CHAPTER 5

Ligand Effects toward the Modulation of Magnetic Asotropy and Design of
Magnetic Systems with Desired Anisotropy Charactéds

Abstract

Magnetic anisotropy of a set of oetdal Cr(Ill) complexes is studied theoretically.
The magnetic anisotropy is quantified in terms efozfield splitting (ZFS) parametdd,
which appeared sensitive toward ligand substitufidre increased-donation capacity of the
ligand enhances the magnetic anisotropy ofthe oexegl The axiak-donor ligand of a
complex is found to produce an easy-plane type>(0) magnetic anisotropy, while there
placement of the axial ligands withacceptors entails the inversion of magnetic aropgt
into the easy-axis type(< 0). This observation enables one to fabricatengles molecule
magnet for which easy-axis type magnetic anisotrpyan indispensable criterion. The
equatorial ligands are also found to play a roletuning the magnetic anisotropy. The
magnetic anisotropy property is also correlatechwite nonlinear optical (NLO) response.
The value of the first hyperpolarizability variesoportionately with the magnitude of the
ZFS parameter. Finally, it has also been shown ahadtional design of simple octahedral
complexes with desired anisotropy characteristg&passible through the proper ligand
selection.




5.1. Introduction

Magnetically interacting open-shell transition algbn clusters have been a topic of
thorough investigation in the past few decades,clwtias caused the divergent areas of
chemistry and physics to méelnteresting catalytic, biochemical, and physicalpgerties of
paramagnetic metal complexes have drawn the aitewti many researchers and material
scientists. Magnetic materials based on molecular latticetherathan continuous lattices of
classical magnets, have been designed and syreh&sRecently, polynuclear clusters
assembled from mononuclear coordination complexa® bbecome a subject of increased
interest since it is relevant for the study of tgs molecule magnets” (SMM$).A
phenomenon hindering spin inversion causes cemaiecules to exhibit slow relaxation of
the magnetization after removal of an applied mégriield, thus showing SMM behavidf.
The discovery that some metal coordination clustesy behave as SMMS® has provoked
plentiful research in the direction of their poiahtpplications in high-density information
storage and quantum computihg:

The genesis of SMM behavior is a large easy-adgmatic anisotropy and concomitant
high energy barrier that needs to be overcomehi@réversal of the magnetic moment. The
barrier to reorient spin in magnetic molecules tangiven by D|S* for molecules with
integer spins and|(S*-1/4) for molecules with half integer spins, whérds the zero-field
splitting (ZFS) parameter arflis the ground state spth.Molecular systems containing a
large number of paramagnetic centers with sigmficaegativeD are the most suitable
candidates to be used as SMMdowever, most of these species show either lovatiegjor
positive D value in spite of having high ground state spircéntly, a few lanthanide
complexes have been reported to show slow magnetixation behavior. For example,
phthalocyanine double-decker complexes with Tb(l&)d Er(lll) encapsulated in a
polyoxometalate framework exhibit an extremely higkgative anisotropy barriét*
Several complexes of Fe(Il), U(lll) and Dy(lll) alshow similar characteristi¢3.*” Another
novel class of nanomagnets called the single-chaagnets (SCMs), can be formed by
combination of the SMM& ™23 A series of one-dimensional cyano-bridged coottitina
solids (DMF)}MReClL(CN),, with M = Mn, Fe, Co, Ni, have been reported towla slow
relaxation of magnetizatiotf.Moreover, in the combination of SMMs in which thasy axes
of anisotropies are linked in a parallel mannen lad to a large easy-axis tyde € 0)
anisotropy in the long-chain range, and manifestatf a slow relaxation of magnetization
can occuf®

