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X-ray absorption spectroscopy was used to elucidate how hy-
brid xerogels complexed with CuCl, could reversibly bind
molecular dioxygen. Difference EXAFS analyses at the Cu
K-edge suggest that dioxygen could bridge two Cu atoms
in a p-ntm! peroxo-like conformation with unequal Cu--O
distances. Only the short distance (Rcy.o1 = 1.86+0.01 A)
was unambiguously determined and looks typical of a Cull
site. The Cu--Cu internuclear distances would be rather
long: Rey_cu = 4.0 A (3.9 A) for the oxygenated (oxygen-free)
xerogels. Cl K-edge EXAFS spectra revealed the pre-exis-
tence in the oxygen-free xerogels of Cu' sites with short Cl-
Cu bonds (2.11+0.03 A). Pentacoordinate Cu® sites with a
longer Cl-Cu bond (2.45+0.03 A) were also identified. An-
other signal at a further distance (2.73+0.03 A) suggests that
the Cl ions could bridge mixed-valence {Cu!,Cu}} sites. In
oxygenated xerogels complexed with CuCl,, ca. 75 % of the
Cu atoms would be singly bound to dioxygen while the sig-

nature of the pentacoordinate Cu' sites would totally vanish.
Substituting CuBr, for CuCl, yields xerogels with a poor
capability to bind dioxygen. This is remarkably correlated
with a decrease of the signatures at Rcy_ o1 = 1.86 A and Reucu
= 4.0 A. EXAFS spectra of the oxygen-free xerogel com-
plexed with CuBr, again exhibit signatures assigned to short
(2.30 A)/long (2.49 A) Cu-Br bonds as expected for mixed-
valence {Cul!,Cu'} systems. Inactive xerogels prepared with
metallated cyclams seem to undergo a structural change dur-
ing hydrolysis and polycondensation. Deconvoluted XANES
spectra of the active xerogels exhibit a strong pre-edge reso-
nance which is characteristic of mixed-valence Cu' sites. This
interpretation was supported by ab initio XANES simulations
carried out beyond the muffin-tin approximation.

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

Introduction

In the past decade, nanostructured organic-inorganic hy-
brid polymers have attracted much attention because these
novel materials offer unique combinations of optical, physi-
call’2! or chemicall® ! properties. It was a stimulating chal-
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lenge for chemists to prepare hybrid polymers chelating me-
tal cations in such a way that the metal would still be ac-
cessible for catalytic activity. Starting from the consider-
ation that saturated polyazamacrocycles, especially the
1,4,8,11-tetraazacyclotetradecane (cyclam), had a strong
capability to bind transition metal cations,[*'% two partner
groups (located in Dijon and Montpellier) settled upon in-
corporating cyclam units within silica matrices prepared by
a sol-gel process.['! 13 Two strategies illustrated in Scheme 1
were explored:!3]

(A) The hydrolysis and polycondensation of [Cu-
(cyclam)]** or [Co(cyclam)]** alkoxysilylated complexes
quantitatively produced hybrid polymers incorporating the
metallated cyclam units.

(B) The hydrolysis and polycondensation of the alkoxysi-
lylated (uncomplexed) cyclam precursors was performed
first and the metal salt (e.g. CuCl,) was then incorporated
into the hybrid xerogel (Scheme 1).

Interestingly, it was found that, in the case of CuCl,, the
materials prepared by routes (A) and (B) had different spec-
trochemical properties reflecting different structures. Typi-
cally, xerogels of type (A) had a strong X-band EPR signal
at 3200 G with a broad linewidth (g = 2.15) at room tem-
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Scheme 1. Alternative routes to yield metallated hybrid xerogels following Route (A) and Route (B).

perature and at 100 K. This signal was assigned to Cu'" cen-
ters, but this broad signal vanished for xerogels of type (B).
In contrast, xerogels of type (B) exhibited a much weaker
signal at 1550 G (g = 4.40), which often characterizes di-
copper interactions associated with a dinuclear structure.
What made this structural problem even more interesting
was the discovery that xerogels prepared by route (B) could
bind (and possibly activate) molecular dioxygen whereas
xerogels prepared by route (A) were essentially inactive. Re-
cent tests have confirmed that the ability of xerogels of type
(B) to bind dioxygen would be as high as for hemocyanin
(Hc).

We tried to elucidate the puzzling structure of xerogels
of type (B) using X-ray absorption and the XANES spectra
were compared with ab initio simulations performed with
an advanced code (FDMNES) that offered a double bene-
fit. First, we could control the charge transfer from the li-
gand toward the metal, this option being useful here to de-
scribe the contribution of the neutral cyclam ligands. Sec-
ond, we were not constrained to using spherically averaged
muffin-tin potentials as with standard codes. The latter ad-
vantage is particularly sensible for covalent bonding.

Results and Discussion

Coordination Geometry: EXAFS Studies

The structural information contained in EXAFS spectra
is often difficult to decipher. Analyses become most delicate
when destructive interferences cause major spectral distor-
tions and a loss of information.'%!3 Global fits can be
either misleading or simply unreliable due to large corre-
lations. Even with such complicated problems, the strength
of EXAFS stems from its very high sensitivity to small
structural changes and this is precisely what we tried to ex-
ploit with difference analyses. It is indeed recommended
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that the consistency of the analyses be checked by combin-
ing EXAFS spectra collected adifferent absorption edges.
EXAFS analyses of model compounds 1 = Cu(TPP), 3
= [Cu(tmc)](BF,4), and 6 = [Cu(tpc)CI]|CI are detailed only
in the supporting information section. This preliminary
study was very helpful because it made the limits of a direct
data reduction fully transparent even though high quality
data were collected over a wide spectral range. Given the
highly symmetrical (D) geometry of the copper porphyrin,
the FT spectra of 1 offer a rich pattern of signatures which
justified refined analyses, taking the multiple scattering
paths into account. In contrast, the poor rigidity of the 14-
membered saturated macrocyclic ligand restricted the infor-
mation that could be extracted from the EXAFS spectra of
complexes 3 and 6. In the hexacoordinate species 3, dy-
namic distortions of the axial and equatorial bonds can be
predicted from the Jahn-Teller theorem!'® and were found
to cause significant spectral distortions. Compound 6 was
initially expected to be pentacoordinate, the copper ion be-
ing shifted away from the average plane of the four nitro-
gens with some trigonal distortion also arising from the li-
gand field. Published crystal structures of related pentaco-
ordinate Cu complexes!!’!] raised a troublesome question
regarding the true chemical formulation of compound 6.
Such pentacoordinate complexes were systematically found
to be mixed-valence complexes due to the presence of linear
anions [Cl---Cu'---CI]~. The problem is that EXAFS is criti-
cally sensitive to the presence of such anions in which the
short Cu'-Cl bond (2.116 A) is comparable to the Cu''-N
bond (2.13 A). Destructive interferences between these two
EXAFS signals are expected, the practical result being a
loss of intensity of the Cu---N signature. This is a typical
circumstance where, in our experience, analyses based only
on fits would dangerously fail because the mathematical
problem is poorly defined.['*!] In combining the EXAFS
spectra of species 6 recorded at both the Cu and CI K-
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edges, we could produce strong evidence of the contri-
butions of the linear anion [Cl---Cu!---Cl]". This was re-
ceived as a strong warning that standard fitting procedures
may not be suitable to analyze the EXAFS spectra of our
xerogels.

