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UCRL-17526
Nuclear Magnetic Resonance Studies.
of the Coordination of Vanadyl Complexes in Solution

~and the Rate of Elimination of Coordinated.Water-Molecules
K. wﬁthrichl and Robert E. Connick

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

_;Summafy. Thé'ﬁemperature dependence of the 017 nmr linewiéth in
Olv—enriched aqueoﬁs solutions of the vanadyl complexes with the chelating
ligands ethylenediéminetetraacetate (EDTA), nitrilotriacetate (NTA),
2—picolyliminodiacetate (PIDA), iminodiacetate (IDA), 5-sulfosalicylic
acid (SSA), and Tiron (TIR) has been measured. The dependence on
ﬁemperature of the.complex formation equilibrié was obtained from esr
studies, 50 that the coﬁcentrations of the various paramagnetic species
preseht in solutions of VO2+ ions and oﬁe of the ligands were known over

the whole temperature range studied. The data obtained for VO(EDTA)E_

show that a possible exchange‘of the doubly bonded "vanadyl-oxygen"

7

would be too slow to be observed by the Ol mmr technique. The exchange

- of the water molecule in the_axial position opposite.the‘vanadyl oxygen

- he (6= 5 -
in VO(SSA)2 and VO(TIR)2 _contributes at most a very small line broadening

which is consistent with a veryzshort lifetime with respect to chemical
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oxchange of the axial water Large relaxatlon effects arise from the

presence of the l l complexes with IDA, SSA and TIR whlch have equatorial

Ao

i~

positions available for coordination of water molecules. The influence

'Y

of the ligands in adjoining positions on AH*, AS", and the first order
rate constant k- of -the water exchange from.the-equatorial coordination
17

sites, and on the scalar coupling constant A/h of OO in the equatorial

pos1t10ns, has been studled. The data obtained from solutions of the
complexes with the tetradentate llgands NTA and PIDA can be interpreted
in terms of a pyramidal structure of these compounds. The vanadyl oxygen
and the four equatorial positions.Would/then be at the corners of a
tetragonal pyramid, with V" somewhat above the plane of the base.

In a similar pyramidal structure of the hydrated vanadyl ion one would
expect only four waters to be tightly»bound, yhich would be consistent
.with the experimental data. A comparison of the Ol7lrelaxation‘data with
-chemlcalvshift measurements and proton relaxation.experiments reported by
' others indicates that in addition to the effects arising from the chemical
exchange from the equatorial positions the nuclear resonance in the bulk
water of VO2 —-solutions is 1nfluenced b& the exchange of two dlfferent
vkinds of loosely coordlnated waters. Thlsrmay correspond to weak
coordination of water molecules in the axlal nosition.opposite the vanadyl

oxygen and on the four faces of the pyramid formed by V02+ and the'four

more'tightly bound equatorial waters.

[

b
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I. Introduction

In dilute aqueous solutions of vanadyl-ions a single nuclear magnetic:

1 : :
resonance of O17 or H can be cobserved which corresponds to that of

P 1 .
-the bulk water modified by the exchange of O { and protons in and out

of‘the coordination spheres of Vu+. Measurement of the line-width of
that resonance in métal ion solutions is.a convenient methodvfor study-
ing the rate of exchange of O17 and Hl between the bulk water and the
coérdination'sphereé of the ﬁetal ions,‘as well as the interaction
between‘thevﬁnpaired electrons of the metal ion and the nuciei of the
coordinated Water mole‘cules-2 Half thé line-width at half height, &w,

expressed in radians per second, is equal to the reciprocai of the

" apparent tfahsverse'relaxatioh time T2’ and is given by Equation (l),

T i et i (1)
‘ 2 2H50 2p 2 p
T?Hoo deScribes the relaxation of the nuclei in the bulk of the solution

that - would o?gur in the absehce of paramégnetic ions, and Tgp the

relaxation éffects arising from the presence of the paramagnetic ions.
The.line-width of the resonance observed in solutions containing

the hydratedvvanadyl ion may be influehced by the exchange of nuclei

from four kinds of non-equivalent coordination sites.(Fig. 1), 1.e: the site of

~ the doubly bonded "vanadyl-oxygen," the four equatorial positions (I),

the axial position opposite the vanadyl oxygen (II), and possibly

additional coordination sites in a second coordination sphere (III),
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: L v 2+
The observed line-broadening arising from the presence of the VO  ions,

6¢b, is then given by Equation (2), where all the 6u%i'may be different. .

B = S W i = V=0, I, II, III .‘ (2)
P : b1 ' o
Experiments designed to distinguish between the exchange reactions
from the different non-equivalent coordination sites have been described
7 i

: 1
previously: Reuben and Fiat3 measured the chemical shift of O n

Dy3+ solutions -which contained various amounts of VOSOu. They found
that four water molecules‘were tightly bound to the V02+-ion at room
temperature. Assuming that no appreciable relaxation effects arise from
the exchange of the vanadyl-oxygen they concluded thatb only the e};change
of the water molecules coordinated to the four equatorial positions
leads to.a marked broadening of the O17 resonance, while the extremely
fast water exchange involving the axial position and possibly positions
in a second coordination sphere leads to a small shift of the resonance.

7

‘From studies of the O nmr.relaxation in VO(ClOu)2 solutionsh two
exchange reactions could be distinguished. It was not possible, however,
to assign the reactions with certainty to specific 6nes of the four
.different.kinds of coordination sites. bAnalysis of the temperature
-dependepce_of the protOn relaxation in VOSOu solutioﬁs also led to the
conclusion that two different exchange reactions contribute to the

u - .
E In the present paper it is shown how the different -

observed data.
kinds of coordination sites can be studied separately in a series of -
vanadyl chelate complexes,6 and how the water exchange from one of the

coordination sites can be influenced by the ligands coordinated to

adjoining positions.
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II. .Theory

Nmr Relaxation Studies. A thofough discussion of the transverse

nuclear relaxation in dilute agueous solutions of paramagnetic metal
v . |
ions has been given by Swift and Connick. They found that two relaxation

mechanisms may cdntribute to the observed line-broadening 8¢5, the

"Ab-mechanism” involving relaxation through the change in precessional

‘frequency which arises when the nuclei exchange between the bulk of the

solution and the coordination sites of the metal ion,7 the ”TQM-

8 . -
mechanism'™ involving the fast relaxation of the coordinated nuclei.

It has been shown that the Md-mechanism is not of importance in solutions

of vanadyl ions.u The effect of the exchange of nuclei between the i th

kind of coordination sites of the vanadyl ion and the bulk water on

the nuclear relaxation in the solution is then given by Equation (3).

