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ABSTRACT: A series of cationic Ir(III) substituted bipyridyl (N∧N (N∧N-bpy) complexes incorporating electron-donor and -
acceptor substituents, [Ir(C∧N-ppy-R0)2(N

∧N-bpy-CHdCH-C6H4-R)][X] (X
� = PF6

� or C12H25SO3
�), 2 (a, R = NEt2 and R0 =

Me; b, R = O-Oct and R0 = Me; c, R = NO2 and R0 = C6H13; C
∧N-ppy = cyclometalated 2-phenylpyridine, [Ir(C∧N-ppy-

Me)2(N
∧N-bpy-CHdCH-thienyl-Me)][PF6], 2d, and the dithienylethene (DTE)-containing complex 2e have been synthesized

and characterized, and their absorption, luminescence, and quadratic nonlinear optical (NLO) properties are reported. Density
functional theory (DFT) and time-dependent-DFT (TD-DFT) calculations on the complexes facilitate a detailed assignment of the
excited states involved in the absorption and emission processes. All five complexes are luminescent in a rigid glass at 77 K, displaying
vibronically structured spectra with long lifetimes (14�90 μs), attributed to triplet states localized on the styryl-appended
bipyridines. The second-order NLO properties of 2a�d and related complexes 1a�d with 1,10-phenanthrolines have been
investigated by both electric field induced second harmonic generation (EFISH) and harmonic light scattering (HLS) techniques.
They are characterized by high negative EFISH μβ values which decrease when the ion pair strength between the cation and the
counterion (PF6

�, C12H25SO3
�) increases. The EFISH response is mainly controlled by metal-to-ligand charge-transfer/ligand-to-

ligand charge-transfer (MLCT/L0LCT) processes. A combination of HLS and EFISH techniques is used to evaluate both the
dipolar and octupolar contributions to the total quadratic hyperpolarizability, demonstrating that the major contribution is
controlled by the octupolar part. The incorporation of a photochromic DTE unit into theN∧N-bpy ligand (complex 2e) allows the
luminescence to be switched ON or OFF. The photocyclisation of the DTE unit can be triggered by using either UV (365 nm) or
visible light (430 nm), leading to an efficient quenching of the ligand-based 77 K luminescence, which can be restored upon
irradiation of the closed form at 715 nm. In contrast, no significant modification of the EFISH μβ value is observed upon
photocyclization, suggesting that the quadratic NLO response is dominated by the MLCT/L0LCT processes, rather than by the
intraligand excited states localized on the substituted bipyridine ligand.

’ INTRODUCTION

In the area of new molecular materials for photonic and opto-
electronic applications, the impact of coordination and organo-
metallic complexes of transition metals has increased dramati-
cally during the last two decades.1 For instance, there has been
growing interest in luminescent iridium(III) complexes due to
their high quantum efficiency and color tunability. Various
cyclometalated Ir complexes have been reported, which can be
classified into two main groups: neutral complexes, such as
Ir(C∧̂N-ppy)3

2a�m or Ir(C∧̂N-ppy)2(L
∧X)3,4a�4j (where C∧N-

ppy represents cyclometalated 2-phenylpyridine ligands and L∧X
represents a monoanionic ancillary ligand), and cationic com-
plexes such as [Ir(ĈN-ppy)2(N

∧N)]þ, featuring diimine
ligands.5,6a,6b,7,8 It is well-known that the nature of the coordi-
nated C∧N or N∧N ligand can strongly affect the photophysical

and electrochemical properties of iridium(III) complexes. The
metal-to-ligand and intraligand charge-transfer transitions
(MLCT and ILCT) which govern the optical properties in these
cyclometalated complexes are readily modulated by incorporat-
ing electron-withdrawing/donating groups on the diimine li-
gand. For example, electronic tuning has recently been investigated
in a series of cationic cyclometalated iridium complexes containing
substituted 1,10-phenanthrolines9 1a�d (Figure 1). This work has
shown that the nature and the number of substituents on the 1,10-
phenanthroline (phen) ligand can significantly affect the quantum
yields and lifetimes of the corresponding complexes by influencing
the relative magnitudes of the radiative decay processes, even
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though the absorption and the emission energies are only mod-
estly affected.

Some of us have been involved in the design of 4,40-disu-
bstituted-[2,20]-bipyridines not only as fluorophores in their own
right but also as precursors to dipolar and octupolar metal
complexes. From the wide range of 4,40-π-conjugated bipyridyl
ligands prepared, such as 4,40-bis(donor-styryl)-[2,20]-bipyri-
dines, we have previously shown how simple modification of
the π-linker and the donor end groups enables the generation of
tunable chromophores and fluorophores.10,11 Continuing our
effort to probe the structural factors that could improve the optical
and nonlinear optical (NLO) properties ofπ-conjugated bipyridyl
metal complexes, we describe in this article the chemistry and the
photophysical studies of a new series of iridium(III) complexes
[Ir(C∧N-ppy-Me)2(N

∧N-bpy-CHdCH-Ar-R)][X] (X� = PF6
�

or C12H25SO3
�), 2a�d, which incorporate extended Ar-vinyl

π systems on the bipyridine ligand (Ar = 1,4-substituted benzene
ring or 2,5-substituted thienyl ring). The systematic variation of R
was anticipated to allow the modulation of their linear and NLO
properties (Figure 2).

Our previous observation that complexes, such as [Ir(C∧N
ppy)2(5-R-phen)][X] (1a, R = H; 1b, R = NO2) and [Ir(C∧N
ppy)2(4-R,7-R-1,10-phen)][X] (1c, R = Me, 1d, R = Ph) are
characterized by a large second-order NLO response12 [mea-
sured as μβ1.907 by the electric field induced second harmonic
generation (EFISH) techniqueworking in CH2Cl2 with a 1.907μm
wavelength] prompted us to extend our NLO study to these new
cationic bipyridine cyclometalated Ir(III) complexes 2a�d
functionalized with donor or acceptor substituents. In order to
understand more clearly their second-order NLO properties,
both families of complexes are also analyzed by the complemen-
tary harmonic light scattering (HLS) technique. A combination
of HLS and EFISH data are then used to evaluate both the
dipolar and octupolar contributions to the quadratic hyperpolar-
izability of 1b and 2c as representative cationic Ir(III) complexes.

Finally, in the context of the modulation of optical and NLO
properties of polypyridyl metal complexes, we have previously
developed a new type of photochromic 4,40-bis(ethenyl)-2,20-bi-
pyridine ligand functionalized by a dimethylaminophenyl-dithie-
nylethene (DTE) group (Le) and the corresponding (bipyri-
dyl)zinc(II) complex.13 DTE derivatives are well-known to un-
dergo reversible interconversion between a nonconjugated open
form and a π-conjugated closed form when irradiated in the UV
and visible spectral ranges, respectively.14 We have exploited this
property to design the first example of metal-containing photo-
chromic ligands allowing an efficient switching of the quadratic
NLO properties.13a In the present work, we have sought to
combine the photochromicDTE-based bipyridine ligandLewith
a luminescent bis-cyclometalated Ir(III) center in order to study

the photoregulation of the emission and the NLO properties of
the resulting system. The use of a single photochromic ligand for
photocontrol of both NLO and luminescence properties has not
previously been investigated.15

’RESULTS AND DISCUSSION

Synthesis and Characterization of the Bipyridine Ligands
and their Ir Complexes. The R-styryl-appended bipyridine
ligands bpy-C6H4�CHdCH-R, La�c (a, R =NEt2; b, R =
O-Oct; c, R = NO2) were synthesized according to previous
published procedures.10a�c The thienyl derivative Ld is obtained
as a yellow powder in 67% yield by treatment of 4,40-dimethylbi-
pyridine with 5-methylthiophene-2-carbaldehyde in the presence
of tBuOK in THF. The preparation of the DTE-based bipyridine
ligand Le(o) (o: open form) has been described previously.13a

