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Abstract: Variable-temperature spectroscopic and crystallographic studies on the chromium(ll) Tutton’s
salts, (M"),2Cr(X20)6(S0.)2, where M!' = ND,*, Rb™, or Cs™, and X = H or D, are reported. Inelastic neutron
scattering (INS) and multifrequency EPR experiments facilitate a rigorous definition of the ground-state
electronic structure from 1.5 up to 296 K, which is unprecedented for a high-spin d* complex. Modeling of
the INS data using a conventional S = 2 spin Hamiltonian reveals a dramatic variation in the axial and
rhombic zero-field-splitting parameters. For the ammonium salt, D and E are —2.454(3) and 0.087(3) cm™*
at 10 K and —2.29(2) and 0.16(3) cm™* at 250 K, respectively. A temperature variation in the stereochemistry
of the [Cr(D20)e]?* complex is also identified, with an apparent coalescence of the long and medium Cr—0O
bond lengths at temperatures above 150 K. The corresponding changes for the rubidium and cesium salts
are notable, though less pronounced. The experimental quantities are interpreted using a >E®e Jahn—
Teller Hamiltonian, perturbed by anisotropic strain. It is shown that good agreement can be obtained only
by employing a model in which the anisotropic strain is itself temperature dependent. A new theoretical
approach for calculating variable-temperature EPR spectra of high-spin d* complexes, developed within
the SE®e coupling model, is described. Differences between spin-Hamiltonian parameters determined by
INS and EPR are consistent with those of the different time scales of the two techniques.

1. Introduction coordinated high-spin d complexes receiving particular
attention?>° Measurements of the electronic structure are
commonly confined to temperatures well below that of liquid
nitrogen, and the determined zero-field-splitting (zfs) parameters
then are related to the room temperature molecular geometry
through a conventional ligand-field model. This approach cannot
be considered wholly correct, however, given that a strong
temperature dependence of the experimental quantities can arise
from dynamical JahnaTeller coupling. This work demonstrates
t University of Bern. the profound influence of dynamical effects on the electronic
¥ Institut Laue-Langevin. and molecular structrure of octahedrally coordinated high-spin
igr’:‘is‘i@i’ggé Neuchel d* complexes. Experimental data are presented that define a
. pronounced variation in the spin-Hamiltonian parameters and

# Laboratory for Neutron Scattering.
& Saarland University.

The theoretical description of integer-spin complexes has
received new impetus following the recent abundance of
spectroscopic data. High-field, multifrequency electron para-
magnetic resonance (HFEPR)nelastic neutron scattering
(INS) 2 far-infrared spectroscopy (FIR)and magnetic circular
dichroism (MCD} have all been used to probe the low-energy
electronic structure of non-Kramers ions, with octahedrally
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metalk-ligand bond lengths with temperature, requiring a was found to be axially symmetric and a regular tetragonakCrO
theoretical approach that goes beyond the conventional ligand-framework inferred.
field model to include the vibrational coordinates of the  The foregoing physical techniques are all employed in the
molecule. present study, but the measurements undertaken are over a wide
An experimental and theoretical study of the [Cr(ské+ temperature range, facilitating a rigorous definition of the
complex, within the chromium(ll) Tutton’s salts of formula electronic and molecular structure. Presented for the first time
(MY)2[Cr(0X2)6](SOs)2, where M = NH4*, Rb*, or Cs" and X are good-quality, high-field, high-frequency EPR spectra for a
= D or H, is presented. Complexes of chromium(ll) are prone pure, “not-so-EPR-silent” monomeric chromium(Il) compound.
to oxidation and have been subject to far fewer experimental A theoretical model is described, relating the resonance positions
studies than their isoelectronic manganese(lll) counterparts. Thisto the plasticity of the coordination sphere and the interstate
crystal series was chosen since the copper(ll) analogues exhibitelaxation rate. The foremost spectroscopic tool utilized is INS,

properties indicative of the effects of dynamical Jafiieller

coupling that we wish to examine in high-spifh cbmplexes.
Previous structural studies of chromium(ll) Tutton’s salts have

been limited to the ammonium salt. Unlike hydrogenous

which affords the direct determination of the ground-state
electronic structure at zero field over a wide temperature range.
Preliminary INS spectra, recorded for the ammonium salt, have
been communicated previoudly.

ammonium copper sulfate, there is no structural change on  The crystallographic and spectroscopic data are modeled using
deuteration, with both chromium salts adopting the deuterated 5 yipronically coupledE®e Hamiltonian in an extension to that

ammonium copper sulfate forti.Single-crystal X-ray and
neutron studies at 2981284 2 and 4.24K suggest an apparent
contraction of the long bond and lengthening of the intermediate
bond length as the temperature is raised, mirroring the fluxional
behavior observed in the copper analogtié&Several structural

studies have also been performed on the related hexafluorosili-

cate compounél’ revealing a fully dynamic structure at room
temperature. EXAFS carried out on the [Cs(Jg]2" cation in
solutiort® suggested particularly loose axial coordination of the
water molecules.

Electronic spectroscopic studies of Cr(Il) Tutton’s salts have

been confined to room temperature optical reflectance measure

ments of the NiF", Rb", and Cg salts!® The spectra were
interpreted along with magnetic data using a conventional
ligand-field modeP® Detailed analysis and assignments of
chromium(ll) optical spectra have also been carried out for many
other simple inorganic compounés:23

The first reported EPR measurement on a chromium(ll)
compound was a negative result at X-band on {NEr(H,0)s-
(SOy)2.24 After this study, room temperature single-crystal EPR
spectra were obtained on Cr$6H,0 at frequencies between
27 and 55 GHZ>26 Later studies focused on conventional
frequencies with chromium(ll) as a dopant in semiconductor
lattices?728The most comprehensive HFEPR study to date has

been on the chromium(ll) cation in an aqueous glass by Telser

et al.8 from which theD tensor of the [Cr(iHO)s]2" cation
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used successfully to interpret the temperature-dependent proper-
ties of the copper(ll) Tutton’s salt&2°The marked temperature
dependence of the bond lengths and zfs parameters of the
[Cr(H20)e]2" complex can be modeled within a consistent
framework, but only by assuming that the ligand-field is itself
temperature dependent. Furthermore, we show that the experi-
mentally determined zfs parameters depend strongly on the time
scale of the experimental technique.

2. Experimental Section

2.1. SynthesisAll deuterated products were handled under a nitrogen
atmosphere to prevent exchange with atmospheric water; all chro-
mium(ll) compounds were prepared with the rigorous exclusion of
oxygen using standard Schlenk techniques. /NBD, was prepared
by multiple recrystallizations of the hydrogenous salt from boilin@®D
CrSQ-5D,0 was prepared by refluxing (10C) electrolytic chromium
metal (5 g, 99.99%, Provac) with,D (50 mL, 99.8% D, Armar) and
concentrated B8O, (10 mL, 99.5% D, Armar). The resulting bright-
blue solution was filtered while hot and allowed to cool slowly to
room temperature before being further cooled ttC2overnight. The
blue crystals were filtered and dried under a flow of nitrogen gas.
(ND4)2Cr(D,0)s(SOy), was prepared by combining the starting materials
in equimolar quantities, followed by the addition of a minimum quantity
of D,O, and then heating until dissolution; crystals formed on slow
cooling.

The RBCr(D:0)s(SQy), and CsCr(H20)s(SOQy). analogues were
synthesized by the combination of solutions containing GrSQO
with either RSO, (99%, Alfa Aesar) or GO, (99.9%, Alfa Aesar),
using a procedure analagous to that described above. The cesium salt
was found to be problematic, easily dehydrating to the dihytfrate
(bright purple in color), necessitating rapid handling during synthesis
and in the glovebox. Powder X-ray diffraction was used to confirm
the structure and purity of all the compounds. Hydrogenous salts were
prepared by the same procedure, with hydrogenous starting materials.
Single-crystals were grown by slow cooling of warm, saturated
solutions.

2.2. Inelastic Neutron Scattering MeasurementsTime-of-flight
INS measurements were carried out on FOGUB the Paul Scherrer
Institute (PSI) (Villigen, Switzerland). Deuterated samples were lightly
ground, placed in standard aluminum sample holders (cylindrical, 10

(27) Jablonski, RMater. Res. Bull1973 8, 909.

(28) Boonman, M.; Mac, W.; Twardowski, A.; Wittlin, A.; van Bentum, P. J.
M.; Maan, J. CPhys. Re. B 200Q 61, 5358.

