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Crystallographic and DFT examination of the metalloligands
[AuAr(CNPy-4)] (Ar = CgFs (1), CgF3Cl,-3,5 (2)) and their silver
complexes [Ag[AuAr(CNPy-4)],](BF;) (3 and 4) support that the
marked luminescence red-shifts observed on moving from 1 to 2,
from 1,2 to 3,4, or upon grinding, are not caused by electronic
differences (either by changing the aryls CgFs/C¢FsCl,, or by N
coordination to silver), nor by non-existent Au---Ag interactions.
They are always due to structural changes disturbing stronger n-n
stackings in order to allow for shorter Au---Au interactions.

Many gold(l) organometallic compounds are luminescent and
show mechanoresponsive luminescence.” Of specific interest
for this work are some recent papers by Ito and others,
reporting that aryl or fluoroaryl gold(l) isocyanide complexes
display luminescent mechanochromism.”*  This
changes in luminescence associated to crystal-to-crystal or
crystal-to-amorphous phase transitions, either produced by
mechanical stress or by recrystallization; solvent uptake or
release is sometimes involved in the last case. These structural
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changes affect the formation, breaking, or strength of Au---Au
the  homobimetallic
pentafluorophenyl complex in Fig. 1, which does not display
aurophilic interactions in its original

interactions. As an example,

single crystal X-ray
. . . . 2
structure, changes its luminescence upon grinding.
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4-Pyridylisocyanide (CNPy-4) can act as bidentate ligand and
their two different coordinating functions are good to bind
Au'/AgI selectively. We decided to use it to prepare

Figure 1.
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[AuAr(CNPy-4)] complexes (Ar = CgF5 = Pf (1); Ar = CgF3Cl,-3,5 =
Rf, (2)) and [Ag[AuAr(CNPy-4)],](BF,) (3 and 4),5 to compare
their photophysical properties and the possible effect of the
presence of silver. It is well known that introducing a second
metal centre (M) on gold complexes often produces materials
with direct Au---M interactions that have dramatic effects on
the luminescence.®’” Even if this were not the case, we might
expect differences in the photophysical properties of 1-4,
either due to the different electronegativity of the aryls Pf and
Rf, or induced upon N-coordination of the metalloligands
[AuAr(CNPy-4)] to silver.

The syntheses of 1,2 were carried out by ligand substitution of
tht (tetrahydrothiophene) on the corresponding [AuAr(tht)]
complex.8 The 2:1 reactions of 1 or 2 with AgBF, in acetone led
to 3,4 (Egn. 1).
C,H,N analyses, IR, 'H and F NMR, and single-crystal X-ray

The complexes where fully characterized by

diffraction when feasible crystals could be obtained (see ESI).

2 NC\>fNC>Au-Ar M[Ar—Au«CN—@N—Ag—ND*NOAqur}BF4 (2)

Ar = CgF5 (1), CeF3Cl, (2) Ar = CgF5 (3), CsF3Cl, (4)

The ligand and the complexes display absorption bands in the
UV-Vis spectra in the range 200-300 nm in dichloromethane
solution, with large extinction coefficients of 10* M em™.
These are typical, in other cases studied, of a mixture of m-rt*
transitions based on the pyridyl rings, and Au-n* or m-mt*
transitions in the fluorinated aryI.7 Interestingly the four UV-
Vis spectra of 1-4 are almost superimposable (Fig. ESI21). This
means that in the individual molecules the electronegativity
difference between Pf and Rf, as well as the electronic
polarization upon N-coordination to are almost
negligible.

Neither the ligand nor the complexes display luminescence in

silver,

solution. However, in the solid state they show interesting
behaviour and remarkable differences that should necessarily
be assigned to structural changes in the crystals of 1-4.
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Single crystal X-ray studies could be made for complexes 1, 2
and 4, which show structures where Au---Au interactions and
n-mt stacking interactions can be identified. The crystal of
complex 1 was obtained by slow diffusion of n-hexane into a
solution of 1 in dichloromethane. The X-ray structure (Figure 2)
shows a parallel infinite arrangement of the molecules with Pf-
Pf and py-py stacking, and Au---Au long distance (3.817 A). The
Pf and py rings are not coplanar, but make a dihedral angle of
31.5°.

