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Herein, we report a theoretical and experimental analysis of the conjugation and electronic effects on the
one-photon (1PA) and two-photon absorption (2PA) properties of a series of Re() carbonyl complexes with
terpyridine-based ligands. An excellent agreement was obtained between the calculated and experimental
2PA spectra of the KZN—terpyridine tricarbonyl complexes (1a-b), with 2PA cross sections reaching up to ca.
40 GM in DMF. By stepwise lowering the conjugation length in the terpy ligand and changing the local
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Accepted 25th October 2022 increasing 2PA cross sections, and that the character of the excited states does not directly enhance the
DOI: 10.1039/d2cp03844g non-linear properties of these complexes—contrary to the results observed in 1PA. Altogether, these results
give valuable guidelines towards more efficient two-photon-absorbing coordination complexes of Re()), with
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|. Introduction

The synthesis, characterisation and spectroscopic study of
rhenium(i) carbonyl complexes bearing diimine ligands has
been an active field of research in the last few decades. Since
their introduction by Wrighton and co-workers,' ™ and pioneering
work by Lehn and co-workers," they have gained enormous
popularity thanks to their widespread use as CO, reduction
catalysts,>™! and photosensitisers.'*™

In our previous work, some of us have reported on the
photophysics and photochemistry of different rhenium()
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K®N-tricarbonyl (Scheme 1, 1),* and x*N-dicarbonyl terpyridine
complexes (Scheme 1, 2),>® based on a 4/-(4-substituted-phenyl)-
2,2":6' 2"-terpyridine ligand. The groups of Castellano,>®
Sullivan,”” Dempsey,”® Ishitani,”® and others**> have studied
different rhenium(i) carbonyl complexes with diimine ligands, in
terms of their ground and excited-state properties.

A constant challenge in the design of these complexes is the
extension of their absorption to the visible and near-infrared
(NIR) region of the electromagnetic spectrum. We have shown
that by introducing a strongly donating group like NMe, in a
remote position of the ligand framework, there is a change in
the excited-state character (e.g. between complexes 1a and 1b,
Scheme 1) from metal-to-ligand charge transfer (MLCT) to
intraligand charge transfer (ILCT). This resulted in a red shift
of ca. 100 nm in the absorption maximum and a ~200-fold
increase in the lifetime, accompanied by a ~ 5-fold increase in
the extinction coefficient.”*

In contrast, the analogous x*N-dicarbonyl terpyridine complexes
(2a-b) have an excited state of MLCT character irrespective of
the substituent in a remote position, as shown by transient
IR (TRIR), and are non-emissive.”> Hanan and co-workers
have shown that the replacement of the axial halide ligand in
similar complexes leads to the recovery of NIR emission.*
More recently, Machura and co-workers have studied Re(1)
carbonyl complexes of different terpyridine-type ligands with
appended functionalities, the role of solvent polarity and the
triimine core in the ground- and excited-state properties of
these complexes.** >’
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Scheme 1 Structures of the complexes studied in this work. The blue dashed segments show which bond(s) are broken when decreasing the

conjugation stepwise from 2 to 5. See the text for discussion.

Gordon and co-workers have recently reported on a series of
tricarbonyl Re(1) complexes with thiophene-based donor-acceptor
systems with varying degrees of ILCT and localised m,n*
characters.®® They have also reported on a series of Pt(n) bis-
(acetylide) and Re(r) tricarbonyl complexes with triphenylamine-
substituted phenanthroline ligands, in which the MLCT and ILCT
characters were switched as a function of substituents on the
triphenylamine group.’® Further reports from the Gordon group
on [Ru(NNN);]** complexes with NAN ligands derived from
substituted 1,10-phenanthroline showed that appending aromatic
groups to the ligand changes the character from MLCT to a
ligand-centred triplet (*LC).*°

Effectively controlling the character of the lowest excited
states of these complexes thus provides a unique opportunity
towards tuning their optical properties, whilst maintaining
(and even increasing) their excited-state lifetimes—a crucial
aspect to optimise, if these complexes are to find applications
in photocatalysis.