(29) Masters, V. M.; Riley, M. J.; Hitchman, M. Anorg. Chem 2001, 40,
843
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3, 293.
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Table 1. Summary of Neutron Diffraction Crystal Data and
Refinements

chemical formula (NH)2Cr(H20)6(SOn)2
formula weight 388.2 g/mol

cell setting monoclinic

space group P2;/a

wavelength 1.622A

z 2

crystal form tabloid

crystal size 2.5¢ 3.0x 0.5 mn#
crystal color light blue
refinement on F

weighting scheme
extinction method

atomic scattering factors
No. params in refinement

W = 1/[max@?(Fe?), opos(Fo?)]
Lorentzian type 1 isotropic
Sehrs
179

aFrom refs 36 and 37 From ref 38.

mm diameterx 50 mm length), and sealed under a helium atmosphere.
An incident wavelength of 5.3 A was selected, yielding an energy
transfer window extending te-15 cnt. The energy resolution was
optimized for an energy transfer of 0 cin(elastic time focusing) for
maximum resolution of the elastic peak. For the 297 K measurement,
the cryostat (standard ILL Orange Cryostat) was removed and the

additional data. Powder X-ray diffraction (PXRD) measurements were
performed on a STOE STADI P diffractometer, in transmission mode,
fitted with an Oxford Instruments Series 600 Cryostream Cooler. The
finely ground sample was sealed in a 0.3 mm glass capillary, and
diffractograms were obtained in the range=2 10—50° at temperatures
corresponding to the VIVALDI data, down to 100 K. The unit-cell
lengths were refined in the space groBgi/a using whole pattern
refinement in FULLPROF?

Single-crystal X-ray diffraction measurements were carried out by
the BENEFRI Crystallography Service (Nelt#laSwitzerland). Single
crystals of RBCr(H,0)s(SQs). and CsCr(H,0)s(SOy), were placed in
glass capillaries and data collected on a Stoe Mark Il Image-Plate
Diffraction System using graphite-monochromated Maxadiation,
with an image-plate distance of 100 mmpscillation scans of 9180°
at¢ = 0°, w oscillation scans of 8180 at ¢ = 90°, stepAw = 2°,

2 min per exposure, 2range of 2.29-59.53, and dmax — dmin =
17.799-0.716 A. Data were collected at 100(2) and 293(2) K. The
structures were solved by direct methods using the SHELXS-97
program and refined by full matrix least-squaresFémwith SHELXL-
974 The positions of the hydrogen atoms were localized from Fourier
difference maps and fixed in their positions. An empirical absorption
correction was applied using DIFABS in PLATON%9Crystal and

sample mounted directly in the sample space. The detectors wererefinement data are reported in Table 3.
calibrated with a vanadium metal spectrum and standard background 5 4 EpRr MeasurementsHigh-field, high-frequency EPR data were

corrections applied using the Nathan software, developed at PSI. A
correction for detector efficiency was also applied.

2.3. Structural Data Collection. Single-crystal neutron diffraction
was performed on the new quasi-Laue diffractometer, VIVAEDAt
the ILL (Grenoble, France). VIVALDI uses the Laue diffraction method

on an unmonochromated thermal-neutron beam with a large solid angle
(8 sterad) cylindrical image-plate detector to increase the detected

diffracted intensity by +2 orders of magnitude compared with that of
a conventional monochromatic experiment. The single-crystal of}NH
Cr(H20)s(SQy)2 (2.5 x 3.0 x 0.5 mn¥) was mounted in thin aluminum
foil on an aluminum pin with epoxy cement. The image-plate Laue
data were indexed with Lauegé&hThe 10 K data consisted of eight
Laue diffraction patterns distinguished by°2@tations of the crystal
about the vertical axis of the cylindrical detector. Higher temperature
data utilized four patterns separated by .4Bxposure times were 90
min per pattern. Integration was performed using the local program,
Argonne-Boxes? which uses a two-dimensional version of the 3D

(/1 algorithm. The individual reflections were corrected for absorption

using the calculated (wavelength-dependent) attenuation coefficient

0.104 2 + 0.125 mm? (transmission range 0.5®.89). Multiple

collected at the Grenoble High Magnetic Field Laboratory (Grenoble,
France). The apparatus has been described in detail previdusly.
Measurements were performed on the hydrogenous and deuterated
ammonium salt, as well as on the hydrogenous rubidium salt, at
frequencies ranging from 95 to 285 GHz. A small quantity of material
was meticulously ground in a nitrogen-filled glovebox and mixed with
an equal quantity ofi-eicosane wax (mp= 36 °C, 95%; Fluka). A 4

mm diameter quartz tube was loaded to a depth of approximately 15
mm and sealed at a height of 100 mm under a helium atmosphere.
Immersion of the tube in warm water melted the wax and, when cooled,
formed a 10x 4 mm solid, pale-blue pellet.

EPR spectra were recorded at X-ban®(6 GHz) and Q-band{35
GHz) with a Bruker ELEXSYS E500 spectrometer at the Department
of Chemistry, University of Bern, Switzerland. X-band measurements
were carried out utilizing an ER4122 SHQ or ER4116 DM cavity in
conjunction with an Oxford Instruments ESR910 continuous flow
cryostat (liquid helium temperatures) or with a BVT3000 cryostat (liquid
nitrogen temperatures). The ER5106 Q-band cavity was fitted with an
Oxford Instruments CF935 continuous flow helium cryostat and

patterns were combined and normalized to the same incident wavelengtfmonitored with an HP53152A microwave frequency counter. The

with Lauenorm?* and the full data set were refined from initial literature
values using SFLSQ (CCSEj.There were 179 parameters refined at

samples were ground in a glovebox and sealed in quartz tubes under a
helium atmosphere.

each temperature and they included a scale factor, an isotropic extinction EPR simulations were calculated using the software of Veine
parameter, positional parameters, and anisotropic thermal displacementull diagonalization of theS = 2 spin Hamiltonian matrix. Parameter
parameters for all atoms. Some of the second-order displacement tensor§ptimizations were made using a brute-force, least-squares-based script.

became slightly nonpositive, which we attribute to the sparser sampling
of reciprocal space along the crystal rotation axis. The variation of the
Cr—0 bond lengths with temperature was, however, more regular when

2.5. Optical Absorption Measurements.A Cary 5e spectrometer
was used to collect UV/Vis/NIR spectra. Crystals of (\&r(H.0)e-
(SQy), and the deuterated analogue were polished in several stages down

anisotropic displacement tensors were refined, and our discussion ofto a 0.5um grit. The unoriented crystals were then mounted, using

the Cr—0 bond lengths is based on these refinements. The collected

data are summarized in Tables 1 and 2.
VIVALDI utilizes a white neutron beam; the unit-cell parameters
cannot be determined accurately, necessitating the collection of

(31) Wilkinson, C.; Cowan, J. A.; Myles, D. A. A,; Cipriani, F.; Mcintyre, G.
J. Neutron New002 13, 37.

(32) Campbell, J. W.; Hao, Q.; Harding, M. M.; Nguti, N. N.; Wilkinson,I.
Appl. Crystallogr.1998 31, 496.

(33) Wilkinson, C.; Khamis, H. W.; Stansfield, R. F. D.; Mcintyre, G.JJ.
Appl. Crystallogr.1988 21, 471.

(34) Campbell, J.; Habash, J.; Helliwell, J. R.; Moffat, Rrotein Crystallogr.
1986 18, 23.

(35) Matthewman, J. C.; Thompson, P.; Brown, Rl.Appl. Crystallogr1982
15, 167.

