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Nuclear Magnetic Resonance Studies 

of the Coordination of Vanadyl Complexes in Solution 

and the Rate of Elimination of Coordinated Water Molecules 

Summary. 

K. Wuthrichl and Robert E. Connick 

Inorganic Materials Research Division, 
Lawrence Radiation Laboratory and 

Department of Chemistry, 
University of California 

Berkeley, California 

17 The temperature dependence of the 0 nmr linewidth in 

1'/ . o -enriched aqueous solutions of the vanadyl complexes with the chelating 

ligands ethylenediaminetetraacetate (EDTA), nitrilotriacetate (NTA), 

2-picolyliminodiacetate (PIDA), iminodiacetate (IDA), 5-sulfosalicylic 

acid (SSA), and Tiron (TIR) has been measured. The dependence on 

temperature of the complex formation equilibria was obtained from esr 

studies, so that the concentrations of the 'Various paramagnetic species 

present in solutions of V02+ ions and one of the ligands were known over 

the whole temperature range studied. The data obtained for V·O(EDTA) 2-

show th.1.t a possible exchange of the doubly bonded "vanadyl-oxygen" 

would be too slow to be observed by the 017 nmr technique. The exchange 

of the water molecule in the. axial position opposite thevanadyl oxygen 

( )
1.1--.. ( .. )6-

in va SSA 2 and VO TIR 2 contributes at most avery small line broadening 

which is consistent with a very· short lifetime with respect to chemical 
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exchange of the axial water. Large relaxation effects arise from the 

presence of the 1:1 complexes with IDA, SSA, and TIR which have equatorial 
',. 

positions available for coordination of water molecules. The influence 

of the ligands in adjoining positions on Lili*, 68*, and the first order 

rate constant k of t~e water exchange from theequatQrial coordination 

sites, and on the scalar coupling constant A/h of 0
17 

in the equatorial 

positions, has been studied. The data obtained from solutions of the 

complexes with the tetradentate ligands 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 

tetr:c,tgop.1:l,.l . .p.YJ'?4Piil,xith y4~ somewhat ab.ove 1:;1:t~ plar:J.e of the base. 

In a similar pyramidal structure of the hydrated vanadyl ion one would 

expect oniy four waters to be tightly bound, which would be consistent . 
with the experimental data. A comparison of the 017 relaxation data with 

chemi.cal shift 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 V0
2
+-s01utions is influenced by the exchange of two different 

kinds of loosely coordinated waters. This may correspond to weak 

coordination of water molecules in the axial position opposite the vanadyl 

.' . 2+ 
o~gen and on the four faces of the pyramid formed by VO and the four 

more tightly bound equatorial waters. 

'''' 

• 
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I. Introduction 

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

resonance of 017 or Hl can be observed which corresponds to that of 

the bulk water modified by the exchange of 017 and protons in and out 

. 4+ 
of the coordination spheres of V . Measurement of the line-width of 

that resonance in metal ion solutions is a convenient method for study­

ing the rate of exchange of 017 and Hl between the bulk water and the 

coordination spheres of the metal ions, as well as the interaction 

between the unpaired electrons of the metal ion and the nuclei of the 

coordi.nated water molecules. 2 Half the line-width at half height, &0, 

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

apparent transverse'relaxation time T
2

, and is given by Equation (1). 

1 
'r 2 

= 
1 

+ = (1) 

T
2H20 

descri.bes the relaxation of the nuclei in the bulk of the solution 

that would occur in the absence of paramagnetic ions, and T
2P 

the 

relaxation effects ari.sing from the presence of the paramagnetic ions. 

The line-width of the resonance observed in solutions containing 

the hydrated vanadyl ion may be influenced by the exchange of nuclei 

from four kinds of non-equivalent coordination sites. (Fig .. 1), Le. 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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2+ , 
The observed line-broadening arising from the presence of the VO lons, 

Em , is then given by Equation (2), where all the &.0 , may be different. 
p pl 

&.0 
P 

i = V=O, I, II, ~II ( 2) 

Experiments designed to distinguish between the exchange reactions 

from the different non-equivalent coordination sites have been described 

previously: Reuben and Fiat3 measured the chemical shift of 017 in 

Dy3+ solutions which contained various amounts of VOS04• ~rhey 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 that only the exchange 

of the water molecules coordinated to the four equatorial positions 

leads to a marked broadening of the 017 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. 

From studies of the 017 runr relaxation in VO(CI04)2 solutions
4 

two 

exchange reactions could be distinguished. It was not possible, however, 

to assign the reactions with certainty to specific ones of the four 

different kinds of coordination sites. Analysis of the temperature 

dependence of the proton relaxation in VOS04 solutions also led to the 

conclusion that two different exchange reactions contribute to the 

observed data.
4,5 In the present paper it is shown how the different 

kinds of coordination sites can be studied separately in a series of 

6 vanadyl chelate complexes, 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 thorough discussion of the transverse 

nuclear relaxation in dilute aqueous solutions of paramagnetic metal 

ions has been given by Swift and Connick.
2 

They found that two relaxation 

mechanisms may contribute to the observed line-broadening &:0 , the 
p 

"t:{D-mechanism" involving relaxation through the change i.n precessional 

frequency ,,[hich arises when the nuclei exchange between the bulk of the 

solution and the coordination sites of the metal ion,7 the "T2M-

1 . ,,8. t t· t 1 . mec 1anlsm lnvolving he fast relaxation of he coordlna ed nuc eJ .• 

