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shifts that occur in the positions of the proton resonance absorption peaks of aqueous quaternary ammonium ions on addition

of hexacyanoferrate(III) ion are interpreted as evidence for ion-pair formation.
tion in 0.01 to 0.12 M [(CH;)uN]sFe(CN)gis 21 M1 at 25°.
tients are approximately 10 M/ ~! under similar conditions.

contact’”’ mechanism,

Introduction

Kinetic studies of the isotopic exchange reaction be-
tween hexacyanoferrate(II) and -(III) ions in dilute
aqueous tetraalkylammonium hydroxide solutions indi-
cated that the reactants may be associated to some
extent with the cations.? No direct evidence on this
point has been reported to our knowledge.

Many polyvalent cations associate with ferricyanide
ion in aqueous solution, but of the univalent cations only
potassium ijon has been reported to associate.® The
association constant for the K +—Fe(CN)¢®~ ion pair at
25° was estimated to be about 20 from small differences
between the conductivities of dilute K3Fe(CN)g solu-
tions and the Onsager limiting slope.? No evidence has
been found for the association of H+ and Fe(CN)¢#—;
the association constant is estimated?® to be <10.

In this paper we present evidence from n.m.r. meas-
urements that ion pairs are formed between quaternary
ammonium ions and ferricyanide ion in aqueous solu-
tion. The evidence rests on the large shifts that were
observed in the positions of proton absorption peaks
for the various cations when the paramagnetic ferri-
cyanide ion was added to a solution. Since the shifts
are caused by isotropic hyperfine interactions between
the unpaired electron and protons,® some close associa-
tion between cation and anion must occur.

While this work was in progress, evidence was pre-
sented from n.m.r. measurements for the formation of
ion pairs between tetra-z-butylammonium ions and
several anions in nonaqueous media.”8

Experimental

Reagents.—The following reagents were used without further
purification: quaternary ammonium salts (Eastman Organic
Chemicals), sodium 3-trimethylsilyl-1-propanesulfonate (East-
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The equilibrium quotient for ion-pair forma-
For other quaternary ammonium salts the values of the quo-
Evidence is presented that the shifts occur through the ‘“‘pseudo-

A simple structural model of the ion pairs is proposed and used to explain the observed shifts.

man Organic Chemicals), and deuterium oxide (Liquid Carbonic).
Potassium ferricyanide (Fisher Scientific) was dried for 1 hr. at
100° before use. Potassium chromicyanide (K and K Labora-
tories) was recrystallized twice from water and dried for 1 hr. at
100° before use. Tetramethylammonium ferricyanide was pre-
pared by neutralizing tetramethylammonium hydroxide with
ferricyanic acid. Tetramethylammonium hydroxide was pre-
pared by treating the bromide with excess silver oxide, filtering,
and passing the filtrate through a column of Dowex 1-X4 in the
OH~ form. Ferricyanic acid was prepared by passing potassium
ferricyanide through a column of Dowex 50W-X4 in the HT
form; light was carefully excluded.

N.m.r. Measurements.—The n.m.r. spectra of D3O solutions
were determined using a Varian Associates HR spectrometer
operating at 56.4 Mc./sec. and equipped with pulsing units to
increase base-line stability of paramagnetic solutions. Chemical
shifts were measured by the side-band technique. All solutions
were 0.04 M in sodium 3-trimethylsilyl-1-propanesulfonate,
which was used as an internal standard. Ome set of solutions
also contained tetramethylammonium ferricyanide at concentra-
tions ranging from 0.01 to 0.12 M. Other sets contained 0.04 M
quaternary ammonium bromigde or hydroxide and 0 to ~1 M
potassium ferricyanide or other salts.

Results and Discussion

Plots of the chemical shift 8, relative to the internal
reference, of a magnetically equivalent set of protons
in quaternary ammonium ion vs. concentration of K;Fe-
(CN)s were all found to be curved and to approach
zero slope at the higher concentrations of KgFe(CN)g
as is illustrated in Figure 1. The shape of the curves
suggests ion association, which we assume is limited to
formation of ion pairs.

RN+ + Fe(CN)s*~ = RN +Fe(CN)g?~

The equilibrium quotient K. for this reaction is given
by the equation

X - K [R\N*+Fe(CN)s#]
° 7Y [R.N*t][Fe(CN)g~]

in which K is the equilibrium constant and Y is the

(1

" appropriate function of molar activity coefficients of

the species involved.

