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From polarized optical absorption and emission spectra of thettiselato bridged [Csl3](ClO4)2Cl-H20-

MeOH (L = 2,6-bis(aminomethyl)-4ert-butyl-thiophenolate} in the visible and near UV, the exchange splittings

of the4A, ground and théE and?T; excited states are determined. In view of the large ©r distance of 3.01

A, the antiferromagnetic ground state splitting with= 78 cnt (H = J(Sa-Sg)) is large compared to other

triply bridged CE* dimers. This can be rationalized using a model based on a valence bond approach, in which
the exchange splittings are derived from configuration interactions between the ground electron configuration
and ligand-to-metal (LMCT) as well as metal-to-metal (MMCT) charge-transfer configurations. It allows us
to distinguish the interactions via ligand orbitals from the direct interactions between the metal-centered
orbitals. We compare our results with those obtained for the-hydroxo-bridged [Gi(OH);(tmtame}](NO3)3
(tmtame= N,N',N"-trimethyl-1,1,1-tris(aminomethyl)ethang) In the latter the interactions via the ligands are
negligible, whereas they play an important rolelindue to the softness of the sulfur ligand atoms.

1. Introduction

H = J(Sx*Ss) 1)

A wide range of compounds containing exchange-coupled
Cré* dimers have been investigated within the past dechdes, where a positive value for the ground state exchange parameter
among which triply bridged dimers built of two face-sharing J corresponds to an antiferromagnetic splitting. This gives rise
octahedra have attracted special interest due to their high trigonalto the well-known Landesplitting pattern. For triply bridged
symmetry. A number of trie-hydroxo-bridged© as well as Cr3* dimers it has been empirically found thkis exponentially
fluoro-,” chloro-8-10 and bromo-bridged—13 Cr3* dimers have ~ dependent on the €iCr distanceR:141°
been reported in the literature. The halo-bridged ones belong
to the well-known family of ACrXs (A = Cs", Rb", K¥,
EtuN*) compounds. Exchange splittings in the ground state have
been derived both from the temperature dependence of magnetichis is shown in Figure 1, where the solid line corresponds to
susceptibility and from high-resolution optical spectroscopy at a least-squares fit to a number of experimental observations
cryogenic temperatures. The exchange interactions between thde? 82using eq 2, obtaining the phenomenological parameters

J=o-e ™ 2)

ions A and B in the ground state of a®Crdimer are usually
described by the Heisenberg Hamiltonian
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a=176x 107 cm L, 8 =13.14 AL Equation 2 is based on
the assumption that only depends on the €iCr distanceR,
which is a purely geometrical parameter. Contribution3 v
exchange pathways explicitly involving the bridging ligands are
neglected, and the chemical nature of the ligand atoms is thus
not considered. Since the ground state of'Cis orbitally
nondegenerate, the contributions of the different possible
exchange pathways to tgarameter cannot be obtained from
an analysis of the ground state properties only. Hence, optical
spectroscopy is the appropriate technique to determine exchange
splittings not only within the ground state but also within ligand-
field and ligand-to-metal charge-transfer (LMCT) excited states.
Furthermore, a model is required which explicitly takes the
exchange interactions via the ligands into account.

We measured optical absorption and emission spectra of the
tris-u-thiolato-bridged [C4L3](ClO4).Cl-H,0-MeOH (L = 2,6-
bis(aminomethyl)-4ert-butyl-thiophenolate} (see Scheme 1)
in the visible and near-UV spectral regions. Polarized crystal
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200 < Table 1. Selected Interatomic Distances (in A) and Angles (deg)
. .2 for the [CrL3]®" Cation in1 Taken from Ref 17
. Cr(1)---Cr(2) 3.009 Cr(1)-Cr(2)-S(2) 50.5
150 - Cr(1)-S(1) 2.367 Cr(1yCr(1)—S(2) 52.0
Cr(1)-S(2) 2.446  Cr(1yCr(1)—S(3) 50.8
Cr(1)-S(3) 2.382 Cr(1yCr(I')—-S(1y-C(10) 112.6

Cr(1)-S(1)-Cr(I) 78.9  Cr(1}-Cr(1)—S(2-C(20) 106.2
Cr(1)-S(2)-Cr(r) 75.9  Cr(1)}-Cr(¥)—S(3)-C(30) 111.7
Cr(1)-S(3)-Cr(1) 783

2The labeling of the atoms refers to Scheme 1. The dihedral angle
is defined as the angle between the CrSCr plane and the plane through
the adjacent phenyl ring, see Scheme 1.

