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' NMR-Relaxation of 0l7 in Aqueous Sclutions of Vanadyl-
‘Perchlorate and the Rate of Elimination of Water Molecules

from the First Coordination Sphere.
K. Withrich and Robert E. Connick

Inorganic Materials Research Division,
Lawrence Radiation Laboratory and
Department of Chemistry,
University of California -
Berkeley, California

Summary. An investigation was made of the temperature dependence
17 '

of the’transVerse nuclear relaxation time Te'for 0~' in aqueous vanadyl

perchlorate solutions in the range 5°-170°C. In the major part of this

temperature region the relaxation due to the influence of the V(,)g+ ions
was found to be controlled by the rate of exchange df water molecules

betweén the first coordination sphere of the metal ions and thé bulk of

- the solution. Values for the rate constant and the activation energy of

. the water exchange, and for the constant which describes the scalar

7

- ) ‘
coupling between VO? and the Ol nuclei of the coordinated water mole-
cules have been established. The rate of the water exchange was found

to be slow compared to the rates found in corresponding experiments with
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v‘other doubly éharged metal ions; This indiéates-that the high poSitive

}charge of Vh+ is an imﬁortant fécﬁor not only in the formation of the
vanadylvgrOup but also in the bonding of the waﬁef ﬁolecules in the .
first coordination sphere. a

o Additional relaxation effects are obserﬁed at low temperatures. _

It is shown that these effects .are most likely_ex?lained.by intefactions

of ‘the vanadyl ion with Ol7 in water molecules loosely coordinated

' outside the first coordination sphere.
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In aqueous sélutions of paramagnetic metal‘ions-a‘certain number

of water molecules are coordinated to each metal ion. Because of the

magnetic iﬁteractions ﬁetween the paramggnetic lons and the magnetic

7

nuclei of these coordinated water ﬁolecules, the

“transverse n.m.r. relaxation time of these oxygens 1s greatly decreased.

For dilute solutions of the metal ion only a single resonance can be

observed which corresponds to that of the bulk water modified by the

:“uexchange of water molecules in and out of the coofdination SPheresAof

- the.metal ions.

The property observed is the line width of the resonance. Half _
the width at half height, &®, expressed in radians per second, is

related to the apparent transverse relaxation time T, by Equation (1).
o = 1T, (D -

The line width arises from the relaxation of the bulk'O17 nulcei that

B

would occur in the absence of paramagnetic ions, i.e. l/T2H o and ‘
. 0

the contribution from the paramagnetic ions, l/Té , as given by (2).
Lo - Tep’ ] |

1 1 : 1 . ' v (2)
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Anaiyéis.of l/'l‘2p in terms of the propertiesvof the dissolved para-

*  inagnetic ions has been used in earlier studies to evaluate the water

éxchange»rate and various parameters which characterize the rglakation ‘

- in aqueous solutions of a series of 3d metal ions.; In the present

A

ol

?aper the application of the n.m.r.-technique to the study oftaqueous

- vanadyl-perchlorate solutions 1s described.

I.vTheogz. The shape of the n.m.r.-épectruﬁ of a chemically stable
system is described by the Bloch equations.2 ‘A modification of the-
Bloch equations by McConnell3 which includes the possibility of chemical
excﬁénge has been extenaed by Swift and Connickl to the con@itions present
in dilute aqueous solutions containing paramagnetic metal ions. They
foundlthat the effect of the paramagnetic ions on the relaxation of the
nuclei in a solution where the water may exchange between.the bulk

of the solution and one kind of coordination site on the metal ions can

be given by Equation (3). - TH 0 and Ty are the lifetimes with respect to
) . T2
2 .. 2
A | YT vyt Ay :
T2p = w0 , 2 5 (3)
e (/T + W)™ + 20 |

v-'chémical exchange for the water molecules in the bulk of the solution -

and on the coordination sites of the metal ions, TQM is the transverse
relaxation time of the o7 nuclei in the first coordination sphere of
‘the metal ions, and AW is the difference in the precessional frequencies

of the 017 ndclei of the bulk water and those of the coordinated water

molecules.
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. An analysis of Equation (3) reveals two relaxation mechanisms, one

involving AL and the other involving T,. The "Ap-mechanism”  can be

. of importance if Aﬂ>is sufficiently large so that transverse reléxation

can occur through the change in precessional frequency which arises when

sités of the metal ion. The relaxation through TzMs can be important

if the nuclei of the coordinated water molecules undergo fast relaxation

because of either scalar or dipolar coupling with the tnpaired electrons

" of the metal ions. In certain cases the mechanism governing sz can be

.relaxation in VO(Cth)eAsolutions:

1

established from the temperaturé dependence of T2p" The following

limiting cases A and B are important for the treatment of'thé\017 nuclear

.-

1 1 > 1 Py 1 P
* RN *
2M ' M ' Te2p . M H20

ARélgxation by TQM is fast;»l/Tep is controlléd by the ratgwgfqihe;,w,'-b

chemical exchange which is given by the lifetimes of the water moiecuies

in the different environments. TheAprobabilitybfactor-PM is given

" closely by nlM]/55.5, where [M] is the molar concentration of the

paramagnetic ion and n is the number of water molecules .in the coordina-

tion sites characterized by the lifetime ™
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Chemical éxchange_is rapid; l/T2p is controlled by the T2M relaxation '

process. The possibility that the relaxation is controlled by a change

in the precessional frequency, i.e. Aw? > T;;E 5 is no longer included
: 2M

"in this discussion, since it can readily be eliminated from consideration:

.‘.an impossibly high value of the constant which characterizes the scalar

17

nuclei of the coordinated water mole-
cules would be necessary to explain the experimental data in terms of

a AW-mechanism.

The variation of 2y with temperature is given by the usual-expréssioh : 

.for the temperature dependence of the rate of chemical reactions (6),

G e & e @i moatm(®

wherevAH* and.AS* are the enthalpy and entropy of activation fbrvthe

" ‘water exchange bétween the first coordination sphere of the-vanadyl ionsi'

and the bulk of the solution. . The variation of T,,, with temperature is

2M
determined by the mechanism which interrupts the interaction between

2+ 17

VO and the O0~' nucleus. Both, dipolar coupling and scalar coupling,

' _can be interrupted by the relaxation of the unpaired electron, and by -

the rate of elimination of the cQordinatedAvater molecule... The dipolarb
interactions can further be interrupted by the Brownian motion of the

molecules.
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The transverse rélaxation time of the OlT-nuclei in the first

fcoordination-sphere‘due to scalar coupling is expected to be given by

(7),6 where A/n is the scalar coupling constant in radians per second, 

. 2 : ! Lo .
A= 2 os(sa) A x | (7).
T 3 e c
oM

.and S is the electron spin quantum number. The correlation time-Te is

given by 1/'te = l/Tl o1t l/TM , where T, . is the longitudinal

" relaxation time of the electronic system. Equation (7) corresponds to o

oniy the second term of Abragams6 Equation (127), p. 311 (or the first
term of Equation (122), p. 309) being of importance in our case. Since

the temperature coefficient for Tl el is usually much smaller than for

T, the tendency will be for T, to be controlled at high temperature:

2M
by the interruption arising from chemical exchange and at low temperature
by the electronic spin flip, i.e. at high temperature the observed line-

broadening’would be due to scalar relaxation of the first kind and at

~ lower temperatures to scalar relaxation of the second kind.6 In our

experiments with VO(Cth)QIthe temperature never became high enough for .
chemical exéhange to dominate.

For the di?ole-dipole coupling induced relaxation in the first

'd00rdinatioh sphere only the interruption of the coupling through

‘_ rotational tumbling of the hydrated vahadyléions has to be taken into -

consideration, since the chemical exchange rate and the Tl o1 Process

are much slower in équeous V0(C10, ) ,~solutions. A quantitative treat-
L2

ment given by Solomon7 assumes that the Brownian motion of the molecules:
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can be described by Stoke's diffusion7equation, i.e. the molecules are

‘treated as rigid spheres of radius r moving in & medium of viscosity'n. S

- The result is given by Equation (8), where fI

1 2 2.2 . "o
— = Y. 7 r." " s(s+1) bt + -
. I S 6 c 2 2
Tom 154 L (@p-0) "7,
Tc Tc Tc .l. :
+ 33—t b ———— + 6 - (8)
2_ 2 2 2 2 2 '
1+wi L . 1+ms T, 1+(a&+a%) T, ,
. = lr 1
¢ 3k T

and Ys-are the gyromagnetic ratios for the'OlT nucleus and forvthé4

. 4 ' S
unpaired electron in VO2 , S is the electron spin quantum number, 4 is

‘the distance between the interacting spins, Tc is the correlation time

for thevintefruption of the dipole-dipole coupling through rotétibnal
motion, di.and ws are the.Larmor frequencies for the spins of the O17
nucleus and the unpaired e;ectron of V02+ inlthe applied external
magnetic field, and k is the Boltzmann constan£.