The cationic Ir(III) complexes Ir(C∧N-ppy-R0)2(N
∧N-bpy-

CHdCH-Ar-R)]PF6, (R0 = Me, C6H13) 2a�e were readily
synthesized upon treatment of the corresponding μ-chloro dimer
[Ir(N∧C-ppy-R0)2(μ-Cl)]2 with the appropriate bipyridyl ligand
L in the presence of AgPF6 (Scheme 1). A methyl group
(R = Me) was incorporated in the four position of the pyridine
moiety of the ppy ligand in order to facilitate NMR studies, while
R = C6H13 in the nitro complex 2c to improve its solubility. The
ppy-Me ligand was prepared by standard procedures16 and
converted to ppy-C6H13 by treatment with LDA, followed by
addition of C5H11I. All complexes are thermally stable and were
isolated as orange-red solids in good yield; they have been fully
characterized by 1H and 13C NMR spectroscopy as EE isomers.
However, in CH2Cl2 solution, complexes 2a�d undergo an
isomerization process of the CdC double bond under UV
irradiation, 1H NMR spectroscopy indicating partial conversion
to the Z/Z and/or E/Z isomers. This phenomenon has been
observed previously for related neutral bis- and tris-cyclometalated
Ir complexes carrying styryl substituents in the ligands.16

Although the nitro ligand Lc is essentially insoluble in common
organic solvents, its complex 2c, incorporating ppy-C6H13 coli-
gands, is partially soluble in CH2Cl2. All the complexes were
isolated as their hexafluorophosphate salts. For the purpose of
investigating the influence of the counterion on the NLO
properties, the dodecanesulfonate salts of 2a and 2c were also

Figure 1. Cationic bis-cyclometalated Ir(III) complexes incorporating
substituted phenanthroline ligands.

Figure 2. Cyclometalated cationic bipyridine Ir(III) complexes.
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prepared. They were isolated by using C12H25SO3Na in place of
AgPF6 in the reaction of the μ-chloro dimer with the ligands L.12

Ground-State UV�Vis Absorption Properties.TheUV�vis
spectra of the four complexes 2a�d in solution at room
temperature are displayed in Figure 3, with the main absorption
maxima and extinction coefficients summarized in Table 1. All
four complexes show very intense bands at λ > 300 nm (ε >
30 000 M�1cm�1), decreasing in energy in the order NO2 >
O-Oct > thiophene > NEt2. While absorption bands due to
MLCT transitions are typically anticipated around 400 nm for
[Ir(C∧N)2(N

∧N)]þ complexes,5�7,17a the bands in the region
300�500 nm for 2a�d are around an order of magnitude more

intense than expected for such transitions. They are attributed to
intraligand (IL) transitions within the styryl-substituted bipyr-
idine ligands, which are red shifted compared to those of the free
ligands,10c due to a lowering of the lowest unoccupied molecular
orbital (LUMO) energy level upon coordination of the pyridine
rings. The weaker MLCT and ligand-to-ligand charge-transfer
(L0LCT) transitions are likely to be obscured by these bands.
However, there is evidence of a weaker band or bands tailing
further into the visible (up to 560 nm) for 2b�d, which may be
due to excitation to the triplet CT states, as typically observed in
related bis-cyclometalated iridium(III) complexes.17

The absorption spectrum of the diethylamino complex 2a dis-
plays a particularly low-energy absorption band (473 nm), which is
anticipated to arise from an IL transition on the bpy-styryl-NEt2
ligand, but featuring a high degree of ILCT character and more
extensive participation of the pendent amine. The time-depen-
dent-DFT (TD-DFT) calculations discussed in the next section
provide further insight into the nature of the transitions in the four
complexes, broadly supporting these qualitative interpretations.
Computational Studies. DFT calculations were carried out

on three complexes (2a, 2c, 2d) using PBE0 and the basis set
described in the Experimental Section to get insight into the
electronic structures of the complexes. Geometry optimizations
were performed: The calculated metric parameters (Table 2) for
2a [Ir�Nbpy (2.146 Å), Ir�C (1.998 Å), Cbpy�Cbpy (1.483 Å),
andCdC(1.363Å)] and 2c [Ir�Nbpy (2.145Å), Ir�C(, 1.999Å),
Cbpy�Cbpy (1.482 Å), and CdC (1.354 Å)] compare favorably
to the crystallographically determined values reported in the
literature for related systems.18 The R-styryl groups are coplanar
with the two pyridyl rings, as clearly exemplified in the case
of complex 2c shown in Figure 4. This planarity is a critical
parameter for efficient conjugation and charge transfer during
excitations.
The TD-DFT calculations demonstrate that the identity of

the vinyl-bipyridine substituent alters the nature of the frontier
orbitals (Figure 5). For complex 2a, the highest occupied molec-
ular orbitals (HOMO) and HOMO-1, which are quasidegene-
rate, and the LUMO and LUMOþ1 are almost exclusively
localized on the aminostyryl-bipyridine ligand; the calculated
metal (5d-Ir) contribution to HOMO and HOMO�1 orbitals is
only 1�2%. It is noteworthy that the HOMO(HOMO�1),
LUMO, and LUMOþ1 orbitals are within the same plane: The
HOMOs are predominantly localized on the diethylaminophe-
nyl fragment of the ligand, while the LUMO and LUMOþ1
correspond to the π* orbitals of the bipyridine ligand, the main
acceptor (Figure 5). The electronic absorption spectrum calcu-
lated by TD-DFT (Figure 6a) qualitatively matches that ob-
served experimentally (Figure 3), albeit with an underestimation
of the energies of the bands. The low-energy absorption band is
composed of a combination of two excitations from HOMO to
LUMO and HOMO-2 to LUMO, which could be designated as

Table 1. Electronic Absorption Spectral (298 K) and Luminescence Data for Ir Complexes 2a�d and 3 (77 K)

complex λabs/nm (ε/M�1 cm�1)a λem/nm
b τ /μs

2a 390(35 500), 473(59 000) 656, 724, 798 90

2b 360sh(47 600), 388(51 400) 608, 670, 736 38

2c 338(52 500), 390(32 200) 618, 683, 744 14

2d 360(39 200), 406(48 400) 658, 732, 809 34

3 300sh (21 000), 345sh (12 000), 380 (6900), 420 (4100), 470 (1000) 506 4.8
aAt 298 K in CH2Cl2.

bAt 77 K in ether/isopentane/ethanol (2:2:1, v/v).

Scheme 1. Synthesis of Cyclometalated Cationic Bipyridine
Ir(III) Complexesa

a The substituents in the bipyridines a�e are as shown in Figure 2.

Figure 3. UV�vis spectra of complexes 2a�d in CH2Cl2.
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ILCT and LL0CT/MLCT (33% metal contribution) transitions,
respectively, based on the corresponding molecular orbitals
(Table 3). The presence of the two cyclometallating carbon li-
gands has a significant influence leading to a comparable energy
for HOMO-2 andHOMOorbitals. However, the poor overlap of
orbitals in this transition leads to a lower oscillator strength, such
that it will be the ILCT component that is likely to dominate the
lower-energy part of the absorption spectrum. The higher-energy
transition appears to be dominated by excitation of HOMO-
(HOMO�1) to LUMOþ1, which can be assigned as a π�π*
transition within the π-conjugated bipyridine ligand. This transi-
tion differs from the lower energy one in that it has a lower degree
of CT character.
The presence of an electron-withdrawing group, such as NO2

in 2c, leads to frontier MOs which are different from those
calculated for 2a (Figure 6). The HOMO is of an antibonding
combination of Ir(33%) and ppy(π) orbitals. The LUMO is very
similar to that of 2a, entirely localized on the vinyl-bipyridine
fragments. A significant participation of the cyclometallating
rings in the three first HOMOs is observed. The computed
absorption spectrum of 2c (Figure 6b) compares well with the
experimental one (Figure 3). In particular, the blue shift of the
nitro complex 2c compared to the amino complex 2a is repro-
duced. The displacement of the highest occupied orbitals from
being localized on the styryl pendant in 2a to the metal/ppy
ligand in 2c is intuitively reasonable given the electron-rich
nature of the amine substituent in the former and the strongly
electron-withdrawing character of the nitro group in the latter.
The TD-DFT shows that the higher-energy band essentially
corresponds to HOMO-6 to LUMO and HOMO-7 to LUMO,
respectively (Table 3). The metal character is high in both
HOMO-6 and HOMO-7. Moving to lower energy, the L0LCT
contribution increases: The band into the visible is due to
excitation from HOMO-3 and HOMO-1 to LUMO, where
HOMO-3 is exclusively composed of metal (22%) and the
phenyl orbitals (Figure 5). This allows the assignment of the
visible band as mixed MLCT/L0LCT character.
Introducing an electron-donating (NEt2) or electron-with-

