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The spin Hamiltonian parameters (SHPs) (g factors and zero-field splittings (ZFSs) D and E) and the local structdfeifoKgRdCl,

single crystal are theoretically investigated from the perturbation calculations of the SHPs for an orthorhombically distorted octdhedral 3d
cluster. The impurity Cr* is found not to occupy the conventional square plandfRiite but to locate at the octahedrat Kite, associated

with the relative axial compression ratig~ 11.1%) and the perpendicular bond length variation rafrs 11.7%). The impurity centre
exhibits much smaller axial compression distortion and much larger perpendicular orthorhombic distortion than tHesfitesnk<; PdCl,

(pu ~ 18.6% andry ~ 0) and hence a more regular ligand octahedron, corresponding to the very small ZFSs. The contribgitginto

Agct from the CT mechanism are opposite in sign and twenty-one times larger in magnitude compar&ggwititom the CF mechanism.

For the ZFSs, the CT contributionscPand E:r are opposite in sign and almost the same in magnitude with respect to the corresponding
Dcr and EF.

Keywords: Electron paramagnetic resonance; defect structurés;; ®,PdCl.
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1. Introduction occupation, strength of crystal-fields and local lattice distor-
tions etc.) in the hosts. Recently, electron paramagnetic reso-

Palladium(ll) complex KPdCl, has attracted considerable nar.lce.(El?R) study was carried out forCidoped KdeCh.
at liquid nitrogen temperature (LNT), and the spin Hamilto-

attention due to the medicinal properties as well as applica®, SHP dfor th horhombi
tions in drugs with high antitumoral and antibacterial activ-"an parameters ( s) were measured for the orthorhombic

ity [1]. Meanwhile, K,PdCl, can act as a catalyst to afford substitutional Ct™ centre on K site (site I) [14]. So far, the
an efficient, mild and environmentally friendly method in the above EPR experimental results for’Cr doped KPdCl,

synthesis ofv-aminonitriles [2]. This material is also used in have not been theoretically explained, except that the d-d

an increasing number of applications in chemical, eIectricaIFranSItIon ophca} spectra were quanptatwely analyzed ba:_sed
on the crystal-field theory [14]. Since this orthorhombic

electronic and glass industries and the manufacture of jEV\P i L . o
ellery [3]. On the other hand,&f is a widely used dopant Cr* centre on the host K site in KyPdCl, is quite different

in various functional systems such as night-vision materi—from the conventional tetragonal Eucentre on square pla-

als [4], fiberoptic thermometers [5], laser hosts [6,7], photo-"&" Pd+ site, further theoretical investigations on the SHPs

catalysis [8] as well as vivo imaging and drug delivery medi_of this system can be hglpful to under_stand th.e_ impurity be-
ums [9]. CP+ is also essential for mammal metabolism with haviors and the properties of,RdCl, with transition-metal

declining concentrations of both glycose and cholesterol iﬁj,Opa,mS and are of specific importanpe. The aim of Fhis ar-
blood [10], and its non-specific binding with DNA and other ticle is to propose satisfactory and uniform interpretations of

cellular components can possibly result in inhibition of tran-the SHPs for the é'*_ centr_e in KPdCl, by involving _the
scription and replication of DNA [11]. In addition, & Iocal_structure of the impurity based on the perturbatlc_)n cal-
as an environmental contaminant and various industrial anaulatlons of these parameters. The arrangement of this paper

agricultural activities (especially in food and water) has beeriS thhe fOIIIOWIS' 'In Sefc.h2, the relevant t:jec&retlﬁal fornlwulas
a focus in the relevant fields [12,13]. or the calculations of the SHPs are provided. The results are

. o discussed in Sec. 3. The conclusion of the article is drawn in
Usually, the above properties and applications mayne |ast section.

