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ABSTRACT: Gold-sulphur interaction has a vital importance in nanotechnologies and material chemistry to design functional
nanoparticles, self-assembled monolayers or molecular complexes. In this paper, the mixture of only two basic precursors:
the chloroauric acid, HAu(III)Cl4, and a thiol molecule, the para-fluorothiophenol (p-HSPhF) are used for the synthesis of
gold(I)-thiolate coordination polymers. Under different conditions of synthesis and external stimuli five different functional
materials with different states of [Au(I)(p-SPhF)]. can be afforded. These gold-thiolate compounds are (i) red emissive, flexi-
ble and crystalline fibers, (ii) composite materials made of these red emissive fibers and gold nanoparticles, (iii) amorphous
phase, (iv) transparent glass and (v) amorphous-to-crystalline phase change material associated to a ON/OFF switch of the
luminescence. The different functionalities of these materials highlight the great versatility of the gold(I) thiolate coordination
polymers with easy synthesis and diverse shaping that may find great potentials as sustainable phosphors, smart textiles,
sensors and phase change memories.

Introduction

Gold’s strong affinity towards sulphur is a primordial bond
found in different domains of coordination chemistry, na-
noscience and nanotechnology to form molecular species,
stabilized/functionalized gold nanoparticles (AuNPs) or
self-assembled monolayers (SAMs).1-3 These gold-sulphur-
based materials have a wide range of applications in the

fields of electronics, catalysis, therapeutic agent delivery,
and sensing to name a few.37 The nature of the interaction
between gold, which may exist in an oxidation state of +II],
+[ or 0, and the thiol (-SH) or thiolate (-S(-I)) groups in na-
nomaterials remains a topic of ongoing discussion.’?
Gold(I)-thiolate-based coordination polymers (CPs) or oli-
gomers, [Au(SR)]», are compounds that can be obtained
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Scheme 1. Schematic representation of the different states of [Au(p-SPhF)]n CP, 1 for crystalline and 2 for amorphous, and the
formation processes, as: a. luminescent and crystalline fibers, b. composite material made of fibers and AuNPs, c. amorphous powder,

d. transparent glass and e. phase change material.

easily from the oxydo-reduction synthesis between
HAu(IIT)Cls and a thiol molecule, HSR.1%-13 This reaction is
commonly used as the first step in the synthesis of thiolate-
based AuNPs or clusters, prior to the addition of a reducing
agent.'+16 Thus, gold(I)-thiolate compounds are of tremen-
dous importance to understand and control the formation
of AuNPs and in some extend the fabrication of SAMs.
Therefore, interests in [Au(SR)]n as nanomaterials and
crystalline CPs have gained considerable attention in re-
cent years.!7-18 Structure resolution of some gold(I)-thio-
late CPs shows that they adopt a 1D or 2D structure with
common Au(I)-S-Au(I) chains, that form double-interpen-
etrated helices or are parallel, respectively.1? 1719 In addi-
tion, Au(I) is a d'° metal that exhibits strong photolumines-
cent properties and can exhibit aurophillic interactions.2%-
21 Thus, gold(I)-thiolate CPs can display wide photoemis-
sion properties in the solid state and at room temperature
(RT) with quantum yields up to 70 %. The energy emissions
vary from the yellow region of the visible spectrum to the
near-infrared region with possible multiple emission bands
for ratiometric thermometry.12-13, 19,22

The softness of these gold-thiolate CPs allows shaping and
has been a fruitful strategy to get: flexible (nano)fibers,?3-24
transparent glasses?® and phase change materials of pure
[Au(SR)]a CPs.'® Thus, red-emissive and flexible fibers of
the crystalline [Au(SPh)]. CP have been reported. Its 1D
structure with double-interpenetrated helices of Au(I)-S-
Au(I) chains allows flexibility in the fibers.23 The controlled
decomposition by heating these gold-thiophenolate fibers
resulted in the formation of around 70 nm AuNPs on their
surface. This composite material can be dispersed in a
solution and detect small quantities of para-
mercaptobenzoic acid thanks to the Surface Enhanced

