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Abstract

The TDPAC technique was applied to verify a hypothesis about the influence of electron capture after-effects on the

integrity of radiometal complexes with organic ligands in aqueous solutions. The neutral aqueous solutions of DTPA-

complexes with two parent isotopes, 111In(EC)111Cd and 111mCd, were used for direct comparison of dynamic interaction

parameters. Data for the parent 111In–DTPA complexes revealed three fractions with essentially different relaxation

constants, including an ‘‘unperturbed’’ fraction, which, according to the hypothesis, is due to small fragments of the

initial complexes disintegrated as a result of Auger-process and the following Coulomb fragmentation. Only one

fraction with a relaxation constant of 3ð1Þ � 106 s�1 was observed for the 111mCd–DTPA solution confirming the

proposal about the influence of electron capture after-effects. Measurements with the frozen solutions allowed deter-

mining the electric field gradient (EFG) at Cd-sites in complexes with DTPA, Vzz ¼ 6:7ð2Þ � 1021 V=m2 with an
asymmetry parameter g ¼ 0:75ð5Þ. � 2002 Published by Elsevier Science B.V.

1. Introduction

111In is one of the most commonly used isotopes
in time differential perturbed angular cc-correla-
tion (TDPAC) experiments. This isotope has a
convenient half-life, 2.7 days, and can easily be
produced in cyclotron. 111In transforms into 111Cd
by electron capture (EC) decay (Fig. 1), and an-
gular correlations of the well known 172–245 keV

c-ray cascade in 111Cd (proceeding via the 245 keV
state characterised by spin I ¼ 5=2, half-life
T1=2 ¼ 84 ns, and quadrupole moment Q ¼ 0:8 b)
are being measured. From TDPAC data, an in-
formation on electric quadrupole hyperfine inter-
action (EQI) of the probe nucleus with its local
environment can be extracted. The method is
characterised by the applicability to systems with
extremely low concentration of probe atoms
(about 1012 radioactive atoms per sample) and the
sensitivity to the charge density distribution
around the probe atom. The theory and the
method of perturbed angular correlations of nu-
clear radiations are described in detail in [1].
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111In is also used in the modern nuclear medical
practice. Low-weight organic molecular complexes
with 111In are used in medical chemistry for pre-
paring diagnostic radiopharmaceuticals (RPH).
One of the most important characteristics of such
complexes is their stability in vivo, i.e. at a certain
temperature and physiological values of pH, in a
presence of other positive ions, transferrin and
other components of blood. In vitro stability is
usually a good indication that the complex is to be
stable in vivo and it can be regarded as a candidate
for designing new RPH [2].
As RPH have a low concentration of radioac-

tive probes and conventional methods cannot al-
ways be used, it seems reasonable to use TDPAC
technique for studying the molecular characteris-
tics of 111In-complexes with organic ligands. A
possibility of applying TDPAC for studying or-
ganic objects has been demonstrated earlier in a
number of works (see, for example, reviews [3,4] or
[5]). In particular, the method can be applied to
express assessing the stability of In-complexes with
newly synthesised ligands [6].
Using the 111In probe in TDPAC experiments,

one actually deals not with 111In itself, but with its
daughter 111Cd, i.e., with a different chemical ele-
ment. Thus, a process of chemical rearrangement
of the molecule under study should be considered
while interpreting experimental data. Also, the
radioactive decay leads to so-called after-effects,
which can cause a severe disturbance of the nearest
environment of the daughter cadmium ion.

