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Abstract: A systematic nmr study was made of line widths and chemical shifts for ion pairs in solution, consisting
of tetracthylammonium ions and various complex paramagnetic anions of iron(III) and chromium(III). Anions of
identical charge (3—) but of varying size were employed in the study. Solutions in solvent mixtures of D;O and

dimethyl-d; sulfoxide were investigated over the temperature range 6-95°.

Results of the study indicate that

the experimental data are best fit by a model in which there is restricted tumbling of the counterions within the ion

pairs.

Calculated interionic separations indicate that “contact”” ion pairs are formed in dimethyl-d; sulfoxide,

and “‘solvent-separated” ion pairs are formed in D;O. Only minor changes in configuration are observed over the

temperature range studied.

wo nmr studies have been reported, the results of

which were interpreted assuming the presence of
ion pairs in the systems studied. The first study?®
involved the use of various quaternary ammonium
ions and hexacyanoferrate(IIl) ion in aqueous solution.
The value of T, the electron spin lattice relaxation
time, for the paramagnetic hexacyanoferrate(III) ion is
relatively short, and chemical shifts due to “pseudo-
contact” interactions® were found to accompany ion-
pair formation in these systems. Calculations using
the observed ‘‘pseudocontact” shifts for the various
magnetically equivalent sets of protons in the cations
gave some information about the geometry of the ion
pairs.

The second study* involved the use of quaternary
ammonium ions and hexacyanochromate(IIl) ion in
aqueous solution. In this case, the value of Ti. for the
paramagnetic hexacyanochromate(III) ion is relatively
long, and line broadenings, again due to ‘“‘pseudo-
contact” interactions, were found to accompany ion-
pair formation. Also for these systems, information
about the geometry of the ion pairs was obtained from
the observed line broadenings for the various magneti-
cally equivalent sets of protons in the cations.

In both systems described above, the interionic sep-
arations within the ion pairs were found to be inde-
pendent of the length of alkyl chain in the cation (R;N*).
The results were found to be consistent with interionic
separations of 8-9 A for the R,N+Fe(CN)¢*~ ion pairs
and 11 A for the R,;N+Cr(CN)s%~ ion pairs. The rela-
tively large calculated interionic separations and the
difference of 2-3 A between the two very similar sys-
tems were surprising, and this prompted additional
studies to be made in an attempt to further elucidate the
structure of these ion pairs. We presently report nmr
studies involving association between tetraethylam-
monium ions and various complex paramagnetic anions
of iron and chromium in the mixed solvent D,O-
dimethyl-ds sulfoxide.
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Experimental Section

Reagents. The sources for the reagents used are as follows:
deuterium oxide (Liquid Carbonic), dimethyl-ds sulfoxide (Merck
Sharp and Dohme), potassium hexacyanoferrate(III) (Fisher), po-
tassium trisoxalatoferrate(III), potassium trisoxalatochromate(III),
and potassium hexafluorochromate(III) (Alfa Inorganics).

The following procedure was used to obtain tetraethylammonium-
2-d; chloride, Acetic-1-d; acid was reduced by the slow addition
of the compound to an ether suspension of LiAlH.¢® Hydrolysis
of the intermediate was accomplished through the addition of a
stoichiometric amount of water saturated with Na,SO. This
yielded an anhydrous ether layer which contained CD;CH,OH.
The ether was removed and the ethyl-2-d; alcohol collected. The
alcohol was then treated with P and I, to yield ethyl-2-d; iodide.?

Ethylamine-2-d; was obtained through the reduction of CD;CN
with LiAlH,. Hydrolysis of the intermediate was achieved with a
solution of NaOH. The amine was released and collected in a
cold trap.® The synthesis of tetraecthylammonium-2-d; chloride was
accomplished by allowing ethyl-2-d; iodide to react with ethylamine-
2-d; over silver oxide in an agueous medium at room temperature
for 3 to 4 days.

The second salt, tetraethylammonium-1-d, chloride, was obtained
through the conversion of ethyl-1-4; bromide to ethylamine-1-d;
by treating potassium phthalimide with ethyl-1-4; bromide at 200°.
The N-ethylphthalimide-1-d; was taken up in chloroform, washed
with dilute base, taken to dryness, and refluxed for several hours
with excess 479, HBr. This solution was then treated with base and
heated, and the amine collected in a cold trap immersed in liquid
nitrogen.?