0 the ground and singly excited states in comparison. With a
N R LR R LR LR AR ground state exchange paramelgp= 78 cnt! andR = 3.01
27 28 29 30 31 32 33 A, 1 falls outside the correlation defined by eq 2, which was
RIA] found for tri-u-hydroxo- and halo-bridged dimers. This is seen
Figure 1. Dependence of the experimental ground state exchange in Figure 1, where the position dfis marked with an asterisk.
parametede, (in cm™*) upon the Cr-Cr distanceR (in A) in tri-u- We applied the VBCI mod&f adapted recently for tpi-

bridged C#" dimers. The numbered points represent experimental hydroxo-bridged G dimerd to 1. This model considers LMCT

values from the literature. The solid line is a least-squares fit of eq 2 ’ . .
to these data. The asterisk shows the position for the title complex electron configurations explicitly and thus allows us clearly to

[Cr2L3](Cl04),Cl-H.,0-MeOH (1). The numbers indicate the following dlstlngwsh the contributions of the_d|fferent exchange pathways.
compounds: 2, [Cry(OH)(tmtame)](NOs)s, ref 4; 3, [Cry(OH)s- A comparison of the results fdr with those reported recently
(tmtame)]Cls-4H,0, ref 5; 4, [Cry(OH)3(NH3)e](ClO4)3—lx, ref 6; 5, for 2 allows us to investigate the role of the bridging ligands
[Cra(OH)s(tmtacn}](ClO4)s, ref 2; 6, [Cra(OH)s(tacd)|Brs-2H;0, ref when going from hydroxide to thiolate ligands.

3; 7, (EuN)3CraFo, ref 7;8, KsCr.Cly, ref 14;9, Rb;Cr,Cly, ref 12;10,

CsCrCly, refs 8 and 9111, CsCrBrs, ref 13. 2. Experimental Section

Scheme 1 The title compound [Gt 3](ClO).Cl-H,O-MeOH 1 was synthesized

as described in ref 17. Deep red single crystals up to 5 mm in length
were grown by recrystallization from methanolic solution. They lose
solvent upon drying in air. Compouriccrystallizes in the orthorhombic
space groucmcm The dimeric complex is shown in Scheme 1, where
the tert-butyl groups and the hydrogen atoms are omitted for clarity.
The relevant interatomic distances and angles taken from ref 17 are
listed in Table 1. The molecular symmetryGg the mirror plane being

the plane defined by the three sulfur atoms. However, for the central
core the deviation fronDz, symmetry is small. The pseudo-trigonal
axis lies parallel to the crystallographacaxis, with a Cr-Cr distance

of 3.01 A.

Polarized crystal absorption spectra were measured in the spectral
range 776-580 nm in bothElla and E(a polarization, i.e. with the
electric vector of the light parallel and perpendicular to the Cr axis,
respectively. For measurements below 580 nm the optical density was
too high for crystal measurements, and the compound was dissolved
in a 95/5% (v/v) glycerol/water solution, which forms a transparent
glass upon cooling. Absorption spectra in the visible and UV were
recorded on a double-beam spectrometer, Cary 5e (Varian). Variable
sample temperatures between 10 and 150 K were achieved using a
closed-cycle helium refrigerator (Air Products). Luminescence of a
single crystal was dispersed by a 0.85 m double monochromator (Spex
1402) and detected by a cooled PM tube (RCA 31034) in conjunction
with a photon-counting system (SR 400). An*Alaser (lon Laser
Technology 5450A) was used for unselective excitation at 514.5 nm.
Selective excitation between 770 and 715 nm was achieved with an
Art laser (Spectra Physics 2060-10 SA) pumped Ti:sapphire laser
(Spectra Physics 3900 S). The wavelength was controlled using an
inchworm-driven (Burleigh PZ 501) birefringent filter. The spectra were
corrected for the sensitivity of the detection system. They are displayed
as photon counts versus energy. The sample was cooled to 20 K using
a cold helium-gas flow technique.

spectra were measured in the region of e — 2E, 2T, 3. Results

transitions within the; orbitals © notation). In a dimer these Overview absorption spectra in the visible and near-UvV
transitions are called single excitations, since formally only one spectral regions of dissolved in a glycerol glass between 20
of the two metal centers is excited. The spectra are similar to

those of [Cp(OH)s(tmtame)](NOs)s (tmtame = N,N',N’- (16) Tuczek, F. InSpectroscopic Methods in Bioinorganic Chemistry
. . . . Sol , E. 1., Hod , K. E., Eds.; A Ch IS ty:
trimethyl-1,1,1-tris(aminomethyl)ethane) reported in ref 4, W"a‘;m,‘igm Dcy(ig%?g?r&hapter 5. S Ameriean hemical sociely

which allows us to analyze the observed exchange splittings of (17) Siedle, G. Diploma Thesis, Univerdifreiburg i. Br., Germany, 2000.
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Figure 2. Survey absorption spectra of [{Lg](ClO4).Cl-H,O-MeOH
dissolved in a glycerol glass in the visible and UV regions at various
temperatures between 20 and 150 K as indicated. The ligand-field (note
the different scale), LMCT, and ligand-centered (LC) absorptions are
labeled.
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and 150 K are shown in Figure 2. At 20 K the spectrum is
dominated by a very intense broad band centered at 40000 cm
Four nicely resolved cold bands are observed between 28000 SR Rl R R AR LA AR
and 35000 cm?, which are about an order of magnitude less 13000 14000 15000 16000
intense. At higher temperatures, additional hot bands arise at energy [cm ]

