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A series of complexes of the formulas [R,N],Ln(NO,); and {R,N],Ln(NO;), have been prepared and characterized. The
proton nmr spectra of the organic cations in solution reveal shifts which can be ascribed to a dipolar mechanism. On the
basis of these data an anion~cation distance of between 6 and 7 A is calculated. Factors affecting the shape of the cation

in solution in this as well as in other systems are discussed.

Introduction

Recent proton nmr studies of organic cations ion paired to
paramagnetic anions in solvents of low dielectric constant
have given rise to the possibility of ascertaining the nature
and structure of ion aggregates in solution.'™ The basis of
the method lies in the fact that protons on an organic ion in
solution experience shifts from their normal resonance fre-
quencies in diamagnetic solutions when the ion is in contact
with a paramagnetic counterion.

In general, the isotropic nmr shift in solution, Av, is a sum
of two terms: the Fermi contact term, Ap¢, which depends
for its magnitude on the presence of unpaired spin density at
the nucleus,'® and the dipolar term, Avaip, which occurs in
complexes where the metal ion experiences fields of less than
cubic symmetry. Thus

Ay = Avt + Avgip (1)

The dipolar shift is of interest to the solution chemist because
of its dependence on bond distances and angles. In general
we have'3-14

Avaip =v[F1G1(R, 0) + F,G4(R, 0, Q)] 2

where F; and F, are functions of the principal susceptibilities
of the metal complex. In axial symmetry, F, = 0 and we are
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left with an expression containing the first term only, for
which
3cos? 01
R 3
where R is the distance between the proton and the unpaired
electron, assumed to be at the center of the metal atom, while
0 is the angle between vector R and the major susceptibility
axis (x; = X,) of the molecule.

It is therefore possible, provided no Fermi contact shift is
present, to use the observed shifts to obtain anion-cation dis-
tances and to obtain information on the structure of the cat-
ion in the ion pair.

In this paper, we report the results of a study on ion pairing
between tetraalkylammonium cations and hexanitrato- and
pentanitratolanthanate(IIl) anions. These complexes have
the advantage of being soluble to a marked degree in a wide
variety of solvents, making the study of ion association pos-
sible under a considerable range of conditions. Most impor-
tant, the nitrato complexes, unlike the previously studied
hexachloro complexes,'! will be shown to give shifts which
are less complicated by either the thombic dipolar or Fermi
contact effects. This frees us from the unwholesome burden
of factoring the isotropic shift into its constituent parts, for
which there is at present no simple or unambiguous method.

Gi(R,0)= (3)

Experimental Section

Reagents. Rare earth oxides (99.9%) were obtained from
American Potash and Chemical Co., West Chicago, Ill., and were con-
verted to the nitrates with concentrated nitric acid. Tetrapropylam-
monium iodide and tetrabutylammonium iodide (Eastman) were used
as received. All solvents used in this work, with the exception of pyri-
dine, were dried at least 24 hr before use over BDH Type 3A molecular
sieve. Dichloromethane (Anachemia, Toronto) was fractionally dis-
tilled, and the fraction boiling between 40 and 41° was collected and
stored over molecular sieve.

Preparation of Complexes. The basic technique used follows
closely that employed by Straub, Drago, and Donoghue!* in preparing
the nitrato complexes of the first transition series. Stoichiometric
amounts of hydrated rare earth nitrate, finely powdered silver nitrate,
and tetraalkylammonium iodide were allowed to react in refluxing
acetonitrile for several hours, with complete exclusion of light. An
excess of triethyl orthoformate was added during reflux to remove co-
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Table I. Analytical and Conductivity Data for the Nitrato Complexes
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% calcd % found A, ohm™! cm? mol™!
Complex? C H M C H M c=1X103 ¢=6Xx10"%

