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The formation of copper complexes with
aromatic o-phosphorylated phenolates with
both chelating and bridging configurations
was demonstrated by single-crystal and
powder X-ray diffraction. Photoelectron
spectroscopy was utilized to reveal the co-
ordination polyhedra around the copper
ions in an amorphous copper complex.
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The structural properties of copper complexes with (2-hy-
droxyphenyl)di-p-tolylphosphane oxide (CuL!,) and 3-(2-hy-
droxyphenyl)-3,4-dihydro-2H-benzo|f][1,5,3]dioxaphosphep-
ine 3-oxide (Cul?,) are studied in detail. The o-phosphory-
lated phenols demonstrate both bridging and chelating be-
haviour, and the main reaction product is a coordination
polymer containing dimeric Cu,Og fragments. The structural
peculiarities of the o-phosphorylated phenols were revealed
by single-crystal X-ray diffraction. The copper complexes are

studied by single-crystal and powder X-ray diffraction, and
IR, Raman and X-ray photoelectron spectroscopy (XPS). The
applicability of XPS spectroscopy to structural studies of co-
ordination compounds with complex organic ligands is dem-
onstrated with CuL!, and CulL?,. The results of ab initio
structure solution and Rietveld refinement of the CuL?2, struc-
ture from powder data are augmented by PW-PBE-D calcula-
tions.

Introduction

Aromatic ortho-phosphorylated phenols have attracted
considerable attention as potential O,0-donor ligands with
a broad set of possible substituents owing to their wide
range of possible applications. For example, they have
shown encouraging preliminary results as effective antenna
in luminescent lanthanide complexes.l'! From the structural
point of view, they can be considered as a distant relative
of B-diketonates (Figure 1). It stands to reason that any
level of conjugation is not expected for such a system, and
this analogy is valid only as an illustrative example of struc-
tural conformity between both classes.
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Figure 1. Structural conformity of the chelating part of enol B-
diketonates (left) and ortho-phosphorylated phenols (right).

The structural mode of ortho-phosphorylated phenols in
coordination compounds is still uncertain, and existing data
is limited only to the synthesis of compounds without any
structural data.>*! The main question is whether or not
they can play the role of chelating or bridging ligands (Fig-
ure 2).

The ligand configuration is definitely influenced con-
siderably by the chemical nature of the substituents (R! and
R?).

For this reason, we chose two ligands, (2-hydroxyphen-
yl)di-p-tolylphosphane oxide (HL') and 3-(2-hydroxy-
phenyl)-3,4-dihydro-2 H-benzo[f][1,5,3]dioxaphosphepine 3-
oxide (HL2), with substituents with substantially different
volumes (Figure 3).

As a starting point, copper(I) complexes were chosen to
reveal the structural potential of the chosen ligands. Cop-
per(IT) forms the most stable complexes among 3d metals
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Figure 2. Two possible configurations of o-phosphorylated phenol-
ate ligands. Left: chelating conformation. Right: bridging confor-
mation.
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Figure 3. Aromatic o-phosphorylated phenols HL! (left) and HL?
(right).
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and demonstrates a clear tendency for square-planar coor-
dination, such as in copper(Il) B-diketonates.[’! Therefore,
we can expect a similar coordination environment for aro-
matic o-phosphorylated phenols.

Thus, the main goal of present paper is the synthesis of
copper complexes (CuL!, and CuL?2,) and the evaluation of
the copper polyhedra by both X-ray diffraction and X-ray
photoelectron spectroscopy. To the best of our knowledge,
the latter approach has been infrequently used for the
analysis of coordination compounds over recent decades.

Results and Discussion

Crystal Structures of o-Phosphorylated Phenols HL! and
HL?

To date, very little data is available on the crystal struc-
tures of aromatic o-phosphorylated phenols. Previously, the
crystal structure of HL? was described, but that data needed
additional verification owing to a relatively high R factor.[®
The mutual orientation of the P=O and C-O bonds (the
O-C/P-0O torsion angle) attracts particular interest as the
flexibility of the O=P-C=C torsion angle directly affects
the range of possible structures for coordination com-
pounds containing these ligands.

The hydrogen-bond systems in the crystal structures of
HL' and HL? are substantially different (Table S1). The
unit cell of HL! contains two symmetrically independent
molecules (HL' and HLY, Figure S3), which differ only
slightly in the mutual orientation of the toluene substituent
and the OI-P1-C1-C2 torsion angles [54.0(2) and
-59.3(3)°, Figure S1]. Both molecules form intermolecular
O-H--O=P hydrogen bonds. The crystal structure of HL?

