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We report the synthesis and characterization of two series of dinuclear gold() complexes with different
N-substituted (R) bridging bis(diphenylphosphino)amine (PNP) ligands (R = n-butyl, cyclobutyl, cyclopen-
tyl, cyclohexyl, 2-butyl, 1,2-dimethylpropyl): paired with either nitrate or hexafluoroantimonate counter-
ions. Single-crystal X-ray diffraction studies on four hexafluoroantimonate salts revealed Au---Au distances
ranging from 2.754 A to 2.830 A. These crystal structures provide the first crystallographic evidence of an
aliphatic N-substituent in complexes of this nature. Despite these structural variations, solid-state photo-
luminescence studies showed no significant variation in the emission and excitation wavelengths of these
complexes across the N-substituted series. In contrast, significant differences in the photophysical pro-
perties (especially the emission energies and lifetimes) were observed as a function of the counterion,
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highlighting the important role of anion identity in modulating photophysical properties. Time-dependent
density functional theory (TD-DFT) computations at the TPSSh level reproduced the experimental trends
and attributed the counterion-induced emission redshift to weak bonding interactions between the gold

Open Access Article. Published on 22 October 2025. Downloaded on 2/10/2026 12:34:25 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/dalton

Introduction

Gold(i) complexes have attracted significant attention due to
their intriguing photophysical properties, notably their strong
luminescence in the solid state.'™ These properties have
enabled applications in sensing, optoelectronics, and
materials chemistry. For example, a combination of yellow
light-emitting gold nanoclusters with blue light-emitting poly
(N-vinyl carbazole) as a host resulted in a white light-emitting
LED source.®” Other applications based on the strong lumine-
scence of gold include its use as a chemosensor to detect the
presence of other metals or pollutants in water.>® In particu-
lar, dinuclear and polynuclear Au(i) complexes often exhibit
pronounced luminescence due to aurophilic interactions -
non-covalent attractions between closed-shell Au(1) centers -
that are highly sensitive to structural and environmental
factors.' >

Aurophilic interactions, typically characterized by Au-:-Au
distances in the range of 2.5-3.5 A, arise from relativistic
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centers and coordinating anions, such as nitrate and chloride.

effects and dispersion interactions, leading to electronic con-
figurations conducive to emissive excited states.">™'® Their
strength and prevalence distinguish gold from its coinage
counterparts, Ag(1) and Cu(1), and offer a structural handle for
tuning luminescence.

Aurophilic interactions can be either unsupported, semi-
supported or fully supported by bridging ligands, as shown in
Fig. 1."7

Several computational studies of complexes with aurophilic
interactions predicted a significant decrease in the Au---Au dis-
tance from the singlet ground states with respect to the corres-
ponding emitting triplet excited states, which was attributed to
the formation of an Au-Au covalent bond in the excited state,

R T /\ /\
Alu ------ AT ------- Tu Au------- Au

Unsupported Semi-Supported Fully Supported

Fig. 1 Visual representation of unsupported, semi-supported, and fully
supported aurophilic interactions.
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consistent with the formulation of the electronic transition
that involves promotion of an electron from an Au-Au (d,s)c*
antibonding to a (p,s)o bonding orbital."*>* However, compu-
tational studies of the excited states of such complexes are
quite rare due to the complexity and high computational cost
of excited state calculations compared to ground state
calculations.

Photophysical properties of aurophilic complexes are not
governed solely by metal-metal distances; other factors such
as ligands, crystal packing, solvation, and - importantly -
counterions also play a critical role in determining emission
wavelengths and lifetimes.>*>”** Mononuclear gold com-
plexes can also exhibit aurophilic interactions, forming so-
called excimers/exciplexes.?*3° These are complexes that are
formed by interatomic/intermolecular bonding only in the
excited state.”>*>*'*> The formation of exciplexes with solvent
molecules has also been observed in several studies involving
gold(r) dimers.'®'9?373% Other examples show that solvent
molecules can disrupt the Au---Au interaction and have a
quenching effect on the luminescence.?®

Despite the widespread focus on ligand modifications and
aurophilic geometry,”®*”~*° the impact of counterions on emis-
sion properties remains underexplored. Counterions can
modulate excited-state dynamics through ion-pairing, struc-
tural rearrangement, or interference with aurophilic
interactions.*°™? Prior studies suggest that weakly coordinat-
ing anions may alter the crystal structures and luminescent
properties of compounds with aurophilic interactions,*?
whereas more coordinating anions may quench luminescence
or induce spectral shifts.’® Yet, systematic investigations isolat-
ing the effect of the counterion, while keeping the metal core
and ligand environment constant, are limited.

In this study, we present a family of fully supported bis(p,-
PNP)-digold(i) complexes [PNP = N-substituted bis(diphenyl-
phosphino)amine ligands] featuring aliphatic N-substituents
(R = n-butyl, cyclobutyl, cyclopentyl, cyclohexyl, and 2-butyl).
While studies of similar complexes with aromatic
N-substituents were previously reported,*** no N-alkyl substi-
tuted bis(diphenylphosphino)amine Au(i)-Au(i) complexes
have ever been described crystallographically. Crystallographic
analyses reveal variations in the Au---Au distances across the
series (2.754-2.830 A). However, spectroscopic studies show
that these structural differences do not result in significant
changes in the excitation and emission maxima. In contrast,
significant shifts in emission wavelength and luminescence
lifetime are observed upon varying the counterion (CI~, NO;™,
SbF,"), indicating that anion identity plays an important role
in dictating the photophysical response.

Time-dependent density functional theory (TD-DFT) calcu-
lations on selected complexes support the experimental find-
ings by correlating counterion-dependent changes in the
excited-state electronic structure with the observed photo-
physical trends. By isolating the influence of counterions
within a consistent ligand framework, this work contributes to
a more nuanced understanding of structure-property relation-
ships in luminescent Au(i) systems.
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Results and discussion
Synthesis

Six PNP ligands (L1-L6) were successfully synthesized (Fig. 2).
The corresponding bis(p,-(PNP))-di-gold(1) complexes with
nitrate counterions (1a—6a) were obtained as illustrated in
Fig. 3. Reaction of these ligands with [AuCl(Me,S)] afforded
mixtures of monomeric and dimeric chloride precursors, as
previously reported.**** Upon treatment with AgNO3, both pre-
cursors were converted cleanly into the corresponding nitrate
salts, Au,{p,-(PNP)},(NO3), (1a-6a) Without the need to isolate
the intermediates. However, the dimeric chlorido intermedi-
ate, dichloridobis(p,-bis(diphenylphosphino)-n-butylamine)-di-
gold() (1c), was successfully isolated by crystallization.

The structures of the complexes were confirmed by multi-
nuclear NMR, IR, and UV/Vis spectroscopy. In particular, the
formation of the dimeric gold(r) complexes is evidenced by the
31p NMR spectra which consistently display a single resonance
at ~95 ppm (ref. 43 and 44) (see S2: SI). The purity of the pro-
ducts was also verified by elemental analysis.

The corresponding hexafluoroantimonate complexes,
Auy{p,-(PNP)},(SbF¢), (1b-6b), were initially synthesized
through a counterion substitution by adding an excess of silver
hexafluoroantimonate to nitrates 1a-6a. In order to obtain
better yields and cleaner products, a similar procedure to the
synthesis of 1a-6a, with intermediate chlorido precursors, was
used to synthesize complexes 1b-6b (Fig. 3). These complexes
were likewise characterized by multinuclear NMR, and UV/Vis
spectroscopy, and elemental analysis.

X-ray crystallography

The crystal structures of 1b, 2b, 4b and 5b were obtained and
are illustrated in Fig. 4. The X-ray structural data can be found
in S1: Supplementary SC-XRD Information. The complexes
showed residual densities around the gold atoms. While such
features can sometimes arise from limitations in data quality,
they are also commonly observed for heavier atoms and are
often attributed to Fourier transformed ripple effects resulting
from the scattering nature of the gold atoms.