(36) Becker, P.; Coppens, Rcta Crystallogr.1974 A30, 129.
(37) Becker, P.; Coppens, Rcta Crystallogr.1975 A31, 417.
(38) Sears, V. FMethods Exp. Phys986 23A 521.
(39) Rodriguez-Carvajal, FULLPROEF version 2.00, Nov2001-LLB, unpub-
lished.
(40) X-Area V1.17 and X-RED32 V1.04 Softwargtoe & Cie, GmbH:
Darmstadt, Germany.
(41) Sheldrick, G. MActa Crystallogr. A46467—273.
(42) Sheldrick, G. MSHELXL-97: Program for Crystal Structure Refinement
University of Gdtingen: Gdtingen, Germany, 1997.
(43) Spek, A. L.Acta Crystallogr 1990 A46, C34.
(44) Muller, F.; Hopkins, A.; Coron, N.; Grynberg, M.; Brunel, L. C.; Martinez,
G. Rev. Sci. Instrum1989 60, 3681. (b) Barra, A. L.; Brunel, L. C.; Robert,
J. B.Chem. Phys. Lettl99Q 165, 107.
(45) Glerup, J.; Weihe, HActa Chem. Scand.991 444.
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Table 2. Single-Crystal Neutron Diffraction Data Collection and Analysis Parameters for (NH4)2Cr(H20)s(SO4)2

temperature 10 100 150 200 225 250 275 300

No. patterns 8 42 repeats) 4 4 4 4 4 4
step size (deg) 20 40 40 40 40 40 40 40
unit cell
a(A)p 9.490(2% 9.4721(9) 9.4723(9) 9.4696(8) 9.4514(9) 9.4525(5) 9.4436)4 9.4226(5)
b (A)P 12.816(4) 12.8075(11) 12.8077(11) 12.8002(13) 12.7995(11) 12.7669(7) 12.7420(7) 12.6963(7)
c (AP 6.104(1) 6.1058(5) 6.1140(6) 6.1277(7) 6.1444(7) 6.1476(3) 6.1707(3) 6.2015(3)
B (degyp 107.09(2) 107.049(4) 107.025(4) 106.908(5) 106.883(4) 106.816(3) 106.722(2) 106.595(3)
V (A3 710(1) 708.2(1) 709.3(1) 710.6(1) 711.3(1) 710.15(7) 711.11(1) 711.00(6)
braggR:® 4.78 4.09 3.33 3.91 2.11 2.05 2.33

2b 6.32 6.92 9.31 8.42 4.26 3.24 6.32
No. reflns (all) 6032 4268 2549 2629 2417 2340 2051 1825
No. independent 1747 1490 1241 1284 1193 1165 970 885

reflns

Rint 0.136 0.097 0.110 0.116 0.106 0.111 0.118 0.094
hrange —-8=<h=<10 —-7=<=h=<10 -7=<h=<1]0 -7=<h=<10 -7=<h=9 —7=<h=<9 —7=<h=<9 —7=<h=<8
k range —20<k=<14 -10=<k=20 —-10=<k=<18 —-10=<k=<18 -10=<k=<18 -10=<k=<18 -10=<k=<16 -9<k=14
| range -9=<1=<9 -9=<1=9 —-9=<1=<8 —-9=<1=<8 —-9=<1=7 —-9=<1=<8 —-8=1=7 -7=<1=<6
R(F) 0.117 0.106 0.112 0.119 0.109 0.113 0.115 0.106
wR(F) 0.089 0.072 0.072 0.080 0.074 0.075 0.084 0.080
22 6.21 4.89 451 6.13 5.49 5.33 7.07 8.05
mosaic spread 0.1179 0.0660 0.0660 0.0660 0.0660 0.0660 0.0660 0.0660

aUnit cell parameters taken from ref 18From full pattern profile fitting of X-ray powder diffraction data in FULLPROF.

copper grease, in a home-built copper cell under helium gas. The cell coordinates with respect to the 4-fold axlél§h, the Hamiltonian

was placed on the coldfinger of an Air Products closed-cycle refrigera- for an g phonon mode before coupling, can be written as
tor, and spectra were recorded as a function of temperature.

3. Theory Ao = [0.5h0(B,2 + P2 + Q2+ O +

3.1. The ylbronlc Hamiltonian. The crystaylllographlc and A3(3Q3Q52 _ QOS)]UI ©)
spectroscopic data for the copper(ll) Tutton’s salts have been
satisfactorily interpreted in terms of a cubic vibronic Hamilto-
nian, perturbed by low-symmetry strain An analogous ap-  whereho is the phonon energy amg the anharmonic constant.
proach is adopted here, employing an effective cuitig G andP; are dimensionless operators related to the observables
electronic basis, generated by Mossin and W&ihging second- for position and momentund; and i, by*’
order perturbation theory.

The Hamiltonian for the problem is written as the sum

A Juw
NN . N N Q= A/ WQi,
H=Hyp+ Hg+ Hpy + Hyp 1)
- . : : p=—"1p 4
where Heyp and Hg; designate the cubic and low-symmetry i~ mpi 4)

(strain) ligand-field contributions to the energy, respectively,
andﬂph andI:hT are the phonon and Jahifieller coupling terms,
respectively. whereu is the reduced mass of the phonon mode.
The following electronic operators are defined using the  To second ordert;r has the form
Clebsch-Gordan coefficients as tabulated by Sugano, Tanabe,
and Kamimura (ref 46, p 305), operating in the: orbital basis A A n A Ao A o AA A
of the °Ey ground term of the Cr(ll) complex: Hor = A(QpUs + QU + A(Q — Q)U, + ZQHQEU(;)

U_(l 0)0:(—1 0)0 (o 1) @)
017 \0o 1)/7¢ \10 whereA; and A; are the first- and second-order Jafweller
coupling constants, respectively. Two parameters are required
Note that the electronic operators in eq 2 differ in phase to to describe the splitting of the electronic E state in a low-
those employed by Riley et 8 Comparison of our Hamiltonian ~ symmetry ligand-field
to that defined by Riley et al. shows that the parameteimnd
ey, defined below, should be multiplied byl in order to be

consistent. Hy=&U, e, (6)
Only phonons of gsymmetry are JahsiTeller active in this

basis, and the coupling is dominated by théCrOg) vibration, whereey and e, are the tetragonal and orthorhombic compo-

having the two componen@y ~ 2Az% — Ax? — Ay? andQ. ~ nents of the low-symmetry strain, respectively. The magnitude

V3(AX%2 — Ay?), where x, y, and z denote the Cartesian of these parameters defines a strain ve@oof magnitude,

(46) Sugano, S.; Tanabe, Y.; Kamimura,Multiplets of Transition Metal lons (47) Cohen-Tannoudji, C.; Diu, B.; Laloe, Ruantum Mechani¢sWiley-
In Crystals Academic Press: New York, 1970; p 305. Interscience: New York, 1977; Vol. 1, Chapter V, p 488.

16642 J. AM. CHEM. SOC. = VOL. 126, NO. 50, 2004



Structure of High-Spin d* Complexes

ARTICLES

Table 3. Summary of Single-Crystal X-Ray Diffraction Data, Collection Details, Structural Parameters, and Structural Refinements for

szCI’(HzO)a(SO4)z and CSsz(HzO)s(SO4)2

Rb,Cr(H;0)s(SOx)2

Rb,Cr(H;0)s(S04)2

Cs,Cr(H;0)6(S04)2

Cs,Cr(H,0)6(S04)2

(100 K) (293 K) (100 K) (293 K)
crystal shape block block block block
crystal color blue blue blue blue
crystal size (mrf) 0.45x 0.30x 0.10 0.45x 0.30x 0.10 0.50x 0.30x 0.15 0.50x 0.30x 0.15
empirical formula H:CrORbS, H12CrO1Rb:S, H12CrO1.LS, H12CrO1CsS,
formula weight 523.16 g/mol 523.16 g/mol 618.04 g/mol 618.04 g/mol
crystal system monoclinic monoclinic monoclinic monoclinic
space group P2i/c P2i/c P2i/c P2i/c

unit cell a=6.2163(12) A
dimensions b=12.3824(16) A

c=9.2600(15) A
o =90°
£ =104.858(14)
y =90°

volume 688.9(2) A

cell refinement params

No. of reflns in 3231

cell refinement
angle range in
cell refinement

0.00° <0 <29.70

z 2

density (calculated) 2.522 g/ém

radiation used Mo k&

wavelength 0.71073 A

linear absorption 8.217 mnrt
coefficient

temperature 100(2) K

diffractometer STOE IPDS 2

scan method rotation

absorption correction empirical

max. and min.
transmission

0.420 and 0.030

No. reflns measured 11917

No. independent refins 1937

No. observed reflns 1815

criterion for recognizing >20(1)

R(int) 0.0967

6 range for data collection 2.8129.68

index ranges —-8=<h=<8

—17=<k=16
—12=<1=<12

F(000) 508

refinement method full-matrix
least-squares oR?