. While scalar coupling is expected to influencé'appreciably qnly
nuclei of water molecules in the first coordination sphere we havé to . i
include the possibility of dipoie~dipole coupling between VOE‘+ and thg
nuclel in outer coordinatibn spheres. We distinguish betweén two
possitle cases: If the lifetime‘of the watér molecules'ih a second
coordination sphere is long compar=sd to the correlation time arising

from the rotetional motion of the molecules VO(HEO)q(HQO)m?+, where

n and m denote the number of water molecules in the first and in the
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second coordination sphere, we héve formally the same éystem as for

17

'the_treatment of the dipolar coupling between V02+ and the O —nuélei

| in the first coordination sphere, and the felaxation.effects are given
by Equation (8). If the lifetime of the water molecules in the.second

fﬂcoordination sphere of the comélex is short compared to thé rotatiohal
correlation time, the interruption of the dipole-dipolé coupling'is
controlled by.the relative translational motions of VO(HQO)HQ+ and
the Ol7 nuélei in the bulk water. Assuming that the rate of the trans- .

lational motions is diffusion controlled, a quantitative treatment8v

of this casé leads to expression (9) for the evaluation of the

1 16n° oy

- N v 2 T 2 n? s(se1)

r.r L
172 .
Me'T Vs — 3 (9
T 15 kT (rifré)

relaxation effects to be expected, where'NMe is the concentration of

3

péraﬁagnetic ions expressed in cm” » Tq is the radius assumed for the

rigid sphere representing VO(H2O)n2+, and r, the radius of the sphere'

2
representing H,0. Note that (9) gives directly the experimentally

observable relaxation time T énd not a quantity corresponding to T

2p M

as in (7) and (8). Equation (9) is only valid in the above form in

the case of "extreme motional narrowing," i.e. if g%ﬂ (rl+r2)rlr2 w<< 1

for all the spins involved, where w is the Larmor frequency of the spins.

When this condition does not hold the numerical factor in (9) can become

2852
75 °

as small as
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A comparison of expressions (6)-(9) shows that a study of the tempera-.

should enable us to distinguish between relaxation .

2p

controlled by chemical éxchange, by scalar relaxation of the first kind, by_ 

scalar relaxation of the second kind, and by’relaxation through dipole-~

aipole coupling.
The first term in (2) which includes the relaxation time T2H20 for

9
017-nuclei in pure water has been studied by Meiboom.9 In acidic solution

T is believed to be mainly due to interactions between the spin-moment

2Ho0

and the quadrupolar moment of the 017

vnucleus interrupted by rotational

‘tumbling of the water molecules. For the case of "extreme motional narrowing,"

7

which is a good approximation for the treatment of the Ol -relaxation in -

water, the transverse relaxétion time due to quadrupolar coupling is given

v .

C oy (lo),lo where it is assumed that the Brownian motions of the molecules

can be described by Stoke's diffusion eguation. In Equation (10), I. is the

1 3 o143 BN eQq 2 ULx r3n -
= s — (1 + ) (—) (10) - |

=
T2H20, ko 1%(21-1) . 3 gl 3kT

nuclear spin quanfum number, { is the asymmetry parameter, Q is the ﬁuclear

quadrﬁpole moment, q is the electric field gradient, r is the radius assumed

for a sphere which represents the water molecule, and 71 is thgkviscosity of

""the solution under consideration.

IXI. Experimental. Employing the side-band detection techniquell we

recorded the Ol7 n.m.r. spectra with a modified Varian Associates Model
V-4200 wide-line spectrometer, operated with a fixed frequency unit V-4311

2t 8.134 Mc. A further modification, the use of a PAR lock-in amplifier

R N3}
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- Model HR-8, made iﬁ possible to vary the modulation frequency continuouslyu

in the range 1-4000 é.p.s, Samples of ca. 0.5 cc..in volume were studied
in tubes of 7-8 mm outer diameter.

