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lon-Complex Formation in Aqueous Solutions of Calcium Nitrate. Acoustical Absorption
Spectrometry Study

R. Behrends, P. Miecznik! and U. Kaatze*
Drittes Physikalisches Institut, Georg-August-uknisita, Birgerstrasse 42-44, 37073, Gimgen, Germany
Receied: Nawember 30, 2001; In Final Form: April 18, 2002

Ultrasonic absorption spectra between 800 kHz and 2 GHz and sound velocities of aqueous solutions of
calcium nitrate have been measured at different salt concentrations and temperatures, as well as solutions of
calcium chloride and magnesium nitrate at’25 All solutions reveal a relaxation region with discrete relaxation

time between 200 and 500 ps (nitrates;)2& at 100 ps (chloride, 2%. The amplitude of the relaxation term

is substantially larger with the calcium nitrate system than with the other electrolyte solutions with idential
salt concentration. The relaxation time of Ca(Ng) solutions is independent of concentration and the relaxation
amplitude increases linearly withindicating a unimolecular reaction. The high-frequency ultrasonic relaxation

is thus assumed to be due to the equilibrium between an outersphere ion complex and a contact ion pair.

Introduction di-univalent salts and due to the far-reaching biochemical
implications of calcium ion complexation, we found it interesting

Electrolyte solutions play a dominant role in many natural “to perform an acoustical absorption spectrometry study of
and technical systems. Aqueous electrolyte systems are 0omni-gq|tions of calcium nitrate in water. The nitrate has been

present in the biosphere. Immense efforts have, therefore, beenyg|acted from the available calcium salts since solutions of

unde.rtaklen in the past tq elucidate the properties of ioqic Ca(NQy), have been suggested for long to be subject to ion-
solutionst It has been. realized for long that thg electrostatl(; pair-formation?! For comparison with the behavior of a simpler
forces between the ions are of paramount importance in gctyred anion, a solution of calcium chioride has also been

determining the solution behavior, and it has become increas-jn estigated. A large difference in the catalytic activities of the
ingly obvious that these forces may result in short-lived ion chemically similar calcium and magnesium ions has been

complexes. Sufficiently sophisticated experimental methods, renorte? pointing at a different effect of the cation radius and/
however, were available only 50 years ago, enabling the kinetics o'y gration properties. Therefore, an acoustical spectrum of a

of ion complex formation to be investigated systematically. Mg(NOs), solution has been measured additionally.
Particularly matched to the study of fast chemical reactions are

metho_ds of acoustical absorption_ spectrometry a_nd their time- Experimental Section

domain analogues, temperature jump, pressure jump, and also ) ) 0

field jump techniqued-* These methods have been extensively _Salt SOIL_’t'O”S'Ca(NOQ)Z (Fluka, puriss. p.a; 99%), Caoc;j

used in the past to investigate the kinetics of ion complex (Fluka, puriss. p.az99%), and Mg(NG). (Merck, p.a.,>99%)
formation, including fast proton-transfer reactidris® Many were used as supplied by the manufacturers. Solutions were
efforts have been directed toward aqueous solutions of 2:2 andPréPared by weighing appropriate amounts of the salt into
3:2 valent salts for which the Eigefamm mechanism of volumetric flasks_and_by adding double-dlgtllled and deionized
stepwise association/dissociation is generally acceptedrigw. ~ Water up to the fiduciary mark. The densjtyof the samples
Studies of 2:1 valent electrolytes mostly aim at transition metal NS been measured using a pycnometer (20 mL) that had been
halides which, due to the specific electronic structure of the calibrated against distilled, additionally deionized and degassed
cations, form rather exotic complextBrominent examples are water. ) )

