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Abstract: Cu K-, Cu L-, and S K-edge X-ray absorption spectroscopic (XAS) data have been combined
with density functional theory (DFT) calculations on [{(TMPA)Cu}»S,](ClO,), (1), [{ CU[HB(3,5-Priopz)s]} »-
(S2)] (2), and [{(TMEDA)Cu}(S2)2](OTf), (3) to obtain a quantitative description of their ground state
wavefunctions. The Cu L-edge intensities give 63 and 37% Cu d-character in the ground state of 1 and 2,
respectively, whereas the S K-pre-edge intensities reflect 20 and 48% S character in their ground states,
respetively. These data indicate a more than 2-fold increase in the total disulfide bonding character in 2
relative to 1. The increase in the number of Cu—S bonds in 2 (u—7n%n? S;> bridge) compared to 1
((u—n*n* S2%~ bridge) dominantly determines the large increase in covalency and Cu-disulfide bond strength
in 2. Cu K- and L- and S K-pre-edge energy positions directly demonstrate the Cu"/(S;7), nature of 3. The
two disulfide(e1—)’s in 3 undergo strong bonding interactions that destabilize the resultant filled antibonding
a* orbitals of the (S,7), fragment relative to the Cu 3d levels. This leads to an inverted bonding scheme in
3 with dominantly ligand-based holes in its ground state, consistent with its description as a dicopper(ll)-

bis-disulfide(e1—) complex.

1. Introduction

A number of interesting CuS containing complexes have

recently been synthesized and structurally characterized. TheséUIfide tunes the multielectron transfer foe® reductio

include [ (TMPA)CU} ,S,](ClO4)2 (1),t which has a planar G8;,
core in a trang:-1,2 geometry (Scheme 1Y,Qu[HB(3,5-Pl,-
pz)l}2(S2)] (2),2 which has a planar G8;, diamond core in a
u—n%n? geometry and{ TMEDA)CU} 2(S,)2](OTf)2 (3),3 which
has a novel [C¥S,)2)]?" center in a chair conformation and
has au—1,2 [Cw(S,)2)]%" geometry. Copper-sulfur bonding is

Cu—sulfide bonds are also present in biology, in particular in

the Cy site in nitrous oxide reductase in whichuabridging

n.—°
Spectroscopic studies and DFT calculationsl@and2 have

shown that their geometric and electronic structures are similar

to their well-studied peroxide analogugg;TMPA)Cu} ,0O,]%" 10

and f Cu[HB(3,5-Ppz)i]} 2(O2)]. 1t Descriptions of the ground

state wavefunctions fof [TMPA)Cu} ,0,]?" and [ Cu[HB(3,5-

Propz)]}»(O2)] are presented in Scheme!?!3 In both com-

an important issue in materials- and nanochemistry in determin- Plexes, empty Cu 3d orbitals of the two [(L)Cufragments

ing the electrical and magnetic properties of chalcogerfides.
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Scheme 1. Structures of 1 ([{ Cu(TMPA)}2S2](ClO4)2), 2 [{ CU[HB(3,5-Prbpz)s}12(S2)], and 3 [{(TMEDA)Cu} 2(u-1,2-S5)2](OTf),2

o oy 2

aThe isopropyl groups i2 and the methyl groups i8 have been omitted for clarity.

gfgﬁg:eaﬁd ;Cxﬁg;)fg:]cdihogigigt atpgfctfhlzogdzyeé\rﬂ;eﬂeﬁgigd function of 1 and2. These data are coupled with DFT calcu-
[{ (TMPA)CU} ;02" (top) gnd [{Cu[HB(3,5-I23r’2pz)3§]]}2(02)] (bottom) lations to unt_:lerstand the differences in bonding between the
end-on and side-on [G8;]?" complexes. These results are then
extended to XAS and DFT studies on the novel {(S)2]%"
complex, 3, to quantitatively determine the ground state elec-
tronic structure. The results support the assignmerg a$ a
dicopper(Ily-disulfidee1—) complex. Cu L-edge and S K-edge
XAS data have been coupled with DFT calculations to ex-
plore the factors that determine a ligand- vs metal-centered hole
in 3.

2. Experimental Section

2.1. Sample Preparation.Compoundsl, 2, 3, and Nas, were
synthesized as reported previousiy!41°1 and 2 were handled in a

dz 2 JT
\Qc; 3’0@ Ob% @/ glove bag under inert Natmosphere and at dry ice tempergturgs and
| 7 U@\ were transferred to the sample compartment under dry ice in a N

atmosphere3 is extremely moisture and Qensitive, and the Cu K-
and L-edge and S K-edge XAS samples were prepared inside;an O
free glove box and transferred to the sample compartment at the
engage in as-bond with the filledsz* antibonding orbital of beamline under a Natmosphere. For Cu K-edge XA$,and2 were
the Q2 fragment. Thiso-bonding interaction is calculated finely ground_wnh BN into a homogeneous mixture and pressed into
to be much stronger in{pu[HB(3,5-Pf2pZ)3]}2(Oz)] than in a 1 mm aluminum spacer between X-ray transparent Kapton tape. The

: samples were immediately frozen and stored under liquidOMring
2
[{(TMPA)CU},0,]*" because{[Cu[HB(3,5-Pkpz)|}2(O,)] has data collection, the samples were maintained at a constant temperature

twice the number of CtO bonds in its side-on bridged  4f 10 K using an Oxford Instruments CF 1208 liquid helium cryostat.
structure!3 Although the bonding in these compounds has been The cu L-edge samples were similarly treated and spread thinly over
explored by both theoretical and experimental methods, it has double-sided adhesive conducting graphite tape on an Al sample paddle.
not been possible to experimentally assess the oxygen characterhe paddles were transferred onto a magnetic manipulator in an
in the ground state wavefunctioh.and?2 offer the possibility antechamber prechilled with liquidNand then transferred into the

of using S K-edge XAS to experimenta”y evaluate these main chamber. They were then affixed to an Al block, which was cooled
bonding differences as this method probes the S character inthrough conduction by a continuous flow of liquid He into a Cu block
the ground state wavefunction. Cu L-edge XAS data comple- in an internal cavity. For the Cu L-edge measurements, the temperature
ment the ligand K-edge data as these probe the Cu 3d characte'@s monitored using a Lakeshore temperature controller and maintained

. _,at 20 K during the course of data collection. The samples were
in the ground state. Thus, these data can be used to prOVIdepositioned at 45to the incident beam. For S K-edge XA$and?2

insights relevant to understanding the core bonding in the oxygen,, o e finely ground and dispersed as thinly as possible on Mylar tape
analogs. ) _ ) _ ~ to minimize the possibility of self-absorption effects. The temperature

The charge of3 is consistent with two possible electronic  was regulated using a cryostat, which uses a liqdoled N gas flow
structure descriptions of ifsCuy(u-1,2-S),} 2+ core: dicopper- through a channel in the sample holder.