S8

N N
Ph,P” “PPh,  Ph,P” “PPh,  Ph,P” “PPhy
L1 L2 L3
/N\ l \NH\
PhoP” “PPh;  PhpP” PPR o o Napp
L4 LS L6

Fig. 2 Graphical depiction of the six bis(diphenylphosphino)amine
(PNP) ligands (L1-L6) utilized in this study.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Schematic representation of the synthetic procedure of the Au(l) complexes 1la—6a and 1b—6b.

Fig. 4 The atomic structures of 1b, 2b, 4b, 5b. Hydrogen atoms and all labels except for gold are omitted for clarity. Ellipsoids are drawn at 50%

probability. Counterions are omitted for clarity. Gray = C, pink = P, blue = N.

1b, 2b, 4b and 5b all crystallized in the monoclinic space
group P2,/n, with half of the dimeric molecule present in the
asymmetric unit and the second half generated by the (1 — x,
1 —y, 1 — z) symmetry operation. Except for the gold atoms
and hexafluoroantimonate counterions, the entire structure of
1b is positionally disordered. In 5b, the N-substituent on the
PNP ligand (the 2-butyl group) and one of the phenyl rings are
positionally disordered.

The base structures of complexes 1b, 2b, 4b, 5b are all iden-
tical, apart from the N-substituents on the two bridging PNP
ligands. These ligands are coordinated to two Au(i) atoms,
forming a cyclic complex with two hexafluoroantimonate coun-
terions. The complexes showed different types of weak inter-
and intramolecular interactions, which are described in detail
in the SI (see S1: Supplementary SC-XRD Information). Table 1
contains selected bond lengths and angles of 1b, 2b, 4b, 5b for
comparison.

The data presented in Table 1 illustrate the subtle geometric
variations associated with the different N-substituents. In the dis-
ordered regions of 1b and 5b, the two N-C distances differ by
0.09 A and 0.06 A, respectively, and the P1-Au-P2 angle in 1b

This journal is © The Royal Society of Chemistry 2025

Table 1 Crystal data and structure refinement data for 1b, 2b, 4b, 5b

Bond lengths [A] and bond angles [°]

Bonds and angles  1b 2b 4b 5b

Au---Au 2.7884(6)  2.7537(3)  2.7812(3)  2.7752(3)

Au-P1 2.2490(7)  2.3082(6)  2.3087(6)  2.3044(7)
2.3710(7)

Au-P2 2.2590(6)  2.3042(6)  2.3229(6)  2.3199(7)
2.3510(6)

N-C 1.501(1) 1.510(3) 1.5240(2)  1.56(1)
1.592(2) 1.51(2)

P-N-P 120.7(6) 120.3(1) 117.0(9) 118.5(1)
118.0(7)

P1-Au-P2 150.4(2) 170.9(2) 170.4(2) 168.2(2)
160.3(2)

varies by about 10° between the two disordered components.
Overall, however, the P1-Au-P2 and P-N-P angles, as well as the
N-C and Au-P distances, are consistent across all four structures.
The Au---Au distances vary by up to ~0.04 A, with all values lying
within the 2.7-2.8 A range, thus confirming the presence of auro-
philic interactions.

Dalton Trans., 2025, 54,16393-16409 | 16395
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The packing of complexes 1b and 2b differs from that of 4b
and 5b. In 1b and 2b, the molecules adopt a head-to-tail
arrangement that propagates semi-diagonally along the a-axis
when viewed along the b-axis. By contrast, 4b and 5b exhibit a
head-to-tail packing along the c-axis, also evident when
viewing the complex along the b-axis. In all four structures, the
SbFs~ counterion occupies a constant position, located
between the gold atoms of complexes stacked above and below
each other when viewed along the b-axis.

Photophysical studies

Di- and polynuclear gold(1) complexes have been the subject of
intense research due to their intriguing luminescence
properties.*>*® These complexes often exhibit interesting and
rich photophysical properties influenced by aurophilic inter-
actions on the electronic structure. Particularly intriguing is
the relationship between the observed emission and the pres-
ence of Au---Au short contacts.>””*® The choice of ligands may
influence the photoluminescence characteristics of these com-
plexes. By altering the energy levels within the complexes,
ligands can affect both the absorption and emission
wavelengths.*”*® Despite considerable research efforts, the
relationship between the structure and emission energy of
luminescent gold(r) complexes remains elusive. Several reports
in literature have attempted to correlate crystallographic
Au---Au distances with emission energies, but this task
remains challenging due to the diverse complexity of these
systems.>®37739

We have investigated the photophysical properties of dinuc-
lear gold(1) bis(diphenylphosphino)amine complexes, aiming
to explore the effect of different N-substituents and counter-
ions on the absorption and emission profiles. The excitation
and emission spectra of the synthesized dinuclear gold(1) com-
plexes 1a-6a (with NO;~ counterions) and 1b-6b (with SbF~
counterions) were obtained in the solid-state and are shown in
Fig. 5. The summarized data in Table 2 shows similar results
for different N-substituents, which indicates that the ligands
have limited impact on the photoluminescence. However, the
influence of the counterion was significant and resulted in an
emission shift from green light (540 nm-552 nm) for com-
plexes 1a-6a with NO;~ counterions to blue light (430 nm-
435 nm) for complexes 1b-6b with SbFs~ counterions. The
complexes 1b-6b also tended to feature two excitation peaks,
located to either side of the single excitation wavelength found
for the complexes 1a-6a.

Photophysical studies of complexes similar to those studied
in this work, namely bis(u,-bis(diphenylphosphino)-2,6-iso-
propylphenylamine)-di-gold(i) bis(hexafluoroantimonate) and
bis(p,-bis(diphenylphosphino)-aniline)-di-gold(1) bis(hexafluor-
oantimonate), that differ only in the N-substituents on the
PNP backbone, have been reported previously.”® The quantum
yields for these complexes were reported to be 59% and 37%,
respectively, higher than the values obtained here (maximum
29% for complex 1b). The average excitation and emission
wavelengths of the complexes with the hexafluoroantimonate
counterion measured in the present work (364 nm for exci-

16396 | Dalton Trans., 2025, 54,16393-16409
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tation and 432 nm for emission) were somewhat higher than
the values reported in the aforementioned study (average
322 nm for excitation and 423 nm for emission). The differ-
ence could be attributed to the different electronic properties
of the aromatic substituents on the N atom of the PNP ligands
(R = Ph, and 2,6-diisopropylphenyl) used in the previous
work®® compared to the aliphatic R groups of complexes 1a-
6a. Aromatic R groups are less electron donating than the ali-
phatic ones,*® therefore, it is expected that they should result
in a blue-shift of the emission wavelength, which is consistent
with the comparison between our measurements and those of
the previous work*® for both absorption and emission. Similar
to the emission data, the lifetimes differ significantly with the
change in counterion, being 2.00-2.45 ps for the a group and
0.18-1.26 ps for the b group. The lifetimes found in our study
are somewhat longer than those reported in the previous study
of similar complexes with an aromatic R group.** (0.20 ps and
0.05 ps for the two complexes, respectively).*> Neither the
quantum yield nor the lifetimes showed a clear systematic
change with the variation of the steric bulk of the
N-substituent on the PNP ligand.

Computational studies of luminescence

To understand the origin of the observed photophysical pro-
perties of the studied family of complexes, we performed
TD-DFT calculations for two representative complexes, with R
= “Bu”, i.e. n-butyl (considering NO;~ counterions, i.e. sample
1la, SbF,s~ counterions, i.e. sample 1b, and also ClI~ counter-
ions, sample 1c) as well as R = “2,6Me”, i.e. 2,6-dimethylphenyl
(with SbFs~ counterions) for which experimental photo-
physical data is available for comparison in the literature.*

There are a number of calculations in the literature
that elucidate the molecular orbitals (MOs) of eight-membered
dinuclear Au(r) complexes with bridging ligands, such as phos-
phines, N-heterocyclic carbenes, and dichalcogenophos-
phinates.'®1921723:49:50 11y the early study by Fackler’s group,
the MOs responsible for the absorption and emission in the
model [Au,(H,PCH,PH,),]** complex were described in terms
of the Au atomic orbitals: do* — po (main absorption
band).*® Here, the do* refers to the antibonding combination
of the Au 5d,. orbitals and po refers to the bonding combi-
nation of the Au 6p, orbitals. Subsequently, these or similar
notations have been frequently used in literature on the
luminescence of dinuclear gold-phosphine complexes. In the
following paragraphs, we will also use this notation, although
the orbitals denoted, especially the lowest occupied mole-
cular orbital (LUMO) denoted po, are not purely metallic in
nature.

