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Optical Dimer Excitations and Exchange Parameters in (EfN)sCr2Fg: First Observation of
the A, — 2A; Transition
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The synthesis, crystal growth, and polarized optical absorption spectra in the visible and near-U)N}- (Et
Cr,F are reported. In the energy range 2583700 cm* the4A, — 2A; (O notation) ligand field transition can
be resolved in detail for the first time in any®rcompound. This allows the determination of the antiferromagnetic
ground-state exchange splitting with great accuraty: 25.9 cmi* andj = 0.27 cmi* using the Hamiltoniar

= J(Sa*S) — j(Sa-Se)?, wherej leads to deviations from the regular Lanuitern. The temperature dependence
of the magnetic susceptibility is nicely reproduced by these parameters. A comparison@its0sand CsCr.Brg
reveals an exponential dependence of the ground-state splitting upon-k Gistance in the [GK¢]3~ dimers.
This is the result of a dominamt-type orbital exchange pathway along the-@r axis.

1. Introduction far, maybe because of difficulties in their preparation. So far,
A very wide range of G compounds containing exchange- exchange splittings have been derived from the analysia pf

coupled C#" pairs have been investigated by optical spectros- ZE_’ Ty transitions. The observation of tié, — *A; (O
copy within the past decades. Exchange splittings in the ground notation) excitation in any & compound has not been reported
and excited states are usually derived from analysis of the spin-S© far- _
forbidden transitions within the ground electron configuration, !N this study we present the syntheses and growth of single
4p, < 2E, 2T, because they often consist of sharp lines and crystals of (E4N)3CraF, WhICh allows us to extend the research
can be observed both in absorption and in emission. In a dimer®n CP* dimers to fluoride systems. The synthesis procedure
these excited states are called singly excited states becaus#iffers substantially from the one for (M)sCraF, reported in
formally only one of the two centers is excited. Several studies "ef 22. We report polarized optical absorption spectra of single
on CR* pairs in doped oxide lattices such as rdify,aAlOz,3 crystals between 13 OQO and.45 OOO*é@t various tempera-
YAIO 3% and spinel&7 belong to the pioneering work. A great  tures. The‘_‘Az — 2_A1 I|gan_d field transition is resol\_/ed_and
deal of work has been done on a number of molecular mbno-, @nalyzed in detail, allowing an accurate determination of
di-, %12 and trix-hydroxd314 bridged C#* dimers. The most exchange splittings and the resulting exchange parameters. The

accurate determination of exchange splittings using optical temperature dependence of the magnetic susceptibility turns out

spectroscopy so far was possible in the triply bridged([@i)s- to be nicely reproduced by these parameters. The results are
(tmtacn}](Cl04)s.15 Also systems of the type £&£rXo (A = compared with those of the corresponding chloride and bromide
Cs, Rb; X= Cl, Br, 1) have been investigated in detiit2! systems, allowing us to follow and rationalize the trend of

However, the corresponding fluorides remained unexplored so Magnetic properties along the series of face-sharing T,
[CroClg]3~, and [CeBrg]®~ dimers.
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TUniversita Bern.
* Kgbenhavns Universitet. 2.1. Synthesis and Crystal Structure All the chemicals used for
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Rev. B 1973 8, 955. . ) ethanol. After this step was repeated three times, 100 mL of ethanol
(6) van der Boom, H.; van Dijsseldonk, J. J.; Henning, J. CJMChem. and 100 mL of benzene were added in the last run, and the solution
Phys.1977, 66, 2368.
(7) Henning, J. C. MPhys. Re. B 198Q 21, 4983.
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(11) Decurtins, S.; Gdel, H. U.Inorg. Chem.1982 21, 3598. (18) Johnstone, I. W.; Maxwell, K. J.; Stevens, K. W.HPhys. C: Solid
(12) Reber, C.; Gdel, H. U.; Spiccia, L.; Marty, Winorg. Chem.1987, State Phys1981, 14, 1297.
26, 3186. (19) Dean, N. J.; Maxwell, K. J.; Stevens, K. W. H.; Turner, R1.Phys.
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229. (20) Dean, N. J.; Maxwell, K. Mol. Phys.1982 47, 551.
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was concentrated to 240 mL (1.25 M). An amount of 1.50 g (4 mmol)
of Cr(thf)sCls (for preparation see ref 23) was dissolved in 50 mL of Lop
dry DMF. After the solution was heated to 7G, an amount of 22.5 2
mL (18 mmol) of EiNF ethanolic solution was added. The fast 4
formation of the [CsFg]®~ complex is indicated by a color change from T, g e
green to brownish-yellow. After being concentrated to 24 mL, the 20 1 4
solution was allowed to cool slowly from 13 to room temperature ET, M cm ]
within 48 h. The resulting brown needles were filtered off and dried
under vacuum. The product with formula {B)sCr.Fs is very
hygroscopic; it decomposes completely within minutes when exposed
to air. The crystals were thus stored and handled in a dry box under
nitrogen atmosphere. The purity of the bulk material was checked by
powder X-ray diffraction and comparison with the single-crystal
structural data.

