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Abstract The electronic structures and spectroscopic proper-
ties of two complexes [M(pic);] (M = Ir, Rh) containing
picolinate as bidentate ligands have been calculated by means
density functional theory (DFT) and time-dependent DFT/
TD-DFT using three hybrid functionals B3LYP, PBEO and
mPWI1PWO91. The PBEO and mPW1PWO91 functionals, which
have the same HF exchange fraction (25%), give similar re-
sults and do not differ drastically from B3LYP results.
Calculated geometric parameters of the complexes are in good
agreement with the available experimental data. The UV ab-
sorptions observed in acetonitrile were assigned on the basis
of singlet state transitions. The most intense band observed in
the UV-C region corresponds to ligand-to-ligand charge trans-
fer states (LLCT) in both complexes. The theoretical spectrum
of the rhodium complex is characterized by a large degree of
mixing between metal-to-ligand-charge-transfer (MLCT),
LLCT and metal centered (MC) states in the UV-A region.
The presence of low-lying excited states with MC character
affects the absorption spectrum under spin-orbit coupling
(SOC) effects and play important roles in the photochemical
properties.
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Introduction

In the last decade, cyclometalated rhodium (III) and iridium
(IIT) complexes have attracted much attention and have been
studied extensively in both experimental and theoretical areas
[1-3]. This interest is due to their rich applications in many
fields: as catalyst supports [4, 5], in the fields of organic light-
emitting diodes OLED [6-9], as antimicrobial agents in bio-
logical activities [10], and as candidates for anticancer agents
[11, 12].

At the molecular level, the relationship between the ligands
and the metal centers is known to govern the electrochemical,
photophysical and luminescence properties of cyclometalated
complexes. Most studies to date have focused on understand-
ing the electronic communication in these complexes,
Examples include cyclometalated rhodium(III) and
iridium(IIT) complexes with imidazolyl modified
phenanthroline ligands [13], containing picolinate as bidentate
ligands as an N,O-chelating ligand [14-16], and the [bis(2-
phenylpyridine)(2-carboxy-4-dimethylaminopyridine)]
iridium(IIT) complex with picolinate ligand [17].

Also, a comprehensive report by Minaev et al. [17] stated
that the introduction of two F atoms at specific positions of the
ppy ligands, in combination with the employment of
picolinate as an ancillary ligand, provides a very efficient
blue-emitting bis-cyclometalated dye [18]. Recently, Ko
et al. [19] reported that exchanging the acetylacetonate ancil-
lary ligand for a picolinate one has a major impact on the
phosphorescent properties of platinum complexes. In order
to find new complexes for biological applications, Basu and
co-workers [20] synthesized two complexes of rhodium and
iridium containing tris-picolinate ligands [M(pic);] (M = Ir,
Rh). In both complexes, the picolinate ligands are coordinated
to the metal center as bidentate N- and O-donors forming five-
membered chelate rings. In the paper cited above, the

@ Springer


https://doi.org/10.1007/s00894-017-3517-3
mailto:brahim.h@outlook.com
http://crossmark.crossref.org/dialog/?doi=10.1007/s00894-017-3517-3&domain=pdf

344 Page2of 1l

J Mol Model (2017) 23: 344

structural, spectroscopic and electrochemical properties of the
two complexes were investigated. The experimental electron-
ic spectrum of each complex showed several intense absorp-
tions below 400 nm. The authors suggested that the lowest
energy absorption (370 nm) is probably due to a metal-to-
ligand charge transfer (MLCT) transition, and that the other
absorptions observed at higher energies correspond to and
ligand-to-ligand charge transfer (LLCT) transitions.
Extended Hiickel Molecular Orbital (EHMO) calculations
have been used to explore the composition of some frontier
molecular orbitals (FMOs), and it was found that the first three
occupied orbitals are relatively close, and have major contri-
butions from d metal orbitals in the two complexes. However
this method is not recommended for this type of calculation,
thus the use of advanced quantum chemistry methods is
necessary.

In the present work, we studied theoretically the geometric
structures, frontier molecular orbital (FMO) character, energy
gaps and UV/IR spectra of [M(pic);] (M =1Ir (1), Rh (2)) by
density functional theory (DFT) and time-dependent DFT
(TD-DFT) calculations. The theoretical results are compared
with experimental data.