Eur. J. Inorg. Chem. 0000, 0-0

(Figure S4) is disordered and contains orientations of the
2-hydroxyphenyl group with O1-P1-C1-C2 torsion angles
of 4.11(12) and 167.56(11)° in a ratio 0.54:0.46. In the for-
mer orientation, the OH group forms an intramolecular hy-
drogen bond with the P=0O group [0-+O 2.5407(15) A, O
H---O 160.3(2)°], and in the latter it interacts with the P=0O
group of a neighbouring molecule [O-+O 2.7182(13) A, O—
H--O 168.35(11)°]. Notably, in most B-diketone crystal
structures, for example, that of dibenzoylmethane, only a
strong intramolecular hydrogen bond is observed in the
enol form,[”-®! which leads to an effective O—C++C-O tor-
sion angle of 0. The ortho-phosphorylated phenols can be
expected to be much more flexible ligands, as the corre-
sponding average O-C-P=0 torsion angles are 55.5° in
HL! and either 2.2(2) or 162.7(2)° in HL2.

Synthesis and Identification of Sodium Salts NaL' and
NaL?

o-Phosphorylated phenols HL! and HL? can be easily
transformed into sodium salts by a simple reaction between
HL and sodium hydroxide in methanol and isolated as solid
products. The formation of NaL! and NaL? was confirmed
by elemental analysis and by comparison of their spectral
characteristics, including excitation and luminescence spec-
troscopy in both solution and powder forms, with those of
HL! and HL2. The '"H NMR spectra demonstrate the dis-
appearance of the “acidic” hydrogen atom of the hydroxy
group, and the 3'P NMR spectra show a tangible upfield
shift of the singlet resonances. At the same time, infrared
and Raman spectroscopy revealed several splittings and
shifts of the bands of the bonds mainly affected during de-
protonation and introduction of sodium ions (P=0 and C-
O bonds). Both HL and NaL demonstrate luminescence in
the near-UV region. From HL to NaL, a typical bathoc-
romic shift was revealed (Figure S5), which indicates a de-
crease of the energy gap between the highest occupied mo-
lecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) by formation of sodium salts. Such
a shift often accompanies a charge rearrangement in the
molecular structure and is often observed during a change
of bond type (e.g., if a predominantly covalent bond is sub-
stituted by an ionic bond as in saltlike structures).

Synthesis of Copper Complexes CuL',, CuL',-2MeOH and
CllL22

The copper complexes CuL', and CuL?, were obtained
by in situ reaction between freshly prepared solutions of
the sodium salts in methanol and methanol solutions of
Cu(NO3),-2H,0. After slow evaporation of the methanol,
greenish powders formed: a dark green amorphous precipi-
tate of CuL',, and a light green polycrystalline precipitate
of CuL?,. To obtain CuLl, in crystalline form, an alterna-
tive synthetic approach without the intermediate sodium
salt was performed. The reaction between copper(Il) acet-
ate and HL! in m-xylene at reflux followed by the removal
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of acetic acid by azeotropic distillation resulted in the for-
mation of the same amorphous product CuL!, and several
single crystals of CuL!,2MeOH as a byproduct isolated
from the mother liquid. The structure of CuL';»2MeOH
was determined by single-crystal XRD (see Experimental
Section), but the amount of it was too small to allow study
by other methods. The CuL?, specimen contained only one
phase according to powder XRD, and its structure was de-
termined from the powder data (see below). The complexes
CuL!, and Cul?, were also identified by IR, Raman, dif-
fuse-reflectance and X-ray photoelectron spectroscopy
(XPS).

Structure of CuL', and CuL?, Complexes

The structure of CuL',>2MeOH contains a Cu atom with
square-planar coordination. The Cu atom lies on an inver-
sion centre; thus, the CuO,4 polyhedron has zero deviation
from planarity. The Cul-O1 and Cu2-0O2 bond lengths are
1.9420(18) and 1.8951(19) A, respectively (Figure 4). Such
a coordination was an expected result for a B-diketonate
analogue, but both the O 1s XPS and electron paramagnetic
resonance (EPR) data for bulk CuL!, disagree with this
structure as it should be paramagnetic and contain two
types of oxygen atoms in a 1:2 ratio (see below). The O-
C-+-P=0 torsion angle in this compound is 37.9(2)°, which
shows that the analogy with B-diketonates is only superflu-
ous. The bulk CuL!, was amorphous according to the pow-
der XRD data, and its crystal structure could not be deter-
mined directly. However, CulL?, was crystalline and its
structure was determined by ab initio methods from the
powder diffraction data (see below). The structure was
found to be a coordination polymer formed by CuL?,
chains along the a direction. The Cu atoms form dimeric
Cu,0Og coordination polyhedra (on an inversion centre) that

Figure 4. Overview of the CuL', crystal structure. Atoms are repre-
sented by thermal displacement ellipsoids (p = 50%), superscripts
indicate symmetry-generated atoms and correspond to the follow-
ing symmetry transformations. 1: —x, —y, —z. Only one disordered
component of the methanol moiety is labelled.

