down the spin Mamiltonlan for the radical

¢V (000D}, neglecting for a moment the deuterium intersetion.

3
5., = 5 wA (8 57 ;
= nY S, - by I, + BB ST + hA (ST ¢ y‘-y) (26)

in 26ejj@ is the Y% puclear resonance freguensy ot x-bands

1% = %,2 Me. The subsceripts on Ac, EQ simply demote that the coup-

ling consbants beleng to €2,

When ‘yél>7 A ﬁg the values of § perpendicular %o gg may

a

be neglected and one c¢an write the elgenvaluss of the spin Hamil-

tonian simply

E = hy 5
8 ¢

7 thu (27)

% The Certesian coordinate systems generally used with ZpW orbitals
make the z-axls the long axds of the T-cloud and the x and y axss
the eylindrically equivalent axes. Here however we retaln the same
set of lsbels used for the axes which disgonalized the proton inter-
action in E,CH, Sea Fig. 1.
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Here 3, is one of the eigenvalues of the elestron spin ( 1+ V) along
the external field direction, T is one of the eigenvalues ( & ;)

of the nuclear spin oparstor along the net fleld directien {applied
plus hyperfine) acting at the C'° nucisus. This met fiold direction
is defined by ths unit vector w, and the frequency ¥ is the ' nu-

tlear resonance frequency in the net magnetlic field., Furthormore,

Y and u depsnd on the eigenvalue Sp
y 2T - 5.7 3 sos P+ 4 (3 = + ; } (r&
y =Yg, - S (LB sine cos P 4 inGsind kcosO)  (28)

In souation 28 By iz a unlt vector in the external fisld direction

and 1, Jy & are unit vectors along the positive x, y, 2 axes. The
"~ A ~

angles O, ¢ define the direction of ’igf@ in the xyz coordinsbe system.

From 28 we essily obtain an expressicn for

- T n % 2 Fy
ﬂ& r(ﬂe bﬁdc) sin*@qos ¢

+ (U~ 5,4 ) eont@+ sin? @ sintd )71 v? (29)

"H
MeConnell et al. (9) have presented the above equations in
their analogous trestment of the proton interaction in g‘if(@@ﬁﬁ)g and
in addition have given the spin sigenfunctions snd eleotron resonencs
transition frequencies in termas of 1)@ and 7. Suffics it te say hsre
that the pair of electron resonance lines which arise from the €

dntersetion will have transition freguencies

E‘h*‘? '_zve -~ Y, (P ayw) (30)

Bh =Y+ Yy W osYm) (z1)
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The number 2 ' 4s that value of 7 in 29 for which By = V., and
V" is the cerrvesponding valus for which Gy - V. s see then
shat the splittimg of ths CF° doublet iz 5, - B, er ¥’ +¥V %, Hence
from enuation 20 we can caleulate the €V splitting for suy orilen~
tation of the radical in the extersal magnetic Tield 41f we know é@
and EG.

The inclusion of the deuterium interaction in the spln
Hemiltonlan, 26, merely effects a splitting of the C'7 doublets
each into a ftriplset of splitiings covresponding to the deuterium
hyverfine coupling for that orientaticon, As before mentioned the
spectrum of C'PD(COOD), will comsist of two triplete separated by
the appropriste C'? splitting.

The ' splittings have been omleuwlated from eguation 29
using the measured value of E@ = 210 Mo and different values of Aﬁ
near the theoretically predictszd value., The values of Ac used are
A2 He, 52 Mo and k2 ¥o. The resader is reoferrsd to Figs. 6 and 7
where the angular dependence of the C'? splittings is shown for ﬁ@
in the x « 2z plene and the x - ¥ plane. In esch case the solid
curves sare those ealoulated from squution 29 snd the polats are the
experimentally measured quantities. It can be seen that the amgular
dependence of the spestra is in good agreement with that expscted.
On the basis of the dats presented in Figs. & and 7 we take the value
of 4, tobe 4 = 52 # 10 He.

From the above obtalned values of éa and BQ we can cale
culate the contact and dipolar comtributions. Remewbering that the

trace of the dipolar tensor is zero we have



Then the contact term for the (' interaction is

and the dipolar terms ave

A
G

B

B

3

d

s&c#ﬁé

= a 4+ B
e "4

Q’Eéd z O

a = 104 He
¢ - ’

B, = 106 Me

A

[+

B - %;5 ﬁCG

(s2)

(35)

(36)
(37)
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THE SECOND RADICAL BPRCIES

It was noted by MeConnell et 2l. (9) in their study of
x-frradisted malonic acid that a large smount of some otheyr radical
species was formed. This second species was found to diminish when
the cryatal was allowsd to stand ab room temperature for a few weeks.
In addition 4t was found that one could considerably reduce the con-
centyration of the second radical by annealing the crystal for sbout
2k hours at $0°-60% C. We alsc note that the resomance of the
HgagondaryY radical was mors difficult to miorowave saturate than
that of CH(COOH), .

At some orientations the spectrum of the sesoond radical
appeared as a triplet and it was suspected to avise from a radical
sontaining a8 CH group, for instance &ﬁgC@QE. Hdowaver the specira
at other orientations were more couplicatsed and not eazsily inters
preted. The first real clues for ldentifying the other redleals and
their orientations arcse from the (%7 studies in perdeutere malonic
asdd,

The obmervations of the (Y0 eplitiings in 5’33(G30ﬁ)2 werse
garried out on a orystal which was annsaled to the polnt vwhere the
goncentration of the secondary redicals was about 10¥ that of the
main radieal. During the anmesling process the radicsl CD(COOD),
alse diminishes in concentratien, but not so faszt ss the secondary
radicalsspesciea. If one anneals for a long time the secondary radi~
eals disappesr but alec the concentration of the redicsl CD(COOD),

hae ddminished ¢ the polnt vhere it is no longer posaible to observe



the 17 which contain C'°, Thus one must choose annealing conditions
auch that the secondary radical concentration ds as smell as possible,
commensurate with being able te ohserve the desired C'° splittings.

To achisve this condition the ecryestals vere annesled for 74 hours at
&0° G,

Yerly experiments on orystals which had a larger coancenbtra-
tion of secondary radicals (i.e. which were annesled for shorber
times) showed a somewhat different set of spectra for the C'* intep.
action. First, when the crystal was robtated aboub the v or » axis
there was not always a palr of simple triplets in the ocuter reglen
of the svectra dut additional lines as well which sometimes overlapped
with the triplet and compllcated the specira. Apparsntly we wers ob-
gserving OV splittings of some of the secondsry radigals as well as
%“E DLCOCD) e

when the erystal is rotated so that ﬁ@ moves in the y-z
plane of the radical éﬁ(CQﬁﬂ}g ong would expect %o obmerve a constsnb
Y0 splitting of 51 He bescause of the cylindrical symmatry of the
 -cloud. {(0F course the 1 Me splitting was not cbeerved because
of the interference mentioned earlier.) Instead there was cbserved
& pair of cuter guintets of approvimste intensities 112131211, the
distance between the centers of which varied in 2 similer fashion to
that of the C'3 splittings of CD(COCD);. See Figs. & and 9. The
maximwm separation of the cuter guintete (190 ¥e) was found to ocour
about 30° fyrem the 2 sxis in the y-z plane. It would sesm from
the above informetion that ws were cbserving the 0' splittings of a

radical containing a U, group with o Zpw orbital lying very nearly
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in the y - 2z plane of the éD(QGOD)g radical, Moreover the T-cloud
of this second radical has itz sysmetry axls msoke an angle of 30°
with the m-axds of the main radlcal.

fimo 1f one rotstes the same crystal sbout the y-axls one
observes, instead of the zimple picture of Fig. €, sn anguler depend-
ence which indicates that there ars twe 1 -clouds belng obsorved.