Numerous experimental studies of after-effects
caused by EC, b- and a-decays have been per-
formed for last few decades. A summary of the
works done by 1970 is given in [7]. There has been
achieved an understanding that the after-effects are
not important in TDPAC studies of metallic sys-
tems because of a considerable lag caused by a
finite lifetime of the initial state of the cc-cascade
and the fast relaxation due to conduction electrons
[8]. In insulators [9] and oxides (see, for example
[10]), the after-effects should be considered while
interpreting experimental data. A problem of
molecular dynamics studies in liquids obscured by
after-effects was discussed in [4].
A possibility of molecule disintegration caused

by EC after-effects, initiated by the Auger-process,
was discussed in [11] for interpretation of two
fractions with considerably different parameters of
dynamic EQI observed for aqueous solutions of
111In-complexes with organic ligands. The fraction
characterised by a low, nearly zero, relaxation
constant was assigned to the fragments of the
initial complexes, which had not survived the
Auger-process and the following Coulomb frag-
mentation (‘‘light fraction’’). The abundance of
the ‘‘survival’’ fraction was proposed to reflect the
complex stability [12]. A comparison of the
survival fractions for In-complexes with diethy-
lenetriaminepentaacetic acid (DTPA) and nitrilo-
triacetic acid in aqueous solutions for different
concentrations of carrier (stable In) was done in
[13]. The results of the work confirmed, though
indirectly, the hypothesis that the EC after-effects
could cause the metal–ligand complex disintegra-
tion.
The present work has been undertaken in order

to verify directly the validity of the proposal about
the influence of the EC after-effects on disinte-
gration of the In(Cd)-complexes with organic li-
gands in aqueous solutions. Perturbed angular
correlation was measured for the solutions of
complexes with two parent isotopes, 111In and
111mCd (see Fig. 1). The latter is an isomeric state
of 111Cd with the half-life 48 min, so all problems
with after-effects and a chemical rearrangement of
the complexes are excluded. The suitable for
TDPAC measurements cc-cascade 150–245 keV,
discharging the 111mCd, proceeds via the same

Fig. 1. The decay scheme of 111In and 111mCd.
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intermediate exited state 245 keV as the cc-cascade
used with the parent 111In isotope. According to
the hypothesis made, in case of 111mCd, only one
fraction with non-zero relaxation constant is to be
expected.
In this work, DTPA, a commonly used ligand

in RPH designing, was chosen as an organic li-
gand, of which complexes with In and Cd are
known to be stable in neutral aqueous solutions
[14]. DTPA has 3 nitrogen atoms and 5 carboxyl
groups, which can potentially form an 8-coordi-
nation complex with a metallic ion:

It is commonly adopted, that In [2] and Cd [15]
form a 6-coordination complex with DTPA.

2. Theory

2.1. EQI studied by TDPAC

EQI represents an interaction of a nuclear
quadrupole moment Q of a probe atom with an
EFG characterised by the main component, Vzz,
and the asymmetry parameter, g ¼ jðVxx � VyyÞ=
Vzzj. The EQI parameters are sensitive to the local
charge distribution, and, in particular, to the
symmetry of the probe atom site. In case of the
static quadrupole interaction (when the distribu-
tion of electric charges around the probe atom
does not change with time), the perturbation co-
efficient of the angular correlation can be written
in the form

G2ðtÞ ¼
X
l

alðgÞ cosfxlðgÞtg expf�KxlðgÞtg; ð1Þ

where al are the amplitude coefficients depending
on g, xl are the functions of g and the quadrupole
frequency mQ ¼ ðeQVzzÞ=h, K is a full width at
half-maximum of the quadrupole frequency dis-
tribution around the mean value assuming its
Lorentzian shape.

In case of solutions, the probe nucleus experi-
ences a dynamic interaction, since the local
environment of the molecule containing the ra-
dioactive probe is randomly changing due to the
Brownian motion. The spin orientation of the
nucleus is changing with a typical time constant
that is known as the re-orientational correlation
time sc [16], which describes the molecule mobility
in the solution. The larger sc the slower the mo-
lecular motion. A typical value of sc for small
molecules or ions in dilute solutions is 10�11 s or
less [1].
The Abragam and Pound theory [17] can be

applied to dilute solutions with low viscosity giv-
ing the following perturbation coefficient