Eur. J. Inorg. Chem. 0000, 0-0

comprise two distorted CuOs square pyramids joined by a
base edge. One ligand with an O-C-+-P=0 torsion angle of
0.1(2)° provides the O2 atoms that bridge two CuOs pyra-
mids, and the Ol atoms are the apexes of the pyramids.
The other ligand forms a bridge between the dimeric Cu,Og
fragments with an O-C---P=0 torsion angle of —101.1(2)°.
Such coordination is unknown for B-diketonates but is fully
in line with the flexibility demonstrated by the studied li-
gands in the uncoordinated form.

As the geometry data obtained from the powder diffrac-
tion data often has low precision, we performed a PW-PBE-
D DFT calculation for comparison. The deviation of the
calculated result from the Rietveld refined structure was
only 0.21 A. The differences in the Cu—O bond lengths were
more pronounced, as the Cu position was refined without
any restraints, and are summarized in Table 1. Nevertheless,
the geometry remained qualitatively the same, and the Cu—
Cu distance allows spin coupling in line with the experimen-
tal EPR findings.

Table 1. The main bond lengths [A] in the Rietveld refined and
calculated structures of CuL?,.

Rietveld refined PW-PBE-D
Cul-02 1.89(3) 1.988
Cul-0O2A 1.88(2) 1.917
Cul-O1AR 1.96(2) 1.973
Cul-0O1M 2.20(3) 2.371
Cul-02M 1.97(3) 2.000
Cul-Cul® 3.05(2) 3.172

[a] 3 —x, -y, —=z. [b] 2 — x, -y, —=Z.

Determination of the Structure of CuL?, from Powder XRD
Data

The powder diffraction pattern (see Experimental Sec-
tion) of CuL?, was indexed by TOPAS 4.2 softwarel®! in the
triclinic crystal system with the Pl space group, as judged
from the cell volume (expected Z’ = 1). The lattice param-
eters (after Rietveld refinement) are a = 8.9008(3) A, b =
10.6655(3) A, ¢ = 16.4108(8) A, a = 103.660(4)°, f =
95.975(3)°, y = 113.527(2)°, V = 1353.17(9) A3. The struc-
ture solution was performed by using the parallel-tempering
method as implemented in FOX.[' The model for the solu-
tion and refinement was prepared based on a PBE/L2['!]
calculation of an isolated monomeric Cul?, complex (anal-
ogous to the CuL!, complex from CuL!',2MeOH) by using
PRIRODA."?! The search with this model was unsuccess-
ful, so two Cu-O bond constraints corresponding to
Cu-+-O=P coordination, as well as C-O--Cu angle con-
straints, were removed, and the search was repeated. This
search provided a reasonable position for one of the ligands
and the Cu atom (one run out of 40), so that the Cu-O—
Cu bridge and part of square Cu polyhedron could be iden-
tified. The final solution was obtained by constraining the
Cu atom coordinates and the orientation and position of
the ligand to the found ones, and searching for the position,
conformation and orientation of the other ligand freely. The

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Job/Unit: 130540

Eur|IC

/KAP1 Date: 09-07-13 16:36:07

www.eurjic.org

Pages: 10

FULL PAPER

of vgorse Cremisty

resulting structure contained Cu atoms in 4+1 coordination
polyhedra and was Rietveld refined in TOPAS 4.2 by using
bond lengths and angles from the above model as restraints
for the ligands. The Cu-O bond lengths and O-Cu-O
angles were not restrained. Isotropic thermal parameters
were refined independently for each atom type within each
ligand, and the line-profile anisotropy was refined by using
second order spherical harmonics.['?!

The “Morse” restraint modell!¥ was applied during the
refinement (see Experimental Section). The analysis of the
deviations of the refined bond lengths from the defined val-
ues within this restraint model has been shown to incor-
rectly identify the Rietveld refined structures. After 150 re-
finements in TOPAS with decreasing penalty function
weight (K, see Experimental Section), there were no outli-
ers in the bond-length-deviation (Ad) distribution (Fig-
ure 5), which further supports the accuracy of the refined
structure (Figure 6). At K; = 8, the difference between the

@
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Figure 5. Multiple boxplot for Cul?, Ad distributions at different
values of Kj.

Figure 6. Overview of the Cul?, crystal structure. Atoms are repre-
sented by spheres, superscripts indicate symmetry-generated atoms
and correspond to the following symmetry transformations. 1: 3 —
X,y -2,2:2-x,-y, -z, 3 -1 +x,p 2z

Table 2. Refinement indicators for Pawley fit and Rietveld refine-
ment of Cul?,.

Pawley fit Rietveld refinement

K] - 8

RMS Ad [A] - 0.029
Ryp[%0] 2.37 2.62
Ry’ [%0] 11.94 13.97
R, [%] 1.66 1.91
R[] 12.49 16.07
Riprage [%0] 0.07 0.79
Y 2.28 2.17
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Figure 7. Calculated, experimental and difference powder patterns for Cul?,.
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calculated and experimental patterns was featureless (Fig-
ure 7). A comparison between the final refinement indi-
cators and those for a Pawley fit is summarized in Table 2.

