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Stimulus-responsive molecular materials are highly desirable because of the wide range of their potential
applications. In particular, switching of physical properties opens application pathways for molecular
materials as sensors or actuators. Property switching in solids can be achieved by inducing single-crystal-
to-single-crystal (SCSC) phase transitions. Elucidating the mechanisms of such transformations and iden-
tifying the factors and (supra)molecular motifs that increase their probability is thus paramount to under-
standing property switching and materials design. Here, we present a new compound, (p-methoxy-phe-
nylacetylide)(triethylphosphine)gold() (ArPEt), combining the photoluminescent core of gold() acetylide
with triethylphosphine that should provide a rich conformational landscape and favor SCSC phase tran-
sitions due to low-energy interconversion pathways. We demonstrate its potential to undergo multiple
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pressure-induced SCSC transformations at ~0.5 GPa and ~2 GPa, the obtainable phases being dependent
on the types of applied pressure-transmitting media. We describe structures of polymorphs of ArPEt and
the mechanism of pressure-induced structural reorganizations based on very high-quality single-crystal
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1. Introduction

Stimulus-responsive molecular materials are very important
and highly desirable because of the wide range of their poten-
tial applications. As such, they constitute a hot topic in
modern materials sciences."™ An interesting type of such solid
molecular materials involves so-called molecular switches and
molecular rotors, ie., molecules where external factors can
induce a conformational change or rotation of a whole molecule.
Molecular rotations occurring in the crystalline matrix either
independently in each molecular unit, or in a cooperative
manner by means of some gearing mechanism, open possibili-
ties for constructing molecular actuators® and numerous other
smart materials,*” including photoluminescence switches.®
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Property switching in such crystalline materials is most often
achieved due to a phase transition occurring without affecting
the global ordering of the bulk, i.e., single-crystal-to-single-crystal
(SCSC) phase transition. Preservation of crystallinity allows for
studying in detail the structure of a material both before and
after transformation and thus for elucidation of the phase tran-
sition mechanism. The latter is paramount to understanding
property switching and new materials design.

The chemical and physical properties of organo-gold(i)
compounds create unfailing scientific interest. Very recent
research  covers  their  catalytic,’  cytotoxic'®  and
photoluminescence™* properties. They are promising and
already-explored building blocks for stimuli-responsive
materials’® including amphidynamic crystals.®'® In particular,
gold(r) alkynyl and isocyano compounds are known to display
rich polymorphism with very distinct luminescence
properties,’””° with potential for temperature or pressure-
switching in the solid state.

Triethylphosphine, a versatile ligand commonly used in
organo-gold chemistry, with its three short aliphatic ‘arms’,
can adopt several conformations that do not differ signifi-
cantly either in energy or outward shape. The studies of Ellis
et al.”" and de Silva et al.** on the structures of metal-phos-
phine complexes have indeed shown that there are a few dis-
tinct, low-energy conformations of triethylphosphine, most
preferably those realized in crystal structures. A study by Ellis
et al. also suggested that transitions from one conformation to

This journal is © The Royal Society of Chemistry 2025
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another would require non-negligible energy input and would
preferably be achieved by single ‘flips’ of the -Et groups
around the P-C bond. A few most-probable pathways for -PEt;
conformation switching have been proposed accordingly. That,
as suggested by Castro et al.>®> and as demonstrated in our
former work,>* makes -PEt; a viable component for molecular
crystals prone to SCSC phase transitions.

Among various external stimuli that can be applied in
physical property switching, exerting hydrostatic pressure is
particularly efficient in affecting crystal structures in a con-
trolled manner.>>?® With modern diamond anvil cells (DAC)
enabling almost routine crystal structure determination at
pressures of several GPa, intermolecular distances can be
varied significantly and phase transitions induced that could
not be achieved by other means. The same DAC-encased
sample can be subjected to a variety of experimental explora-
tion techniques, from Raman spectroscopy to crystal structure
determination from single-crystal X-ray diffraction. This in
turn allows for a detailed study of structural changes accompa-
nying a phase transition, including conformation switching in
relatively large molecular systems®” and phase transformation
kinetics.?® In our quest to relate photoluminescence properties
and crystal architectures of solid materials based on gold(1)
acetylidenes, we prepared a new compound, (p-methoxypheny-
lacetylide)(triethylphosphine)gold(i), further denoted herein as
ArPEt. It combines the photoluminescent core of gold(i) acety-
lide with two moieties that should provide a rich confor-
mational landscape: triethylphosphine and p-methoxyphenyla-
cetylide. Concerted pressure- or temperature-induced confor-
mational switching in those ligands should in turn result in
SCSC phase transformations. After presenting a straight-
forward synthetic procedure and basic characterization of the
new compound, we demonstrate its potential to undergo mul-
tiple pressure-induced SCSC phase transitions and discuss
their mechanism. We support our findings with detailed struc-
tural models of each new phase based on high-pressure X-ray
diffraction data of exceptional quality.

2. Results and discussion

2.1. Synthesis

The gold(1) complex ArPEt was synthesized in 80% yield by
modifying the formerly reported methodology*® (subsection
4.1 of the Experimental section). In short, the 4-ethynylanisole
that was reacted with freshly prepared LIHMDS afforded the
corresponding acetylide, which further reacted without iso-
lation with CIAuPEt; in THF and the product was isolated by
crystallization (Fig. 1). The structure of the product was con-
firmed by NMR spectroscopy and MS analysis. In the "H NMR

o;@_: 1. LIHMDS, THF, RT, 10 min /O@%AU_QJ
¢ )