For studies at(variable temperature a n.m.f.-prdbe with an‘all-glass
Dewar insert which contained the sample tube and the receiver coil was
uséd. :HeAted or cdoled nitrogen was then ﬁassed through the probe and the

resulting temperature was measured simultaneously outside and at the center.

. of the sample tube. The temperature range covered was 275-450°K.

The following chemicals were used: water enriched to, 3.5% and 10%

L7 obtained from the Weizmann Institute of Science, VOSOu‘5H20

obtained from Fairmont Chem. Co., BaCO, reagent A.C.S. and HClOu 70%

3
reagent A.C.S. obtained from Allied Chemicals. The 017,n,m.r. spectrum

of the water was measured in the temperature range of interest and the

£H0 values were in good agreement with earlier data.12

'Vanadyl-perchiorate solutions were made from.VOSOu~5H20, BaCO3, and

HClou. Through evaporation of the water in vacuum the VO(ClOL'_)2 sdlutioné
were concentrated'fa ca. 2.5-M. The vanadyl-perchlorate concentration
was determined through titration wi#h KMhOu. Thé sampies for the NMR
experimeﬁts were prepared by adding known volumes of the concentfated
VO(ClOu)2=soiution and of 70% HClOu with micropipets to the Ol7~enriched'

water. Since T, decreases very much with increasing temperature in the_’

ep

major part'of the temperature region examined, the.vanadyl,concentration 

was lowered in several steps from 0.83-M for the experiments at room
temperature to 0.016-M for measurements above 390°K in order to have
line-widths appropriate to the side-band technique. The samples cohtaine@

0.1-M or 0.3-M HC10), and ca. 0.01-M Ba(ClOu)e.
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In order to check relaxation effects which might arise from para-
magnetic impurities the VO(C]_OM)2 solutions used in our experiments were
analyzed spéctrochemically. The analyses were made by G. V. Shalimoff

of the Lawrence Radiation Laboratory on a Baird 3 meter grating spectro-.'

'“graph. None of the elements known to form ions which influence the

Ol7 nuclear relaxation in agqueous solutions could be detected and the

" following upper limits, given in weight % metal relative to Vanadium

as metal, could be established: Mn < 0.001, Cu < 0.001, Ni < O-OOS;
Co < 0.005, Fe < 0.005. Using these limits and the data on relaxation
effects arising from the'presence of the paramagnetic ions formed by

these metalsl it is seen that none of them can contribute appreciably

to the relaxation effects observed in VO(ClOu)z—solutions,'ekcept for

Mh?+ which could cause at most one third of the "additional-relakation

effects" (Fig{”h,ncurVe c) observed at low temperatures.

ITI. Results. The 017-enriched aqueous solutions used for thé
n.m.r. studies contained various concentrations of VO(ClOu)e,_HClOA,
and -traces of Ba2+-ions. In Equation (2) we assumed that the relaxation
of the 017-nuclei in pure.water and the relaxation arising from the-
presence of the paramagnetic ions are two independent processes. On -
the bésis-of%expreSsionS'(h),.(5);7oi:(9)Awetexpect'the line-widths

&w = 1/T + l/TEP to be linearly dependent on the metal-ion concen-

2H20 , _
tration. In Fig. 1 this was found to be the case for VO(ClOu)e-solutions.

Further experimental checks showed that d® is independent of the perchloric

acid concentration in the range 0.1-M to 0,5-M. As would be expected n§ 

change in oW was observable after addition of various amounts of Ba(Cth)é.

L9}
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- The temperature dependepce of that part of the overall transverse
roloxation time for thelOl7-nuolei arising from the presence of the V02+-
vions is given in Fig. é; The data indicafe that T2p is controlled by the -
rate of exchange of water molecules between the bulk of the solution and

the first coordination sphere of VO2+ in the temperature range 330-390°K,

since T, decreases with increasing temperature. It has been shown by

ep
X-ray studiesl3 that the.V02+-ion in solid VOSOM°5H20 binds L watef
molecoles and one sulfate-oxygen in the first coordination sphere.
-PTeéumably in aqueous solution each V02+ will have four equivalent
oxygené of water in the equatorial plane and one water oxygen in the
axial position opposite the vanadyl--oxygen.lh One expects the bonding
of the axiol water molecule to be different from the bonding of the
'equato?ial waters. Thus the number n of the coordinated HQO molecules
which take part in the exchange reaction observed by n.m.r. ié not known
a priori. Therefore, we caonot yet characterize the exchange reaotion
lhumericaily-out rather by ‘the stoichiometry (11) and the exbressions in. -
vo(Heo)5_n(}120)n£’+ + nH 0 == VO(Heo)s-n(H2°*>n2+ + nH,0 (il)
Table I which include n. The reaction rate constant k is the'firsf :
Iorderrrate constant for the loss from tho first coordination sphere of
'a_partioular one of the exchanging waters. Its vaiue aﬁ room tempefatufé,.