We solved the crystal structure of {8)sCr.Fg at room temperatur.
The compound crystallizes in the hexagonal space gR@gm, with
a = 13.272 A andc = 10.723 A. The G single ion and dimer
symmetries are exactlgs and Cs, respectively, with the 3-fold axis
lying parallel to the hexagonal crystalaxis. The C¢Cr distance is
2.769 A.

2.2. Optical Absorption Measurements.Polarized crystal absorp- ; y
tion spectra were measured in the spectral range-220 nm in both

O 4 S e -

o and & polarization, i.e., with the electric vector of the light T T T T[T TTT | T T
pe_rpendg:ular gnd p'arallel_ to theaxis, resp_ectl_vely. The hexagonal_ 15000 20000 25000 30000 35000 40000
prisms with typical dimensions of 0.25 mm in diameter and 0.5 mm in 1
length were ideal for absorption measurements on the long wavelength energy [em ]
side of 580 nm. For measurements at shorter wavelengths a singleFigure 1. The o- andz-polarized 10 K survey absorption spectra in
crystal was ground to a thin disk containing theaxis with the the visible and near-UV of a single crystal of {N}sCr.Fe. The bands
dimensions 376« 150 x 105u4m?. For the measurement of the intense  are designated i@ notation. Ther spectrum from 18 000 to 25 000
s-polarized band between 555 and 400 nm aNEFeF, crystal doped cm! containing the intensél;, band was obtained from a (l)s-
with 6% CP* was used. The measurements of the very weak bands F&Fe crystal doped with 6% Cr and scaled to the spectrum of the
between 390 and 360 nm were achieved using one of the largest crystalgindiluted crystal by théT, absorption.
with a thickness of 95@m. Absorption spectra in the visible and UV
were recorded on a Cary 05e double-beam spectrometer. Variable ) 2
sample temperatures between 10 and 300 K were achieved using a (Et,N);Cr,F, E T, a)
closed-cycle helium refrigerator (Air Products).
2.3. Magnetic MeasurementsVariable-temperature dc magnetic | ="
susceptibility measurements on powdered samples were carried out in
the temperature range 36@ K at a magnetic field of 0.1 T using a
magnetometer (Quantum Design MPMS-XL-5) equipped with a super-
conducting quantum interference device (SQUID) sensor.

100

per pair

3. Results

The o- and w-polarized 10 K survey absorption spectra of
(Et4N)3CrzFg in the visible and near-UV are shown in Figure
1. The bands are designated@notation. Since the crystal
was slightly too thick, ther-polarized bands above 30 000 Th
suffer from stray-light effects, generating the noise on the top
of the*T 1, band and the onset to the charge transfer (CT) bands
above 44 000 cmt. The intenséT; band between 18 000 and
25000 cnt! was thus measured using a f&:FeFy crystal
doped with 6% C¥" because pure (fY)sFeFs is transparent
below 25 000 cml. The CE™:(EtyN)sFeFy spectrum was scaled
to thesr spectrum of pure (BN)sCr.Fg using the intensities of
the 4T, band. Throughout the visible and near-UV the intensity
is larger inz than ino polarization. Transitions to thR€ and
2T, states are observed as weak and sharp features superimposed >
on the high-energy side of tH&, band. A special featureare | "=l .-
the dips near the top of théT;, band. These characteristic L L L L L R
antiresonance features are due to interference between the 13000 14000 15000 16000
vibrational sideband of théT,, and several levels of th€l» energy [cm ]
state. Four dips are seen in each polarization. There are somesigyre 2. (a) The o- and 7-polarized 10 K absorption spectra of
weak features built on the low-energy side of ffig, band in (EtN)sCroFg in the region of the!A, — “T,, 2E, 2T, excitations. (b)
o polarization, which we assign to double excitationgHEeéE, Correspondig 5 K spectra of G£r,Cly adapted from refs 16 and 17.
2E?T,, and?T,2T; (see Figure 1).
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The o- and w-polarized 10 K absorption spectra between
(23) Herwig, W.; Zeiss, H. HJ. Org. Chem1977, 16, 2534. 12500 and 16 700 cm are enlarged in Figure 2a. The
(24) Results will be published separately. maximum of the*T, band is shifted by 230 cnt to lower