2. CIAuPEt;, THF, RT, 3h

Fig. 1 (p-Methoxyphenylacetylide)(triethylphosphine)gold(i) synthesis.
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spectrum of ArPEt in acetonitrile-d;, one set of signals
assigned to the desired compound was present. In the *C NMR
spectrum, only the signals assigned to aromatic, aliphatic and
one of the acetylene carbons (‘"H-'>C HMBC spectra, Fig. 51.47)
were present. Due to the relativistic effects of the gold atom, we
were unable to observe signals from the acetylide carbon directly
bonded to the Au atom but this phenomenon is known and can
be diminished by "*C-labeling of the compound.’® In the *'P
NMR spectrum, only one singlet at 39.4 ppm was present. The
ESI-MS analysis of ArPEt, however, was more complicated than
expected. In the MS spectrum of ArPEt dissolved in MeCN
(Fig. S1.51), two types of signals were present: in the positive
mode at m/z = 433.1 assigned to ((Et;P), Au'), while in the nega-
tive mode at m/z = 459.1 assigned to C;gH;,Au0,". The formation
of these ions can be attributed to the ligand scrambling occur-
ring in ArPEt under ESI-MS conditions, with the formation of
observable stable ions.

2.2. UV-vis absorption and photoluminescence

ArPEt is just barely photoluminescent in dilute polar solvents
and noticeably luminescent in the solid state at room
temperature.

Absorption in two tested solvents features a well-visible
oscillation structure, while photoluminescence shows broader
curves with maxima at about 310 nm and very low (<1%)
photoluminescence quantum yields (Table 1). According to
tentative theoretical calculations (section S6.1 in the ESI}) the
excitation band at about 290 nm could be attributed to the
So = S1 (H — L) electronic excitation, mainly n-n* in character,
with the ligand-to-metal charge transfer component arising
from the gold(i) cation.

In the solid state under standard conditions, the ArPEt exhi-
bits moderate blue fluorescence covering a range from =430 to

Table 1 UV-vis absorption/excitation and photoluminescence (PL)
characteristics for ArPEt in solution and in the solid state

In solution

UV-vis PL

Amax [nM] (¢ [dm® mol™ em™]) Amax_em [NM]/QY [%]

MeCN DCM MeCN DCM
291 (21 680 + 44) 295 (12 344 + 866) 306/0.2 314/0.8
280 (30 611 + 67) 281 (14 955 + 1208)
268 (24 369 + 55) 270 (12237 + 857)
234 (16 720 53)
Crystalline powder

PL
Excitation
Amax_excit [nm] lmax_em [Ill’l’l] QY [%]
407 425 19.4
392 446
380 456
369 467

492
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530 nm with a tail beyond 600 nm, featuring a well-visible oscil-
lation structure and the main maximum at about 470 nm
(Table 1). The notable red Stokes shift in emission maxima (over
120 nm) with respect to DCM solution (Fig. 2) accompanied by a
dramatic increase in the fluorescence quantum yield (over 19%)
illustrates a substantial aggregation-induced emission enhance-
ment, most probably due to restriction of molecular motions in

- T T T T T

solution UV-vis mecN ——
PL mecn

UV-vis CHyCl, =™

PL cH,cl,

I[Arb ]

1 1 L N i | 1

polycrysta'lline

T
excitation
*PL at 390nm
PL at 405nm

| [Arb]

250 300 350 400 450 500 550 600 650
A[nm]

Fig. 2 Top: normalized UV-vis and PL spectra of ArPEt in solution with
TDDFT-predicted electronic excitations represented as vertical black
lines. Bottom: excitation and PL spectra from crystalline ArPEt-I.
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the crystalline environment. Blue emission in the solid state is in
agreement with trends observed for many gold(1) acetylides and
cyanides in the absence of significant aurophilic
interactions.">'®'>?! Notably, single-crystal emission spectra
show a more pronounced broadening at longer wavelengths,
most probably attributable to the fact that the sample was excited
with a slightly longer wavelength (Fig. 2b).

2.3. The structure at ambient pressure and temperature

Under atmospheric conditions, ArPEt crystallizes in the Pbca
space group (Table 2) with one independent molecule in the
asymmetric unit. As expected, the coordination of the gold
atom is almost linear, with a C-Au-P angle above 178°. The
structure is disordered (Fig. 3) with 69% of the major confor-
mer (confl) and 31% of the minor one (conf2), indicating
notable mobility of the disordered fragments. Conf1 has the C
(gauche’, anti, gauche®) conformation and conf2 the F (g'ag™)
conformation of triethylphosphine, which are the two most
popular triethylphosphine  conformations in  CSD.*
Conformers also differ in their aromatic part. The methoxy
group in confl is in the plane of the aromatic ring, while in
conf2 the group is slightly rotated out of that plane. The angle
between phenyl ring planes of confl and conf2 equals 15.7°.
The conformational flexibility of ArPEt and its sensitivity to
external stimuli are supported by the presence of multiple and
apparently reversible temperature-induced phase transitions in
DSC analysis (section S1.3 in the ESIY).

Molecules related by the 2410 axis form two
inversely oriented rows, creating a herringbone-like pattern

Table 2 Unit cell metrics, selected crystallographic data and refinement statistics from the most important single-crystal diffraction experiments

