
Green Phosphorescent Zn(II) Halide Complexes with
N,N,N’,N’-tetramethyl-P-indol-1-ylphosphonic Diamide as
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Tetrahedral Zn(II) complexes having general formula [ZnX2{O=P-
(NMe2)2Ind}2] (X =Cl, Br, I, NCS) were isolated from the reaction
between the indol-1-yl substituted phosphoramide N,N,N’,N’-
tetramethyl-P-indol-1-ylphosphonic diamide O=P(NMe2)2Ind
and anhydrous Zn(II) precursors under mild conditions. The
structures of the three halide derivatives were ascertained by
single-crystal X-ray diffraction. The bromo- and iodo-derivatives

revealed to be appreciably luminescent in the green region
upon excitation with light below 300 nm, with emission bands
centred between 520 and 530 nm. The large Stokes shifts and
the excited state lifetimes in the milliseconds range indicated
that triplet excited states are involved in the emission. TD-DFT
calculations indicated that the luminescence is related to a
ligand-centred transition with the involvement of triplet states.

Introduction

In the perspective of sustainability, luminescent earth-abundant
metal complexes are of paramount importance for applications
such as solar energy conversion[1] and OLED (organic light
emitting diode) technology.[2] Systems based on transition
metal elements such as ruthenium(II), iridium(III) or platinum(II),
together with rare earths were deeply exploited for electro-
luminescent devices and photocatalysis.[3] However, because of
their shortage, expensiveness and toxicity, the attention was
moved in the last years towards more abundant elements.
Among all, promising results in this field were achieved with
metal centres such as manganese(II) and copper(I).[4]

Much less attention was actually devoted to zinc(II)
derivatives, probably because the poor accessibility of higher
oxidation states forbids luminescent mechanisms related to
metal-to-ligand charge transfer. The luminescence of the
majority of zinc(II) complexes reported is actually related to the
fluorescence of the ligands, enhanced by coordination to the
metal centre.[5] In few cases, emissions related to thermally
activated delayed fluorescence (TADF) is however observable.[6]

The first application of zinc(II) derivatives as emitters for OLEDs
dates back to 2000, when Sano et al. reported the application of
complexes having general formula Znq2 (q=8-hydroxyquinoli-
nate), Zn(2AZM-Me)2 (2AZM-Me=conjugate base of N-methyl
salicylimine), Zn(1AZM-Hex) (1AZM-Hex=conjugate base of
N,N’-disalicylidenehexane-1,6-diamine) and Zn(BTZ)2 (BTZ= 2-(2-
benzothiazolyl)phenate).[7] The nature of the emission makes
zinc(II) complexes appealing to be applied as hosts or electron-
transport layers in OLEDs. For instance, the previously men-
tioned Zn(BTZ)2 was efficiently exploited as host for 5,6,11,12-
tetraphenylnaphthacene (rubrene) for the preparation of white
OLED devices. The choice of the complex relies on to the good
overlap existing between the emission of the zinc(II) complex
and the absorption of the organic chromophore, enabling a
host-to-guest Förster energy transfer.[8]

Despite being much less common, phosphorescence from
zinc(II) complexes is observable when low lying s and p orbitals
of the metal centre are involved in charge transfer mechanisms.
Moreover, also antibonding σ* molecular orbitals with d-
component from Zn(II) can be involved in emitting excited
states, with mechanisms in between ligand-to-metal (LMCT)
and ligand-to-ligand (LLCT) change transfer.[9] The first example
of blue-phosphorescent complex was reported by Wang and
co-workers using diphenyl-6,6’-dimethyl-2,2’-bipyrimidine as
chelating ligand. The unusual radiative decay was evidenced by
lifetimes in the μs range detected in methanol solution.[10]

Most of the luminescent zinc(II) complexes actually reported
have N-donor heterocycles and O-donors derived from phenate
moieties in the coordination sphere. [O=P]-donor ligands such
as phosphine oxides, phosphoramides and related species were
poorly investigated, despite the promising results recently
achieved with other metal centres, Mn(II) in particular.[11] The
literature outcomes are limited to the use of triphenylphos-
phine oxide,[12] but no luminescent study on the corresponding
Zn(II) complexes was ever described. It is however worth noting
that [ZnCl2(O=PPh3)2] exhibited non-linear optical properties.[13]

For what concerns phosphoramide Zn(II) complexes, some
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tetrahedral homoleptic complexes were isolated.[14] Hexameth-
ylphosphoramide is present in the coordination sphere of a
dinuclear zinc(II) alkoxide-phenoxide-ketoiminate complex[15]

and the interactions in solution of zinc(II) halides and
perchlorate and of tetraphenylporphirinatozinc with hexameth-
ylphosphoramide were investigated.[16] In the framework of our
interest on luminescent first-row d10 metal complexes for
advanced technology,[17] we investigated the effects of the
coordination of the previously reported N,N,N’,N’-tetramethyl-P-
indol-1-ylphosphonic diamide O=P(NMe2)2Ind to zinc(II) precur-
sors. Herein we report the synthesis and characterization of
complexes having general formula [ZnX2{O=P(NMe2)2Ind}2] (X=

Cl, Br, I, NCS). The structures of the halide derivatives were
ascertained by single-crystal X-ray diffraction. The bright green
photoluminescence of the bromo- and iodo-complexes was
investigated in detail and compared to the photoluminescence
exhibited by [ZnBr2(O=PPh3)2].