Whilst most studies focus on the linear absorption and
emission properties, the non-linear optical properties of these
complexes—in particular their two-photon absorption (2PA)
cross sections—have not been studied to the same extent. Most
complexes showing 2PA have been derived from two-photon
absorbing ligands decorated with a metal centre,*" as it has
been shown that the latter can have a significant impact on the
2PA cross section.*” These results show the importance of
conjugation in these D-A systems (where the terpyridine moiety
acts as an electron acceptor of the electron density of the metal
upon complexation), and provides the possibility of ILCT and
MLCT transitions. Complexes of Zn(u), Cd(u), Mn(u), Pt(u), and
Ru(u) with terpyridine-based ligands have been studied in the
past, with the closed-shell d'® complexes showing the highest
2PA cross sections overall.*>** The 2PA properties of some Re(i)
carbonyl complexes have been studied,”” but no significant
structure-property relationships or 2PA cross-sections in Re(1)
carbonyl complexes have been reported to date: most of the
attention in this regard has been focused on Ru(u) polypyridyl*®
and cyclometallated Ir(m) complexes.*”"*?
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Two-photon absorption provides an additional pathway for
efficient energy conversion, allowing access to electronically
excited states across a greater portion of the spectrum. This
could, for example, lead to the production of reactive oxygen
species by sensitisation of oxygen with NIR irradiation, an
approach often used in photodynamic therapy (PDT). In addition,
2PA processes lead to a significantly higher spatial resolution
(since high intensity is required for 2PA to take place). Hence, 2PA
dyes could lead to localised imaging or PDT with transition metal
complexes, as has been previously demonstrated with Ru(u) and
Ir(m) complexes.*®™"

Herein, we present a hybrid experimental and computational
study of a series of Re(i) carbonyl complexes, aiming to elucidate
the relationship between their structure and their photophysical,
photochemical and non-linear optical properties.

Considering 1a-b and 2a-b as starting points, we investigated
computationally using density functional theory (DFT) three
additional variants of the parent complexes (3-5, Scheme 1) with
decreasing conjugation, but similar ligand environments around
the metal centre: 3a-b (cis-{Re(k’N-4-R'-phenyl-2,2’-bipyridine)(py)-
(CO),Cl]); 4a-b (transcis{Re(rc"N-4-(4-R"-phenyl)pyridine)(py),(CO),Cl]);
and 5a-b, (trans,cis-[Re(4-R'-py)(py)2(CO),Cl]). In all cases, R" =
H (a) and R' = NMe, (b).

These complexes result from stepwise lowering of the con-
jugation length in the terpy ligand (by breaking apart the
constituent pyridine rings), accompanied by changes in the
local symmetry around the Re(1) centre. Complexes 3a-b share
the canonical structure of 1a-b and the x*N coordination motif,
whilst retaining cis-dicarbonyls and having three coordinated
pyridines (like 2a-b), hence representing a midpoint between
the two series. Complexes 4a-b and 5a-b represent a stepwise
decrease in the number of conjugated rings, with complex 5a
having only pyridines as ligands, and complex 5b having a
NMe, group directly linked to one of the pyridine ligands.
Other authors have considered directly substituted 4'-R'-
2.2":6',2"-terpyridine-based ligands (and their Ru(u) complexes,
which are good candidates for photodynamic therapy).”> We,
however, focus on a remote substitution strategy to develop
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strongly-absorbing and long-lived complexes in a complemen-
tary manner.

This approach allowed us to elucidate the contribution of
conjugation and different electronic and geometric effects in
the linear (one-photon absorption, 1PA) and non-linear (two-
photon absorption, 2PA) optical properties of these complexes,
providing valuable design criteria towards useful two-photon
absorbing dyes based on Re(1) carbonyls.

ll. Materials and methods
A Synthesis and spectroscopic characterisation

Solvents used for synthesis were of reagent grade or higher,
whilst those for spectroscopic measurements were of HPLC or
spectroscopic grades and were used as received. Complexes
1a-b,>* and 2a-b®>® were synthesised according to previously
published methods. UV-Vis absorption spectra were recorded
on a Shimadzu UV-3600 Plus absorption spectrometer using
standard 1 x 1 cm pathlength quartz cuvettes.

B Experimental determination of the degenerate non-linear
(two-photon) absorption cross sections

An open-aperture single-beam Z-scan setup was used to determine
the degenerate 2PA cross sections. In brief, an ultrafast Ti:Sapphire
amplifier (Coherent Legend) producing ca. 90 fs pulses centred at
800 nm was used to pump an optical parametric amplifier (Coher-
ent OPerA Solo), which provided a tunable excitation beam in the
730-900 nm region (typical FWHM of 10 nm). The output of the
OPA was spatially filtered with a 100 pm pinhole at the centre of a
1:1 telescope to ensure a Gaussian intensity profile, then split in two
branches (sample and reference beams, respectively). The sample
beam was passed through a Glan-Taylor polarising cube, then
focused using a fused silica lens into a 1 mm pathlength quartz
cuvette containing the sample solution, which was scanned along
the focal axis using a computer-controlled stage. After passing the
solution, the sample beam was refocused into a single-element
photodiode. The reference beam was focused into a second iden-
tical detector, and was used to account for shot-to-shot fluctuations,
as described in ref. 53. The normalised transmittance was fitted
according to eqn (1),>*** with the 2PA cross section (6**) and the
beam waist [w,, where z; = nwoz/(Mzi)] as free fit parameters.