for ArPEt

C15H,,AuOP
Formula

446.26
Weight [g mol™]

In-house
Series Synchrotron

Silicone oil

Pressure medium n/a Pentanes” Daphne-7575
Pressure [GPa] n/a 0.26 0.89 2.13 2.59 3.30
Space group Pbca Pbca Pb2,a Plla Phbca Pbca
a[A] 16.3373(7) 16.1780(6) 17.3429(4) 16.7021(6) 16.7686(6) 16.5856(7)
b[A] 11.3081(5) 11.1922(3) 9.9201(2) 9.8830(3) 9.8173(2) 9.7494(2)
c[A] 17.9484(8) 17.8018(8) 16.9287(5) 16.8029(4) 16.1828(17) 16.0285(4)
r[°] 90 90 90 93.865(3) 90 90
Volume [A’] 3315.9(3) 3223.3(2) 2912.47(12) 2767.29(14) 2664.1(3) 2591.80(13)
V4 8 8 8 8 8 8
Peale [g cm™] 1.788 1.839 2.035 2.142 2.225 2.287
Wavelength [A] 0.56087 0.56087 0.56087 0.56087 0.56087 0.410
Rint 0.0341 0.0791 0.0618 0.0547 0.1009 0.0479
Resolution [A] 0.6313 0.7800 0.6171 0.7834 0.6470 0.5575
Completeness 0.984 0.929 0.912 0.651 0.639 0.811
Data; rest.; param. 6050; 0; 239 3269; 224; 251 10223; 1; 334 7038; 410; 666 2732; 6; 167 4215; 0; 167
Ry(I>206(1)) 0.0464 0.0328 0.0382 0.0432 0.0464 0.0363
WR, (all data) 0.1036 0.0572 0.0564 0.0711 0.0747 0.0862
Apmax [€ A7) 0.794 0.563 1.194 0.926 1.166 1.177
Apmin [€ 13{3] —0.589 -0.476 —1.026 -0.971 -1.014 —1.120

“n-Pentane/i-pentane 1 : 1 mixture.
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Fig. 3 Structure of ArPEt at 295 K and under ambient pressure with its
atom numbering scheme (upper left). The green part refers to the minor
fraction of disorder; atomic displacement parameters represented at a
50% probability level; and triethylphosphine conformations in dis-
ordered variants (upper right). Herringbone-like motif in the crystal

structure of ArPEt: view along the [100] direction highlighting the most
important packing motifs (middle) and view along [010] (down).

(Fig. 3). Two adjacent rows constitute a motif further referred
to as a SLAB.

2.4. Pressure-induced changes

2.4.1. Evolution of unit cell parameters. Abrupt changes in
the unit cell parameters can be the first mark of a phase tran-
sition (see Fig. 4). ArPEt undergoes two distinct phase tran-
sitions at about 0.5 GPa to ArPEt-II and at about 2.2 GPa to
ArPEt-III or ArPEt-IV.

At 0.5 GPa, there is an increase of the a parameter of about
1.5 A (*9%), accompanied by a decrease of the b parameter of

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Evolution of the unit cell parameters with pressure in crystalline
ArPEt based on the in-house and synchrotron measurements. Silicone
oil is marked as a non-hydrostatic medium (blue), while the n-pentane/
i-pentane 1:1 mixture and Daphne-7575 are marked as quasi-hydro-
static media (green). Uncertainties of pressures approximated as 0.05
GPa; experimental uncertainties of unit cell parameters are smaller than
the drawn points.

about 1 A (%9%) and a drop in the length of the ¢ parameter
by less than 0.5 A (%3%). Above 2.0 GPa, changes in unit cell
parameters are less pronounced and depend on the pressure-
transmitting medium (PTM) used. In the n-pentane/i-pentane
mixture and Daphne-7575, which in the studied pressure
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range are known to be quasi-hydrostatic,”® the a parameter
retains the same value with a slight pressure increase while ¢
shrinks by about 1.5%. In silicone oil, which above 2 GPa may
act as a non-hydrostatic medium®*?? (see section $2.2 in the
ESIT), the changes are opposite: the a parameter decreases,
while ¢ increases by about 1.2%. The resultant new phases will
be denoted as ArPEt-III and ArPEt-1V, subsequently.

2.4.2. Systematic extinctions and symmetry. The appear-
ance of the new phases is supported by noticeable changes in
the single-crystal diffraction patterns. At 0.57 GPa, additional
reflections are observed in the 40/ layer, contradicting the pres-
ence of the ¢ glide plane (Fig. S4.147). This indicates the Pb2,a
space group, a subgroup of Pbca, for the ArPEt-II phase.

Under quasi-hydrostatic conditions, systematic extinctions
indicating the presence of the c¢ glide plane and hence the
increase in symmetry, reoccur at 2.16 GPa in the 0/ layer (see
Fig. S4.15 and section S4.31 for more details concerning the
kinetics of this transition).

A different situation occurs in the case of a non-hydrostatic
medium. At 2.13 GPa, reflections contradicting the presence of
the b glide plane occur in the 0kl layer (Fig. S4.167), leading to
a pattern consistent with the P11a space group with a y unit
cell angle of 93.9°. All phase transitions follow group-sub-
group or group-supergroup relations and can thus be charac-
terized as type II phase transitions.**

2.4.3. Structural changes upon phase transitions. Up to 0.5
GPa, all determined structures of ArPEt exhibit in the Phca
space group and are consistent with ArPEt-1. All structures are
disordered, but the content of the minor component conf2
appears to decrease with an increase of pressure (see section
S4.1 in the ESIY). That leads to the conclusion that mainly the
major conformer takes part in the first phase transition.

In the new ArPEt-II phase, two independent molecules, for-
merly related by the o107 glide plane, constitute the asym-
metric unit as a result of symmetry lowering in the Pb2,a
space group. Change in symmetry is caused by conformational
differentiation between molecules. The labeling scheme
derived from ArPEt-I for this structure is presented in Fig. 6a.

After phase transition, one molecule (Aul) changes the tri-
ethylphosphine conformation from C (g'ag’) to E (g'ga) by
changing the position/torsion angle of two ethyl groups. The
second molecule retains the C conformation but with rotated
ethyl groups in the triethylphosphine moiety. Aromatic rings

View Article Online
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from both molecules are no longer parallel and the angle
between their planes equals 32-36°.

An overlay of the structures of ArPEt-I and ArPEt-II high-
lights the additional lateral shift of the (Aul) molecule along
[010] by 1.5 A (Fig. 6a) actuated by rotating -Et; fragments
‘pushing’ or ‘climbing’ one over another.