The frontier MOs for the ground state of complexes 1a, 1b,
and 1c are shown in Fig. 6-8. The qualitative nature and order-
ing of the frontier MOs are similar for the two N-substituents
considered (R = Bu and 2,6Me) and are not altered by the
choice of a density functional, TPSSh or B3LYP, but the type of
counterions change the ordering of the top occupied MOs. For
1b (with weakly coordinating SbFs~ anions), the highest occu-
pied molecular orbital (HOMO) is largely metal-centered and

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 The excitation and emission spectra of 1la—6a (NOs~ counterions) and 1b—6b (SbF¢~ counterions) in the solid-state. Excitation spectra are
shown as red solid lines, while emission spectra are shown as grey dotted lines.

includes contributions from Au 6s and 5d orbitals in an anti-
bonding o* combination. In contrast to the prototypical
[Au,(H,PCH,PH,),]*" complex,”® for the complexes of this

This journal is © The Royal Society of Chemistry 2025

study, the short Au---Au contacts lead to a greater involvement
of the Au s orbitals in the HOMO and LUMO'®' (see
Fig. S3.1). The LUMO is a mixed metal-ligand orbital. It has

Dalton Trans., 2025, 54,16393-16409 | 16397
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Table 2 Summary of the photoluminescent data of 1a—6a (NOs~ counterions) and 1b—6b (SbF¢~ counterions) in the solid-state

Complex Emission (nm) Excitation (nm) Quantum yield (%) Average lifetime (ps) Au---Au distance (A)
la 552 385 3.5 2.18

1b 430 364, 395 29 1.26 2.7884(6)
1c 586 410 11.7 3.39 2.863(1)
2a 540 384 2.9 2.00

2b 431 363, 395 0.8 0.18 2.7537(3)
3a 540 385 4.5 2.22

3b 432 365, 403 2.6 0.25 2.7575(7)
4a 540 380 4.7 2.38

4b 430 365, 400 10 0.65 2.7812(3)
5a 540 385 4.4 2.41

5b 434 366, 406 3.4 0.32 2.7752(3)
6a 546 381 2.6 2.45

6b 435 363, 407 0.7 0.45 2.789¢

“The value was taken from a DFT calculation at the TPSSh-D3B]/def2TZVP level because the crystal structure was not obtained.
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Fig. 6 Frontier molecular orbitals (MOs) of 1b calculated at the TPSSh level for the singlet ground state and the first triplet excited state (Ty). The
blue arrow indicates the Sq — S; absorption transition and the red arrow describes the So < T; emission transition.

large contributions from the p and d orbitals of P and N, and
smaller contributions from the s and p orbitals of the Au
atoms. The LUMO shows an Au-P bonding, and Au-Au
bonding character. The HOMO-LUMO gaps calculated at the
TPSSh level are 3.44 eV and 3.46 eV, for R = nBu and 2,6Me,
respectively. Significantly larger gaps of 4.11 eV and 4.16 eV,
respectively, have been calculated for the two complexes at the
B3LYP level. The latter value is close to the literature value of

16398 | Dalton Trans., 2025, 54, 16393-16409

4.06 eV calculated for the same complex with R = 2,6Me using
the B3LYP functional (without counterions).”® Despite the
different R groups and Au---Au distances, the theoretically pre-
dicted absorption and emission properties are quite similar
for these two complexes with SbFs~ counterions. The TPSSh
values are discussed below, while the B3LYP values are given
in Table 3. Overall, the TPSSh functional consistently shows
better agreement with the experimental photophysical studies

This journal is © The Royal Society of Chemistry 2025
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than B3LYP for both excitation and emission transitions. This
is in line with a much better agreement of the Au---Au dis-
tances calculated with the TPSSh functional with the experi-
mental values (within 0.02 A). In contrast, the Au---Au dis-
tances calculated with the B3LYP functional exhibit a deviation
of 0.03 A-0.06 A, see Table 3. The theoretically calculated
TPSSh absorption spectra for the complexes with R = nBu and
different counterions are shown in Fig. 9. For complex 1b (R =
nBu, SbF¢ ) the two lowest allowed theoretically predicted
absorption bands are at 381 nm, and 335 nm, respectively
(Table 3). The lowest energy and most intense transition calcu-
lated at the TPPSh level is in very good agreement with one of
the experimental excitation wavelengths (395 nm). This band
corresponds to a HOMO-LUMO transition. It is assigned to a
mixture of '[sdo* — spc] metal-to-metal (MMCT) and metal-
metal (sdo*) to ligand (PNP) charge transfer (MMLCT). The
second lowest allowed transition (at 335 nm) is from HOMO-2
to LUMO. HOMO-2 is centered on the phenyl rings of the
PNP ligands. For the complex with R = 2,6Me, the lowest and
most intense energy band was calculated to be at 378 nm and
two other much weaker bands at 355 nm and 329 nm

This journal is © The Royal Society of Chemistry 2025

(Table 3). These values are in good agreement with the photo-
physical measurements of the previous work*® (R = 2,6Me,
absorption at 370 nm-380 nm and 322 nm).

The NO;~ counterions are electron donors due to oxygen
lone pairs and interact more strongly with the gold atoms than
SbF¢~, especially in the excited triplet state. In comparison to
complex 1b with SbFs~ counterions, complex 1a (R = nBu,
NO;™~ counterions) had a considerable increase of the Au---Au
distance in both the ground and excited states by 0.06 A and
0.11 A, respectively (Table 3) and a slight redshift of the main
absorption band. The MOs of the nitro groups are high in
energy, slightly above the metal-centered sdo* orbital, which
becomes HOMO-2 in 1a, while HOMO and HOMO-1 are now
centered on the NO;~ counterions (lone pairs of oxygens), see
Fig. 7.

For complexes 1a and 1b (with R = nBu), the experimental
luminescence lifetimes measured in this work are in the order
of microseconds, indicating the phosphorescent nature of the
transitions.”> However, since in the previous study of com-
plexes with aromatic N-substituents the emissions were inter-
preted as fluorescence,”® we calculated not only phosphor-
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escence but also possible fluorescence emission transitions
(So « Sy and S, < Ss). We will first focus our discussion on the
emission of complexes with SbFs~ anions and then explain
how the picture changes when SbFs~ anions are exchanged for
NO;” or CI™.

To calculate the emission spectra, we optimized the lowest
triplet and singlet excited states of the complexes. We find that
the Au---Au distances in the triplet state of the complexes are
significantly shortened by 0.13 A-0.17 A with respect to the
ground state at both B3LYP and TPSSh levels, see Table 3, so
that a covalent Au-Au bond is formed in the T, excited state
(and also in the S; state). This is attributed to the significant
Au-Au o bonding character of the LUMO (with the contri-
bution of the Au 6p and 5s bonding combination directed
along the Au---Au axis), which becomes occupied in the first
triplet and singlet excited states. Such shortening of the auro-
philic Au---Au contacts in the excited state is well estab-
lished.*® The resulting molecular distortion in the excited state
appears to be responsible for the significant redshift in emis-
sion energy of gold complexes. In the triplet geometry, the
energy separation between o-HOMO and o-HOMO-1 for
complex 1b decreases to 2.94 eV at the TPSSh level, see Fig. 6.
We obtained the emission spectrum by using the TD-DFT
approach and by calculating vertical singlet-triplet (and
singlet-singlet) excitations from the singlet ground state in the
optimized geometry of the respective excited state.

16400 | Dalton Trans., 2025, 54,16393-16409

The T, state corresponds to a HOMO-LUMO excitation in
the complexes with SbFs~ counterions *[sdc* — sps] and has
an orbital composition similar to the S; state (Fig. S3.1).
Therefore, T, is likely to be the emitting state. For 1b (with R =
nBu and SbF¢~ counterions), the TPSSh functional predicts a
slightly overestimated emission wavelength for the S, « T,
transition at 483 nm (experimental value is 430 nm), Table 3.
Alternatively, if S; is emitting, the theoretically predicted emis-
sion wavelength at 417 nm is quite close to the experimental
value. However, the measured emission lifetime of 1.26 ps
suggests that the emission originates from the T, state.