Results and Discussion

Synthesis and Characterization of the Complexes

The reaction of O=P(NMe2)2Ind with anhydrous ZnX2 (X=Cl, Br,
I, NCS) in ethanol under mild conditions afforded the
corresponding neutral complexes [ZnX2{O=P(NMe2)2Ind}2]. The
halide derivatives were separated as powders, while [Zn-
(NCS)2{O=P(NMe2)2Ind}2] was isolated as oil. The 1H NMR spectra
show in all the cases a single set of resonances attributable to
the coordinated [O=P]-donor ligands, composed by six multip-
lets in the aromatic region and a doublet around 2.7–2.8 ppm
with 3JPH coupling constant between 10.3 and 10.7 Hz. The 1H
NMR chemical shifts in CDCl3 at 298 K display small but definite
variations on changing the nature of X and in the case of
[Zn(NCS)2{O=P(NMe2)2Ind}2] the signals are meaningfully broad-
er, as observable on comparing Figures S1–S4. The 31P{1H} NMR
spectra are composed by a singlet in the 17.2–16.3 ppm range,
broadened in the case of the thiocyanato complex (Figures S5–
S8). The IR spectra show bands related to the vibrations of the
[O=P]-donors. The small shifts in the νP= O and νP-N regions with
respect to the free ligand are in line with previous reports on
related [MnX2{O=P(NMe2)2Ind}2] complexes[11r] and are attribut-
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able to the weakening of the O=P bond caused by coordina-
tion, with consequent slight enforcement of the P� N bonds.[18]

Two strong bands between 2050 and 2100 cm� 1 are observable
in the IR spectrum of [Zn(NCS)2{O=P(NMe2)2Ind}2], related to the
symmetric and asymmetric stretchings of the coordinated
thiocyanato ligands[19] (Figure S9).

Crystals of the halide complexes suitable for X-ray diffrac-
tion were collected from dichloromethane/diethyl ether sol-
utions. Crystal data and structure refinement are collected in
Table S1. [ZnCl2{O=P(NMe2)2Ind}2] and [ZnBr2{O=P(NMe2)2Ind}2]
are isomorphs and crystallize in the monoclinic P21/n space
group. [ZnI2{O=P(NMe2)2Ind}2] instead crystallizes in the triclinic
P-1 space group with two molecules not symmetry related in
the asymmetric unity, since one of the NMe2 groups and the
indolyl fragment are interchanged around one of the
phosphorus atoms (Figure S10). One of the [ZnI2{O=P-
(NMe2)2Ind}2] molecules is however superimposable with the
other halide complexes, as observable in Figure S11. Figure 1
shows the structure of [ZnBr2{O=P(NMe2)2Ind}2] as representa-
tive example of the three compounds. It is worth noting that
the overlay similarity is between 0.96 (Br vs. I) and 0.97 (Cl vs.
Br).[20] High degree of similarity (0.99) was previously found
between the related Mn(II) bromo- and iodo-complexes, while
the degree of similarity was lower (0.90) on comparing the
chloro- and bromo-derivatives.[11r]

In the crystal structure of the three [ZnX2{O=P(NMe2)2Ind}2]
complexes the metal centre is four-coordinated to two halides
and two oxygen atoms in a distorted tetrahedral geometry. In
Table S2 the most significant distances and angles are set out,
carefully ordered to show the small differences among them.
The Zn� X bond lengths are in agreement with the change of
the halogen, following the expected sequence Zn� Cl<Zn� Br<
Zn� I. The average Zn� O distances become shorter on increas-
ing the Zn� X bond length. Other geometrical parameters in the
diamide ligands are not influenced by the nature of the
halogen. The P� N(indolyl) bond lengths are always slightly
longer than the P-NMe2 ones. The small distortion of the
coordination tetrahedron around the zinc atom can be
described by the τ4 parameter,[21] respectively equal to 0.93,

0.92, 0.91 and 0.92 for the chloro- and bromo-complexes and
the two molecules of the iodo-species. The values indicate
lower distortion from perfect tetrahedron with respect to the
related manganese(II) compounds.[11r]

To the best of our knowledge,[22] the long-known phosphine
oxide Zn(II) halide compounds[23] were scarcely described from
a crystallographic point of view [CSD version 5.41 (update
March 2020)]. The crystal structures of halide complexes with
triphenylphosphine oxide were reported in few papers, one
containing exclusively the bromo-derivative.[12a–c] The structure
of the iodo-complex was serendipitously obtained more
recently.[24] A THF-solvate of the chloro-compound was also
described.[25] On the other hand, polymeric chloro- and iodo-
compounds with dppe dioxide were also reported.[26] The
diiodo-{pyridine-2,6-diyl-bis[di-tert-butyl(phosphinate)]}zinc(II)
derivative completes the di-iodo complexes crystallographically
deposited at CSD.[27]