Those changes result in the formation of two distinct
SLABs: SLAB1 consists of molecules with the original confor-
mation C, while SLAB2 consists of molecules with confor-
mation E. Structural reorganization can be described more
effectively by relative distances from other molecules within a
SLAB or between SLABs represented by positions of Au atoms
and their changes (Fig. 5) as well as inclinations of phenyl
rings with respect to the a ([100]) direction.

During the first phase transition, overall distances between
gold atoms from neighboring SLABs increase. This is mostly a
result of the above-mentioned shifting of molecules Aul in the
[010] direction by about 1.5 A. Because SLABs interact with
each other through aromatic moieties, the movement of mole-
cules also induces the rotation of phenyl rings - over 10° in
SLAB1 and about 5° in SLAB2.

Under quasi-hydrostatic conditions at about 2.2 GPa, the
structure of ArPEt regains the original Phca space group and
higher symmetry by conformational unification of molecules.
The triethylphosphine moiety conformation in SLAB1 changes
from C (g'ag") to E (g'g a), switching positions of all ethyl
groups and rotating the -PEt; moiety. Overlaying with the
ArPEt-II form shows that there are conformational changes in
both the -PEt; moiety in the second molecule (Au2) and the
methoxyphenyl group in the first one (Fig. 6b).

The overall distance between gold atoms from neighboring
SLABs slightly decreases as a result of molecule Au2 shifting
along the [100] and [001] directions (Fig. 6b and 5).

A different situation occurs under non-hydrostatic con-
ditions. The unit cell becomes oblique. With the b glide plane
gone, four independent molecules constitute the asymmetric
unit (Fig. 6¢). Overlaying with ArPEt-II shows that all molecules
shift slightly. A subtle conformational change occurs only in
the molecule with Au3, ie., the triethylphosphine moiety
changes its conformation from E (g'g"a) to D (g"aa), involving
movements of two ethyl groups.

All traced phase transitions with their most important con-
formational changes are shown in Fig. 7.

b/ ®e e ArPEt
10.2 * o2 " . o ArPELI
® % 0em 6.0 o AMPELIV
100 B & ArPELII
4 “
T o8 KO- e S et
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Fig. 5 Calculated distances between neighboring gold atoms — overall (first), along [001] (second) and along [010] (third). The angle between aryl
moieties and [100] in the unit cell (fourth). Definitions of distances are given in section S5 in the ESL.}
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Fig. 6 Structure overlays of (a) ArPEt-lI (green) and ArPEt-1l (blue)
forms, (b) ArPEt-Il (blue) and ArPEt-lll (cyan) forms and (c) ArPEt-II
(blue) and ArPEt-IV (pink) forms. Naming convention on symmetry low-
ering is illustrated by selected atoms. Hydrogen atoms and minor dis-
order variants from ArPEt-1 are omitted for clarity.
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2.5. Relative stability of ArPEt crystal phases

Starting from the optimized geometries and unit cell para-
meters of ArPEt-I, ArPEt-II, and ArPEt-III, the variation of the
crystal structures with pressure was theoretically simulated
and fitted with the third-order Birch-Murnaghan equation of
states (EOSs) (Fig. 8a).

Unit cell parameters obtained from XRD experiments differ
from optimized ones by about 10%, for all crystal phases and
the theoretically predicted unit cell volumes are significantly
underestimated. This can be explained to a certain extent by the
fact that calculations were performed effectively at 0 K, not taking
into account temperature-induced molecular and lattice
vibrations, and partly by the relatively unsophisticated compu-
tational approach. The calculations also underestimate the slope
for unit cell volume decrease in ArPEt-I, most likely because they
could not reproduce the effects related to the structural disorder.
However, they show significant differences in unit cell volumes
between the considered phases, confirming that observed phase
transitions are driven by steric effects, minimizing the volume
per molecule. The estimated Gibbs free energies at T = 0 K
(coinciding with enthalpy) increase with pressure, as shown in
Fig. 8b. The Gibbs free energy changes are remarkably similar for
all three ArPEt polymorphs and, in the pressure range of 0.0-4.0
GPa, the differences do not exceed 150 k] mol™'. As expected,
ArPEt-1 is the most stable form at ambient pressure, whereas
ArPEt-III appears the most stable above 2.5 GPa. It must be
stressed that the differences between enthalpies of three ArPEt
phases are small and at 295 K, the entropic contributions must
play an important role.

2.6. Intermolecular and inter-slab interaction energies

Energies of the interaction between subsequent molecular
dimers (Fig. 9) as well as between the SLABs were calculated in
CRYSTAL17 based on the optimized geometries of ArPEt-],
ArPEt-II (at 0.6 GPa), and ArPEt-III (at 2.6 GPa). Only the most
prominent interactions, with energies of —20 kJ mol™" or more
negative, will be discussed.

2.2 GPa

non-hydrostatic

£

2.2 GPa
—
quasi-hydrostatic

Pbca, ArPEt-111

Fig. 7 Schematic representation of the phase-transition pathways and associated —PEts conformation changes described in this study.
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Fig. 8 (a) Theoretical (solid lines) and experimental (SC-XRD) unit cell

volumes as a function of pressure; theoretical predictions are noticeably

underestimated; (b) theoretically predicted enthalpies for the selected ArPEt
polymorphs; the three curves approach each other at about 2.7 GPa.

2.5 3 3.5

Intermolecular interactions within the crystal structure of
ArPEt-I are at a similar order of magnitude. The strongest (i),
involving two nearest neighbors in a row and in a SLAB, shows
interaction energy at —44 kJ mol™", while the strongest inter-
molecular interaction between the SLABs (iv) shows energy at
—31 kJ mol™. The inter-SLAB intermolecular interactions are
only slightly less stabilizing than the intra-SLAB ones.
Nevertheless, the definition of a SLAB seems energetically jus-
tified in that the energy per SLAB is more stabilizing than the
sum of inter-SLAB interactions (Table 3).