S5e¢ Fig. 10, In Fig. 11 is seen the angular dependence of the 1%
splittings when the orystal iz rotated about an axis perpendicular

te both Tr~clouds. Here are observed two waxime sbout 80° apart.

The sircles on the plot corrsspond to the separation of cuter triplets
whersas the triangles refer to ocuter guintets.

Lot us make the followlng asssrtions concerning the second
radical speciess in z-ivradiated wmalonic aeid.

a. The radicals are GH,000H (or GD,CO0D), formed by loss
of H0CO (or He and COyJ) from malomic acid.

b, The positions of the carbop and ouygen stoms in the
unit cell are very nsarly the same for the radicals as they wers for
the undapsged malonic scid molecules before the radicals were formed.

e ‘There ars two orientations for the radical &Bgcasﬁ
depending on which carboxyl group ls lost. S3ee Fig. 12,

ds  The garbon-hydrogen bonds in the radical will move so
as to give the expected trigomal sp® configuration for the CH, carbon
atom.

. The plane of H-C~H in CH,CO0H will colmcide with the
carboxyl plane so that the carboxyl w-glouds will be parellel %o

the Tr-cloud on the CH, group., (This is very likely the positicnm of
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Figure 12. Drawings of the orientations of the parent malonic
acid molecule and the three radicals formed with

respect to the xyz canonical axis system of CH(COOH),.



§
A

%

mininun en%rgy‘frcm T wgverlap considerations,)

Ye recall that in mselonic acid one carboxyl group 1lles
gulte near the U«C-0 pline while the other carboxyl group is perpen-
dioulsr to the plans of the three carbon atems. Thus ve would ex-
peet that one of the éEQC%GH radicals will be oriented so that its
Megloud is essentially parallel to that of the radical CH{(COOH),
{l1.2. aleng the x-axls). Oa the other hand the second éﬁgﬂ OH radi-
cal would be oriented such that its 7 -cloud %wulé e dn the vy -~ 2
plane of éﬁ(CﬁQﬂ)g maling an angle of 35% with the z-axis. Indeed
this is the Tr-c¢loud whose angular behavior was observed in the
guintet C'7 speciva of the deuterated radicals.

The radicals formed in x-irradizted malonle acid will be
referved to as in Plg. 1& with romssn numersls I, I, IIT. Radical
Iis &E(ﬁ%@ﬁ}g or the corresponding deuterated radicsl. The cther
two numerale refer to the radical UH,Q00H; II to the radical whose
Tr-clond is essentially parallel to that of CH(COOE),, and III to
the radicel whosme 1Tr-cloud is perpendicular to the others.

Uging the ovientations of radicals I, II, and III as seen
in Flg. 12 it is possible to caleulate the paramsgnetic resonsnoe
epectrun of all three radicals for any general orientation of the
grystal in the exzternel megnetic fleld., Ve will do this by zssuming
that the hyperfine coupling constants Ay By € for the CH, protons in
%EQGGQE are the sams as those for the proton intersctlion in
éﬁ(ﬁ@&ﬁ);, How, however, there is no single set of axes which
diagonalizes the hyperfine interastion. Instesd Tthere ave itwe sels

of canonical exes, both centered on the CH; carben atom, each with



T

its peaxis pointing alomg one of the C~H bonds, snd both with thelr
x-axes parellel to the 2pm orbital. The hyperfine Hamiltenian, 10,
will now contain threse more terms corresponding to the components
of § and I along the second set of axea.

Again an equation amalogous to 27 can be developed in a
very straightforward manner the eigenvelues of the spin Hamiltonlan

being

Eahveﬁﬁwh(wﬁ,u+v3£3u) (38)

where the subscripis correspond to the two methylene protoans in
CH,CO0H, 1In 38, ¥, snd ¥, are defined by eguations similar to

equation 29. For example,
Y, = {f{vp - M,H&)ﬁ cos® @y
+ (v,p - ::‘;EE%)%ainzs, cos?P, (39)
# (Y = 5,0) sin®Q, mn%,‘}i g

where again the subscripts on © and @ refer to the coordinate system
for the particular proten invelved.
In general there will be four strong transitions cerrespond-

ing to 48, = » 1 and AL, = 0. The frequencies are

]

sy~ Ve W eV - Y, O 9D (1)

oo
P

Blmy - Ve O 2v0) 4 Ve @ ) (41)



Lghm“ @V@ * 1/@ (1/: ‘*‘7):,) “ '/g ('V; *‘9‘2};;) (&2)
Seb =y + Y W, +vy) + YV, W +v)) {u3)

The prime and double prime symbols on the Vs gorrespond to
those values of J;, for which 8, equals + V, and - Y, respectively.
Clearly if V: m/; and v:’ @v;qg then the parsmagnetis resonance
gpectrun will consist of a triplet of intensities 1:2:1; otherwise the
resonance will be a gquartet,

The peramagnstic rescnance spectra for radieals I, I, and
T11 have been caloulated for the cases where the external fleld ias
eligued along the x,y, and z canonicel axes of radical I, éﬁi&ﬁ@ﬁ)g.
These are compared with spectra of a freshly irrsdiated crystal of
molonic acid in the above m@éﬁiaueé orientaticns. See Fige. 13%, 1%,
and 15, The guite satisfactory agreement between the caleulated snd
gbserved spedtra further substantiates the assertlions as to the idea-
tification of the radicals and their orlentations.

In the ealeulated spectra of Figs. 13, 14, and 15, all
three radicals were given a priori the seme g-value even though in
the actuel spectrzs some sre shifted with respect to othara. In
addition, the intensitlies of the lines of one radical relative to
the others were chosen to agres approximstsly with the observed
spectra. Of course, the reletive intensities within a group of 1lines
for z given radical is meaningful. The theorstical spectra predist

only the splittings of the lines and not the g-velues nor the absolute
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Figure 13. The EPR spectrum of radicals I, II, and IIT with Ho

parallel to the x-axis of radical I, CH(COOH),. The
crystal used was a freshly irradiated, non-deuterated
malonic acid crystal. The spectrum is an integration
of the recorded derivative spectrum. Calculated

spectra are also shown.
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Figure 15. The calculated and observed EPR spectra of radicals I,

IT, and III with Ho parallel to the z-axis of radical I.



w 30 =

intensities. Previous work on the theory of g-facters in 1 -electron
radicals (20) has pointed out that gl would be close to the free

spin g-value and that gl would be slightly preater than the fres

splo g-value. Heve gl and gl refer to those g-values for KQ paralliel
and perpendioular to the 2pm orbital respectively., DRadicals I and

