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For the [Cr=(H:tmp)-Cly] compound. simplified models with two bridging methoxo ligands have been studied.
The influence of the bridging Cr-O-Crbond angles on the exchange coupling between metal atoms in the model
compound has been analyzed by means of density functional calculations with the broken-sy mmetry approach.
Coupling constant calculated for the full sticture is in good agreement with the experimentally reported value.
confirming the validity of the computational strategy used in this work to predict the exchange coupling in a
family of related dinuclear Cr(IlI) compounds. The calculations indicate a good correlation between the
calculated coupling constant and the sum of the squared energy gap of three pairs of metal t-; OMSOs with a
limited variation of the Cr-O-Cr angle. The spin density distribution and the mechanism of magnetic coupling

interactions are discussed.
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Introduction

The exchange interactions between the molecular frag-
ments carrving a localized spin has been of considerable
interest in the field of theory of magnetism. This interest has
also been greatly spurred by the search for the spin arrange-
ments of single molecular magnets in which the magnetic
coupling occurs between transition metal ions in a complex
with various ligand environments.'- Recently. the broken-
symmetry density functional theory (BS-DFT) approach?
has been mostly used for investigations of magnetic ex-
change coupling constants (/) in dinuclear and polynuclear
transition-metal complexes because these methods have
proven fo give good numerical estimates of J values.*

We have studied the exchange coupling in methoxo-
bridged Cr(III) compounds by analyzing the influence of the
specific change in the [Cr(x-OCH;)-Cr]* core geometry on
the coupling constant. Unlike the electronically simple
copper(I) dimers having only one unpaired electron locali-
zed on each metal center. the chromium(IIl) dimers in which
each Cr’* ion bears three unpaired d electrons present an
ideal example for the study of the structure-magnetism
relations. In this study. we have caloulated J values on the
full size and simplified model compounds shown in Figure 1
by using the BS-DFT approach and examined the magneto-
structural correlations for Cr-O-Cr angle distortions found in
this system.

Computational Details

Since the computational methodology adopted in this
work has been described in detail elsewhere.” it will be only
briefly reviewed here. Assuming the Heisenberg spin Hamil-
tonian is defined as H = =/ 8,8 to describe the exchange
coupling in a dinuclear compound. where J is the coupling
constant. and 8, and S: the local spins on centers 1 and 2.

respectively. the coupling constant J can be evaluated from
the calculated energies of the high-spin and broken-syvm-
mefry states according to the following expression:

J= Z(LTBSV_EHS) 0

S(S+1)

where S is the total spin for the high-spin state and £ps and
Fus are the calculated energies for the broken-symmetry
(BS) and high-spin (HS) states. respectively. The broken-
symmetry approach has been emploved to describe the
unrestricted solutions of the antiferromagnetic singlet spin
states.

The hybrid B3LYP method® has been used in all calcu-
lations as implemented in Gaussian03 program.” mixing the
exact Hartree-Fock exchange with Becke’s expression for
the exchange functional® and using the Lee-Yang-Parr
correlation functional ® Double-{ quality basis sets'” have
been emploved for all atoms except for the Cr atom. for
which a triple-¢ basis set'! with two extra p orbitals (polari-
zation functions) has been used. No molecular optimization
has been done. with the full experimental geometry of the
dimeric complex used for the calculations. Throughout the
calculations all bond lengths were fixed. We systematically
varied the Cr-O-Cr bridging angle in the model complex.
keeping all other angles constant at the values in the full
structure.

Structure Description

The geometry of the dimeric complex [Cra(Hatmp):(Cly)
(Figure la) was obtained from X-ray crystallographic data '-
The positions of the hydrogen atoms are available in the
crystal structure data. We use the notation of Hatmp for the
tripodal ligand L.1.1-tristhydroxymethyl)propane. Selected
bond lengths and angles are given in Table 1. The structure
consists of two Cr(Ill) ions linked by two singly deproto-
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Figure 1. (a) [Cra(HastmpyCly] compound and (b) the simplified
model of the compound.