Raman Spectroscopy (SERS) effect of the AuNPs.23 Gold-thi-
olate CPs can also be obtained as amorphous phases by us-
ing mild synthetic conditions.?5 For the amorphous phases
of [Au(SR)]n (R = Ph, MePh and EtPh) CPs, the pair distribu-
tion analyses (PDF) showed that the 1D bonding network
of gold-thiolate remains, but the disorder induces the ab-
sence of aurophilic interaction and so non-luminescent
compounds. Moreover, the mechanical pressing of these
amorphous powders allows the direct formation of trans-
parent glasses.?> Finally, the other distinct feature of these
gold thiolate CPs is their ability to exhibit reversible amor-
phous-to-crystalline phase change in the solid state and by
heating-grinding stimuli. Indeed, the crystallization from
the amorphous phase can be observed by differential scan-
ning calorimetry (DSC) for [Au(SPh)].!? at 204 °C and for
[Au(SEtPh)]n at 140 °C and a crystal-to-crystal phase
change is also observed at 190 °C.1° In addition, the crystal-
lization, from the non-luminescent amorphous phase, in-
duces the formation of red-emissive crystalline phases.
Such new and sustainable phase-change materials can pro-
vide a good alternative to the toxic inorganic chalcogenide
phase-change materials for phase-change memory.2¢

Thus, Au(I)-thiolate CPs are sustainable and versatile ma-
terials that can open the doors to various applications. To
display their multifunctionality altogether, we report here
the study of a new CP, gold(I)-para-fluorothiophenolate
[Au(p-SPhF)]n, and show its ability to form (a.) luminescent
and crystalline fibers, (b.) composite materials with AuNPs
for molecule detection, (c.) amorphous phase, (d.) trans-
parent glasses and (e.) phase change materials (Scheme 1).

Experimental section
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Figure 1. Luminescent and crystalline fibers of [Au(p-SPhF)]a CP. (a) Photographs of the textile-like [Au(p-SPhF)]a (1) under natural
and UV lights, (b) SEM image of the fibers of 1. Crystal structure of 1: (c) view of the two [AuS]x interpenetrated helices (orange and
purple), light blue dashed lines represent the aurophilic interactions and (d) central projection along b axis. Pink, Au; yellow, S; light

green, F; grey, C. Hydrogen atoms are omitted in c and d for clarity.

Tetrachloroauric acid trihydrate (HAuCls-3H20, = 49 % Au
basis) was purchased from Alfa Aesar. 4-Fluorothiophenol
(98 %) was purchased from Sigma Aldrich. Methanol and
ethanol were purchased from VWR Chemicals. All reagents
and solvents were used as received.

Synthesis of [Au(p-SPhF)]. fibers (1)

To a solution of HAuCl4-3H20 (50 mg, 0.127 mmo], 1 eq.) in
ethanol (10 mL), para-fluorothiophenol (542 pL, 50.89
mmol, 40 eq.) was added. The reaction was allowed to pro-
ceed for 18 h at 120 °C in a 20 mL sealed glass vial. A white
fibrous precipitate was obtained and washed three times
with 50 mL of EtOH. Yield: 73 % (30 mg).

Synthesis of the amorphous [Au(p-SPhF)]. (2)

To the methanolic solution (10 mL) of HAuCls-3H20 (50 mg,
0.127 mmol, 1 eq.), para-fluorothiophenol (81 ul, 0.763
mmol, 6 eq) was added and the reaction was let to proceed
for 1 h at RT in a 20 mL sealed vial. The white precipitate
obtained after filtration was washed three times with 20
mL of ethanol. The powder was collected by centrifugation
at 10000 rpm. The product was dried in air. Yield: 78 % (32
mg).

Calcination of fibers

The fibers were calcined at a rate of 6 °C.min! in the tem-
perature range of 160-250 °C. The fibers were kept on a
glass plate and pressed on it to make a plain surface for ho-
mogenous heating.

Fabrication of the glass of [Au(p-SPhF)]., coordination
polymer glass (CPG)

By mechanical pressing: 50 mg of the gently grounded pow-
der of 2 was deposited between highly polished stainless
disks of 13 mm diameter and inserted in a Specac™ Atlas™
Evacuable Pellet Die, usually used for KBr pellet production
for FTIR analysis samples. For the formation of the coordi-
nation polymer glass (CPG) monolith, a pressure of 0.098
MPa (10 tons) was applied for a period of 60 s.

By hot pressing: 20 mg of 2 was deposited between highly
polished stainless disks of 5 mm diameter, and inserted in
a Pellet die manufactured by S.T. Japan Inc. The opaque pel-
let formed by the application of 10 MPa for 15 s was sand-
wiched between metal supports and transferred to the hot
press. The hot press was maintained at a temperature of 90

°C. For the first 30 min the pellet was preheated under vac-
uum and next 30 mins under a pressure of 0.06 MPa (6 kN).