o0 ))1
ey 3/2 M+ /=) M
n=0

In this equation, g = floLesr, and Leg &1 mm (dilute limit).
The two-photon absorption coefficient (f) is related to the two-
photon absorption cross section (6*", in cm® s photon*
molecule ') by eqn (2), where C is the concentration of the
absorbing species (in mol L"), N, is Avogadro’s constant, 7 is
the reduced Planck constant and  is the photon frequency:

hof

2PA _
o7 = NAC x 1073 2)

The beam waist (w,”) was experimentally determined by
fitting a two-dimensional Gaussian function to the image
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profile of an attenuated beam obtained using a CMOS sensor
(OmniVision OV5648, 5 MP sensor). The so-obtained values
were used as initial guesses to fit eqn (1) to the experimental
data, and the values agreed in all cases within experimental
error. For the fitting procedure, eqn (1) was truncated after the
10th term.

The peak intensity (I,) was calculated from the experi-
mentally determined pulse temporal FWHM (t), repetition
rate (R), beam waist (wo°, assuming M> = 1.3 from the
laser specifications) and average power (P,), as follows

eqn (3):>*
In2 Py
fo= 4\/ <M22RART) )

Solutions of the corresponding complexes were freshly
prepared in DMF of spectroscopic grade (Sigma-Aldrich) at a
concentration of not more than 5 um (often limited by the
solubility of the complexes in DMF at room temperature). The
repetition rate of the laser was kept at 50 Hz (using the laser
timing electronics) to avoid contributions from thermal effects,
and the pulse energies at the sample position were kept below
0.4 pJ.

C Geometry optimisations and calculated UV-Vis (linear)
absorption spectra

Geometry optimisations were performed using the Gaussian
16 rev. B.01 software.”® The geometry from the crystal struc-
tures of 1a°® and 2b* were used as initial guesses for
their corresponding series, and were then optimised with
tight convergence criteria using the 6-311G(d,p) basis set
for all light atoms, and the LANL2DZ effective core potential
(ECP) and basis set for Re,””>° with the hybrid B3LYP®*®?
functional.

The IEF-PCM solvation model (as implemented in Gaussian)
was used for calculations in N,N-dimethylformamide (DMF)
solution.®® The structures of all other complexes, and of the
terpyridine ligands associated with complexes 1a-b and 2a-b
(hence denoted La and Lb, respectively) were also optimised at
this level of theory, and these converged geometries were used
in all further calculations. Harmonic vibrational analysis
revealed no negative frequencies, confirming the structures to
be true minima.

Time-dependent density functional theory (TD-DFT) was
performed on the respective ground-state optimised geometries.
For the complexes, we considered the lowest 30 singlets and
30 triplets [using the td = (nstates = 30,50-50) option in
Gaussian], whilst for the ligands only the lowest 30 singlets
were considered.

The calculated UV-Vis absorption spectra were obtained by
convolution with a Gaussian line shape function with a
uniform full width at half maximum (FWHM) of 4840 cm '
(0.6 eV). The experimental UV-Vis linear absorption spectra
(1PA) of complexes 1a-b and 2a-b were reproduced from our
previous work.?*2>

Phys. Chem. Chem. Phys., 2022, 24, 28069-28079 | 28071
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D Excited state analysis

Fragment-based population analysis and transition density
decomposition analysis were performed using the TheoDORE
program (v3.0),°* with the inbuilt transition density matrix
analysis modules.®>®® Calculations considering only the lowest
30 singlet states of all complexes were performed, including the
options pop = full iop(9/40 = 3) for compatibility. The energies
and oscillator strengths obtained from these calculations were
identical to those that included the triplet states. The TheoDORE
program internally uses the CCLIB library (v1.7.2)®” to parse the
output of the Gaussian calculations. Charge density difference
isosurfaces (CDD) were generated using the MultiWwfn program
(v3.7).°® Additional figures and details are given in the ESI}
sections 1.7 (fragment-based analysis) and 1.8 (CDDs).

E Theoretical estimation of the degenerate non-linear (two-
photon) absorption cross sections

Degenerate two-photon absorption (2PA) cross sections were
calculated using the Dalton program (release 2020.0),°>”° and its
implementation of the TD-DFT singlet quadratic response,”"”>
following a similar procedure as in our previous reports.”*”*

Calculations were performed in the Dalton software with the
B3LYP functional (using the B3LYPg option to replicate the
Gaussian implementation), and identical basis sets as described
above, using the corresponding geometries optimised in Gaus-
sian as described above. The 20 lowest-energy states were
calculated for each complex.