I would be expected to have g-values clome to each other for a given
spectrum wherease yadical III might be expested to deviate more bsoause
of the different orientation of its 1 -cloud. The relative centers

of the spectra in Figs., 13, 154, and 15 are consistent with this notion.
It is especially apparent in Fig. 15 where the g-values of I and II
are seen $o be greater than that for radieal III which is the expseted

behavior.
CONCLUBIOH

Az is evident from the above work, the C'? spectra of simple
T-glectron radicals can be used to good advantage to gain insight
concerning unidentified radicals snd thelr orientations. The malonic
aeid system, & case in podnt, shows a rather complex grouy of lines
in the centrel region ef the spectrum. The C'° interaction ab certailn
orientations effectively promotes to the extreme outer regions, only
the spectra of those radicals vhose w -¢clouds are parallel or close
to parallel to the external field dirsction, s that in perdeuterc
malonle acid nt some orientetions ome clearly saw the triplet splittings
dye teo RQ&E while st others the guintet spectrum of &&Bg wag cbgerved

in the "7 splitting. Thus we have in the C'7 interaction, because



of the large anisotropy of the splitdings, a potentially powerful
means for unscrambling the spectra of miztures of erdiented 1T -slestron

radicals.
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PART IXY

RATE OF BLECTRON TRANSFER BUTWENN VANADIUM (V) AND vasaDIUM (IV) BY

NUCLEAR MAGHNETIC HESONANCE

INTROLUCTION

The rates of certain fast slectron transfer reactious can

reactants is diamagnetic and the other iz paramegnetic. Thus, the
nuclear resonance of ©(Cu in suprous-cupric hydrochloric acid sclution
hae been used (21) to obtain the rate of electron transfer between
these two oxidation atates of copper. Simlilarly, Bruce st al, (22)
have studied aromatic proton resonance in mixtures of H N'-tetra-
methylparaphenylenediamine and ¥ N'~ tetramethylparsphenylenediomine
positive long in order to obtain the rate of electron transier
bhetween these two molegules. 4 theory for this technique has been
developed in detail by MeComnell and Berger, (23) The basic idea of
the method is that the nuoleanr rescomance of a moleculs or ion in

the diamsgnetic state is interrupted by the large magnetic hyperfine
field vhen it is converted to the parsmagnetic stats. The hyperfine
field arises from unpzired electrons in the parsuseagpetic specles. In
this theoretical work (23) 4t was shown that if hyperfine aplittings
can be cbserved in the paramsgnetic resonance of g solution corizining
a nucleus X in both a dismsgnetic molecule U and in = parsmagnetic

molaoule P, then the nuclear resonsnce line width of ¥ is a dirsct



w b2

measure of the lifetiue of the dismegmetic melesule or ion.
The purpose of ths present work is $o zhow the applica~

ility of this method to a determination of e¢lsctronm exchange rates
between vanadium (IV) and vapadium (V) in acid solutioms containing
ghloride ion. The idea that this exchange precess might be extramely
fast eame from the sarlier work of Tewes ot al., (24) who studied

the rate of exchange between vanadium (IV) and vensdium (V) in acid
solution using izobtopic labelling techniques. They found emaentially

100 percent exchange in separation times of the order of 1 sec,

EXPERIMENTAL ABD RBSULTS

£1) reagents ware CF grade and nc attenmpt wes made at fur-
ther purification. Pervanadyl stock solutions were prepared by
disaolving weighed amounts of smmenium metavanadate in slightly more
than one eguivalent of sodium hydroxide sclution and then gently
heating until ammonis evelution c¢eased, The zolution of sedium
vanadate was then added to acgid very slowly with raplid stirring.
Rapid addition gives a red precipitete of vansdium pentoxide which
dees not dissolve.

£1) nueclesr resonsncs spectrs were made using a Varian wide
line NHMR spectrometer. Thase-sensitive detection was employed snd
the observed specira sre the derivabives of the absorptlon gurve.
Heasurements were made atl roosm tempersture with unthermostatted
samples. Resonances were obssrved at approximatsly 5.6 He/s and at

applied {iszlds of 5000 gauss, Reprssentative spsctrs srs glven in
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Figure 16. %'V nuclear resonance of 0.20 F vanadium (V) in a
solution containing 2.8 F €1~ (as HC1), 6.50 F H'

(as HC1 + HC10,).
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Figure 17. 3'V nuclear resonance of 0.36 F vanadium (V) in a

solution containing 0.10 F vanadium (IV) in 4,7 F HC1.



Figs. 16-19. The line shapes ave nearly Lorentzian; the ratlos of
the maximum positive slopes to the maximuw negative slapes are all
o0 ¢ 0.2, This line shape is required by the theory, since the
theory involves the use of the Bloch eguatioms. (03} Transverse
relaxation times T, were cbtalmed directly from the spectra {rom

the pesk to peak separations 4H (in gauss):
m&‘ B W/E(Y&?) (44}

Ig bhy 7 is the magnetogyric ratio of vanadiwm; 2 = 7,05 x 103 sec”
gau&&“', For aclidic pervanadyl sclutions, the transverse relawation
time T, i & x 10™" sec. This corresponds to a peak te peak separa~
tion of 0. 42 gauss., Magnetliec field ishowogeneliity may make an appre-
giable contribution to this line-width. The rate of electron exvhange,
howevar, is related to the lnerease in the /T, velaxation frequency
associated with the addition of vanadium (IV), and thus sn absolute
value of T, for purs pervanadyl soclutioms in a perfectly uniform
field need not be known. Thus, the guantity of experimsnial ine
terest 1s 4 (1/7,) which is pelsted to the increment im the peak to
peak line-width due to the addition of vanadium (IV) to 2 solution
conteining a fized amount of vanadium (V).

Experiments showed that addition of vanadium (IV) to vana-
dium (V) aglutions in the presemce of chloride but at relatively
low acid concentrations had sssentially no effect om the vanadium
regopance lins-width. See Flg. 17. It was found, however, that in
solutions contalning large concentratiens of both hydrochloric and

perchloric acids the vanadium (IV) had & strong effect cn the vanadium
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Figure 19, 3*'V nuclear resonance of 0.20 F vanadium (V) in a solution
containing 0,025 F vanadium (IV), 2.8 F C1~ (as HC1),

and 6.50 F H' (as HC1 + HC1O,).



(V) nuclear resonance line-width. A series of experiments was carried
out in solutiens having hydregen ion concentrations from £.% te 7.2 F
and chloride ion concentrations of 3 F. The resulls are summerized
in Tlg. 20, which gives a plot of f(lffg) va, the formal comcentra-
tion of vanadium (IV) for two differsnt concentrationa of vanadium (V).
In the region of acidity vhere this study was mede, chloride
ion is owldized by vanadium (V) although the extent of this resction
is guite small in the time regquired to maks owr messuremsnts. The
rate of the chloride oxlidstion is strongly asld-dependent (in concen~
trated HC1l, chlorine is rapidly evolved); hence we werse limited to
acid concentrations less than B F. Attemnts to make stock soludtions
of vanadivm (V) at these relatively high concentraticns (0.4 F) in
the absence of chloride ien falled. This strongly suggests that vana-~

dtum (V) is somchow complexed with chloride.
DISCURSION

It 42 highly unlikely that the Iine broadening illustrated
in Figs. 15 and 19 is due te parsmagnetic dipole broadening of the
vanadiwe (V) nuslear resenance by megnetic fields of the vanadium
(1¥) ionms. The lavge effect of the hydrogen ion concantration on the
vanadivm (V) nuclear vesconance line~width in the presence of vanadium
(I¥), as indicated in comparison of Fige, 17 and 18, strongly supports
this dsta. Horeover; one would sxpect that i the line brosdening
were dipole in origin, then the vanadiuw (V) nuclear resonsnce line~

width would be independent of the venadium (V) concentration,
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Figure 20,

I !

