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Stat ic and dynamic elect ric quadru p ole interaction s of 111 C d in com -
ple xes w it h diethylenetriami nep entaacetic acid w ere studied by the time dif -
ferential perturb ed angular ÛÛ -correlation technique using two parent iso-
top es, 111 In( EC )111 Cd and 111 m Cd. T he measurements were carried out us-

ing neutral aqueous solutio ns of the diethylenetri ami nepentaacetic- aci d-com-
plexes with initi al isotop es at 293 K and 77 K . I t w as shown that the
111 C d-diethylenetriami nepentaacetic- acid-comp lex in aqueous solutio ns at

pH = 7.0 is characterised by the re-orientational correlation time of 7 : 7

1 0
11 s and an electric Ùeld gradient V = 6: 7 ( 2 ) 10

21 V /m 2 with an asym-
metry parameter ² = 0 :7 5(5) . A direct comparison of the electric quadrup ole
interaction parameters for diethylenetriami nepentaacetic- acid- complexe s w ith
111 In and 111m Cd conÙrmed the prop osal about the fragmentation of the
complexes caused by the af ter- e˜ects of electron capture in 111 I n. A n ob-
served di˜erence in the electric quadrup ol e interaction parameters obtained
for the solution s w ith 111 I n and 111m C d complexes reÛects a pro cess of a

chemical rearrangement of the complex structure after the In decay into C d.

PACS numb ers: 23.20.En, 23.40. {s, 61.66.H q

1. I n t rod uct io n

Co mpl exesof radi oacti ve m etals wi th organic l igands are wi dely used in nu-
cl ear medicine for di agnosti cs and thera py . The m ost comm on diagnostic m odal it y
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is the gamm a-scintig raphy, whi ch requi res an isotope emi tti ng gamm a-ray s wi th
an energy of about one hundred keV. A radioacti ve isoto pe is to be bound to an
organi c com pound form ing a stabl e compl ex tha t reduces the m etal to xi cit y and
changes i ts bi ochemical behavi our. The com plexes used in radiopha rm aceuti cals
(R PH) designing are characteri sed by a num ber of parameters includi ng the in
vi vo stabi l i ty . In vi t ro stabi l i ty is usual ly a good indi cati on tha t the compl ex is to
be stabl e in vi vo and i t can be regarded as a candi date for designi ng new RPH [1].

One of the gam ma-emi tti ng isoto pes used in the m odern nucl ear m edical
pra cti ce is 1 1 1 In wi th a hal f- l i feof 2.7 days. 1 1 1 In- com plex wi th diethyl enetri amine-
penta acetic aci d (D TP A) is used as R PH i tself and for prepa rati on of R PH speciÙc
to a parti cul ar organ or ti ssue, when bound to a receptor ta rgeted agent.

1 1 1 In is also one of the most conveni ent isoto pes used in the ti m e di ˜eren-
ti al perturb ed angul ar ÛÛ-corre lati on (TD PAC) m etho d. The TD PAC techni que
al lows getti ng inform atio n about electri c quadrup ole intera cti ons (EQI) of a probe
nucl eus wi th i ts local envi ronm ent in sam ples wi th extrem ely low concentra ti on of
pro be ato m s (1 0 1 1

À 1 0 1 2 ato m s per one preparati on). The theo ry and the metho d
of TD PAC are described in deta il in [2]. TD PAC o˜ers a num ber of possibi l i ti es for
studyi ng 1 1 1 In- conta ining com plexes, includi ng assessing the mobi l it y and radius
of compl exesand thei r stabi l i ty in soluti ons in condi ti ons sim ulati ng the \ i n vi vo"
situa ti on or even in vi vo using smal l laborato ry anim als [3].