At increased pressure in the ArPEt-II phase, the confor-
mational C — E change in -PEt; in every other SLAB signifi-
cantly affects the strongest intermolecular interactions (i). The
new E conformation in that dimer in SLAB-1 is evidently more
energetically favorable (Fig. 9). Notably, the total energies of
two distinct SLABs remain very similar and less stabilizing
with respect to the atmospheric conditions, probably due to a
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Interactions in SLAB Interactions between SLABs

i il 1il iv v
ArPEt-1
in Pbca
~ latm
-44 -42 -30 -31 -27
1 1 m
/\ / vi vii viii
ArPEt-II 38 -30 -40 \ \ \
in Pb2,a i i s
~ 0.6GPa
/\ -31 -33 -33
-54 -34 i/&i
i ii iii iv v
ArPEt-111
in Pbca
~2.6GPa
-41 -34 -50 -39 -39
Conformations: Symmetry codes:
4aC xE 1 1/2-x,-1/2+y,z il x, 14y, z VX, -1/2-y,1/2+z Vil -x,-1/2+y, -z

il -x, 1/24y,1/2-2 iV X, -1-y, 1z Vi 1+x,-14y, 14z Viii -x, 1/2+y, -1-z

Fig. 9 Definition of the dimers in SLABs (interaction energy >20 kJ
mol™) and interaction energies [kJ mol™] calculated for subsequent
dimers on a schematic representation of ArPEt crystal packing along the
[100] direction.

Table 3 Intermolecular interaction energy summed-up over all molecular
dimers and within the SLABs in subsequent crystal phases (kJ mol™)

Energy (kJ mol™)

kJ mol™* ArPEt-1 ArPEt-11 ArPEt-1I1
SLAB 1 —-1010 —918 —

SLAB 2 — -915 -903
Between SLABs -731 -721 -799

significant contraction of the unit cell volume. Further quasi-
hydrostatic compression results in conformational C — E
changes in SLAB-2 and in the transformation from ArPEt-II to
ArPEt-II. In the latter phase, the order of intermolecular inter-
actions within a SLAB is reversed, with (iii) now being the
most stabilizing. There is also a tendency for intermolecular
interactions between the SLABs to become more stabilizing as
the SLABs are compressed closer together.

2.7. Phase transition mechanism and kinetics

Comparison of the fast investigations performed at the syn-
chrotron and necessarily slow experiments in-house sheds
light on the kinetics of the observed phase transitions. From
synchrotron measurements at 2.16 GPa, three structures of

This journal is © The Royal Society of Chemistry 2025
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2.16 GPa

1.80 GPa

2.66 GPa

Fig. 10 Four crystal specimens of ArPEt as placed inside a DAC during
X-ray diffraction experiments at the ESRF. Space groups at which data
were indexed for each specimen at a given pressure indicate a particular
ArPEt phase. A piece of gold foil (dark triangle) and ruby spheres are
visible in the lower-right corner.

ArPEt-III and one structure of the ArPEt-II form were unam-
biguously determined (Fig. 10). The possibility of obtaining
two co-existing phases in the course of synchrotron experi-
ments suggests that the kinetics of the phase transformation
are rather slow, with a non-negligible initiation barrier, and
can take some time to complete. The experiment at about the
same pressure performed in-house over the course of
~50 hours yielded an ambiguous diffraction pattern (see
section S4.3.1%). The structure based on such data could not
be refined reliably, neither in Pb2,a nor in Pbca space groups.
It can be surmised that the data accumulated over time con-
tained contributions from the initial lower-symmetry phase
and the final high-symmetry state and all intermediate stages.
All observed phase transitions involve substantial confor-
mational changes in -PEt; moieties. In addition, these phase
transitions occur sequentially. At a time, they involve only every
other SLAB, ie. only a distinct supramolecular motif within
which the -PEt; fragments interlock (Fig. 11). We propose that
the phase transition mechanism involves a structural change
starting locally and propagating within a SLAB, analogous to one
described formerly for (ferrocenylacetylide)(triethylphosphine)
gold(1).>* An initial conformation change of one or a few ‘seeding’
triethylphosphines can generate enough steric strain or ‘chemical
pressure’**?® for the adjacent interlocked phosphines within a
SLAB to be forced to adjust their conformations and ‘drag’ mole-
cules to new positions. The phase transition can thus be viewed
as a series of interlocked molecular switches or gears.
Interlocking gears must rotate in opposite directions, and so
must the interacting -PEt; moieties, being mirror images of each
other (the relationship is via the crystallographic gy glide
plane, Fig. 11). The second phase transition under hydrostatic
conditions, restoring the initial Pbca symmetry, requires that
molecules in the hitherto unchanged layers undergo an analo-
gous sequential molecular-gear-driven change. Concerted
motions taking place within the crystal matrix allow the ArPEt
material to qualify as a proper molecular actuator.

In the context of potential applicability, it must be noted,
that irrespective of the applied PTM, the conformational
changes in -PEt; in each instance follow low-energy confor-
mation interconversion pathways as proposed by Ellis et al.,*"
C — E or C —» E — D accordingly. This suggests that analogous
changes can be predictable for other -PEt;-containing
materials. However, the exact transformations involve not only
a flip of a single -Et moiety, but concerted rotations of two or
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ArPEt-II IE

Fig. 11 An overlay of ArPEt-1l (blue) and ArPEt-lIll (cyan) structures,
SLAB-2, viewed along [010]. Thinner lines indicate molecules placed
below the projection plane (further from the viewer). Assuming a con-
formation change inherent to the ArPEt-Il — ArPEt-lll phase transition,
namely a counterclockwise rotation and the —Ets flips, had been trig-
gered in a molecule on the left, the new conformer would be in steric
conflict with its nearest neighbor in a SLAB (too-short hypothetical
interatomic distances in A represented in red). In order to avoid the
clash, the adjacent molecule has to adjust its conformation by rotating
clockwise and executing further —Et; flips.

three ethyl moieties accompanied by shifts and rotations of
whole molecules.

