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A series of neutral Ir(2-phenylpyridine)s derivatives substituted on the para-position of the pyridyl ligands
with a m-conjugated substituent possessing different donor abilities has been prepared. Their two-
photon absorption properties have been determined using the Z-scan technique. Such simple iridium(in)
neutral complexes, which are easy to synthesize, show good two-photon absorption activity, with
relevant TPA cross sections (the best is 750 GM), giving rise to multifunctional chromophores, since they

Received 12th November 2023,
Accepted 8th February 2024

DOI: 10.1039/d3cp05489f

Open Access Article. Published on 09 February 2024. Downloaded on 8/2/2025 3:10:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/pccp

1. Introduction

Iridium complexes are well known for their outstanding tune-
able luminescence properties, that allow their application in
electroluminescence devices' and as bioimaging sensors,>?
and for their intriguing second-order nonlinear optical (NLO)
properties.*®

Iridium complexes have attracted attention also for their
two-photon absorption (TPA) activity. Two-photon absorption
has a lot of applications in various fields, such as 3D fluores-
cence imaging and control of biological systems, 3D-
microfabrication and optical limiting.®

Concerning TPA activity, the Beeby group reported a series
of iridium(m) tris(2-ppy) or bis(2-ppy)(acac) (acac is acetylaceto-
nate whereas 2-ppy is 2-phenylpyridine) complexes.” They found
moderate TPA cross-section values (maximum ¢ was 60 GM
for Ir(4-pe-2-ppy),(acac), where 4-pe-2-ppyH is 4-phenylethynyl-
2-phenylpyridine) in the range between 760 and 880 nm mea-
sured by the two-photon-induced fluorescence (TPIF) method
using a femtosecond Ti:sapphire oscillator (150 fs, 2.5 MHz
repetition). A better TPA response was observed for the com-
plexes bearing an acetylacetonate ligand, while substitution of
2-phenylpyridine with 2-phenylpyrimidine had a strong negative
effect on the cross-section values.

Wong’s group studied some Ir(ppy); complexes with more
extended substituents on the phenylpyridine ligands.® Com-
plexes were characterized by very good two-photon induced
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present also high second-order NLO properties.

emission in solution (maximum value 340 GM at 750 nm
obtained by TPIF using a femtosecond optical parametric
amplifier, 150 fs, 1 kHz repetition). They have been tested
in vivo and they demonstrate high target-specificity to the Golgi
apparatus with long residential lifetime, low cytotoxicity and
intense two-photon induced emission.

Zhao et al. reported some symmetrically and unsymmetri-
cally, para- or ortho-substituted Ir(ppy); complexes with
oligofluorene-substituted phenylpyridines measured by TPIF
using a femtosecond optical parametric amplifier (ca. 120 fs,
1 kHz repetition).® The reported iridium complexes are among
those with the largest TPA cross-sections reported in the
literature. The authors demonstrated that the TPA response is
proportional to the size of the conjugated ligand. When they
extend from one to three fluorene units, ¢ values are
enhanced fourfold. Furthermore, if a donor carbazole group
is added at the end of the ligand, TPA is further improved due
to increased donor-acceptor electronic effects, reaching max-
ima values of slightly lower than 1200 GM.

Some of us studied the TPA properties of a neutral cis-
[1r(CO),Cl(4-(para-di-nbutylaminostyryl)pyridine)] complex."®
The TPA cross-sectional maximum was found to be about
780 GM at 910 nm. This value is four times higher than that
reported for 4-(para-di-nbutylaminostyryl)pyridine (190 GM),
demonstrating how ¢ can be highly enhanced upon coordina-
tion to the Ir metal centre. Some examples of neutral iridium(u)
complexes with TPA properties and direct application in vivo
were also reported by the Kawamata'" and Monnereau groups.'?
The investigated complexes exhibit TPA in the near-infrared, at
wavelengths suitable for biological applications, with TPA cross-
section values quite low (around 20-40 GM) but sufficient to
allow recognition of two-photon induced emission in cells.