G2ðtÞ ¼
X
i

fie�k2it; ð2Þ

where fi describes abundance of the given sort of
molecules in the solution with a typical relaxation
constant k2i.
The relaxation constant k2 is proportional to

the square of the quadrupole frequency mQ and the
re-orientational correlation time sc. For the spin of
the intermediate level of the c-ray cascade I ¼ 5=2
k2 	 2:53m2Qsc: ð3Þ

In the rotational diffusion theory, sc for a spherical
molecule is described by the following equation
[18]

sc ¼
4

3
pgr3=kT ; ð4Þ

where r is the molecular radius, g and T – the
solution viscosity and temperature. Thus, if the
parameters of dynamic ðk2Þ and static ðmQÞ EQI
can be measured for the same molecules (for ex-
ample, for the aqueous solutions at room and
liquid nitrogen temperatures), the radius of the
molecule can be assessed.

2.2. Electron capture after-effects

Electron capture decay leaves a hole in the
K- or L-shell, initiating an emission of Auger-
electrons. The process of filling the holes in the
electron shells of the daughter ion develops as a
cascade of vacancies moving to the outer shells of
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the ion and resulting in its shock ionisation. When
the vacancy cascade reaches the outer shells of the
daughter ion, the neighbouring atoms start to be
involved in the Auger-process and also gain a
positive charge. The Auger process is very fast,
	 10�13 s, and it results in the excessively charged
electronic environment of the highly charged pos-
itive ion formed after EC decay. The nearest
neighbours supply the central ion with electrons in
order to neutralise its high charge. This process is
being followed by the Coulomb repulsion between
positive ions.
For example, after 111In EC, the average charge

acquired by molecules 111CdI in the Auger process
was shown to be +9 [19]. The energy of the Cou-
lomb repulsion between Cd and I ions in CdI
molecule was estimated to reach 120 eV. In more
complicated molecules the repulsion energy is
shared between larger number of atoms, though,
its value could be still high enough to cause a
break of chemical bonds and a partial or full dis-
integration of the molecule.
Being statistical, the Auger process could cause

a disintegration of some molecules, while other stay
intact being more or less disturbed. The relaxation
to the equilibrium conditions depends on time and
the degree of disturbance. If a molecule stayed in-
tact after the EC decay, one should consider only
the process of the chemical rearrangement of the
molecule around the new chemical element. If a
molecule disintegrated, the radioactive ion can stay
as a free ion in the solution or can be re-chelated
provided that free ligands are available to form a
new complex. While analysing the experimental
results, the typical times for all processes men-
tioned above are to be compared with the time
window available in the TDPAC experiments.
Thus, for the cc-cascade, used in the TDPAC ex-
periments with 111In, the time window is deter-
mined by the half-lives of the initial (1:2� 10�10 s)
and intermediate (8:4� 10�8 s) states.

3. Experimental

111mCd was produced by neutron irradiation of
1 mg piece of natural metallic cadmium in the
5MW-swimming pool type rector at IPEN–

CNEN/SP in a neutron flux of 2� 1013 neutron=
ðcm2 sÞ for 2 h. The abundance ratio of 110Cd in
natural cadmium is about 12% and the other
radioactive isotopes are also produced during the
irradiation. The energy spectrum measured with a
Ge-detector 50 min after the irradiation is shown
in Fig. 2. The lines of the used cc-cascade 150–
245 keV in 111Cd are the most intense in the
spectrum and the data could be accumulated for
4–5 h after irradiation. There are several addi-
tional lines in the spectrum, of which the most
intense are the lines 158.5 and 273 keV. The line
at 273 keV originates from the decay of excited
117In, which is a product of 117Cd and 117mCd
decays (half-lives are 2.4 and 3.4 h, respectively).
117Cd and 117mCd are produced by neutron irra-
diation of 116Cd (abundance ratio is 7.5%) with
activation cross sections of 0.05 and 0.025 b, re-
spectively. The line at 158.5 keV is from the 117Sn
decay, which is, in turn, a product of 117In (half-
live is 42 min). In TDPAC experiment, the lines
158.5 and 273 keV could not be cut off by the
energy windows selecting the first and the second
cascade c-rays. Those lines contributed to the
prompt and random coincidences, which were
taken into account in the data analysis procedure,
and did not interfere into the ‘‘true’’ coincidences
of c1–c2 in 111Cd.
After the irradiation, 1 mg of Cd was initially

dissolved in 0.3 ml of 1M nitric acid, which was
completely evaporated, then – dissolved in 0.3 ml

