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The electronig-tensor and hyperfine coupling constants were calculated for cyanide coordination complexes
[M(CN)4]3 (M = Ni, Pd, Fe, Ru, Os) in KCl or NaCl host lattices through an embedded calculation approach
using the Density Functional Theory and compared with previous experiments. For all tested complexes, the
B3LYP functional is in good agreement with the experiments for the hyperfine coupling constants. For the
electronicg-tensor calculations, performed using the coupled perturbed SCF theory, some discrepancies were
found, and the best agreements with the experimental values were achieved by the B3LYP functional.

I. Introduction The systems studied in this work are paramagnetic impurities
Systems with unpaired electrons play a very important role in ionic host lattices. This kind of system can be obtained when

in chemistry and physics. They are present in cell metabdlism, diamagne_tic complexes are diluted in alkali haIide h(_)st_ lattices
combustion processes, catalyfic intermedid@sd in magnetic ~ 2nd submitted tg-ray, X-ray, or 2 MeV electron irradiatiof?.
phenomena taking place in active sites of important enzymes. The matrix influence on t.he compl_ex is, of course, an important
Electronic and conformational information of these systems may factor that needs to be included in the theoretical model used
be obtained by Electron Paramagnetic Resonance (EPR) spec?o s_lmulaffe EPR tensors in sp!lds. The interaction between the
troscopy? From the theoretical viewpoint, the use of quantum [Onic lattice and the impurities may be simulated by an
chemistry methods for the calculation of the EPR parameters @Mbedded cluster methodolog§?”34 _
allows a better understanding of their electronic structure, while ~S0me of the most widely used quantum chemistry method-
their comparison with the experimental data may expand our ologies®> 3 have already been used to test the embedded cluster
capacity to predict these parameters using computationalM0del. In a recent work of our group, the MgliePlesset
methods. perturbation theory, based on the unrestricted spin Hartree

The isotropic hyperfine couplinghsy), an EPR parameter Fc_)ck determinan_t (UMP2), was applied_to represent clusters
mostly dependent on the ground-state wave functions andWith paramagnetic 3d metal complexes interacting with NaCl
derived from theA tensor, has already been calculated in good ©F the KCI host environmeritThe same methodology was also
agreement with experiments using post-HartrEeck method- successfully used to calculate thgovalut_as and the qu_adrup(_)lar
ologie$8 and the Density Functional Theory (DFT)6 The ~ tensors for NaCE[Ni(CNJ®~ and KCL[Ni(CN)]*~. This previ-
electronicg-tensor, which depends on the mixture of several OUS theoretical experience suggests that [Ni@N)complexes
states through angular and spiorbit couplings, still remains N KCI and the NaCl host lattice may be very good probes for
a great challenge for computational methods, particularly in testingg-tensor calculations. Furthermore, the inclusion of other
larger systems. Several efforts have been made to improve thecOmplexes in the discussion expands the range of the work,
calculations of the-tensor using a series of quantum chemistry Making the conclusions less dependent on the characteristics
methodologied’1° Nowadaysg-tensor calculations using the  Of & specific complex. . .
DFT methodology allow the study of complexes containing N this work, calculations of the hyperfine coupling constants
transition metals or molecules with a larger number of a®?é, ~ and g-tensor are performed through an embedded cluster
Other approaches tg values, such as the multireference calculation for the following systems: NaCL[Ni(CHj,
configuration interaction (MR-CI), present much higher com- KCE[NI(CN)4J*~, NaCL[Pd(CN)]*",  KCI[Pd(CN)]*~,
putational costs and are only used for small molectiles. NaCl:[Fe(CN})]®", KCL[Fe(CN)J*~, KCE[Ru(CN)J*", and

The calculation of the-tensor components using the coupled KCI[OS(CN)J®".
perturbed SCF theory within the density functional theory (CP-
DFT) was proposed by Neé8eand implemented in the !l Methodology