Computational details

The singlet ground states Sy of 1-2 complexes were optimized
using DFT with three hybrid functionals, B3LYP [21-23],
PBEO [24] and mPWI1PWO1 [25], combined with the 6-
311 + G(d,p) [26-28] basis set for the non-metal atoms and
a double-( quality basis set LANL2DZ [29, 30] for the metal
atoms iridium and rhodium. The optimizations were per-
formed in solution (acetonitrile, € = 35.688) using X-ray struc-
tures [20] as starting geometries without any constraint.
Solvent effect was calculated using polarizable continuum
model (PCM) [31, 32]. Vibrational frequency analyses were
performed to confirm that the optimized structures were a true
minimum, and to calculate infrared spectra. UV-vis spectra
were studied using the TD-DFT method [33-35] on the basis
of optimized ground states with the same functionals and basis
sets. We used the Gaussian 09 program package [36] to per-
form all calculations, Gaussum-3 [37] to simulate and analyze
electronic and infrared spectra, Avogadro-1 [38] to get orbital
isosurfaces and Ortep-3 [39] to visualizing geometric
structures.

Results and discussion
Geometry of the electronic ground state

The structures of the complexes facial (fac-) and meridional
(mer-) isomers of [M(pic);] (M = Ir (1), Rh (2)) (Scheme 1)
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were fully optimized using three hybrid functionals PBEO,
mPWI1PWOII1 and B3LYP in acetonitrile. The bond distances
and bond angles of main structural parameters are reported in
Table 1 together with experimental data obtained from X-ray
crystallographic study [20]. The results show that mer-
M(pic); isomers (C; symmetry) of both iridium and rhodium
complexes are more stable than fac-M(pic); isomers (C3 sym-
metry) (AE ~ 15.43 kJ mol ™" calculated with PBEO). These
results agree with "H NMR spectra, which clearly show the
absence of any C; symmetry in the complex molecules and
thus indicate that the meridional stereochemistry prevails in
solution for both complexes.

Therefore, we will study only the mer-M(pic); isomers of
complexes 1 and 2. As shown in Scheme 1, the Rh(IIl) and
Ir(IlT) complexes present a pseudo-octahedral coordination
around the rhodium and iridium centers owing to the 4d°
and 5d° electronic configuration of Rh* and Ir* cation, re-
spectively, both centers metals are coordinated by three nitro-
gen and three oxygen atoms from picolinate ligands.

According to Table 1, we noted that, for both complexes,
unlike PBEO and mPW1PWO91 functionals, the B3LYP func-
tional overestimates the bond lengths and therefore is not re-
liable in predicting the structure of iridium (III) and rhodium
(IIT) complexes. The mPW1PWO91 functional gives slightly
larger Ir—O and Ir—N bond lengths than the PBEO functional.
The B3LYP functional gives better bond distances than the
PBEO and mPWI1PWO1 functionals if we exclude the
C(13)-0(6) bond length. The coordination of both metal cen-
ters to the three nitrogens is characterized by calculated M—
N(1) and M—N(2) bond lengths significantly shorter than the
corresponding M—N(3) bond lengths; for example, M—N(1)
and M—N(2) bond lengths for M = Rh, Ir are 2.039 and
2.028 A, respectively, much shorter than M—N(3) bond
(2.048 A). This indicates that the interaction between the
N(1) and N(2) of the picolinate ligand and the metal center
is stronger than the one between the N(3) ligand and the metal
center.

For example, the experimental bond length of mer-Ir(pic);
Ir-N(2) = 2.026 A, which is well reproduced both by PBEO
(2.025 A) and mPWI1PW91 functionals (2.028 A), while a
mean difference of 0.026 A is obtained by B3LYP.

In the case of the bond angles, a similar trend is obtained,
e.g.; the experimental and theoretical values agree rather well
for the bond-angles N(1)-M-0O(1), N(3)-M-0O(5) and N(1)—
M-N(3) (M = Rh, Ir). For N(2)-M-0(3), N(2)-M-0O(5) and
O(1)-M-0(3), there is a mean difference between the theoret-
ical values and the experimental values. PBEO and
mPWI1PWOI1 functionals gives better N(1)-M-O(1), N(3)—
M-0(5) and N(1)-M-N(@3) (M = Rh, Ir) bond angles than
the B3LYP functional with respect to the experimental data.

Substituting the metal center by a chromium atom,
resulting in Cr(pic); complex, the X-ray experimental
structure has been obtained by Hakimi [40], give Cr—
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Scheme 1 Geometric structure
of a meridional (mer)-M(pic);
and b facial (fac)-M(pic); with
M =1Ir, Rh

(a) mer-M(pic)3

N bond lengths longer (2.045-2.063 A) than the Ir-N
bonds (2.014-2.039 A) and Rh-N bonds (2.011—
2.028 A). This points to the crucial role of the central
metal atom in the ligand coordination, namely increas-
ing the electronegativity difference between the center
metal and the donor atom of the picolinate ligands [Cr
(1.66) < Ir (2.25) < Rh (2.28)], leads to a decrease in
bond lengths.

