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Paramagnetic 3dNi(CN),]®~ complexes, with the unpaired electron in,a @ orbital, have been generated

from diamagnetic Ni(Il) 38 cyanide complexes in KCI or NaCl host lattices. The magnetic and quadrupolar
hyperfine interactions with the fouN, hidden in the CW-EPR (continuous wave electron paramagnetic
ressonance) line width, are revealed by pulsed EPR and ENDOR (electron nuclear double resonance) angular
variation studies. Ab initio embedded UMP2 cluster calculations, which take into account short- and long-
range crystal interactions, confirm the unpaired electron orbital assignment and are in agreement with the
measured hyperfine values. The trend® A, values (7.7 MHz for NaCl and 6.8 MHz for KClI) is given

by the Ni-CN distance, modified in each host lattice. Small asymmetry factors (about 0.04) féi\the
quadrupolar tensor are obtained both in experiment and in theory. The experimental lines and the calculations
indicate spin density at the cations of both lattices. Experimental and theoretical data indicate that lattice
chlorine ions near the Ni atom, in axial positions, are not chemically coordinated to Ni. Spin density on these
ions arises only from spin polarization of their valence orbitals and of the valence orbitals of the complex.

Introduction In what concerns the calculation and interpretation of
. | id q : _ hyperfine coupling for gas-phase isolated radi¢aig? the
Transition metal cyani le compounds are Important in many importance of spin-polarization and correlation effects has been
aspects of modern chemistry. Insertion of these complexes in o\ aaled. For this purpose, unrestricted Hartrigeck (UHF)
lonic fgc host Iattlces,dat Ir?w concentration, prow:}es an and Moller-Plesset perturbation thedfybased on ab initio
Interesting _\ivay to study their paramagnetic coordination ,regtricted spin Hartreg~ock (UMP2) have provided theoreti-
complexes. ™ The complexes, stabilized in the host lattices, o reqyts in excellent agreement with the experiméhts.
are .orlent_eq t.owar.d the prlnC|paI. crysta! axes. Furthermore, In this paper we report accurate theoretical and experimental
dilution minimizes intermolecular interactions. . results for [NI(CN)]> complex in cubic NaCl or KCI host
In the past few years, progress has been attained both|ices This square planar paramagnetic complex can be formed
experimentally and theoretically in the study of such systems, y, 1 jiation damage on face centered cubic host lattices such
allowing a detailed explanation of the electronic structure and . Nacl or KCl doped with the [Ni(CM2~ anion®2 In this
related properties. On the experimental side, the resolution situation, electron paramagnetic resonance (EPR) spectroscopy

improvementdvi? electron lsp+redchob|envelope modulation reeqis that the complex electronic ground state has,@a B
(ESEEM) and electron nuclear double ressonance (ENDOR) symmetry (unpaired electron in ged orbital).

measurements reveals small hyperfine interactions hidden in the Some previous works suggest that the nature of the coordina-

Irlr?eengdth of the tradicional continuous wave (CW) experi- tion bonds of complexes are independent of the host lattice and

.h h ical sid has b ined ._that the distance between metal and CN is affected by the ionic
h On the t eoretica S'f e,hprogress ”'as een attaine Cc;ncem'n%teractions with the crystdlAlso, the electric field generated
the representation of the crystalline environmenis for ¢ yne complex by a host lattice influences the splitting of the
dn‘fere_nt PUrposes, as, for exa”_‘p'e' (_aleqtro_nlc spectroscopic anGentral Ni atom d orbitals as well as the CN ligandsrbitals.
hyperfine interaction calculations in ionic pure or impure A square planar impurity like [Ni(CNJ3~ in KCI or NaCl host
cry:f,tals. Embedde'd cluster calcglaﬂpns (E@?@provgd to be lattices has two Cl ions as first neighbors of the Ni atom.
an important tool in the determination of electronic structure egepn experiments show hyperfine interactions with the nuclei
and properties for_ systems in cryst_als where a Precisé Wave ot these anions. The degree of participation of these host ions
function is needed in a loﬁ?"zed spatial region. For this purpose, o, the molecular structure of the complex and the influence of
total fon potentials (TIPf"*may be used to take into account v qa| structure on measured molecular properties are questions
short-range interactions and Evjen point charge procééitoe that we investigate in this work

