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Sulfur K-edge X-ray absorption spectroscopy (XAS) of anhydrous CuSO, reveals a well-resolved preedge transition
feature at 2478.8 eV that has no counterpart in the XAS spectra of anhydrous ZnSO, or copper sulfate pentahydrate.
Similar but weaker preedge features occur in the sulfur K-edge XAS spectra of [Cu(itao)SO,] (2478.4 eV) and
[Cu{ (CHg3)stren} SO4] (2477.7 eV). Preedge features in the XAS spectra of transition metal ligands are generally
attributed to covalent delocalization of a metal d-orbital hole into a ligand-based orbital. Copper L-edge XAS of
CuSO, revealed that 56% of the Cu(ll) 3d hole is delocalized onto the sulfate ligand. Hybrid density functional
calculations on the two most realistic models of the covalent delocalization pathways in CuSQ, indicate about 50%
electron delocalization onto the sulfate oxygen-based 2p orbitals; however, at most 14% of that can be found on
sulfate sulfur. Both experimental and computational results indicated that the high covalence of anhydrous CuSO,
has made sulfate more like the radical monoanion, inducing an extensive mixing and redistribution of sulfur 3p-
based unoccupied orbitals to lower energy in comparison to sulfate in ZnSO,. It is this redistribution, rather than
a direct covalent interaction between Cu(ll) and sulfur, that is the origin of the observed sulfur XAS preedge
feature. From pseudo-Voigt fits to the CuSO, sulfur K-edge XAS spectrum, a ground-state 3p character of 6% was
quantified for the orbital contributing to the preedge transition, in reasonable agreement with the DFT calculation.
Similar XAS fits indicated 2% sulfur 3p character for the preedge transition orbitals in [Cu(itao)SO,4] and [Cu-
{ (CH3)etren} SO4]. The covalent radicalization of ligands similar to sulfate, with consequent energy redistribution of
the virtual orbitals, represents a new mechanism for the induction of ligand preedge XAS features. The high covalence
of the Cu sites in CuSO, was found to be similar to that of Cu sites in oxidized cupredoxins, including its anistropic
nature, and can serve as the simplest inorganic examples of intramolecular electron-transfer processes.

Introduction environment, and group symmefiy! In transition metal
i 12—-20 i 21-24 i —5,25,26
Sulfur K-edge X-ray absorption spectroscopy (XAS) lc_mded XASchIoru(jje, ; and th!°|atéf compl)lexe;_s, ad
involves sulfur 1s— np electric dipole allowed transitions, 'gand preedge eaFure arises from a cova ent ligan
i.e., a transition from the sulfur 1s core to an unoccupied Metal interaction that mixes filled ligand 2p or 3p valence

sulfur-based orbital with p-type contributioh®. These XAS orbitals with the unoccupied metal 3d orbitals. This interac-
spectra are sensitive to the sulfur oxidation state, chemicalion produces partially unoccupied molecular orbitals with
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significant ligand 2p or 3p charact&?’:>8 These orbitals
are generally at lower energy than the unoccupied ligand 3p
or 4p virtual orbitals that are responsible for the rising
absorption edge features in ligand K-edge XAS spettra.
Thus, a ligand-based preedge transition derived from the
partially unoccupied metalligand molecular orbital appears
at lower energy than the nominal ligand XAS rising
K-edge?5:26.29.30

While investigating the sulfur K-edge XAS spectra of

monodentate sulfate compounds, we noted an unexpected

transition feature in the energy region just below the main
rising-edge energy in the XAS spectra of [CU{(IFHs)e-
trer} SO;)] and [Cu(itao)SG. These trigonal-bipyramidal
complexes (Figure 1) include an axial sulfate ligdht’.As
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noted above, the appearance of a preedge transition in theFigure 1. Relevant structural metrics of [§(CHs)strer} SO and

K-edge XAS spectrum of sulfate can imply the presence of
a new unoccupied bound state lower in energy than the sulfur
4p-based (6t see below) virtual orbital of the sulfate
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[Cu(itao)SQ].32

aniort®=35 responsible for the intense features of the XAS
rising-edge absorption.

To investigate this phenomenon, we measured the sulfur
K-edge XAS spectra of anhydrous CuSénd found an
intense preedge feature at lower energy than the sulfate
rising-edge energy. Here, we report the results of a systematic
study of the sulfur K-edge XAS spectra of anhydrous CySO
anhydrous ZnSg) copper sulfate pentahydrate, and the two
Cu(ll)-OSG; trigonal-bipyramidal complexes noted above.
The sulfur K-edge XAS spectra and the L-edge {2md)

XAS spectrum®3? of anhydrous CuSQare reported, fol-
lowed by the results of density functional theory (DFT)
calculations elucidating the covalent delocalization pathways
within the CuSQ lattice. These pathway models are herein
used to provide a theoretical understanding of how the
electronic structure of the sulfate ion is modified by the direct
Cu(ll)—sulfate electronic interactions. Finally, pseudo-Voigt
fits to the sulfur K-edge XAS spectra of all of these
compounds were used to refer the covalence of anhydrous
CuSQ back to covalence in the monodentate CufHllfate
complexes.

Materials and Methods

Sample Preparation.[Cu(itao)SQ] was prepared by the method
of Pearse et af? including synthesis of the ligand (imino-tris-
acetamidoxime). [CUCHjz)etren; SO;] was prepared by the method
of Anderegg and Gramlickt The ligand, trisi{,N-dimethyl-2-
aminoethyl)amine, [(ChJstren], was prepared by the method of
Ciampolini and Nard#® Anhydrous >99.99% CuSQ@ was pur-
chased from Aldrich Chemicals and used as received. Anhydrous
ZnSQ, was prepared by dehydrating the heptahydrate (Baker
Analyzed) overnight at 280C.3%4° Loss upon drying of the
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anhydrous ZnS@ at 300 °C (Galbraith Labs) was<0.36%, performed using the program EDG_FfTPseudo-Voigt peaks were
indicating <0.032 of a residual water molecule per ZnS@nit. used to model the L.and L, 2p — 3d transitions. Arctangent
The anhydrous sulfates were stored and were prepared for XASfunctions were used to model thg &nd L, edge jumps. The total
measurement within an inert-atmosphere glovebox (Vacuum L preedge intensity reported here was calculated as the sum of the
Atmospheres). Reagent-grade cupric sulfate pentahydrate (AldrichLz and L intensities. The reported intensity value is based on the
Chemicals) was recrystallized by slow evaporation of a saturated average of all good fits. Normalization procedures can introduce
solution. ~4% error in preedge peak intensities, in addition to the error
Sulfur K-edge XAS MeasurementsSulfur K-edge spectrawere  resulting from the fitting procedure.

