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Stable and color tunable emission properties
based on non-cyclometalated gold(in) complexes+

Michael Bachmann, Olivier Blacque and Koushik Venkatesan*

Stable and emission tunable non-cyclometalated gold(i) triaryl complexes of the type [(L)Au(CgFs)s] [L =
2-(2,4-difluorophenylpyridine) (1), 4-phenylpyridine (2), 2-phenylpyridine (3), 2-phenylisoquinoline (4),
2-thienylpyridine (5)] were synthesized starting from a common precursor complex [(THT)Au(CeFs)s]
[THT = tetrahydrothiophene] in good to modest yields. Extensive characterization of the complexes by
various nuclear magnetic resonance spectroscopy techniques and elemental analysis further corrobo-
rated the single-crystal X-ray diffraction studies. The complexes displayed room temperature phospho-
rescence in the neat solid and in 2-MeTHF at 77 K. Detailed photophysical investigations of the complexes
in the neat solid and at 77 K revealed the successful tuning of the emission maxima with modest quantum
yields across the visible part of the electromagnetic spectrum depending on the electronic properties of
the heterocyclic ligands. DFT (Density Functional Theory) and TDDFT (Time Dependent Density Func-
tional Theory) calculations were performed to discern the composition of the excited state as well as
confirm the obtained relative emission energies upon substitution with electronically different ligands.
The obtained diverse emissive behavior of the complexes combined with the ease of synthesis illustrate
the generality and applicability of the design approach to obtain emissive gold(i) complexes devoid of

www.rsc.org/dalton cyclometalation.

Introduction

Luminescent gold(m) complexes have been gaining increasing
attention in recent years as next generation triplet phosphors
for applications in phosphorescent organic light emitting
devices (PhOLEDs)." In the recent past, poor stability and non-
radiative deactivation arising due to reductive elimination and
low-lying d-d states that are energetically close to the poten-
tially emissive intraligand (IL) or metal-to-ligand charge trans-
fer (MLCT) states, respectively, have hindered the investigation
of Au(m) complexes in contrast to the extensively explored iso-
electronic Pt(n) complexes.'®* However, such deficiencies have
been overcome by Yam and co-workers using strong c-donat-
ing ligands and a tridentate ligand core resulting in stable and
luminescent Au(u) complexes. The majority of the strategies to
obtain emissive Au(i) complexes so far have relied on a triden-
tate biscyclometalated or a bidentate monocyclometalated
ligand scaffold appended to the gold(m) center."® Despite the
recent progress, very limited success has been achieved on
luminescent Au(m) complexes devoid of cyclometalation and
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the only known ones are cationic in nature.'®* To the best of
our knowledge, there are no luminescent neutral Au(u) com-
plexes that are devoid of cyclometalation. It was hypothesized
that the combination of conjugated heterocyclic ligands with
the previously known Au(m) pentafluorophenyl motif would
not only render the resulting Au(m) complexes emissive
through better spatial orientation and electronic overlap of the
frontier orbitals of the gold centre and the conjugated hetero-
cyclic ligand, but also was expected to result in stable com-
pounds owing to the presence of the pentafluorophenyl
ligands due to increased n-back bonding. The chosen design
strategy was also anticipated to allow further tuning of the
emission properties by utilizing various conjugated hetero-
cycles with different electronic properties. The introduction of
different ligands such as 2-phenylpyridine, 4-phenylpyridine,
2-thienylpyridine, 2-(2,4-difluorophenylpyridine), and 2-phenyl-
isoquinoline was chosen to evaluate the effect of highly
efficient interligand charge transfer on the emission quantum
yields as well as on the phosphorescent emission maxima of
the resulting complexes. Such a general approach to harness
room temperature phosphorescence from Au(u) complexes
bearing no cyclometalating ligands is demonstrated for the
first time.

In this work, we report on the synthesis, structural and
photophysical investigations of a series of stable Au(u) com-
plexes devoid of cyclometalation that exhibit room temperature
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phosphorescence in the neat solid and in 2-MeTHF at 77 K.
The introduction of the different conjugated heterocycles
results in widely tuneable emission properties across the
visible part of the electromagnetic spectrum, making the com-
pounds amenable for light emitting applications.

Results and discussion

The different aryl pyridine Au(m)triaryl complexes 1-5 were
synthesized using an already reported procedure that involves
the treatment of 2 equiv. of the appropriate aryl pyridine
ligand with the (THT)Au(uj)triaryl complex in Et,O
(Scheme 1).°> The complexes were obtained as amorphous
powders in 52-71% yield after purification by column chrom-
atography. 'H NMR studies carried out on the final products
revealed characteristic resonances for the a-proton on the pyri-
dine in the region 8.06-8.87 ppm strongly indicative of the co-
ordinated aryl pyridine ligand to the Au(m) trispentafluoro
phenyl center. Extensive characterization of the complexes has
been carried out by 'H, *C and '°F NMR studies as well as
elemental analysis.

Single crystal X-ray diffraction studies performed for all
Au(m) complexes further corroborated the structural assign-
ment from the NMR studies. The perspective views of all the
complexes are shown in Fig. 1. Crystallographic details are pro-
vided in Table 1. The analysis of the molecular structures
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Scheme 1 Synthesis of complexes 1-5.

reveals a distorted square-planar geometry around the metal
center. The distortion attributed to the steric encumbrance of
the ligands is in fact rather small since all trans N-Au-C and
C-Au-C bond angles were found close to 180° in the range
between 174.61(15) and 179.43(10)°, except the C-Au-C bond
angle in 4 which is slightly smaller with 171.30(9)° (Table 2).
The Au-N bond distance among the different complexes is not

