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Abstract: In the present work, we examine the magnetic properties of 8 “end-
to-end” thiocyanato, and 3 “end-to-end” cyanato double bridged Ni(II) binuc-
lear complexes. Thiocyanato complexes are weakly ferromagnetic. Cyanato
bridged complexes exhibit weak antiferromagnetic coupling. Therefore, it is a
challenge for computational chemistry to calculate the exchange coupling
constant in these systems accurately. 17 different density functional approxim-
ations with different flavours are used to find the method of choice to study
magnetic properties in binuclear Ni(I) complexes within the broken-symmetry
approach. It is found that M06-2X and PWPB95 performed the best compared
to the experimental values for the entire set of examined complexes. Further-
more, the magneto-structural correlation rationalizes the results.

Keywords: BS-DFT; ferromagnetic coupling; antiferromagnetic coupling; mag-
neto-structural correlations; double-hybrid functionals.

INTRODUCTION

Due to important and versatile applications in industry, medicine, and tech-
nology, various bi- and poly-nuclear transition metal (TM) based magnetic mat-
erials have been investigated.!=> These kinds of complexes are characterized by
two or more paramagnetic metal centers, often bridged through one or more
small ligands. The partially filled d-orbitals of TM centers lead to ferromagnetic
(FM) or antiferromagnetic (AF) exchange coupling.%’ Various symmetrical3.
and unsymmetricall0-1! polydentate ligands are responsible for promoting the
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1 5 7 8 ZLATAR et al.

formation of polynuclear core. However, bridging units have a more critical
influence on the electronic structure. The thiocyanato (SCN™) and cyanato
(OCN") ions are ambidentate ligands that can coordinate via nitrogen or chalco-
gen (sulfur or oxygen) as monodentate or bridging ligands.!? As bridging lig-
ands, like their well-examined azide (N37) ion analog, they predominantly coor-
dinate in “end-on” (u-1,1) and “end-to-end” (u-1,3) fashion (Fig. 1).13:14 This
additionally enriches the structural versatility of these molecules. The bridging
mode strongly influences the magnetic interactions between TM ions and the
magnetic characteristics of a molecule.

Fig. 1. Possible double bridging modes of cyanato and thiocyanto ions in binuclear nickel(IT)
complexes; “end-on” on the left and “end-to-end” mode on the right; X= O or S;
L — spectator ligands.

In contrast to thiocyanato-bridged polynuclear complexes of some other
metals (like, for example, Cu(I11)!5-20), the number of Ni(Il) complexes is con-
siderably smaller, whereby only a few binuclear cyanato-bridged complexes have
been synthesized and characterized. “End-to-end” thiocyanato double bridged
complexes are weakly FM,7-14.21 while “end-to-end” cyanato double bridged
complexes exhibit weak AF coupling.22.23

Although much has been explained and learned in the field of electronic
structure, a clear understanding of magnetization phenomena remains a chal-
lenge. From a quantum chemical point of view, the accurate description of this
fundamental characteristic requires precise modeling of magnetic energy levels
associated with the magnetic interaction between two open-shell centers.
Although density functional theory (DFT)24.25 has evolved into a method that
can be used to describe and even predict various molecular properties, due to its
single-determinantal nature, the determination of exchange coupling (constants)
may seem out of reach. Exchange coupling constant (J) is a measure of the
energy differences between the electronic states with different spin multipli-
city.26 If the state of the highest spin multiplicity is the ground state, the coupling
is FM (positive J value). If the low-spin state is the ground state, AF coupling
occurs (negative J value). Since only the FM states can be described with a single
determinant and hence directly computed, in all other cases, broken-symmetry
DFT (BS-DFT)27-30 approach is commonly utilized.
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In the present work, we examine the magnetic properties of 8 “end-to-end”
thiocyanato (Fig. 2) and 3 “end-to-end” cyanato (Fig. 3) double bridged Ni(Il)
binuclear complexes by calculating the J constants within the framework of BS-
-DFT. DFT is, in principle, the exact theory, however, in practical computational
work requires approximations (density functional approximations — DFAs) on its
path to solutions. The choice of the DFA strongly influences the accuracy of cal-
culations. It was usually found that for magnetic systems, hybrid DFAs and
range-separated hybrid DFAs provide much better agreement with experimental
data than semi-local DFAs.31-35 However, this does not need to be true always.
For example, in the case of double “end-on” azido bridged binuclear Ni(II) com-
plexes, it was found that hybrid DFAs did not improve the results compared to
general gradient approximations (GGA).30 In that study, it was shown3¢ that only
double-hybrid functionals37-38 (MP2 correlation energy added to the hybrid or
meta-hybrid energy) give acceptable accuracy. Even more importantly, only
double-hybrids predicted the sign of J correctly in all complexes.36 It is note-
worthy to mention that double-hybrids do not always give better results than the
hybrid functionals.33-3% This implies that the choice of DFAs for the calculation
of magnetic coupling is firmly system dependent. Here we address the question
of DFAs’ influence on the overall DFT accuracy for calculation of J constant in
double bridged “end-to-end” thiocyanato and cyanato Ni(Il) binuclear com-
plexes. These systems are challenging because the weak FM or AF coupling is
observed (J value ranges from —4.8 to +6.3 cm1). 17 different DFAs, with dif-
ferent flavors, are used: GGAs, meta-GGAs, hybrid functionals, meta-hybrid
functionals, long-range corrected and double-hybrid functionals. Furthermore,
the magneto-structural correlations in these systems will be examined.