Fig. 2. Energy spectrum measured 50 min after neutron irra-

diation of natural Cd.
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of 1 M hydrochloric acid, which was also evapo-
rated. Finally, 0.5 ml of hydrochloric acid was
added to the entire activity resulting in the 0.018
M-concentration of Cd in the solution. 0.1–0.2 ml
of this stock solution (depending on the radioac-
tivity) was added to the tenfold volume of the 2
mM DTPA solution in 0.5M-concentrated HCl.
Thus, the ratio of Cd:ligand concentration was
close to 1:1 (with a slight DTPA excess). The pH
value was adjusted using sodium hydroxide solu-
tion. The TDPAC measurements were performed
with liquid samples (1.5–2 ml of a solution in a
plastic tube) at 293 K and with solid samples
(frozen solutions kept in liquid nitrogen, 77 K).
Check experiments were done with neutral so-

lutions (pH¼ 7.0) of 111In–DTPA complexes at
293 K. The samples were prepared using a com-
mercially available (Nordion, Canada) carrier free
solution of 111InCl3 and 2 mM solution of DTPA
in 0.5M HCl. The In:ligand concentration ratio
was 1:infinity (1:1).
It is necessary to point out, that the concentra-

tion of DTPA, relative to In and Cd, was different
for the samples with two parent isotopes. Never-
theless, the results for two isotopes can be com-
pared. We are interested in a presence or absence of
the fraction with the low relaxation constant for the
solution of 111mCd–DTPA complexes. Such frac-
tion was observed [13] for the sample with 111In–
DTPA complexes at different concentration ratios
[In]:[DTPA]. If this fraction is due to the complex
fragmentation after EC decay, then adding carrier
(In or Cd) to the In–DTPA solution could only lead
to its increase. This is related to the fact that in
carrier-free conditions, due to a high excess of li-
gand molecules, the cadmium ion, liberated from
the complex, could be re-chelated producing new
Cd–DTPA complex, which would not contribute to
the ‘‘light fraction’’. In solutions with added car-
rier, the concentration of free ligand molecules is
much smaller, and the re-chelating process is sup-
pressed. So, the minimal light fraction abundance is
to be expected in the carrier-free solution, and the
EQI parameters for another fraction could be de-
termined with higher accuracy and compared to
those determined for 111mCd–DTPA complexes.
The angular correlations of the 172–245 and

150–245 keV c-ray cascades in 111Cd were mea-

sured using a conventional slow–fast TDPAC
spectrometer at IPEN–CNEN/SP equipped with 4
BaF2 scintillators and XP2020Q PMT. The reso-
lution time was 0.8 ns.
12 Coincidence spectra NiðH; tÞ were accumu-

lated simultaneously at the angles H ¼ 90� and
180� between the detectors. The anisotropy spectra
of angular correlations were obtained by the
standard formula

RðtÞ ¼ 2 Nð180; tÞ � Nð90; tÞ
Nð180; tÞ þ 2Nð90; tÞ ffi A22Q2G2ðtÞ; ð5Þ

where

Nð180; tÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Y4
i¼1

Nið180; tÞ
4

vuut ;

Nð90; tÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Y8
i¼1

Nið90; tÞ
8

vuut ;

