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The nuclear magnetic relaxation rates of the '*La ion in aqueous solutions of halides, nitrate,
sulfate, and perchlorate have been measured. The observed relaxation rates increased as the concentration
of the salts increased. However, in the low concentration range, the relaxation rate divided by the rela-
tive viscosity, 4»/7,, increased only in the cases of nitrate and sulfate, while it decreased in the cases of halides
and perchlorate. It was found that the formation of inner-sphere complexes is a satisfactory explanation
of the increasein the Av/y, of nitrate and sulfate solutions in the low to middle concentration range. With
the fact, proved by various authors, that the lanthanide ions have several coordination numbers, the de-
crease in the Av/p, of halide and perchlorate solutions in the same concentration range can be explained

in terms of the existence of an equilibrium between two hydrated species, such as:

La(H,0),*+ = La(H;0)+ + H,0

and the symmetrical species, La(H,0)g**, contributes to the decrease in Av/y,.

At a high nitrate concen-

tration, after reaching the maximum value Av/y, decreases, demonstrating that a symmetrical trinitrato

species may be formed in the solution.

It has been shown that, in solution, lanthanide ions
have no definite coordination number, being in an
equilibrium between several possible coordination
numbers.!~%) The coordination numbers for the
lanthanides vary through the lanthanide series, a higher
coordination number is favourable for the lighter
lanthanides, while a lower coordination number is

1) L. O. Morgan and A. W. Nolle, J. Chem. Phys., 31, 365
(1959); L. O. Morgan, ibd., 38, 2788 (1963).

2) F. H. Spedding, D. A. Csejka, and C. W. Dekock, J. Phys.
Chem., 70, 2423 (1966); F. H. Spedding, M. J. Pikal, and B. O.
Ayers, ibid., 70, 2430 (1966); F. H. Spedding, M. J. Pikal, and
B. O. Ayers, ibid., 70, 2440 (1966); F. H. Spedding and K. C.
Jones, ibid., 70, 2450 (1966).

3) D. G. Karraker, Inorg. Chem., 7, 473 (1968).

4) K. Nakamura, This Bulletin, 41, 1254 (1968) ; K. Nakamura,
J. Inorg. Nucl. Chem., 31, 455 (1969); 32, 2265 (1970).

favourable for the heavier lanthanides. Because
139La (I=7/2) is diamagnetic and has a relatively large
quadrupole moment (0.5 10-2% cm?), which interacts
with the electric field gradient, a nuclear magnetic
relaxation study of *¥La should provide various infor-
mation concerning the symmetry of the molecule and
the distribution of anions outside the first coordination
sphere.

Abragam?® has derived the following relation for the
relaxation of a quadrupole nucleus in solution:

o (30 (R o

where eQ is the nuclear quadrupole moment, where ¢g

5) A. Abragam, “Principles of Nuclear Magnetism,” Oxford
Univ. Press, London (1961), p. 314.
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is the z principal component of the electric field gradi-
ent tensor, where § is the assymmetry parameter, and
where 7, is the correlation time for the quadrupole
interaction and is given by:®
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assuming that the molecule can be regarded as a rigid
sphere with a radium of a.

However, to evaluate ¢¢ and 7, in ionic solutions,
two different models can be used. One is that the
water molecules or anions in the first coordination
sphere move uncorrelatively; i.e., the correlation time
for the individual motion of water or an anion is shorter
than the correlation time for the Brownian motion of
the entire water-metal or metal-anion complex. In
this case, the observed relaxation rate” is z (z: cc-
ordination number) times the relaxation rate for the
quadrupole interaction due to the fluctuating field
of one water molecule or one anion coordinated to the
metal ion. Moreover, the observed relaxation rate
will increase monotonously as the concentration of
the salts increases. This is because of the additional
electric field gradient due to ions.

However, when the mean resident time of water
molecules or anions in the first coordination sphere is
sufficiently longer than the correlation time for the
entire complex motion, the field gradient at the metal
ion will depend strongly on the symmetry of the mole-
cule. In this case, the observed relaxation rate will not
increase monotonously with the concentration increase,
but will strongly depend on the kind of species existing
in the solution. If the coordination fluctuates between
different configurations, the observed relaxation rate
will be a weighted average of the relaxation rates of
different configurations.