\%
Fig. 2. “End-to-end” thiocyanato double bridged Ni(Il) binuclear complexes.

Available on line at www.shd.org.rs/JSCS/

(CC) 2020 SCS.



1 5 80 ZLATAR et al.

Fig. 3. “End-to-end” cyanato double bridged Ni(Il) binuclear complexes.

METHODOLOGY

All DFT calculations have been performed with the ORCA program package (version
4.1.2)%041 with ZORA-def2-TZVP(-f)*2* basis set for all atoms. Zero-order-regular-approx-
imation (ZORA)* has been used to account for scalar-relativistic effects. For GGA and meta-
-GGA functionals, RI approximation in the Split-RI-J variant was used. The scalar relativistic-
ally recontracted SARC/J*43:43:46 auxiliary basis sets have been used to fit the Coulomb integ-
rals in the resolution of the identity (RI) approximation.*’ The chain-of-spheres approximation
to the exact exchange (COSX)*® was employed for hybrid, meta-hybrid, long-range corrected,
and double hybrid DFAs. The RI approach was used in the MP2 part of the calculation for
double-hybrid functionals, combined with def2-TZVP/C* correlation fitting basis sets.

Choice of DFAs

The choice of DFAs used in this work include: i) GGA functionals in the form of
BP86,50-52 BLYP,30-53-35 OLYP3-3¢ and OPBE>%7 ii) meta-GGA in the form of M06-L5859
and TPSS®06! jii) hybrid functionals B3LYP,%2 B3LYP*%3 and BHandHLYP iv) meta-hybrid
TPSSh,%0:61 M06%8-3 and M06-2X°89 v) double-hybrid B2PLYP37 and PWPB95% vi) long-
range corrected®® LC-BLYP,% cam-B3LYP,%7 and wB97X.%8 DFAs used have different
amount of the exact exchange: 0 % (GGAs and meta-GGAs), 10 % (TPSSh), 15 % (B3LYP*),
20 % (B3LYP), 27 % (MO6), 50 % (BHandHLYP and PWPB95), 53 % (B2PLYP), 54 %
(M06-2X). LC-BLYP has 0 % exact exchange in the short-range, while 100% in the long-
range; cam-B3LYP has 19 % in the short-range and 65 % in the long-range; wB97X has 16 %
in the short-range and 100 % in the long-range. B2PYLP is the standard double-hybrid
functional with the perturbative treatment of correlation on top of the DF energy. PWPB9S is
double-hybrid, which accounts for the correlation of opposite-spin electron pairs solely.

