Light harvesting indolyl-substituted phosphoramide ligand for the
enhancement of Mn(ll) luminescence
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The reaction of N,N,N',N'-tetramethyl-P-indol-1-ylphosphonic diamide (L) with Mn(ll) halides under mild conditions al-

lowed the isolation of tetrahedral neutral complexes having general formula [MnX,L,] (X = Cl, Br, I). The structures of the

new coordination compounds were ascertained by single-crystal X-ray diffraction. The three species exhibited noticeable

luminescence in the green region upon excitation with UV light, with emissions related to the Mn(ll) *T.(°G)>°A(°S) transi-

tion, without appreciable luminescence from the coordinated ligands. Luminescence was caused by both metal and ligand

excitations. The good light harvesting features of the indol-1-yl fragment allowed the luminescence enhancement with

respect to comparable phenyl-substituted derivatives.

Introduction

Ligands containing the [O=P]-donor moiety are of paramount
importance for the preparation of Mn(ll) luminescent coordi-
nation compounds. The first example was the tetrahedral tri-
phenylphosphine oxide complex [MnBr,(O=PPh3),], described
for the first time in 1961 by Cotton and co-workers.' The spe-
cies is of actual interest because of its triboluminescent and
ferroelectric features.’ Recently, bidentate phosphine oxides
were employed for the preparation of luminescent derivatives
with coordination numbers ranging from four to six. Noticea-
ble examples are green-emitting tetrahedral halide complexes
with bis[2-(diphenylphosphino)-phenyl]lether dioxide behaving
as chelating Iigand.3 The similar  4,6-
bis(diphenylphosphino)dibenzofuran dioxide was used to syn-

structurally

thesize tetrahedral chloro- and bromo-complexes, the last one
successfully applied for OLED fabrication.? Tetrahedral deriva-
tives were also isolated from the reaction of MnBr, with
1,2-bis(diphenylphosphino)ethane dioxide (dppeO,), with the
ligand acting as bridge between two Mn(ll) centres. The coor-
dination polymer [MnBr,(dppeO,)], exhibited luminescence
vapochromism related to the reversible coordination of dime-
thylformamide, with formation of trigonal bipyramidal Mn(ll)
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centres.” An octahedral homoleptic complex with Kz-dppeOZ
was also reported, and an analogous species was obtained
using bis(diphenylphoshino)methane dioxide (dppmO,).>® Or-
ganic—inorganic hybrid complexes [Mn(L);][MnX,] (X = Cl, Br)
characterized by thermochromic behaviour were synthesized
by reacting MnCl, or MnBr, with bis(phosphine oxide) ligands
such as dppmO,, dppeO, and 2,3-bis(diphenylphosphino)-1,3-
butadiene dioxide (dppb0,).” The comparable
[Mn(dppb0,);1[Mn(NCS),] species was isolated starting from
Mn(NCS),, and further octahedral Mn(ll) luminescent com-
plexes with mixed coordination sphere were obtained using
bis(diphenylphosphino)ethane dioxide and 3,4-
bis(diphenylphosphino)isobutene dioxide.? These last com-
pounds exhibited excitation-tuneable dual luminescence de-
rived from intraligand fluorescence and Mn(ll)-centred phos-
phorescence. Octahedral Mn(ll) was also observed in the co-
ordination polymer synthesized from the reaction of 1,2,4,5-
tetrakis(diphenylphosphino)benzene tetraoxide with
Mn(ClO,),-6H,0 in dimethylformamide.’ The use of N,N-
dimethylamino)bis(diphenylphosphino)methane dioxide as
ligand L allowed the isolation of the cationic complexes
[MnCIL,]" and [MnBrL,]", first examples of luminescent Mn(ll)
derivatives with square-pyramidal (Ca,) geometry.10 Differently
from tetrahedral and octahedral environments, where lumi-
nescence is associated to the “T;(*G)>°A,(°S) transition, in
square-pyramidal complexes the transition involved s
*E(*G)>°A(%9).

