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Abstract Structural and electronic properties of
[C12H2456X], [C13H26S60X], and [C4H5Ss0X] (X: Ag+,
Cd*") crown thioether complexes were investigated within
the framework of the density functional theory (DFT) using
the projector augmented wave (PAW) method. The theoretical
results were compared with time-differential perturbed y—y
angular correlations (TDPAC) experiments reported in the lit-
erature using the "' Ag—'"'Cd probe. In the case of X=Ag", a
refinement of the structure was performed and the predicted
equilibrium structures compared with available X-ray diffrac-
tion experimental data. Structural distortions induced by re-
placing Ag" with Cd*" were investigated as well as the
electric-field gradient (EFG) tensor at the Cd*" sites. Our re-
sults suggest that the EFG at Cd*" sites corresponds to the Ag”
coordination sphere structure, i.e., before the structural relax-
ations of the molecule with X=Cd*" are completed. The re-
sults are discussed in terms of the characteristics of the
TDPAC '""Ag—'"'Cd probe and the time window of the
measurement, and provide an interesting tool with which to
probe molecular relaxations.
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Introduction

Thiacrown ligands are important compounds with applica-
tions in nanotechnology, environmental chemistry, pharma-
cology and toxicology due to their ability to chelate metallic
ions [1-3]. The choice of these macrocyclic ligands is based
on the inherent selectivity of thioether groups to soft and soft-
mild transition metals, such as Ag", Cd*', Pb*", Cu*", and
Zn*" [4]. Several studies aiming to develop applications for
thiacrown ligands have been reported, including Hg*"
chemosensor in water [5], competitive liquid-liquid solvent
metal chelation [4], stabilizing unstable oxidation states such
as Pd*", Au*" and Ag®" [6, 7], antitumor compounds [8-12]
and protein kinase inhibitors [13]. Since the hazardous effects
of free metal ions in the human body are numerous [14] (e.g.,
amyotrophic lateral sclerosis, kidney malfunction, cancer,
Alzheimer’s and Parkinson’s diseases), a natural application
of thiacrown ligands is in this area. However, structural and
stability characterization of thiacrown metal complexes in bi-
ological environments is not straightforward. However, in
special cases, the electric-field-gradient (EFG) tensor at a cer-
tain probe site provides a local and very accurate fingerprint of
metal coordination. The EFG can be measured through differ-
ent hyperfine techniques such as nuclear quadrupole reso-
nance (NQR), nuclear magnetic resonance (NMR),
Maossbauer spectroscopy (MS), and time-differential
perturbed angular y-y correlation (TDPAC) [15]. Experimen-
tal determinations of the EFG have been used successfully to
address a wide range of studies with biological applications
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when combined with molecular modeling in the framework of
the density functional theory (DFT) [16]. Recent characteriza-
tion examples are: the coordination environment of the human
copper chaperone HAH1 [17], the physical properties and
coordination of metal sites in peptides [18], bisphosphonate
derivatives as drugs for cancer inhibition [19], hydrogen bond
patterns in potential antileukemic agents [20], and DNA mu-
tations in mice infected with Tiypanosoma cruzi [21].

A family of Ag-crown thioether complexes were studied
through TDPAC using the ("''Ag—)'"'Cd probe, aimed at
potential applications as radiopharmaceuticals [22]. In 2005,
Heinrich et al. [23] used a DFT approach in order to establish a
simple model to correlate the EFGs with the specific metal
coordination environments in these complexes. The calcula-
tions were performed at the Ag sites, although the TDPAC
measurements were performed at the '''Cd nucleus after the
M Ag—""Cd nuclear decay [24-26]. Since the EFG is very
sensitive to anisotropic charge distribution close to the probe
nucleus, this decay can induce electronic and structural chang-
es in the host molecules that was not taken into account by
Heinrich et al. [23].

