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Abstract

CuK-, L-and S K-edge X-ray absorption spectroscopic (XAS) data have been combined with density
functional theory (DFT) calculations on [{(TMPA)Cu}»S2](ClOg4)> (1), [{Cu[HB(3,5-
Prispz)s]}2(S2)] (2) and [{(TMEDA)Cu}»(S»)-](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 while the S K-pre-edge intensities reflect 20% and 48% S
character in their ground states. These data indicate a more than two-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-n2n2 Sy2~
bridge) compared to 1 ((u-ntn! S,2~ 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'l/(S,7), nature of 3. The two disulfide(+1-)’s in 3 undergo strong bonding
interactions which destabilize the resultant filled antibonding =" 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(11)-bis-disulfide(+1-)
complex.
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1. Introduction

A number of interesting Cu-S containing complexes have recently been synthesized and
structurally characterized. These include [{(TMPA)Cu},S,](ClOg), (1),1 which has a planar
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Cu,S, core in a trans p-1,2 geometry (Scheme 1), [{Cu[HB(3,5-Priopz)3]}2(S2)] (2),2 which
has a planar Cu,S, diamond core in a pt 12:n2 geometry and [{(TMEDA)Cu}»(S2)2](0Tf),
(3),3 which has a novel [Cuy(S5),)]?* center in a chair conformation and has a pi-1,2
[Cux(S,),)]?* geometry. Copper-sulfur bonding is an important issue in materials- and nano-
chemistry in determining the electrical and magnetic properties of chalcogenides.A"6 Cu-
sulfide bonds are also present in biology, in particular in the Cuy, site in nitrous oxide reductase
in which a ps-bridging sulfide tunes the multielectron transfer for N,O reduction.’—9

Spectroscopic studies and DFT calculations on 1 and 2 have shown that their geometric and
electronic structures are similar to their well-studied peroxide analogues, [{(TMPA)
Cu},0,]%* 10 ang [{Cu[HB(3,5—Pri2pz)3]}2(02)].11 Descriptions of the ground state
wavefunctions for [{(TMPA)Cu},0,]?* and [{Cu[HB(3,5-Prispz)3]},(0,)] are presented in
Scheme 2.12:13 |n hoth complexes, empty Cu 3d orbitals of the two [(L)Cu]* fragments engage
in a o-bond with the filled =" antibonding orbital of the 0,2~ fragment. This c-bonding
interaction is calculated to be much stronger in [{Cu[HB(3,5-Prispz)s]}2(05)] than in
[{(TMPA)Cu},0,]2* since [{Cu[HB(3,5-Priopz)3]}2(0,)] has twice the number of Cu-O
bonds in its side-on bridged structure.13 While the bonding in these compounds has been
explored by both theoretical and experimental methods, it has not been possible to
experimentally assess the oxygen character in the ground state wavefunction. 1 and 2 offer the
possibility of using S K-edge XAS to experimentally evaluate these bonding differences as
this method probes the S character in the ground state wavefunction. Cu L-edge XAS data
complement the ligand K-edge data as these probe the Cu 3d character in the ground state.
Thus, these data can be used to provide insights relevant to understanding the core bonding in
the oxygen analogs.

The charge of 3 is consistent with two possible electronic structure descriptions of its
{Cuy(u-1,2-S,),}2* core: dicopper(111)-disulfide and dicopper(l1)-disulfide(s1-). The crystal
structure of 3 shows a short S-S bond distance of 1.95 A which falls in-between S, (1.89 A)
and H,S, (2.05 A) and is consistent with disulfide(e1-) assignment of 3.3 Resonance Raman
data are also available for 3, which show a S-S stretching frequency of 613 cm™1, similar to
the stretching frequency of S,*~ (601 cm™1), which is also consistent with a disulfide(s1-)
assignment.® However, these vibrational data are complicated by the presence of two Sy™
fragments, which can potentially couple.

In this study, the combination of Cu K- and L- and S K-edge XAS is used to quantitatively
define the ground state wavefunction of 1 and 2. These data are coupled with DFT calculations
to understand the differences in bonding between the end-on and side-on [Cu,S,]2* complexes.
These results are then extended to XAS and DFT studies on the novel [Cuy(S5)2]%* complex,
3, to quantitatively determine the ground state electronic structure. The results support the
assignment of 3 as a dicopper(I1)-disulfide(e1—) complex. Cu L-edge and S K-edge XAS data
have been coupled with DFT calculations to explore the factors that determine a ligand- vs
metal-centered hole in 3.

2. Experimental Section

2.1 Sample Preparation

Compounds 1, 2, 3 and Na,S, were synthesized as reported previously.1_3'14'15 1and 2 were
handled in a glove bag under inert N, atmosphere and at dry ice temperatures and were
transferred to the sample compartment under dry ice in a N, atmosphere. 3 is extremely
moisture and O, sensitive 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 beamline under
a N, atmosphere. For Cu K-edge XAS, 1 and 2 were finely ground with BN into a homogeneous
mixture and pressed into a 1 mm aluminum spacer between X-ray transparent Kapton tape.
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The samples were immediately frozen and stored under liquid N,. During data collection the
samples were maintained at a constant temperature of 10 K using an Oxford Instruments CF
1208 liquid helium cryostat. The Cu L-edge samples were similarly treated and spread thinly
over double-sided adhesive conducting graphite tape on an Al sample paddle. The paddles
were transferred onto a magnetic manipulator in an antechamber pre-chilled with liquid N,
and then transferred into the main chamber. They were then affixed to an Al block, which was
cooled through conduction by a continuous flow of liquid He into a Cu block in an internal
cavity. For the Cu L-edge measurements the temperature was monitored using a Lakeshore
temperature controller and maintained at 20 K during the course of data collection. The samples
were positioned at 45° to the incident beam. For S K-edge XAS, 1 and 2 were finely ground
and dispersed as thinly as possible on Mylar tape to minimize the possibility of self-absorption
effects. The temperature was regulated using a cryostat, which uses a lig N, cooled N5 gas
flow through a channel in the sample holder.