Phase-change experiments

Crystalline-to-amorphous phase change: 20 mg of the crys-
talline [Au(p-SPhF)]n CP was hand-grounded in an agate
mortar pestle for 30 mins in an ambient atmosphere. After
grinding the sample becomes amorphous and non-lumines-
cent.

Amorphous-to-crystalline phase change: 20 mg of the
amorphous [Au(p-SPhF)]. CP placed in a crucible was
heated at 150 °C (with a ramp of 2 °C.min-') for 1 min under
ambient atmosphere. After heating the sample becomes
crystalline and red emissive.

Instrumentation details for the various measurements are
provided in the ESI.

Result and discussion

a. Luminescent and crystalline fibers of [Au(p-SPhF)]a
CP (scheme 1a)
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Figure 2. PXRD patterns of the as-synthesized crystalline
(1) and amorphous (2) phases of [Au(p-SPhF)]x.



Synthesis and characterizations. The mixture of
HAuCls-3H20 with an excess of para-fluorothiophenol in
ethanolat 120 °C for 18 h leads to the formation of a fibrous
material: [Au(I)(p-SPhF)]a (1) (figure 1a). The powder x-
ray diffraction (PXRD) pattern shows that it is highly crys-
talline, with the first reflections at 6.48° 8.56° 9.34°,
11.68°,12.72° and 13.76° in 26 values (figure 2). The ther-
mogravimetric analysis (TGA) of 1 corresponds to a 1:1 lig-
and:metal ratio, with the final bulk gold residue of 61.3 %
(calculated 60.8 %), confirming the formulae as [Au(I)(p-
SPhF)]x (figure S1). This TGA experiment carried out in air,
shows also that 1 is stable up to 200 °C. Scanning electron
microscopy (SEM) images show curved and long fibers of a
few micrometers length and a diameter of around 90 * 26
nm can be observed (figures 1b and S2).

The crystal structure of 1 is solved with high-resolution
PXRD data from Soleil synchrotron (figure S3). Compound
1 crystallizes in the monoclinic space group €2/c with cell
parameters a = 31.6123(18) A, b = 4.4464(3) A, ¢ =
21.3106(9) A and B = 118.766(2) ° (figures 1c and d and
table S1). The structure of [Au(p-SPhF)]a is similar to
[Au(SPh)]s, [Au(SEtPh)]» and [Au(o-SPhCO:H/Me)]. CPs
with a 1D double-interpenetrated helices structure.'2 19 27-
28 In one helix, the Au cations are coordinated to two sul-
phur atoms in a quasi-linear fashion, with S—Au-S angles
being 161.8 ° and 173.1 ° (table S2). The sulphur atoms
bridge two Au cations in a uz coordination mode with an-
gles 0f 91.4 ° and 104.6 ° (table S2). Aurophilic interactions
are present between the two helices, with Au(I)-Au(I) dis-
tances of 3.33 and 3.40 A.29-31 The Au(I)-S distances are be-
tween 2.22 and 2.43 A. The F atoms being electronegative,
a F--*H bond network is formed with the neighboring hy-
drogens of the phenyl rings (figure S4 and table S3).12.32

The infra-red spectrum of 1 shows the absence of the peak
corresponding to —SH stretching frequency around 2600-
2550 cm?, which confirms the full deprotonation of the
thiol group and the formation of Au(I)-thiolate bonds (fig-
ure S5). DFT simulations have been carried out to calculate
the IR spectrum of 1 and assign the vibrational bands (fig-
ure S6 and Table S4). The calculated FT-IR spectrum of 1
reproduces well the experimental one. As it was reported
for the 2D silver-thiolate analog, [Ag(p-SPhF)]s, 1 displays
a similar spectrum with a symmetric vibration vs(C=C) ob-
served at 1586 cm! and calculated at 1580 cm1.33 The an-
tisymmetric vibrations vas(C=C) is observed and calculated
at 1392 and 1389 cm’. Compared to the silver thiolate CP,
the vibrational bands of 1 are shifted to the lower energies.