It has been shown that the 6n-mechanism is not of importance in solutions 

of vanady"l ions. 
4 

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 

T2 . _pl 'Mi + T2Mi 

1Mi is the life time with respect to chemical exchange of a nucleus in 

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

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

PMi is given closely by ni Evo2+]/55.5, where Evo2+] is the vanadyl ion 

concentration, and n. is the number of water molecules in the 
1. 

coordination sites of type i. 
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'rwo limiting cases can be derived from Equation (3). If the 

relaxation of the coordinated nuclei is very fast, T is determined 2pi 

1 

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

T2Mi relaxation, T2pi is determined by T2Mi • 

1 

T2 . pl 

The mechanism governing T
2pi 

can in certain cases be established from 

a study of its temperature dependence. The variation of TMi with 

temperature is given by the usual expression for the temperature 

dependence of the rate of a chemical reaction 

h 
kT 

exp [(Lill.:j: jRT) - (6S.:j: jR) ] 
1 1 

( 4) 

(6) 

:j: =1= ... . . 

where 6H. and 6S. are the enthalpy and entropy of actfvation for the 
1 1 

water exchange between the i th coordination sites and the bulk of the 

solution. The variation with temperature of 'I'2Mi is determined by the 

nature of the· interactions between V02
+ and the coordinated nuc~ei which 

lead to fast nuclear relaxation. Three types of interactions might be 

of importance, 1. e. scalar coupling between the nuclear spins and the 

spin of the unpaired electron, dipole-dipole coupling between the 

nuclei and the unpaired electron, and interactions of the nuclear 

quadrupole moments with the electric fields of the ligand atoms. 
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The transverse relaxation of the coordinated nuclei arising from 

scalar coupling is expected to be given by (7)4,9 

1 
'J' ·2Mi 

-- ~ S(S+ 1) 

A 2 
i 

112 
" . Cl 

. , 1 

" . Cl 

1 

"M' ). 

where A./n is the scalar coupling constant in radians per second of a 
l 

nucleus in the i th coordination site, S is the electron spin quantum 

number, "ci is the correlation time, and 'rle is the longitudinal 

relaxation time of the Ullpaired electron~ If we assume that A. is 
l 

essentially independent of temperature, the dependence of T2Mi on 

temperature is given by that of "" Since the temperature coefficient 
Cl 

for Tle is usually much smaller tha.n for "Mi' the tendency w:i.ll be for 

T2Mi to be controlled at higher temperatures by "Mi and at lower 

temperatures by 'rle • 

Equation (8) describes the effect of dipole-dipole coupling on the 

T 1 t ' 10,4 
2M

, re axa lone 
). 

1 2 - Yr Ys 
T2Mi 

+ 3 

2 -h2 S( S+l) 

" ci + 6 2 2 
1 +W " I ci 

1 " (4< . + 
ci 

15d.
6 Cl 2 2 

1+ (w _W ) " l r S ci 

1" • " . Cl + 6 C1 } ( 8) 2 2 
1+(Wr+Ws )2"Ci

2 
l+WS " . Cl 

Yr and YS are the gyromagnetic ratios for the nucleus observed and for 

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

spin and the nuclear spin in the i th position, wr and Ws are the nuclear 
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ani] (:'lectronic Larmor . frequencies in the applied external 

magnetic field, and T . is the correlation time for the C1. . 

c1:Lpo1ar interactions with a nucleus in the i th position. The 

dependence on temperature of T2Mi is determined by that of Tci ' where 

JjT , = J.j'M' + l/T
l 

+ 1/,. , = (4rcr 3Tj)/3kT is the correlation time 
Cl l err 

for the rotational tumbling of the hydrated metal ion, where the 

molecules are treated as rigid spheres of radius r moving in a medium 

of viscosity 11,1+ and k is the Boltzmann constant. 

Quadrupo1ar interactions interrupted by the rotational tumbling of 

the water molecules are believed to be mainly responsible for the line-

17 11 4 
,width &.D

H20 
of the ° resonance observed in pure water. " The T2Mi 

relaxation arising from quadrupolar coupling is for the case of 

"extreme motional narrowing," which is a good approximation for the 

treatment of the 017 relaxation in dilute aqueous solutions of metal 

, 'b 'E t ' (9) 12 1.ons, g1.ven y -,qua 1.on • 

1 
T

2Mi
' 

3 
40 l' . C1. 

I is the nuclear spin quantum number, s. is the asymmetry parameter, 
1. 

Q is the nuclear quadrupole moment, q. is the electric field gradient, 1. 

and l' , is the correlation time for quadrupolar coupling of a nucleus in 
Cl 

the i th position. If one assumes that t and q. are essentially' 
1. 1. 

independent of temperature, the dependence on temperature of T2Mi is 

given by that of Tci ' where l/Tci = l/'Mi + l/Tr , and Tr is the 

correlation time for rotational tumbling of the hydrated metal ions. 
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Equation (9) 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 'Mi·
4 

Chemical Shift Measurements. The chemical shift in radians per 

second of the nuclear resonance in the bulk water of metal ion solutions 

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

'MO (_1_ + 
T2Mi 

2 
'Mi 

W
Mi 

is the chemical shift relative to pure water of a nucleus in the 

i th position, and is given by (11),13 

Ao 
1 

3kT 

( 10) 

(11) 

1vhere (j) is the Larmor frequency of the nucleus considered, and Y Nand 

yare the gyromagnetic ratios of the nucleus and the unpaired electron. 
e· 

A large chemical shift of the bulk water resonance is to be expected in 

the case of fast chemical exchange, i. e. 'Mi « T2Mi and TMi « l/~)Mi' 

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) . 

