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X-ray Absorption Spectra of Cu'' and Cu Complexes of
N,N'-1,2-Phenylenebis(2-mercapto-2-methylpropionamide)
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The X-ray absorption spectra of Cul! and Cu'™™ complexes of
N,N’-1,2-phenylenebis(2-mercapto-2-methylpropionamide)
were recorded and analysed in solid phase. The EXAFS
spectra of the two samples were refined with full multiple
scattering path. Geometry optimisations on the Cu'" and Cu'"!
complexes were performed by the B3LYP density functional
method, with the 6-31G(d,p) basis set, considering different
spin multiplicities. The singlet state of the Cu™ complex was
shown to be more stable than the triplet state, and a good

agreement between the calculated and the corresponding
experimental structure was found. Further single-point cal-
culations on the optimised geometry were carried out at the
Hartree—Fock level for obtaining molecular orbital eigenvec-
tors and eigenvalues. The latter were employed as para-
meters in a new fitting approach to rationalise the shape of
the K-edge of the XAS spectra.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Stable mononuclear Cu'™ complexes of chelating ligands
can be obtained by electrochemical oxidation of the corre-
sponding Cu'! complexes in solution.'! The N,N’-1,2-phen-
ylenebis(2-mercapto-2-methylpropionamide) Cu' and Cu™
ions (Figure 1),I”l containing aliphatic thiolate groups in a
square-planar coordination environment, can be considered
as models of electron transfer copper proteins.3 !

Figure 1. Structure of the square-planar Cu'' and Cu'! ionic sys-
tems considered in the B3LYP calculations
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X-ray absorption spectroscopy (XAS) is used to deter-
mine electronic and geometric structures of the metal
centres in metal-containing proteins and model systems.¢!
Indeed, information on the local environment of the probe
atom can be extracted with high accuracy, by utilising fine
structure analysis. Moreover, the shape and position of the
absorption edge help to distinguish different oxidation
states of the metal atoms in analogous complexes.l’! In par-
ticular, in the rising edge of the XAS spectra of the copper
complex, a few weak peaks and shoulders might originate
from transitions from 1s to 3d or 4p orbitals, which are
typically attributed to bound state forbidden transitions.[®
This information is usually employed to determine the local
symmetry of the transition-metal environments.[8~!]

When discussing XAS spectra, two distinct pictures are
introduced: 1) the photoexcitation of core electrons to
bound state energy levels, in the edge region: the X-ray ab-
sorption near edge spectrum (XANES), and ii) the back-
scattering of the photoejected core electrons, mainly in the
high energy part of the spectrum, namely the extended X-
ray absorption fine structure (EXAFS). Multiple scattering
(MS) EXAFS analysis allows one to neglect the contri-
butions of the excitation of the core electrons to the bound
state energy levels. MS analysis has successfully been ex-
tended into the XANES region analysis.[!3713]

A recent study on Cu" and Cu™ complexest® concluded
that the shape of the corresponding K-edge region depends
on the electronic properties and the coordination geometry
of the chelating ligand. Moreover, a shift of about 2 eV was
observed in the assigned resonances when going from Cul!
to Cu'l species.
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The K-edge shape is usually very similar in complexes
having the same ligands and different metal oxidation
states.l”-81 The presence of three edge peaks was attributed
to three electronic transitions involving the 1s, 3d and 4p
orbitals of copper.’! The positions and intensity of such
transitions were evaluated by fitting the spectra and ration-
alised by empirical configuration interaction methods;®! the
parameters were obtained from X-ray photoelectron spec-
troscopy and XAS studies.