final Rindices | > 20(1)] R; =0.0339
wR; = 0.0824

R indices (all data) R=0.0365
WR; = 0.0842

H-locating and mixed

refining method

No. reflns used 1937

No. refined params 88

goodness-of-fit orfF2 1.088

maximum e density 1.014 e AR

minimun e density —1.249e K3

a=6.2446(9) A
b= 12.4595(15) A
¢=9.3270(14) A
o =90°

B =105.269(12

a=6.3181(11) A
b=12.8039(15) A
c=9.4930(16) A
a=90°

B =106.135(14)

a=6.3352(9) A
b=12.8689(13) A
c=9.4987(13) A
o=90°

B =106.283(11)

y =90° y =90° y =90°
700.07(17) R 737.72) B 743.34(16) R
11757 22677 17200

0.00 <6 <2955

1148 <6 <29.3%

1.1# <60 <29.55

2 2 2
2.482 glcm 2.782 glcm 2.761 glcm
Mo Ka Mo Ko Mo Ka
0.71073 A 0.71073 A 0.71073 A
8.087 mntt 5.983 mnt! 5.937 mnrt
293(2) K 100(2) K 293(2) K
STOE IPDS 2 STOE IPDS 2 STOE IPDS 2
rotation rotation rotation
empirical empirical empirical
0.452 and 0.042 0.641 and 0.169 0.488 and 0.057
11831 12995 14051
1965 2032 2066
1794 1790 1991
>20(1) >20(1) >20(l)
0.0869 0.0592 0.0906
2.79-29.66 2.74-29.54 2.74-29.55
—-8<h=<8 —-8<h=<8 —-8<h=<8
—17<k=<16 -17<k=17 -17=<k=17
-12=<1=<12 —-13=<1=<13 —13<1<13
508 580 580
full-matrix full-matrix full-matrix
least-squares of? least-squares of? least-squares of?
R; = 0.0354 R; = 0.0313 R; = 0.0303
wR; = 0.0835 WR, = 0.0634 wR, = 0.0734
R; = 0.0404 R; = 0.0397 R; =0.0316
WR2 =0.0873 WR2 = 0.0683 WR2 = 0.0744
mixed mixed mixed
1965 2032 2066
88 88 88
1.117 1.243 1.182
0.452 e A3 0.954 e A3 0.820 e A3
—-1.113e A3 —0.853e A3 —1.218e A3

and angleg , in theey, e. coordinate frame:

(5 — (eaz + eGZ)l/Z

e€ .
Q= tanl(e—) +o; ife,>0,a=0%
(7

if ¢, < 0,0.= 180" (7)

described® To ensure adequate convergengeyas set to 50,
which required the diagonalization of a sparse matrix of the
order 10x 1326= 13 260.

The vibronic eigenfunctions of the Hamiltoniak/, are
expressed as linear combinations of the basis functions

n

The Hamiltonian was constructed as a matrix in a basis of

products of the 10 electronic states and the states ¢iQh&.}
harmonic oscillator of dimensioN = Y,(n, + 1)(n, + 2), up

where; spans the two-orbital components of thg ground
term, Mg specifies the electron spin, ang and n. are the

lowest-lying eigenvalues and corresponding eigenvectors were

found using a Lanczos diagonalization routine, as previously (48) Tregenna-Piggott, P. L. WAdv. Quantum Chen2003 44, 461.
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An analytical expression for the®e Jahn-Teller potential The effective’Ey (On) Hamiltonian may be written as:
energy surface is obtained by diagonalization of the 2
Hamiltonian matrixes, omitting the terms in the kinetic energy A = %t’(oegg +U0.8) (11)

and plotting the energy as a function @f and Q.. Contour
plots were rendered using Mathematica 5.
3.2. Calculation of the Experimental Quantities. 3.2.1.

where

Bond Lengths. The mean nuclear displacements at a given & . _
temperature were calculated by first evaluating the expectation $=3 §S(S+ 1, 8= ﬁ(g S ) (12
values offy andg. in each of the thermally populated vibronic
states and similarly fof@j.[] The value ofb in this system is of the order of 4 crh® which
is much smaller than the other terms in the vibronic Hamiltonian.
Heup can be treated as a perturbation whenever the vibronic
@, 0= / BIIJ|Q9|‘PD= levels are strongly localized in a given potential minimum.
Diagonalizing the vibronic Hamiltonian in a basis spannjng
ng, andn. and evaluating the expectation value g, over
/ N theith set of five states, we obtain:
- amm al']ln'{ I|Q9|nel|-_(§u 6”6 .
" TR0 I (W (.0 IHeup W (1,00 ) B =
. I'+1 —b A
|j(|+1)m ai’j'l’n'{ T + T(W(w1n6’ne)|SHU0|IP(¢1n6’ne)Q+
Wi, | 1 I+m=0| + A A
Bp(w’ne'ne)|SEU6|IP(¢'n0’nE)@ =
II
*
Zj0-2m ai'J‘"’rﬂ\/r 01Oy O (9) 5 =bg i+ = suu 0 (13)
The distortion of the molecule along the components ofithe The magnetic response may be conveniently described by

(MOg) vibration may be described as displacements of the the conventional spin-Hamiltonian:

oxygen atoms along each of the six-@P; bond vectors or, N A N

more succinctly, in terms of the magnitude of the displacement H = BBGu T FBG,,S, + fBG,S +

vector, p, and the angle, which it makes to theQp DI & 2 1 s+ +E82-87 (14
displacement vector in the two-dimensiodl, Q. coordinate S 35( ) [S S/] (14)

space:
P Comparison of egs 13 and 14 leads to the following expressions

for the parameter® andE:

1
Ar,=Ar,= L(2 cos¢) = ——(2[@,0),
Y V2 N b
D=6 E ——2 7 (15)
Ar,=Arg= L(—cos¢ + x/§sin¢) =
V12 The way in which these zfs parameters are averaged can be
1 H illustrated by considering a case where only three vibronic states
——(—Md, 3.0,
V12 are populated. Using values fw, Ay, Az, andAg of 254,—900,
33, and 0 cm?, respectively, and levels of strain that localize
Arg=Arg= Lf( cos¢ — \/_S”'W) the states in a given potential minima without perturbing the

warped Mexican-hat potential energy surface significantly, the
—(—[ﬁ]GD— \/5[616[) (10) three lowest lying states have values of (1,8)(}(2), «/5/2),
Vi2 and (), —(v/3/2)) for (U,GU.5). These, in turn, cor-
respond to the three Jahiieller configurations with elongation
Finally, the nuclear displacements at a given temperature wereof the z, x, andy bond lengths. Th® andE values for these
calculated as the Boltzmann average of the geometric propertieshree states will therefore be given by ©),0), (— (%), (1)),
of the individual vibronic energy levels. and (%/4), —(¥/4)), corresponding to an axial zero-field-splitting
3.2.2. EPR Spectrum. High-temperature EPR data on of equal magnitude but with the principal axis along the,
copper(ll) salts are commonly interpreted under the assumptionandy axes, respectively.
that the time scale of the experiment is slow compared to  The relative energieg);, and Boltzmann population®;, of
relaxation between states with different electronic and nuclear these three states can be approximated by
coordinates® The resonance field is calculated, quite simply,

from the Boltzmann-weightedy value over the thermally A; = g,lU L+ e U L)

populated states. In this section, a generalized Silver and Getz

modef? for the dynamic JahnTeller effect is developed for e AT

spin systems witts > /. Pi=— (16)

Z o KT
]

(49) Silver, B. L.; Getz, DJ. Chem. Physl1978 61, 638.
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In the fast-hopping regime, the averagedand E values are |m’f|MD|‘P'Eﬂ2 =
given by the Boltzmann-weighted average of the individDal '
and E values for each vibronic state: |BIJf|§D|1PiD12 =

1 R R R
b b S@IOPS) WP + | (WS, W07 + WS [WF) (20)
Do = _Plz + (P, + PB)Z

b All intensities were calculated assumifig= 0 A~%, whereF(Q)
E,=(/P;— Pz)z a7) is equal to unity. The calculated INS transitions were folded
with a Gaussian band shape, with constant width across the
spectrum.