Rapid exchange of R{N* ions between the ion-pair
sites and the bulk solution will cause the n.m.r. peak
of a set of equivalent protons to be a collapsed singlet
with a chemical shift § given by?

(9) H. S. Gutowsky and A. Saika, ¢bid., 21, 1688 (1853).
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where &, and 8, are the chemical shifts of protons in the
bulk solution and in the ion pairs, respectively, and
[R4N+]T = [R4N*] + [R4N+F€(CN>63_].

[(CH3):N |;Fe(CN)¢—The chemical shift for protons
in (CH,;).N"* was investigated at 25° as a function of
[(CH;)N];Fe(CN)s concentration up to ~0.12 M,
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Figure 1.—Proton chemical shift §, relative to 0.04 M sodium
3-trimethylsilyl-1-propanesulfonate, of 0.04 M (CH;uNOD as
a function of concentration of added electrolyte: O, @, @, K;Fe-
(CN)s; O, KeFe(CN)s; A, NazCo(CNJs; O, KoCrOy; A, KI; V,
KCl. Temperature 25°, unless specified otherwise.
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Figure 2.—Chemical shift zs. [(CH,;).N];Fe(CN)s concentra-
tion. & was determined for (CH;)sNOD solutions. Points
represent experimental values. Curves are calculated from eq.
1, 2, and 8; ——— for K. = 21 M7, (6, = &) = 63 c.p.s., ¥V
constant; — — — for KX = 40, (8, — &) = 85¢c.ps,a = 8 A,,
B=0; ...... for K = b4, (8, — &) = 90, ¢ = 1/0.329, B =
0.2.
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K3Fe(CN)s concentration, M

Figure 3.—Variation of V for (CH;),NOD, K;Fe(CN)s solu-
tion vs. K;Fe(CN); concentration at 25°. Points are calculated
from measured (8 — &) values and eq. 1 and 2 with (5, — &) =
63. Complete dissociation of K3Fe(CN); is assumed. The line
represents the expected variation in YV if K. = 1.8 M-t (V'
constant).

the solubility. The experimentally determined plot
of (6§ — &) vs. concentration may be fit by eq. 1 and 2,
employing K, and (8, — &) as adjustable parameters.
The value of K. may be concentration dependent, and in
attempting to fit the experimental data we have con-
sidered several forms of the theoretical expression?
for V at 25° as a function of ionic strength, u.

0.509v/ 1 }
log V = Az d— " YFE g
o8 ? {1 1+ 0.320av/n  H

Several curves calculated for Az = 6 are shown in
Figure 2 with the experimental points. The continuous
line was calculated for ¥ being constant in the concen-
tration range investigated, a situation which is pre-
dicted approximately by eq. 3 when g = 8 A and B =
0.2, the calculated values of ¥V ranging from 2.4 to 3.2.
The broken and dotted lines were calculated for other
reasonable or frequently assumed values of ¢ and B.
The values, given in the figure caption, result in con-
siderable variation of Y with concentration. As can
be seen the curves represent the data almost equally
well. It is not possible, therefore, to choose between
the various expressions for ¥ or to obtain a unique or
“best’’ value for K. However, for simplicity we have
adopted the treatment with ¥ constant (continuous
line in Figure 2) for the [(CHj).N 3Fe(CN)g solutions,
which will serve as reference for other solutions.

The variation of the methyl proton chemical shift in
solutions of (CHj)sNOD ranging from 0.02 to 1.0 M
was found to be less than 1.0 c.p.s. Thus the contri-
bution to (6, — &) due to variation of the (CH;) N+
concentration is negligible.

3)

(10) C. B. Monk, ‘““Electrolytic Dissociation,” Academic Press, New
York, N, Y., 1961, p. 153.
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(CH;3).NOD and K;Fe(CN)s—The chemical shift of
(CH;) N+ was also investigated as a function of K;Fe-
(CN)s concentration to 1.0 M, the concentration of
(CH;3)4NOD being constant at 0.04 M. As the con-
centration of XK Fe(CN); increased the chemical
shift increased as shown in Figure 1.