measured on SSRL beamline 6-2 under dedicated operating Density Functional Calculations. Gradient-corrected, hybrid
conditions of 3 GeV and 56100 mA, with a wiggler field of .04 density functional calculations were carried out using the Gaussian
T. The X-ray beam was energy-resolved using a Si[111] double- 98 packag# on a 32 CPU SGI Origin2000 supercomputer. The
crystal monochromator, which was fully tuned at 2740 eV. Becke88 exchandéand Perdew8® correlation nonlocal func-
Harmonic contamination was removed using a Ni-coated rejection tjonals were used with VoskeWilk —Nusair local functional§ as
mirrqr. The data_ were calibrated ggainst the first absorption implemented in the software package (BP86). The triptgsality,
maximum of sodium thiosulfate, which was set at 2472.02 eV. Gaussian-type all-electron basis set was employed with polarization
Thiosulfate calibration spectra were measured before and after everyfynction for the Cu (6-311G*) and a doublebasis set with
three data scans. The XAS data were processed as has beefojarization for the oxygen and sulfur atoms (6-31G*). Because
described in detail previousk:** The sulfur K-edge spectrawere  the standard GGA type calculations (BP86) overestimate the
fit with pseudo-Voigt lines over the energy range 242886 eV covalence of liganetmetal bonding in Cu(ll)-containing complexes,
using the program EDG_FI¥.Pseudo-Voigt lines consistofa 1:1 3894 HF exchange was mixed into the total exchange functional.
sum of Gaussian and Lorentzian line shapes. A minimum number The B(38HF)P86 method has been extensively tested on various
of pseudo-\/_mgt lines were used while requiring that the_ half-v_wdths Cu(ll)-containing complexé&and bioinorganic active site mod@ls
at half-maximum (HWHM) be 0.5t 0.1 eV, in keeping with  and found to give reasonable ground- and excited-state bonding
spectrometer resolution and sulfur ceteole lifetime broadening? descriptions. In addition, various population analysis methods were
During the fits, the HWHM of the pseudo-Voigt peaks were linked  gyajyated and showed that the spin densities vary at most 7%.
and co-refined over the range 2480486 eV. The fits were  The atomic coordinates of the computational models shown in
considered acceptable if they reproduced both the XAS spectrum Figure 2 were taken from the X-ray structure of anhydrous CuSO
and the second derivative of the XAS spectrtiiviultiple fits that (Figure 3253 and are provided as Supporting Information. Be
produced slightly different background intensities in the preedge _— 3, 2, and 1 states were selected for the ground states of the six-
energy region indicated an error ranget@% in the total integrated ¢4, and two-Cu models with total chargesd& +10,+6, and
area of the pse_udo-Voigts used tp fit to the pr_eedge feat_ur'es of the+2, respectively, because Cu$i® paramagnetic at room temper-
spectra. All solid samples were finely ground in boron nitride and ature5455 at which the sulfur K-edge data were measured. Spheri-
spread in a thin translucent layer on sulfur-free Mylar tape 10 ooy arranged neutralizing point charges at at®a distance from
minimize self-absorption artifacts. The X-ray 1/e attenuation depth ¢ termost atoms affected only the absolute values of the orbital
) PPN
for pure CuSQis about 1.§m,** which is similar to that of pure oo rgies and had insignificant influence on the orbital splitting and

sulfurs coefficients.
Cu L-edge XAS Measurements.Cu L-edge spectra were

measured using the SSRL 31-pole wiggler beam line 10-1, using a

\ d using pole WiggX PUSING & e rrisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
wiggler field of 1.45 T. Samples were finely ground and spread M. A.: Cheeseman, J. R.; Montgomery, J. A., Jr.: Vreven, T.. Kudin,
across double-adhesive conductive carbon tape (SPI Supplies, West K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone,

Chester, PA), which was attached to an aluminum sample holder. X-: l\’(llerlzngct;i, E-: CHOS&%L MM Sé:ﬁlman'i\,/lG.;TRe%a, l}\i I?:etfrzsonéG.
. ., Nakatsujl, ., Fada, i ara, ., layota, K.} Fukuda, i
The data v.v.er.e measured at room temperature as total elegtrgn yield Hasegawa, J.; Ishida, M.; Nakajima, T.: Honda, Y ; Kitao, O.; Nakai,
spectra utilizing a Galileo 4716 channeltron electron multiplier as H.: Klene, M.: Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.;
a detector. Three scans were measured to check reproducibility. =~ Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev,
i - O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P.
The energy was calibrated from the Cu L-edge ;pectra of, CuF v Morokuma, K.: Voth. G. A Saivador, P.. Dannenberg. J. J.
run at intervals between Samplg scans. The maxima of {fendl Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,
L, preedges of CuFwere assigned to 930.5 and 950.5 eV, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J.
respectively. Data were processed as described previSusnear B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;

) . Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
background was fit to the 4 preedge region (870920 eV) and Martin, R. L.; Fox, D. J.. Keith, T.; A-Laham, M. A Peng, C. Y.;

was subtracted from the entire spectrum. The spectra were Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
normalized by fitting a straight line to the postedge region and W.; Wong, M. W.; Gonzalez, C.; Pople, J. Saussian 98revision

: : : A.11; Gaussian, Inc.: Pittsburgh, PA, 1998.
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(40) Spiess, M.; Gruehn, Z. Anorg. Allg. Chem1979 456, 222-240; 8822-8824.
Chem. Abstr198Q 92, 103563. (49) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200~
(41) This program is available free of charge as part of the EXAFSPAK 1211.
software package at http://www-ssrl.slac.stanford.edu/exafspak.html. (50) Szilagyi, R. K.; Metz, M.; Solomon, E. . Phys. Chem. 2002
(42) Krause, M. O; Oliver, H. HJ. Phys. Chem. Ref. Dai®79 8, 329— 106, 2994-3007.
338. (51) Solomon, E. I.; Szilagyi, R. K.; DeBeer George, S.; Bausmallick, L.
(43) Frank, P.; Hodgson, K. Qnorg. Biochem200Q 39, 6018-6027. Chem. Re. 2004 104, 419-458.
(44) The algorithm to calculate this value is available at the Web site (52) Kokkoros, P. A.; Rentzeperis, P.Akta Crystallogr.1958 11, 361—
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optical_constants/. (53) Wildner, M.; Giester, GMineral. Petrol. 1988 39, 201—209.
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Figure 2. Computational models of anhydrous CuSQA) complete 5.1 A environment of a sulfate anion (hydrogen atoms on terminal and bridging
ligands omitted for clarity); most reasonable models for-Gulfate covalent delocalization pathways with (B) three- and (C) two-atom-bridged two-Cu
models.