The examples provided highlight the rich coordination chemis-
try of Mn(ll) with phosphine oxides, allowing the isolation of
compounds with markedly different luminescence, depending
in primis upon the coordination geometry. Another parameter
to be considered is the presence of heavy atoms in the coordi-
nation sphere, causing an acceleration of the radiative decay
because of an increased degree of spin—orbit coupling,3 as
previously observed for [MnX4]2’ compounds.’11 Phosphine



oxides with suitable electronic structure can lead to the over-
lap of ligand-centred and metal-centred emissions, affording
compounds with excitation-dependent luminescence.® Such a
feature was recently reported also for Mn(ll) complexes with
N-donor Iigands.12 The peculiar emissive features suggest huge
potential as inexpensive materials for advanced technology,4
where [MnX4]2‘ derivatives are already finding several applica-
tions. > ®

Besides phosphine oxides, phosphoramides represent another
class of ligands suitable for the preparation of Mn(ll) coordina-
tion compounds.”’20 Tetrahedral green-emitting complexes
were obtained using hexamethylphosphoramide as ligand. Its
replacement in the coordination sphere with N,N,N’,N’-
tetramethylphenylphosphonic diamide or 1,3-dimethyl-2-
phenyl-1,3-diazaphospholidine-2-oxide highlighted the non-
innocent role of the P-bonded phenyl substituent in Mn(ll)
luminescence sensitization.”* 2
The increase of light harvesting by the coordinated [O=P]-
donor ligands appears a suitable approach to enhance Mn(ll)
luminescence. In this communication we report the synthesis
and characterization of three new tetrahedral complexes hav-
ing general formula [MnX,L,], where L is N,N,N',N"-
tetramethyl-P-indol-1-ylphosphonic diamide, containing a
nt-delocalized indolyl fragment.

Results and Discussion

Synthesis, characterization and X-ray structure determination of
the complexes

The reaction of anhydrous MnX, salts (X = Cl, Br, 1) with two
equivalents of N,N,N’,N'-tetramethyl-P-indol-1-ylphosphonic
diamide (L) in ethanol under mild conditions afforded com-
plexes having general formula [MnX,L,], as suggested by ele-
mental analyses data. Conductivity measurements indicated
the formation of neutral compounds. 31p {1H] NMR spectra
revealed the absence of free ligand or diamagnetic phospho-
rous-containing species in the isolated products. The scarce
differences in the IR spectra with respect to that of the free
ligand are related to the weakening of the vp_g stretching at-
tributable to coordination to Mn(ll), as already observed for
coordinated ligands based on the phosphoramide skeleton,
and the consequent slight increase of the wavenumbers for to
Vp_NMe2 stretching.u'23 Figure 1 shows as an example the su-
perposition of the IR spectra of L and [MnBr,L,]. The molar
magnetic susceptibility values are in all the cases close to the
ideal value for d° high spin first transition metal ions, this indi-
cating negligible magnetic interactions among the Mn(ll) cen-
tres.?

The formation of mononuclear complexes with tetrahedral
geometry was confirmed by single-crystal X-ray diffraction.
Figure 2 shows an ORTEP*>2® representation of the com-
pounds in different orientations. In the three complexes the
manganese ion is coordinated by two halogen atoms and two
oxygen atoms of the N,N,N'N'-tetramethyl-P-indol-1-
ylphosphonic diamide ligand.
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Fig. 1 Superposition of the IR spectra of L (black line) and [MnBr,L,] (red line).

The three compounds are isomorphs, as demonstrated by
Scheme 1, where a superimposition of the three molecules is
sketched (carbon atoms in green, magenta and yellow for the
chloro-, bromo- and iodo-complexes, respectively; similar
schemes with superposition of couples of molecules are pro-
vided in ESI). In Table 1 the most significant distances and an-
gles are set out, carefully ordered to show the small differ-
ences among them. The Mn-X bond lengths are in agreement
with the change of the halogen, following the expected se-
quence Mn-Cl shorter than Mn-Br and this one shorter than
Mn-I. The average Mn-O distances become shorter on increas-
ing the Mn-X bond length. Other geometrical parameters in
the diamide ligands are not influenced by the halogen. These
features are in close agreement with those previously found in
related compounds,22 although it is worthy to mention that, to
the best of our knowledge, only three compounds with the
[Mnl,(O=PR3),] core were crystallografically described:
[Mnl,(O=PPhs),] was studied thirty years ago;27'28 the structure
of [Mnl,(O=PPh,Me),] was also elucidated,”® and more recent-
ly that of  [Mnl,(DPEPO)] (DPEPO =  bis[2-
(diphenylphosphino)phenyl] ether oxide).3 The distortion of
the coordination tetrahedron around the manganese atom in
[MnX,L,] can be described by the t, parameter, 0.85 [X = Cl],
0.87 [X = Br] and 0.91 [X = 1] (the extreme values are 0.00 for a
square planar geometry and 1.00 for a perfect tetrahedron),30
and by the dihedral angle between the MnX, and MnO,
planes, 88.49(6) [X = Cl], 87.8(1) [X = Br] and 86.1(1)° [X = 1].
Both the parameters let us to conclude a tetrahedral geometry
around the Mn(ll) centre, slightly distorted towards a seesaw.
The angles around the manganese ion range from 104.72(4) to
116.111(12)° [extreme values for X = I]. X-Mn-X angle is always
the most obtuse one, but in the [MnX,L,] compounds the low-
er value corresponds to one of the X-Mn-O angles, O(1)-Mn-
X(2), and not to the O-Mn-O one as in previous cases.”®?? This
anomalous situation reveals some distortion due the disposi-
tion of the ligands (see below).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 ORTEP view of [MnX,L,] (X = Cl, Br, I) compounds. Ellipsoids drawn at 50% proba-
bility level. Hydrogen atoms are not shown for clarity.