The purpose of this paper is to obtain information
on the hydration number change and the complex
formation with the anion through the quadrupole
interaction of 1%°La.

Experimental

The NMR spectra were obtained with a Varian VF-16
wide-line spectrometer operating at 6.012 MHz. The mag-
netic fields were controlled with a “Fieldial Mark II”’ with a
stability of 5x10-7. The frequency were monitored with
a Matsushita VP-437 A electronic counter. Distortion due
to the finite modulation width were corrected by using dif-
ferent modulation widths and by extrapolating to zero am-
plitude. Since the observed line shape is Lorenzian, the
line width (cycles/sec) is related to the relaxation time thus;

Ty-1=V 3 7 dv ®)

The relative viscosities were measured by using an Ost-
wald-type viscometer in a thermostat bath at 23.0+0.1°C.
To check the accuracy of the method used, the relative vis-
cosities of the LaCl; solutions were compared with the lit-
erature value? and found to agree within =+19.

Reagent. The lanthanum nitrate, sulfate, perchlorate,
and halide solutions were obtained by dissolving lanthanum

6) N. Bloembergen, E. M. Purcell, and R. V. Pound, Phs.
Rev.; 73, 697 (1948).
7) H. G. Hertz, Electrochem., 65, 20 (1961).
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oxide (99.95%,) purchased from Michigan Chemical Cor-
poration with these acids. All these acids were of a rea-
gent grade and were used without further purification.

Results and Discussion

The concentration dependence of the line width
can be separated into two contributions. One is the
correlation time, which increases with the viscosity
increase of the solution according to Eq. (2). Spedding
et al.?) have shown that the concentration dependence
of the relative viscosity of a lanthanide chloride solu-
tion at a moderate or high concentration can be de-
scribed in terms of a modification of Vand’s equation
in this form:

In(z/70) = 4;,C/(1 — Q"C) 4)
where 9/9,=7, is the relative viscosity of the solution,
where (' is the molar concentration, and where 4,4
and Q' are adjustable parameters. According to
Spedding, the success of Eq. (3) suggests that the major
contribution of a lanthanide chloride solution at a
moderate or high concentration arises from the inter-
ference of large hydrated ions with the stream of the
solvent. This implies that the lanthanide ions are
firmly coordinated with one row of water molecules;
i.e., the correlation time for the reorientational motion
of the hydrated lanthanide ion is sufficiently short
compared with the mean resident time of water mole-
cules in the first coordination sphere.

Another is the change in the field gradient due to the
changes in the molecular environment. These changes
may involve both the change in the first hydration
sphere and the change in the charge distribution around
it. Figure 1 shows the concentration dependence of
the 13La line widths. An examination of the figure
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Fig. 1. The concentration dependence of !¥La line widths.
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will show that the line widths increase with the con-
centration increase in the salts due to the increase in
the viscosity and the change in the molecular environ-
ment. However, to ascertain the change in the mole-
cular environment, it is necessary to divide the line
width by the relative viscosity of the solution.®) The
results are shown in Fig. 2, which shows a marked
difference in the concentration dependence.

Line Width at an Infinite Dilution. Since the
electric field gradient at an infinite dilution is solely
determined by the water molecules, the line widths
at an infinite dilution are independent of as the anions,
as is shown in Figs. 1 and 2. To discuss the line width
at an infinite dilution, it is necessary to know the mean
resident time of the coordinated water molecules, the
coordination number, and the symmetry of the entire
lanthanum-water complex.