(12) 
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Studies of the Complex l"ormation Equilipria by Esr Experiments. 
2+ .... 

In general the complex formation of VO with a chelating ligand will 

occur stepwise, as given by Equation (13). 

VO(L)P+ + LH 
n-l q 

~ VO(L) (p-q)+ + qH+ 
n . 

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 

2+ 
due to the presence of the VO ions would then be given by (14). 

0(1) 
P 

Ow .. 
PlJ 

i V=O, I, II, III 

(14) 
j VO, VO(L), VO(L)2' 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 resonance measurements have been shown to be a 

convenient method to investigate the complex formation reactions in 

dyl . 1 t· 14 vana . lon so u lons, and can easily be applied over the whole 

temperature range used for the nmr experiments. The esr signal of a 

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

g 13 H S + a S o z I 

• I~' 
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go is the isotropic spectroscopic splitting factor, ~ the Bohr magneton, 

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

isotropic hyperfine coupling constant of V51 .. The eigenvalues of 

( ) (16)
16 

Equation 15 to second order are given by 

(16) 

where ~L are the eigenvalues of I
z 

and a is given in Gauss. The signal 

. t f 8 h f' t (I = '7/2 for V51). . 1 conSlS .. s 0 yper lne componen s go lS on y 

slightly different for different complexes, but the distances between the 

8 hyperfine components, which are essentially determined by the parameter 

2+ 
a (see (16)), are greatly influenced by the ligands coordinated to VO . 

Therefore different complexes which are present in the same solution can 

be distinguished. ll.~ This is illustrated in Fig. 2 which shows theesr 

2+ . 
spectrum of a solution of VO and Tlron at various temperatures. The 

positions of the 8 hyperfine components of the signals corresponding to 

2+ ()2- ()6- . 17 VO ,VO TIR ,and VO TIR 2 are given at the bottom of Fig. 2. 

The lines corresponding 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 va.ry greatly with tempera.ture. 
r 

VO('l'IR) ~- can hardly be detected in the spectrum at 25 0
, 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 0 to 25°, 
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For all the ligands discussed in this paper, g and a of the 1: 1-o 
2+ l'-~ 17 

and, where applicable, the 1:2-complexes with VO are known, ' and 

the line-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 the resonance is Lorentzian 

the esr signals of the vanadyl complexes have been reconstructed with 

Equation (16) from these parameters on a CDc-6600 Computer. From the 

calculated signals we computed for the various ligands the esr spectra 

of soJutions containing variable relative concentrations of V0
2
+, 

2+ 2+ vo (L), and VO (L)2' The experimental spectra of the samples used 

for our experiments were then compared with the calculated spectra of 

corresponding solutions, and the relative coricentrations of the different 

species determined from the best fit. Since the totalV0
2
+ -concentration 

2+ 
in the samples was known we thus obtained the concentrations of VO , 

2+ 2+ 
VO (L), and VO (L)2' 

\ .--

Theseesr experiments further show that the lifetime in the first 

coordination sphere of the chelating ligands used for these studies is 

long compared to that of the coordinated water molecules. At temperatures Ai 

above ca. 140 0 where the lifetimes of the water molecules in the first 

coordination 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. 

.k 
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Esr Relaxation Studies; To calculate the scalar coupling constants 

from nmr-relaxation measurements me bas to know the longitudinal 

electronic relaxation time T
le 

of the paramagnetic ion (see (7)). 

18 
T le has been measured in VO( C10tj) 2 -solutions at room temperature, 

but it is not known for any of the vanadyl complexes at higb temperatures. 

4 . W 
As discussed previously the experiments done by McCain and Myers 

imply that it is a good approximation to set T
le 

= T
2e 

for vanadyl-ions 

under the experimental conditions of the runr relax.ation experiments at 

higb temperatures. The value of T2 used in this approximation was that . e 

corresponding to the average of the transverse relaxation times of the 

eight hyperfine 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. 

III. Experimental Section 

Each experiment with one of the vanadyl complexes involved the 

following steps: (i) Known amounts of VO(C104)2 and one of the 

chelating ligands were dissolved in 017 enriched water. (ii) Through 

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

( 0 ° 0) mh 017 ' t ° . 111 1 e nmr spec rum was recorded at varlous temperatures. 

(iv) A corresponding solution in non-enriched water was analyzed by 

esr measurements for the species present at the temperatures where the 

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

the transverse electronic relaxation times. 
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The following chemicals were used: 
17 

water enriched to 11(10 in ° 
obtained from Oakridge National Laboratorie~, ca. 2.5-M VO(CI04)2 

solutions which were a-nalyzed .for paramagnetic impurities as described 

preViOusly,4 disodium ethylenediaminetetraacetate (EDTA) obtained from 

Fisher Scientific Company, nitrilotriacetic acid (l'ITA) and iminodiacetic 

acid (IDA) from Eastman Organic Chemicals, Tiron (TIR, 1,2-Dihydroxy-

benzene-3,5-disulfonic acid,disodium salt) from Baker Chemical Co., 

5-sulfosalicylic acid (SSA) from Merck Chemical Co., 2-picolylimino-

diacei;tc add (PIDA) obtained from Professor S. Fallab at the University 

of Basel (Switzerland), and NaOH from Allied Chemicals. 