drawing (NO2) group on the styrylbipyridine ligand leads to
almost identical HOMO�LUMOgaps (2a: 2.69 eV, 2c: 2.77 eV),
although the calculated energy levels of the frontier orbitals are
different (HOMO:�6.99 eV (2a),�8.19, (2c); LUMO�4.30 eV
(2a), 5.42 (2c)) (see Supporting Information). It is noteworthy
that there is a significant (1.2 eV) stabilization of the HOMO
level of 2c (�8.19 eV), compared to that of the amino complex
2a (�6.99 eV), while the LUMO level decreases by 1.1 eV on
going from 2a to 2c. In addition, we demonstrate that the
presence of the π-conjugated styryl group leads to a net decrease
of the HOMO�LUMO gap compared to that of the methyl
derivative 3 (3.06 V).

The calculated spectrum of the thienyl complex 2d displays
two intense bands at 374 and 456 nm, due to a mixture of IL and
MLCT transitions. The three HOMO and LUMO obtained
from the calculations are shown in the Supporting Information.
The HOMO�LUMO gap (3.01 V) is slightly larger than those
of 2a and 2c.
Emission Spectroscopy. None of the complexes 2a�d dis-

play detectable luminescence in solution at room temperature
when excited in the UV or visible bands, in contrast to the
uncoordinated ligands La,b whose room temperature fluores-
cence has been reported previously.10c We have noted a similar
phenomenon of lack of emission—or only weak emission—for
related neutral cyclometalated Ir and Pt complexes carrying styryl
substituents in the ligands, [Ir(C∧N-ppy-CHdCH-C6H4-R)2-
(acac)]16b (acac = acetylacetonate) and [Pt(C∧N-ppy-CHd
CH-C6H4-R)(acac)],

19 (R =H, NO2, OMe, NEt2). The quench-
ing of the emission in these systems has been interpreted in terms
of competitive deactivation of the excited state through the E�Z
isomerization process. Such an argument is again supported in
the present instance by the 1H NMR observations described
earlier, which show the formation of the Z isomer upon
irradiation.
At 77 K (EPA), all the complexes emit (Figure 7 and Table 1),

displaying highly structured luminescence spectra with vibronic
progressions of 1500 cm�1, typical of aromatic and/or CdC
bond vibrations. Evidently, in a rigid matrix at 77 K, the E�Z
isomerization process cannot occur, allowing emission to be
observed. The emission maxima lie in the order O-Oct < nitro <
amino < thiophene, which is different from the order of energies
of the absorption bands. The long lifetimes (tens of μs), low-
energy, and highly structured spectra are indicative of emission
from a triplet state predominantly localized on the styryl-ap-
pended ligands, rather than from the MLCT state. For ex-
ample, for the 3MLCT emission of complex 3, incorporating
4,40-methyl-2,20-bipyridine as the N∧N ligand, the luminescence
lifetime at 77 K is 4.83 μs; λem

max = 506 nm. It is notable that the
shortest lifetime among the four complexes is that of the nitro
complex 2c, while the longest is that of the amino complex 2a
(τ = 14 and 90 μs respectively), which would be consistent with
the TD-DFT results that indicate a more significant MLCT
contribution to the lowest excited states of the former, compared
to more pure ILCT character in the latter. The participation of
the metal is required in order to promote the formally forbidden
triplet radiative decay. Some caution must be applied here,
however, since the TD-DFT results apply to the singlet states,
while the differing order of energies in emission compared to
absorption suggests a different orbital parentage of the emissive
triplet states compared to the singlets.

Table 2. Distances (Å) and Angles (�) of Optimized Struc-
tures of Ir Complexes

distances (Å) angles (�)

complex Ir�N Ir�C Cbpy�Cbpy CdC N�Ir�N N�Ir�C

2a 2.146 1.998 1.483 1.363 76.0 97.5

2c 2.145 1.999 1.482 1.354 76.0 97.5

2d 2.145 1.998 1.483 1.361 76.0 97.4

3 2.130 2.016 1.460 � 76.7 97.3

Figure 4. Optimized geometry for complex 2c.
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Quadratic NLO Studies.The second-order NLO responses of
the new complexes 2a�d [X�=PF6

�], 2a,c [X�=C12H25SO3
�],

and 3 [X� = PF6
�] were determined by the EFISH technique,

working with an incident wavelength of 1.907 μm in CH2Cl2
solution (concentration = 10�3 M), a low-polarity solvent which
allows the extension of the use of this technique to ionic
compounds by virtue of the significant ion-pairing.12b,20 The

values of EFISH μβ1.907 are reported in Table 4, along with those
previously reported12 for 1a [X� = PF6

�], 1b [X� = PF6
�, X� =

C12H25SO3
�], and 1c and 1d [X� = PF6

�]. As evidenced in
Table 4, the EFISH μβ 1.907 of 3 is similar to that of 1c, showing
that the use of simply substituted bipyridines in place of
phenanthrolines does not affect the second-order NLO response
of [Ir(C∧N)2(N

∧N)]þ complexes nor does the introduction of

Figure 5. Molecular orbitals of selected transitions involved in the singlet excited states of complexes 2a (left) and 2c (right) calculated by TD-DFT.

Figure 6. Calculated electronic absorption spectra of complexes 2a (a) and 2c (b).
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the methyl substituent in ppy ligands. An increase of the absolute
value of EFISH μβ1.907 is observed by increasing the π deloca-
lization of the 2,20-bipyridine with styryl substituents, reaching
values even higher than that previously reported12 for the Ir(III)
complex with 5-nitro-1,10-phenanthroline 1b. As for the latter
complex, the absolute values of EFISH μβ 1.907 of 2a�d are
found to increase upon dilution from 10�3 to 10�4 M, due to an
increase of the percentage of free ions from ca. 60 to 80%, as
confirmed by 1H and 19F pulsed gradient spin�echo (PGSE)
NMR spectroscopy.21 Moreover, working at the same concen-
tration of 10�3 M in CH2Cl2, the value recorded is lowered upon
substitution of PF6

� by C12H25SO3
�, as expected for an increase

of the ion-pair strength for sulfonate as the counterion compared
to hexafluorophosphate12b (compare2a[PF6] with2a[C12H25SO3]
and 2c[PF6] with 2c[C12H25SO3] in Table 4).
The data presented in Table 4 show that the nature of the

substituents on the π-delocalized 2,20-bipyridines of 2a�d does
not affect significantly the global μβ1.907 values. In the related
Ir(III) complexes with 5-R-1,10-phenanthrolines 1a�d, sum
over states (SOS)-TD-DFT investigations showed that when R
is a strong electron-withdrawing group, like NO2, the EFISH

quadratic hyperpolarizability is exclusively the sum of negative
contributions, arising mainly from L0LCT/MLCT excitations
involving the π* phenanthroline orbitals as acceptors, whereas
when R is an electron-donor group, like NMe2, there are
counteracting positive (ILCT) and negative (L0LCT/MLCT)
contributions to the EFISH quadratic hyperpolarizability, with
the latter controlling the negative sign of the converged final
value.12 A similar behavior is expected in the case of the Ir(III)
complexes with π delocalized 2,20-bipyridines. Besides, the
dipole moment of the strong ion-pairs 1b[C12H25SO3] (18 D)
and 2c[C12H25SO3] (12 D) could be determined experimentally
by the Guggenheimmethod,22 showing that the absolute value of
EFISH β1.907 is higher for the complex with the π-delocalized
2,20-bipyridine bearing two strong electron-withdrawing NO2

groups (Table 5), in agreement with an EFISH response mainly
controlled by MLCT/L0LCT processes from the cyclometalated
phenylpyridine Ir(III) moiety, acting as donor system, to the π*
orbitals of the bipyridine, acting as an acceptor system.
Remarkably, all investigated cyclometalated Ir(III) com-

plexes with substituted 1,10-phenanthrolines and 2,20-bipyri-
dines are characterized by a large value of <βHLS,1.907>
(375�550 � 10�30 esu), in CH2Cl2 solution (Table 4). This
value does not change significantly with the nature of the
counterion (PF6 or C12H25SO3