Gaussian packagé.This implementation is important because  The hyperfine coupling constants (EPR parameter derived
it allows the calculation of the-tensor without demanding  from the hyperfine coupling tensor) and tlgetensor were
methodologies of higher computational cost. calculated for the different coordination complexes in KCI and
* Corresponding author phone:+55 21 2562-7462; e-mail: NaCl host lattices using the Gaussian 03 Pac@gﬂh an
cabanas@ig.ufrj.br. Corresponding author address: Departamerisicte Fi ~ €mbedded cluster model. In our model, the cyanide complexes
Quimica. Centro de Tecnologia, Bloco A, sala 304, Cidade Univetaita ~ [M(CN)4]®~ (M = Ni, Pd, Fe, Ru, Os) are represented by a

21949-900 Rio de Janeiro - RJ, Brasil. . . cluster containing two chlorines in axial positions embedded
TInstituto de QUmica — Universidade Federal do Rio de Janeiro. . . .
*Instituto de Fsica— Universidade Federal do Rio de Janeiro. by 18 total ion potentials (TIPs) and 1306 point charges located
8 Departamento de Qmiica - UFJF. in the corresponding pure crystal lattice position. The total ion
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Figure 1. [M(CN)4Cl;]>" cluster embedded by 18 TIPs first neighbors.

potentials of K or Na" surrounding the [M(CN)CI;]>~ cluster
(Figure 1) are represented by effective core potentials for the
core of K and Na, and, due to the near crystal environment,

they take into account the short-range potentials acting on the
guantum-mechanical cluster. The point charge region is a cube
of point charges, which contains 11 charges in the edge and

which surrounds the cluster and the TIPs. Following the Evjen
procedure®? ionic fractional charges were used at the borders

of the cube to increase the convergence of the Madelung

potential and to preserve system neutrality. The final symmetry
of the systems was kept 8s,. The embedded model described

above is analogous to that reported in some previous refer-

ences40
The 6-311#G(d) basis set includes polarization and diffuse
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ground stateP/‘j;ﬁ is the spin density matriX,¢} is the basis
set, andT is the kinetic energy operator.

The third term is a diamagnetic correction introduced by
Stoné® and is calculated with the ground-state spin density as

Agy =

1 a—p azzef'f4 . o

— ) Py, ﬂZ B(rArO_ Tasf09|%s| |(4)
2Siw 2Ir, = Ry

wherer, is the position vector of the electron relative to nucleus
A, To is the position vector relative to the gauge origdgy is
the effective nuclear charge, and the term in brackets is the
effective spir-orbit coupling of theith electron at A nucleus.
The fourth term is the dominant correction and comes as a
crossed term between the Zeeman orbital (OZ) operator and
the spin-orbit coupling (SOC). This term is calculated using
the Neese’s coupled perturbed theory with DFT methodology
(CP-DFT).

IIl. Results and Discussion

Analysis of theg-tensors measured by EPR spectroscopy
shows that the unpaired electron is in,a ¢ (B1g) orbital for
d® complexes (M= Ni, Pd) and in a & (A1) orbital for o
complexes (M= Fe, Ru, Os¥8:5556 Al of our molecular orbital
calculations led to the same conclusions: the HOMO ofyd

functions, needed to properly describe delocalized valence complexes presents an antibonding character in the region of

electrons of the complex bonding. The LANL2DZ basis set is
adequate for transition atoms since it contains relativistic

the C—N bond, and the HOMO for gpresents an antibonding
character in the M-Cl region. The study of the symmetry and

pseudopotentials. Nevertheless, the use of these pseudopotentiatsectronic density distribution of the unpaired electron is

to represent the core electrons prevents us from calculAting
values for the metal, although experimental values are found
in the literature.