29000 and 43000 cm. Two weak bands are observed at 19000 Figure 3. Single-crystal absorption spectra FiJa (top graph) and
and 23800 cm!, which are assigned to th#\, — 4T, and Ella(bottom graph) polarizations in the region of the, — 2E, T,
4A, — 4T, (O notation) ligand-field transitions, respectively. single excitations in [Gt3](ClO4).Cl-H,O-MeOH at four different

: : ~ - temperaturesE[Ja and Ella correspond to the molecular polarizations
Figure 3 shows single-crystal absorption spectréillia (top perpendicular and parallel to the ©Cr axis, respectively. Th&

graph) ancElla (bottom graph) polarizations of [@rs](ClOa),- numbers indicate the spin of the initial ground state level. The inset
Cl-H,0O-MeOH between 12800 and 16500 chat four different shows the temperature dependence of the intensity of the following
temperatures as indicated. The bands arise filagn— 2E, 2T, 4A, — 2T, absorption bands compared to the calculated Boltzmann

transitions, and their intensities are strongly temperature de-distribution (solid lines) within the ground state spin levels for a
pendent. Three different temperature dependences are recogtieisenbergle, = 78 cm™: x, 5Ay’ = A" (°T1) at 14800 cm *,
nized, corresponding to the Boltzmann population of the three ~2' — A1 (*T1) at 15000 cm®; A, *A" — °A;" (°Ty) at 15255 cm'.
lowest ground state dimer levels, which are denoted with their tapje 2. Energies (cm?), Predominant Polarizations, Temperatures
spin quantum numbelSin Figure 3. The temperature depen- (K), and Assignment (irDs,) of the Observed Transitions to Dimer
dence of the intense hot bandsBlia polarization is shown in Levels Observed in [GL3](ClO,).ClH,O-MeOH?

the inset. The hot bands are strongly, but not completely, no  energy  polarizn  temp assignment
polarized. InECa polarization the intensity is mainly located

5A .1 — 5! (2
between 13000 and 14600 cinin Ella between 14600 and 3 Jsa;?  EowEm 30 Y - ()
15600 cml. Energies and predominant polarizations of the 3 13695 Ela/Ela 10 A; —3E" (E)
observed transitions are listed in Table 2. 4 14080 Ela 50 3A," —3E' (2E)

Figure 4a shows a comparison of luminescence and lumi- 5 14160  ECa/Ella 10 AL —°E (E)
nescence excitation spectra at 20 K as well as the 10 K S iiggg Egg 28 221,,:53'?5 ,,(Z(Eg(%))»
absorption spectrum iE[a polarization. The broad lumines- 8 14800 EHia 70 SAi’ sy (2Az(21T1))
cence spectrum on the left (solid line) is obtained upon g 14840 Efa/Ela 10 1Ay —3E" CERTY))
unselective excitation at 19436 ctinto the T, absorption 10 15000 Ella 50 3A." — 3A1 CAL(2TY))
band, see Figure 2. Excitation at 13495 <¢ri.e., below the 11 15075  E0a 50 A" —3E' ((E(Ty)
lowest-energy absorption band, gives rise to the luminescence 12 ~ 15255  Ela 50 CA A (CALPTY))

spectrum shown as a dotted line. Except for the first band at 2 The lowest temperature at which a given transition is observed is
13320 cnt, the two spectra are identical, indicating that only indicated.

the peak at 13320 cm is intrinsic, whereas the bulk of the

luminescence intensity at lower energy is due to some trap different from the absorption spectrum. The trap emission shows
emission. In pure systems excitation energy transfer is very a progression with a frequency of 152 chbased on an origin
efficient, and small impurities within the ppm range can easily at 12880 cm?. This indicates that it is most probably due to a
dominate a luminescence spectrum. Further support for this small impurity of a C#" species in which the ligand field is so
interpretation comes from a comparison of the excitation spectramuch reduced that tH&, state becomes the lowest excited state.
shown on the right of Figure 4a: detecting the luminescence at Figure 4b shows a comparison of the 20 K luminescence
13320 cntl, the excitation spectrum (solid line) is essentially spectrum after excitation at 19436 chlwith the 70 K
identical to the 10 K absorption spectrum (thick solid line), absorption spectrum ika polarization, which will be dis-
whereas detecting the luminescence further in the broad bandcussed in section 5.1. The single-crystal absorption spectra of
at 13160 cm? results in an excitation spectrum (dotted line) complex2 in ¢ andx polarizations are shown in Figure 5 in
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Figure 4. (a) 20 K luminescence spectra after excitation at 19436 cm
(solid line) and 13495 crt (dotted line) are shown on the left. On the

Figure 5. Single-crystal absorption spectra at three different temper-

right are shown 20 K excitation spectra detecting luminescence at 13320atures ino (ECc) and (Elic) polarizations of [C{OH)s(tmtame)]-

cm? (solid line) and 13160 crt (dotted line). The 10 K absorption

(NOs)3 2 in the same spectral region as for the title compodnid

spectrum inE0a polarization is shown as a thick solid line. (b)  Figure 3. TheS numbers indicate the spin of the initial ground state
Comparison of absorption and luminescence spectra in the region of|evel.