zinc chloride solutions. Depending upon the salt concentration _ Acoustical Absorption Spectrometry.Between 800 kHz and
mono- di-, tri-, and tetrachloro complexes may exist in those 2 GHz the acoustical absorption coefficienpf the solutions
unsual electrolyte systerdthus attracting much attention by ~has been determined as a function of frequenchy spot
solution chemists. Many biologically relevant molecules, such fréquéncy measurements. Two methods and five different
as carbohydrates and peptides, are complexing agents forSPeCimen cells have t_)een used to cover the frequency range.
divalent alkaline earth metal iod&:1” The coordination of At ¥ = 15 MHz a biplanar cavity resonator method was
phosphate moieties by cations such ag‘Cia essential for employed? that enablest to be determined relative to a suitably
catalytic enzymatic reactiori1° Despite the important role of ~ chosen reference liquid. At> 15 MHz absolute measurements
calcium ions in biology and medicine, however, little attention ©f @ were performed applying a pulse-modulated ultrasonic
has been paid to its characteristics of complex formation with Wave transmission method at variable sample thick#esS.
univalent aniong® Because of the complex physicochemical Four cells were utilized, each specially matched to a particular

aspects of the ion complex formation in aqueous solutions of freauency range (Figure 1). The cells differ from another mainly
by their dimensions and by the type of piezoelectric transducers

. o . used as transmitter and receiver.
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Figure 1. Ultrasonic absorption coefficiemt perv? as a function of
frequencyv for 1 molar aqueous solutions of Ca(B@ (O) and lim (av)iv?)
Mg(NQs), () at 25 °C. Arrows indicate the frequency ranges of VEe ST T T
different specimen cells. 20 ) .
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mSI;SO Figure 3. Frequency normalized ultrasonic absorption spectra for the
1 molar aqueous solution of Ca(N)@at four temperaturesx, 10°C;
1560 |* +, 15°C; O, 20°C; O, 25°C).
1540 transmitter and receiver transducer unit and, in the lower part
. of the frequency range of measurement, by insufficient correc-
J 1520 tions for diffraction losses. The following errors characterize
1500 the experimental accuracy of the absorption coefficient data:
Aa/a = 0.1, 0.8-4 MHz; Aa/o. = 0.05, 4-30 MHz; Aa/a. =
1480 0.03, 30-150 MHz; Aa/ao = 0.01, 156-500 MHz; and
1460 Ao/a = 0.0_3, 506-2000 MHz. The error in the sound velocity_
data, obtained as a byproduct of the broadband absorption
1440 spectrometry, ig\cd/cs = 0.005, 0.8-500 MHz; Acdcs = 0.01,
10 15 20 25 30 35 400c45 500-2000 MHz. The temperature dependence in the sound
T velocity at 2 MHz, as measured with the twin cell method, is
Figure 2. Sound velocitycs as a function of temperaturéfor water accurate to within 1P
(full line) and three Ca(Ng). solutions O, 0.5 mol L™%; O, 1 mol
L™ @, 1.5 mol L. Results and Treatment of Spectra
coefficient measurements. At low frequencies< 15 MHz), In Figure 3 frequency normalized acoustical absorption

csfollows from the frequencies of successive principal resonance gpectra for water+ 1 mol/L Ca(NQ), are shown at four
peaks of the resonator cell. At higher frequenciggalues can — temperatures. The data display a small but well-defined disper-
be derived from the waviness of the transfer function of the gjon @(o/v?)/dv < 0) with characteristic frequenay = (277)~*

cell at varying sample thickness, resulting from multiple 4t some hundred megahertz. Due to thermal activation, this
reflections of the acoustical signal at small transducer spacing. frequency increases with temperature. In correspondence with