3.817

Figure 2. Crystal structure of 1. Distance in A

Different mixtures of two polymorphs of compound 2 were
obtained depending on the crystallization conditions. By slow
diffusion of n-hexane into a solution of 2 in dichloromethane
needle-shaped crystal were predominant. The X-ray of one of
them corresponds to the structure in Figure 3, and is named
2a. In a faster procedure consisting of evaporation from a
dichloromethane/n-hexane solution, plate-like crystals of
polymorph 2B were predominant. The powder X-ray
diffraction (PXRD) pattern of the bulk product 2 contains
mostly the peaks expected from the single crystal structures
2a and 2B (Figure ESIZO),9 This mixture of polymorphs is also
observed in the luminescent properties of 2, as discussed later.
The crystal of 2a contains pairs of two kinds of molecules (2a
and 2b in 1:1 ratio), as shown in Fig. 3. They differ in the
dihedral angle between the Rf and the Py planes, which are
almost coplanar (dihedral angle 3°) in the pair 2a, and make a
41° angle in the pair 2b.

The 2a molecules are associated in the crystal as antiparallel
pairs, and show within the pair one Au---Au interaction, at
3.315 A, and Rf-py m-m stacking interactions at 3.446 A. The
pair of 2b molecules is defined by the existence of inter-
halogen C—Fgho**Clyeta—C contacts within each pair, with
distance d(F---Cl) = 3.025 A (the sum of vdW radii is 3.1-3.9
A),lo and does not have aurophilic interactions. Furthermore, a
shorter contact (d(F---Cl) = 2.998 A) is found between 2a and
another neighbouring 2b (not shown in Fig. 3, see Fig.
ESI15).11’12 Additionally, the pair 2b has -t Rf-Rf stacking (at
3.580 A), and m-mt Rf-py stacking (at 3.589 A) with 2a, while
their own Py rings are tilted and do not participate in any
stacking. A perhaps more expressive view of the packing is
given in the space-fill representation in Figure 3.
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Figure 3. Two views of packing interactions in complex 2a. Distances in A.
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The structure of 2B (Figure ESI16) is more complicated (12
molecules in the asymmetric unit) and shows shorter Au---Au
distances (3.2344(16) and 3.2768(16) A) than 2a. This is used
later in the discussion.

Crystals of complex 4 were obtained by diffusion, in the dark at
room temperature, of a solution of AgBF, in acetone layered
on top of a solution of complex 2 in dichloromethane. After 24
h, orange crystals had been formed at the interphase of the
two solvents. The structure contains only one kind of molecule
in the asymmetric unit (Fig. 4, above), including half acetone of
crystallization, and confirms the molecular proposal in
Equation 1: the two N atoms of the two gold metallopyridine
moieties linearly coordinate the silver centre. The BF, anions
are tightly attached to Ag’, with the atoms at F-Ag vdW
distances.

The packing arrangement of 4 (Fig. 4, below) consists of pairs
of parallel molecules with m-t Rf-Rf stacking at 3.512 A. Each
Au centre of these molecular pairs makes fairly long Au---Au
interactions at 3.472 A, obviously impeded to be shorter by
the neighbour m-mt Rf-Rf stacking at 3.512 A. These pairs are
perpendicularly arranged to other identical pairs. In the
perpendicular arrangement the m-mt Rf-Rf stacking is lost, but
much shorter Au--Au interactions at 3.137 A are created.”

¢ ‘ A s
Pat <%
P
Aula :{;&.
It (P
® 3.137 o tg
‘:t{li’ ,MQ.—AQ—W\.«: C AN
3.5121% Autb - Au1a",_¢"“i'_"
-~ {Auta’ P 13.472
A e - - ~v— /‘L‘“
V"x—\@‘g T s
U Cn-sg
o )

Figure 4. Above: asymmetric unit for complex 4. Aula and Aulb are
crystallographically non-equivalent due to different dihedral angles between Rf
and Py moieties. Below: four molecules showing the gold-gold and m-m stacking
interactions (anions and acetone omitted for clarity). Distances in A.

