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The ultrasonic absorption has been measured in aqueous solutions of Ni(II) complexes of glycine, f-alanine,
4-aminobutyric acid, and 6-aminohexanoic acid. The relaxation absorption could not be ascribed to one of the
steps of the ordinary step-by-step complex formation mechanism. Kinetic data were obtained as functions of

the initial concentrations of Ni(II) and amino acids, the pH, and the temperature.

The relaxation absorption

was attributed to the formation-breaking equilibrium of an intramolecular hydrogen bond due to the carboxylato

group of amino acid coordinated to the Ni(II) ion.

The rate constant of the hydrogen bond-breaking process

has been obtained. The relationship between the relaxation parameters and the acid dissociation constant of
the carboxyl group of the amino acid ligands is discussed with reference to the analogous result for the carboxylato
ligands reported previously. Supplementary work is also carried out for Ni(IT)-aspartato and glutamato complexes.

With the help of the relaxation techniques, the kine-
tics of the metal complex formation has been widely
studied, and a step-by-step complex formation mecha-~
nism involving the rate-determining release of the sol-
vent molecule from the inner-sphere of the metal ion
has been proposed.’) Most of the ultrasonic relaxation
absorptions in the metal complex solutions have been
interpreted in terms of the above mechanism.2-4 In
a previous paper,® the present authors have reported
that the ultrasonic relaxation absorption in the Ni(II)-
carboxylato solutions can be ascribed to a reaction
different from one of the steps of the above mechanism.
Recently, the same kind of relaxation absorption has
also been found in the Ni(IT)-amino acid complex
solutions.

The metal-amino acid complexation is not only in-
teresting in itself, but is also important as the model
system for the metal-protein interaction, and so it has
been extensively studied from the static® and the kine-
tic™!1) points of view. The purposes of the present
investigation are to assign the relaxation absorption in
the MHz frequency range, to obtain the kinetic param-
eters of the very fast reaction related to this absorp-
tion, and, moreover, to obtain information concerning
the details of the Ni(IT)-amino acid complex formation
reaction. Studies were carried out for the Ni(II) com-
plexes of glycine(gly), f-alanine(f-ala), 4-aminobutyric
acid(ABA), and 6-aminohexanoic acid(AHA). Sup-
plementary work was also performed for the complexes
of aspartic acid(asp) and glutamic acid(glu).

Experimental

All the chemicals used were of a reagent grade and were
used without further purification. Deionized and distilled
water was used for the preparation of all solutions. Sample
solutions were freshly prepared by dissolving Ni(NQO,;), and
amino acid in water-and by adjusting the pH by the drop-
by-drop of dilute NaOH and/or HNO,. The pH was adjusted
to an appropriate value by taking into account the dissociation
constant, K,, of carboxyl group of amino acid and the hydro-
lysis of the Ni(II) ion. The ionic strength was kept constant
at 2, with some exceptions, by addition of NaNO,.

The ultrasonic absorption was measured by the pulse
method!® in the frequency range from 3.5 to 95 MHz. The
sound velocity was measured at 1,92 MHz by the sing-around

method. All the measurements were carried out at 25.0+
0.05 °C. All of the absorptions were expressed by the follow-
ing single-relaxation equation for the excess absorption per
wavelength (a'4):1%

, / (f1fx)

(@3) = 2(¢Dmex ENETAE 1
were o is the excess absorption coefficient;!¥ 4, the wave-
length; f, the frequency, and f;, the relaxation frequency;
the subscript, max, indicates the maximum value.

A blank solution of either Ni(NO;), or amino acid showed
no discernible relaxation absorption. These results suggest
that the present relaxation absorption is ascribed to the
Ni(IT)-amino acid complex formation reaction, but to neither
the hydrolysis of the Ni(II) ion nor to the protonation of
amino acid.!5:1%)

Results and Discussion

The relaxation absorption was studied as functions
of Ni(II) and amino acid concentrations by keeping
one constant and varying the other. The results are
summarized in Table 1, where three features may be
noted. The first is the independence of the relaxation
frequency of both the Ni(II) and amino acid concent-
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Fig. 1. Ultrasonic absorptions of the Ni(II)~amino acid

complex solutions at 25°C: 3Ni=1.0 M, amino
acid=2.0 M.