Photoluminescence. As shown on figure 1a, the white fi-
bers of 1 are red-emissive under UV radiation at RT. Ab-
sorption spectrum, recorded in the solid state at RT, dis-
plays a band centered at 270 nm, that can be attributed to
the ligand-centered (LC) m—m* transition of the phenyl ring
of the thiolate ligand (figure 3a).12 The experimental optical
band gap is 3.3 eV vs 3.8 eV when calculated with the HSE
functional, which neglects electron-hole interactions and
hence predict a slightly larger band gap. The excitation
curve is quite similar to the absorption, except that two
maxima at 265 and 305 nm are present. When 1 is excited
at 270 nm, an intense emission band is centred at 720 nm
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Figure 3. (a) Steady state absorption (blue), excitation mon-
itored at 720 nm) (purple)and emission (excited at 270 nm)
(red) spectra of 1 carried out at RT and in solid state. (b)
Scheme of the excited states associated with 1.

(figure 3a). The large Stokes shift of 23100 cm! is con-
sistent with a phosphorescent process. The quantum effi-
ciency (QY) of emission at RT is found to be around 70 %.
The photoemission has been measured from -180 to 110 °C
with Lex = 340 nm (figure S7). This experiment shows that
1 reaches its maximum intensity of emission from -60 °C
and below. Increasing the temperature from -60 °C up to
110 °C exhibit a gradual decrease of the emission intensity
to almost null, due to the dominance of the non-radiative
recombination at high temperatures (Figure S7).34 Still, a
measurable luminescence (~ 3 % QY) of 1 is observed till
110 °C. Gold thiophenolate, [Au(SPh)]», which has a similar
1D structure to 1, with slightly longer aurophilic interac-
tions of 3.33, 3.37 and 3.60 A, exhibits an emission maxi-
mum centred at 684 nm and a QY around 5 % at RT.12 Its
emission process has been attributed to LMMCT (Ligand-
to-Metal-Metal Charge Transfer). Thus, the presence of the
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Figure 4. AuNPs@[Au(p-SPhF)]. composite material. (a) Photographs under natural (left) and UV (right) lights of [Au(p-
SPhF)]x fibers (1) calcined under air at 160 °C, 180 °C, 200 °C and 230 °C for 1 h. (b) PXRD patterns and (c) solid-state UV-Vis
spectra of the fibers calcined at different temperatures and times. (d) and (e) TEM images of the fibers calcined at 230 °C for
1 h. (f) Comparison of the Raman spectra of non-calcined and calcined [Au(p-SPhF)]x. fibers with and without BPE molecule.

fluorine, as an electron-withdrawing group, and shorter au-
rophilic interactions (two times 3.33 and 3.40 A), induce a
red shift of the emission and a much higher QY.35-38

At room temperature, microsecond excited state decay
with an average lifetime of 5.6 ps is measured (Figure S8).
This long lifetime with the large Stokes supports that the
emission is phosphorescent involving a triplet ligand to
metal charge transfer ((3LMCT) state.!%3° The emission peak
position and shape remain unchanged upon variation of the
excitation wavelength (figure S9). Additionally, the excita-
tion spectra (monitored at the emission peak) match
closely with the absorption peak confirming that there is
only one emissive state which is also directly coupled to the
absorbing ligand-centered state. Furthermore, no variation
in the emission peak position is noticed in the temperature
range of -180 °C to 110 °C (Figure S7). Lack of emission in
the UV-visible region (300-650 nm) from any of the various
gold thiolate CPs that have been measured (sample not pre-
sented here), indicates that the intersystem crossing from
the singlet to the triplet state is ultrafast in nature.*® Thus,
to have a close look into its formation process(es), femto-
second pump probe spectroscopy is taken. A broad excited
state absorption spanning the entire probe range of 500-
900 nm is observed (Figure S10a) and possibly associated
with the luminescent state ((LMCT). Kinetic trace moni-
tored at the peak shows an ultrafast rise of the excited state

absorption signal (Figure S10b) confirming that the triplet
state is formed through an excited state process (Figure
3b). Two ultrafast components of 0.4 ps and 2.3 ps were ex-
tracted. Based on the expected excited state evolution (1LC
— ILMCT — 3LMCT),?° we assign the 0.4 ps component to
the 1LC state and the 2.3 ps to the ILMCT state (Figure 3b).
Such picosecond singlet lifetime has been reported for tran-
sition metal complexes, including Au(I).#%-43 Since there is a
m-0* (bond breaking) state in close proximity to the m-m*
(absorbing) state of the thiophenol moiety,** this could af-
fect the 'L.C — ILMCT transition of CPs and their subsequent
luminescence yield. This may be the reason why little to no
luminescence is observed in its amorphous phase (2).

