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A stimuli-responsive Au(i)) complex based on an
aminomethylphosphine template: synthesis,
crystalline phases and luminescence propertiest

Igor D. Strelnik,?® Vladislav V. Gurzhiy, Vladimir V. Sizov,” Elvira |. Musina,?
Andrey A. Karasik,? Sergey P. Tunik*® and Elena V. Grachova*®

Herein we report the synthesis of a stimuli-responsive binuclear Au() complex based on the 1,5-bis(p-
tolyl)-3,7-bis(pyridine-2-yl)-1,5-diaza- 3,7-diphosphacyclooctane ligand, which is a novel template for the
design of luminescent metal complexes. In the solid state, the complex obtained gives three different crys-
talline phases, which were characterized by XRD analysis. It was also found that the crystalline phases can
be reversibly interconverted by recrystallization or solvent vapour treatment. The emission of these phases
varies in the 500-535 nm range. Quite unexpectedly, the emission energy of these phases is mostly deter-
mined by the non-covalent interactions of the solvent molecules with the ligand environment, which have
nearly no effect on the Au-Au interactions in the chromophoric centre. The complex obtained demon-
strates thermo/solvatochromism to display greenish emission in a DCM matrix and blue emission in an ac-
etone matrix at 77 K, in contrast to the blue emission of the phase containing a DCM molecule and
greenish-yellow emission of the acetone solvate in a crystal cell at room temperature. The potentially im-
portant role of co-crystallized solvent molecules in the ligand-based emission of the complex obtained is

www.rsc.org/crystengcomm supported by DFT calculations.

Introduction

Luminescence of stimuli-responsive materials can be used in
a wide range of smart technologies including applications in
sensing trace amounts of organic vapours.' It is well known
that luminescence of solid state samples and, in particular,
crystalline materials depends strongly on the local environ-
ment of chromophores® and crystallinity>* of the correspond-
ing phases. The Au(1) complexes are among the most promis-
ing candidates for the design of this type of materials due to
a large variety of supramolecular structures, which display
sensitivity to temperature,” organic vapours,>*° ions” and me-
chanical stress® to give a response in luminescence intensity
or in the wavelength of emission. These reactions onto exter-
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nal stimuli are provoked by variations in the structure of ma-
terials mainly related to noncovalent interactions in the solid
phase, such as the formation/breaking of aurophilic interac-
tions, hydrogen bonding, n-r stacking, etc.,” which affect the
chromophoric centre characteristics. Phosphine or poly-
phosphine ligands are excellent templates for construction of
polynuclear Au(1) complexes due to the stability of the P-Au
bond. Recently, we reported on the synthesis and characteri-
zation of mixed metal gold-copper alkynyl-phosphine com-
plexes, the amorphous phase of which undergoes crystalliza-
tion upon exposure to the vapours of polar organic solvents
(methanol, THF, and acetone) to give a substantial blue shift
and increase in the emission intensity.* It is important to
note that the effects cannot be completely explained by the di-
rect interaction of the chromophore with the co-crystallized
solvent but has been assigned to the cooperative effect of the
phase crystallinity.

The cyclic aminomethylphosphines in common and 1,5-
diaza-3,7-diphoshpacyclooctanes in particular are convenient
templates for the targeted design of Au(1) luminescent com-
plexes due to easy functionalization of the framework at the
heteroatoms of the cycle and their ability to vary framework
conformation.’® Insertion of functional groups into the cyclic
systems allows obtaining the ligands with desired properties
(chirality,"* water-solubility,"> chromophoricity'®) or enhanced
reactivity. The conformation of the aminomethylphosphine
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cycle in the complexes depends on the metal oxidation state,
solvent and temperature.'® For the copper subgroup metals,
the 1,5-diaza-3,7-diphosphacyclooctanes preferably exist in
“crown” conformation with nearly co-directed lone electron
pairs at the phosphorus atoms. This conformation allows the
disposition of the Au() ions in close proximity to each other,
which in principle makes the formation of an aurophilic
bond possible that in makes 1,5-diaza-3,7-
diphosphacyclooctanes prospective ligands for the design of
stimuli-responsive Au(i) complexes.