2.2 X-ray Absorption Spectroscopy

2.2.1 Cu K-edge—The X-ray absorption spectra of 1, 2 and 3 were measured at the Stanford
Synchrotron Radiation Laboratory on the focused 16-pole 2.0 T wiggler beam line 9-3 under
standard ring conditions of 3 GeV and 80-100 mA. A Si(220) double crystal monochromator
was used for energy selection. A Rh-coated harmonic rejection mirror and a cylindrical Rh-
coated bent focusing mirror were used for beam line 9-3 to reject components of higher
harmonics. Fluorescence mode was used to measure data to k = 13.4 A~1 employing a Canberra
Ge 30-element solid array detector. Internal energy calibration was accomplished by
simultaneous measurement of the absorption of a Cu-foil placed between two ionization
chambers situated after the sample. The first inflection point of the foil spectrum was assigned
to 8980.3 eV. Spectra presented here are the averages of 3, 5 and 2 scans for 1, 2 and 3,
respectively, which were processed by fitting a second-order polynomial to the pre-edge region
and subtracting this from the entire spectrum as background. A three-region spline of orders
2, 3and 3 was used to model the smoothly decaying post-edge region. The data were normalized
by subtracting the cubic spline and by assigning the edge jump to 1.0 at 9000 eV using the
PySpline program.16

2.2.2 Cu L-edge—Cu L-edge X-ray absorption spectra were recorded at SSRL on the 31-
pole wiggler beam line 10-1 under ring operating conditions of 50-100 mA and 3 GeV with a
spherical grating monochromator with 1000 lines/mm and set at 30 um entrance and exit slits.
Sample measurements were performed using total electron yield mode, where the sample signal
(17) was collected with a Galileo 4716 channeltron electron multiplier aligned to 45° relative
to the copper paddle. All samples were finely ground using an agate mortar and pestle and
spread thinly across double-sided adhesive, conductive graphite tape attached to the copper
paddle. The average ground powder particle size achieved was ~1-2 pm. 17 This method of
sample preparation was found to minimize the effect of self-absorption even with large
counterions like PFg~, CIO4~ and BArF". The signal was flux normalized (11/lp) using the
photocurrent of a gold-grid reference monitor (lg). Data for all samples were recorded in a
sample chamber maintained below 107 Torr, isolated from the UHV beam line by a 1000 A
Al window. External energy calibration was accomplished by L-edge measurements on
CuF, before and after the sample. The L3 and L, peak maxima were assigned to 930.5 eV and
950.5 eV, respectively. The variance in this calibration energy measured prior to and after each
sample scan was used to linearly shift the experimental spectra between calibration scans.
Spectra presented here are 3-5 scan averages, which were processed by fitting a second-order
polynomial to the pre-edge region and subtracting it from the entire spectrum as background,
resulting in a flat post-edge. The data were normalized to an edge jump of 1.0 at 1000 eV. The
area under the 2p—3d peak associated with the L3 edge was quantified by fitting the data using
EDG_FIT.18 The pre-edge feature was modeled with pseudo-Voigt line-shapes with a fixed
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1:1 Lorentzian:Gaussian ratio. The total integrated area under the L-edges was also obtained
for comparison. Two arctangents were subtracted from the baseline subtracted and normalized
data, which were separated by 3/2*\_ g (20.25 eV). The total integrated area was obtained as
a sum of the total area under the L3 (925-939 eV) and L, (947-960 eV) edges. 19 The percent
Cu character in 1, 2 and 3 obtained by this method were within error of those obtained from
EDG_FIT. The results obtained from the two methods are compared in Table S1.

2.2.3 S K-edge—S K-edge data of 1, 2, 3 and NayS, were measured using the SSRL 54-pole
wiggler beamline 6-2 in high magnetic field mode of 10 kG with a Ni-coated harmonic rejection
mirror and a fully tuned Si(111) double crystal monochromator. Details of the optimization of
this beam line for low ener% fluorescence measurements and the experimental setup have
been described previously. 21 The data were measured as fluorescence excitation spectra
utilizing an ionization chamber as a fluorescence detector. The energy was calibrated from S
K-edge spectra of Na,S,03.5H,0, run at intervals between sample scans. Data normalization
was performed as described in earlier publlcatlons 22 The area under the pre-edge peak was
quantified by fitting the data using EDG_FIT. 18 The pre-edge and rising edge features were
modeled with pseudo-Voigt line-shapes with a fixed 1:1 Lorentzian:Gaussian ratio. The
reported intensity and half-width values are based on an average over simultaneous fits that
accurately modeled the data and their second derivative. Normalization procedures introduce
~3% error in the value of the integrated area under the pre-edge peak. The S K-edge spectra
of 1, 2 and NayS, had contamination from elemental sulfur, which is the starting material in
the synthesis of all three compounds. Thus, the spectrum of Sg was obtained and quantitatively
subtracted from that of 1, 2 and Na,S,. This additionally increased the total error in the
integrated area under the pre-edge peaks of 1 and 2 by ~8% (see Figure S3 for a comparison
of the S K-edge XAS spectra of 1, 2 and Sg). 3 has, in addition to the 4 sulfur bridging atoms,
two S atoms from the triflate counterion. Thus, the data were renormalized to account for the
edge-jump contribution from the counterion.