the lowest-energy transitions. The electronic transitions are assigned
in Dan notation. The energy level diagram including the observed

transitions is shown on the left (e)s will result in the following nonzero matrix elements,

respectively:
the same spectral region as for the title compofina Figure _ N
3. They will be discussed in section 5.2. h, ., = Hayalhi(a)gt] 3)
4. The VBCI Model and Exchange Parameters h, . = {e)alhi(e)sT= Te)alhi(e)s0 (4)

The model used to calculate energy splittings is the same
that we used and reported for compin ref 4, and we only whereey ande, are the two components of tiegepresentation,
give a brief summary here. It is based on a valence bond h is a one-electron operator, and the integrals in egs 3 and 4
approach, explicitly calculating interactions between electron are electron-transfer integrals.
configurations under the action of a one-electron operator. The There exist a multitude of possible interactions between ligand
ground, an LMCT, and a metal-to-metal charge-transfer (MMCT) and metal-centered orbitals. In order to keep the model as simple
electron configuration are taken into account. The energies of as possible, we only consider those interactions which are
the lowest-energy LMCT and MMCT states relative to the assumed to give the major contributions to the total exchange.
ground state are parametrized AyandU, respectivelyR(°E), The p orbitals on one of the oxygen ligators and the s orbital
R(*T1), and R(*T,) represent the single-ion energies of the on the adjacent hydrogen atom 2nare schematically shown
octahedral ligand-field state&, 2T, and?T,, respectively. In on the right of Figure 6. All these orbitals lie in thxg plane
the approximat€Cs, site symmetry of the CF ions in1, thet formed by the three ligators. In ref 4 we only considered LMCT
orbitals are split by, into two sets of orbitals transforming as  configurations involving ligand orbitals withr symmetry with
a; ande. The octahedras orbitals are not included in the model.  respect to the CrO axis in 2. They lie tangentially to the
The model is set up in the approximddg, pair symmetry. triangle formed by the oxygen ligators (see Figure 6) and

Two types of interaction are considered: direct interactions transform ase in the approximateCs, single-ion frame. Inl
between orbitals centered on the metal centers A and B, oftenthe situation is more complicated: Figure 6 shows the p orbitals
called direct exchange, as well as indirect interactions involving on one of the sulfur ligators and the adjacent carbon atom, both
ligand (L) orbitals on the sulfur ligators, often called super- lying within the triangulaxy plane. Compared t8, the ligator
exchangé? A direct interaction betweera()a, (a1)g or (€)a, p orbitals in1 are rotated by —90° with v being the dihedral
angles of 106:112, see Table 1, and they are involved in bonds
to the carbon. The dihedral angle is the angle between one of
the Cr—S—Cr planes and the adjacent-§ direction, see
Scheme 1. In addition to the interaction via thee ligand
orbitals mentioned above,atype interaction arises it from

(18) Anderson, P. WPhys. Re. 1959 115 2.

(19) Weihe, H.; Gdel, H. U.; Toftlund, H.Inorg. Chem200Q 39, 1351.

(20) Vanhelmont, F. W. M.; Gdel, H. U.; Fatsch, M.; Bugi, H. B. Inorg.
Chem.1997 36, 5512 and references therein.

(21) Atanasov, M.; Angelov, SChem. Phys1991 150, 383.
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? 1
(U) ©)

whereJyw takes into account the direct interactions arising from
the direct overlaps of both tte ande orbitals centered at each
metal ion, wheready. considers the superexchange pathway
via the bridges involving the orbitals only. The ground state
exchange parametdrcan then be expressed as a sum of two

h 2
Ju. = 81

1 2 contributionsJym and . :
Figure 6. Views on the plane formed by the three bridging ligators 1
along the C+Cr axis. On the left the situation fdris shown with the Imodel = §(JMM + Ju) (10)

p orbitals on one of the sulfur ligators and the adjacent carbon. The

corresponding situation f& is shown on the right with the oxygen p . . . .
and the hydrogen s orbitalg, y, andz define the coordinate system Equations 69 are approximate, since the expansions are only

referred to in the text. taken to second order féx,,, andh,,,, and to fourth order for
h., However, their advantage lies in the fact that they allow

a possible overlap of the sulfur p orbital approximately pointing US to see to what extent the .dlfferent exchange interactions
toward thez axis (not shown in Figure 6) with the metal-centered 'ePresented by the transfer integrdis,, hm,, and ha,

ay orbitals. However, using the angles listed in Table 1, their CONtribute t0Jmoges S€€ Section 6.2.

angular overlap is very small. Therefore thenteraction via
theeligand orbitals dominates theinteraction, and we neglect
the latter in our model. This allows us to use exactly the same  5-1. Ground State Splitting. Figure 4b provides the key for
model for 1 as presented earlier f@.4 The resulting one- the analysis of the grpur_}d and the lowest excite_d state splittings.
electron-transfer integrals for the interactions via the ligands 't compares the emission spectrum after excitation at 19436