7 Results

Sulfate XAS Preedge FeaturesFigure 3 compares the
sulfur K-edge spectra of anhydrous Cu$C@opper sulfate
pentahydrate, and anhydrous ZnSMh a typical sulfate
K-edge XAS spectrum, the main absorption feature near 2482
eV derives from the intense transition of the sulfur 1s electron
to the triply degenerate unoccupied, §sulfur 4p-based,
Figure S1) orbitaf®3556The second derivatives of the XAS
spectra in Figure 3B show that the transitions in the energy
range of 2481.5 and 2483.5 eV are split because of the
decreased symmetry of sulfate. In copper sulfate pentahy-
drate, covalent bonding is restricted to the four equatorial
waters. The axial interactions between Cu(ll) and sulfate ions
are Jahn-Teller elongated and primarily electrostaticThe
crystal structures of anhydrous CusS@nd ZnSQ are
isomorphous (Figure 4%.52 However, CuSQis electroni-
cally distinguished from ZnSQby a singly occupied 3d
orbital that permits covalent metaigand orbital mixing and
ligand character delocalization.

The sulfur K-edge XAS spectrum of anhydrous CuS0»
Figure 3 (solid line) shows a preedge feature at 2478.8 eV
2477 2478 2479 2480 that is relatively intense compared to the normalized K-edge

-10 Frergy (V) ‘ spectrum of unoxidized sulfdf. This unique feature is

2476 2478 2480 2482 2484 2486
missing from the K-edge XAS spectra of both ZnS&hd

) o copper sulfate pentahydrate and reflects the distinctive
Figure 3. (a) Sulfur K-edge XAS spectra and (b) second derivatives of . . .
the XAS spectra of €) anhydrous CuS© (— — —) copper sulfate  covalence in the equatorial interaction between sulfate and
pentahydrate, and--¢) anhydrous ZnS@all measured as solids finely ~ the unoccupied 3d orbital of Cu(ll). Further differences carry
ground in BN. Insets are expansions of the preedge energy region showingthrough to the main absorption envelope, most clearly evident
the unique CUSPXAS feature at 2478.8 eV. in Figure 3B, where the shapes of the XAS spectra of ZnSO

It should be noted that the discussed orbital energy levels from and copper sulfate pentahydrate are cor.npar'atlvely similar
DFT calculations correspond to a ground-state description. An OV€r the 24812484 eV range, _bUt are quite dl_fferent f_rom
absorption feature requires the creation of a hole in the sulfur 1s that of anhydrous CuSOin addition, the absorption maxima
orbital; hence, an increase of sulffig; and a consequent energy  Of ZnSQs and copper sulfate pentahydrate are at lower energy
stabilization of sulfur-based occupied orbitals (i.e., final-state than that of anhydrous CugQOThese observations indicate
relaxation effects) can be expected that are proportional to the that the metatsulfate bond in anhydrous Cug@odified
amount of sulfur character in the excited state. These excited-statethe higher-lying sulfate virtual orbitals. The spectra of both
features are more pronounced for rising-edge features, as they

. Lo . (56) Sugiura, CJpn. J. Appl. Phys1993 32, 3509-3514.
involve bound states high in energy relative to cereLUMO (57) Varghese, J. N.; Maslen, E. Mcta Crystallogr.1985 B41, 184—

excitations. 190.

6

Normalized Absorption

2478 2480
Energy (eV Y,

Second Derivative Intensity

Energy (eV)
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Figure 4. Experimental structuPé5 of the anhydrous CuSQ(yellow,
sulfur; turquoise, copper; red, green, and blue, oxygens alorg3C37-,
2.05-, and 1.92-A vectors, respectively).

econd Derivative Intensity

ZnSQ, and copper sulfate pentahydrate also exhibit a & S

transition under the rising edge at 2481.4 eV (Figure 3B)
that jointly distinguishes them from anhydrous CuSO
However, the 2.6 eV energy difference makes these features | e Energy (Vs . .
unlikely to correspond to a transition to the same virtual 2476 2478 2480 2482 2484 2486
orbital as that producing the preedge feature at 2478.8 eV. Energy (eV)
Within anhydrous ZnSQ the interaction of sulfate with the Figure 5. (a) Sulfur K-edge XAS spectra and (b) second derivatives of
metal ion is primarily electrostatic through six direct-Zn  the XAS spectra of-£) solid [Cu(itao)SQ] and (++) solid [CU (CHa)e-
sulfate interactiorfé in addition to involvement of Zn 4s/4p trer} SQy). Insets are expansion of the preedge energy region showing the
orbitals. No preedge feature has been reported in the XASpresence of features at 2478.4 and 2477.7 eV, respectively.
spectra of solid Ng5O, or is observed in the XAS spectrum
of sulfate in solutiorn ;10115658

Figure 5 shows the preedge features found in the sulfur
K-edge XAS spectra of the monodentate Cu{Bllfate
complexes [C{(CHz)etrent SO;] and [Cu(itao)SQ) at 2477.7
and 2478.4 eV, respectively. Although each complex is

extent of electron donation from the ligand into the metal
3d acceptor orbital®3" Initial reference was made to the
percent copper character in the HOMO &%) [CuCl,]?",
which is based on exclusively experimental results such as
g values and metal hyperfine and ligand superhyperfine
. : , ! coupling constants obtained from EPR spectroscopy, as well
trigonal-bipyramidal overall, the respective €0—S angles 5 from analysis of absorption and photoelectron spectros-
(F|gure. 1) are very different in pqrt because of the presencecopy_g,g,eo These spectral methods give an average experi-
of two mternal hydrpgen bonds in the latter complex. The mental value of 61 2% 3d character in the HOMO 0bg,)
equatorial N atoms in the [Q(CH:;)GUEH} SQ4] complex are [CuCly)2. Figure 6 shows a comparison of the Cuedge
also better dono_r_s than those in the [Cu(ltaoz)]S:Fb_mplex. spectra for CuSQand tetragonal @) [CUCL]2~. Using
The energy positions of the two preedge transitions are 1'1[CuCI4]2* as a reference, for which 8.52 integrated normal-

and 0.4 eV lower in energy than the analogous feature in ized intensity units corresponds to 61% Cu charaététe

the XAS spectrum of anhydrous Cug@nd are much 1ess  jnieqrated area for CuS®6.15 units) corresponds to 44%
intense (Figure 5, Tables SB3). These differences should 3d character in the singly occupied HOMO. This shows a

originate from a Cu(ll)-sulfate interaction. The coexistence .o+~ alectron donation from the sulfate to the Cu and
of a preedge sulfate feature in the sulfur K-edge XAS spectrajgicates that there is a large covalent interaction in the
of all complexes with an open-shell CuH}ulfate interac- HOMO of CuSQ. It is also relevant to note that the Cu
tion, along with an absence of this feature in the XAS of L-edge is ~0.8 eV lower in energy than that oD

the complexes lacking such an interaction, implies a bonding [CuClg)?~. This likely reflects the significant decrease in the

unique to open d-shell transition metals. relative effective nuclear charge of the copper atom in