Fig. 1 X-ray crystal structures of 1-5 with the selective atomic numbering scheme. Thermal displacement ellipsoids are drawn at the 30% prob-
ability level. Hydrogen atoms and solvent molecules are omitted for clarity. Only one of the two crystallographically independent molecules of 2 is

presented.
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Table 1 Crystal data and structure refinements for 1-5
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1 2 3 4 5
CCDC number 1024826 1024827 1024828 1024829 1024830
Empirical C59H16AU,Cl,F3,N, C110H 3AU,FgN, CyoHoAUF;5N C,oHj3,AuU,F3,N,0 C,,H;AuF;5NS
formula
Formula weight 1863.57 3456.44 853.34 1880.91 859.36
Temperature/K 183(1) 183(1) 183(1) 183(1) 183(1)
Crystal system Triclinic Triclinic Monoclinic Triclinic Monoclinic
Space group P1 P1 P2,/c P P2,/c
alA 8.4911(4) 13.4052(8) 7.9254(4) 11.2092(3) 7.9119(2)
b/A 10.3695(4) 13.8638(6) 18.503(4) 12.1878(3) 18.0726(4)
c/A 17.1054(11) 16.8973(12) 18.4895(11) 12.5527(3) 18.4278(4)
al® 08.487(4) 83.044(4) 90 104.977(2) 90
Bl 100.945(5) 68.830(6) 97.579(5) 106.125(2) 97.163(2)
v/° 92.939(4) 80.730(4) 90 98.915(2) 90
Volume/A® 1457.63(13) 2883.4(3) 2687.7(6) 1543.23(7) 2614.40(11)
zZ 1 1 4 1 4
Pealdlg cm™> 2.123 1.991 2.109 2.024 2.183
ﬂ/mm_l 5.271 5.222 5.601 4.889 5.835
F(000) 882.0 1641.0 1616.0 902.0 1624.0
Crystal size/mm®  0.33 x 0.26 x 0.13 0.27 x 0.15 x 0.03 0.47 X 0.31 X 0.25 0.47 x 0.19 x 0.15 0.25x 0.15 x 0.14
Radiation MoKa (4 =0.71073) MoK (4 =0.71073) MoKa (4= 0.71073) MoKa (4 =0.71073) MoK (4 =0.71073)
20 range for data 5.8 to 56.6 5.6 to 50.7 5.6 to 61.0 5.7 t0 61.0 5.7 to 52.7
collection/°®

Index ranges

—11<h<11,-13 <
k<13,-22<1<22

-16 <h<17,-17 <
k<18, -22<1<22

Reflections 22202 33922
collected

Independent 7227 [Ripne = 0.049, 10 536 [Rinc = 0.066,
reflections Rgigma = 0.053] Rgigma = 0.099]
Data/restraints/ 7227/39/470 10 536/400/872
parameters

Goodness-of-fit 1.049 1.031

on F*

Final R indexes R; =0.0349, R, =0.0552,
[1>26(1)] WR, = 0.0731 WR, = 0.1197
Final R indexes R, =0.0448, R, =0.0800,
[all data] WR, = 0.0775 WR, = 0.1326
Largest diff. 1.35/-0.88 2.27/-1.08
peak/hole/e A~

-11<h<11,-26 <
k<26,-26 <1<26
48393

-16 <h <16,-17 <
k<17,-17<1<17
27853

-9<h<9,-22<
k<22,-23<1<23
36456

8205 [Rip = 0.050, 9409 [Rip, = 0.038, 5337 [Rin¢ = 0.054,
Ryigma = 0.032] Ryigma = 0.037] Ryigma = 0.028]
8205/0/415 9409/0/496 5337/2/407

1.036 1.066 1.039

R; = 0.0246, R; = 0.0242, R, = 0.0218,

WR, = 0.0568 WR, = 0.0571 WR, = 0.0536

R; = 0.0310, R; = 0.0270, R, = 0.0241,

WR, = 0.0597 WR, = 0.0587 WR, = 0.0549
1.85/—0.93 1.33/-0.93 1.40/—0.68

significantly altered by the presence of the electronically
different pyridine ligands. Nevertheless, it is shorter in the
crystal structure of 2 with 2.068(7) and 2.069(7) A (two crystal-
lographically independent molecules in the asymmetric unit)
than in the other structures for which the bond distance lies
in the range of 2.101(2)-2.115(2) A. Interestingly, the Au-C
bond distance is always shorter for the pentaﬂuorophenyl
ligand trans to the heterocycle (1.990(8)-2.017(4) A) than for
the other two pentafluorophenyl ligands which are trans to
each other (2.040(9)-2.081(10) A) with an average difference of
about 0.05 A within the same structure. It is worth noting that
when the second ring of the heterocycle is in the ortho position
relative to the nitrogen atom, which is the case for complexes
1, 3, 4 and 5, that ring is involved in an intramolecular x---nt
interaction with a pentafluorophenyl ligand characterized by a
centroid-centroid distance in the range of 3.888(2)-4.124(3) A
and almost parallel rings making dihedral angles in the range
of 12.9(3)-17.12(16)° between the corresponding mean planes
(Tables S16-S20, ESIt).

The complexes were found to be stable in air and in
common organic solvents for extended periods and no signs of

This journal is © The Royal Society of Chemistry 2015

degradation were observed. This is consistent with the behav-
iour observed from the thermogravimetric analysis (TGA)
studies carried out on an exemplary compound 3 that revealed
the onset of total degradation (T4) at 260 °C. In spite of the
monodentate ligands coordinated to the gold(m) centre, the
thermal stability exhibited by this complex is quite comparable
to the monocyclometalated complexes reported earlier.® This
stability can be attributed to the electron withdrawing penta-
fluorophenyl ligands coordinated to the Au(m) centre that
tends to increase the metal-n back-bonding and thereby
strengthen the gold-carbon bond. Cyclic voltammetry studies
for all the complexes showed irreversible reduction peaks in
the range of —1.97 to —1.71 V (vs. Fc®" couple) in CH,CI, at
room temperature (Table 3). No oxidation peak was observed.
Due to the similarity of the reduction peak potentials among
the different complexes, the reduction process is attributed to
be a mostly ligand centered electrochemical event.