(1) —disulfide and dicopper(lbydisulfide¢1—). The crystal 2.2. X-Ray Absorption Spectroscopy. 2.2.1. Cu K-Edg&he X-ray

structure of3 shows a short SS bond distance of 1.95 A which ~ absorption spectra of, 2, and 3 were measured at the Stanford

falls in-between $(1.89 A) and HS, (2.05 A) and is consistent Synchrotron Radiation Laboratory on the focused 16-pole 2.0 T wiggler

with disulfide¢1—) assignment 08.3 Resonance Raman data beam Ilng 9-3 under standard ring conditions of 3 GeV and-800

are also available fa8, which show a S'S stretching frequency ~ ™A A Si(220) double crystal monochromator was used for energy
1 cip . . selection. A Rh-coated harmonic rejection mirror and a cylindrical Rh-

of 613 cnt, similar to the stretching frequency oS (601 d bent f : . d for b i .

1), which is also consistent with a disulfieé) assign- coated bent focusing mirror were used for beam ineS 30 reject
cm), . - / components of higher harmonics. Fluorescence mode was used to
ment2 However, these vibrational data are complicated by the
presence of two § fragments, which can potentially couple.  (14) Takata, T.; Saeki, D.; Makita, Y.; Yamada, N.; Kihara, INorg. Chem.

i inati - . B 2003 42, 3712-3714.
In this study, the combination of Cu K-and L-and S K-edge ;g {amada N} Furukawa, M.; Nishi, N.; Takata,Ghem. Lett2002 454
XAS is used to quantitatively define the ground state wave- 455,
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measure data tk = 13.4 A1 employing a Canberra Ge 30-element  K-edge spectra of N&Os5H,0, run at intervals between sample scans.
solid array detector. Internal energy calibration was accomplished by Data normalization was performed as described in earlier public&fions.
simultaneous measurement of the absorption of a Cu-foil placed The area under the pre-edge peak was quantified by fitting the data
between two ionization chambers situated after the sample. The first using EDG_FIT'® The pre-edge and rising edge features were modeled
inflection point of the foil spectrum was assigned to 8980.3 eV. Spectra with pseudo-Voigt line-shapes with a fixed 1:1 Lorentzian/Gaussian
presented here are the averages of 3, 5, and 2 scars 2o=and 3, ratio. The reported intensity and half-width values are based on an
respectively, which were processed by fitting a second-order polynomial average over simultaneous fits that accurately modeled the data and
to the pre-edge region and subtracting this from the entire spectrum astheir second derivative. Normalization procedures introdu8% error
background. A three-region spline of orders 2, 3, and 3 was used toin the value of the integrated area under the pre-edge peak. The S
model the smoothly decaying post-edge region. The data were K-edge spectra of, 2, and NaS; had contamination from elemental
normalized by subtracting the cubic spline and by assigning the edge sulfur, which is the starting material in the synthesis of all three
jump to 1.0 at 9000 eV using the PySpline progrém. compounds. Thus, the spectrum gf&as obtained and quantitatively
2.2.2. Cu L-Edge.Cu L-edge X-ray absorption spectra were recorded subtracted from that of, 2, and NaS,. This additionally increased
at SSRL on the 31-pole wiggler beam line-1Dunder ring operating the total error in the integrated area under the pre-edge pedkaraf
conditions of 56-100 mA and 3 GeV with a spherical grating 2 by ~8% (see Figure S3 in the Supporting Information for a
monochromator with 1000 lines/mm and set at:38 entrance and comparison of the S K-edge XAS spectralpf2, and $). 3 has, in
exit slits. Sample measurements were performed using total electronaddition to the 4 sulfur bridging atoms, two S atoms from the triflate
yield mode, where the sample signhl) wvas collected with a Galileo counterion. Thus, the data were renormalized to account for the edge-
4716 channeltron electron multiplier aligned t& 4&lative to the copper jump contribution from the counterion.
paddle. All samples were finely ground using an agate mortar and pestle  2.3. Electronic Structure Calculations.Gradient-corrected, (GGA)
and spread thinly across double-sided adhesive, conductive graphitespin-unrestricted, broken symmetry, density functional calculations were
tape attached to the copper paddle. The average ground powder particlearried out using the Gaussiad®ackage on a 2-cpu Linux computer.
size achieved was1—2 um.” This method of sample preparation was Geometry optimizations were performed for each complex. The
found to minimize the effect of self absorption even with large Becke88*2> exchange and Perdew®86’ correlation nonlocal func-
counterions like PE, CIOs~, and BArF. The signal was flux tionals with Vosko-Wilk-Nusa#® local functionals as implemented in
normalized [i/Ig) using the photocurrent of a gold-grid reference the software package (BP86) were employed. The tfe311G?9-31
monitor (o). Data for all samples were recorded in a sample chamber and the double: 6-31G*2-34 basis sets were used on the Cu and S
maintained below 1¢ Torr, isolated from the UHV beam line by a  atoms and the C, H, B, F, O, and N atoms, respectively. Spin
1000 A Al window. External energy calibration was accomplished by polarization was obtained by using the stakbet keyword in Gauss-
L-edge measurements on Guefore and after the sample. The L ian03. Population analyses were performed by means of Weinhold's
and L, peak maxima were assigned to 930.5 and 950.5 eV, respectively. Natural Population Analysis (NP&)37 including the Cu 4p orbitals
The variance in this calibration energy measured prior to and after eachin the valence set. Wavefunctions were visualized and orbital contour
sample scan was used to linearly shift the experimental spectra betweerplots were generated in MoldéhCompositions of molecular orbitals
calibration scans. Spectra presented here afestan averages, which  and overlap populations between molecular fragments were calculated
were processed by fitting a second-order polynomial to the pre-edge using the PyMOlyze progra#s.
region and subtracting it from the entire spectrum as background,
resulting in a flat post-edge. The data were normalized to an edge jump3- Results

of 1.0 at 1000 eV. The_ area un_d‘_er the2p3d pea_tk associaptqed with 3.1. Cu K-Edge XAS.A comparison of the Cu K-edge XAS
the Ls edge was quantified by fm”.]g the data using _EDG— The . _spectra ofl and2 is shown in Figure 1. The Inset shows the
pre-edge feature was modeled with pseudo-Voigt line-shapes with a - .