The data may be interpreted by use of eq. 1, 2, and
3 as was done in the previous section if K3Fe(CN)g
is assumed to be completely dissociated. However,
values of K, and (8, — &) were obtained that differed
from those obtained for [(CH;).N]3Fe(CN)q solutions,
and, if the value of (§, — §) determined for the [(CHj)s-
N ]sFe(CN)¢ solutions was adopted, the value of K|,
and therefore ¥, varied with K;Fe(CN)s concentra-
tion. This effect is illustrated in Figure 3, where the
values of Y relative to the value in' [(CH;):N J;Fe(CN)s
solutions are plotted. The variation of ¥ is not sur-
prising since a larger concentration range was investi-
gated than for the [(CH;):N];Fe(CN)s solutions and
additional ions, K+ and OD~, were present, the former
at large concentrations. The effect may be due in
part to ion association between K+ and Fe(CN)q#~.

If the effect is attributed entirely to ion-pair forma-
tion

P K+F6(CN)33_
[K+Fe(CN)¢~]
[K+][Fe(CN);-]

K+ 4 Fe(CN)g'~

K/ = K'/Y' =

(4)

the magnitude of this association can be estimated.
The line in Figure 3 represents the variation in ¥ that
would result if K,/ = 1.8 (¥’ constant). The large
deviation of two points from the curve could result
from errors of 3 to 5 ¢.p.s. in the measurements; these
errors are larger than our estimated experimental
uncertainties of «~~1 c.p.s., so the deviations indicate
that the treatment is an oversn‘nphﬁed one.

Use of eq. 3 for estimation of ¥ and Y’ does not
improve the fit, but it does increase the complexity of
the calculation. (A value of K’ = 4 was obtained when
the parametets associated with the broken line in Figure
2 were used.) Therefore, for interpretation of the
remaining data we assume that ¥ is given by the
line in Figure 3. Although this line was derived from
consideration of a particular way in which the activity
of Fe(CN)¢*~ could be changed, the line by representing
the empirical data reasonably well may be considered
an empirical correction of the activity coefficient ex-
pression to the conditions of the 0.01 to 0.12 M [(CH,),-
N]sFe(CN)s solutions. The representation of the line
by eq. 1, 2, and 4 is of course a convenience.

Figure 1 illustrates the variation of chemical shift
with K;Fe(CN)g concentration as a function of tempera-
ture. We have interpreted the data assuming ¥ and ¥’
constant and (8, — 8) proportionalto1/7. Thatal/T
proportionality is to be expected will be shown later in the
article. Equations 1, 2, and 4 were used to fit the data
employing K. and K.’ as adjustable parameters. It
was possible to determine unique values of K. and
K." which give the best agreement between the equa-
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tions and the data. These values are presented in
Table I. From plots of log K vs. 1/T, we estimate AH
values of —6 and —8 kcal./mole for the formation of
(CHs):N*tFe(CN)g?~ and K +Fe(CN)q*, respectively.

TABLE 1

EQUILIBRIUM QUOTIENTS FOR FORMATION OF
(CH3)4N+FE(CN)63— AND K+FG(CN)53_

25° 42° 72°
(8 — &), c.p.s. 63 60 54
Ko, M-t 21 8 5
K/, M1 1.8 0.5 0.3

R,NBr and K;Fe(CN)s.—The chemical shifts for a
number of quaternary ammonium ions were investi-
gated as a function of K;Fe(CN)s concentration. For
interpretation of the data eq. 5 was derived!—1
from eq. 1 and 2. The equation is applicable when ion

[Fe(CN)&~] _ [Fe(CN)s] 1

5 — & o —t6 T RG_—a ©

association is limited to ion pairs, when [R.N*Fe-
(CN)¢*~] < [Fe(CN)¢*—], and when YV and K, are
constant. Under these conditions a plot of [Fe-
(CN)e*~1/(6 — &) ws. [Fe(CN)s#~] should yield a
straight line,

The straightness of the line seems not to be very
sensitive to conditions. We obtained straight lines
using formal K;Fe(CN)s concentrations for [Fe-
(CN)g*~], although as shown in the previous section
both this equality and the constancy of K, and ¥
do not hold.