Active Xerogels Complexed with CuCl,

In this paper, reactive materials towards dioxygen bind-
ing will be considered as “active” systems while unreactive
solids in an ambient atmosphere will be called “inactive”.
Our strategy was first to compare the Cu K-edge FT
EXAFS spectra of the oxygenated xerogel XB2 with the
oxygen-free xerogel XB1, both xerogels being complexed
with CuCl,. The relevant FT spectra Imjyn(R) are displayed
in Figure 1A. For model compound 3, the FT spectra exhi-
bit strong signatures which can be assigned unambiguously
to the {Cu-N} and {Cu---Cal} single scattering paths in-
volving the cyclam ring with Ry n = 2.02(2) A and Rey ¢
= 2.8(8) A. Since these signatures are nicely superimposed
for the two xerogels, we were led to the first conclusion that
the coordination geometry of the cyclam macrocycle can
hardly be heavily altered in the oxygenated xerogel XB2. It
thus became attractive to envisage difference analyses. We
have reproduced in Figure 1B the FT spectra Imjn(R) and
|¥~n(R)| obtained by Fourier transforming the difference
EXAFS signal of a virtual species [XB2-XB1].

The most striking feature in Figure 1B is a sharp, nicely
resolved peak which we assigned to a short Cu-O1 bond.
The corresponding distance would be much too short to
reflect any realistic distortion of the cyclam macrocycle.
This led us to incorporate the phase shifts and scattering
amplitudes of a Cu--O shell, calculated with FEFFS8.9 for
a cluster that has the structure of a well-characterized Cu—
dioxygen model compound, into the optical FT.?% Then by
using a standard single shell fit, we could refine the dis-
tance: Rey o1 = 1.855%0.005 A, the Debye-Waller factor:
[6cuo1]? = 0.00086 A2 and the average number density of
bound oxygen atoms: N¢, o1 = 0.76£0.06 per copper site.
The distance R, o is much shorter than any Cu-OH
bond length (1.97-2.02 A) in copper hydroxyhalide min-
erals?'2% like atacamite, paratacamite or in active phases
of supported catalysts used for oxychlorination of ethyl-
ene.”®28 In contrast, our Rc, o) distance compares re-
markably well with the Cu—O bond lengths of Cu-dioxygen
complexes of known crystal structures.”>-3¥ For instance, it
is very close to the distance Rcy o1 = 1.852 A or Rey o1 =
1.868 A found respectively in the end-on dinuclear p-rans
peroxo dicopper complex of Karlin®!-3% and Susuki®* in
which the dioxygen molecule is bound to two copper sites.
If we accept that this may also be true for xerogel XB2,
then our fit led us to expect the fraction of bound dioxygen
molecules per copper site to be of the order of ca. 38%. It
is quite remarkable that this value is nicely consistent with
earlier measurements of oxygen adsorption which had es-
tablished that the fraction of bound dioxygen should be
near 40%. Note that the Cu--Ol signal could be seen di-
rectly in the FT spectrum of xerogel XB2 displayed in Fig-
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Figure 1. (A) Comparison of the Cu K-edge FT spectra Im%(R) of
xerogel XB2[CuCl,}/O, (solid line) and of xerogel XB1[CuCl,}/N,
(dotted line). Arrows indicate where weak contributions of bridging
chloride ions may interfere in xerogel XB1. (B) Cu K-edge FT spec-
tra Imj(R) (solid line) and |7 (R)| (dot-dashed line) of the difference
signal of [XB2 (oxygenated) — XB1 (oxygen-free)]. A simulated FT
difference EXAFS spectrum Imj(R) (dotted line) is also repro-
duced which was calculated using a structure derived from Fig-
ure 3(A).

ure 1(A). Unfortunately, it interferes with the negative side-
lobe of the intense Cu--N signal that makes the assignment
problematic.

In the difference FT spectrum [}n(R)| shown in Fig-
ure 1B, there is another strong signature peak near 4 A. We
have assigned this signal to the derivative of a single scat-
tering Cu---Cu EXAFS signal, resulting from a small varia-
tion of the distance Rc, c, When dioxygen is bound to cop-
per. At this stage, we would like to stress that this signal
cannot be an experimental artefact since it is present in all
difference analyses performed with individual scans.
Clearly, the assignment of such a weak Cu--Cu EXAFS
signal in the FT spectra displayed in Figure 1(A) would
again be problematic because it is feared that this signal
could interfere with the intense contributions of multiple-
scattering paths involving the nitrogen atoms of the cyclam
ligand. This is where a difference analysis can offer a decis-
ive simplification of the spectra. Based on our experience,
only a heavy scatterer like a copper atom could give such
a strong signature at a long distance in the FT difference
spectrum.

A simulation of the difference spectrum that is also re-
produced in Figure 1(B) supports our interpretation. Using
phase-shifts and scattering amplitudes calculated with
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FEFF8.9 for the same Cu—dioxygen model compound,?”
the best agreement was obtained for Rcy ¢y = 3.99%0.03 A;
[6cu co® = 0.0032 A2 in the oxygenated xerogel XB2;
Reuw cu = 3.89+0.02 A; [6cy cu* = 0.0032 A2 in the oxy-
gen-free xerogel XB1. The number density N¢, c, = 0.76
was found (within the experimental uncertainty) to be equal
to Ncu o1, which indeed supports the consistency of our
assignment. Multiple scattering (MS) paths involving the
coordination shell and the central atom are well-known
sources of complication in the analyses of the EXAFS spec-
tra at long distances but they should not play a major role
here because: (i) the contribution of the MS paths involving
copper and the nitrogen atoms of the first shell should can-
cel out in the difference as well as the contribution of the
single scattering (SS) paths; (ii)) MS paths involving oxygen
or chlorine atoms cannot contribute to a signal that would
be as intense or even more intense than the contribution of
the first shell SS path. These considerations were supported
by many more simulations, which are not reproduced in this
paper.

Insight into the dioxygen species that is formed in the
oxygenated xerogel XB2 can also be drawn from solution
chemistry of copper(l) complexes or from a systematic re-
view of the crystal structures of Cu-dioxygen com-
plexes.??-3% The oxygenation of Cu' complexes can generate
three types of 2:1 Cu/O, species: an end-on trans-1,2-per-
oxodicopper(in), a side-on p-nZ:n?-peroxodicopper(i) and a
bis(p-oxo)dicopper(1r) complex. The nature of the species
that forms is primarily dictated by the denticity of the li-
gand.P% In particular, the oxygenation of Cu' complexes of
sterically unhindered tetradendate tripodal ligands exclu-
sively produces p-1,2-peroxo complexes. Beyond denticity,
other factors such as chelate ring size, nature of the donor
atoms, electronic effects, steric demands and geometry are
secondary in most cases. It appears that the internuclear
distance Rc, cy found for xerogel XB2 would be signifi-
cantly longer than the Cu--Cu distances in side-on dinu-
clear p-n?m?2-peroxo copper complexes but shorter than in
the end-on dinuclear trans p-n':n'-peroxo copper complex
of Karlin et al.BY (Rcy cu = 4.36 A). A side-on conforma-
tion should be ruled out for two reasons: (i) each dioxygen
molecule would contribute to four equivalent Cu—-O1 bonds
and the signal at 1.86 A should thus be twice as intense as
what we found; (ii) for a coplanar side-on conformation,
there is a limit (Rcy ca = 3.6 A) beyond which the four
equivalent Cu—O1 bonds would split into two groups of un-
equal distances: Rc, 01 = Rcu o2 and the end-on arrange-
ment gains a higher probability.

