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lower field than those of the corresponding Co(III)
complexes, which agrees with earlier work.!?

The AB proton coupling constants (15.6-18.4 cps)
for all of the complexes are similar to those obtained in
other metal-EDTA complexes.'0~1%1% The decrease
in the coupling constant of the unbound acetate CH,
group from approximately 18 to 17 cps during the
ionization of the carboxylic acids appears to be char-
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acteristic. The additional small coupling (~1 cps)
observed for the B protons in the acetate chelate rings
of the tetradentate complexes may arise from coupling
with the rhodium nucleus (I = 1/,).
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The exchange rate of Ni(NH;)s*" in aqueous ammonia is determined by proton magnetic resonance.
is obtained from the line width of the water resonance, and 7 is measured by the saturation recovery method.

The relaxation time 7%
At —17°,

the exchange is fairly slow and the Ni(NH;)s2 " resonance occurs at high field about 9500 Hz from the solvent resonance,

with a full width of about 2600 Hz.

The hyperfine coupling constant is negative and large:
The exchange rate (sec 1) of the NH; molecules is log (1/7) = 13.53 — (2610/7).

A/h = —1.70 X 10% Hz.
If NaOH is added to the solution, com-

plexes such as Ni(NH;);OH * are formed, and the NH; is more labile: log (1/7) = 13.79 — (2610/7") in 0.103 M NaOH and
13.97 — (2610/7) in 0.326 M NaOH. The exchange rates are the same as the rates obtained by N nmr, demonstrating that

individual protons exchange at a much slower rate.

Introduction

Water-exchange rates in aqueous solutions of transi-
tion metal ions have been determined by O nuclear
magnetic resonance.? Hunt, ef al.,*° determined the
ammonia-exchange rate of a solution containing
Ni(NH;)?t in aqueous ammonia by N resonance.
In the present investigation, the proton-exchange rate
of this complex is determined by proton nmr. By com-
parison of the 1*N and 'H results, the importance of the
exchange of individual protons follows. The exchange
rate in anhydrous ammonia has also been measured by
14N resonance.’ Swift and Lo® obtained a different
result by proton resonance, but this work has been
criticized by Rice and Wayland,” who confirm Hunt’s®
results.

Basic Equations

The protons of ammonia and water in the bulk of the
solution exchange rapidly, and only a single peak is
observed. Several processes® contribute to the relax-
ation rate, 1/7%, of these protons
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The contribution 1/74 represents the relaxation rate in
the absence of paramagnetic ions. 74y is the relax-
ation time of the ammonia protons in the first coordina-
tion sphere of the Ni, and r is their lifetime. P is the
mole fraction of these protons. Thus, in the present
case

(1)

P = 18[Ni(NH,)e**]/ {3[NHL] + 2[H,0]} (2)

The third term of eq 1 represents the dipole relaxation of
NH; and HyO protons surrounding a complex nickel
ion. The protons in the second and higher coordination
shells relax by interaction with the magnetic dipole of
the unpaired, ‘‘magnetic’’ electrons of the nickel com-
plex.

For slow exchange, !TAOJ[ > 1, and the spectrum
consists of two resonances, separated by a chemical

shift yAH = y(Hy — Ha) = —Aw = —(wn — wa).
The weak resonance yHy at high field is due to Ni-
(NH3>62+.

The chemical shifts are measured with respect to an
internal standard R. The resonance separation yAH
can be obtained by measuring the chemical shift §w rela-
tive to R as a function of the nickel concentration

8w — dwa = Py — dws) = PAw (3)

The electron—proton coupling constant, 4 /k, follows
from the resonance separation by 3°
(9) N. Bloembergen, sbid., 27, 395 (1957).
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where 8 = ¢#i/2mc is the Bohr magneton in Gaussian
units and yg = — g| /8] /& is the gyromagnetic ratio of the

electron.

The relaxation processes which contribute to 1/7
contribute to 1/7% to the same extent. Thus, an equa-
tion analogous to eq 1 applies to 75 in the limit of slow
exchange and in the limit of fast exchange. At interme-
diate rates, the exchange causes additional broadening,?
and

1 1 1 P
= — - =

Tw Tp T  Tw
g (1//T21\[2) + (l/TzMT) + sz
T [(1/To0) + A/7)] + Aw?
In many cases an approximate form of the third term
is sufficiently accurate. For slow exchange, |7Aw‘ >
1, and when |Aw’ > 1/Tym, eq 5 simplifies to
1 P P

T Tw 7 ©

For rapid exchange, IrAw[ <« 1,and when 1/7 > 1/ Ty,
eq 5 simplifies to

1 P
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P
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The last terms in eq 6 and 7 represent the exchange
broadening.