(Bu,N),La(NO,), 46.56 8.79 11.22 46.84 8.48 11.27 72.2 122.8
(Bu,N),Ce(NO,), 46.51 8.78 46.85 8.68 65.6 124.7
(Bu,N),Pr(NO,), 46.48 8.78 46.53 8.58 70.1 129.4
(Bu,N),Nd(NO,), 46.36 8.75 11.60 46.54 8.59 11.52 71.3 142.0
(Bu,N),Sm(NO,), 46.13 8.71 12.03 46.25 8.50 11.96 70.5 122.6
(Pr,N),Nd(NO,), 17.44 17.52 .
(Pr,N),Ho(NO,), 34.01 6.66 19.46 34.30 6.62 19.18 46.9 115.9
(Pr,N),Tm(NO,;), 33.84 6.63 19.83 34.07 6.41 19.81 51.7 157.2
(Pr,N), Yb(NO,), 33.68 6.60 20.22 33.82 6.42 20.17 56.8 100.6
(Bu,N),Ho(NO,), 40.04 7.56 17.18 40.18 7.60 16.90
(Bu,N),Ex(NO,), 17.38 17.30
(Bu,N), Tm(NO,), 17.52 17.54
(Bu,N),Yb(NO,), 39.70 7.50 17.88 39.44 7.26 17.98 45.7 93.0
(Bu,N),Lu(NO,), 18.04 17.90

¢ Bu,N = tetra-n-butylammonium ion; Pr,N = tetra-n-propylammonium iomn.

ordinated water. After cooling to room temperature, folowed by
stirring for several hours, the solid silver iodide was filtered off, and
the filtrate was concentrated on a water bath. The resulting crude
solid was recrystallized from dichloromethane by filtration of the
solution, followed by concentration and dropwise addition of ethyl
acetate. It has been found that three such recrystallizations are us-
ually necessary in order to free the complex completely of the last
traces of silver halide.

Analyses for carbon and hydrogen were performed by
Chemalytics, Inc., Tempe, Ariz. Analyses for lanthanide metal were
performed in triplicate in these laboratories by igniting the complex
to the oxide. The analytical data may be found in Table I.

Nuclear magnetic resonance spectra were obtained on the Varian
HA-100 spectrometer at ambient temperatures (34°) in the solvents
dichloromethane, nitrobenzene, pyridine, acetone, and dimethyl sulf-
oxide-d,. Conductivity measurements were made in nitrobenzene at
25° on the Wayne-Kerr universal bridge, Model B221A. Visible-uv
spectra were recorded on the Cary 14 spectrophotometer.

Results

Characterization of the Complexes. In addition to the well-

known compounds of the type M3L.n,(NO5),,-24H,0,
which contain the hexanitratolanthanate(III) anion,' several
compounds of the type MI,Ln(NO;); have been prepared by
Medoks, er al.'” (M!, M represent respectively uni- and di-
valent cations.) The structures of both the hexanitrato-'®
and pentanitratocerate(IIT)'® ions are known on the basis of
X-ray crystallography and approximate to distorted octahed-
ral and trigonal-bipyramidal geometries, respectively, if the
nitrate is viewed as a unidentate ligand.'®

The present series of compounds reveal several interesting
properties which appear to depend both on the lanthanide
metal and the organic cation chosen. First, attempts to pre-
pare compounds of the type (BugN)3Ln(NO;)¢ for Ln = Ho,
Er, Tm, Yb, or Lu have consistently met with failure on our
part. Elemental analyses on the gummy solids which result
from the reaction mixture are in agreement with no definite
stoichiometry. “Similarly, attempts to produce compounds
of the type (PryN);Ln(NO3)s have met with failure for all
members of the series. The fact that in the present series
hexanitrato complexes can be prepared only for the first (and
largest) of the lanthanide cations suggests that both ionic ra-
dius and cation size effects play a role in determining the abil-
ity of the metal ion to coordinate more than five nitrate
groups.

