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photo-luminescence properties†

Franziska Flecken, a Toni Grell b and Schirin Hanf *a

In the current work the tautomeric equilibrium between tetraphenyldiphosphoxane (Ph2P–O–PPh2, POP)

and tetraphenyldiphosphine monoxide (Ph2P–P(vO)Ph2, PPO) in the absence and presence of transition

metal precursors is investigated. Whereas with hard transition metal ions, such as Fe(II) and Y(III), PPO-type

complexes, such as [FeCl2(PPO)2] (1) and [YCl3(THF)2(PPO)] (2), are formed, softer transition metals ions

tend to form so-called coordination stabilised tautomers of the POP ligand form, such as

[Cu2(MeCN)3(μ2-POP)2](PF6)2 (3), [Au2Cl2(μ2-POP)] (4), and [Au2(μ2-POP)2](OTf)2 (5). The photo-optical

properties of the PPO- and POP-type transition metal complexes are investigated experimentally using

photo-luminescence spectroscopy, whereby the presence of metallophillic interactions was found to

play a crucial role. The dinuclear copper complex [Cu2(MeCN)3(μ2-POP)2](PF6)2 (3) shows a very interest-

ing thermochromic behavior and intense photo-luminescence with remarkable phosphoresence lifetimes

at 77 K, which can probably be attributed to short intramolecular Cu–Cu distances.

1 Introduction

Bidentate diphosphine ligands and their corresponding tran-
sition metal complexes have attracted a great deal of attention
in homogeneous catalysis, such as in hydrogenation, hydro-
formylation or carbonylation reactions.1 In this context, also
diphosphines with an additional ether linkage, so-called “POP-
type ligands” have been investigated, with a few examples
being shown in Fig. 1.

They have gained significant attention, since they can act as
hemilabile ligand sets and therefore enable a reversible coordi-
nation/decoordination of the hemilabile donor atom/group.
Consequently, the labile donor atom/group can offer sites for
substrate binding, when removed during the catalytic reaction
from the pre-catalyst and trigger the activity of the transition
metal catalyst, whereas in the absence of a substrate, the
chelate effect of the multidentate ligand confers stability on
the metal center.2 Especially Xantphos (9,9-dimethyl-4,6-bis
(diphenylphosphino)xanthene) and DPEphos (bis(2-(diphenyl-

phosphino)phenyl) ether), originally developed for Rh-cata-
lysed hydroformylation reactions,3 have become to the fore in
this context, due to the versatile modification potential of their
bite angle. Furthermore, the ability of such POP-type ligands
to coordinate metal centres either in mono-, bi- or tridentate
fashion,4 the latter of which is very similar to classical triden-
tate PNP-type pincer ligands,5 has made them suitable coordi-
nation partners for various transition metals.

In the context of POP-type ligands, a related ligand set,
namely tetraalkyl- or aryl-diphosphoxane (R2P–O–PR2, POP),
has been widely overlooked, despite the very interesting tauto-
meric equilibrium with tetraalkyl- or aryl-diphosphine monox-
ide (R2P–P(vO)R2, PPO, Scheme 1).6 The POP tautomer is the
anhydride of the phosphinous acid R2P(OH), which readily
converts into the thermodynamically more stable secondary
phosphine oxide R2P(vO)H, unless the R substituents on the
phosphorus atom are strongly electron-withdrawing (e.g. CF3).

7

Secondary phosphine oxides have been widely employed as
bifunctional ligands in homogeneously catalysed transform-
ations (e.g. hydrogenation, hydroformylation, C–H arylation
and cross coupling reactions)8,9 and have also found appli-

Fig. 1 Examples of POP-type ligands.

†Electronic supplementary information (ESI) available: Selected NMR spectra,
details about single-crystal X-ray crystallography and photo-luminescence spec-
troscopy. CCDC 2163970 (1), 2163971 (2·0.5THF), 2163972 (4), 2163973 (3),
2163974 (5·2.3DCM). For ESI and crystallographic data in CIF or other electronic
format see DOI: https://doi.org/10.1039/d2dt01091g
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cation as stabilising agents for nanoparticles.10–12 Apart from
being the anhydride of the corresponding secondary phos-
phine oxide, the POP tautomer can be regarded as oxygen
bridged analogue of well-known dppm-type (bis(diphenyl-
phosphine)methane)13,14 or PNP-type ligands,15–18 which have
found to show interesting catalytic and photo-optical
properties.

Metal complexes of diphosphine monoxide/diphosphoxane
ligands are scarce in coordination chemistry and only a
handful compounds have been structurally characterised up to
now. Among those compounds, only very few were obtained
from targeted synthetic approaches, which involved the direct
reaction of a PPO/POP ligand set with metal precursors. In this
context, Mo(II) complexes, such as [Mo(CO)3X2(μ2-R2POPR2)]
(R = Ph or p-tolyl, X = I, Br),19 or related bimetallic complexes,
such as [Mo(CO)5–(Ph2POPPh2)–Cr(CO)5] and [Mo(CO)5–
(Ph2POPPh2)–Fe(CO)4],

20 were reported. In all these cases the
POP ligand acts as bidentate ligand to either one or, in bi-
metallic complexes, two metal centres.

In contrast, many more reactions involve metal promoted
rearrangements of related ligand sets leading to the in situ for-
mation and isolation of PPO/POP-based transition metal com-
plexes. Often these reactions are based on the coupling/iso-
merisation of secondary phosphine oxide derivatives.11,21–27

For example, the attempted reactions of secondary phosphine
oxides R2P(O)H (R = nBu, (CH2)4Ph) with Cu(OAc)2 in the pres-
ence of NH4Cl resulted in the formation and isolation of tetra-
nuclear Cu complexes of the form [Cu4(μ2-Cl)4(μ2-R2POPR2)2].
The POP ligand R2P–O–PR2 was thereby formed in situ from
the dehydration of two secondary phosphine oxide mole-
cules.23 Other reactions leading to PPO/POP-based transition
metal complexes via metal promoted rearrangements are
based on P–N,28–35 P–O36–44 or P–H22 bond scissions and sub-
sequent reactions (often in the presence of water) with tran-
sition metal precursors. Reviewing the literature more closely,
it becomes obvious that almost all of these reported transition
metal complexes comprise the POP form of the ligand with
only a very few PPO complexes being described.25,32–35,45