The experimental measurements showed that the replace-
ment of SbFs~ by NO;™ counterions has a significant effect on
the emission wavelength, redshifting it from about 430 nm to
540 nm-550 nm. Abnormally large Stoke’s shifts between the
absorption spectrum and the emission have been previously
reported for certain luminescent gold complexes, and this
phenomenon has been explained by the formation of a so-
called ‘exciplex’ (an adduct of the excited state with counter-
ions or with the solvent molecules).'®'**73> Qur theoretical
analysis shows a similar interaction of NO;~ ions with the
complex. The oxygen lone pairs of the NO;™~ groups in 1a lie
high in energy and their combination of A;, symmetry inter-
acts with the metal-based sdo* MO to form two combinations
(HOMO and HOMO-2) shown in Fig. 7. In the ground state, it
is the HOMO-2 that has a higher metal-metal sdo* character,

This journal is © The Royal Society of Chemistry 2025
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Table 3 Calculated absorption and emission transitions? for [Au{ji2-P(Ph),N(R)P(Ph),},][SbF¢l, complexes with R = n-butyl and 2,6-dimethylphenyl

compared to the experimental values

Absorption

Absorption Au---Au distance (&)

Wavelength (nm)

Wavelength (nm)

Complex Theory* Expt?  Type of transition Theory®  Expt? Type of transition” So Ty S,
R =nBu, SbFs~ (1b) 381 (0.2032) 395 So = Sy 483 430 [T1]: So < Ty 2.805 2.679  2.705
350 (0.2260) HOMO — LUMO 430 HOMO « LUMO 2.847  2.683  2.724
Expt
2.788
335(0.0649) 364 So — S; 417 [S1]: So < S
309 (0.0710) HOMO-2 - LUMO 372 HOMO « LUMO
R=nBu,NO;™ (1a) 484 (0.0154) So = Sy 567 552 [T4]: So < Ty 2.867 2.788
412 (0.0379) HOMO - LUMO 482 HOMO « LUMO 2.966  2.792
HOMO-2 « LUMO
389 (0.1108) 385 So = Ss (S3) 476 [T3]: So < T3
350 (0.1120) HOMO-2 - LUMO 435 HOMO-2 « LUMO
HOMO « LUMO
352 (0.0421) So = S10 427 [S1]: So < Ss
HOMO-4 - LUMO HOMO-2 « LUMO
R =nBu, Cl™ (1¢c) 463 (0.0725) 410 So = S1 712 586 [T1]: So < Ty 2.912 2.754
425 (0.0805) HOMO — LUMO 457 HOMO « LUMO 2.967  2.782
Expt
2.863
401 (0.0112) So — S4
365 (0.0144) HOMO-4 — LUMO
367 (0.0129) So — Se
HOMO — LUMO+1
R = 2,6Me, SbFs~ 378(0.1736)  383° So =S¢ 476 423,497°  [T4]: So « Ty 2.826 2.670  2.719
347 (0.1989) HOMO - LUMO 418 HOMO « LUMO 2.862  2.689
Expt
2.830°
355(0.0055)  322° So— S; 407 423,497°  [S1]: So « S1
317 (0.0063) HOMO-2 - LUMO 379 HOMO « LUMO
329 (0.0039) So = Ss

297 (0.0238) HOMO-4 — LUMO

“Only transitions of Ay, symmetry are listed. ” A notation of the type [Ty]: S, < T; means that we have computed vertical S, — T, excitations at
the geometry of a triplet state T;, which should correspond to S, « T; emission.  B3LYP values are given in italic and TPSSh values in a regular
font. Oscillator strengths are given in parentheses. ¢ We compare to the experimental excitation spectra. ° Data from ref. 43.

and a transition from this orbital to the LUMO corresponds to
the main absorption band, S, — S5 (or Sy — S; at the B3LYP
level). Notably, the energy gap between the HOMO-2 and the
LUMO is essentially the same as the HOMO-LUMO gap in 1b,
explaining why the absorption wavelength is not significantly
affected by the counterion exchange. This excited singlet state
of '[sdo* — spc] nature is similar in composition and is
expected to cross with two low-lying triplet states of A;, sym-
metry, T; and T;. Both involve mixed HOMO — LUMO and
HOMO-2 — LUMO transitions of the type >[nitrate — sps] and
3[sdo* — spc], where HOMO and LUMO refer to the singlet-
state MOs. The Au---O contacts (with oxygens of the nitrate
ions) get notably stretched in T; and in S; from 2.48 A in the
ground state to 2.62 Ain T; and to 2.54 A in S;. This is because
an electron is removed from the HOMO-2 orbital with par-
tially Au---O bonding character, destabilizing the Au---O inter-
action. The Au-Au bond is weaker in the T, and T; excited
states of nitrate complexes compared to hexafluoroantimonate
complexes, which is reflected in a longer Au---Au distance in

This journal is © The Royal Society of Chemistry 2025

T, of 1a (2.79 A) than in T, of 1b (2.68 A), Table 3.
Interestingly, in the T, excited state optimized by conventional
unrestricted DFT, the original HOMO and HOMO-2 are
swapped, see Fig. 7, consistent with the mixed nature of the
transition involving both HOMO and HOMO-2. The T state is
calculated to emit at 567 nm, which agrees well with the
experimentally measured emission at 552 nm, and a higher
energy T; state is predicted to emit at 476 nm. The latter tran-
sition was not observed experimentally. The calculated S, « Ss
transition has an even shorter wavelength, so only the S, < T;
assignment agrees well with the experimental value.

The change in the luminescent properties as a result of inter-
action with nitrate ions is an interesting effect which inspired us
to also look at the even stronger interacting counterion, chloride.
We therefore studied the photophysical properties of the
complex analogous to 1a and 1b with two CI” counterions
(denoted 1c) both experimentally and computationally.

In the ground state of 1c (S,), the computed TPSSh Au---Au
distance is 2.91 A, even longer than in the nitrate complex,
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Fig. 9 Theoretically predicted (TPSSh) UV/Vis absorption spectra of 1b,
la, and 1c (with R = nBu and SbFs~, NO3~, or Cl~ counterions,
respectively).

whereas the Au---Cl distances are 2.56 A, which is close to the
sum of covalent radii of Au and Cl and is indicative of a bond
with a significant covalent character. The MOs of the ground
state are qualitatively similar to 1b, but showing a reduced
HOMO-LUMO gap of 2.94 eV, with another notable difference
that the HOMO includes large contributions from the p orbi-
tals of the CI” ions interacting with Au in an antibonding
fashion (Fig. 8). This explains further shortening of the Au---Cl
contacts to 2.52 A in the T, state (as opposed to elongation of
Au---O in the nitrate complexes). The Au---Au distance shortens
to 2.75 A in the T, state, even shorter than in the case of the
nitrate complex. This large geometry change from ground to
excited state is probably responsible for the large Stoke’s shift
between the absorption and the emission transitions. The
experimentally measured excitation and emission wavelengths
are 410 and 586 nm (respectively), i.e. the emission is signifi-
cantly redshifted with respect to the SbFs~ complex 1b
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(430 nm). The computed (TPSSh) absorption and emission
wavelengths (463 nm and 712 nm, respectively) are signifi-
cantly overestimated, but qualitatively they confirm the trend
of increasing the emission wavelength in the order SbFs~ <
NO,” <Cl".