In the present work, we report an ab initio DFT study of
three crown thioether molecules, namely [C,H,4S¢X],
[C13H26S6¢0X] and [C4H,5S60X], where X is Ag or Cd. In
order to elucidate the chemical differences between Cd and
Ag, theoretical EFG calculations in both metal sites (taking
the structural and electronic changes induced by the Cd ion
properly into account) were performed here and compared
with the '''Ag— ""'Cd TDPAC experiments. Counterion in-
fluence, the role played by the environment, the electronic
structure, and hyperfine properties of the metal complexes
are discussed. By comparing theory and experiment we ob-
tained a scenario for the local structure around the probe and
discuss the molecular relaxation times.

Computational methods

The complexes selected for these studies are
[C12H24S6Ag][PFs], [C13H26S60Ag][CF3503] and
[C14H25S6OAg][BF,4]; the corresponding X-ray structures
can be found in the literature [22, 27]. Figure 1 shows the
2D chemical structures without the counterion, namely
[C12H24S6X]n, [C13H26860X]n and [C14H28860X]n, where
X stands for the metal ion (Ag” or Cd*") and n is the total
charge of the complexes.

The EFG is a traceless symmetric tensor with components
denoted by Fj;, defined by the second derivative of the Cou-
lomb potential V(r) at the nuclear site, as described in [28]. In
the principal axis system, the traceless property assures that
Vxx + Voy + Vo, = 0, Vxx, Vyy and V,, being the diagonal
elements. The conventional choice is [Vxx| < [Vyyl < [V,
hence V,, is the largest eigenvalue of the tensor. Instead of
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Fig. 1 The three crown thioether complexes [Ci,H»4S6X]",
[C13H26S60X]" and [C4H,5S¢0X]". X represents the metal site and n
the total charge

specifying three diagonal elements, usually 7, and the asym-
metry parameter 1) = (Vxx — Vyy)/V, are reported. In the case
of a pure-electric-quadrupole interaction (as in the case of the
experiments that will be discussed here) the measured magni-
tudes are 7 and the nuclear quadrupole frequency w, related
to V, through wq = eQV,,/[41(2] — 1)h] [16]. Here, O stands
for the nuclear quadrupole moment of the sensitive TDPAC
probe state, which is characterized by a nuclear spin quantum
number / (I=5/2+ for the 245 KeV excited state of '''Cd,
Q = 0.83(13) b [29, 30], see Fig. 2) and e is the proton’s
charge. The EFG can be obtained from the charge density of
the system using DFT calculations.

In order to solve the Kohn-Sham (KS) equations in the
framework of the DFT [31, 32], the projector augmented wave
(PAW) method as embodied in the Car-Parrinello (CP)-PAW
code developed by Blochl et al. [33, 34] was used. The PAW,
an all-electron method, is able to accurately predict hyperfine
properties [28, 33-36]. Instead of solving KS equations
through matrix diagonalization, the CP scheme [37], with
dampened motion, was used to determine the electronic struc-
ture and the atomic positions. The basis set is constituted by
plane waves and localized wave functions, which preserves
the information of the characteristic wave function nodal
structure in the regions near the nuclei. PAW uses an
“augmentation” approach, from the all-electron augmented

27 ps
Y.l 97kev o
D ns
Y
T 1245 keV
Hiscd

Fig. 2 Simplified nuclear decay scheme of '''Ag [15]. The value of the
nuclear quadrupole moment (Q) of the 245 keV excited state (0.83 b) was
taken from the literature [29, 30]. The half-life of the 3/2+ 342 keV and
5/2+ 245 keV of '''Cd are 27 ps and 84.5 ns, respectively [29, 30]
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wave method, specified by the so-called projector functions.
The PAW calculations were performed using one s projector
function for hydrogen, and two s, two p and one d projector
function for other atoms. The value of the plane waves and
charge density cutoff energies are 30 Ry and 120 Ry, respec-
tively. Exchange and correlation (Ey.) effects were treated
using the Perdew, Burke and Ernzearhof (GGA-PBE) func-
tional [38]. The choice of the projectors, the cutoff energy
criteria, and E,. functional were based on previous calcula-
tions [21, 24, 28, 39, 40], which also investigated EFG prop-
erties in molecules. All calculations were performed in the
reciprocal space and the generated unit cell was chosen in
order to be large enough to assure that the wave functions
images did not interact with each other and decouple the spu-
rious electrostatic interaction between molecules using a com-
pensating charge background. As a consequence, the calculat-
ed molecules were isolated from the neighboring molecules
simulating a gas phase environment. For the present calcula-
tions, unit cells with dimensions 14x20x20 A> for
[C12H24S6X] and 17x20%x20 A? for [C3H,6S¢0X] and
[C14H,5S¢0X] were used. In these cases, the molecules are
kept sufficiently far from each other (at least 6 A) [34].