�), suggesting that the HLS
second-order NLO response of these cationic cyclometalated
Ir(III) complexes is not affected by the strength of the ion pairs.
Further evidence in support of this conclusion comes from
the observation that similar <βHLS,1.907> values were obtained
in deuterated DMF,23 a solvent which, contrary to CH2Cl2,
cleaves ion pairs (Table 4).
In order to evaluate the dipolar (J = 1) and octupolar (J = 3)

contributions to the total quadratic hyperpolarizability (eq 1) of
both families of cationic cyclometalated Ir(III) complexes, we
can use a combination of the EFISH and HLS techniques
(Table 5).24 In fact, for a molecule with a C2v symmetry the
dipolar contribution )J=1 ) can be calculated from βEFISH with
eq 2. When the value of <βHLS> is known, the octupolar

Table 3. Energies, Corresponding Wavelengths, And Oscil-
lator Strengths for the Lowest-Lying Excited States of Com-
plexes 2a and 2c as Determined by TD-DFT, Together with
Their Main Molecular Orbital Compositions and
Assignments

λ (nm) E (eV) f transition (contribution) assignment

Complex 2a
539 2.30 0.407 HOMOfLUMO (70%) ILCT

HOMO-2fLUMO (22%) MLCT/L0LCT
524 2.36 0.145 HOMO-2fLUMO (76%) MLCT/L0LCT

HOMOfLUMO (21%) ILCT

518 2.39 0.458 HOMO-1 f LUMO (88%) ILCT

417 2.97 0.861 HOMO-1f LUMOþ1 (87%) IL

407 3.05 0.781 HOMO f LUMOþ1 (76%) IL

Complex 2c

469 2.64 0.071 HOMO-1 f LUMO (95%) MLCT/L0LCT
434 2.86 0.264 HOMO-3 f LUMO (91%) MLCT/L0LCT
373 3.32 0.772 HOMO-6 f LUMO (70%) MLCT

350 3.54 0.350 HOMO-7f LUMO (59%) MLCT

Figure 7. Normalized emission spectra of complexes 2a�d at 77 K in
diethyl ether/isopentane/ethanol (2:2:1 v/v), upon excitation into the
lowest-energy absorption band.

Table 4. EFISH μβ1.907 and HLS β1.907 Values of All Inves-
tigated Complexes in CH2Cl2

complex X� EFISH μβa (10�48 esu) <β HLS>
a (10�30 esu)

1a PF6
� �1270b 460

1b PF6
� �2230b 375c

1b C12H25SO3
� �1430b 410c

1c PF6
� �1454b 377

1d PF6
� �1997b 460

2a PF6
� �2770d 540

2a C12H25SO3
� �1015 420

2b PF6
� �2430d 468

2c PF6
� �2770d 432c

2c C12H25SO3
� �1250 393c

2d PF6
� �2386d 550

3 PF6
� �1420 520

aValues obtained working at a concentration of 10�3 M; estimated
uncertainty in EFISH and HLS measurements is(10%. b From ref 12b.
c In deuterated DMF, the <βHLS> value is 340, 402, 432, and 382 �
10�30 esu for [1b][PF6], [1b][C12H25SO3], [2c][PF6] and [2c]
[C12H25SO3], respectively.

dWorking at 10�4 M in CH2Cl2, the EFISH
μβ1.907 values increase to �3600, �3450, �4660, and �2998 � 10�48

esu for [2a][PF6], [2b][PF6], [2c][PF6], and [2d][PF6].
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contribution )βJ=3 ) can then be obtained by application of
eq 3.25

jjβ jj 2 ¼ jjβJ¼1 jj 2 þ jjβJ¼ 3jj 2 ð1Þ

jjβJ¼1jj ¼
ffiffiffi
3
5

r
βEFISH ð2Þ

Æβ2HLSæ ¼ ÆjβXXXj2æþ ÆjβZXXj2æ ¼
2
9
jjβJ¼ 1jj 2 þ 2

21
jjβJ¼ 3jj 2 ð3Þ

As shown in Table 5, these high values of <βHLS> are due to a
high-octupolar )βJ=3 ) component, the dipolar component

)βJ=1 ) being less than 7% of the octupolar one. Therefore the
total quadratic hyperpolarizability (calculated from eq 1) is almost
equal to )βJ=3 ). The difference between the total quadratic
hyperpolarizability and <βHLS>, β, is quite large (876�916 �
10�30 esu, Table 5) because<βHLS> contains isotropicmean factors
that decrease this parameter, as evidenced by the coefficients in eq 3.
Photochromic Behavior and Photoswitching of Optical

Properties. The flexibility in the procedure for synthesizing the
ligands readily allows the introduction of a photochromic
dithienylethene for the elaboration of luminescent metallopho-
toswitches. The DTE-based bipyridine ligand Le(o) [(o) = open
form ; (c) = closed form] was used to prepare the cationic
complex 2e(o). Irradiation of the open form 2e(o) with UV light
(350 nm) in a CH2Cl2 solution results in the appearance of a
broad band at 715 nm in the electronic absorption spectrum,
corresponding to the closed form 2e(c) (Figure 8a). This
characteristic low-energy band in the visible region can be
attributed to the S0 f S1 transition of the closed-DTE unit.
The corresponding band in the free ligand Le(c) is located at
669 nm: The bathochromic shift of 46 nm is due to the presence
of themetal center acting as a Lewis acceptor.We have previously
demonstrated the influence of an electron-donating terminal
substituent (R) on the distal thiophene: Replacement of the
terminal H atom by an amino group leads to a shift of 46 nm in
the absorbance maximum of the low-energy band, from 623 nm
(R =H) to 669 nm (R =NMe2) (Table 6). These results illustrate
the tuning of optical properties of the photochromic unit that are
possible, thanks to the synthetic versatility of such systems.

1HNMR spectroscopy can be used to estimate the proportion
of open and closed forms in the photostationary state (PSS), as
some of the signals of 2e(c) are well-distinguished from those of
2e(o). For example, the signals of the methyl substituents of the
thiophene groups (δ 2.18, 2.16) undergo a downfield shift, the
dimethylamino group displays a signal at δ 3.11, whereas the
singlet of methyl groups of the ppy ligand, remote from the DTE
fragment, remains identical. The chemical conversion is relatively
good (79%) showing that the complexation to the Ir(III) ion

does not perturb too much the photochromic properties of Le
(Figure 8b).
It is also interesting to note that the photochromic reaction

can be triggered by irradiation of 2e into the low-energy band at
410 nm. This MLCT photosensitization has been previously
established for other metal complexes and suggests the inter-
mediacy of the triplet state 3IL(DTE) in the photocyclization
process. The intersystem crossing of 1MLCT to triplet state
3MLCT is efficient for cyclometalated iridium complexes and
allows an energy transfer to the lowest-lying open 3DTE state.
Many photoswitchable metal complexes have been reported in
the literature,15 but only two examples of heteroleptic bis-
cyclometalated Ir(III) complexes containing two photochromic
DTE units have been described up to now.26 The fully closed
isomer of multiphotochromic systems is, inmany cases, not formed,
behavior generally attributed to intramolecular energy transfer from
the excited state to the lower-lying IL (closed-DTE) state.
The emission characteristics of complex 2e are summarized in

Table 6, and the emission spectrum is shown in Figure 9. As for
complex 2d, the excited state is assigned as a predominantly 3IL
transition localized on the bpy-CdC-Ar moiety, with an energy
similar to that of 2d but with a shorter lifetime (23 versus 34 μs),
possibly indicative of some competitive quenching via the
photocyclization pathway. This behavior contrasts with that of
the free ligand Le, which is nonemissive at room temperature in
fluid solution and even in frozen glasses at 77 K, suggesting that
the rate of ring closure is faster in that case. Conversion of 2e(o)
to the PSS is accompanied by a substantial quenching of the 77 K
luminescence (Figure 9), which can be attributed to intramole-
cular energy transfer from the triplet emissive state to the closed-
ring DTE part of the molecule: There is extensive overlap of the
emission bands of the donor Ir luminophore (λmax

em = 650 and
717 nm) with the low-energy absorption band of the acceptor
photochromic unit in its closed form (λmax

abs = 715 nm).