1484 Inorganic Chemistry, Vol. 40, No. 7, 2001

Table 1. Energies, Polarizations, Temperatures, Oscillator
Strengths, and Assignments of the Observed Electronic Pair
Transitions to théT,; Staté

energy, polar- temp, f assignment
cm!  ization K

15795 g 60 4.0x 10°® “4A,(S=2)— 15876 {T1)
15837 « 20 1.2x10°% “A,(S=1)— 15865 ¢Ty)
15851 g 10 1.6x10°% “A,(S=0)—15851¢Ty)
15 860 o 40 4.3x 107 “A,(S=1)—15888¢Ty)
15900 o 10 7.9x 107 “A;(S=0)— 15900 £Ty)
15900 o 40 35x 107 “A,(S=1)— 15928 ¢Ty)

aOscillator strengths are corrected for the appropriate Boltzmann
population. TheS values refer to the dimer ground-state levels.
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Figure 3. Thes (top three traces) and(bottom two traces) polarized
absorption spectra in thf#\, — 2A; region at three different temper-
atures as indicated. Thevalues of the three origin lines at the top
indicate the spin of the initial ground-state leval, v,, andv; denote

the three major vibrational modes involved in the sideband structure.

|
27500

energy ino compared tor polarization. The features built on
the 4T, band above 14 500 cmh are due to*A, — %E, 2T,
transitions. Between 14 800 and 15 700 ¢rthere are broad
and temperature-independent antiresonances that are mor
pronounced inc polarization. Around 15900 cm some
prominent, overlapping cold and hot (not shown) absorption
bands occur that are completely polarized. Three different

temperature dependences are recognized upon heating (no

shown). Above 16 000 cr there are several weak and mostly
mr-polarized bands. Band energies, polarizations, and intensitie
of this spectral region are listed in Table 1.

Figure 3 shows the- ands-polarized absorption spectra from
25800 to 27 700 cmt at different temperatures as indicated.
The overall intensity of these bands is so weak that they are
not seen in the survey spectra of Figure 1. It is an order of
magnitude larger ior (upper three spectra) thandrpolarization

S
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Figure 4. Magnetic susceptibility curve of a polycrystalline sample
of (EuN)sCrzFg in the range 2300 K (circles). The solid line was
obtained with eq 5, and the fixed parameter valbigs: 27.6 cnT?, E;
= 81.2 cn1?, andE; = 157.8 cnt were obtained from the analysis of
the A, — 2A; pair transitions. The parameter valugs= 2.00 andC
= 0.0337 crd K mol~* were adjusted to fit the experimental data. The
dotted curve indicates the susceptibility induced by paramagnetic
impurity.

(bottom two spectra). At 11 K there is a prominent sharp origin
band designate® = 0 at 26 262.9 cm!, with a number of
weaker sidebands at higher energy. At higher temperatures two
hot origin bands designatetl= 1 and 2 arise at 26 235.3 and
26 181.7 cm?, respectively.

The molar magnetic susceptibility curve of a polycrystalline
sample in the range 36 K is shown in Figure 4y shows a
continuous increase upon cooling, reaching a broad maximum
around 60 K, indicating antiferromagnetic interaction. Below 6
K it rises sharply because of paramagnetic impurities in the
sample.