2.3 Electronic Structure Calculations

3. Results

Gradient-corrected, (GGA) spin-unrestricted, broken symmetry, density functional
calculations were carried out using the Gau55|an0323 package on a 2-cpu Linux computer.
Geometry Oé)tlmlzatlons were performed for each complex. The Becke882 4,25 exchange and
Perdew8620:27 correlation non-local functionals with Vosko-Wilk-Nusair8 local functionals
as implemented in the software package (BP86) were employed. The triple-{ 6- -311G*29-31
and the double-¢ 6-31G*32-34 pasis sets were used on the Cu and S atoms and the C, H, B,
F, O and N atoms, respectively. Spin polarization was obtained by using the stable=opt keyword
in Gaussian03. Population analgses were performed by means of Weinhold's Natural
Population Analysis (NPA) mcluding the Cu 4p orbitals in the valence set. Wave
functions were visualized and orbital contour plots were generated in Molden. 38 Compositions
of molecular orbitals and overlag populations between molecular fragments were calculated
using the PyMOlyze program.

3.1 Cu K-edge XAS

A comparison of the Cu K-edge XAS spectra of 1 and 2 is shown in Figure 1. The Inset shows
the second derivative of the pre-edge region. The pre-edge feature observed at ~8979 eV is a
low-intensity electronic dipole-forbidden quadrupole-allowed 1s—3d transition, which gains
intensity from 4p mixing into the d-manifold due to deviation from centrosymmetry.39 This
pre-edge transition occurs at 8978.5 eV for 1 and 8979.3 eV for 2 (Table 1). The pre-edge
energy positions are consistent with a Cu'! assL?nment for both 1 and 2 (a typical Cu!' K-pre-
edge occurs between ~8978.0 and 8980.0 eV). 0 The featureless rising-edge of 1 and 2, and

J Am Chem Soc. Author manuscript; available in PMC 2009 January 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sarangi et al.

Page 5

the edge energy position (~8995) eV are also consistent with a Cul! assignment of both
complexes. 1 As has been demonstrated in earlier publications, the increase in the pre-edge
energy position dominantly reflects the change in Iigand-field,42v43 thus, the shift in the pre-
edge position in 2 to 0.8 eV higher energy indicates an increase in ligand-field strength relative
to 1 consistent with the increase in the number of strongly coordinating Cu-S bonds in 2.

Figure 1 also shows a comparison of the Cu K-edge spectrum of 3 relative to those of the
disulfide complexes 1 and 2. The pre-edge of 3 is higher in energy relative to 1 and 2 by 1.2
eV and 0.4 eV, respectively, and occurs at 8979.7 eV. This is in agreement with the assignment
of 3 as a Cu(ll) complex although it indicates an increase in ligand-field in 3 relative to 1 and
2. The experimental first shell bond distances and relevant bond angles for the three complexes
are shown in Table S2. As stated above the increase in the number of Cu-S bonds on going
from 1 to 2 leads to the increased ligand field strength. 3 also has two Cu-S bonds but its pre-
edge energy increases by 0.4 eV relative to 2. This is due to the strong antibonding interaction
between the two (S,),~ units of [Cu(S)»]%* in 3 (vide infra) which destabilizes the Cu
3dy2-y2 orbitals and shifts the pre-edge to higher energy relative to 2.44 The rising-edge
transition observed at 8985.7 eV results from a formally two-electron 1s—4p;, + ligand-to-
metal charge-transfer SLMCT) shakedown transition which becomes allowed due to final state
relaxation effects. 40,49,46 Interestingly, this transition is only pronounced in 3.47 This low-
energy feature is commonly observed in covalent complexes in D4y and Cy4, Symmetries, in
which the 1s—4p, (low-lying and non-interacting) orbital leads to a low-energy shakedown
transition separated from the higher energy shakedown transitions accompanying the
1s—4py y (in-plane and destabilized) main transition. 42

3.2 Cu L-edge XAS

Figure 2 shows a comparison of the Cu L-edge spectra of 1 and 2. The spectrum of the well
characterized D4y, [CuCl4]?~ complex (blue) has been included as a reference.48 The Cu (d9)
L-edge spectrum reflects the dipole-allowed 2p—3d transition that splits into two peaks (L3
and L) due to spin-orbit coupling. These peaks are separated by 3/2) s (A{_s=spin-orbit
coupling, ~20.25 eV for Cu). For d° Cu containing complexes, the final state associated with
the 2p—3d transition is |2p3d1%> (2p = 2p core hole). This results in core spin-orbit coupling
but precludes excited state multiplet effects and d-d spin-orbit coupling (due to the filled d
shell) resulting in a L3:L, pre-edge intensity ratio of 2:1 due to the 4:2 degeneracy of the
2p3/2:2pq/2 States. The Lo edge (~950 eV) is broadened due to an additional Auger decay
channel of the excited state, which is absent for the L3 edge (~930 eV).49 The Lz and Ly
transitions occur at 930.9 eV and 951.0 eV for 1 and 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.