1 Pui |
= ——— (3)
+ . 4
Tops i T Tomi

i is the lifetime with respect to chemical exchange of a nucleus in

the 1 th coordination site, T2Mi is the transverse relaxation time of

a nucleus in the i th coordination site, and the probability factor

. . + +
PMi is given closely by ni[VOE ]/55.5, where'[VO2 ] is the vanadyl ion
concentration, and n, is the number of water molecules in the

coordination sites of type_i.
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Two limiting cases can be derived from Equation (3). If the

relaxation of the coordinated nuclei is very fast, TEpi is determined

by TMi'
1 P .
T = TMl (h)
2pi Mi

If, on the other hand, the chemical exchange is fast compared to the

T relaxation, T, . is determined by T

2Mi 2pi oMi”
. ..PMi ‘ . (5)
T ST o ' 2
2pi 2Mi
The mechanism governing Tépi can in certain cases be established from

‘a study of its temperature dependence. ' The variation of TMi With

f témperatgre is given by the usual expression for the temperature

" dependence of the rate of a chemical reaction

T [, F/RT) - (83.F/R)] (6)
where [&H% and'ASii'are the'éhﬁhalpy and entropy of activation for the
water exchange'between the i th coordination sites and the bulk of the
solution. The variation with temperature Of‘T2Mi is~determined by the
nature bf the interactions between VO2+ and the coordinated nuclei which
lead to fast nuclear relaxation. Three types of interactions might be
of importance, i.e. scélar coupling between the nucleaf spihs and the
spin of the unpaired electron, dipole-dipole coupliﬁg'betwéen the

nuclei and the unpaired electron; and interactions of the nuclear

quadrupole moments with the electric fields of the ligand atoms.

P

£

-

|
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The transverse relaxation of the coordinated nuclei arising from
L
scalar coupling is expected to be given by (7) »9
' : ' . A 2

E | 1 1 i
: : —— = = 3(8+l) —= T, 5 = + _ (7
Toms 3 52 ot Toi Te  ™Mi

K]

where Ai/h is the scalar coupling constant in radians per second of a
nucleus in the i th coordination site, S is the electron spin guantum

number, Toi is the correlation time, and T. is the longitudinal

le
relaxation time of the unpaired electron. If we assume that Ai is
essentially independent of temperature, the dependehce of TEMi on

temperature-is given by that of Tci' Since the temperature coefficient

for T]e i8 usually much smaller then for TMi , the tendency will be for
T2Mi to be controlled at higher temperatures by TMi and at lower
rat T, .
temperatures by lle
Equation (8) describes the effect of dipole-dipole coupling on the
1 . . 10,h |
12Mi relaxation.
1 ‘ T
. 2. 2 2
. = Y Yg 1 S(s+1) Iga—g {iur . 1+( ) -
2Mi 5
L _ T R A T :
3 + 6 ——s + 6 s (8)
W
. ] - l+(w +0 ) Tci
‘ YI and YS are the gyromagnetic ratios for the nucleus observed and for

the unpaired electron, d, is the effective distance between the electronic

spin and the nuclear spin in the i th position, wi and mS are the nuclear
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“and electronic Larmor frequencies in the applied external
magnétic field, and %ci is the correlation time for the
dipolar interactions with a nucleus in the i th position. The
dependence on temperature of T2Mi is determined by that of Tci’ where
'l/Tci = l/TMi + l/Tle + 1/Tr. T (hﬂr3ﬂ)/3kT is the correlation time
for the rotational tumbling of ﬁhe hydrated metal ion, where the
molecules are treated as rigid spheres of radius r moving in a medium
of viscosity ﬁ,h énd k is the Boltzmann constant.

Quadrupolar interactions interrupted by the rotational tumbling of
the water molecules are believed to be mainly responsible for the line-

~width oW of the O17 resonance observed in pure water.ll’u The T2Mi

Hs0
~ relaxation arising from quadrupolar coupling is for the case of
"extreme motional narrowing," which is a good approximation for the

treatment of the O17 relaxation in dilute agueous solutions of metal

“ions, given by Equation (9).12

2 2

- AT €. eQq.
1 3 21+3 : i i
= 3 (1 ) (=) T, (9)
Toms O 1%(21-2) 3 B .

I is the nﬁclear spin quantum ﬁumber, éiris the asymmetry parameter,

Q isvthe nuclear quadrupole momen£, 95 is the electric field gradient,
‘aﬁd Tci'is'thg correiation'time for quadrupolaf'coupling of a.nucleus in
the i th pbsition.‘ If one assumes thdsgi and qi are essentially-
independent of température, the dependence on temperature of T2Mi is
giVen by thaf of'TCi, where l/Tci'= l/TMi;¥ l/Tr, and Tr is the.

_correlation time for rotational tuhbling of the hydrated metal ions.
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‘IBquation (95 only applies in the above form if the tumbling about its
principal axes of a water molecule coordinated to the i.th position is
restricted to the tumbling of the whole hydrated metal ion during the

period of time given‘by TMi.

Chemical Shift Measurements. The chemical shift in radians per.
second of the nuclear resonance in the bulk water of metal jion solutions

2
relative to that in pure water is given by (10).

» P B
- Mi TOMi
oy = -5 (10)
H20 i (M 1)2 + A@N.E TMi2
Tomi :
AwMi is the chemical shift relative to pure water of a nucleus in the
i th position, and is given by (11),53
: : Ye 'Ai
My o= S(s+1) ﬁv- 3T (11)

where.w is the Larmor frequency of‘the nucleusvconsidered, and YN and
T, are the é&rbmagnetic ratics of the nucleﬁs and the unpaired electron.
A large chemical shift of the bulk water resonance is to be expected in
the case of fast chgmiéal exchange, i.e. B << TQMi and 2Y << l/Aahi'
The observed resonance then corresponds to the average of the

resonances of the nuclei in the bulk water and in the i th coordination

sites, and the chemical shift contribution from each term in (10) for

which the above conditions of fast chemical exchange hold, is given by (12).

Muoor T “Pmi M (12)
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Studies of the Complex Formation Equilibria by Esr Experiments.
. ] + L - e ) . : I .
In general the complex formation of VO2 with a chelating llgapd will

occur stepwise; as given by Equatioﬁ (13).

+

pt - (p-q)+
+ v +
VO(L)n_l LHq pid vo(L)n | qH (13)
Under given conditions a solution may contain'two, three or more different
paramagnetic species, which may contribute to the nuclear relaxation in
the bulk water through water exchange from up to four kinds of non-
equivalent coordination sites (see Fig. 1). The observed line-broadening

due to the presence of . the V02+ ions would then be given by (14).

(=N
|

= V=0, I, II, III
dBw = & & &w ., (1k)
J = Vo, vo(L), VO(L),, etc.