The TPA response of several cationic iridium complexes was
also explored. Magennis et al. studied Ir(terpy),” complexes,
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reporting fair TPA cross-section values with a maximum of
70 GM.™ The Huang group synthesized and studied a binuclear
Ir(m) cationic complex bearing dimesitylboryl groups on the
cyclometalated 2-phenylquinoline ligands and a push-pull
conjugated bipyridine oligomer.'* The TPA spectra of the
complex were determined between 730 and 840 nm obtaining
a maximum value of 500 GM at 750 nm. This value is high and
can be explained by the long n-extension of the bipyridyl ligand
and the presence of two metal centers instead of one. Interest-
ingly, the complex bearing boron-based substituents can be
used as a one and two-photon-excited switchable phosphores-
cent probe for F~ ions, thanks to the strong B-F interactions.
The Das group studied a series of [Ir(ppy).(bpy)]PFs complexes
with extended m-conjugated styrene substituents on the bipyr-
idine ligand."”

The TPA cross-sections were reported at 800 nm with ps
pulses and at 680 nm with fs pulses and values as high as
900 GM were reached. Nevertheless, the reported Z-scan traces
reveal that two-photon absorption is not the only phenomenon
that these molecules undergo when irradiated with laser pulses.
The very sharp curves reveal the presence of simultaneous three-
photon absorption and some distorted TPA traces indicate saturable
absorption. The Chao group extensively studied the TPA response of
some cationic iridium complexes with chelating ligands for
applications as probes in cells, especially in mitochondria.'®™®
The reported complexes have moderate TPA cross-sectional
values, but they can enter cells, localize in mitochondria and
signal the excessive presence of ClO™ or track mitochondrial
morphological changes during the early stages of cell apoptosis
even under hypoxia, highlighting the potential of such complexes
for applications in biomedical research.

More recently, some of us reported a novel multifunctional
cyclometallated cationic iridium(m) complex [Ir(C*N-ppy-4-
Ch=—=CHC4H,NEt,),(N*N-bpyCH—CHC¢H,NEL,)][PFs] (ppy =
2-phenylpyridine; bpy = 2,2’-bipyridine) with interesting second-
order nonlinear optical properties and Z-scan two-photon absorp-
tion activity; the two-photon absorption cross-sections are quite
high, in the range 100-250 GM at 600-1000 nm."®

A two-photon cyclometalated iridium(m) complex has been
presented by X. Tian et al. as a photodynamic therapy agent
that targets the intracellular nucleus. Such a complex is capable
of migrating sequentially from the nucleus to mitochondria
and inducing dual damage under light exposure.*”

Some years ago, some of us prepared a series of neutral Ir(2-
phenylpyridine); derivatives for their second-order NLO proper-
ties (Fig. 1). All compounds are substituted in the para-position
of the pyridyl ligands with a n-conjugated substituent posses-
sing different donor abilities. These substitutions cause a
permanent dipole moment along the C; symmetry axis of the
complexes (Fig. 1 inset).

They are characterized by high absolute values of yufgpsy, as
determined by the electric field induced second harmonic
generation technique,”"** depending on the substituent on
the position 4 of the pyridyl ring.>®

It turned out that fgpsy of the complexes bearing a weak
donor substituent has a negative value because of the negative
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Fig. 1 Four iridium(i) neutral complexes.

value of Ap,, (difference between the excited and ground state
dipole moments) due to the decreased dipole moment of the
excited state.>® This is caused by the fact that the metal-to-ligand
charge transfer (MLCT) transitions directed from the iridium to
the pyridine are stronger than the vectorially opposed intraligand
charge transfer (ILCT) transitions from the donor substituent to
the pyridine ring. When the donor is stronger, the ILCT transitions
prevail on the MLCT ones and the sign of fgrsir becomes positive.
The value of ;s instead takes into account also the octupolar
contribution along with the dipolar ones and increases with the
increasing electron-donating ability of the substituents.>® These
interesting second-order nonlinear optical results prompted us to
investigate the two-photon absorption properties of these fascinat-
ing complexes (Fig. 1) with the Z-scan technique. Our findings are
reported in the present work.

