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EPR IN MODERN COORDINATION CHEMISTRY.
Spin-Spin interactions within Cu(ll) pairs of polynuclear complexes
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EPR spectroscopy is @ much more sensitive technique
than the measurements of static magnetic susceptibility for
investigating the spin-spin interactions smaller than 1 cm™".
Interactions weaker even by three orders of magnitude
(of 107 - 107 cm™) still lead to a characteristic EPR
spectrum distinctly different than that for the individual
paramagnetic centers.

The splitting of the S = | levels in zero magnetic field
(ZFS) measured by parameter D, for the simplest case of
two interacting Cu(ll) centers with spins S,= 172 and
S:= 172, is demonstrated schematically in fig. 1 for paralle!
orientation of molecular axis towards the magnetic field
direction. Spectra of this kind, consisting of the so-called
fine structure lines, are interpreted in terms of the spin
Hamiltonian that inciudes the ZFS parameters D and E:

H =pBgS + S:A 1+ D{(S, - (13)S(S + 1)} + E(87-S,)}.

MS=S|+ Sg'l
D =D* + D™

D™= 1132 A& haynny— 116 AR g — 116 A8 T 0420
D =— (g7 +1/4g, 2+ 1/4g.%) / P

When the isotropic exchange H = JS,S; between two
Cu(ll) ions is weak, D parameter is usually dominated by
dipolar interactions and experimental D value allow to
calculate Cu-Cu separation,

Unfortunately, the EPR measurements at common
frequencies (corresponding to X- and Q-band) give often
the line overlapping because the resonances are too close;
sameo!ﬁ::mamﬁzggamedbacameofﬁmﬂod
magnetic range being too large compared to
the microwave quantum energy. Such effects, that are
especially onerous for systems with S > [, lead to
ambiguous results of the experimental spectra simulation.

The aim of this report is to present our previous and
recent results on application of X-band and modem HF
(high fieild and high frequency) EPR spectroscopy to
daaiummhﬂmnsmﬁcmnionsmdmupbd
pair of Cu(ll) ions coordinated to the same ligands, to
oh_sewe small differences in the interactions within the
pairs of Cu(ll) ions in dimeric or tetrameric (homo- and

compounds as well as to find uni
structural characteristics of the coordination usntam.m

® J. Jezierska, V, Kokozay, A. Ozarowski, 2007
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1. EPR DIFFERENTIATION OF Cu-Cu PAIRS FORMED BY
[Cuy(B-ALANINE),CL;|CLy-H;0 IN ONE UNIT CELL [4]

The unit cell of the title compound contains two different
binuclear [Cu,(B-alanine),Cl;]Cl;-H,O entities, (a) and (b)
that have only slightly different coordination polyhedra;
a shorter Cu-Cu distance of 2.6331(10) A and Cu-Cl bond
length of 2.4511(10) A for (a) in comparison with
2.6608(10) A and 2.4387(10) A, respectively, for (b).
No difference between isotropic exchange integrals in (a)
and (b) can be revealed by magnetic susceptibility
measurements. The carboxylate-type interaclions are
strongly antiferromagnetic with J value of 320cm™.
On other hand the complexes exhibit two distinct
overlapping spin-triplet EPR spectra (fig. 2) with different
Spin Hamiltonian parameters: g, = 2.061, g, = 2.063,
g = 2352, D = 0.3389, E = 0.0027 cm™' for (a) and
g.=2.059, g = 2.061,2.353, D = 0.3318, E = 0.0035 cm™’
for (b) and very well resolved hyperfine splitting from two
equivalent copper nuclei in each coupled pair with
A,=0.0067 cm™' for (a) and 0.0074 cm™' for (b). Taking
into account the Cu-Cu distances and g parameters for (a)
and (b) dimers, the values of D*"= -0.182 and -0.176 were
calculated giving a rare possibility to determine the
contribution of D* = +0.521 cm~ and +0.508 cm™,
respectively, to total D values derived from the EPR specira.
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Fig. 2. EPR spectra: (a), (b), (a + b) dimmers and measured
for polycrystalline [Cuy(p-alanine),Cl]Cl-H,0 at 80 K