The Ag,(BF;), moieties probably play three structural roles: i)
The BF, counteranions (omitted in Figure 4 below), are
situated above and below the Ag---Ag (3.715 A) line, each one
closer to each respective Ag. This arrangement precludes Ag

This journal is © The Royal Society of Chemistry 20xx



involvement in Ag--Ag or Ag--Au interactions. ii) It also
precludes stacking of the py rings, which make in fact dihedral
angles of 16° suggesting no m-mt dispersion in that molecular
zone. jii) Probably another role of silver is that it connects two
dipolar complexes in a trimetallic unit with no dipolar moment.
In the absence of dipolar moment, the often preferred infinite
antiparallel arrangement of dipolar molecules cannot be
the crystallographic

stabilization in a crystal structure alternating perpendicular
14,3,1a

formed, and system finds higher
and parallel disposition of the molecules, which allows to
Au---Au at 3.137 A between

perpendicular molecules.

achieve shorter contacts
The ligand is not luminescent, but the emission spectra of 1-4
in solid state at room temperature display in all cases very
strong bands (Figure 5). Moreover, 1 and 2 present clear

mechanochromism with remarkable red-shift of the emissions.
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Figure. 5. Emission spectra of compounds 1-4 in the solid state, before and after
grinding.

Table 1 collects the main parameters of the luminescence

observed for unground and ground samples at room
temperature and in glassy state at 77K. 1> According to the
comments above, all the significant differences should find a

structural justification.

Table 1. Excitation and emission data (nm) before and after grinding (solid state, 298 K),
and in glassy state at 77K

Comp.” Aexc Aems  ©(%)  Tu(ns)  d(Au-Au)
1 (u) 343 434 210  9.65 3.82 (A)
1(g) 390° 540 18.0 677 -

1 (glassy) 401 575 712

2a (u) 343°387 497 9.9 267 3.32(A)
2B (u) 343,387 523 3.23 (&)
2(g) 397 557 15.9 488 -

2 (glassy) 391 557 793

3 (u) 387 600 24 441 -

3(g) 399 580 5.2 467 -

4 (u) 387 623 42,0 326 3.14 (A)
a(g) 387 620 520 388 -

 Unground (u) or ground (g). ® Most intense peak.. “ Toy = (AT’ + ATy + )/( Aty +

AT, + ). ® Shortest distance

Comparing the emission spectra of unground 1 and 2a, under
UV-irradiation complex 1 exhibits blue emission at 434 nm,
while complex 2a exhibits pale green emission at 497 nm. The
structure of [AuPf(CNPy-4)] (1) shows that all the aromatic

This journal is © The Royal Society of Chemistry 20xx

rings are involved in m-it Pf-Pf and py-py stacking, and the
Au--Au distance is very long (3.817 A). In contrast, the short
F---Cl contacts found in the structure of 2a seem to be strong
enough to induce a different crystal structure, overall less
efficient for m-nt stacking (half of the Py rings are not involved
in stacking), but containing significantly shorter Au--Au
distances (3.315 A) than in 1, for half or the gold atoms. Thus
the emission red-shift (2920 cm_l) from 1 to 2a, although
associated to the change fluorinated aryl (Pf vs. Rf), is not due
to electronic differences between them but to a structural
change leading to shorter Au---Au distances in 2a. Comparing
2a and 2B, the latter, with some shorter Au---Au distances
shows, consistently, a slightly red-shifted emission (1000 cm_l).
As for the mechanochromism, upon grinding [AuPf(CNPy-4)]
(1) in an agate mortar, the blue luminescence of 1 changes to
an intense yellow luminescence (Figure 5), corresponding to a
red-shift of 4520 cm™". For the green luminescent [AuRf(CNPy-
4)] (2a) grinding produces a smaller red-shift (2170 cm_l), but
a yellow luminescence almost coincident with ground 1 (they
differ in 565 cm_l). This supports that 1 and 2a lose crystalline
order upon grinding (detected in the PXRD patterns, Fig.
ESI16),17 and the significantly different structures and Au---Au
distances in the two unground solids converge to almost
identical structures with shorter Au---Au interactions in the
ground samples, which are responsible for the very high red-
shift observed. The emission spectra in the in glassy matrix in
dichloromethane at 77 K are close to those in the ground
material of 1 and 2 (details in ESI).