_ Copper Covalence From L-edge XAS.To further ;50 as well as changes in the ligand field splitting of
investigate the Cu(Itysulfate covalent interaction in anhy-  he g-manifold. These changes in the electronic structure of

drous CuS@ the copper L-edge (2p- 3d) XAS spectrum o copper ion are consistent with Cu(ll) becoming more
was measured. Transition metal L-edge XAS spectra can be

used to measure metdigand covalence and indicate the

(59) Didziulis, S. V.; Cohen, S. L.; Gewirth, A. A.; Solomon, EJI.Am.
Chem. Soc1988 110, 250-268.

(58) Xia, K.; Weesner, F.; Bleam, W. F.; Bloom, P. R.; Skyllberg, U. L.; (60) Gewirth, A. A.; Cohen, S. L.; Schugar, H. J.; Solomon, Hnarg.
Helmke, P. A.Soil Sci. Soc. Am. 1998 62, 1240-1246. Chem.1987 26, 1133-1146.
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Figure 6. Comparison of the normalized Cy-edge spectra for anhydrous
CuSQ andDgn [CuClg)2.

Cu(l)-like. The Cu spin density from L-edge XAS is used
below to test and validate the computational models for the
covalent delocalization pathways in the CuS@itice.

DFT Calculations of Sulfate Orbitals. To explore the
changes in the electronic structure of the transition metal
bound sulfate, a systematic density functional study was
carried out starting with the sulfate dianiomy(symmetry
with average crystallographic-S distances of 1.48 A from
the crystal structure of CuS¥F? followed by an increase
in the complexity of the computational model up to reason-
able models for the metakulfate interactions in anhydrous
CuSQ and ZnSQ. These calculations employed the spec-
troscopically calibrated B(38HF)P86 hybrid GGA-type func-

In contrast to the occupied orbitals, the virtual orbitals of
sulfate are mainly sulfur-based. The LUMO (Baonsists
of a sulfur 4s orbital with antibonding oxygen 2p interactions
along the SO bonds, as does the i7arbital. The LUMO
+ 1 (6t) is a triply degenerate set of orbitals derived from
the three sulfur 4p orbitals with small oxygen 2p contribu-
tions. The next three degenerate orbitalg)(@brrespond to
the sulfur 3p and oxygen 2p antibonding orbitals of thels
bonds with significant sulfur 3d character. The Gad 7%
orbitals can be considered as the antibonding orbitals of the
S—0O bonds.

The symmetry of the sulfate anion in anhydrous CuSO
is reduced t&Cs because of interactions with the surrounding
Cu(ll) ions and other sulfate anions in the crystal lattice.
The reduced symmetry introduces significant orbital splitting
and mixing (compare Figure 7A to 7B). The degeneracy of
the t-symmetry orbitals is removed, and they split into in-
plane (8 and out-of-plane (§ orbitals. However, the overall
sulfur character of the highest occupied orbitals does not
change, and the sulfur p character is no more than 4% in
lower-lying occupied orbitals such as 166d’, and 15a
However, the unoccupied orbitals show an interesting
redistribution of sulfur character. Because of fheto Cs
distortion, the sulfate dianion LUMO gains significant sulfur
p character through mixing of the fand 6t orbitals. In
the sulfur K-edge spectrum, this would correspond to
intensity redistribution of the most intense absorption feature
(white line) to lower energy in addition to the broadening
of all features irCs relative toTy. In Figure 3B, the shoulders
at 2481.5 and 2481.7 eV on the low-energy side of the white
line can be correlated with garbitals that include sulfur p
mixing and the features on the high-energy side with sulfur
1s— 7t, transitions.

As the C; sulfate is embedded in a field of point charges
to mimic the electrostatic field around a sulfate unit in the
CuSQ crystal, as modeled by sik2.0 point charges of the
Cu ions and twenty-0.6 point charges of the oxygen atoms
from the neighboring sulfate ions, the virtual orbitals further

tional with saturated basis set as described in the MaterialsSPlit and mix, giving a more dramatic redistribution of

and Methods section.

The eight occupied and virtual frontier orbitals of sulfate
with orbital energies relative to the LUMO are shown in
Figure 7A (orbital plots are shown in Figure S1). The
energetically most favorable, triply degenerate HOMQ)(1t
and HOMO — 1 (5t) orbitals for donor interaction with
transition metals show very little sulfur character (at most
2% f-character in the HOMO and 8% d- and 5% p-character
in the HOMO — 1 orbitals). The near absence of sulfur
character in the 1tand 5% orbitals does not support the

unoccupied sulfur p-type orbitals (Figure 7B versus 7C). This
mixing represents changes in the-S bonding interaction

as a result of electron density redistribution induced by the
external electrostatic field. It is important to note the distance
dependence of the point-charge calculations. If the point
charge-sulfate distances are increased by 50% to ap-
proximately 3 A, the observed changes between Figure 7B
and 7C drops by 70% (estimated from the change in the
electron population on sulfur). At about 5 A, only the
absolute energies of the orbitals are affected without any

assignment of the 2478.8 eV sulfate XAS preedge feature €hange in the splitting or in their composition. If thel%

of CuSQ to covalent delocalization of the Cu(ll) valence
hole into sulfate HOMO/HOMO- 1 orbitals. In addition,

sulfur 3p character in the oxygen donor orbitals (e.g.,)16a

were responsible for the preedge XAS feature, through

the occurrence of these orbitals at about 8 eV below the sulfur MXing with the Cu(ll) 3d hole, the 78 eV splitting between
3plap-based rising-edge features places them too low inthe 16& and the 19d94'/204 orbitals would require the
energy to match the energy position of the observed sulfur Préedge feature to be present abot7@V lower in energy

preedge XAS feature in Cug0

(61) Nord, A. G.Acta Chem. Scand.973 27, 814-822.