second derivative of the pre-edge region. The pre-edge feature

fixed 1:1 Lorentzian/Gaussian ratio. The total integrated area under b d 8979 eV | | . . | ic dipol
the L-edges was also obtained for comparison. Two arctangents werePPServe ak~ eV Is a low-intensity electronic dipole-

subtracted from the baseline subtracted and normalized data, whichforbidden quadrupole-allowed s 3d transition, which gains

were separated by 3/2¢s (20.25 eV). The total integrated area was
obtained as a sum of the total area under thé€925-939 eV) and L
(947-960 eV) edge¥’ The percent Cu character1n2, and3 obtained
by this method were within error of those obtained from EDG_FIT.

intensity from 4p mixing into the d-manifold due to deviation

from centrosymmetry? This pre-edge transition occurs at

8978.5 eV forl and 8979.3 eV foR (Table 1). The pre-edge

The results obtained from the two methods are compared in Table S1(21) Gorelsky, S. I.; Basumallick, L.; Vura-Weis, J.; Sarangi, R.; Hodgson, K.

(see Supporting Information).

2.2.3. S K-Edge S K-edge data of, 2, 3 and Na$S, were measured
using the SSRL 54-pole wiggler beamline-8 in high magnetic field
mode of 10 kG with a Ni-coated harmonic rejection mirror and a fully

0O.; Hedman, B.; Fujisawa, K.; Solomon, Elorg. Chem2005 44, 4947—
4960.

(22) Shadle, S. E.; Hedman, B.; Hodgson, K. O.; Solomon, Eadrg. Chem.
1994 33, 4235-4244.

(23) Pople, J. A. et alGaussian O3revision C.02; Gaussian, Inc.: Wallingford,
CT, 2004

tuned Si(111) double crystal monochromator. Details of the optimization (24) Becke, A. D.J. Chem. PhysL993 98, 5648-5652.

(25) Becke, A. D.Phys. Re. A 1988 38, 3098-3100.

of this beam line for low-energy fluorescence measurements and the(ze) Perdew, J. P.; Burke, K.. Wang, Phys. Re. B. 1998 57, 14999,

experimental setup have been described previcdsiThe data were

(27) Perdew, J. PPhys. Re. B 1986 33, 8822-8824.

measured as fluorescence excitation spectra utilizing an ionization (28) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58 1200-1211.

chamber as a fluorescence detector. The energy was calibrated from

(16) Tenderholt, APyMOlyze & PySplineStanford University: Stanford, CA,
2005

17) Pickéring, I. J.; George, G. N.; Yu, E. Y.; Brune, D. C.; Tuschak, C.;
Overmann, J.; Beatty, J. T.; Prince, R. Blochemistry2001, 40, 8138-
8145.

(18) George, G. NEXAFSPAK & EDG_FIT Stanford Synchrotron Radiation
Laboratory, Stanford Linear Accelerator Center, Stanford University:
Stanford, CA, 2000.

(19) Wasinger, E. C.; de Groot, F. M. F.; Hedman, B.; Hodgson, K. O.; Solomon, (36

E. I.J. Am. Chem. So2003 125 12894-12906.
(20) Hedman, B.; Hodgson, K. O.; Solomon, E.JI.Am. Chem. Sod99Q
112 1643-1645.
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Figure 1. The normalized Cu K-edge XAS spectrumlofblack),2 (red),
and3 (green). (Inset) Expanded pre-edge region of the second derivative Energy (eV)
spectrum of the 1s> 3d transition at~8979 eV. Figure 2. The normalized Cu L-edge XAS spectrumiofblack),2 (red),
. and 3 (green). The spectrum ddsn [Cu(Cl)s]2~ (blue) has been included
Table 1. Cu K- and L-edge X-ray Absorption Edge Energy as an energy and intensity reference. (Inset) Expandededion. The
Positions (eV) and Cu Character in the ¥} 0 spectrum of [Cl (MNT)](TBA) (MNT = maleonitriledithiolate, TBA=
Cu L-edge? tetran-butylammoniunt? (purple) has been included for comparison of
the ligand-field induced shift in the pre-edge position of a Cu(lll) complex.
Cu K-edge? 2p—3d
1s—4p+ Ls L Cu character in the number of CuS bonds on going from to 2 leads to the
complex  1s—3d  shakedown edge edge Wluwo (per-hole)® increased ligand field strengtB also has two C«S bonds but
1 8978.5 - 9309  951.0 63% its pre-edge energy increases by 0.4 eV relative.tdhis is
2 8979.3 - 9317 9517 37“7% due to the strong antibonding interaction between the twp (S
3 8979.7 89857 9320 9520 22% units of [Cw(S,)2]2" in 3 (vide infra) which destabilizes the

aEnergy resolution-1 eV. > Energy resolution-0.1 eV. ¢ Error in total Cu 3de-y orbitals and shifts the pre-edge to higher energy
intensity due to data processing and fitting1i§%. 9 Error in estimation relative t02.4* The rising-edge transition observed at 8985.7

of total intensity is 8% (see Experimental Section). eV results from a formally two-electron s 4p;, + ligand-to-
metal charge-transfer (LMCT) shakedown transition which
becomes allowed due to final state relaxation effét{8:6
Interestingly, this transition is only pronouncedif’ This low-
energy feature is commonly observed in covalent complexes

energy positions are consistent with a'Gssignment for both
1 and 2 (a typical Clf K-pre-edge occurs between8978.0
and 8980.0 eV}? The featureless rising-edge bfand2 and
the edge energy position-8995 eV) are also consistent with S > )
a CU' assignment of both complex&sAs has been demon- N Dan andCs, symmetries, in which the 1s- 4p; (low-lying

strated in earlier publications, the increase in the pre-edge energ)ﬁlnd qgn-interacting) orbital 'eaF’S to a low-energy shakedowq
position dominantly reflects the change in ligand-fi#d3thus, transition separated from the higher energy shakedown transi-

the shift in the pre-edge position Bt 0.8 eV higher energy ~ (iONS accompanying the s 4pyy (in-plane and destabilized)

indicates an increase in ligand-field strength relativelto ~ Man transitiort

consistent with the increase in the number of strongly coordinat- _ 3-2- CU L-Edge XAS.Figure 2 shows a comparison of the
ing Cu—S bonds in2. Cu L-edge spectra ofl and 2. The spectrum of the well

characterized4n, [CuCls)?~ complex (blue) has been included
as areferenct& The Cu (d) L-edge spectrum reflects the dipole-
allowed 2p— 3d transition that splits into two peakss(and

L,) due to spir-orbit coupling. These peaks are separated by
3/24.s (ALs = spin—orhit coupling,~20.25 eV for Cu). For ¥