The P-O-Mn angles show another peculiarity, one of them is in
the wusual 145-150° range expected for this kind of
[MnX,(0=PRs3),] complexes,zo'22 around 148.5° (see Table 1)
but the other one is bigger, with values of 165.06(15) [X = Cl],
166.86(10) [X = Br] and 170.53(10)° [X = I]. These ones are only
comparable with those found for a couple of iodo-complexes,
163.60(12)° in  [MnlDPEPO)] > or 167.5° in
[Mnl,(0=PPh,Me),].*

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1 Superimposition of the three [MnX;L,] compounds.
Table 1. Selected bond lengths [A] and angles [°] for [MnX,L,].
X=Cl X=Br X=I
Mn(1)-0(1) 2.045(2) 2.0328(14) 2.0237(14)
Mn(1)-0(2) 2.054(2) 2.0479(14) 2.0364(14)
Mn(1)-X(1) 2.3334(9) 2.4727(4) 2.6765(4)
Mn(1)-X(2) 2.3290(10) 2.4656(4) 2.6659(3)
P(1)-0(1) 1.485(2) 1.4884(14) 1.4861(14)
P(1)-N(11) 1.680(3) 1.6786(17) 1.6796(17)
P(1)-N(12) 1.621(3) 1.6230(17) 1.6235(17)
P(1)-N(13) 1.624(3) 1.6257(17) 1.6225(17)
P(2)-0(2) 1.492(2) 1.4912(14) 1.4950(14)
P(2)-N(21) 1.679(3) 1.6764(17) 1.6747(18)
P(2)-N(22) 1.620(3) 1.6230(17) 1.6197(18)
P(2)-N(23) 1.624(3) 1.6251(17) 1.6146(18)
0(1)-Mn(1)-0(2) 106.80(9) 106.75(6) 104.88(6)
X(1)-Mn(1)-X(2) 119.82(4) 118.433(13) 116.111(12)
0O(1)-Mn(1)-X(1) 111.59(7) 111.94(4) 113.35(4)
0(2)-Mn(1)-X(1) 106.28(6) 106.54(4) 107.31(4)
0O(1)-Mn(1)-X(2) 105.95(7) 105.60(4) 104.72(4)
0(2)-Mn(1)-X(2) 105.60(6) 106.96(4) 109.91(4)
P(1)-O(1)-Mn(1) 165.06(15) 166.86(10) 170.53(10)
P(2)-0(2)-Mn(1) 148.26(13) 148.43(9) 148.86(9)
0O(1)-P(1)-N(11) 109.26(13) 109.12(9) 109.20(8)
0O(1)-P(1)-N(12) 112.54(13) 111.17(9) 110.99(9)
O(1)-P(1)-N(13) 111.37(13) 112.47(9) 112.45(9)
N(11)-P(1)-N(12) 105.29(13) 107.47(9) 107.33(9)
N(12)-P(1)-N(13) 110.63(14) 110.65(9) 110.88(9)
N(11)-P(1)-N(13) 107.44(14) 105.67(9) 105.71(9)
0(2)-P(2)-N(21) 108.66(13) 108.45(8) 108.34(9)
0(2)-P(2)-N(22) 110.76(13) 114.59(9) 109.93(9)
0(2)-P(2)-N(23) 114.44(13) 110.29(9) 115.06(9)
N(21)-P(2)-N(22) 107.78(14) 104.44(9) 108.52(9)
N(22)-P(2)-N(23) 110.61(14) 110.57(9) 109.79(10)
N(21)-P(2)-N(23) 104.18(13) 108.12(9) 104.92(9)

We have previously found in the hexamethylphosphoramide
(HMPA) compound [MnBr,{O=P(NMe,),},] % that when three
amides are bonded to a phosphorus atom, two of them are
planar, but the third one shows some pyramidal shape. This
situation was also found in [MnX,L,] compounds, where the

J. Name., 2013, 00, 1-3 | 3
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indol-1-yl substituent has the role of one of the amides and
exhibits pyramidal distortion on the nitrogen atom when the
dimethylamides are planar. In this case, the P-O-Mn angle is
almost linear. Otherwise, if the P-O-Mn angle is severely bent
the indolyl nitrogen atom is planar, but the dimethylamide
moieties are somewhat pyramidal (see Table S1 in ESI for more
details).