Experimental Section

Solutions containing varying amounts of Ni(NO;).,, NH;,
NaOH, and NH;NQO; were prepared volumetrically from stan-
dard solutions of these compounds. Thenickel content was deter-
mined by direct titration!® with disodium dihydrogen ethylenedi-
aminetetraacetate (EDTA) using ammonium purpurate (murex-
ide) as an indicator or, alternatively, by addition of a slight ex-
cess of a standard solution of NaCN and back-titration of the
excess with a standard solution of AgNO; in the presence of io-
dide. Both methods gave the same result within 19,. The mole
fraction P of the complexed protons follows from ‘the nickel con-
centration by eq 2, taking into account the density, of the ammonia
solutions. The ammonia content was determined by titration
with standard acid.

The light absorption spectra of the solutions were determined
between 350 and 650 nm (mu) at room temperature as a function
of the NaOH concentration, using a Spectronic 505 spectro-
photometer.

A Varian A-60 high-resolution nmr spectrometer was used to
measure the relaxation times from close to the freezing point to
close to the boiling point of the solutions. Only a single reso-
nance was observed at all temperatures, and the full line width at
half-maximum, 1/x7%, was determined for the nickel solutions
as well as for the aqueous ammonia solvent. The inhomogeneous
broadening was usually less than 1.0 Hz, as determined from the
line width of water or acetone.

The chemical shift §v = —(v/27)8H of the nickel solutions as
well as of the solvent was measured using sodium 3-(trimethyl-
silyl)-1-propanesulfonate as an internal standard.

The spin-lattice relaxation times 7; were determined by the

(10) G. Schwarzenbach, “Complexometric Titration,”’ Interscience Pub-
lishers, New York, N. V.. 1957, p 80.
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saturation recovery method!'2 for the nickel solutions as well as
the aqueous ammonia. The relative standard deviation of 77 is
about 129,

Results and Discussion

The relaxation rates, corrected for the relaxation of
the Ni-free solvent, are presented in Figure 1. The
spin-lattice relaxation time 744 of the solvent is found
to be independent of the ammonia concentration (4.9
and 10.6 M), as might be expected. The following
T4 values in seconds are obtained for air-saturated
water and aqueous ammonia: 3.0 (37°), 1.7 (8°), 1.3
(—5°), 1.0 (—11°), and 0.4 (—33°).

! Ni(NOz)p + NH3

108 —— \
T, NSO, NHgNOy NHy Ni 103
M MM mM

- 7.2 505 8.03
- 7.2 2525 4.015
- 5.0 15.15 2.425
- 10.6 50.5 783
- 10.6 50.5 T1.33
- .13 7.2 50.5 8.03

- - 4.8 157 252
075 - 10.5 26.0 4.08
10.6 10.4 1.63

oot o44AD OO
&

1/P Tap or Typ, sec”!
o
»

/T

3.0 3.5 4.0
1000/T, °Kk~!

L : 1

Figure 1.—Relaxation rate of various solutions containing
nickel nitrate in aqueous ammonia. The squares are spin-
lattice relaxation rates 1/PT,. The exchange rate of the com-
plexed NH; is 1/7. For comparison, the exchange rate mea-
sured by !*N magnetic resonance is sketched in as a broken line.

The solvent peaks were appreciably broadened!® at
low temperatures; for example, 10.7 A ammonia had
a width 1/7754 of 4.8 Hz at —14°.

The compositions of the various nickel solutions are
given in Figure 1. The results fall on the same bell-
shaped curve, demonstrating that the exchange rate is
independent of the NH; concentration, in agreement
with Hunt’s observation.*

The curves were calculated from the straight lines
using eq 1-7 and represent a best fit to the data.
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Knowing the value of 7%, makes it possible to calculate
exchange rates #1 the high-temperature region as well.
At very low temperatures, the 74, and 7T, curves come
together, and the data suggest strongly that this occurs
also at high temperatures. Thus, it is virtually cer-
tain that 7hy = Tex and Ti¢c = 7. The contact
shift Aw is proportional to 1000/7", and this tempera-
ture dependence should be taken into account when the
exchange rate is calculated from the rAw? line.