take into account the long-range interactions. In particular, an . . . .
o - S Direct comparison between theoretical and experimental data
accurate determination of the geometry of molecular impurities . . . ’ .
can be made for isotropic magnetic hyperfine couplirgs)

in crystal host lattices, not achievable by X-ray diffraction and the quadrupole tensor. It is possible to perform a qualitative
spectroscopy or by other experimental methods, has beer]comparison between the calculated ground state and the

obtained by such methodology. measured) tensor, since this tensor is related to the symmetry
_ ) — of the unpaired electron wave functidA.
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14N in paramagnetic 3d[Ni(CN)4]3~ complexes in KCI and

NaCl host lattices. The magnetic and quadrupolar hyperfine

tensors, hidden in the continue wave (CW) EPR line width,

are revealed by ENDOR and ESEEM angular variation studies. d, g,
Lines attributed t&*Na, 3K, 35Cl, and®’Cl were observed in
ESEEM experiments. In particular, interpretatiorf®da lines
shows some spin density at these host ions.

The geometry, electronic structure, and isotropic hyperfine
interaction fso) of [Ni(CN)4Cl]>~ cluster in KCI and NaCl
host lattices are determined by ab initio embedded cluster &g
calculations (UMPZ calculations), which are compared with
UHF and ROHF calculations. The present theoretical results,

d7, g,

. - . . . d&°
besides confirming the unpaired electron orbital assignment and » &
providing precise localization of cyanides and axial host
chlorines, are in excellent agreement with the measured proper-
ties for both host lattices.
Experimental Section 3100 3200 3300 3400 3500 3600 Gauss

Cubic single crystals of KCI or NaCl doped with 0.5% M Figure 1. Selection of species by spin lattice relaxation times in echo-
: ; : induced EPR of irradiated #di(CN), in NaCl host lattice: (top) 3 ms
proportion of keNi(CN)4 Wgre grown by Slpw evaporation of a repetition rate at 50 K and (bottom) 2 ms repetition rate at 16 K.
saturated aqueous solution and submitted to 80 kV X-ray
irradiation in order to create paramagnetic centers. Both reduced
d® and oxidized dparamagnetic species are formiédubstitu-

tion of a cluster [KCJ]3~ or [NaCly]®~ by the anion [Ni(CN)]?~ 2BNa
creates a charge-compensating cation vacancy. Gain or loss of 300, ;
an electron creates the reduction or oxidation products of the

dopants. 200

Pulsed EPR experiments were performed at the X-band (9.724
GHz) on a Bruker ESP380E CW/FT spectrometer equipped with
a dielectric cavity inserted into an Oxford CF-935 variable
temperature cryostat at 16 K. The stimulated echo was optimized
by power variation of a sequence of three 16 ns pulses. ESEEM 0] \ u Ly
spectra were obtained as a result of a sum projection of a 512
x 256 2D spectrum, varying the distances between the second RN SRR AR
(F1 domain) and the third pulses (F2 domain)hat8 nsstep. 00255075 10 1S M
The cubic crystals were mounted on a small Teflon cylinder Figure 2. Three-pulse frequency domain absolute valued ESEEM
into a quartz tube. The crystal was rotated about one of the SPectrum of 38[Ni(CN).J*" species in NaCl host lattice at 16 K. The

S . stimulated echo was optimized by power variation of a sequence of
principal axes so that both parallel and perpendicular spectral three 16 ns pulses. ESEEM spectra were obtained as a result of a sum

features could be obtained by a*d0tation. Angular variation  projection of a 512« 256 2D spectrum, varying the distances between
studies were performed with the help of a homemade goniom- the second (F1 domain) and the third pulses (F2 domair) &v#8 ns
eter, calibrated in tenths of degrees. step. Arrows point to the sodium and chlorine matrix lines and to the
ENDOR measurements were made at 10 K in a Bruker strongest nitrogen lines.