The biggest angles around the metal centre in the
[ZnX2{O=P(NMe2)2Ind}2] complexes are the X� Zn� X ones, while
the O� Zn� O are the acutest. The X� Zn� X angle increases on
descending along Group 17, from 116.7(1) for [ZnCl2{O=P-
(NMe2)2Ind}2] to 120.0(1) for [ZnBr2{O=P(NMe2)2Ind}2] and to
120.9(1) and 121.2(1) for [ZnI2{O=P(NMe2)2Ind}2]. The sequence
is exactly in the reverse order for the triad
[ZnX2(O=PPh3)2].

[12a–c,24] Surprisingly, the O� Zn� O angle does not
follow a correlated trend, differently from the triad
[ZnX2(O=PPh3)2], and the O� Zn� O angle of [ZnBr2{O=P-
(NMe2)2Ind}2] is the biggest.

As concerns the disposition of the indolyl substituents, the
dihedral angle between the planes of the two heterocycles in
the same molecule increases along Group 17, being 57.39(4),
63.14(4) and 74.01(7)° respectively for X=Cl, Br and I. In the
second configuration of [ZnI2{O=P(NMe2)2Ind}2] the dihedral
angle is 61.5(1)°. The P� N bond vectors generate angles with
the indolyl plane equal to 12.27(5) and 8.97(5)° for [ZnCl2{O=P-
(NMe2)2Ind}2], 12.98(5) and 7.20(5)° for the [ZnBr2{O=P-
(NMe2)2Ind}2] and 10.56(8) and 4.11(8)° for [ZnI2{O=P-
(NMe2)2Ind}2]. The values for the other molecule in the
asymmetric unit of the iodo-derivative are 10.24(8) and
13.67(9)°. The lack of similarity between the three complexes
probably relies on the P� O� Zn angles. The range observed for
triphenylphosphine oxide Zn(II) halide complexes is comprised
between 145 and 155°, with the exception of the THF-solvated
[ZnCl2(O=PPh3)2], where the values are 139.20(9) and
141.01(9)°.[12a–c,25] On the contrary, in the complexes here
reported only one of the ligands exhibits a O� P� Zn angle
roughly comparable to the triphenylphosphine oxide deriva-
tives, but the other one is considerably different. For instance,
in [ZnCl2{O=P(NMe2)2Ind}2] one angle is equal to 140.40(6)°,
slightly acuter than the previously mentioned range, but the
other one is even acuter and equal to 134.14(5)°. In [ZnBr2{O=P-
(NMe2)2Ind}2] one of the angles is equal to 145.23(6)°, but the
other one is more linear and equal to 165.75(7)°. Similar
behaviour was found in one of the molecules of [ZnI2{O=P-
(NMe2)2Ind}2], where one of the angles is equal to 146.30(10)°,
but the other one considerably deviates and it is equal to
163.92(10)°. Nevertheless, the other molecule found in theFigure 1. X-ray structure of [ZnBr2{O=P(NMe2)2Ind}2].

Research Article
doi.org/10.1002/ejic.202200119

Eur. J. Inorg. Chem. 2022, e202200119 (3 of 9) © 2022 Wiley-VCH GmbH

Wiley VCH Mittwoch, 25.05.2022

2216 / 248581 [S. 34/40] 1

 10990682c, 2022, 16, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejic.202200119 by U
niversita D

egli Studi D
i, W

iley O
nline L

ibrary on [13/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

3



asymmetric unit of [ZnI2{O=P(NMe2)2Ind}2], that is different from
the other halide complexes, has Zn� O� P angles equal to
143.94(10) and 152.55(10)°, falling in the triphenylphosphine
oxide range.

Despite the fact that [Zn(NCS)2{O=P(NMe2)2Ind}2] was iso-
lated as an oil, the formation of a four-coordinated complex is
supported by the characterization data and the possible
structure was simulated by means of DFT calculations. The
coordination through the nitrogen atom of the two thiocyanate
ions is favoured with respect to the interaction through sulphur
by about 24.9 kcal mol� 1. The most stable isomer has slightly
distorted tetrahedral geometry, as observable in Figure S12
(computed τ4 value equal to 0.91). Selected computed bond
lengths and angles are provided in the caption of Figure S12.
The simulated IR spectrum is in accordance with the exper-
imental one, being the computed unscaled values for the νCN

stretching vibrations equal to 2173 (symmetric) and
2153 (asymmetric) cm� 1.