Table 1. Selected interatomic distances (A) and angles (°) for
Crz(Hztmp):CL compound

Crd4-O5 1.964 Cr4-Cl111 2.338
Crd4-06 1.954 Cr4-C112 2.309
Cr4-O7 1.983 Cr4-Cr3 3022
Cr4-0O8 2017

Cr4-O3-Cr3 100.9 03-Cr4-C112 935
03-Cr4-06 79.1 06-Cr4-C111 %4 4
03-Cr4-07 87.8 06-Cr4-C112 171.8
06-Cr4-07 90.6 07-Cr4-C111 %0.0
03-Cr4-08 90.5 07-Cr4-C112 926
06-Cr4-08 86.9 08-Cr4-Cl111 914
07-Cr4-08 177.2 08-Cr4-C112 89.7

03-Cr4-C111 173.1 Cl11-Cr4-Cl112 932

nated H-tinp™ ligands. being related by an inversion center.
The deprotonated arms (O5 and O6) act as #-bndges with
the protonated arms (O7-0O10) bound to metal ions in a
terminal fashion. The axial oxygen bonds to Cr in the latter
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bridges are slightly longer [1.983-2.017 A] than the bridging
Cr-O distances [1.954-1.964 A] in the former which reveal
Cr3-05 and Cr4-05 to be unequal, also Cr3-06 and Cr4-Q6
to be unequal. Two terminal chloride 1ons (Cl11, C112 and
symmetry equivalents) complete the coordination spheres of
the Cr(IIl) ions and are almost coplanar with the Cr-O:
motif. The Cr(III) ions are n distorted octahedral geometnes
with ¢/s angles in the range 79.1-94 4° and frans angles of
171.8-177.2°.

Apart from building full size structure for the above
compound, we also created simplified model structures of it
m order to investigate the possibility to employ only rudi-
mentary ligand structures mnstead of full size ligands in the
calculations of exchange coupling constants as this would
allow for a significant reduction of the computational cost.
The model compound was designed by replacing the large
ligands encountered n the dichromium complex with suit-
able smaller ligands such as H-O and OCH;, as shown in
Figure 1b. The positions of heavy atoms (C, Q, Cl, Cr) have
been selected to be the same as n the full size structure.

Results and Discussion

The results of the calculations of the exchange coupling
constants between Cr(III) centers in the dinuclear chromium
complex along with available experimental data are sum-
marized i Table 2. An exchange coupling constant, J = -7.5
cm™ has been obtained from calculations on the full size
complex in which the metal 10ns present distorted octahedral
coordiation environments (Figure la). We have used in our
calculations the molecular structure as determined experi-
mentally by X-ray diffraction rather than an optimized one,
smce small changes with respect to the experimental struc-
ture could result in significant deviations of the calculated
coupling constant. The calculated J value 1s in a fairly good
agreement with the experimental value. It 1s evident that
there 1s a weak antiferromagnetic superexchange mteraction
between the two chromium(IIl) centers in the dimer com-
plex. After verifving the agreement between calculated
values of J for the full size and the model structure. we
analyze the dependence of the exchange coupling on the Cr-
O-Cr bridging angle by performing calculations on the
model system [Cry(OCH3)~(H-0)4Cly] built from the experi-
mental structural parameters of [Cra(Hatmp)-Cly] (Figure
lb). then the magneto-structural comrelations for bridging
angle distortions expected in this family of compounds.

Influence of the Cr-O-Cr bridging angle on the ex-
change coupling. We have found in Table 2 that the differ-
ence between the coupling constants computed employing

Table 2. Calculated and experimental coupling constants for full
and model structures of Cra(Hatmp hCly compound

Structure Jegealem™) Jexp(cm™' ¥
tull =735 -12.3
model -85

“From ref 12.
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Table 3. Calculated coupling constants for methoxo-bridged model
structures presenting different Cr-O-Cr angles (°) and Cr---Cr
distances (A), the relative energy (kcalimol) of the broken-
svimetry (BS) and high-spin (HS) states is also included

Cr-O-Cr Cr-Cr -J{cm™) E.: (BS) E. (HS)
106.9 313 18.0 23 23
100.9 3.02 83 0.0 0.0

949 2.89 373 33 4.0
889 274 1418 12.5 148
828 2.59 369.7 279 341

the full size structure and its simphified model geometry is
small. with the deviation of 1 cm™. Therefore. it is possible
to use sunplified model structures of the dinuclear chro-
mium complex without affecting the magnetic coupling
between the Cr(III) centers. The success of this methodology
indicates that only the closest environment of the Cr(III)
centers have significant effects on their electronic structure
due to a localized nature of the unpaired electron orbitals.