ESP300 spectrometer equipped with an ENDOR module and
an Oxford CF-935 variable temperature cryostat, at 9.423 GHz
using 6.3 mW microwave power and 177 kHz modulation depth
for the radio frequency sweep.

four nitrogens. Numerou¥N lines indicate the presence of a
guadrupolar interaction. Furthermore, there is also the presence
of spurious second harmonic lines. A comparison between
ESEEM spectra for [Ni(CNJ3~ in NaCl and KCl lattices, taken
at the parallel and the perpendicular positions, is shown in Figure
3. Despite the fact that the KCI host crystals were larger, spectra
Separation between the two occurring paramagnetic specieswith better signal-to-noise ratios were obtained with the NaCl
was based on their distinct spitattice relaxation timesT;. crystals. This may indicate that the concentration of paramag-
Adequate choice of experimental repetition rates and temperaturenetic centers was larger in the NaCl host.
leads to selective saturation of thespecies, as shown in Figure To identify lines to nitrogen multiplets, we perfomed a 2D-
1. In this way, all ESEEM spectra were taken at a repetition ESEEM study in the parallel and perpendicular positions (Figure
rate such that the undesired shecies was almost completely 4). Clear line correlations can be obtained from Figure 4,
saturated. Measureglvalues for the #species arg; = 2.108 providing a starting point for spectrum interpretation. Six lines
andgn = 2.041. may show up when quadrupolar effects are present. The ESEEM
A typical ESEEM spectrum in the frequency domain for dependence oHN quadrupolar interaction was explored on the
reduced 38 [Ni(CN)4]3~ complexes in NaCl host lattice is  basis of the MAGNSPE® program’s numerical calculations.
shown in Figure 2. The applied magnetic field was aligned to The highest frequency line is practically insensitive to quadru-
the complex principal symmetry axis (parallel positigh= polar interaction. As a consequence, once this line is identified,
0). Lines symmetrically located around the sodium nuclear a preliminary value for the magnetic hyperfine coupling can be
Zeeman frequency and around nuclear Zeeman frequencies oimeasured. Finer details of the spin Hamiltonian tensors may
the 35 and 37 chlorines isotopes are clearly seen, besides line®nly be revealed by a complete angular variation study, as shown
attributed to interaction between the unpaired electron and thein Figure 5. Laborious fitting with the MAGNSPEC program

Experimental Results
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Figure 3. Comparison among three-pulse absolute value FT spectra
of 3d® [Ni(CN)4]®~ species in NaCl and KCl host lattices at 16 K, at
the parallel @ = 0°) and perpendiculai(= 90°) positions with respect

to the external magnetic field. Lines in NaCl are broader because
memory phase times are smaller for this host lattice as compared to
KCI.

leads to a best agreement with experimental data when we use

the spin Hamiltonian parameters shown in Tables 1 and 2. It is
interesting to notice from this figure that a predicted line at 6.3
MHz is systematically missing from ESEEM experimental data.
This line corresponds to a low-probability branching transition.

ENDOR angular variation studies (Figure 6) reproduce the
ESEEM angular variation and provide complementary informa-
tion. The line missing in the ESEEM spectra is now clearly
seen, since ENDOR lines are not sensitive to branching
transitions.

ESEEM lines corresponding to host lattice ions can be easily
found. For the complex in NaCl host lattié&Na lines are found
partially superposed t&Cl, 37Cl, and“N lines. Interpretation
of these lines (see Figure 7), using the MAGNSPEC program,
suggests three distinct interacting Naost lattice ions: (i) the
so-called matrix ions (distant but still interacting), with lines at
3.86 MHz (perpendicular) and 3.74 MHz (parallel), signed with
arrows in the figure; (ii) second neighbors to Ni atom (12 ions),
lines signed by rectangles in this figure; and (iii) fourth
neighbors to Ni atoms near the cyanides (4 ions), lines signed
by ellipses (see also Figure 8).