k(298), has been calculated from k(333°) and A
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- Table I-
Parameters for Exchange of O17 Between the First

Coordination Sphere of VO2+ and Bulk Water.

Quantity ' Value

N 13.7 Keal Mol™t
k(333°K) (1/n) 2.3-1ou sec™t |
k(298°K) o .(l/n)' 2.0-103 sec™t
ast : . (2.2-4.610g n) e;u, |
A/n (1) 7.6-10° eps

Above 390°K the temperature dependence of T2p deviates from the

slopevfound for the exchange controlled region. This implies that at

high temperatures the relaxation is in part controlled by the T2M process;l

since, as mentioned earlier, the observed results cannot be‘explained by

& A-mechanism. Using the data given in Table I it is found that

Ty = Ty is of the order of megnitude of n'J.O"6 to n"10”" sec. in the

temperature region considered here. It is easy to show by inserting
suitable numbers into Equations (8) and (9) that such a small ?alue fof
TQM cannot be exﬁlained by dipole-dipole coupling and therefore most R
likely arises from scélar coupling. The interruption of tﬁe coupling .
will occur'essentially entirely from the longitudinal electronic
relaxation since the chemical exchange is much slower than the Tl el

process in the temperature region examined. Only the transverse

LS
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relaxation time T of vanadyl perchlorate in aqueous solution and

2 el

its temperature dependence are known above 4OO°K: the average value for

T2 el for the es.r. spectrum of a lO'Q-M agueous vanadyl_perchlorate

solution is ca. J..O'ZLO"8 sec at 400°K and is to a good approximation

‘ﬁindependent of temperature between 400 and h50°K.15 From work done by

Myers.and McCain16 at room temperature and in a magnetic field of 1000

gauss T for V02+-ions in aqueous solution appears to be ohly

1 el
o e1° 1N going to 14,000 gauss, the magnetic

n.mr. experiments, and ca 430°K it seems still a

17

good approximation to set Tl el

value for wa, where &% is the electron spin resonance frequency and T

the correlation time in aqueous solution, probably does not vary

equal to 'I‘2 el,’s:.nce the estlmatedl

greatly through this change of experimental cdnditions..

Following the above discussion we would expect TEM to be¢ essentially

‘independent of temperature in thg region of interest.. Neglecting the

terms including A in Equation (3) we find that T, 1is given by (12).

ep

To= e (TMv+ T

= o) (12)

2p

well approximated by adding to the contributions of the chemical

The data.in Fig. 3 for T, measured in a 0.016-M VO(ClOu)g-solutibnvarei

exchange as calculated from'Table I a temperature-independent value

TQM/PM = 6.10-u-Sec which cdrresponds to Ty, = n"]..7-].0"7 sec. Inserting

T = Zl..O-lO-8 sec into Equation (7) we £ind

this value and Tl el ® Io o1

for the scalar coupling constant A/h the value given in Table I.



_' UCRL-17196

-16-

At temperatures below ca. 310°K the line-broadening.of the n.m.r.
spectrum of 0;7 from the presence of VO(Cl’Oh)2 is small and varies bnly_
little with temperature. Fig. 4 shows the results of a study in 0.83-M

VO(ClOu) -solution. In evaluating T, from T, through Equation (2) it |

2p

‘1s necessary to correct the pure water values of T2H 0 for the increased
2

V150051ty of a 0.83-M VO(ClOu) solution (see Equatlon (10)) The date

_then show that an additional relaxation path is important at low tempera-

ture: after subtracting from the values-.of curve a the contributions

arising from the high viscosity and from chemical exchange (calculated

" from Table I) there is left a small relaxation effect given by curve ¢

which must be due to other interactions between VO2+ and the Ol7 nueleus.

