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High-field (up to 14.5 T) multifrequency~90—440 GHz) electron paramagnetic resonance (EPR) spectroscopy
has been used to probe the non-Krams&rs, 2, C* ion in frozen aqueous solution, in the presence and absence

of the glassing agent, glycerol. Solutions with both chloride and sulfate counterions were investigated. Detailed
analysis based on a combination of analytical and full-matrix solutions to the spin Hamiltonian ®+=ah

system gave zero-field splitting paramet®&s= —2.20(5) cnt!, E = 0.0(1) cnT?, andgp ~ g, = 1.98(2),
independent of solvent system and counterion. These results are in agreement with an early single-crystal EPR
study of CrSQ-5H,0; however, the present study allows unequivocal determination of the sigrantl shows

that in solution [Cr(HO)e]?" is a perfectly axial system (tetragonally elongated), as opposed to solidsCrSO
5H,0, which showed a measuralievalue, indicative of slight orthorhombic distortion as seen in its crystal
structure. HF-EPR data is combined with earlier electronic absorption data to provide a complete picture of the
electronic structure of Gt in this chemical environment. The results are also compared to a recent HF-EPR
study of a Mi¥™ complex, which showed that electronic excited states affect the ground state of the complex, but
these effects are less pronounced fot'CrThe present study also shows the applicability of high-field EPR to
agueous solutions of integer-spin (“EPR-silent”) transition metal complexes, as previous studies have employed
only solid (single-crystal or polycrystalline) samples.

Introduction Of particular value is the combination of the multifrequency
capability of the EPR spectrometer employed here—@%00
GHz (~100 cnt1)) with the ability to perform continuous field

(1.2 cntd) and magnetic fields (up te-1.5 T) have been sweeps over a broad range«(D7 T). This allows one to chose
) ) a convenient parameter “window” to observe most, if not all,

fruitfully employed in determining the structural and electronic of the multitude of transitions characterizina a hiah-spin. non-
environments of half-integer-spin (Kramers) paramagnets. TheseKramers Spin specidd 9 gn-spin,
methods, however, are not applicable to systems with integer- This stug dgscribés the use of HE-EPR to investigate a
spin (non-Kramers) ground states, where the zero-field splitting classic “EPg-siIent” non-Kramers system aqueoﬁQH%
(zfs) is larger than the microwave quantum, in particular where 3¢, S= 2). We selected this system for its inherent interest

the zfs interaction approaches axial symmétr¥he recently . . . . .
developed technique of high-frequency, high-field ERR>( as a high-spin system with Jafiieller d.'StomOﬁT and because
a significant amount of background information on it exists.

90 GHz;Bp up to~15 TP~ has now proven to be effective at

EPR spectroscopic methods at conventional microwave
frequencies (X-band;-9 GHz (0.3 cnT?); Q-band,~35 GHz
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Over 30 years ago, Fackler and Hdl&t#! performed a very

Telser et al.

EPR Spectroscopy. HF-EPR spectra were recorded on a spec-

thorough series of studies on the electronic absorption spectratrometer analogous to that described by Mueller ¢ alt has been

of a number of Cr(ll) complexes, providing ligand field

briefly described and will be elaborated on in a forthcoming paper.

parameters for these systems based in part on structural and N€ SPectrometer has fundamental microwave frequencie§5fand

electronic data for isomorphous Cu(ll) complexes, such as
CuSQ-5H,0. The crystal structure of Cr§&H,0O has now
been reporte@ and shows that Cr has tetraaquo equatorial
ligands and disulfato axial ligands and is thus effectiiedys
[Cr(H20)4(SQy),]%", as occurs for CuS{EBH,O. More impor-
tantly, a remarkable EPR study was performed over 40 years
ago on single-crystal CrS&bH,0 using microwave frequencies
of 27, 46, and 55 GH#324 The magnitude, although not the
sign, of the zfs parameteD was determined, along with
approximateg values. Quite recently, two HF-EPR studies have
appeared on a very similar ion, M also in a HS 3¢ S= 2
environment. One was on polycrystalline samples of several
porphyrinic compounds of Mn(lll}?2 and the other was on
polycrystalline [Mn(dbmy], where dbm is 1,3-diphenyl-1,3-
propanedionat&* HF-EPR studies determined the magnitudes
and signs of the zfs parameters of #Mnas we describe here
for aqueous Cr'.

The above EPR studies differ from the present one in a key

~110 GHz, from which higher harmonics can be also generated to
yield approximate frequencies of 190, 220, 285, 330, 380, and 440
GHz. A set of high-pass filters removes the fundamentals and lower
harmonics. Ci" solutions were placed in a Teflon sample holder and
rapidly frozen, all under nitrogen atmosphere. The frozen sample was
then quickly loaded into the spectrometer in air. All forms of'Cr
(solution, powder, and single crystal) showed evidence by EPR,
although not visibly, of a small amount of €r(3c?, S= 3/2) impurity.