Possible dispositions of the substituents around the phospho-
rus atoms are sketched in Scheme 2. The compounds de-
scribed in this paper correspond to the third disposition.
Noteworthy, [MnBr,{O=PPh(NMe,),},] % showed two mole-
cules in the asymmetric unit, corresponding to the first two
dispositions in Scheme 2. Perhaps the intramolecular interac-
tion C(27)-H(27)---X and the intermolecular ones reported in
Table 2 favoured the third disposition in [MnX,L,] derivatives.
The indol-1-yl moieties form a dihedral angle of 63.48(7) [X =
Cl], 63.14(4) [X = Br] and 62.19(4)° [X = 1] and this disposition
allows a supramolecular framework mainly maintained by the
intermolecular CH...X interactions set out in Table 2. As shown
in Figure 3, each molecule acts as double H-donor interacting
with two molecules, but it is also double H-acceptor by both
iodine atoms, in such a way that each molecule is connected
with other four ones. Figure 4 shows the holes found in the
network, defined by the graph-set system M as R44(36). One
molecule is connected with two neighbours, and both are con-
nected with another one, to generate a 36-membered ring.

N

h \
‘< M”‘KP
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~—

N
\ /o\hn
\NAP\ DM <O\P§N/

Scheme 2. Dispositions of the substituents around the phosphorus atoms in N,N,N',N"-
tetramethyl-P-phenyl-1-ylphosphonic diamide and N,N,N’,N'-tetramethyl-P-indol-1-
ylphosphonic diamide derivatives.
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Fig. 4 36-membered ring formed by the interaction between four molecules, drawn for
[Mnl,L;].

Table 2. Hydrogen bonds for the compounds. [A and °].

4| J. Name., 2012, 00, 1-3

D-H..A d(D-H) d(H..A)  d(D..A) <(DHA)
[MnCl,L;]
C(14)-H(14)...cI(2)) 0.95 2.78 3.601(3) 145.8
C(23)-H(23)...cI(1") 0.95 2.73 3.643(3) 161.7
C(27)-H(27)...CI(2) 0.95 2.87 3.791(3) 165.0
Sym. Op.: i, 0.5-x, y+0.5, 0.5-z; ii, x-0.5, 0.5-y, z+0.5
[MnBr,L,]
C(14)-H(14)...Br(2)) 0.95 2.88 3.706(2) 146.5
C(23)-H(23)...Br(1") 0.95 2.82 3.742(2) 162.6
C(27)-H(27)...Br(2) 0.95 2.97 3.890(2) 163.4
Sym. Op.: i, 1.5-x, y-0.5, 1.5-z; ii, x+0.5, 1.5-y, z-0.5
[Mnl,L,]
C(23)-H(23)...1(1)) 0.95 3.04 3.962(2) 165.5
C(14)-H(14)...1(2") 0.95 3.04 3.890(2) 149.9
C(27)-H(27)...1(2) 0.95 3.16 4.066(2) 160.3

Sym. Op.: i, x-0.5, 1.5-y, z+0.5; ii, 0.5-x, y-0.5, 0.5-z

This journal is © The Royal Society of Chemistry 20xx
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The compounds revealed to be moisture sensitive, but ther-
mally stable, as deduced from DSC-TGA measurements. The
DSC peaks corresponding to melting are comprised between
106 and 125°C. No meaningful mass loss occurs for tempera-
tures below 230°C (see Figure 5).