Further inspection shows that, in mer-M(pic); com-
plexes, upon going from B3LYP, mPWI1PW91 to PBEO.
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(b) fac-M(pic)3

the calculated M—N bond distances slightly decrease, ex-
cept for Rh—N(2) in the mer-Rh(pic); complex. On the
whole, the agreement between structural results is partic-
ularly good with the hybrid functionals PBEO and
mPWIPWO1. These results are consistent with those re-
ported by Li et al. [41] in (Py-BTE),Ir(acac) complex, and
Nie et al. [42]; these latter authors strongly recommend
the application of mPWI1PW91 level instead of B3LYP
for the prediction of the electronic spectra, especially for
ground state geometries.

Table 1  Selected optimized bond lengths (in A) and bond angles (in °) of meridional (mer)-Ir(pic); and mer-Rh(pic)s
mer-Ir(pic); mer-Rh(pic);
mPWI1PWI1 B3LYP PBEO X-ray® mPWI1PWI1 B3LYP PBEO X-ray®
Bond distances
M-N(1) 2.039 2.061 2.036 2.014(4) 2.036 2.060 2.025 2.011(4)
M-N(2) 2.028 2.052 2.025 2.026(5) 2.037 2.063 2.043 2.017(4)
M-N(3) 2.048 2.071 2.045 2.039(4) 2.048 2.073 2.044 2.028(4)
M-0O(1) 2.055 2.076 2.053 2.033(4) 2.037 2.059 2.034 2.022(3)
M-0(3) 2.060 2.082 2.059 2.042(4) 2.044 2.066 2.051 2.013(3)
M-0(5) 2.057 2.076 2.056 2.037(4) 2.036 2.055 2.017 2.025(3)
C(1)-0(1) 1.298 1.305 1.298 1.309(6) 1.296 1.303 1.299 1.306(6)
C(1)»-0(2) 1.215 1.220 1.215 1.207(7) 1.216 1.220 1.210 1.203(6)
C(7)-0(3) 1.298 1.305 1.298 1.289(7) 1.295 1.302 1.294 1.303(6)
C(7)-0(4) 1.215 1.220 1.215 1.206(7) 1.216 1.220 1.211 1.208(6)
C(13)-0(5) 1.294 1.300 1.294 1.286(7) 1.292 1.299 1.294 1.267(6)
C(13)-0(6) 1.216 1.221 1.216 1.220(7) 1.217 1.221 1.209 1.222(6)
Bond angles
N(1)»-M-0(1) 80.35 79.96 80.43 80.44(15) 81.07 80.65 81.54 81.15(14)
N(©2)-M-0(3) 80.32 79.89 80.40 81.27(17) 80.87 80.39 80.92 81.90(14)
N@B)»-M-0(5) 80.32 79.94 80.40 80.72(16) 81.18 80.76 81.89 81.75(15)
N(1)-M-N(@3) 170.55 170.09 170.70 170.95(17) 170.50 169.93 169.06 170.73(16)
N(Q2)-M-0(5) 175.27 17491 175.41 172.52(18) 174.85 174.45 175.93 172.48(15)
O(1)-M-0(3) 176.47 176.01 176.47 179.46(15) 175.88 175.39 173.47 179.07(14)
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Table 2 Frontier molecular orbital (FMO) energy levels

mPWI1PWOI1 B3LYP PBEO
e (eV) Character (%) e (eV) Character (%) e (V) Character (%)

mer-Ir(pic);

L+3 —1.608 99%s; -1.755 99% Tt —1.598 99% T3,

L+2 —2.053 97% T3 —2.203 97% T3, —2.031 97% T3,

L+1 -2.121 97% Tt —2.263 97% Tt -2.102 97% T3

LUMO -2.206 99% T3 —2.344 99% T3 —2.188 99% T[;ic

Ae 4.567 4.485 4.537

HOMO —6.929 58% diy + 42%Ttyi —6.626 58% diy + 42% Trpic —6.887 58% dye + 42% Ty

H-1 -7.133 58% diy + 42% Tryic —6.833 59% di + 41% i —=7.093 58% di, + 42% Ty

H-2 —7.366 59% di + 41% 71y =7.070 60% di + 40% Ty —7.327 59% di, + 41% Ty

H-3 —7.981 98% Tryic -7.612 98% Tryic —7.938 98% Tryic

H-4 —8.055 97 %ty —7.684 96%T1ic —8.012 97% Tric
mer-Rh(pic);

L+3 -1.776 61% dgy, + 39% T -2.101 61% dgy, + 39% n;ic -1.735 61% dgy, + 39% ﬂ;ic