Additionally, we measured thes data of three Ca(Nj water the extrapolated high-frequency values, ligo(v)/v2
solutions precisely as a function of temperatireetween 10 gecrease witfT. Figure 4 shows the spectra of aqueous CaiNO
and 45°C using a special twin resonator cell metfoépplying solutions at 10C for different salt concentrations. To accentuate

this method, the sound velocity of the séample has been ne high-frequency data the spectra are presented in the format
accurately determined relative t of watef® at the same (7)., ~vs—v. The excess absorption per wavelength is related
temperature. As shown by Figure 2, the sound velocity of the tg the frequency normalized absorption according to

calcium nitrate solutions do not display anomalies as a function

of T.
. . . fo(v
Experimental Errors. The temperature of the specimen cells () gye=04 — Bv = % — lim (g) cyv Q)
was controlled to withint=0.03 and it was measured with an AN W 4

accuracy of+0.02 K. Temperature gradients and differences

in the temperature of different cells did not exceed 0.05 K, with 4 = cJ/v andB independent of. Because of the smadl
corresponding to the small estimated erfax/oc < 0.001 in values, the corresponding dispersion in the sound velocity of
the absorption coefficient data of the liquids. During the the presentsolutions is small. Therefore, constamalues have
measurements, fluctuations in the frequency of the sonic signalbeen used when transforming the absorption data from one
were smaller thar\v/v = 0.0001. With the resonator measure- format to the other. The characteristic frequengywhich is
ments, the main sources of possible errors are small disturbanceghe frequency of the maximum of the excess absorption data
in the cell geometry and cell adjustment that may have resulted (Figure 4), obviously is independent of the salt concentration
from the cleaning and refilling procedure when the sample liquid ¢, whereas the maximum value itself increases monotonically
was exchanged for the reference. Thealues obtained from  Wwith c.

the pulse-modulated ultrasonic wave transmission measurements Similar to the Mg(NQ); solution (Figure 1), the spectrum
may be somewhat affected by an imperfect parallelism of the of the CaC} solution exhibits a substantially smaller amplitude
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TABLE 1: Molar Concentration c, Sound Veloctiy c;, Density p, as Well as Relaxation AmplitudeA, Relaxation Time z, and
Limiting High-Frequency Absorption-per-Wavelength Parameter B (Eq 2) for the Solutions of 2:1 Valent Salts

solute ¢, mol/L £0.2% T, K +£0.05% Cs, M/s£0.1% o, glcn? £0.2% A 10°3£3% 7, Ns£3% B, ps+1.5%

Ca(NG) 0.2 283.15 1465.0 1.030 2.85 0.36 49.4
0.5 283.15 1486.2 1.0602 12.7 0.32 49.0
1.0 283.15 1524.1 1.1244 30.9 0.32 52.8
1.5 283.15 1563.0 1.1752 49.2 0.34 554
1.0 288.15 1536.2 1.1240 28.8 0.28 455
1.0 293.15 1547.0 1.1217 25.0 0.25 40.6
1.0 298.15 1556.4 1.1152 22.6 0.22 36.6
CaCl 0.5 298.15 1544.7 1.0430 23 0.09+ 0.06 33.2
Mg(NOs), 1.0 298.15 1577.0 1.0955 Q0.1 0.444+ 0.04 33.6
25 7 — ties Aa(vy) of a(vy). The parameter values resulting from the
nonlinear least-squares regression analysis of the measured
10 spectra are collected in Table 1.
20 . .
Discussion
Diffusional lon Encounter. Constancy, as a function of salt
) 15 concentration of the relaxation times of Ca(jsolutions,
;§ suggests a unimolecular reactfon
10 Y = Y* (5)
Hence, if the sonic absorption spectra are identified with
5 mechanisms of ion complex formation, they must be due to
structural isomerization of the complexes rather than the
0 formation of ion structures from cations and anions. Because

e an ion encounter is a self-evident precondition of complex
10 40 100 400 Mp, 4000 formation, there must exist at least a coupled reaction of the
v
type
Figure 4. Ultrasonic excess absorption spectra (eq 1) of aqueous
solutions of Ca(NG), at 10°C displayed for different concentrations . _ kp + 3 ke
(W, 0.2 mol L% A, 0.5 mol L% O, 1 mol L% 00, 1.5 mol LY. (C&Noqt (NO3)ag %, (C&")ye+(NO DaaTe