2.8. Note on the photoluminescence under increased pressure

The variety of available solid phases is only partly reflected in
their photoluminescence. The fluorescence spectra collected
under several pressure values are compared in Fig. 12.
Irrespective of an applied PTM, the photoluminescence of
ArPEt is hardly affected by increased pressure up to 1.0 GPa.
The spectra retain their visible vibrational substructure, with
the individual oscillation sub-maxima showing slight blue-
shifts with increased pressure (detailed illustration in
Fig. §3.13a in the ESI}). Such shifts would be consistent with a
slight increase in the frequencies of internal molecular
vibrations resulting from a more compressed, ie. more
restricted environment. Between 1.0 and 1.5 GPa (unambigu-
ously the ArPEt-II phase), the photoluminescence character-
istics change dramatically. The oscillation substructure gradu-
ally disappears and the spectra become broad, covering almost
all visible ranges, with a constant pressure-insensitive
maximum at about 520 nm and some additional broad fea-
tures at about 600 nm, producing a net visual effect of a bright
white emission. The latter features become dominant at
higher pressures in the case of the sample enclosed in the
mixture of pentanes (ArPEt-III phase, Fig. 12 left) differentiat-
ing them from the emission observed for the sample pressur-
ized in Si-oil (ArPEt-IV). It must be stated, however, that these
features were noticeably dependent on the site of the specimen
exposed to the exciting UV beam as illustrated in Fig. S3.13(b-
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Fig. 12 Fluorescence of a single crystal of ArPEt placed inside a DAC in
the n-pentane : i-pentane mixture (left) or in silicone oil (right) and their
evolution with pressure. Spectra recorded during pressure increase are
represented by thick lines, and during decrease, by thin lines. The colors
represent pressure. The persistent spike at 444 nm represents the
Raman peak of the diamonds in a DAC. All spectra were normalized to
their maximum value and plotted with increments along the vertical axis
for clarity.

d) in the ESL{ Notably, the above-described changes were fully
reversible with decreasing pressure.

3. Conclusions

In our quest to relate photoluminescence properties and
crystal architectures of solid materials based on gold(r) acetyli-
denes, we obtained a new compound ArPEt ((p-methoxypheny-
lacetylide)(triethylphosphine)gold()) in very good yield. In this
compound, we successfully combined the photoluminescent
core of gold() acetylide with two moieties possessing rich con-
formational landscapes, namely triethylphosphine and
p-methoxyphenyl. While barely photoluminescent in dilute
polar solvents, ArPEt exhibited noticeable blue photo-
luminescence in the solid state under ambient conditions.

As expected, concerted pressure-induced conformational
switching of -PEt; resulted in SCSC phase transitions occur-
ring in sequence at 0.5 GPa and then at ~2.2 GPa. The exact
structural transformation pathways were documented by high-
quality crystal structure models, obtained by unrestrained
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refinements against unique high-coverage single-crystal X-ray
diffraction data. According to the theoretical calculations, all
ArPEt phases exhibit strikingly similar estimates of Gibbs free
energy with wide regions of overlap, which account for the
ease of interconversion. Stabilization in the new phases
appears to be a global effect and not reliant on any particular
intermolecular interaction. The two distinct transformation
pathways are dependent on the hydrostaticity of the applied
pressure-transmitting media (Fig. 7). Under quasi-hydrostatic
conditions, the transformations on pressure increase involve
first symmetry lowering, differentiating between two layers
containing two distinct C and E -PEt; conformers, followed by
symmetry increasing, with all molecules ending up with the E
-PEt; conformation Pbca < Pb2,a < Pbca. Under non-hydro-
static conditions, the transformations on pressure increases
involve systematic symmetry lowering, Pbca < Pb2.a < Plla,
first differentiating between two layers containing two distinct
C and E -PEt; conformers, and then all molecules ending up
with C, E or D -PEt; conformations. Our observations confirm
that low hydrostaticity of PTM can lead not only to powderiza-
tion/amorphization of a crystal, but also to new polymorphic
forms, which would not have been obtainable otherwise.

Tentative photoluminescence studies showed somewhat
disappointingly that pressure-induced structural transform-
ations in ArPEt are not directly reflected in the material’s
luminescence in the solid state. Photoluminescence character-
istics switch reversibly at about 1.0 GPa, with hardly any
pressure-dependence below or above this point. Slight differ-
ences in the emission characteristics occurring above 2.0 GPa
between ArPEt-III and ArPEtIV will require further
confirmation.

Irrespective of the applied PTM, the mechanism of phase
transitions relies on the conformational changes in -PEt;,
which in each instance follow low-energy conformation inter-
conversion pathways as proposed by Ellis et al.>* However, the
exact transformations involve not only a flip of a single -Et
moiety, but concerted rotation of two or three ethyl moieties
accompanied by shifts and rotations of the whole molecules.
The slow kinetics of the observed phase transitions was con-
firmed by the coexistence of two phases at about 2.2 GPa,
observed both in the course of slow in-house and fast synchro-
tron diffraction experiments.

Our study proved that -PEt; as a ligand is indeed a good
SCSC-inducing agent in the solid state. It also showcased that
detailed structural analysis under high pressure conditions is
nowadays attainable with a high level of accuracy even for
larger, labile molecular systems, for which crystal structure
modeling at a high level of theory, as advertised for simpler in-
organic functional materials,””>*® is still unattainable.

4. Experimental section
4.1. Synthesis

The synthetic reaction was performed under an argon atmo-
sphere. Commercially available solvents and reagents were

This journal is © The Royal Society of Chemistry 2025
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used as received. Tetrahydrofuran (THF) was dried by refluxing
with sodium in the presence of benzophenone as an indicator
and distilled prior to use.