In an attempt to search for stimuli responsive materials of
this sort, herein we present a study of an Au(i) chloride com-
plex based on  pyridyl substituted 1,5-diaza-3,7-
diphosphacyclooctane."® This is the first example of the appli-
cation of 1,5-diaza-3,7-diphosphacyclootanes as a template for
the design of luminescent complexes. The complex obtained
shows a clear dependence of the luminescence properties on
the nature of co-crystallized solvent (dichloromethane, ace-
tone) and structure of the crystalline phases. It was also
found that both crystallization from solution and solid phase
recrystallization upon exposure to the solvent vapours cause
identical effects that may be used in preparation of highly se-
lective vapour sensing devices.

turn

Results and discussion
Synthesis and structural characterization of complex 1

The ligand used in this study is a cyclic bisphosphine with a
pyridyl function bound directly to the coordination centres of
the ligand (P-atoms). 1,5-Bis(p-tolyl)-3,7-bis(pyridine-2-yl)-1,5-
diaza-3,7-diphosphacyclooctane (PNNP ligand) was synthe-
sized according to the previously described method."® The
one-stage reaction shown in Scheme 1 gives the binuclear
phosphine-chloride Au(i) complex (1) in high yield.

In solution, the compound obtained was characterized
using *'P and "H NMR spectroscopy and mass-spectrometry.
The *'P{'"H} NMR spectrum of 1 displays a singlet resonance
at 9.9 ppm generated by the equivalent phosphorus atoms of
the PNNP ligand that is compatible with the idealized C,
symmetry group of the structural pattern shown in Scheme 1.
The phosphorus signal is considerably down-field shifted
compared to that of the free ligand (-44.8 ppm) that clearly
indicates ligand coordination to the Au(i) centre. The 'H
NMR spectrum of 1 (see Fig. S11) also agrees well with this
structural pattern. In the low field region (6.1-8.8 ppm) of
the proton spectrum, a clearly resolved set of the signals cor-
responding to the aromatic protons of the pyridyl and p-tolyl
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Scheme 1 Synthesis of the complex 1.
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groups of the diphosphine is displayed. The pyridyl function
of this ligand remains uncoordinated in solution because the
signal of the ortho-pyridyl proton, which is highly sensitive to
N-coordination, displays nearly the same chemical shift as
that found for the free ligand (8.78 for 1 vs. 8.73 for PNNP).
The p-tolyl protons in the spectrum of 1 give AB systems in
the 6.95-7.0 ppm range. The protons of the P-CH,-N frag-
ments appear in the 4.5-5.0 ppm interval as two dd signals
of an ABX system that is a clear indication of the
diastereotopic positions of the hydrogen atoms.” The 2Jy
15.6 Hz and *Jpy 2.0 Hz coupling constants of the axial meth-
ylene protons indicate the ligand “crown” conformation simi-
lar to that of the free aminomethylphosphine frame-
works. The high field area of these spectra displays the
singlet resonance of the methyl protons of the p-tolyl group
at about 2.3 ppm.

Thus, the number of signals in the phosphorus and pro-
ton spectra, their multiplicity and relative intensity are
completely compatible with the structural pattern shown in
Scheme 1. The ESI' mass spectrum of 1 contains the signal
corresponding to a monocation [M - CI']". The m/z values
and isotopic pattern of the signal agree exactly with the calcu-
lated spectrum of this ion (Fig. S27).

Solid state structure of complex 1

The single crystal X-ray diffraction study of the solid phases}
(for details see the Notes and References section, the ESIT
and Table S1) obtained upon crystallization of 1 from various
solvents revealed that crystallization from dichloromethane
(1a), acetone (1b) and a mixed solvent system
(dichloromethane/acetone = 20/1) (1c) gives three different
phases, which display very similar molecular structural pat-
terns but vary considerably in packing of the crystal cell (see
Fig. 1, S37). It is also worth noting that interconversion be-
tween the a, b, ¢ phases of 1 may occur not only through crys-
tallization from the corresponding solvents but also by treat-
ment of the solid phase samples with the solvent vapours as
shown in Scheme 2.