strongly depend upon the electronic structures and local be-

haviors of C#* in these systems, and the investigations on

the local structures and behaviors of’€rin K,PdCl, are 2. Theoretical calculations

of scientific and practical significance. It is known that

EPR spectroscopy is sensitive to the immediate environmerih this section, the theoretical calculations of the SHPs are
around the paramagnetic impurities and able to reveal impomperformed for the Crt centre in KPdCl,. In the treatments,
tant microscopic informatione(g, defect structures such as the contributions to the SHPs from both the crystal-field (CF)
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and charge-transfer (CT) mechanisms are included in view adenoting the anti-bonding and bonding orbitals and the sub-
significant covalency of the system. EPR measurements [14jcriptsy (= t and e) labeling the cubic (9 irreducible

indicate that Ct* in K,PdCl, occupies substitutionally the
host Kt site and exhibits the local orthorhombic D) site
symmetry. For a 3t(Cr*) ion under orthorhombically dis-
torted octahedra, its ground orbital singfét., may yield
ZFSsD andFE via the combination of the spin-orbit coupling

and the orthorhombic CF interactions [15].

2.1. Cluster approach treatments involving both the CF

and CT contributions

In view of the high valence state of central ion*Crand the
strong covalency of ligand C| the studied [CrGf]?>- clus-
ter may demonstrate strong covalency and CT contributionS

representations o] and E,, respectively. The subscripts
CF and CT represent the related quantities of the CF and
CT mechanisms, respectively. A stands for the integral
R{xs|0/0x|xps) between the ligand 3s and 3p orbitals, with
the reference impurity-ligand distanée The molecular or-
bital coefficients N and A7 are usually determined from the
normalization conditions, the orthogonality relationships, the
approximate relationships for the anti-bonding orbitals and in
terms of the effective covalency factdr based on the cluster
approach [18,19].

2.2. Perturbation formulas for an orthorhombically dis-
torted 3d? cluster

to the SHPs [15-17]. Based on the cluster approach [18,19]

involving both the CF and CT contributions, the spin-orbit £q hig strongly covalent system, not only the contributions
coupling coefficients and the orbital reduction factors are ©X%om the conventional CE mechanism (related to the anti-

pressed as follows:
Cer = NPT+ ()G /2],
Cor = (NPNOY[C) = XEAZG) /2],
ker = N1+ (\1)?/2),
kor = (NFNS)VP[L = NAZ/2 — ANAG /2],

ko = (NENP)Y2[1 — X% 4 X2 — 2095, S, + AIA2S, /2

+ ANJAZ /2],

1)

bonding orbitals) but also those from the CT mechanism (re-
lated to the bonding and non-bonding orbitals) affect signifi-
cantly theg-shifts arising from the second-order perturbation
term due to the combination of spin-orbit coupling and or-
bital angular momentum interactions [18,19]. As for ZFSs
D and E, the CF contributions originate from the third- and
fourth- order perturbation terms due to the combination of
orthorhombic CF and spin-orbit coupling interactions or the
off-diagonal parts of the inter-electronic repulsion interac-
tions, while the CT ones arise mainly from the third order
perturbation terms due to the combination of orthorhombic

Here (9 andgg are, respectively, the spin-orbit coupling CF and spin-orbit coupling interactions. Utilizing the Mac-
coefficients of the 3Hion and the ligand in free statesV;
and A7 (or A7) are the normalization factors and the orbital CT contributions tgy factors and the ZFSB and £/, one can

admixture coefficients, with the superscript§= a and b)
|

D = D¢r + Der,

farlane’s perturbation-loop method [20,21] and involving the

obtain the improved perturbation formulas of the SHPs for an
orthorhombically distorted octahedral3duster as follows:

Dcr = (35/9)Ccr’® Di(1/E} — 1/E3) — 35BDy(cr'Cor /(B2 E3) + Cor®{(49/216)[(175D7 + 144D2) / E}
+2(25DF +144D7) / B3] + 4[(Ds + 5D, /4)* + (D¢ + Dy)*|[1/(EY Es) + 2/(E3Es)]}
+ CorCer{(35D:/108)[2/ E} + 2/ ES — 4/(ETEs) +5/(E1E3) + 5/(E1E3)] + (2/3)(Ds + 5D /4)

x [2/(EYEy) + 1/(E1E3Ey)]},
Der = —(9/4)Dilor” | E2;
E =FEcr+ Ecr,

Ecp = (=28Ccr'®/9)Dy(1/E} — 1/E3) + 28BDy(er'Cor /(B2 E3) — (or®{(490D, D, /27)(1/E? — 1/E3)
— (16/3)(Ds + 5D, /4)(D¢ + Dy)[1/(EY Es) — 1/(E3Eg)|} + Cor*Cor{ (7D, /27)[2/ E5 — 1/ E}
— 12/(E}Es) +5/(ELE3)] + (2/3)(D¢ + Dy)[1/(E{Es + 1/(E1 E3Ey)l},