Spurred by the lack of a systematic coordination study con-
cerning the PPO/POP ligand set, we set out to investigate the
coordination behaviour towards a variety of transition metals
with different hard/soft character. The ultimate aim was
hereby to rationally synthesise coordination-stabilised tauto-
mers of either the PPO or the POP ligand. Furthermore, the
investigation of the photo-optical properties of the PPO/POP-
transition metal complexes was a key concern of this study,
based on the similarity with PNP-type ligands, which have
shown remarkable photo-luminescence properties.15–18

2 Results and discussion
2.1 PPO/POP tautomeric equilibrium

To gain a deeper understanding of the equilibrium between
the POP ligand tetraphenyldiphosphoxane (Ph2P–O–PPh2) and
the tautomeric PPO form tetraphenyldiphosphine monoxide
(Ph2P–P(vO)Ph2), DFT calculations were carried out. These
show that the PPO form is indeed about 41 kJ mol−1 more
stable at room temperature (Fig. 2, B3LYP, def2-TZVP, gas
phase). This was also found to be true for the PPO/POP equili-
brium in solution, as demonstrated by the 31P{1H} NMR spec-
trum of the ligand in various solvents, shown exemplarily in
CDCl3 in the ESI.† Here two doublets at 35.8 ppm and
−22.5 ppm (in CDCl3) with a 1JPP coupling constant of 228 Hz
become obvious, belonging to the P(V) and P(III) phosphorus
atoms, respectively. A singlet corresponding to the POP form
could not be observed. This is accordance with the calculated
energy difference between both forms which corresponds to
the presence of less than 10–5% for an equilibrium at room
temperature.

In general, the R2P(vO)–PR2/R2P–O–PR2 equilibrium can
be influenced by the electronic character of the R groups,
whereby the anhydride POP form is stabilised through the
introduction of strongly electron-withdrawing substituents,
such as CF3

46 or 2,4-CF3-C6H3,
6 or the implementation of steri-

cally demanding substituents, such as tBu groups.47 However,
the PPO/POP equilibrium can also be easily tuned via the
coordination to transition metals and the synthesis of so-
called coordination-stabilised tautomers. According to this, we
expected the PPO form of the ligand to be present, when hard
metal ions are involved, and the formation of POP-type com-
plexes in the presence of softer transition metal ions.

2.2 Synthesis of transition metal complexes of the PPO/POP
ligand

To investigate the formation of coordination-stabilised tauto-
mers of the PPO/POP ligand framework, the PPO/PPO (Ph2P–P
(vO)Ph2/Ph2P–O–PPh2) ligand set was reacted with various
hard and soft transition metal precursors (Scheme 2).

Scheme 1 Tautomeric equilibrium of R2P–O–R2 (POP) and R2P–P(vO)
R2 (PPO), R = Me, Et, CF3, Ph.

Fig. 2 Tautomeric equilibrium and equilibrium tuning of the PPO/POP
ligand.
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The 1 : 2 stoichiometric reaction of FeCl2 with the PPO/POP
ligand afforded pale yellow crystals of a [FeCl2(PPO)2] complex
(1), in which the iron centre is coordinated by two PPO ligands
via their oxygen atoms. The pale yellow colour of the isolated
crystals as well as the observation of very broad resonances in
the NMR spectra indicate the paramagnetic character of the
iron(II) centre and consequently a high spin configuration.

A similar type of complex, namely [YCl3(THF)2(PPO)] (2) was
isolated from the 1 : 1 stoichiometric reaction of YCl3 with the
PPO/POP ligand in THF. Also, in this case, the PPO form is
present with the phosphorus oxide moiety coordinating the
yttrium centre via the oxygen atom. This coordination mode of
the PPO ligand also becomes obvious from the 31P{1H} NMR
resonances. Hereby a significant downfield shift of the doublet
belonging to the P(V) atom to a multiplet in the range of
44.1–51.8 ppm (D8-THF) in the yttrium complex 2 compared to
35.8 ppm in the free PPO ligand (CDCl3) has been observed. The
appearance of a multiplet can be attributed to the coupling with
the NMR active 89Y nuclei (I = 1

2, natural abundance = 100%) and
the related occurrence of an ABX spin system. In contrast to that,
the chemical shift of the 31P{1H} NMR resonance of the P(III)
atom of the free PPO ligand, appearing at −22.5 ppm (CDCl3), is
almost identical with the P(III) doublet of the coordinated PPO
ligand within complex 2 (−19.9 ppm, D8-THF).

When softer transition metals, such as the coinage metals
copper and gold, are employed for coordination, the anhydride

POP form could be stabilised within the corresponding tran-
sition metal complexes. The 1 : 1 stoichiometric reaction of
[Cu(MeCN)4]PF6 with PPO/POP in MeCN afforded pale yellow
crystals of a dinuclear copper(I) complex with the formulae
[Cu2(MeCN)3(μ2-POP)2](PF6)2 (3) after the reaction workup.
Single-crystal X-ray crystallography, discussed in more detail in
section 2.3, revealed the 1 : 1 : 3 statistical distribution of three
different copper complexes, namely [Cu2(MeCN)4(μ2-POP)2]
(PF6)2 (3a), [Cu2(MeCN)2(μ2-POP)2](PF6)2 (3b) and
[Cu2(MeCN)3(μ2-POP)2](PF6)2 (3c). Within complex 3 two
copper centres are coordinated by two bridging POP ligands.
The stabilisation of the POP form is also obvious from the 31P
{1H} NMR spectrum, where only one singlet at 106.1 ppm in
CD2Cl2 is observed, instead of two doublets in the case of the
free PPO ligand. Obviously, upon coordination to copper the
signal of the P(III) atom is tremendously shifted in contrast
with the P(III) doublet resonance at −22.5 ppm (CDCl3) of the
free PPO ligand. Given the fact, that all 31P centres and all
CH3CN proton signals of 3 are equivalent on the NMR time-
scale, a dynamic structure in solution can be assumed.