Binuclear Ni(Il) complexes

Binuclear Ni(II) complexes analyzed in this work are: [{Ni(en),},(u; 3-NCS),]>* (en =
= ethylenediamine) I, [{Ni(terpy)(NCS)},(u;3-NCS),] (terpy = 2,2;6',2"-terpyridine) 1II,
[{NiL""-(NCS)}(u1 3-NCS),] (L' = N,N-dimethyl-N'"-(pyrid-2-ylmethyl)-ethylenediamine)
IIL [{NiL?-(NCS)},(u; 3-NCS),] (L? = N,N-diethyl-N"-(1-pyridin-2-yl-ethylidene)-ethylenedi-
amine) IV,  [{NiL3(NCS)},(u;3-NCS),] (L3 = bis(3-aminopropyl)amine) V,
[{NiL*(NCS)},(¢; 3-NCS),] (L* = 1-(pyridin-2-yl)-N-(quinolin-8-yl)ethan-1-imine) VI,
[{NiLy3}(us sSNCS),J** (L3 = 1,2-diamino-2-methylpropane) VII, [{Ni(4-azpy)e} (11 3-NCS),]
(4-azpy = 4-azidopyridine) VIII, [{Ni(tren)}2(;11,3—OCN)2]2+ (tren =tris(2-aminoethyl)amine)
IX, [{Ni(Meg[14]aneN,)},(u-OCN),1*" (Meg[14]aneN, = DL-5,5,7,12,12,14-hexamethyl-
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-1,4,8,11-tetraazacyclotetradecane) X, [{NiL®},(u;3-OCN),J?>" (L® = N,N-bis(3,5-dimethyl-
pyrazol-1-ylmethyl)aminomethylpyridine). Complexes I-VIII are bridged with two “end-to-
end” thiocyanato ligands and complexes IX-XI with two “end-to-end” cyanato ligands. Each
Ni(Il) center is hexacoordinated in distorted octahedral environment with two bridging lig-
ands, one bonded via nitrogen donor atom and other via chalcogen (sulfur or oxygen donor
atoms). Remaining coordination places around Ni(Il) centers are occupied by two bidentate
ligands (I, VII), one tridentate ligand and monodentate NCS™ (coordination via N atom; I1—
-V), one tetradentate ligand (VI, IX—XI), or six monodentate ligands (VIII). Therefore, the
first coordination sphere around each Ni(Il) is NiNsX (X = S/O). All the calculations were
performed on the complexes from the experimental X-ray structures: I (CCDC 1219660),%° 11
(CCDC 1261119),2! III (CCDC 263465),70 IV (CCDC 772821),* V (CCDC 180314),7! VI
(CCDC 1918388),” VII (CCDC 1206993),72 VIII (CCDC 1010020),” IX (CCDC 1275667),%2
X (CCDC 1245877),’* XI (CCDC 782334).75 Solvent molecules (complex IIT) and counter-
-ions (complexes I, VII, IX—XI) were removed, missing hydrogen atoms were added to com-
plex I. Positions of hydrogen atoms were optimized in all structures, assuming the high-spin
state, using BP86 functional with Grimme’s third-generation dispersion energy correction’®
and Becke-Johnson damping,”” i.e., BP86-D3. In the X-ray structure of V, both the binuclear
and central part of tetranuclear units are considered. Terminal Ni(Il) units of tetranuclear
structure in V are removed because they are connected with a single NCS bridge to the central
part (coordination to the central part via S atom, i.e., trans-NiN,4S, coordination sphere).”!
Exchange coupling

The exchange coupling constant J of the Heisenberg—Dirac—van Vleck spin-Hamiltonian
(H = —2JS,S,) was calculated with BS-DFT formalism27-30 according to the Yamaguchi:*0.78
J=(Eps — Egg)/(<8%>pg — <SE>pg). <S%>yg and <SZ>gq are the spin expectation values of the
high-spin and broken-symmetry states, respectively. Fyyg and Egg are corresponding energies.
When the Hamiltonian is in the form H = —JS;S,; (complexes IV, X, XI), the reported J values
from the literature are divided by two to compare calculated and experimental values. In the
case of V, the average of the two computed J values is compared with the experiment because
only one J is reported for double-bridged pathways.”!

RESULTS AND DISCUSSION

Results for calculation of J constants in complexes I-XI with GGAs and
meta-GGAs are presented in Table I. On the same complexes, results of calcul-
ations with three hybrid and three meta-hybrid DFAs are summarized in Table II.
Finally, Table III shows the results obtained with double-hybrid and long-range
corrected DFAs. In Table II, DFT only values of double-hybrids are given as
well. In all tables, mean error (ME), mean absolute error (MAE), minimal abso-
lute error (Min AF), and maximal absolute error (Max AE) with respect to the
experimental values are given. The results indicate the accuracy of a given func-
tional for the investigated set of complexes. Generally speaking, GGAs do not
perform well, as indicated by the largest MAE (more than 10 cm™!). Meta-GGAs
do not improve the results comparing to GGAs. In some cases, there is an over-
estimation of FM coupling (I1, II1, VI, VII), while in other cases AF coupling is
more pronounced. This is different than in double “end-on” azido bridged binuc-
lear Ni(II) complexes where all GGAs largely overestimated FM coupling.3¢ BP86,
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TABLE 1. Exchange coupling constants( J / cm™!), calculated with selected GGAs and meta-
GGAs for 8 “end-to-end” thiocyanato (Fig. 2, I-VIII) and 3 “end-to-end” cyanato (Fig. 3,
IX—XI) double bridged Ni(Il) binuclear complexes and comparison with experimentally deter-
mined values. Mean error (MFE), mean absolute error (MAFE), minimal absolute error (Min AE)
and maximal absolute error (Max AE)