It is also of interest that crystals of (BusN),Yb(NO3);
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grown in the presence of a small amount of copper(II) nitrate
in dichloromethane have a distinct blue color. The blue color
is not removed by repeated recrystallizations, suggesting that
substitution of Cu(NO3),*~ for YB(NO3)s?" readily occurs in
the lattice. This is consistent with the findings of Wood,'® ez
al., who have commented on the isodimensionality of the unit
cells of [(C6H5)4AS]2CO(NO3)4 and [(C6H5)3PC2H5]2CC'
(NO3)s, only a small change in nitrate positions in the former
compound being necessary in order to accommodate a fifth
nitrate ion.

The molar conductance results in nitrobenzene may be
found in Table I. The values of Am for the pentanitrato ser-
ies are seen to be consistent with their formulation as 2:1 elec-
trolytes (Am = 40-60).1° The hexanitrato ions have molar
conductance values in the range found for the previously stud-
ied LnCl¢3~ ‘complexes, which were characterized as 3:1 elec-
trolytes in nitrobenzene.!?2°

Visible-Uv Spectra. We have examined solution spectra of
(BusN)sNd(NO3)s and (Pr4N),Nd(NO3)s in nitrobenzene and
dichloromethane. The principal feature in the visible region
is the hypersensitive transition®* *I5,, > *Gs,, at 17,000~
17,500 cm™. The spectra in both solvents in this region are
identical for the two salts above and are not affected by addi-
tion of excess tetrabutylammonium nitrate. This perhaps in-
dicates that Nd(NO3)63‘ is unstable, losing one nitrate ion to
become the pentanitrato species.

The spectra of Er(NO3)s2™ reveal two hypersensitive transi-
tions in the visible~near-uv region. The band at 19,000-
19,400 cm™ is usually assigned®' to the transition *I;5,, ~
’H,, ;2 and has been found to be exceptionally useful in mon-
itoring changes in the composition of the coordination sphere
about erbium.?* '

A more intense band at 26,000-26,600 cm™! is assigned to
the transition *1y5,, = *Gyy,, (see Figure 1). The energies of
the principal band features in Ex(NO3)s?~, along with their ex-
tinction coefficients, are collected in Table II.

The band envelopes of both transitions are identical in ace-
tone, dichloromethane, and nitrobenzene and differ only mar-
ginally from the Nujol mull spectrum. In addition, the ex-
tinction coefficients are identical in all three solvents. Table
11 and Figure 1 reveal, however, that on passing to pyridine
and dimethyl sulfoxide, there is a general loss of resolution
and in the case of dimethyl sulfoxide, a considerable drop in
extinction coefficient.
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Table II.  Electronic Spectral Data for the
Pentanitratoerbate Complex in Various Solvents?®

Solvent Energy, cm™!

19,391 sh
19,320 (14.1)(

Acetone

19,297 (13.9)
19,179 (12.0)
19,093 sh

18,984 sh

26,546 (35.1) |
26,198 sh

19,227 (6.22) bor
19,102 (7.59) § 572
26,578 (10. SDba oG
26,402 (14.86)§ 1372 11/2
19,186 (12.16) *1,,, - 2H,,

Numbers in parentheses are extinction coefficients.
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@ sh = shoulder.
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Figure 1. A plot of absorbance vs. wavelength for the *I,,,, —
*G,,,, transition of erbium(IH) in (Bu,N),Er(NO,),: A, spectrum
in acetone; B, pyridine; C, dimethyl sulfoxide.

As one might expect from the poor ligating properties of
acetone, H,CCl,, and nitrobenzene, the anion appears to be
unaffected by dissolution in these solvents. On the other
hand, coordination by the solvent is strongly suggested from
the pyridine and dimethyl sulfoxide spectra. These results
will be of interest in the interpretation of the nmr spectra
which follow.