At low temperatures, only the lowest well is populated, and  In the regime where intramolecular reorientations of the
averageD andE values are simply those of that configuration. Jahn-Teller complex are respectively slow and fast on the EPR
As the temperature increases and the second well is populatedand INS time scales, the procedure for calculating the effective
the D value is seen to decrease and thevalue increases.  spin-Hamiltonian parameters depends on the techniques by
Eventually in the high-temperature limit, whéi ~ P, ~ P3, which the information was obtained. For an EPR experiment,
both D and E approach 0. By contrast, if the time scale of the one must average thg andE values with respect to a given
EPR experiment is much faster than the hopping rate, then thecoordinate frame, as described in section 3.2.2. Effective spin-
resultant spectra will be a superposition of the spectra from eachHamiltonian parameters are extracted from an INS experiment
configuration. The powder spectrum for each of the three by fitting the spectrum to a series of Gaussian functions and
configurations is identical in this case, and therefore, there will then by modeling the energies at which the Gaussians are
be no change with temperature. centered with the eigenvalues of &= 2 spin Hamiltonian.
Theoretical values ob andE may be obtained in exactly the
same way, but the magnitudes of the parameters will not be
independent of the width assigned to each transition. Alterna-
Gively, this lengthy procedure may be approximated by calculat-

3.2.3. INS Spectrum.The interaction time in an inelastic
neutron scattering experiment may be estimated from the time
it takes for a neutron to traverse the breadth of the paramagneti

scattering sg)eci_es, from which a value of the order of'i8 ing D and E in each of the thermally populated manifolds,
is obtained®? which is very short compared to the EPR time ensuring that 6< E/D < Y5, and then calculating the Boltzmann-
scale. Assuming that interstate relaxation does not occur in theweighted average of these parameters.

course of a scattering event, the INS spectrum can be calculated

very simply as the Boltzmann-weighted superposition of all 4. Results

possible transitions between the eigenfunctions of the vibronic ) )

Hamiltonian, occurring in the energy range of interest. In the _ 4-1. Inelastic Neutron Scattering.INS spectra of (ND).-
instance where intermolecular magnetic interactions are weak, Cr(P20)s(SQx)2 were collected between 1.5 and 297 K at regular
the differential neutron cross-sectidins, between states with ~ temperature intervals. At 1.5 K, bands at 7.107(9) and 7.63(1)
eigenvaluesEy and Esn and eigenvectordliy and W, is cm ! are observed (labeled | and Il in Figure 1). At 10 K, further
proportional t? transitions, labeleg andy, grow in at 2.20(2) and 2.27(2) cth

respectively, commensurate with the proposed energy level
diagram in Figure 2. The transitiom could not be resolved
with the instrumental settings used, being subsumed into the
elastic band. The relative intensities and energies of the INS
transitions are found to vary considerably, as the temperature
is increased from 100 to 297 K, with a concomitant increase in
bandwidths.

INS spectra were also obtained for ®ip(D-0)s(SOy), and
are presented in Figure 3. At 10 K, transitions are observed at
2.01(2), 2.86(2), 6.835(2), and 7.661(3) chmin an energy
pattern similar to that of the ammonium salt. The change in
Wi laoW CE energies of these INS transitions upon increasing temperature

n ny to 250 K is significant but not as marked as that found for the

z B & m i Mgl |1 Mg (3 0y (19) ammonium salt.

LTS 140 I'+AT=0 The intensities of transitions |, I3, andy were found to
decrease with increasing momentum transgglindicating that

wherea anda’ denote the coefficients defininds, and Wi, they correspond to transitions of magnetic origfiin Figure

respectively. For the present system, the states are connecte$: Plots of the normalized sum of the inte_nsities of transitions
by the spin component of the magnetic moment operator only, | @1d Il (at 10 K) are presented as a functionffor both the
in which case® Rb and ND salts. The experimental points are represented by

symbols, while the line depicts the expected intensities calcu-
lated using the tabulated coefficients for the spin-only magnetic

-E
Iins U eXF(k_TI)FZ(QHmjfinWDPpini[l]z (18)

whereup is the component of the magnetic moment operator
perpendicular to the scattering vectd, and F(Q) is the
magnetic form factor. The calculation of the matrix element
(W+inlito| WinilOproceeds according to:

(50) From the de Broglie relation, a neutron with a wavelength of 5.4 A has a
speed of 732 m$. The [Cr(OD)g)2" cation has as an approximate diameter
of 5.5 A. Therefore, the time it takes for the neutron to traverse the breadth (51) Squires, G. LThermal Neutron ScatteringCambridge University Press:
of the scattering species is 5:5101%732=7.5x 10 13s. New York, 1978.
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Figure 1. INS spectra of (N)2Cr(D;0)s(SQs)2, measured on FOCUS,

between 1.5 and 297 K with an incident neutron wavelength of 5.3 A. The
labeling scheme follows that of the energy level diagram depicted in Figure
2. Error bars are shown at the 1 esd level.

TE 10 — 2 0>
3
% § Y2k 1>
2 6 VB oo BY
[43)

A4 1| o

2_

0 y r r r g ~|2:£2>

-8 -4 0 4 8

Energy Transfer (cm™)

Figure 2. Energy level diagram for aB= 2 system, corresponding to the
observed transitions in (NJRCr(D20)s(SQy)2. The INS transitions for
neutron energy gain (left) and loss (right) are indicated by arrows.

form factor of Cr(11)52 The experimenta was calculated from
the average binned detector angleand the incident neutron
wavelength/, as

_ 47 sin(@)

7 (21)

Q

The INS bands are assigned to transitions within’the(C)
ground term, which is split into second order by sporbit
coupling. The zero-field-splitting is conveniently described by
the effective spin Hamiltonian, acting in a basis of the 8«

2 spin functions given in eq 14, witB = 0. Least-squares fitting

(52) Brown, P. Jinternational Tables for Crystallography; ®luwer Academic
Publishers: Dordrecht, The Netherlands; Chapter 4.4.5, p 391.
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Figure 3. INS spectra of RECr(D,0)s(SOy4)2, measured on FOCUS, at 10
and 250 K with an incident neutron wavelength of 5.4 A. The 10 K
simulation was calculated from eqgs 14, 18, and 20, Witk —2.411 cnt?

and E = 0.139 cnt?, obtained from a least-squares fit of the observed
transition energies to the eigenvalues of the spin Hamiltonian. Error bars
are shown at the 1 esd level.

Intensity

Calculated MFF
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Figure 4. Plots of the summed INS intensities of transitions | and Il at 10
K for (ND4)2Cr(D20)s(SQr)2. and RBCr(D20)s(SOy)2 as a function of
momentum transferQ. The solid line indicates the theoretical spin-only
magnetic form factor for Cr(ll).

of the eigenvalues of eq 14 to the experimentally observed
excitation energies at 10 K, yielddd = —2.454(3) cmt and

E = 0.087(3) cnt! for the ammonium salt, anld = —2.411(1)
cmtandE = 0.139(1) cn? for the rubidium salt. It is evident,
simply from comparison of the spectra, that the valuda$
somewhat larger for the rubidium salt. The experimental and
calculated energies and intensities are presented in Table 4. The
simulated spectrum in Figure 3 was calculated using the
eigenvalues and eigenfunctions of eq 14, with the zfs parameters
extracted from the 10 K spectrum, and agrees very well with
the experimental spectrum.

Values for D and E were similarly extracted at each
temperature. For the ammonium salt, a pronounced temperature
dependence in these parameters was established. As shown in
Figure 5, the magnitude d decreases and the magnitude of
E increases upon increasing temperature, particularly in the
100-297 K range, reachin® = 2.29(2) cnt! andE = 0.16-

(3) cnr® at 250 K. For the rubidium salt, the change is more
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Figure 5. Experimental and calculated values of the paramdbeend E for (ND4)>Cr(D-0)s(SOs)2 as a function of temperature. Estimated errors are
indicated at the 1 esd level. The calculated valueB @ind E used the following parameter sdiw = 254,B = 637,C = 2640, = 193.2,A; = —900,

Ay = 33,A3 = 0, & = 700 cn1?, while values ofAc ande. were varied according to Table 5. The points labeled “calculated EPR” were generated by
averaging theD and E values with respect to a given coordinate frame, whereas the points labeled “calculated INS” were generated by averaging the
absolute magnitudes after a transformation such thatfD < Y3, as described in sections 3.2.2. and 3.2.3. Note that the dashed line is a guide for the eye
only.