In summary, our computational analysis of the absorption
and emission transitions in two representative dinuclear Au(i)
complexes with aromatic and aliphatic N-substituents on the
PNP ligand and with weakly interacting SbFs~ counterions
revealed minimal variation in the absorption and emission
wavelengths, despite slightly different Au---Au distances in
these complexes. This finding aligns with the very similar
photophysical properties found experimentally for the studied
complex series. Notably, changing the counterion from SbFs~
to NO;™ or to Cl™ shifts the absorption and especially the emis-
sion wavelengths to lower energies. In the case of NO;~, our
computational analysis attributes this effect to the different
atomic orbital compositions of the HOMO in the nitrate and
hexafluoroantimonate complexes. The HOMO orbital of the
nitrate complexes is mainly composed of the oxygen lone pairs
of the NO;™~ groups, positioned above the Au---Au sdo* orbital
HOMO-2 (which serves as the HOMO in the hexafluoroanti-
monate complexes). This sdo* orbital is responsible for the
main electronic transition. The resulting singlet excited state
has an orbital composition and structure resembling both the
T, and T; states, each with some *[sdo* — spo] character.
Importantly, the predicted T; — S, emission transition in the
nitrate complex aligns well with experimental observations
regarding its low energy. In the case of Cl7, the nature of the
HOMO and LUMO is similar to that in the weakly interacting
SbFs~ complex, however, the HOMO includes large contri-
butions from the Cl ions. In the excited state geometry with
much reduced Au---Au distance, the former significantly rises
in energy, reducing the HOMO-LUMO gap and the energy of
the emission transition.

Conclusions

In this study, we explored the feasibility of tuning the geometry
and photoluminescence of fully supported dinuclear di-gold(1)
complexes by modifying the N-substituents on the phosphino-
amine-based (PNP) chelating ligand and altering the counter-
ions within the crystal structure.

We successfully synthesized and characterized six bis(ji,-bis
(diphenylphosphino)-amine)-di-gold(1) nitrate complexes with
different N-substituents. By substituting nitrate counterions
with hexafluoroantimonate counterions, six bis(p,-bis(diphe-
nylphosphino)-amine)-di-gold(1) hexafluoroantimonate com-
plexes were isolated and characterized. Four of the latter
yielded crystal structures. Next, we conducted a comprehensive
photoluminescence study on all twelve of the isolated com-
plexes. Finally, the photophysical characteristics of selected
representative complexes were investigated computationally
and the results were compared to data obtained in the experi-
mental study.

This journal is © The Royal Society of Chemistry 2025
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Notably, we observed that changes in geometry, and in par-
ticular the Au---Au distance resulting from the variation of the
N-substituents on the PNP ligands, do not significantly alter
the emission properties. Surprisingly, the counterions
emerged as influential factors. We found that different coun-
terions significantly affected the photophysical properties of
these complexes. Computational TD-DFT studies played a
crucial role in our investigation. By analyzing photo-
luminescence and molecular orbital characteristics, we gained
insights into the electronic transitions within these lumines-
cent complexes and provided a plausible explanation for the
effect of counterions on the emission wavelength.

Our work provides a better understanding of the factors
that influence the photoluminescence of dinuclear gold(i)
complexes. These insights pave the way for further exploration
and design of luminescent materials with tailored properties.
In future work, we will explore other metal centers and
N-substituents to further tune these properties and design
novel luminescent materials.

Experimental section
Computational methods and models

The geometry optimizations of the bis(p,-PNP)-di-gold(1) com-
plexes were performed using two hybrid density functionals,
B3LYP*** and TPSSh.”®> The def2TZVP basis set of Ahlrichs
and Weigend®®®” was used, which is a combination of a TZVP
basis for main-group elements and a triple-zeta quality relati-
vistic ECP for inner electronic shells of Au with the corres-
ponding energy-optimized all electron basis set for the valence
electrons. The same basis set was used for both geometry
optimizations and TD-DFT calculations. Grimme’s D3 dis-
persion correction with Becke-Johnson damping
(DFT-D3BJ)***° was added to the TPSSh and B3LYP func-
tionals. The calculations were performed using Gaussian 16
software suite.®’

For the chloride and hexafluoroantimonate derivatives, the
initial counterions positions were taken directly from the
experimental X-ray structures, and the complexes were then
fully optimized with all atoms allowed to relax. For the nitrate
complexes, where no crystallographic data were available, the
initial geometries were generated by replacing SbFs~ with
NO;™ in the corresponding hexafluoroantimonate structures.
These geometries were then fully optimized in both ground
and excited states. We are aware that this procedure represents
an approximation, since packing effects in the solid state may
influence the cation-anion arrangement and distances.
Nonetheless, this strategy was adopted as a pragmatic way to
include counterion effects consistently across the series.
Importantly, test calculations revealed that in the presence of
the SbFs~ counterions slightly shorter Au---Au distances were
obtained than without the inclusion of any counterions, in
better agreement with experiment, whereas NO;~ and Cl™
counterions exert a significant stretching effect on the Au---Au
distances. While we recognize that this model cannot capture

This journal is © The Royal Society of Chemistry 2025
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all possible packing-induced variations, it provides a physically
reasonable description of the counterion influence and repro-
duces the main experimental trends. All geometry optimi-
zations have been performed under C; symmetry constraints.
Cartesian coordinates of the complexes in the ground and
excited states are listed in the Supplementary Computational
Information (S3).

The first triplet excited states of the complexes (T;) were
optimized using standard unrestricted DFT calculations with
the spin state fixed to triplet. The absorption spectra and S, «
T, emission transitions were calculated using single-point
TD-DFT calculations at the S, and T; optimized geometries,
respectively. The geometries of the excited singlet and higher
triplet excited states were optimized by TD-DFT, which allowed
the calculation of the corresponding emission wavelengths.
Representations of molecular orbitals were plotted using the
GaussView software®® and the orbital compositions/popu-
lations were obtained using the Ros-Schuit partitioning
(SCPA)** method, implemented in the Multiwfn program,®
and an in-house Python script.

X-ray crystallography: collection and refinement details

All the complexes yielded colorless crystals. The crystallo-
graphic data for complexes 1b, 2b, 4b, and 5b were collected
using a Bruker D8 Quest Eco Chi Photon II diffractometer, also
equipped with a graphite monochromated MoK(«a) radiation
source with a wavelength of 0.71073 A.

Unless otherwise stated, all data were collected at 100 K
using phi and omega scans. SAINT-Plus software was used for
data reduction and cell refinement, while absorption correc-
tions were performed using the SADABS software with the
multi-scan functionality.®*®> SHELXT and SHELXL-2013 were
used for structure solution and refinement, respectively, in
conjunction with the WINGX and OLEX software systems.®®"%°
Graphical depictions of molecular structures were created
using DIAMOND.”® All atoms, except hydrogen atoms, were
anisotropically refined with thermal ellipsoids drawn at 50%
probability. CheckCIFs were performed for all the crystal struc-
tures, with all A and B alerts corrected or explained. Additional
crystallographic tables not included in this manuscript can be
found in the SI. The Crystal Information Files (CIFs) for struc-
tures 1b, 2b, 4b, 5b have been submitted to the Cambridge
Crystallographic Data Centre with CCDC deposition numbers
of 2096913 (1b), 2091265 (2b), 2091263 (4b), and 2091267 (5b),
respectively.

Physical methods

The *'P, and "H NMR spectra were collected on a Bruker
400 MHz spectrometer in deuterated chloroform. Chemical
shifts ("H NMR) are reported in ppm relative to the TMS peak,
Xi scale calibration was done for the *'P NMR. The infrared
spectra were measured using a Bruker Tensor Standard System
spectrometer (ATR) with a range of 4000 to 370 cm™". The UV/
Vis analysis was performed in DCM using a Varian Cary 50
Spectrometer in a 1.000(1) cm quartz cuvette. The solid-state

photoluminescent studies were performed using an
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Edinburgh Instruments FLS980 series fluorescence spectro-
meter. Samples were excited by a 450 W continuous wave-
length xenon lamp (Xe1) filtered by a double monochromator.
A 0.3 mm demountable quartz cuvette was used for the solid-
state samples; the sample was uniformly packed across the
surface of the cuvette. The same cuvette was used during the
determination of the lifetime, for which samples were exposed
to a pulsing LED source. [The emission bandwidth was
adjusted so that the counting rate was less than 5% of the exci-
tation rate, to ensure pulse pileup for the detector was negli-
gible.] The determination of the quantum yield was done
using an integrating sphere accessory. The Absolute Quantum
Yield was determined by measuring a 100% reflection of the
light source at a specific wavelength. Subsequently, the
samples were exposed to the same light source at the same
wavelength. The number of reflections were compared to that
of the initial reflections to obtain a proportional value to the
number of absorbed photons. Additionally, the fluorescence
was measured to obtain a value proportional to the number of
emitted photons and the ratio of these values gave the absol-
ute yield. The lifetime was determined by exposing the com-
plexes to a pulsing light source. By doing this we know that the
lifetime observed is for one electron transition only. A decay
curve was obtained by time correlated single photon counting.
The time between the excitation and photon detection is
measured and the data are fitted to obtain the lifetime.