Bcr = —(48/50)DyCor™/ Er;

gx:gs+AggF+AggT7
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AgST = —8kcr'Cor'/(BEL) + [2(kcr — 24.) cr? — 4kcr'Cor'Cor) /9T
+4¢Cor? (kor — 295)/9E3 — 2cr" (ke + g5)/3E3 + 4kcr'(cr'Cor[1/(9E1 E3) — 1/(3E1 E2) + 1/(3E2E3)]
+ 16kcr'DyCor' 9ET — 2kor'(or' (35D + TD¢ + 7D,)) /9EY,
AgST = 8Cor'ker' [ (BEn) — et kot [(5Dy — 3Dy) + 5(3D¢ — 4D,) /3] /EZ;
gy = gs + DgS" + AgST
Agy" = =8kcr'Cor'/(BEL) + [2(kor' — 295)Cor® — 4kor'Cor'Cor'l/9ET + 4Ccr” (ker — 295)/9E3
— 2cr?(kcr + g5)/3E3 + 4kcr'Cor'Cor[1/(9E1E3) — 1/(3E1E3) + 1/(3E,E3)]
+ 16kcr' D, Cor' J9E} — 2kcr'(cr' (35D, — TD¢ + 7D,)) /9E7,
AgST =8Cer'ker' [ (3En) — Yer'ker![(5Dy — 3Ds) — 5(3Dg — 4D,/ E2;
g: = gs + AgFT + AgET,
AgST = —8kcr'Cor'/(BEY) + [2(kor — 295)Cor® — dker'Cor'Cor]/9E}
+ 4Ccr” (kor — 295)/9E3 — 2¢cr” (kor + 9s)/3E3 + 4ker'Cor'Cor(1/ (9E1 Es)
— 1/(3E1Es) + 1/(3EyE3)] + 16kcr' D,y Cor' /9ET,
AgST =8Ccr'ker' /(BEn) — 18(cr’ ket (5D — 3Ds) /E;,. )
The quantitiesD,, D;, D, and D,, are the orthorhom-
bic CF parameters. The corresponding denominators !
(: =1 ~ 4 and 8) [20,22] are the energy differences between
the ground*A,, and the excited T, [t3(3T1)e], 2T, (t3),
2T, [t2(3T1)e), 4T 1, [t3(3T1)e] and? Ty, [t3(3 T, €] states, re-
spectively. These denominators are expressed in terms of th

cubic CF parameter Dq and Racah parameters B and C fron
the strong field approach [23,24]:

Ey ~10D,, E,~15B +4C, E3 ~ 9B + 3C + 10Dq,
E, ~10D, +12B, Es~ 10D, + 6B. ©)

For an octahedral 3dcluster, the CT level can be deter-
mined asE,, ~ 30000[x(L) — x(M)] + 14B (cm™1) [15].
Here x(L) and x(M) are the optical electronegativities of
ligand and central ions, respectively.

3. Calculations for the orthorhombic Cr3*

centre in K,PdCl, FIGURE 1. Local structure of the orthorhombic €F centre on K-

site in K;PdCl,.

The host K site in K;PdCl, is surrounded by a tetragonally
compressed chlorine octahedron, with the cation-anion dissentre may differ from that of the host cation-anion distance
tancesR, = R, ~ 57689 A and R, ~ 3.2191 A [14].  Ru(= (Rym +2R1u)/3 ~ 4.919 A[14]) in K,PdCl, since
Occupation of the impurity Gr on host K™ site can lead the ionic radiusr; (=~ 0.615 A [25]) of the impurity CP*
to the significant lattice modifications of the local impurity- is much smaller than the radiug (~ 1.38 A [25]) of the
ligand distances due to the remarkable discrepancies betwenst K. The investigations based on experimental superhy-
charge and ionic radii of Gt and K*. For convenience, the perfine constant and extended X-ray absorption fine structure
local structure of the Gr- centre is described by a relative (EXAFS) measurements [26] reveal that the empirical rela-
axial compression ratip and a relative perpendicular bond tionshipR ~ Ry + (r; — r,)/2 is approximately valid for
length variation ratior (see Fig. 1). Usually, the effective an impurity ion in crystals. In view of the size mismatch, the
(average) impurity-ligand bond lengfiin the impurity reference bond lengtR(~ 4.537 A) is obtained for the stud-
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ied system. Thus, the local impurity-ligand distances along
X, Y and Z axes in the impurity centre can be expressed ifTasLE |. The ZFSs D and E (in I0* cm™!) andg factors for Cf+
terms of the reference bond lengthand the local distortion  in KoPdCl.