Absorption and emission features

N,N,N',N'-tetramethyl-P-indol-1-ylphosphonic diamide (L) was
chosen as ligand to verify the possible enhancement of Mn(ll)
luminescence caused by the presence of a light harvesting
substituent in the phosphoramide skeleton. The increased
absorption in the UV range with respect to the related
N,N,N',N'-tetramethyl-P-phenylphosphonic diamide s clearly
observable from the superposition of the absorption spectra in
Figure 6. The absorption (ABS) range is extended by about 20
nm and the integral area in the 235 — 300 nm range is five
times greater for the indolyl derivative. The absorption fea-
tures are unaltered by coordination to Mn(ll) (see Table 3 and
as an example the inset of Figure 6).
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Fig. 5 DSC-TGA curves for [MnX,L,] compounds. DSC, solid lines; TGA, dotted lines. X =
Cl, green; X = Br, red; X = |, violet.
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Fig. 6 Absorption spectra of N,N,N',N'-tetramethyl-P-indol-1-ylphosphonic diamide (L,
dark blue line) and N,N,N',N'-tetramethyl-P-phenylphosphonic diamide (blue line).
Inset: absorption spectrum of [MnBr,L;]. CH,Cl, solution, 5.10° M.
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DFT calculations on the model system [ZnCl,L,] confirmed that
the absorptions are related to n*<r transitions of the indolyl
fragment. The superposition of occupied and unoccupied mo-
lecular orbitals involved in the lowest-energy absorption is
shown as example in Figure 7. It is worth noting the involve-
ment of the phosphorous atom in the unoccupied orbitals.

The solid [MnX,L,] complexes are characterized by bright
green emission upon excitation with UV light, quenched in
solution. Normalized emission (PL) and excitation (PLE) spectra
are collected in Figure 8 and data are summarized in Table 3.
Powder and crystalline samples showed superimposable spec-
tra. The PL bands are quite similar, centred between 519 and
535 nm and with FWHM values in the 2100 — 2800 cm™ range,
this suggesting comparable ligand field strengths. No shoulder
attributable to the ground-state vibrational levels is present in
the PL spectra. The chromaticity coordinated are shown in the
CIE 1931 diagram reported in the inset of Figure 9. The emis-
sions fall in the yellowish green region of the diagram (see
Table 3), with colour purity around 80%. 2

Accordingly to the literature, the PL bands are attributable to
the Mn(Il) 4Tl(‘lG)esAl(GS) transition.”™ As observable in the
inset of Figure 8, the excitation from the 6Al(ES) ground state
to the *G manifold falls in the violet-blue region of the visible
spectrum.

Fig. 7 Superposition of HOMO-1 and HOMO-3 orbitals (light blue tones) with LUMO and
LUMO+2 orbitals (light yellow tones) of [ZnCl,L,]. Surface isovalue = 0.04 a.u. Carbon
atoms in grey, hydrogen atoms omitted for clarity.

Normalized PL and PLE

420 440 460
wavelength (nm)
| J

T T T T T T T T
300 400 500 600 700 800 900 1000
wavelength (nm)

Fig. 8 Normalized PL and PLE spectra (UV range) of solid [MnX,L,] complexes. Inset: PLE
spectrum of [MnCl,L,] in the visible region.

This journal is © The Royal Society of Chemistry 20xx
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-. Absorption and emission data of [MnX,L,] complexes

Journal Name

X ABS (nm) PL (nm) CIE PLE Lifetime (us)
Cl 287,276, 260 Ligands 527 “T,(*G)>°A,(°s) x=0.287 420-480 *G<-°S , 334-391 *P,’D&-°S 2198
(FWHM = 2800 cm) y = 0.645 <315, 290 sh Ligands, ‘F<°S
Br 287,276, 257 Ligands 535 “T,(*G)>°A4(°s) x =0.255 420-480 ‘G<-°S , 336-392 *P,'D<-°S 576
(FWHM = 2500 cm™) y = 0.660 <315, 290 sh Ligands, ‘F<-°S
| 287,275,257 Ligands 519 *T1(*G)>°A(6S) x=0.259 420-480 (*G<°S), 336-392 (*P,’D<-°) 76
(FWHM = 2100 cm™) y = 0.665 <315, 290 sh Ligands, ‘F&°S
AE (eV)
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Fig. 9 Semi-log plot of luminescence decay curves. Inset: CIE 1931 chromaticity coordi-
nates.
) N 4

Figure. 8 shows that the excitation in the UV-A range between 90— S() — 7S (Mn)

330 and 400 nm is attributable to Mn(ll) transitions, the
4P,"DGSS in particular. On the other hand, excitation for wave-
lengths below 315 nm (UV-B,C) is mainly related to the energy
transfer from the phosphoramide ligands to the excited states
of the metal centre, superimposed to the *F<®S transi-
tions.”*. The emission spectra are not meaningfully influ-
enced by the excitation wavelength, indicating that ligand-
centred emissions do not compete with the ligand-to-metal
energy transfer process. DFT calculations on [ZnCl,L,] suggest-
ed that intersystem crossing following the ligands excitation is
a possible intermediate step in the energy transfer towards
Mn(II).3 The relative energy of the [ZnCl,L,] triplet state spans
from 3.24 eV (singlet state geometry) to 3.16 eV (triplet state
geometry), i.e. the 382 — 392 nm wavelength range, overlap-
ping with the “D levels of tetrahedral Mn(ll). The triplet state
of the coordinated ligands is localized on the indol-1-yl frag-
ment (see Figure 10). The absence of ligand-centred lumines-
cence in [MnX,L,] complexes can be explained on supposing
that, after the triplet(L)%“D(Mn) energy transfer, fast internal
conversion to the *G levels occurs. The proposed mechanism is
depicted in the Jablonski diagram of Figure 10. The direct en-
ergy transfer from excited singlet states of the ligands to the
energetically close Mn(ll) *F manifold and the subsequent in-
ternal conversion cannot be however ruled out.