.5 1.0 1.5 2.0 2.5
-1
(Vm) =« 102  mole-I

Plot of &(1/T,) vs. [V(IV)] for two different concen-
trations of vanadium (V) in solutions containing:
O 2.8 F C1” (as HC1) and 6.5 F H' (as HC1 + HC10,),

A 3FCl and 6.7F H, O 3F Cl” and 7.2 F H".
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wvhereas, as we shéil sse below, the line-width does depend on the
vanadivm (V) comcentration. ‘Thus, in the following discusszion we
attribute the line broadening of the vanadium (V) nuclear rescnance
te 2 lifetine limiting process associsted with electron transfer
between vanadiun (V) and vanadium (IV).

Agsording to the theory, (23) if Ty iz the lifetime of
the venadiuwa (V) specles with respect to the electron exchange reac-

tion, theu
Vg, = /1), (45)

Hecessary conditione for the validity of this squation have been dis-
cussed praviaualy$§§§lw&nd essentially invelve ths requirement that
the parsmagnetic resonance of soluticns containing both vanadium (IV)
and vanadium (V) show vesclved venadium hyperfine splitiings. 7This
is indeed the case, as fllustrated in Fig. &2 which gives the para-
magnetic resonmance spectrum of the scluticn whose nuclear rescnsnce
iz piven in Fig. 19.

If we write the rate of electron exchange in a sclution
containing (D) moles per litre of vanadium (V) and (P) meles per
litre of vanadium (IV) as

% = k(P)* (D), (46)
where & 15 the number of moles of slectrons transferred per litre
per second then 1t follows that the lifetimes of vanadium (IV) and

vanadiwm (V), Tp end T, are
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From equation 45, it follows that Fig. 20 is actually a plot of 1/Tﬁ
ve. (?)s The linesrity of the plots indicates thet the rate of ex-
change is first order with respect to vanadium {IV) (n = 1) ang
values of the slopes for two differsnt concentrations of vanadium (V)
show that m = 2, That is, the rate of electron trensfer is second
erder in the vanadium (V) concentration., The number of moles per
litre of electrons transferred per second in a sclution containing
vanadium (IV) and vanaediwn (V) iz therefore k(P)(D)?, where the walue
of k obtained from the plots in Fig. 2048 k = 1.5 x 1061 ¢ /mole? sec
at 6.3 F acld concentretion and % F chloride concentration.

It wos found that the line broadening and hence the rate
of the reaction was very sensitive to hydrogen ion concentration,
Thie is 41llustrated in Fig, 21 where k varies directly se [H ] in
the small range of acldity shown. Heasurements were made at high
acid (7 F) in the abssence of chlorids iom, and it appesars that the
rate of electron exchange is rapid. Because of the low sensitivity,
however, we did not attempt to determine the rate constant or the
order with respect to vanadium (V) under these conditions., This
suggests that there is & path for exchange not invelving chloride,
although under the conditiens of our measurements the vanadium cations

are slmost certalnly complexed to some extent by chloride ioms.
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Figure 1. Plot of k vs [H'], k obtained from slopes of plots in

Fig. 20
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EXCHANGE MUECHANISH

The mechanism of this exchange rsactlon is by no means
evident to us. If one szpumes that there exists a rapld nonomer-
dimer equilibriuwm invelving veamadium (V) where the monomer is the
predominant species and whers the dimer iz much sore reactive with
respect to slectron exchange than the monomer, ene obtaing a mech~

apisn consistent with the rate equatiom.
2V(V) === (VWD) (48)
0¥y + V(IV) = (¥(¥)), + V(IV) {electron exchange) (LG)

Yo hesiltate to speculate as to why the dimer should be more reactive
than the monomer with respect to this transfer.

Hetal Lons are kanown te polymerize in agueous solution,(25-28)
but all of the work done has been carried out at relatively lew aglidi-
tiez snd thus would not apply directly to our situaticn. In addition,
ddmer and polymer formetion is always favoured toward low acidities

in hydrolysis type equilibria as in the case of Pe(III): (27)
2Fe + 2H,0 S Fe, (OH)M' + zzﬁ*(x@q = 1.2 x107)  (50)

It is comnceivabls however that oxygenated cations such as those formed

by vanadium (IV) and (V) could act as bases ms well as acids:

avo,t 2t ==V 4 B0 (51)
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PROPOSITION I

in EPR study of ) -irradiated single crystals of dimethylgly-
oxime by Gordy (1) has revealed the hyperfine coupling between a nitrogen
nucleus and an unpaired electron spin. 7The nuclear coupling was found to
be anisctroplc with the values of the principal compounents of the hyper-
fine tensor being
Ay = LS gause (126 Mc)
4 = 'S gauss (70 Mc)
The proposed radical species was a positive ion arising froum

the loss of an electron from the lone-pair sp? orbital of nitrogen.

HON . CH
C-C

A\

-

Hy G~ i =OH

@t

Thus, one would expect the odd electron to be located in an sp’ orbital
on nitrogen. From the observed values of Ay, & , and A, it is possible
to calculate the g and p character of the wave function if one assumes a
mixture of 2s and 2p orbitals. Gordy has done this, and he obtains 197
s~character for the orbital of the unpaired spin. This is in qualitative
agreement wlth the above postulated radical.

It iz not unreasonable to expect that the ionized dimethylgly-
oxime molecule would result in an wnpaired spin in an sy orbital. The
nitrogen in the undamaged molecule presumably has thrse sy’ orbitals, two
used for o -bonding with carbon and hydroxyl and one non-bonding orbital
containing a lone pair of electrons. In addition there is one p orbital
used for T ~bonding with carbon. Thus an lonization of one of the lone

peir electrons would result in an unpaired spin in essentially an spf
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orbital,

There is also the possibility of making a "nitrogen radical?
where the unpeired spin is located in =z p-orbital. In fact, this has
been done (2) by passing ammonia through a microwave discharge and
trapping the resulting products at liguid helium temperatures. Jen and
coworkers (2) observed WH, radicals which were freely rotating at 4°K,
The evidence for the 2pir spin distribution in VH, is two-fold. First,
the magnitude of the nitrogen hyperfine splittings (only the isotropic
component was observed because of rotation) was wuch smaller than the
isotropic contribution observed %y Gordy in dimethylglyoxime. The num-
bers are 29 Mc versus 29 Mc. (The isotropic contribution a, is related
to the principle elements of the hyperfine tensor by the esquation

o= Ay v by + Ay ),
Secondly, McConnell (3) has pointed out, from the proton hyperfine inten-
sities of ﬁﬂé at 4°K, that the electromic wave function must be anti-
symmetric with respect to a reflection through the H-l-H plané. This
arises from the fact that the singlet nuclear spin state for the protons
is not allowed when the NN, radical is in its zeroth rotational state.