The 2PA cross sections and spectra were calculated accord-
ing to eqn (4-7):"°

52PA( )7NT°3W(5) ho ?
Co 2

> Go)glw,wo,T)  (4)

s

o =5 [Tt (st) 2T ()| @
ab

where ¢, = 2.99792458 x 10" cm s_1 is the speed of light in
vacuum; ao = 5.29177210903 x 10~ ° c¢m is the Bohr radius; o« =
0.0072973525693 is the fine structure constant; E = fw is the
transition energy and hAw/2 is the photon energy for the
degenerate 2PA case; (Jq) is the orientation-averaged degenerate
two-photon transition probability for a linearly polarized laser
beam; and I' is the halfwidth half-maximum (HWHM) line-
width. The ground, virtual and final states are represented by 0, k
and f, respectively.

In eqn (5), the subscripts a,b represent the Cartesian coor-
dinates, where ngfb is the two-photon matrix element, defined

as:’®

(02 k) (ke - uf) |, (06 k) (ke - f)
Of Ma H Hp 1%
Sap = 2h Z { Wok — @ Wor — ® » ()

where fi; represents the i-th component of the dipole moment,
and é is a unit vector along the polarisation direction of the
incident light field. A normalised Lorentzian line shape func-
tion, g{w,wqsI"), was used to broaden the calculated responses
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and obtain the 2PA spectra eqn (7):

gl wo ) =~ — )

T (0 — wor)?> + T

with the constants given before, and if (dq5),  and I' are given
in atomic units in eqn (4) and (5), the calculated 2PA cross
sections can be converted to Goppert Mayer units by multi-
plying eqn (4) by 10°° (since 1 GM = 10°° cm* s photon™ ). We
have used N = 4 in eqn (4) for better comparison with single-
beam Z-scan measurements, as is nicely discussed in ref. 77.
All calculated 2PA spectra were obtained by convolution with a
Lorentzian function with I" = 0.2 €V, a vertical scaling factor of
0.75, and a red shift of 0.1 eV for all transitions.

Given the qualitative nature of our discussion of the calcu-
lated 2PA cross sections, we ignored the states with unrealistic
cross sections [(Jo) > 10° a.u.], obtained for some complexes.
These states may appear due to resonance enhancements—since
the denominator in eqn (6) approaches zero in resonance—yielding
a value for the cross section that tends to infinity (subject to
numerical error and rounding artifacts). These states are somewhat
arbitrary in occurrence and are no longer dominated by the
electronic structure, other than indirectly, through the separation
of the excited states in the molecule. Hence, we focus on the states
with physically meaningful cross sections for our theoretical dis-
cussion of these complexes and the comparison with experimental
values.

[II Results and discussion
A. Linear absorption spectra

We begin our discussion by examining the calculated linear
(1PA) absorption spectra (Fig. 1). The calculated UV-Vis absorp-
tion spectra show a good agreement with experimental results
for compounds 1a-b and 2a-b, previously reported in ref. 24 and
25, respectively. These results validate the level of theory
chosen to describe these complexes. The energies and oscillator
strengths of all 1PA transitions for all complexes and the
ligands La and Lb are provided in the ESI,{ Table S1. An overlay
of the calculated and experimental spectra of 1a-b and 2a-b is
given in Fig. S11 in the ESL}

Amongst the unsubstituted complexes (a-series), absorption
takes place predominantly below 500 nm, except for complexes
2a and 3a. Altogether, these complexes perform relatively
poorly as light absorbers. Complexes in the b-series, on the
other hand, show notably increased absorption coefficients
across the entire visible spectrum (the vertical scales in Fig. 1
are identical), largely due to the presence of intraligand charge
transfer states (vide infra), and an increased effective conjuga-
tion length.

The introduction of strongly donating groups in the ligand
framework—leading in some cases to intraligand charge transfer
excited states—provides an avenue to enhance the light absorp-
tion efficiency of transition metal complexes in general. Whilst
most emphasis has been given to MLCT excited states in the
literature, the design of complexes with bright ILCT transitions
will improve their photophysical and photochemical properties.

This journal is © the Owner Societies 2022
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Fig. 1 Calculated 1PA spectra of complexes (1-5)a (R* = H, top) and (1-5)b
(R* = NMe,, bottom).

B. Orbital energies and redox potentials

We now turn our attention to the frontier orbitals of these
complexes, their localisation and their energies (Fig. 2).

On moving from 1 to 2, the energies of the LUMO levels remain
largely unchanged, but the energy of the HOMO increases by ca.
1 eV in 2a, and only ~0.2 eV in 2b (compared to those of 1a and
1b, respectively). We attribute this change in the HOMO to the
replacement of one C=0 ligand and coordination of the addi-
tional pyridine. Fig. S12 and S13 in the ESI,¥ illustrate the frontier
molecular orbitals of complexes 1a-b and 2a-b, respectively.