Synthesis and characterization

All the synthetic procedures were performed in an inert (N,)
and dry atmosphere using a Schlenk line. All solvents were
dried and distilled using known methods.”" The chemicals
were purchased from Sigma-Aldrich.

General procedure for the synthesis of the PNP ligands

In a typical reaction the primary amine (1 equivalent) was
added to dichloromethane (20 mL) and triethylamine (3
equivalents). Chlorodiphenylphosphine (2 equivalents) was
added dropwise while stirring the reaction mixture in an ice
bath; 30 minutes after the addition, the ice bath was removed.
The reaction was left to stir at room temperature for 48 h. The
solution was filtered, and a white powder was isolated from
the filtrate.

nButylPNP (L1). Butylamine (1 ml, 0.01 mol), chlorodiphe-
nylphosphine (3.7 ml, 0.02 mol), triethylamine (4.21 ml,
0.03 mol). Yield: 4.04 g, 92%. Anal. calc. for P,N;CysH,o: C,
76.17; H, 6.02; N, 3.17%. Found: C, 76.49; H, 5.89; N, 3.01%.
'H NMR (CDCl,, 400.13 MHz): § 0.6 (t, 3H, CHs, J = 7.24 Hz),
0.9-1.0 (m, 2H, CH,), 1.0-1.1 (m, 2H, CH,), 3.2-3.3 (m, 2H,
CH,), 7.2-7.5 (m, 20H, Ar H). °'P{'H} NMR (CDCl;,
161.97 MHz): & 62.1 (s). IR(ATR) v (cm™'): 2858-3069 (C-H
(Ar)), 1433 (N-P), 1061 (N-C). UV/Vis: Apax = 270 nm, & = 4797
M 'em™.

¢ButylPNP (L2). Cyclobutylamine (0.6 ml, 0.007 mol), chloro-
diphenylphosphine (2.6 ml, 0.014 mol), triethylamine (3 ml,
0.021 mol). Yield: 2.9 g, 94%. Anal. calc. for P,N;CygH,;: C,
76.52; H, 6.19; N, 3.19%. Found: C, 76.78; H, 5.81; N, 3.49%.
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'H NMR (CDCl;, 400.13 MHz): § 1.3-1.4 (m, 2H, CH,), 1.7-1.8
(m, 2H, CH,), 2.4-2.6 (m, 2H, CH,), 3.9-4.0 (m, 1H, CH),
7.2-7.8 (m, 20H, Ar). *'P{'"H} NMR (CDCl;, 161.97 MHz): § 48.9
(s). IR (ATR) v (cm™"): 2842-3070 (C-H (Ar)), 1432 (N-P), 1089
(N-C). UV/Vis: Apax = 268 N, £ = 4251 M~ cm ™.

cPentylPNP (L3). Cyclopentylamine (1 ml, 0.01 mol), chloro-
diphenylphosphine (3.7 ml, 0.02 mol), triethylamine (4.21 ml,
0.03 mol). Yield: 2.17 g, 42%. Anal. calc. for P,N;CyoH,q: C,
76.81; H, 6.45; N, 3.09%. Found: C, 77.03; H, 6.76; N, 3.42%.
'H NMR (CDCl;, 400.13 MHz): § 1.3 (s, 2H, CH,), 1.5 (s, 2H,
CH,), 1.7 (s, 2H, CH,), 1.9 (s, 2H, CH,), 3.7-3.9 (m, 1H, CH),
7.2-7.8 (m, 20H, Ar). *'"P{'"H} NMR (CDCl;, 161.97 MHz): § 50.1
(s). IR (ATR) v (cm™): 2861-3070 (C-H (Ar)), 1432 (N-P), 1089
(N-C). UV/Vis: dpax = 266 Nm, € = 5373 M~ " ecm ™.

cHexyIPNP (L4). Cyclohexylamine (1.1 ml, 0.01 mol), chloro-
diphenylphosphine (3.7 ml, 0.02 mol), triethylamine (4.21 ml,
0.03 mol). Yield: 2.32 g, 50%. Anal. calc. for P,N;C30Hs;: C,
77.32; H, 6.68; N, 3.00%. Found: C, 77.32; H, 6.27; N, 3.27%.
'H NMR (CDCl;, 400.13 MHz): § 0.9-1.0 (m, 2H, CH,), 1.3-1.4
(m, 2H, CH,), 1.4-1.5 (m, 4H, 2 x CH,), 1.7-1.9 (m, 2H, CH,),
3.1-3.2 (m, 1H, CH), 7.2-7.8 (m, 20H, Ar). *'P{'H} NMR
(CDCl;, 161.97 MHz): § 49.6 (s). IR (ATR) v (cm™"): 2849-3069
(C-H (Ar)), 1450 (N-P), 1056 (N-C). UV/Vis: dpax = 269 N, € =
4564 M~ ' em™,

2-ButylPNP (L5). 2-Butylamine (1.0 ml, 0.01 mol), chlorodi-
phenylphosphine (3.7 ml, 0.02 mol), triethylamine (4.2 ml,
0.03 mol). Yield: 2.36 g, 53%. Anal. calc. for P,N;CygH,q: C,
76.17; H, 6.62; N, 3.17%. Found: C, 76.08; H, 7.00; N, 3.45%.
'"H NMR (CDCl;, 400.13 MHz): § 0.7 (t, 3H, CHj;, J = 7.54 Hz),
1.2 (d, 3H, CH3, J = 6.43 Hz), 1.7-1.8 (m, 1H, CH,), 3.3-3.4 (m,
1H, CH), 7.3-7.4 (m, 20H, Ar). *'P{'H} NMR (CDCl,,
161.97 MHz): 6 50.7 (s). IR (ATR) v (cm™'): 2862-3070 (C-H
(Ar)), 1431 (N-P), 1090 (N-C). UV/Vis: Amax = 268 nm, & = 4785
M 'em™.

DIMPPNP (L6). 1,2-Dimethylpropylamine (1.2 ml, 0.01 mol),
chlorodiphenylphosphine (3.7 ml, 0.02 mol), triethylamine
(4.21 ml, 0.03 mol). Yield: 1.75 g, 38%. Anal. calc. for
P,N;C,oH;,: C, 76.47; H, 6.86; N, 3.07%. Found: C, 76.32; H,
7.26; N, 3.28%. '"H NMR (CDCl;, 400.13 MHz): § 0.5 (d, 3H,
CH;, J = 7.0 Hz), 0.9 (d, 3H, CHj, J = 6.94 Hz), 1.3 (d, 3H, CHj,
7.0 Hz), 1.4-1.5 (m, 1H, CH), 3.4-3.5 (m, 1H, CHj,), 7.2-7.7 (m,
20H, Ar). *'P{'"H} NMR (CDCl;, 161.97 MHz): § 54.6 (s). IR
(ATR) v (cm™): 2868-3072 (C-H (Ar)), 1435 (N-P), 1096 (N-C).
UV/Vis: Admax = 270 nm, € = 5770 M~ em™".

General procedure for the synthesis of the Au(i) nitrate
complexes

In a typical reaction 1 eq. PNP ligand was added to 1 eq. [AuCl
(Me,S)] and stirred in DCM (20 mL) at room temperature for
24 hours. The solution was filtered and the solvent was
removed under reduced pressure. The formation of the
dimeric and/or monomeric precursor was confirmed using *'P
NMR. Different ratios of these precursors were observed for
the different complexes and no definite trend between the
steric bulk and ratio was established. For this study, the final
product was the complex of interest and therefore the precur-
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sors were not isolated as both precursors lead to the formation
of the dimeric complex upon the addition of AgNO;. A slight
excess of AgNO; (slightly more than 1 eq.) was added to the
precursors in DCM and stirred at room temperature overnight.
The solution was filtered. The solvent was evaporated under
reduced pressure and the product was isolated as a yellow
powder.*?