EPR is extremely sensitive to such Kramers systems, but fHesignal

is easily identified and does not interfere with the signals froff Cr
(see Results). The €rsignal in fact provides an internal standard
for field calibration. As a result of the spread of resonances over the
entire available magnet field range (14.5 T), relatively rapid field scans
were required £0.3 T/min). This results in a field hysteresis as
measured by monitoring the magnet power supply current. The
hysteresis was accounted for by sweeping the field in both directions
and assuming the resonance field as the average from the two scans.
This procedure creates an error 86 mT as checked by standards,
which is over an order of magnitude less than the line width of the
signals detected in aqueous?Cr

aspect, besides the different complexes involved, namely in the EPR Analysis. The magnetic properties of an ion wigr= 2 can

use of single-crystal or polycrystalline samples as opposed to
frozen solutions. Single-crystals are the ideal system for
complete analysis but present considerable experimental dif-
ficulties in terms of both sample preparation and spectroscopic

be described by the standard spin Hamiltonian comprised of Zeeman
and zfs terms.

H=pBgS+DS? - SS+1R)+ES*-S) (1)

measurements. Polycrystalline samples are far more convenient ) )

and are acceptable for inorganic complexes but still are generallyWe employed several methods to apply eq 1 in analyzing the
inappropriate for metallobiomolecules. Notwithstanding a experimental EPR spectra. Analytical solutions exist to calculate the
remarkable recent study of single-crystal azurin using 95 GHz E"eray levels folB pa";‘r'l'g' or perpendicular to the principal z& (
EPR/ENDORE metallobiomolecules are generally only EPR axis of anS = 2 systen?® Numerical methods were also used to

ible in dil uti Furth ith hcalculate the EPR transition energies and probabilities from the
accessible in dilute aqueous solution. Furthermore, aithoug eigenvalues and eigenvectors, respectively, obtained by diagonalization

polycrystalline samples should exhibit true powder pattern EPR of the spin Hamiltonian matrix resulting from eq 1. A program written
spectra, due to the totally random orientation of the microcrys- py Weihé® was used to generate powder pattern EPR spectra, allowing
tallites, this is not always the case in HF-EPR. The applied direct assignment of the observed EPR transitions. This program was
magnetic field can lead to torquing of the microcrystallites and also employed by Barra et al. in their analysis of [Mn(dEr)

a nonrandom set of orientations. This was observed in the study
of Mn(lll) porphyrinic complexes, in which case the reorienta-
tion was so extreme as to eliminate any orientations perpen- HF-EPR spectra were recorded at 10 K of aqueods &r
dicular toBo.!? In contrast, a frozen solution, such as studied multiple microwave frequencies: at the fundamental frequencies
here, presents a true powder pattern set of orientations. of ~95 and~110 GHz and at each of their second, third, and
fourth harmonics. Representative spectra were also recorded
at other temperatures, such as 5 and 20 K. Comparison among
spectra within the resulting set allows a given EPR transition
to be followed as a function of field and frequency. Such a
complete set is shown in Supporting Information (Figure S1).
Individual spectra recorded at110 and at-330 GHz for [Cr-
(H20)6](SOy) are shown in Figures 1a and 2a, respectively. At
sufficiently high magnetic fields, all the EPR transitions will
show linear behavior with the slope proportional to an effective

g value for that transition and the energy intercept,corre-

Results

Experimental Section

Synthesis. The procedure of Holah and Fackewas used to
prepare solutions of aqueous*Cwith sulfate and chloride counterions
from Cr metal and concentrated sulfuric and hydrochloric acids,
respectively. As pointed out by these workers, to prevent further
oxidation to C#", high-purity chromium metal must be used (here
electrolytic Cr chips, Alfa Puratronic, 99.997%). Fresh “robin’s egg”
blue solutions of Cr were used for EPR spectroscopy (in some cases,
degassed glycerol was added30% v/v). It was not possible to
examine quantitatively by U¥visible spectroscopy specific EPR
solution samples, but estimated?Ciconcentrations were-0.1—0.2 sponding to an effective zfs for the particular transifiénThis
M. Bright-blue microcrystalline solids (CrS&H,0 and CrCj-4H,0) is shown in Supporting Information, wherein the resonant field
were also obtained and studied by EPR. Large, bright-blue crystals of for each feature is plotted versus microwave frequency (Figure
CrSQi-5H,0 were obtained by refrigeration under nitrogen for several
months of an aqueous €rsulfate solution.
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Magnetic Ficld (T) Figure 2. HF-EPR spectrum of aqueous?Cwith a sulfate counter-
Figure 1. HF-EPR spectrum of aqueous2Ci(~0.1-0.2 M) with a ion: (A) experimental spectrum; (B) simulated spectrum. (A) Experi-