The photophysical data for the complexes are summarized
in Table 4. The UV/Vis profiles of complexes 1-5 are shown in
Fig. 2. The shapes of the bands closely resemble those of the
free ligands, but exhibit a bathochromic shift in comparison

Dalton Trans., 2015, 44, 10003-10013 | 10005
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Table 2 Selected bond distances (A) and angles (°) for 1-5

Distance Angle
Complex 1
Aul C1 2.017(4) C1 Aul N1 177.55(15)
Aul c7 2.078(4) Cc7 Aul C13 174.61(15)
Aul C13 2.071(4)
Aul N1 2.113(4)
Complex 2
Aul C12 1.990(8) C12 Aul N1 177.7(3)
Aul C18 2.065(9) C18 Aul C24 175.0(3)
Aul C24 2.081(10)
Aul N1 2.068(7)
Au2 C41 2.050(9) Cc47 Au2 N2 177.4(3)
Au2 C53 2.040(9) C41 Au2 C53 175.1(3)
Au2 c47 2.012(9)
Au2 N2 2.069(7)
Complex 3
Aul C12 2.074(2) C18 Aul N1 179.43(10)
Aul C18 2.011(2) C12 Aul C24 175.89(10)
Aul Cc24 2.054(2)
Aul N1 2.109(2)
Complex 4
Aul C16 2.077(2) C22 Aul N1 176.97(8)
Aul Cc22 2.012(2) C16 Aul Cc28 171.30(9)
Aul C28 2.059(2)
Aul N1 2.101(2)
Complex 5
Aul C10 2.058(3) C16 Aul N1 178.84(11)
Aul C16 2.016(3) C10 Aul Cc22 174.81(12)
Aul Cc22 2.069(3)
Aul N1 2.115(2)

Table 3 Electrochemical potentials for complexes 1-5 in 0.1 M [nBuyN]-
[PF¢l (Au electrode; E vs. Fc%’*; scan rate = 100 mV s™%; 20 °C, DCM)

Complex Reduction Ep/V vs. Fe*

—1.88
—1.89
-1.97
-1.79
-1.71

G W=

Table 4 Photophysical properties of complexes 1-5
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Fig. 2 UV/Vis absorption spectra of complexes 1-5 in CH,Cl,.

with the free ligand transitions (Fig. S6 in the ESIt). While for
complexes 1-3, a single low-energy band was found between
277 and 281 nm, 4 and 5 exhibit a set of bands with the lowest
energy band found at 335 and 317 nm, respectively. Such sig-
nificant differences in the energy of the bands between the
complexes can be attributed to the different n-delocalization
nature of the given ligand. The complexes have molar extinc-
tion coefficients in the range of 0.4 x 10*-2.7 x 10* M~ em™".
All the synthesized complexes exhibit intense emission at
room temperature in the neat solid and at 77 K (2-MeTHF) rigi-
dified media. No discernible emission was observed at room
temperature. The emission profiles of all the complexes in the
neat solid and in 2-MeTHF at 77 K are shown in Fig. 3 and 4,
respectively. Complexes 1 and 5 exhibit broad non-vibronically
structured luminescence in the neat solid with a wavelength
maxima found at the 436 and 535 nm, respectively. The emis-
sion profiles of complexes 2, 3 and 4 appear vibronically struc-
tured with the corresponding A.x at 468, 540 and 525 nm.
The emission energies of the complexes reflect the different
n-n* energies of the aryl pyridine ligand and are indicative of
its greater involvement in the excited state as further sup-
ported by DFT and TDDFT calculations. The emission wave-

Absorption (CH,Cl,)

Emission

Complex Jmax/nm (e/M~" em™) Medium (T/K) Jmax/DM (7o/pS) Gem (%) ke [x10° 571 knr [x10° s71]
1 277 (8112) Glass (77) 440 (0.65) —
Solid (298) 435 (0.29) 0.1 3.45 34.46
2 279 (27 373) Glass (77) 435, 463 sh, 490 sh (0.63) —
Solid (298) 439, 468, 489 sh (0.27) 1.1 40.74 36.62
3 281 (8449) Glass (77) 464 (0.66) —
Solid (298) 504, 540, 577 sh (0.34) 8.6 252.94 26.88
4 267 (11 766) Glass (77) 488, 524, 564 sh (0.6) —
335 (5406) Solid (298) 489, 525, 560 sh (0.55) 1.5 27.27 17.9
5 255 (6080) Glass (77) 529 (0.62) —
317 (4054) Solid (298) 541 (0.21) 1.0 47.62 47.14
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Fig. 4 Emission spectra of complexes 1-5 in 2-MeTHF at 77 K.

length maxima of complexes 2-5 in 2-MeTHF at 77 K were
found to be hypsochromically shifted by approximately
1-40 nm. This blue shift can be attributed to arise from the
rigidochromic behaviour of the complexes at 77 K. The excited
state lifetimes for the complexes were found in the range
0.21-0.55 ps at room temperature in the neat solid. The large
Stokes shifts displayed by the complexes in conjunction with
the ps excited-state lifetimes are strongly indicative of the
phosphorescence nature of the emission. The reason for the
absence of the long-lived emission in solution at room temp-
erature can be attributed to the fast non-radiative decay of the
excited state which might be caused primarily by the unhin-
dered rotation of the monodentate ligands around its axis and
secondarily to the slightly distorted conformation of the Au(ur)
complex upon absorption of the photon. The structural distor-
tion could be due to the high flexibility imparted to the mole-
cule not only because of the presence of monodentate ligands,
but also due to the participation of the entire molecule in the
excited state. This excited-state behaviour is quite in contrast