Bis(p,-bis(nButylPNP)-di-gold(1)bis(nitrate)) (1a). ButylPNP
(0.1008 g, 2.28 x 10~* mol) [AuCI(Me,S)] (0.0672 g, 2.28 x 10~*
mol) AgNO; (0.0412 g, 2.43 x 10~* mol). Yield: 0.2865 g, 90%.
Anal. calc. for Au,N,P,O¢Cs¢Hsg: C, 48.01; H, 4.17; N, 4.00; O,
6.85%. Found: C, 48.29; H, 4.06; N, 4.30; O, 6.47%. 'H NMR
(CDCl;, 400.13 MHz): § 0.2 (t, 6H, 2 x CH3, J = 7.06 Hz), 0.4-0.5
(m, 8H, 4 x CH,), 2.6-2.7 (m, 4H, 2 x CH,), 7.4-7.8 (m, 40H, Ar
H). *'P{'"H} NMR (CDCl;, 161.97 MHz): § 95.1 (s). IR (ATR) v
(em™): 2872-3056 (C-H (Ar)), 1260 (N-P), 1026 (N-C). UV/Vis:
Amax = 346 nm, € = 32354 M ' em™.

Bis(p,-bis(cButylPNP)-di-gold(1)bis(nitrate)) (2a). cButylPNP
(0.0996 g, 2.27 x 10~* mol), [AuCl(Me,S)] (0.0648 g, 2.20 x 10~*
mol), AgNO; (0.0419 g, 2.46 x 10~* mol). Yield: 0.2093 g, 66%.
Anal. cale. for Au,N,P,04Cs¢Hsa: C, 48.15; H, 3.90; N, 4.01; O,
6.87%. Found: C, 48.25; H, 4.25; N, 3.78; O, 6.62%. 'H NMR
(CDCl, 400.13 MHz): 6 0.9-1.1 (m, 4H, 2 x CH,), 1.3-1.4 (m,
4H, 2 x CH,), 1.5-1.6 (m, 4H, 2 x CH,), 4.0-4.1 (m, 2H, 2 X
CH), 7.5-7.7 (m, 40H, Ar). *'"P{'"H} NMR (CDCl;, 161.97 MHz):
595.7 (s). IR (ATR) v (cm™): 2807-2960 (C-H (Ar)), 1304 (N-P),
1062 (N-C). UV/Vis: Amax = 349 nm, £ =28 646 M " cm ™.

Bis(p,-bis(cPentylPNP)-di-gold(1)bis(nitrate)) (3a).
cPentylPNP (0.1013 g, 2.23 x 10~* mol) [AuCl(Me,S)] (0.0681 g,
2.31 x 107* mol) AgNO; (0.0426 g, 2.51 x 10~* mol). Yield:
0.2192 g, 69%. Anal. calc. for Au,N,P,OsCsgHsg: C, 48.89; H,
4.10; N, 3.93; O, 6.74%. Found: C, 48.75; H, 4.27; N, 4.29; O,
6.89%. 'H NMR (CDCl;, 400.13 MHz): § 0.6-0.7 (m, 4H, 2 X
CH,), 0.8-0.9 (m, 4H, 2 x CH,), 1.1-1.2 (m, 8H, 4 x CH,),
3.9-4.0 (m, 2H, 2 x CH), 7.4-7.8 (m, 40H, Ar). *'P{"H} NMR
(CDCl;, 161.97 MHz): § 94.8 (s). IR (ATR) v (cm™"): 2962-3055
(C-H (Ar)), 1260 (N-P), 1016 (N-C). UV/Vis: Apax = 346 N, £ =
26812M ' em ™.

Bis(p,-bis(cHexylPNP)-di-gold(1)bis(nitrate)) (4a). cHexylPNP
(0.1001 g, 2.14 x 10~* mol) [AuCI(Me,S)] (0.0655 g, 2.22 x 10~*
mol) AgNO; (0.0431 g, 2.54 x 10~* mol). Yield: 0.2072 g, 67%.
Anal. calc. for Au,N,P,0¢CeoHg: C, 49.60; H, 4.37; N, 4.13; O,
6.21%. Found: C, 50.00; H, 4.37; N, 4.13; O, 6.21%. 'H NMR
(CDCl, 400.13 MHz): 6 0.1-0.3 (m, 4H, 2 x CH,), 0.5-0.6 (m,
8H, 4 x CH,), 1.1-1.2 (m, 4H, 2 x CH,), 2.0-2.2 (m, 4H, 2 x
CH,), 3.4 (m, 2H, 2 x CH), 7.2-7.7 (m, 40H, Ar). *'P{'H} NMR
(CDCl;, 161.97 MHz): § 95.4 (s). IR (ATR) v (cm™): 2852-3055
(C-H (Ar)), 1259 (N-P), 1018 (N-C). UV/Vis: Apax = 345 N, £ =
26811 M 'em™.

Bis(p1,-bis(2-ButylPNP)-di-gold(1)bis(nitrate)) (5a). 2-ButylPNP
(0.0992 g, 2.25 x 10~* mol) [AuCI(Me,S)] (0.0694 g, 2.36 x 10~*
mol) AgNO; (0.0440 g, 2.59 x 10~* mol). Yield: 0.2530 g, 78%.
Anal. calc. for Au,N,P,O¢Cs¢Hsg: C, 48.01; H, 4.17; N, 4.00; O,
6.85%. Found: C, 47.78; H, 4.02; N, 4.32; O, 6.74%. 'H NMR
(CDCl;, 400.13 MHz): § 0.1-0.2 (m, 6H, 2 x CHj), 0.4-0.5 (m,
2H, CH,), 0.6-0.7 (m, 6H, 2 x CHj;), 1.0-1.1 (m, 2H, CH,),
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3.5-3.6 (m, 2H, 2 x CH), 7.4-7.8 (m, 40H, Ar). *'"P{"H} NMR
(CDCl;, 161.97 MHz): § 94.9 (s). IR (ATR) v (cm™): 2873-3051
(C-H (Ar)), 1260 (N-P), 1096 (N-C). UV/Vis: Amax = 345 nm, & =
29802M ' em ™.

Bis(p,-bis(DIMPPNP)-di-gold(1)bis(nitrate)) (6a). DIMPPNP
(0.1004 g, 2.25 x 10~* mol), [AuCl(Me,S)] (0.0639 g, 2.17 x
10~* mol) AgNO; (0.0449 g, 2.65 x 10~* mol). Yield: 0.3187 g,
99%. Anal. calc. for Au,N,P,OcCsgHg,: C, 48.75; H, 4.37; N,
3.92; 0, 6.72%. Found: C, 48.65; H, 4.75; N, 3.59; O, 6.34%.
'H NMR (CDCl;, 400.13 MHz): § 0.1-0.2 (m, 12H, 4 x CH3),
0.7-0.8 (m, 6H, 2 x CH;), 1.0-1.1 (m, 2H, 2 x CH), 3.4-3.5
(m, 2H, 2 x CH), 7.3-7.9 (m, 40H, Ar). *"P{'"H} NMR (CDCl;,
161.97 MHz): § 94.6 (s). IR (ATR) v (cm™"): 2873-3058 (C-H
(Ar)), 1262 (N-P), 1094 (N-C). UV/Vis: Amax = 345 nm, ¢ =
33807 M 'em.