5. Analysis

are all equal and defined as cm! with the 70 K absorption spectrum Ea polarization.
Due to its high intensity in emission and its temperature
— 0 0 0 dependence in absorption, the band at 13320%dmassigned
Mo, = H8JAINI(8IL L= ). INI(8Je L= Eﬂey)AlhlA(ey)LD= to anS= 2 < S = 2 transition, where the star represents an
e, hi(g)s (5) excited state level. We conclude that the lowest excited level is

Sf = 2. From the coincidence of the lines at 13617 and 13695

A total of 834 pair basis functions including all three electron €M * in absorption with the weak shoulders in emission (see
configurations are used for the calculation, see ref 4. They form enlarged spectrum in Figure 4b) we assign ther$te 1 <
the basis for the energy matrix which was diagonalized S*=1andS=0< S = 1transitions, respectively. We derive

numerically with some of the parameters fixed and some the energy splitting pattern shown in the inset of Figure 4b.
adjustable as discussed in section 5.4. The singlet-triplet splitting in the ground state and thus the

value in the Heisenberg model are 78 ¢nA nice confirmation

In ref 4 we derived orbital exchange parametérand Je is provided by the temperature dependence of the intense hot

from our model parameters as follows:

J=4

e

+

bands inElla polarization between 14800 and 15500 ¢ém
5 following the Boltzmann population of th8 = 1 andS= 2
h ground state levels withex, = 78 cnT?, see inset of Figure 3.
) (6) 5.2. Singly Excited StatesWe now come to an assignment
of the bands in Figure 3 to distinct pair transitions. The
h 2 h 22 determination of the spin quantum numbers of the excited levels
_Tm_ e (L @) is based on intensity arguments as follows. There are two well-
U A u known intensity mechanisms for dimer transitions which are
spin-forbidden in the single ion: (i) a single-ion mechanism
whereJ; andJe represent the exchange pathways involving the due to the combined action of the odd-parity ligand field at the
a1 (eq 3) ande (egs 4 and 5) metal-centered orbitals. These single-ion site and spiforbit coupling; (ii) an electric-dipole
could be determined directly from experiment, but they do not exchange mechanism first proposed by Tanabe and co-work-
offer the possibility to distinguish between direct and super- ers23 The spin selection rule for mechanism (i)AS= 0, £1,
exchange interactions. In the present study, however, we arewhereas for mechanism (ii) it &S= 0. The ground state spin
interested in the comparison of the direct interactions with the Svaries from 0 to 3, whereas the singly excif&dand?T; pair
interaction involving the bridging ligands. We therefore combine states havé&* values of 1 and 2. Therefore cold bands can get
the three terms in eqs 6 and 7 in a different way and define intensity only from the single-ion mechanism, whereas hot bands

exchange parametedgy andJy. as follows: may get intensity from both. As shown in Figure 3, the hot
bands are about an order of magnitude more intense, nicely
h 242n 2 revealing the importance of the exchange mechanism in
Iy = 4 Owm T ©) providing intensity. Applying the selection ruleS = 0, we
u can therefore confidently determine t8evalues of the excited

levels from the temperature dependence of the intense hot bands.

(22) In ref 4 an additional term A/was considered in eq 7. It takes into
account so-called double-LMCT transitions where two electrons are (23) Ferguson, J.; Guggenheim, H. J.; Tanabe].YRhys. Soc. Jph966
simultaneously transferred from the ligand to each of the centers A 21, 692.
and B. Since such double-LMCT configurations are not considered (24) Schenker, R.; Weihe, H.;'@al, H. U.Chem. Phys. Let1999 303
in our model, we omit this term here. 229.
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Table 3. Symmetry Labels of the Dimer Levels Arising from the

|
°E and?T, Singly Excited States i 1 12
| _ spe
Ca, Dan n0Ty : ——aAf.
’E SE SE” e’ 5E” 16000 1 —— | iy
2E(CTy) i g sg' sg —F o
*Aa(°Ty) A A2 AL A" BT A -;Qz"i —
aThe representations in the single-ion point groGps(O) are listed 15000 — A
on the left. The resulting terms in the approximBtg dimer symmetry g N 3g7 |
are shown on the right. g ! =§E
—uE -
For a more specific assignment we can take advantage of 14000 - F
the strikingly similar features in the polarized absorption spectra —— w1
of 1 and2. The E(Ja and Ella polarizations forl in Figure 3 E |
have to be compared withands for 2 in Figure 5, respectively. 3 |
All the hot bands in the spectra tfare strongly polarized. We 1000 ! A"
can therefore assign the observed bands in the approximate Ay !
trigonal symmetry. All the dimer levels (iDsn) arising from . S *AY
the2E and?T; singly excited states are summarized in Table 3. “p, = 32;.: 3ay
In this symmetry the following electric-dipole transitions are oo ALy
allowed: single | exchange experimental : exp.
won interactions .
35 o Ea 3, 3 o Hlag, Figure 7. Energy level diagram of the ground and &&?T, singly
A —E A A excited states in [GL3](ClO4),Cl-H,0-MeOH 1. On the left the single-