arameterg andr as follows:
R.=R(1+p—1), R; =R(1+p+1), Calc® 28178 0 2.178 2.178 2.338
Calc? 22849 746 1.994 1.994 1.997
R, = R(1 —2p). (4)
Calc® 89 21 2.078 2.165 2.220

Utilizing the local geometry and the superposition Expt.[14] 89(2) 19(2) 2.096(2) 2.167(2) 2.220(2)
mocj?' [27-31], the orthorhombic CF parameters can be dercacuiations based on the host structural data dfdite in K;PdCl; and
termined as: inclusion of both the CF and CT contributions.

- bCalculations based on the optimal local distortion parametersdr and

_ t2 t2 t2

Dy = =242(R)/T[(R/Rx)™ + (R/Ry) 2(R/R.)"™], inclusion of merely the CF contributions.
D, = 844(R)/21|—(R/R,)"* — (R/Ry)t‘l +2(R/R.)", cCalculations based on the optimal local distortion parametensd~ and
_ ' ‘o inclusion of both the CF and CT contributions.
De = 245(R)/7[(R/R:)" — (R/Ry)™],
)

Dy = 5A4(R)/21[(R/Ry)™ — (R/Ry)"]. (5)

the above optimal local distortion parameters and inclusion
of merely the CF contributions are also listed in Table I.

Heret, ~ 3 andty, ~ 5 [32] are the power-law ex-
ponents. Ax(R) and A4(R) are the intrinsic parameters, 4, Discussion
with the reference distance R. The relationshipgR) ~
(3/4)Dq and A5 (R) ~ 10.84,(R) [32-34] for 3d" ions un-  Table I indicates that the theoretical SHPs (Calc. c) based on
der octahedral CFs based on the superposition model are ref€ local distortion parametepsandr show better agreement
sonably employed here. with the experimental data than those (Calc. a) based on the
In the light of the optical spectral measurements foriCr host structural data of K site and those (Cald) based on
in KoPdCl, [14] and similar chlorides [35], the cubic field omission of the CT contributions. Thus, the measured EPR
parameterDg ~ 1851 cm~! and the effective covalency spectra for the CGrt centre in KPdCl, are satisfactorily ex-
factor N ~ 0.82 are obtained for the studied impurity cen- plained in a uniform way. Meanwhile, the information about
tre. Utilizing the Slater-type self-consistent field wave func-the local distortion around the impurity Cr is theoretically
tions [36] and the distanc®, the group overlap integrals determined by analyzing the experimental ZFSs. The follow-
(Sapt ~ 0.00005, Sgpe ~ 0.0002 and Sy, ~ 0.00004) and  ing points are discussed here.
the integralA ~ 2.1138 are calculated. The related molec-
ular orbital coefficients are determined for both CF and CT
mechanisms from the cluster approach [18,19}: ~ 0.67,
N® = 0.670, \¢ ~ 0.702, \* ~ 0.688, \* ~ 0.138 and
NP =~ 0.663, N? ~ 0.724, A\l ~ —0.712, \b ~ —0.605
and\’ ~ —0.121. Appling the free-ion valueg! (Cr’+)~
273 cnm ! [37] and() (CI™) ~ 587 cnt ! [38], the spin-orbit
coupling coefficients and the orbital reduction factors are ob-
tained for both mechanisms from Eq. (L};r ~ 280 cm~!,
Cor =~ 88 ecm™!, (o ~ 396 cm~! andkcr ~ 0.835,
kor =~ 0.44 andkcor: = 0.634. The Racah parametefs
andC'in Eq. (3) can be expressed in terms of the free-ion val-
uesBy (=~ 1030 cm~! [37]) andCy (=~ 3850 cm~! [37]) of
Cr*t as:B ~ ByN? andC ~ CON2[39]. The CT levelE,,
can be obtained from the valug$Cl—)~ 2.4 andy(Cr’*)
~ 1.9 [15]. Substituting these values into Eq. (4) and fitting
the calculated SHPs to the observed values, the optimal local
distortion parameters andr are obtained:

(1) As compared with the axial compression rafig; (~
18.6%) and nearly zero perpendicular distortion ratio
(tg =~ 0) of the host K= site in Ky,PdCl,, the im-
purity Cr** centre exhibits smaller axial compression
(p = 11.1 %) and much larger perpendicular distortion
(7 = 11.7 %) and hence a more regular ligand octahe-
dron, corresponding to the very small D and E. Thus,
the much (two or three order in magnitude) larger D
and zero E (Calc?) based on the structural data of host
K™ site can be understood. The microscopic mecha-
nisms of the local lattice deformations are illustrated
as the much stronger €r-Cl— interaction than the
host KT-CI~ combination due to the much higher im-
purity valence state. Meanwhile, the long reference
impurity-ligand distanceR (= 4.537 A) and hence low
force constant of the &f-Cl~ bonds also account for
the above remarkable €r-Cl~ bond length variations
with respect to the host K-CI~ bonds. As a result,

p~11.1% and 7~ 11.1% (6) the axial and perpendicular distortions are consider-
ably decreased and increased, respectively, from host
The corresponding theoretical SHPs (CaK). are col- K™ site to the impurity centre. As one might delib-
lected in Table I. The results (Calc?) based on the host erately assign the measured EPR signals to"@m
structural data of K site in K2PdCl4 and inclusion of both the square planar P4 site, the calculated D would be
the CF and CT contributions and those (C3ldased on much (two or three order in magnitude) larger than the
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experimental value, and the above remarkable discrep-
ancy cannot be removed by adjusting the related spec-
tral parameters or local distortion parameters. S&tCr
may tend to occupy the octahedraf Kite instead of
the square planar P4 site and is quite different from
the conventional tetragonal €t centre on P8 site

in KoPdCl, [40]. This point can be illustrated by the
dissimilar electron configurations of €t (3d”) and
Cr3t (3d®), which tend to exhibit square planar [CyiX
and octahedral [Cr¥ groups by means of ddpand
d’sp® hybrid orbitals [41,42]. Interestingly, similar oc-
tahedral trivalent F&" (3d°) centre on K site was also
reported for iron doped ¥PdCl, [43], which can also

be ascribed to the octahedral [Fg[ajroup by means

of sp*d? hybrid orbitals [41,42]. It seems that elec-
tronic configuration plays a more important role than
size or charge mismatch in occupation of transition-
metal impurities in KPdCl,. So, the impurity Ct*+
occupying K- site rather than Pd- site is understand-
able in physics.

When the CT contributions are ignored, the calculated
g factors and ZFSs (Calc?) are smaller and much
larger than the experimental data. For the studied
[CrClg] group, the system demonstrates strong cova-
lency due to the covalent ligand Cland central ion
Cr3*+ with high valence state and much largg(Cl~)

~ 587 cm~! [38] than(? (Cr™) ~ 273 cm™! [37].
Substantially, the host #2dCl, may exhibit strong co-
valency due to the optical electronegativity (2.2
[15]) of Pd** comparable with that~¢ 3.0 [15]) for
Cl~. This can be illustrated by the effective covalency
factor N (= 0.82) and the obvious orbital admixture
coefficients & 0.2 ~ 0.7) from the cluster approach.
In fact, the contributions to g-shifts ;o7 from the CT
mechanism are opposite in sign and twenty-one times
larger in magnitude compared with, ¢ from the CF
mechanism. As for the ZFSs, the CT contributions
Dcr and B are opposite in sign and almost the same
(characterized by the ratidBor/Dor| =~ 99.6% and
|Ecr/Ecr| = 99.3%) in magnitude with respect to the
corresponding Br and E-r. Thus, the CT contribu-
tions are found to be important and should be included
in the EPR analysis.