Temperature (K)

Table 4. Experimental and Calculated INS Transition Energies and Intensities for (ND4)2Cr(D20)s(SO4)2 and Rb,Cr(D20)s(SO4)2 at 10 K
(Intensities Were Scaled to Transition 1)

(ND,),Cr(D,0)5(SO4); 10 K Rb,Cr(D,0)s(SO4); 10 K
D= -2.454(3) cm™* D=-2.411(1) cm~t
E=0.087(3) cm~* E=0.139(1) cm~*
obs. energy calcd energy obs. intensity calcd intensity obs. energy calcd energy obs. intensity calcd intensity

B 2.20(2) 2.201 0.44(2) 0.49 2.01(2) 2.02 0.56(3) 0.48
y 2.72 (2) 2.726 0.44(3) 0.49 2.86(2) 2.85 0.53(3) 0.49
| 7.107(9) 7.109 1.00(5) 1.00 6.835(2) 6.841 1.00(2) 1.00
1l 7.63(1) 7.634 0.89(5) 0.90 7.661(3) 7.676 0.88(1) 0.84
Iis —2.20(2) —2.201 0.36 —2.02(2) —2.02 0.33(1) 0.36
y' —2.72(2) —2.726 0.33 —2.83(2) —2.85 0.30(1) 0.32
I —7.107(9) —7.109 0.36 —6.83(2) —6.841 0.37(2) 0.38
1N —7.63(1) —7.634 0.30 —7.66(2) —7.676 0.25(1) 0.28

modest; at 250 K, the value &fis reduced to-2.292(3) cmt In the 5-150 K temperature range, the EPR spectra could be
andE increases to 0.178(1) crh simulated satisfactorily with values &f andE consistent with

4.2. EPR.Preliminary HFEPR experiments demonstrated the those determined by INS. However, at 250 K, modeling of the
need for extremely well ground samples. With great care in EPR and INS data sets required a different set of zero-field-
grinding and in immobilizing the powder using a low melting splitting parameters, as shown in Figure 5. The resonant field
point wax, the quality of the powder EPR spectra was improved positions and line widths of spectra recorded at X- and Q-band
substantially. Signals attributable to chromium(lll) species were were strongly temperature dependent in the 1280 K
observed in all of the spectra collected, with chromium(ll) temperature range. Above225 K, the transitions attributable
compounds being extremely susceptible to oxidation. Spectrato C™ broaden rapidly and lose intensity, becoming unobserv-
were recorded sweeping upfield and then downfield, typically able at room temperature. This explains why previous attempts
using a scan rate of 8 mT/s, affording the collection of high- to record the X-band spectra were unsucceg4flihe spectra
quality spectra in a reasonable time period. No nuclear hyperfinewere simulated with thg values fixed at the values derived
structure was observed; this is not surprising in view of the from the low-temperature HFEPR data. Due to the broad line
low natural abundance (9.5%) of tPRCr isotope and the large  widths and relatively featureless spectra,EhendE parameters
EPR bandwidths resulting from dipetelipole interactions could not be determined accurately. However, the variation with
between neighboring Cr(Il) centers. temperature is clear and consistent with that of the HFEPR data.

Both hydrogenous and deuterated ¢)&r(H20)s(SOy)2 EPR The spectra are included as Supporting Information. We
samples were examined, but no dependence of the resonanceonclude that for the (Ni,Cr(H.O)s(SOy), salt, there is a
positions on the isotope was found. The resonance positionsdefinite difference between the zero-field-splitting parameters
varied markedly on when cooled te150 K, below which little derived from the 250 K INS and EPR spectra.
change was observed. Analysis of the spectra at 5 and 25 K EPR spectra have been previously recorded foCR(HO)s-
yielded the following parametersD = —2.43(1) cm?, E = (SOy); at 4.2 and 300 K, and a minimal variation in the observed
0.0895(5) cm?, g = gy = 1.990(5), andg,, = 1.955(5). g values has been reportetBy contrast, EPR studies on the
Representative HFEPR spectra recorded % and~285 GHz, chromium(ll) salt reveal a significant temperature dependence
shown in Figure 6, are reproduced extremely well by simulations in the ground-state spin-Hamiltonian parameters. Analysis of
using these parameters. The zero-field-splitting parameters wereHFEPR spectra for REr(H20)s(SOy), yieldedD = —2.41(1)
determined as a function of temperature, up to 250 K, and are g3 perashen, v. E.: Yablokov, Y. V. Davidovich, R. hys. Status Solidi
displayed in Figure 5, along with the values determined by INS. B 198Q 101, 117.
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Figure 7. Temperature dependence of the-@ bond lengths in (NX)2-

Field (T) ‘
) . . Cr(X20)s(SQu)2. Single-crystal Laue neutron data were collected on
Figure 6. Experimental HFEPR spectra of (MRCr(D20)(SQy)z, obtained VI\(/AZLI%?(bet\}vzeen l% andy300 K (X= H). X-ray data were taken from

using_excite}tion fre_quencies of 284.9973 (25 K) and 94.9991 GHz (5 K) refs 11 (X= H, 295 K), 13 (X= H, 84 and 295 K), and monochromatic

and simulations using the parameters= —2.43 cnt, E = 0.0895 cm”, single-crystal neutron data from ref 14 &XD, 4.2 K). The open triangles

Dox = Gyy = 1.990,0z = 1:955’ anq a line W'd.th of 0.05 T. Resonances denote theoretical values calculated using the parameters given in Table 5,

attributable to C¥" are indicated with an asterisk)( while the dashed line serves only as a guide for the eye. Error bars are
shown at 1 esd.

cmY, E = 0.135(5) cm?, g = gy = 1.995(5), andg,, =

1.96(2) at 10 K and = —2.30(3) cn'%, E = 0.185(5) cm?,

Oxx = Gyy = 1.995(5), andy,, = 1.96(2) at 250 K. For this salt,

the zfs parameters are in accordance with the analysis of the

INS data. Variable-temperature X- and Q-band EPR spectra,

presented in Supporting Information, show a pronounced change

in the resonance field positions above 200 K. X-band spectra Hydrog, 170 78
were also recorded for the &3(H,O)s(SOy), salt and are Energy (x10°cm’)

presented in Supporting Information. As no HFEPR data for
this compound were collected, the spectra were simulated with
the g values determined for the rubidium salt. At 7 BLandE

were estimated as2.31(4) and 0.083(2) cm, respectively.

The X-band spectra exhibited a temperature dependence similar
to that observed for the rubidium salt.

296K

Intensity
%f*

4.3. Structural Data. Variable-temperature single-crystal and b
powder diffraction measurements on the \Er(H20)s(SOy)2
Tutton’s salt afford precise structural determinations, at regular Deuter.
temperature intervals, in the 3300 K temperature range. Upon //“\——' 10K
increasing temperature, the unit-cell parametrb, andp, of
the chromium salt decrease, and thgarameter increases. The T T T T T T T T T
determined CrO bond lengths are in agreement with values 8000 12000 16000 20000
previously reported at 44,1284 and 295 K* When the Energy (cm”)
labeling scheme given in ref 54 is adopted, the-O(7) and Figure 8. Optical absorption spectra of single-crystal (WZr(D-O)e-
Cr—0O(8) bond lengths start to converge abov&50 K, while (SQy)2 in both the hydrogenous and deuterated forms as a function of

N . . temperature. Spectral bandwidth is 0.25 nm. The artifacts indicated by
the Cr—0O(9) bond length decreases marginally, as shown in asterisks are due to detector changeovers. The inset shows an expanded

Figure 7. The onset of this behavior, attributable to the dynam- view of the 10 K hydrogenous data in the spectral region of the observed
ical nature of the JahnTeller effect, is discerned at lower tem-  spin-flip transitions.

peratures in the copper analogue. Fractional coordinates a”dpositions determined at 100 K and those determined at room
anisotropic thermal parameters for each structure are given intemperature. The GO bond lengths are tabulated in Supporting
Supporting Information. Information.