Structural differences between the dimeric centres
which exist only in case of chiorine derivative of Cu(ll)
dimer with p-alanine affect significantly the Zero — Field
splitting parameter D,

2. EPR DETECTION OF Cu-Cu PAIRS FORMED
IN SOLUTIONS [5]

The Cu(ll) complexes with the ligand NN ,N"N"-
Tetrakis(2-pyridyl-methyl)-1.4 8,1 1-tetraazacyciotetradecane
(tpmc), have various coordination modes: the chair-type (a)
for Cuy(tpme)(ClO), [Cux(Ns):(tpme)(CIO,); and boat-
type (b) for anion-bridged complexes [CuX(tpmc)(CIOg: n
with X = F, n=2CH,CN, X = NO;, X = OH, n = 2H;0. The
Cu-Cu distance is 5.74 A for complex (a) with X = Br and
3.712 or 3.99 A. for (b) with X =OH or F.

The antiferromagnetic exchange is weak J = 2.0 and 3.4 cm ™'
for [CuNy(tpme)KCIOg); and [Cux(N3)(tpme)(CIO),, res-
peciively and strong, J = 80 cm™ for [Cu,OH(tpmc)(CIO,), (9]

The EPR spectra of frozen solutions of both type (a)
and type (b) compounds in DMF and NMF are
characteristic for ZFS caused mainly by dipolar interaction
(fig. 3). The signals corresponding to AMg = | and AMg =2
transitions are distinctly resolved due to hyperfine inter-
action with two weakly coupled Cu(ll) nuclei. The D para-
meters, covering the range from 0.0318 10 0.0187 em™", for
these compounds in DMF solutions cormrespond to Cu-Cu
distances between 4.6 and 5.5 A, These distances may be
correlated with the presence or absence of a bridge in the
solid state complexes. For NMF solutions the D parame-
ters (about 0.0250 cm') are similar, suggesting that this
solvent forces all compounds into the same boat conforma-
tion with copper ions separated by about 5 A. The results
indicate the loosening, removal or substitution of the anions
in dimers of both types by solvent molecules, leading to
a structure intermediate between (a)- and (b)-type.

CwpF(tpme)|(C104)s
NMF

simulated

simulated
100 150 200
DMF
e simulated
simulated
1 1 L . - A L B ImTl'
200 250 300 aso 400

Fig. 3. EPR spectra of frozen solutions
of [CuFtpme)|(Ci0 )y 2CH,CN (2) in NMF and DMF
compared with simulated spectra

3. EPR IDENTIFICATION OF DIMERIC AND MONOMERIC
Cu(11) COMPLEXES WITH POLYFUNCTIONAL LIGAND [3]

Observation of the changes in EPR spectra as a func-
tion of pH is an important method for structural identifi-
cation of Cu(ll) complexes formed by polyfunctional
ligands; it allows to detect formation of different complexes
and to observe equilibria between them.

For a Cu(Il)-L system (where L=1-pheny}-1-hydroxyme-
mmm)mmmapﬂmm
5 or higher than 8 (fig.4) indicate the presence of monomeric
Cu(lT) complexes with tetragonal geometry. In the pH range
5 to 8 a very specific spectrum is observed with distinctly
resolved hyperfine splitting due to two copper nuclei



The spin Hamiltonian parameters, D =0012cm,
E=00015 cm™', g.=2293, g, =2.167, g=201,
A,=0.005 cm™, reveal a weak spin-spin interactions domi-
nated by dipolar coupling between Cu(ll) ions correspon-
ding to Cu-Cu distance of 6.4 A, The parameters indicate
also a significant distortion of Cu(11) coordination sphere.