than the rising edge. This estimate assumes approximately
1-2 eV orbital relaxation due to the creation of a hole in
the sulfur 1s orbital, but is about% eV greater than the
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Figure 7. Molecular orbital energy levels and their sulfur contributions in Ta)and (B)Cs [SO4]2~ as in the crystal structure of anhydrous CuS(@)
Cs [SOy]2~ within the field of +2 and—0.6 charges at the crystallographic positions of neighboring Cu and O atoms, respectively; (D,E) spin-unrestricted
o andf orbitals, respectively, of th€s [SOs]~ radical anion.

observed energy separation between the preedge feature anvo intermediate (2.05 A), and two long (2.37 A) €0
the first rising-edge inflection of CuSQO(Figure 3). In vectors as in the crystal structure, and they can be arranged
addition, anhydrous CuS@nd ZnSQare isostructural, and  into three well-defined pairs on the basis of their positions
the Ty — C; distortion and the electrostatic field around relative to the sulfate. Cu6 and Cu7 are expected to give the
sulfate are identical in the two salts. Therefore, if the sulfate strongest covalent interaction (three-atom-bridged model)
XAS preedge feature of CuS@temmed from the electro-  between the Cu(ll) and the sulfate i6hsvith the shortest
static-induced redistribution of virtual orbitals, the analogous Cu—0 (1.92 A) and SO (1.47 A) distances. The sets of
XAS feature would also be visible in the sulfur K-edge atoms 08, 010, O3, and O15 with Cu6 and 011, 013, O2,
spectrum of ZnS@ In summary, neither electrostatics nor and O15 with Cu7 (blue-colored O atoms in Figure 4) define
Cu(ll) d-hole delocalization into occupied valence levels can the planes of the singly occupied Cu 3d orbitals, which can
be the origin of the sulfur K-edge XAS preedge feature of accept electron density from the sulfate because of efficient
CusSQ. overlap. Similarly, the Cul6 and Cul7? bridged by O4 are
DFT Modeling of the Copper-Sulfate Interactions in covalently linked to the sulfate (one-atom-bridged model),
CuSQO,. An appropriate Computationa| model of the CuSO providing an additional pathway for covalent interactions
lattice should both reproduce the covalence revealed by the(green colored O atoms in Figure 4). Cu27 and Cu28 are
copper L-edge XAS spectrum and explain the sulfur K-edge different from the four other Cu sites, as they are connected
XAS spectrum. Several models were tested, and we describd0 the sulfate O5 along the axial direction with respect to
here only the most relevant ones. The structurally most the singly occupied Cu 3d orbital, and hence, they are
complete computational model of the Cug@tice included involved in only electrostatic interaction with the sulfate. The
all possible interactions betweerCa sulfate anion and the ~ peripheral sulfate oxygen atoms could be terminated by
nearest six Cu(ll) ions (Figure 2A). This model is consistent 0xide, hydroxide, water, or hydronium ligands. All of these
with a 5.1 A environment of the sulfur atom (excluding the Possibilities were tested, and we discuss the most reasonable
H atoms used to terminate the water ligands in the model). (62) Reynolds, P. A Figgis, B. N. Phys. Condens. Mattag91 3, 1977
All Cu(ll) ions are six-coordinate with two short (1.92 A), 1983.
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Table 1. Cu—SQ; Atomic Spin Densities for the Non-hydrogen Atoms  protonated (O8 and O9 in Figure 2B and O12 and 013 in
in the Computational Models Shown in Figure 2 Calculated at the ; N _ ; ; e
B(38HF)P86/BS5 Level of Theory by Mulliken Population Analysis F.Igure ZC)’ gving a hy.dmgen bondmg mte_ractlon -(-IG)
: distances are 1.83 A) with the other equatorial water ligands
sieCumodel  two-Cumodel 1924 two-Cumodel 205A (910 and O11 i Figure 2B and 014 and O15 in Figure 2C)

a(tz:iure Ziin atoilgure ZB)Spin até:qlgure ZC)Spm wh_ile maintaining the (_)veralﬂl_S symmetry of the models.
This hydrogen-bonding interaction weakens the donor strength
(S)é 8_'8%1 (S)é _061.835 Séz _0'3?3670 of the peripheral water ligands and rotates the Cu-3d
03 0.026 03 0.075 03 0.370 orbital to give good overlap with the sulfate donor orbitals.
8‘5‘ 8-83? 8‘5‘ 8-;22 8;1 8-232 It is worth noting that the atomic spin densities were affected
Cu6 0792  Cub 0395 Cub 0.393 by less than 5% upon variation of the location of the two
Cu7  0.797 Cu7 0.395 Cu7 0.393 protons on the equatorial water ligands. A bridging proto-
gﬂig’ 8-;83 88 8-8}3 83 8-828 nation of the terminal waters can also be justified in terms
cu27 0793 019 0.002 016 0.039 of the nominal bond order of the sulfate oxygen atoms in
Cu28  0.800 o1 0.002 O1% 0.039 CuSQ, which is 3.5 for O4, O5 and 2.5 for 02, O3 compared
8% N o ool to 1.5 in isolated sulfate. Partial protonation lowers the
o1& 0.065 014 0.003 electron-donating ability of the terminal waters to be more
018 0.008 811651 8-882 commensurate with that of the bridging sulfate oxygen atoms,

creating an anisotropic environment around the sulfate that
20, atoms are omitted for clarity. ¢ Cu—O distances are 1.92, 2.05,  is more similar to the covalent bonding channels within the
and 2.37 A for superscripts—d, respectively. extended lattice of CuSQlIt is important to emphasize that
parts B and C of Figure 2 are models for the-Gulfate
models below. The oxide and hydroxide ligands were not nteraction and not for the sulfate environment. In addition,
useful, because they are significantly better donors than theithout the protonation, the Cu spin densities would be too
sulfate and they reduce the coppsulfate interaction to a high by at least 30% relative to the Cu L-edge data. The
few percent, which is inconsistent with the copper L-edge aiomic spin densities calculated for the two-Cu models are
XAS result. The trigonal prismoidal arrangement of Cu(ll) gymmarized in Table 1. The wave functions of the two
ions and peripheral sulfate oxygen atoms modeled as terminaly, o qels are similar, but different dtype sulfate orbitals
and bridging water molecules in the six-Cu model produced (Figure S1) are involved in bonding. Figure S2 shows the
an isotropic ligand environment around the sulfate anion and atomic spin density plots for the two models and illustrates
did not allow for significant electron density donation from this difference graphically. On the other hand, in both models,
the sulfate to the Cu (Table 1). In particular, the covalent the Cu spin density is around 0.40 electron, which has 93%
metal-ligand interactions in the six-Cu model are dominated Cu 3d character and is within a very ,reasonable 4%
by the peripheral water molecules, rendering this model agreement with the Cu L-edge XAS results (44%, see above).
physically inappropriate for the description of covalent The water ligands donate only about 0.20 ele'ctron, while

