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Abstract: A combination of linearly polarized absorption, transverse and longitudinal Zeeman, and variable-temperature magnetic
circular dichroism spectroscopies have been used to assign 10 ligand field excited states of copper aceiaie pyrazine and measure
the splittings between these states. Due to interactions between coppers, each monomer d—d transition splits into four in the
dimer: g and u combinations of singlets and tripleis. This splitting is governed by three terms: the excited-state exchange
interaction (J/p,2,2) and the Coulomb (/,,2.,2) and exchange (L, ,2,2) contribution 10 excitation transfer between metal centers.
The value of L, ;2.2 is further related to J,,, the exchange interaciion between half-occupied d,, orbitals on each copper. The
experlmental measuremem of Jy 22 and L, 2.2 has allowed evaluation of the exchange interactions between all combinations
of electrons in the different d, orbltals in the copper acetate structure. For the orthogonal pathway, J; ;22 we find -2/, 22

>0>-2J
order is =2J,p xzpr > —2J 22502 > =2

xapzat-yt > —2J 250 0 with =2/, ,z 2 being weakly amlferromagneuc while for the nonorthogonal J, , pathway the
2Jzsz In addition, the *A,;, component of the d,22 < d,, excited staie exhibits

sharp vibronic structure which was perturbed in Zeeman experiments. The resulting splmmgs and interactions were fii to
a triplet effective spin Hamiltonian providing the zero-field splitiing D,, for the d,, excited state. Both this and the ground-state

2,2 have been related to the anisotropy in the exchange interactions between different orbital pathways determined above.
These studies provide significant insight into the orbital origin of spin Hamiltonian parameters in copper dimers.

Understanding the magnetic and spectral consequences of weak
interactions between metal ions has been a historical goal in
physical inorganic chemistry, which has recently gained additional
significance based on the presence of metal ion cluster sites in
biological systems. Cluster active sites with copper, iron, and
manganese, in particular, exhibit unique ground- and excited-state
spectral features which appear to be associated with the inter-
actions between metal ions.

Past research on weakly coupled transition-metal dimer systems
has traditionally focused on the ground state magnetic properties.!
The observed antiferromagnetic or ferromagnetic behavior is
usually described by the phenomenological spin Hamiltonian?

H = -2J§,8§, + §,-DS, (1)

where S, and S, are local spin operators on metal centers | and
2. J is a scalar representing the isotropic exchange splitting
between the total spin sublevels of the dimer ground-state manifold.
The physical basis of J has been interpreted in terms of super-
exchange interactions of the half-occupied magnetic orbitals
through orbitals on the bridging ligand. Simple molecular orbital
models*> have been developed that allow the sign and magnitude
of J to be predicted by considering overlaps and energy differences
of molecular orbitals. The tensor, D, represents the zero-field
splitting within a total spin substate that is due to spin dipolar
and anisotropic exchange interactions*® between different valence
orbitals. In particular, the large zero-field splitting observed in
Cu(II) dimers (D ~ 1 cm™) has been mostly attributed to an-
isotropic exchange (eq 2) involving J, 522, the exchange interaction
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between an electron in the d,>_,> ground state and another in a
d, excited state.!7 However, the inability to measure the ex-
cued state exchange interaction J, ,2.,2 has prevented a critical
test of this mechanism. Magneto-structural correlations® have
been developed that explain the observed dependence of the
magnitude and sign of J° and D'%% based on the geometry and
type of bridging ligand. Coupled with the MO models for ex-
change interactions, the magneto-structural correlations provide
a basis for predicting the interactions in new dimer systems. Much
of the research in this area has focused on Cu(II) dimers, which
have highly anisotropic half-occupied d,2_, orbitals on each copper
in the ground state. The prototype copper dimer has been the
D,y copper acetate system pictured in Figure 1.

The excited states of binuclear metal complexes have also been
recognized to exhibit effects due to dimer interactions. New
absorption bands present only for pairs of interacting metal ions
were observed in PrCl, and assigned as a simultaneous pair ex-
citation (SPE) process where one photon excites f — f transitions
in two metal centers through their exchange interaction.!! Bi-
nuclear transition-metal systems such as copper!?* and iron-oxo'*
dimers are also known to have “dimer” bands not present in the
monomer spectrum. Several possible assignments for these bands
have been considered including d — d simultaneous pair excitation
and low-energy charge-transfer transitions. With respect tod —
d transitions, intensity enhancement of the spin-forbidden ligand
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Figure 1. Molecular structure of copper acetate pyrazine shown with
respect to the molecular axes and the crystallographic (010) and (101)
directions.

field transitions of Mn(II), Cr(III), and other dimer combinations
is a well-known effect of binuclear interactions.!® Further, energy
splittings of the °E excited states in Cr(III) and the A E excited
states in Mn(II) compounds have been observed and analyzed in
terms of exchange interactions.” The spin Hamiltonian formalism
can be successfully applied to these ligand field excited-state
interactions since the transitions involve only electron spin flips
with no change in orbital occupation. However, the spin Ham-
iltonian formalism does not provide a description of the exchange
interactions of excited states with different orbital electron con-
figurations. This is the case for all excited states in Cu(II) dimers,
where it will be shown that the dimer splittings of each d, excited
state will depend on exchange interactions of the form J, ;2.2 and
Jon where nis a copper d orbital that is not d,2_ 2. Excited-state
splittings in copper dimers, therefore, provide an opportunity to
probe individual superexchange pathways between different
combinations of valence orbitals.

In order to characterize the effects of binuclear interactions
on excited states, we have undertaken a detailed spectroscopic
study of the pyrazine salt of copper acetate. In copper acetate
pyrazine, the singlet component of the ground state is 325 cm™
below the triplet component due to an antiferromagnetic inter-
action attributed to superexchange of d,>_» electrons through the
bridging acetates.'®!° [n addition, the interaction between dimers
has been evaluated to be less than 0.1 em™ and can therefore be
neglected.?® In the present study we have used a variety of
magneto-optical techniques including linearly polarized absorption,
transverse and longitudinal Zeeman, and variable-temperature
magnetic circular dichroism (MCD) to observe and assign 10
individual components of the ligand field excited states and
measure their energy splittings. The pyrazine salt crystallizes with
molecular directions aligned along the birefringent axes, thus
allowing pure molecularly polarized absorption spectra to be
obtained. MCD transitions from the thermally occupied triplet
component of the ground state involve C, terms and thus are
inherently more intense than transitions from the singlet com-
ponent of the ground state. Therefore, the variable-temperature
MCD spectra complement the linearly polarized absorption spectra
by providing observable triplet-triplet transitions. Copper acetate
pyrazine also exhibits sharp vibronic structure on a low-energy
ligand field band,?! which we have studied in detail with transverse
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and longitudinal Zeeman perturbations to obtain the excited-state
spin Hamiltonian parameters.

This spectral study provides important new insight into the
factors contributing to excited-state splittings and allows us to
probe individual exchange interactions between different valence
orbitals while maintaining the same ligand environment (Figure
1). We have also experimentally evaluated the anisotropic ex-
change mechanism for zero-field splitting and have confirmed a
singlet ligand-to-metal charge-transfer assignment of the copper
acetate dimer band which is greatly lowered in energy due to large
antiferromagnetic exchange interactions in specific charge-transfer
excited states.

Experimental Section

Copper acetate pyrazine crysiallizes in the C2/m space group?? with
two dimers per monoclinic unit cell (@ = 7.9156 A, b = 14.025 A, and
¢ =7.3022 A; 8 =100.99°). The structure consists of linear chains of
binuclear copper acetate units linked by pyrazine ligands. The crystal-
lographic symmetry of the dimer is C,, with the 2-fold axis bisecting the
acerate groups (y in Figure 1). The molecular coordinate sysiem is
defined with z along the Cu—Cu direction, y along the 2-fold (010) axis,
and x lying in the crystallographic mirror plane and mutually perpen-
dicular 10 the molecular y and z axes. This choice of molecular axes
places the z direction only 0.22° away from the (101) spindle axis of the
uniz cell,?® and x and y bisecting the O~Cu-O angles as shown in Figure
l.

The magnetic properiies of single crystals of copper aceiate pyrazine
have been previously reported.?? The ground state of the dimer is an-
tiferromagnetically coupled with —2J = 325 cm™. EPR studies of the
tripler component of the ground state give spin Hamilionian values of g,
= 2350, g, = 2.064, D = 0.329 cm™}, and E = 0.0005 cm™. The
magnetic data indicate that copper acetate pyrazine is the most nearly
axial of any known copper carboxylate dimer? validating a D, effective
symmetry with the principle direction along the Cu~Cu axis.

Single crystals of copper aceiate pyrazine were prepared as in ref 20.
The crystals were allowed to grow for several weeks to obtain large
crystals suitable for spectroscopy. Single crystals were oriented, mounted
on a quartz disk, and polished 10 varying thicknesses generally between
10 and 100 um along either the {101} plane (« face) or normal 10 the
(101) spindle axis (v face). The ¥ face contains the x and y axes, while
the « face contains the y and z axes. The extinction directions of these
faces are symmetry resiricied to lie parallel and perpendicular 1o the y
(010) axis, allowing pure molecular x, y, and z polarizations to be ob-
tained.