Complex Exp. GGA

BP86 BLYP OLYP OPBE MO06-L TPSS
1 4.509 0.38 1.77 8.41 11.07 6.48 2.04
11 4.90%! 19.49 18.6 25.59 27.15 16.33 16.37
111 3.9070 7.49 6.46 13.98 16.48 9.68 6.54
v 0.3414 -12.12 -13.33 —4.12 -2.01 0.29 -8.39
Vv 2737 -5.38 -6.61 0.65 3.25 2.11 -3.80
VI 4.717 17.96 17.43 23.14 22.65 13.31 14.11
vil 6.3372 28.48 27.35 45.24 46.17 21.98 21.30
v 1.5673 -1.98 -3.07 5.60 7.58 4.62 -1.19
IX -4412% -1246  -12.93 -9.15 -7.88 —4.73  -10.30
X -4.80"* 3155 -32.05 —28.89 -15.41 -1598  -25.86
XI -3.107°  -21.65 2242 -17.71 —-15.41 -9.58  -17.86
ME -2.54 -3.22 4.19 7.00 2.53 -2.15
MAE 12.29 12.32 13.28 12.23 5.93 9.16
Min AE 3.54 2.56 2.085 0.52 0.05 2.46
Max AE 26.75 27.25 38.94 39.87 15.68 21.06

BLYP, and TPSS, predict the wrong sign of J constant in cases IV, V and VIIL.
OLYP and OPBE revealed the opposite sign only in the case of I'V. This complex
is also problematic for B3LYP* and TPSSh (Table II). M06-L is the only DFA
from these functionals that qualitatively gives correct results (Table I). As
expected, hybrid functionals performed much better giving MAE in the range
2.2-3.8 cm 1. DFAs with a higher percentage of the exact exchange (50% in
BHandHLYP and 54 % in M06-2X) give somewhat better results. Meta-hybrid
MO06-2X has the lowest MAE (1.4 cm1) among chosen “standard DFAs” (Tables
I and II) and Max AE of 3.6 cm~!. Long-range corrected functionals do not per-
form better than standard hybrid functionals for herein studied complexes (Table
IT). Double-hybrid DFAs give good agreement with experimental values.
PWPB95, double-hybrid with only opposite-spin correlation, is the best of all 17
selected functionals with MAE of 1.1 cm~! and Max AE =2.8 cm™L. DFT only
values of double-hybrids (without perturbational corrections) are similar to the
results obtained with BHandHLYP and M06-2X. Considering the high comput-
ational cost of double-hybrids, the use of M06-2X is recommended for double-
-bridged NCS/NCO binuclear Ni(II) complexes.

Magneto-structural correlations

Herein analyzed thiocyanato “end-to-end” double-bridged binuclear Ni(Il)
complexes show weak FM coupling (J value from 0.3 to 6.3 cm™!), while rare cya-
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TABLE II. Exchange coupling constants (J / cm™!), calculated with selected hybrid and meta-
-hybrid DFAs for 8 “end-to-end” thiocyanato (Fig. 2, I-VIII) and 3 “end-to-end” cyanato
(Fig. 3, IX-XI) double bridged Ni(Il) binuclear complexes and comparison with experiment-
ally determined values. Mean error (ME), mean absolute error (MAE), minimal absolute error
(Min 4AE), and maximal absolute error (Max AFE)

DFA
Compl Exp.
ompiex *P- TB3LYP B3LYP* BHandHLYP TPSSh  MO06 M06-2X
I 4509 437 3.79 4.06 64 695 325
T 49021 1 12.7 737 1099 138 597
I 3900 597 7.15 5.59 709 821  3.93
v 0.3414 16 _0.42 3.49 253 143 183
v 2737 1.54 2.13 3.2 0.115 239 1345
VI 4717 8.83 8.89 5.71 863 1163 488
VII 63372 13.00 15.94 12.01 1580 1741 974
VIII 1567 111 1.00 3.60 386 447 232
IX 4413 406 -4.02 026 357 —154  —077
X 480 978  -12.58 29 1432 865 351
XI 23107 669 -85 179 769  -5.19 -2.19
ME 0.93 0.84 213 075 312 092
MAE 281 3.76 221 431 426 140
Min AE 0.13 0.38 0.44 083 034 003
Max AE 6.7 9.64 5.71 959 1111 3.63