The computational steps of the present study are summa-
rized in Fig. 3, using [C1,H24S6X]" as an example. STEP I
shows the experimentally determined structure of
[C1,H24S6Ag]" (position 1) and STEP II shows the equilibri-
um structure predicted by CP-PAW optimization (Position 2).
STEP III represents the moment when the '''Ag— "''Cd nu-
clear decay takes place, i.e., replacement of the Ag" ion by the
Cd*" ion, on the Ag" coordination sphere (position 2) and
prior to the structural changes induced by Cd. Finally, position
3 in STEP IV is obtained after structural optimization of po-
sition 2. This computational procedure was repeated for the
other complexes studied here.

Results and discussion

Initially, computational studies on the Ag complexes were
performed in order to investigate the influence of the

Fig. 3 Computational procedure
used to obtain the structures
before and after the "' Ag—'"'Cd
decay using [C1,H,4S¢X]" as an
example. Atomic colors
conventions: gold S, black C, blue
Ag, green Cd. The numbers
inside the crown thioethers are the
S-Ag and S-Cd distances in A
(also shown in Table 1)

Position 1
X=Ag"*

STEP I

Position 2
X=Ag"*

counterion on the structural distortions at the metal sites.
The [C1,H24SsAg][PFg] crystal [27] has three metal com-
plexes and three [PF¢] ™ counterions per unit cell. Analogously,
[C13H26860Ag][CF3803] and [C14H28860Ag][BF4] crystals
have two metal complexes and two counterions per unit cell
[22]. In Ag-crown thioether complexes, the metal is coordi-
nated by four S sites (equatorial distances), and two S longest
distances (axial distances). From each crystal, a metal com-
plex and the closest counterion were extracted to perform a
full optimization of a neutral molecular system. The theoreti-
cal and experimental distances are shown in Table 1 (see Po-
sitions 1 and 2-CI), where qualitative good agreement be-
tween X-ray and optimized structures can be seen. The pre-
dicted S—Ag bond lengths were larger than the experimental
bond lengths—a well-known characteristic of the GGA ex-
change correlation functional [38]. The only exception to this
behavior was the S4-Ag bond length in
[C13H,6S60Ag][CF5SO5], which is reduced by about 6 %.
On the other hand, the theoretically predicted bond lengths
between the Ag and the counterion are reduced systematically
with respect to the experimental bond lengths. In addition, the
same complexes were investigated without the counterions,
namely [C12H24S6Ag]+s [C13H26S60Ag]+ and
[C14H,5S60Ag]", in order to determine the influence of the
counterion on metal coordination. After the structural optimi-
zations, all S—Ag bond lengths also increased up to 6 % with
respect to the experimental data (see positions 1 and 2 in
Table 1). In both cases, the correct metal coordination was
found [22, 27], i.e., tetrahedral distorted for [C13H,6S¢OAg]"
and [C4H,3S¢0OAg]" and octahedral distorted for
[C1,H,4S¢Ag]" as was found in the X-ray experiments. This
minor effect on the structures can be expected since the coun-
terions are weakly coordinated [41]. Based on these results,
the counterions will be disregarded in the following
discussion.