6 | J. Name., 2012, 00, 1-3

Fig. 10 Jablonski diagram for the [MnX,L,] complexes and plot of the spin density of
[ZnCl,L,], triplet state. Surface isovalue = 0.005 a.u. Carbon atoms in grey, hydrogen
atoms omitted for clarity.

The nature of X affects the PLE spectra on changing the
UV-A/UV-B,C excitation ratio, about 2% for the chloro-
derivative, and 18% and 24% for the bromo- and iodo-
complexes, respectively. Since UV-A PLE bands are exclusively
related to direct Mn(ll) excitation, their relative growth is at-
tributable to increased spin-orbit coupling moving towards
heavier halides, that causes the enhancement of Mn(ll) direct
absorption.11

Despite the fact that only qualitative comparisons can be done
on solid samples, the emission intensity is clearly dependent
upon the nature of the halide, also for excitation wavelengths
involving the coordinated ligands. The intensity is comparable
for [MnBr,L;] and [Mnl,L,], but it is about 40% lower for
[MnCI,L,], as already observed for comparable species..22 Be-
cause of the similar coordination sphere and the quite low
wavenumbers of the Mn-X vibrations,34 it is unlikely that such
a variation could be related to non-radiative decay in the first
coordination sphere. On the other hand, the higher spin-orbit
coupling associated to the heavier halides could increase the

This journal is © The Royal Society of Chemistry 20xx
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rates of intersystem crossing and ligand-to-metal energy trans-
fer, thus reducing the influence of ligand-centred vibrational
decays.

The influence of spin-orbit coupling is evident in the time-
resolved photoluminescence spectra reported in Figure 9 (see
also Table 3). The measured lifetime is around 2198 pus for the
chloro-complex, much longer than that of the bromo-
derivative, 576 ps. The value drops to 76 ps for [Mnl,L,]. Such
a trend is in line with previous reports on luminescent Mn(ll)
tetrahedral complexes.22 The lifetime values are similar to
those reported by Zheng et al. for [MnX,(DPEPO)] complexes.3
The quantum yield measurements, limited to [MnBr,L;] be-
cause of its better stability under air, gave an average value of
22%, close to that reported for [MnBr,(O=PPhs),] > and compa-
rable with related phenylphosphosphosphonic diamide com-
plexes.u’22

Conclusions

N,N,N',N'-tetramethyl-P-indol-1-ylphosphonic diamide repre-
sents a further step in the design of ligands different from
phosphine oxides suitable for the sensitization of Mn(Il) lumi-
nescence. It was confirmed that P-bonded aromatic substitu-
ents have a key role in the ligand-to-metal energy transfer,
offering the possibility to overcome the limited direct Mn(ll)
excitation. Several further derivatizations of the phospho-
ramide skeleton can be proposed, and the low cost of the
metal centre makes it of interest in the search of viable alter-
natives to low-abundant elements in optics and lighting tech-
nology.

Experimental section
Materials and methods

Commercial solvents (Aldrich) were purified as described in
the literature.® Anhydrous Mn(ll) halides were purchased
from Alfa Aesar. The organic reactants were Aldrich products,
used as received.

All the syntheses were carried out under inert atmosphere,
working in a glove-box (MBraun Labstar with MB 10 G gas puri-
fier) filled with N, and equipped for organic and inorganic syn-
theses.

N,N,N',N'-tetramethyl-P-indol-1-ylphosphonic diamide (L) was
synthesized on the basis of the methods reported in the litera-
ture.***” Indole was deprotonated in THF with potassium tert-
butoxide and then reacted with a stoichiometric amount of
0O=P(NMe,),Cl at room temperature in THF.