2. Experimental
2.1 Synthetic procedure

The neutral iridium complexes presented in Fig. 1 are prepared
following a reported procedure.”?

The biscyclometalated chloro-bridged dimers were first obtained
by reaction of IrCl;-nH,O with 4-methyl-2-phenylpyridine. Upon
reaction of the dimers with 4-methyl-2-phenylpyridine in glycerol
at 200 °C, the trischelate methyl complex fac-Ir(4-methyl-2-
phenylpyridine); was achieved. It was then treated at room tem-
perature with the appropriate para-R-benzaldehyde in the presence
of +BuOK to obtain the desired complexes. It is not possible to
synthesize the complexes directly from the styryl-substituted dimer
because under the required conditions, the double bonds would be
hydrogenated.

All the complexes were characterized by standard techniques.

Concerning the linear absorption,>® complexes Ir-1 and Ir-3
show similar UV-Vis spectra in dichloromethane: the more

This journal is © the Owner Societies 2024
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intense absorption band at 310-350 nm can be attributed to
ILCT n-n* transitions of the styryl-phenylpyridine ligands,
while the absorption bands at lower energy, about 370-
450 nm, can be assigned to MLCT transitions and the band
tailing up to 560 nm could be due to excitation to triplet charge
transfer states. Complexes Ir-2 and Ir-4, bearing the amino
substituents, which are strong electron-donors, show an
intense band at 400-550 nm hiding the MLCT band, this is
assigned to an ILCT transition in which the pyridyl ligand acts
as a m*-acceptor group.*

2.2 TPA measurements

The open-aperture Z-scan method was employed for TPA spec-
tral measurements.>**> A femtosecond optical parametric
amplifier (Spectra-Physics TOPAS Prime, repetition rate:
1 kHz) was used as a wavelength-tunable light source. Trans-
mittance (7) of the pulsed beam through the sample media was
recorded as a function of the sample position (z). The plot of
the data, so-called open-aperture Z-scan trace, is usually pre-
sented with normalized transmittance (Ty), where the normal-
ization was performed to take the transmittance obtained at the
sample position far from the focal point as unity. It is well
known that Ty of the spatially and temporally Gaussian pulses
through an absorptive media of both one- and two-photon
absorption can be written as>*

T(z) 1 J o
T Vmg(z)
where Tj, is the transmittance by the one-photon absorption
and ¢(z) is two-photon absorbance at z,

Tn(z) = In [1 + q(z)e’rz} dr, (1)

—00

e P — )
1+ (= z0)/z=]"

in which z, is the focal position, zx is the Rayleigh range, and

go = q(20) is the two-photon absorbance at the focal position (z,),

qo = B(1 — R)oLesr (3)

Here, f§ is the TPA coefficient, I, is the on-axis peak intensity of
the incident pulse. Ly = (1 — Ty )L/(—1In Ty) is the effective path
length and reduced to the (physical) path length L when the
one-photon absorption is negligible and T, = e ** converges to
unity or the linear (one-photon) absorption coefficient o
approaches to zero. For the above equations, R is the Fresnel
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reflectance at the cell walls. Finally, ¢/ can be determined from
the convention ¢®® = hwp/N where ko is the incident photon
energy and N is the number density of the molecule. On-axis
peak intensity I, for the spatially and temporally Gaussian pulse
was calculated by