Table 5. Dipole Moments (μ), βEFISH, <βHLS>, and Dipolar and Octupolar Contributions of the Quadratic Hyperpolarizability of
[1b][C12H25SO3] and [2c][C12H25SO3]

complex μa (D) <βEFISH>
b (10�30 esu) <βHLS>

b (10�30 esu) )βJ=1 ) (10�30 esu) )βJ=3 )c (10�30 esu) εd (10�30 esu)

1b[C12H25SO3] 18 �79 410 �61 1325 916

2c[C12H25SO3] 12 �104 393 �81 1267 876
a In CHCl3; the error on μ is(1 D. b In CH2Cl2; the error of EFISH and HLS measurements is(10%. cThe total quadratic hyperpolarizability (from
eq 1) is 1326 and 1269 � 10�30 esu for [1b][C12H25SO3] and [2c][C12H25SO3], respectively.

d ε is the difference between the total quadratic
hyperpolarizability (from eq 1) and <βHLS>.

Figure 8. (a) UV�vis absorption changes of2e inCH2Cl2 (5� 10�6M)
upon irradiation at 450 nm. (b) 1HNMR spectra (CD2Cl2) of 2e, before
(top) and after (bottom) UV irradiation (λ = 350 nm, 10�3 M).
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Finally, we have investigated the NLO response of 2e[PF6] in
CH2Cl2 by the EFISH technique, at an incident wavelength
of 1.907 μm. Complex 2e(o) gives rise to an EFISH μβ1.907 value
of �2190 � 10�48 esu, comparable to that of the thienyl
derivative 2d. However, no significant modification of this value
is observed after photocyclization [2e(c): �2000 � 10�48 esu].
This absence of switching of the NLO response markedly
contrasts with the huge enhancement of μβ1.907 observed for
dipolar zinc(II) complexes featuring the same photochromic
bipyridyl ligand.13a The NLO responses of the Zn(II) complexes
are governed by ILCT transitions involving the bipyridyl ligand, and
the dramatic increase of the NLO activity in that case clearly reflects
the efficient delocalizationof theπ-electron system in the closed form.
In contrast, for the iridium(III) complexes 2a�e, the negative EFISH
hyperpolarizability is dominated by L0LCT/MLCT processes, and
the nature of the π-conjugated substituents on the bipyridine ligand
does not influence so much the μβ values (see Table 4).

’CONCLUSIONS

We have presented in this work a full investigation on the
synthesis, characterization, and linear and NLO properties of a
new series of iridium(III) complexes [Ir(C∧N-ppy-Me)2(N

∧N-
bpy-CHdCH-Ar-R)][X], which incorporate extended Ar-vinyl
π systems on the bipyridine ligand. The systematic variation of
end group R allows the modulation of their absorption and emis-
sion properties as supported by DFT and TD-DFT calculations.

Moreover the luminescence lifetimes τ, from 14 to 90 μs, are
significantly affected due to the change of the nature of the emitting
state (MLCT/L0LCT vs ILCT contribution).

We have also demonstrated that these cationic complexes
display large second-order NLO responses which can be modu-
lated by the nature of the substituents as well as by the
concentration and nature of the counterion. The EFISH studies
give high absolute μβ1.907 values, mainly controlled by MLCT/
L0LCT processes from the cyclometalated phenylpyridine Ir(III)
moiety to the π* orbitals of the diimine. Moreover we have
shown that ion pairing can affect the absolute μβ1.907 value,
producing, when the ion pair is not too tight, a significant
increase of the second-order NLO response. By analogy with
related cationic 1,10-phenanthroline iridium(III) complexes, the
origin of the increased NLO activity can be partly attributed to
the decrease of the electronic perturbation induced by the
counterion on the energy levels of the Ir(III) chromophore.12b

The HLS NLO studies also show that both cationic 1,10-
phenanthroline and bipyridine iridium(III) complexes are
characterized by a large <β1.907> value. The use of a combina-
tion of EFISH and HLS data demonstrates that, as previously
observed in the case of cyclometalated Ln complexes,24 the
major contribution to the total quadratic hyperpolarizability is
controlled mainly by the octupolar part. Such a major contribu-
tion to the quadratic hyperpolarizability is of particular interest
because these complexes do not show the classical octupolar
structure.

Table 6. Photophysical Characteristics of DTE-Based Ligand and Complexes

compound λabs/nm (ε/M�1 cm�1)a open λabs/nm
a closed (PSS) λem/nm (τ/μs) open conversion % c

Led 348 (89 000) 347, 395 no emission 95

438, 669

(Le)Zn(OAc)2
d 360 (76 000) 343, 394 no emission 90

450, 687

2e 304 (62 208), 341 263, 339 650, 717 (23) 79

(77 912), 397 (53 105) 391, 715
a In CH2Cl2 at 298 K; PSS = photostationary state.

bAt 77 K in EPA (ether/isopentane/ethanol (2:2:1, v/v); λexc = 400 nm. cDetermined by 1H NMR
spectroscopy. d From ref 13a.

Figure 9. (Left panel) Emission spectra of open�open form and PSS (after broad-band irradiation ∼350 nm of 2e at 77 K in EPA. (Right panel)
Schematic structure of the two forms of 2e.
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Finally, the incorporation of a photochromic DTE unit into
the bipyridine ligand allows to switch ON and OFF the lumines-
cence but not the NLO activity. Photocyclization can be trig-
gered by using either UV or visible light, leading to an efficient
quenching of luminescence; by contrast no significant modifica-
tion of the EFISH μβ1.907 value is observed after photocycliza-
tion, confirming that the quadratic NLO response is dominated
by MLCT/L0LCT processes and not by an ILCT transition.

’EXPERIMENTAL SECTION

General Procedure. All manipulations were performed using
Schlenk techniques under an Ar atmosphere. All solvents were dried
and purified by standard procedures. NMR spectra were recorded on
Bruker DPX-200, AV 300 or AV 500 MHz spectrometers. 1H and 13C
chemical shifts are given versus SiMe4 and were determined by reference
to residual 1H and 13C solvent signals. Attribution of carbon atoms was
based on heteronuclear multiple bonding connectivity (HMBC), het-
eronuclear multiple-quantum coherence (HMQC), and correlation
spectroscopy (COSY) experiments. High-resolution mass spectra
(HRMS) were performed on a MS/MS ZABSpec TOF at the Centre
de Mesures Physiques de l’Ouest (CRMPO) in Rennes. Elemental
analyses were performed at the CRMPO. UV�vis absorption spectra
were recorded using a UVIKON 9413 or Biotek Instruments XS
spectrophotometer using quartz cuvettes of 1 cm path length. Steady-
state luminescence spectra were measured using a Jobin Yvon Fluor-
oMax-2 or Tau-3 spectrofluorimeter, fitted with a red-sensitive Hama-
matsu R928 photomultiplier tube. The spectra shown are corrected for
the wavelength dependence of the detector, and the quoted emission
maxima refer to the values after correction. Lifetimes were obtained by
multichannel scaling following excitation with a μs-pulsed xenon lamp
and detection of the light emitted at right angles using an R928
photomultiplier tube, after passage through a monochromator. Dipole
moments μ were measured in CHCl3 by using a WTW-DM01 dipole-
meter (dielectric constant) coupled with a RX-5000 ATAGO digital
refractometer (refractive index) according to the Guggenheim method.22