In order to check whether 1nteract10ns with the nuclel in water molecules”

outside the first coordlnatlon sphere could be respons1ble for thls

~effect, we calculated the line-broadening to be expected from different

possible mechanisms: (i) Inserting suitable numbers into Equation (9)

we found that contributions to the-relaxatiqn arising from dipolar

£

coupling between VO(H20)52+ and the bulk water interrupted by the trans- e,”'"'

lational motion of tﬁe‘particles would be hegligibly small. (ii) We

assumed that a molecule VO(H20)5(H20) 82+ with a lifetime which is long =
compared to the correlation time characteristic for its rotational

tuﬁbling exists in the solutions at lower'temperatures.' The 8 water-

" molecules bound in a second coordination sphere might be thought of as

residing on the faces of the tetragonal bipyramid formed by VO(H20)52+
(Fig. 5). Using the parameters r = 5 A and d = 3.5 A for this species,
and the viscosities determined experimentally for 0.83-M VO(Cth) -

S — 2

solutions at various temperatures, one calculates the curve d (Fig. 4)
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for the relaxation effects to be expected from dipolar'coupling with

17

the 07" in the second coordination sphere. (iii) We have further

caiculated the relaxation effect which would arise if one of the 5§

_.weter-molecules in the first coordination sphere were exchanging’

iapidly and subject to dipolar coupling only, assuming r = 4.5 Avand'
d = 2.4 A. TFig. 4, curve e, shows that a result very similar to the

result for VO(H20)132+ is obtained.

IV. Discussion.  As mentioned earlier it is believed that complexes
of the form'VO(HEO)S2+ exist in aqueous solutions of vanadyl ions. ™
The most striking feature of the VO(HéO)52+ molecule is the multiple
axial symmetry in the molecule (Fig. 5). A detailed discussion of
the electronic structure of the hydrated vanadyl ion has been given by
Ballhausen and Gray.l]‘L It is seen from Fig. 6 that they give the
; 2 oo N2 2, k4 2 Lo\l '
configuration [(Ial) (IIal) (bl) (eo), (IIIal) (en) (bz) ] for the

ground state of the molecule, whereby the unpaired electron is believed

-to be in a mainly nonbonding orbital of b2 symmetry. From the symmetry -

of the molecule it follows that the bonding of the four equatorial

water molecules should be eguivalent, while different wave functions are

involved in the bonding of the axial water moleeule. Experimental

evidence for the equivalence of the 4 equatorial coordination sites
13 - 17

-and from e.s.r. measurements.
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From.the present knowledge of the proﬁerties of the hydrated vaﬁadyl -
ion it appears most likely_that the number n of exchanging water mdleéules
in réaction (11) is 1 or 4, perhaps even 5. n=1l corresponds to the case
where the four equatorial water molecules would e%change tod slowly tc
influence the 017 relaxation of the nucléi in the bulk water, and tﬁus
only the effect of the exchange of the axial water molecule would be
observable. For the case n=4 only the effect of the water exchange in
the equatorial positions would be observable, the scalar coupiing of 017
in the axial position being too small for-the exchange of tThe axial
ﬁater, which may occurAat a high rate, to contribute appreciably to the
relaxation in the bulk water. Th¢ case n=5 &ould correspona fo all the:
coordinated water molecules having a uniform scalar coupiing constahﬁ of;
O17 and excﬁanéing atAthe same rate desbite the differeﬁcés in the Eonding.
- The rate cbnstants and the scalar coupling constants calculated for thesebv_'
possible cases are given in Table II. ﬁm
Table IT
Rate Constants and Scélar Coupling Constants for

Different Possible Values of n in Reaction (11).

n==1=1 n =L n=>5
x(298°) = 2105 sec™t k(298°) = 5-102 sec™t - k(298°) = 4.10° sec™t
% = 7.6'106 cps % = 3;8’106 cps % = 3.&'106 cps

S emaneg L
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. The influence of the exchange of the vahadyl-exygen on the O17