In2 E,

Io = 4y )22
™ wety

(4)

in which P is the average excitation power measured by the
power meter, fis the repetition rate, w, is the beam waist radius
calculated from zz and the incident wavelength A from
Wy = \/zrA/T. t, is the pulse width in full width at the half
maximum (FWHM) measured using an autocorrelator. Typical
parameters used were P < 0.4 mW, zi = 6-10 mm, giving I, =
70-150 GW cm > or less (depending on wavelength).”®

The neutral Ir(ur) complexes were dissolved in dichloro-
methane and placed in 2-mm quartz cuvettes. The solubility
of the complexes was good, ranging from 1.3 to 2 mM. Some
expedients were necessary in order to measure properly the
nonlinear absorption of these samples. Complexes Ir-2 and Ir-4
apparently undergo photochemical reactions under irradiation
of the laser beam. This can be understood by looking at the
shape of the Z-scan trace; it is not symmetrical and deeper than
the case by stirring the sample during measurement (Fig. 2),
suggesting absorption of the incident beam by a photoproduct
or a long-lived intermediate. Thus, all samples were measured
with stirring to remove such effect. At the short wavelength side,
a tail of one-photon absorption (OPA) existed. The wavelength
region is indicated by a pale blue color in (Fig. 3). The correction
for the OPA was taken into account by using L. shown above.

2.3 DFT calculations and spectrum simulations

OPA and TPA spectra were simulated based on the quantum
chemical calculations using density functional theory (DFT). Mole-
cular geometry was optimized by using the Coulomb-attenuating
method (CAM)-B3LYP” as a functional and LANL2DZ, involving
effective core potential (EPC) considering relativistic effects, as the
basis set for the Ir atom and 6-31+G(d) for other atoms. The solvent
effect was considered by using the integral equation formalism
(IEF) polarizable continuum model (PCM). Transition energies,
transition and permanent dipole moments were calculated with
the Tamm-Dancoff approximation (TDA)**-IEF-PCM-CAM-B3LYP/
LANL2DZ (for Ir) and 6-31+G(d) (for others). All DFT calculations
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Fig. 2 Z-scan traces of (a) Ir-2 and (b) Ir-4 without and with stirring. Wavelength was 840 nm and incident average power was 0.4 mW. The Rayleigh
range was Zg = 8.3 mm. The transmittance was normalized at virtually infinite far sample position (Z > 5Zg) from the focus (Z = 0).
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were performed by using the Gaussian 16 program package.*
Simulation of the TPA spectrum was performed by using a home-
made procedure based on the formalism reported previously.*°

3. Results and discussion

The two-photon absorption spectra of the four neutral iridium
complexes Ir-1,2,3,4 are shown in Fig. 3. The ® values are very
high especially if compared with those of the unsubstituted
Ir(2-phenylpyridine);,” the reported values ranging from 35 to
5 GM, between 760 and 800 nm. By adding various donating
substituents, the TPA response is increased more than tenfold,
depending on the strength of the donor. The complexes bearing
the methoxyphenyl and ferrocenyl groups have the lowest TPA
cross-section (Ir-1: 2\ = 170 + 30 GM, Ir-3: ¢\2, = 440 GM
both at 620 nm), demonstrating the similar donor effect of
these substituents, already observed in the case of the second-
order NLO properties of the compounds.*”