DFT Calculations. The geometries of all compounds have been
fully optimized using the PBE0 functional27 and the LANL2DZ basis set
augmented with polarization functions on all atoms, except hydrogen
ones with the Gaussian03 program.28 The computations of the electro-
nic absorption spectra were carried out using TD-DFT at the same level
of theory with the same Gaussian03 package, utilizing the previously
optimized ground-state geometries. The TD-DFT calculations took into
account a minimum of 20 excited states, leading to the consideration of
more than 6 occupied and 6 virtual MOs; the corresponding variational
space was found sufficiently large to obtain a perfectly converged
computed spectra in the visible and UV regions. Representation of
molecular structures and orbitals was done using the Molekel program,29

while theoretical absorption spectra were plotted using Swizard,30 the half-
bandwidths for the Gaussian model being taken equal to 3500 cm�1.
EFISH Measurements. The molecular quadratic hyperpolarizabil-

ities of all the investigated complexes (Table 4) were measured by the
solution phase dc EFISH generation method,31 which can provide direct
information on the intrinsic molecular NLO properties through eq 4:

γEFISH ¼ ðμβλ=5kTÞ þ γð�2ω;ω,ω, 0Þ ð4Þ
where μβλ/5kT is the dipolar orientational contribution, and γ (�2ω;
ω, ω, 0), a third-order term corresponding to the mixing of two optical
fields at ω and of the DC poling field at ω = 0, is the electronic cubic
contribution to γEFISH which is usually negligible. βλ is the projection
along the dipole moment axis of the vectorial component of the tensor of
the quadratic hyperpolarizability, working with an incident wavelength λ.

All EFISH measurements were carried out at the Dipartimento di
Chimica Inorganica Metallorganica e Analitica “Lamberto Malatesta” of

the Universit�a degli Studi di Milano, in CH2Cl2 solutions at a concen-
tration of 1 � 10�4 and 1 � 10�3 M, working with a nonresonant
incident wavelength of 1.907 μm, obtained by Raman shifting the
fundamental 1.064 μm wavelength produced by a Q-switched, mode-
locked Nd3þ:YAG laser manufactured by Atalaser. The apparatus for
the EFISH measurements was a prototype made by SOPRA (France).
The μβEFISH values reported are the mean values of 16 successive
measurements performed on the same sample.
HLS Measurements. The HLS technique25,32 involves the detec-

tion of the incoherently scattered second harmonic generated by a
solution of the molecule under irradiation with a laser of wavelength λ,
leading to the measurement of the mean value of the β � β tensor
product, <βHLS>. All HLS measurements were carried out at the �Ecole
Normale Sup�erieure de Cachan in CH2Cl2 or deuterated DMF23

solutions at a concentration of 1 � 10�3 M, working with a low-energy
nonresonant incident radiation of 1.907 μm.

Atom numbering scheme for NMR assignments:

Preparation of Ld. In a Schlenk tube, 5-methylthiophene-2-carbal-
dehyde (0.54 mL, 5 mmol) and 4,40-bis(diethylphosphonomethyl)-2,
20-bipyridine (0.912 mg, 2 mmol) were dissolved in 80 mL of THF, then
tBuOK (0.56 mg, 5 mmol) was added. The reaction mixture was heated
under reflux 4 h. The product was precipitated by addition of water
(10 mL) and washed with pentane and acetone. The yellow powder was
dried under vacuum (0.537 g, 67%). 1HNMR (500MHz, CD2Cl2): 8.64
(d, J = 5.2 Hz, 2H, H6-bpy), 8.54 (s, 2H, H3-bpy), 7.57 (d, 3J = 16 Hz,
2H, dCH8), 7.37 (dd, 3J = 5.1 Hz, 4J = 1.7 Hz, H5-bpy), 7.04 (d, 3J =
3.5 Hz, 2H, H10-thio), 6.87 (d, 3J = 16 Hz, 2H, dCH7), 6.76 (dd, 3J =
3.5 Hz, 4J = 1.1 Hz, 2H, H11-thio), 2.54 (s, 6H, CH3-thio).

13C [1H]
NMR (75.4 MHz, CD2Cl2): 156.4 (bpy

2), 149.5 (bpy6), 145.5 (bpy4),
141.4 (C12-thio), 139.7 (C9-thio), 128.5 (C10-thio), 126.5 (dCH),
126.1 (C11-thio), 124.2 (dCH), 120.5 (bpy5), 117.6 (bpy3), 15.5 (Me).
Anal. calcd for C24H20N2S2: C, 71.96; H, 5.03; N, 6.99. Found: C, 71.64;
H, 5.10; N, 7.00.

Syntheses of Cationic Complexes [ Ir(C∧N-ppy-R)(N∧N)][X] (X� =
PF6

�, C12H25SO3
�). A Schlenk flask was charged with the dimer [Ir(C∧N-

ppy-R)2](μ-Cl)2, (R = Me, C6H13) AgPF6 (1 equiv) or NaC12H25SO3

(2.5 equiv) and the appropriate ligand N∧N, 1 (3.5 equiv) and 10 mL of
CH2Cl2. The mixture was stirred for 2�3 h. The solvent was evaporated,
and the residue washed with Et2O (2 � 20 mL). Recrystallization in a
mixture of CH2Cl2/Et2O gave the cationic complex.



5036 dx.doi.org/10.1021/ic2002892 |Inorg. Chem. 2011, 50, 5027–5038

Inorganic Chemistry ARTICLE

[2d][PF6]. Yellow powder, yield 66%.1H NMR (300 MHz, CD2Cl2):
8.58 (s, 2H,H3-bpy), 7.87 (d, 3J = 6Hz, 2H,H6-bpy), 7.80 (s, 2H,H3-py),
7.78 (d, 3J = 16 Hz, 2H,dCH8), 7.76 (d, 3J = 6.7 Hz, 2H, H3-Ph), 7.45
(d, 3J = 6 Hz, 2H, H6-py), 7.39 (dd, 3J = 5.8 Hz, 2H, H5-bpy), 7.23 (d,
3J = 3.5 Hz, 2H, thio10), 7.10 (td, 3J = 7.5 Hz, 4J = 1.0 Hz, 2H, H4-Ph),
6.95 (td, 3J = 7.5 Hz, 2H, H5-Ph), 6.91 (d, 3J = 18 Hz, 2H,dCH7), 6.86
(td, 3J = 6 Hz, 2H, H5-py), 6.80 (d, 3J = 3.5 Hz, 2H, thio11), 6.38 (d, 3J =
7.0 Hz, 2H, H6-Ph), 2.56 (s, 6H, CH3thio), 2.54 (s, 6H, CH3py).

13C
[1H] NMR (75 MHz, CD2Cl2): 167.1 (C

2-py), 156.0 (C2-bpy), 150.8
(C1-Ph), 150.2 (C4-py), 150.1 (C6-bpy), 148.0 (C4-bpy), 147.8 (C6-
py), 143.83, 143.79 (C2-Ph, thio12), 138.6 (thio9), 131.7 (C6-Ph), 131.0
(thio10), 130.6 (dCH), 130.3 (C5-Ph), 126.7 (thio11), 124.5 (C3-Ph),
124.3 (C5-bpy), 123.8 (C5-py), 122.4 (C4-Ph), 120.7 (C3-bpy), 120.4
(C3-py), 121.2 (dCH), 21.1 (CH3py), 15.6 (CH3thio). Anal. calcd for
C48H40F6N4PS2: C, 53.67; H, 3.75; N, 5.22. Found: C, 54.03; H, 3.76;
N, 5.08.
[2b][PF6]. Yellow powder, yield 85%. 1HNMR (300MHz, CD2Cl2):

8.71 (s, 2H, bpy3), 7.87 (d, 3J = 5.85 Hz, 2H, bpy6), 7.80 (s, 2H, py3),
7.75 (dd, 3J = 7.9 Hz, 4J = 0.95 Hz, 2H, Ph3), 7.67 (d, 3J = 8.8 Hz, 4H,
C6H4), 7.63 (d,

3J = 16.3 Hz, 2H,dCH), 7.46 (m, 4H, py6, bpy5), 7.23
(d, 3J = 16.3 Hz, 2H,dCH), 7.09 (td, 3J = 7.6 Hz, 4J = 1.1 Hz, 2H, Ph4),
6.97 (d, 3J = 8.8 Hz, 4H, C6H4), 6.95 (td,

3J = 7.4 Hz, 4J = 1.3 Hz, 2H,
Ph5), 6.86 (td, 3J = 6.3 Hz, 4J = 1.6 Hz, 2H, py5), 6.38 (dd, 3J = 7.6 Hz,
4J = 0.8 Hz, 2H, Ph6), 4.03 (t, 3J = 6.6 Hz, 4H, CH2), 2.54 (s, 6H, CH3-
py), 1.82 (q, 3J = 7.1 Hz, 4H, CH2), 1.50 (q, 3J = 8.0 Hz, 4H, CH2),
1.31�1.40 (m, 16H,CH2), 0.93 (s, 6H, CH3).