In the final analysis of the data, the [Fe(CN)g?—]
values required for the plot were obtained by solving
eq. 1 and 4 by successive approximations. A family
of curves, giving [Fe(CN)¢*~] as a function of formal
Ks;Fe(CN)s concentration, was drawn with K. as
a variable parameter and K,/ = 1.8. Values of [Fe-
(CN)e®~] were taken from this plot for an assumed value
of K, a plot of [Fe(CN)s*=]/(6 — &) vs. [Fe(CN)s3—]
was made, and the values of (6, — &) and K. were ob-
tained from the slope and the intercept of the plot.
Then, the whole process was repeated for another
assumed K, value close to the previously calculated K,
value. It was found that the calculated K, values were
quite dependent upon the value of K, assumed but that
the calculated (8, — &) values were not. In general,
calculations were made for assumed K, values of 6, 10,
and 18. The final values of K, and (8, — &), presented
in Table 11, are either values for which the assumed and
calculated values of K, were almost equal, or else are
average values obtained from the two calculations
giving the best agreement between assumed and calcu-
lated values.

Values of (§, — &) = 1/slope are considerably more
accurate than values of K, = slope/intercept. We

(11) H. A. Benesi and J. H. Hildebrand, J. 4Am. Chem. Soc., T1, 2703
(1949).

(12) 8. R. Cohen and R. A. Plane, J. Phys. Chem., 61, 1096 (1957).

(18) M. Alei, Inorg. Cheimn., 8, 44 (1964),

(14) M. W. Hanna and A, L. Ashhough, J. Phys. Chem., 68, 811 (1964).
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TaBLE II

INTERACTION BETWEEN QUATERNARY AMMONIUM IONS
AND FERRICYANIDE ION AT 25°

(6p —
b, d0), Ke,
Ion Proton c.p.s. c.p.s. M1
(CH;) N o —179.0 63 21
<C2H5)4N+ aa e 1834 106 8
g —68.6 64 9
@ —174.3 104 6
(CsHq )N * 8 —95.4 88 7
v —-52.2 56 6
<C4H9)4N+ [0 '—1797 99 6
5 —53.1 31 8
@ —186.4 111 7
(C:H;)sNCH; ™ 8 —74.6 59 14
a’ —164.7 85 11
CHs;N(CHj)s ™ B —72.5 80 4
af ~174.8 103 6
CeH:N(CH;)s ™ o’ —209.5 69 10
¢? —437.7 55 8

¢ Spin—spin coupling constant between nitrogen and proton,
INe = 2.0cps. P JIna=0; JNg = 2.0cps.; Jag = 74 cps.
[see J. M. Anderson, J. D. Baldeschwieler, D. C. Dittmer, and
W. D. Phillips, J. Chem. Phys., 38, 1260 (1963)]. ° o' refers to
methyl group attached to the nitrogen; « and g3 .refer to other
groups. ¢ Shifts for all phenyl protons are the same within ~6
c.p.s.

estimate that the uncertainties in the values of (5, —
8o) are ~109 and those in the values of K, are ~509.
For a given cation, values of K, derived from the shifts
for different protons generally agree within this un-
certainty. The largest discrepancy is for (C.Hs)s-
NCH;*; examination of the data shows that an error
of 1 c.p.s. in several of the measurements could change
the K, values by about 209, and (8, — &) values by
about 6%.

1t should be noted that the use of K,/ = 1.8 in the
calculation makes activity coefficient corrections rela-
tive to the 0.01 to 0.12 M [(CH;)4N];Fe(CN)s solu-
tions. Therefore, the K, values in Table 1T apply to
solutions of such concentrations and not to the more
conicentrated solutions of K;Fe(CN)g used in the meas-
urements,

The value of the association constant K at 25°
calculated from Bjerrum’s theory of ion association®®
is 18 if the distance of closest approach of the 41
and —3 ions is 8 A. Although this value cannot be
compared directly with the experimental K, values be-
cause of a lack of knowledge of activity coefficients,
it is of the correct magnitude. However, the Bjerrum
theory predicts an increase in K with temperature,
whereas a decrease in K, is observed (Table I). Also
our model for the ion pairs, which is discussed later
in the article, describes a discrete entity, not a mixture
of all pairs separated by distances less than that for a
probability minimum.

(CHa),;NOD and K3Cr(CN)5.—The (CH3)4N+ proton
n.m.r. peaks are very broad in the presence of Cr-

(15) N. Bjerrum, Kgl. Danske Videnskab. Selskab, T, No. 9 (1926); H. S.