Solutions 0.05 M in tetraethylammonium-1-d, chloride and 0.05
M in tetraethylammonium-2-4; chloride in mixed solvents (D,0O-
dimethyl-ds sulfoxide) were prepared. The composition of the
solvents ranged from pure D,O to pure dimethyl-ds sulfoxide.
DDS was addeg as an internal reference. Successive amounts
(generally up to about 0.01 M) of salts containing the paramagnetic
anions were added directly into nmr tubes containing the solutions,
and nmr spectra were recorded. An average of ten spectra was
taken for each sample to minimize random error.

Nmr Measurements. The proton magnetic resonance spectra of
the solutions were recorded by use of a Perkin-Elmer R-20 nmr spec-
trometer operating at 60 MHz. The temperature of the sample
was varied between 6 and 95°. The deuterium-substituted ammo-
nium salts exhibit essentially broad singlets; only the small couplings
with H? and N!¢ are present. Chemical shifts relative to the in-
ternal reference and line widths were determined from the recorded
spectra.
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Results and Discussion

The solutions containing tetraecthylammonium-1-d,
chloride and tetraethylammonium-2-d; chloride exhibit
two closely spaced multiplets (essentially singlets) in
the absence of paramagnetic anion. With the addition
of paramagnetic anion to the solution, each multiplet
becomes the collapsed average of RyN* in the bulk
solution and R N+ ion paired with paramagnetic
anion. In general, each multiplet is both broadened
and shifted due to the dipolar or ‘“‘pseudocontact”
interaction between the protons and unpaired electron(s)
in the anion. The chemical shift changes and line
broadenings have dependences {(3 cos? 6§ — 1)/r®)),,
and {1/r%,,, respectively,2* where r is the distance
between proton and electron(s) and § is the angle be-
tween r and the symmetry axis in the ion pair. Thus
the interaction is important to R,N* in ion pairs, but
negligible for R,;N+ in the bulk solution.

The chemical shift for the ith multiplet 8, is measured
relative to the internal reference. That part of the
chemical shift which is attributable to the dipolar
interaction with the anion is (§; — 8,%), where 87 is the
chemical shift of the multiplet in the absence of para-
magnetic anion. For different multiplets, the relative
dipolar shifts are given by*

(G — 89):(8; — 80):-++ =

<30082931 ~ l> :<300s2? - l> D)
ry av ry av

Broadening of any given multiplet is due to
broadening of each individual component of that
multiplet, and relationships will be developed relating
component line width to distance between proton and
electron(s). The problem is then one of extracting
component line widths from observed multiplet line
shapes. This was done by comparing convenient
parameters of the observed multiplet with those of
multiplets calculated as a function of component line
width. The procedure followed was to match observed
spectra with calculated spectra which were obtained
using an IBM 360 computer. The coupling constants
used in the calculated spectra were Jyp = 1.1 Hz and
Jug = 2.0 Hz. In most cases, the lines are so broad
that the observed line width differs from the com-
ponent line width by only a few per cent.

The component line width at half-maximum for the
ith Lorentzian component (Aw.,); is related to the
proton transverse relaxation time for the component
T by

(D), = :,% @

The component has a small line width in the absence of
the dipolar interaction, 2/7;, and thus the parameter
(1/T%;) — (1/Ty) is that part of the half line width attri-
butable to the dipolar interaction. For different sets
of protons, the relative half line broadenings are given
by*

<_1-_i>.<i_i>.... -
T T.)\Ly T/

<rt_6>av:<rl_6>av: tr (3)

2921

Table I. Observed and Calculated? Chemical Shift and
Line-Broadening Ratios for RN *MX,3~ Ion Pairs in D,O
Obsd Calcd
MX, 3~ ratio ratio R A
CrF¢®~ 0.56° 0.554 9
Cr(CN)¢*~ 0.66° 0.664 11
Cr(C:04);% 0.73% 0.734 13
Fe(CN)gs~ 0.61¢ 0.65¢ 8-9
Fe(Cr0y)s%~ 0.72% 0.734 13

e Calculated from previously proposed model (ref 2 and 4).
® This work. ©See ref 2 and 4. ¢ Calculated from eq 3. ¢ Cal-
culated from eq 1.

Equations 1 and 3 relate relative chemical shifts and
line broadenings for various multiplets to geometric
factors. Table I presents experimental chemical shift
and line-broadening ratios for various paramagnetic
anions which interact with R;N* in DO solution. The
ratios are the methylene parameter/methyl parameter.
Also presented in Table I are calculated ratios and the
integer values of R (the interionic separation) which best
fit the observed ratios. The calculation is made by use
of eq 1 and 3 and geometric factors from the previously
proposed model*¢ for ion pairs of the type R,N+*-
MX,*. The fit of the experimental data can of course
be made exact by using noninteger values for R, but the
crudeness of the model used makes such a refinement
in the calculation unwarranted.