Cu' complexes, characterised by chelating sulfur groups,
have been recently studied by XAS, confirming that the
high-spin d® electron configuration of Cu''! is stabilised by
six bridged thiolate ligands.['®

In the present work, the EXAFS spectra of the title com-
plexes are shown, and an attempt to rationalise the XANES
region by a new fitting procedure based on quantum mech-
anical information is carried out. For the latter, a qualitat-
ive picture of the transitions that are responsible for the
XAS signals can be accomplished by the hopping of an
electron from the lowest occupied molecular orbital to the
lowest virtual ones,[!”~!°] within the frame of the orbital
approximation, hence by employing a single-determinantal
wave function. In the following fit procedure, the energetics
determined in this way are used to reproduce the exper-
imental XANES profile.

The necessary information from the electronic structure
can be obtained by using quantum chemistry packages,
such as G98W.?%1 A more correct theoretical description
should be given by overcoming the orbital approximation
through the configuration interaction approach, for ex-
ample by using recent versions of the CASSCF and
CASPT2P! methods. However, such algorithms are very
time consuming, thus are not easily applicable to molecular
systems of notable size, as those considered here.

Results and Discussion

1. EXAFS Spectra

The Cu™-phmi (see Exp. Sect.) EXAFS spectrum, to-
gether with its Fourier transform, is shown, as an example,
in Figure 2. The interatomic distances were extracted from
the extended X-ray absorption fine structure, by the full
multiple scattering theory,!*?l and shows good agreement
with previous X-ray crystallographic studies.l!

These distances are compared with crystallographic refer-
ence data in Table 1, which also shows the calculated struc-
tural parameters and the relative energy values of the Cu'!
and Cu'" complexes, at the indicated spin multiplicity.

The B3LYP!?3 energy of the closed shell Cu'™' compound
was found to be 0.96 eV below the corresponding energy of
the triplet spin state. The calculations for different spin
states give rise to considerably different structural param-
eters (see Table 1). In the case of the Cu™ compound, the
calculated structural parameters of the singlet-state species
mostly match the corresponding experimental ones. This al-
lowed us to conclude that the Cu™ compound is likely a
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Figure 2. k>-weighted EXAFS spectra and its fit (upper), k3y(k) vs.
k, and the corresponding Fourier transforms (lower), FT[k3y(k)] vs.
7, of the Cu'-phmi complex: the experimental and fit results are
represented by the solid and dotted lines, respectively

Table 1. Distances and angles (A and °), at given copper oxidation
number (ON), obtained by geometry optimisation, at B3LYP/6-
31G(d,p) level for different spin multiplicity (Spin), by X-ray crys-
tallography!® and by EXAFS analysis and calculated difference en-
ergy values AE (eV)

B3LYP/6-31G(d,p) X-ray?! EXAFS
ON 111 111 1T 111 11 m o
Spin 1 3 2 - - - -
Cu—N 1.862 1951 1964 1.864 1.963 1.861 1913
Cu-S 2.177 2256 2287 2147  2.241 2.143 2.220
Cu—-Cl1 3.066 3.133  3.145 3.030  3.109 3.07 3.02
Cu—C2 2851 2935 2940 2.839 2904 2.79 2.83
Cu—C3 4136 4206 4227 4.080 4.173 4.11 420
Cu-0 4.029 4115 4145 4.020 4.095 4.01 4.10
Cu—C4 2733 2802 2.797 2.743  2.839 2.76 2.80
Cu—-C5 4106 4.195 4.198 4106 4.208 4.11 4.20
Cu—C6 5110 5186 5.191 5107 5220 525 524
N-Cu—N" 874 83.3 84.6 87.5 84.0 - -
S—=Cu—-S" 92,5 100.0 98.9 92.1 1003 - -
S—Cu—N  90.0 88.4 88.2 90.4 879 - -
S—Cu—N" 177.5 171.7 1729 1756 171.7 - -
AE 0.00 0.96 4.71 - - - -

singlet state, in agreement with the apparent absence of
ESR signals.?