b. Composite material AuNPs@[Au(p-SPhF)]. (scheme
1b)

The formation of bifunctional AuNPs@[Au(p-SPhF)]. com-
posites, made of gold nanoparticles and luminescent [Au(p-
SPhF)]a CPs, were obtained by calcination of the fibers of 1
under air in the temperature range of 160 °C to 250 °C for
various time (1, 4 and 12 h) to induce the partial decompo-
sition of the CPs (figure 4). After calcination, the white sam-
ples turn pink, purple, red or brown when the tempera-
ture/time increases and more importantly, keep their fi-
brous aspect and their red emission under UV light at RT
(figures 4a and S11). The apparition of these colors is due
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to the presence of gold nanoparticles and their surface plas-
mon resonance (SPR).*> The PXRD patterns of the calcined
samples show that 1 remained crystalline till 230 °C (figure
4b). When the fibers are calcined at 250 °C for 1 h, the CP
completely decomposes, the organic part is transformed
into gases and only bulk gold remains on the PXRD. From
the PXRD patterns, the presence of bulk gold can be seen
from calcination at 200 °C. So, UV-visible spectroscopy of
the different calcined samples is carried out to confirm the
presence of AuNPs (figure 4c). For samples calcined at 160
°C to 230 °C, an absorption band around 550 nm can be
seen corresponding to the SPR band of AuNPs of less than
100 nm.*¢-47 With increasing the temperature, the band is
broader and red-shifted, meaning that the AuNPs get bigger
and/or gold nanorods are present, which is confirmed by
the longitudinal SPR peak at 750 nm and on some TEM im-
ages (figures 4c and S11-S13). All the calcined samples ex-
hibit an emission band centered at 720 nm, as it was re-
ported for 1, except the one calcined at 250 °C that contains
only bulk gold (figure S14-S15). The SEM images of the
samples calcined at 200 °C for 1 and 12 h, and at 230 °C for
1h are collected (figure S16). These SEM images show that
the AuNPs are homogeneously dispersed on the surface of
the [Au(p-SPhF)]a fibers. To get better resolution and to
measure the size of the AuNPs, TEM images are collected
(figures 4d and e and S11 - S13). The AuNP size measured
from the samples calcined at 180 °C-12h,200°C-1h, 200

°C-12hand230°C-1hare31+8nm,24+7nm,47 +17
nm and 49 = 18 nm, respectively. This is in good accordance
with the UV-vis experiments and points out that the in-
crease of the temperature and time induce a slight increase
of the AuNPs diameter and also their polydispersity.

AuNPs with SPR are well known for their SERS effect, which
can be used for the detection of molecules.?348-51 As demon-
strated earlier, AuNPs supported on gold-thiolate fibers
can be efficient reusable materials for the detection of para-
mercaptobenzoic acid.?® 52 In this study, AuNPs@[Au(p-
SPhF)]n composite fibers were used with the 1,2-bis(4-
pyridyl)ethylene (BPE) as the probing molecule.>3-5> The fi-
bers calcinated at 230 °C - 1h were chosen as the source of
AuNPs of 49 = 18 nm. For carrying out the studies, fibers
(non-calcined and calcined) were dispersed in ethanol. The
Raman spectrum of the non-calcined fibers alone shows the
peaks corresponding to ethanol itself whereas the calcined
fibers alone showed the bands corresponding to ethanol
and p-fluorothiophenolate (383, 621, 1071, 1152, 1481,
1579 cm?) (figure 4f). This observation means that the
presence of the AuNPs in the calcined sample can detect the
thiolate ligand. Next, the Raman spectrum of non-calcined
fibers with BPE (2.5 x 103 M) was collected. Again, the
peaks correspond to ethanol and the BPE molecule cannot
be detected, because there are no AuNPs on the non-cal-
cined fibers. The spectrum of the calcined fibers along with



BPE (2.5 x 10-3 M) showed bands analogous to the BPE mol-
ecule (1606 and 1639 cm), in addition to the 4-fluorothi-
ophenolate and ethanol. The appearance of these two new
peaks confirms that the composite AUNPs@[Au(p-SPhF)]a
material shows SERS effect and can detect the BPE mole-
cule.

c. Amorphous phase of [Au(p-SPhF)]. CP (scheme 1c)