O OH O
i | I
Ho-l’l-——c——t?—ou
HO OH

pH
47

simulated

8.2

kL 'l i i i 'l " 1 P J

240 260 280 300 320 340 360
Magnetic fild [mT]
Fig 4. The EPR spectra of the complexes formed
by ligand L in water solutions;
77 K compared with simulated spectrum

4. EPR STUDIES OF Cu-Cu PAIRS IN CYCLIC
HETERONUCLEAR COMPLEXES [8]

4.1. Cu"-Co"-Cu"-Co" le with

heterometallomacrocyc
negligible exchange coupling between the paramagnetic
centres mediated by diamagnetic metal ions

The compounds [Cu";Co™(H,dea),(dea),|Xx(Solv),
[(Hydea)-diethanolamine and (dea” )-Diethanolamine(2-) as
bridging ligands, X = Cl (1), Br (2), SCN (3), 0,CMe (4), | (5):
Solv = H,O orland CH,OH, DMF, n = 1-4] contain the
cyclic cation [Cu;Cox(H.dea)(dea),)™* with four metal atoms
lmltodhguﬂmbyhﬂdgingoxyganmamesb:ﬁgam
groups 1o form a parallelogram with the (Cu+Co) separa-
tion of the short edge about 2.83 A and a short diagonal
(CuCu) distance about 3.23-3.29 A. Variable-tempera-
ture magnetic susceptibility measurements show no
significant exchange coupling between the copper centres.

mmm(SH)EPRapecnmobwwdd??K
(fig. 5 and 6), with spin Hamiltonian parameters for the
compounds in frozen-solutions and solid-state being
W.mmmmmmmmm
under the polar solvent influence. The spectra were
mmmmmnpﬁonofnmamwm
thaganleanmofahautJD'.andmeZFSpmmetm
D=0.0560 (2-5) and D = 0.0710, E = 0.0028 cm™' (1) were
obtained. The dominant contribution to the ZFS is
mtobedpmmm«iﬁn.mm
to Cu-Cu separations of 3.4 (2-5) and 3.2 A (1), which are

crystal structures.
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Fig. 5. EPR spectra of polycrystalline complexes, at 77 K,
compared with the simulated (sim1) spectrum
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Fig. 8. EPR spectra of frazen solutions spectra,
at 77 K, in comparison with the simulated
{sim1 and sim2) spectra

4.2. Cu-Zn-Cu-Zn heterometallomacrocycle with
Significant coupling between paramagnetic
centers mediated by diamagnetic metal [1]

hyperfine pattern with i
tevistic of a l!mpgd174 Gauss, charac
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Fig. 7. X-band (9.5 GHz) EPR spectrum of polycrystalline compound (1) at 77 and 10 K
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Fig. 8. EPR spectra (92.767 GHz) at the indicated
temperatures

The spin-ripiet spectra at 10 K were interpreted
in terms of the spin Hamiltonian parameters: g, = 2.053,
g, = 2.055, g. = 2.251, D = k 0.0101, E = -0.0006 cm ',
A.= A, = 0, A, = 0.0094cm™. The sign of D was
determined from high-frequency EPR at low temperatures
because the Zeeman energy is comparable to the
Boitzmann energy, kT. The dipole-dipole contribution to D,
Dg= 14210 cm™ as calculated from the copper-centered
point-dipole model. Hence, the exchange confribution D,
associated with the interaction between a x'—y” orbital of one
copper atom and a xy orbital of another copper atom is about
~130-10 cm™. Nevertheless, the interaction between x**
orbitals of both copper ions, determining the magnitude of the
isotropic exchange integral, J, seems to be transmitted
through a system of bonds in the Cu,Zn,O, macrocycle.
It appeared that the system of strong o-bonds makes the
-0-Zn-O- bridges surprisingly efficient in enabling the
communication between copper atoms.