The dependence of the ZFS paramel®r ¢n the nature of ligands has long been a
subject of enormous interéStFor example, the synthesis and characterizatica sries of
high spin hexa-coordinated dihalide Mn(ll) complexgMn(tpa)X] (tpa = tris-2-
picolylamine; X = I, Br, and Cl) advocate for theepence of such ligand effects showing an
increase in thédD value with | relative to that with Br and CD.(>DBr>Dc|).26b Recently
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Karunadasa et al. have shown the variation in ntagaeisotropy in a few pseudo-octahedral
first-row transition metal complexes by varyingdigls®’ A series of octahedral complexes
[Cr(dmpe}(CN)X]* (dmpe =1,2-bis-(dimethylphosphino)ethane, X = Clr, B) and
Cr(dmpe)(CN)X (X = Cl, ) has been studied, and a simitant as that discussed above has
been observed. Logically, the observed trends eaattoibuted to factors such as changes in
d-orbital splitting with the nature of the halidéetinfluence of ligand spiorbit coupling,
and so on. A simple computational model may beuldef a clear analysis of the observed
changes irD as a function of the nature of the ligands. On&efinteresting properties that
such types of organometallic complexes manifeshésnonlinear optical (NLO) property.
Molecular NLO materials are of considerable scfentinterest due to their potential
application in the field of optoelectronics andafitical data processing technologieg In

a number of works, the magnetic property of malerizas been related to the NLO
responsé’3? Therefore, it can be intuited that there existsoarelation between NLO
response and ZFS parameter.

In order to understand the effect of the ligandstune the magnetic anisotropy in
transition metal complexes, a systematic DFT swdyg carried out on a few chosen systems
(Figure 5.1). The observed trends in th® values of the octahedral complexes
[Cr(dmpe}(CN)X]" (dmpe=1,2-bis-(dimethylphosphino)ethane, X = Cl, Brenable one to
estimate the contribution of the halides toward #feS of the whole molecule. Such
contributions of the ligands are correlated witle #mergy difference between the highest
occupied molecular orbital (HOMO) and lowest unged molecular orbital (LUMO), and
second-order NLO response. A positive valudoiould correspond to an easy-plane type
(i.e.,D > 0) magnetic anisotropy. On the other hand, athegaalue relating to the easy-axis
type (i.e.,D < 0) magnetic anisotropy would make the systemsenmderesting for various
applications. As a logical consequence, the sepanidof our work involves the study of the
magnetic nature of the complexes in which both dk&l positions of the complex are
replaced either byr-donor or z-acceptor ligands to inspect the magnetic naturehef
complexes as a function of ligand substitution.
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Figure 5.1. Structures of the octahedral complexes [Cr(daf@®)X]*, (X = Cl, Br, | for
complexes 1, 2, and 3, respectively).
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5.2. Theoretical Background

Magnetic anisotropy leads to the splitting d&2 magnetic sublevels even in the
absence of an external magnetic field, and thispimenon is called ZFS. The degeneracy of
the M states is lifted due to ZFS in molecules havéhg 1/2. Prediction of the ZFS in
transition-metal complexes using density functiah&ory (DFT)-based methods has been a
subject of scientific intere$® The uncoupled perturbation theoretical approachthie
framework of unrestricted Kohn-Sham formalism iop@ted to determine the spin-orbit
coupling contribution to ZF& The second-order correction to the total energg sfstem
due to spin-orbit coupling can be expresséd as

4= Z M[" S S (5.1)
ij

oo’

Whereo is used to denote different spin degrees of freedadhi andj denote coordinate
labels x, y, andz. HereS™ is defined as

5 =(r18 1r) 52

»° andy’ are a set of spinors that are constructed fromitany transformation on th&,
eigenstates. The matrix elemeMg” are described as

. o Vi 196 (0w 1V |9,
Mo = _Z<¢’| 2 ><€”ka i 14 > | (5.3)

Kl 8|ﬂ _Ska.