The 1a-c crystals contain molecules of the solvent
(dichloromethane - 1a, acetone - 1b and 1c), which occupy
essentially different positions in the crystal cell and fill avail-
able voids in the crystal lattice. It has been also found that in

1 The crystal structures of 1a-c were determined by means of single crystal X-ray
diffraction analysis using Rigaku Oxford Diffraction Supernova Atlas (1a) and Ex-
calibur Eos (1b, 1c¢) diffractometers at a temperature of 100 K. 1a:
(CasH30AU,CLN,P,)-(CH,CLy);, P2/c, a = 15.3277(5), b = 8.8720(2), ¢ = 14.8008(6)
A, B = 112.309(4)°, V = 1862.06(12) A®, Z = 2, R; = 0.044, CCDC 1030853. 1b:
(CasH30AU,CLN,P,)-(C5He0), P2/c, a = 8.8698(2), b = 10.6900(3), ¢ = 17.5273(5) A,
£ = 96.988(3)°, V = 1649.56(8) A% Z = 2, R, = 0.026, CCDC 1027244. 1c:
(CasH30AUCLN,P,)-(CsHgO),, C2/m, a = 24.029(4), b = 16.9105(16), ¢ =
12.0433(18) A, f = 124.55(2)°, V = 4030.5(13) A%, Z = 4, R, = 0.035, CCDC
1027245. The structures were solved by direct methods and refined using the
SHELXL-97 program incorporated in the OLEX2 program package. Absorption
correction was applied in the CrysAlisPro program complex. The unit cell of 1a
-3CH,CI, contains disordered dichloromethane molecules that have been treated
as a diffuse contribution to the overall scattering without specific atom positions
by SQUEEZE/PLATON."

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Top: Molecular view of 1la-c (colour legend: gold, yellow; nitrogen, blue; phosphorous, red; oxygen, magenta; chlorine, green; carbon,
grey; hydrogen, light grey). Bottom: Crystal packing of la-c showing “host-guest” aggregates with acetone molecules (the crystalline phase 1a

contains no acetone).

the solid state a molecule of 1 demonstrates conformational
isomerism related either to the formation of aurophilic bond-
ing in 1a or to its ability to form “host-guest” aggregates with
the solvent molecules in 1b and 1c (see Fig. 1.) The PNNP li-
gand in the complex molecule in 1a-c crystals has a “crown”
conformation with the C, symmetry of the structural pattern.
This conformation and axial orientation of p-tolyl substitu-
ents at nearly planar nitrogen atoms give a “basket” shape
cavity, which may be contracted because of aurophilic bond-
ing (1a) or exist in open form (1b and 1c) that makes hosting
of a solvent molecule possible. In the crystal cell of 1a, the
solvent (DCM) does not display short intermolecular contacts
with the complex and occupies the positions outside the

ii | iii
1c
i, iv
ii

1la
!

i, iv || iii

ib ”

Scheme 2 Interconversion of the complex 1 crystalline phases upon
crystallization or solvent vapour exposition: i crystallization from
acetone; ii crystallization from the DCM/acetone mixture; iii
crystallization from DCM; iv acetone vapour treatment.

This journal is © The Royal Society of Chemistry 2016

“basket” cavity that allows intramolecular aurophilic bonding
(Au-Au distance of 3.313 A; Table 1) due to the flexible back-
bone of the PNNP ligand.

In the 1b and 1c crystalline phases, the intramolecular
Au---Au distances are substantially longer (5.388 and 5.956 A,
respectively), which indicate the absence of aurophilic inter-
actions in the open “basket” conformation. The open mode
of the “basket” cavity in 1b and 1c is “ready-to-host” an ace-
tone molecule and to form a “host-guest” system with rather
strong hydrogen (H-O, H-Cl) bonding between acetone and a
molecule of 1. However the interaction of the hosted solvent
with the complex molecule is essentially different in 1b and
1c phases. In 1b, one can observe a hydrogen bond network