The single-crystal X-ray diffraction measurements on the 4.4, Optical Spectra.Unpolarized single-crystal absorption
rubidium and cesium chromium salts reveal structures consistentspectra of hydrogenous and deuterated samples of)§SH
with those of their copper counterpafbsi-or both chromium (H20)s(SQu)2 were collected in the 13296 K temperature
salts, marginal differences are observed between the atomicrange. Selected spectra are presented in Figure 8. At 13 K, the
spectrum consists of broad features centereeB800,~14 550,
(54) Dobe, C.; Carver, G.; Tregenna-Piggott, P. L. W.; Mcintyre, G. J.; and ~18 050 cnt?!, with weaker, sharper features between

Augustyniak-Jablokow, M. A.; Riley, M. dJnorg. Chem2003 42, 8524.
(55) Whitnall, J. M.; Kennard, C. H. LJ. Solid State Chen1977, 22, 379 16 660 and 19 830 cm. The spectrum of the deuterated sample
383. is analogous, save for the absence of prominent features centered
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at ~5000 cn1l, attributable to overtones of €H stretching ~|x2- 2,

vibrations and the reduced shoulder-&t8 050 cnr?. Y
The spectrum is consistent with that expected for an octa- Qa

hedrally coordinated high-spirf domplex, subject to a tetrago- -1000 -1000

A(Ey), is given by

nal distortion®® The band at~8000 cnt! is assigned as the // 2000

transition between the tetragonally split components oPEe / \

(Or) ground term. When low-symmetry strain and higher-order 500 L)

contributions are neglected, the splitting of g ground term, // 0
V% \

5 A’
A( Eg) =4E;;=4 Zh_a) (22)

The band occurs at a position similar to that found for the
correspondingA(°Eg) transition in the copper Tutton’s salts,
suggesting similar values for the linear Jatireller coupling ~z >
constants. The energy of the NIR band is not observed varying \m - -y
with temperature. éﬁ’.‘ll\\

The prominent band at14 550 cn! and the shoulder at
~18 050 cm! are assigned to transitions from thay (Ci)
ground state to components of thigg (Or) ground term, split Figure 9. Contour plot of the Re Jahr-Teller potential energy surface,
by the tetragonal field and excited-state Jafieller effects. calculated with the following parametersy = —900 cnt?, A, =33 cnT?,
Assuming the barycenter of tHd,, (Oy) term lies midway =0 he = 254 o
between these bands, a value for the octahedral splitting
parameterAo, of [(14 550+ 18 050)/2— 8000/2]= 12 300
cm1is obtained. The data suggest that this parameter dimin-
ishes with increasing temperature as the crystal lattice expands
with the prominent band falling to 13 640 crhat 296 K. This ) .
interpretation is tentative, however, as the position of the higher- Comparison of the optical spectra of copper(ll) and chro-

the complex are considered explicitly. To this end, the electronic
and molecular structures are calculated from the eigenvalues
and eigenvectors dlE®e vibronic Hamiltonian, as described

in Theory section.

energy shoulder cannot be determined precisely abe2@0 mium(ll) Tutton’s salts suggests similar magnitudes for teE
K. Jahn-Teller coupling interaction in the two hexa-aqua cat-
The sharp bands observed -al7 000 and~20 000 cnrt ions. Hence, the electronic and molecular properties of the

broadened with increasing temperature and were no longer Cr(D20)s]*" cation were calculated witAy, A, andAs set to
observable at room temperature, consistent with their assignment~ 200, 33, and 0 crm, respectively, which are the values used
to spin-flip transitions. To facilitate the interpretation of the O interpret the majority of data obtained for the ammonium
spectrum, calculations were undertaken using the LIGFEZLD ~ copper(ll) Tutton’s salté?_The phonon energyiw, was set to
program, employing all states arising from the electronic 254 cm, based upon single-crystal Raman measuren$énts.
configuration and parametrizing the ligand-field using the A contour plot of the warped Mexican-hat potential energy

Angular Overlap Model (AOM). An unambiguous assignment Surface, calculated with these parameters, is shown in Figure
of this spectral region proved impossible. Setting the Racah 9. On the periphery of the plot is shown the form of the orbital

parametersB andC, to 80% of their free-ion values(= 637, ~ component of the wave function fgr= 0, 120, and 240 For

C = 2640)38 triplet states were calculated at energies consistent @ ViPronic state localized gt = 240", the expectation values
with the sharp transitions seen-a17 000 anc~20 000 cnr? of the nuclear coordinates equate to a tetragonally elongated
whose energies were only weakly dependent uignit may octahedron of exadds, symmetry. The orbital component of
be stated, therefore, that with these reasonable choid@amd the electronic function is of the formy|x* — Z{Jand the ground

C, the calculated energy level diagram is consistent with the StatéS= 2 manifold may be described by an axially symmetric
experimental spectrum. A similar approach was adopted to SPin Hamiltonian.
interpret the optical spectrum of Cr§&),Cl,.22 The fact that a distortion of the Cg@ramework is observed
is a consequence of anisotropic strain, which lifts the degeneracy
of the three potential wells. At low temperatures, the complex
The INS, EPR, UV-vis, and crystallographic data of the is frozen in the configuration of minimum energy; as the
chromium(ll) Tutton’s salts, presented in this work, constitute temperature is raised and higher-lying vibronic states are
the most thorough characterization to date of an octahedrally populated, the [Cr(kD)s]>" cation can fluctuate between
coordinated high-spin “dcomplex. All of the experimental  different structural conformations. Crystallography is a measure
guantities from 5 to 298 K must be accounted for within a self- of the space-averaged structure and is a sensitive probe of the
consistent framework, in which the vibrational coordinates of adiabatic potential energy surface. We begin, therefore, with
an analysis of the variation of the observed bond lengths with

5. Discussion

(56) Tregenna-Piggott, P. L. W.; Weihe, H.; Barra, A.thorg. Chem.2003
42, 8504

(57) Bér]dix, jLIGFIELD, version 0.92; Department of Chemistry, H. C. Orsted  (59) Carver, G.; Dobe, C.; Tregenna-Piggott, P. L. W. Unpublished work. (b)

Institute, University of Copenhagen: Copenhagen, Denmark. Rajagopal, P.; Aruldhas, Q. Solid State Chen1989 80, 303—-307. (c)
(58) Bendix, J.; Brorson, M.; Schaeffer, C. Borg Chem 1993 32, 2838~ Barashkov, M. V.; Zazhogin, A. A.; Komyak, A. |.; Shashkov, S. N.
2849. Appl. Spectrosc200Q 67, 605-611.
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Table 5. Values of Ap and e. Used to Reproduce the Experimental Data for (ND4)2Cr(D20)s(SO4)2 and Rb,Cr(D20)s(SO4)22

(ND,),Cr(D;0)5(SO4), Rb,Cr(H,0)5(SO4)
ot rn ot o0
(thermal av) (thermal av) (thermal av) (thermal av)
T(K) Ao (cm™) e.cm™) * (deg) Ao (cm™) e.(cm™) A (deg)
15 12000 650 0.38598 238.63
10 12000 650 0.38598 238.63 12000 750 0.38426 237.70
30 12000 650 0.38598 238.63
75 11980 625 0.38578 238.55
100 11980 600 0.38547 238.47 12000 750 0.38400 237.67
150 11940 575 0.38457 238.34
200 11810 480 0.38039 237.72 11800 700 0.38156 237.33
250 11480 290 0.34424 233.14 11700 550 0.37398 236.20
275 11650 525 0.36944 235.64
297 10600 190 0.28756 223.50 11500 500 0.36166 234.63

avalues for the remaining parameters (ref 8) Aje= —900 cnt?!, A, = 33 cnT, A3 = 0, hiw = 254 cnTl, g = 700 cntl, B = 637 cn1?, C = 2640
cm™1, ¢ = 193.2 cnl. Also shown are the thermally averaged expectation values of the nuclear coordinates, expressed in terms of the polar coordinates,
p(av) (A) andg¢(av) (deg).

Figure 10. Contour plots of the Re potential energy surface, perturbed by anisotropic strain, as calculated fgp@D,0)s(SO4).. Parameters common
to both plots ared; = —900 cntl, A, = 33 cnTl, A; = 0, hw = 254 cnt?, andey = 700 cntl. Plot (a) at 10 K was calculated with = 650 cnt?; plot
(b) at 297 K was calculated wite. = 190 cnt?.

temperature to ascertain the values of the parametgr@nd At 10 K, the strain can be represented as a vestaf, length,
e., defining the anisotropic strain. 0 = 955 cnT?, and anglep = 223, in the &, e. coordinate