In this equationgp” and g’ are occupied and unoccupied states with enetgiemd &,
respectively. The operatdk is related to the derivative of coulomb potentialthe absence
of magnetic field, the change in energy of theaysin the second-order can be written as

4, = Z,-:y” (SXS)). (5.4)

Diagonalizing the anisotropy tensprone can obtain the eigenvalugs yyy, andy,, and,
consequently, the second-order perturbation enagybe written as
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Parameterization of the anisotropy tensor compesn@t yy. 727 with D andE, which are
the axial and the rhombic ZFS parameters, respaytigives rise to the following simplified
expression

1
H e = D[sj —§S(S+1)} + E[SXZ — 83]_ (5.6)

The sign of the axial ZFS parameRitis important in determining the nature of the metgn
property associated with the system. For a poswiaeie of D, the system cannot show
magnetic phenomena, and the magnetic anisotrofrised easy-plane anisotropy. On the
other hand, the negative valuelfs the basic requirement for a material to bec&i.>

5.3. Computational Details

Single-point calculations on the chosen octahe@réllll) complexes (Figure 5.1) are
carried out on the crystallographic geometries iobth from ref 27. Following the
methodology proposed by Pederson and Khdhittee ORCA® code is used to calculate the
ZFS tensor in DFT formalism. We have calculated ZI%S parameters using the BPW91
functional®” and TZV basis séf and taking advantage of the resolution of the tidefRI)
approximation with the auxiliary TZV/J Coulomb fity basis set’ under unrestricted
Kohn-Sham formalism. This methodology, as adoptethis work, is being widely used to
compute the ZFS parameféfc*° Although there are several methods available fer t
computation of the ZFS parameter, the Pedersonkdrathna (PK) method is known to
produce the correct sign of the ZFS param&férMoreover, it has also been observed that
the ZFS contributions predicted by this method sli@wagreement with accurate ab initio
and experimental results. With regard to the comedp of the ZFS parameter, other DFT
methods that are being used are Neese’s quasitest{QR) approacft, and the coupled
perturbed spin orbit coupling (CP-SOC) metddRecently, some more sophisticated ab
initio techniques have proven to produce exceltestlts?* Nevertheless, the justification of
using the PK method in the case of Mn(ll) systemdNkeese and co-workers solicits for the
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selection of this method in the present wotEarlier studies have concluded that magnetic
anisotropy values have strong dependence on thetidaals; however, the same is less
dependent on basis s&f&™It has also been previously explained that théopmance of the
nonhybrid functionals toward the prediction of theparameter is excellefit.Thus it can be
expected that the BPW91 functional will be a gobdice for the calculation of the ZFS
parameter, which has also been shown by Rodrigta??’®° The second-order NLO
responses has been calculated using the Gaussian ®3ite of software, using the same
methodology as the ZFS parameter. As the Gausaitfssoftware does not allow the use
of TZV basis set for the element iodine, we supphfymidi-x basis set as an extrabasis for the
element iodine. The midi-x basis set is a heterogtolarized valence-doublebasis set that

is known to be good at predicting partial atomiarges accuratefy.

5.4. Results and Discussions
5.4.1. Role ofr-donation from ligand

The ZFS parameters are computed for complexes l1and, 3 (Figure 5.1). The
agreement between the calculated and the expeainesities can be followed from Table
5.1. The ZFS is known to arise from small differemof various contributions; thus, a better
agreement with the experimental results can rabelyexpecte®® However, the order of
magnitude of the ZFS parameters are in parity wiperimental observations. Moreover,
similar to the experimental trend, the magnitud® aficreases gradually from complex 1 to 3
in the present study.

Table 5.1.Experimental Dexy) and calculated{cac) ZFS parameters for the complexes 1, 2,
and 3.

complex formula Dexg (cm™) Dearc (CM™)
1 [Cr(dmpeX}(CN)CI] 0.11 0.27
2 [Cr(dmpe}(CN)BI]* 1.28 1.45
3 [Cr(dmpe}(CN)I]* 2.30 5.66

Although it is difficult to relate the electron lpog capacity of a ligand with the help of
electronegativity of the ligand in the complex, #féect of covalency cannot be ignored. A
covalent interaction of the central metal with igand aids in the delocalization of unpaired
spins away from the met&. This phenomenon is often explained through thetairb
reduction factork, which is defined by Stevens as the decrease enotibital angular
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momentum of an unpaired electron in thed-orbftareviously, it has been shown that the
orbital reduction factor is associated with theeispent by the unpaired electron in the
adjacent ligand¥' The orbital reduction factor is expressed as ¥odto