<
|<

For an interpretation of the nmr data of solutions of vanadyl complexes

we therefore have to know the concentrations of the various species present.
Electron spin resonénée measuremenfévhave;béen shown toAbeva

convenient methéd to investigate the complex formation reactions in

vanadyl ion solutions,lu and can easily be applied over the whole

fémperature range used for.the nmr experiments. The esrvsighal of a

vanadyl complex in solution is given by the Spin Hamiltonian (15).15

e

77/S=goﬁHsZ+éS-I ’ "~ (15)

2%

»
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go'is the isotropic spectroscopic splitting factor, B the Bohr magneton,

H the applied external magnetic field in the z-direction, and a the

isotropic hyperfine coupling constant of VSl.v-The eigenvalues of
16
Equation (15) to second order are given by (16)
(m.) = H a” (L(+1)m?) 3w =2V (16)
HmIv'<>‘m%"ﬁ% Myl s o T g p

where m_ are the eigenvalues of IZ and a is given in Gauss. The signal

I
1
consists of 8 hyperfine components (I = 7/2 for & ).

i 1
» g, is only
slightly different for different complexes, but the distances between the
8 hyperfine components, which are essentially determined by the parameter
' o+ -
a (see (16)), are greatly influenced by the ligands coordinated to VO .
Therefore different complexes which are présent in the same solution can
1 .
be distinguished.lL This is illustrated in Fig. 2 which shows the -esr
+

spectrum of a solution of VO2 and Tiron at various temperatures. The
positiOns of the 8 hyperfine components of the signals correéponding to

2+ 2- 6- . _ 17
VO©', VO(TIR)®™, and VO(TIR)P are given at the bottom of Fig. 2.
The lines cofrésponding to the signals of these three species are then

easily identified in the high-field and low-field parts of the spectra

recorded at various temperatures. It is seen that the relative

-intensities of the three signals vary greatly with temperature.

P
VO(TIR)Z— can hardly be detected in the spectrum at 25°, but it is the
predominant species at 125°. These variations of the relative concen-
trations of the three complexes are fully reversible, i.e. one gets the

original spectrum back after cooling the solution from 125° to 25°.
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Tor ailxthe ligands discussed in this paper, go»and a of the 1l:1-
and, where apﬁlicable,:the 1i2-complexes with VO2+ are known,l+?17 and
the iine-widths of the eight hyperfine components in solutions containing
various concentrations of the complexes have been measured at different
temperatures. Assuming that the shape-of thé resonance is- Lorentzian
the esr signals of the vanadyl comple#es have been reconstructed with
Equation (16) from these parameters on a CDC-6600 Computer. From the
calculated signalé wé computed for the»various ligands the esr spectra
of solutions containing variable relative éoncentrations of V02+,
VQQ+(L), and V02+(L)2.» The experimental spectra of the samples used
for our experiments were then compared with the calculated sbectra of
corresponding solutions, and the relative concentfations of the different
species detérmiﬁed from the best fit. Since the total'V02+—concentration

4
in the samples was known we thus obtained the concentrations of VOQ s

N

Vo=t (1), and V02+(L)2-

These esr experiments further show that the 1lifetime in the first
coordination éphere of the chelating ligands used for these studies is
lqgg compared to that of the coordinated water molecu;es. At temperatures
above ca. 140° where the lifetimes of ﬁhe watéfiméiecules in ﬁhe first
codrdination sphere of some.of the complexes are short compared to both
the electronic relaxation‘time'and the reciprocal of the difference

between the a-values corresponding to the various complexes present, one

still observes the separate esr signals of the different chelate complexes.
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sr Relaxation Studies: To calculate the scalar coupling constants

from nmr—relaxation measurements ae has to know the longitudinal
electronic relaxétipn time T, of the paramagnetic ioﬁ (see (7)). .

Tle has been measured in VO(ClOu)Q-solutions at room temperature,

but it is not known for any of the vanadyl complexes at high temperatures.
As discusséd previouslyu the experiments done by McCain and Myers

imply that it is a good approximation to set Tle = T?e for vanadyl—ions
under tﬁe experimental conditions of the nmr relaxation experiments at
high temperatures. The value of T2e used in this approximation was that
correspondiﬁg to thé average of thevtransverse relaxation times of the
‘eight hypertine components. The transverse relaxation times of the

individual components were obtained from measurements -of the separation

of the positive and negative peaks in the first derivative spectrum.

ITI. Experimental Section

Each experiment with one of the vanadyl complexes involved the
following steps: (i) Xnown amounts of VO(ClObr)2 and one of the
7

chelating ligands were dissolved in Ol enriched water. (ii) Through

addition of NaOH a certain pH value was established at room temperature.

L7

(iii) The 07" nmr spectrum was recorded at various temperatures.
(iv) A corresponding solution in non-enriched water was analyzed by
esr measurements for the species present at the temperatﬁres where the

nmr spectrum was recorded. From these esr spectra we also obtained

the transverse electronic relaxation times.
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: . . 17
~The following chemicals were used: water enriched to 11% in O !

obtained from Oakridge National Laboratories, ca. 2.5-M VO(QlOM)2
solutions thch were analyzed for paramagnetic impgrities as described
previously,u disodium ethylenediaminetetraacetate (EDTA) obtained from
. Fisher Scientific Company, nitrilotriacetic acid (NTA) and iminodiacetic:
aéid (IDA) from:Eaétman Organic Chemicals, Tiron (TIR, 1,2-Dihydroxy-
benzene-3,5-disulfonic acid, disodium salt) from Baker Chemical_Co.,
5-sulfosélicylic acid (S8SA) from Merck Chemical Co., 2-picolylimino-
diacetic acid (PIDA) obtained from Professor S. Fallab at the University
of Basel (Switzerland), and NaOH from Allied Chemicals.

The VO(EClOu)2 concentratibn in_the stock solution was determined
. through titration with'KMnOu.‘ The samples for the nmr experiments were
prepared by adding known volumes of the concentrated VO(Clogzésolution
and weighed amounts of the ligands to a known volume of Ol7—enriched
.water. By addition of very small amouhts of concentrafed NaOH or
HClOu a certain pH value was then established at room temperature, using
a combination glass-reference electrode especially designed for these

experiments.+9 The solutions were finally degassed and then studied
“in sealedinﬁr tubes. TheisolutionS'of some 6f the coﬁplexes teﬁa to
decompose after standing for a few days. Therefore all the experiments
were done with freShly prepared solutions. It was checked with'esr

measurements that no irreversible changes occurred on heating the

solutions up to the temperatures needed for the nmr relaxation studies.
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. . 17
The nmr spectrometer and the sample tubes used for the O f

relaxation studies were.deséribed previously.)+ Fop the O17 chemical
éhift measureménts the solutions of tﬁe V02+'complexés were studied in
sphericél.bulbs and the spectra compared to the resonance of pure

waﬁer recorded in éimilar sample tubes. The esr‘measurements were done
on a Varian V-4500 X-Band spectrometer with 100 Kz field modulation,
using a standard Varian V-4540 Temperature Controller for the experiments
at high temperatures. The solutions were studied in sealed capillaries

of ca. 1.5 mm outer diameter. The proton nmr experiments were done

with a Varian A-60 spectrometer equipped with the standard Varian V-6031

variable temperature probe.

