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ABSTRACT: The absorption and fluorescence spectra of 14 In(IIl) dipyrrin-based complexes 7 . R Groups
are studied using time-dependent density functional theory (TDDFT). Calculations confirm
that both heteroatom substitution of oxygen (N,O,-type) by nitrogen (N,-type) in dipyrrin
ligand and functionalization at the meso-position by aromatic rings with strong electron-
withdrawing (EW) substituents or extended 7-conjugation are efficient tools in extending the
fluorescence spectra of In(III) complexes to the near-infrared (NIR) region of 750—960 nm
and in red-shifting the lowest absorption band to 560—630 nm. For all complexes, the emissive
singlet state has 7—z* character with a small addition of intraligand charge transfer (ILCT)
contributing from the meso-aryl substituents to the dipyrrin ligand. Stronger EW nitro group on
the meso-phenyl or meso-aryl group with extended z-conjugation induces red-shifted electronic
absorption and fluorescence. More tetrahedral geometry of the complexes with N,-type ligands
leads to less intensive but more red-shifted fluorescence to NIR, compared to the corresponding
complexes with N,O,-type ligands that have a more planar geometry.
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D iscovery of new near-infrared (NIR) absorbing and and improving their optical response. As such, there is a gap in

emissive materials is critical for applications in an understanding of the structure—property relationship for
fluorescent biomarkers," photodynamic therapy (PDT),>’ rational design of Group-13 metal—organic complexes with
fluorescent sensors,” photovoltaics,” " and light emitting targeting optical properties.
diodes (LEDs).”'’ Metal centered dipyrromethene (M- Since ligand functionalization by electron donating (ED)
DIPYs) and azadipyrromethenes (M-aza-DIPYs) are classes and withdrawing (EW) groups or groups with extended 7-
of organometallic complexes that have received significant conjugation is known as a powerful tool for tuning and
attention in recent years due to their promising optical improving the optical response gf EYI(III); Ru(ID), Pt(II), and
properties, which can be extended to the NIR region.”'*~"> M- other metal—organic complexes,” " we performed computa-
DIPY ligands can be easily functionalized on the a- and f- tional studies of these substituent effects on dipyrrin In(III)
positions of pyrrole rings as well as at the meso position.'™>° complexes in order to understand how to shift their absorption

Such functionalization provides means for the tuning of and emission bands .toward the NIR region. f.\s d‘?PiCted in
electronic properties and shifting the absorption and emission Scheme 1, we consider two derivatives of dipyrrin In(III.)
of the complexes into the NIR region.'”'%*%*! C(.)mplexes, the N,O,- and Ni-type, w}}ere the N4—t¥pe 1S
The N,0,-type dipyrrins are particularly interesting as tetra- different fr.om t.he N,O,-type by Fepl‘acmg the coordinated
coordinated ligands, since they increase the structural rigidity Oxygens .“Tlth nitrogens. The su.bstltutmg aryl groups f‘t the
of the complexes. It is known that structural rigidity helps to meso-position of NZOTtyPe (series ) and Ny-type (series b)
suppress nonradiative pathways and is a key factor for highly are chosen to_gradually increase the pull-push eﬁe‘ct of the
emissive NIR materials.”” The incorporation of Group-13 and substituent at the. 4-phenyl position fron’1 ED groups in 1 and 2
14 elements into the N,Op-type meso-aryldipyrrins (N,O,- to EW groups in 4_and 5f l;l/leanwhlle, ;he effects of tie
type) ligand is known to result in stable complexes emitting in .expandeccll ”-Clo n)ugatlcl))n of t eh meso-aty lgroup an(il the
the deep-red spectral region.'”"’ Among these complexes, the increased coplanarity between the meso-aryl group and the
most efficient emitter is an In(III) complex containing meso-
mesityl-N,O,-DIPY ligand, which exhibits a fluorescence Received: July 3, 2021
quantum yield (QY) of 67% at 639 nm." So far, this is the Accepted:  August 9, 2021
highest emission QY reported for In(1Il) dipyrrin complexes. Published: August 16, 2021
Despite this promising result, reports on the functionalization
of the In(1II) complexes comprising dipyrrin derivatives are
limited and lack concise and systematic approaches to tuning
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“The electron-withdrawing ability of the substituent at the 4-position
of the meso-phenyl group increases from complex 1 to S, and #- o
conjugation is extended in complexes 6 and 7. g
I

dipyrrin component are evaluated with a comparison of the
complexes 6 and 7 to 3.