(W] 1]w)
(d] 1d,) 7

wherel is the orbital angular momentum operator, abahd W) are free iord-orbitals and
molecular orbitals, respectivel§.However,k can be reduced to the following working
equation for computational realization:

+ +1 . 2
k = Zizzlll izzlllc(l"u)
20 +1

(5.8)

for | =2,i runs oved atomic orbitals (AOs) and runs over molecular orbitals (MOs) with
dominantd-contributions, withc(i,) being the contribution dth AO to theuth MO>3 The
orbital reduction factor value obtained for com@exl, 2, and 3are 1.16, 0.95, and 0.85,
respectively. A reduction in the orbital angular memtum from the free ion value can be
taken as evidence of covalency between the cdntraind the ligandior Following Pellow
and Vala’ it clearly appears that the value of orbital reihrcfactor is dependent on the
ratio of the metal and the ligand spin—orbit congliHence, a smaller value of the orbital
reduction factor depicts a larger spin—orbit caoglicontribution from the ligand to the
overall magnetic anisotropy characteristics ofdbmplex. Although the conventional orbital
reduction factor has values within 0 and 1k &alue larger than 1 can arise due to the
admixture of states with different multiplicity.A value ofk greater than 1 signifies that the
spin-orbit coupling of the complex is greater than the free vatue® This point has been
explained thoroughly by Griffith on the basis o€ tHelocalization of the-orbitals®®® The
halogen ligands are also known for theidonation ability, which increases down the
halogen group. Hence gradual increase in the matgmiof D parameter can primarily be
attributed to ther-donation strength or the basicity of the halidmtids. The ZFS parameters
are usually understood in the framework of ligamddf (LF) theory as many other properties
of transition metal complexé&3.In an octahedral field, the degeneraterbitals of the metal
ion is split into two levels, namelyygtand g. The ground state of Cr(lll) in an octahedral
environment has the electronic configuratigfi which gives rise to th&A,q state. The three
unpaired electrons in this® system remain in the nonbondidg, dy, andd,xorbitals of the
tog group. There are six one-electron promotions ghat rise t0*T:4 and*T4 excited states.
These two states are different in energy, but d)hg/“ng state can couple to the ground
state’’ However i,°%e," configuration corresponds to ‘d state, and, particularly, these
excitations within the metal-shell make the most important contributions to ZIK&>® Four
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types of excitations that are found to contributethte D tensor are SOMO-VMOou(—a),
SOMO-SOMO §&—p), DOMO-VMO (—a), and DOMO-SOMO A—p), where SOMO,
VMO, and DOMO refer to singly occupied, virtual,dadoubly occupied MOs, respectively.
In the unrestricted formalism, all the orbitals aregly occupied by up-spin or down-spin.
Thus, the SOMOs are referred to as those occupiespmm MOs that do not have any
population in their down-spin counter parts. Simylathose orbitals having population in
both the up and their corresponding down spin M@scansidered here as DOMOs. In Table
5.2, these individual excitation contributions he D are listed. It can be seen from Table 5.2
that all the individual contributions are more esd in accordance with the experimentally
observed trend in the values of ZFS parametersthese contributions also increase from ClI
to | in almost all cases. The crucial dependencth@fZFS parameter on various important
d—d excited states, involving spin-allowed and forl@ddntra-SOMO spin flip excitations
can be observed from Table 8%2Among the four excitations, two important conttibns
stem from o—a and f—o excitations, which correspond to the SOM®MO and
DOMO—VMO transitions, respectively. The first one hasxmam positive contribution
toward the overalD of the molecule, while the DOMGVMO has the highest negative
contribution for the same. The magnetic responsthefelectronic ground state is largely
determined by thel-d excited states of the same multiplicity as thathef ground stat®
The HOMGO-LUMO transition is so spin conserving that hed transition can exclusively
be made responsible for the Z#SThis observation draws our attention to the
HOMO-LUMO gap of the molecules, where HOMO is thghest energy SOMO. TDDFT
calculations for the study of thie-d vertical excitations are carried out with the sdvasis
set and functional to see which of these excitatiare most important for the ZFS. The
TDDFT results (see Appendix C) for all three compke reveal that, among the-d
transitions, those transitions that correspond he tighest oscillator strength are
HOMO-LUMO transitions.