This journal is © The Royal Society of Chemistry 2015
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to the previously reported cyclometalated Au(m) complexes,
where only the involvement of the cyclometalated ligand was
found in most cases. This hypothesis is further supported by
DFT and TDDFT calculations. In comparison with the behav-
iour of complexes 1-5 in solution, we suggest that the
additional rigidity provided by the crystal packing effect
through intermolecular interactions in the solid state mini-
mizes the structural distortion of the molecules and results in
emission for the complexes. This suggestion is consistent with
the non-emissive nature of the complexes found when they are
spin-coated as thin films in a PMMA matrix. The thin films
start to emit only after 90 wt% doping of the complex in the
PMMA matrix. Although the PMMA matrix provides a rigid
environment, the interactions provided by the PMMA are not
sufficient enough in comparison with the tight packing
present in the single crystal environment that reduces the dis-
tortion to a significant extent.

The luminescence properties of our series of compounds
were investigated using DFT and TDDFT calculations using the
hybrid functional PBE1PBE in conjunction with the Stuttgart/
Dresden effective core potential (SDD) basis set for the Au
center and the standard 6-31+G(d) basis set for the remaining
atoms, the same level of theory used in our previous stu-
dies'”® (see Computational details). The DFT optimized
ground state (S,) geometries are in good agreement with the
X-ray structures. The square-planar coordination of the metal
center is retained and the Au-C bond distance for the penta-
fluorophenyl ligand ¢rans to the heterocycle is calculated to be
shorter than that for the two other pentafluorophenyl ligands
trans to each other, as confirmed by the average values of
2.009 A vs. 2.073 A, respectively. As expected, the calculated
Au-N bond distance is longer than the Au-C bond distances
within the same molecule with an average value of 2.143 A.
The latter values do not take into account the bond distance of
2.115 A found for complex 2 which is about 0.03 A shorter
than those computed for the other complexes, again consist-
ent with the structural observations from the X-ray diffraction
studies. The frontier molecular orbitals involved in the calcu-
lated singlet-singlet transitions (Table 5, Fig. 5 and 6, and
Fig. S7-S11 in the ESIt) reveal that the lowest energy bands
found at 335 and 317 nm in the UV/Vis profiles of 4 and 5
have predominantly originated from a HOMO — LUMO exci-
tation corresponding to an intra-ligand charge transfer located
at the pyridine aryl ligand denoted as 'TLCT[Rpyria = T*pyria)-
Despite being at a higher energy of 279 nm, the intense band
observed for 2 is more comparable to the low energy bands of
4 and 5 with a 1ILCT[1tpyrid — T* ] character originated from
a HOMO — LUMO excitation, than to the ones of 1 and 3
(however observed at similar energies of 277 nm for 1 and
281 nm for 3) which originated from several excitations and
transitions involving molecular orbitals where most of the elec-
tron density is not only located on the aryl pyridine rings but
also on pentafluorophenyl ligands, leading to an admixture of
intra-ligand and ligand-to-ligand n — n* characters. The differ-
ences in the energy of the bands between complexes 1-3 and
4-5 (about 20-25 nm, Table S21 in the ESI}) can be substan-

Dalton Trans., 2015, 44, 10003-10013 | 10007
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Table 5 Selected singlet—singlet (So—S,) and singlet—triplet (So—T,,) excited states with TD-DFT/CPCM (in dichloromethane) vertical excitation
energies (hm), transition coefficients (c > 0.2), orbitals involved in the transitions, and oscillator strengths f for compounds 1-5 (with f > 0.02)

1 2 3 1 5
Exp. abs. Apax ¢ 277 279 281 335 317
SofSnb n=1 n=1 n=1 n=1 n=1

Exp. em. Apax ©
EXp. em. Anmax
Calc. em. Apax €
T,-S,

288.6 (f=0.063)
H—-L(c=0.58)
n=2

283.4 (0.025)
H-4 — L (0.33)
H-2 — L (0.27)
H-5— L (0.21)
n=3

283.4 (0.028)
H-1 - L (0.44)
H-3 — L+1 (0.26)

n==6

278.5 (0.028)
H-2 — L (0.28)
H-3 — L (0.27)
H-4 — L+1 (0.25)
H - L+1 (0.24)
n=7

271.0 (0.029)
H-5 — L (0.40)

n=11
258.2 (0.078)
H—-4 — L+1 (0.46)
H-4 — L (0.30)
H-6 — L+1 (0.23)

440

435

423.6

370.9

H-7 « L+3 (0.30)
H « L (0.28)

H « L+1(0.27)

281.6 (f=0.785)
H — L (c=0.65)
n=4

274.9 (0.043)
H-2 — L+1 (0.44)
H-5 — L+1 (0.26)

n=>5

n=7
272.8 (0.026)

H-6 — L (0.60)
H-7 - L (0.27)

n=15
254.6 (0.024)
H — L+1 (0.67)

435
439

445.8

395.2

H < L (0.65)
H-6 « L+7 (0.27)
H < L+12 (0.23)

288.8 (f=0.061)
H-L(c=0.62)
n=3

281.2 (0.056)
H-2 — L (0.36)
H-4 — L (0.26)
H-6 — L (0.22)
n=4

279.7 (0.124)

H — L+1 (0.51)
H - L (0.25)

n=7
270.6 (0.048)

H-7 - L (0.32)
H-4 - L (0.28)

n=12

256.9 (0.083)
H-4 — L+1 (0.38)
H-4 — L (0.25)

464

504

470.9

377.0

H « L+1 (0.36)

H « L (0.30)
H-5 « L+3 (0.21)
H-5 « L+7 (0.20)