It is necessary to ta ke into account tha t the EQI param eters, extra cted f rom
the TD PAC m easurements usi ng 1 1 1 In as a parent isoto pe, are actua l ly related
to 1 1 1 Cd, i .e. to a com plex after a chemical tra nsmuta ti on of the metal l ic ion. It
is sti l l an open questi on whether the rearrangement of the enti re com plex ta kes
pl ace wi thi n the ti m e wi ndow avai lable in the TD PAC experim ents (about 500 ns
for 1 1 1 In) or daughter 1 1 1 Cd rem ains in the envi ronm ent typi cal of indi um and
the obta ined param eters can characteri se the ini ti a l compl ex. Ano ther pro blem
concerns the so-cal led after- e˜ects, since In tra nsform s to Cd by electron
capture decay fol lowed by an emission of Aug er-electrons and a shock ionizati on
of Cd and i ts nearest neighbours. In parti cul ar, there is a possibi l i ty of a com plex
to disinteg rate due to the Coul omb repul sion between the positi vely charged Cd
ion and i ts envi ronm ent [4 ].

In order to assessthe inÛuenceof the chemical rearrangement of the com plex
due to In Cd tra nsmuta ti on and of the electron capture after- e˜ects on the EQI
parameters obta ined in the TD PAC experim ents, we studi ed the stati c and dy-
nam ic EQI in In(Cd) com plexes wi th D TP A using two parent isoto pes, In and

Cd. The latter is an isom eric state of Cd wi th the hal f-l i fe of 48 minutes
and no pro blems wi th after- e˜ects and chemical pro cess are inv olv ed. The sui t-
abl e f or TD PAC m easurements -cascade 150{ 245 keV, discharg ing the Cd,
pro ceeds vi a the same interm ediate exi ted state 245 keV ( ns,

barn) as the -cascade 172{ 245 keV used wi th the parent In isoto pe.
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2. E x per i m en t a l

111 mCd was pro duced by neutro n i rra diati on of 1 m g of natura l m etal l ic cad-
m ium in the 5 M W -swimm ing pool typ e reactor at IPEN- CNEN/ SP in a neutro n
Ûux of 2 È 1 0 1 3 neutro n/ (cm 2 s) for 2 hours. The other radioacti ve isoto pes acti -
vated by i rra diati on of natura l cadm ium in reacto r, such as 1 1 7 Cd and 117m Cd, do
not hamper the TD PA C measurements, since they contri bute only to the prom pt
and random coinci dences.

Af ter the irra di ati on, 1 m g of Cd was di ssolved in 0.3 ml of 1 M ni tri c
aci d, whi ch was evaporated to dryness. The residue was dissolved in 0.3 ml of 1 M
hydro chloric acid, whi ch was also evaporated. Fi na l ly, the acti vi ty wa s dissolved in
0.5 m l of hydro chlori c acid. For preparati on of sam ples wi th 1 1 1 In, a comm ercial ly
avai lable (No rdi on, Canada) carri er free soluti on of 1 1 1 InCl 3 wi th a high speciÙc
radi oacti vi ty was used.

The ini ti al radioacti ve soluti ons (0.1{ 0.2 m l , depending on the acti vi ty , in
the case of Cd and several m icrol i ters in the case of In) were added to
the 2 m M soluti on of D TP A in 0.5 M HCl . The rati o of m olar concentra ti ons
[Cd] :[DTP A] was always kept to about 1 (wi th a slight excess of the l igand),
the concentra ti on rati o [In] :[D TP A] =1 : . Thus, the excess of DTP A and high
stabi l i ty constants of DTP A compl exes wi th Cd and In (l og and 29.0,
respect ively [5]) ensure a form atio n of exp ected compl exes, since there are no
other l igands or ions, whi ch can com pete wi th D TP A. Sodi um hydro xide soluti on
wa s used for adjusti ng the pH value to 7.0. The sam pleswere kept in sealed pl astic
tub es. The TD PAC m easurements were perf orm ed wi th l iqui d sam ples at 293 K
and wi th frozen soluti ons at 77 K.

The angular correla ti ons of the 172{ 245 keV and 150{ 245 keV -ray cascades
in Cd were measured using a conventio nal slow- fast TD PAC spectrom eter at
IPEN- CNEN/ SP equipp ed wi th 4 BaF scinti l lato rs and XP2 020Q PMT. The
resoluti on ti m e was 0.8 ns.