Figure 1 also shows a comparison of the Cu K-edge spectrum
of 3 relative to those of the disulfide complexgésnd?2. The
pre-edge oB is higher in energy relative tband2 by 1.2 and
0.4 eV, respectively, and occurs at 8979.7 eV. This is in
agreement with the assignment 8fas a Cu(ll) complex S ; . .
although it indicates an increase in ligand-field3nelative to Cu containing complexes, the final state associated with the 2p

1and2. The experimental first shell bond distances and relevant —~ 3d transition is|2p3d'®> (2p = 2p core hole). This results
bond angles for the three complexes are shown in Table $2/M core spir-orbit coupling but precludes excited-state multiplet

(see Supporting Information). As stated above the increase in€ffécts and e-d spin-orbit coupling (due to the filled d shell)
resulting in a lg/L, pre-edge intensity ratio of 2:1 due to the

(39) Shulman, R. G.; Yafet, Y.; Eisenberger, P.; Blumberg, WPEc. Natl.

Acad. Sci. U.S.A1976 73, 1384-1388. (44) The ligand field or8 is also larger tha® due to the foIIowin%structural

(40) DuBois, J. L.; Mukherjee, P.; Stack, T. D. P.; Hedman, B.; Solomon, E. I.; differences: the Cu is closer to the equatorial plang {8.17 A) relative
Hodgson, K. OJ. Am. Chem. So@00Q 122, 5775-5787. to 2 (0.3 A) and the SCu—S angle in3 (74°) is wider than in2 (54.5).

(41) DeBeer, S.; Randall, D. W.; Nersissian, A. M.; Valentine, J. S.; Hedman, (45) Kau, L. S.; Spira-Solomon, D. J.; Penner-Hahn, J. E.; Hodgson, K. O;
B.; Hodgson, K. O.; Solomon, E. J. Phys. Chem. B00Q 104, 10814~ Solomon, E. 1.J. Am. Chem. S0d.987 109 6433-6442.

10819. (46) Goddard, W. A.; Blair, R. APhys. Re. B 198Q 22, 2767-2776.

(42) Sarangi, R.; Aboelella, N.; Fujisawa, K.; Tolman, W. B.; Hedman, B.; (47) Note that the rising edge of most Cu(l) complexes has an inte8884
Hodgson, K. O.; Solomon, E. 0. Am. Chem. SoQ006 128 8286— eV feature corresponding to the-ts4p transition. In3, this edge transition
8296. is ~1.7 eV higher than most Cu(l) complexes and is similar in energy to

(43) Sarangi, R.; DeBeer George, S.; Rudd, D. J.; Szilagyi, R. K.; Ribas, X; that observed in other Cu(ll) complexes (see refs 43 and 45).

Rovira, C.; Almeida, M.; Hodgson, K. O.; Hedman, B.; Solomon, B.1. (48) George, S. J.; Lowery, M. D.; Solomon, E. I.; Cramer, S1.FAm. Chem.
Am. Chem. So007, 129 2316-2326. S0c.1993 115 2968-2969.
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4:2 degeneracy of the 2p'2py1, states. The Ledge (~950 eV)
is broadened due to an additional Auger decay channel of the
excited state, which is absent for theadge 930 eV)*° The
Lz and L, transitions occur at 930.9 and 951.0 eV foand
are shifted~0.8 eV for 2 and occur at 931.7 and 951.7 eV
(Table 1). This increase in the pre-edge transition energies is
similar to that observed in the Cu K-pre-edge shifts on going
from 1 to 2.

The ground state wavefunctiogf_, o) of any & Cu—S
containing complex can be written #s:

Vh-Lomo = [1 = B = «“1"$(Cu(3d)) — B(S(3p)) —
a¢(Non— SLigandg) (1)

where 1— 82 — o2, 2, anda? correspond to the Cu 3d, S 3p,

and residual (i.e., other than S 3p) ligand character, respectively.

The L-edge transition is localized on the absorbing Cu center
(2p — 3d-component ofp};_LUMO and its intensity reflects the
metal character in they;_ yuo (1 — % — o?). As the
unoccupied metal 3d orbitals mix with filled ligand orbitgg,

Normalized Absorption

2472 2474
Energy ( eV )

Figure 3. The normalized S K-edge XAS spectrum®©tblack), 2 (red),
and3 (green). The spectrum of the ionic disulfide,Sa(blue), has been
included as reference.

2476

0.0
2468 2470 2478

anda? increase and the metal character decreases leading to &ystem and these holes will be referred to 1%,,, and

decrease in the L-edge transition intensity. A correlation of the
total area under the L-edge of any Cu containing complex with
the total area ofDg, [CuCly?~ (well studied by various
spectroscopic methods with 6t 4% Cu character in the
Yi_Lumo) 2 #851gives a quantitative estimate of the amount of
Cu character in the ground state. The total integrated area unde
the Ls edge ofl and2 are 6.22 and 3.69, respectively. Bdth
and2 have two d Cu centers and a8 = 0 ground state (holes

in Y5 umo andys_ ywo, henceforth referred to agf o), in
contrast to [CuGjJ?~ which has one Cu center and has&#

!/, ground state (one-hole ip;_ yuo). Thus, the areas under
the L-edge transitions give the per-hole Cu character amd

2, which are 63 and 37%, respectively (Tabléé4This shows

Yiumo+1 (s€€ Analysis). The area under the pre-edge3in
guantitates to 44% Cu character distributed over two holes or
22% per-hole Cu 3d-character. This decrease in per-hole Cu
character on going from to 2 to 3 indicates an increase in
covalent interaction with the,S" ligand system across the series.

' 3.3. S K-Edge XAS.Figure 3 includes a comparison of the
S K-edge XAS spectra of N& (bluef® with 1 (black). The
spectrum of NgS; is marked by a sharp transition a2470.7

eV, which is the low-lying 1s—~ S—S o¢* transition followed

by the edge-jump at higher energy (2474.4 eV)1)the 1s—

S—S o* transition is shifted to higher energy and occurs at
2471.6 eV. The rising edge, which corresponds to the-%4p

+ continuum transition has shifted up to 2475.3 eV ln

that the total Cu character has dramatically decreased on going:gnsistent with covalent bonding and charge donation from the

from 1 to 2, indicating that the metalligand bonding in2 is
significantly more covalent than ih. Figure 2 also compares
the Cu L-edge spectrum a8 with those of the disulfide
complexesl and2. The Ls- and L,-edge energy positions &f
occur at~932.0 and~952.0 eV, which is consistent with a
Cu' assignment foB. The pre-edge position i8 is shifted up
in energy relative tdl and2 by 1.1 and 0.3 eV, respectively.

disulfide to the Cu centers. In addition, a lower energy pre-
edge transition is observed Inwhich occurs at 2469.9 eV and
corresponds to the s y[ o transition (see eq 1). Because
the S K-edge XAS transition is localized on the absorbing S
atom (S 1s— 3p-component of{ o). as the filled S 3p
orbitals mix with unoccupied Cu 3d orbital$? increases,
leading to an increase in the S K-pre-edge transition intensity.