As has been described previously, a relative viscosity
of the LaClj solution has shown the existence of a firmly-
coordinated lanthanum ion. Recently, Reuben and
Fiat® have calculated the water-exchange rate con-
stants from 17O NMR. Their calculated rates ranged
from 2.6 X107 to 3 x 10%sec™! as the ionic-radii change
from Tb to Tm. If we extraporate these rate con-
stants to the ionic radius of La3t, we obtain 2x10?
sec”l, This rate is about one-tenth of the reciprocal
of the correlation time for the reorientational motion
of the hydrated lanthanum ion;'®) moreover, this rate
is considerably larger than the observed relaxation rates
(100—1000 cps) and the chemical shift (<100 cps).!V

The coordination numbers of hydrated lanthanide
ions have been investigated by various authors. Proton
NMR study? has shown that the coordination numbers

8) R. E. Richard and B. A. Yorke, Mol. Phys., 6, 289 (1963).

9) J. Reuben and P. Fiat, J. Chem. Phys., 51, 4918 (1969).

10) With a=4.04,2 »=10"2 poise, and T=300°K, Eq. (2)
yields 7,=6.8 x 10-1! sec.

11) The largest observed chemical shift in this experimental
series, corresponding to that of the La(NOjy),; concentrated aqueous
solution relative to the diluted aqueous solution, is about 100 cps.
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vary in the lanthanide series, being 9 for lighter lan-
thanides and 6 for heavier lanthanides. On the other
hand, the apparent molar volume, the heat capacity,
the heat of dilution, and relative viscosity studies?
have shown that the lanthanide ions in water exist
in an equilibrium between two possible coordination
numbers; i.e., the coordination number of 9 is favourable
for from La3t to Nd3*, while 8 is favourable for from
Th3*+ to Yb®**. Karraker’s spectrometric study® of
an Nd3* aqueous solution supports this conclusion.
He concluded that Nd®* has two coordination numbers,
9 for a dilute and 8 for a concentrated aqueous solution.

The mean resident time and the existence of the two
coordination numbers mentioned above indicate that
the observed line width is determined by the rapid
exchange condition!® according to:

Av[n, = Pydvy® + PgAvg® (5)

where Py and Py are the fractional populations of the
species and where Avy? and Avg® are the line widths of
La(H,0)43+ and La(H,O)g**+ respectively at 7,=1.
When 8 coordinated species is symmetrical, the ob-
served line width will be determined only by the frac-
tion of the 9 coordinated species by;

Av[n, = Pydvy’ (6)
Effect of Anion Concentration. The change in

dv[y. due to the anion concentration increase may
be interpreted in terms of the following several reasons:

1) Some kinds of the anions can replace the water
molecules in the first coordination sphere of La3+.
This changes the symmetry of the molecule and,
hence, the field gradient.

2) The activity of water decreases as the anion
concentration increases. This has the effect of reduc-
ing the coordination number.

3) So far as the ions outside the first coordination
sphere can be treated as point charges, fluctuations
from a spherical Debye-Hiickel charge distribution
also contribute to the relaxation process.

Among the above three reasons, 2) and 3) do not
depend strongly upon the difference in the anions of
the same charge. At least, they can be considered to
have similar concentration dependences. Therefore,
the large difference in the concentration dependence
between NO,;~ and X~ ions shown in Figs. 1 and 2 is
caused primarly by 1).

Only a few studies have been made of the formation
constants of lanthanum halide and nitrate. Spectro-
metric study'® has shown that K; for LaCl?t is —0.2,
while that for La(INO,g)2+ is 0.26, which is smaller
than that for LaCl?*t. On the other hand, ion-ex-
change study'®) has shown that K; and K, for La
(NOj)?*+ and La(NO;),!t are 0.25 and 0.18 respectively.
Depending on the experimetal method used, these
values differ. However, even if we compare the
formation constants derived from the same method,
the large difference between the Av/y, of nitrate and

12) J. A. Pople, W. G. Shneider, and H. J. Bernstein, “High
Resolution Nuclear Magnetic Resonance Spectroscopy,” Chap.
10, McCraw Hill, London (1959).

13) K. L. Mattern, UCRL-1407 (1951).