Harned and B. B. Owen, “The Physical Chemistry of Electrolytic Solutions,"”
Reinhold Publishing Corp., New York, N. V., 1958, p. 70.
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(CN)¢?~, and chemical shifts could not be measured
at Cr(CN)s®~ concentrations greater than 0.04 M.
In solutions, each 0.0422 M (CH,;).NOD, 0.04 M in
sodium 3-trimethylsilyl-1-propanesulfonate, and (a)
0.013 M, (b) 0.026 M, and (c) 0.039 M in K3Cr(CN)s,
the shifts (8§ — &) were 4, 11, and 17 ¢.p.s., respectively,
at 25°. These values are the same, within the experi-
mental uncertainty, as those estimated by interpola-
tion in Figure 1 for KsFe(CN), solutions of correspond-
ing concentrations.

(CH;N),OD and Diamagnetic Salts.—The chemical
shift for (CH;):N+ protons was investigated for 0.04
M (CH,),NOD solutions as a function of salt concen-
tration to 1.0 M. The salts were KCl, KI, NazCo-
(CN)s, and KFe(CN)s. As shown in Figure 1, the
chemical shifts observed were small (§ — § <6 c.p.s.)
and negative (downfield) as contrasted to the large
positive shifts caused by paramagnetic salts.

The large positive shifts observed with K;Fe(CN),
and K;Cr(CN)s may then be the sum of two shifts, one
the large upfield shift due to the paramagnetic anions
and the other the smaller downfield shift due to the
intrinsic diamagnetism of the anions. This view is
supported by our observation that 0 to 1 M solutions
of KyCrO;, which has a small temperature-independent
paramagnetism,!® cause a chemical shift of the (CHj),-
N+ protons of less than 2 c.p.s. (see Figure 1). Ap-
parently the paramagnetic and diamagnetic contribu-
tions cancel one another.

An attempt was made to investigate association
between (CHj)s N+ and Fe(CN)g*~ by changing the K-
Fe(CN)g concentration in solutions of constant (CHjy),-
NBr and Kj3Fe(CN); concentrations. It was antici-
pated that increasing the concentration of K Fe(CN),
would, through association of Fe(CN)g*~ with (CH,),-
N, decrease the chemical shift caused by association
of (CH;)sN* and Fe(CN)g®~. Some decrease was ob-
served, but it was small, so association between (CHjy).-
N+ and Fe(CN)¢*~ must have been small in the solu-
tions investigated. This could be due either to a small
association constant, about one-half that for (CHj),-
N+ and Fe(CN)g?~, which would be surprising in view
of the ionic charges, or to extensive association be-
tween K+ and Fe(CN)g*™, so that little free Fe(CN)g*~
was present in the solutions.

Mechanisms of Interaction,—The small shift caused
by diamagnetic anions can be explained in terms of small
changes of the electric field at a proton arising from
other parts of the molecule or from neighboring mole-
cules.?”1®  Such field changes generally cause changes
in chemical shifts of the order of 0.1 p.p.m., which is
the magnitude of the changes shown in Figure 1 for the
diamagnetic anions.

Two types of interactions between unpaired electrons
in a paramagnetic anion and a proton may be con-

(16) P. W. Selwood, ‘“Magnetochemistry,” Interscience Publishers, Inc.,
New York, N. Y, 1956, p. 205.

(17) A. D. Buckingham, Can. J. Chem., 38, 300 (1960).

(18) A. D. Buckingham, 7T. Schaefer, and W. G, Schneider, J. Chem.
Phys., 32, 1227 (1960).
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sidered!®® ag giving rise to the observed shifts. The
interactions have been designated the “contact’” and
“pseudo-contact’’ contributions to the isotropic hyper-
fine interaction. The contact interaction may be
considered to arise from o-overlap of the Fe(III) t,
orbital which contains the magnetic electron with a
proton in the ion pair.!®* The contact shift is related
to the hyperfine coupling constant, a;, by the equa-
tion2!

(6)

<%>i B aiﬁgm(gk; :

where Af; is the shift in the resonance frequency, f;,
upon formation of an ion pair, v, and yu are the gyro-
magnetic ratios of the electron and the proton, respec-
tively, g and S are the spectroscopic splitting factor
and the spin, respectively, of the unpaired electron(s)
in the paramagnetic anion, and g is the Bohr magneton.