interactions between the Cu(ll) and sulfate ions. In a o
. . . the rest originates from the sulfate. The sulfur atoms have
truncated six-Cu model without any of the water ligands, . . . .
. . . . . negative spin densities with 10% s-, 70% p-, and 20% d-
the orientation of the Cu 3d orbitals is not restricted by the T . o
character, which is indicative of spin polarization due to a

local ligand field symmetry, and only limited electron density - : : : .
(0.04 e) is donated from the sulfate to each of the Cu ions greater mixing off (spin-down) virtual and occupied orbitals
: “relative to thea (spin-up) orbitals. In the anhydrous Cu§SO

The isotropic environment is still maintained in a four-Cu crvstal. the two Cusulfate covalent interactions exist
model without Cu27 and Cu28 and the water ligands. These rystal, W tsu v nt 1ons - exis
simultaneously and involve two energetically degenerate

limitations of the electronic structures did not allow for the ) g - )
but spatially different sulfate donor orbitals, allowing for

use of an extended computational model for Cu&iice, . :
because none of them reproduced the Cu L-edge resuilts. an efficient (at most 56% per sulfate) electron delocaliza-

Instead of attempting to establish a nonperiodic structural tion.
model for the CuS@lattice, we constructed computational ~ Overall, spectroscopically calibrated DFT studies suggest
models that can describe the intramolecular electron transfetwo well-defined intramolecular electron delocalization
between the sulfate and Cu(ll). The most reasonable modelgPathways between the sulfate anion and the neighboring Cu-
for the Cu-sulfate covalent interactions are shown in Figure (Il) ions. These are the three-atom-bridged-@—S—0—
2B and 2C, which contain the two pathways for the covalent Cu path with the shortest GtO distances of 1.92 A and
Cu—sulfate interactions found in the extended lattice. Taken the one-atom-bridged CtO—Cu path with Cu-O distances
together, they should allow for a reasonable explanation of of 2.05 A. The two interactions are about equally important
the covalent bonding within anhydrous CusS&hd help to in defining pathways for the CuCu superexchange interac-
define the origin of the preedge feature in the S K-edge XAS. tions. The covalent interactions in the anhydrous CuSO
To model the anisotropy in the ligand field environment crystal uniquely affect the mixing and the energy levels of
around the Cu(ll) ions and produce agreement between thethe sulfate virtual orbitals, which can produce a bound state
calculated and experimental Cu 3d character of the ground-with nonnegligible sulfur p-character lower in energy than
state wave function, two water ligands in each model were the nominal 6tunoccupied MOs of an isolated sulfate anion.
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[SO4~ within CuSO,4. The ground-state wave function
of the anhydrous CuSObased on Cu L-edge results
corresponds to an electronic structure in which the copper
ions are closer to a'®l Cu(l) ionic limit, and from DFT
calculations the unpaired electrons, or the corresponding
electron holes, are localized on primarily oxygen-based
sulfate orbitals. This state of the sulfate can be reasonably
approximated by a monoanionic [gJO radical. Figure 6D
and 6E shows the. andg orbital energy levels of the spin-
unrestricted, open-shell wave function for the sulfate radical
in the experimentaCs geometry.

The splitting of the corresponding orbitals in the mono-
and dianionic sulfates are quite different. This difference in
splitting can be correlated with the different sulfur K-edge
rising-edge features of the Cug@nd ZnSQ samples. The
BLUMO of the [SQy]~ radical (the first orbital above the
gray line in Figure 6E), which is only slightly separated from
the SHOMO, has no sulfur orbital character and clearly
cannot contribute any intensity to a transition in a sulfur
K-edge XAS spectrum. Rather, the preedge feature in GuSO
arises from the unique intensity redistribution of rising-edge
features that derive from sulfur-based unoccupied orbitals
(mixing of virtual orbitals is summarized in Figure S3). This
redistribution toward lower energy has its origin in the strong
covalent interaction between the singly occupied Cu(ll) 3d
orbital and the occupied frontier oxygen 2p-based orbitals
of the sulfate dianion. Covalence delocalizes the electron
density from the sulfate onto copper, changing the purely
diamagnetic electronic structure of sulfate as found within
anhydrous ZnSg while conversely the copper becomes
more like the & Zn(ll) ion.

In ZnSQ,, the 3d orbital is completely filled, and the be estimated from the energy position of unoccupied orbitals
covalent 3d-orbital-based valence-level interaction is absent.with greater sulfur 3p/4p characters. These suggest the
The preedge feature is therefore also absent, and bonding irpossibility of mixing Cu 4s and sulfate unoccupied orbitals
ZnSQ, is dominated by electrostatic interactions with a with sulfur 3p contribution (%), giving the most reasonable
limited diamagnetic Zn(Il) 4s/4p orbital-based interaction. origin of the preedge feature in the sulfur K-edge spectrum
The electronic structure of the sulfate in ZnS©consistent  of anhydrous CuSQ Orbitals at higher energy give rise to
with the orbital energy levels of the sulfate dianion as shown the intense rising-edge features, and about 17 eV above the
in Figure 7B. LUMO, the sulfur p-orbital contribution diminishes. This