+ —_
than that of the Ca(N§), system at the same temperature and (Ca2 —NO;, )aq (6)

concentration. ) ) )
All measured spectra can be analytically well represented by which will be abbreviated as
a relaxation spectral functioR(v) which is controlled by a ki Kog
discrete relaxation time. In terms of absorption-per-wavelength M+L =ML =ML (7)
data the spectral function is given by the relation

in the following. In eq 6 (C&)aq and (NG,)aq denote the

R(v) = By + Awt @) hydrflteq metal ion (M) and ligand (L), respectively, EO@q
w’r? (NO3)aq is @ complex of encounter of the hydrated ions, and
(Ca&*—NOj)aq is an isomer of the complex with different
Here, o = 2nv is the angular frequencyr = (27v,)~t hydration properties. If this still rather unspecific reaction

corresponds with the characteristic (relaxation) frequency  scheme is accepted, the first step of diffusion controlled ion
(Figure 3), and the relaxation amplitude is related to the encounter must be so fast that the relaxation process related to
extrapolated high and low frequenayv? values according to it occurs above our frequency range of measurements.

To verify this suggestion let us first apply the Debyeigen—

& [ fa®)\ . [am) Fuoss theor§?~32 to the idea of Bjerrum ion pair formaticH.
A=g lim — | = lim — 3) Let us assume the intermediate species in eqs 6 and 7 an
T |v—0 Vv v—oo\ 4 .
outersphere complex:
The relaxation spectral function (eq 2) has been fitted to the ML = (M(HZO)L)aq= (CaZ*(HZO)No;)aq (8)
measured spectra, using a Marquardt algorfthim minimize
the variance The stability constant
1 N ki,  [M(H,O)L]
2 _ _ 2 K==~ °"‘" (9)
X —N _p_ 1nlen[(l(’Vn)/l R(Vn, §0p)] (4) 1 k21 [M][L]

. is then given by the relation
HereN denotes the number of frequency pointper measured 9 4

spectra andP(=3) is the number of adjustable parameteps 47N o 7 7 &
(p=1, .., P)in Rwy). Thew, (n = 1, ..., N) are weighing = A o ML
factors set inversely proportional to the experimental uncertain- 3 4rre,eksTd

(10)

<
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whereN, is Avogadro’s constant is the distance of approach
of the hydrated ions in the outersphere compl&x,(=2) and
Z,(=1) are the valencies of the cation and the ligand, respec-
tively, e is the elementary charge, andkg denote the electric
field constant and Boltzmann’s constant, respectively, and
(=78) is the (relative) permittivity of the solution. Usirtg=
0.65 nm as an upper limit of the distance of ion centkris=
5.6 (mol/L)y™! follows. If d = 0.5 nm is assumed; = 4.9
(mol/L)~1 results for the Ca(Ng), system. Though these figures
should not be taken without activity corrections to calculate the
outersphere complex content of our solutions, they, nevertheless
indicate a high degree of ion complexation. Assuming the
diffusional encouter in the coupled reaction (eqs 6 and 7) occurs
much faster than the establishment of the equilibrium of
structural isomers of the ion complexes, the relaxation rate 1/
associated with the formation of outer sphere complexes from
completely dissociated ions, is given by
7 "= k(M [L] + K ) (11)
if again activity corrections are neglected. The Deblgggen—
Fuoss theorsf—32 predicts

. — N Z,Z € Dy +D, 12
2 eeksT 2,2,€ .
ex 4are Ak T

We have calculated the diffusion coefficiemdg i = M or L,
from ionic mobilities; at infinite dilutior®* using the Nernst
equation

NpkgT

= >4, i=MorlL
14IF

(13)

and foundk;, = 3.3 x 101%mol/L)~! s~ for the ion pair with
charge center distancgé = 0.65 nm. In eq 13F denotes
Faraday’s constant. For our Ca(B)@ solutions with salt
concentratiorc > 0.2 mol/L, according to eq 14,1 > 2.5 x
10%%1 holds. Hence, the relaxation frequencyrd ! associ-
ated with the first step in the coupled reaction scheme, is larger
than 4 GHz. Consequently, we expect the dissociated ions/
outersphere complex equilibrium to contribute to the ultrasonic
spectrum above our measuring range.