Linearly polarized, single-crystal absorption spectra were obtained
between 5 and 300 K by using a McPherson RS-10 double-beam spec-
trometer with focusing optics and a Janis Super Vari-Temp helium De-
war as previously described.? The samples were aligned with a polar-
izing microscope, and polarization of the light beam 10 within £1° of the
extinction direction of the crysial was accomplished by using a matched
pair of Glan-Taylor calcite prism polarizers. Polarized longitudinal and
transverse Zeeman spectra were obiained by using the McPherson
spectrometer in single-beam mode and an Oxford Instruments Spectro-
mag 4 superconducting magnet/cryostat with filters and focusing optics
between the light source and monochromator. To minimize the effect
of magnetic field, the magnet was mounted midway between the light
source and the side entrance slit of the monochromator with the PMT
on the opposite side. The longitudinal and transverse Zeeman spectra
were obiained with the magnetic field oriented parallel and perpendicular
10 the light path, respectively. All absorpiion spectra were digitized on
an HP 7225B graphics ploiter and digitizer. Variable-temperature
magnetic circular dichroism specira were obtained from Nujol mulls
between quariz disks by using instrumentation and procedures previously
described.?* The Jasco J500-C spectropolarimeter has been interfaced
with an I1BM PC-XT using an IBM DACA interface board for instru-
ment conirol and data acquisition. Unless otherwise siated, all MCD
specira were recorded with a 50 kG magnetic field and are presented with
the zero-field spectrum subtracted.
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Figure 2. Low-temperature (5 K) molecular absorption spectra of copper

acetate pyrazine polarized along the molecular x,y (—), and z (---)

directions. The lettered positions indicate the energy of the Gaussian

resolved bands. Band | and dimer intensities are defined by the right-

hand scale.
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Figure 3. Absorption specirum of the sharp vibronic structure on band
E in the molecular x,y polarization at 5 K. The progression built on the
vey-o stretching frequency is shown with the arrow indicating the vibronic
structure origin. No siructure is observed in the z polarization.

Results

Single-Crystal, Polarized Absorbance. Linearly polarized,
single-crystal absorption spectra have been taken at 5 K in the
5000-30000-cm™! region on the o and v faces giving spectra
polarized along the molecular x, y, and z axes. The x and y
polarizations on the y face and the y polarization on the « face
are equivalent, confirming the axial symmetry of the complex.
The x,y polarization has been fit with three Gaussian bands at
10000, 12050, and 15475 cm™ designated A, E, and I in Figure
2. Band I at 15475 cm™ is the most intense (e =~ 150 M™! em™)
and dominates the spectrum. The lower energy band E is much
weaker (¢ ~ 20 M™! cm™) and exhibits a series of very sharp
(fwhm =~ 6 cm™) vibronic progressions starting from an origin
at 11096 cm™. Figure 3 gives an expanded view of the vibronic
structure on band E. The most prominent progression is built upon
the totally symmetric copper—oxygen breathing mede (vc,-o0 =
311 em™).2% Other progressions appear to consist of low-fre-
quency vibrations plus one or more quanta of vc,_o. Band A at
10000 cm™ in Figure 2 is weaker (¢ ~ 4 cm™), broad, and
featureless. No other bands are seen to lower energy in either
polarization. As the temperature is increased, band I broadens
and shifts to lower energy obscuring bands A and E.
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Figure 4. Temperature dependence of the molecular z polarized ab-
sorption specirum (—) with the Gaussian resolved bands (-) of the
lowest temperature spectrum, The arrows indicate the change in intensity
with increasing temperature (7 = 5, 50, 77, 125, 175 K). The dimer
intensity is defined by the right-hand scale.
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Figure 5. (Top) Low-temperature (5 K) MCD spectrum of a Nujol mull
of copper acetate pyrazine at 50 kG with the zero-field specirum sub-
iracted. (Bottom) Low-temperature (5 K) molecular x,y polarized (—)
absorption spectrum from 500 to 1200 nm. The z polarized (---) dimer
band specirum is indicated in the 500-300-nm region.

The z polarized spectrum in Figure 2 is dominated by an intense
band (¢ ~ 145 M~'cm™) at 26 000 em™. This band is indicative
of copper dimers and is denoted as the “dimer” band. As shown
in Figure 4, the intensity of the strictly z polarized band increases
as the temperature decreases, with no significant shift in energy.
The rest of the z polarized spectrum has been fit with three weak
bands at 10500, 11900, and 15050 cm™! designated B, C, and
H as shown in Figure 2. The intensity of bands B and C in Figure
4 increases with increasing temperature, while band H at higher
energy remains essentially constant with temperature.

Magnetic Circular Dichroism. The 5 K MCD spectrum of
copper acetate pyrazine in a Nujol mull shows four major features
in the region from 10000 to 30000 em™ which is correlated with
the absorption spectrum as shown in Figure 5. At highest energy
there is a broad positive band that corresponds to the z polarized
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Figure 6. (A) MCD Temperature dependence: arrows indicate the
change in MCD intensity with increasing iemperature (7 = 5, 75, 150,
250, 300 K). inset: low-energy data iaken with the S1 PMT. (B)
Temperature dependence of MCD iniensity originating from the A,
ground siate. The population weighted 5 K specirum was subiracted
from the higher temperature spectra in A and muhiplied by e*2//*7 to
renormalize to 100% triple: populaiion. *The energy scale has been
corrected by adding 325 cm™ 10 reference all energies 10 the singlet
ground siate.

dimer band at 26 000 cm™!, To lower energy three skewed de-
rivative shaped features correlate with the three x,y polarized
absorption bands (A, E, I). Each of the skewed derivatives is the
composition of a symmetric derivative shaped 4, term and a
Gaussian shaped By term. Bands A and I have negative 4, and
B terms, whereas band C has a positive 4; and B, term, where
the sign of the 4, term is given by the sign of its component to
highest energy.?’

As the temperature is increased the MCD spectrum gains
positive intensity around 13000 cm™ and negative intensity at
14500 cm™ (Figure 6A). This temperature dependence is at-
tributed to population of the ground-state triplet at 325 cm™, By
subtracting the population weighted 5 K singlet ground-state
spectrum and renormalizing for 100% triplet population (by
multiplying by e*2/4T), the MCD spectrum due to the pure triplet
component of the ground state can be obtained and is shown in
Figure 6B for several temperatures. The wavelength scalé of
Figure 6B has been shifted by +325 em™ to reference all high-
temperature MCD triplet transition energies 10 transition energies
from the singlet component of the ground state obtained from
absorbance and low-temperature MCD. The temperature de-
pendence of the triplet ground-state spectrum (Figure 6B) can
be fit with three bands. The main portion of the spectrum is
composed of two oppositely signed C terms (bands F and G

(27) (a) Pheipho, S. B.; Schatz, P. N. Group Theory in Spectroscopy;
Wileé: New York, 1983. (b) Siephens, P. J. Adv. Chem. Phys. 1976, 35,
197-264.
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Figure 7. Zeeman effect on the vibronic origin indicaied by the arrow
in Figure 3 with light polarized along 1the molecular z (column A), x
(column B), and y (column C) directions and magnetic field varied from
010 60 kG. Column D: Magneiic field dependence of Gaussian resolved
bands (@) with best fit 10 the iripler spin Hamilionian (—), eq 13.
Columns E-and F: Field dependen: iniensity of tripler spin components
polarized along 1he x and y molecular directions calculated from the best
fit wriplet spin Hamiltonian parameters. Iniensities with Hjjz have been
weighted 10 account for overlap of levels with finite band widih.

centered at 14275 and 14975 cm™) overlapping to form a
“pseudo” A, term. A negative B, term drops the isosbestic point
below zero. The third band (D) is a weak positive C term at
11950 cm™!, No further bands are observed to lower energy in
the MCD spectrum. It is important to note that the high-tem-
perature MCD spectrum exhibits no band in the dimer region of
the spectrum.

Zeeman Spectra of the Structured Origin. Figure 3 shows an
expanded view of the vibronic structure on band C. Transverse
and longitudinal Zeeman spectra of the vibronic structured origin
(indicated by the arrow in Figure 3) were obtained on both faces
with the magnetic field along the x, ¥, and z molecular axes. In
the transverse Zeeman experiment with the magnetic field along
the x or y directions and the light polarized with £ along the
magnetic field, no field dependence was seen (Figure 7, B middle,
C bottom). When the light was polarized perpendicular to the
field, the single-origin peak split asymmetrically into two bands
with unequal intensity (Figure 7, B bottom, C middle). With the
magnetic field along the z molecular direction and the light po-
larized perpendicular to z, the origin split symmetrically into two
peaks with equal intensity (Figure 7, B and C top). Since the
band is x,y polarized, no feature is observed with the light polarized
along z (Figure 7A). The energy splittings of the band are plotted
as a function of magnetic field strength in the Figure 7D.

Analysis

Dimer States: Wave Functions and Energies. Weakly coupled
transition-metal dimer systems can be treated by the coupled
chromophore model of Ballhausen and Hansen.!? The dimer wave
functions are composed of linear combinations of Slater deter-
minants formed from one-electron spin—orbitals localized one each
C,, monomeric fragment. Table IA lists the wave functions of
the ground state and those corresponding to single-site excita-
tions.”® Each ligand field excited state of the monomer generates
a singlet and triplet state in the dimer. The three spin components
of the ground-state triplet (denoted by a superscript +, —, or 0)
are given explicitly in Table IA, while for brevity only the m, =
+1 component is given for each single-site triplet excitation. The
wave function denoted by ¥, corresponds to a b; — a; excitation
on the copper 1 monomer, while ¥, corresponds to this excitation
on copper 2. Symmetric and antisymmetric combinations of the
singlets and triplets that have the complete D,, symmetry of the

(28) The orbiials are designaied by their iransformations in Cy, the su-
perscripts refer 10 the Cu fragment (1 or 2) on which the oribtal is localized,
and the subscripts a and b refer to the xz, and yz orbital components of the
doubly degeneraie e states. The notation of the deierminants is simplified by
using the hole notation, where a bar over an orbital denotes a 8 spin hole and
the absence of a bar denotes an « spin hole.