Both theoretical and experimental data confirm that a
change in the copper oxidation number from 1 to m de-
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creases the metal—ligand distances of the atoms of the first
coordination shell;!"->781 conversely, an increase in the spin
multiplicity, at a given oxidation state of the metal, in-
creases the same metal—ligand distances (see, for example,
the calculated Cu—S or Cu—N distances).

2. K-edge Analysis

The K-edge region of both copper samples, together with
their second derivative, is reported in Figure 3. In the inset,
a portion of the low intensity pre-edge peak regions is high-
lighted. Two main changes are caused by the variation of
the metal oxidation state: a) the position of the Cu K-
edge is, as previously reported for other complexes,!®!
shifted by about 2 eV in the energy axis; b) the spectrum
curve in the first peak region, at about 8979—8981 eV, is
seemingly slightly lower in the Cu'' sample; see the inset
and the second derivative of the spectrum for details.

An attempt to interpret the K-edge transitions was car-
ried out by using a molecular orbital (MO) Hartree—Fock
(HF) description of the systems at the geometries previously
optimised with the density functional (DFT) approach.
This was needed to obtain reliable geometrical parameters
through the DFT method and a further MO description,
providing a set of HF eigenvalues to be used in our monoe-
lectronic approach. In fact, the Kohn—Sham eigenvalues
cannot be used for describing electronic vertical tran-
sitions.?4!

As reported in the Introduction, the edge electronic tran-
sitions were qualitatively described here in terms of hopping
from the first occupied MO, which is essentially the 1s
atomic orbital of the copper atom, to some of the lowest
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Figure 3. K-edge absorption Abs (upper) and its second derivative
d*(Abs)/dE? (lower) vs. the transition energy (E) of Cu'l-phmi
(solid line) and Cu™-phmi (dotted line); in the inset, a portion of
the low intensity peak region is highlighted

virtual MOs. Several approximations are inherent in this
qualitative approach, orbital approximation and neglect of
relativistic effects, inter alia.

Table 2. Eigenvalues differences E[MO(n)] — E[MO(1)] (eV) and dipole strengths D (a.u.) calculated for the electronic transitions involving

the MO(1) and MO(n) of the Cu'! and Cu' systems

Cull Culll

n E[MO(n)] — E[MO(1)] D E[MO(n)] — E[MO(1)] D

98 8954.25 2.0(2)-10~12 8957.92 4.1(1)1077

99 8954.44 3.3(7)-1077 8957.99 2.0(5)-10~ 1
100 8954.68 3.8(1)-10~4 8958.00 3.3(3)-10~*
101 8954.72 3.7(4)10~° 8958.12 1.8(2)-10~ 11
102 8955.58 2.7(4)10~8 8958.99 1.2(5)1077
103 8955.71 4.7(9)10712 8959.25 2.5(8)-10-1°
104 8956.73 1.5(5)10=3 8959.73 2.5(7)10-¢
105 8956.90 4.4(6)10712 8960.09 7.5(9)-10~%
106 8956.94 7.4(8)-10~% 8960.38 1.3(7)-10~ 11
107 8957.05 1.5(8)-1076 8960.92 1.8(9)-10~7
108 8957.55 1.2(6)-10* 8961.19 9.9(4)10~5
109 8957.69 4.8(8)10~° 8961.37 1.99)-10°%
110 8958.09 7.2(2)10°8 8961.79 5.7(6)10~%
111 8958.25 6.4(6)10~5 8962.02 7.7(6):10~5
112 8958.35 4.6(0)10°% 8962.34 2.8(8)1075
113 8958.68 4.5(3)10°5 8962.44. 3.8(4)10°8
114 8958.71 4.8(5)10-14 8962.52 3.9(5)10°13
115 8958.78 1.0(2)-10°8 8962.53 1.2(1)-1077
116 8959.02 2351078 8962.65 1.8(0)-10°%
117 8959.29 6.0(8)-10~% 8962.89 2.9(5)10~°
118 8959.54 3.2(6)-10712 8963.15 2.2(1)-10712
119 8959.67 6.9(6)-10~7 8963.28 5.4(8)-107 14
120 8959.91 3.8(1)-10717 8963.55 6.9(1)-10~ 11
412 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2005, 410—415
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The dipole strengths, D = |<MO(])|rMOmn)>,
connecting the first occupied MO and the virtual
MOs of the Cul! and Cu'™ systems, were numerically
calculated by a home-made code based on the VEGAS al-
gorithm.[?”]