The VO(CI0
4

)2 concentration in the stock solution was determined 

through titration withKMn0
J
+. The samples for the nmr experiments were 

prepared by' adding known volumes of the concentrated VO( CIOLI2 solution 

and weighed amounts of the ligands to a known volume of 017-enriched 

water. By addition of very small amounts of concentrated NaOH or 

HCl0
4 

3. certain pH value was then established at room temperature, using 

a combination glass-reference electrode especially designed for these 

experiments. 19 The solutions were finally degassed and then studied 

in sealed nmr tubes. The solutions of some of the complexes tend to 

decompose after standing for a few days. Therefore all the experiments 

were done with freshly prepared solutions. It was checked withesr 

measurements that no irreversible changes occurred on heating the 

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

relaxation studies were described preViOusly.4 For the 017 chemical 

2+ . 
shift measurements the solutions of the VO . complexes were studied in 

spherical bulbs and the spectra compared to the resonance of pure 

water recorded in similar sample tubes .. The esr measurements were done 

on a Varian V-l+500 X-Band spectrometer with 100 KHz field modulation, 

using a standard Varian v-4540 Temperature Controller for the experiments 

at hj,gh temperatures. The solutions were studied in sealed capillaries 

of ca. 1.5 rum 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 

2+ 2+ 
The following VO complexes have been st udi ed: VO( H

2
0) n in 

VO( CI01~) 2 solutions; 
4 

the 1: 1 complexes, V0
2
+ (L), with ethylenediamine­

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 

( )4- 6-
VO SSA 2 and VO(TIR)2 . 

Esr Measurements. Table I gives the results of the eST studj,es of 

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

2+ . 
of VO WJ.th SSA, 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 

EST Studies of the Complex Formation Equilibria, and Average 

Transverse Electronic Relaxation Times 

Complex [V02+ J
tot 

[L J
tot 

pH T [V02+ J [V02+ (L) J [V02+(L) J 
2 

T 
2e 

Studied (mOles liter -1) (at 25°) (OC) [ 2+ (% of VO Jtot ) ( sec) 

VO(IDA) 0.040 0.040 4.3 25 10 90 6.3 x 10-9 

60 7 93 7.4 x 10-9 

100 5 95 7.4 x 10-9 

140 3 97 7.0 x 10-9 

< 4a ) <7a ) 6.2 x 10-9 
I 

VO( SSA)- 0.010 0.011 3.8 25 >89,~100 ~ 
< 2a) <4a ) 9.3 x 10-9 

I 

60 >94,.:s:100 

100 < 2a ) >94,.:s:10O <4a ) 10.2 x 10-9 

140 < 2a ) >94 ,.:s:100 <4a~ 10.0 x 10-9 

VO(TIR) 2- 0.010 0.020 4.0 25 20 >75,~ 80 <5a ) 6.0 x 10-9 

60 15 >&J,~ 85 <5a ) 8.3 x 10-9 

100 10 85 5 9.7 x 10-9 

140 7 86 7 9.7 x 10-9 

a) c::: 
The signal of that species "\.;as not observed. The numbers correspond to the limits of detection in the 0 

::l:l 

calculated spectra. t"i 
I 
I-' 
-..J 
V1 
f\) 
0\ 

"',I • 

l 
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The temperature dependence of the transverse electronic relaxation times 

of the complexes used in our experiments follows closely' the behavior 

of T of vanadyl acetylacetonate in toluene described by Wilson and 
2e 

K" J 20 J.ve .son. The data for VO( SSA) - are given in Fig. 3,whj.ch shows a 

plot of log T
2e

vs. liT for the four hyperfine components corresponding 

to m 
I 

-7/2, -3/2, +3/2, +7/2. It is seen that jn the semilogarithmic 

plot, which is generally used to present the nmr relaxation data, 'f2e 

appears to be essentially independent of temperature between ca. 60 and 

150 0 
•.. The values of T

2e 
in the last column of Table I correspond to 

the average of the transverse relaxation times of the eight hyperfine 

component s . 

017 Nmr Relaxation Studies. The experimental data are summarized 

in Fig. 4, which shows plots of log T
2P 

vs. JjT for some of the complexes, 

and in Table II. It is seen that some of the chelate complexes give 

relaxation effects which are very small compared to those observed in 

VO( C101+) 2 solut"ions, while for other species T
2P 

is much shorter than 

that of VO("C104) 2 in a part of the temperature region examined. A better 

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

the schemaU.c structures of the various complexes given in Figs. 5 and 9. 

21 
Evidence has been found by others that the coordination of protons 

and metal ions to ED'l'A occurs preferentially at the nitrogen atoms. Fig. 5A 

appears then from model considerations to be the most likely structure 

2+ 
of the VO -EDTA complex. Fig. 5A is also consistent with the stoichiometry 

of the complex formation reaction, if one assumes that the deprotonatton 

at pH = ca. 3.0
22 

involves the non-bonded ca:r;boxylic acid group. 



Complex 

2+a ) 
VO 

VO(EDTA)2-

VO(EDTAH) -

vo(sss) 24-. 

. ( )' 6. 
VO Tiron 2 

VO(IDA) 

VO(SSS)-

Table II 

Experimental Data on the 017 Nmr Relaxation in Aqueous Solutions of Vanadyl Complexes 

Structure 

ITg. 1 
(1,11,111 = H20) 

Fig. 5A 

Fig. 5B 

Fig. 5B 

Fig. 5C 

Fig. 5D 

). 

Experimental Observations 
(See Fig. 4) 

Large ~, chemical exchange controlled 
in the major part of the temperature 
region 5 - 170°. 