316.8 (f=0.180)
H — L (c=0.66)
n==6

278.8 (0.039)
H-4 — L+1 (0.39)
H-5 — L+1 (0.34)

n=7
277.6 (0.022)
H-2 — L+1 (0.53)
H-6 — L (0.21)

n=8

277.4 (0.024)
H-6 — L (0.44)
H-7 - L (0.21)
H-1- L (0.21)

n=14

266.9 (0.061)
H-7 — L+1 (0.45)
H-5 — L+1 (0.36)

488
489

514.2

477.6

H « L(0.69)
H « L+2 (0.21)

315.0 (f=0.175)
H—-L(c=0.68)
n=2

299.0 (0.078)

H — L+1 (0.68)

n=4
282.9 (0.028)
H-2 — L (0.29)
H-2 — L+1 (0.29)
H-4 — L+1 (0.26)
n=7

275.8 (0.040)
H-4 — L (0.37)
H-4 — L+1 (0.33)
H-5 — L (0.28)
H-5 — L+1 (0.25)
n=9

270.5 (0.021)
H-7 — L (0.47)
H-7 — L+1 (0.38)
H-6 — L (0.21)
n=10

268.5 (0.027)
H-6 — L (0.57)
H-5 — L (0.28)

n=11

265.9 (0.051)

H - L+2 (0.65)
n=13

263.5 (0.059)
H—-4 — L+1 (0.29)
H-5 — L+1 (0.26)
H-6 — L (0.21)
529

541

522.4

430.5

H < L (0.53)

“Recorded at room temperature in CH,Cl,. ’H = HOMO, L = LUMO. ‘ Recorded at 77 K in glass medium. 4 Recorded at room temperature in the
solid state. ¢ Calculated as the energy difference between the DFT optimized ground state and low-lying triplet state.

tiated from the calculated HOMO-LUMO gap which is signifi-
cantly smaller for 4 and 5 due to a higher lying HOMO for
these two complexes, probably destabilized by the presence of
thienyl pyridine and phenyl isoquinoline, ligands with a
strong ability for n-delocalization. Unlike the TDDFT singlet-
singlet vertical excitations, the lowest singlet-triplet T;-S,
energies calculated from the ground state structures are not
really in agreement with the experimental data. The emission
maxima estimated by the energy difference between the DFT
optimized singlet ground state S, and the emitting triplet state
T; are more in line with the experimental emission wave-
lengths (Table 5). Nevertheless, both TDDFT and DFT calcu-

10008 | Dalton Trans., 2015, 44, 10003-10013

lations lead to the same conclusion that the emission
originates from a transition with an intra-ligand *ILCT [mpyria
— T*pyria] character for all complexes. The spin density sur-
faces of the lowest triplet states and the SOMOs obtained from
restricted open shell calculations visually identify the origin of
the emission (Fig. 5 and 6) but the absence of long-lived emis-
sion in solution at room temperature might bias our interpret-
ation of the emission process based on solvent-corrected gas-
phase calculations. We assume that the unhindered rotation
of the monodentate ligands around its axis and the flexibility
of the molecules due to the presence of only monodentate
ligands can cause the absence of emission in solution at room

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Spin density surfaces for the optimized triplet states of 1-5 (the positive spin densities are shown in blue and the negative ones are shown in
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Fig. 6 Singly occupied molecular orbitals (top: SOMO, bottom: SOMO-1) obtained by restricted open-shell single point calculations on the opti-

mized triplet state geometries of 1-5.

temperature. At the gas-phase DFT level, structural distortions
on going from S, to T, are visible on the heterocycles as shown
in the overlay plots of the optimized ground and triplet state
structures but no significant differences in the square-planar
geometry are present around the metal center (Fig. S12, ESIf).
The absence of emission in solution, powder and in spin-
coated PMMA films is strongly suggestive of the additional
rigidity provided by the packing arrangement in crystals or in
the solid state responsible for the radiative decay from the
complexes. In this context, we delineate various interactions
that could be responsible for that rigidity in the crystal struc-
tures in the following section.

This journal is © The Royal Society of Chemistry 2015

Detailed investigations of the X-ray crystal structures of 1-5
gave no evidence for the presence of Au---Au interactions. The
shortest Au---Au distances are observed in the crystal struc-
tures of 4 and 2 with 6.4756(4) and 6.8626(6) A, respectively. In
the other structures, the Au---Au distances are not smaller
than 7.9119(3) A for 5, 7.9254(5) A for 3 and 8.4911(5) A for 1.
The packing studies confirm the presence of weak inter-
molecular C-H:--F-C hydrogen bonding, C-F---n interactions
and =n---w stacking interactions besides the already mentioned
n---m intramolecular interactions (Fig. 7, Tables $16-520, ESIf).”
The shortest intermolecular H---F distance dyy is observed in
the crystal structure of 2 with 2.34 A (C---F = 3.145(10) A)

Dalton Trans., 2015, 44, 10003-10013 | 10009
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Fig. 7 Aview along the a axis of the crystal packing of 3 showing z---m and C—F---n interactions as green dashed lines.

and a corresponding C-H---F angle 6 of 144.3°. Very similar
C-H:--F-C hydrogen bonds are found in the other crystals
characterized by dyp distances in the range of 2.43-2.50 A
(C---F distances in the range of 3.192(4)-3.263(4) A) and ¢
angles in the range of 129.0-149.2°. Such interactions can
reasonably be interpreted as weak hydrogen bonds having an
effect on the crystal packing. In the crystal structures, the
molecules are also linked by weak C-F---m interactions and
n---m stacking interactions completing a sort of three-dimen-
sional framework. The shortest distances between the involved
fluorine atom and the centroid (Ct) of the ring vary from
2.983(3) A in 5 to 3.407(2) A in 4 with C-F---Ct angles in the
range of 131.98(17)-151.0(8)°, while the x---n interactions are
characterized by the shortest Ct:---Ct separations observed
between 3.7820(18) in 4 and 4.369(3) in 1 with dihedral angles
between the mean planes which vary from 0 to 26.5(6)°.