12 coincidence spectra were accumul ated sim ulta neousl y at the an-
gles and 180 between the detecto rs. The ani sotro py spectra of angular
correl ati ons were obta ined by the standard form ula:

(1)

where , is
the correl ati on coe£ cient ({ 0.18 for the 172{ 245 keV cascade and +0 .16 for the
150{ 245 keV cascade in Cd) ; is the sol id angle and sam ple size correcti on
and is a perturba ti on coe£ cient conta ining inf orm atio n about EQI. The
ani sotro py spectra were obta ined ta ki ng into considerati on the Ùnite ti me resolu-
ti on, a random coinci dence background and a pro mpt curve. Spectra were
Ùtted using the least square m ethod.
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In case of a stati c quadrup ole intera cti on (f rozen soluti ons), the data were
Ùtted by the fol lowi ng equati on:

R ( t ) =
X

i

p i

3X

l = 0

a l ( ² 1 cos i
l

i exp i i
l

i (2)

where i are the relati ve popul ati ons of inequivalent sites of the pro be ato m s,

l are the ampl i tude coe£ cients and l are the f requenci es, whi ch are the func-
ti ons of the asym metry parameter of an electri c Ùeld gradient (EF G) and the
quadrup ole frequency Q z z is the nucl ear quadrup ole m oment, and

z z i s the m ain component of EFG tensor). is a relati ve hal f wi dth at hal f-m axi -
m um of the Q di stri buti on around the m ean value assuming tha t i t is a Lorentzi an.
Such distri buti ons ari se due to vari ati ons of the charge envi ronm ent of the probe
nucl ei. Thi s is typi cal of frozen soluti ons, where EFG is determ ined not only by the
regular charge di stri buti on in a given molecule, but also by a random arra ngement
of the other m olecules.

For a dyna m ic perturba ti on, in accordance wi th the Abra gam and Pound
theo ry [6] for di lute soluti ons wi th low vi scosity , the angul ar correl ati on ani sotro py
has an exponenti a l form

i

i exp i (3)

where refers to di ˜erent inequivalent molecules conta ining the probe ato ms and i

are the am pl i tudes pro porti onal to thei r abunda nce, i are the relaxa ti on consta nts
(f or nucl ear spin 5/ 2, Q , where is the re-ori enta ti onal correl ati on ti m e
[6] describing the mobi li t y of m olecules in a soluti on).

At room tem perature, the TD PAC m easurements were carri ed out f or neu-
tra l aqueous soluti ons of In- DTP A (2 sam ples) and Cd- D TP A (5 sam ples).
The results were repro duci ble and the summ arised spectra are given in Fi g. 1.
Both spectra are typi cal exam ples of dyna mic intera cti on and they can be Ùtted
usi ng the m odel (3). The spectrum for Cd- D TP A (wi tho ut several Ùrst channels
whi ch were not used in the Ùtti ng procedure) could be Ùtted assuming onl y one
exp onenti al functi on wi th the relaxa ti on constant s . Thi s value
is comparable wi th s f or In- D TP A soluti on at pH = 1.4 [7], but is
m uch smal ler tha n the value obta ined in [8, 9] for In- D TP A com plexes in neutra l
aqueous soluti ons, to s .

The spectrum for In- DTP A coul d be sati sfactori ly Ùtted onl y assuming
three f racti ons populated as 2:5:4 wi th essential ly di ˜erent relaxati on consta nts,
nam ely: and 0 s . The latter fracti on can be deÙned
as a constant term . It was ini ti al ly observed in [4, 8, 9] and assigned to the
l ight fragments of disintegrated com plexes form ed as a result of Aug er-pro cess
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Fig. 1. T DPA C spectra measured at room temp erature for neutral aqueous solution s

of complexes 111 I n-DT PA and 111m Cd- DT PA . T he approximation functions obtained in

accordance with Eq. (3) are shown by solid curves.

and Coul omb repul sion in the daughter compl ex Cd- D TP A. As no such fracti on
wa s found for the sampl e wi th 111m Cd, thi s f act conÙrms the proposal about the
inÛuence of electron capture after- e˜ects on fragm enta ti on of 1 1 1 In- com plexeswi th
organi c l igands.