Excited-State Interactions in Copper Dimers

Table 1. Coupled Chromophore Wave Functions of Ligand Field States
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'E, :\Ifs = l<I>5 1‘5:
W, = 1P T
'E, Wy, = lg, s
Iy, = | -
Vg = 1@ Ts
3E, W, = 1/2{3<I>5 3¢ + et + {3<1>g} )
W = 1/2{3<I>+ 3§; + Pef - oy r,”
W, = 8 s
g =39 s
Ny = 1/2{3<I>;' -3¢ - Pof - g Iy
Wi = 1/2P0F + 285 - P + PP Iy
3E, 3y = 1/2P8T + 397 + Ao - P r*
Wy, = 1/2{3<I>;' =337 + 2oF + ¥y 1‘2:
gy = 339 Ts
3‘1,14 = J(I:,O F5+
W = 1/2{3<I>7 387 - P®F + Pdy ry*
MW = 1/2087 - 397 - Po] — o r,*

(B) Dimer Ground State: Dy,

x? = y? 19y = 1y,

0 ig
] A,
saf = 204 Au,
J(I:'B = 3\"6 3A2u

Dimer Excited States: Dy
z? ld’l = l/\/2{1\bl + 1Y) lBlg
1$, = 1/vV2WY) - 1) 'B,,
P, = l/\/2{3\t/1 + 3y *By,
3, = 1/ V2P =3 JBlg
Xy 19 = 1/v2{Ny5 + W lAZg
', = 1/v2{s - 1y 'Agy
3Py = 1/v2{05 + 3y A
3y = 1/V2Py - W A
xz,yz 1d, = 1 /v 205 + 1o} 'Eg(xz)
'@ = 1/v2{'Ys + 'Y} lEgO’Z)
1P, = l/\/zfl\bs - ) 'E,(x2)
'@ = 1/v2{1s ~ ) 'Ey(r2)
30 = 1/V2Ps + ) Ey(x2)
3 = 1/ 26 + gl *Ey(y2)
3@ = 1/V 25 — ) *Eg(x2)
3@ = 1 /v 2 ~ s} SE, :0'2)
(D) Orbitally Degenerate Zeeman Dimer States: C,,’
'E, 9 = 1/vV21ds + i1} r,*
19g = 1/4/2{1®5 ~ i'®g} r,*
'E, 19, = 1/v2{1®; + (1%} Iy
195 = 1 /v 2{'®, - i'®g} Iy
°E, 3 = l/\/2{3<I>§' + Pdf} I’
3 = 1/ 2P 8— 599 "
3, = 1/v 2P0 + 20 I,
3y = 1 /2P0 - Pal Iy
30y = 1 /V2P®5 - Pe¢} ry-
3010 = 1/V2P07 + P r,”
3E, 3, = 1/vV2P3T + Pdf} r*
36y, = 1/V2Pd7 - Pdg r*
35 = 1/v2P8Y + oY r,*
3 = 1/V2P89 - PdY Iyt
5 = 1/vV20®7 - Pdg) Iyt
6 = 1/v20°%5 + PP} r,*

¢ For all nondegenerate states &, = ¥, = 4,.

dimer will generate a total of four dimer excited states for each
monomer excited state. These wave functions are listed in Table
IB. For example, the monomer d,: excited state generates four
dimer states which transform as 'B,,, 'B,,, *By,, and *B,, in Dy,
dimer symmetry. The splittings of each single ion d-d state into
dimer states is given in column B of Figure 8; the magnitude of
the energy splittings between the states will be discussed in the
resonance splitting section (vide infra).

The 3Eg and 3E, states both have in-state orbital angular mo-
mentum in D, and thus will further split into three double-de-
generate states due to spin—orbit coupling. The spin—orbit
Hamiltonian for the dimer is a sum of single-center, one-electron
operators and is given by

H,, = zizjgjixj'§ij (3)

where i and j sum over the electron and copper coordinates. In
the limit of neglect of overlap (no contribution of center 2 from
an operator located on center 1), evaluation of the spin—orbit
Hamiltonian (eq 3) over all of the dimer-state wave functions given
in Table I, parts B and C, gives the spin—orbit matrix elements
included in the Supplementary Material in Tables S1 and S2.
Linear combinations of the °E, and 3E, states that diagonalize
the spin—orbit Hamiltonian in the D,,” double group are listed in
Table IC. The energy splittings of the 3E, and °E, spin-orbit
components and the transformation properties of all the dimer
states in D,; symmetry are summarized in column C of Figure
8.

In order to determine the MCD selection rules, the effect of
a magnetic field on the dimer states must be evaluated. The MCD
selection rules require a transition to be polarized in two directions
mutually perpendicular to the magnetic field (vide infra).

Therefore, in first order the z polarized transitions will not con-
tribute to the MCD, and the x,y polarized transitions will only
contribute when the magnetic field is along the molecular z axis.
An external magnetic field along z will lower the effective sym-
metry of the dimer to Cy,". All of the orbitally nondegenerate
dimer states in Table IB are diagonal in the magnetic field and
will split based on m, component. However, the orbital degenerate
states have angular momentum and will be mixed by the field.
Linear combinations of the orbitally degenerate dimer states that
diagonalize the Zeeman Hamiltonian are given in Table ID. The
Zeeman Hamiltonian is given by

H,. = zl’j(iij + 251‘;‘) (4)

where i and j sum over the electron and copper coordinates.
Operating the Zeeman Hamiltonian on the nondegenerate dimer
states in Table IB and the degenerate dimer states in Table ID
gives the energy corrections that are listed in column D of Figure
8 along with their transformation properties in Cy,” symmetry.
Orbitally nondegenerate triplet states split symmetrically in a
magnetic field with the m; = +1 component always to higher
energy. For states with orbital angular momentum, the spliiting
is derived from a combination of the angular and spin momentum,
as seen for the °E, and °E, states in column D of Figure 8.

Selection Rules. A summary of all groups theoretically allowed,
linearly polarized transitions, and their selection rules is given in
Table II, columns 4-6. The x and y electric dipole operators
transform together as e, in D,, symmetry, while the z operator
transforms as a,,. In low-temperature absorption spectroscopy
the only spin allowed, electric dipole allowed transition originating
from the 'A,, component of the ground state is the x,p polarized
A, — 'E,, which corresponds (Table I) to an antisymmetric
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Figure 8. Energy level diagram for copper acetate. Column A: Splitting
of copper d orbitals in 1he effective C,, symmetry of the monomer.
Column B: Dimer states in Dy, symmetry. Column C: Effect of spin—
orbit coupling in Dy, symmetry. Column D: Effect of an axial magnetic
field in Cy;" symmetry.

combination of excitations of one electron from the d,, ,, orbital
of a cupric ion into the d,2_,> orbital (see column 4 in Table II).

Other states can gain intensity by spin-orbit coupling to the
IE, excited state or to an allowed charge-transfer excited state.
Since 'E, transforms as I's™ in the D,,” double group, components
of the *By,, 3A,, and *E, excited states that also transform as T's”
are group theoretically allowed to gain x,y polarized absorption
intensity. Likewise, the *A | (I';,7) and 3E,(T;,") excited states are
allowed to gain z polarized absorption intensity by mixing with
charge-transfer transitions that transform as I',”. The selection
rules of all transitions made allowed by spin—orbit coupling are
given in the fifth column of Table II.

Another mechanism for states to gain absorption intensity is
through vibronic coupling. Vibronic coupling allows excited states
to mix with other electric dipole allowed states through an ad-
ditional spin-independent term in the Hamiltonian that couples
the electron and nuclear motions. The orbitally forbidden singlet
excited states that are vibronically allowed in x,y and z polari-

Ross et al.

zations are listed in column 6 of Table II along with the allowing
vibrational normal mode. Note that all singlet states become
allowed except the 'A,, in z polarization.

In low-temperature MCD spectroscopy, transitions originating
from the 'A;, component of the ground state will contribute
temperature-independent A, and B, terms. The B, terms originate
from field-induced mixing summed over all excited states and will
not be evaluated. The A, terms arise from transitions from a
nondegenerate ground state to orbitally degenerate excited states.
Equation 5
- -1

A = —=— T (ININ )b — (Aalu|Aa’),.,)-
3B|A| aa’AN
(Ac/Im|JNY X (JA|m|Aa) (5)

expresses the orientationally averaged intensity?’ of the 4, term
as a sum of Zeeman and electric dipole matrix elements, where
Ao and JX represent components of the ground and excited states,
w is the magnetic dipole operator, m is the electric dipole operator,
and [A] is the degeneracy of the ground state. As can be seen
from eq 5, only transitions that have two electric dipole allowed
polarizations perpendicular to the magnetic field will contribute
to the MCD spectrum. Therefore, only the x,y polarized tran-
sitions will contribute to the intensity of the A4, term, and eq 5
can be simplified®” to give
A = ﬁZ((JMLZ + 2S,lJ\) - (Aa|L, + 2S,|Aa)) X
al
(KA m [Ao) 2 = [(INmy| Ae) ) (6)

where m_; and m,, represent the left and right circularly polarized
electric dipole operators, respectively. The sign of the 4, term
can be determined by evaluating which of the m,, and m_; matrix
elements in eq 6 will be nonzero.