4. Analysis and Discussion

4.1. Trigonal Ligand Field. In a trigonal ligand field thest
orbitals are split into two sets of orbitalgy and t, t-
transforming as a and e, respectively. In t8e single-ion
symmetry the ground state 4 and both octahedrdlT, and
4T, states split intdE and*A components. The transitiora
— “4E and“*A — “A are electric-dipole-allowed iw and z
polarization, respectively. Figures 1 and 2 show that the maxima
of both the*T, and*T;, bands are not at exactly the same energy
in = and o polarization, thes maximum lying lower by 230
cmt in the 4T, band and 300 cmt higher in energy in the
4T1aband (see also Table 2). Even if the true splittings may be
slightly larger because of the presence of vibronic intensity, these
values give us an estimate of the trigonal field splittings of the

@T, and“T . states in (EiN)sCr.Fo, respectively. WitHE below

4A for “T, and vice versa fofTy,, the ¢ orbital must be stabilized
with respect to, t—. The splittings are small and at first sight
contrast with the severe geometrical distortions of the dimer
fholecule from octahedral symmetry. To study the effect of the
various geometrical distortions on the trigonal splittings of the
quartet bands, we performed a crystal-field analysis within the
framework of the angular overlap model (AOM) using the
computer program Ligfiel@ First, we restrict ourselves to the
CrFs monomeric half of the dimer, denoting the terminal and

(25) Bendix, JLigfield, version 0.92; Department of Chemistry, University
of Copenhagen: Copenhagen, Denmark.
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Table 2. Comparison of Observed and Calculated Energies of and 27 500 cm! (see Figure 3). They are lying between the
Selected Absorption Bands As Indicated two broad*T; bands where usually no ligand field transitions
band calcd, cmt exptl, cnmt are observed in Gr systems. This raises the question of whether
<=0 < — 600 they are intrinsic or due to an impurity. Their t(lemperatu're
— z Z dependence corresponds to the ground-state splitting derived
AE E4-'T-22)) ij ggg ﬂ ggg ii ggg from the rlnagnetic susceptibility measurement. This will be
’E (E) 14 760 14 810 15 000 analyzed in section 4..3, and we conclude that thesg features
2E (T)) 15 370 15 400 ~15 800 belong to the [CGig]3~ dimer. Could they be double excitations,
2A (°Ty) 15565 15575 ~15 800 which are often observed in exchange-coupled systems? Al-
;‘A (:Tla) 20820 20820 20950 though the origins of théT, band are not resolved in the spectra
Z,E E;li) gi’ 24218 gi ggg 5 ﬁlsggo of Figure 2a, the band shape indicates that they lie below 12 700
°E (ZTZZ) 21990 21970 ~21 600 cm L. The correspondl_ng double excitatiols, 4A2 - T2 4T,
2A (2A;) 26 800 27 025 ~26 700 are thus expected to lie around 25 400 énwhich is clearly

aThe values obtained from a trigonal ligand field calculation are too low compared to thecrlgwest-energy cqld bagd 40bserved n
shown in_ the middle, the experimental_ ones on the right. Bands are ghefpectra at 26 262.9 Double excitations t6E “T> anld
denoted inCs (O) symmetry. The following parameters were used in 11" 12 On the other hand, are expected above 27 700°cm

the calculation (see section 4.18, C, €, &7, &, &7, €', 6, and6 which is definitely too high. We thus conclude that the bands

) between 26 180 and 27 500 ctnare single excitations of the
[CroFg]3 pair.

For a safe assignment a trigonal ligand field calculation using
the parameters reported in section 4.1 was done. The energies
of all the known ligand field states are reasonably reproduced,
and the®A; state is calculated to be 27 025 chmwhich is in
. § Pt good agreement with the experimental value (see Figure 3 and
bonds, respectively, yvereF chosen EUCh t_}ﬁt)_t?’_ e = Table 2). We therefore assign the band system between 26 180
10Dq = 14480 cm* with €= 0.23,2" yielding 6960 and  anq 27’500 cmt to the %A, — 2A; (t, — €) excitation. This
1600 cnt for €= and €}, respectively. In the actual dimer  transition is expected to be weak and broad, which makes it
symmetry the angle between the trigonal axis and the terminal gitficult to observe, and to our knowledge it has never been
ligands is opened from 54.740 6; = 58.20' and the CrF reported so far. The following three reasons make it easier to
distance is shortened from 1.933 to 1.854 A. On the other hand, gpserve thi¢A, — 2A, transition in the title compound. First,
the CrisCr core is elongated along the trigonal axis, resulting the dimer character of the chromophore leads to a general
in 6p = 46.03 and a Cr-F distance of 1.994 A. If the ligands intensity enhancement of transitions that are spin-forbidden in
are treated as point chargesDifis proportional tor™>, and 5 gjngle jon. Second, the ligand field strength of a fluoride
the AOM parameters can thus be adapted as follows: environment combined with the high energy of the lowestEr

F Fot Fo ligand-to-metal charge transfer (LMCT) states leads to a good
&= (1'933/1'85456/1 ‘= 1.23%p separation of charge transfer and ligand field states in fluorides.
Figure 1 shows that in (&\)sCr.Fg the lowest LMCT band
appears at-45 000 cntl. In the most intensively studied oxide

with 2 being eithew or zr. The resulting AOM parameter values ~ lattices, on the other hand, q is larger, thus shiftingA to
aree” = 8575 cntl €t = 1970 el e = 5960 cntt. and higher energy, and the lowest LMCT states are decreased to
(o) L 4 ' Yo 1 ~ 1 . i . .