Table 1 Selected bond lengths, contacts (A) and angles (°) for 1a-c

1a 1b 1c
Au-Au (intramolecular) 3.313 5.388  5.956
P-P (intramolecular) 3.760 4.337  4.454
N-N (intramolecular) 4.053 3.561  3.413
CI-ClI (intramolecular) 3.679 6.664  7.460
Distance between p-tolyl centroids 8.289 6.868  6.932
CI-H**"°" shortest distance — 2.826  3.280
p-Tolyleentroid_gacetone shortest distance ~ — 3.169  3.365
Oacetonc_HCHz of PNNP _ 2.476 _
Torsion angle of pyridine rings 80.21 36.26 0
Au-P-P angles 83.59 103.62 109.83

CrysttngComm, 2016, 18, 7629-7635 | 7631
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formed by the relatively short contacts of the methylene pro-
tons of the PNNP ligand and an oxygen atom of acetone
(2.426 A) together with bonding of a coordinated chloride ion
and methyl protons of acetone (2.876 A) (see Fig. 1, top and
Table 1). It was found that the methyl protons of acetone are
located close to the p-tolyl fragment and the shortest distance
between the centroid of a phenyl ring and these protons is
3.169 A. These interactions give infinite chains of {1-acetone}
aggregates (see Fig. 1, bottom). In the crystal phase of (1c,
one of the solvent molecules is disposed outside the “basket”
whereas the other sits in the cavity but the distances between
acetone and coordinated chlorides and between acetone and
a phenyl ring are substantially longer (3.280 and 3.365 A, re-
spectively) than those in 1b and no contacts between acetone
oxygen and the PNNP protons were found. These crystallo-
graphic peculiarities proved to be a key reason for substantial
variations in the photophysical properties of the crystalline
phases of 1 (see Fig. 2). It is worth noting that the 1a and 1c
phases are somewhat similar in the absence of a strong and
highly organized hydrogen bond network found in 1b that in
turn results in similarity of their photophysical characteris-
tics and made them substantially different from those found
for 1b. The formation of different crystalline phases of 1 pro-
vides a unique opportunity to study the effect of molecular
conformation, packing arrangement and “host-guest” inter-
actions on the solid state luminescence properties.

Photophysical properties of complex 1 in the solid phase

It was found that complex 1 displays very weak emission in
solution at room temperature but shows appreciable lumi-
nescence in solution at 77 K and in the solid state, in the lat-
ter case, the emission characteristics being determined by
the variations in the structure of the crystalline phase. The
luminescence spectra of free PNNP in the solid state and
those of solid state samples of 1 are shown in Fig. 3, and the
emission characteristics are given in Table 2.

The room temperature solid state emission of free PNNP
is a typical fluorescence with a Stokes shift of about 80 nm
and lifetime in the nanosecond domain. In contrast to the li-
gand luminescence, the emission of la-c displays Stokes
shifts of ca. 180 nm and excited state lifetimes in the micro-
second domain, which are indicative of the triplet origin of
the emission observed, i.e. phosphorescence.

The solid-state samples of 1a-c display an identical clear-
cut excitation band with two maxima at 335 and 375 nm,
which point to an essentially similar mechanism of excita-
tion, which starts from the electron transfer between the or-
bitals of the same nature. The luminescence bands of 1a and

Fig. 2 1a-c phases under UV lamp irradiation (lexc = 365 nm).
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Fig. 3 Normalized excitation (dash lines) and emission (solid lines)

spectra of free PNNP and the crystalline phases of 1 (lexc = 340 nm,
room temperature).

