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Aqueous solutions containing the Ru(H20):+ ion were studied by proton NMR. The magnetic moments of this ion are 
in the range peff = 2.02-2.055 pB at temperatures between 278 and 329 K, respectively, corresponding to low-spin d5 
configuration with some orbital contribution according to Kotani's expression. From the chemical shifts of the water protons, 
a value of the proton hyperfine coupling constant of A = 3.3 * 0.3 MHz was calculated with the assumption of a spin-orbit 
coupling constant of 1200 * 200 cm-'. This value of A which is the largest found yet for a hexaaquo ion corresponds to 
a covalency parameter of X = 0.27. From the water proton relaxation times, values of electron spin relaxation times of 
2 and 6 ps were estimated at temperatures of 278 and 327 K, respectively. 

Introduction 
The concept of covalency finds an extensive use in the field 

of inorganic chemistry. Yet the amount of available data 
concerning this concept is limited. Admittedly, its quantitative 
definition is not unique and is dependent on the choice of the 
presentation of the wavefunction. Still, its usefulness justifies 
an effort to obtain spectroscopic results for it. One of the most 
direct spectroscopic methods for obtaining quantitative mea- 
sures of covalency is the measurement of the electron-nuclear 
hyperfine interaction by EPR or by NMR. Ways of estimating 
covalency parameters of hexaaquo ions based on NMR re- 
s u l t ~ ' - ~  were discussed in a previous p~bl ica t ion .~  It was 
particularly interesting to extend these studies to the hexa- 
aquoruthenium(II1) ion as a representative of the second-row 
transition-metal series. Properties of the hexaaquo- 
ruthenium(II1) ion have not been studied extensively mainly 
because of its relative instability and its preparation which 
involves several steps, including column ~hromatography.~ ,~  
Recently its optical spectrum was analyzed and compared with 
other ruthenium( 111) complexes' and its acid dissociation 
equilibrium constant was e~timated.' ,~ The properties of the 
hexaaquoruthenium(II1) ion as a reagent for electron-transfer 
reactions were also recently studied.8 In the present work we 
report NMR measurements of the magnetic properties of this 
ion and the transferred hyperfine interaction with the water 
protons in its first hydration sphere as a measure of covalency. 
Experimental Section 

The preparation of Ru(H20):+ was done by a modification of the 
method of Kallen and Earley6 as described previously.' 

NMR measurements were performed with Varian HA-100 spec- 
trometer. T, was calculated from the line width and TI  was measured 
by the spin-echo attachment to the HA- 100 spectrometer9 with use 
of the Carr-Purcell inversion recovery method. All solutions contained 
2% v/v dioxane as an internal reference. 

The measurement of the magnetic susceptibility was done with the 
NMR method of Evans."I4 A capillary containing hexamethyl- 
disiloxane for locking the field and some added dioxane was inserted 
into a 5-mm sample tube. The sample tube contained the Ru(H20):+ 
solution in 1 M CF3S03H with 2% dioxane. The susceptibility 
measurement was done by recording the frequency separation of the 
two dioxane signals originating from the sample and from the capillary 
and comparing it to the separation obtained with the same capillary 
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Table I. Molar Susceptibilities and Effective Magnetic 
Moments of RU(H,O),~' 

106XMRU>b Peff,C 
I, "C Av,' Hz cgsu WB 

5 6.7 i 0.2 1820 2.02 
29 6.3 i 0.2 1710 2.04 
56 5.8 t 0.2 1590 2.055 

' The frequency difference between 17.2 mM solutions of 
R u ( H , O ) , ~ +  and Al(H,0),3 '  in 1 M CF,SO,H. 
susceptibility of Ru(lI1) calculated according to eq 1. Correction 
of the concentration due to the thermal expansion of the solution 
was also introduced. 
(xMT)"'. 

Corrected molar 

Calculated from the relation W e f f  = 2.84. 

and a sample tube containing an identical solution with A1(H20),3+ 
replacing R u ( H ~ O ) ~ ~ + .  
Results 

Magnetic Suspectibility of R u ( H @ ) ~ ~ + .  The molar sus- 
ceptibilities of R U ( H ~ O ) , ~ +  solutions at three temperatures 
were estimated with the NMR method of Evans'"-14 by com- 
paring shifts of inert compounds such as dioxane in identical 
solutions of Ru(II1) and Al(III), as was explained in the 
Experimental Section. The corrected molar susceptibility of 
the Ru(II1) ion was calculated with expression 1, where N is 
xMRU(cor) = (1500/aN)(Av/vo) + xgo(MRu - MA') - 