In the NMe,-substituted complex 1b, the HOMO is already
destabilised by the electron-rich substituent in the terpyridine

Ak I I —_ =]
> - T [ _ ]
] -3 —T T T 3.39 875 -—T T T 352 ]Jj—.
< 5 3.01 1
w L 260 294 L Logs 266 1
g“”miill?iill?
) = == =11 = = = 1]
O _i _ — — —=119r —_ - — 1]
) [ — — ]
S — L=
(3] — [ —

S A 1t ]

_8 T T T T T T T T T T

1@ 2a 3a 4a b5a 1b 2b 3b 4b 5b
(R1 =H) (R1 = NMey)

Fig. 2 Calculated energies of the frontier orbitals of complexes (1-5)a
(R* = H, left) and (1-5)b (R! = NMe,, right). The orbitals showing range from
HOMO-3 to LUMO+3. Vertical lines indicate the HOMO-LUMO gap, with
the corresponding values indicated in eV.
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ligand, and localised mostly on the 4’-phenyl ring of the ligand.
We observe in this case that the HOMO—1 (localised on the
{Re(CO);}" moiety, see Fig. S12 in the ESIt) and the HOMO of
2b have a similar 1 eV difference, and that these two orbitals are
almost isoenergetic with the HOMO levels of their corres-
ponding unsubstituted counterparts (1a and 2a, respectively),
showing that this effect is substituent-independent.

In the sequence 2 — 3 — 4 — 5, the HOMO levels remain
largely unchanged, but the LUMO energies increase gradually
with both substituents. These shifts show that ligand conjugation
plays a significant role in stabilising the LUMO, and illustrate a
potential structural handle to control their energies.*®

A complementary approach to the stabilisation of ligand-
centred m* LUMO levels involves the introduction of electron-
withdrawing groups, as has been previously pointed out by
Dempsey and co-workers.?® Similarly, the destabilisation of the
HOMO is realised upon going from series 1 to 2 by replacing an
equatorial C=0 ligand (instead of an axial C=0 ligand, as in
ref. 28).

Overall, this shows that both axial and equatorial C=0
ligands provide a useful framework to tune the HOMO ener-
gies; and that both an increased conjugation and the introduc-
tion of electron withdrawing groups can stabilise the LUMO
levels. With strongly electron-donating substituents introduced
in a remote position of the ligand, the HOMO can be shifted from
the {Re(CO);}" moiety to the ligand backbone, which has dramatic
effects in the excited state characters and lifetimes.**

As we have reported previously,”"*® and in agreement with
the results obtained from similar complexes by the groups of
Dempsey”® and Hanan,>® dicarbonyl complexes like those of the
2-series are stronger photo-reductants than those of the 1-series,
whilst the latter are stronger photo-oxidants. In the ground state,
1a-b and 2a-b have a similar reduction potential, but the oxida-
tion potential of the latter is significantly lower (by at least
~0.8 V, considering data from similar complexes in acetonitrile).*®

To qualitatively estimate the redox potentials of complexes
3-5, we correlated the HOMO and LUMO energies of all
complexes with the experimentally obtained redox potentials
of similar complexes from our previous work (Fig. S14,
ESIT),>** and used this to estimate the potentials of all
complexes in the present work (Table 1). This approach has
been previously shown to accurately reproduce experimental
redox potentials in polycyclic aromatic hydrocarbons,”® and in
Re(1) diimine carbonyl complexes.”

From the change in the LUMO energies, we estimate the
reduction potentials to become more negative in the sequence
3 — 4 — 5, whilst the corresponding oxidation potentials are
expected to remain very similar (as the HOMO energies remain
largely unchanged). Complexes 5a-b would then represent very
potent photo-reductants, whilst absorbing at only slightly
higher energies than the reference complex, 1a.

C. Characters and energies of the excited states

Having discussed the orbital energy estimated redox potentials
of these complexes, we now turn to the energies of the lowest
excited states (Fig. 3).
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Table 1 Calculated redox potentials from DFT correlations

Complex LUMO (eV) Eoed cate (V 5. F¢™® in DMF)
la —2.72 —1.72
2a —2.78 —1.68
3a —2.53 —1.87
4a —2.00 —2.25
5a —1.65 —2.51
1b —2.60 —1.81
2b —2.67 —1.76
3b —2.41 —1.95
4b —1.79 —2.41
5b —1.54 —2.59

In the two series, we observe a significant decrease of the
excited state energies on going from 1 — 2. This difference, of
0.8-1 eV correlates well with the experimental red shifts
(ca. 1.53 eV) in the lowest energy absorption bands for the
MLCT complexes (i.e. 1a vs. 2a, and similar complexes from the
Hanan group).>*?**?