Attempts to extend the coordination studies towards
another copper(I) precursor, namely copper(I) chloride,
resulted in the formation of the literature known tetranuclear
copper(I) complex [(Cu4(μ3-Cl)2(μ2-Cl)2(μ2-POP)2], which could
be identified by its 31P{1H} NMR resonance at 34.6 ppm in
C6D6 as reported in the literature.32

The anhydride POP form of the PPO/POP ligand set could
not only be stabilised within the copper(I) complex 3, but also
in the two novel gold(I) complexes [Au2Cl2(μ2-POP)] (4) and
[Au2(μ2-POP)2](OTf)2 (5). Whereas the 2 : 1 stoichiometric reac-
tion of [Au(tht)Cl] with the PPO/POP ligand resulted in the for-
mation of crystals of [Au2Cl2(μ2-POP)] (4), the use of [Au(tht)
OTf] as metal precursor, including a more labile triflate anion,
led to the isolation of crystals of [Au2(μ2-POP)2](OTf)2 (5). In
complex 4 two gold centres are coordinated by one POP ligand,
while two POP ligands are found to be involved in the coordi-
nation within complex 5. The latter structure is similar to the
coordination motive found in the copper(I) analogue 3. Similar
to the copper(I) analogue 3, a singlet resonance can be found
in the 31P{1H} NMR spectrum of complex 5. However, the
signal in 5 is shifted downfield to 132.0 ppm (CDCl3) in com-
parison with the 31P{1H} NMR resonance of copper complex 3
(106.1 ppm, CD2Cl2). Inspecting the 31P{1H} NMR spectrum of
the gold(I) complex 4 in CDCl3, a slightly different situation
can be observed (Fig. 3). Besides a singlet at 116.1 ppm,
belonging to the POP phosphorus atoms within 4, two sets of
doublets at 32.2 ppm and 16.7 ppm are observed. This points
towards the existence of a complex in which the PPO form is
present instead of the POP tautomer. In this case, coordination
to the gold is probably taking place via the P(III) atom, since
the 31P{1H} NMR resonance of the P(III) atom is shifted down-
field in comparison with the free ligand, whereas the position
of the P(V) NMR signal is almost identical. This finding can
most likely be attributed to an equilibrium of the POP-complex
4 with the PPO-complex 4′ in solution (Fig. 3). Similar obser-
vations, although to a much lesser extent, were made in the

Scheme 2 Reaction of the PPO/POP ligand with various transition
metal salts.
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solid-state, since treatment of the reaction mixture of [Au(tht)
Cl] and the PPO/POP ligand with n-pentane resulted in the for-
mation of a mixture of single-crystals of 4 and a powder, con-
sisting of 4 and 20% 4′, calculated on the basis of elemental
analysis.

To verify the presence of the PPO/POP tautomers within the
transition metal complexes 1–5 further, FT-IR measurements
were carried out (Fig. 4). Looking at the IR spectrum of the
pure ligand, the enhanced stability of the PPO over the POP
form is confirmed, with a characteristic PvO vibration at
1175 cm−1. This PvO vibration is also found for the PPO-com-
plexes 1 and 2 at 1139 cm−1 and 1134 cm−1, respectively. Due
to the coordination to either the iron or the yttrium centres
the PvO vibrations are red-shifted in comparison with the
free PPO ligand. In contrast, for the POP-type complexes 3 and
4 no significant PvO vibrational bands in the region around
1200–1100 cm−1 are observed. This again points towards the
fact, that within the isolated solid, mainly compound 4,
instead of 4′, is present. Also, in the IR spectrum of the gold(I)
complex 5 no PvO vibrations can be assigned, since the broad
band at 1150 cm−1 can be attributed to triflate vibrations

instead. The POP vibrations of complexes 3, 4 and 5 can be
found in the region of 830–920 cm−1, underlining the stabilis-
ation of the anhydride POP form within the copper/gold
complexes.

2.3 Solid-state structures of the transition metal complexes

The solid-state structures of the new complexes [FeCl2(PPO)2]
(1), [YCl3(THF)2(PPO)]·0.5THF (2·0.5THF), [Cu2(MeCN)4(μ2-
POP)2](PF6)2 (3a), [Cu2(MeCN)3(μ2-POP)2](PF6)2 (3b),
[Cu2(MeCN)2(μ2-POP)2](PF6)2 (3c), [Au2Cl2(μ2-POP)] (4) and
[Au2(μ2-POP)2](OTf)2·2.3DCM (5·2.3DCM) were determined by
single-crystal X-ray crystallography. A summary of the crystallo-
graphic details can be found in the ESI.†

The structure of the iron(II) complex [FeCl2(PPO)2] (1) is
shown in Fig. 5. Two monodentate PPO ligands coordinate the
iron(II) centre via their oxygen atoms. Additionally, two chlor-
ide ligands are attached to the metal ion, resulting in a tetra-
hedral coordination environment. The Fe–O bond lengths are
2.006(3) Å and 2.017(2) Å whereas Fe–Cl bond lengths of
2.264(1) Å and 2.276(1) Å were observed. Similar bond lengths
were found in the related iron(II) based phosphine oxide
complex [FeCl2(OvPMe3)2].

48 The PvO bond lengths were
found to be 1.493(3) Å and 1.506(3) Å, which is slightly longer
than the PvO bond length in the free PPO ligand (1.389(3)
Å).49 The reverse trend is observed for the P–P distances of
2.188(1) Å and 2.202(1) Å within 1, which is slightly shortened
compared to 2.2128(6) Å in the free PPO ligand.49 To the best
of our knowledge, beside [ZrCl4(PPO)2],

45 complex 1 is only the
second literature-reported transition metal complex, in which
O-coordination of a PPO ligand occurs. Much more common
is the coordination of the P(III) atom of the PPO ligand to other
transition metals, such as in the case of Mo,25 Cu,32 Co33 and
Fe.34,35

A related structure of the yttrium(III) complex which crystal-
lised in the form of [YCl3(THF)2(PPO)]·0.5THF (2·0.5THF) is
shown in Fig. 6. The yttrium centre within this structure is co-
ordinated by three chloride, two THF and one PPO ligand via
its oxygen atom. This results in an octahedral coordination
environment of the metal centre. Within the structure a very
similar PvO bond length of 1.502(4) Å and P–P bond lengths

Fig. 3 31P{1H} NMR spectrum of complex 4 in CDCl3, indicating the
presence of the PPO-containing gold complex 4’. Note: A small amount
of impurities (30.8 ppm) was observed, since 4 is readily hydrolysed.

Fig. 4 FT-IR spectra of the PPO ligand and the transition metal com-
plexes 1–5 in the region of 500–3250 cm−1. Top: overview spectrum,
bottom: of the POP (left) and PPO (right)-relevant regions.