The synthesis of the N,O,-type ligands and their
coordination to Group-13 and -14 metals has been reported
in literature.”'”'>**=>* However, there are no reports on the
coordination of N,-type dipyrrin ligands to In(III). Due to the
stronger electron-donating ability of nitrogens compared to
oxygens, we expect that replacing oxygens in N,O,-type by
nitrogens in N,-type will impact both the absorption and
emission features of the In(III) complexes and red-shift the
optical spectra. To our knowledge, no studies investigating the
effect of EW/ED substituent groups on N,O,- and N,-type
dipyrrin ligands have been published yet for In(III) complexes.

The geometries of all complexes were optimized with
density functional theory (DFT) using the PBEO* functional
and the mixed basis sets with LANL2DZ>® assigned to In(1II)
and 6-31G* to all other atoms,’”*® utilizing Gaussian-16
software package.”” All calculations were performed in
acetonitrile solvent incorporated via Conductor Polarized
Continuum Model (CPCM).***" As a reference point, the
calculated geometry of complex 3a is in good agreement with
the reported X-ray crystallographic data for an In(III) meso-
mestiyl-N,O, complex.”” Substitution of oxygen in N,O,-type
by nitrogen results in a more tetrahedral structure of N,-type
In(III) complexes, compared to the distorted square planar
structure of N,O,-type In(II) complexes, as demonstrated by
the bond angles between the coordinating pyrrole nitrogen
atoms and the trans-oxygen (nitrogen) atoms on the phenyl
rings, Table S1 in SI

The shift in the energy of the lowest absorption band can be
qualitatively predicted by the stabilization or destabilization of
the frontier molecular orbitals (MOs).**™** As shown in
Figures la and Sla, the HOMO—-LUMO gap increases with
the strength of the ED groups from complex 3 to 1 and
decreases with the strength of the EW groups in 4 and 5 for
both series-a and -b complexes, respectively. This trend is also
followed by complexes 6 and 7, showing that extended 7-
conjugation in the substituent groups leads to reduction of the
energy gap. Meanwhile, series-b complexes with N,- type
ligand result in smaller energy gaps by 0.12—0.15 eV compared
to their respective complexes in series-a with N,O,-type ligand.

For all complexes, the reduction of the HOMO—LUMO gap
by EW group or extended s-conjugation is governed by
stabilization of the LUMO energies, while the HOMO energies
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Figure 1. (a) Ground-state molecular orbital diagram for complexes
la— 7a and (b) visualization of HOMO and LUMO for the
complexes 1a, 3a and Sa with the strongest ED group, neutral, and the
strongest EW group on the meso-phenyl rings, respectively. The
solvent used for the calculation was acetonitrile.

are not affected by the ED/EW abilities or 7-conjugation of the
meso-aryl substituents. The insensitivity of HOMO to meso-aryl
substituents is rationalized by its localization on the N,O,-type
or N,-type ligands rather than on the meso-aryl substituents
(see the molecular orbital plots in Figures 1b and S1b). In
contrast, the LUMO is delocalized over the entire complex,
including the meso-aryl substituents. Consequently, ED group
destabilizes the LUMO, while the EW group or the more 7-
conjugated aryl substituent stabilizes the LUMO.

Among all complexes, Sa and 5b exhibit the largest portion
of the LUMO on their 4-NO,-phenyl substituent group, while
its delocalization over the N,O,-DIPY or N,-DIPY compo-
nents is slightly reduced. This leads to the strongest
stabilization of their LUMO. The #-conjugation of the meso-
aryl substituents in complexes 6a, 7a and 6b, 7b hybridizes the
electronic density over the entire ligand, while their LUMOs
are strongly stabilized having energy that is nearly the same as
those of Sa and Sb (Figures 1b and S1b). Interestingly, the
LUMO+1 of complexes with EW groups on the phenyl ring or
more 7-conjugated meso-substituents (4-7) is mainly localized
on the meso-substituents with a small admixture to the dipyrrin
ligand, while this trend is reversed in complexes 1—3 that have
ED groups or no substituent on the phenyl rings (Tables S2
and S3). This trend is consistent with the ED or EW nature of
the 4-substituents on the phenyl rings.