(@): Ni(II)-gly,
(©): Ni(II)-ABA,

(®): Ni(II)-g-ala,
(O): Ni(II)-AHA.
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TaBLe 1. ULTRASONIC PARAMETERS FOR THE Ni(II)-
AMINO ACID COMPLEX SOLUTIONS AT 25 °C

SN S . /e ()
(M) (M) p (MHz) x 100
Glycine
0.5 2.0 5.4 45 39
1.0 2.0 5.1 44 48
f-Alanine
1.0 1.0 5.3 25 40
1.0 1.5 5.3 23 53
1.0 2.0 5.3 25 61
1.0 2.5 5.3 23 70
4-Aminobutyric acid
0.5 0.5 5.3 11 17
0.5 1.0 5.9 12 55
1.0 0.5 5.5 12 40
1.0 2.0 6.4 11 173
1.5 0.5 5.2 11 53
6-Aminohexanoic acid
0.2 1.0 6.4 4.5 140
0.4 1.0 6.4 5.0 152
1.0 0.5 5.8 4.8 163
1.0 2.0 6.4 5.2 461
Aspartic acid
0.5 1.0 5.2 22 20
Glutamic acid
0.5 0.5 5.2 18 60
0.5 1.0 5.3 19 150

rations. The second is the increase in the absorption
with the increases in both the Ni(II) and amino acid
concentrations. The third is the specificity of the
ligand effect on the relaxation frequency and the excess
absorption. Some representative absorptions of the
Ni(IT)-amino acid solutions are shown in Fig. 1.

The effect of the pH on the relaxation absorption
was studied for the Ni(II)-glu system. As may be
seen in Table 2, a decrease in pH causes an increase in
f: and a decrease in the excess absorption. The tem-
perature dependence of the relaxation absorption was
studied for the Ni(II)-ABA system; the results are
shown in Table 3. In order to obtain the value of
pK, of amino acids, an experiment of pH titration was
carried out at 25 °C..  The results are listed in Table 4.

The complex formation reactions of Ni(II) with amino
acids (e.g., gly”? or p-ala®) have been expressed as
follows:

k12 /H ka3
NiL,_; + L. == NiL,_,O L —= NiL, (n=1, 2,
k21 \H k32 or 3)
) ® ® (2)

Here @ is the free ions, @ the outer-sphere complex,
and @ the inner-sphere complex; L is the ligand com-
plexing with the metal (the charges have been neglected
in this paper). To begin with, the present relaxation
absorption was investigated by assigning it to one of
these steps.

"The outer-sphere complex formation process, ®=®,
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TasLE 2. pH DEPENDENCE OF THE ULTRASONIC
PARAMETERS FOR THE Ni(II)-gLutamic AciD
COMPLEX SOLUTIONS AT 25 °C

SNi 3Gl H fr (@ 2) max
(M) (M) p (MHz) x 10
1.0 0.5 3.7 16 73
1.0 0.5 3.5 23 66
1.0 0.5 3.3 28 64
1.0 0.5 3.0 32 51
TABLE 3. TEMPERATURE DEPENDENCE OF THE ULTRASONIC

PARAMETERS FOR THE Ni(II)-4-AMINOBUTYRIC ACID
COMPLEX SOLUTIONS

>Ni  3JABA t Jfr (2"2) max
™ M PH eq)  (MMHz)  x108
1.0 2.0 59 10 8.0 139
1.0 20 59 2 10.8 162
1.0 2.0 59 25 11.5 173
1.0 2.0 59 30 13.5 196

is considered to be very rapid, and the relaxation fre-
quency of this process would lie, if observed, in a fre-
quency range not lower than 200 MHz. Moreover, the
ligand specificity should not be reflected in this pro-
cess.1'13)  These characteristics were not, however, ob-
served.

The inner-sphere complex formation, @=@, is the
rate-determining process, and the relaxation time (=
(2nf,)71) is expressed by the following equation:

_ Ky{[NiL, ] +[L]}
14 Kyp{[NiLn—] + [L1}
where Kjo=Fk,,/k,;.

When the following relations are introduced,

Kio{[NiL,—,] +[L]}
1+ Kyp{[NiL, ]+ [L]}

1= nf. =k + ks, (3)

0< <1, (4)

Eq. 3 gives
T < kg + kg (3)

The £,3 values for the water release from NiL,_; are:
3x10*s7! for n=1 (i.e., Ni®t ion), 1.2x10%s~1 for
n=2, and 4.0 X 10% s~ for n=3 when L=gly.” In the
Ni(II)-amino acid system, kg, &ky5 is generally estab-
lished. Then, the -1 value due to the @=® process
cannot exceed 10%s~1 (or f,<0.2 MHz), no matter how
increased the ionic concentration is. When L=p-ala,®
the chelate-ring closure step is known to be rate-de-
termining. The rate constant of this process is smaller
than that for the first coordination to the metal. The
above discussion shows that the present relaxation ab-
sorption of 771>3x107s7! can not be ascribed to
one of the steps of the inner-sphere complex-formation
reaction where the release of the coordinated water
molecule from Ni(II) is connected and rate-determining.