The values of R shown in Table I clearly indicate
that the interacting counterions are separated by at
least one layer of D,O molecules. However, the
possibility exists that the calculation is sensitive to the
model chosen for the ion pair, especially since there is a
difference of 2-3 A in the interionic separations for ion
pairs of Fe(CN)s*~ and Cr(CN)q’—, two anions of
identical size and charge. To investigate this
possibility, a less restrictive model was used in the
calculation. Examination of space-filling molecular
models suggests use of the model illustrated in Figure
1. The cation is assumed to exist in the configuration
used previously,%* i.e., the alkyl groups form inter-
secting zigzag chains with the N atom in the center.
The molecular models indicate that the N-C bonds must
assume the tetrahedral configuration or very nearly
that to accommodate all four ethyl groups around the
central nitrogen. Configurations for the C-C bond
other than the staggered one were found to cause
little change in the results of the calculation. In any
case, the major contribution will come from confor-
mations close to the staggered one because nonbonded
interactions are minimized in this rotamer. The
position of the anion on the sphere is described by
angle ¢ and boundary angle . The model used for the
calculations in Table I is obtained when @ = 0 and is
equivalent to an ion pair in which there is no tumbling
of the counterions relative to one another. The value
a = 0 (the symmetry axis of the cation) was used in
previous calculations®* since it gives the position at
which the anion is least sterically hindered by the alkyl
groups from approaching the positive nitrogen center
of the cation. The molecular models indicate that
steric hindrance by the alkyl groups increases as «
increases but that the immediate region about the
symmetry axis offers relatively little steric hindrance.
The model will presently be considered in which the
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Figure 1. Diagram of model for ion pairs of the type (C;Hs)N*-
MX.,.3‘. MX..%#= occupies any position on the spherical section of
radius R. The center of the sphere is the N atom in the cation.
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Figure 2. Calculated line-broadening ratios (methyl:methylene)
for (C,H;){N* protons vs. interionic separation (N to M distance)
in the ion pair as a function of angle .

anion is free to occupy any position in the region char-
acterized by radius R and boundary angle «. This is
equivalent to an ion-pair model in which there is
restricted tumbling of the counterions relative to one
another.

The line broadening and chemical shift ratios cal-
culated by using this model are shown in Figures 2 and 3,
respectively. It can be seen in Figures 2 and 3 that the
calculation is extremely model sensitive. For example,
the observed line-broadening ratio for Cr(CN)¢*~ at
34° is consistent with R = 4 A for o = 55° and with
R=11Afora = 0°

One feature of the calculation which is of interest is
that for all reasonable values of R, the calculated line
broadening and shift ratios are greater than unity for
o = 90°. The model with o = 90° is of course equiv-
alent to ion pairs in which there is completely unre-
stricted tumbling of the counterions relative to one
another. Since the observed ratios are in all cases less
than unity, this tends to indicate that the tumbling of
the counterions is restricted and that the anion prefers
to be in the region around the cation in which steric
hindrance is small.

In order to determine the value of R for a given sys-
tem, the value of & must be known. It can be seen
that if both chemical-shift measurements and line-
broadening measurements can be made on the same ion
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e |
s L
-4
= 5 1.0 D0
@ 0 DMSO.dg
.3 D0
—- & 7 oMso-d,
» 0 D0
O 1.0 DMsO-dg
ol—1 t % 0 v o¢v111 1)1
10 15
R(R)
Figure 3. Calculated chemical shift ratios (methyl:methylene)

for (C.H5).N* protons vs. interionic separation (N to M distance)

in the ion pair as a function of angle «.
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Figure 4. Experimental chemical shift ratios (methyl:methylene)
for (C,Hs)aN* vs. T for (C;H;s)¢N*+Fe(CN)¢*~ ion pairs, as a func-
tion of mole fraction DMSO-d; in the D,O-DMSO-d; solvent mix-
ture.

pairs or on different ion pairs with identical geometry,
both R and « can be determined independently. Also,
a check on the calculation can be made by using a
solvent of lower dielectric constant and larger in size
than water. This should produce associated species
in which the counterions are in contact, and the cal-
culated value of R should be just slightly larger than the
sum of the ionic radii.