Au(1) hexafluoroantimonate complexes

Complexes 1b-6b were synthesized following a procedure ana-
logous to that for 1a-6a where 1 eq. of the PNP ligand was
added to 1 eq. [AuCl(Me,S)] in DCM (20 mL) and stirred at
room temperature for 24 hours. The reaction mixture was fil-
tered and the solvent was removed from the filtrate under
reduced pressure. *'P NMR was used to confirm the formation
of both the dimeric and monomeric chlorido precursors in
varying ratios. Since the dimeric product 1b-6b was the
complex of interest for this study the chlorido precursors were
not isolated. Treatment of the precursor mixture with a slight
excess (>1 eq.) of AgSbFs in DCM and stirring overnight at
room temperature led to clean conversion to the desired
dimeric complexes. After filtration to remove AgCl and evapor-
ation of the solvent, the products were isolated as yellow
powders. Crystals suitable for X-ray diffraction were obtained
for 1b, 2b, 4b, and 5b by layering pentane over DCM solutions
of the complexes.
Bis(j,-bis(nButy]PNP)-di-gold(1)bis(hexafluoroantimonate))
(1b). ButylPNP (0.1005 g, 2.28 x 10~* mol), [AuCl(Me,S)]
(0.0663 g, 2.25 x 10~* mol), AgSbF, (0.0790 g, 2.30 x 10~* mol).
Yield: 0.1164 g, 69%. Anal. calc. for Au,Sb,F;,P,N,Cs¢Hsg: C,
38.47; H, 3.34; N, 1.60%. Found: C, 38.22; H, 3.52; N, 1.26%.
'H NMR (CDCl;, 400.13 MHz): § 0.2-0.3 (t, 6H, 2 x CHj, J = 7
Hz), 0.4-0.5 (m, 4H, 2 x CH,), 0.5-0.6 (m, 4H, 2 x CH,), 2.8-2.9
(m, 4H, 2 x CH,), 7.3-7.9 (m, 40H, aromatic). *'P{'"H} NMR
(CDCl3, 161.97 MHz): 6 96.0 (s) UV/Vis: Amax = 304 nm, € =
15217 M ' em ™.
Bis(p,-bis(cButylPNP)-di-gold(1)bis(hexafluoroantimonate))
(2b). CyclobutylPNP (0.1008 g, 2.29 x 10~* mol), [AuCl(Me,S)]
(0.0686 g, 2.33 x 10~ mol), AgSbF, (0.0825 g, 2.4 x 10~* mol).
Yield: 0.1460 g, 84%. Anal. calc. for Au,Sb,F;,P,N,Cs¢Hs,: C,
38.56; H, 3.12; N, 1.61%. Found: C, 38.69; H, 3.52; N, 2.00%.
'H NMR (CDCl;, 400.13 MHz): § 1.0-1.1 (m, 4H, 2 x CH,), 1.3
(s, 4H, 2 x CH,), 1.4-1.5 (m, 4H, 2 x CH,), 3.2-3.3 (m, 2H, 2 x
CH), 7.3-8.0 (m, 40H, Ar). >'P{'"H} NMR (CDCl;, 161.97 MHz):
5 95.9 (s). UV/Vis: Amax = 340, 310 nm, & = 19 670, 14436 M~
em™ ",
Bis(p,-bis(cPentylPNP)-di-gold(1)bis(hexafluoroantimonate))
(3b). CyclopentylPNP (0.1008 g, 2.22 x 10~* mol), [AuCl(Me,S)]
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(0.0648 g, 2.20 x 10~* mol), AgSbF, (0.0788 g, 2.30 x 10~* mol).
Yield: 0.1074 g, 64%. Anal. calc. for Au,Sb,F;,P,N,CsgHsg: C,
39.30; H, 3.30; N, 1.58%. Found: C, 38.96; H, 2.91; N, 1.87%.
'"H NMR (CDClg, 400.13 MHz): § 0.7-0.8 (m, 4H, 2 x CH,),
0.8-0.9 (m, 4H, 2 x CH,), 1.1-1.3 (m, 8H, 4 x CH,), 3.7-4.0 (m,
2H, 2 x CH), 7.3-7.9 (m, 40H, Ar). *'P{'H} NMR (CDCl;,
161.97 MHz): § 95.1 (s). UV/Vis: Apax = 342 nm, & = 22935 M™"
cm™?.
Bis(j,-bis(cHexylPNP)-di-gold(1)bis(hexafluoroantimonate))
(4b). CyclohexylPNP (0.1003 g, 2.15 x 10~* mol), [AuCl(Me,S)]
(0.0631 g, 2.14 x 10~* mol), AgSbF, (0.0770 g, 2.20 x 10~* mol).
Yield: 0.1122 g, 68%. Anal. calc. for Au,Sb,F;,P,N,CeoHes: C,
40.03; H, 3.47; N, 1.56%. Found: C, 40.19; H, 3.60; N, 1.89%.
"H NMR (CDCl;, 400.13 MHz): § 0.1-0.4 (m, 4H, 2 x CH,),
0.6-0.9 (m, 8H, 4 x CH,), 1.2-1.5 (m, 8H, 4 x CH,), 3.6-3.8 (m,
2H, 2 x CH), 7.4-8.0 (m, 40H, Ar). *'P{'H} NMR (CDCl;,
161.97 MHz): § 96.3 (s). UV/Vis: Amax = 330 nm, € = 19595 M ™"
em™,

Bis(p1,-bis(2-butylPNP)-di-gold(1)bis(hexafluoroantimonate))
(5b). 2-butylPNP (0.1010 g, 2.29 x 10~* mol), [AuCl(Me,S)]
(0.0668 g, 2.27 x 10~* mol), AgSbF, (0.0797 g, 2.32 x 10~* mol).
Yield: 0.7308 g, 73%. Anal. calc. for Au,Sb,F;,P,N,Cs¢Hsg: C,
38.47; H, 3.34; N, 1.60%. Found: C, 38.87; H, 2.95; N, 1.82%.
'"H NMR (CDClg, 400.13 MHz): § 0.1-0.2 (m, 4H, 2 x CH,),
0.8-0.9 (m, 6H, 2 x CH3), 1.1-1.3 (m, 6H, 2 x CH3), 3.6-3.8 (m,
2H, 2 x CH), 7.3-7.9 (m, 40H, Ar). *'P{'H} NMR (CDCl;,
161.97 MHz): § 95.9 (s). UV/Vis: Apax = 310 nm, £ = 14133 M "
em™,
Bis(p,-bis(DIMPPNP)-di-gold(1)bis(hexafluoroantimonate))
(6b). 1,2-DimethylpropylPNP (0.1004 g, 2.20 x 10~* mol), [AuCl
(Me,S)] (0.0648 g, 2.20 x 10~* mol), AgSbF, (0.0777 g, 2.26 x
107 mol). Yield: 0.7648 g, 76%. Anal. calc. for
Au,Sb,F;,P,N,CssHeo: C, 39.21; H, 3.52; N, 1.58%. Found: C,
39.06; H, 3.80; N, 1.42%. '"H NMR (CDCl;, 400.13 MHz): §
0.2-0.4 (m, 6H, 2 x CH3), 1.0 (dd, 2H, 2 x CH, J = 7; 11 Hz), 1.4
(t, 6H, 2CHg, J = 7 Hz), 1.9-2.2 (m, 6H, 2 x CHj), 3.3 (sextet,
2H, 2 x CH, J = 7; 11 Hz), 7.0-8.0 (m, 40H, aromatic). *'P{'H}
NMR (CDCl;, 161.97 MHz): § 95.3 (d, J = 69 Hz). UV/Vis: dpax =
313 nm, £ =22206 M~ cm™".

Author contributions

Hendrik G. Visser conceptualized the idea and led the
research. R. E. Kroon performed the solid-state PL analyses
and did the associated analyses and writing. L. V. Moskaleva
led the DFT study, performed the TD-DFT calculations and did
the associated writing. M. Schutte-Smith is a co-supervisor of
the students involved and did the editing of the final
manuscript. D. V. Kama is a co-supervisor and helped with syn-
thesis and writing. K. P. Otukile assisted with running DFT cal-
culations on the CHPC cluster. C. van Staden did all the synth-
eses and DFT calculations of ground-state geometries as part
of his PhD study and wrote the first draft of the
paper. C. Matthews contributed to the DFT study and manu-
script writing.

16406 | Dalton Trans., 2025, 54, 16393-16409

View Article Online

Dalton Transactions

Conflicts of interest

There are no conflicts to declare.

Abbreviations

The following abbreviations are used in different contexts to
refer to the N-substituent/R group on the PNP ligand or in the
bis(p,-bis(diphenylphosphino)-R-amine)-di-gold(i) complex:

2,6Me  2,6-Dimethylphenyl
DIMP  1,2-Dimethylpropyl
nButyl nBu

nBu n-Butyl

2-Butyl 2-Butyl

cHexyl Cyclohexyl

cButyl  Cyclobutyl

cPentyl Cyclopentyl
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