Thermal Stability

To evaluate the thermal behaviour of the synthesized
complexes, thermogravimetric/differential scanning calo-
rimetry (TG-DSC) curves were recorded (Figure S6). Both
complexes are thermally stable to ca. 190 °C, and their
broad exothermic bands corresponding to the decomposi-
tion of complexes on the DSC curve are of similar shape.

Infrared and Raman Spectroscopy

Initial elucidation and assignment of the vibrational
bands of the ligands were performed from theoretically cal-
culated infrared and Raman spectra of HL! and HL?. A
preliminary comparison of the IR spectra of HL and CulL,
(Figure S7) revealed considerable changes in the position
and shape of the most important bands, ascribed to v(P=0)
and v(C-0O). For the P=0O vibration modes, the most in-
tense band centred at ca. 1120 cm™ is observed in both
complexes and contains at least two sub-bands (resolved for
Cul?, and unresolved for CuLl,). In addition to the
v(P=0) stretching mode, these bands comprise in-plane
bending B(CCH) and stretching v(C=C) of the aryl rings,
as well as out-of-plane ¢(HCH) twisting of the methylene
bridges for HL? and CuL?2,. In both cases (CuL'; and
Cul?,), the barycentre of these broad bands is slightly
shifted towards lower frequencies, which is typical for coor-
dinated P=0O bonds.

For the bands corresponding to the C—O vibration mode,
the best solution is to compare the obtained data with pre-
vious IR spectra of ortho-substituted phenols.'>] Here, we
can single out two groups of bands corresponding to the
C-O vibration modes. The first group centred at ca.
1245 cm™! is unfavourable for analysis because of the over-
lap of the vibrations of several bonds. The second group
centred at ca. 1305 cm ! is considerably clearer for further
analysis and, therefore, was chosen for comparison. In both
cases, a broad band centred at ca. 1304 cm™! comprising at
least two sub-bands is observed, in contrast with the nar-
rower bands revealed in the HL spectra. From theoretical
calculations, for HL? and Cul?, these bands are apparently
the result of an overlap between Vyymm(C—C) of the catechol
substituent with the in-plane bending B(OCH) and out-of-
plane ¢(HCH) wagging vibrations of the methylene bridges
at lower frequencies, and v(C-O) at higher frequencies, dis-
played as a shoulder. The lack of methylene bridges in HL!
led to a narrower band comprising only Vgymm(C-C) and
v(C-0) vibrations. The nature of the additional band ob-
served at higher frequencies for the copper complexes can
be attributed to the two types of C-O bonds in the coordi-
nated ligands (1.305 vs. 1.288 A).

A relatively narrow band centred at 1420 cm™' in the
spectrum of HL? ascribed to in-plane B(COH) bending,

Eur. J. Inorg. Chem. 0000, 0-0

disappears in the spectrum of Cul2, and provides clear evi-
dence of successful deprotonation.

A Raman spectrum was recorded only for CuL?, (Fig-
ure 8), as CuL!, melted under laser irradiation. Neverthe-
less, several maxima were determined and their values are
listed below in the Experimental Section. The band corre-
sponding to P=O vibration (ca. 1127 cm™!) was substan-
tially broadened and shifted towards higher energies (ca.
1159 cm™"). The same shift is observed for the band as-
cribed to C-O bond vibration (ca. 1322 vs. ca. 1326 cm™).
In addition, complexation affected the vibrational modes
within the aromatic rings (several bands at ca. 1588 cm™).

w(C-C)

1 L
| R T A ) v . el . LML v LI T A ) M LI 1
900 100011001200 1300 140015001600 17001800 19002000 2100
wavenumber, cm”

Figure 8. Raman spectra of HL? and Cul?,.

Diffuse-Reflectance Spectroscopy of CuL', and Cul.2,

As CuLl', is amorphous, absorption spectroscopy could
be a useful tool in the determination of the copper polyhe-
dra by comparison with the spectrum of CuL?,, for which
the copper polyhedra are known. However, because of poor
solubility, absorption spectroscopy in solution was substi-
tuted by diffuse-reflectance spectroscopy (Figure 9). The
electronic absorption spectra contain two asymmetrical
bands (one of them is unresolved for CuL?) below
22000 cm ! [attributed to d—d transitions of the copper(Il)
ions], which indicates the presence of more than one elec-
tronic transition with similar energy values (Figure 9).11¢
The close proximity of the evaluated peak values and their

| AL i Rl T TRl Nl il . R T WA RN T RERN R |
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42
wavenumber [kK]

Figure 9. Diffuse-reflectance absorption spectra of CuL!; and
Cul?, at ambient temperature.
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shapes could indicate similar coordination polyhedra [viz.
pentacoordinate copper(Il) ions] and close ligand-field
strength (LFS) values, in line with a minor impact of the
substituents on the charge density localized on the oxygen
atoms participating in complexation.'”? Broad bands at
higher energies are ascribed to charge-transfer states and
intraligand transitions.