The reaction of HAuCls-3H20 with para-fluorothiophenol in
EtOH at RT for 1 h results in the formation of the amor-
phous phase of [Au(p-SPhF)]n (2). Indeed, the PXRD of 2 re-
veals a broad peak between 4-11° with a maximum at 7.4 °
and a large massif in the 20-40 ° region in 26 values, point-
ing out its low crystallinity (figure 2). The PXRD feature of
2 is similar to the gold-thiolate amorphous compounds pre-
viously reported, which means that the -S-Au-S- chains are
maintained.?> The TGA and the chemical analysis of 2 cor-
respond to the same formula of 1 as [Au(I)(p-SPhF)]x (fig-
ure S1). The SEM of 2 shows that this amorphous phase is
composed of aggregated nanoparticles of less than 100 nm
(figure S17). The white-off powder is not emissive at RT
and exhibits weak emission centered at 710 nm at -150 °C
(figure S18). The Differential Scanning Calorimetry (DSC)
of 2 under air reveals a glass transition (T,) and crystalliza-
tion peak (Tc) at 105 °C and 173 °C, respectively, before the
decomposition starting at 185 °C (figure 5a). When DSC is
carried out under N2 the Ty is shifted to 95 °C and T to 180
°C (figure S19). The crystallization behavior will be dis-
cussed in detail in part e.

d. Transparent glass of [Au(p-SPhF)]. CP (scheme 1d)

Because 2 holds a Ty, the amorphous [Au(p-SPhF)]. CP has
the ability to form glass (figure 5). Thus, coordination pol-
ymer glass can be either formed with a mechanical press at
RT or with a hot press. The initial method involves applying
a mechanical pressure of 0.098 MPa to 50 mg of powder of
2 atroom temperature. This results in an opaque glass, 2g1,
with a diameter of 13 mm and a thickness of 143 pm. (fig-
ure 5b and S20).25 The PXRD of the glass matches the amor-
phous phase (figure S21). The SEM images of the glass 2g1
show a plain surface with some dense area and also some
pores (figures 5b and S20). The presence of these grain
boundaries implies light scattering and opacity of the glass.
To improve the transparency of the CPG, hot-press method
has been used. Hot press of 2 at 90 °C in vacuum and then
under 0.06 MPa at 90 °C for a total of 1h provided a coordi-
nation polymer glass [Au(p-SPhF)]n (2g2) with high trans-
parency up to 90 % in the infrared region (figure 5c). The
transmittance decreases steadily to 75 % in the visible re-
gion before suddenly dropping to zero at around 430 nm.
The SEM image of 28z, without pores is in good accordance
with its transparency (figure 5d). This study points out that
the use of hot-press results in the formation of CPG with
better transparency.

e. Reversible amorphous-crystalline phase-change in
[Au(p-SPhF)]. CP (scheme 1e)

As it has been mentioned in part c and already observed for
some 1D gold-thiolate CPs, amorphous [Au(p-SPhF)]. ex-
hibits a phase change from amorphous to crystalline upon
heating at 173 °C (see DSC on figure 5a).12 19 Thus, the re-
versible phase change of 2 was studied. The crystalline and
red emissive 1 was ground for 30 min in an agate mortar
pestle. The compound became non-luminescent and amor-
phous as shown on the PXRD (figure 6a). This sample was
then heated at 150 °C (2 °C.min") for 1 minute, and be-
comes crystalline and luminescent (figure 6a). In a separate
experiment, the amorphous phase 2 was heated at the tar-
geted temperature of 150 °C (2 °C.min!) for 1 minute. After
heating, the material became luminescent and its PXRD
matched the one of 1 (figure 6b). The SEM images of 1 ob-
tained after phase change is made of aggregates of particles
of hundred nanometers corresponding to the particle size
of the amorphous phase (figure S22). Then, on grinding the
sample for 30 min it became again non-luminescent and
amorphous (figure 6b). Hence this gold-thiolate CP displays
a cyclic amorphous-crystalline phase change by heating
and grinding.

The isothermal crystallization kinetics of [Au(p-SPhF)]. CP

. d -1
Grind (30 min) 1 . .
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Figure 6. PXRD patterns from down to top of the as-synthe-
sized crystalline phase (1) grounded to get the amorphous
phase (2), which is further heated to return to the crystalline
phase (1). Then PXRD patterns of as-synthesized amorphous
phase (2) heated to obtain the crystalline phase (1), which is
grounded to return to the amorphous phase (2). The photos
correspond to the samples under natural (left) and UV (right)
lights.

was studied by using Avrami equation (eq. 1).