sulfate counterion: (A) experimental spectrum; (B) simulated spectrum. mental conditions: as in Figure 1a, except microwave frequency, 328.69
(A) Experimental conditions: temperature, 10 K; microwave frequency, GHz. The sharp signal from an aqueoug*Gmpurity atg = 2.00 is
109.564 GHz; field modulation frequency, 8.7 kHz; modulation indicated. (B) Simulation parameters as in Figure 1b. EPR transitions
amplitude, 1.5 mT; time constant, 0.3 s; scan rate, 0.3 T/min. The sharpare identified as in Figure 1b; at this higher microwave frequency, more
signal from an aqueous &rimpurity atg = 2.00 is indicated. (B) transitions appear, including several withMs > 1. Transitions
Simulation parametersS=2,D = —2.2 cnTL, E=0;gn = gy = corresponding tg—10— |00are observed wittBy both alongx ([J)

1.98; single-crystal EPR line width, 100 mT. Fully allowed EPR and at the turning point (TP), giving the observed “doubled” resonance.
transitions withAMs = 1 are assigned as tMdJground and excited

states and magnetic field orientatidh=£ B alongz, [0 = B, alongx) 304 _ IS, M5>

as indicated on the simulated spectrum. The resonance corresponding e

to |—1[— |0Cloccurs at an off-axis extremum or “turning point” when -

By is ~60° from z and is so identified by the label TP. A partially R, +1>

allowed transition withAMs = 2 is also indicated. B

S2). The slopes of several of these lines (traces B, D, F, G, g [2,0>

and H in Figure S2) indicate tha ~ 2. This value is in B '

agreement with the magnetic moments measured for several & . 21

Cr?* salts (e.g., for CrS@5H,0, u = 4.92(5)18 u = g(S(S + o

12 = 4,90 forS= 2, g = 2.00), and the valug ~ 2 was -207 e

obtained from the single-crystal EPR study of CS8bi,0.23 R,-2>

Lines with significantly different slopes (traces C and E in "300 2 4 6 8% 10 12 14

Figure S2) correspond to partially allowedNis > 1) EPR Magnetic Field (T)

transitions as assigned by computer simulation. Figure 3. Energy level diagram for [Cr(}D)s]>" using the spin
Temperature-dependent data show that transition B in Figure Hamiltonian withS= 2,D = —2.2 cnt%, E = 0, andgy = g, = 1.98.

S2 arises from the ground state, which is eitf&r0for D > The solid lines are the energies By alongz (By), and the dotted lines

0 or|2, —20for D < 0. The intercept of line BA ~ 200 GHz are those forB, alongx (Bp). Specific|S, Msvalues are indicated,
(~6.6 cnTY), thus corresponds to eithér= |D| for D > 0 or noting that these are pure state descriptions only for the state®with
A _ 13D| for, D <012 As was previously found for both types The energies are calculated using the equations of Baranowskiet al.

of Mn(lll) complex214only D < 0O gives the observed behavior, excepting of course the sharp signal due to the inevitablé Cr
in terms of matching both the overall EPR spectra and the impurity. Althoughgn #= g, is expected for an axial system,
temperature dependence of individual resonances, so that her¢here was no improvement in the simulations by using, for
A = |3D| ~ 6.6 cnT!. This value ofD = —2.2 cnTlis also example,gn = 1.96 andg, = 1.99. Rather than arbitrarily
in good agreement with the magnitude obtained previously for impose a slightly axialg tensor, for simplicity, we use an
CrSQy-5H,0 (ID| = 2.24 cnr1).23 isotropicg = 1.98(2) for the spin Hamiltonian.

Use of a computer program written by Weihallowed The energy levels of thiS= 2 system using the simulation
assignment of all of the observed EPR transitions and refinementparameters are given in Figure 3, and the resulting EPR resonant
of the magnetic parameters for [CeB®)s]2". The use of this energies are given in Figure 4. For convenience, the energy
program is particularly important in matching not only the levels were calculated using the analytical solutions of Bara-
frequencies but also the relative intensities of the EPR reso- nowski et al2® while the EPR transition energies and prob-
nances. The corresponding simulated plots are shown in Figuresabilities were determined from the eigenvalues and eigenvectors
1b and 2b and employed the paramefers: 2.20(5) cnt?, E obtained by diagonalization of the spin Hamiltonian matrix.
= 0.0(1) cn7l, andgn = g, = 1.98(2). The correspondence These plots allow the assignment of the specific EPR transitions
between the experimental and simulated spectra is excellent,indicated in Figures 1 and 2 as well as those at any frequency.
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at 323 GHz (Figure S3a), which corresponds directly to that
seen in the frozen solution (Figure 2a). At magnetic fields above
this value, individual EPR signals are observed from micro-