Table 5.2.Individual excitation contribution to the total 2parameteD.

complexes SOMGSOMO DOMO-VMO  SOMO-VMO DOMO-SOMO

(@—p) (f—a) (a—a) (B—P)
complex 1 0.02 -0.35 0.29 0.31
complex 2 1.53 -4.78 3.64 1.06
complex 3 11.87 -25.22 17.99 1.02

The HOMOs in all three cases gre-dr antibonding orbitals (Figure 5.2), while the
LUMOs are mainly concentrated on the medabrbitals with no contribution from the
ligands. Since the LUMOs, mainly composed of meldl,® orbitals, are not in a desired
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orientation to interact with halides, they are fduo be almost constant in energy with the
variation in halides (Figure 5.3). Interaction dlide p-orbitals with the metat-orbitals
leads to destabilization of those orbitals by myxumith them in an antibonding fashion. The
extent of destabilization increases with the damaproperty of the halide-donor. Hence,
the HOMO-LUMO gap eventually reduces from the dalercomplex to the iodide complex
(Figure 5.3). Thus, it is expected that in casehef chloride complex, thB value will be
lowest in magnitude as the denominator in eqn &.[rgest. Hence the increase in e
value from complex 1 to 3 is justifiable from thrsdpoint of the reducing HOM@.UMO

gap.

HOMO LUMO

Figure 5.2. The HOMOs and the LUMOs of the octahedral Cr(Ibjnplexes. The equatorial
ligands are in tube form for clarity.

Moreover, a reduction in the HOMO-LUMO gap has rtanifestation in the NLO
properties of materiaf€. This single parameter, the HOMOUMO gap, is established as a
key factor to tune both the magnetic behavior amel NLO response simultaneoudly.
Electronic charge-transfer transition is respomsfbl NLO response in materials. Analysis of
the results obtained from the calculation of theosd-order NLO response reveals that there
is a unidirectional charge-transfer transition, cage particular tensorial component gf
namelyp..; is the dominating term, witiraxis being parallel to the metal halogen b&ha.
goodz-donation from the ligand increases the diffusipibf the electronic cloud in between
the metal and the ligand, which in turn is respolesifor the hyperpolarizability of the
molecule. Hence, the physical origin of the hiighfor complex 3 can be correlated with the
strong z-donation ability of iodine. On the other hand,igtclear from eqn 5.3 that the
denominator of the tensorial component of magnatiisotropy corresponds to the energy
difference between the occupied and unoccupiedggrievels. In that case, an increase in
first hyperpolarizability value can be envisagedaasol toward the prediction of increasing
magnetic anisotropy. Keeping this view in mind, vave also computed the first
hyperpolarizability that is the second-order NLGspense of the complexes. The first
hyperpolarizability values are given in Table 5l8ng with the HOMG-LUMO energygap.
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Scrutiny of Table 5.3 shows that as we go from demp to complex 3 with increased
donation of one axial ligand, the valuefgf; is increased, showing the validity of the idea of
getting a prediction over the magnitude of ZFS fibeNLO response.
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Figure 5.3.Decrease in the HOM&@.UMO gap on going from complex 1 to complex 3,twit
the increase in-donation strength from Cl to I.