Fig. 5 Molecular structure of [FeCl2(PPO)2] (1). Co-crystallised solvent
molecules atoms are omitted for clarity. Selected bond lengths (Å) and
angles (°): Fe(1)–(O1) 2.017(2), Fe(1)–(O2) 2.006(3), Fe(1)–Cl(1) 2.264(1),
Fe(1)–(Cl2) 2.276(1), P(1)–(O1)1.506(3), P(1)–P(2) 2.202(1), P(3)–(O2)
1.493(3), P(3)–P(4) 2.188(1), O(1)–Fe(1)–O(2) 97.9(1), Cl(1)–Fe(1)–Cl(2)
114.90(4), O(1)–P(1)–P(2) 117.3(1), O(2)–P(3)–P(4) 117.8(1).
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of 2.188(2) Å, in comparison with the iron(II) complex 1, have
been observed.

As mentioned before, when softer transition metal ions
were employed for the coordination studies, the anhydride
POP form could be stabilised within the corresponding tran-
sition metal complexes. From the reaction of [Cu(MeCN)4]PF6
with the PPO/POP ligand, a bimetallic copper complex could
be obtained, in which two bridging POP ligands coordinate
two copper centres. Single-crystal X-ray crystallography revealed
the 1 : 1 : 3 statistical distribution of three different copper
complexes, namely [Cu2(MeCN)4(μ2-POP)2](PF6)2 (3a),
[Cu2(MeCN)2(μ2-POP)2](PF6)2 (3b) and [Cu2(MeCN)3(μ2-POP)2]
(PF6)2 (3c), as shown in Fig. 7. The main difference lies in the
number of MeCN ligands coordinated to the copper centres,
varying between two and one for each Cu(I) ion. The number
of coordinated MeCN molecules clearly has an impact on the
distance between the two copper centres. Whereas in complex
3a and 3c the metal–metal distances are 3.371(3) Å and
2.8965(24) Å and thus lie above the sum of the van der Waals
radii of 2.80 Å, a short copper–copper distance of 2.4408(23) Å
is present in complex 3b. The latter could be termed as intra-
molecular and fully ligand-supported cuprophillic interaction.
However, it has to be mentioned at this stage, that despite the
fact, that d10–d10 interactions in gold(I) complexes are well-
established,50 the existence of weak cuprophillic interactions is
still controversial.51,52 Within the structures 3a, 3b and 3c the
Cu–P bond lengths were found to be in the range of 2.1987(21)
Å–2.2671(21) Å whereas P–O bond lengths of 1.6173(27) Å–
1.6408(24) Å were observed. Within the core of all structures
of 3, an 8-membered copper-ligand ring is formed, similar to
dinuclear copper(I) complexes with bridging diphosphine
ligands.53–55

The solid-state structures of the gold(I)–POP complexes 4
and 5 are shown in Fig. 8. In both cases the POP form of the
PPO/POP molecule is present, whereby the ligand acts as brid-
ging ligand to two gold centres. When [Au(tht)Cl] was
employed (complex 4), the two gold atoms are coordinated by
one bridging POP ligand and two chloride ligands, therefore
attaining a linear geometry, which is the most typical gold(I)
coordination geometry.56 The P–O bond distances were found
to be 1.615(3) Å and 1.616(3) Å, the P–O–P bond angle

amounts 125.3(2) Å and the Au–P bond distances are 2.204(1)
Å and 2.208(1) Å, respectively. Through the bridging mode of
the POP ligand, the gold centres come in close contact of

Fig. 6 Molecular structure of [YCl3(THF)2(PPO)]·0.5THF (2·0.5THF).
Selected bond lengths (Å) and angles (°): Y(1)–Cl(1) 2.591(2), Y(1)–Cl(2)
2.536(1), Y(1)–Cl(3) 2.600(2), Y(1)–O(1) 2.204(4), P(1)–O(1) 1.502(4), P(1)–
P(2) 2.188(2), O(1)–P(1)–P(2) 116.3(2).

Fig. 7 Molecular structures of the cations of [Cu2(MeCN)4(μ2-POP)2]
2+

(3a), [Cu2(MeCN)2(μ2-POP)2]
2+ (3b) and [Cu2(MeCN)3(μ2-POP)2]

2+ (3c).
The PF6

− anions are omitted for clarity. Selected bond lengths (Å) and
angles (°) for 3a: Cu(2)–P(1) 2.2449(21), Cu(1)–P(2) 2.1987(21), Cu(2)–
Cu(2) 3.371(3), P(1)–O(1) 1.6408(24), P(2)–O(1) 1.6173(27), P(1)–O(1)–P(2)
119.85(12), P(1)–Cu(2)–P(2) 139.97(8). Selected bond lengths (Å) and
angles (°) for 3b: Cu(1)–P(1) 2.2272(21), Cu(1)–P(2) 2.2671(21), Cu(1)–Cu
(1)2.4408(23), P(1)–O(1) 1.6408(24), P(2)–O(1) 1.6173(27), P(1)–O(1)–P(2)
119.85(12), P(1)–Cu(1)–P(2) 136.55(7). Selected bond lengths (Å) and
angles (°) for 3c: Cu(1)–P(1) 2.2271(21), Cu(1)–P(2) 2.2672(21), Cu(2)–P(1)
2.2449(21), Cu(1)–P(2) 2.1987(21), P(1)–O(1) 1.6408(24), P(2)–O(1)
1.6173(27), P(1)–Cu(1)–P(2) 136.55(7), P(1)–Cu(2)–P(2) 139.97(8).
Comment about the X-ray structure: the complex crystallized on an
inversion centre. The second acetonitrile molecule (N2) must therefore
have an occupancy of 50% because of its vicinity to the inversion centre,
which does not allow a full occupancy. An additional disorder related to
the former is observed for the Cu atom, which splits to two positions
corresponding to two different coordination environments (one for a
coordination by three donor atoms and one for a coordination of four
donor atoms). Because the Cu site with four, instead of three, donor
atoms is caused by the coordination of the second acetonitrile (N2), and
thus its occurrence is linked to the presence of the latter, the occu-
pancies of this Cu position and in turn also the one of the second one
were fixed to 50%.