1c also coincide to give green emission at 500 nm; the emis-
sion maximum of 1b is red shifted by 35 nm, changing the
colour of emission into a greenish-yellow one. The identical
emission bands of 1a and 1c, in spite of aurophilic interac-
tions in 1a and its absence in 1c, clearly point to the mostly
intraligand (IL) nature of the emissive excited state. The ef-
fect of a solvent on luminescence in the cases of 1a and c is
negligible because there is nearly no interaction between
solvent molecules and coordinated PNNP, which is evidently
the chromophoric centre of the {complex-solvent} aggregate
(see the DFT calculations section vide infra). Thus, even a
relatively weak interaction of an acetone molecule (short
O*“'°"*_H (CH, of PNNP) contacts) with coordinated PNNP
in 1b results in substantial variation of the emission charac-
teristics. This observation indicates a crucial influence of the
local solvent interaction with the chromophoric centre on the
photophysical parameters of complex 1 in the crystalline
phases. The cooperative electronic effect of the host-guest
interaction is evidently increased by additional hydrogen
bonding between acetone protons and coordinated chloride
in the conjugated infinite {complex-solvent} chain (see
Fig. 1). It has to be also noted at this point that the PXRD
patterns of la-c (Fig. S3 and Tables S2-S4t) are essentially
similar to those calculated from the single crystal data, which
makes discussion of the photophysical characteristics in
relation to structural parameters revealed by XRD studies

Table 2 Solid state emission characteristics of PNNP and 1la—c

Jexey” NIM Jem,” M 7, ns D, %
PNNP 340 440 0.3(0.49); 81(0.42) <1
1a 335, 375 500 47(0.51); 441(0.49) 1.2
1b 335, 375 535 198(0.42); 925(0.58) 1.5
1c 335, 375 500 33(0.34); 191(0.66) 1.2
1° 520
14 490

“ Excitation spectra were monitored at the maximum of the
corresponding emission bands (440 nm for free PNNP; 500 nm for 1,
1a, 1¢; 535 nm for 1b). b Jexe = 340 nmM (room temperature) and Aeye =
365 nm (77 K). © DCM matrix at 77 K. ¢ Acetone matrix at 77 K.

This journal is © The Royal Society of Chemistry 2016
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possible. The presence of some signals of another phase may
be assigned to the loss of the solvent upon powder sample
preparation.

Photophysical properties of complex 1 in frozen solvents

Upon freezing in liquid nitrogen, the solution of 1 starts to
intensely exhibit luminescence and the emission colour be-
ing different in various solvents (see Fig. 4 and Table 2). The
frozen dichloromethane solution of 1 displays a yellow-
greenish emission, which is 20 nm red-shifted relative to the
emission of 1a and ¢ while in frozen acetone the band maxi-
mum is 45 nm blue-shifted relative to the room temperature
emission of 1b. The complex in neat acetone solution evi-
dently tends to form an aggregate with the solvent molecule,
in particular at low temperature. Thus, the observed blue
shift in the emission of the frozen solution compared to the
room temperature band of 1b is a typical phenomenon due
to stabilization of the ground state at 77 K. The red shift in
the emission band of 1 in frozen dichloromethane compared
to that of 1a at room temperature may be assigned to more
effective relaxation of the triplet excited state for an
unconstrained molecule in the solvent matrix compared to
an analogous process in the solid phase where strong inter-
molecular interactions in the crystal cell do not allow deep
intramolecular rearrangement. The emission switch-on/
switch-off upon temperature variations is reversible and
warming the frozen solution results in luminescence
quenching, while refreezing recovers the emission.

It is worth noting that the concentration of 1 in solution
does not affect the emission characteristics both at room and
low temperatures, which is indicative of the absence of com-
plex aggregation and/or formation of an exciplex in solution.

DFT calculations

The absorption spectrum of 1 in solution resembles that of a
free PNNP ligand, for which TDDFT calculations show two
bands with maxima around 355 nm and 250 nm. For PNNP,
three transitions (364 nm, 359 nm, and 352 nm) correspond-
ing to electron transfer from p-tolyl fragments to pyridyl rings
dominate in the lower-energy band. For 1, the positions of
the low-energy and high-energy bands remain unchanged,