lon Pair Structural Isomerization

Since the treatment of the first step in the coupled reaction

scheme (egs 6 and 7) of ion complex formation is in conformity . . . . .
(eq ) of plex onist 1ty ds independent of temperature (Figure 5). This experimental

with the idea of an outersphere complex, we assume the secon
step to reflect an equilibrium between this complex and a more
stable contact ion pair
ML = (C&'NO;),, (14)

As for both CaCl and Mg(NQ), aqueous solutions, the
amplitude A of the ultrasonic relaxation associated with the
equilibrium, is much smaller than with the calcium nitrate
solutions of similar salt concentrations, we suggest the
(C&TNO3)aqcomplex is stabilized by favorable interactions of
the small calcium ion with sites of high electrically negative
charges at the lone pair electrons of the nitrate ion. These
interactions may lead to a higher ion pair concentration than
the ion complex formation of Ca with the symmetrical electron
shell of the chloride ion. The smaller Mgion seems to be at

Behrends et al.

-9.15

In(h;'/KT)

-9.3

-9.45
3.34

338 342 346 gkl 354
T

Figure 5. Eyring representation of the relaxation rase* for the 1 M
aqueous solution of Ca(N®.

a disadvantage here because of stronger interactions with its
hydration water. The relaxation frequency valuesrr{2!
derived from our experimental spectra are on the order of 500
MHz (Figures 3 and 4) and are thus substantially smaller than
the relaxation frequency estimated for the diffusional ion
encounter. We thus start to treat the second step in eqs 6 and 7
as being decoupled from the first one. Hence it is assumed that,
on the time scale of the isomerization reaction, the content of
the dissociated ions and outersphere complex structures is
always in equilibrium.
Assuming a Gibbs free energy of activation,
AG3, = AHj, — TAS), (15)
for the reverse reaction, the inverse relaxation timé of
ultrasonic excess absorption (eq 2) is identified with the
relaxation ratea—1, of the second step of relaxation scheme (eqgs
6 and 7), for whicFp-36
| (hrlz) AS;,
kT

#
32

A
+1In(1 + Ky +

R RT (16)
follows. Herein
Kys [ML]
Ky=—=——— 17
2", ” MHOL 40
is the equilibrium constant. The slope of relation 16
hrlz) . AHL, K, AH,
az—dln(W/dT = - R _1+K2 R (18)

result indicates thatAH, is small, because otherwise the
temperature dependence of the equilibrium congtanwould
result in aT dependence o&,. The equilibrium constant is
related to the reaction enthalpyH, = AH3, — AH}, accord-
ing to the van't Hoff equation

K, = exp(—AH./RT) (29)
If AH, = 0 is assumedAH], = 14.6 kJ mot! and AS}, =
—32 J mot! K=1 are compatible with our experimental
relaxation rates (Figure 5). The relaxation amplitudéeq 2)
according to

_ .Ttl“cix,p

2
RT AV.

s2

(20)
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is related to the isentropic volume change

=_2AH, - AV,
pOO

AV, (21)

In egs 19 and 2Qcs. (*Cs), . {, andcy. are the high-frequency

limiting values of the sound velocity, the thermal expansion Be”fn
coefficient, and the heat capacity at constant pressure, respec-

tively, and AV, is the isothermal reaction volume. The sto-
ichiometric factorI" is given by

=ML+ ML Y (22)

thus
F=irg MU= kML @9)
If Ki = 1 is assumed, equivalent with [ML] = [ML],

reasonable isentropic volume changés;,; = 9.7 mL/mol and
AVs; = 6.6 mL/mol follow for the 0.2 and 0.5 molar calcium

nitrate solutions, respectively. The decrease in the reaction
volume with concentration likely reflects the neglection of

activity corrections.

Conclusions

Broadband ultrasonic spectra of aqueous solutions of Cg§NO
CaCh, and Mg(NQ), reveal a small amplitude relaxation
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