X-ray Photoelectron Spectroscopy

To obtain a deeper insight into the coordination polyhe-
dra around the copper(Il) ions in amorphous CuL',, XPS
measurements were required. First, the XPS spectra of
Cul?, (with determined crystal structure) were recorded for
use as a starting point for analysis of the spectrum of
amorphous CuL!, (with unknown structure of the copper
polyhedra).

The C 1s photoelectron spectra of both CuL!, and
Cul?, are presented on Figure S6. Both spectra demon-
strate a major contribution at lower binding energies, which
most likely belong to sp>-hybridized aromatic carbon atoms
and were referenced to 284.5 eV. The high-binding-energy
components can be assigned to the sp3-hybridized carbon
atoms of substituent radicals [two methyl substituents for
(LY ligand and two methylene substituents for (L?)] with
1:11.5 and 1:3 atomic ratios to the main aromatic fragments
in the (L") and (L2)~ samples, respectively. The latter ratio
considerably contradicts the theoretical value (1:6) and
could be explained by the formation of extra carbon in the
X-ray beam from pump oil and other organic contami-
nation on the surface of the samples.

Figure S9 shows the experimental P 2p photoelectron
lines deconvoluted into a doublet with area ratio con-
strained according to p sublevel multiplicity (1:2). The P
2p 3/2 photoelectron lines are at slightly different binding
energies, depending on the ligand nature (distinctions in
P=0 bond lengths). However, their energies (132.0 and
132.3 eV for CuL!, and CuL2,, respectively) are close to the
energies reported for phosphorus in different organic ligand
surroundings.[!8:19]

The Cu 2p photoelectron and Cu LMM X-ray Auger
electron spectra (Figure 10, a and b, respectively) indicate
that copper is present mostly in the 2+ oxidation state.
There is also asymmetry in the Cu 2p 3/2 line for CuL!,
and an easily distinguishable shoulder on the high binding
energy (BE) side of the CuL?, which might indicate the
presence of some other copper states. Unfortunately, the
copper XPS signal was not intensive enough even after sig-
nificant signal accumulation, so reliable signal deconvol-
ution cannot be performed. The maxima of the Cu 2p 3/2
envelope position (934.0 and 933.7eV for CulL!; and
CulL?,, respectively) and modified Auger!?”! parameters val-
ues (1850.4 and 1850.7 eV) comply with those of copper 2+
reference compounds such as CuQ.?!]

Eur. J. Inorg. Chem. 0000, 0-0
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Figure 10. (a) Cu 2p photoelectron and (b) Cu LMM spectra.

The O 1s photoelectron spectra of both samples have
major contributions at ca. 531.0 eV binding energy (Fig-
ure 11). These signals originate from the oxygen atoms that
form the polyhedra around the copper ions. The spectrum
of CuL!; also shows a minor contribution at 532.4 eV bind-
ing energy, which most likely belongs to out-of-plane oxy-
gen atoms in polyhedra around the copper ions (with a ra-
tio between both contributions of 75:25). The O Is photo-
electron line of CuL?, has a well-defined doublet structure,
but it can be described by three contributions with a ratio
of 50:37.5:12.5 positioned at 533.3, 531.0 and 531.8eV
binding energy, respectively, which is in a good agreement
with the ratio between the in-plane and out-of-plane oxygen
atoms in the polyhedra (1:3) of the obtained crystal struc-
ture. The contribution at 533.3 eV corresponds to the oxy-
gen atoms of the dioxaphosphepine ring, and has a BE
value that corresponds well to the literature data for C-O-
Ph oxygen atoms in polymers (533.0-533.5 ¢V).1??l The line
at 531.8 eV most likely corresponds to the Ol oxygen atom
at the apex of the CuOs pyramid. As its bonding with Cu

CPS

T " T Y T K T
534 532 530 528
Binding energy (eV)

—
536
Figure 11. O 1s photoelectron spectra.
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is relatively weak because of the significant Cu-O distance
of 2.371 A, its BE should be close to that of the oxygen
atom in triphenylphosphine oxide (530.9-531.1 eV).?3]

In the XPS study, the most unexpected result obtained is
the observation of high BE shoulders for the Cu 2p XPS
lines. The binding energy for those contributions is rather
high, ca. 937.0 eV; such values have only been reported for
copper fluoride to date. One possible explanation for the
extra signals would be a differential charging of the speci-
men surface. This effect is often observed when the sample
has different parts with the same elements with different
charges. The corresponding XPS lines have different shifts
as a result. However, if that were the case, the shake-up
satellites observed next to each of the Cu 2p lines would
have the same extra contributions.