IV. Results

. L 24 4
The following VO complexes have been studied: VO(HQO)E in

) ‘ i +
VO(ClOM) solutlons;u the 1:1 complexes, vo? (L), with ethylenediamine-

2
tetraacetate (EDTA), nitrilotriacetate (NTA), 2-picolyliminodiacetate
(PIDA), iminodiacetate (IDA), 5-sulfosalicyate (SSA), and Tiron (TIR,

1,2-~dihydroxybenzene-3;,5-disulfonic acid); and the 1:2 complexes

VO(SSA)i- and vo(TIR)g‘.

Esr Measurements. Table I gives the results of the esr studies of

‘three typical solutions used for the nmr studies of the 1:1 complexes

2+ . -
of VO with SS8A, TIR, and IDA. For all the other complexes examined

it was possible to prepare solutions in which only the esr signal of a

'_Single species was observed over the whole temperature region of interest.

/



Table I

Esr Studies of the Complex Formation Equilibria, and Average

Transverse Electronic Relaxation Times

i 2+ : 2+ rvaet (T e =
Complex [vo Lot [L]tot -‘ pH T (vo=" ] (vo= (1) ] [vo (L)QJ_ Toe
Studied (moles liter-l) (at 25°) (°c) (% of [VOE+]tOt) (sec)
VO(IDA) 0.0k0 0.0k0 4.3 25 10 90 - 6.3 x 1077
60 7 93 - 7.4 x 1077 :
100 5 95 - 7.4 x 1072
ko 3 97 - 7.0 x 1077
VO(SSA) ” - 0.010 0.011 3.8 25 < ua) >89,<100 <7a) 6.2 x 1077 ‘cj\
60 < o) >9lt, <100 <) 9.3 x 1077
100 < 2?) >9k, <100 42) 10.2 x 1079
140 < o®) >k ,<100 <?) 10.0 x 1077
VO(TIR)Q- 0.010 0.020 4.0 25 20 '>75,< 80 <5a) 6.0 x 1072
60 15 >80,< 85 <5a.) 8.3 x 1077
100 10 85 5 9.7 x 1072
140 7 86 7 9.7 x 1077
<
a) The signal of that species was not observed. The numbers correspond to the limits of detection in the g
calculated spectra. .
S
N
[G)Y

e

4 5
s
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The temperatﬁre dependence of the transverse electronic relaxation times
.of the complexes used in our experiments follows closely the:behavior

of T2e of vanadyl acetylacetonate in toluene described by Wilson and

Kivelson.zo The data for VO(SSA) are given in Fig. 3, which shows a

plot of log T, -Vs. l/T for the four hyperfine components corresponding

2e
to my = -7/, -3/2, +3/2, +7/e. It‘is seen that in the semilogarithmic
vplot, which is generally used to present the nmr relaxation data, Tee
appears to be éssentially.independént of temperature between ca. 60 and
150°. . The values of TQe in the last column of Table I correépond to

the average of the transverse relaxation times of the eight hyperfine

:components.

O17 Nmr. Relaxation Studies. The experimental data are summarized

op vs. 1/T for some of the complexes,

and ih Table II. It is seen that some of the chelate éomplexes givé '

in Fig. 4, which shows plots of log T

rélaxation effects which are very small compared to those observed in

V_O(Clou)2 solutions, whilé for other species Tép is mucH shorﬁer than

that of VO(ClQM)E in a part of the temperaﬁure region examined. A better

upderstanding of the meaning of these data is obtained when one considers

the schematic structures of the various complexes given in Figs. 5 and 9.
Ividence has been found by others21 that the coordinatioﬁ of protons

and metal ions to EDTA occurs preferentially at the nitrogen atoms. Fig. 5A

appears then from model considerations to be the most likely structure

of the V02+—EDTA complex. Fig. 5A is also cohsistent with the stoichiometry

of the complex formation reaction,vif one assunmes that the deprotonation

: ez |, .
at pH = ca. 3.0 involves the non-bonded carboxylic acid group.



Table IT
1

Experimental Data on the Ol Mur Relaxation in Agueous: Solutions 6f Vanadyl Complexes

Experimental Observations Parameters

Complex ~° Structure o (See Fig. k) : ; " Obtainedb)
2:8) | ' s | 2 -1
Vo o Fig. 1 Large 6&b, chemical exchange controlled k = 5.0 x 10" sec
© (I,II,III = E,0)  in the major part of the temperature AHt = 13.7 keal mole™t
region 5 - 170°. ASF = - 0.6 e.u.
‘ _ A/h = 3.8 x 105 cps
Small additional at low temperatures,
due to fast exchange of loosely bound
waters (not given in Fig. L, see Ref. 4).
VO(EDTA)E_ Fig. 5A 8wy, not detectable from 5 to 100°. k(vanadyl-oxygen)
VO(EDTAH)™ - < 20 sec™t -
vo(sss)zgf ~ Fig. 5B Very small 6@? from 5 to 130°.
VO(Tiron)26‘ - Fig. 5B~ ' Very small'ﬁab from 5 to 130°.
. VO(IDA) . Fig. 5C - Large 5&5, chemical exchange controlled k= l2x 10° sec
' . ' from 5 to 50°, at higher temperatures AHF = 11.7 kcal mole
Ty-controlled. ' AS¥ = + 3.9 e.ur
A/n = 2.8 x 10° cps
vo(sss) ™ - Fig. 5D Large &X,, chemical exchange controlled k = 1.5 x 107 sec™t
from 5 to 50°, at higher temperatures AHF = 10.8 kcal mole~l
Ty-controlled. ASF = + 1.2 e
A/h = 4.5 x 10° cps

-8'[-
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Table IT - continussd

' Experimental Observations Parameters
Complex Structure (See Fig. L) Obtainedb)
VO(Tiron}g_ Pig. 5D : Large 6&§’ chemical exchange controlled k = 5.3 X 10° sec-l
) 1 from 5 to 50° , at hlﬂher temperatures AE¥ = 11.8 kcal mole-i
QM- controlled. ASt = +. 7.0 e.u.
A/h = 4.9 x 108 cps
VO(NTA) ™ Fig. 9 B or F Very small &, from 5 to 130°.
VO(PIDA) - Fig. 9 Eor F Very small awpvfrom'S to 100°.
. 2- . .o
VO(NTA) (OH) = Fig. 9 G Very small 8@, from 5 to 100°.
VO(PIDA)(OH) "~ Fig. 9 G - Very small &, from 5 to 100°.