X, =1—exp (—kt")......(1)

Equation 1 (see experimental section in the ESI) gives dif-
ferent kinetic parameters like activation energy (E.), rate
constant (k) and Avrami constant (n, indication crystalliza-
tion mechanism). Avrami equation is a classic theory to
study the solid-solid phase transition.5¢-58 This equation
and its variants were widely adopted to analyze isothermal
and non-isothermal amorphous-crystal phase transition
(crystallization) of organic polymers.5-¢4 Therefore, this
method was utilized to analyze the crystallization process
of [Au(p-SPhF)]n to reveal kinetics and mechanism. Based
on the DSC experiment carried out under air on figure 5a
that shows a Tcat 173 °C, three isotherms at 167 °C, 170 °C



and 173 °C were evaluated by using calorimetry (figure
§23). All DSC data were processed and fitted with details
shown in the experimental section (ESI). As shown in table
S5, the half crystallization time (t1/2) decreases with in-
crease of crystallization temperature. At 167 °C, 4.55 min
are needed for the [Au(p-SPhF)]. CP to reach 50 % of rela-
tive crystallinity. At 170 °C, t1/2 decreases to 3.18 min. Fur-
ther increasing temperature to 173 °C results in a lowest
t1/2, 2.26 min. The crystallization rate constants (k) at three
temperature steps are 1.32 x 102 min'tat 167 °C, 3.80 x 10-
Z2mint at 170 °C, and 8.30 x 102 min! at 173 °C. Both ti2
and rate constant (k) indicate that crystallization rate has a
positive correlation with temperature. Therefore it is ex-
pected that the [Au(p-SPhF)]a CP reaches its peak crystalli-
zation rate at 173 °C. Furthermore, the Avrami constants
(n) are also determined to be 2.7, 2.6, and 2.5, for 167, 170,
and 173 °C, respectively, which suggests no dependence of
crystallization mechanism on temperature. As no nucle-
ating agent was presented in the sample, [Au(p-SPhF)]. CP
crystals grew homogeneously. After knowing both rate
constants (k) and Avrami constants (n) at three different
temperature steps, the activation energy of crystalizing the
[Au(p-SPhF)]. CP was calculated and found to be 164.1
kJ-mol! (figure S24). Such value is slightly smaller than that
of [Au(SPh)]. CP (197.3 kJ-mol1).12 Obtaining these kinetic
parameters may help explain the homogeneous growth of
[Au(p-SPhF)]n CP crystals. The crystallized [Au(p-SPhF)]n
CP exhibited a rod-like morphology as seen in SEM images
in accordance with its 1D structure (figure S2). The average
Avrami constant of 2.6 suggests a 1D interface-controlled
growth mechanism as no nucleating agents are added and
there is no change in the chemical composition during the
crystallization. This process was maintained through the
main crystallization period (from 5 % to 90 % crystallinity)
resulting in fibers (rod-like) as observed on the SEM im-
ages. Similar values are observed in inorganic phase change
chalcogenides.65-67

Conclusion

This article shows the versatility of this [Au(p-SPhF)]. CP in
term of functionalities and shaping. Indeed, this gold(I)-thi-
olate CP can be synthesized as amorphous and crystalline
phase. The crystalline phase has a 1D double-interpene-
trated helices structure that form highly red emissive (QY
~ 70 % at RT) and flexible fibers. Such fibrous luminophore
could be inserted into fabrics to fabricate smart lumines-
cent textile.®® Upon controlled decomposition of this CP by
heating between 160 °C to 230 °C, AuNPs can be formed on
the surface of the fibers. This bifunctional composite mate-
rial exhibits both red luminescence and SERS effect and is
able to detect BPE molecule. The amorphous phase can
form glass with high transparency by heat pressing. For-
mation of glasses of CPs is a very active field to discover
unique properties.® Finally, this [Au(p-SPhF)]. CP is also a
phase change material, associated to a ON/OFF switch of
the emission, and can be a sustainable alternative to the in-
organic chalcogenide phase change materials used in the
phase change memories.”0-71
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ysis; SEM, scanning electron microscopy; TEM, transmission
electron microscopy; FTIR, Fourier transform infrared; DFT,
density functional theory; RT, room temperature; QY, quantum
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