The experimental chemical shift ratios for the
R N+Fe(CN)s?~ system in solvent mixtures of DO and
dimethyl-ds sulfoxide are shown in Figure 4, and the
experimental line-broadening ratios for the R;N*+Cr-
(CN)¢* system also in solvent mixtures of D,O and
dimethyl-d; sulfoxide are shown in Figure 5. Measure-
ments were made over the temperature range in which
the system remains liquid. Since Fe(CN)¢*~ and
Cr(CN)e®— are the same size and have the same charge,
their configurations in ion pairs should be very similar,
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Figure 5. Experimental line-broadening ratio (methyl :methylene)
for (C;H3)iN* vs. T for (C.;H;)N*Cr(CN)s%~ ion pairs, as a func-
tion of mole fraction DMSO-d; in the D,O-DMSO-d; solvent mix-
ture.

and thus their chemical shift ratios and line-broadening
ratios should be identical to a first approximation.
The chemical shifts are difficult to determine accurately
for the R4N*tCr(CN)s% system since the lines are very
broad; however, by using the deuterated compounds
which give essentially singlets and by making repeated
measurements, Figure 4 was reproduced also for the
R.N*Cr(CN)s*~ system within experimental error
(about =*=59). There is no observable line broad-
ening in the R N*Fe(CN)g*~ system except with
dimethyl-ds sulfoxide solvent. In this case, the broad-
ening is fairly small, but the broadening ratio agrees
within experimental error (again about =+ 5 9) with that
shown in Figure 5 for dimethyl-ds sulfoxide.

The assumption that there are identical shift ratios
and identical line-broadening ratios for the R,N+Cr-
(CN)¢* and R,N*Fe(CN)s*~ systems enables both R
and « to be determined independently; i.e., one assumes
identical R and identical « values for both ion pairs
under the same given conditions. There will then be
only one set of R and « values which reproduce observed
shift and line-broadening ratios for both systems for
any given temperature and solvent. These values were
determined from Figures 2 and 3, and the points cor-
responding to explicit values of R and « for three
solvents are shown in Figures 2 and 3. The results are
summarized in Table II. Also shown in Table II are
the same results when ¢ (see Figure 1) is restricted to
90 and 270°. The restriction of ¢ to 90 and 270°
corresponds to ion pairs in which the motion of the
anion is restricted to an arc around the cation. This
highly restricted model is not considered to be realistic
but was investigated to determine the extent to which
relative motion of the counterions must be present to
give satisfactory agreement with the experimental data.
It was found that this model fits the data as well as the
model in which ¢ is unrestricted, giving nearly identical
values of R and «. The symmetry of the cation is such
that variation of ¢ has a much smaller effect on the re-
sults of the calculation than does variation of «. This s
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Figure 6. A possible configuration and pertinent distances for
RN*M(CN)¢* ion pairs.

unfortunate since a complete picture of the ion pairs
necessarily involves a knowledge of ¢ values. How-
ever, while no information was obtained about ¢ values,
the result that o« is appreciably different from zero is
definitely indicated by the calculation. The more
reasonable model in which ¢ is unrestricted will
arbitrarily be used for further discussion.

Table II.  Calculated* Values of R and a for (C:Hg)N tFe(CN)*~
and (C:Hz)N+Cr(CN)*~ Ion Pairs

Solvent T, °C R A a, deg

10 4.1 52

DMSO-4 {75 4.7 49

70 % DMSO-d, 10 5.1 48 .

307: D,O {75 56 48 unrestricted
10 7.0 41

D0 {75 82 40
10 4.1 45

DMSO0-ds {75 45 45

7097 DMSO-d, 10 4.9 45\ 4 _ 900

307 D:O 75 5.5 47
10 6.8 44

D:0 {75 82 42

e Calculated using the model in Figure 1.

The values of & shown in Table II range from 40 to
52° with an average value about 45°. If « is arbi-
trarily assumed to be 45° for all ions, values of R can be
determined for all ions. These values are shown in
Table III. Certain features of the data in Table III
are of interest. First, the R values are much smaller
than those in Table I. Second, the differences in the
values of R at 34° for Cr or Fe complexes approximate
the differences in sizes of the anions.

Table III.  Calculated Values of Interionic Separations for
RuWN*MX,,# Ion Pairs in D.O Assuming ¢ Unrestricted
and o = 45°

MX,5~ R(10°,A R(349,A R(759,A
CrFe*~ 6.0
Cr(CN)g*- 6.5 6.8 7.3
Cr(C,04) . 7.9 e
Fe(CN)s*~ 6.8 7.2 7.8
Fe(C:04)s e 7.8 .