Elemental analyses (C, H, N) were carried out using an Elemen-
tar Unicube microanalyzer. Halide content was determined
using the Mohr’s method.*® Magnetic susceptibilities were
measured on solid samples at 298 K with a MK1 magnetic sus-
ceptibility balance (Sherwood Scientific Ltd) and corrected for
diamagnetic contribution by means of tabulated Pascal’s con-
stants.® Melting points were registered employing a FALC
360 D instrument equipped with a camera. DSC-TGA meas-
urements were carried out under N, atmosphere with a Linseis
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STA PT 1000 instrument. The heating rate was set at 10°C
min™'. Conductivity measurements were carried out using a
Radiometer Copenhagen CDM83 instrument. IR spectra were
collected in the range 4000 — 400 cm™ using a Perkin-Elmer
Spectrum One spectrophotometer. 3p {'H} NMR spectra were
recorded with a Bruker Avance 400 instrument, using CDCl; as
solvent.

Synthesis of [MnX,L,] complexes (X = Cl, Br, 1)

The complexes were isolated by slowly adding a solution con-
taining 2.1 mmol (0.528 g) of L dissolved in 10 ml of EtOH into
another solution of the proper anhydrous manganese salt
MnX; (1 mmol) dissolved in 20 ml of EtOH. The reaction mix-
ture was stirred overnight inside the glove-box at room tem-
perature. The solvent was then evaporated under reduced
pressure and the solid thus obtained was dissolved in the min-
imum amount of dichloromethane. The solution was cleared
by centrifugation and the solvent was removed under reduced
pressure. The product isolated by addition of diethyl ether was
then filtered and dried in vacuo. Yield > 80% in all the cases.
Crystals of [MnCl,L,] and [MnBr,L,] suitable for X-ray diffrac-
tion were obtained from slow evaporation of toluene/acetone
solutions, while [Mnl,L,] was crystallized from dichloro-
methane/diethyl ether.

Characterization of [MnCl,L;]. Anal. calcd for C,4H36Cl,MNnNgO,P,
(628.37 g mol™, %): C, 45.87; H, 5.77; N, 13.37; Cl, 11.28.
Found (%): C, 45.69; H, 5.79; N, 13.32; Cl, 11.32. M.p.: 122°C
(DSC peak 125°C). xm" (c.g.s.u.): 1.48-10™. Ay (CH,Cl,, 298 K,
ohm™ mol™ em?): < 2. IR (cm™): 3150-3000 m/w (aromatic vc.
4), 2980-2785 m (vc.y), 1550-1390 m (aromatic v and vey),
1245-1095 s (Vp—p and vc.y), 1040-920 s (vp_y).

Characterization of [MnBr,L,]. Anal. calcd for
Cp4H36Br,MnNgO,P, (717.28 g mol™?, %): C, 40.19; H, 5.06; N,
11.72; Br, 22.28. Found (%): C, 40.03; H, 5.10; N, 11.77; Br,
22.19. M.p.: 120°C (DSC peak 124°C). xm™" (c.g.s.u.): 1.47-10%.
A (CH,Cl,, 298 K, Ohm™ mol™ ecm?): < 2. IR (cm™): 3150-3000
m/w (aromatic vcy), 2980-2785 m (vey), 1550-1390 m (aro-
matic vec and vey), 1245-1095 s (vp—o and vcy), 1040-920 s
(Ve-n).

Characterization of [Mnl,L,]. Anal. calcd for CyH36l,MNnNgO,P,
(811.28 g mol™®, %): C, 35.53; H, 4.47; N, 10.36; I, 31.29. Found
(%): C, 35.39; H, 4.50; N, 10.32; I, 31.42. M.p.: 99°C (DSC peak
106°C). xm™°" (c.g.s.u.): 1.49-10% Ay (CH,Cl,, 298 K, Ohm™
mol™® cm?): < 2. IR (cm™): 3150-3000 m/w (aromatic vcy),
2980-2785 m (vcy), 1550-1390 m (aromatic vee and vey),
1245-1095 s (Vp—p and vc.y), 1040-920 s (Vp.y).

Photoluminescence measurements

Absorption spectra in solution were collected using a Perkin-
Elmer Lambda 35 spectrophotometer. Measurements on solid
samples were carried out using air-tight quartz sample holders,
filled in glove-box to avoid interactions of the complexes with
moisture. Preliminary emission (PL) spectra were recorded in
the range 400-1035 nm with an OceanOptics Flame-T spec-
trometer coupled with an optical fiber, a collimating lens and a
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longpass filter, using UV led (280—-375 nm) excitation sources.
Photoluminescence emission (PL) and excitation (PLE) meas-
urements were carried out at room temperature on solid sam-
ples by a Horiba Jobin Yvon Fluorolog-3 spectrofluorometer. A
continuous-wave xenon arc lamp was used as source selecting
the excitation wavelength by a double Czerny—Turner mono-
chromator. A single grating monochromator coupled to a pho-
tomultiplier tube was used as detection system for optical
emission measurements. Excitation and emission spectra were
corrected for the instrumental functions. Time-resolved anal-
yses were performed in multi channel scaling modality (MCS)
by using a pulsed UV led source (Horiba SpectralLED, 290 nm).
Decay curves were fitted with monoexponential functions.