Following the study of the structural properties of the pris-
tine Ag’-complexes, the Ag ion was replaced by Cd*" (posi-
tion 2 of STEP III in Fig. 3) and the self-consistent electronic
structure of the three molecules, with all atoms in their initial
un-relaxed positions, was calculated. Through structural opti-
mization (position 3), the metal coordination found was

STEP IlI
-829 2.829
28188

Position 2
X=Cd?

STEP IV

-8:_:
@.@

Position 3
X=Cd?*
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Table 1 Metal coordination

bond-lengths (in A) obtained X=Ag" X=Ag" X=Ag" X=Cd**
through X-ray diffraction Position 1 Position 2-CI* Position 2 Position 3
(position 1, Ref. [22, 27]) and
optimized from density functional [Ci12H2486X] S1-X 2.6665(12) 2.847 2818 2.844
theory (position 2-CI, S2-X 2.6665(12) 2.721 2818 2.844
geometry optimization $3-X 2.7813(10) 2.961 2.829 2.837
considering the counterions; and
position 2, geometry optimization S4-X 2.7813(10) 2.757 2.828 2.837
considering the total charge state S5-X 2.7813(10) 2.757 2.828 2.837
of molecule). Position 3 S6-X 2.7813(10) 2.960 2.829 2.837
cgrresponds to the structure CLX 6.976 6.613 ) )
distorted by the replacement of
Ag" by Cd** [C13H26S60X] S1-X 3.553(0) 3.933 3.684 2.907
S2-X 2.644(2) 2.716 2.722 2.890
S3-X 2.573(2) 2.688 2.666 2.821
S4-X 3.269(0) 3.079 3.279 2915
S5-X 2.655(3) 2.749 2.804 2.884
S6-X 2.551(2) 2.641 2.600 2.812
CI-X 5.640 5.284 - -
[C14H28S60X] S1-X 2.578(2) 2.664 2.662 2.835
S2-X 4.502(2) 4.865 4.626 2.999
S3-X 2.597(2) 2.832 2.710 2.820
S4-X 2.586(2) 2.607 2.634 2.887
S5-X 3.719Q2) 3.858 3.985 2.924
S6-X 2.598(2) 2.642 2.662 2.840
CI-X 5.046 4281 - -

# Optimization geometry considering the counterions, represented by CI

octahedral distorted in all cases. Although the
[C13H26S60Cd]*" and [C4H,5S¢0Cd]*" initial structures
(position 2) are tetrahedral distorted, the S—Cd bond lengths,
initially smaller than 3.0 A, were enlarged, whereas the dis-
tances initially larger than 3.0 A were shortened, which leads
to the final optimized octahedral distorted Cd*" coordination.
In the case of [C12H2486Cd]2+, the S—Cd bond lengths remain
nearly unaltered after structural optimization, which can be
attributed to the small size of the C,,H,4S¢ ligand, which
has lower flexibility to change its coordination sphere.

Table 2 lists the EFG tensors obtained at the Ag sites. Since
no Ag isotopes were used as probes in TDPAC experiments
[23], these results cannot be compared with experimental data.
Nevertheless, they can be used to clarify the differences in the
hyperfine properties originated by substitution of the Ag" ion
by Cd*". The EFG tensors at Ag sites were derived from two
different sets of positions: the experimental coordinates (posi-
tion 1, see Fig. 3) and at those predicted by DFT (position 2 in
Table 1). As can be seen in Table 2, in all cases, the V,, values
at the Ag" sites for the experimental positions are approxi-
mately only 1x10?" V m™? larger than those obtained for the
optimized structures—a small difference. The asymmetry pa-
rameter 7) is more sensitive to fine details of the structure. The
EFG tensors at the Cd*" site in the Ag™ optimized structure
(position 2) and after structure relaxations (position 3) are
shown in Table 3. The replacement of Ag” by Cd*" (position
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2 in Tables 2, 3) leads to an overall increase in the values (up
to 3.0x10*' V. m?). Considering that the EFGs at Ag" and
Cd*" sites were calculated for the same structures, these
changes originate solely from the different electronic struc-
tures of Ag and Cd. Interestingly, after structural optimizations
(position 3, Table 3), the values at the Cd*" site in
[C13H26S60Cd]*" and [C4H,5S60Cd]*" are reduced by
one-half and the n values are enlarged to about 0.5-0.8. On
the other hand, in the case of [C12H2486Cd]2+, V,, and n
values remain almost unchanged, which is due to the fact that