Because no Cu/O, intermediate has been characterized,
upon oxygenation in solution, for a tetrasubstitued cyclam
copper(1) complex, one has to rely on comparisons with
other tetradendate systems. In this regard, the aliphatic tet-
raamine ligands derived from tris(2-aminoethyl)amine
(tren) are considered as good models of the immobilized
cyclams although the former are not macrocyclic.[33-3%
These ligands form p-1,2-peroxodicopper(i1) species, and
accordingly, it is more likely that the reaction of xerogel
XB1 and dioxygen leads to the formation of an end-on p-
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1,2-peroxodicopper(i1) complex, in conformity with the
EXAFS results. Yet, the Cu—Cu distance of 4.0 A, shorter
than in structurally characterized p-1,2-peroxodicopper(in)
complexes, suggests a distorted arrangement of the peroxo
moiety.

We may then raise the subsidiary question whether there
is any additional information available in the difference
spectrum that could give us some indication about Rc, o>.
We wish to underline that the following exercise is far more
speculative than the previous assignments of the Cu--Ol
and Cu---Cu signatures. We tried to assign the single scat-
tering contribution of the second oxygen to the (next) most
intense peak of the FT difference spectrum, i.e. to a signal
peak at Rey 0r = 2.96 A. One could find a few arguments
supporting this very speculative assignment: (i) the signal
had the expected phase for a Cu-O shell; (ii) this signal
also shows up in the FT spectrum of xerogel XB2 displayed
in Figure 1(A) and, thus, cannot be an experimental arte-
fact; (iii) to remain consistent with R, ¢, = 4 A, we have
added the constraint: Rc, o» = 3.02 A, but steric hindrance
from the carbon atoms of the N-propyl groups would make
distances Rcy 0r = 2.7 A very unlikely. A tentative estima-
tion of the Cu—O1-02 angle is possible only if we assume
that the distance do; o, = 1.432 A as in the end-on peroxo
structure of Karlin et al.l3!l To a first approximation, one
would calculate a bent angle Cu-O1-O2 of 127.7° to be
compared with 108° in the structure of Karlin et al.[3!l Re-
call that Kitajima et al.?) predicted that, for pentacoordi-
nate copper sites, the end-on dinuclear p-n':n!-peroxo-like
structure should be the most favorable structure with Cu-—
O-0 angles of the order of 130°. Our speculative assign-
ment of the signal peaking at ca. 2.96 A to the Cu--O2
single scattering path had another geometrical implication
in that the distance Cu---Cu would be too short to enable
the sequence of four atoms {Cul-+O1---O2---Cu2} be copla-
nar. From elementary 3D geometry considerations, we
found that the directions of the Cul-Ol and Cu2-O2
bonds should be rotated by ca. 93° with respect to each
other. This would be required to minimize the steric hin-
drance between the two macrocyclic ligands.

We have implicitly suggested so far that dinuclear sites
{Cul;Cu2} should pre-exist in the oxygen-free xerogel XB1.
Supporting arguments were found in the EXAFS spectra
recorded at the Cl K-edge. The Cl K-edge FT spectra
Imjn(R) of the oxygen-free and oxygenated xerogels XBl1
and XB2, respectively, are shown in Figure 2(A) whereas
difference FT spectra of the virtual species [XB1-XB2] are
displayed in Figure 2(B). Here, the optical FT spectra were
systematically corrected using the phase shifts and scat-
tering amplitudes of a Cl---Cu shell. We carefully checked
the consistency of our E, value with respect to earlier analy-
ses of other model compounds involving Cl---Metal dis-
tances. At short distances, there are unbalanced contri-
butions of Cu' sites and pentacoordinate Cu' sites with
well-resolved signatures peaking at: Rey ¢y = 2.11£0.03 A,
and Ry cyn = 2.44£0.03 A, respectively. Interestingly, we
also found a well-defined signal at a long distance: Rcy cy
= 2.71+0.03 A which seems to agree with our suspicion

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2717



FULL PAPER

J. Goulon, R. Guilard et al.

that the Cl" ions could asymmetrically bridge the copper
sites.

1 v T
100 Cu ClK-edge (A)-

1 n

t cu", (tong Cu..c1)

50 - ’
] i (N?) MS? 1
o /\'.‘ /\ [\ A\ /N A\
\/ TS v
] T (0?)