L+2 —2.042 98% Tt —2.194 98% Tt -2.021 98% T3,

L+1 —2.108 99% Tt —2.252 99% Tt —2.088 99% T3,

LUMO -2.177 98% 3 -2.314 98% 3 —2.158 98% ﬂ;ic

Ace 5.336 4.863 5.306

HOMO =7.513 57% Toyic + 43% drp =7.177 56% Tryic + 44% dry —7.464 57% Tryic + 43% dgp,

H-1 —=7.705 61% 705 + 39% drp -7.372 60% i + 40% drpy —7.658 61% Tt5c + 39% drp

H-2 —7.880 81% T + 19% drp —7.541 85% Tyic + 15% dgrpy —7.833 80% Tryic + 20% dgrp

H-3 -7.972 95% Tryic -7.610 92% Tryic -7.929 95% Tric

H-4 —8.139 73% Trpic + 27% drn —-7.781 70% Trpic + 30% drpy —8.096 73% Tty + 27% drp

Frontier molecular orbitals

It is important to study the characteristics of FMOs of the
complexes to infer the nature of the electronic excitations that
participate in optical transitions. The energy levels and com-
position of FMOs, as well as energy gaps between HOMO
and LUMO, of the studied complexes are given in Table 2 and
illustrated in Fig. 1. Adopting a pseudo-octahedral symmetry,
the five degenerate energy levels of the d-metal orbitals split
into a set of unoccupied molecular orbitals and a set of occu-
pied molecular orbitals, which have a large contribution of d-
orbitals. It has been reported that the HOMO eigenvalues pre-
dicted by hybrid functionals are generally better than those
predicted by non-hybrid functionals, and are relatively sensi-
tive to the fraction of HF exchange in the exchange-
correlation functional [43]. Unfortunately, we have not found
any experimental data on HOMO eigenvalues of complexes 1
and 2 to compare our results. Table 2 shows that mPWI1PW91
and PBEOQ with the same HF exchange fraction (25%) give a
lower HOMO energy than B3LYP, which has a lower HF
exchange fraction (20%). The trend of the HOMO energy is
mPWIPWI1 (-6.929 eV) < PBEO (—6.887 ¢V) < B3LYP
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(—6.626 eV) for complex 1 and mPWIPWOI1
(=7.513 eV) < PBEO (-7.464 ¢V) < B3LYP (-7.177 eV) for
complex 2. It is known that LUMO eigenvalues calculated
with hybrid functionals have no physical meaning, and fail
to predict experimental data [43, 44]. However, their analysis
is useful for determining energy gaps. LUMO energies of
complexes 1 and 2 computed with mPWI1PW91 and PBEO
are very close, and higher than those computed with B3LYP.
LUMO orbital energies of iridium complex computed with
each functional are close to those of rhodium complex, be-
cause the LUMO of complexes 1 and 2 are composed with
negligible proportion of d-metal orbital. Contrary to LUMO,
HOMO orbitals of complexes 1 and 2 are composed with a
significant proportion of d-metal, while 4dg;, orbitals are low-
er in energy than 5dy, orbitals, so the HOMO energies of
rhodium complex are clearly lower than those of iridium
complex.

Therefore, calculated energy gaps of mer-Rh(pic); com-
plex are larger than those of mer-Ir(pic); complex.
Computed energy gaps are classified in decreasing order
AEmPWlPW9l > AEPBEO > A£B3LYB with Sllght difference be-
tween mPWI1PWO91 and PBEO. All hybrid functionals show
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Fig. 1 Frontier molecular orbital (FMO) diagram of meridional (mer)-Ir(pic); and mer-Rh(pic); obtained with mPW1PW91

that HOMO, H-1 and H-2 of complex 1 have similar contri-
bution of dy, orbitals (58—-60%) and similar contribution of 7,
orbitals (40-42%). The other lowest occupied orbitals
(H-3---H-8) are delocalized over 7t orbitals (Table S1). For
complex 2, the contribution of 7r,;. in HOMO and H-1 orbitals
is more important than that of dgj, orbitals, mPW1PW91 and
PBEO give exactly the same composition. In H-2 and H-4
orbitals, the proportion of dgr;, orbitals is smaller still
(Table 2). The H-3 orbital resides mainly on 7, orbitals
(92-95%). The lowest unoccupied orbitals of the two com-
plexes are delocalized on picolinate ligands, except that L + 3,
L + 5 of mer-Ir(pic); and L + 6, L + 7 of mer-Rh(pic); are
composed with a mixed proportion of d-metal orbitals and
7. orbitals, this predicts d—d electronic excitations leading

p
to metal-centered (MC) transition in the absorption spectra.

