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DFT Calculations of the Electric Field Gradient at the Tin Nucleus as a
Support of Structural Interpretation by '’Sn Mossbauer Spectroscopy

Giampaolo Barone,*"! Arturo Silvestri,’”! Giuseppe Ruisi,””! and Gianfranco La Manna'”

Abstract: DFT calculations, using an
all-electron basis set and with full ge-
ometry optimization, were performed
on 34 Sn" and Sn" compounds of
known structure and "’Sn Mossbauer
parameters, to obtain the theoretical
values of the electric field gradient
components, V,,, V,,, and V,,, at the tin
nucleus. These were used to determine

the quantity V=V, {1 + % (_vav) 2} 12,

for each investigated compound, which
is related to the quadrupole splitting
(AE) parameter according to AE=
/,eQV, where e is the electronic charge
and Q is the quadrupole moment of
the tin nucleus. The linear fitting of the
correlation plot of the experimental

AE, versus the corresponding calculat-
ed V values, produced a slope that is
equal to 0.934+0.03 and a correlation
coefficient R=0.982. The value of Q
obtained, 15.2+4.4 fm? is in agree-
ment with that previously experimen-
tally determined or calculated by anal-
ogous procedures. The calculation
method is able to establish the sign of
the electric field gradient component
V.., in agreement with the sign of AE
determined experimentally by Mossba-
uer—Zeeman spectroscopy. The calcu-
lated structural parameters are in good

Keywords: density functional calcu-
lations - Mossbauer spectroscopy -
nuclear quadrupole splitting - tin

agreement with the corresponding ex-
perimental data, determined by X-ray
crystallography in the solid state, with
average structural deviations of about
3% for bond lengths and angles in the
tin environment. Calculated values of
AE were obtained from the calibration
fitting constant and from the values of
V. By comparing experimental and cal-
culated AE parameters, the structure
assignment of configurational isomers
was successful in two test cases, in
agreement with the experimental X-ray
crystallographic structures. These re-
sults indicate that the method can be
used as a tool to support the routine
structure interpretation of tin com-
pounds by '®Sn Mossbauer spectrosco-

Introduction

Mossbauer spectroscopy!!! is a valuable tool to obtain infor-
mation about the valency state and the symmetry of the
local environment of particular isotopes in solid-state sys-
tems, and involves nuclear transitions occurring in the
gamma rays energy range. Specifically, in '"Sn Méssbauer
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spectroscopy, the value of the isomer shift (IS) parameter,
which is related to the electron density at the tin nucleus
and is observed in clearly separated energy ranges for Sn"
and Sn", is normally used as a fingerprint criterion to assign
the oxidation state of the metal atom. Moreover, informa-
tion about the geometry of tin compounds can be extracted
from the nuclear quadrupole splitting (AE) parameter,
which is related to the geometrical environment of tin.”! In
particular, AE is dependent on the configuration of tin in or-
ganotin(iv) compounds,”?) and is related to the electronic
properties of the organic groups.”!

The nuclear quadrupole splitting indicates the presence at
the nucleus of an electric field gradient (EFG), according to
Equation (1),!'") where #=(V,—V,,)/V.. is the so-called
asymmetry parameter, e is the electronic charge, and Q is
the quadrupole moment of the first excited nuclear state
that can be experimentally determined.

AE =eQV,,(1 + sV =%eQV (1)
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ViV, and V. are the diagonal components of the dia-
gonalized EFG tensor matrix, chosen such that |V_|>]|V,
> |V, | 1) '

The magnitude and the sign of AE, which depend upon
the components of the diagonalized EFG tensor matrix,
mainly the one along the z axis of the molecule (V,), are in-
fluenced by the stereochemistry of the considered com-
pound and by the nature of the tin-ligand bonding.['"*!