Based on the above discussion, it can be strongly presumed
that the presence of a number of several weak interactions that
contribute to the rigidity of the molecules in the crystal phase
is partially responsible for reducing the flexibility and thereby
resulting in emission from the complexes.

Conclusions

In conclusion, a new design concept to achieve room tempera-
ture emission from Au(ur) complexes devoid of cyclometalation
has been successfully realized using electronically different
pyridine aryl ligands in conjunction with an Au(m) triaryl
motif. The emission energies are readily tunable across the
visible range of the electromagnetic spectrum with the elec-
tronic nature of the heterocycle allowing to even achieve deep-
blue emission at room temperature in the neat solid and in 2-
MeTHF at 77 K. While the highest quantum yield obtained is
around 8.6%, it is expected that this design concept can be
further extended to achieve non-cyclometalated Au(m) com-

10010 | Dalton Trans., 2015, 44, 10003-10013

pounds with finely tunable luminescence properties by using
other kinds of conjugated heterocyclic ligands that could have
potential in optoelectronic and other light emitting related
applications.

Experimental section
General procedures and instrumentation

All starting materials were purchased from commercial
sources and used as received unless otherwise stated. All
chemicals were of reagent grade and the solvents used for
synthesis were of analytical grade. The reagents Ag(C4F5),® TICI
(C6F5)z,° (THT)AuCI'® and (THT)AuCF5** were synthesized
based on methods reported in the literature.

All manipulations requiring an inert atmosphere were
carried out using standard Schlenk techniques under dinitro-
gen. 'H, "’C{"H} and '°F NMR spectra were recorded on Bruker
400 MHz and 500 MHz or Varian 200 MHz and 300 MHz spec-
trometers. Chemical shifts () are reported in parts per million
(ppm) referenced to tetramethylsilane (6 0.00) ppm using the
residual proton solvent peaks as internal standards ("H NMR
experiments) or the characteristic resonances of the solvent
nuclei (*C NMR experiments). '°’F NMR was referenced to
CFCl; (6 0.00) ppm. Coupling constants (/) are quoted in Hertz
(Hz) and the following abbreviations are used to describe the
signal multiplicities: s (singlet); d (doublet); t (triplet);
q (quartet); quint (quintet); sext (sextet); sept (septet); m (mul-
tiplet). Proton and carbon assignments have been made using
routine one and two dimensional NMR spectroscopy where
appropriate. Infrared (IR) spectra were recorded on a Spec-
trumTwo FT-IR spectrometer (Perkin-Elmer) equipped with a
Specac Golden Gate™ ATR (attenuated total reflection) acces-
sory, applied as neat samples with frequencies (vmax) quoted
in wavenumbers (cm™"). Elemental microanalysis was carried
out with a Leco CHNS-932 analyzer. TLC analysis was per-

This journal is © The Royal Society of Chemistry 2015
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formed on precoated Merck Silica Gel60F254 slides and visual-
ized by luminescence quenching either at (short wavelength)
254 nm or (long wavelength) 365 nm. Chromatographic purifi-
cation of products was performed on a short column (length
15.0 cm; diameter 1.5 cm) using a silica gel 60, 230-400 mesh
using a forced flow of the eluent. UV/Vis absorption measure-
ments were carried out on a Perkin-Elmer Lambda 35 UV-Vis
spectrophotometer. Emission spectra were acquired on a
Perkin-Elmer spectrophotometer using 450 W xenon lamp
excitation by exciting at the longest-wavelength absorption
maxima with the excitation slit width of 5 nm and the emis-
sion slit width of 10 nm. 77 K emission spectra were acquired
in frozen 2-methyltetrahydrofuran (2-MeTHF) glass. Lumine-
scence quantum yields ¢, of the complexes in solution were
determined at 298 K (estimated uncertainty + 15%) using stan-
dard methods, and wavelength-integrated intensities (I) of the
corrected emission spectra were compared to iso-absorptive
spectra of quinine sulfate standard (¢er = 0.55 in a 1 N H,SO,
air-equilibrated solution) and were corrected for solvent refrac-
tive index. Absolute quantum yields were measured in the
solid using an integrating sphere on the Edinburgh spectro-
photometer FLS920. YAG:Ce (powder) was used as a cali-
bration reference with ¢, = 97%. Phosphorescence lifetimes
in thin films were measured using the Edinburgh laser flash
photolysis spectrophotometer LP920 with a Nd:YAG 355 nm
laser as an excitation source fitted with a single monochroma-
tor. Cyclic voltammograms were measured with a Metrohm
757 VA Computrace with a glassy carbon electrode (d = 2 mm)
or a gold electrode with a Pt counter electrode versus an Ag/
AgCl reference electrode. The following ligand abbreviations
have been used: 2-phenylpyridine (2-ppy), 4-phenylpyridine
(4-ppy), 2-thienylpyridine (2-thpy), 2-phenylisoquinoline
(2-pqu) and 2-(2,4-difluorophenyl)pyridine (2-fppy).

Synthesis of complexes 1-5

General procedure for tris(pentafluorophenylgold(m) with
different pyridine derivatives (2-phenylpyridine (1), 4-phenyl-
pyridine (2), 2-thienylpyridine (3), 2-(2,4-difluorophenylpyri-
dine) (4), and 2-phenylisoquinoline (5)). To  tris-
(pentafluorophenyl)Au(THT) (100 mg, 0.127 mmol) dissolved
in Et,0 (20 mL), 2 equiv. of the pyridine derivative
(0.254 mmol) were added and the reaction mixture was stirred
for 48 h at r.t. The solvent was evaporated under vacuum and
the obtained crude product was purified by column chromato-
graphy on silica gel (eluent: toluene/hexane = 1/3) to afford a
white solid. Single crystals suitable for X-ray diffraction ana-
lysis were obtained from slow evaporation of a concentrated
solution of the complex in DCM or Et,O with a layer of hexane
at room temperature.