These energy shifts are consistent with the Cu K pre-edge energyrne total normalized area under the pre-edge transitidnisf

shifts observed for the three complexes and reflect increase in
ligand field strength on going fror to 2 to 3.5354 The total
integrated area under the; ledge of3 is 4.33.3 contains a
[Cux(S2)2)]?" unit that has two additional holes relative to the
[Cu,S$;)2" units found inl and 2. Therefore,3 is a four-hole

(49) Coster, D.; Kronig, R. D. LPhysical935 2, 13—24.

(50) DeBeer George, S.; Metz, M.; Szilagyi, R. K.; Wang, H. X.; Cramer, S.
P.; Lu, Y.; Tolman, W. B.; Hedman, B.; Hodgson, K. O.; Solomon, E. I.
J. Am. Chem. So@001, 123 5757-5767.

(51) Solomon, E. IComments Inorg. Cheml984 3, 227-320.

(52) The L, edge is convoluted with the edge jump of theddge. Since the
increases the error in estimating the pre-edge intensity, only jlezlge
integrated areas of the unknown are compared to that of [fuCThis is
possible only in 8complexes in which there is no redistribution of the L
and Ly transition intensities.

(53) An interesting comparison of the ligand-field of the Cu-S compléxés
and3is with inorganic CuS. Thededge of CusS (see reference 54) occurs
at~932.5 eV,~0.5 eV higher tharB. This is due to the fact that CuS has
four strong Cu-S bonds (relative to two €N and two Cu-S ligation in
3), which destabilizes the Cu 3d manifold and shifts the Cu L pre-edge to
higher energy.

(54) Grioni, M.; Goedkoop, J. B.; Schoorl, R.; de Groot, F. M. F.; Fuggle, J. C.
Phys. Re. B. 1989 39, 1541-1545.
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~0.77. Becausd is a two-hole system and contains two S
atoms, the total intensity reflects the per-hole S character in
the ¥ ymo» Which corresponds to 19.5% ith This relatively
small contribution of S to thep] o is consistent with the
correspondingly large Cu contribution obtained from Cu L-edge
XAS (see section 3.2).

Figure 3 also shows a comparison of the S K-edge spectra
of 1 (blue) and2 (red). The spectrum & consists of two intense
features at 2470.9 and 2471.9 eV corresponding to the-1s
Yiumo (pre-edge) and the Is- S—S o~ transitions, respec-
tively. A dramatic change is observed in the pre-edge transition
in 2, which is shifted to higher energy byl eV and is more
than twice as intense relative tIoBecause is also a two-hole
system and contains two S atoms, the total area of the pre-edge

(

55) The S K-edge XAS spectrum of b was collected in solid form and are
subject to self-absorption which can lead to error in the transition intensities.
However, this does not affect the energy positions of the spectra.
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Table 2. S K X-Ray Absorption Edge Energy Positions and
Pre-Edge Intensities

S K-pre-edge? 1s—S-So* S character in
complex energy (eV) (ev)o ¥ umo (Per-hole)®
NaS, - 2470.7 NA
1 2469.9 2471.6 19.5%
2 2470.9 2471.9 48%
2470.6 o
3 2471.3 2473.0 77%

aEnergy resolution~0.2 eV.? Lowest energy edge transitiohError
in total intensity due to data processing and fittingH§%. 4€ The lower

and higher energy pre-edge peaks, respectively. These peaks overlap strongly

and the error in energy position estimatiori8.2 eV. Error in estimation
of total intensity is 8% (see Experimental Section).

transition (1.88 units) reflects the per-hole S character in the
Yiumo and corresponds to 48% i@. This indicates that,
relative tol, 2 has a significantly stronger covalent interaction
between the disulfide and the €aenters. This is consistent
with a shift of the 1s—~ S—S ¢* transition to higher energy in

2 (~2471.9 eV), which indicates a decrease in the electron

density on the S atoms due to greater charge donation to the

Table 3. Selected DFT Parameters

Mulliken orbital population (7o) Mulliken charge

complex Cu S N,C Cu S N
1 65.0% 17.8% 10.7%, 4.0% 1.31-0.68 —0.6"
2 40.4%  49.2% 8.9%, 1.5% 1.13-0.47 -0.45
30.0% 59.8% 8.54%, 0.77% _ .
8 11.09%0 86%P 1.61%, 0.16% 1.02 0.21 0.94

aMulliken charge on the N atoms differ by a small amount in the three
complexes. An average value is presented He@amposition of the

Yiumoss Orbital.

1

d - a*

o

d 2 2'JT*
X -y o

Cu atoms. This is also supported by the significantly decreasedFigure 4. DFT calculated beta-spin contour plots bind2. The plots

Cu character in thep; o of 2 compared to that irl (see
section 3.2).

Also included in Figure 3 is a comparison of the S K-edge
XAS spectrum3 (green) with those of the disulfide complexes
1 and2. Similar to the disulfides, the spectrum 8fcontains
two intense features corresponding to the—tsy{ o (Pre-
edge) and the 1s> S—S o* transitions. The second derivative

were generated using Molden.

4. Analysis

4.1. [CwS;]?" Bonding: End-On vs Side-On.A d° Cu!
complex can either have azdtrigonal bipyramidal (TBP)
geometry) or g2 (tetragonal geometry) ground stafein 1
(TBP), there are two Cuions, which interact with the 3~

spectrum (see Supporting Information, Figure S1) shows that ligand in an end-on fashion. The highest occupied orbitals on

there are two transitions under the pre-edge spectrudmdiich
are separated by0.7 eV and occur at 2470.6 and 2471.3 eV

the disulfide are the degenerateorbitals, which splitin energy
upon interaction with the two Cu centers. The in-plari®rbital

(Table 2). The intensity-weighted average energy of these two (,r* ) interacts strongly with the Cu d orbitals whereas the out-

pre-edge transitions (2471.1 eV) is shifte®.2 eV to higher
energy relative to the pre-edgefThis shift is consistent with
the assignment dd as a Cti complex with a slightly stronger
ligand-field environment, which destabilizes the valence anti-
bonding orbitals and shifts the pre-edge to higher engfgy.
Because is a four-hole system and contains four S atoms, the
total intensity under the two pre-edge transitions (3.04) directly
reflects the per-hole S 3p character in the four unoccupied
orbitals ¢{umo and ¥} umos+) and corresponds to~77%
(Table 2). This large increase in total S characte3 indicates
that the holes are dominantly S based. This decreases th
electron density on the,S moiety and is accompanied by a
shift in the 1s— S—S o* transition to 2473.0 eV, which is-1

eV higher relative td@.