Electronic absorption spectra

Vertical TD-DFT transition energies and dipole transition mo-
ments of the lowest 80 singlet excited states of 1-2 were

computed on the electronic ground state optimized geometries
in acetonitrile with the same functionals and basis sets.
Vertical transition energies to the lowest singlet excited states
with significant oscillator strengths, and their characters cal-
culated with mPW1PW91 and B3LYP are listed in Tables 3
and 4. Results obtained with PBEQ are reported in Table S3.
All electronic spectra of 1-2 were simulated with a Gaussian
function with full width at half maximum (FWHM) equal to
2660 cm ', and are depicted in Figs. 2 and 3 together with
experimental data.

As reported by Basu et al. [20], experimental electronic
spectra of complexes 1-2 in acetonitrile show one intense
absorption below 400 nm (Figs. 1 and 2). The theoretical
electronic spectra of mer-Ir(pic); and mer-Rh(pic); agree with
experimental data, with all transitions calculated in UV region
between 220 nm and 400 nm, and no absorption in the visible
region due to the large energy gap of 4.485 eV for 1 and
—7.177 eV for 2, at the B3LYP level. This is in agreement
with our previous study [45], where we found that the
Ir(ppy); complex energy gap of 3.456 eV (B3LYP) absorbs
in the visible region.

@ Springer
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Table 3  Time-dependent density functional theory (TD-DFT)/mPW1PW91 transition energies to the low-lying singlet states with significant
oscillator strengths, the main configurations and the characters of the complexes mer-Ir(pic); and mer-Rh(pic);

mPWI1PWI1
State mer-Ir(pic); State mer-Rh(pic);
ANnm f Transition Character AMnm Transition Character
Sy 341  0.0007 HOMO — LUMO (75%) MLCT/LLCT S 384 0.0017 HOMO — L +3(79%) MLCT/LLCT/MC
HOMO — L +1 (19%)
S, 330 0.0182 HOMO — L +1(76%) MLCT/LLCT S, 355  0.0013 H-1—>L+3(61%) MLCT/LLCT/MC
HOMO — LUMO (20%) H-1->L+513%)
S; 323 0.0126 HOMO — L +2 (86%) MLCT/LLCT Sio 280 0.0104 H-1 ->L+1(16%) MLCT/LLCT
H-1 — LUMO (12%)
H-3 — LUMO (10%)
S4 320 0.0049 H-1 > L+147%) MLCT/LLCT/MC S;; 278 0.0113 H-3 — LUMO (18%) MLCT/LLCT
H-1 > L +2 (14%) HOMO — LUMO (16%)
HOMO — L + 6 (25%) H-1 — LUMO (14%)
Ss 318 0.0113 H-1 — LUMO (83%) MLCT/LLCT Sz 269 0.0107 H-5 — LUMO (11%) MLCT/LLCT
H-3 — LUMO (16%)
H-1 — LUMO (61%)
Si4 264 0035 H-1-L+241%) MLCT/LLCT
H-1->L+1Q2%)
S; 302  0.1159 H-1—>L+2(73%) MLCT/LLCT Sis 262 0.0156 H-1 >L+2(41%) MLCT/LLCT
H3—->L+1(15%)
H-1 > L+1(12%) H5—>L+1(10%)
Sg 300 0.0139 H-2 — LUMO (18%) MLCT/LLCT Sis 255 0.0499 H-4 — LUMO (21%) MLCT/LLCT
H-2 > L+130%)
H-2 > L +2 (42%) H-2 — LUMO (52%)
Sio 294 0.1070 H-2 — LUMO (63%) MLCT/LLCT Si7 253 0.0245 H4—>L+125%) MLCT/LLCT
H4—->L+2(11%)
H-2—>L+2Q21%) H3—->L+1(13%)
S, 284 0.0470 H2—->L+1(57%) MLCT/LLCT Sy 242 0016 H-3—->L+327%) MLCT/LLCT/LMCT
H2—->L+3(11%)
H-2 > L+221%) H-1->L+4(15%)
S, 260  0.0261 H-2 > L+ 3 (69%) MLCT/LLCT S,; 241 0.0224 H-1 —» L +4 (40%) MLCT/LLCT/LMCT
H-1 > L+4 (16%) H-3 > L+3(18%)
S» 259 0.0182 H-2—>L+3(14%) MLCT/LLCT S» 239 00184 H-3—->L+1(12%) LLCT
H-1 > L +4 (65%)
S,z 255 0.0122 H-2—>L+6(36%) MC/MLCT/LLCT S,4 239 0.0232 HOMO —- L+6(17%) MLCT/LLCT/LMCT
H-5—>L+3(11%)
H-4—->L+3(11%)
H-1->L+4 (10%)
H-1 > L+7(35%) S,s 238 0.0115 H-3 >L+220%) LLCT
H-5 — LUMO (11%)
S;3 230 0.0676 H-6 — LUMO (38%) LLCT S»s 238 0.0328 HOMO — L +6 (29%) LLCT/MLCT/MC
H-6 > L +2 (17%)
H-5—>L+2 (10%) H-3 > L+2(10%)
S35 228 0.1153 H-5—>L+2 (20%) LLCT S;3 232 0.0536 H-3 —>L+3(17%) LLCT/LMCT
H-6 — LUMO (18%)
H-6 > L+ 1 (15%)
H-6 > L +2 (15%)
S;g 227 0.0406 H-7 — LUMO (35%) LLCT S;s 231 0.0294 H-3 ->L+5 (41%) LLCT/LMCT/MLCT/MC
H-7—>L+1(29%) H2—>L+517%)
H-6 > L+1(11%) H-1 > L+ 6 (14%)
S39 225 0.1479 H-8 —» LUMO (55% LLCT S;; 230 0.016 H-5—L+3(10%) LMCT/MLCT/LLCT
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Table 3 (continued)