Small additional ~ at low temperatures, 
due to fast exchange of loosely bound 
waters (not given in Fig. 4, see Ref. 4). 

~ not detectable from 5 to 100°. 

Very small Oropfrom 5 to 130 0
• 

Very small Orop from 5 to 130°. 

Large ~, chemical exchange controlled 
from 5 to 50°, at higher temperatures 
T

2M
-controlled. 

Large ~, chemical exchange controlled 
from 5 to 50°, at higher temperatures 
T2M-controlled. 

Parameters 
Obtainedb ) 

k = 
2 -1 

5.0 x 10 sec 
lili* = 13.7 kcal mole-l 
68* = - 0.6 e.u~ . 
Alh =.. 3.8 x 106 cps 

k(vanadyl-oxygen) 

< 20 sec-l 

k = 
&rF = 
68* = 
Alh 

k = 
6H* = 

5 -1 
1. 2 x 10 sec 

11.7 kcal mole- l 

+ 3.9 e.u. 
2.8 x 106 cps 

1. 5 x 105 sec-l 
10.8 kcalmole- l 

68* = + 1. 2 e. u. 
A/h = 4.5 x 106 cps 

" 

I 
I-' 
()::J 
I 

f5 
;d 
t-< 
I 
I-' 
-.J 
Vl 

~ 
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Table II - contin~e~ 

Complex Structure 

VO(Tiron)2- Fig. 5D 

VO(NrA)- Fig. 9 E or F 

VO(PIDA) Fig. 9 E or F 

VO(NTA) (OR) 2- Fig. 9 G 

VO(PIDA)(OR)- Fig. 9 G 

a) Studied in VO(C104)2 solutions. 4 

Experimental Observations 
(See Fig. 4) 

Large crop, chemical exchange controlled 
from 5 to 50 0

, at higher temperatures 
T21v( controlled. 

Very small OWp from 5 to 130 0
, 

Very small OWn from 5 to 100 0
• 

~ I 

Very small crop from 5 to 100 0
, 

Very small OWp from 5 to 100 0
, 

,I 

k 
6H* 
6S* = 
A/h = 

Parameters 
Obtainedb ) 

5 -1 5.3 x 10 sec 
11.8 kcal mo1e- l 

+ 7.0 e.u. 
4.9 x 106 cps 

b) 
k is the first order rate constant at 25 0 for the loss from an equatorial'position of the first 

coordination sphere of a particular one of the exchanging nuclei. ~~ and 6S* are the enthalpy 

and entropy of activation of the 017 exchange from the equatorial positions. A/h is the scalar 

coupling constant of 017 in the equatorial positions. Where only limits could be obtained for the 

concentration of V02+ (L) (Table I), the values of [V02+ (L) ] used in the calculation of the reaction 

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

I 
I-' 
\.0 

I 

c::: 
Q 
~ 
t""i 
I 
I-' 
-.J 
'vI 

~ 
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This would then explain that this deprotonation has no effect on the esr 

1)+ 17 signal and on the 0 relaxation in the bulk water as was found from a 

comparison of the 017 resonance in solutions of the protonatedand the 

deprotonated EDTA complex. In the structure Fig. 5A only the vanadyl­

oxygen could possibly be involved in an 017 exchange between the first 

4+ coordination sphere of the V and the bulk water. The lack of any 

2- < •. 

observable relaxation effects in VO(EDTA) splutions might be due to 

either very fast or very slow exchange of the vanadyl oxygen .. 1'!e only 

consider the possibility of· slow exchange and find the upper iiJrli,1~ for 

the rate constant given in Table II. In the calculation of this limit 

we have used that T
2P

'[VO(EDTA)2- J > ca. 3.0 x 10-2 sec at 100 0 (Fig. 4), 

and have assumed that the activation enthalpy for this reaction would 

be equal to or greater than that observed for the 017 exchange in 

VO( CI04) 2 solut ions, i. e. 13.7 kcal mole -1. 

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

2+ bidentate ligands in the 1:2 complex of VO with acetylacetonate 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)~- andvo('.rIR)~­

show that neither the exchange of the vanadyl oxygen nor water exchange 

from the axial position leads to apprec"iable broadening of the 017 

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(CI04)2-solutions 

(Fig. 4) implies that only the four equatorial coordination sites are 

involved in the water exchange which leads, to the large omp in VO(Cl04)2 

:j: :j: 
solut ions. The values of k, L'ili , and 6S of the "fat er exchange from the 

four equatorial positions in the hydrated vanadyl ion (Table II) were 

taken from the data reported previoUSly.4 

The parameters given for the water exchange from the equatorial 

positions of the 1:1 complexes with IDA, SSA, and TIR were obtained 

from the curve fitting processes given in Fig. 6-8. It is easil.y 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 T2 is, through Equation (3), determined by p , 

(6) and ('0, where we assume that Tle = T2e is independent of temperature 

between 60 and 150 0 (Table 1). In VO( Cl0
4

) 2 solutions J
M 

never became 

short compared to T2M in the temperature region accessible for the runr 

experiments, 1. e. ca,_ 5 to 170 0 (Fig. 4). Since the exchange rate of 

the equatorial waters is greatly enhanced, through the influence of the 

chelating ligands IDA, SSA, and TIR, it was now possible to observe the 
, 2 

region where J M < T2M, and in the case of VO(TIR) - even the region where 

J M < TIe' 
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'l'wo types of coordination are possible for the complexes of V0
2
+ 

with the tetradentate ligands NTA and PIDA, which may either occupy three 

equatorial and the axial 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 

comparable to those in VO(IDA) solutions, the 017 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 

. 14 24 
basic solutions, where a hydroxo-complex l.S 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 exchan'ge of 

the OH group in the equatorial position. 