Cu K- and L-pre-edge transition energies indicate thiata
covalent Cti species. The S K- pre-edge transition energ$ of
is very similar to that in2, which is consistent with a similar
U on the Cu atoms (charge on the Cu atom in a molecule).
The significant increase in S character in thié o and
Y umors @nd the shift in the 1s~ S—S ¢* transition to higher

energy in3 indicate that the holes are predominantly S based

of-planes* orbitals (7*,) remain essentially nonbonding with
the Cu d orbitals in botd and2. Considering the symmetric
(d2a + dzg) and antisymmetric (gh — d2g) combination of
the two Cu centers, only the symmetric combination can have
net bonding interaction with the* , of the $2~ which leads to

the stabilization of ther* , orbitals and to destabilization of the
Yiumor Which has dominantly gn + dzg character. In2
(square-pyramidal), the disulfide*, orbital interacts in a side-

on fashion with the two Cu’s and can have net bonding
interaction with the antisymmetric combination of tbg-,?

eorbitals on the Cu centersdya — di-y2g). To quantify this

bonding description, density functional theory (DFT) calcula-
tions were performed oh and2 and correlated with the XAS
results. Selected DFT parameters are given in Table 3 and
Molden generated contour plots are shown in Figure 4. The
calculated Cu character in thg,,o of 1 and2 are 65.0 and
40.4% respectively (Table 3), which are in reasonable agreement
with the Cu L-edge XAS results (63 and 37% fbrand 2,
respectively). The calculated S character ingkg,,o of 1 and

2 are 17.8 and 49.2%, which are also in reasonable agreement
with the experimental results (19.5 and 48% fbrand 2,
respectively). This quantitative agreement of the DFT results

which decreases the electron density on the S atoms. Thus Cljith experiment indicates that theory provides a good descrip-

K- and L- edge and S K-edge XAS data support the previously
proposed assignment 8fas a [(CU),(S17)2]%" species.

(56) The S K-pre-edge transition energy of a Cu(lll) complex is lower in energy
relative to a Cu(ll) complex, reflecting the increase in the charge on the
Cu atom in the molecule.

tion of the electronic structure df and 2. Previous studies
indicate that the totaft*, donor interaction from the bound
S,%~ to the Cu almost doubles on going fromto 2.12 The
experimental results presented here give a quantitative estimate
of the increased covalency thhand show that the S character
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Energy (eV )
to

Figure 5. DFT calculated beta-spin energy-level comparison of disulfigé-jSdisulfide¢1—) (S*7), bis-disulfide¢l-) ([(S)2]?7), and3. S~ is a one-
hole system$ = %), whereas both bis-disulfide(—) and3 are two-hole systemsS(= 0). Blue line indicates the gap betweetiy,o and | yvo-

in the |,y indeed more than doubles (ar2.8 fold increase)  a polarizable continuum to get accurate descriptions of the
in 2 and is associated with a dramatic decrease in the Cuvalence orbitals). Figure 5 compares the energy level diagrams
character (63 to 37%). This results from the fact that there for the three systems in which the S 1s orbitals have been
are four Cu-S bonds in the side-onu{-r%%?) disulfide energetically aligned. In & (S = 0), the y{omo iS @
bound complexX, whereas there are only two €% bonds in degenerate set of antibonding orbitalss*x andz*y: S—S is

the end-ong—n*:n?) disulfide bound complet. DFT calcula- along thez-axis) they; o is theo* antibonding combination
tions show that the remaining non-S ligand character increasesof the 3p atomic orbitals. In 8~ (S= /), considering beta-

in 1 (~15%) relative to2 (~10%), which reflects the fact that  spin, there is one unoccupied,_, o orbital that corresponds
the increased donor interaction from?Sto Cu leads to a  to a hole in one of ther* orbitals. Additionally, in comparison
decrease in the donor interaction from the tris(pyrazolyl)- to $2-, the FMO’s shift to higher energy relative to the S 1s

hydroborate ligand. level, consistent with one-electron oxidation. Inf~ (S=
4.2. [Cw(S,)2)]?" Bonding. Cu K- and L- and S K-edge XAS  0), the two sets ofr* orbitals of individual $*~ fragments
indicate that bonding 18 is consistent with a (LC)2>-($"")2 interact, giving rise to four nondegenerate orbitals. The in-plane

description of the ground state. Thus, in comparison to the z*,’s (see Figure 5 for coordinate system) interact strongly and
disulfide in1 and 2, the two $"~ moieties in3 are each one-  splitinto* . andz* -, whereas the out-of-plares,’s interact
electron oxidized (disulfidel—)). In 3, the two $*~ units are relatively weakly and split intor*y+ andz*y—. A total of six
planar and occupy the edges of a rectangle with the distanceelectrons (three from eachsS unit) occupy ther* ., 7*y+,
between the two § fragments being 2.74 A. Because the Van and 7*,- orbitals. The destabilized*,— becomes the unoc-

der Waals radius of S is-1.85 A57 the atoms in the $ cupied ;| yuo, Whereas ther*y is the ¥},ouo The ¥ umort
fragments can interact, leading to symmetric and antisymmetric and they oo are the twao* orbitals that split intoo* - and
contributions of the in-plane and the out-of-plang~S3p 7* o .

orbitals. To evaluate the nature of the FMO's of the"S Spin unrestricted, broken-symmetry DFT calculations were
fragments on going from disulfide tois-disulfide1—), DFT performed on3 and the energy level diagram is included in
calculations were performed on the disulfideX3, disulfide- Figure 5 for comparison with the [§5]2~ fragment. Selected

(+1-) (S77), and the bis-disulfide(—) ([(S2)2]*") systems (in  pET parameters are presented in Table &, line two Cu atoms
(57) Pauling, L.The Nature of the Chemical Bon@ornell University Press: interact with the two 8~ Ilganqs in an end-on f_aShlon' Becaus_e
Ithica, NY, 1945, the geometry of each Cu is tetragonal with a weak axial
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Energy Level (eV)

0.63% Cu, 96.5% S, 3% C,N,H
o

0.8% Cu,*98,9% S
(0]