Information about the hyperfine parameters IS and AE
can be combined with data obtained from computational
chemistry. In fact, quantum-chemical methods, nowadays
implemented in commercial packages, provide support for
structure interpretation of data obtained by most of the
spectroscopic techniques."™ In particular, DFT methods
that partly take into account electron correlation contribu-
tions are able to furnish molecular structures in good
agreement with the corresponding experimental data, even
for large-size systems at reasonable computational ef-
fort.[1%°]

Previous theoretical studies*” have dealt with the calcu-
lation of the EFG and of the electron density at the tin nu-
cleus, to produce linear correlation plots with the experi-
mental AE and IS values, respectively, providing a physical
interpretation of the '?Sn Méssbauer spectroscopy parame-
ters. In particular, the calculation of 1) the EFG components
and of 2) the electron density at the tin nucleus permitted
the theoretical evaluation of 1) the nuclear quadrupole
moment of tin and 2) the fractional change of the nuclear
charge radius of tin following the nuclear excitation, respec-
tively. However, only simple model systems, such as metallic
tin and tin alloys, or small molecules, such as halides, chalco-
genides, and methyltin compounds, have been considered so
far,**! and semiempirical®® or ab initio methods, the latter
with minimal basis sets,”) have been used.

The qualitative interpretation of '"Sn Mdssbauer spectra
of organotin(iv) compounds, regardless of their size and
structural complexity, has been made possible up to now by
the empirical point charge method. This has been used suc-
cessfully in the assignment of coordination number and con-
figuration of the tin environment, and also provides the pos-
sibility to study the interaction of organotin(1v) with biologi-
cal macromolecules.”) Following this approach, for a given
coordination geometry, each coordinated ligand atom con-
tributed to AE, in agreement with Equation (1), by way of a
partial quadrupole splitting (pgs) value.”**! The comparison
between the experimental and the calculated AE values was
then used as a tool to discriminate among structural hypoth-
eses for the tin environment.?

However the point charge model has, inter alia, the fol-
lowing three serious limitations:*>* 1) it can be applied to
Mossbauer atoms where the nonbonding metal electrons do
not influence the EFG, ruling out, for example, the applica-
tion to Sn" compounds; 2) the tabulated pgs values have
been determined taking into account nearly symmetric geo-
metries, so that structural distortions (the norm rather than
the exception) cannot be unambiguously estimated; 3) the
method does not furnish detailed values of structural param-
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eters for the tin environment, in particular with regard to
the tin-ligand coordination distances.

Quantum-chemical calculations of the EFG should be
able to overcome the limitations inherent to the point
charge model formalism and, by exploiting the present com-
putational hardware and software resources, it should be
possible to obtain an up to date routine tool for detailed
structure analysis of any kind of tin compounds by '“Sn
Mossbauer spectroscopy.

To test the capabilities of DFT methods as an improved
support for the structural characterization of tin compounds
by 'Sn Mossbauer spectroscopy, we performed full geome-
try optimizations at the B3LYP level™ with the all-electron
DZVP basis set™? (see Computational details) on 34 select-
ed tin compounds containing up to 94 atoms, which showed
various coordination numbers and regular or distorted geo-
metries (see below), whose structures were previously deter-
mined by X-ray crystallography in the solid state and whose
19Sn Mossbauer AE parameters were known. The correla-
tion of the experimental AE with the calculated EFG com-
ponents was then used to obtain a calibration function
[Eq. (1)] to evaluate the theoretical AE value for the consid-
ered structures.

The comparison of the calculated with the experimental
structural parameters, the analysis of correlation plot, and
the application of this procedure to three isomers of two in-
vestigated tin compounds, allowed us to discuss the advan-
tages and limitations of such a procedure.

Results and Discussion

Statistical analysis of the results obtained: Compounds 1-34
are tin and organotin complexes, neutral or anionic, with co-
ordination numbers ranging from 3 to 7, and with tin oxida-
tion states 4 and 2 (the latter for example, in 2, 4, 16, 17, 22,
25). Their solid-state structures, which were previously de-
termined by X-ray crystallography,!"~* were compared with
the in vacuo structures obtained in the present work after
geometry optimization. The 34 tin compounds investigated
were mainly selected on the basis of their experimental AE
values,'* regularly covering the range analyzed (see
Figure 1).

The '""Sn Méssbauer parameters 1, V.., and V, obtained
by the DFT calculations (see Computational Details), and
the experimental AE values, are reported in Table 1. The
correlation plot of the experimental AE versus the corre-
sponding values of V of the compounds 1-34 investigated is
shown in Figure 1.