The transition energy values were considered as the dif-
ferences between the eigenvalues of MO(1) and MO(n),
where n = 98—120. In the case of the Cu'' complex, which
is an open-shell system, only a-eigenvalues and eigenvectors
were considered, but very similar values could be obtained
by using the B-manifold. The values for the transition ener-
gies and D are reported in Table 2 for both Cu'f and Cu'™
complexes.

Notably, in spite of the approximations introduced in the
present treatment, the estimated frequency values for both
compounds are just 0.3% lower than the experimental ones.
Moreover, the transition energy values of the Cu™ complex
are shifted towards higher values by about 3 eV, with re-
spect to the corresponding transitions of the Cu'" complex,
in line with the observed spectra. This is a clear indication
that such a “naive” treatment is able to account for the
main features of the XAS spectrum.

Taking into account the results above, we tried to fit the
experimental Cu-phmi and Cu™-phmi XAS K-edge re-
gions, considering the theoretical electronic transitions cor-
responding to the largest values of the D integrals. A single
Gaussian function was assigned to each transition, having
a full-width at half maximum (FWHM) equal to 1.5 eV and
a height proportional to the corresponding D value. The
resulting sets of Cu'! and Cu'™ Gaussians were therefore
two multifunction combs where the positions of the Gaussi-
ans were fixed by the DFT transition energies, and the rela-
tive intensities were modulated by the corresponding D
values. Thus, the only two fit parameters, involving the core
electronic transitions in both copper systems, were the posi-
tion of the leading peak and its height.

One arctan function has been added in order to take into
account the long-range trend of the EXAFS pattern, there-
fore, two more fit parameters are introduced. In fact, the
arctan maximums, 1.1 (in absorption arbitrary units) both
for the Cu'f and Cu'™ systems, were qualitatively fixed by
the analysis of the experimental spectra. The overall fitting
process was finally performed within the 8950—9000 eV
range, and the results are depicted in Figure 4. The good
agreement between calculated and experimental spectra for
both copper compounds is apparent (Ry> = 0.05 and 0.15
for Cu'l and Cu'll, respectively).

The area under the leading peaks of the Cuf and Cu™
systems proved to be very similar, whereas the mean of the
same leading peaks, in agreement with the experimental re-
sults, were shifted by about 2.5 eV. An analogous shift can
be observed between the mean values of the arctan func-
tions employed to fit the Cu'™ and Cu™ complex spectra.
These findings, supported by the observation that the
arctan slope parameter is very similar in both systems
[5.9(7) and 6.3(4) for Cu' and Cu'™ species, respectively]
point out clearly that the proposed fit procedure is quite
heuristic.
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Figure 4. Fitting of the Cu'-phmi (upper) and Cu"-phmi (lower)

XAS K-edge region: K-edge absorption Abs vs. transition energy
E, experimental and fitting points are represented by filled and
open circles, respectively; the continuous curves represent the fitting
functions; the error bars (almost hidden and just visible on the
points at higher energies), corresponding to the 2.5% of the fit val-
ues, visually show the agreement between experimental and fitted
results

Conclusion

EXAFS spectra enable information on the interatomic
distances of the considered systems to be obtained. The
whole set of the obtained geometrical results confirms the
values already determined by using different experimental
techniques, validating the possibility of performing EXAFS
spectral analysis along with quantum mechanical calcu-
lations. Moreover, this approach is able to discriminate be-
tween the atomic oxidation numbers and the molecular
spin states.