+

1 - y h, \ *
0.6% Cu, 84.9% S, 14.5% C,N,H °
o 76%Cu, 92.1%S,03% CNH
. W LUMO+1
Voo 11% Cu, 86% S
3t v
) 40.4% Cu, 49.2% S —
v 30.0% Cu, 59.8% S
LUMO
-4 “~ 65%Cu,17.8%S

Figure 6. DFT calculated beta-spin energy-level comparisori,02, and3. The S 1s orbitals have been energy aligned. Pfig,o and S-S o* with
dominant S and Cu contributions have been shown. The relative energy difference betwggn thend S-S o* are in reasonable agreement with the

experimental results (see Table 2). TheSSo* is composed of dominantly S

character. However, in the cas® of7.6% Cu character is mixed. This is

consistent with some back-bonding interaction between the filled Cu d level and-Be’S

counterion interaction, the dimer symmetry leads to symmetric
(de-y2a + de-yg) and antisymmetric (@-y2a — Oe-yg)
combinations of the two Cu centers. DFT calculations show
that the symmetric and antisymmetric combinations have net
bonding interactions with the in-plane*y_ and out-of-plane
a*y— orbital of the free [(9)2]?, respectively (Figure 5). This
leads to two valence orbitals B ;o and ¥} yyo+w With

Cu 3d and S 3p character. The DFT calculated energy level
diagram of the [Ci(S;)2]2" core in3 and the [CuS;]2" core
interactions inl and 2 are shown in Figure 6 (the relevant

valence orbitals with S 3p and Cu 3d character are shown) and

compared to the S K-edge data presented in Figure 3 and Tabl
2. The S 1s orbitals have been energetically aligned for direct
comparison to the S K-edge data. On going fréirto 2, the
calculated pre-edge energy position increases by 0.8 €9. In

the number of holes with S character increases to two, resulting

in two pre-edge features/{ o and ¥ o+ Calculations
show that thep; ;o andy; yuos, are separated by 0.7 eV and
their average energy position 4€0.1 eV higher than the pre-
edge in2. The calculated pre-edge energy positions are in

the respective experimental shifts of 0.3 and 1.1 eV. These
calculated SS o* energy positions are also in reasonable
agreement with the experimental results (Table 2).

In addition to the energy positions, Figure 6 also shows the
composition of the valence orbitals df 2, and3. It has been
shown in section 4.1 that the calculated ground state wavefunc-
tions of 1 and2 are in good agreement with the experimental
results. In3, the calculatedy; o+, has dominant S character
(86%) with minor contribution from Cu 3d orbitals (11%). Thus,
this [($)2]?~ basedy; o+ clearly indicates that the ground
state has a hole on the ligand and is consistent with a

ebis-disulfideél—) description of the molecule. DFT calculations

also reveal that thep; o is very covalent with 59.8% S
character and 30.0% Cu character. The calculated combined S
character in the two holes is 73% (average of 59.8 and 86%,
(Table 3)), which is in reasonable agreement with the S K-edge
results (77%). The two transitions from 2p 0o and

Yl umo+1 could not be observed in the Cu L-pre-edge due to
the low intensity of the 2p~ y{ juo+q transition asy] o1

agreement with the experimental data, which show pre-edgehas only 11% Cu character. However, the calculated total Cu

energy shifts of 1 eV on going frorhto 2 and 0.1 eV on going
from 2 to 3. In addition to the pre-edge energy positions, the
average SSo* energy position increases by 0.1 eV on going
from 1 to 2 and by 1.7 eV on going fro to 3 compared to

character in the two holes is 20.5% per-hole (average of 30
and 11%, (Table 3)), which is also in agreement with the Cu
L-edge results (22% per-hole). Thus, the experimental and DFT
results give direct evidence thaitis a very covalent dicopper-
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Scheme 3. DFT Calculated Bond Distances (A) for 3 and 3Reda

aThe atoms are represented as colored spheres=(@ink, S= yellow, N = blue, C= gray).

L . ’ Red imi
(I1)-bis-disulfidee1—) complex. The preference @ for a Vﬁﬁf;{ thseTlﬁﬁta?g ggzn':eﬁg?seters for 3 and 3% Optimized
ligand-based hole over a Cu-based hole (leading to #-Cu
disulfide complex) is considered below.

Mulliken orbital population (%) Mulliken charge

complex Cu S N,C Cu S N

ged Viowo 383 481 111,25
a

; : . . YLumo 244 709 34,13
5.1. Disulfide ComplexesComplexesl and?2 are disulfide Yiomo 284 582 101,35

analogues of end-on and side-on,Op complexes and have 3 Yoo, 135 825 28,13
been previously shown to have very similar spectroscopic
features as their peroxide analogdieéBecause the GO,
complexes have important implications in the mechanism of
O, activation by tyrosinase, study @frelative tol can give an relative to1. The lowering of the SS o* orbital energy is
important handle on ligarelCu interactions in the respective  observed in DFT calculated energy gap between the filled Cu
CwO, complexes. O K-edge experiments-540 eV) at de—y2a + de_y2g orbital and S-S o* orbital, which decreases
cryogenic temperatures are exceptionally challenging due to thein 2 (5.9 eV) relative tol (6.4 eV).
potential of water contamination and subsequent oxygen con- S K-edge XAS has been used here to probedherbital
tamination of the sample surface in high vacuum chambers, directly, which has not been normally accessible by optical
which are required to obtain the spectra. Thus, S K-edge XAS methods as the metal to ligand charge transfer (MLCT) band
on the CyS; analogues] and2, can be used to obtain important  would be too high in energy. The relative energy of tite
information on the side-on vs end-on bonding from the ligand orbital in 1 and2 has been gquantitatively measured and indicates
perspective. In this study, a quantitative estimate of the ground orbital energy shifts that are consistent with differences in
state covalency has been obtained both from the metal (CuS,2~-Cu 3d donor strengths.
L-edge) and ligand (S K-edge) XAS data, which show that the 5.2, Ligand- vs Cu-Based Oxidation. 3vas synthesized by
ground state wavefunction is composed of 63% Cu and 19.5%the addition of elementalgSo the (L)Cu precursor. The total
Sinland 37% Cu and 48% S @& an increase in S character charge of the molecule indicates tf8atontains a [Cp(S;),]2"
of ~2.5 fold on going froml to 2. This is consistent with two  unit that could either be described as a'[G{5,27),]2* system
covalent Cu-S bonds per Cu if2 relative to only one iri. (Cu-based hole) or [C(S;7)2]4" system (ligand-based hole).
Normal coordinate analyses on resonance Raman data havén the initial characterization 08, a short S-S bond distance
been published previously and show that the force constant of (1.95 A) and &S sensitive resonance Raman band at 613'cm
the S-S bond decreases from 2.41 to 1.82 mdyne/A on going were observed, which together indicated a stronges $ond
from 1 to 2.12 This indicates a significant weakening of the S than for any known disulfide complexé©n the basis of the
bond. This is opposite to the behavior expected with the strongercrystal structure and the rRaman d&avas assigned as having
covalent interaction iR relative tol, since the resultant ground  dominant dicopper(ll)-biglisulfide@e1—) character. These results
state should have less electron density on tife $* orbital are supported by the XAS data presented here, which give direct
and hence form a stronger-S bond. On the other hand, it evidence for a ligand-based oxidationdnin particular, Cu K-
supports the idea that the weak S (and OG-0 in oxyHc and and L-pre-edge energy positions3ére consistent with its Clu
oxyTy) is due to back-bonding interaction from the filled Cu assigment. The S K-pre-edge energy position is actually slightly
de_y2a + g in to the S-S o* orbital in the side-on disulfide  higherthan2, indicating that Cu ir8 has a somewhat decreased
complex2 which increases the electron density in theSSo* positive charge inconsistent with a € description. In addition,
antibonding orbital. This results from the very covalent donor the large intensity of the S K-pre-edge peak indicates a ground
interaction of the $--Cu" unit in 2. Note that the weakened state wavefunction with dominant S hole character consistent
S-S bond due to back-bonding interaction from the filled Cu with ligand-based oxidation.