The electronic structures were calculated within the DFT
theory. Three different approximations were used for the

exchange-correlation interactions: the local density approxima-

tion (LDA),**the generalized gradient approximation (PBEf
and the B3LYP hybrid function#f.48

The isotropic hyperfine coupling constaiis) was calculated
multiplying the evaluated spin density at nucleus N by the
nuclearg-factor @n), the free electromg-factor @e), the Bohr
magneton f¢), and the nuclear magnetofin|:

N _ 8t =
Aiso - % geBegNﬁNpspin(RN) (1)

We used the Neese CP-DFT formulation to calcutptensor
components of the complexes. According to Ne€sthis
involves four terms:

@)

The first term is an isotropic contribution representing the
free electrorg value @e = 2.002319), and the second term is
a relativistic mass correction term, introduced by Arf§sth
correct theg values for planar aromatics complexes. This term
is calculated with the ground-state spin density and kinetic
energy integrals as

Ors = G0y T AG™0,s + AGET + AgT

rs

2
o _ A
A= =25 P Tl O (3)

wherea is the fine structure constar§ is the total spin of

important due to their significant influence in the calculated
geometries and in thAjs, andg-tensors values.

The following & systems have been studied with the unpaired
electron in the ¢ orbita  NaCL[Ni(CN)}]3,
NaCl:[Pd(CN)]3~, KCL:[Ni(CN) 4], and KCL:[Pd(CN)]®~. The
following d’ systems with the unpaired electron in theatbital
have been studied: NaCl[Fe(Cl¥, KCIL[Fe(CN)]®-,
KCI:[RU(CN)4]3~, and KCI:[Os(CN)]®".

lll.a - Geometry Optimization. No experimental values for
the geometry of these complexes in ionic salt can be determined
because they are dopants with very low concentration and do
not appear in X-ray experiments. Therefore, geometry optimiza-
tions for all atoms in the clusters were performed (Figure 1)
keeping the 1306 point charges and the TIPs fixed in the original
positions. Table 1 shows the clusters optimized geometries with
different exchange-correlation functionals, the results of which
are discussed below.

In all systems, the MCl optimized bond distance was found
to be close to the pure salt lattice internuclear values of 2.82 A
(NaCl lattice) and 3.15 A (KClI lattice), with a mean variance
of 3%. These values indicate that the chlorine ions near the
metal are not chemically coordinated, reinforcing the assumption
of a previous work.

The M—CN optimized distances for 3d complexes are larger
for the de-y2 than for the ¢ clusters, and this difference is
attributed to the presence of an antibonding unpaired orbital in
the cyanide plane of,el 2 complexes. The B3LYP functional
presents larger bond MCN distances in comparison to other
functionals. The same tendency was reported by other
authorsy”-59 who attributed it to the absence of an adequate
exchange interaction in LSD and PBE functionals in the
description of the charge transference in the mdighnds
regions.
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TABLE 1: Optimized Bond Distances within the Cluster (A) TABLE 2: Calculated and Experimental Values for T,, and
Using Different DFT Functionals, a 6-31H-g(d) Basis Set for Aiso Using a B3LYP Functional, a 6-31#g(d) Basis Set for
C, N, and Cl Atoms, and a LanL2DZ Basis Set for Metals C, N, and ClI Atoms, and a LanL2DZ Basis Set for Metals
i a
system LSD  PBE  B3LYP (in MHz)
NaCL[NI(CN)J*  Ni—CN  1.936  1.993  2.042 system LSD PBE B3LYP  exp
Ni—Cl 2814  2.902 2.913 NaCL[Ni(CN)]®~ As(C) 1789 153.0 108.0
C—N 1.179 1.186 1.171 Aiso(N) 11.4 8.9 7.3 70
KCL[Ni(CN) 43~ Ni—CN 1973  2.055 2.131 Asw(C) —30 -28 —37 >(-5)p
Ni—ClI 3.082 3.202 3.218 KCLEINI(CN) 43~ Ao (C) 1746 1401 89.3 105
C—N 1.183 1.190 1.175 Aiso(N) 10.5 7.6 55 6.8
NaCl[Pd(CN)]**  Pd-CN 2077 2116 2.145 As(C) —22 -—20 —22 >(—4p
Pd-Cl 2919  2.984 2.993 NaCl[Fe(CN)]®~ As(C) —19.4 —247 —24.9
C—N 1.172 1.180 1.165 Aiso (N) 1.0 05 -0.0
KCI:[Pd(CN)]3~ Pd-CN 2136  2.199 2.249 As(Cl) 524 347 298 289
Pd-ClI 3.170 3.262 3.270 T.2(Cl) 19.7 13.6 9.9 7%
C—N 1.178 1.187 1.172 KCL[Fe(CN)]3~ As(C) —22.2 —-27.0 -253
NaCl:[Fe(CN)]3 Fe—-CN 1.830  1.875 1.915 Asso(N) 0.7 03 -02
Fe—Cl 2.722 2.844 2.875 Aiso(Cl) 334 18.9 15.8 1790
C—N 1.189 1.196 1.179 T.2(Cl) 13.7 8.2 5.9 6.8
KCl:[Fe(CN)]3 Fe-CN 1.851  1.903 1.953 KCL[RU(CN)> As(C) —8.8 -—11.3 14.0
Fe—Cl 2.949  3.139 3.180 Aso(N) 1.1 0.8 0.7
C—N 1.191 1.199 1.182 Aiso (Cl) 59.2 38.2 33.9 290
KCL[RU(CN)43- Ru—CN  2.001  2.038 2.065 T.(Cl) 252 184 140 129
Ru—Cl 3.006  3.166 3.208 KCL[OS(CNW]®~  As(C)  —9.3 —10.7 —11.9
C—N 1.188  1.196 1.180 Aso(N) 0.4 0.2 0.1
KCI:[Os(CN)]3~ Os—CN 1.996  2.024 2.040 As(Cl) 710 480 440 378
Os—ClI 3.025 3.173 3.215 T2(Cl) 29.4 22.5 18.2 199
C—N 1.190  1.199 1.184 NaCE[Pd(CN)]* As(C) 1962 1822 163.6