A22 is the correlation coefficient (theoretical values
are )0.18 for the 172–245 keV cascade and þ0:16
for the 150–245 keV c-ray cascade in 111Cd); Q2 is
the solid angle and sample size correction and
G2ðtÞ is a perturbation coefficient containing in-
formation about EQI.
The anisotropy spectra were obtained taking

into consideration the finite time resolution, a
random coincidence background and a prompt
curve. Spectra RðtÞ were fitted using the least
square method in accordance with the models (1)
or (2). First few channels disturbed by the prompt
curve and a spectrometer malfunction were not
used in the data analysis.
To determine the values of A22Q2 in the exper-

imental geometry for the used cascades in 111Cd,
initial solutions of 111mCd and 111In used for the
sample preparations were measured at room tem-
perature. For the solution of 111mCd in 0.5 M HCl
an unperturbed angular correlation was observed,
while a slight damping of anisotropy function was
detected for the aqueous solution of carrier-free
111InCl3 due to a dynamic interaction characterised
by a relaxation constant of 1:0� 106 s�1. This
value is in agreement with k2 given in [20] for
indium hydroxycomplexes at pH¼ 3.0 and
3:7ð1:1� 106 s�1Þ. Values of A22Q2 are 0.094(1)
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and )0.122(1) for solutions of 111mCd and 111In,
respectively. The smaller value of the geometrical
correction coefficient for the parent 111mCd in
comparison with 111In is due to the much larger
volume of the used 111mCd sample (0.3 and 1.5 ml
for 111In and 111mCd, respectively).

4. Results and discussion

The TDPAC measurements for the aqueous
solutions of 111mCd–DTPA complexes at pH¼ 7.0
were repeated five times at T ¼ 293 K. The results
were reproducible and the spectra were added up
forming the spectrum given in Fig. 3(a). This is a
typical case of dynamic interaction and the spec-
trum could be well fitted by Eq. (2) assuming only
one exponential function. An attempt to fit the
data using the equation

RðtÞ ¼ a0 þ a1e�k2t

resulted in the zero value for the a0 parameter.
Thus, no ‘‘unperturbed fraction’’ due to unbound
probe atoms or some light molecules containing
the probe atoms was observed in the case of
111mCd–DTPA complexes in contrast to 111In–
DTPA [12,13]. Such result was expected from the
hypothesis made for the explanation of two frac-
tions observed for the 111In–DTPA solutions.
The relaxation constant k2 for the complexes

111mCd–DTPA was found to be 3ð1Þ � 106 s�1.
This value is comparable with 2:5� 106 s�1 ob-
tained in [21] for the sample with parent 111In–
DTPA complexes, but is much smaller than the
values obtained in [13], 11� 106 to 19� 106 s�1.
The spectrum for the sample of 111In–DTPA

measured in the present work (Fig. 3(b)) could be
satisfactorily fitted by Eq. (2) only assuming two
exponential functions and a constant term, a0

RðtÞ ¼ a0 þ a1e�kð1Þ
2

t þ a2e�kð2Þ
2

t:

The obtained value of a0 is close to that one pre-
sented in [13], but both damping constants (see
Table 1) differ from k2 given in [13]. The possibility
to resolve two exponents in the present work might
be due to the better resolution of the spectrometer,
better accumulated statistics and the finer time
scale than used both in [13,21]. In [13] the time scale
was rather rough, about 6 ns/channel, and in [21]
the spectra were shown for the time interval start-
ing only from 	 55 ns. So, it is not surprising that
the fast exponent was not observed in both cited
works. Additional experiments with 111In–DTPA
solutions using the same spectrometer as in [13],
but with rather finer time scale (about 1 ns/chan)
also revealed a three-component spectrum [22].
Within the experimental errors, the relaxation

constant 4:2ð5Þ � 106 s�1 is equal to k2 for the
111mCd–DTPA complex. Thus, the fraction char-
acterised by this relaxation constant can be as-
signed to Cd–DTPA complexes, which survived
the Auger-process after 111In decay or formed as a
result of cadmium re-chelating after a full disin-
tegration of the initial complex.
The fraction with higher k2 (the abundance is

about 20%) might represent the complexes in
transient state after In decay into Cd, when EFG

(a)

(b)

Fig. 3. TDPAC spectra of the 150–245 keV (a) and 172–247

keV (b) c-ray cascade in 111Cd obtained at 293 K for neutral

solutions of DTPA-complexes with 111mCd and 111In, respec-

tively. The fitting functions are shown by solid curves.