the molar concentrations of the solutions, Av is the frequency 
difference between the Ru(II1) and Al(II1) solutions, &.P" and 
MA' are the atomic weights of Ru and Al, respectively, xgo 
is the mass susceptibility of the solvent (-0.72 X 10" cgsu for 
water), dsRU and dsAl are the densities of the Ru(II1) and 
Al(II1) solutions, respectively, and XdiaRU and xdiaA' are the 
Pascal atomic diamagnetic terms (-23 X 10" cgsu for Ru3+ 
and -2 X 10" cgsu for Al3+l5). The molar susceptibilities 
and the effective magnetic moments of R U ( H ~ O ) , ~ +  given in 
Table I clearly indicate a low-spin d5 complex. Since the 
solution of R U ( H ~ O ) ~ ~ +  was relatively dilute, the accuracy of 
the results is limited. Still, the deviation from the spin-only 
value of 1.73 pg is beyond experimental error, and the results 
follow Kotani's expressionI6 for peff of low-spin dS complexes 
(eq 2) with a spin-orbit coupling constant ( = 1400 f 300 

Xg(dsRu - d s A 1 ) ( l O O O / ~  - XdiaRU + %aA' (1) 

cm-I (where X = { / k T ) .  This value may be compared with 
the value of {obtained for other ruthenium(II1) complexes: 
{ = 1000 cm-I for R u ( N H ~ ) ~ C ~ ~  and R~(acac)~ ' '  and ( = 1330 
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NMR of the Hexaaquoruthenium(II1) Ion 

Table 11. Molar Chemical Shifts and Relaxation Rates of Water 
Protons in Solutions of Ru(H,O), 3+ a 

'INTzp, nvp, Hz M-1 
1/NTlp, 

t ,  "C s - I  M-1 s-' M- 

17 520 + 30 
27.5 460 * 25 
28 570 2 60 610 * 70 
37 410 * 20 
52 430 60 500 i 40 
54 370 t 20 

5 600 * 30 680 + 60 690 t 170 

" The molar concentrations of RU(H,O),~+ were in the range of 
0.010-0.018 M. T ,  data were taken in solutions containing 1 M 
CF,SO,H. T, and Avp data were taken in similar solutions which 
were partially neutralized to  give pH 1-2. The errors indicated in- 
clude scattering of data obtained for different solutions, at differ- 
ent dates. However, the direction of the temperature dependence 
was always the same for each one of the solutions. 
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Table 111. Parameters Obtained by Fitting T I  and T, Relaxation 
Times t o  the Solomon and Bloembergen Equations 

r. A 2.35 * 0.15 ~ ~ ( 2 7 8  K)," ps 6.0 t 1.5 
~ , - ' ( 278  K), s-' (1.9 t 0.5) X 10" ~ ~ ( 3 2 7  K),'ps 2.1 * 0.5 
~ ~ " ( 3 2 7  K), s-' 

a Calculated from the correlation times by assuming rotational 
correlation rates derived from the Stokes-Einstein expression (eq 
9) with a = 3.2 * 0.2 A are T R - ~  = (2.2 ? 0.5) X 1Olo and (7.7 t 
1.7) X 10" s'' at temperatures of 278 and 327 K, respectively. 

(5.5 f 1.4) X 10" 

cm-' for K ,R~(oxa l )~  (oxal = oxalate).'* With the value of 
{for the octahedral Ru(NH?):+ ion taken into account and 
by allowing for the decrease in covalency in R u ( H ~ O ) ~ ~ + ,  the 
value of { which was adopted by us was 1200 f 200 cm-I. 

Paramagnetic NMR Shifts and Relaxation Times. The 
results of the net proton chemical shifts and relaxation times 
in solutions of R u ( H ~ O ) , ~ +  in 1 M CF3S03H are shown in 
Table 11. The choice of CF3S03H as the acid for our mea- 
surements was done since HC104 oxidizes the Ru(H20):+ ion 
into a Ru(1V) species5 while HBF, solutions gave broad water 
lines even in the absence of ruthenium(II1) ions. 

NMR measurements were performed in solutions where the 
1 M CF3S03H was partially neutralized with NaHC03 to pH 
1-2. This was done since at pH <1 the water signal is sig- 
nificantly shifted due to an exchange with H30+.  No pH 
dependence of the shift and the relaxation rates could be 
observed at this pH range. The direction of the temperature 
dependences of the chemical shift and the relaxation times 
indicates fast exchange between the protons of the Ru(H20)2+ 
and bulk water protons. The absence of pH dependence 
further supports this conclusion since the exchange is expected 
to be either base ~ a t a l y z e d ' ~ - ~ ~  or acid ~ a t a l y z e d . ~ ~ - ~ ~  Thus 
the shift and the relaxation times of the protons bound to 
RU(H~O),~ '  can be calculated with relation 3 where f, the 

AwM = A w p / f  TIM = f T l p  T2M = f l 2 p  (3) 

fraction of protons bound to the complex, is given by eq 4 and 

f = 6N/55.6 (4) 

where N is the molar concentration of R U ( H ~ O ) , ~ + .  The 
chemical shift of bound protons AwM is related to the Fermi 
contact hyperfine interaction A for low-spin d5 c o m p l e ~ e s ~ ~ ~ ~ ~  
(eq 5 ) .  