ion energy levels in the absence of exchange interactions are shown.
Sp 1 Ela Spr 5A Ela TN 11 In the middle column the interactions represented by the one-electron
1 1 2 (11) ; ;
parameterdi,,,,, haw, andhy, are introduced. In the third column
the experimental values are shown. The dimer levels are labeled in the
According to Table 3, only two and one tripietriplet transitions approximateDz, symmetry. The panel on the right shows the corre-

are allowed inECJa and Ella polarizations, respectively. Ex-  sponding experimental splitting pattern for compx

perimentally, four and two such transitions with significant 2g2T, by a single photon. Such double excitations are well-
intensities are observed, see Figure 3 and Table 2. The prominenknown features in the spectra of¥rdimers and can be very
transitions are all electronic, and we conclude that the ap- jntenset25

proximateDap orbital selection rules must be strongly relaxed. Four LMCT bands are observed between 28000 and 36000
On the other hand, the observed cl&ra andElla polarizations cmtin 1, with comparable oscillator strengths fof= 0.06—
indicate that thd:g electric-dipole orbital selection rules are 0.12, see Figure 2. This is in contrast to the situation mz-[ci'
still obeyed: A— E and A— A in E[Ja andElla, respectively. (OH)s(tmtame)](NO3)s, where only one intense cold LMCT
For convenience we label the pair levelddg, symmetry. The band was observed at 40600 chwith f = 0.04% Both the
experimental energy level diagram thus derived from Figure 3 sjgnificant decrease in energy and increase in intensity of these
for 1 is shown in the middle of Figure 7. There is a prominent | MCT bands in1 compared to2 are a consequence of the
gap of about 650 cmt between the three lowest levels and the increased Covaiency of the €8 Compared to the GO bonds.
higher energy ones. This suggests that the lower and higherpart of the increase in intensity may be due to the aromatic
energy groups of levels arise from the and®T, excited states,  system in the ligands df. The LMCT transitions borrow their
respectively. That is how far the experiment takes us. A definite jntensity not only from configurational mixing with high-energy
aSSignment to distinct pair levels is based on the results of theMMCT Configurationg but also from mixing with the |igand_
energy calculations. It will be discussed in section 5.4 and is centeredr — * transition. Configurational mixing between
shown in the last column of Table 2. ligand-centered and charge-transfer transitions is well-known
5.3. Transitions in the Near UV.From a comparison of the  in many (4d§ and (5d§ systems containing ligands with
spectra in Figure 2 with those of the free ligand and the complex aromatic # systems$° We ascribe the increased number of
in various solvents (not shown) and from its high oscillator pbserved LMCT bands il compared to2 to the lowered
strength off ~ 1 we assign the intense broad band at 40000 symmetry of the dimer molecul, leading to a relaxation of
cm! to a ligand-centeredr — z* transition of the aromatic  the orbital selection rules similar to the situation for the single
ring. The four nicely resolved cold bands at 29100, 30220, excitations, see section 5.2.
31750, and 34050 cm are not seen in the pure ligand spectrum, 5.4, Energy Calculations We applied the model summarized
and we assign them to LMCT transitions. This is also supported in section 4 and described in ref 4 to calculate the energy
by their clear temperature dependence. We thus conclude thakplitting in the ground an@E and?2T; singly excited states of
the energies of the lowest LMCT transitions are centered at 1. The following model parameter values defined in section 4
about 32000 cmt and will make further use of this in section  were independently determined as follows: was fixed at
5.4. The slight temperature dependence of the 40006 band 90000 cnt?, the same value used féf as estimated in ref 21.
indicates that there are additional cold LMCT bands lying The LMCT energyA was set to 32000 cm, lying at the center
underneath. There is a weak shoulder observed at the low-energyf gravity of the LMCT bands shown in Figure 2. The single-
side of the LMCT bands a~26500 cnT’. Its energy corre-  jon energyR(2T>) was fixed at 20000 crit, lowered by 1000
sponds to twice the energies of the lowest singly excited levels cm~lcompared to2 as suggested from the lower Racah
(see section 5.2), and its intensity is low compared to the LMCT parameters andC due to the increased covalency.
bands. We therefore assign it to a ligand-field double excitation,
corresponding to the simultaneous excitation of both ions to (25) Gidel, H. U.; Dubicki, L.Chem. Phys1974 6, 272.




Exchange Pathways in [glr3](ClO4),Cl-H,0-MeOH

Table 4. Comparison of Parameter Values Obtained for
[CraL3)(ClO4)Cl-HO:MeOH (1) and [Cr(OH)s(tmtame)](NO3)s
(27

1 2 1 2
U 90000 90000  Jup 78 183
A 32000 39000  Jmodel 66 219
RT) 20000 21000  Jywm 262 1953
RETY) 15996 15536  Ju. 334 13.5
REE) 15011 14947  Jum/dwe 0.8 144
Oy, —1703 701
Py 2057  —5723
o 914  —2366
-7878  —3905

TIML
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not only compared to the corresponding single-ion energies but
also compared to the pair levels by about 900 cm!, see
Figure 7. The large value for the trigonal parameigiin 1 is
partly due to the fact that it absorbs the effect of the off-diagonal
trigonal parameter which was not included in the model.
However, inclusion of this parameter would require specific
information about the transitions to tRE, states, which is not
available experimentally either fdr or for 2.