-50 - i
—_ QXygenated XB2
~~~~~~~~~ Oxygen-free XB1

-100 b | . 1 N 1 " 1 7]
! " I I ' I 1
1Cu XB1-XB2
40 - Cu 1 ! L 1 ®) 1
T A cu"" (long Cu...Cl)
”0. ) E \,\.\ N,O} .

0 1 /\.\_,"
N

(\/\/\ﬂvﬁkn\/
V

:
IS
[

R (A)

Figure 2. (A) Comparison of the Cl K-edge FT EXAFS spectra
Im¥(R) of xerogel XB2[CuClL]J/O, (solid line) and of xerogel
XB1[CuCL,J/N, (dotted line). Arrows mark the expected Cl-+-Cu
distances for Cu’~Cl and Cu™-Cl bonds. The signal at 2.7 A would
be consistent with a Cl anion bridging mixed-valence {Cu',Cu''}
sites. (B) Cl K-edge FT spectra Im%(R) (solid line) and [§(R)| (dot-
dashed line) of the difference EXAFS signal of [XB1 (oxygen-
free) — XB2 (oxygenated)].

Thus, we were led to seriously consider the existence of
mixed-valence Cu' and Cu'" sites. Note that the long dis-
tance Rcy cy, looks quite comparable with distances (e.g.
2.674-2.707 A) reported for chloride ions bridging mixed-
valence dinuclear {Cu',Cu''} sites.[’®] Such distances are,
however, only slightly shorter than the distances (2.71-
2.76 A) found for chloride ions symmetrically bridging two
Cu'" sites in copper hydroxychloride minerals?!-2324 (e.g.
atacamite). Cl K-edge EXAFS data are not accurate
enough to discriminate between these two structural op-
tions. However, from the estimated Cul---Cu2 distance in
the deoxy-xerogel XB1 (Rcu1 cuz = 3.89 A), one would pre-
dict the bridging angle Cul-Cl-Cu2 to be either 97° or 105°
depending on whether Cul is taken as a Cu' or a pentaco-
ordinate Cu'" site. This compares rather well with the bridg-
ing angle (92°) reported for chloride ions in mixed-valence
dinuclear {Cul,Cu'"} sites.3®

Concentrating on the FT spectrum of the oxygenated
xerogel XB2, we found [Figure 2(A)-2(B)] only a modest
amplitude reduction of the Cu'-Cl signal while the signa-
ture of the pentacoordinate Cu''-Cl site vanished com-
pletely. This rather astonishing result was confirmed a pos-
teriori by re-investigating the Cu K-edge FT difference
spectra. From Figure 1(B) we identified a positive peak at
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Reyn o = 2.44 A together with a poorly resolved side-peak
at Rey ¢ = 2.10 A. There might still be an additional sig-
nal correlated with the long Cl--Cu2 distance (Rcy ¢ =
2.7 A) but it would be interfering with the signal, which we
had previously assigned to the Cul-+O2 signature. These
various Cu--Cl signatures are expected to appear as posi-
tive peaks in the FT difference spectrum of [XB2-XB1] as a
consequence of the difference in the phase shifts of oxygen
and chlorine scattering atoms. As far as we are concerned,
the main interest of this exercise was essentially to probe
the self-consistency of our assignments in the difference
analyses.

At this stage, we tried to summarize in Figure 3 the pos-
sible structures of the Cu sites in the active xerogels. Ac-
cording to our analyses, up to four different Cu sites could
coexist in xerogels XB1 and XB2. In Figure 3(A), we
sketched what a dinuclear site corresponding to the di-
oxygen adduct in XB2 could look like. There is probably a
small shift (= 0.2 A ?) of the Cu atoms out of the average
nitrogen plane and, most likely, also a trigonal distortion
of the Cu'-N bonds but there is no hope as yet of extracting
this information from the EXAFS spectra. Moreover, any
distortion of this type referring to the cyclam ligand should
already pre-exist in the oxygen-free xerogel. From Fig-
ure 3(A), we realized that steric hindrance of the carbons
(Ca) located on the same side of the cyclam as the dioxygen
adduct should probably define the most stable configura-
tion.

[(A)

[©

Figure 3. (A) Stereogeometry of the dinuclear p-n':m' peroxo-like
Cu site consistent with the difference EXAFS analysis with:
Rewor = 1.855A; Rew 02 = 2.965 A; Rey cu = 3.988 A. The Cu
atoms were arbitrarily shifted by 0.2 A from the average 4-N plane
whereas the Cu-O bond had to be tilted by 10° with respect to the
cyclam axes in order to minimize the steric hindrance of the car-
bons. (B) Stereogeometry of the postulated mixed-valence
{Cu!,Cu"} dinuclear site in xerogel XB1. (C) Stereogeometry of
tetra- and pentacoordinate Cu!! sites coexisting only in xerogel
XB1. (D) Linear counterion [Cl---Cu'---Cl] identified in species 6.
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With regards to the oxygen-free xerogel, a dinuclear site
in which a chloride ion would bridge two pentacoordinate
copper atoms with a formal valence of 1.5 would be un-
stable since the system would spontaneously evolve towards
configurations sketched in Figure 3(B) and (C). The dinu-
clear configuration of Figure 3(B) would be most convinc-
ing for a mixed-valence {Cu’,Cu'"} species, i.e. with a penta-
coordinate Cu' site, a short Cu’~Cl bond (2.11 A) and a
long distance Cl-Cu™* (2.7 A). In the configuration of Fig-
ure 3(C), the Cu'! site would be pentacoordinate with the
intermediary bond length Royn ¢ = 2.44 A and the bare,
tetracoordinate Cu' site could easily be oxidized. Dynamic
exchanges between configurations (B) and (C) would re-
quire only a small translation of the bridging chlorine atom.
Last but not least, EXAFS cannot rule out at this stage the
presence of linear anions [Cl---Cu'---Cl]~ [Figure 3(D)] as
discussed for complex 6 (see Supporting Information).

Building on these considerations, we have generated a
simulated spectrum, which approaches the experimental Cu
K-edge FT difference spectrum of Figure 1(B) reasonably
well. Indeed, we do not pretend that the structural problem
has been solved but, at least, we come up with a model that
is consistent with all EXAFS analyses. For convenience, we
assumed that the signals observed at R = 3.15 A could be
assigned to the shortest intermolecular distance Cu2---C’a3.
The parameters defining the scattering paths contributing
to the simulated difference spectrum displayed in Fig-
ure 1(B) are listed in Table S1 of the supporting information
section. The contribution of the MS paths was found to be
marginal in this exercise.

Xerogels of Type (B) Complexed with CuBr,

The Cu K-edge FT EXAFS spectra Imjn(R) of the oxy-
genated xerogel XB4 and of the oxygen-free xerogel XB3
complexed with CuBr, are compared in Figure 4(A). The
FT difference spectra of the virtual species [XB4-XB3] is
again reproduced in Figure 4(B). On comparing the FT
spectra displayed in Figure 1(A) and Figure 4(A), it would
appear that the peak assigned to the Cu---N distances is less
intense and slightly shifted towards long distances in the
xerogels complexed with CuBr,, the average bond length
increasing from 2.02A to ca. 2.06 A. In the FT spectrum of
the oxygen-free xerogel XB3, there is clear evidence that
bromine atoms are present in the coordination shell of cop-
per and a refined EXAFS analysis suggested that two dif-
ferent Cu—Br bond lengths should be envisaged. The short-
est one (R = 2.30+0.02 A) would again fall very close to
the Cu—Br bond length of the linear anion®*” [Br---Cu!---
Br]” and would be shorter than the Cu-Br bond length®!
in [Cu'~Br;]*; the long distance (R = 2.49+0.02 A) would
be typical of a pentacoordinate Cu'' complex.*®! These two
resolved signals were identified as Br; and Bry in Fig-
ure 4(A) and Figure 4(B). Thus, there is again a strong indi-
cation that mixed-valence {Cu',Cu''} sitesi**#% could be
present in these xerogels, the signature of the Cu! site being
definitively less intense than the signature of the Cu'! site.

Independent chemical tests had previously established
that the capability of xerogel XB3 to fix dioxygen was rather
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Figure 4. (A) Comparison of the Cu K-edge FT EXAFS spectra
Im%(R) of xerogel XB4[CuBr,J/O, (solid line) and xerogel
XB3[CuBr,]/N, (dotted line). The split contributions of the Cu'-
Br and Cu-Br bonds are identified as (Br;) and (Bry). (B) Cu K-
edge FT spectra Im %(R) (solid line) and |j(R)| (dot-dashed line)
of the difference EXAFS signal of [XB4 (oxygenated) — XB3 (oxy-
gen-free)]. Note the weaker amplitude of the Cu-+O, signal.

poor as compared to xerogel XB1. This could be correlated
with our observation that the difference FT spectrum of