A w M / w ~  = 
AhP 

1 8gNPN 

3/kT + 16/{- (16/{) exp(-3{/2kT) 
1 + 2 exp(-3{/2kT) ( 5 )  -- 
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On the basis of the chemical shift data given in Table I1 
and by assuming a spin-orbit coupling constant between 1200 
and 1400 cm-I, the hyperfine coupling constant, A, was cal- 
culated from eq 3-5 to be between 3.3 and 3.6 MHz, re- 
spectively. 

The relaxation times of the bound protons, T I M  and T2M, 
are determined by dipolar and hyperfine interactions with the 
unpaired electrons according to Solomon and Bloembergen's 
 equation^,^^-^' eq 6-8, where 7 R  is the rotational correlation, 

7 M  is the exchange lifetime, and 7 l S  and 7% are the longitudinal 
and transverse electronic relaxation times. 7 R  was estimated 
from the Stokes-Einstein formula (eq 9). q was taken as the 

7 R  = 4aqa3/3 k T  (9) 

viscosity of water at the various  temperature^;^^ a, the mo- 
lecular radius, was taken as 3.2 f 0.2 A based on the measured 
7 R  of Mn(H20)2+, giving a = 3.3 A33 but considering a de- 
crease of 0.07 A due to the same decrease in the metal oxygen 
distance (the Ru-O distance is 2.10 and 2.1 1 A in RuClsH 02- 
and RuC1,(H20),-, re~pectively,,~ as compared to 2.17 A in 
M I I ( H ~ O ) , ~ + ~ ~ ) .  In eq 8, 7M-l can be neglected since con- 
siderations based on the acid dissociation constant pK, = 2.4 
f 0.2 of Ru(H20)2+ and diffusion-controlled limit for k-l 
in eq 10 give an upper limit of 7M-l  = kl  5 lo8, which is 

R u ( H ~ O ) , ~ +  R U ( H ~ O ) ~ O H ~ +  + H+ (10) 

smaller by several orders of magnitude than 7s-I (of about 
10"). Assuming that 7,;I = 7%-l = 7p-'e-VfRT, we have fitted 
the results of TIM and T2, at the various temperatures to eq 

k 

k-I 
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6 and 7. The results are summarized in Table 111. The errors 
given in the table include the experimental random errors in 
T1 and T2 (see Table 11) as well as the errors in 7R calculated 
from eq 9 with a = 3.2 f 0.2 A and in perf and A calculated 
from eq 2 and 5 with the assumption of l=  1200 f 200 cm-'. 
A more extensive calculation where dipolar interaction with 
outer-sphere water molecules with translational diffusion 
correlation time was i n ~ l u d e d ~ ~ , ~ ~  has shown that such a 
contribution can be safely neglected. By substituting the fitted 
parameters given in Table I11 in Solomon and Bloembergen 
equations (eq 6 and 7), it is possible to see that the main 
contribution to the relaxation rates arises from the dipolar 
interaction. Within the temperature range used in the present 
work, the contribution of the contact terms to the relaxation 
amounts from 5 t? 12%. 
Discussion 

Our magnetic susceptibility measurements of RU(H,O)~~+  
in aqueous solution clearly indicate that the ruthenium(II1) 
ion is in the low-spin state. This is in agreement with the 
optical spectrum which was fully accounted for on that bask7 
However, the magnetic moment has a considerable orbital 
contribution as is seen from the significant deviation from the 
spin-only value of pCE = 1.73 pB. In spite of the experimental 
error which was due mainly from difficulties in obtaining high 
and reproduceable concentrations of the RU(H~O) ,~+  ion, it 
was possible to fit the magnetic moment to Kotani's equations'6 
with a reasonable spin-orbit coupling constant. 

Since the frequency dependence of the relaxation times was 
not measured, only a limited significance should be given to 
the exact values of r and 7, obtained by fitting the results to 
the Solomon and Bloembergen equations. It would suffice at 
this point to mention that the values of TIM and T2M as well 
as 7, are all quite similar to the corresponding values obtained 
for R u ( N H ~ ) ~ ~ + . ~ ~ ~ ~ ~  Thus the electronic relaxation mecha- 
nism is most probably the same for these two ions. 