Table 5.3. The first hyperpolarizability values of complexe®l and 3 and corresponding
HOMO-LUMO gaps{En.).

complexes HOMO-LUMO energy gap (4Ep.) hyperpolarizability ( f.z2)

(ineV) (ina.u.)
1 3.2 -146.61
2 2.9 -393.90
3 2.7 -546.01

5.4.2. Effect of individual ligands toward the ZFSof a molecule

The interaction of ther-donor ligand with thed orbitals in the 43 group is shown in
Figure 5.4. Ther-interaction lifts the SOMOs containindy, and dy, orbitals upward by
forming pr—dz antibonding orbitals. In order to study the effeaparted by the ligands, a
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DFT calculation is performed by replacing the ligarof focus by point charges of same
magnitude as that on the ligand. The purpose af tibdel is to nullify thert-interaction
between the ligand orbitals and the metairbitals. The charge in place of the ligand is
retained to model the same crystal field envirorninasnin the original complex and enforces
a similar occupation of the orbitdi’s When the ligand is replaced by a point charge,lthe
value, which is denoted here Bg, corresponds to the ZFS of the complex, excludinag
specific ligand. The idea as coined by Neese anoh®pi'’ is that the ligand contribution to
the totalD can be estimated from the difference of Bhefrom the moleculab values. The
use of point charges in the calculation of the teteic spectra of complexes is known as the
“Sparkle” modef? Hence, the method employing the point charge, riest above, can be
used as a scheme for getting a fingerprint of idpgnd contribution toward the total SOC of
the complex in the DFT framework. The results giwernTable 5.4 depict that there is a
considerable contribution from the halide ligands the magnetic anisotropy of the
complexes, i.e., the participation of the halidgafids in the spirorbit coupling is very
pronounced. The contribution from ligand is alsor@ased from chloride to iodide. This
result is quite consistent with the fact that,@dine has a very heavy nucleus, the spibit
coupling imparted by this ligand will be higher theromide, which will in turn be greater
than chloride. The comparison of tBevalues with and without-donor explores that, in the
cases of complexes 2 and 3, the halide ligands gksignificant role to make the value f
positive and there placement of ligand with poiharge brings forth a negatiix value.
The z-acceptor ligand on the other side, which has &gt intact, may be responsible for
the switch in thé value. However, for complex 1, tii¥ value is not altered much and is of
positive sign. This apparent anomalyDg values can be attributed to the altering electron
availability at the Cr(lll) atom, which in its tuincreases the-acceptor capacity of the CN
ligand®® In the presence of a weak donor digand in complex 1, the-accepting tendency
of the CN is less efficient. Hence, in the case of completh& cyanide ligand cannot act as
an effectiver-acceptor, and, consequently, the effect is lessprent. As bromide or iodide
effectively donates electrons to the metal ion,dleetron density on the metal in complex 2
and 3 is much higher than that in complex 1. Thesdlakility of electrons in the metal ion in
bromide and iodide complexes is much higher, amdzthccepting tendencies of the CN
ligands are very similar. So, the replacement eséhgroups with point charge produées
values that differ so little that rounding off lsatb the same value @fx, and both are of
negative sign. This reversalhin the case of complexes 2 and 3 is explained bé&lom the
arrangement of the MOs armorbital splitting of the Cr(lll) ion in the octadel ligand
field. At zero applied magnetic field, the liganeld Hamiltonian is written as

- ~ 1 A
Hir :Aa{Li—gL(ul)}Am 2-2]-an-s (5.9)

where Axx and A, are the axial and rhombic splitting parameterspeetively,/ is the
spin—orbit coupling constant, anél is a constant having a value between 1.0 (striyagd
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field) and 1.5 (weak ligand field}. The Ax is the splitting of thel-orbital relative to thel,
anddyzorbitals Aax = Exz,yz—Exy).65 The sign ofA.« determines the sign of th& parameter.
The positive sign oD requiresAax to be positive, which indicates that tthe andd,-orbitals

are at higher energy than tbg-orbital. A negativeA,, would certainly give rise to a state
where thed,,-orbital lies higher in the energy level diagranarththed,, and d,-orbitals®®
Figure 5.4 clearly explains the positive sign af #FS parameter in the cases of complexes
1, 2, and 3. Thus, the MO analysis of the complexgls different ligands can serve as a
good indicator to forecast the sign of the ZFS petar.
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Figure 5.4. A qualitative MO diagram of [Cr(dmpgCN)X]*showing interaction of the
metald-orbitals withz-donor ligands.
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Table 5.4.The values of the total ZFS parametBy) @nd after replacement of the halide
ligands with point charges of the same magnit@ewith X = CI, Br, and I).

complex D (cm™) Dx (cm™)
1 0.27 0.23
2 1.45 ~0.14
3 5.66 -0.14

5.4.3. Effect of axial ligand substitution

To examine the effect of-donation andr-acceptance from the axial positions on the
magnetic anisotropy of a complex, two sets of testulations were performed. The first set
of calculations was carried out with complexes weheoth the axial positions occupied By
donor ligands and the other set of calculationsparéormed with the complexes containing
m-acceptor ligands in axial positions.