Since there are a large energy gaps separating the frontier
orbitals (HOMO and LUMO) from other MOs, we expect
that the first excited state is comprised primarily a transition
from HOMO to LUMO with a predominant 7—7z* nature due
to significant electron density distribution of both HOMO and
LUMO over the dipyrrin ligands. Meanwhile, intraligand
charge transfer (ILCT) also should make considerable
contribution to the lowest-energy transition because of the
delocalization of electron density to the meso-aryl substituents,
with the largest ILCT degree in complexes 4 and S that bear
EW group on the meso-phenyl substituents. Thus, the energy
of the first optical transition is expected to be red-shifted with
increasing the strength of EW groups or extended -
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Table 1. NTOs Showing the Electron-Hole Pair Contribution to the Lowest Energy Transition (S;) in Absorption Spectra
Calculated in Acetonitrile for Complexes with the Strongest Electron Donating (1a and 1b) and Withdrawing (Sa and 5b)

Groups and the “Neutral” Aryl Group (3a and 3b)

Hole Electron Hole Electron

1a 1b

2.37eV 2.17 eV
f=0.65 f=0.51
3a 3b

2.33 eV 2.15eV
f=0.67 f=0.51
5a 5b

2.16 eV 1.96 eV
f=0.44 f=0.25

conjugation of the meso-aryl substituents, following the trend
of the HOMO—LUMO gap of these complexes.

This trend has been testified in both series a and b
complexes, as evidenced by the maximum difference of 0.22 eV
between complexes 1 and 7 for their lowest-energy optical
transitions (see S, state energies in Table 1 and Tables S4 and
SS in SI), and is further illustrated by the electronic absorption
spectra shown in Figure 2. Similar to the trend of HOMO—
LUMO energy gaps observed in the corresponding series-a and
-b complexes, the absorption spectra of N,-type In(III)
complexes in series-b are red-shifted by ~0.2 eV with respect
to their corresponding N,O,-type In(1II) complexes in series-a.
As such, the effect of replacing oxygens in the N,O,-type
ligand by nitrogens is comparable to that of strong EW groups
or m-expansive meso-aryl substituents, with both leading to
noticeable red-shifts of the absorption spectra and resulting in
the most red-shifted lowest-energy absorption band at <2.0 eV
in complexes Sb and 7b, Figure 2.

The presented absorption spectra in Figure 2 were
calculated using liner response time-dependent DFT (TD-
DFT)* and the same methodology as that applied to ground-
state calculations. It is worth noting that to justify our
computational method, we compared the calculated absorption
spectrum of 3a to the experimental spectrum of an In(III)
complex with a meso-mesityl N,0,-DIPY ligand (which is a
complex analogous to 3a) reported by Sumiyoshi, et al;"
Figure S2 in SI. Except the constant blue-shift (~0.3 eV), the
calculations well reproduce the main optical features observed
in the experimental spectrum. The blue-shift is attributed to
vibronic effects that are missed in TDDFT calculations, solvent
effects that are not completely introduced by the polar media
model for pure solvents, and mesityl group in the meso-position
of N,O,-dipyrrin complex studied experimentally instead of
phenyl group in the calculated 3a complex.

1a [g

---- 1b o

Absorption (arb. units)
Oscillator Strength x 10

T T T
1.0 1.5 2.0 25 3.0 35
Transition Energy (eV)

Figure 2. Simulated absorption spectra and emission energies for la—
7a (solid lines) and 1b—7b (dashed lines) in acetonitrile. The vertical
lines with filled boxes or circles represent optical transitions
contributing to the absorption bands or emission, respectively.

To represent each excitation as an electron—hole pair,
natural transition orbital (NTO) analysis was performed by
applying unitary transformation of transition density matrix of
a specific excited state.*” In particular, as shown in Table 1,
NTOs contributing to S, are very similar in nature to the
ground-state HOMO and LUMO exhibiting mainly 7—n*
character admixing with some ILCT, which results in an
optically active S; state. The only complexes with diminished

8011 https://doi.org/10.1021/acs jpclett.1c02150
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Table 2. NTOs Showing the Electron-Hole Contribution to the Singlet Emissive State Calculated in Acetonitrile for
Complexes with the Strongest Electron Donating (1a and 1b) and Withdrawing (Sa and 5b) Groups and the “Neutral” Aryl

Group (3a and 3b)