1.0 mL of 2.5 M n-butyllithium solution in THF (2.5 mmol)
was added dropwise to a solution of 0.408 g (2.5 mmol) of
hexamethyldisilazane in 3.0 mL of anhydrous THF, which had
been cooled to —30 °C. After removing the cooling bath, the
resulting mixture was stirred for 10 minutes, and a solution of
0.265 g (2.0 mmol) of 4-ethynylanisole in 2.0 mL of anhydrous
THF was added dropwise. After 10 minutes of stirring at room
temperature (RT), a solution of 0.650 g (1.85 mmol) of
ClAuPEt; in 6.0 mL of anhydrous THF was added in one
portion, and stirring was continued for the next 3 hours. The
reaction was quenched by adding 30 mL of water, and the
product was extracted with three portions of 25 mL of dichloro-
methane. The combined organic layers were washed with
water, followed by brine, dried over magnesium sulfate, and
evaporated to dryness. The obtained yellow oil was dissolved
in approximately 10 mL of dichloromethane, and approxi-
mately 50 mL of n-pentane was added and evaporated. This
procedure was repeated thrice, and the product was crystalized
from the n-pentane-dichloromethane mixture at —28 °C to
afford 0.659 g (80%) of the product as an off-white solid. Slow
recrystallization in the same media at —28 °C resulted in col-
ourless, thick needles.

'H, “c{'H}, *'P{'H}, and "*C DEPT 135 NMR spectra were
recorded at 300 K on a Bruker Neo 600 MHz spectrometer
(spectrometer frequency: 600.1 MHz for 'H, 150.0 MHz for *C
and 243.0 MHz for *'P). Chemical shifts for the NMR spectra
were referenced with respect to the residual signals in CD;CN
(d = 1.94 ppm for 'H and d = 118.7 ppm for *C). 'H NMR
(CD4CN) 6 7.25 (d, J = 8.88 Hz, 2H, CH,,), 6.80 (d, J = 8.87 Hz,
2H, CHy,), 3.76 (s, 3H, OCH3), 1.88-1.85 (m, 6H, P(CH,CHj,);),
1.16 (dt, J = 18.3, 7.8 Hz, 9H, P(CH,CH,);); “*C{'H} NMR
(CD4CN) 6 159.3 (Cy,), 133.8 (CHpy), 119.1 (Cy,), 114.7 (CHyy),
103.0 (d, *Jc_p = 25.2 Hz C=CAu), 55.9 (OCH;), 18.3 (d, J =
33.5 Hz, P(CH,CHj);), 9.4 (P(CH,CHs);); *'P{'H} NMR
(CD3;CN) 6 39.4. Full spectra are presented in section S1.1 in
the ESL.}

Mass spectrometry (MS) data were recorded on a Shimadzu
HPLC-MS system equipped with an LCMS-2020 detector in
positive and negative electrospray ionization (ESI) modes. The
sample was dissolved in acetonitrile and injected directly into
the LCMS-2020 detector to a volume of 0.1 pL. MS calculated
for Cy5H,,AuOP m/z = 446.1 [M]', calculated for C;gH;4AuO,”
m/z = 459.1 found m/z = 458.9 ((4-MeOC¢H,CC),Au"), and cal-
culated for C;,H;z0AuP, m/z = 433.1 found 433.1 ((EtzP)Au’).
Full spectra are presented in Fig. S1.5 in the ESL¥

The melting point was determined by DSC at 87.3(5) °C
(section S1.3 in the ESI{).

4.2. Single-crystal X-ray diffraction

Clear, colorless blocks of ArPEt suitable for single-crystal X-ray
diffraction experiments were obtained by recrystallization from
an n-pentane:dichloromethane mixture at —28 °C. A few
series of X-ray diffraction experiments were performed in order
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to (a) determine the crystal structure of the new compound
under atmospheric conditions and (b) analyze the behavior of
the new material under increased pressure and determine the
mechanisms of SCSC phase transitions using either in-house
equipment or synchrotron facilities.

4.2.1. Sample mounting. For the experiment conducted
under atmospheric conditions, a single-crystal specimen was
mounted on a Kapton loop with a trace of epoxy resin. For
single-crystal diffraction and spectroscopic experiments at
increased pressure, a Merrill-Bassett diamond anvil cell (DAC)
with an opening angle (OA) of 38-39° or DACOne20 (OA of 52°)
was used as available. 0.2 mm thick stainless-steel gaskets
were drilled using an electric discharge machine. The hole dia-
meter depended on a diamond culet size and was in the range
of 200-400 pm. Because of the high solubility of ArPEt in
methanol and ethanol, other pressure-transmitting media had
to be used, namely ParatoneN, low-density silicone oil,
n-pentane/i-pentane 1:1 mixture and, in the case of synchro-
tron experiments, the Daphne-7575.

In order to collect reliable diffraction and photo-
luminescence data at increased pressure and ensure satisfac-
tory X-ray data completeness during in-house diffraction
experiments, a single crystal of ArPEt was placed in an Almax
DACOne20 or Merill-Basset DAC oriented in such a way as to
avoid alignment of the main crystallographic directions with
the DAC axis in accordance with the procedure proposed by
Tchon et al.®® Appropriate maps of theoretically attainable
data completeness as a function of crystal orientation, DAC
type and X-ray wavelength (potency maps) are presented in
section S2.1.2 of the ESIL.{ The placement was accomplished by
propping the crystal on a small drop of glue against the
diamond culet. In the case of diffraction experiments at the
synchrotron, four tiny crystals were placed in different
(random) orientations on a diamond culet in order to ensure
sufficient data coverage by merging datasets.