Lines due to'%K are mixed tc3>Cl, 37Cl lines in the ESEEM
spectrum of [Ni(CN)]3~ in KCI host lattice, making interpreta-
tion rather difficult. Spectrum interpretation is also difficult for
35C|, 37Cl lines themselves, both in NaCl and KCI host lattices,

as these lines are weak and superposed to other lines. Assign
ments have been done in these cases using the UMP2 theoreticeE

results forAiso presented in the next section and a point dipole
approximation for the dipolar interactiodp).

Theoretical Methods and Discussion

The system under study is represented by an [Ni¢CN)>~
cluster (the central Ni and its neighboring atoms), added by 18
total ion potentials (TIPP11 representing the surrounding"K
or Na" ions, as shown in Figure 8, and by 1306 point chat§es,
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Figure 4. Parallel (A) and perpendicular position (B) 5%2256 8 ns

step 2D-ESEEM contour plots of the BdNi(CN)4]3~ species in NaCl
host lattice at 16 K, obtained after line base correction, apodization,
zero filling, FFT along the F2 axis, absolute value, FFT along the F1
axis, and absolute value. The stimulated echo was optimized by power
variation of a sequence of three 16 ns pulses. Arrows exemplify nitrogen
correlated lines. Sodium correlated lines occupy the center of the plots.

representing the rest of the crystal. A 643&* Gaussian basis
set was used for the N, C, and Cl atoms, and a LanlZDZzZ
basis set was used for the central metal. This basis includes
polarization and diffuse functions, needed to properly describe
delocalized valence electrons of the complex bonding. The 18
electrons of K ions or the 10 electrons of Nahat surround
the [Ni(CN),Cl,]>~ cluster are represented by effective core
potentialg* for the core of K and Na neutral atoms. They take
into account the short-range potentials acting on the quantum-
mechanical cluster due to the infinite crystal. The long-range
(I‘:Ioulombic potential of the infinite crystal was considered
rough point charges. At the borders of the cube, ionic
fractional charges were used following the Evjen proce¥ure
in order to increase convergence of the Madelung potential at
the cluster and to preserve system neutrality. The point charges
and TIPs are placed in positions corresponding to pure crystal
lattices. With the cluster, the TIPs, and the point charges, a cube
with an edge composed by 11 point charges is established.
Electronic structure and the optimal geometry of the complex
were determined by UMP2 calculations using all valence and
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Figure 5. Angular variation of N ESEEM lines for the 3d

[Ni(CN)4]3~ species in NaCl host lattice at 16 K for tkg zy, yx, Xy 1 MHz 6.3 MHz

planes. Experimental points and errors are indicated by squares. Solid A

curves refer to MAGNSPEC fitting. The broken curve corresponds to /

a predicted but not observed line.

TABLE 1: Measured Components of A Tensor for N missing ESEEM line

Atoms at [Ni(CN)4]*~ Complex (MHz) Figure 6. [Ni(CN)43 in NaCl host lattice at 10 K CW-ENDOR
host A, A A, angular variation from the parallel to the perpendicular position. Notice

the almost isotropic line at 6.3 MHz, missing in the ESEEM spectra.

NaCl 7.25 6.65 9.04
KCI 6.6 5.9 8.0

TABLE 2: Calculated and Measured Quadrupolar
Interactions in MHz

NaCl host lattice KCI host lattice
atom Px Py P, Py Py P,
Theoretical Results (UMP2)
N2 —-0.78 —0.72 151 -0.74 —0.69 1.43
(ol 0.11 0.11 -0.22 0.11 0.11 -0.22
Experimental Results
Na —-1.00 -—0.80 180 -0.9 -0.8 1.7
2 Thez axis coincides with the CN axig,is parallel to the complex 25 30 35 40 45 50 MHz

principal symmetry axis, andaxis is orthogonal to thgz plane.? As
shown in Figure 8.

virtual orbitals. The distance €N was kept® as 1.15 A and
the Ni—C and Ni~ClI distances were optimized. Positions of
TIPs and point charges were kept constant. Hyperfine quadru-
polar and magnetic interactions were calculated using the same
method.