Tk%e ground state wave-function (l!/;_LUMO) of any d° Cu-S containing complex can be written
as

U owo=| 1 =B — 2] "6 (Cu3d)) - Bo(S (3p)) - ad(Non - S (Ligands)) 0

where 1 — B2 — o2, 2 and a2 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 of ¥, , ,.0) and its intensity reflects the metal character in the ¥, | o (1 —
B2 — a?). As the unoccupied metal 3d orbitals mix with filled ligand orbitals, p2 and o2 increase
and the metal character decreases leading to a 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
of Dgp, [CuCl4]%~ (well studied by various spectroscopic methods with 61 + 4% Cu character

inthe W;_,_[,M(,)22!48’51 gives a quantitative estimate of the amount of Cu character in the ground
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state. The total integrated area under the L3 edge of 1 and 2 are 6.22 and 3.69, respectively.
Both 1 and 2 have two d° Cu centers and an S=0 ground state (holes in ¥, ,, @nd w;_LUMO,
henceforth referred to as ¢ ), in contrast to [CuCl4]?~ which has one Cu center and has an

S=1/2 ground state (one-hole in lﬂﬂ Lumo)- Thus, the areas under the L-edge transmons give the
per-hole Cu character in 1 and 2, which are 63% and 37%, respectively (Table 1) 2 This shows
that the total Cu character has dramatically decreased on going from 1 to 2 indicating that the
metal-ligand bonding in 2 is significantly more covalent than in 1. Figure 2 also compares the
Cu L-edge spectrum of 3 with those of the disulfide complexes 1 and 2. The Lz- and Ly-edge
energy positions of 3 occur at ~932.0 eV and ~952.0 eV, which is consistent with a Cu'!
assignment for 3. The pre-edge position in 3 is shifted up in energy relative to 1 and 2 by 1.1
eV and 0.3 eV, respectively. These energy shifts are consistent with the Cu K pre-edge energy
shifts observed for the three complexes and reflect increase in ligand field strength on going
from 1 to 2 to 3.2394 The total integrated area under the L3 edge of 3 is 4.33. Compound 3
contains a [Cuy(S5)2)]%* unit which has two additional holes relative to the [Cu»S,]?* units
found in 1 and 2. Therefore, 3 is a four-hole system and these holes will be referred to as

Ui ad ¥ (see Analysis). The area under the pre-edge in 3 quantitates 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 1 to 2 to 3, indicates an increase in covalent interaction with
the Sy~ ligand system across the series.

3.3 S K-edge XAS

Figure 3 includes a comparison of the S K-edge XAS spectra of NaySy (blue)55 with 1 (black).
The spectrum of Na,S, is marked by a sharp transition at ~ 2470.7 eV which is the low-lying
1s—S-S ¢~ transition followed by the edge-jump at higher energy (2474.4 eV). In 1, the 1s—S-
S " transition is shifted to higher energy and occurs at 2471.6 eV. The rising edge, which
corresponds to the 1s—4p+continuum transition has shifted up to 2475.3 eV in 1, consistent
with covalent bonding and charge donation from the disulfide to the Cu centers. In addition, a
lower energy pre-edge transition is observed in 1 which occurs at 2469.9 eV and corresponds

to the Is — 7 transition (see equation 1). Since the S K-edge XAS transition is localized

on the absorbing S atom (S 1s—3p-component of wLUMO) as the filled S 3p orbitals mix with
unoccupied Cu 3d orbitals, B2 increases leading to an increase in the S K pre-edge transition
intensity. The total normalized area under the pre-edge transition of 1 is ~0.77. Since 1 is a
two-hole system and contains two S atoms, the total intensity reflects the per-hole S character

in the ¥7 ., which corresponds to 19.5% in 1. This relatively small contribution of S to the

U uo 18 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) and 2 (red). The spectrum
of 2 consists of two intense features at 2470.9 eV and 2471.9 eV corresponding to the

Is = ¢ . (pre-edge) and the 1s—S-S o transitions, respectively. A dramatic change is
observed in the pre-edge transition in 2, which is shifted to higher energy by ~1 eV and is more
than twice as intense relative to 1. Since 2 is also a two-hole system and contains two S atoms,

the total area of the pre-edge transition (1.88 units) reflects the per-hole S character in the

¥ o @nd corresponds to 48% in 2. This indicates that, relative to 1, 2 has a significantly
stronger covalent interaction between the disulfide and the Cu!! centers. This is consistent with
a shift of the 1s—S-S 6™ 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 Cu atoms.

This is also supported by the significantly decreased Cu character in the ¢*  of 2 compared
to that in 1 (see section 3.2).

LUMO
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Also included in Figure 3 is a comparison of the S K-edge XAS spectrum 3 (green) with those
of the disulfide complexes 1 and 2. Similar to the disulfides, the spectrum of 3 contains two

intense features corresponding to the 1s — ¢ (pre-edge) and the 1s—S-S ¢~ transitions.
The second derivative spectrum (see Supporting Information, Figure S1) shows that there are
two transitions under the pre-edge spectrum of 3 which are separated by ~0.7 eV and occur at
2470.6 eV and 2471.3 eV (Table 2). The intensity-weighted average energy of these two pre-
edge transitions (2471.1 eV) is shifted ~0.2 eV to higher energy relative to the pre-edge of 2.
This shift is consistent with the assignment of 3 as a Cu'! complex with a slightly stronger
ligand-field environment, which destabilizes the valence anti-bonding orbitals and shifts the
pre-edge to higher energy.56 Since 3 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 (¢, and ¢; . ) and corresponds to ~77% (Table 2). This
large increase in total S character in 3 indicates that the holes are dominantly S based. This
decreases the electron density on the S,"~ moiety and is accompanied by a shift in the 1s—S-

S 6" transition to 2473.0 eV, which is ~1 eV higher relative to 2.