Photoluminescence of [ZnX2{O=P(NMe2)2Ind}2 (X=Br, I)

[ZnBr2{O=P(NMe2)2Ind}2] and [ZnI2{O=P(NMe2)2Ind}2] exhibited
bright green emissions upon excitation with UV light below
300 nm at the solid state. On the other hand, the photo-
luminescence of the related chloro-compound and thiocyanato-
complex was negligible, and for this reason the attention was
focused on the complexes with the heavier halides in the
coordination sphere. On considering the emission features
described below for the bromo- and iodo-derivatives, the lack
of luminescence of [ZnCl2{O=P(NMe2)2Ind}2] and [Zn(NCS)2{O=P-

(NMe2)2Ind}2] appears attributable to the absence of atoms in
the Zn(II) first coordination sphere able to induce strong
intersystem crossing. No appreciable luminescence was ob-
served for the compounds in solution, probably because of
vibrational coupling with solvent molecules. All the measure-
ments were therefore carried out on crystallized solid samples.
No changes on the emission properties were detected upon
grinding.

Emission (PL) and excitation (PLE) spectra are reported in
Figure 2. The spectra are identical under inert atmosphere and
under air. The PL spectrum of [ZnBr2{O=P(NMe2)2Ind}2] is
composed by a single band centred at 531 nm, with full-width
half-maximum (FWHM) around 2900 cm� 1. Despite the compa-
rable emission range, the PL spectrum of [ZnI2{O=P(NMe2)2Ind}2]
is different, being composed by a set of shoulders and peaks,
the most intense falling at 521 nm. The peaks are all separated
by about 1300 cm� 1 (see the interpolation provided in Fig-
ure S13), suggesting that the ground-state vibrational structure
is subtended by the PL spectrum. The quite high wavenumber
is most likely related to vibrations in the O=P(NMe2)2Ind ligands,
since much lower values are expected for vibrations involving
the Zn(II) first coordination sphere.[28] Despite the fact that solid
samples allow only qualitative comparisons, Figure 2 clearly
highlights that [ZnBr2{O=P(NMe2)2Ind}2] is much more lumines-
cent than the related iodo-complex under the same experimen-
tal conditions.

The PL spectra do not vary on changing the excitation
wavelength and the two compounds have roughly super-
imposable PLE spectra. The excitation range at the solid state is
limited to wavelengths shorter than 330 nm and it is compara-
ble to the absorption interval obtained for dichloromethane

Figure 2. PL (solid lines) and PLE (dashed lines) spectra of [ZnBr2{O=P(NMe2)2Ind}2] (red lines) and [ZnI2{O=P(NMe2)2Ind}2] (violet lines). Solid samples, r.t.,
λexcitation =290 nm, λemission = 520 nm, intensities in arbitrary units. Inset: absorption spectra of a 5 · 10� 5 M solution in CH2Cl2 of [ZnX2{O=P(NMe2)2Ind}2] (X= Br, I)
and of the free ligand. Inset: CIE 1931 chromaticity diagram.
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solutions of the complexes (Figure 2). The absorption spectrum
of the complexes is strictly comparable to that of the free
ligand, therefore the excitation causing the emission is mainly
ascribed to π* !π absorptions of the coordinated ligands. No
absorption in the visible range was detected also for concen-
trated solutions of the complexes (see for instance in Fig-
ure S14).

As observable in Figure 2, the emissions of both [ZnBr2{O=P-
(NMe2)2Ind}2] and [ZnI2{O=P(NMe2)2Ind}2] fall in the yellowish
green region of the CIE 1931 diagram, with colour purity values
around 0.78 and 0.61 for the bromo- and the iodo-complex,
respectively. The photoluminescence quantum yields (Φ) at
room temperature are 19 % for [ZnBr2{O=P(NMe2)2Ind}2] and 7 %
for [ZnI2{O=P(NMe2)2Ind}2]. The lower value obtained for the
iodo-derivative is perhaps related to expansion of the emission
band towards higher wavelengths, favouring non-radiative
decay routes. Photoluminescence data are summarized in
Table 1 for clarity.

The large Stokes shifts observable in Figure 2 are quite
uncommon for zinc(II) luminescent complexes. The lifetimes of
the excited states obtained from the monoexponential fit of the
luminescence decay curves provided in Figure 3 are in the
milliseconds range, respectively 0.70 ms for [ZnBr2{O=P-
(NMe2)2Ind}2] and 2.58 ms for [ZnI2{O=P(NMe2)2Ind}2], strongly
supporting the idea that triplet excited states are involved in
the emissions. Such a hypothesis is in line with the absence of
comparable photoluminescence from the related chloro- and
thiocyanato-complexes. This outcome can be justified consider-

ing the lack of heavy atoms directly coordinated to the metal
centre which can favour the intersystem crossing. The linear
semi-log plots of the luminescence decays indicate the
presence of a single emitting level. The lifetimes here provided
are in the same time scale of those recently reported for
coordination polymers based on [Zn3(HPO3)2]

2+ cations linked
by 1,3,5-tris(1-imidazolyl)-benzene.[9b]

To shed light on the photoluminescence of the N,N,N’,N’-
tetramethyl-P-indol-1-ylphosphonic diamide complexes, meas-
urements were carried out under the same experimental
conditions on the analogous triphenylphosphine oxide deriva-
tives. [ZnI2(O=PPh3)2] showed no appreciable photolumines-
cence and it was not further investigated. On the other hand,
the emission spectrum of [ZnBr2(O=PPh3)2] is dominated by a
peak at 403 nm, with shoulders at about 440 and 504 nm
(Figure S15). The lifetime is around 5 ns (Figure S15). The
completely different behaviour of the triphenylphosphine oxide
complexes clearly highlights the role of the indolyl-substituted
phosphoramide in the luminescence of the corresponding
ZnBr2 and ZnI2 complexes.