Fig. 8 (Left) molecular tructure of [Au2Cl2(μ2-POP)] (4) and (right)
molecular structure of the cation of [Au2(μ2-POP)2]

2+ of 5·2.3DCM.
Triflate anions and DCM solvent molecules are omitted for clarity.
Selected bond lengths (Å) and angles (°) for 4: Au(1)–P(1) 2.204(1),
Au(2)–P(2) 2.208(1), Au(1)–Cl(1) 2.275(1), Au(2)–Cl(2) 2.287(1), Au(1)–
Au(2) 3.2055(5), P(1)–O(1) 1.615(3), P(2)–O(1) 1.616(3), P(1)–O(1)–P(2)
125.3(2). Selected bond lengths (Å) and angles (°) for 5·2.3DCM: Au(1)–
P(1) 2.312(1), Au(1)–P(2) 2.313(2), Au(2)–P(3) 2.309(1), Au(2)–P(4)
2.304(2), Au(1)–Au(2) 2.9302(7), P(1)–O(1) 1.626(4), P(2)–O(2) 1.627(4),
P(3)–O(1) 1.626(4), P(4)–O(2) 1.629(4), P(1)–O(1)–P(3) 131.2(2), P(2)–O(2)–
P(4) 131.7(2), P(1)–Au(1)–P(2) 179.00(6), P(3)–Au(3)–P(4) 177.52(6).
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3.2055(5) Å, which is well below the sum of two van der Waals
radii (3.80 Å). In the literature such type of interaction, in a
structural arrangement similar to 4 have been referred to as
semi-supported aurophilic interactions.50 A similar complex
with an Au–Au distance of 3.1816(3) Å, namely [Au2Cl2(μ2-
Et2POPEt2)] has been synthesised unintentionally from a di-
ethylphosphine oxide and [Au(tht)Cl] in the context of nano-
particle stabilisation approaches.11 When instead of [Au(tht)
Cl], the triflate analogue [Au(tht)OTf] was employed as metal
precursor, the dimeric complex [Au2(μ2-POP)2](OTf)2·2.3DCM
(5·2.3DCM) could be crystallised. In this complex two POP
ligands bridge two gold centres with P–O bond distances of
1.626(4) Å–1.629(4) Å and Au–P bond distances of 2.304(2) Å–
2.313(2) Å. The structural motive of 5·2.3DCM is very similar to
the one observed within the copper(I) complex 3. However, due
to the additional MeCN ligands attached to the copper(I)
centres in 3, the P–Cu–P bond angles amount 136.55(7)°–
139.97(8)°, whereas P–Au–P bond angles of 177.52(6)° and
179.00(6)° were found for 5·2.3DCM. Again, as seen before in
4, short Au–Au distances of 2.9302(7) Å have been observed in
complex 5·2.3DCM, which are commonly referred to as fully-
supported aurophilic interactions in this case.50 The solid-
state structure of [AuCl(PPO)] (4′) could not be determined via
single-crystal X-ray crystallography, despite several attempts.

2.4 Photo-luminescence properties

Despite the fact, that transition metal complexes of PNP-type
ligands such as Ph2PNRPPh2 (R = Et,15 C6H5,

16 2,6-
Me2C6H3,

16,17 C6H3N2S),
18 and coordination complexes of

related PNNP-type ligands, e.g. N,N′-bis[(2-diphenylphosphino)
phenyl] formamidinate,57–60 have been widely investigated
with respect to their photo-luminescence (PL) properties, the
oxygen-based POP analogue has not been considered in this
context.

In fact, when investigation the PPO ligand and the com-
plexes 1–5 in the solid-state under UV light radiation (Fig. 9), it

becomes obvious that all samples, beside the iron(II) complex
1, display luminescent behaviour at 77 K. Particularly interest-
ing in this regard is the thermochromism of the dinuclear
copper complex 3. Whereas at 77 K a blueish luminescence is
observed, it changes to orange when the sample is warmed up
to room temperature. This blueshift upon cooling can be
attributed to structural changes or to lattice contractions,
which have the potential to enhance the M–M interaction.61–63

Whereas a bright luminescence is observed for almost all com-
plexes at 77 K, at room temperature only the PPO ligand and
the Y complex 2 are brightly luminescent.

To examine the photo-optical properties in more detail, the
PPO- and POP-type transition metal complexes 2–5 were inves-
tigated in the solid-state at RT and 77 K using photo-lumine-
scence spectroscopy. The maximum excitation and emission
wavelengths as well as the lifetimes, using a pulsed PTI
XenonFlash™, were determined and are summarised in
Table 1.

The PL excitation (PLE) and emission spectra obtained at
77 K are shown in Fig. 10 (further details about measurements
at room temperature can be found in the ESI†). All investigated
solid compounds show broad emissions with a maximum at

Fig. 9 Images of the PPO ligand and the complexes 1–5 under UV light radiation (365 nm) at room temperature and under liquid N2 cooling.

Table 1 Photo-luminescence data for the PPO ligand and the com-
plexes 2–5 in the solid-state

T [K]
λex
[nm]

λem
[nm]

Life-time
[μs] Metal–metal [Å]

PPO
ligand

77 367 456 5.7 —
298 367 456 5.9

2 77 352 414 5.8 —
298 352 414 5.9

3 77 373 483 215.3, 66.7 2.4408(23)–3.371(3)
298 400 440 4.6

4 77 361 499 7.2 3.2055(5)
298 387 470 5.5

5 77 350 445 6.8 2.9302(7)
298 364 452 5.9
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456 nm (PPO ligand), 414 nm (2), 483 nm (3), 499 nm (4) and
445 nm (5), respectively. Interestingly, the binuclear coinage
metal complexes 3 and 4 show similar PL spectra to each other
with only slightly shifted emission maxima. This is not sur-
prising, since d10 coordination compounds, which feature
short metal–metal contacts or metallophillic interactions, have
often shown similar photo-luminescence properties, often
resulting from metal–ligand influenced states.53 For both com-
plexes 3 and 4, a blue-shift of the emission maxima (3: 483 nm
→ 440 nm, 4: 499 nm → 470 nm) is observed when the
samples are warmed from 77 K to 298 K. This can probably be
explained by the contraction of the crystal lattices and conse-
quently strengthening of the metallophillic interactions at low
temperatures.64 In contrast, the position of the emission
maxima of the PPO ligand and the monometallic complex 2
are temperature independent.

The emission lifetimes for all investigated compounds are
on the microsecond time scale, indicating that these emis-
sions derive from triplet excited states. The longest lifetimes of
215.3 μs and 66.7 μs were determined for the biexponential
decay of the copper complex 3, which is probably associated
with nonradiative processes.65 Compared to other binuclear
copper(I) complexes, such as bis(dicyclo-hexylphosphino)
methane-,66 diphenylphosphino-pyridine-67,68 or pyridylpho-
spholane-bridged69 copper(I) complexes, these decay times are
remarkably long. In general, there is a clear decrease in phos-
phorescence lifetime when the temperature is increased from
77 K to ambient temperature, which also correlated with the
strong decrease in PL intensity and low quantum yields through
non-radiative processes70 (further information in the ESI†).