Figure 4(B) exhibits only a very weak signal at the short
distance Rcy o1 = 1.86 A where we expect the characteristic
signature of the formation of the same end-on dinuclear p-
n':n'-peroxo structure discussed in the previous section.

It should be noted that the difference signals in Fig-
ure 4(B) are much less intense than in Figure 1(B). Also, the
situation looks more confusing at further distances where
the signature at Rcy cu = 3.99 A is now very weak whereas
new signatures show up at 4.2-4.5 A. This is not completely
unexpected since: (i) the amount of dinuclear peroxo-like
complex is certainly heavily reduced; (ii) we would have
been suspicious if we had found the same internuclear
Cu---Cu distance for the oxygen-free xerogels complexed
either with CuBr, (XB3) or with CuCl, (XB1). Anyhow, the
signals that show up at 4.2-4.5 A are weak on the scale
of Figure 1(B) and we clearly approach the noise limit of
difference analyses.

Nevertheless, one may question why the structural
changes between xerogels XB4 and XB3 should be so small.
One could speculate that, in the presence of trapped water
molecules, the dioxygen adduct would be partly and irre-
versibly decomposed to yield Cu"-OH bonds (1.87/
2.00 A), with the OH  anions replacing the released bro-
mide anions. This would explain the presence of imperfectly
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resolved signatures at 1.86/1.99 A in Figure 4(B). Note that
one would also expect longer Cu---Cu distances if there is
no more bridging Br anion.

Inactive Xerogels Complexed with CuCl,

The FT spectra Imjn(R) of the inactive xerogel XAl and
of the oxygen-free, active xerogel XB1 are now compared in
Figure 5SA. The strong signal peaking at 2.002 A in the FT
spectrum of XAl is most likely to be assigned once again
to Cu---N distances. If one assumes that this peak refers to
the average Rc, n bond length, then the corresponding
bond length would be shorter than in the active xerogel
XB1 (Rcy N = 2.022 A) and also much shorter than in
model compound 6 or in its silylated precursor (Rcy N =
2.13 A). In EXAFS, a shorter bond length is most often
correlated with a stronger intensity but, quite paradoxically,
the intensity of the Cu--N signal in the inactive xerogel
XAl is reduced by ca. 30% with respect to xerogel XB1. In
fact the intensity of the Cu-+N peak is similar to the inten-
sity of the Cu-N peak in 6 in which we pointed out the
role of a destructive interference. The FT spectrum of xero-
gel XAl exhibits a well resolved negative signal peaking at
2.28 A which one might be tempted to assign to a Cu-Cl
distance. Unfortunately, such a speculative assignment
would not make any sense because all crystal structures re-
ported so far show that in pentacoordinate Cu'' complexes
the Cu-Cl bond length is of the order of Rc, ¢ = 2.44—
2.47 A as discussed earlier and illustrated by model com-
pound 6. There are still signatures in the FT spectrum of
XA1 which could be perfectly assigned to Cu-+Col and
Cu---Co2 single scattering paths and would indicate that the
copper atoms are coordinated to the cyclam although the
conformation of the macrocyclic ligand is certainly not the
same as in the active xerogels.

We suspect that, in xerogel XAl, the EXAFS signal of
the Cu--*N distances are heavily distorted by destructive in-
terferences within the coordination polyhedron. The nega-
tive side-lobes of the Cu-*N peak are anomalously small
and distorted which fuelled our suspicions. In a desperate
attempt to recover some structural information lost in de-
structive interferences, we tried to display in Figure 5(B) the
difference spectra of the virtual species [XA1-XB1] and
[XA1-XB2]. The rather strong intensity of the signatures
found in the FT difference spectrum of [XA1-XB1] confirms
that the copper environment is fundamentally different in
these two xerogels but, at this stage, a detailed interpret-
ation of the difference spectrum is hopeless. If we restrict
ourselves to the coordination shell, we may conjecture that
there should be at least two additional signatures interfering
with the Cu--*N signal in the EXAFS spectrum of the inac-
tive xerogel XAl1: (i) the first one peaking at ca. 1.9 A looks
most typical of Cu-+OH distances; (ii) the second one peak-
ing at ca. 2.15 A might well reflect a distortion of the cy-
clam macrocycle resulting in two sets of Cu-N bond
lengths, e.g. 2.03 A and 2.15 A. It has been pointed out a
while ago by Barefield and Wagnerl® that macrocycles with
tertiary amines such as tetramethylcyclam could accommo-
date a sixth ligand at short distance with a significant fold-
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ing of the macrocycle resulting in two pairs of nonequal
Cu-N bonds. Such an interpretation could perhaps be con-
sistent with the FT difference spectra of Figure 5(B). How-
ever, this is one interpretation amongst several. At a purely
speculative level, we also considered the case of a dinuclear
copper site now bridged with two OH ™ anions. This model
would explain why xerogel XAl could not bind anymore
dioxygen. The present EXAFS study was nevertheless
worth the time and effort involved: (i) it gave the experimen-
tal proof that xerogels XAl and XB1 have fairly different
local structures; (ii) and also that subtle changes in the co-
ordination geometry of the cyclam would yield strong
Cu-N residual signatures around 2.0(3) A in the FT differ-
ence spectra. A contrario, the latter point supports the con-
sistency of our difference analysis of xerogels XB1 and XB2.

N (A) E

o active XB1 i
inactive XA1
200: oH N, (long Cu...N) ®) —
100—- _‘ . . ]
STy ST Eoe
~100 b ]
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i : R (A)

Figure 5. (A) Comparison of the FT spectra Imj(R) of the inactive
xerogel XA1[CuCl,J/air (thick line) and active xerogel XB1[CuCl,)/
N, (solid line). Note the poor intensity of the (distorted) Cu-N
signal of the inactive xerogel XAl. (B) FT spectra Im%(R) of the
difference EXAFS of [XAl (inactive) — XB1 (oxygen-free)] (solid
line) and of [XA1 (inactive) — XB2 (oxygenated)] (dotted line). Note
the well-resolved contributions of the interfering signatures as-
signed to additional Cu-+O and Cu-+N single scattering paths.

Valence and Ligand Field Information

XANES Spectra as Fingerprints

We have regrouped in Figure 6(A) the deconvoluted Cu
K-edge XANES spectra of all active xerogels, i.e the oxy-
gen-free xerogels XB1[CuCl,] or XB3[CuBr,] and the oxy-
genated species XB2[CuCl,]/O, or XB4[CuBr,]/O,. We have
also added, on the same plot, the Cu K-edge XANES spec-
trum of the inactive xerogels XA1[CuClL]/Air. All spectra
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were recorded over the same energy range and were decon-
voluted with the same parameters (i.e. AEg; AEy). There-
fore, there is no extra difficulty in comparing deconvoluted
spectra. Noticeably, the Cu K-edge XANES spectra of all
active xerogels have the same morphology. The most char-
acteristic features were labeled from (A) to (F). Quantitative
information regarding the peak energy and relative intensity
of the near-edge features (A)-(E) are summarized in
Table 2S (supporting information section). Most striking is
the very sharp “white line” (C) peaking at 8985.33 eV, the
intensity of which decreases by only ca. 15% in air or di-
oxygen. In all XANES spectra, there is a shoulder labeled
(D) which peaks at 8987.4 eV. It is particularly well resolved
in the spectra of xerogels XB1[CuCl,] and XB2[CuCl,].
Much weaker but still quite real are the pre-edge structures
(A) and (B) found at 8980.4 eV and 8983.3 eV, respectively.
In the case of the inactive xerogel XAl, the white line (C)
is not only shifted towards high energy but its intensity is
reduced in the ratio 3:1 whereas the shoulder (D) seems to
become progressively smaller.

25 T T T T T v T
1) ¢ Cu K-edge

2.0 -

XEROGELS
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Figure 6. Numerically deconvoluted Cu K-edge XANES spectra.
(A) XANES spectra of active xerogels: XB1[CuClL]/N;
XB2[CuCl,)/O,; XB3[CuBr,]/N, and XB4[CuBr,}/O,. The XANES
spectrum of the inactive xerogel XA1[CuCl,)/Air is also shown for