Nmir Data. Spectra of the Diamagnetic Complexes, The
proton resonance spectrum of the tetrabutylammonium ion
under diamagnetic conditions has received some attention in
the past.®!!  In the present series of compounds the « and §
resonances of the tetrabutylammonium ion are clearly re-
solved at 100 MHz in all solvents, while the § and 7y reso-
nances usually overlap appreciably. In the case of (BugN),-
Lu(NO;)s in nitrobenzene and pyridine it is possible to dis-
tinguish a broad septet (7 8.2-8.3), assigned to the § reso-
nance, with a sharper septet to high field (-y resonance) with
an apparent chemical shift separation of 0.40 ppm. In dichlo-
romethane, these resonances overlap strongly, so that the
chemical shift values quoted in Table III are only approxi-
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Table Iil. Proton Nmr Data for the Tetrabutylammonium
Ion in Different Environments

Shifts?

Anion Solvent Concen, M « I % 8
Ce(NO,), > H,CCl, 0.107 340 1.77 145 098
Pr(NO,),3" H,CCl, 0.098 3.58 1.84 1.47 0.95
Nd(NO,),*" H,CCl, 0.115 3.65 1.89 1.55 1.00
Sm(NO,),*~ H,CCl, 0.103  3.29 1.69 1.43  0.99
Lu(NO;),* H,CCl1, 0.100 3.14 1.63 1.37  0.98

Acetone 0.109 341 1.70 1.46 0.98
CH,NO, 0.108 348 1.91 1.57 1.06
C,HN 0.104 342 177 1.41 093
C;H;N 0.048 344 1.77 1.38 0.90
C,HN 0.012 347 1.77 1.36  0.88

@ All shifts in ppm, downfield relative to internal TMS.

mate. They are consistent, however, with those obtained at
220 MHz for the same protons in (BuzN);LaCls (73 8.36,

Ty 8.54).)' The data for the diamagnetic lutetium complex
in a variety of solvents may be found in Table III.

In only one solvent, pyridine, was it found that the diamag-
netic resonance frequencies were concentration dependent.
Thus, in pyridine, 1sotrop1c shifts were determined by sub-
tracting the Lu(NO3)s?" cation frequencies from the reso-
nance frequencies in the paramagnetlc solutions of the same
concentration.

Spectra of the Paramagnetic Complexes. The cation nmr
spectra of the light rare earth-hexanitrato complexes in di-
chloromethane can be found in Table III.  All resonances are
shifted to low field, with the exception of the § protons,
which show shifts equal to zero, within experimental error
(#2 Hz). Compared to the heavy rare earths, the shifts at the
beginning of the series are very small, a feature which pre-
cludes any extensive discussion of their origin. This in turn
is presumably due to the small magnetic susceptibility values
which characterize the first members of the rare earth series.

The nmr data for the pentanitrato complexes of holmium,
erbium, thulium, and ytterbium are reported as isotropic
shifts with respect to the corresponding frequencies in the
Lu(NO3)s*™ complex in Table IV. The holmium and erbium
complexes have been studied in greatest detail because the
shifts are largest and, since they are uniformly to low field,
are well resolved (see Figure 2).

The Tm(NO3)s2" and Yb(NO3)s* complexes, on the other
hand, show strong upfield shifts, which result in a compli-
cated spectrum. With the exception of the terminal methy]
resonances, we cannot use intensities as a guide to identifica-
tion, nor are the differences in line widths sufficient to enable
us to identify the resonances on the basis of the inverse sixth-
power law.®

The problem is particularly severe with Yb(NO3)s?™, where
cation resonances are observed at 46, 80, and 97 Hz downfield
from TMS, in H,CCl, with intensity ratios 2:5:2, respectively
(Figure 3). In order to assign the spectrum, use is made of
the fact that the cations in this system, as in all systems stud-
ied to date, exhibit fast exchange between ion pairs with para-
magnetic and diamagnetic anions. Thus the “fast exchange
equation” (eq 4) applies. Here, fpara and fqi, are the mole