The pressure in a DAC during all experiments was deter-
mined using the R1 fluorescence line from reference ruby
spheres, based on the calibration curve determined by
Piermarini et al.*® with Ragan’s temperature correction.**

4.2.2. Data collection. Data for structure determination in-
house were collected using a SuperNova diffractometer with a
micro-focus AgKa X-ray source (4 = 0.56087 A) and an Eos CCD
detector. Data reduction was performed with CrysAlisPro.*?
For data collected under atmospheric conditions, Gaussian
absorption correction was applied for a multifaceted crystal
model using spherical harmonics with the SCALE3 ABSPACK
algorithm. For data collected in a DAC, multi-scan absorption
correction was applied using spherical harmonics with the
SCALE3 ABSPACK algorithm.

High-pressure diffraction synchrotron experiments were
performed at the European Synchrotron Facility (ESRF) in
Grenoble, France on the ID15B beamline. Data were collected
for each crystal separately using a 6 pm X-ray beam (1 = 0.41 A)
on a single axis goniometer with an EIGER2 x 9 M CdTe detec-
tor. Data reduction was performed with CrysAlisPro** and
multi-scan absorption correction was applied using spherical
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harmonics with the SCALE3 ABSPACK algorithm on each
dataset. At every pressure point, datasets from individual crys-
tals were merged together, provided that they indexed in the
same space group and they showed R;, statistics below 10%.
Weighted average unit cell parameters for merged datasets
were calculated using a number of reflections as a weight.
Merging was done using the SORTAV module in WinGX** with
auto rejection of outliers. Merging results are summarized in
Tables S2.12 and S2.13.}

All collected datasets are summarized in section S2.3 in the
ESLT

4.2.3. Structure solution and refinement. Crystal structures
were solved with SHELXT* or SHELXS" and refined with
SHELXL® within the Olex2?” environment. Detailed infor-
mation about data processing, structure solution and refine-
ment including specific constraints or restraints are presented
in Tables S2.3-52.11.7 Molecular graphics were prepared using
Olex2 or Mercury.*®

4.3. UV-vis absorption and photoluminescence studies

The UV-vis spectra were recorded on a Lambda 45
(PerkinElmer) spectrometer at 296 K at a concentration of
approximately 2 x 107> M, while the ¢ values were calculated
based on UV-vis spectra measured at five different concen-
trations, ranging from 1.58 x 107> to 7.86 x 107> M for the
DCM solution, and from 1.51 x 10™° to 7.53 x 107" for the
MeCN solution. The photoluminescence (PL) spectra in the
solution were recorded using a FluoroMax-4 (Horiba) spectro-
fluorometer equipped with a long-pass filter (cutoff at 290 nm)
at a concentration of 5 x 107° M for both solutions.
Photoluminescence quantum yields in solutions were deter-
mined by an indirect method according to the established pro-
tocol.”® An aqueous solution of tryptophan (QY of 12%) was
used as a fluorescence standard in the measured range. The
optical density of the solutions was below 0.05 at the excitation
maximum. QYs were calculated separately at each excitation
wavelength for a given solvent (Table 1) and averaged. The
standard spectra were collected with the same excitation para-
meters and instrument settings.

The photoluminescence and excitation spectra of polycrystal-
line samples were recorded using an Edinburgh FS5 equipped
with an enhanced range photomultiplier detector (PMT-EXT)
using front-face mode at room temperature. Photoluminescence
quantum yields were measured using an integrating sphere
(Edinburgh Instruments FS5) according to the established pro-
cedure.>® Solid samples were excited at 390 nm.

The PL spectra for a single crystal were recorded with a
Labram HR800 spectrometer (Horiba Jobin Yvon) coupled with
an Olympus BX61 confocal microscope and a diode-pumped
Nd:YAG laser of 405 nm as the excitation source from a speci-
men (a) placed on a glass microscope slide under atmospheric
conditions or (b) enclosed in a Merill-Basset DAC with a
selected pressure-transmitting medium for high-pressure
experiments. Sample mounting in a DAC followed the pro-
cedure described in subsection 4.2.1, except that no epoxy
resin was used for affixing the crystal.
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4.4. Theoretical calculations

In order to assess the relative stability of the polymorphs of
ArPEt and establish the hierarchy of intermolecular inter-
actions in their crystal structures, quantum-chemical calcu-
lations were carried out in CRYSTAL17°"** dedicated to
ab initio for periodic systems and utilizing atomic basis sets.
Calculations were performed using the B3LYP-D* method, in
which B3LYP is augmented with an empirical dispersion
term,”>>* and dedicated basis sets as listed in Table $6.18.}

Crystal structure optimizations of different ArPEt phases
were started from experimental XRD geometries: ArPEt-I from
the major variant of the disordered crystal structure deter-
mined at ambient pressure, ArPEt-II at 0.6 GPa and ArPEt-III at
2.6 GPa. The symmetry of each form was maintained during
the optimization process. External pressures were set for high-
pressure crystal phases. Full relaxation of both lattice para-
meters and atomic coordinates by means of analytical energy
gradients was applied when possible (for details see section
6.2 of the ESIY).

The evolution of crystal structures with pressure was
modeled using the Theoretical Equations of States (EOS) algor-
ithm as implemented in CRYSTAL17 for ArPEt-I, ArPEt-II and
ArPEt-III. Third-order Birch-Murnaghan equations of states
(EOSs) were applied. In each case, a sequence of 8 periodic
optimizations was performed, with constrained, systematically
increasing or decreasing volumes of the unit cell. The crystal
symmetry was maintained during the whole optimization
process. A detailed summary of EOS settings is presented in
Table S6.19.7

Energies of interactions were calculated between pairs of
molecules (see Fig. 9 for an explanation on how a particular
dimer was defined) as well as between the main supramolecu-
lar motifs (SLABs). The SLABs were defined according to her-
ringbone rows as shown in Fig. 3c.
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