From the various possible orbital exchange pathways involv-
ing the bridging ligands, only one was considered in the model.
The influence of the neglected interactions is expected to
increase from2 to 1 due to the increased size of the ligand

aThe model parameters obtained from the energy fits are shown on orbitals and the different geometry at the bridging ligand site,

the left, the exchange parameters on the right.is the experimental
exchange parameter for the ground state (all values int.cexcept
for JMM/JML)-

The single-ion energieR(2E) andR(%T,), the trigonal splitting
dr, and the transfer integralbs,,, hx,, andhs,, were obtained
by a least-squares fit to the observed transitions between th
4A, ground and théE and?T; excited levels shown in Table 2.

see section 4. The effects on the energy splittings of additional,
neglected superexchange pathways are taken up by the existing
parameters,,,,, hr,,, andhy, and hence also bR(’E), R(°Ty),

and op. This also leads to the reversed sign hof,, in 1
compared to2. We thus conclude that our simple model,
originally designed for triz-hydroxo-bridged Gi" dimers, is

8ess appropriate for our trig-thiolato-bridged title compound.

Nevertheless, it reproduces the observed splittings very well.

The result of the calculation corresponding to the best fit is Although the magnitudes of the parameter valueigy, h
LR 1V IVE]

shown in Figure 7, and the corresponding band assignments,
are given in Table 2. The overall agreement between calculation

and experiment is good, see Figure 7. The ground state singlet
triplet splitting of 113 cm! obtained from the matrix diag-

onalization is in reasonable agreement with the experimentally

determined value of 78 cm. LMCT states of the lowest-energy
electron configuration are calculated in the range 328D00

cm~1, in nice agreement with the experiment. The corresponding

parameter values listed in Table 4 will be discussed in the
following section.

6. Discussion: Comparison between 1 and 2

6.1. Model Parameters.We now turn to a comparative
discussion of the model parameters obtained fosl[g{CIO,).-
Cl-H,0-MeOH 1 with those for [Cp(OH)s(tmtame)](NOs)3 2
reported in ref 4, see Table 4. The MMCT enetgy= 90000
cm~1 was kept at the same value for bdtland2, since it only
depends on the metal. In contrast, the LMCT enefghas
dropped from 39000 cmt in 2 to 32000 cntin 1, as indicated
by the energies of the lowest LMCT bands. This is due to the
increased covalency of the €8 bonds inl compared to the
Cr—0 bonds in2. Consequently, the interaction between the
ground and LMCT electron configurations parametrizedhy
is increased by 100% ih(Table 3), despite the enlarged metal
ligand bond lengths from GrO = 1.97 A to CrS ranging
from 2.37 to 2.44 A, see Table 1. On the other hand, the
magnitudes of both,,,, andh,,,, are decreased by about 60%
in 1. This is the most important difference betwekrand 2
and will be discussed in detail in section 6.2. It also results in
a St = 2 level being the lowest excited level i whereas in
2 and all the other tri--hydroxo-bridged dimers known so far
the lowest excited state level isSi = 1274

The single-ion energieR(’E) andR(?T,) are increased ii
by 64 and 460 cm!, respectively. This is in contrast to what

andh,,, are altered by the neglect of additional superexchange
pathways, they nicely follow the expected trend when going

from 2 to 1. Our model thus reproduces the fundamental

differences betweefh and 2.

6.2. Exchange Pathways.Using egs 810, the model
parameters can be translated into the exchange parardgigrs
JuL, andJmoder S€E Section 4. With the values for the parameters
U and A listed in Table 4,Juyv and Ju. and thuSJmedel are
defined for the ground state. For tA€ and?T; excited states
they would be significantly increased, due to the reduction of
the denominator&) and A in egs 8 and 9 by roughly 14000
cm L4 The values fordmoges 66 and 219 cmt! for 1 and 2,
respectively, differ by about 15% and 20% from the experi-
mental ground state valuds,, see Table 4. This reflects the
approximate character of eqs 8 and 9 and thus eq 101 Bor
neglect of additional superexchange pathways in the model may
also play a role, see section 6.1. The equations allow us to
examine to what extent the various interactions represented by
the transfer integrald,,,, Nz, and hg, (see section 4)
contribute to the ground state exchange splitting represented
by Jmoder Jum is decreased from 1953 crhin [Crp(OH)s-
(tmtame)](NO3z)3 to 262 cnrt in [Cr,L3](ClO4),Cl-H,0-MeOH,
an enormous drop. For bofhand?2 the ¢ contribution toJuwm
is clearly dominant due to the substantiabverlap of thea;
orbitals pointing directly toward each other, whereas the
overlap of thee metal-centered orbitals is smaller. The effect
of the strong decrease dfiy from 2 to 1 on the ground state
Jmodel IS partly compensated by the increaselgf from 13.5
to 334 cn1?, respectively. This increase by more than 1 order
of magnitude is mainly due to the high polarizability of the
sulfur ligand atoms, leading to a high covalency of the metal
ligand bond, resulting in the decreasefofind the increase of
h.,. , see section 6.1. As a consequence, the relative importance
of the direct interactions compared to the superexchange changes