crystallites with orientations such that the magnetic field
124 “moves” in discrete steps frofd, to Bo. The effect is identical
to what would result from a computer-simulated powder pattern
10 that does not sum a sufficient number of single-crystal orienta-
S tions3% This experimental effect makes analysis of HF-EPR
3 &7 spectra from these solid samples problematic; however, the
E ] correspondence in resonant fields for both e —20—
g 6 |2,—10 transition and the nominally forbidde\Ms = 4
S 4 transition at~1 T between the frozen solution and powder
pattern samples indicates that the electronic parameters for solid
2 CrSQ»-5H,0 and CrCj}-4H,0 (which has four equatorial aquo
N - |30 GHz and two axial chloro ligandd) are roughly the same as those
0 o Pl I 3DraDy s 20 for the hexaaquo solution species. We note that it is in principle
Energy (cm”) possible to achieve a random distribution of microcrystallites
Figure 4. Plot of resonance field vs transition energy for [CiQHs]2* .by reduging their size, €.9., by gripding and immobilizing them
using the spin Hamiltonian wit = 2, D = —2.2 cmr%, E = 0, and in zero fleld_by a convenient waxhke_ agent. Th|s_ was re_cently
g0 = g = 1.98. The solid lines are the EPR resonance branchdfor ~ done on solid Mn(l1l) complexes, which had previously aligned
alongz (By), and the dashed lines are those Baralongx (B-), both 100% with the field so that only parallel resonances were
with AMs = 1 (fully allowed); the dotted lines are those s with detected’ We finally note that high-quality HF-EPR spectra

AMs > 1 (partially allowed). The ground stats[1— excited state were also obtained for single-crystal Cr$8H,0; however, a
IMd[levels are indicated, based on the state assignments in Figure 3fu|l angular dependence was not performed
The transition energies are calculated by diagonalization of the spin '
Hamiltonian matrix. The energy corresponding to 330 GHz is indicated
by a dashed vertical line for comparison with the experimental spec-

trum in Figure 2a.

Discussion

Analysis of the multifrequency HF-EPR data set for aqueous

The information provided by these electronic parameters will Cr*" combined with computer simulation provided the following
be discussed below. parameters from eq 1D = —2.20 cm?, E = 0, andgp = g
HF-EPR spectra of solutions of the chloride salt were = 1.98. The pioneering single-crystal EPR study of CySO
essentially indistinguishable from those of the sulfate salt. This 2H2O similarly gave|D| = 2.24 cmi?, |E| = 0.1 cm™?, go =
correspondence supports the identification made originally based1-99, andg, = 1.95232% As described above, we have been
on electronic absorption spectroscéitat the aqueous solution ~ @ble to determine unequivocally the signf which was not
species is indeed [Cr@d)g2*. Use of the glassing agent, possible in the earlier study_. Thg fa(_:t that the parameters for
glycerol, did not significantly alter the line shapes or line widths the two complexes are not identical is likely the result of the
of the signals. Small differences between the experimental andchemical/structural difference between them.
simulated line shapes are inevitable due to a small, variable ~X-ray crystallography shows that the?Cion in CrSQ-5H,0
dispersion component in the former. Still, comparison of is axially coordinated by sulfato oxygen (€Dsurrato distances
Figures 1a and 2a with Figures 1b and 2b shows that the overalifor each of the two Cr nonequivalent Cr sites are 2.4209(8)
line shape and line width match is quite good, although there and 2.4578(8) A, respectively) and equatorially coordinated by
are signals that appear slightly distorted in the experimental 2quo oxygen ligands (CtOaquo distances are 2.0518(12) and
spectra (e.g., the transition labelgd[— |20 in Figure 2a). 2.0532(8) A for one Cr site and 2.0307(11) and 2.0529(8) A
The success of the simulation at reproducing the experimentalfor the otherf? The significant difference between the axial
EPR line shape and line width, as well as the signal energiesand equatorial C+O bond lengths indicates a static JafTreller
and intensities, clearly demonstrates that a HF-EPR spectrumdistortion?? As pointed out by Fackler and Holdh,an
of a frozen solutionS = 2 system is as easily defined as a ©Octahedral complex can be tetragonally distorted by elongation
conventional EPR spectrum of a simple Kramers system. We of any pair of axial bonds, all of which are the same in [Cr-
do note, however, that at the very high magnetic fields employed (H20)s]?* or CrX, (X = halide) but not in CrS@5H;0. In
here any “strain” (distribution iny values or other parameters) CrSQ--5H;0, the chemical difference between the axial and the
is greatly exacerbated, compared to conventional EPR. As aequatorial ligands might also contribute to the different bond
result, the line widths are unavoidably broad and the glass lengths (0.4 A); however, a similar tetragonal distortion (0.5
quality is relatively insignificant. Furthermore, the line breadth A) is found in both CrC#*2and Crp, for which the six Cr-X
makes it quite difficult to determing values with the precision ~ bond lengths are divided into a set of four of 2.40 £XCl),
typical for Kramers systems; however, as discussed below, zfs2.74 (X= 1) A and two of 2.91 (X= Cl), 3.24 (X=1) A. (As
parameters provide the key information for understanding & result of antiferromagnetic ordering, which has been previously
electronic structure in non-Kramers systems. studied by neutron diffractio?i‘, HF-EPR of solid CrCGl was
HF-EPR spectra were also obtained for polycrystalline GrSO
5H,0 and CrC}-4H;0. In this case, in contrast to the results (30) Mombourquette, M. J.; Weil, J. A. Magn. Resorl992 99, 37-44.
observed for the frozen solution samples, the appearance of th g%g .?fa%?’”f]?%??/'efébg%{r’nﬁi 5\).}Aﬁirfggggﬁfér!\ﬂégé?gighgof Ig.l;sl\)lez,
spectra recorded for these samples is quite unusual, as seen in ~ H.-c’; Rundle, R. E.: Scheringer, C.; Yakel, H. L., Jr.; Wilkinson, M.
Figure S3. The difficulty is that, despite grinding the crystallites K. Acta Crystallogr.1961, 14, 927-929.