13C [1H]NMR (75MHz,
CD2Cl2): 167.1 (py2), 160.7 (C6H4

para), 156.1 (bpy2), 151.0 (Ph1),
150.1 (py4), 149.9 (bpy6), 148.6 (bpy4), 147.8 (py6), 143.9 (Ph2), 136.9
(dCH8), 131.7 (Ph6), 130.3 (Ph5), 129.3 (C6H4

ortho), 128.0 (C6H4
ipso)

124.5 (Ph3), 124.3 (py5), 123.6 (bpy5), 122.3 (Ph4), 121.4 (bpy3), 121.2
(dCH7), 120.4 (py3), 114.9 (C6H4

meta), 68.2 (C16), 31.8 (C19�22),
29.3 (C19�22), 29.2 (C19�22), 29.1 (C18), 26.0 (C17), 22.6 (C19�22),
21.0 (CH3-py), 13.9 (C

23). HRMS (m/z): 1145.52847 [M]þ calcd for
C66H72N4O2

193Ir, 1145.5290. Anal. calcd for C66H72F6IrN4O2P: C,
61.43; H, 5.62; N, 4.34. Found C, 61.20; H, 5.64; N, 4.31.
[2a][PF6]. Red powder, yield 87%. 1H NMR (300 MHz, CD2Cl2):

8.41 (s, 2H, bpy3), 7.82 (d, 3J = 6 Hz, 2H, bpy6), 7.81 (s, 2H, py3), 7.76
(d, 3J = 7.8 Hz, 4J = 0.9 Hz, 2H, Ph3), 7.55 (d, 3J = 8.9 Hz, 2H, C6H4),
7.52 (d, 3J = 16 Hz, 2H, dCH), 7.47 (d, 3J = 6 Hz, 2H, py6), 7.42 (dd,
3J = 6.1 Hz, 4J = 1.5 Hz, 2H, bpy5), 7.07 (td, 3J = 7.6 Hz, 4J = 1.0 Hz, 2H,
Ph4), 7.05 (d, 3J = 16.3 Hz, 2H,dCH), 6.96 (td, 3J = 7.3 Hz, 4J = 1.1 Hz,
2H, Ph5), 6.86 (td, 3J = 6 Hz, 4J = 1.4 Hz, 2H, py5), 6.74 (d, 3J = 8.6 Hz,
2H, C6H4), 6.40 (d, 3J = 7.5 Hz, 2H, Ph6), 3.46 (m, 8H, CH2), 2.55
(s, 6H, CH3py), 1.24 (t, 3J = 7.0 Hz, 6H, CH3).

13C [1H] NMR
(75MHz, CD2Cl2): 167.2 (py

2), 155.9 (bpy2), 151.1 (Ph1), 150.0 (py4),
149.9 (bpy6), 148.9 (C12), 177.7 (py6), 143.9 (Ph2), 137.6 (dCH),
137.9 (bpy4), 131.7 (Ph6), 130.3 (Ph5), 129.6 (C6H4), 124.5 (Ph3),
124.2 (py5), 123.0 (bpy5), 122.3 (Ph4), 122.1 (C6H4), 122.3 (cipso),
120.4 (py3), 120.2 (bpy3), 117.4 (dCH), 111.4 (C6H4), 44.5 (CH2),
21.1(CH3py), 12.3 (CH3). HRMS (m/z): 1029.4345 [M]þ calcd for
C58H116N6Ir, 1029.43290.
[2a][C12H25SO3].

1H NMR (500 MHz, CD2Cl2): 8.92 (s, 2H, bpy
3),

7.79 (s, 2H, py3), 7.78 (d, 3J = 5.9Hz, 2H, bpy6), 7.75 (d, 3J = 7.9Hz, 2H,
Ph3), 7.68 (d, 3J = 16.2 Hz, 2H, dCH8), 7.62 (d, 3J = 8.8 Hz, 4H,
C6H4

ortho), 7.50 (d, 3J = 6.0Hz, 2H, py6), 7.39 (d, 3J = 5.9 Hz, 2H, bpy5),
7.16 (s, 2H, 3J = 16.2 Hz, 2H,dCH7), 7.09 (t, 3J = 7.5Hz, 2H, Ph4), 6.95
(t, 3J = 7.5 Hz, 2H, Ph5), 6.86 (d, 3J = 6.0 Hz, 2H, py5), 6.74 (d, 3J =
8.8 Hz, 4H, C6H4

meta), 6.39 (d, 3J = 7.6 Hz, 2H, Ph6), 3.45 (m, 8H,
CH2[NEt2]), 2.78 (m, 2H, CH2

1[C12H25SO3
�]), 2.54 (s, 6H, CH3

py),
1.82 (m, 2H,CH2

2[C12H25SO3
�]), 1.23 (m, 30H,CH3[NEt2]þCH2

3�11-
[C12H25SO3

�]), 0.91 (m, 3H, CH3[C12H25SO3
�]).

Preparation of ppy-C6H13.Toa solutionof diisopropylamine (0.30mL,
2.11 mmol) and butyllithium (1.2 mL [1.60 M], 1.94 mmol) in 10 mL
of THF, was added 4-methyl-2-phenylpyridine (300 mg, 1.76 mmol)

at�78 �C. After 1 h of stirring, 1-iodopentane (523mg, 2.65mmol) was
added via a syringe, and the reaction was stirred at room temperature for
15 h. After addition of a NaHCO3 solution (20 mL), the product was
extracted with dichloromethane (3 � 20 mL). The organic phase was
washed with brine. Evaporation of the solvents gave a brown oil (378mg,
yield 91%). 1HNMR (500MHz, CDCl3): 8.59 (dd, 1H,

3J = 5.0 Hz, 4J =
0.6 Hz, py6), 8.00 (m, 2H, Phortho), 7.57 (d, 1H, 4J = 0.7 Hz, py3), 7.50
(m, 2H, Phmeta), 7.45 (m, 1H, Phpara), (dd, 1H, 3J = 5.0 Hz, 4J = 1.55 Hz,
py5), 2.69 (m, 2H, CH2), 1.70 (m, 2H, CH2), 1.36 (m, 6H, (CH2)3),
0.92 (m, 3H, CH3).