AVobsd = fpara AVpara + fdiaAV dia (4)

fractions of cation associated with paramagnetic and diamag-
netic anions, respectively. Awp,,, is the cation resonance
frequency, relative to TMS, in the solution of paramagnetic
complex, and Avg;, represents the resonance frequency in
the diamagnetic lutetium complex. A plot of observed shift,
Avgpea, vs. mole fraction for the Yb complex is shown in
Figure 4. This allows us to assign the resonance at 97 Hz



Penta- and Hexanitratolanthanate(III) Complexes Inorganic Chemistry, Vol. 12, No. 4, 1973 175

Table IV. Isotropic Shifts® in Pentanitratolanthanate(III) Complexes

Isotropic shift Shift ratios
Ln Conen, M Solvent o 8 % 5 Qu/s Qs O /s Qﬂ/a
Ho 0.178 H,CCl, -8.98 —4.81 b -0.69 13.01 6.97 0.535
0.122 —8.86 —4.83 -2.79 -0.65 13.63 7.43 4.29 0.546
0.054 -9.49 -5.21 -2.93 -0.73 13.00 7.13 4.01 0.549
0.026 -9.75 ~5.43 -3.01 -0.79 12.34 6.87 3.81 0.556
0.010 —-10.00 -5.62 b -0.84 11.90 6.69 0.562
0.186 Acetone -7.05 -4.15 -2.29 b 0.588
0.119 —6.35 -3.78 -2.07 b 0.595
0.057 -5.36 -3.18 -1.64 b 0.592
0.024 -5.01 -3.06 -1.59 b 0.610
0.098 C,H,NO, b -3.23 -1.86 -0.460 7.02 4.04
0.048 b -2.34 -1.36 —0.345 6.81 3.94
0.016 -2.82 -1.62 -0.94 —0.250 11.30 6.48 3.78 0.575
0.058 Pyridine b -3.27 -1.66 -0.365 8.93 4.53
0.211 (CH,),SO 0.0 0.0 0.0 0.0
Er 0.110 H,CCl, -4.30 -2.22 -1.43 —-0.345 12.46 6.43 4.14 0.515
0.116 C.H,N -2.90 -1.59 -0.91 -0.20 14.50 7.95 4.55 0.549
0.018 -1.09 -0.60 -0.36 -0.08 13.62 7.50 4.50 0.549
0.093 Acetone -2.70 -1.65 b -0.24 11.25 6.88 b 0.610
0.100 C,H,NO, -2.63 -141 -0.86 -0.23 11.44 6.09 3.74 0.536
0.0446 : -1.96 ~1.06 —-0.66 -0.16 12.25 6.62 4.12 0.541
0.0166 -1.30 -0.72 -0.43 —-0.11 11.81 6.54 3.91 0.552
Tm 0.137 H,CCl, 4.57 2.58 1.28 0.31 14.72 8.32 4.13 0.565
0.028 5.05 2.90 1.37¢ 0.40 12.62 7.25 b 0.575
Yo 0.130 H,CCl, 2.18 1.18 0.62 0.18 12.11 6.56 344 0.541

@ All values in ppm with respect to the corresponding resonance positions in the diamagnetic Lu(NOsjs" complex, in the solvents indicated.
A negative sign indicates a low-field shift. ® Resonance masked by solvent. ¢ Resonance uncertain due to overlapping with TMS.

[(CAHQ)‘N]QEHNOS)S

3001

200

Hz from TMS

§ H 4 3 2 1 0

Figure 2. The 100-MHz proton nmr spectrum of (Bu,N),Er(NO,),
in nitrobenzene (0.10 M). Resonance assignments, from left to right,
are to a, 8, v, and § protons, respectively. Horizontal scale in ppm.