260 L.G. Shpinkova et al. / Chemical Physics 279 (2002) 255–263



rapidly changes due to the chemical rearrangement
of the complex. If so, one can estimate that such
processes have a typical time of 20 ns. The for-
mation of some clusters, which can also explain
the existence of the second fraction, as well as In2
DTPA complexes found in [23] for a solution with
In:DTPA concentration ratio 1:1 seems to be not
realistic in the carrier-free solution with a high
excess of the ligand.
Using Eq. (3), the re-orientational correlation

time sc can be estimated for the Cd–DTPA com-
plexes, if the quadrupole frequency mQ is known.
Its value could be measured in case of a static EQI,
i.e. with complexes immobilised, for example, by
shock freezing of the solution.
The frozen solutions of 111mCd–DTPA at

pH¼ 1.5; 4.0; 7.0 and 10.0 were measured at
T ¼ 77 K as well as a frozen neutral solution of
111mCd with adding no ligand. The spectra are
shown in Fig. 4 and the fitting parameters in ac-
cord with Eq. (1) are listed in Table 2. A distri-
bution of the quadrupole frequencies around the
average value, characterised by the full width at
half-maximum K, was taken into account. Such
distributions arise due to random configurations
of water and ligand molecules around the probe
atoms and are typical for frozen solutions.
At pH¼ 1.5, the spectrum for Cd–DTPA does

not differ from the spectrum for the neutral Cd
solution with no DTPA, which might indicate that
no complex is being formed at low pH values. At
pH¼ 4.0, the EQI parameters become close to the
values typical for the Cd–DTPA complex at higher
pH. There was observed no difference for the
TDPAC spectra for pH¼ 7 and 10.
The observed tendency of the Cd–DTPA com-

plex formation at pH > 4 is in a good agreement
with data [15], where Cd–DTPA solutions were
studied by the proton magnetic resonance tech-
nique at different pH. It was shown there that at
pH < 3, all four terminal carboxyl groups are

(a)

(b)

(c)

(d)

(e)

Fig. 4. TDPAC spectra measured at 77 K for the neutral so-

lution of 111mCd (a) and solutions of 111mCd–DTPA complexes

with pH¼ 1.5 (b); 4.0 (c); 7.0 (d) and 10.0 (e). The approxi-
mation functions are shown by solid curves.

Table 1

Fitting parameters of dynamic EQI for aqueous solutions of DTPA complexes with 111mCd and 111In

Sample a0 a1 kð1Þ
2 (106 s�1) a2 kð2Þ

2 (106 s�1)

111mCd–DTPA, pH¼ 7 0.0 0.090(6) 3(1) – –
111In–DTPA, pH¼ 7 0.041(2) 0.049(2) 4.2(5) 0.022(1) 44(3)
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equivalent, then, most possibly, are not bound to
Cd ion, and the complex is not formed yet. At
pH6 4:5, the complex is protonated and highly
labile. With pH increasing, the complex lability is
decreased, and its structure stays practically un-
changed up to pH¼ 10. According to [15], Cd-
coordination in the complex with DTPA is octa-
hedron with three terminal carboxyl groups and
three nitrogen atoms.
Thus, one can assume that at pH¼ 7.0, Cd–