Cu K- and L-pre-edge transition energies indicate that 3 is a covalent Cu'! species. The S K-
edge pre-edge transition energy of 3 is very similar to that in 2, which is consistent with a

similar O | on the Cu atoms (charge on the Cu atom in a molecule). The significant increase

mol
inS characterinthey? . and ¢’ andthe shiftinthe 1s—S-S ¢ transition to higher energy

LUMO
in 3 indicate that the holes are predominantly S based which decreases the electron density on
the S atoms. Thus Cu K- and L- edge and S K-edge XAS data support the previously proposed

assignment of 3 as a [(Cu'"),(S, 17),]2* species.

4.1 [Cu,S,]%* Bonding: End-on vs Side-on

A d® Cu'l complex can either have a d,2 (trigonal bipyramidal (TBP) geometry) or dy2_y2
(tetragonal geometry) ground state. 13 1n 1 (TBP), there are two Cu'! ions, which interact with
the S,2~ ligand in an end-on fashion. The highest occupied orbitals on the disulfide are the
degenerate n* orbitals, which split in energy upon interaction with the two Cu centers. The in-
plane =" orbital (n”5) interacts strongly with the Cu d orbitals while the out-of-plane 7" orbitals
(n",) remain essentially non-bonding with the Cu d orbitals in both 1 and 2. Considering the
symmetric (d,25+d,2g) and antisymmetric (d,2ao—d,2g) combination of the two Cu centers,
only the symmetric combination can have net bonding interaction with the ©”"; of the Sy2~

which leads to the stabilization of the n" orbitals and to destabilization of the ¢, which
has dominantly d,25+d,2g character. In 2 (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 the dy2_y2 orbitals on the Cu centers (dy2-,2a-0x2—2g). TO
quantify this bonding description, density functional theory (DFT) calculations were performed
on 1 and 2 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
they” of 1 and 2 are 65.0% and 40.4% respectively (Table 3), which are in reasonable

LUMO

agreement with the Cu L-edge XAS results (63% and 37% for 1 and 2, respectively). The

calculated S character inthe ¢, of 1and 2 are 17.8% and 49.2%, which are also in reasonable
agreement with the experimental results (19.5% and 48% for 1 and 2, respectively). This
quantitative agreement of the DFT results with experiment indicates that theory provides a
good description of the electronic structure of 1 and 2. Previous studies indicate that the total
7" donor interaction from the bound S,2~ to the Cu almost doubles on going from 1 to 2.12

The experimental results presented here give a quantitative estimate of the increased covalency

in 2 and show that the S character in the /7, indeed more than doubles (an ~2.8 fold increase)

J Am Chem Soc. Author manuscript; available in PMC 2009 January 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sarangi et al.

Page 8

in 2 and is associated with a dramatic decrease in the Cu character (63% to 37%). This results
from the fact that there are four Cu-S bonds in the side-on (u-n2:n2) disulfide bound complex
2, while there are only two Cu-S bonds in the end-on (u-nlm?) disulfide bound complex 1.
DFT calculations show that the remaining non-S ligand character increases in 1 (~15%) relative
to 2 (~10%), which reflects the fact that the increased donor interaction from S»2~ to Cu leads
to a decrease in the donor interaction from the tris(pyrazolyl)hydroborate ligand.

4.2 [Cux(S,)7)]?* Bonding

Cu K- and L- and S K-edge XAS indicate that bonding in 3 is consistent with a (LCu'!),-
(S2"), description of the ground state. Thus, in comparison to the disulfide in 1 and 2, the two
S, moieties in 3 are each one-electron oxidized (disulfide(e1-)). In 3 the two S,*~ units are
planar and occupy the edges of a rectangle with the distance between the two S,*~ fragments
being 2.74 A. Since the Van der Waals radius of S is ~1.85 A,57 the atoms in the S,*~ fragments
can interact leading to symmetric and antisymmetric contributions of the in-plane and the out-
of-plane S,*~ 3p n” orbitals. To evaluate the nature of the FMOQ’s of the S,"~ fragments on
going from disulfide to bis-disulfide(«1-), DFT calculations were performed on the disulfide
(Sp27), disulfide(+1-) (S,"") and the bis-disulfide(s1-) ([(S2)2]*") systems (in a polarizable
continuum to get accurate descriptions of the valence orbitals). Figure 5 compares the energy
level diagrams for the three systems in which the S 1s orbitals have been energetically aligned.

In S,2~ (S=0), the " is a degenerate set of x antibonding orbitals (z,~ and n*y: S-Sisalong

HOMO
the z-axis) the ¥, ,,, is the o" antibonding combination of the 3p, atomic orbitals. In S,*~

(S=1/2), considering beta-spin, there is one unoccupied ¢;,LUMO orbital which corresponds to a
hole in one of the =" orbitals. Additionally, in comparison to S,2-, the FMO’s shift to higher
energy relative to the S 1s level, consistent with one-electron oxidation. In [(S,)2]%~ (S=0) the
two sets of =" orbitals of individual S,*~ fragments interact, giving rise to four non-degenerate
orbitals. The in-plane "’s (see Figure 5 for coordinate system) interact strongly and split into
7 x+ and m'x_, while the out-of-plane n"y’s interact relatively weakly and split into «"y and

'y Atotal of six electrons (three from each S,"~ unit) occupy the x4, y+ and n"y— orbitals.