A 1,04

DCM

Acetone

1 Acetone 77 K

1 DCM solution

1aRT
-----1DCM 77K

1b RT

0,5

Absorbance
Normalized intensity

0,0+— L : 00
300 400 500 600 700 800
Wavelength, nm

Fig. 4 (A) Photos of luminescence of 1 in frozen DCM and acetone
solutions under UV lamp irradiation; (B) normalized absorption and
emission spectra of 1.
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suggesting that the photophysical behaviour of the complex
is largely determined by the properties of the ligand. The en-
ergy of the lowest triplet state of 1 obtained from TDDFT cal-
culations was 391 nm compared to 382 nm for free PNNP.
The nature of this state is predominantly defined by the two
highest occupied orbitals and two lowest virtual orbitals of 1.
For the isolated complex 1, which can be considered as a
simplified model of 1a, the two highest occupied orbitals
(HOMO and HOMO-1) are mostly localized at the p-tolyl frag-
ments of the ligand. However, noticeable contributions from
gold and phosphorous atoms can also be found. Both LUMO
and LUMO+1 have large contributions from the pyridyl frag-
ments, though LUMO also involves orbitals of both gold
atoms, which form an intramolecular aurophilic bond (see
Fig. S51).

Addition of one or two acetone molecules located at the
same position, as found in 1b and 1c crystalline phases, ap-
pears to have no immediate effect on the computed spectral
properties of 1. However, the insertion of an acetone mole-
cule between p-tolyl fragments leads to the loss of aurophilic
contact. As a result, the contribution of gold atoms into the
highest occupied orbitals is noticeably lower than for an iso-
lated complex, while the lowest vacant orbitals no longer in-
dicate the presence of Au-Au bonding (see Fig. S6 and S7+).

For the acetone molecule located between the p-tolyl frag-
ments in 1b and 1c, the smallest distance between methyl hy-
drogens and a chloride ion is at least 3 A. Therefore, this sol-
vent molecule is unlikely to be capable of having strong
interactions with the complex. This conclusion is supported
by the amount of charge transfer from the acetone molecule
to the complex, which does not exceed 0.05¢ (as estimated
from Mulliken atomic charges). In contrast to that, the ace-
tone molecule located on the other side of the PNNP ring be-
tween the pyridyl fragments has a more favourable orienta-
tion, forming O-H contacts with interatomic distances of
2.2-2.5 A. As a result, the charge transfer to the complex for
this molecule is close to 0.1e, which is comparable to the ef-
fect of some coordinating solvents. For the aggregate with
two acetone molecules, which was used to model the 1b
phase, the total charge transfer from solvent molecules is
0.14e., i.e., three times larger than for the system modelling
the 1c phase. Stronger interactions with acetone molecules
together with the effect induced by cooperative interactions
in the infinite chain {complex-solvent}, may be responsible
for the observed difference in emission of the 1b and 1c
phases.

Thus, the results of model DFT calculations, which take
into account local interactions of an isolated complex mole-
cule with the solvents found in the solid state, support the
ligand-based mechanism of emission and point to the poten-
tially important role of solvent molecules co-crystallized with
the complex in the 1b and 1c¢ phases. However, the study of a
molecule of complex 1 in solution (with or without additional
solvent molecules) is unable to provide an accurate descrip-
tion of the solid-state photophysical behaviour for two pri-
mary reasons. First of all, constrained geometry

CrysttngComm, 2016, 18, 7629-7635 | 7633
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optimizations carried out for a single molecule of 1 cannot
provide a correct description of excited state relaxation in the
solid state. Secondly, the modelling of media effects under
the framework of the PCM approach is unlikely to give an ad-
equate account of the influence of the crystalline environ-
ment on the electronic structure of 1. Therefore, dedicated
solid-state quantum chemical calculations are necessary to
obtain a fully quantitative description of the emissive proper-
ties of the complex.

Conclusions

In conclusion, we demonstrated that a binuclear Au(i) com-
plex based on a flexible aminomethylphosphine template
could exhibit stimuli-responsive luminescence properties.
Different crystalline phases of the Au(i) complex were
obtained using slight modification of the crystallization con-
ditions. Careful XRD analysis showed that molecular confor-
mations, packing arrangements and non-covalent interac-
tions between the binuclear Au(i) complex and a solvent
(acetone) molecule are interdependent factors and their com-
bination determines the solid-state luminescence properties.
The observed reversible interconversion between the different
crystalline phases of the Au() complex occurs as a vapour-
stimulated {single crystal-to-single crystal} transformation be-
tween crystalline phases and we believe that these results
may provide ideas for the design of novel stimuli-responsive
luminescent materials.
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