W ithi n the exp erimenta l errors, the second relaxati on constant,
4 : 2 ( 5 ) È 1 0 6 s , is equal to the parameter found for the Cd- DTP A compl ex. Thus,
we can ascribe thi s f racti on to the com plexesCd- D TP A survi ved the Aug er-pro cess
or form ed after a ful l di sinteg rati on of ini ti al compl ex after electron capture in In
wi th the subsequent bindi ng of Cd to a new l igand molecule. It is questi onable i f
the latter pro cess can occur in such short ti m e as ns, tho ugh the studi es of
the \ survi val" fracti on dependence on the l igand concentra ti on [9] are in favo ur of
the re-chelati ng process.

The ori gin of the less abunda nt fracti on wi th the high relaxati on consta nt is
uncl ear. Consideri ng tha t is pro porti onal to the re-ori entati onal correl ati on ti m e
and to the squared quadrup ole frequency, the values for two fracti ons (wi th

and s ) shoul d di ˜er by a factor of 3 or values | by a
facto r of 10. Ob vi ously, thi s fracti on is related to som e clusters wi th m uch lower
m obi l it y in com pari son wi th the In(Cd)- D TP A com plexesor to high tra nsient EFG
occurred in the com plexes duri ng a chemical rearra ngement.

The TD PAC m easurements for the frozen soluti ons kept at the l iqui d ni -
tro gen tem perature allowed determ ining the average quadrup ole frequency for
D TP A com plexes wi th both parent In and Cd. The spectra are given in Fi g. 2.
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Fig. 2. TDP AC spectra measured for frozen neutral aqueous solutions of complexes
111 In-DT PA and 111m C d-DT PA . T he approximation functions obtained in accordance

w ith Eq. (2) are show n by solid curves.

A very bro ad distri buti on (Ê ¤ 5 0%) of the quadrup ole frequency 170(30) MHz
wa s observed for the sam ple conta ini ng DTP A com plexes wi th the parent 1 1 1 In.
For the com plexes 1 11mCd- D TP A, the fol lowi ng param eters were obta ined:
¡ Q = 1 2 5 (2 ) MHz, ² = 0 and %. The much broader distri bu-
ti on of Q around the avera ge value f or In sam ple tha n tha t for the Cd
sam ple is reasonable to be connected wi th the inÛuence of after- e˜ects, whi ch cre-
ate addi ti onal di sorder in the frozen soluti on. Using the values of Q and for both
parent compl exes, one can calcul ate the re-ori entati onal correl ati on ti m e, whi ch is

s and s for Cd- D TP A compl exes ori ginated from ini ti al
compl exes Cd- D TP A and In- D TP A, respectivel y.

The results obta ined for the dyna m ic and stati c EQI for the soluti ons of
D TP A com plexes wi th parent In and Cd al low derivi ng the fol lowi ng con-
cl usions:

1. The Cd- D TP A compl ex in a neutra l aqueous soluti on is characteri sed by the
re-ori entati onal correl ati on ti m e s, the m ain EFG com ponent

z z V m and .

2. A di rect compari son of the results obta ined at 293 K wi th neutra l soluti ons of
parent com plexes Cd- D TP A and In- D TP A conÙrms the proposal [4]
about a disinteg rati on of com plexes after In electron capture decay as a
resul t of the Aug er-pro cess and the f ol lowi ng Co ulom b fragm enta ti on.

3. The EQI param eters for neutra l soluti ons of D TP A com plexes wi th par-
ent In and Cd are close to each other, tho ugh not identi cal , m ean-
ing an existence of dyna m ic e˜ect of the chemical rearra ngement in the
compl ex caused by the nucl ear tra nsmuta ti on In Cd and electro n capture
after- e˜ects. The closeness of the EQI parameters adds to a possibi l i ty of



T ime Di ˜erent ial Per tur bed Angular ÛÛ -C orrelat ion Studies . . . 805

studyi ng 1 1 1 In- conta ing RPH by the TD PAC m etho d, since the resul ts, whi ch
are reÛected by the characteri sti cs of the integ ral com plexes, coul d be ex-
tra cted from the 1 1 1 In- TD PAC experim ents.
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