3 Conclusions

In conclusion, we report a systematic study about the influence
of transition metals on the PPO/POP equilibrium depending
on the hard/soft character of the transition metal involved.
Whereas hard metal ions, such as Fe(II) and Y(III), tend to form

PPO-type complexes 1 and 2, coinage metal ions, such as Cu(I)
and Au(I), have the potential to stabilise the POP form in the
coordination-stabilised tautomers 3, 4 and 5. Inspired by the
extensive exploration of the photo-optical properties of PNP
ligand-based transition metal complexes, the PPO/POP-com-
plexes were investigated experimentally using photo-lumine-
scence spectroscopy. All of the complexes, beside the iron(II)
compound 1, show intense luminescence in the solid-state at
77 K. Especially interesting is the thermochromic behaviour of
the copper(I) complex 3, which shows a blueshift of the
luminescence upon cooling. The equilibrium tuning of the
PPO/POP ligand and the resulting transition metal complexes,
including metallophillic interactions, open up a new path to
interesting photo-optical materials, such as luminescent mole-
cular thermometers, which we are currently investigating.

4 Experimental section
4.1 Materials, methods and instruments

All experiments were carried out on a Schlenk-line under Ar
atmosphere or in an Ar-filled glove box (MBraun) and all reac-
tions involving gold(I) precursors were carried out in the
absence of light. Toluene, tetrahydrofuran (THF), n-pentane
and n-heptane were dried using a MBraun solvent purification
system (SPS-800) and degassed. THF was additionally dried
over potassium/benzophenone. Acetonitrile (MeCN), dichloro-
methane (DCM) and triethyl amine were distilled over calcium
hydride. CDCl3 and CD2Cl2 were dried over P2O5 while C6D6,
D8-toluene and CD3CN were dried over CaH2. Deuterated sol-
vents were degassed by freeze–pump–thaw cycles prior to use.
All solvents were stored over activated molecular sieves (MeCN
over 3 Å, all other solvents over 4 Å). Chlorodiphenyl phos-
phine was purified by distillation. All other chemicals were
used without further purification.

NMR spectra were recorded on a Bruker AVANCE III
400 MHz spectrometer at 298 K. Chemical shifts are given in
ppm and are referenced on residual solvent signals of the
deuterated solvents. Unambiguous assignments were deter-
mined on the basis of chemical shifts, coupling patterns and
2D NMR experiments (1H–1H COSY, 1H–13C HMQC, and
1H–13C HMBC). The multiplicity of the NMR signals is
denoted as s = singlet, d = doublet, dd = doublet of doublets,
t = triplet, q = quartet, sep = septet, m = multiplet, and br =
broad.

IR spectra were recorded in the region of 4000–400 cm−1 on
a Bruker Tensor 37 FTIR spectrometer equipped with a room
temperature DLaTGS detector, a diamond ATR (attenuated
total reflection) unit and a nitrogen-flushed measurement
chamber. IR signals were classified according to their intensi-
ties (vs = very strong, s = strong, m = medium, w = weak).

Elemental analyses were carried out with an Elementar
Vario MICRO Cube device.

Single crystal X-ray diffraction (SC-XRD) data were collected
with two different setups. Data for compound 5 were measured
on a STOE IPDS II diffractometer (2-circle) equipped with a

Fig. 10 Photo-luminescence emission (PL) and excitation (PLE) spectra
of the PPO ligand and complexes 2–5 at 77 K.
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STOE Imaging Plate (34 cm diameter) at a temperature of
150 K using a sealed X-Ray tube (Mo-Kα, λ = 0.71073 Å) with a
graphite monochromator as radiation source. Data for com-
pounds 1, 2, 3 and 4 were measured on a STOE STADIVARI
diffractometer equipped with an open Eulerian cradle (4-circle)
and a DECTRIS PILATUS pixel detector at a temperature of
100 K using a microfocus molybdenum source (Mo-Kα, λ =
0.71073 Å) with a graphite monochromator as radiation
source. The data reduction was carried out with X-Area71

version 1.73.1.0 (STOE, 2018) using the semi-empirical absorp-
tion correction by X-RED71 with scaling of the reflection inten-
sities by LANA included in X-Area. All structures were solved by
dual space methods with SHELXT 201572 and refined with
SHELXL 201873 using the WinGX program suite.74 Structure
refinement was done using full-matrix least-square routines
against F2. All hydrogen atoms were calculated on idealised
positions. Pictures were generated with Diamond.75 In all
graphical representations thermal ellipsoids are shown with
30% probability and hydrogen atoms are omitted for clarity.
CCDC 2163970 (1), 2163971 (2·0.5THF), 2163972 (4), 2163973
(3), and 2163974 (5·2.3DCM)† contain the supplementary crys-
tallographic data for this paper and can be accessed under
https://www.ccdc.cam.ac.uk/structures/

Photoluminescence measurements were conducted on a
PTI QuantaMaster™ 8075-22 spectrometer, equipped with
double monochromators (HORIBA Jobin Yvon GmbH) for emis-
sion and excitation spectra. Samples were dried and measured
in solid form at 77 K by cooling with liquid nitrogen and at
298 K. For this, samples were placed into EPR Suprasil® tubes.
Emission spectra were detected using a R928 photomultiplier
(HORIBA Jobin Yvon GmbH) and a DSS-IGA020L/CUS detector
for the IR area which was cooled with liquid nitrogen. Lifetime
measurements of the luminescence were investigated with a PTI
XenonFlash™. PL quantum yields at ambient temperature were
determined using an integrating sphere out of optical PTFE,
which was installed into the sample chamber of the spectro-
meter, according to the method of Friend et al.76 The uncer-
tainty of these measurements was estimated to be ca. 10%.

Theoretical calculations were carried out with the ORCA
package (version 4.0.0.1) in the gas phase.77,78 For all ORCA
calculations, atom-pairwise dispersion corrections with the
Becke–Johnson damping scheme (D3BJ)79,80 and the
RIJCOSX81 approximation was used. Geometry optimisations
and frequency analysis, to prove the absence of imaginary fre-
quencies, were obtained employing the B3LYP82,83 functional
in conjunction with the def2-TZVP84,85 basis set. Further,
single point calculations on a higher level of theory, employing
the B3LYP82,83 functional and the def2-QZVP84,85 basis set,
were used to calculate the PPO/POP equilibrium.