The comparison of experimental and theoretical geomet-
rical parameters, that is, bond lengths and angles involving
the tin atom, is given in the Supporting Information Table
S1 (except in the case of compound 30, whose detailed ex-
perimental data are not given®’)). Average deviations of
314+0.2% and 3.3+0.2% were observed for distances and
angles, respectively, as determined by a statistical analysis
performed considering 156 distance and 327 angle values,
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Figure 1. Correlation plot of the experimental AE values versus the cor-
responding calculated values of V for compounds 1-34 (see Table 1).

with structural difference maxima of 17 % and 19 %, for the
Sn—N distances in 21 and 23, respectively, and of 18 %, for
the C-Sn-C angle of 6. The observed deviations between cal-
culated and experimental geometrical parameters, larger
with respect to those observed in structures containing
atoms lighter than tin, can be attributed to the fact that we
decided to neglect the relativistic effects®™ in our calcula-

6188

www.chemeurj.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

——
. = N’/I/m,, \\\“\C I
x N————-"Sn'\
Cl
28

!
|

~N/,,“
N==N——N B Gy ool N—N=N
N
N:N
|
/T 34
N

tions (see Computational details). Evidently, the V,,, V,,
and V. components of the EFG summed to zero for 34 and
generally for all the spherically symmetric systems consid-
ered, like SnXs~ (X=F, Cl, Br and I), in conformity with
literature data.”®! The sign of V,, calculated for five com-
pounds, 1, 30-33, was equal to the sign of AE experimentally
determined from Mossbauer—Zeeman spectroscopy meas-
urements.>3” This result provides the possibility to predict
the sign of V., which is known to be affected by subtle ef-
fects of the geometrical disposition of the ligands around
the tin atom (see for example reference 7).

As a consequence of such a result, we attributed positive
and negative signs, not experimentally determined, to the
AE of the compounds investigated, both in the plot in
Figure 1 and in Table 1. This possibility was not considered
in previous studies*® in which absolute values were as-
sumed in the comparison of the calculated EFG components
with the experimental AE values

From a linear regression analysis, by imposing the condi-
tion of zero intercept, we obtained 0.93+0.03 mms ™' au™
for the slope, with a linear correlation coefficient R=0.982.
Using the slope as a calibration constant, it was possible to
obtain calculated values of AE (Table 1) from the calculated
values of V for each of the compounds 1-34 by using Equa-
tion (2).
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Table 1. Asymmetry parameter, 1, V.. component (in atomic units) of
the diagonalized EFG tensor and the quantity V, obtained from DFT cal-
culations for 1-34, together with the corresponding experimental and cal-
culated AE values. Vand AE are plotted in Figure 1.

Compound 1 | AEX AE. ¥ Referencel
1 0.84 —2.07 -230 —224 214 (13a.0]
2 070 411 444 (#1273 412 f14a]
3 098 —251 —2.88 (—)253 —2.68 (15a.0]
4 038 242 248 (+)1.34 231 (16l
5 097 252 288 (+)294 268 (17.0]
6 093 —254 288 (—)320 —2.67 [17a]
7 0.95 271 3.09 (+)2.87 287 s
8 099 —246 283 (-)3.11 —2.63 1l

9 076 212 232 (+)284 215 (20]
10 098 253 291 (4)265 270 [15,0]
11 015 —-090 —0.90 (-)1.65 —0.83 @1
12 071 —2.00 —217 (-)258 —2.01 22
13 016 216 217 (4223 202 23]
14 016 170 170 (+)1.89  1.58 23]
15 018 168 169 (+)1.71 1.57 24]
16 041 243 250 (+)1.98 232 (2s]
17 000 165 165 (+)138 153 (26]
18 051 —088 —092 (-)0.73 —0.85 27l
19 0.15 437 439 (4)346 407 (28a.0]
20 019 457 460 (4)3.93 427 (290]
21 018 443 445 (+)429 414 (30a.0]
22 042 246 253 (+)199 235 (2s]
23 018 355 357 (+)400 331 B1]
24 016 442 443 (4)372 412 (2]
25 075 343 374 (+)2.79 348 (14a.0]
26 016 461 463 (+)414 430 (3]
27 021 —-093 —-094 (-)1.56 —0.87 341
28 0.14 348 349 (+)398 324 331
29 020 —038 —039 (—)0.43 —0.36 (361
30 0.00 -279 -2.79 —349 259 37
31 0.00 —2.04 —2.04 -3.02 -1.89 (37a.0]
32 0.00 —2.62 —2.62 —331 243 [37ac]
33 0.63 263 280 +206  2.60 (37a.d)
34 — 0.00  0.00 0.00  0.00 (38a.0]
[a] n= (va Vyy)/vzz with I VIZ ‘ > I V}‘,\" > I vxv‘ . [b] V= sz(l + 1/3112)1/23 in

atomic units, see Equation (1). [c] Experimental values of the nuclear
quadrupole splitting parameter (in mms~'), obtained from the corre-
sponding references; the sign in parentheses is added to AE following the
sign of V obtained from theoretical calculations. [d] See Equation (2),
AEq is the quadrupole splitting parameter calculated from the slope
obtained by the linear fitting of Figure 1. [e] The quoted literature refers
both to the '’Sn Mossbauer and X-ray crystallographic experimental
data.