100+

0 T T T T
0 2 4 & 8 1

I'd
{
['ciHg), N]ZVb(N03>5 para

Figure 4. A plot of observed resonance frequency vs. mole fraction
of paramagnetic complex, f,5pq, for mixtures of Lu(NO,);* and
Yb(NO,),*.

field than the § protons, thus accounting for the high-field
tail on the § resonance and the somewhat greater apparent
intensity of the 8 resonance. A similar plot for the thulium
complex has confirmed the assignments in Table I'V.

In view of the basicity of pyridine and its known tendency
to coordinate to lanthanide cations,?® the pyridine solvent
resonances were studied as a function of added Ex(NO3)s%~
complex. A shift of 0.30 ppm to low field was noted for the
ortho resonance in the most concentrated solution (0.12 M)
relative to neat pyridine, pointing once again to the interac-
- —s . . tion between solvent and metal ion. Similarly, the single-

‘ : resonance line of CD3SOCD,H in dimethyl sulfoxide-d¢ un-

Figure 3. The 100-MHz proton nmr spectrum of (Bu,N), Yb(NO,), dergoes a 0.25- i i i -
in H,CCl, (0.13 M). Horizontal scale in ppm. Resonance assign- Igoes a ©J.2o-ppm shift to low field in the presence of Ho

2- . . : . .

ments, from left to right, are to «, §, and g protons, respectively. (NO3)5 lon, SUSSeStmg §olvent coordination in agreement
The 7 resonance is hidden beneath the sharp § resonance. with the results of the visible spectral study.

downfield from TMS to the o protons. The resonance at 46 Discussion i )

Hz is assigned to the 8-CH, protons, while the resonance at Interpretation of the Nmr Shifts. As we have already point-

80 Hz contains contributions from both th_e V'CH'Z and ﬂ'le (23) E. R. Birnbaum and T. Moeller, J. Amer. Chem. Soc., 91,
§-CH, protons. The 7y protons appear to lie to slightly higher 7274 (1969).
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ed out, in order to interpret the observed nmr shifts in a pure-
ly geometrical sense, the contact term must be completely
absent from eq 1. For any two protons, i and j, on a given
axially symmetric complex for which this situation pertains,
we obtain, using eq 2 and 3

<3 cos? i — 1>

(Avaiphi _ Ry

(Av gip); - <3 cos? 8;—1 )
R3

i.e., the ratios of the dipolar shifts are independent of the
electronic structure of the metal ion. When we extend this
idea to series of complexes where the ligands remain constant,
but only the central metal ion changes, then the ratios of the
dipolar shifts Qj;; should also be independent of the metal
ion, ie.

[QisiIm, = [Qisilm, (6)

This identity will hold exactly only if the substitution of met-
al M, for M; does not alter the bond angles and distances or
stoichiometry of the complex. These two assumptions have
been used successfully in the past?* in factoring the isotropic
shift into its contact and dipolar components in complexes of
tetrahedral cobalt and nickel.

The trivalent lanthanide cations display a considerable
reduction in ionic radii on passing from the light to the heavy
end of the series (0.2 A, or about 20%). We therefore might
not expect eq 6 to hold over the entire series. For the metals
holmium through ytterbium on the other hand, the variation
in ionic radius is only 0.04 A; hence comparisons within this
group of metal ions should come closer to the requirements
of theory. We therefore believe that not only will ion aggre-
gates formed between anions and cations of similar chemical
properties and ionic radii be isostructural but also the dipolar
shift ratios of organic cations in the ion aggregates will be vir-
tually identical. ,

Table IV indicates that the ratios of the observed isotropic
shifts in the pentanitratolanthanate(IIl) complexes are only
slightly dependent on the metal ion. As has been discussed
elsewhere,! changes in sign such as those observed on passing
from erbium(III) to thulium(III) in the present series are not
consistent with a dominant Fermi contact mechanism, since
the contact effect is predicted to have the same sign for all
rare earth ions lying between gadolinium and lutetium.”* On
the other hand, the sign of the dipolar shift is under no such
constraint; the sign of the magnetic anisotropy may vary from
complex to complex in an isostructural series, as is apparent
from the shifts of pyridine ligands coordinated to lanthanide
dipivaloylmethanide complexes.?® The dipolar nature of
these shifts has been confirmed recently by comparison of the
nmr data with the results of single-crystal magnetic anisotro-
py studies.?’