At low temperatures, the MCD transitions of interest are from
the 'A,(T',*) ground state to higher excited states. In the presence
of an axial magnetic field the effective symmetry is lowered to
C4y’, with the left and right circularly polarized electric dipole
operators transforming as I';” and T';7, respectively. The Cy/
double group contains complex irreducible representations, ne-
cessitating the use of the complex conjugate of the excited-state
irreducible representation when evaluating for group theoretically
allowed transitions. Therefore, transitions from the 'A;,(T'*) to
Ty~ excited states will be left circularly polarized and transitions
to I';™ excited states will be right circularly polarized. Inspection
of column D in Figure 8 indicates the 'E, excited state to have
a right circularly polarized transition to higher energy and a left
circularly polarized transition to lower energy, resulting in a
negative A, term, as listed in the seventh column of Table II. The
spin components of the *A |, and B, states will spin—orbit couple
to orbital components of the x,p polarized 'E,. The energy
splittings and transformation properties in column D of Figure
8 indicate excited-state Zeeman splittings which lead to positive
and negative 4, terms for the *A,, and ’B,, excited states, re-
spectively. These spin—orbit allowed low-temperature MCD
transitions are listed in column 8 of Table II.

At higher temperatures, MCD transitions will originate from
the thermally populated *A,, component of the ground state
producing temperature-dependent Cq terms, due to unequal
populations within the Zeeman split triple: spin siates. Again,
the orientationally averaged equation can be simplified due to the
D, symmetry at zero field and with first-order spin—orbit coupling
gives?’

( 0=
|/:| < | Z 2Szl‘ 1a>x(|<‘]x|“l+l|‘ 1(1)'2 |(J)\|m_1|Aa){2)
a)\

The only electric dipole transition allowed from the thermally
populated 3A,, is to the 3Eg state which is x,y polarized and
spin—orbit split into the doubly degenerate *¥, ,(T',*,I',*),
3W,14(Tsh), and 205 ((T3*, I states in Dy, symmetry. When
an axial magnetic field is applied, these spin—orbit components
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dimer states low-temp abs low-temp MCD high-temp MCD
Dy, Dy E dip. $.0. vib E dip. $.0. E dip. $.0.
ground siates
x?- y2 lAlg Fl+
Ay Iy T
excited states
22 By, Iy Iy XY -A,
By TSI -Gy
B,, ry X, Y(e,) Z(byy)
lBlg r3+ X,Y(e,) Z(bay) -G
Xy (AL | P W XY,Z +4,
Ay TUTS +Go
1u Iy X, Y(ey)
2 r,* X,Y(e,) Z(ay) +C
xz,pz 3Eg A +C,
+
5
Lyt T* -Co
°E, I,y zZ
I XY
I's Ty
lEg I‘5"— X, Y(alu’aZu’blu’qu)
Z(ey)
'E, Is” XY Z(e,) -A,

split into pairs transforming as 36, 15(T',"), *6,5,14(T3*.T4*), and
3,5.16(T,%) in Cyy symmetry. Inspection of column D in Figure
8 and Table ID predicts that the m; = —1 component of the
3A,,(Ty7) ground state will have transitions to the spin allowed
I';* and T',* excited states being left (m_; ~ T';7) and right (m,,
~ Ty7) circularly polarized, respectively. The m, = +1
ground-state component will have oppositely polarized transitions,
but they will be less intense due to the smaller thermal population
of the higher energy m, = +1 state. Since the m; = 0 spin
component of the *A,, ground state has a zero Zeeman energy
term in eq 7, transitions from the m, = O spin state to the
36)314(T5*,I'y*) excited state will not contribute C, term intensity
to the MCD spectrum. Hence, transitions from the A, to
36,1.12(T,*) and 36,5 ,4(I'y*) are both allowed in x,y polarization
providing positive and negative Cg terms, respectively, as listed
in Table I, column 9. These electric dipole allowed transitions
should dominate the MCD spectrum as the triplet state becomes
populated at higher temperatures. Four other states can become
MCD allowed through out of state spin—orbit coupling with this
transition. Both 'A,, and Azg can couple with the *E,(3¥,, ;)
to gam positive Cy term intensity, while 'By, and ’By, Can couple
to ’E ( W¥)5,16) to gain negative Cj term intensity. The spin—orbit
matrlx elements for the ‘Azg and 3A,, excited states are equal,
as are those for the 'B, and ’ B, excited states (see Supplementary
Material, Table St). Therefore the singlet and triplet of each
of these excited states are predicted to have the same intensity.

Table II summarizes the polarizations and temperature de-
pendence for all of the group theoretically allowed absorption and
MCD transitions. At low temperature the !E, excited state is
predicted to be electric dipole allowed in x,y polarization and have
a negative A4, term MCD intensity. The 3B,, and *A,, excited
states will gain x,y polarization and -4, and +A4; term MCD
intensity through spin-orbit coupling. Likewise, the 3A|, and
3E,(T,~,T,") excited states will gain z polarized intensity through
spin—orbit coupling. All singlet states will be come allowed through
vibronic coupling except the 'A |, excited state in z polarization.
As the temperature is raised, transitions from the thermally
populated *A,, ground state become allowed and are listed in Table
IL, columns 9 and 10. At higher temperatures the 3E,(I';*,T,*)
and *E(T';*,Ty¥) excited states will have electric dlpole allowed
+C, and -C, term MCD (pseudo A4)) mtensny, respectively.
Spm—orblt coupling will allow the ’B,, and !By, excited states to
gain negative Cy term MCD intensity and Azg and 'A,, to gain
positive Co term MCD intensity.

Band Assignments. The low-temperature x,y polarized ab-
sorption spectrum has three bands (I, E, A) that correlate with
the low-temperature MCD A, terms in Figure 5. The intense x,p
polarized band (I) with the negative MCD A, term at 15475 cm™!

is clearly the ‘Al — 1E, electric dipole allowed transition. Band
Eat 12050 cm™ is assrgned as the spin—orbit allowed 'A,, — AL
transition based upon its the positive MCD A4, term and lower
intensity. Band A is x,y polarized and exhibits a negative MCD
A, term at 10000 cm™ and thus is assigned as the 'A}, — 3B,
spin—orbit allowed transition. The A, terms have skewed derivative
band shapes due to the presence of magnetic field induced B, terms
at the same energy.

The low-temperature z polarized absorption spectrum in Figure
2 contains three ligand field bands designated H, C, and B. Figure
4 shows that band H is temperature independent, thus gaining
its intensity (electric dipole) from spin-orbit coupling, whereas
bands C and B exhibit an increase in intensity with temperature,
indicating vibronic coupling. The selection rules in Table II predict
two z polarized spin—orbit allowed transitions. However, the *A ,
excited state has already been assigned in the x,y polarized
spectrum to be at 12050 cm™, allowing the assignment of band
H as the transition to the I';” component of the E, excited state.
As shown in Table II, there are five different excited states that
are allowed to gain z polarized intensity through vibronic coupling.
The 'E, excited state has already been assigned at 15475 cm™!
and can be excluded as an assignment for bands B and C. The
'E, excited state should lie at comparably high energy and can
also be excluded. Band C at 11900 cm™ lies close in energy to
the previously assigned d,, 3A,, and reasonably arises from a dyy
derived excited state. Only one d,, excited state is predicted to
have z polarized vibronic intensity 2 allowing the assignment of
band C at 11900 cm™ as the ‘Azg excited state. Two dimer d,.
excited states are predicted to have z polarized vibronic intensity
arising from by, and b;, dimer vibrational modes. These vibra-
tional modes correspond to symmetric and antisymmetric com-
binations of single-site vibrations and thus should induce equal
intensity into the 'B,, and 'By, excited states, respectively.*® Band
B at 10500 cm™ can then be considered to derive from equal,
overlapping contributions from both the 'B,, and 'B,, excited
states, which are split in energy by less than 50 cm™,

The MCD spectrum associated with the A,, component of the
ground state in Figure 6B contains three resolvable Gaussian bands

(29) It is intersting to note that the d,, excited state of the monomeric
fragment does not have a single-site distortional mode that will allow intensity
in the z polarization. The a;, vibrational normal mode, which makes this
transition allowed in the dimer, corresponds to a Cu—Cu torsion twist and is
a true dimer vibration rather than a combination of single-site vibrational
normal modes.

(30) The intensity observed in the z polarization in the d,2 region of the
copper acetate dimer is similar in magnitude to that observed in the square-
planar CuCl,2~ monomer, indicating that the intensity originates from a
single-site vibrational mechanism: Hitchman, M. A.; Cassidy, P. J. Inorg.
Chem. 1979, 18, 1745-1754.
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Table III. Band Properties and Assignments

low-temp low-temp high-temp energy,

band abs MCD MCD cm™ assignment
A XY (s.0) -Ay 10000  (z2) °B,,
B Z (vib) 10500 (%) 'By, and By,
C  Z (vib) +Cy 11900 (xp) 'Ay
D +G 119507 (xp) A,
E  XY(s0)  +4, 12050 (xy) 3As,
F +G, 14275%  (xz,yz) °E, I'\* I,*
G -C, 14975 (xzyz) 3, Iy* Tyt
H 2Z 15050  (xzyz) 3E, I'y" I'y”
1 XY -A; 15475  (xz,pz) 'E,

(E dip.)