SET-Il. Set-1 includes complexes of formula [Cr(dnyte)®, with L = ClI, Br, and |
(Figure 5.5). These structures are also availabtystallographic information file format in
ref 27. The intention to carry out the first setaalculations arose from the observation of
Table 5.4, as there we can see that the preserae-@dbnor is found to increase the value of
D. Hence further replacement of the other axialndyavith the same-donor is made, and the
results are tabulated in Table 5.5.

_ . n+
I"u"IEQ M‘Ez
P-"f_rl,ﬁ‘ | ‘\".\“P
"o ' [.=Cl, Br, I for SET-I and
/ ' \ L=CN and CO for SET-II
p ‘ P
MEQ MEE
. L —

Figure 5.5.Schematic representation of the complexes use&Trl&nd SET-II.
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Table 5.5.Calculated ZFS parameters for complex series [@p@bX2]*, with X = Cl, Br,
and I.

[Cr(dmpe)2X2]* Calculated ZFS ParameterD in cm™
L=CI 0.38
L=Br 3.80
L=l 16.98

From the results it is clear that when bothakial ligands are halides, the magnitudéof
is much higher than those complexes with only calalé ligand in an axial position. Tl
orbital splitting in such complexes are such thatd-orbital lies at a lower energy than the
dy, Or dyorbital, i.e., in these cases,y is positive. The positive sign of the axial syt
parameten, explains the positive ZFS value. It is also obgifnom Tables 1 and 5 that this
ligand effect is additive in nature.

SET-IIl. While the effect of ther-donor ligands can be understood as a controlling
factor of the sign and magnitude DOf it is obvious that with a-acceptor ligand, the sign of
D would be negative. A negati@ value is desired for making SMMs. So, this set of
numerical experiment is carried out with th@cceptor ligands in the axial positions, and
ZFS parameters are calculated. The calculated valil2 are kept in Table 5.6. A qualitative
MO diagram for such set of complexes is given guFé 5.6. An alteration in the position of
the singly occupied,y orbital in the energy spectrum of these complexaspared to that in
Set-1 complexes is observed. Hence, from the dssons given in the previous section, the
change in the sign of the values for this set of complexes can be explaihateover, a
higher negativeD is obtained with a strongeraccepting carbonyl (CO) ligand. It has been
reported previously that if easy-axes anisotropies linked in tandem, they can lead to a
large easy-axis type anisotropy in the long chaige, and exhibition of a slow relaxation of
magnetization can be realiz€dHence it seems to be quite a general effect tiaite az-
donor ligand causes an easy-plane anisotropyaed ligand on the other hand makes the
nature of the anisotropy of the complexes to beasfy-axis type.
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Figure 5.6.A qualitative MO diagram of [Cr(dmpgiCN)X/CN]" showing interaction of the
metald-orbitals withz-acceptor ligands.

Table 5.6.Calculated ZFS parameters for complex series [@pgbL,]"", with L = CN and
Co.