Electrochemical measurements showed that O=P(NMe2)2Ind
is more reducing than O=PPh3. Both the ligands give irreversible
oxidation processes, but the onset of the oxidation of O=P-
(NMe2)2Ind falls at potential about 200 mV lower than that of
O=PPh3. The oxidation of O=P(NMe2)2Ind occurs at lower
potential with respect to ZnBr2 and it is more or less coincident
with the second oxidation peak of ZnI2 (Figure S16). The cyclic
voltammograms of [ZnBr2{O=P(NMe2)2Ind}2] and [ZnI2{O=P-
(NMe2)2Ind}2], compared to those of the corresponding zinc
halides, are shown in Figure 4. The oxidation process of the
bromo-derivative starts around 0.95 V, roughly at the same
potential of the free ligand. An analogous process is observable
for the iodo-complex, anticipated by an irreversible oxidation
centred at about 0.43 V related to coordinated iodide. The
reduction processes occur at potential lower than -1.4 V for
[ZnBr2{O=P(NMe2)2Ind}2] and -1.5 V for [ZnI2{O=P(NMe2)2Ind}2],
and are comparable to those observed for the related ZnX2

halides, with little shifts at lower potentials. The onsets of the
ligand-centred oxidation and metal-centred reduction proc-
esses are separated by about 2.45–2.50 V, corresponding to an
energy difference in the same range of the emissions of the
complexes. Selected data are summarized in Table 1.

Despite the results obtained from cyclic voltammetry, the
lack of LMCT bands in the absorption spectra (Figures 2 and
S14) does not agree with emissions attributable to charge-
transfer transitions.

Table 1. Selected photoluminescence and electrochemistry data for [ZnX2{O=P(NMe2)2Ind}2] (X= Br, I)

PL max[a,b]

(nm)
PLE[a,c]

(nm)
CIE
coordinates

τ[a–d]

(ms)
τ[a–c,e]

(ms)
Φ[a,d,f]

(%)
Ox onset[d,g]

(V vs Fc+/Fc)
Red onset[d,g]

(V vs Fc+/Fc)

[ZnBr2{O=P(NMe2)2Ind}2] 531 <310 x= 0.293, y=0.627 0.70 0.40 19 0.95 � 1.41
[ZnI2{O=P(NMe2)2Ind}2] 521 <330 x= 0.349, y=0.516 2.58 2.60 7 0.30, 0.97 � 1.51

[a] Solid sample, r.t. [b] λexcitation = 290 nm. [c] λemission = 520 nm. [d] Under inert atmosphere. [e] Under air. [f] λexcitation = 310 nm. [g] CH3CN/LiClO4, r.t. glassy carbon
electrode, ferrocene as internal standard, scan rate 100 mV/s.

Figure 3. Semi-log plots of the luminescence decay curves of [ZnBr2{O=P-
(NMe2)2Ind}2] (red line) and [ZnI2{O=P(NMe2)2Ind}2] (violet line). Solid samples,
r.t., λexcitation =290 nm, λemission = 520 nm.
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Lifetime measurements carried out on the solid samples
under air instead of inert atmosphere revealed a meaningful
reduction of the τ value for [ZnBr2{O=P(NMe2)2Ind}2], from 0.70
to 0.40 ms (Figure S17 and Table 1). On the other hand, the
lifetime of [ZnI2{O=P(NMe2)2Ind}2] resulted negligibly affected
by the presence of air. This outcome, together with the different
profiles of the PL spectra of the two compounds, may suggest
different luminescence mechanisms, but the large Stokes shifts
and the long lifetimes strongly indicate in both the cases the
participation of excited triplet states.

The possible nature of the PL bands was also investigated
by means of DFT and TD-DFT calculations. The DFT-optimized
geometries of the two complexes in triplet configuration are
strictly similar to the related singlet ground states (see Fig-
ure S18), without meaningful variations in the first coordination
spheres. The zinc centre appears therefore poorly affected by
the change of multiplicity of the molecules. The computed
energy values for the T1!S0 transitions at the triplet equilibrium
geometries are 2.06 eV for [ZnBr2{O=P(NMe2)2Ind}2] and 2.36 eV
for [ZnI2{O=P(NMe2)2Ind}2], in acceptable agreement with the
experimental data. The hole and electron distributions[29]

associated to the emission transition, plotted in Figure 5,
confirm that the electron moves between π-delocalized orbitals
of the same indolyl fragment, with negligible contribution of
the remaining parts of the molecules. On the basis of the TD-
DFT outcomes the transitions are therefore ascribed to ligand-
centred processes, not detected for the free N,N,N’,N’-tetrameth-
yl-P-indol-1-ylphosphonic diamide.[11r] The role attributable to
the zinc(II) heavy halide fragments is the enhancement of the
intersystem crossing between excited singlet and triplet states
of the coordinated ligands.