4Corrected for 3A,, ground siate by adding 325 cm™,

(D, F, G). The dominant “pseudo” 4, term at 14000 cm™ is
composed of two overlapping opposite signed C; terms from the
in-state spin-orbit split components of the ’E,. The negative C,
term to higher energy (G at 14975 cm™!) is assigned (Table II,
column 9) as the *E,(T'y*,T,*) and the lower energy positive C,
term (F at 14275 cm™) is assigned as the 3Ey(T',*,I',*). Based
upon the in-state spin—orbit energy corrections in Figure 8 column
C, the 700 cm™ splitting between these two spin—orbit components
gives an experimental evaluation of the spin—orbit constant £ in
eq 3 for this excited state. The free ion value is 830 cm™, in-
dicating that orbital angular momentum has been reduced due
to covalency. To lower energy only one positive C, term is re-
solvable (D at 11925 ¢cm™), and no noticeable negative intensity
is present. Group theory predicts two positive and two negative
C, terms to lower energy. The two positive Cy terms come from
the m, = 0 components of the 'A,, and *A,, d,, excited states,
which spin—orbit couple to the 3E,(T';*,I',*) state. These two states
should have equal MCD intensities based upon their spin—orbit
matrix elements (see Supplementary Material, Table S1).
However, the 'A,, is also allowed in z polarization due to vibronic
coupling and has been assigned at 11900 cm™. The positive C,
term (band D) at 11925 cm™ can thus be assigned as deriving
from overlapping contributions from both the 'Ay; and 3A,, excited
states, and the energy of the *A,, can be estimated at 11950 cm™.
Note that the negative C; terms from the 'B;, and *B, states are
predicted to be at lower energy but due to increased noise and
lower PMT sensitivity they were not observed.

A total of 10 ligand field transitions (nine bands) have been
assigned and are summarized in Table III. The excited-state
spectrum can be divided into three energy regions with the d,, ,
states at highest energy, the d,, states next, and the d,. states at
lowest energy. Three components of each of the d,, and d. excited
states have been assigned, and based upon the splitting pattern
of these states, a direct evaluation of the excited-state singlet—triplet
splitting, and the resonance (g—u) splitting (vide infra) can be

obtained. Likewise, four components of the d,, ,, excited states
have been assigned, allowing the additional evaluation of the
spin—orbit coupling constant, £.

Excited-State Exchange 2nd Resonance Splittings. Each mo-
nomer ligand field excited state corresponds to four dimer singly
excited states due to symmetric and antisymmetric combinations
of the spin and orbital portions of the wave function. The four
dimer wave functions for an excitation of an electron from a
general orbital, d;, on a cupric ion to the d,»_» orbital on the same
ion are

10y = Vllondiy = 162072 + |0380 - [Biil]  (8a)
'@, = llondingl = [Gndidl - 63207 + [622200]  (8b)
g = Villendinil + [bndiayl - (63207 ~ [dsyeil]  (8¢)
*®, = Vallendiod + 1drbnyl + (63207 + [B1p0ll]  (8d)
Specific wave functions for each single ion d—d excitation have
already been given in Table IB. From group theory these states
are diagonal in Hgp,, the total molecular Hamiltonian. Evaluation

of Hy;me, Over these wave functions leads to the energy expressions
eq 9a—d, which produce the splitting pattern given in Figure 9.

E(lq)g) =Kiopt oo gt Lot Loy (9a)

n,x%-y

E(l®)) = Koo+ Joo =T 0= Liep (9b)

n,x>-y
E(3®g) = [<n‘x2—y2 - Jn‘xz—y2 - In‘xz—yz + Ln‘xz—y2 (9C)
EC®,) = Kypop = S + Lo = Ly ooy (9d)

These energy splittings are given in terms of the four matrix
elements defined below.

Koy = (60(1) 93,2 2) [ Hgimed 93(1)$32,2(2))  (10a)
Jngiyr = (6p(1) 6322 2) Haimerd ¢2(2) d32,2(1) ) (10b)
Loy = (@h(1)632.2(2) Haimerd d32,2(1)93(2))  (10¢)
Loyt = (08(1) 0%,2(2) [Hyimedl032,2(2)93(1)) - (10d)

K, 2,2 and J ;2 2 are Coulomb and exchange terms between an
excited state on copper 1 and a ground state on copper 2, while,
I, 2 2and L, 2 2 correspond to an excitation transfer of an excited
staie from copper 1 to copper 2 mediated through Coulomb and
exchange interactions, respectively.

The Coulomb matrix element K, ,2_,2 has contributions from
both one- and two-electron operators and adds equally to all four
states producing an average energy increase of these states as
shown in Figure 9. The exchange term, J, ,2,2, produces a splitting
of the singlet and triplet components of a given excited state by
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Figure 9. Monomer to dimer excited-state splitting diagram. The
Coulomb interaciion (K) represents an average energy shift from the
monomer to the dimer. The exchange interaction (J) splits the excited
state into singlet and triplet states. The excitation transfer interactions
(1 and L) spli1 the singlets and iriplets into g—-u resonance components.

=2J4 5242 This J; 2.2 exchange pathway is schematically shown
in Scheme IA. In comparison to the ground-state J,, 2.,
pathway in Scheme ID, J,,2,2 involves new superexchange
pathways between d,2_,2 and d, orbitals. Thus, the value of J, .2 2
can differ from that of the ground state and can be different for
each excited state, n.

The third term, I, ,2_,2, corresponds to an excitation transfer
mediated through a Coulomb interaction.3! This is diagrammed
in Scheme IB. Note that this term involves deexcitation of copper
| with a simultaneous excitation of copper 2. Therefore, this
excitation transfer interaction can then be estimated by a di-
pole—dipole approximation:*!:32

I = =1.162 X 10°| M43 cos? 6 — cos ¢} /R>  (11)

where M is the transition dipole moment (given in A), Ris the
distance between transition dipoles (in A), 8 is the angle between
the dipole and the R vector, and ¢ is the angle between the dipoles.
The value of M can be obtained from the intensity of an absorption
band, while # and ¢ are defined by the polarization behavior of
the absorption band. When /, .22 is calculated from eq 11 for
the d,, or d,» excited states, a value of I, ,>.,» = 3 cm™ is obtained.
As the transition to the d,, ,, excited state is more intense (f =~
6.5 X 107 = M? ~ 4 x 107 A?), the magnitude of I, 2 is
somewhat larger, having a value of I, ,2» = 25 em™ (x,p
polarized, 8 = 90°, ¢ = 0°).

The matrix element L, ,2_2 corresponds to an exchange-mediated
excitation transfer’!33 as shown in Scheme IC. It its important
to note that the electrons change centers while also transferring
the excitation, whereas the I, ;2,2 term in Scheme IB did not
involve exchange of electrons between metal centers. A combi-
nation of the exchange- and Coulomb-mediated excitation transfer
terms leads to a g-u splitting of the singlet and triplet components
as given in eq 9a—d and shown in Figure 9.

The experimental transition energies listed in Table IIT and the
energy splittings defined in eq 6a—d and Figure 9 have been used
to obtain estimates of the parameters associated with the sin-
glet-triplet and g—u splittings for each d—d transition, and these
have been tabulated in Table [V. For the d,, excited state the
energy difference between the 'Ay, at 11900 cm™ and the *A,,
at 11950 cm™ is 50 cm™. As the calculated value of I, 2 is
negligible, =2, 2.2 can be estimated as a 50 cm™ antiferro-
magnetic interaction. Likewise, the 100 cm™ difference between
the 3A,; and *A,, states is equal to ~2L,, 2>, Using the four
assigned components of the d,,, excited state listed in Table III

(31) Craig. D. P.; Walmsley, S. H. Excitons in Molecular Crystals:;
Benjamin: New York, 1968.

(32) Kasha, M.; Rawls, H. R.; El-Bayoumi, M. A. Pure Appl. Chem. 1965,
11, 371-392.

(33) Tanabe, Y.; Aoyagi, K. In Excitons; Rashba, E. 1., Sturge, M. D,,
Eds.; North-Holland: Amsterdam, The Netherlands, 1982: pp 603-663.
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with measured spin—orbit splitting of 700 cm™ and the value for
Iyy0022 Of 25 cm™ gives values of 125 ecm™ for -2J,,,, 2,2 and
725 cm™ for =2L,,,, 2,2 The !By, and !B,, components of the
d2 to d,2.,2 single-center excitation are approximately equal in
energy, thus =212, 2 is small, and -2J,2,2.,2 is a large ferro-
magnetic interaction of approximately —500 em™. This provides
an ordering of ~2J; 2 for the different ligand field states:

=200 0 > =20 00> =2 00 > =2 00

It is important to note that the excited-state values are different
from the ground state and are observed to vary from ferromagnetic
for d,> and d,, . to antiferromagnetic for d,,. Likewise, the
ordering of =2L, ,2.,2 for the different ligand field states is

2L, x> 2Ly 0 > 2L 0

These values are all positive having the even parity state to lowest
energy, and the d,, ,, excited state having the largest g-u splitting.