2)  Studied in vo(€10,) , solutions.
b) '

k'is the first order rate constant at 25° for the loss from an equatorial position of the first

- coordination sp iere of a particular one of the exchanging nuclel. AH* and ast are the enthalpy

17

and enuropy of activation of the O

17

coupling constant of O

exchange from the vquatorlal positions.

A/h is the scalar

in the equatorial positions. Where only limits could be obtained for the

. 9‘+_ - :
concentration of VO™ (L) (Table I), the values of LVOE+(L)] used in the calculation of the reaction

parameters were those which correspond to the average of the upper and the lower limits.

-61-
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This would then explain that this deprotonation hés no effect éﬁ the esr
Signallu_and on the Ol7 relaxation in the bulk water as was found from a
comparison_of the O17 resonance in solutions of the protonated_and the
deprotonatéd EDTA complex. In'the'strﬁcture Fig. 5A only the vanadyl-
oxygen could possibly be involved in an Ol7 exchange between the first
coordination‘sphere of the Vl'ur and the bulk.water. The lack of any
obserQable relaxation effects in'vo(EDTA)z’ solutions might be due to
either very fast or very slow exchange of the vanadyl oxygen.  W§ only
consider the possibility of - slow exchange and find the upper i}hi@jfpr'
the rate constant given in Table II. . In the calculation of this liﬁit
we have used that Tep'[VO(EDTA)E-] > ca. 3.0 x 1072 sec at 100° (Fig. h),ﬂ
and have assumed that the activation enthalpy for this reaction would
ﬁé\equal to or greater than that observed for the O17 exchange in

vo(01ou) solutions, i.e. 13.7 kcal mole L.

2
X-ray studies by Dodge, Templeton and Zalkin23 showed that the two

. bidentate ligands in the 1:2 complex of VO2+ with acetylacetonaté are
coordinated to the four equatorial positions of the first coordination
sphere. Additional evidence for the correctness of the structures of the
complexes with bidentate ligands given in Fig. 5B and D has been obtained
from esr experiments (see Equation (5) and Table 3 of Reference 17).

From model considerations Fig. 5C appears to be the most likely structure
of the 1:1 complex with IDA. The experiments with vo(SSA)g' and'vo(TIR)g‘
show that neither the exchange of the vanadyl oxygen nor water exchange
7

from the axial position leads to appreciable broadening of the Ol

resonance ‘in the bulk water. On the other hand, large relaxation effects
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.are observed in'solutions'of all those‘complexes which have equatorial
positions available for the coordination of water molecules (Fig. 4 and 5).
A comparison of these data‘with those obtained in VO(ClOu)Q—solutions
(Fig. L) implies that only the four eéuatorial coordihation sites are
‘involved in the water exchange which Leads. to the large Swp in VO(ClOu)2
solutions. The values of k,‘AH¢, and AS* of the water exchange from the
fouf.equaforial positionsvin the hydrated vanadyl ion (Table II) were
taken from tﬁe data reported previously.

The parameters given for the water exchange from the equatorial
‘positions of the l;l complexes with IDA, SSA, and TIR were obtained
from the curve fitting processeé given in Fig. 6-8. ‘It_is easily shown
that the observed large‘relaxation effects‘cannot arise from dipolar
coupling or quadrupolar coupling, but must be due to scalar coupling
between the unpaired electron and the nuclear spin. Therefore the

dependence on'temperature of T is, through Equation (3), determined by

ep

(6) and (7), where we assume that T = Tge is independent of temperature

between 60 and 150° (Table I). In VO(ClOu)gvsolutions Ty never became

short compared to TQM in the temperature region accessible for the nmr

experiments, i.e. ca. 5 to 170° (Fig. 4). Since the exchange rate of
‘the equatorial waters is greatly enhanced through the influence of the

" chelating iigands IDA, S5S8A, and TIR, it was now possible to observe the .
.region where Tﬁ:< TEM’ and in the case of VO(TIR)Q- even the region where

< .
< Tie
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Two types of coordinaﬁion-are possible for the complexes of V02+
with the tetradentate ligands NTA and PIDA, which may either occupy three
~equatorial and the axiai position (Fig. 9E) or the four equatorial
positions (Fig. 9F) of the first coordination sphere. Since one would
expect the complex given in Fig. 9E to give rise to relaxation effects
17

comparable to those in VO(IDA) solutions, the 0" relaxation experiments

indicate that the structure of Fig. 9F is more stable in aqueous solutions
of these complexes. This structure seems, however, not to be stable in

1k, 2k

basic solutions, where a hydroxo-complex is formed. The most likely

coordination for the latter seems to be that given in Fig. 9G. No
appreciable relaxation effects are observed in solutions of these
hydroxo complexes, which is consistent with a slow rate of exchénée of

the OH group in the equatorial position.

7

Chemical Shift Measurements. The shift of the Ol resonance in

ca. 0.4-M solutions of vo(01ou)2, VO(NTA) ™, VO(TIR)g-, and Vo(sss)g' was

studied at 25°. The positive shift found in the VO(ClOu)2 solution was
in good agreement with the values reported by Reuben and Fiat.3 No.shift
or at most very small negative shifts could be detected in the solutions

of the three vanadyl complexes.

Proton Nmr Relaxation Studies. The transverse proton relaxation

was studied in the bulk water of solutions of VO(EDTA)Q-. At complex
concentrations from 0.05-M to 0.5-M no appreciable broadening of the

resonance could be observed in the temperature range 5 to 100°.
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V. Discussion

The experiments described in Part IV have shown that in most of the

solutions of vanadyl complexes studied only one of the many possible

contributions to the relaxation of the bulk nuclei given in Equation (1k)

is of importance. It was possible to distinguish between the effects.

.on T,. of the Ol7 exchange from the‘three-nbn-equivaleht kinds of

2p

. + . .
positions in the first coordination sphere of Vl‘L (Fig. 1), and to study
guantitatively the influence on the.réte of the water exchange from the

equatorial coordination sites of the ligands coordinated to adjoining

. Exchange of the Vénadyl Oxygeh. From theoretical considerations of
the vanadyl ion, it was to be expected that the vanadyl oxygen would

exchange much slower than the oxygens'of the water molecules in the other

25
o + .
coordination sites of Vu. To our knowledge it has not been established

that the vanadyl oxygen exchanges in-aqueous‘solutions of vanadyl complexes.
The reaction would certainly be too slow to be studied quantitatively

7

by the Ol nmr relaxation techniqué. The upper limit for the rate constant

of a possible vanadyl oxygen exchahge given in Table IT is probably far

" too high, because one would expect the enthalpy of activation of this

reaction to be considerably greater than that used in the calculation of

this limit, i.e. AHF of the water gxchange from the equatorial positions.