; i ; ; (33) Tracy, J. W.; Gregory, N. W.; Stewart, J. M.; Lingafelter, E ACta
under nitrogen, a classical powder pattern is not obtained. The Crystaliogr. 1962 15, 460463,

spectrum is dominated by the feature arising fromthe-20] (34) Cable, J. W.; Wilkinson, M. K.; Wollan, E. ®hys. Re. 1960 118§
— |2, —1[transition withBy alongz (By) that occurs near 4 T 950-955.
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Table 1. Electronic Parameters (in cr) for Jahn-Teller Distorted 36° lons®

complex Dq Ds Dy D E o Oxy

[Cr(H0)e]*" ©
exptl 1390 1740 470 —2.20(1) 0.0(2) 1.98(2) 1.98(2)
calcd method @ —2.04 1.97 1.99
calcd method 2 -0.77 1.97 1.99
calcd method 3 —2.62 (—2.66)

Cr{ Cu} (SQy)-5H,0f
exptl {1300 {1710 {730 —2.24 0.1 1.95 1.99
calcd method @ —2.08 1.97 1.99
calcd method 2 —0.80 1.97 1.99
calcd method 8 —2.89 (—2.94)

[Mn(H20)g]3" 9 1860 2530 600

Mn(dbm)"
exptl 1800 1710 430 —4.35 0.26 1.97 1.99
calcd method @ —3.80 1.96 1.99
calcd method 2 —1.35 1.96 1.99
calcd method 3 —4.59 (—4.84)

2 Ligand-field parameter®,, Ds, andD; are defined by Ballhausén. Ligand-field parameters determined by electronic absorption spectroscopy
of Cr?* sulfate, chloride, bromide, iodide, and perchlorate aqueous soldfiafsandg values determined here by HF-EPR of sulfate and chloride
frozen solutions. McClure originally reportéal, = 1400 cn1? for aqueous Ci.*° ¢Method 1: D andg, values are calculated by exact solution
of the Hamiltonian in eq 2gy, values are calculated by first-order perturbation theory derived from eq 2 as given by @d&hod 2: D andg
values are calculated by perturbation theory as given by eq 3b, which does not includsmpinoupling.® Method 3: Dy value is given, which
is the sum oD (method 2) and’ calculated by inclusion ofT 14 excited-state mixing as given by eq 4, with Racah parameters both from MéClure
(B =810 cn* (Cr?*), 965 cmt (Mn®*); C = 3565 cmt (Cr?*), 4450 cnt (Mn3t)) and from Mabbs and Collisdh(B = 830 cn1! (Cr?*), 1140
cmt (Mn3%); C = 3400 cnt?! (Cr?*), 3650 cnt! (Mn3h)), the latter set giving values in parentheses, which are closer to those used by Batfa et al.
fLigand-field parameters determined by electronic absorption spectroscopy for the isostructtirab@plex3 zfs andg values determined by
single-crystal EPR for the €r complex. The negative sign f@ is assumed®?* 9 Ligand-field parameters determined by electronic absorption
spectroscopy? no EPR data are availableLigand-field parameters determined by electronic absorption spectroscopy; zZjsvahas determined

by polycrystalline HF-EPR?*

unsuccessful.) The effect of this tetragonal distortion on the
electronic structure of both [Cr@®)s]2 and CrSQ-5H,0 will
be discussed below.