To further elucidate the structure of the ion pairs,
some consideration of the sizes of the ions must be
made. Figure 6 illustrates a possible configuration for
the ion pairs of M(CN)s*-, along with pertinent inter-
ionic distances. The cation may approach a corner, an
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edge, or a face of the anion octahedron. The value of
R for dimethyl sulfoxide is slightly larger than 4 A.
This indicates that in this solvent the cation approaches
the face, since other configurations do not allow enough
space for the electron clouds. The value of R for
D,O is 7-8 A. This clearly suggests that regardless of
configuration, there is at least one layer of water mole-
cules between the counterions in the ion pair; i.e., the
cation lies outside the second coordination sphere of the
anion. In 309, D,0-70%, dimethyl sulfoxide, the
distance is intermediate, and this suggests an equilib-
rium between ‘“‘contact” and ‘“‘solvent-separated’ ion
pairs.

The values of R for the other anions in Table III
differ by about 1 A from M(CN)q*~. This is consistent
with their difference of 1 A in radius from M(CN)¢?-,
which suggests similar configurations for these anions.

The variation in R over the temperature range 10-
75° is quite small (about 1 A maximum) and suggests
that the ion pair undergoes only minor configuration
changes in this temperature range.

The previous studies** involved use of tetraalkyl-
ammonium ions with chain lengths up to n-butyl. As
the chain length increases and as concentration
increases, the greater will be the probability of micelle
formation.® In the present study, both the length of
the alkyl chain (ethyl) and the concentration of the
cation (0.05 M) are such that it is unlikely that micelles
are present.’® It was also observed that when the
concentration of the cation is increased fivefold, the

(10) C. W. Davies, “Ion Association,” Butterworth Inc., Washing-
ton, D. C,, 1962, pp 117-127,

observed interaction parameter ratios are unchanged
within experimental error, indicating that micelles are
also not present in this system even at the higher con-
centrations.

The Solomon relaxation model® is not strictly speak-
ing applicable to the present case. In these systems
with strongly anisotropic g factors, 7, will have an
angular dependence. This dependence could be taken
into account by using the Solomon treatment if g-factor
components in solution were known. Unfortunately,
neither the components themselves nor the extent to
which ion pairing influences the components is known,
so the effect cannot be explicitly accounted for in our
calculations. However, examination of the Solomon
equations indicates that inclusion of g-factor anisotropy
would result in an expression which would be the sum
of a large number of terms, each containing the geo-
metric factor r—6. If the expression excluding the
geometric factor has the same or approximately the
same numerical value for both methyl and methylene
protons (when averaged over all configurations), then
eq 3 will be at least approximately correct. Since the
ion-pair model involves many configurations and since
the cation itself is highly symmetric, the approximation
is probably justified. Certainly the reasonable results
of the calculations support the approximation.
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Abstract: The hydrolysis reaction of SbCls ~ has been investigated in the pH range 2-12. The final product of the
reaction is the Sb(OH)s~ ion. The rate of the reaction has been measured by use of a spectrophotometric method
in acetate, phosphate, borate, ammonia, and carbonate buffers. In the acid region the rate is independent of pH.

In the basic region the reaction is catalyzed by OH~ and by the basic component of the buffer.

In ammonia buf-

fers at ionic strength = 0.10, the pseudo-first-order rate constant is given by k = k¢ 4+ kor-[OH™} 4 kyg[NH:],

where k¢ = 2.74 X 10-5sec™!, kog- = 1.56 sec™* M1, and kxg, = 8 X 1075 sec™! M1,
The behavior in basic solution provides a good example of an

surable lifetime are formed with the buffer bases.

Intermediates of mea-

SN2 mechanism in the substitution reactions of an octahedral complex.

In hydrochloric acid solution the hexachloroantimo-
nate(V) ion, SbCls~, undergoes hydrolysis at a mea-
surable rate.? The observations are consistent with
the interpretation that the hydrolysis occurs stepwise,
with only the rate of the first step being measurable.

& fast
SbCls~ —» Sb(OH)Cl;— —> Sb(OH).Cl4, etc.

(1) Taken in part from a thesis submitted by S. B. Willis in partial
fulfillment of the requirements for the M.S. degree, June 1966.
(2) H. M. Neumann, J. Am. Chem. Soc., 76, 2611 (1954).

The final product of the hydrolysis depends on the H+
and CI~ concentrations, but in any case is an equilibrium
mixture of complexes of type Sb(OH),Cle—,~.
Quantitative measurements of the rate were made by
Neumann and Ramette.® Using a spectrophotometric
method they determined rates under conditions where
the reaction was pseudo first order; i.e., rate = ky-
[SbCl¢"]. The reaction was accelerated by hydrogen
ions. At a total chloride concentration of 6 M, the

(3) H. M. Neumann and R, W, Ramette, ibid., 78, 1848 (1956).
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