The K-edge region shape has been reproduced well by a
simple quantum mechanical description of the core vertical
transitions in the orbital approximation combined with an
accustomed fitting procedure.

Experimental Section

General Remarks: The XAS spectra on the K-edge of (PPhy)-
[Cu(N,N’-1,2-phenylenebis(2-mercapto-2-methylpropionamide)]
(Cu-phmi) and (NEt4),[Cu(N,N’-1,2-phenylenebis(2-mercapto-2-
methylpropionamide)] (Cu'-phmi) were recorded at the EMBL D2
bending magnet beam line of the DORIS storage ring (DESY,

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 413
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Hamburg), running at 4.5 GeV and with a 50—100 mA ring cur-
rent.

The samples were prepared by homogenising the powdered crystal-
line compounds (40 mg Cu'"'-phmi and 30 mg Cu"'-phmi) in boron
nitride and pressing the mixtures in 1-mm sample cells sealed
with Kapton foil. The spectra were recorded at 20 K. Standard
EXAFS analysis®® was performed by the EXPROGP7 and
EXCURVE98?? programme packages. The full multiple scattering
path was included in the fitting process of the molecular system.
Its starting coordinates, excluding the hydrogen atoms, were taken
from a previous X-ray crystallography study.!”!

Electronic Structure Calculations and Fitting Procedure: Quantum-
mechanical calculations were performed at the B3LYP level, by the
GAUSSIAN98 programme package,?” by using the extended
split-valence double-zeta 6-31G(d,p) basis set with full geometry
optimisation.

The Cu oxidation states +2, with spin multiplicity of 2 for the
complex, and +3, with spin multiplicities of 1 and 3, were con-
sidered. The calculations were performed by imposing C,, sym-
metry on the ionic complexes.

Further calculations at the HF level were carried out in order to
obtain eigenvalues and eigenvectors of the MOs needed to evaluate
vertical transition energies and dipole strengths.

The number of the considered virtual MOs, 23 for both Cu'! and
Cu'll systems, corresponding to the number of the calculated tran-
sition moment integrals, was fixed to take into account the energy
range of about 6 eV characterising the shoulder width in the K-
edge rising region. The integral was calculated by a Fortran home-
made code employing the Monte Carlo routine VEGAS along with
the random number generator RAN2.24 The reliability of the nu-
merical integration procedure was verified by checking the ortho-
normalisation condition of the MOs.

The fitting function, designed to mimic the XANES profile, was
defined as in the following:

f =arctan(h,n,0)+¢,(h,.n,.0,)+ Y &,(h.1,,0,)

where g, and g; are Gaussian functions, simulating the pivot peak,
i.e. the largest one, and n minor peaks under the XANES profile.
To reproduce the characteristic stepping behaviour of the latter, the
arctan function was introduced.

The FWHM of all the Gaussians, 6, and o;, were fixed to 1.5 eV,
whereas A, the arctan maximum value, was set to 1.1 (arbitrary
absorption units). The values of 4;/(arbitrary absorption units) and
n/eV were defined as h; = A;h, and n; = B; + 1, The A; values
corresponded to the calculated ratios between the dipole strength
square of the given ith and the pivot transitions, whereas the B/eV
parameters concerned the energy difference between the quantum
mechanical and the fitting transition energy value, corresponding
to the pivot peak.

Finally, f was driven by four fitting parameters, %, (arbitrary ab-
sorption units), 7, (eV), # (¢V) and ¢ (eV), which are the other
significant parameters fixed by the quantum mechanical calcu-
lations.

In the fitting procedure, the simplex AMOEBAP* minimised the
restricted chi-squared function:

Ry*= ! 5 (Ci = £,
m<E>7Y E,
414 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

where m is the number of experimental points considered in the fit,
E; and Cj, the experimental and calculated absorptions and <E>
the average experimental absorption along the energy range ana-
lysed.
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