The crystal structure of CrS&H,0 further shows a very
slight rhombic distortion, as evidenced by the two sets of Cr
Oaquobond lengths. This distortion may be related to the small
rhombic zfs parametefH| = 0.1 cnT?) reported in the previous
EPR study of this comple®. In contrast, we found no evidence
for rhombic zfs in the present study of [Cr{8)s]2" (perpen-
dicular EPR transitions are quite sensitive to this effect, and
the simulations did not warrang| > 0). Therefore, [Cr-
(H20)¢]2" is likely a rigorously axial system, which makes it
totally EPR-silent at conventional frequencies and fields, as
opposed to integer-spin systems with significkntalues, for
which low-field AMg > 1 transitions can often be obsenA&d®

We next turn to the electronic structure of [Cp()e]?+ using
a simple ligand-field model, as applied by Fackler and Holah
in analyzing the electronic absorption spectra of this fon.
Chromium(ll) is &°D state free ion that is split by an octahedral
field into SEy (2 e) andSTyy (122 €%) states. A tetragonal
distortion further splits théE, state into®B,4 and 5A4 states
and theST,q state into®B,g and °Ey states inDs, symmetry.
The energies of these orbital states are given by BallhdUsen

s
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and are shown in Figure 5. This orbital ordering is appropriate Figure 5. Energy levels of the Cr ion as a free ion (34°D) and in
for a tetragonal elongation, which is favored over a compression cubic On) and axial (tetragonaDa) ligand fields. The ligand-field

based on the crystallographic data fo?Ccomplexe%2:32:33

The orbital energies in Figure 5 are those calculated for aqueou
Cr2 using the parameters determined by Fackler and Holah

(Table 1)!8 The corresponding ligand-field values have not
been reported for CrSpH;0; however, Holmes and McClure

(35) Munck, E.; Surerus, K.; Hendrich, M. Rlethods Enzymol., €993
227, 463-474.

(36) Dexheimer, S. L.; Gohdes, J. W.; Chan, M. K.; Hagen, K. S;
Armstrong, W. H.; Klein, M. PJ. Am. Chem. Sod989 111, 8923~
8925.

(37) Ballhausen, C. Jntroduction to Ligand Field TheoryBallhausen,
C. J., Ed.; McGraw-Hill: New York, 1962; pp 99103.

parameters are those of Ballhauséand the scaling is based on the

values determined for aqueous?Chby Fackler and Holaf The d
S Wlar i
orbital labels correspond to the occupancy of the electron “hole” in

high-spin 3d.

determined them for the isomorphous crystal CyS8,0,
which has ZE ground state similarly susceptible to Jatireller
distortion3® We therefore report these values in Table 1 and
employ them below to calculate hypothetical zfs andalues
for CrSQi:5H,0 for comparison with the experimental data,

(38) Holmes, O. G.; McClure, D. S. Chem. Physl957, 26, 1686-1694.
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realizing that these ligand-field parameters for?Cwao not
necessarily correspond to those for the authenti¢ €omplex.
The orbital states that result from ligand-field operators can

Telser et al.

a zero-field calculation and confirmed by the intercept obtained
using low parallel fields (6< B, < 0.3 T). This method (method
1) givesD = —2.08 and—2.04 cnt? for CrSQ;*5H,0 and [Cr-

be combined with the electron spin states to yield a complete (H,O)¢]?", respectively, which differ from the experimental

description of the electronic system, from which zfs gnélues

can be determined. The Hamiltonian combining these ligand-

field, spin—orbit, and electronic Zeeman interactions is given
by?

H=B,{0,+50,% +B,’0,” + B,0,° + A(L-S) —
p{(L+9) + (12)L+S) — (UB)L(L +1)SS+ 1)} +
pB:(L + 9.5 (2)

wherege is the free electrorg value andOd are the orbital
operators appropriate for a tetragonally distorted cubic ligand
field with splitting parameter®q = 12B,, Ds = 3B,%, D; =
—12B,2.237 For CP" and Mr#t (3d?, °D), L = 2, S= 2, the
spin—orbit coupling constant = 58 cnt! (Cr2™) and 88 cm!
(Mn®%),2 and the spir-spin coupling constang = 0.42 cnt?
(Cr2") and 0.8 cm! (Mn®%).39 Inclusion of this spir-spin
coupling term does not say much about its physical origin. In
the framework of a spin Hamiltonian approach, spspin
coupling is formally equivalent to the effects of mixing brought
about by higher-order spirorbit coupling termg.