QE" = 1370 cnl. The axial field component induced by the th3100fct>—35000 cmd. 'll;heﬂ:ughetr Iylnngll\%gr_}dgel((ij sta_lfﬁs are

positive charge of the second®rion in the dimer was taken us otten swamped by the Intense ands. 'he same

. . P . happens in chloride and bromide systems, where the LMCT

into account with a parametef’, which was varied from 0 to o5 drop d icall d to fluorid hird

1000 cnrl energies drop dramatically compared to fluorides. A third reason
) for the observation ofA; in the title compound lies in the fact

4 The results_ of ligand-field energy calculations for #igand ., that it happens to fall exactly in the window between the two
T4 states with the above parameter values are compared with 4 ! g
strong“T; absorption bands as shown in Figure 1.

the experimental splittings in Table 2. Independent of the o
The 11 Kz spectrum of*A, — 2A; in Figure 3 shows a

Cr . s
, relatively small splittings of less than 1000 . . i . T
y e detailed sideband structure built on the intense electronic origin

parametere;
cm! are calculated for botfiT, and“T1, in good agreement : .
2 1 11 9 g at 26 262.9 cm!. A comparison with the 25 K spectrum
indicates that the prominent sideband lines are vibrational.

with the small experimental values. In view of the significant
trigonal distortions this is surprising at first. But the calculations -C , e . °
show that the effect of the trigonal elongation (large reduction Additional, weaker electronic origins may be hidden in the
of By, small CrFy increase) of the bridging ligands is essentially COMPlex vibrational sideband spectrum and therefore cannot be
compensated by the compression of the terminal ligands (Sma"|dentlfled. Three fundamental moleculgr modes with frequencies
of 313, 415, and 541 cni are recognized, denoted ag v»,
and vs in Figure 3, respectively. Combinations of these three

increase off;, large reduction of CrF). Table 2 shows that

including the electrostatic effect of the partne?Cion corrects ' X ey s Y -

the calculated splittings in the direction of the observed ones M0des are recognized at higher energies, indicating their totally

and can thus be considered significant. The best agreement wittSYmmetric character and identifying the sideband pattern as a

experiment is obtained wite™" ~ —600 cnr Franck-Condon progression with HuanBhys parameter$S
4.2.47, — 2A, Transition.ql'he most striking features in the varying from 0.25 to 0.5. Since an additional unresolved

spectra are the very weak, nicely resolved bands between 26 1g¢idePand intensity may be hidden in the background at higher
' energies, these values give a lower limit ®rThey are larger

(26) Knox, K.; Mitchell, D. W.J. Inorg. Nucl. Chem1961, 21, 253. than for intraconfigurational transitions but unusually low for
(27) Glerup, J.; Mgnsted, O.; Sdfer, C. E.Inorg. Chem1976 15, 1399. a t — e one-electron excitation. For the spin-allowéd —

bridging ligands as {and F, respectively. We start from a
hypothetical exact octahedron with an assumedfdistance
of 1.933 A, the value found in #NaCrFs.2®6 The Racah
parameter values a2 = 700 cnT! andC = 3250 cntl. The
initial AOM parameters ™ ande* for o andzr metal-ligand

> = (1.933/1.994)¢> = 0.856 1)
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26 235.3, and 26 181.7 crhlabeledS= 0, 1, and 2 in Figure

a) E 3, respectively. They have distinctly different temperature
nergy - - - - - - - - . S* = N . .
g1, ===--=--- :}1 ol = dependences as shown in Figure 5b, and we can immediately
[em™] o g deduce the energy splitting pattern in Figure 5a. The three lines
26262.9 §*=1 correspond to transitions from ti&= 0, 1, and 2 dimer levels

of the ground state to the same excited dimer level. This is
confirmed as follows: (i) The observed temperature dependence
of the absorption intensities is in excellent agreement with the
Boltzmann factors calculated from this ground-state splitting
812 S=2 (see Figure 5b). (ii) The magnetic susceptibility calculated on
the basis of this energy splitting perfectly fits the experimental
curve (see Figure 4). We thus have a very accurate determination

r § of the ground-state exchange splitting, and by use of eq 2, we
27.6 S=1 determine the parameter values
0 ———— $=0) J=25.9cm* j=0.27 cm* ©)

below 50 K. We note from eq 3 that the biquadratic exchange
§=0 ® 262629 cm’! parametej is 1.0% ofJ. There are various possible physical
m 262353 cm’! origins forj, i.e., a deviation from the simple Lahdmergy