For the geometnical arangement of the [Cr(#-OCHj3)--
Cr]* core in the model complex consisting of two edge-
sharing octahedrally coordinated Cr(III) centers only the Cr-
O-Cr angle (¢) has been varied between 82° and 107° with
the other structural parameters unchanged. The calculated
coupling constant ./ and the relative energy of each geometry
are shown i Table 3. It is important to note that the
minimum energy for each of the broken-svmmetry and high-
spin states corresponds to a Cr-O-Cr angle of ca. 101°,
Figure 2a shows a plot of the energies of both spin states as a
function of ¢ with a muumum at @ = 101°, in excellent
agreement with the experimental structure.

Hodgson showed that there exists a magneto-structural
correlation for several compounds displaying the [Cr2(OR):]**
core (R =H. CH:). which relates the magnetic coupling
constant to some structural factors such as the Cr-O-Cr
angle. the Cr-O distance. and the dihedral angle formed by
the OR group and Cr-O» plane.”* Although the magnitude of
exchange coupling strongly depends on each of these
factors. we analyze the dependence of the coupling constant
on the Cr-O-Cr angle (or the Cr+-Cr distance. since the Cr-
O distance has been kept frozen). The calculated J values are
represented in Figure 2b as a function of ¢ The calculated
coupling constant exhibits a significant variation with Cr-O-
Cr angle. becoming more negative (7e. enhanced anti-
ferromagnetic coupling) for small values of the Cr-O-Cr
bridging angle (¢ < 95°) and correspondingly Cr---Cr
distances short enough to allow direct interaction between
the paramagnetic centers as a consequence of the increased
through-space overlap between the x*-1~ metal orbitals. This
strong antiferromagnetic coupling drops sharply and be-
comes weakly antiferromagnetic at Cr-O-Cr angles close to
100.9° slightly distorted from the real molecule, reaching a
miniunum at about 101°, The dependence of the exchange
coupling constants J on the Cr-O-Cr angle i1 model com-
plexes indicates that the spin exchange interaction between
the Cr(IIl) magnetic centers is quite sensitive to the variation
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Figure 2. (a) Relative energy of the broken-symmetry (squares)
and high-symmetry (circles) states as a function of the Cr-O-Cr
bridging angle; (b) variation of the calculated coupling constant ./
(squares) as a tunction of the Cr-O-Cr bridging angle for the model
compound, together with experimental values (circles). ™%

of the bridging angle.

The general behavior of the experimental data for di-
nuclear complexes (Figure 2b. closed circles) seems to be in
agreement with the calculated values for the model com-
pound. although the limited number of experimental data
precludes at the present time a full verification of the pre-
dicted dependence of J on the bridging angle. Structures
with Cr-O-Cr angles ranging from 93¢ to 107° are possible
from the energetic pomnt of view for each of the three
configurations studied (Table 3). since only energy less than
3 keal/mol is needed to produce such a distortion. This result
is in good agreement with the fact that experimental struc-
tures present Cr-O-Cr angles within this range of values.

Qualitative orbital model, The aforementioned magneto-
structural correlation has also been analyzed by means of the
qualitative molecular orbital model proposed by Hoffmann
and co-workers'* in order to find the electronic factors that
govern it. According to the theoretical analysis presented by
these authors. in a dinuclear complex with two unpaired
electrons described by the singly occupied molecular orbitals
(SOMOQs). the coupling constant expressed as the singlet-
triplet energy separation (J) can be approximated by eq. (2).
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Table 4. Calculated energy gap squares (cm™>) between the sym-
metric and antisvmmetric combinations of the tag and x*-1~ orbitals

o o (e -7 10° (&)= y/10°

Cr-O-Cr(deg) =/{cm™) (o) (F?)
106.9 18.0 414 19.1
100.9 8.3 26.6 8.3
94.9 373 439 28.8

88.9 141.8 60.6 08

82.8 369.7 151.5 142.8

ES—ET=J;2Kab_M (2)
JLm _Jab

Here, ¢ and ¢ are the SOMO energies of the complex in the
triplet state, Ky 1s the exchange integral between the
magnetic orbitals a and b representing the two spin sites, and
Ja and Ja, are the corresponding Coulomb integrals. The
first term (2K.p) 15 positive and can be considered the
ferromagnetic contribution to the exchange coupling.
responsible for the stability of the triplet state, whereas the
second term 15 negative and represents the antiferromagnetic
contribution favoring the singlet state. Only when the second
term is zero or negligible, the ferromagnetic behavior is
predonunant. The antiferromagnetic contribution to the
coupling constant should be proportional to the square of the
energy gap. (&) — e2)°. of pairwise MO's derived from the
magnetic orbitals. Assunung that the two-electron terms
{(Kan. Jaa, and Jp) are approximately constant for a given
magnetic system, changes in the coupling constant are
usually interpreted as reflecting the vanations in the energy
difference between the painvise MO's bearing the unpaired
electrons.”