Conclusion

The investigation on neutral tetrahedral zinc(II) complexes with
functionalized phosphoramides revealed the possibility to
obtain compounds with quite simple molecular design charac-
terized by bright emission in the visible range. The photo-
luminescence of [ZnBr2{O=P(NMe2)2Ind}2] and [ZnI2{O=P-
(NMe2)2Ind}2] is characterized by large Stokes shifts and long
lifetimes, accordingly to emission from excited triplet states.
Such a situation is relatively uncommon for zinc(II) complexes,
usually characterized by fluorescent emissions, and it is related
the presence of heavy atoms in the first coordination sphere.
The emissions of the new compounds are attributable to
ligand-centred transitions involving triplet states on the basis of
experimental observations and theoretical calculations, with
central role of the indolyl substituents. The excitation of the
complexes is due to singlet !singlet transitions centered on the
π-system of the coordinated phosphoramides.

The earth abundance and negligible toxicity of zinc makes
this element a promising candidate for the development of
new luminescent compounds to be applied in advanced
technology. Further studies will be carried out to verify if ZnX2

centres with heavy halides are able to promote the intersystem
crossing in further [O=P]-donor ligands with suitable π-
delocalized fragments, in order to verify the flexibility and the
limits of this approach for the synthesis of inexpensive photo-
luminescent compounds.

Figure 4. Cyclic voltammograms of [ZnBr2{O=P(NMe2)2Ind}2] (solid red line),
[ZnI2{O=P(NMe2)2Ind}2] (solid violet line), ZnBr2 (dotted red line) and ZnI2
(dotted violet line). CH3CN/LiClO4, r.t., glassy carbon electrode, ferrocene (Fc)
as internal reference, scan rate 100 mV/s.

Figure 5. DFT-optimized triplet state geometries of [ZnBr2{O=P(NMe2)2Ind}2]
and [ZnI2{O=P(NMe2)2Ind}2] with hole (light blue) and electron (light pink)
distributions related to the T1!S0 transitions (surface isovalue =0.003 a.u.).
Colour map: C, grey; N, blue; O, red; P, orange; Zn, dark green; Br, dark red; I,
violet. Hydrogen atoms are omitted for clarity.
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Experimental Section

General Remarks

Commercial solvents (Aldrich) were purified as described in the
literature.[30] Anhydrous Zn(II) halides were purchased from Merck,
as well as all the organic reactants. Zn(NCS)2 was prepared from the
reaction between ZnSO4 · 7H2O and K[NCS] in methanol.[31] All the
syntheses were carried out under inert atmosphere, working in a
glove box (MBraun Labstar with MB 10 G gas purifier) filled with N2

and equipped for organic and inorganic syntheses. N,N,N’,N’-
tetramethyl-P-indol-1-ylphosphonic diamide O=P(NMe2)2Ind was
synthesized on the basis of the methods reported in the
literature.[32] Elemental analyses (C, H, N) were carried out using an
Elementar Unicube microanalyzer. Halide content was determined
using the Mohr’s method.[33] Melting points were registered
employing a FALC 360 D instrument equipped with a camera. Cyclic
voltammetry measurements were performed using an eDAQ ET014-
199 instrument in acetonitrile containing 0.1 M LiClO4. All the
measurements were carried out under argon at room temperature.
The working electrode was 1-mm glassy carbon disk, while the
auxiliary electrode was Pt-coated titanium rod. The electrodes were
provided by eDAQ. Ferrocene was introduced as internal standard
and a Pt wire was used as pseudo-reference electrode. IR spectra
were collected in the 4000–400 cm� 1 range using a Perkin-Elmer
Spectrum One spectrophotometer. Mono- and bidimensional
nuclear magnetic resonance (NMR) spectra were collected employ-
ing Bruker Avance 300 and Avance 400 instruments operating
respectively at 300.13 MHz and 400.13 MHz of protonic resonance.
1H NMR spectra are referred to the partially non-deuterated fraction
of the solvent, itself referred to tetramethyl silane. 31P{1H} NMR
resonances are referred to 85 % H3PO4 in water. Absorption spectra
in dichloromethane were collected in the 235–700 nm range
employing a Perkin-Elmer Lambda 40 spectrophotometer. Photo-
luminescence emission (PL) and excitation (PLE) spectra as well as
lifetime decay curves were registered on solid samples at room
temperature using a Horiba Jobin Yvon Fluorolog-3 spectrofluor-
ometer. Air-tight quartz sample holders were used and filled in the
glove box to avoid interactions of the air-sensible complexes with
moisture. A continuous wave xenon arc lamp was used as source
and the excitation wavelength was selected using a double Czerny-
Turner monochromator. Suitable long pass filters were placed in
front of the acquisition systems. The detector was composed of a
single monochromator iHR320 and a photomultiplier tube Hama-
matsu R928. Excitation and emission spectra were corrected for the
instrumental functions. Time-resolved analyses were performed in
Multi Channel Scaling modality (MCS) by using a pulsed UV LED
source centred at 290 nm or in TCSPC (time correlated single
photon counting) mode employing a Horiba NanoLED centred at
373 nm. The photoluminescence quantum yields (Φ) in the solid
state at room temperature was measured by means of an Ocean-
Optics HR4000CG UV-NIR detector, fiber-coupled to an integrating
sphere connected to an OceanOptics LED source centred at
310 nm. Values are reported as average of three measurements.