Second-order perturbation theory (first-order for ghealues)
applied to this Hamiltonian gives the following relatichs:

D = —3(p + A%A) cos D

E=—+/3(0 + A%A) sin 2
G = 0o — 2(/A)(cosd — v/3 sino)?
g, = Qe — 2(1/A)(cosd + v/3 sin0)’
g,= 0, — 8(1/A) cos & (3a)

whereA is the energy gap between the cubic figldg excited

values by~7%. Theg values are obtainable in principle from
the slope of the energy levels as a function of fiedd=€ AE/
(BAB)), but these are difficult to determine in practice because
the energies are so sensitive to spambit coupling and field-
induced state mixing, particularly witBn. For example, low
parallel fields (0.1< By = 0.5 T) giveg, =~ 1.93, while high
fields (10=< B, < 15 T) giveg, ~ 1.97. Only high perpendicular
fields (10=< By < 15 T) can be used meaningfully to calculate
Ox, y for which values of 1.931.98 are obtained. As mentioned
above, it is correspondingly difficult to determine experimental
g values. For example, the slope of the-200— |—10"
transition (resonance H in Figures S1 and S2) gives an effective
g = 1.986, while the slope of the|«20— |—10" transition
(resonance B in Figures S1 and S2) giwes= 1.945. The
simulation valueg = 1.98 best accommodates the entire powder
pattern spectrum at multiple frequencies and corresponds
adequately to theoretically predicted values. There is thus good
agreement overall between the electronic parameters determined
by EPR and those calculated from?€FD free-ion parameters
combined with 3d orbital energy levels determined by electronic
absorption spectroscop¥. This indicates a consistent picture
of the electronic structure of this ion, without the need for
significant involvement of electronic excited states with lower
spin multiplicity so that C¥" in these chemical environments
approximates a pure high-spin“3on.

For comparison with the results of Barra et’who used a
somewhat different approach and obtained different conclusions
for their system, we have used the above methods to calculate
zfs andg values for Mn(dbmy (with A ~ 18 000 cnmt! and ¢
= 0; the experimentdt givesd ~ 0.99 for Mn(dbm);), which
are also given in Table 1. THe value calculated in this way,
by including spir-spin coupling (method 1), differs from the
experimental value by-14%, twice as great a discrepancy as
found above for Ci" (see Table 1). Barra et &.did not
specifically include spirrspin coupling in the form of eq 2.
Their perturbation theory equations included more exact con-

state (i.e., its tetragonal splitting is neglected) and the tetragonalsideration of the 3d orbital energies, and their equations are

field ground state and is a mixing parameter resulting from

given below, in slightly modified form to correspond more

an orthorhombic distortion so that the ground state is describedclosely with eq 3a.

by {cosd|*B1g(H sind|°A14}.2 For CP*, the observation that
E ~ 0 means thad is either 0 or 99, which respectively
correspond to &B4 ground state (the electron “hole” in the
3d,e-y2 orbital) or to a®A14 ground state (the electron “hole” in
the 34z orbital). The experimental determination here of the
negative sign oD unequivocally indicates that = 0 so that
Cr?* indeed has 8B4 ground state, as expected for tetragonal
elongation. On the basis of the structure of isomorphous
CuSQ-5H,0, D < 0 simply was assumed in the early study of
CrSQy5H,0.28 Use of eq 3a with) = 0 (the experimentaE
giveso ~ 0.74 for CrSQ;-5H,0), the free ion values for €,
andA ~ 14 000 cn?! gives calculated values f@ = —1.98
cm 1, g, = g« = 1.99 andg, = 1.97, which are in reasonably
good agreement with the experimental values.

To test this model for high-spin 3dystems more precisely,
we have written a computer program to solve the Hamiltonian
in eq 2 exactly by matrix diagonalization at various magnetic
fields. We use the experimentd}, Ds, andD; values for [Cr-
(H20)s]?" and those for CuS£6H,O as representative of
CrSQi-5H,0 (Table 1). Values fobD are easily obtained from

(39) Pryce, M. H. L.Phys. Re. 1950 80, 1107-1108.