AE s = 0.93V £ 0.58 mms ™' 2)

The nuclear quadrupole moment of tin obtained from the
value of the slope from Equation (2) was Q=15.2+4.4 fm>.
This value is in agreement both with the experimental, |Q|

=10.94+0.8 fm? ! and with recently
calculated™®” values of Q. Such
result, together with the prevision
of the sign of AE, supports the DFT
method used in the present study, \
compared to previous theoretical
approaches,*®! for the satisfactory
evaluation of the EFG in systems of
medium to large dimensions.

Oum., | Lttt

O

Chem. Eur. J. 2005, 11, 6185-6191

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

The scattering of data points in Figure 1 was analyzed in
terms of the differences between the experimental and the
calculated structures considered. The largest deviations from
the fitted straight line of Figure 1 were observed for 2 and
31 (see Table 1), for which |dAE| is within the range 1.0-
1.40 mms~', where 0AE=AE—AE_. The analysis of the
structural data of these two compounds (see Table S1 in the
Supporting Information) showed that their calculated struc-
ture was in reasonable agreement with the corresponding
experimental one, with deviations less than 6%. On the
other hand, some of the compounds showing significant dif-
ferences between calculated and experimental structural pa-
rameters, such as 21 (see Table S1 in the Supporting Infor-
mation), exhibited JAE values within the associated error
(see Equation (2)).

These results allowed us to conclude that the departures
of the data from the linear trend in Figure 1 do not depend
on the observed discrepancies between the solid-state and
the calculated structures. In our opinion the scattering of
the data points observed in Figure 1 should be attributable
to the difficulty associated with the numerical calculation of
second-order quantities like the EFG components. Relativis-
tic effects should also be considered for a better description
of the electronic structure of tin compounds. However, we
have point out that the aim of the present study was not to
quantitatively determine the value of AE of the considered
compounds. Instead, the comparison of the AE . values,
estimated for a series of trial structures, with the experimen-
tal AE, has to be used as a supporting tool for establishing
the structural features of the tin compounds investigated.

Determination of the configuration of organotin(iv) com-
pounds: To verify the possibility of applying the method de-
scribed in the previous section for structural assignment pur-
poses, the calculated values of the quadrupole splitting
[Eq. (2)] relative to some exemplary structures, fully opti-
mized at the same level of theory (see Computational De-
tails), were compared with the corresponding experimental
AE values, to address the choice among possible structural
hypotheses. The compounds selected, 20a, 28a and 28b are
geometrical isomers of 20%°! and 28, respectively, and the
results obtained were collected in Table 2.

Compounds 20 and 20a: The energy values of the two iso-
mers are very close (see Table 2), 20 being slightly higher in
energy than 20a. Therefore it is not possible to decide
which structure is actually the dominant one in the solid

www.chemeurj.org
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Table 2. Values of relative energy and of V, obtained from DFT calcula-
tions for the compounds considered, of AE, calculated from the linear fit-
ting parameters ([Eq. (2)]) and difference between experimental and cal-
culated AE values.

Compound Energy" yivl AE 1 OAEU
20 0.0 4.60 4.27 —-0.34
20a -1.2 3.13 2.90 1.03
28 0.0 3.49 3.24 0.74
28a 34.2 2.75 2.55 1.43
28b 37.2 2.94 2.73 1.25

[a] Energy difference, in kJmol ™!, of 20a relative to 20 and of 28a and
28b relative to 28. [b] V=V_.(1 + '"4m»)' in atomic units, see Equa-
tion (1). [c] See Equation (2), AE,,. is the quadrupole splitting parame-
ter calculated from the slope obtained by the linear fitting of Figure 1.
[d] SAE is the difference between the experimental (see Table 1) and the
calculated AE values (see footnote c).

phase, because the perturbation due to the solid-state pack-
ing may well affect the equilibrium. In this case, the experi-
mental value of the quadrupole splitting along with its theo-
retical evaluation on 20 and 20a helps to determine which is
the predominant isomer in the solid state. In fact the co-
presence of tin compounds with different structures is easily
detected by '“Sn Mossbauer spectroscopy.®”!