The behavior observed in the pentanitrato complexes thus
contrasts strongly with that observed in the series (BuaN);-
LnClg where the shift ratios were found to vary in both sign
and magnitude on changing the metal jon. It is believed that
both dipolar and contact terms of comparable size contribute
to the total isotropic shift in this case, the contact term being

= Qi Q)
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(26) W. D. Horrocks, Jr., and J. P. Sipe, 111, J. Amer. Chem. Soc.,
93, 6800 (1971).

(27) W. D. Horrocks, Jr., and J. P. Sipe, II1, Science, 177, 994
(1972).
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upfield for the light rare earths and downfield for the heavy
rare earths.!!

The relative invariance of the shift ratios in the nitrato ser-
ies also indicates that the second (rhombic) term of eq 2 is
not a major contributor to the shifts. This may seem surpris-
ing at first glance, since strictly speaking the nitrate ions
would be expected on the basis of X-ray evidence'® to pro-
vide at any instant a crystalline field of at most C, point sym-
metry at the rare earth ion. Since, however, the coordination
polyhedron of the anion is in rapid motion on the nmr time
scale, the instantaneous rhombic component of the suscepti-
bility sensed by the proton attenuates strongly in a time short
compared with the proton relaxation time. Thus we may
conclude that the axial dipolar term dominates the observed
shifts. It should be obvious, however, that since a slight de-
pendence of shift ratio on metal ion is observed in the present
case (Table IV), one should not overlook the possibility of a
small contact or rhombic term, representing between 5 and
10% of the total isotropic shift.

Solvent and Concentration Effects. The observed shifts in
the pentanitratolanthanate complexes reveal two types of var-
iation with concentration, depending on the solvent chosen.
In the higher dielectric constant solvents acetone (e 20.7),
nitrobenzene (e 33.7), and pyridine (e 12.3) it is found that
the shifts increase in magnitude as the concentration is in-
creased (Table IV). On the other hand, the shifts in H,CCl,
(€ 9.08) decrease somewhat with increasing concentration, as
can be seen from our data for holmium and thulium. This
anomalous behavior has been noted in several previous inves-
tigations.!®?®  The current explanation is that decreasing
shift with increasing concentration can be attributed to mi-
celle formation.®>?® Cations in the micelle are considered to
be less shifted than in the single 1:1 ion pair found in very di-
lute solutions, due to an environment which is on the average
more magnetically isotropic than in the simple ion pair. ‘

Comparison of our shift data in pyridine and dichlorometh-
ane suggests that the transition between the two types of con-
centration dependence occurs over an extremely narrow range
of dielectric constants, the critical value being € 10~11.

The shift ratios Qi in the pentanitratolanthanates also ap-
pear to be somewhat sensitive to solvent and concentration,
suggesting that the structure of the cation varies somewhat in
solution. The effect is apparently largest with the Qays ra-
tios, although the amount of scatter in the data makes any
firm conclusions unreliable. This ratio is particularly suscep-
tible to small measurement errors, due to the relatively small
size of the §-proton shift. Due to the large size of the o and
@ shifts, the data for Qg are less subject to this uncertainty,
and we will use these data to derive several conclusions about
the ion aggregate structure, subject to the cautions at the
close of the preceding section.