For the present case of three spins per spin site, it can be
seen that the linear relation predicted by Hoffmann and co-
workers holds for the dimethoxo-bridged dinuclear Cr(III)
models studied here if the occupied magnetic spin-orbitals
(OMSOs) in the high-spin state’® are considered. As in the
case with one unpaired electron. a practically linear corre-
lation exists between the calculated J and the sum of the
squares of the orbital energy gap in the high-spin state (see
Figure 3a). Usually. the antiferromagnetic contributions to
the exchange coupling from the crossed terms involving
different magnetic orbitals in each metal ion are considered
negligible with respect to the stronger antiferromagnetic
contributions.” When the magnetic orbitals are different in
symmetry and shape, the overlap between them 1s zero or
negligibly small. In octahedral Cr(Ill) systems the three
unpaired electrons are occupying the ta, orbitals. We have
thus considered only three contributions that are related to
the energy gap of the pairs of OMSOs that contain the
symmetric and antisymmetric combinations of the three 1z,
magnetic orbitals of each metal ion in the model compound.
The calculated gaps are presented in Table 4. The result
shows that the antiferromagnetic terms can be fraced to the
separate contributions of the x~-1~ and the other two orbitals.
The larger gap can be attnbuted to the more favorable ts,-
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Figure 3. Dependence of the coupling constant J on (a) the sum of
squared energy gap of three pairs of metal t, OMSOs and (b) the
square of the energy gap between the pairwise ¥ 47 OMSOs for
model compounds at different values of the Cr-O-Cr bridging
angle.

(e1-e2)2/105 (cm”™

bridging ligand overlap, which should result in a stronger
antiferromagnetic coupling. The largest contribution comes
from the x*-v° magnetic orbitals. Since the x™-v~ orbitals are
not pointing directly at the bridging ligands. but to the other
metal center. the o overlap between the x°-v° metal orbitals
favors a direct through-space exchange mechanism (Figure
4). becoming larger when the Cr-O-Cr angle and the Cr--Cr
distance decrease. The contributions from the xz and )z
magnetic orbitals are not significant. It is noteworthy that
there is also a good linear correlation between the calculated
J values and the squared energy gap of a pairs of the (x*-+°)-
like OMSQs, except for the very small gaps that result for
slightly distorted arrangements of the Cr-O-Cr backbone
near ¢ = 100.9° (Figure 3b). Such results mdicate that the
structural dependence of the exchange coupling in the pre-
sently studied Cr(IIl) complexes is practically govemed by
the energy split of the pairwise x*-* OMSOs.

Spin population analysis. In order to explore the mag-
netic exchange mechanism in the Cr(IIT) dimers. the net spin
populations reduced on individual atoms are analvzed. The
spin populations calculated for the high-spin (HS) and
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Figure 4. Calculated (x*-1#)-like OMSOs of the high-spin state for
the model compound.

Table 3. Mulliken atomic spm populations calculated for the lugh-
spin (HS) and the broken-symmetry (BS) states of the full structure
(Figure la)

Atom HS BS

Cr(3) 2.9638 2.9562
Cridh 2.9638 -2 9562
0O(3) 1.0073 00039
0O(6) 1.0073 -0 (039
O —{3.0080) 00076
0O(8) —.0084 00082
0O(9) —{3.0080 -0 0076
O(1h) —{3.0084 -0 0082
Cli11) .0125 =0 0109
Cl(12) 0.0209 -0 0193
Cli13) .0125 00109
Cli1d) 0.0209 00193
C(135) 1.0037 0 0001
C(1y (1.0037 =0 0001
cey {2.0007 =0 0001
C2h (2.0007 -0 (003
Ci25) (2.0007 00001
Ci26) (2.0007 0 0003

broken-symmetry (BS) states of the full structure are listed
in Table 3. The plus and minus signs indicate & and £ spin
states. respectively. In the HS state. the spin populations on
Cr atoms are 2.9638 while the spin populations on other
atoms are all very small. demonstrating the delocalization of
a small part of spin densities from Cr atoms to peripheral
atoms. The equatorial atoms around Cr-including O(3).
0(6). CI(11). CI{12). CI(13). and Cl(14)-have small positive
spin populations. suggesting a predominant effect of the spin
delocalization from Cr(3) and Cr(4). In contrast. for the
axially coordinating ligand bridges around Cr. the spin
polarization from the Cr centers leads to negative spin
populations on O(7). O(B). O(9). and O(10).