No one has yet reported the anisotropic hyperfine interaction
in a free radical containing essentially unit spin density in a p-orbital
of nitrogen. This has been done in the case of carbon-13% in x-irradiated
malonic acid. (See part I of this thesis.) In the case of C'® in damaged
malonic acid radicals, @H(COGH)E, it was found that the electron-nuclear
dipole-dipole interaction is very close to what one might expect from a
Hartree orbital on carbon (h).

Cne of the motivations for observing the analogous interaction
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for a nitrogen radical would be to see whether the Hartree solutions
would be close to the real behavior of the system. In addition one would
be learning sbout the wave function of the radical under study and might,
with the proper cholice of a system, be able to extend his results in
application to other systems. Finally the worth of such an experiment
would be manifested by the interest which ELPR spectrosconists would hold
in its result.

For the above reasons, it 1s propesed that a study be conducted
to measure the principle components of the hyperfine tensor of a nitrogen
radical containing essentially unit spin density in a 2pT -orbital of

nitrogen. The proposed system for this study is phthalimide,

It is reasonable to expect that one could remove the imido-hydrozen hy
irradiation to form a radical gquite analogous to éH(C@OH)Eo Certainly
if there were a loss of a hydrogen atom 1t would be most likely to come
-from the nitrogen than from the aromatic ring. Aromatic systems are
notorious for their high stability with respect to damage by high energy

irradiation. One could envision an openling of the imido~ving, but this

would probably close agsin uniess a group were lost in the process, s

-

principle interaction with the unpaired spin in this radical,

9]
I
/C\

b
sw}'a

il
Q



would be with the nitrogen.

One can see by writing resonance structures
that there will be no first-order conjugstion with the aromatic ring.
ng

Thus the spin density on the benzene ring should be extremely small,
The space group of phthalimide has been determined (3).

it is
sufficient for our purposes to state that there are two magnetically

different molecules in the monoclinic unit cell.

{There are actuaily
four molecules in the unit cell but the members of each pair are related
by &

center of symmetry.)

Smith et al. (4) give the results of calculationms of the dipolar

coupling of a nitrogen nucleus and an unpaired spin in a 2p orbital.

The
dipolar coupling constant, which we will call Bd’ is given by the dipolar
part of the gpin Hamiltonian, )<J

)/(d = gﬁgnﬁn

3(8ex)(I-x) 5.1 ILP )|2d
- (r)] av

(L)
3 1"3
For an axdally symmetric wave function
2 72 .
<25~)= '1'——> (2)
r? r?
fxpanding 1, one obtalns

W, = 96,0 T2(a - 3018, = (o - 305, + 1

5 )1 (3)
¥y
2
where o = <_1=?> . B n(%vg>

Thus,

2 _ 1/ (g2 2
Ba=a-38=<z /(sx + v2)

o

=4

>

()

2p
. o . : 1
rou the Hartree solutions of the free atou (£) and <;7 averages cot-

R
puted from spectroscopic data (7) one obtains from Smith et al., (4)
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2 /1 - .
Bd = g <F) = le‘dl [= 9 (})

-
b
Conversion to megacycles gives
. [ T £
Bci = 30 5 Mc, (%)

One would expect the Fermi-contact interaction to be close to
that observed for WH, (i.e. 30 Mc). The expected principle components of

the hyperfine tensor are,

Ay = & + 2B, = OF le (7)

Q

& =4 =a - B, = 8¢ (8

H

Ay ds the coupling constant for the external magnetic field parallel to
the 7r-cloud, and 4 , A& are the interactions with the field perpendicular
to the 7M-cloud. Note that since the princliple coupling constants have
opposite sign the triplet hyperfine spectrum will be expected to collapse
to one line at certain orientations.

There is, of course, no assurance that the desired radical will
be formed from x-irradistion of phthalimide. One could perhaps substi-
tute tritium in the desired position with the expected resultant radical
formed after decay to He5a The recoil energy as a result of the decay of
tritium is at most 60 kv, which is comparable in energy to x-ray sources
used in this laboratory. Other possible systems for this purpose are

diketopiperazine and succinimide.
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PROPOSITION IX

In a recent publication, Taube has distinguished between water
of hydration in solutions of several diamagnetic cations by means of OV
MMR in EQC?7' Addition of a paramsgnetic lon, such as Ca+2 or Fe+§, to
water causes the CO'7 resonance to underge a paramagnetic shift of sbout
10% cps from that of ordimary 5 0'7. It was found that when certain dia-
megnetic cations (e.g. Be'o, A1" ) were added to the solutions containing
the paramagnetic ion, there appeared two resonance lines, one shifted,
and one unshifted. The interpretation of these results was that the
bulk water exchanges rapidly with the paramagnetic ion resulting in the
shift, but the water in the coordination sphere of the diamagnetic cation
does not become exposed to the hyperfine field of the paramegnetic ion.
The necessary conditican for the observation of this phenomenon is that
the lifetime of the hydration sphere water be long compared to the inverse
paramagnetic shift, i.e. 10™ sec. Thus for ione which exchange their
hydrated water faster than 10"1e gec, only the shifted spectrum will be
obzerved., It was also pointed out that, in cases where both lines are
observed, the relative intensities of the shifted to the umshifted lines
could give = measure of the coordination number for the diamagnetic
cation.

The purpose of this proposition is to suggest some experiments
which might elucidate the hydration structure of ions in solution. In
these experiments, useful information may be gained il certain limiting
conditions are fulfilled, whereas no information will be forthcoming if

these conditions do not prevail. It is felt, however, that these
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experiments areworth performing in view of their potential value to
physical and inorganic chemists.

The first part of this proposal deals with the phenomenon
observed by Taube (1) as applied to square planar complex ions such as
formed by platinum and palladium. Using directed bond notation, the
hybridization for square planar complexes is d sp?. Platinum, palladium
and nickel are among the ions vwhich are known to expibit square planar
complex formation in the divalent state. Among the proposed mechanisms for
substitutlon reactions on these square planar complexes is one where the
attacking lon becomes coordinated in an axial position, weakening one of
the equatorial bounds, and then wmoves into the position vacated by one of
the original ligands. This idea was put forth by Taube (2) who pointed
out that with ¢ sp? bonding, there is a p-orbital left over for possible
weal bonding in the axial positions.

It iz proposed that an O'7 MR study be carried out where one
looks for an unshifted line due to coordination of H 0'7 in the axial
positions of such couplex ions as Pt(xi3)+2, Pt(Cl)wa. etc. These ions
are "inert® with respect to substitution in the sguare ligand positions.
That 1s, the lifetime for substitution of the ligands is of the order of
many hours to days.