Asw(N) 129 102 8.6
. ) . I . As(C) -14 -13 -17
The C N bond dlstan(_:es have not varied _S|gn|f|cantly in all NaCIPACN)* Aw(C) 2001 1935 1825
calculations, demonstrating that the strong triple covalent bonds Aiso (N) 149 1238 11.6
are not significantly influenced by the metal or by the sur- As(Cl) —20 -19 -—24
rounding ionic crystals. Nevertheless, Table 1 shows, in general,

A . )
smaller values for the B3LYP functional. T,.is thez component of the dipolar hyperfine tensbReference

5. ¢Reference 26¢ Reference 51¢ Reference 52.Reference 537 Ref-

lll.Lb - Calculations of Hyperfine Coupling Constants. erence 54.
Table 2 shows the calculated parallel component of the hyperfine
coupling tensor T) and theA, values for the carbon, the o |A_|CI
nitrogen, and the two chlorines in the different clusters. " A|C

The de_y2 (B1g) unpaired electron systems with an antibonding 40+ . = 115
orbital in the cyanide plane show larger values for #@ and ; .,
1N Aso and smaller ones for th&Cl nuclei. The ¢ (A1g) 38 R ", 114
systems show larger values for tH€l Ao, due to the presence § o e, . N
of the unpaired electron in the MCI direction, and smaller S 364 ° 1413 %
ones forA;, for the equatorial®C andN nuclei. Table 2 shows 5 o o
that the isotropic hyperfine couplings calculated by the DFT — 34 o 113
method with the B3LYP functional are closer to the experi- & o <
mental values in almost all cases. In two cases only, the PBE = — © —
approximation showed the best theoretical values, and the LSD 327 ° o | 12
approximation was not suitable for any systems.