Preparation of the Dimer [ Ir(C∧N-ppy-C6H13)2](μ-Cl)2. In a Schlenk
tube, 4-hexyl-2-phenylpyridine (378 mg, 1.6 mmol) and IrCl3.3 H2O
(159 mg, 0.53 mmol) were dissolved in 15 mL of a mixture of
2-ethoxyethanol/water (75/25). The reaction was heated at 140 �C
for 24 h. The product was extracted with dichloromethane, and the
organic phase was washed with water. Evaporation of the solvent gave a
yellow powder (164 mg, Yield: 44%). 1H NMR (500 MHz, CD2Cl2):
9.14 (d, 1H, 3J = 6.0 Hz, py6), 7.79 (d, 1H, 4J = 1.7 Hz, py3), 7.58 (dd,
1H, 3J = 7.8 Hz, 4J = 1.4 Hz, Ph3), 6.84 (td, 1H, 3J = 7.4 Hz, 4J = 1.1 Hz,
Ph4), 6.69 (dd, 1H, 3J = 6.0 Hz, 4J = 1.9 Hz, py5), 6.65 (td, 1H, 3J =
7.5 Hz, 4J = 1.4 Hz, Ph5), (dd, 1H, 3J = 7.8 Hz, 4J = 0.9 Hz, Ph6), 2.92 (m,
2H, CH2), 1.89 (m, 2H, CH2), 1.57 (m, 2H, CH2), 1.48 (m, 4H,
(CH2)2), 0.92 (m, 3H, CH3).). HRMS (m/z): 1408.5038 [M]þ calcd
for C68H80N4Cl2Ir2, 1408.50189. Anal. calcd for C68H80N4Cl2Ir2: C,
57.98; H, 5.72; N, 3.98. Found: C, 57.82; H, 5.86; N, 3.97.

[2c][PF6]. Red powder, yield 69%. 1H NMR (500 MHz, CD2Cl2):
8.98 (s, 1H, bpy3), 8.25 (d, 3J = 8.9 Hz, 2H, C6H4), 7.99 (d,

3J = 5.8 Hz,
1H, bpy6), 7.90 (d, 3J = 8.9 Hz, 2H, C6H4), 7.82 (d,

4J = 1,54 Hz, 1H,
py3), 7.79 (dd, 3J = 7.95Hz, 4J = 1.02 Hz, 1H, Ph3), 7.77 (d, 3J = 16.4 Hz,
1H,dCH), 7.53 (d, 3J = 5.9 Hz, 1H, bpy5), 7.54 (d, 3J = 16.4 Hz, 1H,d
CH), 7.49 (d, 3J = 6.0 Hz, 1H, py6), 7.12 (td, 3J = 7.6 Hz, 4J = 1.1 Hz, 1H,
Ph4), 6.98 (td, 3J = 7.4 Hz, 4J = 1.3 Hz, 1H, Ph5), 6.89 (dd, 3J =
6.08 Hz, 4J = 1.86 Hz, 1H, Py5), 6.38 (dd, 3J = 7.5 Hz, 4J = 0,9 Hz, 1H,
Ph6), 2,78 (m, 2H, CH2), 1.70 (m, 2H, CH2), 1.39 (m, 2H, CH2), 1.34
(m, 4H, (CH2)2), 0.90 (m, 3H, CH3).

13C [1H] NMR (75 MHz,
CD2Cl2): 167.08 (py2), 156.43 (bpy2), 154.90 (py4), 150.56 (Ph1),
150.43 (bpy6), 147.95 (C6H4

para), 147.90 (Py6), 147.20 (bpy4), 143.96
(Ph2), 141.96 (C6H4

ipso), 134.51 (dCH8), 131.73 (Ph6), 130.36 (Ph5),
128.38 (2xC6H4

ortho), 128.05 (dCH7), 124.66 (bpy5), 124.56 (Ph3),
124.05 (2xC6H4

meta), 123.68 (py5), 122.52 (bpy3), 122.48 (Ph4),
119.75 (py3), 35.36 (CH2

1), 31.51 (CH2
4/5), 30.12 (CH2

2), 28.84
(CH2

3), 22.49 (CH2
4/5), 13.77 (CH3).

[2c][C12H25SO3]. Red powder, yield 76%. 1H NMR (500 MHz,
CD2Cl2): 9.95 (s, 2H, bpy3), 8.39 (d, 3J = 16.5 Hz, 2H, dCH), 8.28
(d, 3J = 8.9 Hz, 4H, C6H4), 8.10 (d,

3J = 8.8 Hz, 4H, C6H4), 7.94 (d,
3J =

5.7 Hz, 2H, bpy6), 7.82 (m, 4H, py3, Ph3), 7.75 (d, 3J = 16.5 Hz, 2H,d
CH), 7.53 (m, 4H, bpy5, py6), 7.10 (td, 3J = 7.6Hz, 4J = 1.1Hz, 2H, Ph4),
6.97 (td, 3J = 7.4 Hz, 4J = 1.2 Hz, 2H, Ph5), 6.89 (dd, 3J = 6;1 Hz,
4J = 1.8 Hz, 2H, Py5), 6.38 (dd, 3J = 7.5 Hz, 4J = 0.8 Hz, 2H, Ph6), 2.85
(2H, CH2

1[C12H25SO3
�]), 2.78 (t, 3J = 7.70 Hz, 4H, CH2), 1.85

(m, 2H, CH2
2[C12H25SO3

�]), 1.70 (m, 4H, CH2[py]), 1.30 (m, 30H,
CH2), 0.90 (m, 9H, CH3[py] þ CH3[C12H25SO3

�]). Anal. calcd for
C72H83N6O7SIr 3 0.5CH2Cl2: C, 61.70; H, 6.00; N, 5.96; S, 2.27. Found:
C, 61.59; H, 5.96; N, 5.88; S, 1.48.

[2e(o)][PF6](open form). Yellow-brown powder, yield 75%. 1H
NMR (500 MHz, CD2Cl2): 8.62 (s, 2H, bpy3), 7.90 (d, 3J = 5.8 Hz,
2H, bpy6), 7.80 (s, 2H, py3), 7.76 (d, 2H, Ph3), 7.70 (d, 3J= 16.4Hz, 2H,d
CH8), 7. 45 (d, 3J = 8.68Hz, 4H, C6H4), 7.44 (m, 4H, bpy5, py6), 7.38 (s,
2H, thio10), 7.15 (s, 2H, thio21), 7.10 (t, 3J = 7.3 Hz, 2H, Ph4), 7.03 (d;
2H,dCH7), 6.95 (t, 3J = 6.32 Hz, 2H, Ph5), 6.86 (d, 3J = 5.82, 2H, py5),
6.75 (d, 4H, C6H4), 6.37 (d,

3J = 7.4 Hz, 2H, Ph6), 3.10 (s, 12H, NMe2),
2.55 (s, 6H, Mepy), 2.07 (s, 6H, Me14), 2.04 (s, 6H, Me25). 13C [1H]
NMR (75MHz, CD2Cl2): 167.1 (py

2), 156.1 (bpy2), 150.6 (Ph1), 150.4
(C6H4

para), 150.3 (bpy6 þ py4), 147.8 (py6), 147.5 (bpy4), 145.0
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(thio12), 143.8 (Ph2), 143.5 (thio22), 139.4 (thio24), 138.9 (thio9), 131.7
(Ph6), 130.4 (Ph5), 129.8 (thio10), 129.3 (dCH8), 126.4 (C6H4

ortho),
126.1 (thio11), 125.2 (thio20), 124.6 (Ph3), 124.3 (py5), 123.8 (bpy5),
123.2 (dCH7), 122.5 (Ph4), 121.3 (bpy3), 121.2 (C6H4

ispso), 120.4
(py3), 119.4 (thio21), 112.2 (C6H4

meta), 40.1 (NMe2), 21.1 (CH3-py),
14.8 (CH3

14), 14.3 (CH3
25). HRMS (m/z): 1705.3714 [M]þ calcd for

C84H66N6F12S4
191Ir, 1705.36463. Anal. calcd for C84H66F18N6PS4Ir 3 3

CH2Cl2: C, 49.58; H, 3.44; N, 3.99. Found: C, 49.86; H, 3.66; N, 4.00.
Spectroscopic Data of the Photocyclized Closed�Closed Isomer

2e(c). A solution of 2e(o) (5 mg) in 0.5 mL of CD2Cl2 was irradiated
(λ = 350 nm) in an NMR tube for 24 h, giving rise to a green color. The
rate of 79% conversion was determined on the basis of the integration of
the methyl (thiophene) signals. Selected 1H NMR data (500 MHz,
CD2Cl2): 7.93 (d,

3J = 5.8Hz, 2H, bpy6), 6.64 (s, 1H, thio), 3.11 (s, 12H,
NMe2), 2.18 (s, 6H, Me14), 2.16 (s, 6H, Me25).
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