Table 2 V,, and asymmetry parameter 7 at the Ag" sites in
[C12H24S(,Ag]+, [C13H2(,S60Ag]+ and [(:141‘123850Ag]4r complexes.
Electric field gradient (EFG) calculations were performed using the ex-
perimental X-ray (position 1 in Fig. 3) and optimized (position 2 in Fig. 3)
structures

Complex X-Ray* Position 2
Position 1
Vo® n Vor® "
[(:12[‘124$6Ag]4r 6.5 0.6 54 0.1
[(:1_7,1‘125S6OAAg]4r 9.1 0.7 8.2 04
[(:141‘128860Ag]Jr 8.7 03 7.8 0.2
4 [22,27]

® In units of 10> V m 2
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Table 3 V.. and asymmetry parameter 7 at Cd*" sites for
[C12H24S6CdT*, [C13H26S¢0Cd]*" and [C;4H,5S0CAT* complexes in
Ag" (position 2) and Cd** (position 3) optimized structures

Complex Position 2 Position 3

|5 n & n
[C12H,4S¢Cd* 73 0.1 7.0 0.0
[C13H26Ss0Cd* 10.9 0.3 5.5 0.8
[C14H,5Ss0Cd* 10.8 0.2 52 0.5

2 In units of 10?! V m 2

the metal coordination sphere did not change upon structural
relaxation.

The main experimental EFG results available in the litera-
ture were obtained using the TDPAC technique [23, 42] in
different temperature and environmental conditions, and are
summarized in Table 4. The complex [Ci,H»4S¢Cd]*" was
measured in frozen solution (THF) at different temperatures.
Fairly good agreement between theory and experiment, for
both relaxed and un-relaxed structures, can be observed by
comparing the results shown in Tables 3 and 4. Since the
present calculations predicted that Cd*" does not introduce
important structural distortions in the molecule when replac-
ing an Ag" ion, these agreements reflects the ionic character of
the EFG in this case. On the other hand, [C14H28860Cd]2+
was measured in a crystalline environment at —261 °C and
50 °C. In this case, the EFG depends strongly on the structural
relaxations induced by the Cd*" ion. Comparing the experi-
mental results and our predictions for the EFG (Table 3), we
found excellent agreement when the un-relaxed structure is
considered (position 2). [C13H26S6OCd]*" was measured in
a frozen liquid and in a crystal environment. In the latter case,
analogous to the [C14H25‘;S60Cd]2+ system, excellent agree-
ment between theory and experiments was found when the
un-relaxed structure was considered. This intriguing behavior
can be traced back to the characteristics of the '''Ag—'"'Cd
probe. "' Ag decays via a 5 process to the 342 keV excited
state of '''Cd (see Fig. 2), which has a half-life of 27 ps and,