Synthesis of the [ZnX2{O=P(NMe2)2Ind}2] Complexes (X=Cl,
Br, I, NCS)

The complexes were prepared by slowly adding a solution
containing 2.1 mmol of N,N,N’,N’-tetramethyl-P-indol-1-ylphos-
phonic diamide into a solution of the proper zinc(II) precursor
(1 mmol: 0.136 g for ZnCl2, 0.225 g for ZnBr2, 0.319 g for ZnI2,
0.182 g for Zn(NCS)2) dissolved in 20 mL of EtOH. The reaction
mixture was stirred overnight inside the glove box at room
temperature. The solvent was then evaporated under reduced
pressure and the product was isolated by adding diethyl ether. The

solid was then filtered and dried in vacuo. Only in the case of
[Zn(NCS)2{O=P(NMe2)2Ind}2] the product was kept as an oil. Crystal
of the [ZnX2{O=P(NMe2)2Ind}2] (X=Cl, Br, I) suitable for X-ray
diffraction were collected from dichloromethane/diethyl ether
solutions. Yields: 0.460 g (72 %) for X=Cl, 0.546 g (75 %) for X= Br,
0.583 g (71 %) for X= I, 0.212 g (31 %) for X= NCS.

Characterization of [ZnCl2{O = P(NMe2)2Ind}2]. Anal. calcd for
C24H36Cl2N6O2P2Zn (638.83 g mol� 1, %): C, 45.12; H, 5.68; N, 13.16; Cl,
11.10. Found (%): C, 44.94; H, 5.70; N, 13.11; Cl, 11.07. M.p. 125 °C
(dec.). 1H NMR (CDCl3, 298 K) δ 7.84 (d, 2H, 3JHH = 8.1 Hz, Ind), 7.60
(d, 2H, 3JHH =7.7 Hz, Ind), 7.25 (m, 2H, Ind), 7.19 (t, 2H, 3JHH = 7.5 Hz,
Ind), 7.14 (t, 2H, 3JHH =7.5 Hz, Ind), 6.64 (m, 2H, Ind), 2.77 (d, 24H,
3JPH =10.5 Hz, N� Me). 31P{1H} NMR (CDCl3, 298 K) δ 17.20 (FWHM=

7 Hz). IR (KBr, cm� 1): 3140–3005 m (aromatic νC-H), 2990–2820 m
(νC-H), 1530–1450 m (aromatic νC-C and νC-N), 1180–1120 s (νP=O and
νC-N), 1010–1000 s (νP-N). UV-VIS (CH2Cl2, 298 K, nm) <300, 257
(max), 274 (sh), 287 (sh).

Characterization of [ZnBr2{O = P(NMe2)2Ind}2]. Anal. calcd for
C24H36Br2N6O2P2Zn (727.73 g mol� 1, %): C, 39.61; H, 4.99; N, 11.55; Br,
21.96. Found (%): C, 39.45; H, 5.01; N, 11.50; Br, 22.05. M.p. 205 °C
(dec.). 1H NMR (CDCl3, 298 K) δ 7.86 (d, 2H, 3JHH = 8.0 Hz, Ind), 7.60
(d, 2H, 3JHH =7.7 Hz, Ind), 7.25 (m, 2H, Ind), 7.19 (t, 2H, 3JHH = 7.3 Hz,
Ind), 7.13 (t, 2H, 3JHH =7.6 Hz, Ind), 6.64 (m, 2H, Ind), 2.78 (d, 24H,
3JPH =10.6 Hz, N� Me). 31P{1H} NMR (CDCl3, 298 K) δ 17.11 (FWHM=

7 Hz). IR (KBr, cm� 1): 3130–3005 m (aromatic νC-H), 2950–2820 m
(νC-H), 1525–1450 m (aromatic νC-C and νC-N), 1210–1120 s (νP=O and
νC-N), 1010–950 s (νP-N). UV-VIS (CH2Cl2, 298 K, nm) <300, 260 (max),
276 (sh), 287 (sh). PL (solid, r.t., λexcitation =290 nm, nm): 531
(FWHM= 2900 cm� 1). CIE 1931 coordinates: x=0.293, y=0.627. PLE
(solid, r.t., λemission = 520 nm, nm) <310. τ (solid, r.t., λexcitation =

290 nm, λemission =520 nm, ms): 0.70. Φ (solid, r.t., λexcitation =310 nm):
19 %.