A 261817 cm! pattern. Reliablg values have only been determined in a few
cases, and thi¢J ratio is typically on the order of190 as found
here.

There are two well-established intensity mechanisms for
dimer transitions that are spin-forbidden in the single ion: (i)
an electric-dipole single-ion mechanism that is due to the
combined action of the odd-parity ligand field at the single-ion
site and spin-orbit coupling, where the dimer spin selection rules
for this mechanism aré&S = 0, +1; (ii) an electric-dipole

0 1o 20 30 40 50 60 exchange mechanism first proposed by Tanabe and co-work-

TI[K] ers?8 For a general pair transition involving orbital changes A

Figure 5. (a) Energy level diagram of the ground aqm dimer states Q—’k) and B (—’I) ina d|mer the interaction of the electriC vector

including the observed electronic transitions from the ground-state E of the incident light with the electric-dipole transition moment

levels. The broken lines indicate energy levels not observed at unknowncan be expressed as

energies. (b) Temperature dependence of the intensity af fwarized

electr(_)nic“Ag — 2A; absorption origins denotefl = _O, 1, and 2 at H = 1—:I E = = 4

energies 26 262.9, 26 235.3, and 26181.7¢mespectively, compared i ( AiBi )(SAi_k SBj_|) (4)

to the Boltzmann factors (solid lines) calculated from the energy pattern LK

in Figure 5a. The intensities are scaled to 1.

relative intensity

S=2

IllI|IIII|IIIIIIIIIIIIIIIIIII

where Ak and B, represent the orbitals on the two metal centers

“T, and“A, — 4Ty, transitions, which are also derived fromt ~ and wherella, g, represents vectorial coupling coefficients
— e excitations, the unresolved band shapes indicate Huang 'elated to orbital exchange parametérsThe dimer spin
Rhys parameters @ ~ 3. The“A, — 2A; bands in Figure 3 guantum numbe$ must be conserved in this mechanism, i.e.,
exhibit a strong temperature dependence in the origin region of only AS = 0 transitions are allowed. _
Figure 3, which will be analyzed in detail in section 4.3. In our absorption spectrum we observe three lines from the
4.3. Optically and Magnetically Determined Dimer Split- S$=0, 1, and 2 levels of the exchange split ground state to the
tings. Exchange interactions between the ions A and B in the Same dimer level of théA; excited state (see Figures 3 and 5).
4A, ground state of a Gt dimer can be described by the The three lines are of comparable intensity, and we conclude

isotropic Hamiltonian that the excited level haS= 1. We thus have twa\S = +1
dimer transitions, which necessarily arise by a single-ion
H = J(SySy) — j(SA'SB)Z @) mechanism, and AS = 0 transition, which can be induced by

both mechanisms. The fact that th& = 0 transition does not

h . lue f d if . dominate shows that the Tanabe mechanism is not dominant
where a positive value fal corresponds to an antiferromagnetic here, in contrast to th&\, — 2E, 2T, transitions in many Gf

splitting. The biquadratic term leads to deviations from the yimerg \where\S= 0 pair transitions are often one to 2 orders
regular Landepattern expected frpm a Helsenb_erg operator. ¢ magnitude more intense than th& = +1 transitions. This
Figure Sa shows the energy splitting of these dimer levels for js i go0d accord with the theoretical prediction that in &'Cr

an anﬂferroma%getm mteractur)]n. . _ ead to f dimer the Tanabe mechanism is most efficient for transitions
In the excited?A; state exchange interactions lead to four \itnin the ()3 electron configuration such d#, — 2E, 2Ty,

dimer levels, wo each witls = 1 andS = 2. Their energy  hereas thea, excitation studied for the first time here involves
splitting cannot be expressed in terms of a simple Hamiltonian at — e orbital excitation

as in the ground state. And since only one of these four levels .o 2A; excited state is split into tw6 = 1 and twoS = 2

could be determined experimentally, we will not go into the  yimer jevels by the exchange interactions. Since only transitions
theory of this splitting here.