comparison. The strong pre-edge resonance (C) is a characteristic
feature of all XANES spectra of active xerogels. (B) Note the ab-
sence of any sharp resonance (C) in the Cu K-edge XANES spectra
of various [Cu(cyclam)]** complexes with variable coordination ge-
ometries: 2 = Cu(cyclam)(ClO4),+0.5H,0; 3 = [Cu(tmc)](BE,),; 4
= [Cu(tmc)Cl|(BF,); 5 = [Cu(dmdpc)](BF,)..

The Cu K-edge XANES spectra of model compounds 2—
5 were regrouped in Figure 6(B). Clearly, the XANES spec-
tra of tetra-, penta- or hexacoordinate cyclam complexes
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are quite different. The case of the pentacoordinate com-
plex 4 is particularly relevant here since it was found to
exhibit a marked analogy with the XANES spectrum of
freshly prepared samples of the silylated precursor. We wish
to stress that the sharp white line (C) is very weak in the
XANES spectrum of such a pentacoordinate Cu'' complex.
The CI K-edge XANES spectra of the oxygen-free xero-
gel XB1 and of the oxygenated sample XB2 are shown in
Figure 7(A). We included on the same plot the Cl K-edge
XANES spectrum of 6 which, according to the EXAFS
study, should be a pentacoordinate complex of Cu'' con-
taminated with some fraction of the linear anion [CI---
Cu'---CI]". It immediately appears from Figure 7(A) that
the morphology of the Cl K-edge XANES spectra of xero-
gels XB1 and XB2 is similar. Interestingly, the modest inten-
sity of the pre-edge resonance labeled “A” peaking at
2819 eV in the case of complex 6 is very weak in the case

of the active xerogels.
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2_0_- ﬁ\ Cl K-edge _
1 A ‘l\- 4

0.5 - E XB1 | |

é ’{ s XB2 ]

0.0 .,|. o [— |
T T T T

2820 2830 2840 2850

2.0 T T T T T T T

Zn K-edge (B) |

T T
9670 9680

Energy (eV)

Figure 7. (A) Deconvoluted Cl K-edge XANES spectra of the
active xerogels XB1[CuCL]/N, and XB2[CuCl,}/O,. The Cl K-edge
XANES spectrum of the mixed-valence {Cu!,Cu''} complex 6 is
also shown. It exhibits only a weak pre-edge resonance (A) at
2819 eV that vanishes for Cu' compounds. (B) Deconvoluted Zn
K-edge XANES spectra of xerogels XA2[ZnCl,]/Air, XB5[ZnCl,]/
Air and of the zinc complex 8. The XANES spectrum of Zn(TPP)
was added as a reference.

This resonance was reported by Hedman et al.*3! to re-
flect the amount of ligand character in the antibonding or-
bital (1 — a?)"*(Cu 3d,. ,2) — a(Cl 3p) of Cu'" compounds.
In Cu! compounds as well as in the linear anion [Cl---Cu!---
CI], this resonance should become much weaker because
the Cu 3d orbitals should become nearly filled just as in the
case of the Zn 3d orbitals of ZnCl,. Figure 7(A) would thus
confirm that the copper atoms in xerogels XB1 or XB2
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could hardly be “standard” Cul! sites, as already antici-
pated from their EXAFS spectra.

The Zn K-edge XANES spectra of xerogels XA2[ZnCl,],
XB5[ZnCl,] and of the silylated zinc complex 8 are dis-
played in Figure 7(B). The XANES spectrum of the zinc
porphyrin Zn(TPP) was included as a reference. Substitut-
ing ZnCl, for CuCl, yields xerogels of type (A) and (B)
that may still be slightly different but the differences in their
XANES spectra become much more subtle. Here the
XANES spectra of the xerogels are dominated by a single,
sharp white line peaking at 9669 eV. The very weak pre-
edge shoulder is consistent with a limited contribution of
3d atomic orbitals of Zn to the empty excited states. Obvi-
ously there seems to be a much stronger charge transfer
from the metal to the porphyrin dianion in the case of
Zn(TPP).

Simulation of XANES Spectra

In the previous section, the XANES spectra were used
as sensitive fingerprints of the coordination geometry and
electronic structure of the Cu sites in the xerogels. One may
wonder whether ab initio simulations could help us to cor-
relate quantitatively the observed changes with the elec-
tronic structure and the geometrical arrangement of the cy-
clam units. We will concentrate on two questions: (i) can
we reproduce the very sharp, intense resonance (C) peak at
8986.8 eV? (ii) can we find any reliable indication that Cu!
sites exist in xerogels of type (B)? This is important because
there is no known example of dioxygen reversibly bound to
true Cu'! sites. We compare in Figure 8(A), Figure 8(B) and
Figure 8(C), the deconvoluted experimental XANES spec-
tra of model compounds 1, 2 and 5 with simulated XANES
spectra calculated with the MSW option of the code
FDMNES, i.e. using muffin-tin potentials and the Xo func-
tional density for exchange correlation. In each case, the
geometry of the molecular cluster is systematically shown.

For the copper porphyrin 1, we used the same muffin-tin
radii as Case and Karplus™** who already stressed that the
ground state, formally written as Cu'! (3d°) could easily
transform into Cu' (3d'?) by charge transfer excitation. As
illustrated with Figure 8(A), the agreement between the de-
convoluted experimental spectrum and our simulation
looks encouraging. The simulated spectrum of Figure 8(A)
reproduces the strong pre-edge resonance which was found
to be highly sensitive to the charge transfer from the aro-
matic pyrrole towards the copper atom. The best agreement
with the experimental results was obtained from the follow-
ing occupation of the valence atomic orbitals: [Cu 3d°4,
450'20; N (252P)4'97; prrrolez Cmeso (ZSZP)“O: Cphenyl
(252p)*%%] whereas the muffin-tin zero had to be adjusted
to VO, = —16.0 eV. It is not surprising that the MS calcu-
lation cannot reproduce the relative amplitudes and line-
widths of the various shape resonances (especially beyond
the edge) because the deconvolution is not perfect, whereas
the FDMNES code takes into account only the real part of
the Hedin—Lundqvist exchange-correlation potential but
not its imaginary part.
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Figure 8. MSW simulations of the XANES spectra of model com-
pounds: (A) 1 = Cu(TPP); (B) 2 = [Cu(cyclam)](ClO4),+0.5H,0;
(C) 5 = [Cu(dmdpc)](BF,),. Deconvoluted experimental spectra are
shown again for comparison.

As illustrated with Figure 8(B) and Figure 8§(C), our sim-
ulations of the XANES spectra of complexes 2 and 5 also
look rather encouraging. Here, we expect a different charge
delocalization because the cyclam macrocycles are neutral
whereas the porphyrin macrocycle is a dianion. We kept the
same muffin-tin radii as for the simulation of the copper
porphyrin but we changed the occupation of the valence
atomic orbitals. Since the crystal structure of species 2 is
unknown, we incorporated the crystal structure of 2’ = [Cu-
(cyclam)](ClOy,),, in which the two perchlorate anions are
only very weakly bound at long distances, into our calcula-
tion. Nevertheless, Figure 8(B) reveals that the simulated
XANES spectrum of species 2’ is very similar to the experi-
mental spectrum of complex 2 which implies that 2 is most
likely tetracoordinate. We used the following occupancy of
the valence atomic orbitals: [Cu 3d%#, 45926, N (2s2p)*74;
Ouxial (282p)%4°], the muffin-tin zero being now arbitrarily
adjusted to V0i,, = —18.5eV. Note that the resonance
doublet in the edge is remarkably well reproduced. For the
hexacoordinate complex 5, the best agreement with the ex-
perimental spectrum was obtained with the following occu-
pation of the valence atomic orbitals: [Cu 3d%72, 4s°22;
Nequat (282p)*6% 471 Nygiar (282p)*97], the muffin-tin zero
now being shifted to V0j,, = -21.5eV.

In contrast, we systematically failed to reproduce the
XANES spectra of the xerogel XB1. In particular, we never
succeeded in reproducing the sharp resonance (C) peaking
at 8985.4 eV. These negative results led us to envisage that
the XANES spectrum of xerogel XB1 should result from
two contributions; the first one being formally associated
with a Cu' (3d') site and the second one to a Cu™ (3d°)
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site. This required us to perform two consecutive calcula-
tions, i.e. one for each individual copper site. The difficulty
is that we need a consistent calibration of the energy scale
of these two spectra. Unfortunately, standard multiple scat-