For comparisoh, the *N-exchange rates determined
by Hunt! are also shown in Figure 1; these results are
the same within experimental error. It is quite possible
that the 1/7'c line is really located much lower than the
line shown. It so, our results will virtually coincide
with those of Hunt. The agreement demonstrates that
entire NH; molecules exchange; exchange of individual
protons must be small by comparison. At best, the
data are consistent with a contribution by proton
exchange several times smaller than NH; exchange
at temperatures above 25°,

One might expect that an exchange contribution by
protons will be affected by the pH of the solution.
Lowering the pH from 12.0 to 11.0 by addition of NH,-
NO; does not affect the exchange rate, as shown in
Figure 1.

At high temperature, the spin-lattice relaxation of
the protons in the bulk of the solution oceurs primarily
in the first coordination sphere of the nickel ion, with
Tw = Tem = 0.3 msec at 60°. The contribution of
the second and higher coordination spheres to the relaxa-
tion, 1/Tc, is several times smaller. At low tempera-
ture, the exchange becomes slow, and the first coordina-
tion sphere can no longer contribute to the relaxation.

The relaxation is caused by dipole-dipole interaction
with the unpaired electrons, and 1/7y is proportional
to the correlation time 7. of the interaction. The
activation energy of 1.2 kcal at high temperature is
smaller than the activation energy of the viscosity.
A larger value would be expected if 7, corresponds
to the rotation of the complex.!* The small value
can be explained if one assumes that the relaxation time
of the electron’ is short enough to contribute to 7.
also. '

Contact Shift.—The chemical shift relative to the
solvent is presented in Figure 2. At low temperature,
the resonance is due to the NH; and H,0 in the bulk of
the solution, and the shift is close to zero. At high
temperature the eXchange is fast, and the resonance is
the average of the Ni(NH;)s* and the NH; + H.0
in the bulk of the solution. This resonance is shifted
upfield, indicating that the Ni(NH;)¢®*+ resonance oc-
curs at high field at.a distance Aw = —45,000 radians/
sec. This result is in excellent agreement with the
value obtained from Figure 1. At the maximum of the
1/Typ curve, |rA&d] = 1, and |Aw] = 52,000 radians/
sec. Of course, this value of Aw belongs to a higher
value of 1000/7.

The separate Ni(NHj)s2* resonance which occurs at

(14) R. A, Bernheim, T. H. Brown, H. S. Gutowski, and D, E. Woessner,
J. Chem. Phys., 30, 950 (1959).

Inorganic Chemistry

50,000 S S e ey o T v
NiSO4 335 mM
40,000 NH3 48 M 1
P = 540 X 107°
30,000 b
3 4
q 20,000(
1 °
10,000 b
ot p
! 1 1 1 L L 1 n L 1 | 1 1
3.0 3.5 4.0
1000/T, °K™!

Figure 2.—Chemical shift relative to the solvent. Aw =
—~AH = 27(8v — 8va)/P, where 8» is the observed chemical
shift of the nickel solution relative to the internal standard,
and é»4 is the same for the nickel-free solvent.

low temperature is quite weak and very broad. At
—17°, its full width is (1/77Tm) + (1/77) = 2600 Hz.
No doubt, this is the reason why an attempt to find
this peak failed. The instrument used for this was a
Varian HA100 high-resolution spectrometer, as a wide-
line system was not available.

The hyperfine proton—electron coupling constant
follows from Aw by eq 4b. With S = 1 and g = 2.3,
the result is 4/7 = —1.70X 10° sec™,

Wayland and Rice!® measured the contact shift of
nickel perchlorate in liquid ammonia, and their result
is in good agreement with our value. Swift and Lo®
find4/k = 3 X 10% sec™!, but this result has been criti-
cized by Rice and Wayland.”

The upfield shift is surprising because downfield
shifts occur in the aquo complexes of all first-row transi-
tion elements.!’® The molecular orbitals containing
the unpaired electrons have appreciable hydrogen 1s
character. Thus, net unpaired electron spin density
is placed directly at the hydrogen nucleus, and a posi-
tive coupling constant occurs in the aquo complexes.!6

In the ammonia complex of nickel, most of the un-
paired spin density is confined to the “‘lone-pair” orbitals
of the nitrogen. These orbitals have small or negligible
1s character, and the unpaired spin cannot reach the
hydrogen nuclei directly.”” The unpaired electrons
polarize the hydrogen 1s electron pair, causing a small
unpairing. In this way, negative spin density is
induced at the hydrogen nucleus, and a negative cou-
pling constant 4/ occurs. A similar situation occurs
in an aromatic ring, where the sign of the spin density

(15) B. B. Wayland and W. L. Rice, Inorg. Chem., 6, 2270 (1967). It
should be noted that the right-hand side of the equation for 4 /k is incorrect
and should be multiplied by #/27. The numerical results are not affected
however.