It is generally believed that the zwitterionic form of
amino acid is unreactive and that only the anionic
form is reactive for the complex formation.?-11,17,18)
Cassatt and Wilkins'® discussed the unreactivity of the
zwitterionic form of the amino acid and argued that
even if the coordination is initiated by the carboxylato
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group, the bond breaks much faster than the deproto-
nation of the —-NH,+ group, followed by a chelate
formation. On the other hand, the results of the pre-
sent relaxation absorption studies definitely show that
relatively stable complexes are formed even in the case
of the ABA and AHA systems, where the chelate com-
plex is not conceivable. This implies that the zwit-
terionic form of amino acid can form a complex by
the coordination of its carboxylato group to Ni(II), by
analogy with the corresponding carboxylato ion. Some
of the experimental evidence of the complex formation
of the zwitterionic form has also been given by pH
titration,1® solubility,2®) and Raman spectral®!) inves-
tigations.

NH, +
(Chzln (c'u‘“3
HZT =0 Hzi r‘z)n
HoQzmmmm =} emay . H9Oz—mmedee- {C§.
20‘\\ .2{q\\ b HZQ\\ .2{-0' \ P
N m= AN aes (@)
o e nzu.-.rh
H20 H20

* kK

Ni(HL) NiHL)
Fig. 2. Appropriate model of the intramolecular hydro-
gen bond equilibrium of the Ni(II)-amino acid

complex.

The reaction associated with the relaxation absorp-
tion has the following features: (1) it involves the Ni(IT)
complex of the zwitterionic form of amino acid uniden-
tated by its carboxylato group; (2) it is not concerned
with the water release from Ni(II), and (3) it occurs
very rapidly and has a time constant of the order of
10-—10-%s. An appropriate mechanism is Reaction
6 in Fig. 2. This is similar to that earlier proposed
by the present authors for the interpretation of the
relaxation absorption of the Ni(II)—carboxylato solu-
tions.’) Further support for the assignment is as fol-
lows: (1) For Reaction 6, the relaxation frequency is
related to the rate constants by this equation:2?

2nfe = ki + ke (7

As the concentration term is not involved in this equa-
tion, the independence of f, of the ionic concentrations
can be approved.
(2) The maximum excess absorption per wavelength,
(a'A) may> for Reaction 6 is given byl®
, _ m(AP)® 1 1 }—1
@A) mex = 28,RT %[Ni(HL)*] + [Ni(HL)**]
_ m(AV)?
~ 2B,RT (1+K)*’
where [Ni(HL)]=[Ni(HL)*]+[Ni(HL)**], K=k/k,,
AV is the reaction volume change, and f, is the

adiabatic compressibility. This equation shows that
(') ,ax 1s proportional to the Ni(HL) complex con-

-[Ni(HL)]- (®)

centration. Since the stability constant for the com-

plex of the zwitterionic form of amino acid, Ky,
_[Ni(HL)]

Foor = i L @

has not been reported for Ni(II), the absolute value
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Fig. 3. (¢’A)max vs. [Ni]-[HL] plot for the Ni(II)-f-
ala system.

of the Ni(HL) complex concentration cannot be known.
However, the relative change can be assumed by re-
placing with Ky, -[Ni]-[HL] (see Eq. 9). Figure 3
shows the (a'l),,, vs. [Ni]-[HL] plot for the Ni(II)-
p-ala system, for which the literature values of the
stability constants?® enabled us to calculate the ionic
concentrations. The plot gives a straight line which
cuts through the origin of the coordinates. This result
conforms to Eq. 8.

(3) As may be seen in the data of the Ni(II)-glu
system in Table 2, the relaxation absorption decreases
with the decrease in the pH. This rgsult can be easily
understood from the fact that the complex concentra-
tion decreases with the decrease in the concentration
of the unprotonated ligand. On the other hand, how-
ever, the increase in f, with the decrease in the pH
cannot be easily understood because the decrease in
the concentration of the unprotonated ligand generally
induces a decrease in f,. The conflict has now been
resolved by considering the catalyzing effect of the
hydrogen ion on the hydrogen-bond formation and
breaking.? According to this idea, the increase in
/. can be considered to be due to that of the rate
constant, k, and/or k;, induced by the increase in the
proton concentration.