The pseudo-contact interaction arises from the dipole
field of the net induced paramagnetic moment which
is seen by the proton and is dependent upon g factor
anisotropy. The pseudo-contact shift is given by the
relationship®

9)--

B2S(S + 1)(8 cos? x; — 1)
27rikT

(gy +2g0)(@g — g1) ()

where 7; is the distance between the paramagnetic anion
and the proton i and x; is the angle between the radius
vector 7; and the crystal-field axis z of the paramag-
netic anion (see Figure 4). Equation 7 applies when
T >> 7, where T3, is the spin-lattice relaxation time
of the electron and r is the characteristic correlation
time of the tumbling motion. If T, for the metal com-
plex is very short, the condition may not hold. For the
case 71 << 7, the pseudo-contact shift will be given
by

4)--

B2S(S + 1)(3 cos? x; —

1) ) \
FERO Y (Bg)® — gigy +4g.9 (Ta)

La Mar® proposed that the pseudo-contact mechanism
was responsible for the shifts that he observed for
protons in tetra-uz-butylammonium ion associated with
the paramagnetic anions [(C¢H;)sP]Col;~ and [(Ce-
H;);PINil;— in deuteriochloroform solution. He ex-
plained the different direction of the shifts caused by
the two anions by assuming different signs of the (g, —
g1) factors in eq. 7.

We also propose that the pseudo-contact mechanism
is responsible for the shifts that we observed for the
protons in a quaternary ammonium ion associated with
Fe(CN)¢®~. Assumption of this mechanism allows a

(19) N. Bloembergen and W. C. Dickinson, Phys. Rev., 79, 179 (1950).

(20) H. M. McConnell and R. E. Robertson, J. Chem. Phys., 29, 1361
(1958).

(21) H. M. McConnell and C. H. Holm, ¢bid., 27, 314 (1957).
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| Z axis

Figure 4.—A model of the ion pair between tetra-n-butyl-
ammonium and ferricyanide ions. The C atoms ate darkly
shaded, the N atoms are lightly shaded, the Fe atom is cross
hatched, and H atoms are unshaded. The nitrogen atom in
(CiHy)y N T is only partly visible; R is the distance from its
center to the center of the iron atom.

reasonable explanation for the approximately equal
shifts caused by Fe(CN)¢~ and Cr(CN)s*~ and, with a
simple model for the ion pairs, calculation of the
relative shifts for different sets of equivalent protons
in various quaternary ammonium ions.

The Fe(CN)¢?— and Cr(CN)g~ ions have spins of
1/, and %/,, respectively, so the ratio of the S(S + 1)
factors is 5 for either the contact or pseudo-contact
interaction. To account for the approximately equal
(CH,;),N* proton shifts caused by the two anions the
ratio of the other factors must be ~1/;. The two
anions have the same charge and are nearly the same
size so the association constants and geomietries of
the two ion pairs should be essentially the same. The
(gy — g.) factor for Fe(CN)s®~ in solid KsFe(CN)g
is about 1.4,%? and a value of about 1.0 for an aqueous
ion pair can account for shifts if the model described
in the next section is assumed. For free Cr(CN)g?—
the (g — g.) factor should be zero, and in an ion pair
it should be small, a value of 0.2 to 0.3, as required
for the explanation, being reasonable. Of course, for
the contact mechanism to apply the product aig
from eq. 6 could be a factor of about five greater for
(CH3)4N+FC(CN)53_ than for (CH3)4N+CI'(CN)58_,
although we know of no reason for assuming so.

Model for Ion Pairs.—For a system containing more
than one set of equivalent protons and having the

(22) J. M. Baker, B. Bleaney, and K. D. Bowers, Proc. Phys. Soc. (Lon-
don), B69, 1205 (1956).
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dominant contribution to the isotropic shift from the
pseudo-contact interaction mechanism, it has been
observed,?® and is indicated by eq. 7 or 7a, that the
relative shifts can be described solely in terms of molecu-
lar geometry, <.e.

() -

3costyx; — 1 3cos?y; — 1
< 5 >< ; > (8)
¥ 4]

La Mar® suggested a model for the ion pairs between
(ﬂ-C4Hg)4N+ and [(C5H5)3P]C013— or [(C6H5)3P]N113—
in which the cation tumbles rapidly with this center at
an approximately fixed distance from a metal atom
along the C; axis opposite the triphenylphosphine
ligand. La Mar invoked tumbling to explain the
observations that there were single resonance absorp-
tion lines for equivalent sets of protons in the cation
and that shifts caused by ion-pair formation decreased
for protons in the order «, 8, v, 6§ protons. However,
tumbling is not necessary to explain the single lines
since the rapid exchange at a frequency of >10% sec.™!
between free cations and those in ion pairs is sufficient.
Also, although La Mar's arguments based on tumbling
explain qualitatively the relative shifts, the shifts may
also be explained by a model of an ion pair with fixed
geometry.