Telaxation in the bulk of the solution has been neglected'in this
’ discpssion; From various observations it appears that the V02+ entity
is very stable in aqueous solutionlgvand therefore one wduld eﬁpect an
o exchange of the oxygen to be rather slow. This view receives support
frem experiments with aqueous solutions of various VO?+-compounds whicH'
showed that if there is an exchange of the vanadyl-oxygen in these
complexes its rate is too slow to be observed by the O L7 n.:mer. relaxatlon
technique.19
No other measurements exist for the rate of exchange of water._
molecules in the first coordination sphere of V02+. A cemparison with~
- the rates obtained for the water exchange in the first coordination
sphere of a series.of other doubly charged transition metal ionsl shows
fhat'the exchange in vanadyl perchlprate solutions is comparativeiy.very:
sloﬁ for all the values chosen for n. .This may be due to a high |
electrostatic conﬁribution to ghe bonding of the ligands. The vanédyi :
idn can be censidered as made,up of V%+ and 02; and it_iS'likely that |
-it acts as a cation with a,eharge of more.than +2_not only towards the

022 but also towards the-five other ligands. The influence of the high

positive charge acting on the coordinated water molecules presumsbly would -

also be reflected in the value found for the activation enthalpy AH*
(Table I) which is high coﬁpared to Aﬂf found for the water exchange
with other doubly charged metal ions;l One would expect that. crystal

field effects play no 1mportant role for dl-systems.go
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A comparison with earlier resultsl shows that the‘scalar coupling

~ :constant of 017 for the V02+-aquo complex. is small compared to the
+ +
values found in corresponding experiments with the hydrated Mn2 P Fe2 s

002+ and Ni2+ ions. This indicates that scalar interactions of the

7

-”unpaired electrons with the Ol of the coordinated waters occur pre-

dominantly via o0-bonding rather than n~bonding when both possibilities
exist: Mn°', Fet', Coé+, and Ni°' have 2 half-filled d-orbitals
'availaﬁle for o-bonding, while the unpaired electron of VO(H20)52+ is
believed to be mainly localized in a moleculaf—orbital of bg-symmetry,
(Fig. 6)lu which for symmetry reasons cannot contribute appreciably to
o-bonding of the ligands (Fig. 5). 'From the above mentioned‘theoreﬁical
«‘éonsj’.vcleraut'1_o)nsl)1L of ghe gound state of VO(H20)52+ bne might exﬁect .
scalar interactions to oécur via n-bonding (Fig. 5). Tﬁisvmay be

checked by considering the proton scalar coupling constént in VO(HEO)n?+,
since xn-bonding has béen shown to be primarily responsible for the | |
scalar coupling df protons in hydrated metal ions.El From a reinterpre-
tation of Hausser and Laukieﬂ'see-data on the proton n.m.r.irelaxation

in aqueous VOSO, solution, A/n of protons in VO(HQO)n2+Ywasvfound.to‘be
given by}(lﬁfb) 3.3*106 cps, where p is the numbér'of coordinated protOns;
This value is indeed of the same magnitude as the'protdn sgalar coupling

o+ T 2+ 2+ 21,23
b4

constants for Mn Fe™ , and Co™ which also have half-filled

d-orbitals available for n-bonding, and it is considerably larger than

A/h of protons. in the hydrated Ni%" and cu® ions®T which have no

half-filled t,. ~orbitals.

2g



Secondly, if the whole effect of the first coordination sphere on the
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The variation of TQP with temperature between 275 and 310°K

. (Fig. W) 1ndlcaues that -in this temperature reglon a.large part of

o (curve c) caﬁnot be-explained-by the mechanism involving the

2p.

_exchange reaction (ll), i.e. a new path for relaxatlon becomes 1mpor-

}tant In Part III it has been shown that dipole- dlpole 1nteract10ns

between VO2 and the O17 nuclei of water molecules coordinated to

"V02+ with a much shorter chemical exchange lifetime than the n ligands

 characterized by reaction (11) could account for the observed additional

line broadenihg.. First, if n=U4, the dipolar coupling with a loosely
bound weter melecule in the axial position of the first coordination

sphere could be responsible for the measured relaxation effect (curve e).

‘.

relaxation were accounted for through the mechanism which involves

the water exchange (11), dipolar coupling with the nuclei of water

“ﬁpleCules.Bound in a second coordination sph?fe could ékplain the line
'Q broadeﬁing'at low temperatures (Fig. 4, curve é). The curves 44 and
"_¥é §gr¢e as weil with the experimental valueebas can be expected if
‘e@eeﬁekeseintozebnsideratioﬂ the appfoximatiqn made in'desqribing-"

f sugh'syétems by Stoke's diffusion equation, as in Equation (8). .