To visualise the characters of the excited states of these
complexes, we now turn to the charge density difference (CDD)
isosurfaces of the S; « S, transition for (3-5)a (Fig. 4), and for
(3-5)b (Fig. 5). Additional figures are provided in the ESLt
including detailed fragment-based excited-state character con-
tributions and populations (Section 1.7 in the ESIt), and the
CDD isosurfaces of the first 10 singlet excited states of all
complexes (Section 1.8 in the ESIY).

As evidenced by the CDD isosurfaces, the lowest excited state
of these complexes preserves a purely MLCT character, where
the {Re(CO),}" moiety acts as the donor, and different combi-
nations of the pyridine ligand orbitals act as the acceptor(s).
The equatorial CO ligand (cis to the Cl™ ligand) becomes less

ss 7 JF i
36— 1L ]
34l 10 ]
32| & il -
30

|41 %

28 1F .
26 .
24+ {F A §

22 — 1 F B

Excited State Energy (eV)

2.0

18 — 49 r B

16 T T T T T T T T T T
1 2a 3a 4a b5a 1b 2b 3b 4b 5b

(R'=H) (R' = NMe,)

Fig. 3 Calculated vertical transition energies of the lowest five singlet
excited states of (1-5)a (R! = H, left panel) and (1-5)b (R* = NMe,, right
panel), using the B3LYP functional. The horizontal dashed line shows the
energy of the S; state of 1la as a reference. The symbols denote the
character of these transitions: MLCT (no symbol); ILCT (®); mixed ILCT/
MLCT (A); MLCT to the lateral pyridine(s) ().
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Fig. 4 Charge density difference isosurfaces of the S; « Sq transition of
(3-5)a, shown at |Ap| = 0.002 a.u.

involved in the transition as the conjugation size becomes
smaller.

As evidenced in Fig. 3, we observe two ILCT transitions (to S,
and Ss, respectively) in 1b, and excited states of mixed ILCT/
MLCT character only for (2-3)b. In a previous report where
we examined the effects of amine donor groups in organic a,p-
unsaturated carbonyl dyes,®® we evidenced two complementary
intramolecular charge transfer processes—a situation which
parallels that of 1b. All other complexes show different kinds of
MLCT transitions (i.e. to the central or lateral pyridine ligands).
These results suggest that a minimum conjugation is required
to access the ILCT states.

The lowest energy absorption band of MLCT character shifts
from ca. 380 nm in 1a (ca. 420 nm in 1b), to ca. 720 nm in 2a-b.
This represents a red shift of ca. 1.55 eV, of which ~1 eV is
accounted for by the higher energy of the HOMO orbitals in
2a-b (Fig. 2). The remaining shift is attributed to the increase in
conjugation length of the system due to the planarisation of the
terpyridine ligand.

Evidence in favour of this hypothesis comes from analysing
the effect of the conjugation size in the energies of the excited
states, and is illustrated in Fig. 3. The difference between the
energies of the S, states of 2a and 3a is approx. 0.44 eV, which
combined with the ~1 eV red shift attributed to the shifts in
orbital energy (going from 1a to 2a) suffices to explain the
experimentally observed red shift of ca. 1.55 eV in the absorption
energies of the S, state of the «*N-dicarbonyl complexes (2a-b), in
line with our previous results.>® A further blue shift of ca. 0.5 eV
is observed in the sequence 3 — 4 for both substituents.

4b

| Decrease

Fig. 5 Charge density difference isosurfaces of the S; « Sq transition of
(3-5)b, shown at |Ap| = 0.002 a.u.
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The energy of the lowest singlet states in the 4b — 5b
sequence remain largely unchanged, whilst upon going from
4a to 5a there is an increase of ca. 0.25 eV with the smaller
ligand. Hence, this illustrates the relative energetic contribution
of each ring and the conjugation between them in the linear
optical properties of these complexes.

D. Non-linear (two-photon) absorption spectra: experiment
and theory

Having discussed the linear absorption properties and state
energies, we now turn to the non-linear absorption properties
of these complexes. We used the open aperture Z-scan
technique®® to measure the 2PA cross section for compounds
1a and 1b in the region between 720-810 nm, where no 1PA
absorption takes place (experimental data and fits are provided
in the ESI,t Fig. S1-S8). The experimentally measured 2PA band
corresponds in both cases to the two-photon excitation of an
MLCT transition (Fig. 6).>* An overlay of the experimental 2PA
data with the deconvolved 1PA absorption spectra is presented
in the ESIt (Fig. S9 and S10).

An excellent agreement between the experimental results
and the theoretical 2PA absorption spectra was obtained in
both cases. The data of 1b was used to estimate the linewidth,
intensity scaling and energy shifting parameters (as described
in the Experimental section) that were used to generate all
theoretical 2PA spectra by convolution with a Lorentzian pro-
file. The theoretically calculated transition energies and 2PA
cross sections are provided in the ESI,{ Table S2.