Further insight into the physical origin of =2L, ,2.,» may be
obtained from a consideration of the superexchange pathways
presented in Scheme IC-E. As noted earlier, L, 2.2 involves
excitation transfer by electron exchange between metal centers.
As illustrated in Scheme IC the L, ,2_,> interaction proceeds via
a superexchange pathway connecting the two excited states on
each metal and also through a pathway connecting the two ground
states. The orbital pathway for the excitation exchange in L, 2,2
(Scheme IC) can then be decomposed into a combination of the
ground-state orbital pathway of J,2.,2 2.2 (Scheme ID) and a
doubly excited state orbital pathway of J , (Scheme IE). By
expanding the total dimer Hamiltonian into one- and two-electron
operators and applying the Wolfberg—Helmholtz approximation,3
a relationship (eq 12)

Loy~ (.]Xz_y‘xz_yz-J,.“.l)1/2 (12)

(34) Considering only one-electron contributions to the dimer Hamiltonian
Haimer = A(1) + h(2) (a)
gives
Loy = (oMD)IA(DIH1)) (922, 22) |0k, 42)) +
(Bh(DIG3(1)) (932,42) | H(D)]0}12,%2)) (b)

Defining
a, = (o D]AD]er(1))
a2, = (9l A(2)1h(2)[0)2,%2))
Su = (or(Dlez(1)
S, = (¢h,A2) [0, (2))
Ba = (oM (DIA)|e3(1))
Bz = (ol D)|(1)]g22,41))
and make the Wolfberg-Helmholtz approximation
B = knatnSy

By = k02 2S00

gives
Lna:z—,v2 = anxz-y2 + ﬁxz—ysn
= kaonSnSa 2 + koo 25,2 08,
=285, Se A knay + ke u0,2,2) /2 (c)
Similarly,

Ty a0 = 285 ok, oo 2
Jun = 28k, (d)
Using the approximation
(knotn + k2 2002.7) /2 o (kponk, o2 ) Y2
gives
Loy = 28,8, 2 knork o 0,2 )2 (e)
substitution of eq d gives L, 2.2 = (J,2,,2-,2J,,)1/2. It can also be shown

that inclusion of two electron terms in eq a does not change this final ex-
pression due to their cancellation.
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Table IV. Exchange Interactions between Pairs of d, Orbiials

n ~2J 02 2L, —2Jpn
X~y 325
xy 50 100 31
Xxz,yz -125 725 1617
22 -250 <50 <8

between these interactions can be obtained that allows an estimate
of the magnitude of J,, from the experimental values of the
excited-state L,,2,2 and the ground-state Ji2., 2.2 Thus,
knowledge of the singly excited resonance splittings and the
ground-state exchange splitting can provide quantitative insight
into the exchange interactions between the doubly excited state
metal orbitals. J, , have been estimated for all excited states by
using eq 12 and are included in Table [V. The ordering of J,,
must parallel that of L,

_2szyz‘xzyz > "ZJXZ 222 > =2J

-yhxd-y xpay > "2z

An unexpected feature is the larger magnitude of J,, ;.. in
relation to the ground-state J,2_,2 2.,

3A, Excited-State Spin Hamilfonian Parameters. The Zeeman
interaction on the structured origin of band E (Figure 7) splits
the origin into two peaks when the light is polarized perpendicular
to the magnetic field, but the origin remains as one peak when
the light is polarized parallel to the magnetic field. This polar-
ization behavior is consistent with a triplet excited state. When
the magnetic field lies along the molecular z direction, the Sym-
metry of the dimer is reduced to C,,’, with the m, = 0 spin
component of a triplet transforming as I';* and therefore z po-
larized, while the mg = %1 spin components, which transform as
I';* and T',*, are polarized along x and p directions, However,
band E has no intensity in the z polarization and the m = 0 spin
component is not observed. When the magnetic field is along the
molecular x or y direction, the symmetry of the dimer is reduced
to Cy’. The mg = 0 spin component transforms as I'* and is
polarized along the magnetic field direction, while the m = %1
spin components transform as I';* and are polarized perpendicular
to the magnetic field. Therefore the m, = 0 spin component is
assigned as the field independent band polarized parallel to the
magnetic field directions in Figure 7B (Hjix) and C (H}|y). The
my = x1 spin components are assigned as the bands polarized
perpendicular to the magnetic field as seen in Figure 7B (H|iz,p)
and C (Hj|z,x).

The field dependence of the energies is described by the triplet
spin Hamiltonian® (eq 13):

H = B[gxsxﬁx + gysyﬁy + ngzﬁz] +

D[SI- %] + E[S; - S]] (13)
where the energies of the spin components are given by the fol-
lowing expressions for each magnetic field direction.
Hjiz

e =YD * (g2B*H? + EY)1/? (14a)
¢ =-%D (14b)

Hiix
e=-Y%D + KLE £ [g282H* + Y,(D + E)?]V2 (14¢)
e=WD-E (14d)

Hily

€ = =YD = iE % [GFH + YD~ E'? (140)
e=YD+E (14f)

A best fit to the field dependence of the experimental energies
of the Zeeman split spin components, shown as circles in Figure
7D, was achieved with the excited-state spin Hamiltonian pa-

(35) McGarvey, B. R. In Transition Metal Chemistry; Carlin, R. L., Ed,;
Marcel-Dekker: New York, 1967; Vol. 3, pp 89-201.
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rameters: g, = 2.12,g,=2.23,g,=142,D=60cm™, and £
= 0.3 cm™l. The fit calculated from these parameters is given
as the solid line in Figure 7D.

The intensities of the spin components will also show a field-
dependent nature due to magnetic field induced mixing of the
zero-field spin states. When the magnetic field is parallel to the
z molecular axis, the intensities of the spin states are constant with
increasing magnetic field strength, consistent with the fact that
the zero-field spin states are diagonal along z. However, when
the magnetic field is along the x or y direction, the zero-field spin
states will mix as a function of the magnetic field strength, pro-
ducing unequal intensities in the “m, = 1” spin states. The spin
Hamiltonian parameters for the 3A;, excited state given above
were used to generate the field-dependent spin wave functions of
the form

[¥1) = Climg = +1) + CYm, = 0) + C/l|my = -1) (15)

where the zero-field spin states form a basis set with C¥!'° being
the field-dependent coefficient. The x,p polarized intensity of the
field-dependent wave functions is given by

I(H) = [(CF')? + (G110 (0) (16)

where I;(H) is the field-dependent intensity of the ith spin com-
ponent and 7,(0) is the intensity of the m, = =1 spin component
at zero field. The calculated intensities are shown as solid lines
in Figure 7E,F. When a small magnetic field is applied along
the x(y) molecular direction, the “m, = +1” spin component that
shifts to higher energy is mainly composed of the zero-field m
= 0 (z polarized) spin state. Although having almost no intensity
at small fields, the “mg = +1” spin state will increase in intensity
at higher fields due to gaining increased zero-field m, = £1 (x,p
polarized) spin-state character. A corresponding decrease in
intensity occurs in the “m; = 0” spin component as it gains
zero-field m, = 0 (z polarized) spin character at higher fields.

The deviation of the g values from the 2.00 spin-only value is
due to spin-orbit coupling between the d orbitals. An expression
for the second-order corrected g values is

<\l/c’|Li‘j|¢/c> <\l/elLiJ|\l/e’>

8 = 200 + )‘dimcrzij‘c Ee’ _ Ec (17)
where L, is the orbital angular momentum operator for / = x,
y, z on center j, Agimer €quals —£/2, and e’ refers to the state for
which the g value is being calculated. From this expression,
estimates of the g values for the triplet excited states may be
obtained. In-state spin-orbit coupling will split each of the °E,
and 3E, excited states into three sets of doubly degenerate states,
(Figure 8C,D). Hence these spin-orbit coupled states will not
exhibit the characteristic triplet splitting pattern described by the
spin Hamiltonian (eq 13). Using the experimentally derived values
for Agimer the excited-state energies, and eq 17, the g values for
the spin triplet d—d dimer excited states can be calculated. The
3B,y and 3B,, excited states are predicted to have g, = 2.00, g,
= 2.56, the *A,, should have g, = 2.00, g,, = 2.32, and the ’A;,
excited state should have g, = 1.65, g,, = 2.32. The orbital
angular momentum operator transforms with even parity and will
not mix even parity excited states with the ground-state triplet,
which has odd parity. Therefore, the only excited state capable
of having a g, value less than 2.00 is the 3®;(A,,) excited state,
which is an excitation from the d,, orbiral and couples to the
ground-state triplet via L,. This strongly supports the previous
assignment of band E (Table III). It is important to note that
the D value of 6.0 cm™ for the 3A,, is much larger than the
ground-state value of 0.33 cm™ and will be considered in detail
in the next section.