mPWI1PWI1
State mer-Ir(pic); State mer-Rh(pic);
AMnm f Transition Character Mnm f Transition Character
H-3 > L+4(17%)
H-1 - L+ 6 (10%)
S 223 0.0436 H9 — L +1(18%) LLCT S4 227 0.0289 H-7 — LUMO (15%) LLCT/LMCT
H-7—>L+1(16%) H-3 - L +4(20%)
H-7 — L +2 (10%) S, 221 0.1054 H-1->L +7 (30%) LLCT/LMCT

H-7->L +2 (11%)

Electronic spectra of 1-2 complexes simulated with
mPWI1PWO91 and PBEO are quasi-superimposed and charac-
terized by three absorption bands, the first obtained at
~298 nm with average intensity, the second obtained at
~259 nm with a low intensity, and a most intense band in
the UV-C region calculated at ~227 nm. The two functionals
show that complexes 1 and 2 begin to absorb at ~375 nm and
~372 nm, respectively. B3LYP gives the similar absorption
band characteristics to those of mPW1PWO91 and PBEO, with
a shift to the red. Since mPWI1PW91 and PBEO give very
similar results, we will discuss and compare only the results
obtained with mPW1PW91 and B3LYP. The first absorptions
(Sg—S;) of complexes 1 and 2 are calculated at 384 nm and
341 nm, respectively, with mPW1PWO1, despite the energy
gap in the rthodium complex being larger as compared to that
of'the iridium complex. In contrast to the iridium complex, the
first transition of the rhodium complex corresponds to a 7r,;.+
drn — drn + 715 excitation leading to a state with significant

MC character requiring low energy with a modest oscillator
strength (= 0.0007). This Sy—S, absorption is assigned to the
lowest band observed near ~370 nm in both complexes. In the
UV-B region, several excited states were calculated, with the
different functionals have mixed MLCT/LLCT character, with
various oscillator strengths. The two absorptions (So—S-,
f=0.1159) and (Sg—S10, f = 0.1070) of complex 1 calculated
with mPW1PW91, with significant oscillator strengths, corre-
sponding to dy, + npic—m;ic excitation, can be assigned to the
band observed at 296 nm. The band of medium intensity ob-
served at 270 nm can be assigned to the S—S,; absorption
(f = 0.0261) calculated at 260 nm with mPW1PW91, which
corresponds to dj, + Tfpic—>7'f;ic and has MLCT/LLCT mixed
character.

The most intense band observed at 236 nm in the spectrum
of 1 is assigned to Sp—S39 (f'= 0.1479) absorption purely
LLCT calculated at 225 nm with mPW1PW91 and corre-
sponding to a 7i,ic— 717 excitation. With B3LYP this band
is also assigned to a 71— n;ic excitation (Sp—S42, f=0.1601)
calculated at 234 nm. We assigned the band observed at

266 nm in complex 2 spectrum to the Sy—S; ¢ transition calcu-
lated at 255 nm mPWI1PW91 corresponding to dgy, + Tipic—
7%, excitation with significant oscillator strength

*
pic

f=0.0499. The intense band observed in the UV-C region

of the rthodium complex spectrum at 218 nm is assigned to
the Sy—S47 transition calculated at 221 nm with mPWI1PWO91,
which has a mixed LLCT/MLCT character, and is character-
ized by an important intraligand 7r,;— 717, excitation. The
presence of LMCT (ligand to metal charge transfer) states
mixed with MC, MLCT and LLCT characterizes the rhodium
complex spectrum in contrast to the iridium complex spec-
trum. This difference is due to the presence of d-unoccupied
orbitals (L + 3) at low energy in the rhodium complex leading
to MC and LMCT transitions. The absorption spectra of these
complexes, which are characterized by the presence of low-
lying singlet and triplet MC states, are affected by SOC effects
[46].