Hole Electron

Hole Electron

1a 1b
1.97 eV 1.71 eV
f=0.81 f=0.52
3a 3b
1.93 eV 1.67 eV
f=0.81 f=0.52
5a 5b
1.62 eV 1.29 eV
f=0.41 f=0.22

optical response are Sa and Sb, which can be rationalized by
the increased ILCT character due to stronger localization of
the electron density at the meso-(4-NO,phenyl) substituent.
This significant increase in the charge transfer nature of the
lowest exciton in Sa and Sb, compared to that of complexes 1-
4, is also evidenced by the deviation from the linear trend of S;
energy that decreases with increasing Hammett Parameter
following the electron accepting ability of the substituents from
1 (ED) to 4 (EW); Figure S3 in SL In both series-a and -b
complexes, higher energy absorption bands are also dominated
by m—n* transitions with a small admixture of ILCT, while
contribution of the metal center to all optically active
transitions is negligible, as depicted by NTOs in Tables S4
and SS in SL

A comparison of the absorption spectra of corresponding
complexes in series-a and -b (Figure 2) reveals that
substitution of the coordinating oxygens by nitrogens results
in some decrease in optical activity of the S, states for all N,-
type In(III) complexes. One possible explanation of this trend
is related to the reduced degree of conjugation in series-b
complexes caused by their more tetrahedral structures (Table
S1) compared to the distorted square-planar geometries of
complexes in series-a. Better conjugation of the NO,-type
complexes in series-a results in stronger delocalization of the
electron and/or hole wave function all over the conjugated
system, which, in turn, increases the probability of wave
function overlaps between the electron and hole due to
excitation. This is expected to increase the transition dipole
moment and, consequently, the oscillator strength of the
transition originated from such electron—hole pair.

It has been reported that the observed emission from the
In(1II) N,O,-DIPY complexes is fluorescence from the singlet
excited state.” It is reasonable to assume that the emission
from complexes 1 — 7 will also occur from a singlet state

(fluorescence) rather than from a triplet state (phosphor-
escence). A lack of MLCT character in the lowest optical
transition of all studied complexes also points to an insufficient
intersystem crossing and more probable emission from a single
state, rather than the triplet state in the studied In(III)
complexes.

To calculate the fluorescence energies, we used analytical
gradient TDDFT (AG-TDDFT)*"* that provides a geometry
optimization of the electronic excited state. While accurate
simulations of emission processes, including the radiative and
nonradiative lifetime, the emission line widths, and the
emission QY, require more advanced level of theory based
on nonadiabatic excited state dynamics,””** our calculations
are focused solely on the energy of the emissive states as a
function of the ED/EW ability or s-extension of the
substituting groups. The AG-TDDFT has been shown
sufficient for providing reasonable results on emission energies
of Ir(III) cor11plexes.26’51’52 The calculated emission energy of
the complex 3a also perfectly agrees with the experimental
value of 1.94 eV for the meso-mesityl-N,O,-DIPY complex."

Figure 2 shows the fluorescence energies of complexes 1-7.
The Stokes shifts are larger for complexes in series-b (ca. 0.5—
0.7 eV) compared to those of complexes in series-a (ca. 0.4—
0.5 eV) and increase with the EW strength of the substituents
on the meso-phenyl groups and with the extended x-
conjugation of the meso-aryl substituents. Note that the
calculated Stokes shift is overestimated for 3a (~0.4 eV),
compared to the experimental value (~0.1 eV), which might
be explained by the more polar solvent used in calculations,
while also missing the solvent reorganization effect due to the
implicit description of a solvent via an average polar media.
The more planar structures of complexes in series-a provide a
stronger conjugation in the N,O,-type ligand and prevent
substantial geometric changes upon photoexcitation, ration-
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J. Phys. Chem. Lett. 2021, 12, 8009—-8015


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c02150/suppl_file/jz1c02150_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c02150/suppl_file/jz1c02150_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c02150/suppl_file/jz1c02150_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c02150/suppl_file/jz1c02150_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c02150?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c02150?fig=tbl2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c02150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

alizing the smaller Stokes shifts of complexes in series-a
compared to the corresponding complexes in series-b that have
a more tetrahedral geometry, as shown in Tables S1 in SIL

For complexes in both series-a and -b, the fluorescence
energies follow the trend of the lowest-energy absorption band,
i.e, the emission energy is reduced with increasing the EW
strength of the substituents on the meso-phenyl groups or
extending the z-conjugation of the meso-aryl substituents.
However, compared to the lowest-energy absorption band, this
red-shift is more pronounced for fluorescence energies,
resulting in a maximum of ~0.4 eV fluorescence red-shift
between complexes 1 with the strongest ED substituent group
and complexes S with the strongest EW substituent group.
Similar to absorption, the emission energies of all complexes in
series-b are lower compared to those of corresponding
complexes in series-a by about 0.3 eV. Similarities in
absorption and emission trends are rationalized by the nearly
unchanged character of the lowest singlet exciton density upon
its relaxation, as can be seen from comparison of the NTOs
presented in Table 1 (optimized ground-state geometry) and
Table 2 (optimized excited-state geometry) and Tables S6 and
S7 in SI for singlet and triplet states for all complexes. The
triplet excitons, T, have similar character as singlets, except
increased 7—7* and reduced ILCT characters in complexes 4
and § with strong EW groups.