Computational details

The computational geometry optimizations of the zinc com-
plex in singlet and triplet states were carried out without
symmetry constrains, using the range-separated hybrid func-
tional ®B97X “®*? and the def2 split-valence polarized basis set
of Ahlrichs and Weigend.43 The optimized electronic structures
were then used for TD-DFT calculations.** The software used
was Gaussian 09.%

Crystal structure determination

The crystallographic data were collected at CACTI (Univer-
sidade de Vigo) at 100 K (CryoStream 800) using a Bruker D8
Venture Photon 100 CMOS detector and Mo-Ka radiation (A =
0.71073 A) generated by an Incoatec high brilliance 1uS mi-
crosource. The software APEX3 *® was used for collecting
frames of data, indexing reflections, and the determination of
lattice parameters, SAINT % for integration of the intensity of
reflections, and SADABS “® for scaling and empirical absorption
correction. The crystallographic treatment was performed
using the Oscail program 47 and the structures were solved
using the SHELXT program.48 They were subsequently refined
by a full-matrix least-squares based on F using the SHELXL
program.49 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 struc-
tural refinement are given in Table 4. CCDC 1999745 (X = Cl),
1999746 (X = Br) and 1973290 (X = I) contain the supplemen-
tary crystallographic data for this paper.t PLATON (version
230318) >0 was used to obtain some geometrical parameters of
the cif files.”>®

Table 4. Crystal data and structure refinement

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions

Volume
z
Density (calculated)
Absorption coefficient

F(000)

Crystal size

O range for data collection
Index ranges

Reflections collected
Independent reflections
Reflections observed (>20)
Data Completeness
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F*
Final R indices [/>20(/)]

R indices (all data)

Largest diff. peak and hole
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[MnCl,L,]
Ca4H36C1,MNNGO,P,
628.37
100(2) K
0.71073 A
Monoclinic
P2./n
a=10.3500(8) A
b =15.7450(13) A
c=18.6481(14) A
B =99.437(2)°
2997.8(4) A
4
1.392 Mg/m®
0.758 mm™
1308
0.172 x 0.109 x 0.047 mm
2.214 t0 26.456°
-12<h<12
-19<k<19
-19</<23
25091
6164 [Rin: = 0.0908]
4240
0.995
Semi-empirical from equivalents
0.7425 and 0.6431
Full-matrix least-squares on F
6164 /0/342
1.010
R, =0.0514
WR, = 0.0840
R, =0.0974
WR; = 0.0959
0.390 and -0.425 e.A-3

[MnBr,L,]
Ca4H36Br,MnNgO,P,
717.29
100(2) K
0.71073 A
Monoclinic
P2./n
a=10.4594(5) A
b =15.7962(8) A
¢=19.0025(9) A
B =99.319(2)°
3098.1(3) A°
4
1.538 Mg/m’
3.140 mm*

1452
0.263 x 0.259 x 0.121 mm
2.357 t0 28.368°
-13<h<13
-21<k<20
-24<1<25
69466
7731 [Rine = 0.0606]
6776
0.999
Semi-empirical from equivalents
0.7457 and 0.3403
Full-matrix least-squares on F
7731/0/ 342
1.055
R, =0.0302
WR; = 0.0655
R, =0.0380
WR, = 0.0680
0.448 and -0.747 e.A-3
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[Mnl,L]
Ca4H361,MnNgO,P,
811.27
100(2) K
0.71073 A
Monoclinic
P2./n
a=10.6662(7) A
b =15.8451(12) A
c=19.6427(15) A
B = 100.640(2)°
3262.7(4) A
4
1.652 Mg/m®
2.425 mm*
1596
0.235 x 0.226 x 0.169 mm
2.330t0 28.377°
-14<h<12
-20<k<21
-25<1<26
56685
8153 [Rin: = 0.0373]
7437
0.998
Semi-empirical from equivalents
0.7457 and 0.5669
Full-matrix least-squares on F
8153/0/342
1.090
R, =0.0234
WR; = 0.0509
R, =0.0280
WR; = 0.0522
0.742 and -1.000 e.A-3
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