TABLE III. Exchange coupling constants (J / cm™!), calculated with selected double-hybrid
and long-range corrected DFAs for 8 “end-to-end” thiocyanato (Fig. 2, I-VIII) and 3 “end-to-
-end” cyanato (Fig. 3, IX—XI) double bridged Ni(II) binuclear complexes and comparison
with experimentally determined values. Mean error (ME), mean absolute error (MAE),
minimal absolute error (Min 4E), and maximal absolute error (Max AE) in cm!. DFT only
values for double-hybrids is given

DFA
Complex  Exp. B(Zé)l{:%P B2LYP ¥ Xﬁ?s PWPB95 LC-BLYP Cam-B3LYP wB97X
| 4.5009 4.49 475 3.7 2.92 5.25 4.63 4.88
1l 49021 762 810 636 643 13.18 9.64 9.29
I 3900 586 589 445 423 6.07 6.4 5.98
v 0344 372 181 234 073 0.46 3.16 378
v 27370 316 3.03 1.7 0.93 1.08 1.82 2.49
VI 4717 612 696 463 516 9.30 8.44 8.03
vl 63372 1233 614 1017 457 15.20 13.73 12.23
VI 1567 428 417 292 229 457 3.69 478
X 4413 009 033 -074 155  -422 214 —045
X ~480™ 291 485 323 -536 —10.53 686 524
X1 310 032 287 -189 329  —6.03 473 43
ME 251 147 125 004 1.61 1.92 221
MAE 251 151 160  1.10 3.48 276 2.65
Min AE 001 005 007  0.19 0.12 0.13 0.24
Max AE 6.03 407 387 285 8.9 7.43 5.93
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nato ones show weak AF coupling (from —3.1 to —4.8 cm!). All complexes have
similar coordination around Ni(II) centers and similar Ni—Ni distances (thiocya-
nato in the range 5.5-5.7 A, and cyanato in the range 5.1-5.5 A). The correlation
between the magnetic properties of these complexes with their geometries reveals
the importance of symmetry of the bridging unit.”-23:74.79 The more symmetric
the bridge is, the more AF coupling is pronounced. The measure of symmetry/
/asymmetry of a bridge, J, is defined as a difference between Ni-X (X = O/S)
and Ni-N bond lengths.” In Fig. 4, where experimental J values are plotted vs. J
(from corresponding X-ray structures), linear dependence is observed (R? = 0.89).
The AF coupled cyanate bridged complexes have smaller 6 (0.1-0.3 A) than FM
coupled thiocyanato bridged complexes. The same trend is observed with DFT
calculated J coupling, Fig. 5 (R?2 = 0.96 and R = 0.87 for M06-2X and PWPBY5,
respectively). The symmetry of the double pseudohalide bridges is known to be
important for other binuclear complexes as well.80
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Interestingly, there exists a linear relationship between the error of GGAs
(Jeale—Jexp) and & (R? = 0.88 and R? = 0.92 for BP86 and OPBE, respectively). In
Fig. 6 relationship between Jcyic—Jexp and o for BP86, OPBE, and PWPB9S are
shown.

40 .
30 ,/'
. /, L
.o P
5§ 10 P
= i, g% A
& Aa ’ ‘,’
- . s ?'- s
[} 7 , 1
3 10 ’ ,,/, .
20 o
1
-30
40 Fig. 6. Relationship between Jgyic—Jeyp and 6 (from
o 02 04 06 08 1 corresponding X-ray structures) — J.. by BP86
/A (squares), OPBE (diamonds) and PWPBOS5 (triangles).

When ¢ is small, GGAs tend to overestimate AF coupling. This is in line
with the known tendency of GGAs to stabilize the low-spin states.8! OPBE,
which is suitable for spin-state energetics of mononuclear complexes3! corrects
this behavior, albeit not sufficiently. As ¢ is increasing, AF coupling becomes
less critical, as discussed above (Fig. 4). When ¢ is larger, FM coupling, domin-
ated by the high-spin state’s spin-delocalization, becomes more important. In
these cases, GGAs enlarge FM coupling because of its nature to overestimate
electron spin delocalization.32 On the other hand, DFAs with exact exchange
tend to stabilize the high-spin state and to localize the spin density.81:83 There-
fore, hybrid and meta-hybrid DFAs showed better performance (Table II).
Double hybrids improve the results because MP2 correlation corrects the over-
stabilization of the high-spin states, and there is no correlation between the J.a1c—
~Jexp and 6 (ME for PWPB95 is 0.04 cm).