Water-Exchange from the Equatorial Positions. The water exchange
from'the equatorial positions seems to be the only reaction which greatly

ihfluence; the nuclear‘relaxation'in'the bulk of the solution.
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Its rate and its enthalpy of activation are such that all the three
limiting cases for the dependence on temperature of T2p predicted by
Equations (3) and (7) can be observed for some of the complexes

(Fig. 7 and 8). The rate of the water exchange from one of the equatorial
coordination sites can be changed by several orders of magnitude through
the influence of the ligands coordinated to adjoining equatorial
positions (Table II). A comparison of the water exchange rates from the
first coordination spheres of the hydrated V02+-ion and of other hydrated
doubly charged 3d-metal ions led to the suggestion that the relatively
slow exchange found for V02+ is most likely due to large electrostatic
contributions to the bonding of the water molecules.h The increase of
the exchange rate brought about by the various chelating ligands might
then be interpreted in terms of a simple electrostatic picture. Each of
the ligands studied, i.e. IDA, S3A, and TIR, occupies two equatorial
positions of the first coordination sphere with negatively charged groups
which might neutralize part of the high positive charge of Vu+ effective
in the bonding of the water molecules. One might even go further and
explain the increase of the exchange rates whgn going from VO(IDA) to
VO(SSA) ™ and VO(TIR)E— in terms of the increasing number of negatively
charged sulfo groups which are not coordinated to the first coordination
sphere of the metal ion. As one would expect, the negative charges of
the bonding groups of the ligands would then have a much greater
influence on the exchange rates than the charges localized on non-bonding
groups. This partial neutralization of the high effective charge of Vh+

through the chelating ligands presumably would also be reflected in the
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values found for AH* (Table II) which appear to be somewhat smaller than
ATF of the water exchange from the hydraﬁed V02+4ion. The values of
'AS*.of the Qater exchange from thé various complexes are close to O e.u.,
as is géherally found for the elimination of water molecules from the
fifst-coordihation sphere of métal‘ions.g

The influence vafhe ligaﬁds in adjoining coordination sites on-the
’scélar.coﬁpling consﬁant 6f the nuclei of waters coordinated to a pafa-
magnetic_ﬁetal ion has been discussed by Horrocks and HutchisQn.

et they distinguish between two

.Following’McCohneil and Robertson,
contributfbns to the observed coupling constant, A.= AC + AP,'whe?e AC
is.due to Fermi contact coupling- and Ap to pseudocontact interactiogs.
.ffdm an analysis of the Variations of the SCalar.coupling constant A
ofvthe'water protoﬂs in a series of mixed Cog+,complexés they concluded
that AC might to a gdod approximation bevconstant for all the cbmplexes.
The dependence of A on the ligands in adjoining positions observed in
Cog+‘comp1exes would therefore arise mainly from changes of the term Ap,
‘'which is closely related to the anisotropy Ag of the g-tensof; i.e.

. The data on VO°

for a complex.with_axial_symhetry Ag'=‘gl - gl
complexes (Table.II) suggest that'Ac of the nuclei of water molecules

might in certain cases also be influenced by the.ligands in"mixed metal |
ion.complexes. The anisotropy of the g-tensor was found to be very small

20,18

for the hydrated vanadyl ion, and from estimates for a series of

other Vénadyl complexes Ag seems to be very little influenced by the
ligands in the eguatorial positions’,.l)1L It then appears that the 6bserved

7

ligandAinfluehce on,the‘Ol scalar coupling constant A/h in vanadyl

complexes (Table II) ié_mainly due to changes of the contact interaction'Ac.
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The dependence on the ligands of the scalar coupling constants of

51 % G s
v and 07 of the coordinated waters indicates that in addition to
2+ .
purely electrostatic effects the bonding scheme in VO complexes 1is
influenced by the ligands in the equatorial positions. The general
51

trend seems to be that the unpaired electron density at the V77 nucleus

is decreased when VO2+ is coordinated to ligands which are known to form
strongly "covalent” bonds in their metal ion complexes.lu’17 Since
electrostatic interactions are probably important in all the complexes
étudied so far, it has not yet been possible to determine how the water
exchange rates are influenced by the ligand effects indicated in the
variations of the scalar coupling constants. Quite po;sibly these
effects could cause the differences in the water exchange rates from
V02+, VO(IDA), VO(SSA)™, and Vo(TIR)g', rather than simple electrostatic
interactions. This would not be very surprising, since others have
shown that the rate of replacement of HEO in N12+ complexes is not in
all cases increased by the coordination of negatively charged groups to

2 . .
Ni +, while on the other hand some electrostatically neutral ligands

seem to increase considerably the rate of the water replacement.2

Water Exchange from the Axial Position. At most very small

relaxation effects arise from the water exchange involving the axial

e 2+
position of VO™ (Fig. 1, II). Since these relaxation effects appear

to be TEM-controlled even at low temperaturesu they could only come from

fast exchange of the axial water molecule, which is consistent with the

3

chemical shift measurements by Reuben and Fiat.

3,k

We then have that
according to the experimental data the rates of thé water exchange

at 25° from the axial and the equatorial positions must differ by at least

a factor of ca. 106, perhaps even 109.
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.- Group théoréﬁical consideration529 show that different wave funcﬁions
are involved in the 5onding of the-four'equatOrial and the axial'ligand
of the first éoordination sphere of VO2+. One would therefore anticipate
that the water exchange rates-froﬁ these gwo kinds of céordination'sites

.might be quite different. Furthermore_there is some ihdication»of‘a'
vtendency f‘or’VO‘2+ complexes to form pyramidal molecules in which the

Vu would not be in_the plaﬁé of the four equatdrialrligands (Fig,‘lOA),
vbuf rather Somewhat above this plane'(Fig.‘lOB). X-ray studies23 héve/
Shown that in the solid stat¢ of the 1:2 complex of VO2+ with
écetylacetonate,’the Vanadylioxygeh.ahd the four equatorial positibns
are at ‘the cornefs of a tetragonal pyramid with V}1L+ ap?roximately at its
gentEr'of gravity.' BEsr studies3o imply that in'solutioﬁs of vanadyl-
acétylaéetonate a sél&ent molecule is cqordinated to the aﬁihl position
with a very shoft'lifetime, which is at 25° only litfle longer than
the electronic relaxation times of VO(acéc)Qvin these soldfions, i.e.
li)XlO—8 to lx)xJDi9 sec.  For steric reasons one would .expect only
weak coérdination—to the axial position‘in a structure of the type