On the other hand. in the BS state Cr(3) and Cr(4) have
opposite spin populations. The O(9) and O(10) atoms have £
spin populations due to the spin polanzation of Cr(3) with &
spin population. while the O(7) and O(8) atoms have « spin
populations due to the spin polarization of Cr(4) with £ spin
population. However. the bndging atoms O(3) and O(6)
indicate the spin delocalization from the magnetic centers
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Table 6. Mulliken atomic spin populations caleulated for the high-
spin state of model structures (Figure 1b) at ditferent values of the
Cr-0-Cr bridging angle

Cr-O-Cr bridging angle (deg)

Atom
1069 100y 949 889 828

Cr(3) 2.9382 2.9333 2.9310 2.9448 2.9370
Crid) 2.9382 2.9333 2.9310 2.9448 2.9370
(X3) 0.0060  0.0103 0.0170 0.0258 0.0360
(X6) 0.0060  0.0103 0.0170 0.0258 0.0360
X7 00081 00081 -00079 -=00074 00068
(X8) 00087  —0.0087 00085 00082 —0.0079
O9) -0.0081 -00081 -00079 -00074 -0.0068
X 10) -0.0087 -0.0087 -00085 -00082 -0007Y
CI(11) 0.0165 00149 00129 0.0107 (.0086
CI(12) 0.0252 00236 00216 0.0196 00177
CI(13) 0.0165 00149 00129 0.0107 (.0086
CI(14) 0.0252 00236 00216 0.0196 00177
C(13) (3.0044 (3.0061 0.0073 0.0078 0.0073
C(16) (3.0044 (3.0061 0.0073 0.0078 0.0073

Cr(3) and Cr(4), respectively, and the terminal CI(13) and
CI(14) atoms have « spin populations due to the spin de-
localization from the Cr(3) center and the CI{11) and CI(12)
have £ spin populations due to the spin delocalization from
the Cr(4) center. Thus the spin population analysis for the
BS state further confums the magnetic exchange mech-
amsims deduced from the HS state. In connection with the
superexchange pathway of this compound it should be
pomted out that though the spin delocalization occurs
between the Cr and the bridging methoxo oxygen atoms,
there 1s a spin polanization mteraction between the Cr and
the axial bridge oxyvgen. The magnetic exchange coupling
between the Cr(l11) centers can be mediated by the methoxo
oxvgen and the more extended O-C-C-C-O network (see
Figure la). We suspect that the latter pathway is an
ineflicient route for the enhanced magnetic communication
between Cr(Ill) ions. because the spin polarization mech-
anism may cause the weak magnetic exchange interaction
between the two Cr(IIl) centers.

The dependence of the spin populations on Cr(III) centers
on the Cr-O-Cr bridging angle ranging from 82.8° to 106.9°
for the model compound in the lugh-spin state 1s shown in
Table 6. From Table 6 the unpaired electrons of magnetic
Cr{II) ions are partially delocalized to bridging oxvgen
atoms. This leads to smaller spin populations on the chro-
mium ions and larger spin populations on the two bridging
oxygen atoms with smaller Cr-O-Cr angles. This result can
be easily rationalized using the theory of Kahn and Briat.~
The remforcement of antiferromagnetic mteractions on de-
creasing the bndging angle implies the increase of delocali-
zation of the unpaired electrons on magnetic centers toward
bridging ligands and hence the decrease of the spin popu-
lations on Cr(III) ions. Obviously. spin density distributions
through bridging methoxo groups are in agreement with the
prediction of spin delocalization medel.
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Conclusions

We have investigated the effect of the different bridging
angles of core arrangements on the exchange coupling in the
[Cr2(OCH3)2(H-0)4Cls] model compound and the magneto-
structural correlations corresponding to the bridging angle
distortion for this family of compounds. Qualitative orbital
model proposed by Hoffimann et al. is useful in analvzing the
results. giving good estimates for the antiferromagnetic con-
tribution to the exchange coupling n this family of com-
pounds. From our results we find that the -/ values increase
with decreasing bridging angles in the range 83-101°. A very
strong antiferromagnetic coupling found for structures that
present small Cr-O-Cr angles is related to the important &
overlap between the x*-1° metal orbitals. It can be concluded
that the contribution from the x*-° magnetic orbitals is
responsible for the correlation between the coupling constant
J and the bridging angle and the antiferromagnetic coupling
through methoxo groups is mainly due to spin delocalization
effect.
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