CONCLUSION

In this study, the performance of 17 DFAs with different flavors for the
calculation of the magnetic coupling in 11 binuclear Ni(II) complexes have been
presented. These results are compared to experimentally determined J values.
Furthermore, the magneto-structural correlation between the J constant and sym-
metry of the bridging unit has been examined. This study shows that M06-2X
and PWPBIS5 are the methods of choice for studying magnetic coupling in binuc-
lear Ni(II) complexes, which can be used for predictive analyses. It is noteworthy
that these results are somewhat different from double “end-on” azido bridged
binuclear Ni(II) complexes,3® where M06-2X gave the wrong sign of J in one
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case, showing the importance of bridging ligands. Magneto-structural correlation
delved deeper into the origin of various DFAs’ behavior and gave a rational exp-
lanation of their tendencies.

Although most polynuclear complexes are obtained accidentally, this study
will guide the smart choice of polydentate and bridging ligands. This can open a
door for rational tuning of the electronic structure, magnetic interactions, and
thus all general properties of a binuclear complex.
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U3BOJ
HUCIIUTUBAE ATTPOKCUMATHUBHUX OYHKIUOHAJIA TYCTHUHE 3A
HU3PAYYHABAKE KOHCTAHTHU KYIIJIOBABA ¥V IBOCTPYKO NTIPEMOITREHUM
TUOLMNJAHATO U TUJAHATO BUHYKJIEAPHUM Ni(11) KOMIUVIEKCUMA
MATHJA 3JIATAP', ®UJIHII BIAXOBUR?, IPATAHA MUTUR’, MAPYO 3JIATOBUR’ u MAJA TPYIIEH®
1YHueep3umeu7 y Beoipagy — Unciuutiywi 3a xemujy, WexHonoiujy u memanypiujy, Huciauinyii og
HauuoxanHol 3nauaja 3a Peiiydnuky Cpoujy, Fbetowesa 12, 11000 Beoipag, *Unosayuonu ueHinap
Xemujcxoi paxyniuetia, Ciygeniticku wipi 12—16, 11000 Beoipag u 3Yuusep3umeu7 y Beoipagy —
Xemujcku ¢paxynimed, Ciiygeniicku wpi 12—16, 11000 beoipag
[TpoyyaBaHa cy MarHeTHa CBojcTBa 8 ,end-to-end" ThonujaHato, u 3 ,end-to-end" uuja-
HaTo ABOoCcTpyko mpemourhenux Ni(Il) dunykneapuux kommekca. TuourjaHaTo mpemourheHu
KOMITIEKCH Cy crnabo depomarHeTHu. KoMmiiekcu npeMoinheHy IMjaHaTo JIMTaHOUMA MOKa-
3yjy cnado aHTHdEpPOMarHeTHO KyTjoBamwe. 300T Tora je Mperu3Ho u3pauyyHaBame KOHCTAaHTH
KyTJIOBaa Y OBUM CUCTeMHUMa HM3a30B 3a pauyyHapCKy xeMHjy. KoHCcTaHTe KyInioBawka y OBUM
CUCTEMHMA Cy u3padyHarte Broken-Symmetry NPUCTYIIOM y OKBHDY TeopHje (QYyHKIHOHaIa
ryctuHe. CefaMHaecT anpoKCUMATUBHUX (PYHKIMOHA/NA TyCTHHEe Cy KopuinheHH kako Ou ce
MIPOHALIA0 HAjIoy3AaHUju HUBO TEOPHje 3a MpOyYyaBame MarHETHUX CBOjCTaBa OMHYKIEapHUX
Ni(IT) kommnekca. YTepheno je na cy M06-2X u PWPB95 nokasanu Hajdorme ciarame ca exc-
NEepUMEHTAIHUM BPEJHOCTHMA 3a Lle0 CKyN HCIHUTHBAHUX KomIulekca. Hamocnetky, pesyn-
TaTH Cy PallMOHAJIM30BaHA MarHETHO-CTPYKTYPHOM KODEALHjOM.
(ITpummeno 6. HoBemOpa, mpuxBaheHo 12. HoBembpa 2020)
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