Chemical Shift Measurements. The shift of the 017 resonance in 

ca. 0.4-M solutions of VO(C104)2' VO(NTA)-, VO(TIR)~-, and VO(SSS)~- was 

studied at 25°, The positive shift fOill1d in the VO(C104)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)2-. At complex 

concentrations from 0.05-M to 0.5-M no appreciable broadening of the 

resonance could be observed in the temperatur~ 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 (14) 

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

on T
2p 

of the 017 exchange from the three non-equivalent kinds of 

positions in the first coordination sphere of V
4
+ (Fig. 1), and to study 

quantitatively the influence on the rate of the water exchange from the 

equatorial coordination sites of the ligands coordinated to adjoining 

positions. 

Exchange of the Vanadyl Oxygen. 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 

. 4+ 25 
coordination sites of V. 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 

by the 017 nmr relaxation technique. The upper limit for the rate constant 

of a possible vanadyl oxygen exchange given in Table II 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, Le. 6H*of the water ~xchange from the equatorial positions. 

Water-Exchange from the Equatorial Positions. The water exchange 

from the equatorial positions seems to be the only reactidn which greatly 

influences 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 coorMnated to adjoining equatorial 

positions (,rable II). A comparison of the water exchange rates from the 

first coordination spheres of the hydrated V0
2
+-ion and of other hydrated 

doubly charged 3d-metal ions led to the suggestion that the relatively 

2+ 
slow exchange found for VO is most likely d?e to large electrostatic 

4 
contributions to the bonding of the water molecules. 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, SSA, and TIR, occupies two equatorial 

positions of the first coordination sphere with negatively charged groups 

h o h ° ht t 1 t f th h h °to V4+ w lC mlg neu ra ize par 0 e ig POSl lve charge of effective 

in the bonding of the water molecules. One might even go further and 

explain the increase of the exchange rates when going from VO(IDA) to 

VO(SSA)- and VO(TIR)2- in terms of the increasing number of negatively 

charged sulfa groups which are not coordinated to the fiorst 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 

)-1+ 
groups. This partial neutralization of the high effective charge of V 

through the chelating ligands presumably would also be reflected in the 
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values found for 6H* (Table II) which appear to be somewhat smaller than 

2+ 
~l* of the water exchange from the hydrated VO -ion. The values of 

6S* of the water exchange from the various complexes are close to 0 e.u., 

as is generally found for the elimiriation of water molecules from the 

. 2 
first·coordination sphere of metal lons. 

The influence of the ligands in adjoining coordination sites on the 

'scalar coupling constant of the nuclei of waters coordinated to a para­

magnetic metal ion has been discussed by Horrocks and Hutchison.
26 

Following McConnell and Robertson,27 they distinguish between two 

contributibns to the observed coupling constant, A = A + A . where A . c p' c 

is due to Fermi contact coupling and A to pseudocontact interactions. 
p . 

From an analysis of the variations of the scalar coupling constant A 
2+ . 

of the water protons in a series of mixed Co . complexes they concluded 

that A might to a good approximatlon be const,ant for all the complexes. 
c 

The dependence of A on the ligands in adjoining positions observed in 

2+ 
Co complexes would therefore arise mainly from clianges of the term A , 

, P 

which is closely related to the anisotropy.6g of the g-tensor, i. e. 

for a complex with axial symmetry .6g = g 1 - g II· 2+ The data on VO . 

complexes (Table II) suggest that A of the nuclei of water molecules 
c 

might in certain cases also be influenced by the ligands in mixed metal 

ion complexes. The anisotropy of the g-tensor was fbund to be very small 

. 20 18 
for the hydrated vanadylion, , and from estimat.es for a series of 

other vanadyl complexes .6g seems to be very little influenced by the 

1 · d . th t· 1 . ·t· 14 It th t t 19an s ln e equa orla POSl lons. . en appears hat he observed 

ligand-influence on .the017 scalar coupling constant A/h in vanadyl 

complexes (Table II) is mainly due to changes of the contact interaction A • 
c 
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Tl1e dependence on the ligands of the scalar coupling constants of 

Cl It; 17 
V)· and 0 of the coordinated waters indicates that in addition to 

21-
purely electrostatic effects the bonding scheme in VO complexes is 

influenced by the ligands in the equatorial positions. The general 

trend seems to be that the unpaired electron density at the V
51 

nucleus 

is decreased when V0
2+ is coordinated to ligands which are known to form 

14 17 
strongly "covalent" bonds in their metal ion complexes.' Since 

electrostatic interactions are probably important in all the complexes 

studied 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 possibly these 

effects could cause the differences in the water exchange rates from 

V0
2
+, VO(IDA), VO(SSA)-, and VO(TIR)2-, rather than simple electrostatic 

interactions. This would not be very surprising, since others have 

h th t th t f 1 t f H O · N· 2+ 1 . t· s own a e ra e 0 rep acemen 0 2 1n 1 comp exes 1S no 1n 

all cases increased by the coordination of negatively charged groups to 

N· 2+ 
1 , while on the other hand some electrostatically neutral ligands 

28 
seem to increase considerably the rate of the water replacement. 