[Cr(dmpe),L o)™ Calculated ZFS ParameterD in cm™
[Cr(dmpe)2(CN),]* -0.09
[Cr(dmpe)»(CO)2]*"* -0.14
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5.4.4. Effect of equatorial ligand substitution

On the basis of the results of the numerical expent employing point charge given in
Table 5.4, the effect of the axial ligand subsittutis carried out as described in the above
sections. It seems from the discussion in Tabldt@atéthe electron density on the metal ion is
vital when z-acceptor ligands are employed from both axial tpmss. The greater the
electron density on the metal, the more effectiie #-acceptor ligands will be. The
equatorial ligands here can aid in the incremenglettron density on the central metal,
which in turn can lead to greateiacceptance of the axial ligands. Hence, for thdigation
of the above speculation, a few complexes are dedigvith twoz-acceptor ligands in the
axial positions, and the equatorial ligands arengkd through the halides (Figure 5.7). The
designed octahedral complexes contain chloridenig®, and iodide ligands, respectively, in
their equatorial positions. First we have tried thuee octahedral Cr(Ill) complexes with CN
as two axial ligands. Here we see that, as thetaon&tom the equatorial ligands increase,
the magnitude of the negativ@ is increased (Table 5.7). Thus following the inlayp
between the nature of the ligand and the axial takySeld splitting (., one can
systematically change the magnetic anisotropy cbraplex. To sum up, we can say that a
negative D value can be achieved if there is sufficient damatof electrons from the
equatorial ligands to the metal, so that a largmilability of electrons on the metal occurs
and the designing of single molecule magnets withga degree of magnetic anisotropy is
possible by suitable placement of thacid ligands in the axial positions of octahednaital
complexes.

CHM 3—
:’{HJ.,“'_ _I”“ﬂ'l.x
Cr
- CN -

Figure 5.7. Schematic representation of the designed complekese equatorial positions
are replaced with halides (X = Cl, Br, and I).
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Table 5.7.Calculated ZFS parameters for complex Series J{@NX),]*>", with X= CI, Br, and
l.

Calculated ZFS ParameterD in cm™* for

X= Complex [CrX4(CN)z]*
Ci -0.13
Br -0.69

I -5.18

5.5. Conclusion

In the present work, the magnetic anisotropy prtypef a series of octahedral Cr(lll)
complexes is studied. It has been shown #hdbnor andz-acceptor ligands, in the axial
position of the octahedral complexes, have diffeeffects on the magnetic anisotropy of the
complexes. The interaction of the ligands with tietal d-orbitals gives rise to two different
situations responsible for this kind of switch e tZFS parameter. Thedonor ligands play
a role in making the magnitude of ZFS larger withiecreasedr-donation from the halide
ligands, while ar-acceptor ligand causes the anisotropy propertyetof easy-axis type)(
<0). Moreover, ar-acceptor ligand in both the axial positions impastngle molecular
magnetic nature to the system having an easy-dxtseomagnetic anisotropy. An increased
donation from the equatorial positions is seenrtbaace the magnitude of easy axis type
magnetic anisotropy. This can be attributed to itfteeasedr-accepting efficiency of the
axial ligands due to an enhanced metallic electtemsity, pushed by the equatorial ligands.
On the basis of the above observations regardiadigiand replacement, octahedral Cr(lIl)
complexes can be designed in such a way that it m@et our desired anisotropy
characteristics. The NLO response is found to vatly z-donation similarly as the magnetic
anisotropy. The second order NLO respopséas been related to the magnetic anisotropy in
the case of the non-centrosymmetric octahedral tomp, where we can see that the NLO
response can lead us to good anticipation of magaeisotropy.

From the systematic DFT study with these octaHexnaplexes, a clear understanding
about the influence of the ligands on modulating thagnetic anisotropy of the Cr(lll)
complexes is possible. For convenience, we perfoifiew numerical experimentations. The
D value for [CrBE(CN),]*", as we recollect from Table 7, is —-0.69 ¢mWe calculate the
ZFS parameter for [CrB{CO),]”, which comes out to be —2.51 cmNow relying on the
above method of prediction, we design a complefoofiula [CrBi(CN)(CO)F™ and expect
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the D value to be in between —0.69 ¢hand —2.51cit and get a value of —-0.94 émThus,
from this observation, a general conclusion cartasvn that the anisotropy of such metal
complexes is greatly controlled by the ligands.stionmarize, this work explicates a simple
application of DFT to calculate anisotropy paramsete metal complexes to devise a rule of
thumb for the occurrence of SMM behavior in sucmptexes.
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