Characterization of [ZnI2{O = P(NMe2)2Ind}2]. Anal. calcd for
C24H36I2N6O2P2Zn (821.73 g mol� 1, %): C, 35.08; H, 4.42; N, 10.23; I,
30.89. Found (%): C, 34.94; H, 4.46; N, 10.19; I, 30.77. M.p. 122 °C
(dec.). 1H NMR (CDCl3, 298 K) δ 7.89 (d, 2H, 3JHH = 8.2 Hz, Ind), 7.59
(d, 2H, 3JHH =7.8 Hz, Ind), 7.23 (m, 2H, Ind), 7.19 (t, 2H, 3JHH = 7.3 Hz,
Ind), 7.13 (t, 2H, 3JHH =7.9 Hz, Ind), 6.64 (m, 2H, Ind), 2.78 (d, 24H,
3JPH =10.7 Hz, N� Me). 31P{1H} NMR (CDCl3, 298 K) δ 16.36 (FWHM=

7 Hz). IR (KBr, cm� 1): 3130–3005 m/w (aromatic νC-H), 2950–2820 m
(νC-H), 1525–1450 m (aromatic νC-C and νC-N), 1210–1120 s (νP=O and
νC-N), 1010–950 s (νP-N). UV-VIS (CH2Cl2, 298 K, nm) <300, 257 (max),
275 (sh), 287 (sh). PL (solid, r.t., λexcitation = 290 nm, nm): 487 (sh), 521
(max), 559, 604 (sh), 655 (sh). CIE 1931 coordinates: x=0.349, y=

0.516. PLE (solid, r.t., λemission = 520 nm, nm) <330. τ (solid, r.t.,
λexcitation =290 nm, λemission =520 nm, ms): 2.58. Φ (solid, r.t.,
λexcitation =310 nm): 7 %.

Characterization of [Zn(NCS)2{O = P(NMe2)2Ind}2]. Anal. calcd for
C26H36N8O2P2S2Zn (684.08 g mol� 1, %): C, 45.65; H, 5.30; N, 16.38.
Found (%): C, 45.47; H, 5.33; N, 16.45. 1H NMR (CDCl3, 298 K) δ 7.69
(m, br, 2H, Ind), 7.59 (m, 2H, Ind), 7.19 (m, br, 4H, Ind), 7.11 (m, br,
2H, Ind), 6.67 (m, br, 2H, Ind), 2.69 (d, br, 12H, 3JPH = 10.3 Hz, N� Me).
31P{1H} NMR (CDCl3, 298 K) δ 17.22 (FWHM =32 Hz). IR (cm� 1): 2087,
2064 vs (νCN), 1527 s, 1481 s, 1472 s, 1449 s (νarom), 1160 s (νP=O).

Crystal Structure Determination

Crystallographic data were collected at CACTI (Univ. of Vigo) at
100 K (CryoStream 800) using a Bruker D8 Venture Photon II CMOS
detector and Mo� Kα radiation (λ=0.71073 Å) generated by a
Incoatec Microfocus Source IμS. The software APEX3[34] was used for
collecting frames of data, indexing reflections, and the determi-
nation of lattice parameters, SAINT[34] for integration of intensity of
reflections, and SADABS[34] for scaling and empirical absorption
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correction. The crystallographic treatment was performed with the
Oscail program,[35] solved using the SHELXT program.[36] The
structure was subsequently refined by a full-matrix least-squares
based on F2 using the SHELXL program.[37] Non-hydrogen atoms
were refined with anisotropic displacement parameters. Hydrogen
atoms were included in idealized positions and refined with
isotropic displacement parameters. Further details concerning
crystal data and structural refinement are given in Table 1. CCDC
2094664 for [ZnCl2{O=P(NMe2)2Ind}2], 2094665 for [ZnBr2{O=P-
(NMe2)2Ind}2] and 2094666 for [ZnI2{O=P(NMe2)2Ind}2] contain the
supplementary crystallographic data for this paper. PLATON
(version 290122)[38] was used to obtain some geometrical parame-
ters from the cif files.

Computational Calculations

The ground-state geometry optimizations were carried out using
the range-separated hybrid DFT functional TPSSh[39] in combination
with Alhrichs’ split-valence basis set def2-SVP, with ECP including
28 electrons for iodine.[40] The stationary points were characterized
by means of IR simulation (harmonic approximation). Excited states
and their relative energies were investigated by means of TD-DFT
(time-dependent DFT) calculations at the same theoretical level.[41]

The software used was Gaussian 16.[42] The output files were
elaborated to obtain the hole and electron distributions with the
software MultiWFN, version 3.5.[43] Cartesian coordinates of the DFT-
optimized structures are provided in Tables S3–S5.

Deposition Numbers 2094664 (for [ZnCl2{O=P(NMe2)2Ind}2]),
2094665 (for [ZnBr2{O=P(NMe2)2Ind}2]), and 2094666 (for [ZnI2{O=

P(NMe2)2Ind}2]) contain the supplementary crystallographic data for
this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service www.ccdc.cam.ac.uk/
structures.
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