In these experiments one would prepare solutions of the complex
ion under investigation and add co™ ion to sbout 0.2 M. The OV
resonance line of the bulk water would be shifted paramasgnetically while
those attached to the diamagnetic complex lon would not be shifted. For
greater sensitivity, the experiments.would be carried out in water which

was enriched in 0'7, which is commercially available.
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The necessary condition for the observation of this effect is

that the lifetime of the water in the axial position of the complex ilon
- 3
be greater than 10 ) sec. This was the cass in Taube's study for st

?* but not for Mg++o

end Be®
It is not known whether the lifetime of the axislly coordinated
water in square planar complexes would be long enough to observe the
above described effect. If the effect were not observed, one would at
least have a lower limit for the exchange rate of water in these ilons.
The second part of this proposition deals with another aspect
of hydration properties of lons, this time paramagnetic transition metal
ions. Vhen small concentrations (107 M) of paramagnetic ions are added
to water, the 0'7 nuclear resonsnce is not shifted, but merely broadened.
The broadening has been attributed to the entrance of solvent water
into the first coordination sphere of the ion and exchanging rapidly
with the bulk water. Chromlc ion, for example, is known to be inert
with respect to exchange of itz coordinated water with the solvent. The
broadening of the C'7 nuclear resonance in water by chromic ion is several
orders of msgnitude less than the broadening caused by Ca*z. Feia, Mn+2.
or Cu*g, all of which exchange thelr waters rapidly with the solvent.
Thus, the water must enter into a chemical bond with the paramagnetic
ion, giving rise to a large hyperfine field at the oxygen nucleus. This
large internal magnetic field causes the oxygen to losge its phase coher~
ence with the oxygens in bulk water. Thus if the exchange between the
paramagnetic and diamagnetic environments is of the right order of mag-

nitude, & broadening of the O'7 nuclear resonance will be cbserved. The

conditions for obtalining rate information have been discussed by McConnell
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and Berger (L) and these are essentially observed by Connick and Poulson.
Lower limits for exchange lifetimes for the reactions
M(H0%) ™™ & 5,0 == M®H,0)™ + H,0%
vange from about 10 ‘sec for Ni to 10~ sec for Mn'*.
There is very good evidence (3) that the cyanide complex of

+2
Co

has the composition Co(CN); ° as opposed to Ca(CN)ah& in aqueous
solution, but the pentacyanide may be Co(CN)sH,0” . It is proposed that
O'7 NMR in water be used to investigate the hydration properties of this
complex ion. It may be possible, through a measurement of the broadening
of the 0'7 resonance to distinguish between the pentacyano- or the agua-
pentacyanc complex.

If one were not to observe a broadening of the 0'7 nuclear reso-
nance in aqueous solutions containing pentacyano cobalt (II), it would be
a good indication that water was not entering the coordination sphere of
the cobalt. If a broadening of the 0'7 NMR signal were observed there
could be two interpretations:

1. The broadening is due to Co(CN)s (H,0)™ exchanging water
rapidly with the solvent water.

2. It is known that the cyanides on GQ(CN)s”B are extremely
labile with respect to exchange with radio-cyanide (5). The broadening
of the O'? resonance could be caused by the entrance of water into the
coordination sphere as a labile cyanide ion leaves, The latter possi-
bility could be investigated by examining the 0'?7 broadening as a func-
tion of c¢yanide concentration. A study of this dependence would give a

measure of the competition of water with cyanide for the coordination

of cobalt, a measurement of great value to physical inorganic chemists.
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The study of water competition with other ligands for the
coordination spheres of lablle complex ions could be extended to other
systems as well as Go+2. For example one could study the competition
of water with fluoride iom in FeF, ™~ and MnFy ~*.

In determining rate constants for water exchange, Connick and
Poulson assumed that the coordination number of water in the aquated
ions was six. If one sssumes that the rate constant for the exchange of
coordinated water is independent of the nature of the other five ligands
in a labile complex, then the relative C'7 broadening for a given concen-
tration of paramsgnetic ions will give a measure of the effective coor-
dination number of water. Thus, if the broadening of the O'7 NMR in &
gsolution of say 107 H Fefgﬂﬁ were half as great as the broadening for

+3

the same concentration of Fe ~ , one could say in this simple approach

that the effective coordination number of water was thres,
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PROPOSITION ITI

Recently, Gordy (1) has reported the electron paramagnetic
resonance spectra of radiation damaged single crystals of alanine,
CHCH(NH,)COCOH., He reports the radical formed to be CE;&SR where R is
a non-interacting group. The assignment of the above radiecal, which we
will call I, was based on the knowledge of the molecular structure of
alanine plus the observed spectra. The spectra, many of which are dis-
played in the article, can be interpreted in terms of a doublet (from
the C-H protoun) each component of which is split into a quartet. The
guartet arises from the equal contributions of the three methyl protons.
The intensity ratios of the components are also in agreement with the
asgigned yradical speciss.

Gordy reports the principle components of the hyperfine tensor

for the interaction of the C-H proton with the unpaired spin.

Moo =541 (1)

A cylindrical symmetry is reported about the C-H bond.

Aq =t 7 gauss (2)

Ay = Ay = + 27 gauss (3)

From the above data and the fact that the trace of the dipolar contribu-
tion to A is zero, Gordy gives the Fermi contact and dipolar coupling

constants.
he = + 20 gauss (L)
ld

Gordy also discusses second order effects which arise from the

il

+ 7 gauss (3)
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fact that the coupling of the C-H protom teo the externally applied field
is comparable in magnitude with the coupling to the anisotropic hyperfine
field of the unpaired spin. These second order contributions give rise
to a change in the transition selecticn rules for certain orientations.
The spectrum for the C~H fragment will consist of a pair of doublets of
different intensities. The separations between these two doublets are
dencted by Cordy as d+ and d-. The development of the equations leading
to the splittings d+ and d- are given in a straightforward manner in
equations 6 through 15 of Gordy's paper and will not be presented here.
(ne point to be made here isg that CGordy uses the values d+ and d- as ob-
tained from spectra to calculate guantities of importance in the Spin
Hamiltonian, namely the principle components of the hyperfine teunsor.

Let us emphasize here that Gordy has reported the principle values of the
A-tensor with the assumption the methyl group glves rise to a symmetrical
quartet which is superimposed upon the C-H splittings, thus with the
assumption that the radical is CH,CHR.

The values of the principle components of the hyperfine tensor
for the C-H proton-eclectron interaction are in disagreement with those
calculated by McConnell and Strathdee (2) and also with those cbserved
by McConnell, Heller, Cole, and Fessenden (3). The above workers ob-
served the hyperfine interactions in the radical Rzéﬁ formed from x~irra-
diated single crystals of malonic acid. They observed the principle com-
ponents for the C~H proton-electron hyperfine interaction and showed
that they were indeed the diagonal components because of the constancy
of the splittings at two different applied fields. (The doublet splitting

along a non-cancnical orientation is dependent upon the applied Tleld
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strength).

The principle values of the hyperfine tensor quoted by McConnell
et al. are 29, €1, and 91 Mc or roughly 10, 20, and 30 gauss. The devia-~
tion from sxial symmetry sbout the C-H bond is to be expected if one
places the unpaired electron in a carbon 2p orbital.