The destabilized 7", becomes the unoccupied ¢ while the n*y, isthey” . The

LUMO HOMO"®
U o, and they” are the two o™ orbitals which split into 6"+ and 6™ _.

Spin unrestricted, broken-symmetry DFT calculations were performed on 3 and the energy
level diagram is included in Figure 5 for comparison with the [(S,),]2~ fragment. Selected DFT
parameters are presented in Table 3. In 3, the two Cu atoms, interact with the two S, ligands
in an end-on fashion. Since the geometry of each Cu is tetragonal with a weak axial counterion
interaction, the dimer symmetry leads to symmetric (dy2-y2a+dy2_y2g) and antisymmetric
(dx2-y2a—dy2_y2g) combinations of the two Cu centers. DFT calculations show that the
symmetric and antisymmetric combinations have net bonding interactions with the in-plane
- and out-of-plane m", orbital of the free [(S;)]?", respectively (Figure 5). This leads to

two valence orbitalsin 3,¢; . and ¢ with Cu3dand S 3p character. The DFT calculated
energy level diagram of the [Cuy(S»)»]%* core in 3 and the [Cu,S,]%* core interactions in 1 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 Table 2. The S 1s orbitals have
been energetically aligned for direct comparison to the S K-edge data. On going from 1 to 2

the calculated pre-edge energy position increases by 0.8 eV. In 3 the number of holes with S
character increases to two, resulting in two pre-edge features (¢~ and ¢~ ). Calculations

LUMO LUMO+1
show that the ¢/, ,, and ¥, are separated by 0.7 eV and their average energy position is
~0.1 eV higher than the pre-edge in 2. The calculated pre-edge energy positions are in
agreement with the experimental data, which show pre-edge energy shifts of 1 eV on going
from 1 to 2 and 0.1 eV on going from 2 to 3. In addition to the pre-edge energy positions, the

average S-S ¢ energy position increases by 0.1 eV on going from 1 to 2 and by 1.7 eV on
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going from 2 to 3 compared to the respective experimental shifts of 0.3 eV and 1.1 eV. These
calculated S-S ™ 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
of 1, 2 and 3. It has been shown in section 4.1 that the calculated ground state wavefunctions

of 1 and 2 are in good agreement with the experimental results. In 3, the calculated ¥, ., has
dominant S character (86%) with minor contribution from Cu 3d orbitals (11%). Thus, this

[(S),]% based ¢ clearly indicates that the ground state has a hole on the ligand and is

LUMO+1

consistent with a bis-disulfide(s1-) description of the molecule. DFT calculations also reveal

that the ¢, 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 to

Ul @and ¢ could not be observed in the Cu L-pre-edge due to the low intensity of the
2p = ¥ o, transition as ¢ has only 11% Cu character. However, the calculated total

LUMO+1
Cu 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 that 3 is a very covalent dicopper(l1)-bis-disulfide(s1-)
complex. The preference of 3 for a ligand-based hole over a Cu-based hole (leading to a

Cu'disulfide complex) is considered below.

5 Discussion

5.1 Disulfide Complexes

Complexes 1 and 2 are disulfide analogues of end-on and side-on Cu,0, complexes and have
been previously shown to have very similar spectroscopic features as their peroxide analogues.

Since the Cu,0, complexes have important implications in the mechanism of O, activation
by tyrosinase, study of 2 relative to 1 can give an important handle on ligand-Cu interactions
in the respective Cu,0, complexes. O K-edge experiments (~540 eV) at cryogenic
temperatures are exceptionally challenging due to the potential of water contamination and
subsequent oxygen contamination of the sample surface in high vacuum chambers, which are
required to obtain the spectra. Thus, S K-edge XAS on the Cu,S, analogues, 1 and 2, can be
used to obtain important information on the side-on vs end-on bonding from the ligand
perspective. In this study a quantitative estimate of the ground state covalency has been
obtained both from the metal (Cu L-edge) and ligand (S K-edge) XAS data which show that
the ground state wavefunction is composed of 63% Cu and 19.5% S in 1 and 37% Cu and 48%
Sin 2; an increase in S character of ~2.5 fold on going from 1 to 2. This is consistent with two
covalent Cu-S bonds per Cu in 2 relative to only one in 1.

Normal coordinate analyses on resonance Raman data have been published previously and
show that the force constant of the S-S bond decreases from 2.41 to 1.82 mdyne/A on going
from 1 to 2.12 This indicates a significant weakening of the S-S bond. This is opposite to the
behavior expected with the stronger covalent interaction in 2 relative to 1, since the resultant
ground state should have less electron density on the S,2~ ™ orbital and hence form a stronger
S-S bond. On the other hand, it supports the idea that the weak S-S (and O-O in oxyHc and
oxyTy) is due to back-bonding interaction from the filled Cu dy2_y2a+dy2_y2g in to the S-S
o orbital in the side-on disulfide complex 2 which increases the electron density in the S-S
o" antibonding orbital. This results from the very covalent donor interaction of the S,2~-Cul!
unit in 2. Note that the weakened S-S bond due to back-bonding interaction from the filled Cu
dy2—y2a+dy2_y2p orbital, would tend to shift the S-S o orbital to lower energies. However, S
K-edge XAS shows that the S 1s—c” transition is 0.3 eV higher in 2 relative to 1. This reflects
an increase in the effective nuclear charge on the S atom (leading to a shift in the S 1s orbital
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to deeper energy) due to the almost 2.5 fold increased S,2~ charge donation to Cu in 2 relative
to 1. The lowering of the S-S ¢™ orbital energy is observed in DFT calculated energy gap
between the filled Cu dy2_,2a+dy2_y2g orbital and S-S o orbital, which decreases in 2 (5.9
eV) relative to 1 (6.4 eV).