Orbital Assignment of the Sulfate XAS Preedge Fea-  high-energy region corresponds to various unbound states,
tures. Figure 8 shows the sulfur 3p and 4p distributions of where the photoelectron has enough energy to enter the
the virtual orbitals calculated for the two-Cu pathway models continuum. Similarly, low-energy, unoccupied orbitals can
(Figure 2B and 2C). Ligand preedge XAS features based onbe identified with nonnegligible sulfur 3p character for the
donor orbitals normally originate from sulfur 1s to LUMO two monodentate complexes as shown in Figure S4A and
transitions, and LUMO*t n in the case of multiplen(+ 1) S4B. Figure S4C and S4D shows the lowest unoccupied
electron holes. However, from Figure 8, the sulfur p character orbitals for the isostructural ZnSQnodels to those of in
of these orbitals is zero. The next 7 eV energy range aboveFigure 2B and 2C without any significant mixing of Zn 4s/
the LUMO also does not show any significant sulfur p 4p and sulfate orbitals in the lowest 9 eV energy range
character, because these virtual orbitals are based on variougelative to the LUMO. Orbitals above 9 eV already have a
mixtures of Cu 4s/4p and water orbitals with a small large sulfur character and contribute to the rising edge.
contribution of sulfate oxygen 2p orbitals. In the CuSO Any change in the occupied orbitals affects the unoccupied
crystal, these orbitals would contain only metal 4s/4p and counterparts as well. Thus, the order of the sulfur 3p- and
sulfate O contributions. However, theLUMO + 19, 4p-based orbitals has changed in the two-Cu pathway models,
BLUMO + 17 and thex LUMO + 18, SLUMO + 17 in the compared to the uncoordinated anion (see Figures 8 and 7B).
three- and one-atom-bridged, two-Cu pathway models, In conversion of dianionidCs sulfate to the monoanionic
respectively, include 5664% Cu 4s, #5% sulfur 3p, and radical sulfate (Figure 7A versus 6D and 6E), mixing of
4—3% sulfate O character. These two orbitals occur about lower-lying 4p-based (198204, and 9&) and higher-lying
1-2 eV below the onset of the main rising edge, which can 3p-based (21a224d, and 10&) orbitals occurs (see Figure

Figure 8. Distribution of sulfur 3p and 4p character of the unoccupied
orbitals for the computational model complex in the two-Cu models.
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7 . . also obtained for the sulfur XAS spectra of [Cu(itao)FO

[ ] and [CY (CHg)etren} SOy] under the same criteria (Figures
S5 and S6 and Tables S$3). These fits were carried out
over the entire energy range of the XAS K-edge spectra in
order to provide physically valid background intensity for
the pseudo-Voigts fit to the preedge features, which were
then used to estimate sulfur 3p character (see below).

As noted above, the intensity of the preedge transition
correlates with the amount of 3p character in the ground-
state orbital of origin. The contribution of 3p orbitals to the
intensity of the preedge transitions can be calculated from
the transition dipole integral(S), and the integrated intensity
(i.e., the peak area) of the preedge transitit(s) is related
to the effective nuclear chargges, of the sulfur absorber
and the integrated transition intensity reflects the sulfur 3p
character of the probed unoccupied orbital. The transition
dipole integral for sulfate in the Cu(H)SO, complexes can
be evaluated from the energy position of the second-
derivative minima of the sulfur K-edge XAS spectra corre-
sponding to a sulfur 1s> 4p transition by reference to the
known values for other sulfur ligand&The results of this

Normalized Absorption
w

Second Derivative Intensity

0
=
<

2478 2480
. Energy (¢V) 1 1 calculation for CuS@ [Cu(itao)SQ], and [CY (CH3)etrert -
2478 2480 2482 2484 2486 SOy are reported in Table 2, with ZnS@nd solution sulfate
Energy (eV) as references. For CugQhe preedge transition is found to

Figure 9. (a) Pseudo-Voigt fit to the sulfur K-edge XAS spectrum and have 6% sulfur 3p character, in reasonable agreement with

(b) second derivative of the XAS spectrum of anhydrous C1S@) XAS ; ; ; 0 ;
data, () fit to the data, and ¢ - —) pseudo-Voigt lines. Arctangent the polarized neutron diffraction study (3%) and also with

representing the ionization threshold appears at 2483.8+eV {). Insets the DFT pathway models in Figure 2B and 2C (12% and
show the fit to the XAS spectra in the preedge energy region. 14%, respectively), which reproduce the Cu L-edge results

within 4%. The covalence of the GDSG; bond in the two
83), which redistributes the sulfur 3p and 4p orbital contribu- monodentate Comp|exes was estimated using the relative
tions. The result is a complete switch in the energy ordering areas of the preedge features obtained from the pseudo-Voigt
of these orbitals in the pathway models. This inversion can fits (Table 2) with the assumption of a linear relationship.
be rationalized by significant electron donation from the These estimates predict that the CutQSQ; bonds in
occupied sulfate orbitals to the Cu(ll) ions, resulting in [Cu(itao)SQ] and [CY (CHa)strer}t SOJ] are equivalently
weaker S-O bonds. This in turn reduces the Spllttlng of the covalent, but are much less covalent than in CuSKhat
S—0 bonding and antibonding combinations of sulfur 3p s, the radicalization of sulfate is relatively less in the two
and oxygen 2p atomic orbitals. The energy position of the complexes. Spectroscopically calibrated DFT calculation
sulfur 4p orbitals does not change significantly, because thegives 74% and 78% Cu and 15% and 13% total sulfate spin
electron donation is primarily from the oxygen of the G densities, respectively, for the two monodentate complexes
bond (see the highest occupied orbitals in Figure S2). with less than 811% sulfur 3p character in orbitals that
Sulfur 3p Character in the Sulfate XAS Preedge  are reasonable candidates for the preedge features. We intend
Features. The XAS spectra in Figure 5 indicate a similar, to test the inherent assumption for the structurally well-
though much smaller, direct covalent interaction between defined model complexes in the future by directly determin-
Cu(ll) and sulfate in [CO(CHg)etrert SOy and [Cu(itao)-  ing the coppersulfate covalence in [Cu(itao)SPand
SQ4. Sulfur K-edge XAS preedge features attending transi- [Cu{ (CHs)strer} SOy] through the copper L-edge spectros-
tion metal sulfates and phosphates have been reportectopy.
previously; however, the features were assigned to delocal- |t jg noteworthy that the values ofS) in Table 2 indicate
ization of the metal 3d hole into a sulfur valence-level a higherzef_f for sulfate in neutral aqgueous solution than
orbital ®3 sulfate in the two monodentate complexes or in ZpShe
Figure 9 shows the pseudo-Voigt fit to the sulfur K-edge second-derivative minimum of the sulfur K-edge spectrum
XAS spectrum of CuS® Following the criteria described  of copper sulfate pentahydrate is coincident with that of
in the Materials and Methods section, this fit produced a set gp|ution sulfate. Thus, the relati&y values of the sulfur
of features within the main absorption envelope comparable gtom in sulfate is CuSO> [SO,)? (aq), CuSG@5H,0 >
in number and energy separation to the orbital array predictedznsq, > [Cu(itac)SQ], [Cuf (CHs)etrer} SOy]. The surpris-
by the DFT calculation (Figure 7D and 7E). Good fits were ing aspect of this ordering is the positions of solution sulfate
: — : : : ~and of sulfate in CuS©5H,0 relative to sulfate in anhydrous
(63) ? kajS’j 'I\_:'ié'c\'t?gr?ssr}')’e'\c"t'r’o';lgr%eﬁ'gt_Bgﬁgr']gﬁé.ggnng_ofg'aHéﬁfsak" ZnSQ,. This trend inZe is also evident in Figure 3, which
610. shows that both the rising XAS K-edge and the absorption
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Table 2. Experimental Covalence in the CuptiSulfate Bond