‘Fig. 10B. ITherefore such a éhort lif'etime seems comprehensible if one
"aééumes that VO(acac)2 maintaiﬁs the pyramidal structuré in solution.
‘Furthe; evidence for a pyramidal solution struéture of vanadyl complexes
comes from the'\O17 nmyr experiments which appear té show that the:
te@ra@entaté ligands NTA and PIDA are coordinated;to the four eqpatorial
posifions‘of.vo2+ (Fig. 9F). From model considerations such a ) |

coordination of NTA and PIDA appears plausible in a pyramidal structure

(Fig. 10B), but it would for steric réasons be impossible in a planar
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. L+
structure (Fig. 10A). In the pyramidal structure (Fig. 10B) the V

would then be five-coordinated in the complexes with the tetradentate
ligands, while for all the other complexes (Fig. 5) at most a weak
coordination of a sixth group in the axial position of the first

coordination sphere appears likely.

Second Coordination Sphere Effects. Two different effects have

been found to arise from fast water exchange which could involve either
the axial position (Fig. 1, II) or positions in the second coordination
sphere (Fig. 1, III). These are: a small chemical shift of the ot
resonance in VO2+ solutions at room temperature,3 and small contributions
to the linewidth of the O17 resonance observed at low temperatures.

In the following we discuss some experiments which indicate that two
different kinds of interactions between the vanadyl ion and the loosely
coordinated water molecules give rise to these two effects on the nuclear
resonance in the bulk water.

The chemical shift of the resonance of the coordinated nuclei is
givén‘by (11), where A; includes contributions from scalar and pseudo-
scalar coupling between the unpaired electron and the nuclear spin.
Assuming that the shift of the O17 resonance in the bulk water (10)
is entirely due to fast water exchange from the axial position, Reuben

7

: : 6 1
and Flat3 found A/h = 2.06 x 10 cps for O°' of the axial water.

The enhanced nuclear relaxation could arise from dipolar coupling
(8) and quadrupolar coupling (9) as well as scalar coupling (7). To

distinguish between the three possible relaxation mechanisms we have

studied the data on the proton nuclear relaxation in solutions of V02+
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o : . L . 1 .
ions, which have been reported by Hausser and Lauklen,? and by Mazitov .

and Rivkind.5 Hausser and Laukien's data are given in Fig. 11 and 12,

together with our reinterpretation. 'In Fig. 11, log Tlp'is plotted vs.

) l/T} Only dipolar interactions are important for the enhancement.of

v ' : . 32 s
the longitudinal relaxation of the coordinated nuclel.3 - At high

temperatures the resulting TlME’ which is the longitudinal relaxation

time of the protons of a water molecule coordinated to 'a position of

\ .

- type I, .is long compared to T ? but 7. _, which was obtained from Fig. 12,

MI

increases fapidly on lowering the temperaturé, and controls the
relaxation effects arising from exchange from the equatoriél positions
below ca. 25° (Equation (3)). Additionél relaxafion effects

(TlII/PMII)’ which must come from fast water exchgnge from other
positions, become important at lower temperatures. The témperature

-

dependence of log T,  (Fig. 12) shows the same characteristic features

17

2p

as a similar plot of the O d.ata.)Jr The relaxation of the nuclei in

-the equatorial positions-is due essentially entirely to scalar coupling

P, ). At\high and intermediate teﬁperaturES, Tgﬁvis controlled

- (TQMISC/ MI

by T ahdfTMi (Equation (3)), while the relaxation due to the exchange

2MI

of the labile waters in other positions, (T ), becomes dominant

EMII/PMEI

below ca. 35°. The solid curves in Figs. 11 and 12 correspond to the:A
appropriate combinations (Equations (2) and (3)) of the individual

contributions to T, and T, shown in the figures.

1p ep ,
Protons have no quadrupolar moment, and the longitudiﬁal nuclear

; . 2+ X . i
in solutions of VO ' is essentially unaffected by

relaxation time T
. y 1p

. . . L . 2 >
scalar coupling interactions.>- Therefore the contributions (TlMI/PME)
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and (71 } in Fig. 11 must come from dipole-dipole coupling with

lMEI/PMII

the protons of the coordinated waters. From the curve-fitting process
in Fig. 12 it is seen that (FEMII/PMII) is to a good approximation equal

to (T This indicates that dipole-dipole coupling is also

_UVE[I/ PMI )

responsible for the transverse proton relaxation in the labile water

molecules. If we assume that the labile protons are parts of rapidly

17

exchanging water molecules, we can calculate the transverse dipolar o~
relaxation of these molecules from the proton data by estimating the

P i 1 17 . L+ .
ratio of the H - and O '-distances from the V' (Equation (8)). The
values obtained are of the same magnitude as those observed for Ol'7 at
low temperatures (Fig. 4 of Reference U4), thus indicating that dipole-
dipole coupling is mainly responsible for the 017- relaxation of the

labile waters on V02+.

The correlation time TC for the dipolar T relaxation (Fig. 11)

1MI

is given by J_/TC = l/'L‘MI + 1/’1le + J/Tr (8). Since both Ty 2nd Tle

are much longer than the correlation time Tr for the rotational tumbling
of ﬁhe hydrated vanadyl ion we have that TC =T .- By estimating the
distance from '\/’“+ of the equatorial protdns to be 2.9 A, which corresponds
to the distance from V)1L+ to the oxygens of the equatorial waters being

0 P -
ca. 2.2 A, 9 one finds T, = T,=10x10 10 cec at: 25° (Bquation (8)).

If onc assumes that the observed dipolar relaxation of the labile protons,

T is due entirely to the axial water molecule, one finds that

lMII/PMII’

the correlation time for the T relaxation has to be essentialiy the

IMIT

same as that found for the T relaxation, i.e. the lifetime with respect

1ML

to chemical exchange of the axial water has to be considerably longer



‘water (8). If . the chemical shift of O

o - 6
water, one calculates from inserting A/h = 2,06 x 10" cps
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than 1.0 x 1070 sec, say 5.0 x 10710 sec or greater. Otherwise one