after this time, the '''Cd nuclei decays by ~ emission. The
emission of this first v-ray populates the intermediate / = 5/
2 + (245 keV excited state) of '''Cd and the emission of the
second ~-ray depopulates it. During the lifetime of this inter-
mediate level (A=84.5 ns, the time window of the measure-
ment is around four times this value), its nuclear quadrupole
moment interacts with the extra-nuclear environment (the
electronic charge distribution). This (hyperfine) interaction
perturbs the spatial and temporal correlations of the emitted
~-rays [15, 16, 25, 26] and is proportional to the EFG (see
Fig. 2). The 27 ps half-life of the 342 keV state of '''Cd is the
temporal delay between the transition '''Ag—'"'Cd and the
opening of the time window of the TDPAC measurement. If
the relaxation of the molecular structure is completed before
the emission of the first 4-ray (i.e., the rearrangement of the
structure around the Cd ion is completed in less than 27 ps) the
probes will “observe” a static surrounding the equilibrium
configuration of the structures. On the other hand, if the time
necessary to complete the structural relaxation around the Cd
ion is much larger than the time window of the measurement
(84.5 ns) , the measured EFG will also be static, and corre-
spond to the un-optimized structure (position 2 in Fig. 3). In an
intermediate situation, when the time necessary to complete
the structural distortions is of the order of 85 ns or less, the
structure around the probes (and, as a consequence, the EFGs)
will change during the time window of the measurement. In
this case, the TDPAC spectra will reflect the “snapshot” distri-
bution of structures. Based on this discussion and the large EFG
distributions observed in the TDPAC spectra (6 in Table 4), we
conclude that the observed EFGs correspond to the second and/
or third cases, i.e., that the structural relaxations are not com-
pleted before the opening of the TDPAC time window. This
indicates a lower limit for the relaxation times.

Finally, the case of [C13H26860Cd]2+ in a frozen liquid
environment (DMSO, see Table 4) shows that the EFG tensor
depends on the molecular environment. V,, decreases from
11.32x10*" V m™? (crystalline environment) to 8.25x
10*! V m 2, a value that is also consistent with the relaxed
structure (position 3, Table 3). Since the EFGs decrease when

Table 4 Experimental results

Environment T wWq v, n

5 (%)

(°C)  (MRads ") (1(2)22‘ Vm?)

obtained from Refs. [23, 42] for Complex
the time-differential perturbed y—
7y angular correlations (TDPAC) -
measurements of the EFG at [C12H24S6Cd] THF
(HlAgH)IHCd sites. wq, Vz, THF
and 7 are defined in the text.
Cy3H26S¢0Cd][ Tosylat DMSO
Tetrahydrofuran (THF) and [CisHa65s [Tosylat]
dimethylsulfoxide (DMSO) are Crystal
solvents and, in these cases, the Crystal
complexes are in frozen solution Crystal
[C14HzgS(,0Cd][CF3SO3] Crystal
Crystal

~70  29.0(5) 9.20 035(1)  8(1)
29 27.7(2) 8.79 0.503)  4(2)
-60  26.0(1) 8.25 034(9)  6(6)
266 36.5(2) 11.58 0.52(1)  9(1)
60 35.7(2) 1132 0.53(1)  7.0(6)
2 35.7Q2) 11.32 0.54(1)  5.8(4)
261 41(11) 13.01 0.52(7)  24(7)
50 37.2(7) 11.80 0.75(2) 10 fix
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the structural relaxations are computed and also decrease going
from the crystal to the frozen solution environment, a possible
correlation between these two behaviors can be suggested.

Conclusions

Ab initio CP-PAW calculations in the Kohn-Sham scheme of
the DFT were applied to investigate metal coordination of
[C12H24S6X]", [C13H26S60X]" and [C4Hp5S60X]" (X: Ag”,
Cd*") crown thioethers. The structural and hyperfine results
allowed direct comparison with experimental results obtained
in X-ray diffraction and TDPAC experiments. We found that
our ab initio calculations using isolated Ag” complexes as
model reproduced experimental S-Ag bond lengths fairly
well. Replacement of the Ag" ion by Cd*? (the TDPAC probe)
produces significant structural distortions in the
[C13H26S60X]" and [C4H,5SsOX]" complexes, whereas the
structure of [C,H4S¢X]" is not affected upon substitution. In
addition, the EFG values for the Cd*" complex considering
different structural and electronic scenarios were compared to
experimental TDPAC results reported in the literature. Re-
markably, the results presented here reveal that the structures
“observed” by the ('''Ag—)'"'Cd probes are the un-
optimized ones, i.e., the Cd*" complexes in the Ag" coordina-
tion sphere. This result was discussed in terms of the charac-
teristics of the probe nucleus and the relaxation times, reveal-
ing the combination of theory and experiment to be an impor-
tant tool with which to study metal complex relaxation.
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