In order to recouncile the conflictiag results it is proposed
that further work be carried out on the alanine system. First, it is
possible to explain the spectra presented in Cordy's paper on the hasis
of a radical of the formula éHQCHza (I1), where agein R is a non-inter-
acting group. 4z is discussed in this thesis, the B-methylene protons
are in general non-squivalent for a given orientation of the radical in
the externally applied field. Iet us exemine the spectra presented in
Figs. 2 and 3 of Gordy's paper where the magnetic field is oriented along
the 001, 100, and 010 directions in the orthorhombic crystal of d-alanine.
It iz along these three directions that the four molecules in the unit
cell are magnetically equivalent. In other directions there are generally
four non-equivalent molecules and the spectra are not easily interpretable.

The spectrum for Ho in the OCL direction shows five lines,
equally separated of intensity ratios Lib:6:h:]l which can arise from four
equivalent protons interacting with the electron spin, each with a coup-
ling of about 25 gauss. This is consistent with both radicals I and 1I.
For the orientations along the 0L0 and 100 directions the dual ianterpre~
tation is shown in the accompanying sketch. Line drawings of the observed
spectra are shown in addition to the interpretations consistent with both
radicals I and II. In addition, the magnitudes of the splittings are

reasonable on the basis of radical II both for the anisotropic P-methylene
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protons and the isotropic w-methylene protons,

It is certainly easier to postulate a mechanism for the forma-
tion of radical I than for radical II. One merely has to invoke a loss
of HCO, or MH,. (More likely NH, or CO,” is lost as a first step
since the molecules are probably zwiterions in the crystal). There is
no simple way in which radical II can be formed in one step. M. W
Hanna has grown crystals of D-alanine from D,0 and found no change in
the EPR spectra. This indicates that the carboxyl and amino hydrogens
contribute nothing to the hyperfine pattern. One possible process for
the formation of radical II is a primary damaging at the a-carbon site
to form CH;&HR, followed by a proton migration to give éEZCHQR. ‘There
iz no justification for postulating such a rearrangement. On the other
hand it is often difficult to predict the result of bombarding organic
systems with high energy radiation. The purpose of this proposition is
not to suggest a mechanism for the formation of radical II, but merely
to show that the spectra are consistent with it.

A proposed mesns of distinguishing between radicals I and IT
is to deuterate the methyl protons of alanine and look at the damaged
species formed. =Radical I would be GD;&HR, whereas radical II would be
éDQCHDR. The EPR spectra of these two radicals would now be distinguish-
able. Radical I would still give rise to a large doublet. Each component
of the doublet would be split into seven lines. The deuterium splittings
would be isotropic and the proton splittings anisotropic. In the case
of radical II, there would be observed isotropic proton splittings,
whereas the splittings of deuteriwm would be both isotropic and aniso-

tropic depending upon which carbon atom they are located,



o 7B -

CD; alanine can be prepared from CD3C0,H, which is available

commercially, by the following method. (&)

. M
CD400,H 228y cp cn,on EP¥s, cpcH B B

CO,,H

CD5CH,CO,H _523, CD 4CHCO ,H (NH,) ,C0,
P | NH ,OH
Br NH,

CD 5CHCO H
|

The DL mixture can be resolved with acylase I (5) to give pure D-alanine.
Actually DL-alanine could be used since its erystal structure
is well known (6) wherseas for D~ or L-aslanine the atomic coordinates on
the unit cell are not known. (7) There is no assurance, however, that
the radicals formed in the DL-crystal will be the same as those in D- or
In addition it is much simpler to grow large single crystals

of D= or L-alanine than for the DL mixture. (8)
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PROFOSITION IV

The reduction of Fe(CN)g ™ by Co(CN); ™ in neutral solution

gives a very uausual blnuclear complex ion (L

r(CN); Fe™® ~CN=Co ™ (Cri)s 178 ()
This ion can be oxidized with I,, Br,, or im0, to give

r(Cx)s Fe'™® =CN=Co™ (CN); 17 (B)

Compound A is diamagnetic. Compound B is paramagnetic with a suscepti-
bility corresponding to one unpaired electron spin. The formula as
written in B assigns the unpaired spin to the iron, but it is also

possible to write
F(cn); Fe™® —CN-Co™™* (CN); 17° (B1)

The plus four oxidation state of cobalt is lnown to exist in

certain binuclear complexes of cobalt (1,2,3).
[R,Co* -0-0-Co**R,1** 7 %y ©)

In the above compound ZR is the charge of the ligand, R. The ligands
in such complexes are, for example, NHj, and CN .

The valence structure of such compounds as C was given several
interpretations. Werner (2) suggested that the cobalts were of different
oxidation states. An extended interpretation was given (k) where the
valence of each cobalt resonated between three and four. Cun the basis

of molecular orbital calculations Dunitz and Orgel (5) suggested that
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the two cobalts were trivalent, joined by an O, bridge. In a previous
proposition this worker suggested an EPR study to attempt to distinguish
between the various possibilities., Recently, Ebsworth and Weil (6) have
carried out EPR studies on several binuclear n-peroxo cobalt complexes.
Although there is rather complicated dependence of the ocbservability of
hyperfine structure on acidity and viscosity, the hyperfine structure,
wherever observed, shows equal interaction of the unpaired spin with
both cobalts. The hyperfine structure showed fifteen lines of spacing
equal to about 13 gauss., (zach cobalt has spin of 7/2, giving a total
effective nuclear spin of ¥, hence fifteen lines,) Thus the unpaired
spin is eq#ally distributed between both cobalts. The spin density on
the bridging peroxo group is not known from the above work. The authors
mention the possibility of substituting O'7 on the bridge to investigate
the matter.

HMagnetic resonance studies on compound B above are proposed
to investigate the spin distrivution in this unusual complex ion. It is
concelvable that some resonance may exist between "states" B and B', in
which case, there is a possibility of observing cobalt hyperfine struc-
ture., Comparison of the hyperfine splittings to those obtained by
Zbsworth and Well will give a rough measure of the relative coefficients
of states B and B'.

In the case of compound C let us write

where C and C! denote the mtructures where first one cobalt, then the
other has the plus four oxidation state. The contact hyperfine coupling

constant A is



Yoot = g8, (/,000) + 0 (0)?) 2)

By the equivalence of both cobalts, C{6)? = C'(0)? so that

_ 8
AC =3 gnﬁﬂ C(o)? (3)

In 2 and 3, gngn are the nuclear g~factor for cobalt and the nuclear mag-
neton. In compound B let us assume

Y, = a8 + bB" ()

where B and B' refer to the states as illustrated above. Since the most
abundant isotopes of iron have no spin, the hyperfine coupling constant

AB will depend only on the spin density at the cobalt nucleus.

Ay = %grgnﬁﬁsz'(o)g (5)

The ratio of the hyperfine constants in compound B to compound C is

A

B b, B'(0)? .
== BBl vy €
7ig ) b (R)

The validity of the above treatment is certainly questionable
since it assumes that the nature of the ligands and bridging groups does
not effect the relative density of spin at the cobalt nucleus. However
it should certainly be correct to give an order of magnitude estimate of
a and b in equation 4 of this very simple approach. Continuing along
this treatment, we see that we can approximate the effective oxidation
state of cobalt in ccméound C as 3.5. From the magnitude of the hyper-~

fine interaction in compound B, and from equation &, we can assign an
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effective oxidation state to cobalt of 3 + V¥, and to irom of 3 - V2,
The above treatment also depends upon the observabllity of cobalt hyper-
fine structure in the electron resonance.