Water Exchange from the Axial Position. At most very small 

relaxation effects arise from the water exchange involving the axial 

position of V0
2
+ (Fig. 1, II). Since these relax<?-tion effects appear 

4 to be T2M-controlled even at low temperatures they could only come from 

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

chemical shift measurements by Reuben and Fiat. 3 We then have that 

according to the experimental data3,4 the rates of the water exchange 

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

a factor of ca. 10
6

, perhaps even 109• 
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Group theoretical considerations29 show that different wave functions 

are involved in the bonding of the four equatorial and the axial ligand 

2+ 
of the first coordination sphere of VOOne would therefore anticipate 

that the water exchange rates from these two kinds of coordination sites 

might be quite different. Furthermore there is some indication of a 

2+ tendency for VO complexes to form pyramidal molecules in which the 

V4 would not be in_the plane of the four equatorial ligands (Fig" lOA), 

but rather somewhat above this plane (Fig. lOB). X-ray studies23 have 

2+ 
shown that in the solid state of the 1: 2 complex of VO with 

acetylacetonate, the vanadyloxygen and the four equatorial positions 

are at the corners of a tetragonal pyramid with V
4+ approximately at its 

center of gravity. Esr studies30 imply that in solutions of vanadyl-

acetylacetonate a solvent molecule is coordinated to the axH3.1posi tion 

with a very short lifetime, whj_ch is at 25° only little longer than 

the electronic relaxation times of VO(acac)2 in these solutions,i. e. 

-8 -9 1.0 xlO to 1.0 x 10 sec. For steric reasons one would expect only 

weak coordination-to the axial position in a structure of the type 

Fig. lOB. Therefore such a short lifetime seems comprehensible if one 

assumes that VO(acac)2 maintains the pyramidal structure in solution. 

Further evidence for a pyramidal solution structllre of vanadyl complexes 

, 17 
comes from the 0 nmr experiments which appear to show that the 

tetradentate ligands NTA and PIDA are coordinated 'to the four eq'\latorial 

positions of V0
2
+ (Fig. 9F). From model considerations such a 

coordination of NTA and PIDA appears plausible in a pyramidal structure 

(Fig. lOB), but it would for steric reasons be impossible in a planar 
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structure (Fig. lOA). In the pyramidal structure (Fig. lOB) the V
4
+ 

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 like~. 

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 017_ 

2+· 3 
resonance in VO solutions at room temperature, and small contributions 

to the linewidth of the 017 resonance observed at low temperatures.
4 

In the following we discuss some experiments which indicate that two 

different kinds of interactions between the vanadyl ion and the loosely 

coordj.nated 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 

given by (11), where A. includes contributions from scalar and pseudo-
1 

scalar coupling between the unpaired electron and the nuclear spin. 

17 Assuming that the shift of the 0 resonance in the bulk water (10) 

is entirely due to fast water exchange from the axial position, Reuben 

and Fiat3 fow1d A/h = 2.06 x 10
6 

cps for 017 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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ions, which have been reported by Hausser and Laukien,~l 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 TIp is plotted vs. 

liT. Only dipolar interactio:ps are important for the enhancement, of 

the longitudinal relaxation of the coordinated nuclei. 32 At high 

temperatures the resulting T
lMI

, which Js the longitudinal relaxation 

time of the protons of a water molecule coordinated toa position of 

type I, ,is long compared to "MI' buttMI , which was obtained from Fig. 12, 

increases rapidly on lowering the temperature, and controls the 

relaxation effects arising from exchange from the equatorial positions 

below ca. 25 0 (I!1quation (3)). Additional relaxation effects 

(Tnr!PMII ), which must come from fast water exchange from other 

positions, become import,ant at lower temperatures. The temperature 

dependence of log T2 . (Fig. 12) shows the same characteristic features p , 
17 4 as a similar plot of the 0 data. The relaxation of the nuclei in 

the equatorial. positions is due essentially entirely to scalar coupling 

(T2MIS/P~), At high, and intermediate temperatur'es, T2p is controlled 

by T2MI and' 'TMI (Equation (3)), while, the relaxation due to the exchange 

of the labile waters in other positions, (T2MIrlPMII)' becomes dominant 

below ca. 35°. The solid curves in Figs. 11 and 12 correspond to the 

appropriate combinations (Equations (2) and (3)) of the individual 

contributions to TIP and T2p shown in the figures. 

Protons have no quadrupolar moment, and the longitudinal nuclear 

relaxation time 

scalar coupling 

T . 1 t· f V02+ . t . . Ip ln so u lons 0 . lS essen lally unaffected by 

. 't t" 32 ln erac lons. Therefore the contributions (TlMI/P
MI

) 
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ilnd ('1' /p _ ) in Fig. 11 must come from dipole-dipole cou})ling with 
1.MII MIl 

the protons of the coordinated waters. From the curve-fitting process 

in Fig. 12 it is seen that (T2MIrlPMII) is to a good approximation equal 

to (TlMII/P
MII

). This inMcates that dipole-dipole coupling is also 

responsible for the transverse proton relaxation in the labile water 

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

exchanging water molecules, we can calculate the transverse dipolar 0
17 

relaxation of these molecules from the proton data by estimating the 

ratio of the Hl_ and 017_distances from the v4
+ (Equation (8)). The 

values obtained are of the same magnitude as those observed for 0
17 

at 

low temperatures (Fig. 4 of Reference 4), thus indicating that dipole­

dipole coupling is mainly responsible for the 017 - relaxation of the 

2+ labilp. waters on VO • 

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

is given by l/Tc ::: l/TMI -I- l/Tle + l/Tr (8). Since both TMI and TIe 

are much longer than the correlation time T for the rotational tumbling 
r 

of the hydrated vanadyl ion we have that T ::: 't". By estimating the c r 
4+ 0 

distance from V of the equatorial protons to be 2.9 A, which corresponds 

to the distance from v4+ to the oxygens of the equatorial waters being 

ca. 2.2 A,29 one finds T 
c 

-10 
== 1" ::: l.0 x 10 sec at 25° (Equation (8)). 