‘ bt Py
finds an impossibly small value for the distance from V4 to the axial

17 arises entireiy from the axial
3

and

T > 5.0 x 10710 sec into Equation (7) that the resulting scalar

Max
rélaxation of 07 would be at least 10 fold greater than that observed

(Fig. 4 of Reference 4). To be consistent with the experiments both

the. chemical shift and the dipolar relaxation can therefore not arise

from the axial water molecule. -

: Thevnuciear resonance in the bulk water coﬁld further bevinf¥uéﬁced"
by water molecules in a second.coordinatiopvsphere, which might coﬂsist
Qf.foui waters'residing'on £he faces_éf the pyramid formed by the |
vénadyl Qxygen and the four eQuatorial_wa%ers (Fié. 13). From

calculatiohs analbgoﬁs to thé above it éppgars unlikely thaﬁ the.eXChange
ffom these positions could-accoﬁnt for the chemical shiff of O17 as
:Well as the dipélar relaxation,‘although the diébrepancies with the
expefiﬁents which afise-from thiérassumption aié.not suffiéiently great
£o~definitelybeliminate this possibility. Thefbést agreement with the
ekperiméhts, however, is obtained if ;he‘assumeé that the two éffects
attributed to the labile watérs come f;om.two different kinds of
weakly coordiﬁaﬁed water‘moleculeé.' |

B In a pyramidal structure of VO(HQO)i+Vthe axial position opposite

thé'ﬁanadyl oxygen and the positions on the four faces of theipyramidv

" which could accommodate weakly coordinated water molecules are evidently

L

not équivalent (Fig. 13). 1In the ground‘staté of the hydrated vanadyl

¢
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ion the unpaired electron is believed to be localized essentially in the
non-bonding dxy—orbital of the VLH.29 From the simple model shown in
Pig. 13 it appears then that only the loosely bound waters on the faces
of the pyramid might experience considerable scalar coupling inter-
actions with the unpaired electron. This origin of the observed chemical
shift of Ol7 seems not impossible, since scalar interactions of a
paramagnetic ion with labile waters in a second coordination sphere have
been reported previously.33

From this discussion it appears most likely that the water exchange
from the faces of the pyramid gives rise to the observed chemical shift,
while the relaxation effects arise mainly from dipolar coupling with the
axial water. A quantitative check of this interpretation gives the
following data: From the measured chemical spifts3 Equations (11) and

L7

(12) give A/h = 5.0 x lO5 cps for O of the waters on the faces of the

pyramid. The lifetime of these waters must be as short as or shorter
than 1.5 x lO_lO sec. for the scalar relaxation to be consistent with

the experiments. Assuming the distance from the unpaired electron to

the protons and the oxygen of the equatorial waters to be 2.9 A ana 2.2 A
respectively, the following values are derived from the TlMI and TlMII
proton data (Fig. 11) and Equation (8): r = 4.8 A, 4 = 3.05 A for the
protons and 2.35 R for the oxygen of the axial water molecule. Further-
more the lifetime for chemical exchange of the axial water should be

within the limits 1.0 x 156 sec = 2 5.0 x lO~lo sec. The transverse

M
. 1 . . . .
relaxation of O 7 arising from dipole-dipole coupling with the axial

water molecule is calculated from the above distances and the TEMII data
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of.proﬁoﬁs-(Fig. 12) to be 0.65 tiges the‘oﬁserved vaiué. The
discrepancy ﬁossiﬁly‘arises/frqm ékperimenta} error, primariiy in the
O17 dz.jﬁ:a.,)+ 6r thére could be an appreciabie contribution tdxthe
relakatioh from'scalér céupling. The latter was allowed fotriﬁ_setting.
the above limit on the lifetime for water exchénge fromféhe’foﬁr_féces
of the p&rémid.

It wouid have been nice if the two kinds of loosely coordinated

waters. could have been studied separately'in\various chelate complexes,

‘e.g. by comparing the data on VO(NTA)*Land VO(PIDA),_where only @he

loo$e coordination on the faces of the pYramid’coUld possibly be of
importance (Fig. 9F), with those on Vo(TIR)26"and Vo(SSA)E”'; where

one would expeét‘to observe the effects of both kinds of labile waters -

\

(Fig. S5B). Since we are looking for extremely small effects on the

nuclear resonarice, such experiments have to be done with concentrated

solutions of the vanadyl complexes, which'seem not to be stable over an

~

extended period of time. ~Furthermore the viscosity in these concentrated
solutions is greatly enhanced compared to that of pure water. Therefore

it seems beyond the limits of the method to measure the small enhancement

of the relaxation of 07 which might arise from a possible exchange of

o

 iabile waters in solutions of the above mentioned féhadyl complexes.

Chemi¢al shift measurements appeared to give more reliable data. No

measurable shift was observed in the solutions of complexes of the types
Fig. 5B and 9F. This indicates that the hydration in the second
coordination sphere of these complexes differs appreciably frOm'thét in

the second coordination sphere of the hydrated vanadyl ion.



-3Y4- UCRL-17526

It therefore appears rather unlikely that one might be able to deduce
more information about the coordination of the labile waters in the

hydrated vanadyl ion from further studies of vanadyl chelate complexes.

Proton Exchange from the Equatorial Positions. From the curve

fitting process in Fig. 12 we find for TMI at 25° a value of n x 1.15 x
lO"5 sec, where n is the number of water molecules coordinated to
positions of type I. Since the proton exchange from any one of the
coordination sites cannot be slower than the corresponding water
exchange we can immediately exclude the possibility that TMI in Fig. 12
corresponds to exchange from the axial position or from the second

)"

coordination sphere. Experiments with solutions of VO(EDTA showed

that the transverse proton nuclear relaxation in the bulk water is not
affected by the presence of this complex. This is consistent with the
assumption that a possible protonation of the vanadyl oxygen is not an
important relaxation mechanism in non-acidified solutions.- It follows
that TMI in Fig. 12 corresponds to the protons of the equatorial waters,
as has been anticipated previously,5 and the proton exchange from these
positions can be characterized by k(25°) = 2.2 x lOu sec‘l, N = 7.8 kcal
mole-l, ast = -13 e.u., and A/h = 1.6 x lO6 cps. As was pointed out
previously,LL these values clearly indicate that the proton exchange from

the equatorial positions is not controlled by the rate of the water

exchange (Table II), but by a hydrolysis mechanism.
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Figure 1. Non-equivalent coordination sites of V
in vanadyl complexes.
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Esr spectrum of an agueous solution of 0.11-M VO(C10y)p and

0.26-M Tiron at various temperatures, pH(25°) = 3.0.

The line

patterns at the bottom indicate the positions of the hyperfine
components corresponding to the different complexes present.
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Figure 5. Coordination of vanadyl complexes with chelatiing ligands.
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Figure 11. Dependence on the reciprocal of temperature of log T of
protons in VOS04 solutions with the lines resulting
from the curve fitting. Subscript I refers to the
equatorial coordination sites, subscript II *o fthe positions
which sccommodate the labile water molecules. The experi-
mental points have been obtained from Fig. 10 of Reference 31.
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