The model we propose for the ion pairs between
tetraalkylammonium ions and ferricyanide ion is il-
lustrated in Figure 4. Values of 7; and x; were caleu-
lated using this model and assuming a constant value of
R = 8 A. for all the tetraalkylammonium ions. Bond
lengths of 1.47, 1.54, and 1.10 A. were assumed for the
C-N, C-C, and C-H bonds, respectively.?* Bond
angles were assumed to be the tetrahedral angle.

The calculated factors (3 cos? x; — 1)/7:%, calculated
shifts, and observed shifts for the symmetrical tetra-
alkylammonium ions (normalized to methylene pro-
tons of tetraethylammonium ion using eq. &) are
presented in Table III. The normalization corresponds
to the use of eq. 7 with gy = 2.8 and g, = 1.6 or eq.
7awithgy = 1.8and g, = 1.0.

It is seen that calculations based on the simple model
account satisfactorily for the observed shifts. Pre-
cise agreement is not expected since some factors of
possible importance were not included in the model
These include shielding of protons from the para-
magnetic dipole by solvent molecules and by carbon

(23) J. A. Happe and R. L. Ward, J. Chem. Phys., 89, 1211 (1963).
(24) L. Pauling, “The Nature of the Chemical Bond,”” Cornell University
Press, Ithaca, N. Y., 1960, pp. 222-226.
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CALCULATED SHIFTS® FOR PROTONS IN
TETRAALKYLAMMONIUM—FERRICYNAMIDE IoN PAIRS

(R =84)
Carbon
proton
is at-
tached Scosfxi=1 0,
to 7is —(Bp — Bodealed ~—(8p — Bo)obsd—
CH; CH;3; CH: CHs CH: CHs
106°
1 0.418 0.38 (103" 95 104° 63°
997
2 0.287 0.2711 71 67 88° 64¢
3 0.197 49 .. 56¢
4 . 0.122 30 . 31/

® C.p.s. ?Reference. ° Tetramethylammonium ion. ¢ Tetra-
ethylammonium ion. ° Tetra-m-propylammonium ion. 7 Tet-
ra-n-butylammonium ion.

atoms between the proton and the iron atoms, variation
of the distance R for different ion pairs, and deviation
of some carbon chains from the zigzag structure.

The greatest difference between observed and calcu-
lated shifts is for (CH;):N*Fe(CN)g~, for which the
formation constant also differs from those for the other
ion pairs; and, therefore, the structure or distance R
of the ion pair may differ somewhat from the others.

The model is supported to some extent by other
measurements. Raman? and X-ray?® measurements
show that the zigzag configuration of carbon chains is
the most stable one and indicate that the most stable
form of tetraalkylammonium ions may be one having
two intersecting planar zigzag chains of atoms with
bond angles very close to the tetrahedral angle, as is
illustrated in Figure 4. Also, dipole-moment? meas-
urements on alkyl halides indicate that polarity is not
effectively transmitted along the chain, so it is rea-
sonable to consider the positive charge of the tetra-
alkylammonium ion to be largely localized at the nitro-
gen atom. Thus, a negative cyanide ligand would be
attracted to that point as proposed in the model.

The gradual decrease in (8, — &) values in going from
a to & protons is additional evidence for the ‘‘pseudo-
contact’” mechanism. Assuming that ion-pair forma-
tion occurs only near the nitrogen atom in RNT,
the contact mechanism could cause the gradual de-
crease in (8, — &) values only if spin density were ef-
fectively transmitted down the alkyl chain, and e.s.r.
studies indicate that this does not occur.?

(25) S. Mizushima, “Structure of Molecular and Internal Rotation,”
Academic Press Inc., New York, N, V., 1954, Chapter 5, p. 98 ff.

(26) 8. C. Nyburg, “X-Ray Analysis of Organic Structures,” Academic
Press Inc., New York, N. Y., 1961, p. 177.

(27) R. J. LeFevre, “Dipole Moments,”” John Wiley and Sons, Inc., New

York, N. Y., 1953, p. 94.
(28) R.W. Fessenden and R, H, Schuler, J, Chem. Phys., 89, 2147 (1963).