4.2 Synthesis of PPO/POP

The PPO/POP ligand was synthesised according to a modified
literature procedure.86 For this chlorodiphenylphosphine
(0.9 mL, 1.12 g, 5 mmol) was added dropwise to a solution of
diphenylphosphine oxide (1.01 g, 5 mmol) and triethyl amine
(0.8 mL, 0.58 g, 5.7 mmol) in toluene (50 mL) at 0–5 °C. After

3 hours the solution was filtered to remove residual triethyl-
ammonium chloride. Colourless crystals could be grown from
a saturated toluene solution at −18 °C. The crystals were
washed with n-pentane and dried in vacuo. Crystalline yield:
1.20 g, 3.10 mmol, 62%. 1H NMR (298 K, CDCl3, 400 MHz), δ
[ppm] = 7.83–7.72 (4H, m, P(V)–Ph–H-ortho), 7.64–7.54 (4H, m,
P(III)–Ph–H-ortho), 7.47–7.40 (2H, m, P(V)–Ph–H-para),
7.41–7.34 (4H, m, P(V)–Ph–H-meta), 7.34–7.28 (2 H, m, P(III)–
Ph–H-para), 7.28–7.21 (4H, m, P(III)–Ph–H-meta). 31P{1H} NMR
(298 K, CDCl3, 161 MHz), δ [ppm] = 35.8 (P(V), d, 1JPP = 227.7
Hz), −22.5 (P(III), d, 1JPP = 227.7 Hz). 13C NMR (298 K, CDCl3,
101 MHz), δ [ppm] = 135.7–135.3 (m, P(III)–Ph–C-ortho),
134.6–133.3 (m, P(V)–Ph–C-ipso), 131.8–131.1 (m, P(V)–Ph–C-
ortho, para), 130.3–130.0 (m, P(III)–Ph–C-ipso), 129.8 (s, P(III)–
Ph–C-para), 128.8–128.4 (m, P(V)/P(III)–Ph–C-meta). Elemental
analysis, calcd for PPO/POP·2Toluene C 79.98, H 6.36; found C
79.90, H 5.20. ATR-IR ṽ [cm−1] = 1958 (w), 1888 (w), 1811 (w),
1675 (w), 1583 (w), 1479 (m), 1433 (s), 1329 (w), 1305 (w), 1245
(w), 1175 (vs), 1109 (m), 1091 (m), 1071 (m), 1029 (w), 996 (w),
922 (w), 854 (w), 736 (m), 715 (m), 692 (vs), 557 (s), 513 (m),
496 (s), 460 (m), 432 (m), 375 (m).

4.3 Synthesis of [FeCl2(PPO)2] (1)

FeCl2 (8.3 mg, 0.07 mmol) and PPO/POP (54.9 mg, 0.14 mmol)
were reacted in toluene (10 mL) for 3 days at room tempera-
ture. The resulting yellow solution was filtered and pale-yellow
crystals were obtained by slow diffusion of n-pentane into the
toluene solution. Crystalline yield: 23.6 mg, 0.03 mmol, 37%.
Due to the paramagnetic iron(II) centre NMR data could not be
obtained. Elemental analysis, calcd for [FeCl2(PPO)2] C 64.10,
H 4.48; found C 64.24, H 4.26. ATR-IR ṽ [cm−1] = 3051 (m),
2914 (w), 2849 (w), 1958 (w), 1888 (w), 1811 (w), 1675 (w), 1583
(w) 1479 (m), 1433 (vs), 1333 (w), 1305 (w), 1169 (m), 1137 (vs),
1108 (m), 1086 (s), 1068 (m), 1026 (m), 996 (m), 920 (w), 843
(w), 736 (s), 719 (m), 689 (vs), 561 (m), 500 (m), 496 (s), 460
(m), 432 (m), 389 (m).

4.4 Synthesis of [YCl3(THF)2(PPO)]·0.5THF (2)

YCl3 (30.0 mg, 0.15 mmol) and PPO/POP (59.4 mg, 0.15 mmol)
were dissolved in THF (10 mL) and stirred for 3 hours. The col-
ourless solution was filtered and after layering with n-pentane
colourless crystals suitable for single-crystal X-ray diffraction
analysis could be grown. Crystalline yield: 20 mg, 0.03 mmol,
16%. 1H NMR (298 K, D8-THF, 400 MHz), δ [ppm] = 8.23–8.04
(4H, br, P(V)–Ph–H-ortho), 7.93–7.74 (4H, br, P(III)–Ph–H-ortho),
7.53–7.44 (2H, br, P(V)–Ph–H-para), 7.44–7.33 (4 H, br, P(V)–
Ph–H-meta), 7.30–7.24 (6 H, br, P(III)–Ph–H-meta, para). 31P{1H}
NMR (298 K, D8-THF, 162 MHz), δ [ppm] = 51.8–44.1 (P(V), m),
−19.9 (P(III), d, 1JPP = 271.7 Hz). 13C NMR (298 K, CDCl3,
101 MHz), δ [ppm] = 136.2–135.9 (m, P(III)–Ph–C-ortho),
134.9–134.2 (br, P(V)–Ph–C-ipso), 133.3–133.0 (br, P(V)–Ph–C-
para), 132.6–131.9 (br, P(V)–Ph–C-ortho), 131.1–130.7 (m, P(III)–
Ph–C-para), 130.6–130.1 (br, P(III)–Ph–C-ipso), 129.7–129.2 (m,
P(III)–Ph–C-meta), 129.2–128.8 (m, P(V)–Ph–C-meta). Notes: 89Y
NMR could not be obtained and the solvent residual peaks of
THF overlap with the signals of the coordinated THF mole-
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cules. Elemental analysis, calcd for [YCl3(THF)2(PPO)]·0.5THF
C 53.60, H 5.29; found C 53.67 H 5.17. ATR-IR ṽ [cm−1] =
3051 (w), 2979 (m), 2871 (w), 1621 (vw), 1585 (vw), 1481 (m),
1432 (s), 1307 (vw), 1245 (w), 1134 (vs), 1083 (s), 1010 (s), 918
(w), 860 (s), 740 (s), 690 (vs), 561 (m), 499 (s), 438 (w), 401 (w).