r 

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

'l'lMII/PMII' is due entirely to the axial water molecule, one finds that 

the correlation time for the TlMII relaxation has to be essentially the 

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

to chemical exchange of the axial water has to be considerably longer 
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than 1.0 x 10-10 sec, say 5.0 x 10-10 s.ec or greater. Otherwise one 

IH 
finds an impossibly small value for the distance from Vto the axial 

water (8). If,the chemical shift of 017'arises entirely from the axial 

water, one calculates from inserting Alh == 2.06 x 10
6 

cps 3 and 

'(Max ?5·0 x 10-10 sec int0 Equation (7) that the resulting scalar 

relaxation of 017 would be at least 10 fold greater than that observed 

(Fig. It 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. 

The nuclear resonance in the bulk water could further be influenced 

by water molecules in a second coordination sphere, which might consi,st 

of fOur vlaters residing on the faces of the pyramid formed by the 

vanadyl oxygen and the four equatorial waters (Fig. 13). From 

calculations analogous to the above H appears unlikely that the exchange 

from these positions could account for the chemical shift of 017 as 

I 

well as the dipolar relaxation, although the discrepancies with the 

experimE.~nts which arise from this assumption are' not sufficiently great 

todefinHely eliminate this possibility. The best agreement with the 
'-", 

eXperiments, however, is obtained if one assumes that the two effects 

attributed to the labile waters come from two different kinds of 

wE~akly coordinated water molecules. 

. 2+ 
In n pyramidal s~ructure of ~0(H20) 4, the axial position opposite 

the vanadyl m .. 'Ygen and the positions on the four £:aces of the pyramid 

which could accommodate weakly coordinated water molecules are evidently 

not equivalent (Fig. 13). In the ground state of the hydrated vanadyl 

( 
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ion the unpaired electron is believed to be localized essentially in the 

non-bonding d -orbital of the V
4+. 29 From the simple model shown in 

xy 

Fig. 13 i.t 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 017 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 shifts3 Equations (11) and 

(12) give Alh 5.0 x 105 cps for 017 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 10-
10 

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 and 2.2 A 

respectively, the following values are derived from the TlNI and TJ1v1I1 

proton data (Fig. 11) and Equation (8): r = 4.8 A, d = 3.05 A for the 

protons and 2.35 A for the oxygen of the axial water molecule. Further-

more the lifetime for chemical exchange of the axial water should be 

~ -ill within the limits 1.0 x 10 sec ~ 'rM ~ 5.0 x 10 sec. The transverse 

relaxation of 017 arising from dipole-dipole coupling with the axial 

water molecule is calculated from the above distances and the T2MII data 
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of protons (Fig. 12) to be 0.65 times the observed value. The 
) 

discrepancy possibly arises (from experimental error, primarily in the 

017 data, 4 or there could be an appreciable contribution to ,the 

relaxation from scalar coupling, The latter was allowed for in setting 

the above limit on the lifetime for water exchange from the four r"aces 

of the pyramid. 

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

waters could have been studied separately in various chelate complexes, 

'e.g. by com:\?aring the data on VO(N'rA)- 'and VO(PIDA), where only the 
( 

, 

100ge coordinati,on on the faces of the pyramid could possibly be of 

importance (Fig" 9F), with those o~ YO(TIR)26-and VO(SSA) 24-, where 

one would expect 'to observe the ,effects of both kinds of labile waters· 

(Fig.5B). Since we are looking for extremely small effects on the 

nuclear, resonance, 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 

solut~ons is greatly enhanced compared to that of p)ll'e water. Therefore 

it seems beyond the limits, of tp.e method to measure the small enhancement 

of the relaxation of 017 which might arise from a possible exchange of 
, 
labile waters in solutions of the above mentioned vanadyl complexes. 

Chemical 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 that in 

the second coordination sphere of the hydrated vanadyl ion. 
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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 

fittinc; process in Fig. 12 we find for "MI at 25° a value of n x 1.15 x 
r-

10-/ 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 "MI in Fig. 12 

corresponds to exchange from the axial position or from the second 

coordination sphere. Experiments with solutions of VO(EDTA)2- 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 'rvf[ in Fig. 12 corresponds to the protons of the equatorial waters, 

as has been antid.pated previously, 5 and the proton exchange from these 

() 4 -1 :j: 
positi.ons can be characterized by k 25° = 2.2 x 10 sec ,6H = 7.8 kcal 

-1 :j: 6 
mole , 68 = -13 e. u., and Alh = 1. 6 x 10 cps. As was point ed out 

preViOUsly,4 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 6. ,Dependence on the reciprocal of temperature of log T
2P of 017 in solutions of VO(IDA) with the lines 

resulting from the curve fitting. 
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Dependence on the reciprocal of temperature of log '1'1 of 
protons in VOSOL solutions with the lines resuJ.ting p 
from the curve fitting. Subscript I refers to the 
equatorial coordination sites, subscript II to the posit.ions 
which accommodate the lal):i1e water mol~cules. 'r-he eXI;eri­
mental points ha.ve been obtained from Fig. 10 of Ref~rence 31. 
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