5. Discussion
0.90 -0.53 -0.90

096 -0.17 -0.96

aThe Mulliken charge on the N and S atoms differ by a small amount
in the two complexes. An average value is presented here.

de-y2a + d2—y2g orbital would tend to shift the SS o* orbital To understand the determining factor for a ligand-based hole,
to lower energies. However, S K-edge XAS shows that the S DFT calculations were also performed on a two-electron reduced
1s — o* transition is 0.3 eV higher i2 relative to1. This form of 3 (3Red).58 Important geometric parameters are given

reflects an increase in the effective nuclear charge on the S atomin Scheme 3. Mulliken populations in the ground state wave-
(leading to a shift in the S 1s orbital to deeper energy) due to function and the Mulliken charges are given in Table 4. The
the almost 2.5 fold increase@?S charge donation to Cu i@ Yiumo Of 3R is composed of 70.9%r*,— and 24.4% Cu
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Figure 7. DFT calculated beta-spin energy-level comparisoB87%f and3. The S 1s orbitals have been energy aligned. The relevant orbitals with dominant
S and Cu contributions have been shown. Blue line indicates the gap bepfiggn andy{,yo-

de—y2a — de—y2s character (see Figure 7 for orbital lables). The Scheme 4. Schematic Showing the Destabilization of the %y
remaining~4.7% is distributed over the non-S ligands. The and 7%~ [(Sz)2]*" Orbitals Due to Inter S;* Repulsion
[Cux(S2)2]° unit in 3Red s redox-equivalent to the [G8]2 unit ¥ puunio
in 1 and 2. A comparison of they{ s of 1 (end-on
disulfide) with that of3Red (end-on coordination to two,S
units) shows that the covalency has increased almost 4-fold in

3Red Because the S character increases dramatically on going T \

from 1 to 2 due to increase in the number of bound S atoms, a AU b
similar effect should contribute to the increased covalency in § ," ,)(\ Iane;ed “

3Red However 3R¢ds considerably more covalent even relative &/ ,+ Loy

to 2 (Table 3), indicating that an additional factor contributes ;,«,"I," Ty '\

to the net covalent sulfur bonding 8%ed. This can be evaluated ;,~ ,,/*
by comparing the relative energies of the frontier molecular . i \\‘\\
orbitals (FMO's) of $2, [(S,)2]4~ and3Red (see Scheme 4). In T # :;t
[(S2)2]*, the two $?~ units are within Van der Waals radii,
which leads to bonding and antibonding interactions between S St et d2 2pt Oy 25)
the two $?~ fragments and destabilizes the occupied FMO’s

aThis destabilization raises the ligand orbital above the @uah) +
which interact with the (L)Cli fragment. The inter-8-

de-y) set leading to inverted bonding scheme and dominant ligand
interaction raises the [¢%]4~ fragment FMO’s to higher energy ~ composition in the ground state.
relative to the (L)Cli fragment (Scheme 4). Furthermore, the

predominantly S-based ground state wavefunctic@t#f (Table character. This results in a hole in the predominantgnti-

4) indicates that the [¢%]*~ unit has lost a considerable amount bonding orbital of the bis-disulfide fragment leading to the
of electron density to the (L)Cufragment and has already formation of a dicopper(ll)-bis-disulfidel—) species in3.
gained someis-disulfide@l-) character. On going t8, two The inter-ligand interaction between the twg Sunits in
electrons are lost from3Red, one each from they}_, ;o and [(S2)2]* leads to some loss of occupied (Ag) (intra-ligand)
¥5-Lumor Which contain a significant amount of Kol 7y bonding character due to its mixing with the unoccupied
(58) The geometry-optimized structure ®fincluding the triflate counterions)

o*_ (Ag) antibonding orbital. This leads to weakening of the

! : d intra ligand S-S bond, which is reflected in a decrease in the
was used as the input structure for calculations 3% However, . . u o
subsequent geometry optimization steps resulted in the displacement of calculated intra-ligand -SS bond order (8- = 1.33, [($)2]

the triflate counterion from bonding distance with the [(L&8)),]°" core. — ; i i

Thus, the electronic structures of bahand 3Red were calculated using 1'09)' Th!s results in a_decrease in the CalCU|ate_d average
structural models without the triflate counterion. S-S stretching frequency in [65]%~ (561 cnT1)%° relative to
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S~ (599 cntl). This is interesting, because a comparison of
the stretching frequencies of;& (475 cnTh)® with 1 and 2
(~500 cnr )2 shows a 25 cmt increase in the SS stretching
frequency inl1 and 2, which reflects the decrease in electron
density on &~ due to charge donation to Cu. However, a similar
comparison between k%598 cnt1)®1and3 (613 cntl) shows
only a 15 cml increase, indicating lesser charge donation from
the bis-disulfide1—) to Cu in 3, which is inconsistent with

Spectroscopic data and calculations reveal that the twauBits

of [(S2)2]>~ undergo significant inter-ligand interactions, which
destabilize the valence orbitals of the ligand fragment resulting
in an inverted bonding scheme3nThis inverted bonding leads

to the ligand-based hole and an interesting electronic structure
for 3.
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