Additionally, it should be noted that the O 1s signal de-
convolution performed for Cul?, is not the only one pos-
sible, it is even not the simplest. The line envelope can be
fitted with two Gaussian-Lorentz product components
with the same goodness of fit. The present fit is a result of
constraining the low BE component to 533.3 eV and using
the expected intensity ratios. The same procedure can be
performed by using the 531.0 eV component as the main
one, which results in a shift of the minor component to
higher BEs. A three-component model without constraints
gives atomic ratios significantly different to the predicted
ones, and the results strongly depend on the lineshape used
(Gaussian and Lorentzian functions ratio). Therefore, the
fact that the experimental signal shape can be reproduced
with three components in the expected intensity ratio and
plausible line shape parameters definitely lends experimen-
tal support to this ratio.

Electron Paramagnetic Resonance

To get additional data concerning the polyhedron around
the copper ion in amorphous CuL!,, a comparison of the
EPR spectra of both complexes (CuL!, and Cul?,) is essen-
tial. For CulL?,, the close proximity between the copper ions
within the dimeric fragment [3.05(2) A] can give rise to cou-
pling between the paramagnetic copper ions and overall
diamagnetic behaviour. Actually, in both cases a signal was
not detected (Figure S9), except for a slight contamination
by a paramagnetic impurity in CuL',, which was ascribed
to a square-planar copper complex.?*! Therefore, for
CuL!,, both types of coordination environment (square-
planar and pentacoordinate) are present, but the pentaco-
ordinate complex substantially prevails. The obtained re-
sults are entirely in line with our previous assumption about
the proximity between both polyhedra (CuL!, and CuL?,),
and square-planar coordinated complexes were obtained
only as a minor admixture.

Conclusions

The present paper aims to awake interest in the role of
phosphorylated phenols as anionic ligands in coordination
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compounds. The crystal structures of the aromatic ortho-
phosphorylated phenols HL! and HL? were determined,
and the influence of substituents on packing motifs has
been analyzed. Main distinctions were found in the mutual
orientation of the P=0O and C-O bonds and, as a result, the
system of hydrogen bonds. In the crystal structures of the
copper complexes (CuL',-2MeOH and CuL?,), the mutual
orientation of P=0 and C-O bonds led to substantial dis-
tinctions in the type of polyhedra around the copper com-
plex. Such a result clearly demonstrates that this type of
prospective ligands can appear in both chelating and bridg-
ing modifications, depending on the chemical nature of sub-
stituents. One of the most significant results of this paper
is the possibility to distinguish between different types of
coordinated oxygen atoms by X-ray photoelectron spec-
troscopy.

Experimental Section

Materials: Analytically pure methanol and ethanol (Sigma-Ald-
rich), Cu(NO3),2H,0 and Cu(CH;COO0),-2H,0 (Riedel-de Haén)
were used without further purification.

Measurements: The C, H and N contents were determined by con-
ventional elemental analysis. IR spectra were recorded in the region
4000-400 cm™! with a Perkin-Elmer Spectrum ONE FTIR spec-
trometer with samples in Nujol. Raman spectra were recorded in
the region 400-2000 cm™! by using a Renishaw InVia spectrometer.
Diffuse-reflectance spectra were recorded in the region 250-800 nm
with a Perkin—Elmer Lambda 650 spectrometer. Luminescence and
excitation luminescence spectra were recorded in the region 200—
450 nm with a Perkin-Elmer LS-55 spectrometer. 'H and 3'P NMR
spectra were obtained with a Bruker Avance-400 {400 MHz, [Dg]-
DMSO/tetramethylsilane (TMS)} spectrometer. TG-DSC curves
were obtained with a NETZSCH STA 409 PC/PG analyzer with
argon flow at a heating rate of 10 °C/min in the temperature range
40-1000 °C.

Single-Crystal X-ray Diffraction (SC-XRD): X-ray quality single-
crystals of HL' and HL? were grown by recrystallization from
methanol solutions. The single-crystal X-ray diffraction data were
collected with a Bruker SMART APEX II CCD diffractometer
(Mo-K,,, A = 0.71073 A, graphite monochromator) at 100 K. The
structures were solved by direct methods and refined with the full-
matrix [ least-squares technique, as implemented in SHELX.[?3]
The hydrogen atoms of OH groups were found in difference Fourier
syntheses. Other H atoms were placed in idealized positions and
refined by using a riding model with fixed isotropic thermal param-
eters. The crystal data for the studied compounds is provided be-
low.

HL!: C5,H,9O,P (M = 322.32): monoclinic, space group P2,/c (no.
14), a = 19.0903) A, b = 9.6266(14) A, ¢ = 18.1993) A, g =
90.332(3)°, V = 3344.4(8) A%, Z = 8, T = 100.0(2) K, u(Mo-K,) =
0.171 mm ™', Deyeq = 1.280 g/mm?, 22663 reflections measured
(2.24 = 20 = 56), 7983 unique (R;,; = 0.0472) reflections were used
in all calculations. The final R; was 0.0550 [/ > 2o6(])] and wR, was
0.1525 (all data).