Because of the high resolution of_ o_ur_crystal absorption (28) Ferguson, J.: Guggenheim, H. J.: Tanabe].\Phys. Soc. Jphi966
spectra, we resolve the thré&, — 2A; origin lines at 26 262.9, 21, 692.
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to one of theS = 1 levels are identified in the absorption Table 3. Comparison of] Values and CrCr Distances in
spectrum, we learn nothing about this excited-state exchange(EuN)sCrFs, CsCr.Cly and CsCrBro

splitting. This is in contrast to the numerous optical studies of (EtsN)sCroFg CsCr,Clg CsCr,Brqg
2E, 2T, excited states in G, which have revealed both the 3 omt 276 13 6.3
ground- and excited-state splittings. The likely reason for this dr—Cr, A 2.769 3.12 3.316

difference is an orbital one and lies in the-t e character of
the2A; excitation. This leads to the well-developed vibrational whereJ, andJe are orbital parameters involving theand t;,
sideband structure in Figure 3, in which some weaker origins t- orbitals transforming as a and e @, respectively. They
get lost, particularly at higher temperatures. It appears that we can be calculated by molecular orbital formalisms, and a ratio
are observing transitions to the lowest of the four exchange split J/Je = 12 was found for C£r,Clo.3> We can expect this
levels of the?A; state. dominance ofl, to be valid for the whole series. This is nicely

Interestingly, the overall dominance ofintensity in the?A; confirmed by the magneto-structural correlation in Table 3,
absorption spectrum (see Figure 3) is indirectly related to the where thel values for (EfN)3CraFg, CsCr2Clg, and CsCrzBryg
dimeric nature of the chromophore. As seen in Figure 1, the are listed together with the €Cr distancesJ decreases from
same dominance in polarization is also observed in the two  27.6 to 6.3 cm?, while the Cr-Cr distance increases from 2.769
4T, absorption bands just below and above 3Ag absorption. to 3.312 A. Thel, parameter mainly corresponds to the direct
These?*T; excitations are the main source of intensity for the o overlap of the ¢ orbitals along the CtCr axis and is
2A; band in the single-ion mechanism, thus explainingqits ~ exponentially dependent on the-8Er separation. 18, domi-
dominance. TheT; bands themselves gain their intensity by natesle, an exponential dependenceladn the Cr-Cr distance
configurational mixing with ligand-to-metal and metal-to-metal R is thus expecteé?34
(Cr2*—Cr*") electron configurations. Transitions to the latter

i . . _ PR

are an exclusive dimer property and necessarily purghplar- J=oqe @)
ized, inducing a dominance of intensity in the*T; bands.
Similar observations were made in trihydroxo-bridged G
dimers!4

We finally correlate the exchange splitting determined
spectroscopically with the magnetic properties of the title

compound. From the energy pattern in Figure 5a the temperature 4-4-2- ’E_and 2T, Excitations. Figure 2 compares the
dependence of the magnetic susceptibility per mole of dimers polgnzgd 10 K spectra of (B)sCrzFg in the region of the¢A,
is calculated as follow® — 2E, 2T, transitions with the correspondjrb K spectra of

CsCrClg adapted from refs 16 (high-resolution spectra) and
17. Because of the larger exchange splittings inNECr.Fo,

This equation provides a good reproduction of the experimental
data in Table 3 witle = 2.2 x 10¢cmtandp = 2.4 A1, and

we conclude thatl, is roughly an order of magnitude larger
than Je throughout the [GiXo]®~ series.

2 _ _ _
_ INGug” @ BT 4 5 EKT g FNT Lo the relative population of the ground-state levels at the indicated
KT 14 3¢ B/KD 4 5gB/KD 4 757 EJKD) temperatures is approximately the same in both compounds. The
%) intensity scale of the GEr.Cls spectrum is arbitrary.