. As mentioned earlier (Part I) Equation (8) applies only if the
loosely bound water molecules remain coordinated for a time long
perad to the rotational correlation time of the hydrated vanadyl

. . : ~-10 g '
ion, i.e. ca. 10 sec. at 25°C. . This seems not impossible,

- particularly in view of the high effective charge of the vanadium as

*\1

implied by the slow water exchange from the first coordination Ther

M
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It should be pointed out, however, that quadrupolar coupling (10) is also
a pessible mechanism for the additional relaxation at low temperature.

The COntributiens to T arisiﬁg from quadrupolar coupling would be

2p
unimportant if the‘loosexy bound waters were aﬁle“td rotate as.rapidly
.gbout their principle axes as unbound waﬁers, since their quadrupolar
contribution to the relaxation would then not be influenced by
~eoordination to_the vanadyl ions. On the other hand; if the loosely
coordinated waters were bound so tightly that they could tumble only

' thr0ugh the tumbling of the whole hydrated vanadyi ion, the correlation

time Ty for quadrupolar coupling would be given by (13); where T  is

= ¥ | )

the correlation time for retational tumbling'of the\hydrated vanedyl
ion; and Te is the lifetime with respect to chemical exehange ef tﬁe,
q is also effectively the correlation time

for dipole—dipole coupling of Equation (8). Therefore the rtlati?e’

loosely bound waters. 1

' contributions from quadrupolar eoupling and diﬁolar éoupling willvbe -
determined by tﬁe ratio of the ceupling constants.in Equations (8)_
and (10). The quadrupolar effect turns out to be ca. 10 times greater;'
\ ‘It follows that for this model, i.e. fumbling of the looselyv v A
cooidinated water molecules only through the tumbiing of the ﬁhele .
vanadyl—aquo complex, the observed additional relaxation at low
‘temperature would 6ccur primarily through Quadrupoier coupliﬁg

ihterrupted by chemical exchange with a lifetime of ca. lQ-ll'see.
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The interzretation of the 07 relaxation in, VO~ solutions in

ctions with water molecules in two different kincs of

o

terms .of inter

VCQordination sites receives suppor®t from a comparison with the

temperature derendence of the proton m.m.r. relaxation in agueous

. o ; .. 22 .
e date by Eausser and Loukien can be explained

.JJ

V0S0O, =solutions

L

by an analogous intertretation which assumes that at higher tempera-
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Figure Captions

g ; 1 . . . . .
Variation of the O 7 n.m.r. line-widths with vanadyl-ion

concentration. T = 345°K.
Dependence on reciprocal of_témperéture of . log T2p in

solutions of vo(01ou)2.
Dépendence on reciprocal of temperature of log TQP for &

2 M VO(Cth)Q—solution above 390°K with the lines

resulting from the curve-fitting. Experiment: - ® )
Dependence on reciprocal of temperature of log TQP for a
0.83-M VO(ClOu)e-solution below 310°K. a) Experimental

data using T.. . of pure water in Equation (2). ©)
. 2Hp0 . |

Contribution of the chemical exchange (11) calculated from

Table I. c¢) Data given in curve a after subtracfion of

curve b and correction of the water blank for the high
' i '
il *
viscosity in 0.83-M VO(ClOu)Q (caleulated using Equation

- (10) and the following data: at 280°, 1/T,. . = 251 radiens
- : 2

: . . N R~ P = -
| Per se;pnd; WHEO = l.h3v10 poise, T]()‘.83-M VO(ClOu)Q X

= 188, 100 = 1.08-10"2,

| 2H,0
s -2 : ‘ _
= 1.5k ¢ at 200° T =
Wo(C10,), 1.5L+107%; at 300°, 1/ 28,0 151,
. : _ . -‘2 " - ~l. "2 . R 2. )
Mo = of85 107, o(C10,)p 1.24-10"".  This viscosity

correction has been included in the values for TED.plotted‘

-

in Fig. 2). d) Calculated relaxation effect from dipolar

- coupling with the nuclei of 8 water molecules bound with a

R < ~-10 . . ar s
lifetime longer than ca. 10 *- sec in a second-ccordination
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< This report was prepared as an account of Government
. sponsored work. Neither the United States, nor the Com-
mission, nor .any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or uséfulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed 1in
this report. : ;

" As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