Tris(pentafluorophenyl)(2-(2,4-difluorophenylpyridine)gold(iu)
(1). Yield: 71%, 40.15 mg, 0.0452 mmol. 'H NMR (500 MHz,
CD,Cl,, 25 °C): 6 (ppm) = 8.87 (d, *Jum) = 5.8 Hz, 1H),
8.19-8.14 (m, 2H), 7.71-7.69 (m, 2H), 7.36-7.32 (m, 1H),
6.90-6.85 (m, 1H). C{'H} NMR (125.8 MHz, CD,Cl,, 25 °C):
8 (ppm) = 166.7 (s), 164.6 (s), 161.0 (s), 159.0 (s), 155.0 (s), 151.9
(s), 148.2-148.0 (m, Ar-C-F), 145.9-146.1 (m, Ar-C-F), 141.7
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(s), 139.4-139.0, (m, Ar-C-F), 138.9-138.7 (m, Ar-C-F),
137.1-137.5 (m, Ar-C-F), 136.7-136.6 (m, Ar-C-F), 131.7 (s),
130.9 (s), 126.6 (s), 122.6 (), 118.6 (s), 114.0-113.8 (m, Ar-C-
F), 105.2 (t, 26.4 Hz, Ar-Au). "°F NMR (282.4 MHz, CD,Cl,,
25 °C): 6 (ppm) = —106.1 to —106.2 (m, 1F), —114.4 to —114.5
(m, 1F), —123.6 to —124.2 (m, 6F o), —158.3 (t, *Je-r) = 19.8
Hz, 2F,qy), —159.1 (t, *Je-p) = 19.8 Hz, 1F,q,), —163.0 to
—163.2 (m, 4Fe0), —163.9 to —164.1 (m, 2F,,.,). Anal. Calc.
for C,oH,AUF,;N: C, 39.17; H, 0.79; N, 1.58 found: C, 39.12; H,
0.82; N, 1.62.

Tris( pentafluorophenyl)(4-phenylpyridine)gold(m)  (2). Yield:
66%, 36.0 mg, 0.0422 mmol. 'H NMR (500 MHz, CD,Cl,,
25 °C): 8 (ppm) = 8.52 (d, *Ji_s) = 6.6 Hz, 2H), 7.79 (d, *Jrm) =
6.8 Hz, 2H), 7.69-7.67 (m, 2H), 7.58-7.53 (m, 3H). “*C{'H}
NMR (125.8 MHz, CD,Cl,, 25 °C): § (ppm) = 149.7 (s), 131.6
(s), 129.7 (s), 127.3 (s), 125.0 (s), 121.0-119.5 (m, Ar-C-F),
110.5-110.3, (m, Ar-C-F). "F NMR (282.4 MHz, CD,Cl,,
25 °C): § (ppm) = —123.7 to —123.8 (M, 2Fy,), —125.6 tO
—125.8 (m, 4Forno), —158.5 (t, Jie-r) = 19.8 Hz, 2F,,,), —159.2
(t, Jw-r = 19.8 Hz, 1F,;,), —162.8 to —162.9 (m, 4F,.0),
—163.9 to —164.0 (m, 2F ). Anal. Calc. for C,oHoAuF;5N: C,
40.82; H, 1.06; N, 1.64 found: C, 41.18; H, 0.99; N, 1.64.

Tris(pentafluorophenyl)(2-phenylpyridine)gold(m)  (3). Yield:
62%, 33.6 mg, 0.0394 mmol. 'H NMR (500 MHz, CD,Cl,,
25 °C): 6 (ppm) = 8.75 (d, *Ju-m) = 6.0 Hz, 1H), 8.10 (t, Jn) =
7.5 Hz, 1H), 7.67 (d, g = 8.0 Hz, 1H), 7.64-7.51 (m, 6H).
BC{"H} NMR (125.8 MHz, CD,Cl,, 25 °C): § (ppm) = 161.6 (s,
Ar-C), 150.9 (s), 147.7-145.6 (m, Ar-C-F), 145.8-143.8 (m, Ar-
C-F), 141.7 (s), 141.0-138.8 (m, Ar-C-F), 139.1-136.9 (m, Ar-
C-F), 131.0 (s), 130.0 (s), 128.8 (s), 127.6 (s), 127.4 (s), 125.3,
118.7 (t, *Jic-r) = 42.8 Hz, Ar-Au), 95.6 (t, *Jic-r) = 35.2 Hz, Ar-
Au). "’F-NMR (282.4 MHz, CD,Cl,, 25 °C): § (ppm) = —124.5 to
—124.0 (m, 6Forno), —159.0 (t, *Jr-r) = 19.8 Hz, 2F,4,,), —159.4
(t, Jw-r) = 19.8 Hz, 1F,4,), —163.4 to —163.6 (M, 4F,0),
—164.2 to —164.3 (m, 2F,,.,). Anal. Calc. for CyoHoAuF;5N: C,
40.82; H, 1.06; N, 1.64 found: C, 40.49; H, 0.99; N, 1.82.