The value of the hyperfine coupling constant of the water 
protons in the first coordination sphere of R U ( H ~ O ) ~ ~ + ,  A = 
3.3 f 0.3 MHz, is the highest value found so far for hexaaquo 
transition-metal ions (see, e.g., ref 4). This value is related 
to the covalency parameter X given by eq 1 1, where $ is the 

$ = N(@M - Ax) (1 1) 

molecular orbital, N the normalization constant, 4M the metal 
d orbital, and x the combination of the ligand orbitals with 
the appropriate symmetry. Since in the ruthenium(II1) com- 
plexes which are low-spin dS only the t,, orbitals are occupied, 
there is no need for separating the contributions from the eg 
and t2g orbitals. In this case 

(12) C#I = 3-1/2(id,y - d,, - id,,,) 

x = 12-ll2[i(bI(1) + b2(2) + b1(5) + b2(4)) - (bl(3) + 
+ h ( 4 )  + M 6 ) )  - i (h(2)  + b ( 3 )  + bd6) + 

b2(5))i (13) 

N = (1 + A2 - 2AS-112 (14) 
As was discussed in ref 4, the covalency parameter can be 
derived directly from the expression of the Fermi contact 
interaction for spin '/, ions: 

A = (sa/3)g,Pr~h(\klCa(ri)19) (15) 
i 
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For that the explicit wavefunctions should be known. For 
example, the relevant wavefunctions of water given by Ellison 
and S h ~ 1 1 ~ ~  are 

bl = 2 P m  (16) 
6 2  = OS49(1S(H1) - ls(H2)) + 0.543(2pY(0)) (17) 

where 2p(O) and ls(H) are Slater's atomic orbitals of oxygen 
and hydrogen with exponents of 1.0 and 2.275 au, respectively. 

In a first-order approximation one may proceed in a con- 
ventional way of writing the fractional spin density for spin 
' I 2  ions: 

where A. is the hyperfine coupling constant of the free hy- 
drogen atom. Ignoring contribution to A of spin densities on 
other atoms: 

(19) 

Since the hydrogen wavefunction ls(H) in eq 17 is that of a 
free atomic hydrogen, A. = 1420 MHz. Ignoring the overlap 
term 2hr in eq 19 and substituting A = 3.3 MHz, we obtain 
X = 0.32. A similar result of X = 0.34 is obtained also from 
the more elaborate wavefunction of Aung et for the water 
molecule, requiring that A. is calculated from the same wa- 
vef~nct ion .~  

A more detailed calculation takes into account contributions 
of spin densities on neighboring atoms to the d function in eq 
15.38 The result of such calculation, with the function of Aung 
et al. is A = 0.27.4 The same calculation for other hexaaquo 
transition-metal ions gave values of A, of 0.1 3,O. 13,O. 16, and 
0.22 for Mn2+, Fe2+, Co2+, and Cr3q4 Thus, the covalency 
in RU(H,O)~~+  is higher than the other ions which are all 
first-row transition-metal ions, including the trivalent Cr3+. 
On the other hand, the covalency of RU(H~O) ,~+  is signifi- 
cantly smaller than that of R u ( N H ~ ) ~ ~ + .  The value given for 
this ion, A = 0.325:l was obtained after the substitution of 
contributions fro pseudocontact interactions and was shown 
to reproduce faithfully the experimental temperature depen- 
dence. However, since no correction for pseudocontact in- 
teraction was attempted for Ru(H20):+, the value of X = 0.27 
obtained for this ion should be compared with a value of X = 
0.39 obtained for R u ( N H ~ ) ~ ~ +  when the pseudocontact in- 
teraction is ignored. 

Another indication for the trend in X may be obtained from 
the value of the Racah interelectronic repulsion parameters 
B and C that are calculated from the optical spectrum, i.e., 
the nephelauxetic effect.42 Values of B = 580 f 40 and 640 
f 40 cm-' were estimated for R u ( N H ~ ) ~ ~ +  and R u ( H ~ ~ ) ~ ~ + ,  
re~pectively.~ These values are expected to be proportional 
to Nt2:N,:.42 The functional connetion between the nor- 
malization coefficient Nand the covalency parameter X is given 
by eq 14. However, our measurements give us data only for 
A,, and therefore to N, but not for N,. Therefore, we cannot 
use the values of t hekacah  parameter for a quantitative 
evaluation of the covalency. Yet, the decrease in B going from 
Ru(H~O),~+ to R u ( N H ~ ) ~ ~ +  indicates higher covalency for the 
latter complex in agreement with the values of X reported in 
the present work. 

f = A/Ao  (18) 

0.5492X2 
= 12(1 + X2-22xs) 

Registry No. R U ( H ~ O ) ~ ~ + ,  3025 1-72-0. 
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