The Aiso couplings were calculated by multiplying the
evaluated spin density2°p(N) at nucleusN by the nucleardjy)
and electronicd) g-factors, the Bohr magnetofi)( the nuclear
magneton fn):

20 25 30 35 40 45 50MHz

8
A = 3 0BgSne(N) Figure 7. 2Na ESEEM spectrum: (a) perpendicular and (b) parallel.
The arrow points to thé®Na matrix line, rectangles correspond to Ni

L I . second neighbors, and ellipses correspond to Ni fourth neighbors, near
To analyze the distinct contributions to the hyperfine interac- e cyanides (see Figure 8).

tions, restricted open-shell HartreEock (ROHF) and unre-
stricted spin HartreeFock (UHF) wave functions were calcu-  electric field gradient at nucleus. Indexi denotesx, y, or z

lated at the equilibrium geometry. components. The asymmetry factor using experimental or
The hyperfine quadrupolar coupling tensor was calculated theoretical values can be calculated with quadrupolar compo-
from the expressidd nents:
b — SQAEFGy P.—P,
NET 2121 — 1) T,

wheree, Iy, Qn, EFGy; are respectively the electron charge, The Gaussian 94 progra@fwas used to perform theoretical
the nuclear spin, the nuclear quadrupole momentum, and thecalculations. Thel¥[values for the calculated UHF wave
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ranh)
t Na;
N -

Figure 8. Scheme of the complex [Ni(CMf~ with some neighbors

in NaCl host lattice. The Na ions as second neighbors to Ni atom are
represented with firm lines and the Na ions as fourth neighbors to Ni
atom with segmented lines.

TABLE 3: Calculated Equilibrium Geometric Parameters
for the Cluster [Ni(CN) 4Cl;]5~ by UMP2 Method (A)

NacCl host lattice KClI host lattice

geometric parameter

distance NiCl 2.90 3.23
distance NiC 2.03 2.11
distance NiN 3.18 3.26
distance CN 1.15 1.15
interatomic distance 2.82 3.15

for the perfect crystal
a Reference 27.

functions are 0.7619 and 0.7597 for NaCl and KCI host lattices.
The [Fvalues for the UMP2 wave functions are 0.7568 and
0.7556, respectively, for NaCl and KCI host lattices. Thé&Se
values, close to the correct value 0.75, indicate a negligible
influence of the spin contamination in the calculated propetties.
The calculated electronic structure assighg /mmetry to

Leitao et al.

TABLE 4: Ais for the [Ni(CN) 43~ Complex and Nearest
Host lons, in MHz

NaCl host lattice KCl host lattice

atom ROHF UHF UMP2 expl ROHF UHF UMP2 expl
N 23 22 83 77 17 16 66 6.8
BC 373 644 784 — 299 523 620 105
3C| 00 —25 —41 >(-5) 00 —17 —26 >(-4)
2N d d d 0.33

AN f 0.40 0.19 0.17

3 Aso = (Ax+ A, + A)I3. P Reference 1¢ Na' ions second neighbors
to Ni atom (12 ions)d Cluster too large to the present computational
capabilities.® Na" ions fourth neighbors to Ni atom near cyanides
calculated with a cluster [N&i(CN)4Cl,]—. f Convergence not acquired
in the calculations.

the lattice constant to be 0.36 and 0.11 for the NaCl and KCI
hosts, respectively.