tering calculations are not reliable enough for such an exer-
cise because the muffin-tin zero (V0) depends on the dif-
ferent occupation of the valence orbitals for a given copper
site. This stimulated us to run the FDM option of the
FDMNES code since no muffin-tin approximation is made,
VO will no longer be defined. In order to avoid a prohibitive
computing time, we have performed a test calculation with
a simplified dinuclear cluster in which the two copper atoms
were asymmetrically bridged by one chlorine atom. The
macrocyclic ligand surrounding each absorbing site was re-
stricted to four nitrogen atoms and twelve a carbons. For
the first calculation, the absorbing atom was the Cu! site
(1s'; 3d19; 45 O1; 4p 02) the Cull site (1s% 3d?; 4s O1; 4p°2)
contributing as a scattering atom; for the second calcula-
tion, the role of the two sites was exchanged. For simplicity,
no screening effect was taken into account for the Cu! site.
With regards to the other scattering atoms, we extrapolated
the population of the atomic orbitals from previous calcula-
tions, i.e. Neguar (252p)*3846% Cl (3s3p)”%4; C (2s2p)**.
The calculated atomic photo-ionization energies of the Cu!
and Cu! sites were g; = 9071.24 eV and 9059.964 eV,
respectively.

The XANES spectra simulating the resolved contri-
butions of equipopulated {Cu';Cu""} sites are compared in
Figure 9 in which we also reproduced the XANES spectrum
of xerogel XB1. Since it is a usual trend of FDM calcula-
tions to generate sharp resonance lines, we found it prefera-
ble to numerically convolute the simulated XANES spectra
with Lorentzian lineshapes centered at the Fermi energy Ex
(Lorentzian half-width: T" = 0.1-0.2 eV). The key conclu-
sion is that resonances (A) (B), (C), (D) are most likely to
be assigned to Cu! sites, whereas resonances (E), (F) should
involve the Cu'! site. We would like to emphasize that this

3 T T 1
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Deconvoluted XANES
——— Simulated Cu' site
—— Simulated Cu" site

=20 =10 I o ' 10 ' 20
Energy (V)

Figure 9. Simulated XANES spectra of mixed-valence {Cu';Cu'"}
sites. The resolved contributions of the Cu! and Cu'! sites were
simulated using the Finite Difference option of the code FDMNES.
A deconvoluted XANES spectrum of xerogel XB1 is reproduced
again for comparison. Note that resonance (C) is most likely to be
assigned to the Cu' site.
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is the first simulation in which resonance (C) could be re-
produced with a strong intensity and we observed that this
line would not depend so much on the internuclear distance

RCu—Cu~

Conclusion

FT difference analyses at the Cu K-edge gave a strong
indication that, in the oxygenated xerogel XB2, dioxygen
would bridge two copper atoms in a kind of end-on p-n'm!
peroxo-like conformation with a short Cu-O1 distance:
Rcwor = 1.855+£0.005A but with a rather long in-
ternuclear distance: Ry cu = 4.0 A. The number density
Ncuwor = 0.75+0.1 agrees fairly well with independent
measurements of O, adsorption (38% per copper site).
There is no doubt that in both the oxygenated (XB2) and
the oxygen-free (XB1) xerogels the Cu atoms are still com-
plexed by the cyclam units. This is proved by the presence in
the FT spectra of each individual xerogel of characteristic
signatures assigned to the Cu-N and Cu--Cal single scat-
tering paths at typical distances: Ry n = 2.02(2) A and
Rew cal = 2.8(8) A, respectively. Interestingly, there is no
evidence of a structural rearrangement affecting the coordi-
nation of the cyclam macrocycle in the oxygenated xerogel.
This may not be so surprising if the substituted macrocycle
is totally immobilized within the rigid inorganic polymeric
structure of the xerogel. This could explain the reactivity of
these xerogels towards dioxygen and why dioxygen is bound
almost reversibly.

If we retain the model of an end-on peroxo-like confor-
mation, then one should also observe the weaker signature
of a second single scattering path at a longer Cu---O2 dis-
tance. The best we could do was to assign, in a purely
speculative way, this Cu--+O2 signature to a residual signal
found in the difference spectrum at Rc, o = 2.9(6) A. If
this assignment is correct, then the Cu—O1-02 angle was
estimated to be ca. 128° in noticeable agreement with argu-
ments previously developed by Kitajima et al.’") However,
we wish to underline that the corresponding deductions rel-
ative to the stereogeometry of the complex are indirect and
remain speculative.

The Cl K-edge EXAFS study turned out to be particu-
larly informative in the case of the active xerogels XB1 and
XB2. It established that, in the oxygen-free xerogel XB1, we
had pentacoordinate Cu sites with both short Cu'-Cl bonds
(R = 2.11%0.03A) and typical Cu'™Cl bonds (R =
2.44%0.03 A). Chloride ions may well asymmetrically
bridge dinuclear, mixed-valence copper sites as suggested by
the detection in the FT spectra of a characteristic signal at
a long distance (R = 2.7 A). We found it somewhat amazing
that in the oxygenated xerogel XB2, the amplitude of the
Cu'-Cl signal decreased by ca. 20% while the signature of
the pentacoordinate Cu''-Cl site vanished. This result was
confirmed a posteriori by the FT difference analysis at the
Cu K-edge once it became possible to identify the Cu---Cl
signatures. Note that the released chloride anions are most
probably disordered and could hardly contribute to any de-
tectable EXAFS signal.
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Substituting CuBr, for CuCl, yields xerogel XB3, known
to be much less reactive. Such poor activity could be corre-
lated with a cut by ca. 50% in the intensity of the Cu-+O,
signal (R = 1.86 A) in the FT difference spectrum of [XB4-
XB3] where XB4 denotes the relevant oxygenated xerogel.
However, we found an additional signal at R =~ 1.98 A
which we assigned tentatively to the Cu™OH bond of a
pentacoordinate mononuclear Cu site. Inactive xerogels
prepared with metallated cyclams by route (A) were also
found to have a fairly different structure. It seems that a
major structural change had occurred during hydrolysis and
polycondensation and it was speculated that a folded con-
formation of the cyclam would allow the copper atom to
accommodate the coordination of two OH™ anions at short
distances (R = 1.9 A) while maintaining two short (R =
2.00 A) and two long (R =~ 2.15A) Cu-N bonds. At this
stage, no refined interpretation of the EXAFS spectra of
the xerogels prepared by means of route (A) is possible.

Deconvoluted XANES spectra of all xerogels prepared
by route (B), i.e. by incorporating CuCl, into the hybrid
xerogel, exhibit a strong pre-edge resonance at 8§985.4 eV
which seems to be associated with the Cu! site of a mixed-
valence {Cul,Cu'l} structure. Simulations of the XANES
spectra of a number of model compounds were carried out
with the standard MSW option of the code FDMNES and
gave rather encouraging results. In contrast, we systemati-
cally failed to reproduce the XANES spectrum of xerogel
XBI1 using the standard MSW approach. This is not too
surprising since this XANES spectrum is expected to be the
superposition of the individual contributions of Cu! and
Cu'! sites. Unfortunately, the relative chemical shift of the
Cu! and Cu' pre-edge resonances cannot be reproduced ac-
curately enough with MSW codes relying on the crude muf-
fin-tin approximation. A very encouraging result was never-
theless obtained using the Finite Differences option of the
advanced code FDMNES. A preliminary simulation carried
out beyond the muffin-tin approximation allowed us to as-
sign unambiguously the strong pre-edge resonance (C) at
8985.4 eV to a Cu! site.

Experimental Section

Materials: The active/inactive xerogels were complexed with CuCl,,
CuBr, or ZnCl,:

XAl = Xerogel type (A)CuCLJAir XA2 =
(A)[ZnCl,)/air

XB1 = Xerogel type (B)[CuCl,]J/N, XB2 = Xerogel type (B)[CuCl,]
+ 0O,

XB3 = Xerogel type (B)[CuBr,]/N, XB4 = Xerogel type (B)[CuBr,]
+ 0O,

XBS5 = Xerogel type (B)[ZnCl,)/air

Xerogel type

All details concerning the synthesis of the metallated xerogels can