The convergence of the €0(7) and C+-O(8) bond lengths frame (Figure 12). The potential well @ ~ 24C (Oy) is
in the (NDy),Cr(D20)s(SOy). salt, at elevated temperatures, is lowered in energy relative to the other two and is also distorted,
indicative of the coexistence of different structural conformations such that the minimum no longer lies@t= 240° (Figure 10).
of the [Cr(D:0)g]2" cation. With fixed values o& ande,, the The expectation value of the nuclear coordinates of the ground
observed trend can be reproduced, but agreement with theS= 2 manifold is now atp = 238.63 (Table 5), equating to a
experimental data is poor, as shown in Supporting Information. small rhombic distortion in the equatorial plane. The conse-
The fit is improved significantly if thes. parameter is allowed  quence of decreasirg, while keepingey constant, is to change
to vary with temperature, following the procedure used to model the magnitude and direction @f (Figure 12). Bothd and ¢
data for the (NQ).Cu(D;0)s(SQy), salts9-62 In Figure 7, the decrease steadily upon increasing temperature, reaching 725
experimental C+O bond lengths are shown along with those cm™' and ¢ = 195 at 297 K. The change in both of these
calculated using the strain parameters given in Table 5. At 10 parameters leads to a pronounced reduction in the energy gap
K, the bond lengths may be reproduced with= 700 cnt? between the two lowest-lying wells upon increasing temperature,
ande. = 650 cntl; at 297 K,e. must be reduced to 190 crh as seen in Figure 11. The thermal population of excited vibronic
The effect of the variation of the anisotropic strain on the Jahn states, localized in the upper well, becomes significant above
Teller energy surface is illustrated in Figures 10 and 11. Figure ~200 K, giving rise to arapparentrapid convergence in the
10 shows contour plots of the perturbe@®& potential energy ~ Cr—O(7) and Cr-O(8) bond lengths, when the space-averaged
surface at 10 and 297 K. In Figure 11, the potential energy is property is measured.
plotted as a function of the angular coordinage,following The INS experiments are a measure of the expectation values
the path of minimum energy. Figure 12 shows the change in of the electronic coordinates in the thermally populaed 2
the strain vectors, as a function of temperature, which brings manifolds. The spectra of (NJRCr(D,0)s(SOy)2 can be repro-
about the change in the form of the surface. duced directly from the eigenvalues and eigenfunctions of the
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(a) (b)

297K

250K

200K

10K

Potential Energy (arb. units)

0 100 200 300 0 100 200 300
Phi (°) Phi (°)
Figure 11. Variation of the potential energy as a function of the angle, Phi, along the path of minimum energy. Traces were calculated for different
temperatures using the strain and vibronic Hamiltonian parameters listed in Table 5 for GND,O)s(SOs)2 and (b) RBCr(D20)s(SOy)2. The relative
Boltzmann populations of the two lowest potential minima are indicated above each trace.

600 — 297K
-400 —
200 250K
o M M
200K
200 -
400 2 150 K
600 o{ 15K g
g 200K 250K 100K
T T T T T T T
600 400 200 0 -200 -400 -600
e, 75K
Figure 12. Plot of the strain vector as a function of temperature, derived
from modeling the experimental data obtained for gBr(D20)s(SO)2.
The broken lines indicate values gf of 0, 120, and 240in the ey, e. 30K
(cm™1) coordinate space. A strain along these directions would give rise to
a CrQ; framework of strictDan, symmetry.
10K
vibronic Hamiltonian using the strain parameters obtained from
modeling the bond lengths, the ligand-field parameters estimated 15K
from the optical spectra, and by settijgo 193.2 cmi®. The B B E e e
theoretical spectra are shown in Figure 13 and are in good 8 4 0 4 8
agreement with the experimental spectra presented in Figure 1. Energy Transfer (cm™)

The value of¢ is of little significance as the Racah parameters Figure 13. Theoretical INS spectra of (NJCr(D20)s(SQu)2 between 1.5
could not be precisely defined from the optical spectra. In and 297 K, calculated directly from the eigenfunctions and eigenvalues of
. . . . o the vibronic Hamiltonian using the following parameter set) = 254,B

addmon_, the effective’E, electronlc_ basis, employed in the =637 c=2640,c = 193.2,A, = —900,A; = 33, A; = 0, andey = 700

calculation, was formulated assumi@y symmetry, whereas  cm% values ofAo ande. were varied according to Table 5. All transitions

the [Cr(D,O)s]2" cation lies on a site o€, symmetry in the were folded with a Gaussian line shape with a full width at half-height of
1

Tutton’s salts; discrepancies arising from the cubic approxima- 0.25 cnr™.

tion are absorbed into thzparameter. The INS data can also of the [Cr(D:;O)s]2" in terms of the zfs parameters. The decrease

be modeled satisfactorily with é= 2 spin Hamiltonian, and in the magnitude of the paramet®r shown in Figure 5, can

it is convenient to discuss the ground-state electronic structurebe reproduced only by assuming that the ligand-field parameters
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are temperature dependent. The optical spectra of; QD strength and nature of the anisotropic strain transmitted via
(D20)s(SOy)2 suggest a reduction in the energy difference hydrogen-bonding, which is more pervasive in the ammonium
between theéEgy (On) and5T,4 (O) terms, a quantity directly  salt. Two distinct models have been put forward to rationalize

related to the ligand-field octahedral splitting parametes, the variation in the parametee,, with temperature. In one
DecreasingAo upon increasing temperature, according to the model, a uniform lattice strain acts on every molecule, which
values given in Table 5, while keepirgy C, and ¢ constant, changes with temperatuf@®! another model assumes that

gives rise to a reduction in the zfs of the ground state, cooperative interactions produce a range of strain values at
comparable to that found experimentally. The increase in the higher temperatures, in which casgis an effective parameter,
parameterE, can be understood in terms of changes in the representing an average of strains experienced by complexes
adiabatic potential energy surface as a rhombic distortion of with different environment&?
the CrQ framework is concomitant with a rhombic component
to the ligand-field. The change in the valuegofipon increasing
temperature, depicted in Figure 12, results in the minima of  The standard procedure for the characterization of high-spin
the potential wells occurring at valuesgyfdeviating ever farther ~ d* complexes has been to interrelate low-temperature HFEPR
from the co-Kernel points ob4, Ssymmetry. Considering only ~ with structural data often obtained only at room temperature.
the expectation values of the nuclear coordinates of the groundThis work has shown that such an approach affords but a
S= 2 manifold,¢ decreases from 238.63at 5 K t0237.17 at shallow understanding of the structure and bonding of the
297 K. molecule. A variety of spectrocopic and crystallographic

The values oD andE, determined from the EPR measure- techniques should be employed over as wide a temperature range
ments, show notable deviations from those determined by INS. as possible to facilitate a rigorous definition of the vibronic
To explain these discrepancies, it is necessary to consider thestructure. The application of both EPR and INS has been shown
effect of motional averaging on the observed EPR spectrum.to be a particularly powerful probe of the dynamical Jahn
Diagonalizing the vibronic Hamiltonian using the parameters Teller effect as apparent inconsistencies in the spin-Hamiltonian
listed in Table 5, we calculated a set Bf and E values parameters derived from these experiments are, in fact, a
corresponding to a Boltzmann-weighted average of the spin- consequence of intramolecular reorientations of the molecule.
Hamiltonian parameters, assuming that the rate of intramolecularThe experimental data presented for the chromium(ll) Tutton’s
reorientations is fast on the EPR time scale but slow on the salts set a new standard to which theoretical models should be
INS time scale, according to the procedure outlined in sections compared and have been satisfactorily reproduced using the
3.2.2. and 3.2.3. Above-200 K, the two sets of calculated eigenvalues and eigenfunctions obtained from numerical di-
values deviate significantly, in accordance with the trends agonalization of @E®e vibronic Hamiltonian, perturbed by
suggested by the EPR and INS data, as shown in Figure 5. anisotropic strain.

The exper_imental guantities for the rubidium and cesium salts Acknowledgment. This work was funded by the Swiss
also vary with temperature, though not as strongly as for the National Science Eoundation
ammonium salt. The parameters that best reproduce the crystal- '
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Information. Compared to that in the ammonium salt, the coordinates, thermal parameters, unit cell parameters, selected
decrease in the orthorhombic strain parameteryith increas- interatomic bond lengths, as well as additional EPR spectra and
ing temperature, is marginal. Consequently, there is little theoretical calculations. This material is available free of charge
variation in the form of the potential energy surface, as shown via the Internet at http://pubs.acs.org.
for the rubidium salt in Figure 11b; at all temperatures, the
thermally occupied states are strongly localized in the lowest
energy potential well. In this instance, therefore, there is no (60) Hitchman, M. A.; Yablokov, Y. V.; Petrashen, V. E.; Augustyniak-Jablokov,

difference in the spin-Hamiltonian parameters determined by 'I\E" ;Av'iiatsrgsztﬁg]i%b 'r*g-? (F:‘L'ee%’ﬁ 2"0-032-? 4'-1“'§35929Wicz‘ K.; Tomaszewski, P.
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16652 J. AM. CHEM. SOC. = VOL. 126, NO. 50, 2004