If cobalt hyperfine structure is nol observable i{ may be
possible to get a measure of the magnetic interaction of the unpaired
spin with cobalt by cobalt NMRE. One might cobserve a shift of the cobalt
nuclear resonance in compound B over that of diamagnetic compound 4.

The shift, if observable, is a measure of the magnetic field acting at
the cobalt nucleus due to the unpaired spin.

Nitrogen nuclear resonance of the cyanide ligands could also
be informative in determining ¢the nature of the spin distribution in the
binuclear complex. Shulman (7) has cobserved paramagnetic shifts of ni-
trogen resonance in ferricyanide ion. If the complex, B, were essen-~

’ then the ligands on the cobalt side of

tially cempletely ¥e'’ and Co'
the complex would be in essentially a diamagnetic enviroumment, whereas
the ligands near the iron would experience the magnetic field due to
the unpaired spin on the iron. One might expect to cbserve actual
chemical shifts between the different kinds of cyanides. The line
widths for cyanide nitrogen observed by Shulmen were about 2.5 gauss

at 10% gauss applied field, while the shifts were of the order of 3-10

gauss from the N'* resonance of liquid nitrogen.
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PROPOSITION V

Many metal ions are known to form dimers and polymers in
agueous solutions. In all of the cases studied the formation of the
polymeric species is favored by low acidities. For example, ferric

ion forms a dimer in a hydrolysis type equilibrium (1),
2Fe™ + 2H,0 m== Fe,(0H), ™" + 2H+(Keq = 1,2 x 107

Also- oxygenated cations such as V03+ and UOZ*+ are hydrolyzed te form

dimeric and polymeric species (2,3).

10V0," + 8H,0 == H,V,0054 " + 1AH (log K = ~6.75)

200, + H,0 5= U057 + 28

It is conceivable that oxygen-containing cations such as are
formed by vanadium, uranium, neptunium and other metals could have an
amphoteric nature in extremely high acld solution. Kinetic information
in part II of this thesis shows that the rate of electron exchange be-
tween vanadium(IV) and vanadium(V) is second order in vanadium(V). This is

consistent with a mechanism
V() = Tv(v) 7,
TV(V) 7, + V(IV) == [V(V)], + V(IV) (electron exchange)

where the dimer is much more reactive than the minomer with respect to
electron exchange and where its concentration is small compared to that

of the monomer. As mentioned in this thesis, it is not unreasonable
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that the V02++ ion could act like a base in high acid solution to give
2v0," « 28T === V,0,™ + 1,0

No one haszs reported such behavior, but no one has worked with
these ions at very high acidities (£6-12 N). It is proposed, on the basis
of the sbove kinetic evidence that the basic behavior of VOQ* and other
oxygenated cations is feasible, and that investigations be conducted to
determine the extent éf dimerization of such ions in highly acidic solu-~
tions. The motivation in this propossl arises from the observation of
an unexpected kinetic result and the natural curiosity to investigate
further inte this phenomencn. In addition, the investigation involves
the search for an undiscovered chemical specles which in itself is of
gscientific importance.

One means for ascertaining the existence of guch dimers or
polymers is to investigste the various systems spectrophotometrically.
V02¢' for example, absorbs light quite strongly from 2400 to 3200 2.

The molar extinction coefficient in this range of wave length goes from
10% to 102 em™ M™'. It was in this range of wave length that Newmen
and Quinlan (4) carried out an investigation of the hydrolysis of Voa+
to HyVioGg o

The following is a possible analysis of spectrophotometric
data in highly acidic solutions of, say VOE*. For the sake of speci -
ficity let us say the dimeric species in high acid is V203+k. The ab~

sorbancy of light at a given freguency, A will be

A= €1EV02+] + égf‘*«’z(};“l (l)
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where €, and €, are the extinction coefficients for the monomer and

dimer respectively. The total vanadium concentration VT is
Vg = rvo, T+ 27V,0,0 ] )
The absorbancy in regions of acidity where no dimer is formed is

A = € 1VT (3)

Let us write down a feasible acid-base equilibrium reaction for the di-

merization of VO;.

2v0," & 28" == v,0,™ + H,0 (4)
r *hoy
K = ,VEOB - (5)
VO, Z2rH 2

Solving 1, 2, and 3 for f"vo;’} and f‘fgogﬂl we obtaln

ar Ve
rvo, 1 = 2 m€2'T (6)
2€4 ~€2
rv,0,1 = A2 fo, (7)
€, 2€,

YWe substitute these values into equation 5.

(A -a)(€g, -2€4)
2 (2

K =
(24 - €,V rg*oe

or rearranging

( )%”/2( 2€ )1/2
2h -~y = thote (82 2 P00 (9

ra*tt x /2



- Vz .y
A= F._z_.;ii:_ ‘A - ﬁg) L L€V (10)
K 2lg] 2

Now a plot of A va (A - Ao).va/?f§+3 will give a straight line of slope
({e, -~ 2€4)/K) e and intercept Y, €, Ve Thus, a systematic deviation
from Beer's law behavior can give an indication of polymeric species in
equilibrium with the monomer. An addition gqualitative investigation
could be carried out by simply looking for zome changes in the gross
features of the absorption spectrum as a function of acidity and vanadium
concentration. If the dimer has a high absorption in a region where that
due to the monomer is small, then this will cause a systematic change in
the absorption spectrum as the acidity and vanadium concentration are
changed.

finother means of detecting possible dimer formation is by elec~
trochemical techniques, which have been extensively employed by a large
number of workers. One could, in short, measure the vanadium(V)-vana-
dium(IV) redox potential as a function of acidity and vanadium concentra-
tion. The expected behavior of the measured potential can be theoretical-
ly predicted from Nernst's equation, and deviations from this behavior can
be correlated to possible dimer formation. These techniques are best
sulted, however, when the concentrations of the speciles giving rise to
the potential are small so that one can approximate activities with con~
centrations. Since the hydrogen ion concentration plays a part in the
vanadium(V)~vanadium(IV) redox potential, potentiometric measurements at
high acidities will require large corrections to go from hydrogen ion con-

centration to activity. In addition, Rossotti and Rossotti (2), in their



electrochemical measurements on vanadium(V) polymerization, found it im-
possible to obtain reproducible results in attempting to measure vanadi-
wa(V)=(IV) redox potentials for a large number of electrodes. They base
their conclusions essentially on some very precise pH measurements in
titrating V02+ with OH to obtain the equilibrium constant for the hydro-
lytic polymerization reaction to form the deca-polymer.

Thus, it is expected that a series of spectrophotometric
measurements will be more effective to this end, than electrochemical
ones.

If the basic premise of this proposition is feasible (i.e. that
oxy-cations can act like bases in high acid), then there are a large num-
ber of systems which can be investigated for possible dimer formation.
Among the metals which form oxy-cations are venadium, uraniwm, neptunium,

molybdenum, zirconium, and titanium.
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