Anisotropic Exchange Contribution to Zero-Field Splitting.
Anisotropic exchange or pseudo-dipolar coupling has been widely
used to explain the large ground-state triplet zero-field splitting
in copper dimers.63¢  The normal dipolar contribution to the

(36) For example: (a) Banci, L.; Bencini, A.; Gatteschi, D. J. Am. Chem.
Soc. 1983, 105, 761-764. (b) Bencini, A; Gatteschi, D.; Zanchini, C. Inorg.
Chem. 1986, 25, 2211-2214.
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ground-state zero-field splitting can be estimated from the distance
between metal centers as given in eq 18.37 The dipolar contri-

DY = —(2g8 + g2 )82/ 2r (18)

bution to zero-field splitting is smaller in magnitude (-0.12 cm™)’
and of opposite sign than the experimental ground-state zero-field
splitting of 0.33 cm™ in copper acetate. Anisotropic exchange
involves a third-order perturbation mechanism of spin—orbit
coupling to an excited state in second order plus an excited-state
exchange interaction as given in eq 19.7

H =
(81£2216L,°S1le182) (182l Hexle122) (e182lEL1S118182) / (E. — Ey)?
(19)

where g, and e; represent the ground and excited states on center
i, (LS, is the spin-orbit operator on center i, and H,, is the
excited-state exchange interaction. By writing H,, as —2JS|-S,
and expanding the interaction with effective axial symmetry, the
interaction can be written in the usual dipolar form

= D355, - S1'Sy) (20)

where the anisotropic exchange contribution to the ground-state
zero-field splitting in copper acetate is given as

Dii—yz = _l/lé(gﬁs - 2)2']xy‘xz—y2 + 1/4(ng - 2)2']xzyz,x2—y2 (21)

In the past, the difficulty in analyzing this contribution has been
in having no experimental value for the excited-state exchange
interaction J, ;2,2 and therefore having to estimate it from theory.
As we have now directly measured the excited-state exchange
interactions J,, ;2,2 and J,;y, .22 (Table IV) and as the ground-
state g values are known (gy = 2.350, g; = 2.064), a value of D
can be calculated from eq 21. The calculated value for the total
(including dipolar) ground-state zero-field splitting D,>.,2 = 0.14
cm™! is of the correct sign and magnitude, but smaller than the
experimental value of 0.33 cm™. Note that the g, term is usually
neglected, whereas we find this actually contributes 0.06 cm™.

The same mechanism can be further considered for excited-state
zero-field splitting parameters. The perturbation expression for
the excited-state interaction is given by eq 22,

H = (e,g:|(LS\le)'g2) (e gal Hoxler g2) (e’ galELS ) |e1ga) /
(Ee’ - Ee)2 (22)

which involves spin—orbit coupling of an excited state to another
state, e’, plus the exchange interaction of state e’ on one metal
center with the ground state on the other metal center. The
anisotropic exchange contribution to the d,, excited-state zero-field
splitting in copper acetate involves spin—orbit coupling to the d,2_,»
ground state. Equation 23

Di; = _l/lé(gis - 2)2-] 2.2 x2-)2 + 1/4(gef - 2)2Jx2—y2‘xzyz (23)

therefore relates the *A ), (d,,y) excited-state zero-field splitting
to the ground-state exchange interaction J,2_,2 2..2. The zero-field
splitting of the 3A;, (d,,) excited state has been found from the
Zeeman experiments to have a value of D,, = 6.0 cm™, Using
the g values determined for the *A |, (dxy) excued state and the
ground state J,2.,2 2 2 value of 325 cm™, a value of D, = 3.8
cm!is calculated that is in reasonable agreement wuh the ex-
periment. This is the first time that eq 21 and 23 have been
experimentally evaluated for copper dimers. The general
agreement with the data indicates that anisotropic exchange is
a reasonable model for the origin of zero-field splitting in copper
dimers.

Discussion

The present study generates an experimental assignment of the
ligand field spectra of the copper acetate system using magne-
to-optical techniques. Key features of these experiments include
the use of variable-temperature MCD to observe transitions or-
iginating from the triplet component of the ground state, and

(37) Abragam, A.; Bleaney, B. Electron Paramagnetic Resonance on
Transition fons; Clarendon Press: Oxford, 1970.
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Figure 10. The acetate ion highest occupied nonbonding molecular or-
biials in C,, symmetry.!3

Zeeman interactions on the sharp vibronic structure of the 3A |,
(d,,) excited state to obtain spin Hamiltonian parameters. The
combination of linearly polarized absorption, variable-temperature
MCD, and Zeeman spectroscopies has allowed the assignment
of 10 excited states and the direct evaluation of the energy
splittings between the dimer components of each ligand field
transition.

We have seen that each ligand field excited state, d, in a
binuclear copper system will have four components due to sym-
metric and antisymmetric combinations of singlets and triplets.
As summarized in Figure 9, the two singlet and two triplet excited
states will be separated by an amount —2J, ,2» due to the exchange
interaction between unpaired electrons in the ground and excited
state. The singlets and triplets will each be further split due to
Coulomb and exchange excitation transfer interactions, /; ,»,> and
L, ,2-,2. On the basis of the knowledge of the transition dipole
magnitude and orientation, the value of /, ;2,2 can be estimated
from a dipole approximation. Furthermore, it has been shown
that the value of L,z can be directly related to the magnitude
of Jy 2,2 2and Jy allowmg an estimate of the value of J; ;. The
experimental evaluation of J,2 2 2 2 and J, ;2,2 and the estimation
Jon provides direct insight into the superexchange pathways be-
tween all the different combinations of d orbitals on each copper.

Past research in antiferromagnetically coupled transition-metal
systems has produced a general understanding of the magnitude
and sign of the ground-state exchange interaction.**# The models
and concepts developed for the ground state can now be extended
to the excited-state interactions and compared to experimental
values. The values of the exchange interactions between the
ground and excited states, J, ,»_,2, listed in Table IV range from
weakly antiferromagnetic to strongly ferromagnetic. In com-
parison, the exchange interactions between similar magnetic or-
bitals, J,,, range from negligibly small to very large and are all
antiferromagnetic. This wide range of values is the result of two
competing contributions to the exchange interaction. The negative,
antiferromagnetic term is directly related to the magnitude of the
magnetic orbital overlap (Sn'xz_yz or S,a).° Whereas, the positive,
ferromagnetic contribution originates from the standard two-
electron exchange integral, j, ;2,2 OF jy 5, and has been related to
the density of the magnetic orbital overlap.® If the magnetic
orbitals have areas of large overlap density, the ferromagnetic term
will be large due to large spin repulsion in these regions

Since J, 2,2 involves orbitals that are orthogonal in the Dy,
effective symmetry of copper acetate, the antiferromagnetic term
is initially expected to be zero. To evaluate the ferromagnetic
contribution to J;, ;2,2 one must consider delocalization of the d,
orbital onto the brldgmg acetate ligand. The highest occupled
orbitals of the acetate ion (C,, symmetry) are the nonbonding a,,

(38) (a) Kahn, O.; Charlot, M. F. Nouv. J. Chim. 1980, 4, 567-576. (b)
Kahn, O. J. Magn. Magn. Mater. 1986, 54-57, 1459~1463. (c) Charlot, M.
F.; Journaux, Y.; Kahn, O.; Bencini, A.; Gatteschi, D.. Zanchini, C. Inorg.
Chem. 1986, 25, 1060~-1063.
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Table V. Symmetry Representations of the Copper and Acetate
Monomer Orbitals and the Corresponding Molecular Orbitals

Copper Orbitals

copper monomer (Cy,) copper dimer (Dy)

x? - ,V2 (bl) blg’ b2u
2 (ap) a1 23y
xy (by) b, by
xz,yz (€) € €y

Aceiate Orbiials
acetate monomer (C,,)

aceiate tetramer (D)

Pz (al) alg’ ng’ €y
Px (aZ) A blu; eg
P,V (bZ) A0 qu’ Cg

a,, and b,, which are predominantly composed of oxygen 2p,, 2p,,
and 2p, orbitals, respectively, as shown in Figure 108 Thed,.,
orbital should have the largest amount of delocalization due to
a strong o-bonding interaction with the acetate a, orbital. The
d,2 should also interact with the a; but will have a much poorer
overlap. The d,, , orbital should form a fairly strong w-bonding
interaction with the acetate b, and also overlap with the a,; through
a pseudo-o interaction. Finally, the d,, will have a 7 interaction
with the acetate a,. The resultant magnetic orbitals that have
the largest spin density in the same ligand orbitals will have the
largest ferromagnetic term. The d,2.,2 and d,: orbitals each have
significant spin density in the a, orbital and thus are expected to
have a large ferromagnetic contribution to J,2,2,2. Similarly
J 2252 Will have a smaller positive value and J,, 2.2 will have
the smallest ferromagnetic contribution, in general agreement with
Table IV,

The fact that J,, 22 is experimentally found to be antiferro-
magnetic based both on the singlet—triplet splitting order and on
the sign of D,2_,2 requires further consideration of the antiferro-
magnetic contribution to J, .22, As indicated above, in the Dy,
symmetry of the dimer the d orbitals are orthogonal, requiring
all J;, y2.,2 values to be positive due to a zero antiferromagnetic
contribution. This symmetry-restricted orthogonality remains even
in the crystallographic C; monomer site symmetry of copper
acetate pyrazine; the d,2 2 orbital transforms as A” while the other
d orbitals transform as A”.3 However, the inclusion of spin—orbit
coupling will allow the ground state to mix with the d,, and d,, ,,
excited states, producing a nonzero antiferromagnetic contribution
to J, 22 While spin—orbit mixing is relatively small ({xp|l-s|x?
- y?)*/AE ~ 5%), this addition of the experimentally antifer-
romagnetic J,a.,2 2.2 appears to be enough to overcome the small
Jxyai-p term. However, spin—orbit mixing with d,, ,, is not large
enough to overcome the larger j,,,, 2> contribution, and since
spin—orbit coupling does not occur in d,2, J,2 2.2 remains a large
ferromagnetic interaction. In summary, the variation in the ex-
perimental values of J, 2.2 appears to result from differences in
ferromagnetic interactions that are modified due to the addition
of a small antiferromagnetic contribution through the spin—orbit
mixing.