14) R. E. Kriss and Z. A. Sheka, Radiokhimiya, 4, 312 (1962).
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halides can not be explained. Two probable ex-
planations for the above discrepancy are that NO,~
acts as a bidentate ligand!® and that halide ions can
not form an inner-sphere complex.!®)

If the line width of each species were known, the
successive formation constants could be obtained by
successive approximation and least-square fitting,
using the observed line width, the total metal amount,
and the anion concentration. Unfortunately, we have
obtained no information about the line widths except
for the line width at an infinite dilution. However,
at a very low concentration where only the mononitrato
complex is a dominant species, the Av[y, for the mo-
nonitrato complex can be obtained by using the K
value (0.25) and the line width at an infinite dilution
(141 cps:n1). The calculated value for La(NOg)%*
is about 600 cps-7,1. It is confirmed that the highest
Av[n, is about 600 cps-7,~! at 1.9m La(NO;); and
that Av/y. decreases above this concentration. As-
suming that it is capable of forming an inner-sphere
complex up to three NO4~ ions, and considering the
above confirmation, it may be concluded that the
Av[p, of La(NOj),lt is above 600 cps-7~%, while
that of La(NQO,;); is smaller than that of La(NOy),'*+
due to the symmetrical configuration of the complex.

Effect of Coordination-number Change.X” It has
been shown in coordination chemistry that perchlorate
ions do not form any complexes with metal ions in the
low-concentration range. The 7O NMR study®also
supports this fact. As has been described previously,
halide ions also form no inner-sphere complexes with
lanthanide ions in the low-concentration range. There-
fore, the decrease in the Av[n, values of these salts
can be explained in terms of the change in the hy-
dration number of the lanthanum ion according to the
following equilibrium:

La(H;0),°* = La(H,0)** + H;O )
The thermodynamic stability constant can be expressed
as:

'Ky, = a .= +“Kyg,9 (8)
8*AH .0 JsJu.o
Gy
Ky = ————
< &0 CB'CI—I_O)

where the subscripts 9 and 8 indicate La(H,O)4%+
and La(H,0)¢+ species and where 4, », and ¢ mean
the activity, the molar activity coefficient, and the
molar concentration respectively. The activity coef-
ficient of H,O in a ionic solution is measurable. How-
ever, the meaning of the activity coefficient of La-
(H,0)43* and La(H,O)43* is not known. The measured
activity coefficient may be the averaged value of these
two species.

If we assume that the 8 coordinated species is a sym-

15) C. C. Addison and N. Logan, ‘“Advance in Inorganic and
Nuclear Chemistry,” Vol. 6, Academic Press, New York (1964),
p. 72, 136.

16) G. W. Brady, J. Chem. Phys., 33, 1079 (1960).

17) There still exists a possibility that the hydrolysis changes the
line width. To check this, we measured the effect of the acid
(HCIO,) concentration on 4v[7,, but found no significant change
other than the experimental error.
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metrical species and has a zero field gradient, the
observed line width can be, from Egs. (5) and (7),
expressed as;

(1 + Kag 2220 Cr0) ©

9
Figure 3 shows the calculated concentration depend-
ence of Av[n, for various values of ‘K., assuming a
constant activity coefficient. However, this assump-
tion is a very rough approximation; the activity coef-
ficient ratio, yg+ym,0/y, may strongly depend on the
lanthanum salt concentration.
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Fig. 3. The calculated concentration dependence of Av/yp,
for various values of ¢Kg 4

l(sL7 cKs,s CKS,!) cKa,g
a 1 c 0.03 e 0.003 g 0.0001
b 0.1 d 0.0l £ 0.001

The observed concentration dependence of Adv[y, for
LaCl; A and La(ClO,); O are also shown in the figure.

Figure 4 shows the concentration dependence of
the fraction of La(H,0)y** for various values of °Kg,,.
Av[y, values calculated by using Eq. (8) are also
given in the figure. The calculated Av[n, values
range from 140 to 25700 cps-7,~! as °Kg4 changes
from 1 to 0.0001. However, considering the experi-
mental facts that the highest 4/, observed in this ex-
perimental series is about 1000 cps-»,~! and that the
change to 8 coordination takes place in the high-
concentration range, such low formation constants as
0.01 to 0.0001 and such high formation constants as
1.0 are thought to be unlikely.