The magnitude of the experimental 2PA cross sections at the
2PA maxima (13 GM for 1a and 39 GM for 1b) compares
favourably with those reported for other d® polypyridyl com-
plexes, such as [Ru(tpy-stilbene),]** (12 GM at 740 nm in MeCN)
and [Ir(tpy-stilbene),]** (67 GM at 740 nm in MeCN); where tpy-
stilbene = 4'-(4-styrylphenyl)-2,2':6,2"-terpyridine.®*!

The experimental determination of the 2PA cross sections of
complexes 2a-b was greatly limited by their low solubility in
DMF. Attempts to record the 2PA cross sections in DMF and in

Two-Photon Wavelength (A,p,, NmM)

600 700 800 900 1000
: : : 60
251 =1a(H) —1b (NMe,)

- 50
-
= 40 _
2 s
! o
) 30 ~
;
o 20 %
@ 10

300 350 400 450 500

One-Photon Wavelength (nm)

Fig. 6 Linear (LPA) and non-linear (2PA) absorption spectra of complexes
1a and 1b: experimental 1PA extinction coefficients (solid lines; left Y scale)
and 2PA cross sections (symbols = experimental data, dash-dotted lines =
theoretical spectra; right Y scale). The two-photon wavelength (1opa = 2 x
Aaps) corresponds to the wavelength of the 2PA experiments.
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other solvents such as DCM and DMSO were also unsuccessful.
The measurement of the 2PA cross section of these complexes was
further complicated by the presence of low-lying absorption bands
extending to ca. 750 nm. It is well known that in cases of 1PA
absorption in the vicinity of the 2PA bands of interest, an intense
pre-resonance effect can dominate over the much less efficient
2PA process, often leading to a resonance enhancement.®*>** In
the same fashion, attempts to record the 2PA cross sections of the
terpyridine ligands (La and Lb) in DMF were unsuccessful due to
the generation of a stimulated Raman scattering response from
the solvent at wavelengths below 700 nm under our experimental
conditions.

Given the excellent agreement between the 2PA experi-
mental and calculated spectra (Fig. 6), we conclude that the
chosen level of theory suffices to theoretically study the remaining
complexes (2a-b; and 3-5 of both series), and focus our attention
on the theoretical results. The convolved theoretical two-photon
absorption spectra of all complexes are shown in Fig. 7.

To put these results in context and examine the trends and
the origins of the differing 2PA cross sections, we will rely on a
simplified two-state model for the maximum 2PA cross section,
which has been proposed in the literature and applied to study
several dye families.®*®> According to this model eqn (8), both
the change in permanent dipole moment upon photoexcitation
(Au = w3 — wo) and the transition dipole moment (My;) con-
tribute equally to the maximum 2PA cross section (6Zia),
given by:

2nL?
Septn?cth

(Ap)* Mo

2PA
8
I-v ? ( )

max

where ¢, is the vacuum permittivity, and L = (5*+ 2)/3 is the
Lorentz local-field factor; all constants and 62 4 are in SI units.

We shall discuss the contribution of Ax and My, separately,
although the two properties are somewhat intertwined. In first
place, intramolecular charge transfer (ICT) and ILCT transi-
tions are typically associated with a larger Ay compared to m,m*
or MLCT transitions (in organic and coordination compounds,
respectively)—since the former typically involve greater donor-
acceptor distances. Substitution of terpyridine ligands with triar-
ylamine donor groups has been shown to increase the intra-
molecular charge transfer (ICT) character (leading to a larger Au).%

This effect is evidenced by the slightly larger and red-shifted
ICT band observed for Lb compared to the pure n,n* bands of
La (Fig. 7), and is maintained upon complexation with Re(1): the
2PA cross sections of La and Lb are slightly increased in their
K*N-Re(1) complexes (1a-b).

We attribute this slight increase to the change from n,n* (La)
to MLCT (1a), and from ICT (Lb) to ILCT (1b)—further increas-
ing Ay and hence 52ra. These changes are also accompanied by
a global red shift of the absorption bands in both cases, in
agreement with the known enhancement of the electron-
accepting character of the terpyridine and an extension of
conjugation upon binding to a metal.**

The MLCT bands of complexes in the b-series are slightly
shifted to higher energies with respect to those of their counter-
parts in the a-series (Fig. 1, 3 and 7), since the NMe, substituent
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Fig. 7 Calculated two-photon absorption (2PA) spectra of complexes
(1-5)a, and ligand La (R! = H, top); and complexes (1-5)b and ligand Lb
(R* = NMe,, bottom). The vertical scale of both figures is identical to
facilitate comparison.

raises the m* orbitals of the ligand, increasing the energy gap
between the metal (donor), and ligand ©* (acceptor) orbitals,
and hence the transition energy. Also, the strong electron
donating character of the NMe, group is responsible for the
apparition of an additional band in complexes (1-3)b.