30 +— —— 11

Figures 2 and 3 show the dependencéigf calculated using o T T
the B3LYP functional, with some of the bond distances in the 06 04 02 00 02 04 06
cyanide coordination complexes. In the.ge systems,Aso Displacement (A)
values are much more sensitive to the carbon and nitrogenFigure 2. A variance of*C and*Cl in the NaCl:[Fe(CNjJ*~ system.
coordinates within the molecular plane than to the axial chlorine Calculated values foAso| in carbon refer to the variation in the Fe
coordinates. In the dsystems Aso values are more sensitive ((j:i’:t:r?gg distance and for chlorine to the variation in the-Eébond
to metal-chlorine bond distances than to metal-to-carbon and '
metal-to-nitrogen bond distances. The small variations 0bserved(6-31(;) the calculated value for the nitrogen atom does not agree
in the chlorineAss, reinforce the assumption that the chlorine  with experimental datapresenting a mean error of 36%hile
ions near the metal are not chemically coordinated. for the others atomés, achieves an acceptable accuracy. The
The quality ofAs, calculations also depends er&> values results in nitrogen are improved using a basis set which permits
since this parameter monitors the contamination owing to other more flexibility (6-311G), reducing the mean error to 17%.
multiplicity states. The calculated $> values were around  Nevertheless, the inclusion of diffuse functions and polarizable
0.76, indicating that, for all the systems, the spin contamination functions—necessary to properly describe bonding of the delo-
in the wave functions calculated for the three functionals is small calized valence electrorgurther reduces the mean error in
enough. Thus, spin contamination is not responsible for the nitrogen to 14%. Even if some references show that the Béffone
differences in the\s, values shown in Table 2. (EPR-IN) is the best basis set fés, calculations, we chose to
Another relevant factor for th&is, computation is the choice  use the 6-31%g(d) basis set because the EPR-III basis set is
of the basis set. Table 3 demonstrates that for small basis set@pplicable only to hydrogen and some second row elements.
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TABLE 4: Calculated and Experimental Ag-Tensor Using a

34 O A I Cl - 27 B3LYP Functional, a 6-311+g(d) Basis Set for C, N, and CI
5 " |A,lIC Atoms, and a LanL2DZ Basis Set for Metals
| ]
o m system LSD PBE B3LYP exp
| ]

32+ o . 125 NaCl[Ni(CN)J3~ Ag, —0.013 0.023 0.091  0.189
~ o L < Agn 0.016 0.022 0.041 0.036
T . - T KCE[Ni(CN)J®*~ Ag  0.007 0.048 0.128  0.180
= " 1= Agy 0018  0.028  0.052  0.040
G ° . o NaCI[Pd(CN)]** Ag, —0.113 —0.043 0.050 0.076
— o . - Agp 0.007 0.016 0.034 0.019
3 o 2 KCL[PA(CN)]* Ag, —0.046 0030 0.143  0.099
< 2 o {2 < Agn 0015 0.029 0057  0.024

NaCl[Fe(CN)]*~ Ag,  0.000 —0.001 —0.004 —0.006
° Agn 0.061 0.056 0.081 0.187

° KCI[Fe(CNY]*~ Ag  0.000 —0.001 —0.004 —0.005
Btr———T—TF—T—T—————— 21 Agn 0.090 0.074 0.103 0.261

06 04 02 00 02 04 06 KCE[RU(CN)J>~ Ag,  0.002 0.002  0.001 —0.024

_ _ _ KCI[OS(CNY]*~ Agy  0.010 0.010  0.008 —0.13¥
Figure 3. Ao variance of3C and®*Cl in the KCI:[Ru(CN)]®~ system. Agn 0.442 0.501 0.687 0.692

Calculated values fgAso| in carbon refer to the variation in the Ru
CN bond distance and for chlorine to the variation in the-Rlibond
distance.

TABLE 3: Values of A, Using a B3LYP Functional and
Different Basis Sets

aReference 55° Reference 26°5Reference 569 Reference 51.
¢ Reference 52\ Reference 53¢ Reference 54.

description of the host crystal are able to correctly predict the
Aiso Values for this kind of system.
lll.c - Calculations of the Electronic g-Tensor. Table 4