The value of SAFE obtained for 20 is below the uncertainty
associated with AE. implying that the calculated AE
value for the structure 20 is consistent with the experimental
one,® whereas the same analysis performed on 20a allows
us to conclude that this structure, characterized by a |0AE |
value larger than the associated error, has to be unequivo-
cally discharged.

Compounds 28, 28a and 28b: The results reported in
Table 2 show that compound 28 is more than 30 kJmol™!
more stable than the isomers 28a and 28b. In this case,
solid-state packing factors can with confidence be consid-
ered negligible for determining the stability order, 28 being
by far the most stable among the three isomers.

It is important to outline that the value of JAE observed
for 28 can by itself not allow an unambiguous assignment of
the involved structure. However, the far larger values of
OAE obtained for 28a and 28b enable us to rule out a signif-
icant number of these isomers, confirming the conclusions
reached by the energetic considerations.

The cases here presented outline that the theoretical eval-
uation of the quadrupole splitting on the optimized struc-
tures of an isomeric mixture of tin compounds, along with
the corresponding experimental evaluation, are able to pro-
vide a correct evaluation of the stability order in the solid
phase, even if the involved isomers are approximately isoe-
nergetic when considered in vacuo.

Conclusions
DFT-calculated values of the electric field gradient compo-

nents at the tin nucleus, on the optimized structures of 34
tin compounds, with a standard all-electron basis set and

www.chemeurj.org
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without considering relativistic effects, were correlated to
the corresponding ''°Sn Mossbauer quadrupole splitting
values. This approach proved to be a valid tool for obtaining
detailed structural information on tin and organotin deriva-
tives, being more suitable than the point charge model for
structure assignment. This method can provide useful infor-
mation concerning the structural characterization and the
determination of the most stable configurations of any type
of tin compound by '*Sn Mossbauer spectroscopy. Such a
computational method is useful, in particular, for the struc-
tural analysis of tin compounds for which X-ray crystallogra-
phy cannot be performed, for example when it is not possi-
ble to obtain suitable crystalline structures.

This work provides further evidence of the ability of DFT
methods to support structural interpretations obtained by
spectroscopic techniques.

Computational Details

DFT calculations, by using the hybrid Becke’s three-parameter method
with the Lee-Yang-Parr correlation functional (B3LYP),'! were per-
formed on the systems 1-34, 20a, 28a and 28b, using the all-electron
double-zeta valence plus polarization (DZVP) basis set,” with full opti-
mization of the geometry, by using the Gaussian03W™! program pack-
age.

The DZVP basis set has been optimized for DFT calculations,'? and has
been reported to produce structures and energies comparable to those
obtained using the better tested basis sets, like 6-31+G(d), for the study
of metal compounds,“? in particular for the study of tin compounds.>*!
Concerning the importance of relativistic effects for the tin atom, we out-
line that all-electron relativistic calculations, even at scalar level, are ex-
tremely costly.*’) Moreover, the use of relativistic effective core potential
basis sets'®! in our calculations was ruled out by the importance, in our
study, of the core electrons, as we have verified in preliminary investiga-
tions. In fact, the choice of an all-electron basis set was fundamental for
obtaining a reliable estimate of the EFG at the tin nucleus.

The eigenvalues of the diagonalized EFG components, V;;, where i=x, y,
z, calculated at the same level of theory, were used to derive the quantity
V, which is related to the theoretical AE, in accord with Equation (1).
Here V; is the negative value of the second derivative of the electrostatic
potential with respect to the tin coordinates.!'”!

The experimental AE values!'> of the compounds 1-34 investigated,
spanning the range 0<|AE|<4.5 mms™', were plotted in Figure 1 versus
the corresponding values of V (see Table 1). The starting coordinates of
1-34 were taken from X-ray crystallography structural data.'>*! To mini-
mize structural contributions due to the solid-state packing, only tin com-
pounds producing monomer units in the crystalline unit cell have been
selected in the present investigation.
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