DTPA is a fully deprotonated complex, which is
characterised by the parameters obtained in the
present work, namely: re-orientational correlation
time sc ¼ 7:7� 10�11 s, the main EFG component
Vzz ¼ 6:7ð2Þ � 1021 V=m2 and the asymmetry pa-
rameter g ¼ 0:75ð5Þ. The large value of g gives an
evidence of a high asymmetry of the local Cd en-
vironment in the complex. Then, the octahedral
Cd-coordination proposed for such aminopoly-
carboxylate complexes is a very rough simplifica-
tion and, in practice, the octahedron is
substantially deformed.
Using the values of mQ ¼ 125 MHz and

k2 ¼ 3� 106 s�1, from (3) and (4), the radius of the
Cd–DTPA complex formed in the neutral aqueous
solution can be assessed as 4.2 �AA. Considering the
number of atoms in the complex, this value seems
to be realistic unlike the value of 12.4 �AA found in
[21] for the InCl3 solution at pH¼ 1.4.
A very broad distribution (K 	 50%) of the

quadrupole frequency with the average value of
mQ ¼ 170ð30Þ MHz was observed for the neutral

frozen solution of parent 111In–DTPA complexes
(Fig. 5). The observed difference in K parameters
for parent complexes 111mCd–DTPA and 111In–
DTPA should be attributed to the influence of
after-effects and an excitation of the molecule due
to the chemical rearrangement of the complex af-
ter 111In decay. Though, one can note that the
difference in the average frequencies is not dra-
matic indicating the similarity of the local envi-
ronment of the probe 111Cd atoms in both
complexes. The shift of the average mQ to the
higher value is in agreement with the observation
of the fast component in the dynamic spectrum for
the 111In–DTPA solution.

5. Conclusion

The results of this work confirmed that the
hypothesis about the EC after-effects influence on
the integrity of 111In(Cd)-complexes with organic
ligands is correct. The direct comparison of the
data obtained with 111In–DTPA and 111mCd–
DTPA parent complexes showed that a part of
Cd–DTPA complexes disintegrate after 111In EC,
which causes Auger process in daughter Cd, the
following Coulomb repulsion and, as a conse-
quence, break of chemical bonds.
The EC after-effects and a chemical rearrange-

ment of the molecule should be taken into con-
sideration while using 111In as the parent isotope in

Table 2

Fitting parameters of static EQI for frozen aqueous solutions

of 111mCd without and with DTPA at different pH and
111In–DTPA complexes at pH¼ 7.0

Solution mQ (MHz) g K (%)

111mCd, pH¼ 7.0 51(2) 0.5(1) 18(4)
111mCd–DTPA,

pH¼ 1.5
49(9) 0.9(6) 30(10)

111mCd–DTPA,

pH¼ 4.0
99(4) 0.6(1) 14(5)

111mCd–DTPA,

pH¼ 7.0
125(2) 0.77(4) 17(3)

111mCd–DTPA,

pH¼ 10.0
125(3) 0.72(5) 21(4)

111In–DTPA,

pH¼ 7.0
170(30) 0.4(2) 50(10) Fig. 5. TDPAC spectrum measured at 77 K for the neutral

solution of 111In–DTPA complexes. The approximation func-

tion is shown by the solid curve.
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studies of low weight organic molecular com-
plexes, though the averaged values obtained with
111In could be used as a rough estimations for Cd-
complex parameters. The fast component found in
the dynamic spectrum of 111In(Cd)–DTPA can
indicate a presence of high transient EFG due to
the complex rearrangement after In decay into Cd.
This can give a possibility of studying such fast
processes and assessing their typical times.
The following parameters of static and dynamic

electric quadrupole interactions of 111Cd in com-
plexes with DTPA in neutral aqueous solutions
were obtained using 111mCd as the parent isotope:
the re-orientational correlation time sc ¼ 7:7 �
10�11 s, the main component of EFG Vzz ¼
6:7ð2Þ � 1021 V=m2, and the asymmetry parameter
g ¼ 0:75ð5Þ. The high value of the latter parameter
indicates that Cd coordination in the complex is
not a regular octahedron. The radius of the Cd–
DTPA complex was assessed to be r ¼ 4:2 �AA.
It was confirmed that at low pH values

ðpH < 4Þ, there was no Cd–DTPA complex
formed, while in neutral and alkaline solutions the
complex is stable and its structure remains un-
changed in a wide pH range (up to 10).
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