5. EPR STUDIES OF POLYNUCLEAR Cu(11) COMPLEXES

51. Cu 0, cubane-like tetramer of Cu(11) complexes with
tridentate Schiff bases [6]

In our previous magnetic susceptibility studies on tetra-
meric Cu(Il) complexes with Schiff bases derived from two
isomeric a-aminoalkohols, [Cu(acac-amino-2-propanol)],, (@),
[Cu(acac-DL-2-amino-1-propanol)ls. (b), the magnetic
moments per one copper atom increased with tempera-
ture decrease (from about 2.20 BM at the room tempe-
rature to about 2.45 BM at 10 K) indicating the quintet
ground state in the systems.

mwmmmh&md
[Cu{acac-ethanolamine)ls, a cubane-like tetramer built up

from two rectangle dimers whose planes are perpendicular
to each other, with inter-dimer Cu(1)-Cu(2) and Cu(3)-Cu(4)
distances longer by about 0.2 A than the intra-dimer
Cu-Cu distances.

e
u

gran 4
= ;r;l

0
10
Hence, the magnetic susceptibilties of (a) and (b)
letramers were analyzed using spin Hamiltonian appro-
priate for the simplified cubane structure:
H =04(5:5; + $;S4) + J1(5:55 + 5,84+ 5;5; + 5;8,).

2500 G

o |

5000 G

-l -

i_'

Fig. 9. X-band EPR spectra of (a) and (b) etramers

The results indicate domination of out-off plane
ferromagnetic interactions between Cu(ll) ions of different
dimers, Jy= -63.2 cm™' (), —136.6 cm™' (b), and antiffero-

interactions in pairs of Cu(ll) jons of each dimer,

magnetic il a
J;=23.6 cm’ (a), 622 cm™ (b).

Application of X-band and Q-band frequency to EPR
mmmgmmw,mh

5.2 CuiO, cubane-like tetramer of Cu(Il) complexes with
diethanoleamine(-1) as bridging ligands [2]

A tetranuclear cubane-type cation [Cug(NH:)(HL)]"
is present in the heterometallic complex
[cu,(NH,),{HL).]{CdBr.]Brridmf'HzO {1). In the cation,
four copper aloms occupy vertices of a distorled tetra-



~ 20 ~

hedron with shorter bridged Cu(1)-Cu(4), Cu(2)-Cu(4),
Cu(2)-Cu(3), Cu(1)-Cu(3) distances and longer (about 2.5 A)
non-bridged Cu(1)-Cu(2) and Cu(3)-Cu(4) separations.
The magnetic moment was found to increase with
decreasing lemperature (300-1.8 K) to reach a maximum
of 2.60 per one copper atom at ca. 10 K and subsequently
to diminish slightly at lower temperatures owing to zero-
field and Zeeman splitting of the S = 2 ground state,

BI1CH MK Kniscexoro nayionansHoro yHisepcurery imeni Tapaca Wesvenxa

The temperature dependence of the magnetic susceptibility
was fit to the spin Hamiltonian H = (1,,8,S; + J348;5, + 15;8:8, +
+ J5518:) + (334884 + J158,S,) with the ferroragnetic exchange
integrals of J;=—65 cm " for four first pairs of bridged copper
atoms and antiferromagnetic interactions J,=+1 cm™ for last two
pairs of non-bridged copper atoms.

The powder X-band EPR spectra (at 9.392 GHz) of
tetrameric compound (I) are noninterpretable because only
a part of the possible rescnances can be seen (fig.10), as a

i 0y result of the ZFS being too large compared to the
Cu/ f / microwave quantum energy. High-field spectra, taken at
\ o several frequencies between 95 and 380 GHz and at the
~Cu temperature 15 K enabled us to determine that the only
oL 3__&_\ /0 spin state observed was the quintet, S =2,
Cu
4
|
9392 GHz -Aﬁ Nj
97.675 GHz 195.870 GHz 280.341 GHz
i ‘ joi N . , Tesla
2.0 40 6.0 8.0 10.0

Fig. 10. The powder X-band and High-frequency EPR spectra of compound (i)

Appiication of several frequendies allowed to find a two-
dimensional dataset of the resonant fields comesponding 1o the
X.Y.uﬂzunhgpoiuhalpowderm'amm
mw.nmwmbm
XY, and Z tuming points in all powder spectra were treated as

mmsmmmmm&=2.l3s,
8 = 2.142, g, = 2.067, D= -03529 cm™', E = — 00469 cm™
were obtained by a simultaneous fit to all experimental points.
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Fig. 1. Experimental powder EPR spectrum of compound

Hﬂ\ﬁﬂmn-43529m"'mt=—0.ﬂ$m"lmbqwn.m
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(1) 3t 4.0 K and 93.654 GHz (bottom) and spectra simulated

3529 em™ and E = +0.0469 em™ (top)
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Anisotropic exchange interactions were found to contribute
most to the magnitude of D, while the magnetic dipole-
dipole contribution is negligible, Dg (S =2) = 0.02 em™.