Even if we take the values of °Kj,4 ranging from 0.1
to 0.01, as plausible constants, there are still large
deviations from the observed values. However, these
deviations may be compensated for if we take into
account errors due to the decrease in ym,0o with the
concentration increase and due to the change in yg/y,.
The differences in the kind of anions shown in Fig. 4
may come from the different dependencies of yg*yr.0/y,
on the salt concentration.

Effect of an Additional Electric Field due to Ions.
Av[n, values for the halides and perchlorate, after
reaching the minimum value, increase in the middle to
high concentration range. According to Hertz,”
these increases can be explained as the result of an
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Fig. 4. The calculated concentration dependence of the
fraction of La(H,O), and Av,/y, for various values of ¢Kg q.

Avy[y Avg/
°Ks,9 (cps-sn,il) 7 (cps-gy;,]i 1)
a 1 143.8 d 0.01 396.9
b 0.1 166.7 e 0.001 2,691
c 0.03 226.1 f 0.0001 25,691

additional electric field due to other ions which are
spherically distributed around the central ion. He
treated ions as point charges which are in a uniform
distribution outside of the central ion with a radius
of a. However, in strongly dissociated dilute elec-
trolytes, the Debye-Hiickel charge distribution is valid.
Eisenstadt and Friedman'® treated them by means of
this distribution. In either case, such a relaxation
mechanism due to the additional electric field is con-
sidered to be the same for both anions and cations.
The ratio of the relaxation rate of the cation to that
of the anion is, from by modifying Egs. (31)—(36) of
Ref. 7 and Eq. (5.11) of Ref. 18, approximately given
by:

Av;?:‘-)ir(xm Q..anion 2 (1 — ym)anion\g

e = A=) (o) (o)
where A is  ((2743)/12(2141))anion/((21+3)/12(214
1))cation, where (1 —yw) is the Sternheimer antishielding
factor.

To understand whether the relaxation mechanism
proposed by Hertz is predominant in this case for both
ions, the relaxation rate for "Br in the LaBr, solution
has been measured and compared with the theoretical
value calculated by using Eq. (10). With the value
of ¢Q.;,=0.5¢x1072% cm?, eQ;,=0.34¢x10-2¢ cm?,
(1 —7e)1,=69.0,19 (1 —yw);=98.0,20 and A=9.8,

18) M. Eisenstadt and H.
1407 (1966).

19) R. E. Watson and A. J. Freeman, Phys. Rev., 135, 1209
(1964).

20) E. G. Wikner and T. P, Dass, ibid., 109, 360 (1958).
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the calculated value of Eq. (10) is 10.9. However, it
is very hard to obtain an accurate Avir-ion|Ayiorion ratjo
experimentally, since the observed relaxation rate of
139La consists of two parts:

AVBr/’?r = AVOBr + Av;;)rn-lon (11>
AVLa/vr = PsAVgO =+ P9Av90 + Av}f’;‘“i‘)" (12)

where Av%;, is the line width of "Br at an infinite dilu-
tion. To obtain an accurate Aot/ Ap}oP1°"  ratio
experimentally by using Eqgs. (11) and {12), it is nec-
essary to ascertain the value of Pgdvs®+PyAv,®; how-
ever, this can not be obtained accurately in the present
investigation.

Conclusions. Through the study of the %La
relaxation times, we can draw the following conclu-
sion: a) The line width at an infinite dilution is
determined by the rapid exchange of two hydrated
species; symmetrical La(H,0)g3* and unsymmetrical
La(H,0)4%*+ are the most probable in the solution;

b) In the solutions of nitrate and sulfate, the for-
mation of inner-sphere complexes is thought to be a
main reason for the increase in Av/7,. This explana-
tion is consistent with the result of 7O NMR study
of lanthanide aqueous solutions;®

¢) The change in the hydration number is found
to be the most probable explanation for the decrese in
the A4v/n, of halide and perchlorate solutions, and

d) The effect of an additional electric field gradient
due to anions is found to be present, but to be less
effective than the other relaxation mechanisms.
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