The combination of replacing oxygen atoms by nitrogen
atoms in dipyrrin ligands and its functionalization by the
strongest EW substituent on the meso-phenyl or extending the
m-conjugation of the meso-aryl group shifts the emissive singlet
states of Sb—7b to the NIR region of ca. 900—960 nm.
However, the oscillator strengths (f) of these emissive S; states
in complexes with Ny-type ligands are noticeably lower than
those with N,O,-type ligands. According to Kasha’s rule,” the
fluorescence occurs in appreciable yield only from the lowest
excited state S;. The Einstein A and B coefficients can be used
to estimate the radiative rate (A), which isgroportional to the
oscillator strength of the lowest transition.”” As such, a small f
value of S; state suggests a higher chance of nonradiative decay
processes outperforming the radiative one and thus quenching
the emission.

Thus, the oscillator strength of the lowest-energy transition
can be used as a qualitative estimate of the emission efficiency.
Since the oscillator strengths of the emissive states in
complexes 1b—7b are about two times lower than those in
their corresponding complexes 1a—7a (Tables 2 and S6), it is
expected that the fluorescence QYs of 1b—7b are lower than
those of 1a—7a. Also, reduced fluorescence QYs in 1b—7b are
expected because the emitting state energies of 1b—7b (1.29—
1.71 eV, i.e. 725—961 nm) are significantly lower than those of
la—7a (1.62—1.97 eV, ie. 629—765 nm). According to the
energy-gap law,” the nonradiative decay rate increases
exponentially with the reduced emitting state energy.
Consequently, the emission QY will be reduced when the
emitting state energy is lowered. Alternatively, the effect of
significant changes toward flattened geometry at the excited
states in 1b—7b (Table S1) on their fluorescence QYs cannot
be excluded.

In summary, our calculations predict that both the
substitution of oxygen to nitrogen atoms in dipyrrin and its
functionalization at the meso-position by strong EW groups on
the phenyl rings or expansion of the 7-conjugation of the aryl
substituents are efficient tools in extending the emission
energies of In(II) complexes to the NIR region of 750—960
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nm, and in red-shifting the lowest-energy absorption band to
560—630 nm. For all In(III) complexes investigated in this
work, regardless of the N,O,-type or N,-type series, the lowest
singlet exciton contributing to the lowest-energy absorption
band or fluorescence mainly has a 7—7* nature admixing with
some ILCT character, resulting in the optically active state. For
these excitons, the holes are localized on the dipyrrin core,
while the electrons are spread over the dipyrrin core and the
meso-aryl substituents, with the latter attracting slightly more
electron density upon increasing the EW ability of the
substituent on the meso-phenyl group or expanding the 7-
conjugation of the meso-aryl substituent. Such an electron
distribution of the S, state is responsible for the red-shifted
lowest-energy absorption bands and fluorescence in complexes
4a—7a and 4b—7b.

While the In(IlI) N,-type complexes with strong EW
substituent or extended 7-system on the meso-aryl group (5b—
7b) show the most red-shifted fluorescence, the oscillator
strength of the transition contributing to fluorescence is
relatively weak, which wanes the conditions for high
fluorescent QYs. This behavior can be attributed to more
pronounced geometry changes from the ground state to the
excited state of all complexes with N,-type ligand, while it also
satisfles the energy-gap law. Taking into account both the
fluorescence energy and QY, complexes Sa—7a with the N,O,-
type ligands may be better candidates for applications that
require emission at ca. 750 nm. However, for applications that
demand emission in the region of >900 nm, Sb—7b with the
N,-type ligands would be better choices. Overall, the NIR
fluorescence from these complexes makes them promising for
potential applications in night-vision-readable displays, light-
emitting diodes, telecommunication, optical sensing, photo-
catalysis, and bioimaging.
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