In applying ground-state exchange concepts to the J, , inter-
action, it is convenient to estimate the antiferromagnetic con-
tribution by using the method of Hay, Thibeault, and Hoffmann,
which relates to J,, to the energy difference of the d, orbital
derived molecular orbitals of the dimer.# As shown in Table V,
the d,z., orbitals form by, and b, symmetry combinations in the
dimer (D, symmetry), which will interact with the acetate a, and
b, orbitals, respectively, based on their dimer symmetry. Due to
a good ¢ interaction with the a; and a poor = interaction with the
b,, the by, and by, molecular orbitals should have a large energy
splitting and thus a large antiferromagnetic contribution to
J 222 Similarly, the d,: orbitals, which interact with the a,
and b, acetate orbitals to form a,; and a,, dimer molecular orbitals,

(39) Although the d,,,, orbitals span the A’ and A” representations, no
spectral splitting of these states is observed, indicating that no significant
mixing with the d,2_,2 orbital occurs due 10 the low symmetry distortion.
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will have a small splitting due to poor overlap. The d,,, orbitals
will overlap with the b, via a 7 interaction to form a molecular
oribtal with e, symmetry and with the a, orbital via a pseudo-o
interaction forming a molecular orbital with e, symmetry. The
splitting of the e; and e, orbitals is expected to be small due to
the similar magnitude of the = and pseudo-o repulsive interactions.
The by, and b, symmetry combinations of the d,, orbitals will
undergo a moderate splitting since the b, has a = interaction with
the acetate a, while the b,, remains nonbonding. One would
therefore qualitatively predict that J,2_ 2,2 2 should have the largest
antiferromagnetic contribution followed by J,, ., and J,,, ., With
J,2,2 having the smallest value. However, the values of J,, es-
timated from experimental splittings (Table IV) indicate that
Jxzy2xzy. has the largest antiferromagnetic value. It should be noted
that while J,2 2,2 2 is an accurate experimental value, all other
values of J, , are subject to the approximations in eq |2 relating
Jon to Ly 2 2. However, Ly, , 22 is experimentally much larger
than L, 2, indicating that J,,, .,,, must be greater than J,, .
Again, variation in the ferromagnetic contribution to J,, can have
significant effects. On the basis of arguments similar to those
outlined for J; ,2.,2, the ferromagnetic contribution to J,2 2,22
and J,, ., should be large due to significant spin density in the
a; and a; acetate orbitals, respectively. Additionally, the ferro-
magnetic contribution to J,,,, «,,, Will be smaller, because delo-
calization into both the a; and b, acetate orbitals will lower the
overlap density in each region. Thus, the magnitude of J,2.,2 2.2
and J,,,, will be modified by large ferromagnetic terms, while
Jxzy2,x2y. Should have a much smaller reduction. However, it must
also be emphasized that a recent high level ab initio perturbative
ClI calculation of the origin of J,2.2,2.,7 in copper acetate has found
that in addition to the simple antiferromagnetic (kinetic) and
ferromagnetic (potential) terms discussed above double-spin po-
larization and higher order terms contribute to the value of
Jy2250-,2 and are comparable in magnitude to the kinetic and
potential terms.!® Comparable calculations on these excited states
would be required to obtain further quantitative insight into the
values of J for the different d orbital pathways considered in this
study.

Many binuclear copper systems have an intense absorption band
at approximately twice the energy of the ligand field features,
which correlates with formation of the dimeric structure. This
dimer band has previously been assigned as either a simultaneous
pair excitation (SPE) or as a low-energy ligand-to-metal
charge-transfer transition.!>!* The dimer band in copper acetate
pyrazine is observed in the absorption and MCD at 26 000 cm™,
as shown in Figure 5. The clean z molecular polarization of the
absorption feature indicates that there is only one transition
contributing in the dimer band region. The temperature depen-
dence of the dimer band absorption intensity correlates with the
population of the singlet component of the ground state, indicating
that this is a singlet-to-singlet excitation, The fact that no MCD
intensity is observed with increasing temperature demonstrates
that a triplet component is not present and must be at least 4000
cm™! above the singlet. Similar behavior has recently been ob-
served in the Cu,Cl¢?" system where the dimer band was clearly
assigned as the singlet component of a ligand-to-metal charge-
transfer transition."* The large stabilization of this charge-transfer
singlet, compared to that of the corresponding triplet, was asso-
ciated with a large antiferromagnetic exchange coupling in the
charge-transfer excited state relative to the ground state. By
analogy, we assign the dimer band in copper acetate pyrazine as
a z polarized 'A}, — 'A,, ligand-to-metal charge-transfer tran-
sition. This transition can arise from a transfer of an electron
from either the a;(b,) or by(b,,) orbital on the acetate bridge to
the d,2,» orbital on the copper. Although the a, orbital should
be at deeper binding energy, it has good overlap with the d,2_ 2
leading to a large excited-state antiferromagnetic interaction,
which will stabilize the singlet component of the charge-transfer
excited state as is experimentally observed.

While attention in copper dimers has generally focused on
ground-state magnetic properties, this study clearly emphasizes
that the excited states also exhibit significant spectral effects due
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to dimer interactions. Furthermore, these excited-state interactions
provide experimental insight into the superexchange pathways
involving different combinations of d orbitals and, in addition,
directly relate to the origin of the ground-state spin Hamiltonian
parameters.
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Complexation of Tin(II) by the Iridium Metallomacrocycle

Irz(CO)2C12([.L-Ph2PCH2AS(Ph)CH2PPh2)2 A Novel Receptor

and Sensor of Tin(II)
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Abstract: Tin(II) chloride reacts with yellow Iry,(CO),Cly(-dpma), (dpma is Ph,PCH,As(Ph)CH,PPh;) to yield blue
[Iry(SnC1){(CO),Cly(u-dpma),1SnCl;.  The X-ray crystal structure of a derivative, [Ir,(SnCl)(CO),Cl,(u-dpma),][ir-
(SnCl;),(CO)(dpma)], which crystallizes in the triclinic space group PT with @ = 16.739 (7) A, b = 17.030 (7) A, ¢ = 21.785
(9 A, a=79.61(3)°, 8=7597 (3)°, v = 67.78 (3)°, Z = 2 at 130 K, has been determined. Least-squares refinement of
665 parameters using 7363 reflections yielded R = 0.063. The cation consists of the intact metallomacrocycle with the tin
symmetrically bound only to the two iridium ions and a chloride (Ir-Sn disiances, 2.741 (2) A, 2.742 (2) A, Sn—Cl, 2.443
(7) A, Ir-Sn—ir angle, 146.1°) in a planar arrangement. The anion consists of an iridium in a trigonal bipyramidal environment
with a CO and P as the axial ligands. The dpma acts as a six-membered chelating ligand with the arsenic atom uncoordinated.
[1r,(SnC)(CO),Cl,(u-dpma),]* has an intense blue color, Ay, = 588 (¢ = 77000) and luminescence at 645 nm, that makes
it a sensitive sensor for tin(II). 1r,(CO),Cl,(u-dpma), is capable of selectively extracting tin(I1) from an aqueous solution
containing Sn(II) and other metal ions and also is capable of transporting Sn(I1) from one aqueous phase through dichloromethane
to a second aqueous phase. The bonding in the IrSnir chain is discussed in the context of other nearly linear trinuclear complexes.

The metallomacrocycle Ir,(CO),Cly(u-dpma),, 1 (dpma is
bis(diphenylphosphinomethyl) phenylarsine), is capable of binding

lp/\As/\Fl, T/\AS/\FI,+
c cl cl cl
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Ir Ir Ir Ir
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NGNS LN
1 28, M=T]

b. M=Pb(NOg)

a variety of heavy transition-metal ions through the formation
of bonds to the arsenic, iridium, chloride, and /or carbon monoxide
parts of 1. Examples of complexes with transition-metal ions,
palladium(I1),? rhodium(I),? iridium(I),? copper(I),? silver(I),**
gold(I1T), and gold(I),%” incorporated into 1 have been prepared
and structurally characterized by X-ray crystallography.
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Recently, we have discovered that 1 is also capable of binding
main group ions with an s? electronic configuration. A commu-
nication describing the intensely colored, luminescent thallium(I)
and lead(II) complexes 2 has been published.? In these novel
materials, the thallium(I) and lead(II) ions are bound only by
the two iridium ions of 1; no bonds to chloride or arsenic are
present. This is particularly remarkable since, as we point out
in ref 8, the lower oxidation states of these metals, thallium(I)
and lead(II), have only been infrequently found to engage in
bonding to transition-metal ions.

Here we describe the interactions of 1 with another s? ion,
tin(IT). The interactions of tin(II) chloride with transition metals
are well known.® Generally, with platinum metal halide com-
plexes, insertion into M—Cl bonds can be anticipated with the
formation of M—SnCl; units as the outcome. That is not the case
with 1.

Results

Synthesis and Characterization of the Complexes. The first of
the series of iridium—-tin complexes was prepared by treating a
dichloromethane solution of Ir,(CO),Cly(u-dpma),, 1, with an
excess of SnCl,-2H,0 in methanol. The initially yellow solution
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