be found elsewhere.l''"131 Samples XB1-XB4 were handled in vacuo
in tight cells and filled in glove boxes. Model compounds used as
reference for the XANES or EXAFS study included: 1 = Cu(TPP);
2 = Cu(cyclam)(ClO,),:0.5H,0; 3#1 = [Cu(tmc)](BF,),; 4141 =
[Cu(tmc)CI(BF,); 514 = [Cu(dmdpc)](BF,),; 6 = [Cu(tpc)CI|Cl; 7
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= [Cu(tpsc)CIICl; 8 = [Zn(tpsc)CI]CL. TPP denotes the (meso-
5,10,15,20-tetraphenylporphyrinato) macrocyclic dianion; cyclam is
the 1,4,8,11-tetraazacyclotetradecane ligand; tmc refers to the
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane macrocycle;
dmdpc refers to the 1,8-dimethyl-4,11-bis(2-pyridylmethyl)-
1,4,8,11-tetraazacyclotetradecane ligand; tpc and tpsc denote the
1,4,8,11-tetrapropyl-1,4,8,11-tetraazacyclotetradecane  and  the
1,4,8,11-tetrakis(trimethylsilylpropyl)-1,4,8,11-tetraazacyclotetra-
decane macrocycle, respectively.

Instruments and Methods: X-ray absorption and emission spectra
were recorded with the ESRF beamline ID12.47 The X-ray source
is a helical undulator which, for the present project, was operated
in the linear polarization mode. In order to scan EXAFS spectra
over 2000 eV, we used the so-called “gap-scan” technique®! which
consists of optimizing the magnetic gap of the undulator during a
scan of the monochromator in such a way that the energy of the
monochromatic photons always matches the peak intensity of the
undulator spectrum. The monochromator was equipped with a pair
of Si (111) crystals cooled down to 152 K. The energy resolution
was very close to the intrinsic limits, i.e. AE = 0.40 eV at the Cl
K-edge; AE = 1.56 eV (1.72 eV) at the Cu (Zn)K-edges. The energy
calibration was consistent with the SSRL criterion assigning the
first inflexion point of the Cu foil XANES spectrum to
8980.3 eV.[*! Vertically focusing double mirrors (VFM) allowed us
to keep the level of unwanted harmonics well below 5 orders of
magnitude. EXAFS or XANES spectra were systematically re-
corded in the (integrated) Fluorescence Yield (FY) mode. Sample
pellets were inserted in a vacuum-tight sample holder and were
excited by the incident X-ray beam through a 12.5 pm thin Kapton
window (5 mm active diameter). The sample holder (cooled down
to 80 K) was itself located inside a high vacuum fluorescence cham-
ber equipped with eight low noise photodiodes arranged in the
backscattering geometry and collecting the fluorescence photons
emitted over a wide solid angle. X-ray emission spectra were re-
corded in the spectral ranges of the Cu K, ; (and Kf, 5) fluores-
cence lines using a high resolution spectrometer equipped with a
spherically bent Si (220) crystal analyzer operated with the 440 re-
flection at a Bragg angle of 46.17°. The analyzer energy scale was
calibrated against that of the double crystal monochromator by
measuring the elastic scattering line of the reference sample 1.

EXAFS Data Collection and Analyses: High quality Cu K-edge
EXAFS spectra were recorded on model compounds 1 = Cu(TPP),
3 = [Cu(tmc)](BF,), and 6 = [Cu(tpc)CI]CI as well as on xerogels
XAl, XB1, XB2, XB3 and XB4. For each sample, several long scans
(2500 data points) were collected at low temperature (7' = 80 K)
over a very wide energy range [i.e. 8944-10941 eV]. No radiation
damage was detected and all accumulated spectra could be
averaged. EXAFS oscillations could be detected up to k = 20—
22 A in k.y(k) spectra (Figures S1-S3 in the Supporting Infor-
mation), even for the xerogels in which the metal concentration was
rather low. We found a double benefit in collecting EXAFS data
over a wide range in the momentum space: (i) the resolution of the
FT spectra in the direct space was maximized; (ii) the identification
of the signatures of heavy scattering atoms (i.e. Cu, Br or Cl) in
the FT spectra by varying kp,,x in the window function was easier.

EXAFS spectra were also recorded at the Cl K-edge for xerogels
XB1 and XB2. The presence of a weak potassium K-edge signal at
3610 eV (associated with trace amounts of this element nonuni-
formly distributed over the Kapton window) in the spectra required
us to truncate the k+y(k) spectra for k = 14.4 A ' (see Figure S4 in
the Supporting Information). A very weak argon K edge at
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3200 eV was identified which was treated as a second order pertur-
bation.

The EXAFS analyses followed standard procedures detailed else-
where.['* The spectra recorded in FY detection mode were system-
atically corrected for self-absorption.l'*3% Throughout this paper,
phase and amplitude corrected “optical” FT spectral'!l were dis-
played. Phase shifts and backscattering amplitudes were generated
using the code FEFF8.9.51:521 Numerical fitting methods in both
the direct and reciprocal spaces!'¥ were also available as options in
our EXAFS data analysis package.

XANES: Numerical Deconvolution and ab initio Simulations: The
convoluted effects of the core hole lifetime and of the finite energy
resolution of the monochromator resulted in smooth but broad
Voigt lineshapes, which restricted the possibility of resolving and
assigning the pre-edge and shape resonances in the experimental
XANES spectra. Following a strategy pioneered at the ESRF by
Loeffen et al.,’] the experimental XANES spectra were deconvol-
uted numerically in order to recover narrow lineshapes. The price
to be paid was an artificial increase of the noise level in the XANES
spectra. XANES spectra were simulated with the advanced code
FDMNES which offers two options:

(i) Multiple Scattered Wave (MSW) calculations can be carried out
with muffin-tin potentials spherically averaged in the atomic or
outer-sphere regions but only volume-averaged in the interstitial
region. In practice, the averaged muffin-tin zero (V0iy;) is a critical
parameter that needs to be carefully adjusted. Muffin-tin radii can
be automatically determined from standard prescriptions (e.g.
using the Norman criterion®¥). Local electronic densities were ob-
tained by superposition of atomic contributions but the Clementi—
Roetti atomic wave functionsl>! can be replaced by external wave
functions taking into account relativistic effects (as in FEFF8.10).
The occupancy of the valence orbitals can be artificially altered in
order to simulate charge transfers between atoms that are no longer
neutral. The Coulomb potential was then calculated by solving the
Poisson equation where the energy dependent exchange-correlation
potential was approximated either by a standard Xo functional
density or by the real part of a Hedin-Lundqvist functional.[>®!

(i) In the finite-difference method (FDM)!*7] the Schrodinger equa-
tion was solved over a grid of discrete points in a spherical volume
centered at the absorbing atom. There is no need to introduce any
artificial spherical symmetry or to define any interstitial region.
This is most appreciable in the case of directional covalent bonding.
In the present study, the lack of an arbitrarily defined muffin-tin
zero was essential in order to accurately determine the contribution
of Cu' and Cu'! sites. The occupancy of the valence orbitals was
artificially altered to simulate charge transfers between atoms just
as in the MSW option. Unfortunately, FDM calculations resulted
in a dramatic increase in computing time, which required us to
perform our calculations on the powerful NEC SX-5 machine of
the CNRS in Orsay (IDRIS).

Supporting Information Available (see also footnote on the first
page of this article): This includes: (i) selected raw experimental
EXAFS spectra; (ii) a detailed EXAFS study of model compounds
1, 3 and 6; (iii) Figure S7 illustrating the quality of the single shell
fit of the Cu-O1 signal in the FT difference spectrum; (iv) Table
S1 listing the parameters of scattering paths contributing to the
simulated FT difference spectrum displayed in Figure 1(B); (v) a
comparison of numerically deconvoluted and raw Cu K-edge
XANES spectra for the model compound 1 as well as for all xero-
gels complexed with CuCl,; (vi) Table S2 listing the peak energy
and relative intensities of the resolved resonances (A)—(E).
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