Ion Aggregate Structure. The theoretical problem of cal-
culating the geometric factors for cations in ion pairs has re-
ceived some attention in the past.2>*!* It has been demon-
strated that for a cation tumbling completely freely at a fixed
distance, 4, from a paramagnetic anion such that each proton
describes a spherical shell centered on the central atom of the
ca}ilon (“isotropic tumbling’’) the geometric factor averages
to

3cos? 6~ 1> 2

2= 7 - = = 7

< ARi3 av A3 ( )
Since A is defined as the metal-nitrogen distance in this

(28) Y. Y. Lim and R. S. Drago, J. Amer. Chem. Soc., 94, 84
(1972).
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model, it follows that all cation protons should show the
same dipolar shift. This is never observed in practice, how-
ever. The dipolar portion of the shift is always observed to
attenuate with increasing distance from the central charged
atom,*®'!? indicating that in these flexible systems the outer
organic portions of the cation tend to avoid close contact
with the anion. In other words, the cation is “crushed” by
the ion-pairing process, presumably due to the electrostatic
attraction between the positively charged center on the cation
and the negative ligands of the anion. A “restricted tum-
bling” model has been designed by Larsen® to take account
of this situation. The amount of freedom allowed to the cat-
ion in the ion aggregate is governed by a “boundary angle,” a,
such that at any given interionic distance, an increase in o re-
sults in isotropic shift ratios which approach unity. Calcu-
lated values of Qpja vs. ion-pair distance for different values
of « have been plotted in Figure 3 of ref 9. For a given ex-
perimentally determined Qg/q, this plot gives an upper limit
to the interionic distance, corresponding to & = 0 (rigid orien-
tation). Thus for Qg in the range 0.52-0.59 found in this
work, we predict that 4 would be at least 6.2 and at most

7.2 A

We may also obtain an estimate of the interionic distance
from crystallography. Using the available data for anionic
nitrato complexes,'®'!® we calculate that the distance between
the central rare earth ion and the outer (uncoordinated) oxy-
gen of the nitrate ligand is =4.2 A. We may take this to be
the effective “hard-sphere radius” of the anion. La Mar? has
shown that flexible cations, such as tetrabutylammonium,
may adopt a configuration which allows for a relatively close
approach of the anion to the central nitrogen atom. This
leads to a smaller cation “radius” (3.1 A in this case?) than
might otherwise be expected. The interionic distance so ob-
tained (7.3 A) certainly compares well with that obtained
from the nmr data and suggests that an appreciable fraction
of the ion aggregates in these solvents are of the unsolvated
(intimate) variety.

The shift ratios Qg in the present compounds are very
similar to those obtained for the system [BusN][Co(acac)s]
studied by La Mar,? indicating similar ion-pairing distances in
both cases.

The small variations in Qp/e With concentration and solvent,
which are evident in Table IV, need not be interpreted in
terms of a change in the interionic distance. In fact, the
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“sphere in continuum model”’**:?° of ion association predicts
that thé interionic distance should be independent of the di-
electric constant of the solvent. This being the case, we
would interpret these variations as being due to changes in
the amount of motional freedom available to the cation in the
ion aggregate. On this basis, the cation appears to possess
greater motional freedom at lower concentrations in any given
solvent.

Our main conclusion based on this work is that the time-
average structures of the cations in the present series of com-
pounds are relatively insensitive to the differences in solvating
power of the solvents used. This may appear surprising when
we consider that the paramagnetic anion in pyridine solutions
is undoubtedly of the type [Ln(NO3)sPyx]*>~. The presence
of pyridine in the first coordination sphere might have been
expected to result in an increase in the “hard-sphere radius”
of the anion.

The results obtained in dimethyl sulfoxide represent the
only exception to the above generalization. The absence of
any detectable nmr shift coupled with the dramatic spectral
changes in the visible region suggests that complete dissocia-
tion of the pentanitrato anion takes place. This indicates to
us that the rare earth ion occurs as either an electrically neu-
tral or cationic species in dimethyl sulfoxide. This is certain-
ly in keeping with the high dielectric constant and excellent
ligating properties of this solvent.
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