The TPA becomes more intense if the substituents are strong
donor aminophenyl groups (Ir-2: o2, = 500 + 80 GM at
760 nm, Ir-4: a2 =750 + 130 GM at 800 nm) reaching values
of several hundreds of GM. The minimum values recorded, for
complex Ir-1, are still much higher than for the unsubstituted
complex. This behavior is of particular interest, because it
demonstrates that by a careful design of the complexes and
with overall small changes in the molecules’ structure, for
example by simply changing the donating substituents, the
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TPA magnitude can be modulated over a wide range reaching
high values. The largest TPA cross-sections have been obtained
for Ir-4, bearing strong electron-donating substituents, with
mobile electrons on the p-orbitals of the nitrogen, and with a
longer m-conjugated system, due to the presence of two double
bonds*® and two N,N-dimethylaniline groups. Higher TPA
cross-section values (ca. 1200 GM) were reported for some
neutral Ir(ppy); complexes by Zhao and co-workers.® Never-
theless, they used very large and extended substituents to
obtain a result that we reached with smaller complexes, using
more simple ligands, and thus reducing the synthetic steps.
TPA peaks of Ir-1 and Ir-3 are located almost at twice the
wavelength of OPA peaks: (TPA/OPA) 660 nm/330 nm, 800 nm/
400 nm, 950 nm/750 for Ir-1, and 800 nm/400 nm, 1000 nm/
500 nm for Ir-3. This shows the possibility that the TPA
transitions occur in the same excited states as the OPA peaks.
On the other hand, positions of the TPA peak for Ir-2 (760 nm)
and Ir-4 (800 nm) are blue-shifted from twice the OPA peaks
(413 and 434 nm for Ir-2 and 458 nm for Ir-4) as seen in Fig. 3.
This suggests that the final state of the TPA transition in these
peaks is a different excited state than that of the OPA peaks.
However, the TPA spectra are very broad and have considerable
magnitude for 800-1000 nm. In this region, the wavelength-
doubled OPA spectra well overlap the TPA bands. This suggests
that the TPA transition in this region occurs in the same excited
state as the OPA transitions. The magnitude of the TPA cross
section of Ir-4 between 720 and 900 nm is larger than 400 GM
and higher than that of Ir-2 for this range. Both complexes
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Fig. 3 The two-photon absorption (circles, left and bottom axes) and one-photon absorption (plain line, right and top axes) spectra of the neutral
Ir(ppy)s complexes: the empty circles are the values obtained with the wavelength scan at a fix power, while the full markers with error bars are the ones
obtained with the power scan at a fixed wavelength. The blue fill shows the Jtpa region where absorbance of Z-scan sample is over 0.05.
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possess electron-donating groups of the same nature and in Ir-4
n-conjugation is increased to a small extent with respect to Ir-2.
Nevertheless, this difference is still enough to achieve a quite
large increase of ¢® and to change the energy of the excited
states for the two complexes.

To understand the nature of OPA and TPA transitions of the
Ir complexes, we have performed the spectral simulation based
on the DFT calculation on a model molecule of Ir-2. All ethyl
groups of the terminal diethylamino groups were replaced with
methyl groups to save computation resources. This substitution
has been known to have little effect on the calculated optical
properties. Hereafter, the model molecule is called as Ir-2’. The
optimized geometry of Ir-2’ has C; symmetry (Fig. 4a) with a
permanent dipole moment of ji; = 19.0 D along the symmetry
axis (z). Unlike centrosymmetry (C;), symmetry selection rule of
C; symmetry is not clearly exclusive to each other between OPA
and TPA. C; symmetry consists of E and A symmetry species;
both are OPA-allowed, but the orientation of reaction of their
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Fig. 4 (a) Optimized structure of Ir-2’ in dichloromethane calculated with
CAM-B3LYP and LANL2DZ for Ir and 6-31+G(d) for other atoms. (b)
Simulated OPA (blue) and TPA (red) spectra. The relaxation constant was
chosen to be I' = 0.1 eV for both OPA and TPA transitions. The numbers
and dotted lines show the final states of the corresponding transition and
the wavelengths. (c) Decomposed components of TPA spectra into the
dipolar, three-state, and cross terms.
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Table 1 The lowest six excited states S, of Ir-2' (all ethyl groups of diethyl
amino group of Ir-2 were replaced with methyl \) obtained by the DFT
calculation (CAM-B3LYP/LANL2DZ for Ir atom and 6-31+G(d) for other
atoms. Solvent effect was considered for dichloromethane with PCM). E is
transition energy, 4 is the corresponding wavelength, and fos is the