The errors of the present theoretical calculations may
be analyzed as follows. First, the final results may
be brought forward some errors due to the approxima-
tions of the theoretical model and formulas based on
the spin Hamiltonian theory, in which only the con-

529

site contributions to the crystal fields arising from the
relevant ions €.g, P+, CI—; K+, CI—; etc.) may
partially cancel each other due to opposite charges and
lead to insignificant effects on the total crystal fields
of Cr3* because of their successively farther distances
(> R ~ 4.537 A) from the impurity. Second, the error

of the reference impurity-ligand distanéemay arise
from the empirical relationship in terms of the differ-
ence between the ionic radii of the impurity and the re-
placed cation [26]. Fortunately, the influencestbfs
actually cancelled in the calculations of the orthorhom-
bic CF parameters in Eq. (5), and the above erraR of
would merely affect the related group overlap integrals
and lead to even smaller errors (no more than 0.5%)
for the resultant SHPs and the optimal local distor-
tion parameterg andr. Third, substitution of K by
Cr3* with two extra positive charge may induce some
means of charge compensatarsy, one Pd+ vacancy

or two K+ vacancies) and might slightly modify the lo-
cal structure of the impurity centre. However, the non-
axial charge compensators would lead to considerable
perpendicular orthorhombic distortion and significant
E, which was obviously inconsistent with the experi-
mental tiny E value [14]. On the other hand, the possi-
ble axial compensatorg g, P+ and K vacancies)
might bring forward important effect on the charge dis-
tribution of the impurity centre. However, the nega-
tive effective charges of these possible compensators
would repel the axial ligand(s) Cltowards the cen-
tral C*, inducing much more axial compression of
the impurity centre and hence larger magnitude of D.
Nevertheless, this is actually in disagreement with the
observed very small D [14]. So, the possible charge
compensators may occur far from the impurity and its
influence on the local structure is very small and neg-
ligible. Finally, the empirical superposition model and
ratio A»(R)/A4(R) ~ 10.8 for the intrinsic parame-
ters of other systems would also result in some errors.
Based on the calculations, when the ratio varies within
the widely accepted range f~ 12, the errors for the
SHPs and the optimal distortion parameters are esti-
mated to be less than 4%. In fact, the above treatments
need to be justified for the certain case, especially those
with nearby charge compensation. Therefore, in order
to perform more accurate studies of the SHPs for the
present system, more powerful density function the-
ory (DFT) calculations are to be adopted in the future
work.

tributions from the nearest neighbor ligands are con§.  Conclusions

sidered whereas the influences of the ions in the outer

ligand spheres are omitted. For the present impurityThe SHPs and local structure for®Crin K,PdCl, are the-
Cr3t in tetragonal KPdCl, lattice, the electric fields oretically analyzed from the perturbation calculations for an
from the rest ions of the crystal could be anisotropicorthorhombically distorted Jocluster. The impurity Gi* is
and bring forward some influences on the total crystafound not to occupy the host Pd site but to locate at the oc-
fields acting upon Cr-. To some extent, the oppo- tahedral K site, associated with the relative axial compres-
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sion ratiop (=~ 11.1%) and the relative perpendicular bond octahedral K site, which is quite dissimilar to the conven-
length variation ratior (~ 11.7%). So, the impurity centre tional tetragonal Cti- centre on square planar Pdsite, is
exhibits smaller axial compression distortion and much largeillustrated in view of the 8sp’ hybrid orbitals.

perpendicular orthorhombic distortion than the host #ite

in KoPdCl,; and hence a more regular ligand octahedron, corA
responding to the very small D and E. The contributions to g-

shifts Agcr from the CT mechanism are opposite in sign andrhis work was financially supported by the Key Project
twenty-one times larger in magnitude compared Witflcr  of Sichuan Education Department [17ZA0050], the Science
from the CF mechanism. For_the_ZFSs, the CT contribution_$>r0ject of Chengdu Normal University [RCYJ2016-2], the
DCT and ECT are opposite in sign and almost the same ijchyan Province Academic and Technical Leaders Support
magnitude with respect to the corresponding DCF and ECFzynd [Y02028023601041] and the National Natural Science
The microscopic mechanism for this unique’*Crcentre on  Foundation of China under granted no. 11764028.
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