HL2 C4H,30,4P (M = 276.21): monoclinic, space group P2,/n (no.
14), a = 9.7074(6) A, b = 12.3078(7) A, ¢ = 10.7244(6) A, g =
105.2600(10)°, ¥ = 1236.14(12) A%, Z = 4, T = 100(2) K, u(Mo-
Ky, = 0229 mm !, Deyeq = 1.484 g/mm?, 12876 reflections mea-
sured (5.04 = 260 = 60), 3589 unique (R;,; = 0.0512) reflections
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were used in all calculations. The final R; was 0.0363 [I > 2o(])]
and wR, was 0.1021 (all data).

CuL',-2MeOH: C4,H,4CuO¢P, (M = 770.25): triclinic, space group
PI (no. 2), a = 9.325(2) A, b = 10.057(2) A, ¢ = 10.0992) A, a =
99.686(5)°, B = 93.142(5)°, y = 103.912(5)°, V = 901.7(4) A3, Z =
1, T =1002) K, u(Mo-K,) = 0.744 mm!, D ycq. = 1.418 g/mm?,
10799 reflections measured (4.12 = 20 = 58), 4780 unique (R;,, =
0.0526) reflections were used in all calculations. The final R; was
0.0482 [I > 20(1)] and wR, was 0.1199 (all data).

X-ray Powder Diffraction (XRD): The powder pattern of Cul2, was
measured with a Bruker D8 Advance Vario diffractometer with
a LynxEye detector and Ge (111) monochromator, A(Cu-K,1) =
1.54060 A, 0/20 scan from 4 to 90°, stepsize 0.0104788°. The mea-
surement was performed in transmission mode with Cul?, de-
posited on kapton film.

The penalty function in the “Morse” restrained refinement is de-
fined as follows:

P=K Y k[l-e P T

in which P is penalty function, K; is a global penalty function
weighting, x; is the weighting of the individual bond penalty, «; is
a coefficient corresponding to the bond force constant, D; is the
defined length of a given bond and d, is its refined length at current
minimization step.

Periodic Density Functional Calculation of Cul?,: Periodic DFT
calculations of crystal structures Cul?, were performed by using
the VASP 5.212 code.l?-2I The conjugated-gradient technique was
used for optimizations of the atomic positions and minimization of
the total energy. Experimental atomic coordinates (with K; = 8)
and the cell parameters of Cul?, were taken as the starting point.
The projected augmented wave (PAW) method was applied to ac-
count for core electrons, and valence electrons were approximated
by plane-wave expansion with a 400 eV cutoff. Exchange and corre-
lation terms of total energy were described by a PBE exchange-
correlation functional.l’”) Kohn-Sham equations were integrated
by using a ['-point approximation with additional dispersion cor-
rection.3! At the final step of our calculations, the atomic displace-
ments converged better than 0.03 eV A~!, and the energy variations
were less than 10 eV. The atomic coordinates for the calculations
can be found in the Supporting Information.

CCDC-935792 (for HLY), -935793 (for HL2), -935794 (for
CuL',:2MeOH) and -935795 (for CulL?,) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccde.cam.ac.uk/data_request/cif.

X-ray Photoelectron Spectroscopy (XPS): Measurements were per-
formed in an ultra-high vacuum (UHYV) set-up equipped with a
monochromatic Al-K, X-ray source (hv = 1486.6 eV), operated at
14.5kV and 35mA, and a high-resolution Gammadata-Scienta
SES 2002 analyzer. The base pressure in the measurement chamber
was maintained at ca. 7X 10'° bar. The measurements were per-
formed in the fixed transmission mode with a pass energy of 200 eV
resulting in an overall energy resolution of 0.25eV. A flood gun
was applied to compensate the charging effects. High-resolution
spectra for C 1s, O 1s, Cu 2p and P 2p photoelectron lines along
with Cu LMM Auger transitions were recorded. The binding-en-
ergy scales were corrected to the charge shift by referencing the
most intensive sp2-hybridized C 1s contribution to 284.5 eV. The
Casa XPS software with a Gaussian-Lorentzian product function
and Shirley background subtraction was used for peak deconvol-
ution.

Eur. J. Inorg. Chem. 0000, 0-0

Theoretical Calculation of Infrared and Raman Spectra: The struc-
tures of initial molecules HL! and HL? were optimized at the
B3LYP/6-311*G+ levell*>33 by using the Gaussian 09 package. The
infrared and Raman intensities were calculated for optimized geo-
metries in the framework of the same DFT method. All theoretic-
ally calculated frequencies were be real, which indicates the true
minimum of the calculated total energy. To provide an easier com-
parison with experimental spectra, a scaling factor of 0.975 was
introduced. Vibrational assignment of fundamental modes was per-
formed on the ground of the calculated vibrational mode anima-
tion with the ChemCraft program.