For the less-conjugated complex 3b, the red-shifted 2PA
band corresponds to the excitation of mixed ILCT/MLCT transi-
tions, and 4b has MLCT transitions only, as depicted in Fig. 3.

The effect of an increased 1PA oscillator strength—and
hence of My;—is best illustrated by directly comparing com-
plexes 2a and 2b. Whilst both possess excited states of pre-
dominantly MLCT character, the higher 1PA extinction
coefficients in 2b also lead to slightly higher 2PA cross sections
(which scale by roughly the same amount, Fig. 8).
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Fig. 8 Experimental 1PA extinction coefficients (solid lines, left scale) vs.
calculated 2PA cross sections (dash-dotted lines, right scale) for com-
plexes 2a-b.
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Fig. 9 Calculated 0°™ values at the maximum 2PA wavelength for

ligands La and Lb, and all complexes studied in this work. The 52”21 values

were extracted from the convoluted spectra at the maximum 2PA
wavelength.

When comparing compounds 3-5 of both series, we observe
that a decrease in the conjugation of the ligand further
decreases the magnitude of the 2PA cross section (Fig. 9).
Complex 4b constitutes a special case: albeit its excited states
have a pure MLCT character (contrasting the mixed ILCT/MLCT
character of some states in 2b and 3b), the lowest excited states
of 4b are closer in energy as a consequence of the strongly-
donating NMe, group (Fig. 3). This in turn leads to an increase
in the overlap of such states, whose envelopes add up and
translate into a higher effective 1PA extinction coefficient
(Fig. 1) and 2PA cross section (Fig. 7). This effect is absent in
4a, where the states are more well-separated instead.

Of the complexes studied herein, 2b shows the largest overall
theoretical 2PA cross section, since it contains a large conjugated
system due to the planarity of the x’N-coordinated terpyridine,
and a slightly higher ILCT character of the excited states,
resulting in increased oscillator strength. These results show
that a large conjugated system is more beneficial for 2PA than an
I(L)CT transition: whilst the 1PA extinction coefficients for both
1b and 2b are of similar magnitude (ca. 2 x 10* ecm ' mol™' L),
528 of 2b is ca. 5 times larger than that of 1b; whilst the dZa of
2a is ca. 3 times larger than that of 1a.

From these results, it can be observed that there is an
interplay between the MLCT and the ILCT transitions, and
though the presence of an ILCT generates an additional band
in the 2PA spectra, this band has roughly the same 2PA cross
section associated with the MLCT band. Moreover, the 2PA
cross section increases in the case of a mixed MLCT/ILCT
transition (i.e., 4b > 3b > 1b). Our results indicate that a
higher degree of planarisation of the complex—with a conse-
quential increase in the conjugation length—play more signifi-
cant roles than the character of the transition towards
increasing the magnitude of the 2PA cross-section.

Finally, as exemplified by the works of Dempsey and
co-workers,*® and Hanan and co-workers,*® the axial ligand
provides further potential for synthetic control of the linear and
non-linear optical properties of these complexes, with promis-
ing applications towards two-photon cell imaging and photo-
dynamic therapy.
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V. Conclusions

In conclusion, we studied both theoretically and experimentally
the linear (1PA) and non-linear (2PA) optical properties
of a series of complexes based on terpyridine ligands and their
derivatives.

An excellent agreement was found between the experimental
and theoretical 2PA spectra of the x’N tricarbonyl complexes,
showing that the chosen level of theory is adequate to describe
the non-linear properties of these systems.

By changing the size of the aromatic system but keeping
a similar environment around the metal centre, we showed
that the major contribution to enhanced 2PA cross sections
comes from a large conjugated system (which allows for a
larger delocalisation in the excited state). An increased charge-
transfer character was shown to play a secondary role in increasing
2PA cross sections of these photoactive d° coordination complexes.

Whilst the 1PA extinction coefficients for an ILCT transition
in the x’N-terpy NMe,-substituted complex (1b) are much
higher than those of the unsubstituted complex (which has
an MLCT transition), their corresponding 2PA cross sections
(as predicted by theoretical calculations using singlet quadratic
response) do not scale to the same extent. This complex,
however, is very promising for photodynamic therapy and
imaging applications since it has been previously shown to
have a very long excited-state lifetime.**

By determining the effects of conjugation and electronic
density in a remote position of the ligand framework, our
results provide useful guidelines towards the design and synth-
esis of more efficient two-photon absorbers, predicted to be
strongly photoactive complexes (with potentially long excited
state lifetimes).
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