Infra-red spectra

Figures 4 and 5 report the comparison of the experimental IR
spectra reported in [15] of the studied complexes in acetoni-
trile with the IR intensity calculated for each complex. In order
to allow for a better comparison, three spectra performed
using the B3LYP, PBEO and mPW1PWO91 functionals are
plotted on the same spectral scale. As illustrated in Figs. 4
and 5, the calculated IR spectra show similar features by using
three different hybrid functionals, especially, a very good
agreement between PBEO. mPWI1PW91 functionals. The IR
spectra of two complexes appear very similar.

In both IR spectra, four bands are calculated, the weak
bands at 457 cm ' for mer-Ir(pic); and 463 cm ' for mer-
Rh(pic); respectively, correspond to (O-C-O) of carboxylate
ring [47], the second band centered around 700 cm ™ for mer-
Ir(pic); is assigned to C—C—C stretching of picolinate groups
also, the peaks located at 791 cm ! for mer-Rh(pic); is attrib-
uted to symmetric and asymmetric C-H stretching modes of
the three aromatic ring in picolinate groups [48]. The C = C
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Table 4 TD-DFT/B3LYP transition energies (in cm ' and nm) to the low-lying singlet states with significant oscillator strengths, the main
configurations and the characters of the complexes mer-Ir(pic); and mer-Rh(pic);

B3LYP
State  mer-Ir(pic); State  mer-Rh(pic);
AMnm Transition Character Nnm  f Transition Character
Sy 362 0.0009 HOMO — LUMO (80%) MLCT/LLCT S, 402 0.0017 HOMO — L +3 (78%) LLCT/MLCT/MC
HOMO — L+ 1 (16%) HOMO — L +4 (8%)
S, 351 0.016 HOMO — LUMO (17%) MLCT/LLCT S, 373 0.0013 H-1—>L+3(63%) LLCT/MLCT/MC
HOMO — L + 1 (80%) H-1 > L+4(17%)
S, 320 0.1035 H-1 > L +2 (76%) MLCT/LLCT  Sy4 280 0.0315 H-1>L+2(55%) LLCT/MLCT
H-1->L+1(11%) H-1->L+1Q21%)
Sg 316 0.0127 H2—>L+243%) MLCT/LLCT  Si6 269 0.0339 H-2 — LUMO (48%) LLCT/MLCT
H-2—->L+128%) H-4 — LUMO (19%)
H-2 — LUMO (22%) H-3 — LUMO (11%)
Sio 309 0.096 H-2 — LUMO (61%) MLCT/LLCT Sy 263 0.0431 H-2—>L+345%) LLCT/MLCT/LMCT
H-3 - L+ 3 (19%)
H-2 > L+225%) H-4 - L +3(15%)
Si> 298 0.0493 H-2—>L+1(63%) MLCT/LLCT Sy 255 0.0357 H-3 > L +2(24%) LLCT/LMCT
H-3 > L+4(15%)
H2—>L+221%) H-5 — LUMO (13%)
S» 272 0.0353 H-2—> L +3(70%) MLCT/LLCT = S3g 252 0.0239 H-6 > L+3(19%) LLCT/LMCT
H-1>L+4 (15%) H-9 - L+ 3 (7%)
S36 240 0.0263 H-6 > L+ 1 (75%) LLCT Sig 243 0.0208 H-1 ->L+7(24%) MLCT/LLCT
H-2 > L+5Q21%)
Sig 238 0.0561 H-6 — L +2(65%) LLCT S43 240 0.037 H-3 > L+5Q27%) LLCT/MLCT
H-1 - L+7(16%)
N 235 0.0306 H-8 — LUMO (47%) LLCT S40 236 0.0333 H-6 - L +2 (46%) LMCT/LLCT
H-8 > L+1(20%) H-9 - L +2(15%)
H-6 > L +4 (11%)
S 234 0.1601 H-7—>L+1(50%) LLCT Sss 232 0.0629 H-7—L+2(13%) LMCT/LLCT/MLCT
H-7 - L +4 (13%)
H-1 > L+ 6 (10%)
H-1 > L+ 7 (14%)
Sa3 233 0.0524 H-8—L+1(53%) LLCT Sse 231 0.01 H-9 - L +4 (26%) LLCT/LMCT
H-8 > L +4 (12%)
H-9 — LUMO (20%) H-6 > L +4 (11%)
Sas 232 0.0248 H-9 — LUMO (32%) LLCT Ss7 231 0.0186 H-8 — LUMO (25%) LLCT/LMCT
H-7—> L +2 (26%) H-9—-L+4(13%)
H9—>L+1(18%) H-8 > L +4 (11%)
Sus 232 0.0661 H-9 — LUMO (32%) LLCT Ssg 230 0.052 H-8 - L +2 (25%) LLCT/MLCT
H-8 — LUMO (12%)
H-7—>L+2(12%) H-2 > L+ 5 (10%)
Sso 225 0.0408 H-4—L+3(35%) LLCT Seo 229 0.0138 H-8 - L +2(18%) LLCT/MLCT