D = —(A%2{ 8/AE(xy) — 1/AE(x2) — 1L/AE(y2)} ~
—244/(10D,) — 1/(10D, + 3D — 5D,)}

E = (A2} LAE(x2) — 1/AE(y2)}

9= 0. — {A/AE(y2} =
g — 2{A/(10D, + 3D, — 5D, + D,)}

9y = g — A MAE(x9} =
g — 2{/(10D, + 3D, — 5D, — D,)}

9, = 9. — B{A/AE(Xy)} =g, — 8{4/(10D,)}  (3b)
whereAE(xy) corresponds to the energy difference between the
given orbital and théB,4 ground state and; is a rhombic
splitting term. As found by Barra et al. for Mn(dbgi) eq 3b
gives unacceptable values fbrin Cr2*, off by nearly 70%

(see Table 1, method 2). This disagreement between the above
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theoretical model and experiment was overcome by Barra et Conclusions

al. by directly including the effect of mixing in lower spin
multiplicity electronic excited states (there are no excited quintet
states). Many such states might potentially contribute, with
excited triplet states being the most viable, in particular the
triplet free-ion excited statesK, SF, 3G, °H) that can give a
3T14 (LS 3d) state in a cubic field. In a purely cubic field, the
5Eq (t2° €) ground state lies at an enery = (—6Dq — 21B),

and when off-diagonal matrix elements are neglected, the
(®H)®Tyq (%) excited state lies at an ener@, = (—16Dq —

15B + 5C), whereB and C are the Racah parameters, taken
either from McCluré® or from Mabbs and Collisoft The
ground and excited states are thus separated\B{FT;) =
(—10Dq + 6B + 5C) ~ 8000-9000 cn* for Cr>* and 7006~
10000 cnt! for Mn3*, which is a sufficiently low energy to
potentially be significant. As done by Barra et&iand similarly

by Dugad et al. in a magnetic susceptibility study of Mn(lll)
porphyrins?2 the contribution of this excited state to the zfs,
D', is given by#

D' = —£%(6B + 5C + AECE, — °A,) =
—£%([10D, — D, —10D] + 6B + 5C) (4)

where the single-electron spiorbit coupling constant i§ =
236 cnt! (Cr2) or 360 cnt (Mn31).40 This givesD' = —3.24
cm~1 for Mn3*, which with D from eq 3b yieldD; =D + D'
—4.6, which is within~7% of the observed value, and an
exact calculation gave even closer agreenitrih contrast, for
Cr2t, D' &~ —2 cnr'?, yielding Dyt = —2.8, which still differs

by ~20% from the observed value (see Table 1, method 3).
Thus, the low-spin excited state of aqueoug‘Cdoes not
contribute to the ground state nearly as much as in Mn(glbm)
The CE*+ system is rigorously axia|E/D| = 0), while the Mri#*™
complex has a significant rhombic zfs terie/D| = 0.06);
this distortion may allow more extensive excited-state
mixing.

(40) McClure, D. SSolid State Physl959 9, 399-525.

(41) Mabbs, F. E.; Collison, DElectron Paramagnetic Resonance of d
Transition Metal Compoundg$lsevier: Amsterdam, 1992.

(42) Dugad, L. B.; Behere, D. V.; Marathe, V. R.; Mitra, Shem. Phys.
Lett. 1984 104, 353—-356.

(43) Fackler, J. P., Jr.; Chawla, I. Inorg. Chem.1964 3, 1130-1134.

High-field EPR spectroscopy has been used to probe the non-
Kramers S= 2, CP* ion in frozen aqueous solution. The high-
quality spectra obtained here show the applicability of HF-EPR
to investigating aqueous solutions of integer-spin (“EPR-silent”)
transition metal complexes, such as could be obtained in
metalloprotein samples. Previous HF-EPR studies have em-
ployed powder or single-crystal samples. Detailed analysis of
the experimental spectra, based on a combination of analytical
and full-matrix solutions to the spin Hamiltonian for & 2
system, gave zero-field splitting paramet®rs: —2.20(5) cntl,

E = 0.0(1) cn7l, andgy = gy = 1.98(2), independent of the
counterion (chloride and sulfate) and the presence of glycerol.
A pioneering single-crystal EPR stuidy*of CrSQ;-5H,0 was
unable to determine unequivocally the sign Bf but the
magnitude was quite close to that seen here for [@D(k]%;
however, the solid showed a measurabhealue, indicating an
orthorhombic distortion that is absent in solution. The combi-
nation of the present HF-EPR data with a previous electronic
absorption spectroscopic stdéyprovides a complete picture
of the electronic structure of €rin this chemical environment.
These results show that aqueousg'@ras octahedral hexaaquo
coordination, with tetragonal elongation, as expected by-Jahn
Teller theory” and structural data for related €r com-
plexes?2:32:33 The results are also compared to a recent study
of a Mn*™ complex, Mn(dbmy, which showed that electronic
excited states affect the ground state of the comfleXhis
was found to be much less the case with'Gromplexes, which
may be the result of their more rigorously axial symmetry.
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