(4) The apparent activation energy can be obtained
from the temperature dependence of f,. For the Ni(II)-
ABA system, AH*=4 kcal mol-! was obtained. This
value is relatively small compared to those of the ordi-
nary complex formations, but it is appropriate for the
formation of a hydrogen bond.?®) The same value
was also obtained in the case of the Ni(II)-carboxylato
system.®)

(5) One of the features of the relaxation absorption
of the amino acid complexes is the intimate correlation
between the pK, value of the carboxyl group and the
relaxation parameters, f, and (a'A),,,. As is shown
in Table 1 and Fig. 1, f, increases and («'4),,, decreases
with the decrease in the pK, of the amino acid ligand.
The same tendency was observed in the case of the
Ni(II)-carboxylato complexes.®) Moreover, as is shown
in Fig. 4, the overlapping of the f, vs. pK, plots for the
two groups suggests that the present absorption is caused



September, 1978]

100 | | I
50~ oaly N
o(1)
T
B-Ala @y
E_ Aspo 6l
- ABAO.(Z)
10— (3)® @(@4) ]
®(5)
(6)®
5 AHAO —
| | |

pKa
Fig. 4. f; vs. pK, plot for a series of Ni(II)-amino acid
complexes(QO) and Ni(II)-carboxylato complexes(@)
at 25°C: (1) chloroacetate, (2) 3-chloropropionate,
(3) acrylate, (4) acetate, (5) propionate, (6) butyrate.

by the interactions between Ni(IT) and the carboxylato
group. If one assumes the £,<k, relation, Eq. 7 can be
reduced to

27rfr = kb'

The lower the value of pK, of the carboxyl group is,
the more labile the complex becomes. Analogously,
the decrease of the pK, value labilizes the hydrogen
bond?® in Ni(HL)**, which will induce the increase of
the k, value. Therefore the values of pK, may be
inversely proportional to f,, as is shown in Fig. 4. The
k, values for the series of Ni(IT)-amino acid complexes
were obtained by means of Eq. 10: they are listed in
Table 4. The magnitude of («'1),,,, was in the order
of the AHA>ABA> f-ala>gly systems under the same
metal-ligand concentration, as is shown in Fig. 1. For
a series of complexes, the AV value can be assumed to
be the same. Therefore, from Eq. 8, the factors which
contribute mainly to the value of («'4),,,, seem to be
the concentration and the K terms. Since the stability
constant Ky;, of Eq. 9 depends on the pK, of the car-
boxyl group?® and the electrostatic repulsion between

(10)

TABLE 4. RATE CONSTANTS OF THE INTRAMOLEGULAR
HYDROGEN BOND-BREAKING PROCESS FOR THE Ni(II)-
AMINO ACID COMPLEXES AND THE pK, VALUES OF
THE CARBOXYL GROUP OF THE AMINO ACIDS

Ligand pK. ko x 1077
G
Glycine 2.45% 28
B-Alanine 3.700 15
4-Aminobutyric acid 3.94") 7.5
6-Aminohexanoic acid 4.34D) 3.1
Aspartic acid 3.78% 14
Glutamic acid 4.25% 11

a) R. C. Weast, “Handbook of Chemistry and Physics,”
ed by J. Lewis and R. G. Wilkins, Interscience, New
York, N. Y. (1960). b) This work.
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the metal and the -NH,t group,?? the magnitude of
the concentrations of Ni(HL) would seem to be in the
order of: AHA>ABA> f-ala>gly. On the other hand,
the larger the pK, of a ligand is, the stronger will the
intramolecular interaction between the carboxylato ion
and the water molecule become. Therefore, the values
of K in Eq. 8 would be in the order of: AHA>ABA>
p-ala>gly. Whether the contribution of the concent-
ration of Ni(HL) is predominant or that of the value
of K, the ligand specificity observed in («'A),,, may,
then, be well interpreted by the present mechanism.

The kinetic information obtained in this study of the
Ni(ITI)-amino acid complexes, together with that re-
ported previously on the Ni(IT)-carboxylato complexes,
provides a new type of equilibrium involving the co-
ordination of the carboxylato group to the metal, as
is shown in Reaction 6. As the relaxation effect is
due to the motion of the carboxylato groups, the same
kind of absorption can be expected to be observed in
other divalent metal complexes of carboxylic acids and
amino acids. Unfortunately, however, in other diva-
lent metal systems, the relaxation effect based on the
inner-sphere complex formation reaction falls into near-
ly the same time range as that of the present relaxation
effect, and so it becomes rather difficult to study the
latter effect separately. Studies of some of these sys-
tems are now in progess, however, and will be reported
on it due course.
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