The blue shift of about 1400 cm of the broad*T, band is
whereE; = 27.6 cn! andE, = 81.2 cnm* are the experimen-  due to the stronger ligand field in (B)sCr.Fs. The sharper
tally determined energies of th8 = 1 andS = 2 levels, features on the high-energy slope of tfig band are due tée
respectivelyEz = 157.8 cn! was calculated usingz = 6J + and 2T, excitations. As a result of larger Racah parameRers
9j from eq 2 and the parameter values from eq 3. The @ andC, they are blue-shifted by about 1080200 cnt! in the
had to be added to take account of a small paramagneticfluoride. The general appearance of the absorption spectra in
impurity. With g = 2.00 andC = 0.0337 cm K mol~? the Figure 2 is similar. The overall energy range of tH&2T,
experimentally determined temperature dependence of theabsorptions is about 1000 and 1500 ¢énin CsCr.Cly and
magnetic susceptibility is excellently reproduced. This is shown (Et,N)sCr,F,, respectively. We take this as a reflection of larger
in Figure 4, where the impurity contribution is indicated as a exchange splittings in these excited states in the fluoride. The
dotted line and amounts to 0.9% of a®Cmonomeric species.  2E absorptions are broadened in both compounds. NjEt
The spectroscopically determined exchange splitting in Figure Cr,Fg they appear as typical antiresonance features, as observed
5a with the parameter values in eq 3 is valid below 50 K. Itis in other CB+ systems?®:36 They result from an interaction of
likely to decrease by a few percent upon warming to room the sharg’A, — 2E transitions with the underlying brodé,
temperature because of a slight increase of interatomic dis-— 4T, absorption by spifrorbit coupling. The antiresonance
tances® In the above susceptibility calculation this is taken up character is more pronounced in the fluoride because’fhe
by the parameterg andC. The power of optical spectroscopy  state lies closer to théT, absorption maximum, leading to
thus lies in the fact that it allows an accurate and direct stronger mixing of théT, and?E states by spirorbit coupling.

determination of both exchange parametérandj without In the region of the!A, — 2T, transitions the (BN)sCraFg

having to fit a model to some bulk data. spectra show some prominent absorption lines between 15 800
4.4. Trends along the Series [GiXg]*~ (X = F, ClI, Br). and 16 000 cm! in both polarizations (see Figure 2a). They

4.4.1. Ground-State Exchange Parametersin [CrXg]3~ are, however, about 10 times as broad ag4hdines discussed

dimers with trigonal symmetry and neglecting biquadratic

exchange the ground-state exchange parandetegiven by (31) Weihe, H.; Gdel, H. U.; Toftlund, H.Inorg. Chem200Q 39, 1351.

(32) Leuenberger, B.; Glel, H. U.Inorg. Chem.1986 25, 181.
(33) Grey, I. E.; Smith, P. WAust. J. Chem1971, 24, 73.
J= 1-(3 + 2\]9 (6) (34) Niemann, A.; Bossek, U.; Wieghardt, K.; Butzlaff, C.; Trautwein, A.
g\ a X.; Nuber, B.Angew. Chem., Int. Ed. Endl992 31, 311.
(35) Lempicki, A.; Andrews, L.; Nettel, S. J.; McCollum, B. C.; Solomon,
E. I. Phys. Re. Lett. 198Q 44, 1234.
(29) Kahn, O.Molecular MagnetismVCH Publishers: New York, 1993. (36) Bermudez, V. M.; McClure, D. Sl. Phys. Chem. Solids979 40,
(30) Gidel, H. U.; Furrer, AMol. Phys.1977, 33, 1335. 129.




1488 Inorganic Chemistry, Vol. 40, No. 7, 2001 Schenker et al.

in section 4.3 and thus do not allow as detailed an analysis. exchange parameters, which in turn nicely reproduce the
There is considerable overlap of cold and hot bands, and in measured temperature dependence of the magnetic susceptibility.
contrast to C£Cr.Clg, the ground-state exchange splitting cannot  On the other hand, only limited information could be obtained
be determined. However, knowledge from the analysis of the from the *A, — 2E, 2T; transitions. This is in contrast to all

2A; spectra allows an analysis of the complicated temperature previous studies of the optical spectroscopic properties &f Cr
dependence. Three- and threeo-polarized transitions from  dimers in which the exchange splittings were exclusively derived
the S= 0, 1, and 2 ground-state levels to different excited- from the analysis of théA, — 2E, 2T; transitions.

state levels are derived. The results of this analysis are given in
Table 1.

In conclusion, for the first time th&A, — 2A; excitation was
resolved for any G compound from the high-resolution crystal
absorption spectrum of (E)sCr.Fg at cryogenic temperatures.
This allowed a precise determination of the ground-state 1C000759B
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