one expects from the increased covalency, which suggests lowedramatically, as is seen from tlgm/Ju. ratios shown in Table

values for the RacaB and C parameters for sulfur compared
to hydroxide ligands. This overestimation of the single-ion
energies is due to the fact that in our model the effect of the
increased covalency is already confirmed in the paraméters
andhy,, This effect is much stronger ibthan in2, leading to

the increaseti,,, and decreasedl. The high covalency if is
responsible for the decrease of the energy of pair levels in

4. For2, Jum/Iu. = 144, indicating that the superexchange is
clearly negligible. In contrast, in [@r3](ClO4).Cl-H,0-MeOH

the ratioJuw/IuL has dropped to 0.8, i.e., the superexchange
becomes comparable to the direct interactions. The different
hierarchy of exchange pathwayslrand?2 is also indicated by
the polarization dependence of intensity of the hot single
excitations. With reference to Figures 3 and 5, the overall



3362 Inorganic Chemistry, Vol. 40, No. 14, 2001 Schenker et al.

intensity ratioEda/Ella for 1 is roughly 2/1, whereas the/z also for fluoride ligands, that it is of minor importance for
ratio for 2 is about 1/3. Since the hot bands gain their intensity chloride and bromide bridging ligands, but that it becomes
mainly via the exchange mechanism (see section 5.2), thissignificantly important for the thiolato-bridged [&r3](ClO4),-
difference is due to the fact that the interaction betweerathe  ClI-H,O-MeOH. The sulfur ligand atom is both softer and less
metal-centered orbitals which gives the dominant contribution electronegative than the bromide, chloride, hydroxide, and
to Jum only provides intensity polarized along the-€Cr axis, fluoride ligands. The covalency of the €8 bonds and thus
whereas the interaction via the bridges induces an electric-dipolethe h,,, value are highest, also compared to the compounds
moment with vector components both parallel and perpendicular with the relatively soft bromide ligands. This then leads to a
to the CrCr axis. dominance of the termhg,, %/A?) in eq 9.

With reference to Figure 1 and eq 2 the strong decrease of |, conclusion, with [C#L3](Cl04),Cl-H,0-MeOH we extend
Jum from 2 to 1 can be correlated with the strong increase of ha research on the exchange interactions # @mers to a
the Cr—Cr distanceR from 2.63 to 3.01 A, respectively, as tris-u-thiolato-bridged system. Exchange splittings in the ground
fOHC.JWS' Since both they ande me_tal-centered orbitals are 3d 54 singly excited states derived from polarized optical spectra
Orb""?"s’ they have the same ra@a! dependence of the eIchror‘were rationalized with the model developed recently for{Cr
dens_lty. The dependence of thglr direct overlap on the variation (OH)s(tmtame}](NO3)s. It explicitly considers LMCT electron
of Ris thus_tpRe same. Hence, in analo_gy o eq 2 we can write configurations and thus allows us to separate the superexchange
Jum/9 = 0™, and eq 10 can be rewritten to interaction from the direct interactions. It turns out that in the
tris-u-thiolato-bridged dimer the superexchange provides a
significant contribution to the net exchange, whereas it is
negligible in triz-hydroxo-bridged dimers. This is due to the
softness of the sulfur ligand atom, leading to more covalent
Cr—S bonds as indicated by the low energies of the LMCT
transitions. Our model is thus in simple terms able to account
for the influence of the bridging ligands on the strength and
nature of the exchange coupling. The simple correlation in which

Jmodel = ae_ﬁR + %‘]ML (12)
We can thus separate the ground state exchange paramgter
into a term only dependent on the purely geometrical parameter
R, and a second terdy /9 which is not only dependent on the
Cr—L bond lengths and CrL—Cr angles but also takes into
account the chemical nature of the bridging ligand atoms. In

Figure 1Jy./9 for our trisu-thiolate-bridged dimer corresponds h d h 3 allv
to the deviation of the asterisk from the exponential curve. It t € groun state exchange param texponentla.y ecreases
with the CrCr distance is fairly valid for triply bridged

suggests that the interactions via the ligands should provide the
ngjgr contribution tal. A ratio Jyn/JuL %f about 1/3 fgrl is qomplexes with hydroxide and halide bridging Iig_ant_j_s. In the
also suggested by the position 0f®Clo 8in Figure 1, having Fltle compo.und, however, ;uperexchange is so significant that
a similar CrCr distanceR but a much smaller exchange It falls outside this correlation.
parameter ofle, = 23 cnm.1® Considering the various model
approximations, the ratidyw/Ju. = 0.8 obtained from our
model is in very good agreement with this.

From the exponential dependenceJadn R in Figure 1 we
must conclude thaly. is negligible not only for hydroxide but ~ 1C001350P
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