Upon coordination of 1 or 2 to silver(l), a large red-shift is
observed in [Ag[AuAr(CNPy-4)],](BF,) (3 and 4) (6370 cm™? shift
for 3 and 4070 cm™* for 4), leading 3,4 to display infrequent
orange luminescence at very close wavelengths (600 (3) and
623 (4) nm, respectively).3'18 This proximity of wavelengths
suggests that 3 shares, with minor variations, the structure
found for 4 (Figure 4). As mentioned above, this structure
discards Au---Ag contacts as the cause of the red-shift observed
for 3 and 4 compared to 1 and 2.

The structure of 4 with very short (3.137 A) Au---Au distances
in the single crystal, explains that a large shortening and
modification of the emission wavenumber upon grinding
cannot be expected. Complex 4 shows the highest quantum
yield of the series, whether unground (42%) or ground (52%).

Red-shift effects have been observed and theoretically studied
cases of aurophilic interactions at short

1920 1n order to explain the large red-shift upon

in  many
distances.”
formation of 4 from 2a (the case of 3 from 1 is similar), a TD-
DFT study (wb97xd level) was carried out on a representative
crystallographic fragment (6 units of [AuRf(CNPy-4)] in both
cases), imposing the arrangement and distances observed in
the X-ray studies of 2a and 4. The exclusion of Ag in the
selection of the fragment for 4 is obliged because it is not
possible to take a part of made of the X-ray structure of full
molecules that constitutes a symmetric fragment. This
imposed sacrifice of the AgBF, link may look a serious problem,
but luckily the electronic effect on the orbitals involved in
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electronic transitions is probably small considering that the
four UV-Vis spectra of 1-4 are almost superimposable. Further
support to this is the calculations for molecule 4 in Figure 6,
which show that there is no participation of Ag in the frontier
orbitals supposedly involved in the emission. Of course some
indirect influences on the energies of these orbitals in the real
crystal cannot be excluded, but the fact is that utilization of
this  crystallographic qualitatively
satisfactory results, as discussed below.

fragment  provides
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Figure 6. HOMO (below) and LUMO (above) orbitals of molecule 4.

Figure 7 illustrates the origin of the green to orange red-shift
observed from 2a to 4. First of all, the DFT calculations show
that there is an important change in gold participation (8% vs.
79% respectively, more details in Table ESI8) comparing HOMO
(2), and o*-HOMO (4). Consequently, the energy of c*-HOMO
(4) is is much more sensitive to the Au---Au distance than that
of HOMO (2), and suffers a higher destabilization at shorter
distances. In contrast, the LUMOs of 2a and 4 are both mostly
based on the isocyanide ligand (83% for LUMO (2) and 76% for
LUMO (4)), and their energies must be much less sensitive to
the Au--Au distance.” The balance of these variations is a
considerably decrease of the HOMO/LUMO energy gap for 4,
with short Au---Au distance, compared to 2a, with large
Au---Au distance, and consequently a remarkable red-shift in 4
compared to 2a. For the reasons discussed above, the singlet
excitation energies calculated by TD-DFT for these small-size
fragments (4.60 eV = 269 nm for 2; 3.56 eV = 348 nm for 4)
reflect only qualitatively the red-shift experimentally observed
upon coordination to silver (497 nm for 2a; 623 nm for 4)-

the Iluminescence
participation of Ag (1,2 vs. 3,4) are not due to a silver effect of

In  conclusion, changes observed by
intra-molecular electron polarization upon coordination to Ag,
which is small, but to the symmetric nature of the Ag complex
formed and to the steric effects of the Ag(BF;) moiety.
Similarly, the variations observed for 1 vs. 2 are not due to the
electronegativity difference between Pf and Rf but to
structural differences depending in this case on the absence or
Thus

studied here the observed red-shifts comparing 1 vs. 2, 1,2 vs.

presence of inter-halogen interactions. in all cases
3,4, or unground vs. ground samples, are associated to
structural modifications, promoted by different phenomena
but all having

structures based in good Ar-py, py-py, or Ar-Ar m-n stacking

in common that they disturb the initial

4| J. Name., 2012, 00, 1-3

and lead to alternative crystallographic arrangements with
shorter Au---Au interactions.
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Figure 7. HOMO-LUMQ, orbitals and TD-DFT excitation energies for selected
fragments of 2a and 4. Single point calculations are made based on the X-Ray
structures (Figures 3-4). The identical positioning of LUMO (2) and LUMO (4) is
arbitrary. It is meant to graphically highlight in a simple image the transition
energy difference for complexes 2a and 4.
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