This is only about 1/18 of D as determined from EPR
and carries the opposite sign, indicating overwhelming con-
tribution of the exchange interactions to the ZFS in the tetra-
nuclear molecule. Calculated Egou(S = 2) is -0.005 cm™’,
one order of magnitude less than the experimental E value.

5.3, Cu(1) pairs differently coupled in hexa-copper complex
with triethanolamine as bridging ligands [7]

The compound [Cu;Cdl{TeaH) }*4dmf (H,Tea — trietha-
nolamine) has a peculiar topology with 6 copper atoms joined
by bridging O atoms from the ligands to form a zig-zag chain
with Cu-Cu separations being 2.937(2) - 2.405(2)A.

The molecular symmetry implies that there are only three
different next-neighbor exchange integrais and other
exchange interactions were neglected The magnetic mo-
ments were fitted with J;; = Js, = 68 cm ™, Jos= Jis= 20 cm™',
J34=-61 cm™' according to spin Hamiltonian H = EZ,0,8;S;.
The relations between exchange integrals are in qualitative
agreement with the structure. The ground state of the
system is a friplet, S=1. This result is confirmed by the high-
field, low temperature EPR spectra (fig. 12) in which a signal
due to the triplet state was observed.

The EPR spectrum exhibits effects due to non-
coaxiality of the g and zero-field splitting tensors and
probably also due to the antisymmetric (Dzialoshinskii—
Moriya) exchange interactions that are possible in the
copper pairs 1-2, 2-3, 4-5 and 5-6 where the copper
atoms are not symmetry-related. The work on full
interpretation of the EPR spectra is in progress.

L] L] i L P L] T

10 K, 195.31 GHz

F
e -
~r
£,=2.08, g =2.10,8,= 232
D=40.849 cm™, E = 0,086 ¢m-!

‘Magnetic Indugtion, Tesla
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Fig. 12. Spectra of [CuyCdl(TeaH),|,, 4dmfat 10 K

and 19531 GHz; experimental (broad) and the
simulated triplet state spectrum (narrow)
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HOBBIE NOAXOALI K CUHTE3Y rETEPONONMUAQEPHbLIX KOMIJIEKCOB

W3-33 poBONEHO GOMBILIONO PACCTORHMA MeXy aT0-
mamu mean (~ 5,7 A) Tpyano Geino NpeAnonoXuTE Ha-
AWMME MENY HAMM OOMEHHLIX BIaHMOAEHCTBMA. Tem He

BNRIOT CYLWECTBEHHOE aHTW(PEPPOMErHHTHOS
nxﬁcrsue (J=—1350cm’"), xoTOpOe MOXET nepeaa-
saTLCA yepes d-OpoUTANN AMAMETHUTHEIX TOMOS LIMHKA.

MeTepononuagepHbie KOMNNEXCH! 8 NOCneaxee spe-
M5 NPUBNEXaI0T Boe GONLILEE BHUMAHWE CBOWMM Mar-
HUTHBIMK, 3NEKTPOXMMMUECKMMI 1 BrONOrHYecKnMu
caofcTeamn [6; 7; 23]. B kauecTse OAHOrO M3 wambonee
MHTEPECHLIX NPUMEPOB ETePONCNUAAEPHLIX KOMNNEeK-
COB MOXHO NPUBECTH COSAMHEHWE C AMITAHONAMWHOM
[CusZny(NH,),Br(HL)]BryCH,;OH (3], copepxawee
maxpoumknieckrit dparment Cu,Zn; (puc. 1).
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