6-31+ 6-311+ shows theAgn and Ag, values calculated with the coupled
system Aso 6-31G G(d) 6-311G G(d) exp perturbed SCF theornyAg = g — de, Wherege = 2.0023 is the
NaCl[Ni(CN),J3~ %C 111.5 106.1 109.3 108.0 g value for the free electron). Although it is rather difficult to
“N 51 57 6.9 7.3 7 give a general interpretation for th&g-tensor, some trends
) ®Cl -30 -29 -29 37 >(-5p might be observed comparing theoretical and experimental
KCLNI(CN) 4>~ ﬁﬁ 83?'5 Sf'f 859'16 859-53 1%5% results. When comparing these results, it is important to observe
BC| —22 —21 -20 —22 >(_4)a' that the usual experimental error in the measurement of the X
KCE[Pd(CN)J®>~ 13C 158.2 152.8 160.2 163.6 band EPRg factor for well resolved lines is 0.0005.
YN 7.3 7.8 8.7 8.6 In our present calculations, the-MCI direction defines the
®cl -1.7 -16 -17 -17 parallel direction and, consequently, tlyg direction. The
NaCL[PA(CN)]*™ *C 1825 1752 1803 1825 perpendicular plane, related to they values, is the M-(CN),
N 94 10.1 115 11.7 |
BC| —2.4 —-22 —25 —25 piane.

aReference 5° Reference 26.

We have shown in a previous wérthat the calculatedyso

The functional that is in better agreement with the experi-
mentalg values is the B3LYP functional. This may indicate
that the exchange part, present in the B3LYP functional, is
important for describing the electronic structure of the systems

values in a particular atom are critically dependent on the ynder study.

collaborative effect of the spin polarization of all the electrons

Comparing the results, in general, thegensors for Ni and

in the atom. In the present calculations, these atoms arepq (d2—y2) are in a better match to the experiments than the

described with an appropriate Gaussian basis set (6-G11

g-tensors for the Fe, Ru, and Os?Adcomplexes. The discrep-

(d)) which adds the variational freedom necessary to describeancies in our results are due to a limitation in our embedded
spin polarizations and to achieve a good agreement betweenmodel, which does not describe correctly the transference of
the calculated and the eXpe”mental values. The |mp0rtance Ofspin density from Ag Comp|exes to the near lattice, as proposed

this Spin-polarization is observed in our results: in Spite of the in some previous experimenta| works.

SOMO for B;g complexes presenting a nodal plane in the ClI
region, nonzero values fdxg, are observed in this region. This
polarization is not caused by direct spin polarization of the
unpaired electron but instead only by spin polarization.

The only previousAis, theoretical calculations for these
complexe’ were restricted to the NaCl:[Ni(CbJ)®and KCI:
[Ni(CN)4]~5systems and were performed with the Unrestricted
Hartree-Fock method followed by the MgllerPlesset pertur-
bation theory (UHF-MP2) within the embedded cluster model.

Another consideration is that, in general, thg values are
in lesser agreement with experimental data for heavier metals.
This might indicate that the use of core potentials, which does
not allow the polarization of inner-shell and inner-valence
orbitals, alters the spin-density polarization and induces a worse
description of the occurring physical phenomena.

There are no other theoretical calculations for gheensor
of the complexes treated in the present work. When we compare
our results with other recent theoretical calculations for defects

The present DFT results are in better agreement with the in jonic crystals and surfaces, we either find very similar results
experiments than the former UHF-MP2 calculations. When we in some casé263or better ones in othefE:38We infer that the

compare our results with other recent theoretical calculations results obtained for thg-tensor are still not accurate but indicate

for Aiso in ionic crystals with lighter defect§;38we find very
similar results.

In this work, the results in Table 2 are in good general
agreement with the theoretical and experimental resultaifer
when the B3LYP functional and the 6-3tG(d) basis set is

the possibility of calculating this parameter using an embedded
cluster model.

IV. Summary and Conclusion
The electroniag-tensor and hyperfine coupling constants were

used. This shows that the DFT calculations with an adequate calculated for KCI:][M(CN)]3~ and NaCIl:[M(CN}]3~ (M = Ni,
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Pd, Fe, Ru, Os) using the DFT theory involving three exchange-

correlation functionals: LSD, PBE, and B3LYP. The lattice was

represented through an embedded model detaining two layers.
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