The corresponding asymmetry factorg,(calculated from
theoretical results fot*N quadrupolar interactions, are 0.040
and 0.034, close to the experimental values. These small values
suggest a high similarity betweemn, and zy orbitals at the
cyanides, justifying the small hyperfine anisotropy found in the
experiments (see Table 1). This interpretation is consistent with
the ESEEMNa lines found in Figure 7, where we assign only
one kind of?3Na second neighbor to the Ni atom, suggesting
that orbitals g, dy,, and d. at the central Ni are similar, with
respect to its spin polarization and spatial distribution, to an
octahedral situation. Once the complex [ag symmetry, we
can infer that the electrostatic potential at the Ni site has a
relevant contribution from the axial host lattice chlorine ions,
leading to an effective almost octahedral symmetry for this
potential.

Table 4 presents the experimental and calculated isotropic
hyperfine coupling constants f&C, 14N, 23Na, and®*>Cl atoms
at the optimized geometry. Three distinct methods were used
for Aiso calulations: the ROHF method, which does not consider
spin-polarization or correlation effects; the UHF method, which
considers spin-polarization effects; and the UMP2 method,
which takes into account both spin-polarization and part of the
correlation effects. This table clearly indicates that both spin-
polarization effects, estimated from the difference between
ROHF and UHF results, and correlation effects, estimated from
the difference between UHF and UMP2 results, are essential to
appropriately describe the isotropic hyperfine coupling constants

the unpaired electron orbital, in agreement with the measured A,. That is consistent with previous works with complei%es

g values {j > go > 2.0023)12 The orbital has an antibonding

and small radical®

character, as a function of the nodes between the Ni atom and Table 4 shows that the difference between theoretical and

the cyanides ligands.

experimental ESEEM\s, values for'“N is less than 10%. Both

Table 3 shows that the distances between Ni and Cl atomstheory and CW EPR experiments predict small valuesigy
are close to the lattice constants for the perfect crystals. We for Cl atoms as first neighbors to Ni atoms. The ESEEM spectra
assume that there is no covalent bonding between the metalfor the [Ni(CN)]®~ complex in NaCl and KCI host lattices

and the two axial Cl atoms. This assumption is justified
considering that the calculated Mulliken charge on chlorine
atoms is—0.93 and the nonbonding character of the molecular
orbitals that is localized on Cl ions. The small values for the
calculated quadrupolar interactions (Table 2) indicate cubic
symmetry around these ions, as expected for host chlorines.

present lines that can be attributed to chlorines, in agreement
with the Ao values calculated by the UMP2 method. For
symmetry reasons there is no contribution from the unpaired
electron hg orbital to the spin density at the €Ni—Cl axis.
The35Cl Aso values can be understood by the spin polarization
of valence orbitald? Comparison between axi&iCl Ais, null

Table 2 also shows the calculated values for the quadrupolarvalues calculated by ROHF and nonnull values calculated by

tensor, in good agreement with experimental datd4dratoms.
The small difference between the values'#f quadrupolar

UHF (Table 4) confirms that the spin density at these nuclei
results from spin polarization of the complex and chlorine ions

components in the two host lattices is a consequence of thevalence orbitals.

Ni—N distance once the host lattice contritbutes to EFG. We
can see in Table 2 that the modulus ¥N quadrupolar
components is higher for NaCl than for the KCI host lattice.
Table 3 shows the difference between the-Nidistance and

The calculations give the correct trend f&iN Ag, as a
function of the host lattice; the value for NaCl is slightly larger
than that for the KCI crystal. The optimized geometry (Table
3) explains this trend, since the NC distance for NaCl host
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is smaller than that for KCI, making tHéN atoms in the NaCl interaction, and frozen lattice ions positions can be used to
crystal more sensitive to the unpaired electron. predict geometrical distortions on complexes inserted in ionic
A larger Ao difference (around 40%) is observed between host lattices.
our theoretical results foF¥C and early experimental results
using 70%13C enriched samples in KCI host lattiteThe
difference between our calculated values and the experimenta .
data is very probably due to difficulties in getting precise spin ][elslearchh feIL(‘)vAvsthp (N.v.v., C.E.B.) and for CAPES for a PhD
Hamiltonian parameters from a complex and rather superim- ellowship (A.A.L.).
posed CW EPR spectrum. e References and Notes
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