S K-edge XAS has been used here to probe the o™ orbital directly which has not been normally
accessible by optical methods as the metal to ligand charge transfer (MLCT) band would be
too high in energy. The relative energy of the ¢~ orbital in 1 and 2 has been quantitatively
measured and indicates orbital energy shifts which are consistent with differences in S,2-Cu
3d donor-strengths.

5.2 Ligand vs Cu based Oxidation

Complex 3 was synthesized by the additional of elemental Sg to the (L)Cul precursor. The total
charge of the molecule indicates that 3 contains a [Cuy(S5),]2* unit which could either be
described as a [Cu'''»(S»27)5]%* system (Cu-based hole) or [Cu''»(S,7),]2* system (ligand-
based hole). In the initial characterization of 3, a short S-S bond distance (1.95 A) and a 34S
sensitive resonance Raman band at 613 cm~! were observed, which together indicated a
stronger S-S bond than for any known disulfide complexes.3 Based on the crystal structure
and the rRaman data, 3 was assigned as having dominant dicopper(l1)-bis-disulfide(s1-)
character. These results are supported by the XAS data presented here which give direct
evidence for a ligand-based oxidation in 3. In particular, Cu K- and L-pre-edge energy positions
of 3are consistent with its Cu'! assigment. The S K-pre-edge energy position is actually slightly
higher than 2 indicating that Cu in 3 has a somewhat decreased positive charge inconsistent
with a Cu'!! description. In addition, the large intensity of the S K-pre-edge peak indicates a
ground state wavefunction with dominant S hole character consistent with ligand-based
oxidation.

To understand the determining factor for a ligand-based hole, DFT calculations were also
performed on a two-electron reduced form of 3 (:-",Reo').58 Important geometric parameters are
given in Scheme 3. Mulliken populations in the ground state wavefunction and the Mulliken

charges are given in Table 4. The ¢, of 3R¢d is composed of 70.9% n*y_ and 24.4% Cu
dy2-y2a-dy2—y2g character (see Figure 7 for orbital lables). The remaining ~4.7% is distributed

over the non-S ligands. The [Cuy(S5),]° unit in 3geq is redox-equivalent to the [Cu»S,]%* unit
in 1 and 2. A comparison of the ¢, *s of 1 (end-on disulfide) with that of 3R¢d (end-on

LUMO
coordination to two S, units) shows that the covalency has increased almost four-fold in
3Red_Since the S character increases dramatically on going from 1 to 2 due to increase in the
number of bound S atoms, a similar effect should contribute to the increased covalency in
3Red_However, 3Red is considerably more covalent even relative to 2 (Table 3), indicating an
additional factor contributes to the net covalent sulfur bonding in 3R€d. This can be evaluated
by comparing the relative energies of the frontier molecular orbitals (FMO’s) of Sy%",
[(S,),]4 and 3Red (see Scheme 4). In [(S,)2]4", the two S,2~ units are within Van der Waals
radii, which leads to bonding and antibonding interactions between the two S,2~ fragments
and destabilizes the occupied FMO’s which interact with the (L)Cul! fragment. The inter-
S,2" interaction raises the [(S,)2]*~ fragment FMO’s to higher energy relative to the (L)Cu'!
fragment (Scheme 4). Furthermore, the predominantly S-based ground state wave-function in
3Red (table 4) indicates that the [(S2),]%" unit has lost a considerable amount of electron density
to the (L)Cu'! fragment and has already gained some bis-disulfide(+1-) character. On going to

3, two electrons are lost from 3R€9, one each from the ¥, 0 0 ¥, .0\, Which contain a
significant amount of [(Sp),]*" n*y, character. This results in a hole in the predominantly z-
antibonding orbital of the bis-disulfide fragment leading to the formation of a dicopper(I1)-
bis-disulfide(+1-) species in 3.
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The inter-ligand interaction between the two S,*~ units in [(S,)2]*~ leads to some loss of
occupied my(Ag) (intra-ligand) bonding character due to its mixing with the unoccupied 6
(Ag) antibonding orbital. This leads to weakening of the intra ligand S-S bond, which is
reflected in a decrease in the calculated intra-ligand S-S bond order (S, *=1.33,
[(S)2]27=1.09). This results in a decrease in the calculated average S-S stretching frequency
in [(S2)2]% (561 cm‘1)59 relative to S,*~ (599 cm™). This is interesting, because a comparison
of the stretching frequencies of K,S, (475 cm‘l)6 with 1 and 2 (~500 cm‘l)12 shows a 25
cm~Lincrease in the S-S stretching frequency in 1 and 2, which reflects the decrease in electron
density on S?LZ_ due to charge donation to Cu. However, a similar comparison between KS,
(598 cm‘l)6 and 3 (613 cm™1) shows only a 15 cm ™1 increase, indicating lesser charge
donation from the bis-disulfide(+1-) to Cu in 3, which is inconsistent with the XAS data
presented here. However, as shown above, the interaction between the two S, *~ units in 3 leads
to weakening of the intra-ligand S-S bond. Thus, a quantitative comparison is best made
between the [(S;),]¢~ fragment and 3, which have calculated average stretching frequencies
of ~560 cm~1 and ~601 cm™1, consistent with a greater charge donation from [(S;),]?~ to Cu
in 3 compared to S,2” to Cu in 1 and 2 (i.e, change in S-S stretching frequency of 40 cm™1
compared to 25 cm™1).