4.5 Synthesis of [Cu2(MeCN)3(μ2-POP)2](PF6)2 (3)

[Cu(MeCN)4]PF6 (100.0 mg, 0.27 mmol) and PPO/POP
(103.7 mg, 0.27 mmol) were reacted in MeCN (10 mL) for
3 hours. The colourless solution was filtered and MeCN was
removed in vacuo. The solid was re-dissolved in DCM and
layered with n-heptane to form pale yellow crystals suitable for
single-crystal X-ray diffraction analysis. Crystalline yield:
100.0 mg, 0.10 mmol, 38%. 1H NMR (298 K, CD2Cl2,
400 MHz), δ [ppm] = 7.58–7.52 (8H, m, Ph–H-para), 7.43–7.38
(32H, m, Ph–H-meta, ortho), 2.00 (12H, s, MeCN). 31P{1H} NMR
(298 K, CD2Cl2, 162 MHz), δ [ppm] = 106.1 (s, POP), −144.5
(sep, 1JPF = 707.8 Hz, PF6).

13C NMR (298 K, CD2Cl2, 101 MHz), δ
[ppm] = 135.3–134.7 (m, Ph–C-ortho, meta), 132.9–132.6 (m, Ph–
C-para), 131.8–131.3 (m, Ph–C-ortho, meta), 129.8–129.5 (m, Ph–
C-ortho, meta, para), 128.7–127.6 (m, Ph–C-ipso), 118.7 (s,
MeCN), 2.3 (s, MeCN). 19F NMR (298 K, CD2Cl2, 377 MHz), δ
[ppm] = −72.9 (d, 1JPF = 707.8 Hz, PF6

−). Elemental analysis,
calcd for [Cu2(MeCN)3(μ2-POP)2](PF6)2 C 49.40 H 3.76 N 3.20;
found C 50.36 H 3.40 N 3.41. ATR-IR ṽ [cm−1] = 2943 (w), 1958
(vw), 1888 (vw), 1811 (vw), 1675 (vw), 1587 (w), 1585 (w), 1480
(w), 1437 (m), 1400 (w), 1366 (w), 1329 (w), 1311 (w), 1184 (w),
1157 (w), 1103 (m), 1071 (w), 1029 (w), 996 (w), 922 (w), 874 (m),
833 (vs), 745 (m), 718 (m), 692 (s), 557 (s), 520 (m), 477 (m),
420 (w).

4.5 Synthesis of [Au2Cl2(μ2-POP)] (4) and [AuCl(PPO)] (4′)

[Au(tht)Cl] (40.0 mg, 0.12 mmol) and PPO/POP (24.1 mg,
0.06 mmol) in DCM (10 mL) were stirred for 3 hours. The col-
ourless solution was filtered off and layered with n-pentane
providing colourless crystals together with a white powder.
Crystalline yield: 40.0 mg, 0.05 mmol, 50%. 1H NMR (298 K,
CDCl3, 400 MHz), δ [ppm] = 7.96–7.87 (8H, m, POP–Ph–H-
meta), 7.76–7.65 (8H, br, PPO–P(V)/P(III)–Ph–H-ortho), 7.63–7.52
(6 H, br, PPO–P(V)–Ph–H-meta, para), 7.52–7.48 (6 H, br, PPO–P
(III)–Ph–H-meta, para), 7.48–7.44 (4H, m, POP–Ph–H-para),
7.44–7.38 (8H, m, POP–Ph–H-ortho). 31P{1H} NMR (298 K,
CDCl3, 162 MHz), δ [ppm] = 116.1 (s, POP), 32.2 (P(V)–PPO, d,
1JPP = 33.0 Hz), 16.7 (P(III)–PPO, d, 1JPP = 33.0 Hz). 13C NMR
(298 K, CDCl3, 101 MHz), δ [ppm] = 133.9 (m, Ph–C-para),
132.8–132.4 (m, Ph–C-meta), 129.8–129.5 (m, Ph–C-ortho),
129.5–129.1 (m, Ph–C-ipso). Elemental analysis calculated for
80% [Au2Cl2(μ2-POP)] and 20% [AuCl(PPO)] C 35.82 H 2.51;
found C 35.45 H 2.75. ATR-IR ṽ [cm−1] = 1568 (w), 1476 (m),
1437 (s), 1404 (w), 1315 (m), 1184 (m), 1155 (m), 1130 (w), 1095
(s), 1069 (m), 1027 (w), 999 (m), 952 (w), 855 (w), 838 (w), 745
(s), 550 (w), 509 (m), 482 (m), 444 (m).

4.6 Synthesis of [Au2(μ2-POP)2](OTf)2 (5)

A mixture of [Au(tht)OTf] (37.0 mg, 0.07 mmol) and PPO/POP
(27.0 mg, 0.07 mmol) was stirred in DCM (10 mL) for 3 hours.

The yellow solution was then filtered and layered with
n-heptane resulting in colourless crystals suitable for single-
crystal X-Ray diffraction analysis. Crystalline yield: 25.0 mg,
0.02 mmol, 24%. 1H NMR (298 K, CDCl3, 400 MHz), δ [ppm] =
7.81–7.73 (16H, m, Ph–H-meta), 7.61–7.55 (8H, m, Ph–H-para),
7.56–7.49 (16H, m, Ph–H-ortho). 31P{1H} NMR (298 K, CDCl3,
162 MHz), δ [ppm] = 132.0 (s). 13C NMR (298 K, CDCl3,
101 MHz), δ [ppm] = 134.4–134.3 (m, Ph–C-para), 133.3–132.9
(m, Ph–C-meta), 130.2–129.9 (m, Ph–C-ortho), 129.6–129.4 (m,
Ph–C-ipso). 19F NMR (298 K, CD3CN, 377 MHz), δ [ppm] =
−79.7 (s, OTf−). Elemental analysis calcd for [Au2(μ2-POP)2]
(OTf)2·n-heptane C 44.66 H 3.48; found C 44.96 H 2.79. ATR-IR
ṽ [cm−1] = 2957 (w), 1684 (vw), 1653 (vw), 1587 (w), 1485 (w),
1480 (w), 1437 (s), 1393 (w), 1300 (m), 1278 (s), 1247 (s), 1220
(s), 1186 (m), 1148 (s), 1103 (s), 1026 (s), 998 (m), 934 (m), 911
(s), 745 (m), 718 (m), 687 (s), 633 (s), 572 (w), 524 (m), 498 (m),
426 (w).
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