Tris( pentafluorophenyl)(2-phenylisoquinoline)gold(ir) (4).
Yield: 71%, 40.9 mg, 0.0453 mmol. 'H NMR (500 MHz,
CD,Cl,, 25 °C): & (ppm) = 8.61-8.60 (d, *Jys_) = 4.2 Hz, 1H),
8.02-8.01 (d, /1 m) = 6.3 Hz, 1H), 7.93 (d, *Js_m) = 3.1 Hz, 2H)
7.74-7.64 (m, 3H), 7.57 (t, *Jum) = 5.9 Hz, 2H), 7.48 (d, Y )
= 5.1 Hz, 2H). “C{'H} NMR (125.8 MHz, CD,Cl,, 25 °C):
5 (ppm) = 164.2 (s), 148.1-147.8 (m, Ar-C-F), 146.2-145.9 (m,
Ar-C-F), 141.7 (s) 141.3-140.8 (m, Ar-C-F), 139.3-138.8 (m,
Ar-C-F), 141.0-138.8 (m, Ar-C-F), 137.5 (s) 137.2-136.8 (m,
Ar-C-F), 136.2 (s), 134.6 (s), 131.5 (s), 130.3 (s), 130.1 (s), 129.9
(s), 129.7 (s), 129.3 (s), 127.6 (s), 124.2 (s). '’F NMR
(282.4 MHz, CD,Cl,, 25 °C): § (ppm) = —123.4 to —123.9 (m,
6Foreno), —159.3 (t, *Jie_r) = 19.8 Hz, 2F,4r0), —159.6 (t, Jie-r) =
19.8 Hz, 1F,4,), —163.5 t0 —=163.7 (M, 4Fer0), —164.2 to —164.3
(m, 2F,e0)- Anal. Cale. for Cs3Hy,AuFsN-Et,0: C, 45.46; H,
2.17; N, 1.43; found: C, 45.38; H, 1.71; N, 1.49.

Tris(pentafluorophenyl)(2-thienylpyridine)gold(m)  (5). Yield:
52%, 29.2 mg, 0.034 mmol. "H NMR (500 MHz, CD,Cl,,
25 °C): 6 (ppm) = 8.66 (d, *Ju-n) = 5.8 Hz, 1H), 8.06 (t, Jm) =
7.9 Hz, 1H), 7.98 (d, Jun) = 3.7 Hz, 1H), 7.72 (d, )
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7.5 Hz, 1H), 7.61 (d, gy = 5.1 Hz, 1H), 7.53 (t, *Jipm) =
6.5 Hz, 1H), 7.26 (t, Jam) = 4.6 Hz, 1H). “C{'"H} NMR
(125.8 MHz, CD,Cl,, 25 °C): § (ppm) = 154.9 (s), 151.4 (s),
147.9-147.7 (m, Ar-C-F), 146.1-145.8 (m, Ar-C-F), 144.6-144.1
(m, Ar-C-F), 141.9 (s), 141.4-140.9 (m, Ar-C-F), 140.0 (s),
139.5-138.8 (m, Ar-C-F), 138.7-138.4 (m, Ar-C-F), 137.1-136.8
(m, Ar-C-F), 136.7-136.3 (m, Ar-C-F), 131.1 (s), 129.8 (s),
129.2 (s), 125.5 (s), 118.7 (t, *Jicr) = 44.0 Hz, Ar-Au), 95.8 (t,
*Jic-r) = 39.0 Hz, Ar-Au). '°F NMR (282.4 MHz, CD,Cl,, 25 °C):
8 (ppm) = —123.5 to —123.6 (m, 2Fy,,), —123.8 to —123.9 (m,
4F i), —158.9 (t, *Jp-p) = 19.5 Hz, 2F,q,4), —159.3 (t, *Je-r) =
19.8 Hz, 1F,414), —163.4 t0 —163.6 (m, 4F ¢,4), —164.1 to —164.4
(m, 2F,;erq)- Anal. Calc. for C,;H,AuF5NS: C, 37.74; H, 0.82;
N, 1.63 found: C, 37.84; H, 0.90; N, 1.65.

X-ray crystallography

Single-crystal X-ray diffraction data were collected at 183(1) K
on an Agilent Technologies Xcalibur Ruby area-detector diffr-
actometer using a single wavelength Enhance X-ray source
with MoK, radiation (1 = 0.71073 A)'* from a micro-focus X-ray
source and an Oxford Instruments Cryojet XL cooler. The
selected suitable single crystal was mounted using polybutene
oil on a flexible loop fixed on a goniometer head and immedi-
ately transferred to the diffractometer. Pre-experiment, data
collection, data reduction and analytical absorption correc-
tion'* were performed with the program suite CrysAlisPro."?
Using Olex2," the structure was solved with the SHELXS97 **
structure solution program using direct methods and refined
with the SHELX1.2013 ** program package by full-matrix least-
squares minimization on F>. PLATON"® was used to check the
result of the X-ray analyses. For more details of the data collec-
tion and refinement parameters, see the Crystallographic
Information Files. CCDC 1024826 (for 1), CCDC 1024827 (for
2), CCDC 1024828 (for 3), CCDC 1024829 (for 4) and CCDC
1024830 (for 5) contain the supplementary crystallographic
data for this paper.

Computational details

The absorption and emission properties of our series of com-
pounds were investigated by density functional theory (DFT)
calculations using the Gaussian 03 program package.'” The
hybrid functional PBE1PBE'® in conjunction with the Stutt-
gart/Dresden effective core potential (SDD) basis set'® for the
Au center augmented with one fpolarization function (a =
1.050) and the standard 6-31+G(d) basis set® for the remain-
ing atoms was applied. The molecular structures of the elec-
tronic ground states and the lowest triplet states of
compounds 1-5 were studied. On the basis of the ground-
state optimized geometries, time-dependent DFT (TD-DFT)
calculations®*>* combined with the conductive polarizable
continuum model (CPCM)**** were used to produce the
fifteen lowest singlet-singlet and singlet-triplet vertical exci-
tations in the dichloromethane media with the corresponding
energies, transition coefficients, and oscillator strengths. Full
geometry optimizations without symmetry constraints were
carried out in the gas phase for the singlet ground states (S,)
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and the lowest triplet states (T;). The optimized geometries S,
and T; were confirmed to be potential energy minima by
vibrational frequency calculations at the same level of theory,
as no imaginary frequency was found.
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