In summary, quantitative descriptions of the ground state wavefunctions of 1 and 2 have been
obtained from a combination of Cu L- and S K-edge XAS. The results reveal that two Cu-S
bonds in 2 compared to one in 1 lead to more than a two-fold increase in the covalent interaction.
In addition the combination of Cu K- and L- and S K-edge spectra of 3 gives direct evidence
for its dicopper(l1)-bis-disulfide(¢1-) nature. Spectroscopic data and calculations reveal that
the two S,*~ units of [(S»)»]%~ undergo significant inter-ligand interactions, which destabilize
the valence orbitals of the ligand fragment resulting in an inverted bonding scheme in 3. This
inverted bonding leads to the ligand-based hole and an interesting electronic structure for 3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The normalized Cu K-edge XAS spectrum of 1 (_), 2 () and 3 (__). Inset shows the
expanded pre-edge region of the second derivative spectrum of the 1s—3d transition at ~8979

eV.
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Figure 2.

The normalized Cu L-edge XAS spectrum of 1 (), 2 (—) and 3 (). The spectrum of
Dan [Cu(C1)4]?~ (—) has been included as an energy and intensity reference. The inset shows
the expanded L3 region. The spectrum of [Cu''((MNT)](TBA) (MNT = maleonitriledithiolate,
TBA = tetra-n-butylammonium) 43 has been included for comparison of the ligand-field
induced shift in the pre-edge position of a Cu(lll) complex.
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Figure 3.
The normalized S K-edge XAS spectrumof 1 (__),2(__)and 3 (
ionic disulfide, NayS, (__), has been included as reference.
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d2 »-m*
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Figure 4.
DFT calculated beta-spin contour plots of 1 and 2. The plots were generated using Molden
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Figure 5.
DFT calculated beta-spin energy-level comparison of disulfide (S,2"), disulfide(s1-) (S»*),
bis-disulfide(+1-) ([(S2)2]%") and 3. S,° is a one-hole system (S=1/2), while both bis-disulfide

(*1-) and 3 are two-hole systems (S=0). Blue line indicates the gap betweeny”  and ¢~

HOMO LUMO’
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1 2 3
1 0.63% Cu, 96.5% S, 3% C,N.H
B o
. y -
~~
% 0r 0.8% Cu, 98.9% S
N o +
p—
“; ; - )
o -1+ TN &
— 0.6% Cu, 84.9% S, 14.5% C,N,H
*
o>6 o 7.6% Cu, 92.1% S, 0.3% C,N,H
& j
2
M 2 *
w LUMO+1
Voo 11% Cu, 86% S
-3 v LUMO
. 40.4% Cu, 49.2% S
m 30.0% Cu, 59.8% S
LUMO
-4 -~ 65%Cu 17.8%S
Figure 6.

DFT calculated beta-spin energy-level comparison of 1, 2 and 3. The S 1s orbitals have been
energy aligned. The ¢, and S-S ™ with dominant S and Cu contributions have been shown.

The relative energy difference between the v and S-S ™ are in reasonable agreement with
the experimental results (see Table 2 in main text). The S-S o™ is composed of dominantly S
character. However, in the case of 2 ~7.6% Cu character is mixed. This is consistent with some

back bonding interaction between the filled Cu d level and the S-S ¢™.
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Figure 7.
DFT calculated beta-spin energy-level comparison of 3R¢d and 3. 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 between ¢ and ¢~

HOMO LUMO’
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N

Scheme 1. )

Structures of 1 ([{Cu(TMPA)},S5](ClO4)2), 2 [{Cu[HB(3,5-Pr'spz)3}12(S2)] and 3
[{(TMEDA)Cu}»(u-1,2-S»)2](OTf),. The isopropyl groups in 2 and the methyl groups in 3
have been omitted for clarity.
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Scheme 2.
Schematic showing the o-bond between Cu 3d orbital and n’f antibonding orbital of the 0,2~
fragment in [{(TMPA)Cu},0,]* (top) and [{Cu[HB(3,5-Prispz)3]}2(02)] (bottom).
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Scheme 3.
DFT calculated bond distances (A) for 3 and 3%¢9. The atoms are represented as colored spheres
(Cu=pink, S=yellow, N=blue, C=gray).
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Scheme 4.

Schematic showing the destabilization of the y-and 7y [(S2)2]* orbitals due to inter
S»2™ repulsion. This destabilization raises the ligand orbital above the Cu
dyx2-y2(a)tdy2_y2(g) set leading to inverted bonding scheme and dominant ligand composition
in the ground state.
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Table 2
S K X-ray Absorption Edge Energy Positions and Pre-edge Intensities

Page 26

Complex S K-Pre-edge? 1s-8-Se" S Character in ¢,
Energy (eV) (GV)b 1I,'CL umMo
(per-hole)

Na,S, - 24707 NA
1 2469.9 2471.6 19.5%f
5 24708 2471.9 48%!

2470.6 0

3 247138 2473.0 7%

a .
Energy resolution ~0.2 eV.

b .
Lowest energy edge transition.

Error in total intensity due to data processing and fitting is + 5%.
d

Error in estimation of total intensity is 8% (see Experimental Section).
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’eThe lower and higher energy pre-edge peaks, respectively. These peaks overlap strongly and the error in energy position estimation is +0.2 eV.
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