Electron Paramagnetic Resonance (EPR): The measurements were
performed with a Varian E-4 X-band (v = 9.1 GHz) EPR spectrom-
eter. The temperature measurements were performed with the use
of a platinum resistor transducer (50 Q at 0 °C) with an accuracy
of 0.5 K.

Syntheses: Aromatic o-phosphorylated phenols (HL! and HL?)
were synthesized according to the synthetic route described else-
where.’) The purity of the synthesized compounds was proved by
C, H, N analysis and 'H and 3'P NMR spectroscopy.

A mixture of HL and NaOH (1:1) was prepared in methanol solu-
tion with stirring and heating at 60 °C for 1 h. Afterwards, a white
precipitate was isolated in good yield (85 %) after slow evaporation
of the solvent over several days at room temperature. The isolated
product was identified by C,H,N analysis, 'H and *'P NMR spec-
troscopy and IR spectroscopy.

NaLl: IR: ¥ = 1116 (s), 1148 (m, P=0), 1163 (m), 1243 (w), 1267
(m, C-0), 1440 (s, P-C) cm'. '"H NMR: 6 = 2.40 (s, 6 H, Me),
6.84 (2Xd, 2 H, OPh), 7.23 (t, 1 H, OPh), 7.27 (2Xd, 4 H, Ph),
7.36 (t, 1 H, OPh), 7.50 (q, 4 H, Ph) ppm. 3'P NMR: 6 = 27.91 (s)
ppm. CyoH;gNaO,P (344.32): caled. C 69.77, H 5.23; found C
69.58, H 5.37.

NaLZ IR: ¥ = 1126 (m), 1168 (m, P=0), 1250 (m, C-O), 1429 (m,
P_C), 1445 (s), 1453 (s), 1489 (s) cm'. '"H NMR: & = 4.70-4.75
2Xd, Jypy = 14.65, 1478 Hz, Jpyy = 7.07, 7.20 Hz, 2 H, CH,),
497501 (d, Juy = 14.66 Hz, Jpy = 1.14Hz, 2 H, CH,), 6.84
(2xd, 2 H, OPh), 7.23 (t, 1 H, OPh), 7.27 (2 X d, 4 H, Ph), 7.42—
7.46 (t, Juu = 7.96, 7.57 Hz, 1 H, OPh), 7.66-7.71 (t, Jyps = 9.17,
9.58Hz, 1 H, OPh) ppm. 3P NMR: 6 = 3575 (s) ppm.
C4H,NaO4P (298.21): caled. C 56.39, H 4.06; found C 56.24, H
4.15.

Cu(NO3),2H,0 (0.31 mmol) was added to a mixture of HL and
NaOH in ethanol (molar ratio 1:2:2), and the mixture was stirred
for 1 h at ambient pressure. After evaporation of the solvent in air,
green precipitates of different tints were isolated, rinsed with dis-
tilled water and dried in air over one day, yield ca. 8§0%. Notably,
the hydrate content of the isolated precipitates (amorphous for
CuL!; and polycrystalline for CuL?,) is not the same for both com-
plexes. Both CuL!, and Cul?, were unsolvated without further
drying.

Cu(CH3CO00),2H,0 (0.31 mmol) was dissolved in methanol and
added to HL! in m-xylene (molar ration 1:2). The mixture was
heated to reflux for 4 h, and the acetic acid was subsequently re-
moved by azeotropic distillation. After evaporation of the solvent
in air, a dark green amorphous precipitate was isolated, rinsed with
distilled water and dried in air for one day, yield ca. 80%.

CuL';: C4H33CuO4P, (708.23): caled. C 68.03, H 5.14; found C
67.87, H 5.19. IR: v = 1118 (vs, P=0), 1161 (w), 1248 (m), 1266
(m, C-0), 1437 (vs, P-C) cm!. Raman: ¥ = 1030, 1128, 1334, 1446,
1461, 1589 cm .
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Cul?,: C,sH,4,CuOgP; (613.99): caled. C 54.77, H 3.94; found C
55.01, H 3.83. IR: ¥V = 1118 (s, P=0), 1136 (s), 1167 (m), 1238 (m),
1251 (s, C-0), 1435 (s, P-C) cm!. Raman: v = 1029, 1311, 1333,
1440, 1472, 1588 cm!.

Supporting Information (see footnote on the first page of this arti-
cle): molecular and crystal structures of HL! and HL?; hydrogen-
bond parameters of HL! and HL?; luminescence and luminescence
excitation spectra of HL!, HL? NaL! and NaL? IR spectra of
HL!, HL?, CuL', and CuL?,; C 1s and P 2p XPS spectra of CuL!,
and CuL?,; TG-DSC curves of CuL!, and CuL?; EPR spectra of
CuL', and CuL?,.
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