preedge white-line 2nd-deriv S 3p E3)° % sulfate
complex intensity? energy, eV minimum, eV 1(SP (%) covalence (%)
CuSQ (anhydr) 0.430 2482.8 2482.7 20.82 6 456
[Cu{ (CHg)stren} SOy 0.107 2482.3 2481.9 19.77 2 a4
[Cu(itao)SQ] 0.118 24825 2482.1 19.97 2 45
ZnSQ (anhydr) - 2482.4 2482.2 20.13 - -
[SO4)% (aq) - 2482.5 2482.3 20.27 - -

aTotal integrated area of the pseudo-Voigt lines fitting the preedge feature, in normalized units; estimateddereor i ransition moment integral
evaluated from the linear relation with the XAS energy of the second-derivative minimum corresponding to stifdip tansitiong8 ¢ Sulfur contribution
to the orbital represented by the pre-K-edge transition, calculated from the expression integrated imtBgsity(A/3n)a?l(S), whereA is the ground-state
degeneracy (1) andlis the number of sulfur atom absorb&¥sd Determined experimentally as [z a?(Cu)], wherea?(Cu) was measured from the copper
L-edge XAS spectrum (see texf)Estimated value relative to sulfate in Cus®in pH 6.3 aqueous solution.

maximum of sulfate in ZnS@Qoccur at lower energy than
those of CuS@or CuSQ-5H,0. Possibly accounting for

covalence between the inorganic salt and the bioinorganic
active site is in the nature of the ligand donor orbitals. The

this trend, sulfate engages multiple hydrogen bonds in waterthiolate donor orbitals are located exclusively on one sulfur

solutiorf*~6 as well as in CuS@5H,0 5787 dispersing the
large negative charge more thoroughly than in Zn3©wer

atom directly attached to the metal, whereas in sulfate, they
are equally delocalized among the four O atoms without

electron density in ligand valence orbitals decreases thesignificant sulfur character. XAS is thus a powerful experi-
shielding of the core electrons from the nuclear charge, thusmental technique to detect saddle changes in métnd

increasingZes.

Discussion

bonding beyond the atoms directly connected to the metal.
Preedge peaks in the K-edge XAS spectra of ligands

bonded directly to unfilled 3d orbitals of transition metals

The 44% Cu(ll) 3d character in the HOMO of anhydrous are due to the mixing of occupied p-character ligand orbitals
CuSQ is comparable in magnitude to the total covalence of and unoccupied metal 3d orbitals. However, the results
the copper sites in the blue copper protein plastocyanin described here now show that there can be an additional
(41%Y% and the Cy site in cytochrome oxidase (44%3’ origin for preedge features in ligand K-edge spectra. This
These sites feature Cu(#)8(Cys) bonds, which are note- source is the mixing and redistribution of unoccupied ligand
worthy for their very high covalence. Considerable spin Virtual orbitals to lower energy induced by a covalent
delocalization from the metal 3d orbitals to the ligand is interaction with a metal ion. This interaction corresponds to
generally regarded as a feature unigue to the electron-transfegn internal redox reaction. When sulfate is bonded to
proteins, and the highly covalent E&(thiolate) bonds are  transition metals with unfilled d orbitals, intramolecular
essential to the efficient electron-transfer function of these electron transfer occurs from ligand to metal, originating
sites. An analogous covalence is thus not typically observedfrom an orbital consisting primarily of oxygen 2p-based
in inorganic complexes consisting of Cu(ll) bonded to contributions. This internal electron transfer produces a
second-row main-group atoms. For example, in crystalline radical character in the ligand that causes an extensive

[Cu(H20)6)?", the total Cu(ll) 3d character is about 7%96°
Even in LaCuQ,, wherein Cu(ll) is surrounded by a distorted
octahedron of dianionic oxide ions (40 at 1.90 A, 20 at 2.40
A) that exhibits structural metrics comparable to those of
the copper site in CuSQa Cu(ll) 3d character of 62% was
found’® The equivalent covalence of Cug@ith blue
Cu(ll)—thiolate protein sites reflected by the Cu character
from Cu L-edge XAS spectra is particularly unexpected given
thatE° for the reaction 2H + S,0¢2~ + 26 =2 HSQ, is

2.1 V, whereas the comparable value for cysteine is
calculated to be 0.77 V (for the thietisulfide inter-
changey!’? The primary difference in the Ctigand
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remixing of virtual orbitals. In sulfate, the unoccupied sulfur
3p—oxygen 2p antibonding orbitals mix with metal 4s, 4p
at lower energy and give rise to an XAS preedge feature
below the rising-edge jump. The presence of this preedge
feature is an indicator of metaligand covalence, but it
reflects a mechanism that is completely distinct from the
situation in which the ligand absorber is directly bonded to
the metal. The analogue of the XAS preedge transition seen,
for example, in transition metal thiolates or chlorides, for
the Cu(I)-OSQ bond should occur in the oxygen K-edge

of sulfate andnot at the sulfur K-edge as a result of
delocalization of the metal 3d hole into the HOMO of sulfate
consisting of the oxygen 2p-based orbitals. Using the Cu
L-edge and sulfur K-edge results of Cus@n experimental
transition dipole can be defined and utilized in O K-edge
measurements.

Finally, any preedge transitions in the K-edge XAS spectra
of the central element of oxoanionic transition metal ligands,
such as sulfate, phosphafeshlorate, arsenate, or selenate,
will all most likely derive from the same radicalization
mechanism. Therefore, the appearance of a preedge feature
in the K-edge XAS spectra of such ligands is diagnostic of
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a bond to a transition metal with unfilled d orbitals and so  Supporting Information Available: Cartesian atomic coordi-
should prove useful in deducing bonding interactions in nates of the six-Cu model; MO energy levels with sulfur contribu-
complex materials. tions for the tetrahedral sulfate dianion (Figure S1); atomic spin
density plots for the three- and one-atom-bridged two-Cu models
(Figure S2); energy level diagram showing mixing of virtual orbitals
in radical monoanionic sulfate expressed using the MOELof
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