(16) B. B, Wayland and W. L. Rice, ibid., B, 54 (1966). It should be
noted that the right-hand side of eq 2 is incorrect and should be multiplied
by 1/#ve. The numerical results are not affected however.

(17) B.B. Wayland and W, L. Rice, J. Chem. Phys., 46, 3151 (1966). See
preceding comment.
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alternates along the ring.'s:!® Heteronitrogen atoms
transmit unpaired spin density five times better than
heterooxygen atoms in aromatic rings.

Effect of Hydroxide Ions.—To obtain more informa-
tion about the mechanism of the exchange, sodium
hydroxide was added to the solutions. It was thought
that OH~ ions might abstract protons from the Ni-
(NHs)e2t complex, leading to an increase in the exchange
rate.

Indeed, a rate increase is observed (Table I). A

TaABLE T
ErrecT OF NaOH ON THE RELAXATION RATE
oF £0.5 MM Ni(NOs), In 7.2 M NH;
[NaOH] = 0.103 M [NaOH] = 0.326 M

1000/T, 108/ PTep, 1000/T, 10-3/PTyy
°K -1 sec™! °K~1 sec ™!
3.00 7.7
3.10 9.5
3.12 11.0
3.16 12.1
3.27 17.1 3.27 13.8
3.29 18.2
3.40 26.5 3.41 20.7
3.47 28.2 3.47 26.5
3.54 27.0 3.54 27.3
3.63 20.7 3.65 26.2
3.73 13.7 3.71 18.6
3.78 10.3
3.83 8.3 3.84 9.2
3.91 5.6 3.94 5.8

rather high concentration of NaOH is necessary to ob-
tain a noticeable result. 'When the data are plotted as
in Figure 1, the same bell-shaped curves result except
for a displacement to low temperature. The best fit
is obtained when the slope of the 1/7 line is the same as
is Figure 1.

The exchange rates are

log (1/7) = 13.53 — (2610/T) (no NaOH) (8)

log (1/7) = 13.79 — (2610/7) (0.103 M NaOH) (9)

log (1/7) = 13.97 — (2610/7) (0.326 M NaOH) (10)

(18) R. E. Benson, D, R. Eaton, A. D. Josey, and W, D, Phillips, J, Am.

Chem. Soc., 83, 3714 (1961).
(19) D. R, Eaton, W. D, Phillips, and D. J, Caldwell, ¢bid., 88, 397 (1963).
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The rate increase is probably not caused by the
abstraction of protons. The following interpretations
were considered.

(1) Complexes such as Ni(NH;);OH* are formed.
The NH; molecules of this complex are more labile
than in Ni(NHj)s?t. Indeed a precipitate occurs at
temperatures above 45° in the solution containing 0.33
M NaOH. However, the solutions have the same light
absorption spectra at room temperature, regardless
of the NaOH concentration. This is still consistent
with an OH—-substituted complex, since the absorp-
tion spectra probably are not affected much by the sub-
stitution.

(2) The OH~- forms ion pairs with Ni(NH;)e?t,
and these might have a different rate of ammonia
exchange. If so, one would expect that SO~

would have a more drastic effect than OH~. This is
not the case, as seen in Figure 1.
(3) Two competing exchange reactions occur.

The rate-determining steps are the substitution of NH;
by, respectively, H,O and OH~. The activation energy
is 11.9 kcal for both reactions. This explains the data,
but it is surprising that both reactions have the same
activation energy.

(4) The OH~ abstracts individual protons from the
complex. Hunt® has made some preliminary studies
of the effect of 0.1 M/ NaOH on the N nmr resonance
and finds a large increase in line width. This shows
that OH ~ catalyzes the exchange of NH; molecules.

The first interpretation fits the data well and is
probably the correct ome. It is difficult to compare
rates determined by nmr with those determined by other
methods.?* Therefore, it is gratifying that 'H and
MN nmr give the same result. This substantiates
further the reliability of the nmr method.
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