oscillator strength

n Symmetry E/eV (A/nm) fos

1 E 3.32 (373.9) 1.92
2 E 3.32 (372.9) 1.91
3 A 3.46 (358.6) 1.36
4 A 3.50 (353.8) 0.65
5 E 3.52 (352.4) 0.013
6 E 3.52 (352.1) 0.016

transition dipole moments is in the x—y plane and along the z-
axis, respectively. In contrast, a strong TPA transition can be
expected for A, where the two transition dipole moments
involved are parallel (x> + y*, z°, from the index table), rather
than E, where they are orthogonal ((x*> — y?, xy), (yz, xz)). Table 1
shows the calculation results of the six lowest excited states. S,
and S, are degenerated (E) with strong OPA (oscillator strength
fos = 1.9 for both), followed by S; and S,, both A symmetry with
strong OPA (fos = 1.36 and 0.65, respectively). The next two (Ss
and S¢) are degenerated (E) with negligible OPA (fos = 0.013 and
0.015).

The simulated OPA spectrum by the DFT calculation of Ir-2’
is shown in Fig. 4b (blue curve). The largest peak (~373 nm) is
the transition to the degenerated S; and S, and is considered to
correspond to the intense peak at 434 nm in the experimental
spectrum of Ir-2, although the transition energy was overesti-
mated. Over estimation of the CAM-B3LYP calculations is
known for n-conjugated systems. Transitions to S; and S, are
appeared as the shoulder around 355 nm in simulation likely
corresponding to the peak at 413 nm in the experiment. The
simulation failed to reproduce the shoulder at 500 nm; never-
theless, the simulation approximately reproduced the outline
shape of the OPA spectrum except the shoulder.

Simulated TPA spectra (red curve) have a peak at 704 nm,
assigned as TPA transitions to Sg and Ss and followed by to S,
and then S;. TPA transitions to S; and S, also appeared as the
shoulder at 746 nm. The simulated spectrum has a similar
spectral shape to the experimental TPA spectrum of Ir-2. The
peak is located at a higher transition energy (to S;—Se) than that
of the OPA peak (to S;, S,) although the shoulders have the
same transition energies to the OPA peaks (to S;, S,, and S3).

Fig. 4c shows decomposed components of the simulated
TPA spectrum by different terms in the theoretical formulation,
where the total TPA cross section can be partitioned into
dipolar (aka. two-state), three-state, and cross terms.>® Three-
state term is the term that contains an intermediate state k
which is neither ground state g (S,) nor the final excited state f
while the terms with k = g or f are dipolar terms because only
the two states (g and f) are involved for TPA. Cross-term is the
mixing of these terms. The dipolar term (red dotted line) has
peaks to Sy, S, (747 nm) and S; (at 717 nm) while the three-state
term (blue dashed line) is the source of the peak to S,-Se
(~704 nm) in the total spectrum (black solid line). Dipolar
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term contains |fig|*|Afigg|* factor, where fir, and Ajig, are the
transition dipole moment and permanent dipole moment
difference (Afiy; = iy — jiy) between g and f, respectively.
Therefore, dipolar term has a correlation with the OPA spec-
trum (oc |dg|*) as long as Ajig, is nonzero and similar values
over different f. Actually, Ir-2’ has Ajig, = 4.1, 3.3, and 3.9 D,
respectively, for f =S4, S,, and S;. Therefore, the three-state term
dominates the short wavelength peak and the two-state term
increases it contribution for the long wavelength side. The
relative intensity of the three-state term and dipolar term can
explain the different spectral relations experimentally observed
for OPA and TPA for the Ir complexes.

Conclusions

In conclusion, our work put in evidence that simple iridium()
neutral complexes, easy to synthetize, show a good two-photon
absorption activity, along with a yet demonstrated high second-
order NLO activity, to give rise to multifunctional chromo-
phores. Clearly, the novel complexes reported here have great
potential for application in photonics and biomedicine.
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