H4 — L+4(10%)
H3 — L+3(12%),

H-2 - L +5(13%)
H-2 — L+ 6 (12%)

and C = N stretching frequencies were calculated in the range
of 1330 cm ™" and 1360 cm ™" for both mer-Ir(pic); and mer-
Rh(pic); [40]. Several peaks are calculated in the interval
1600-1730 cm ™" with all functionals. The peak calculated
with B3LYP at 1606 cm™' and at 1609 cm™' for complexes
1 and 2 respectively, is attributed to C—C stretching, and ring
deformation in the pyridine. The peak calculated with B3LYP

@ Springer

at 1648 cm™" for complex 1 and at 1644 cm ™' for complex 2,
of average intensity, corresponds also to the pyridine ring
vibrations; this result agrees with previous studies [49, 50].
The strong peak calculated with B3LYP at 1717 cm™" for mer-
Ir(pic); and 1734 cm ! for mer-Rh(pic);, corresponds to
asymmetric CO stretching vibrations of carboxylate fragment
bonded to the pyridine; this result also agrees with previously
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Fig. 2 Simulated absorption spectra and most significant observed
absorptions of mer-Ir(pic);. Observed absorption energies are given in

nm with the corresponding intensities in brackets (from [20])

reported data [48, 51]. All absorptions calculated in the range
1600—1730 cm™ " can be assigned to the broad and strong band
observed at 1684 cm ' in mer-Ir(pic); and at 1676 cm ! in
mer-Rh(pic)s.

Conclusions

In this work, the structures, FMOs, UV and IR absorption
spectra of complexes 1 and 2 have been computed by means
DFT and TD-DFT methods. Calculated structural parameters
agree with experimental data, except for the Ir-N bond lengths,
which are slightly longer than X-ray values. LUMO energy

T T T T
LLCT
218 (22200)

T .
mer-Rh(pic),

——PBEO
>< —B3LYP

LLCT/MLCT/LMCT — mPW1PW91
Exp

266 (9900)

Absorbance

328 (9000)

MLCT/LLCT

MLCT/LLCT/MC |
366 (2100)

T T T T T T T
222 250 286 333 400
Wavelength in nm
Fig. 3 Simulated absorption spectra and most significant observed
absorptions of mer-Rh(pic);. Observed absorption energies are given in
nm with the corresponding intensities in brackets (from [20])

Wavenumber in cm™

3000 25|00 20|00 15|00 10|00 590 0

Intensity

—— PBEO

—— B3LYP
- —— mPW1PW91| -
I EXP

mer-Ir(pic),

Fig. 4 Simulated infra red (IR) spectra of mer-Ir(pic)s. Black bar
Wavenumber of the broad and strong band observed (from [20])

levels of iridium and rhodium complexes are very close, and

are all delocalized over Tlic orbitals. HOMO energy levels of

the rhodium complex are lower than those of iridium complex,
therefore energy gaps of mer-Rh(pic); complex are larger than
those of mer-Ir(pic); complex. HOMO orbitals of both com-
plexes correspond to the d-metal orbitals and 7t orbitals. The
electronic absorption spectra show that all absorptions calcu-
lated in UV region between 220 and 400 nm and do not show
any absorption in the visible region due to large energy gaps.
PBEO and mPW1PW91, which have the same HF exchange
fraction (25%) give very similar absorption spectra and differ
slightly from B3LYP, which has 20% of HF exchange. The
lowest singlet states correspond to MLCT/LLCT in complex 1
and to MLCT/LLCT/MC mixed character in complex 2. The

Wavenumber in cm™

3000 25|00 20|00 1 5|00 1 OIOO 590 0

Intensity

—— PBEO

—— B3LYP
B —— mPW1PW91| |
| Exp

I mer-Rh(pic), ]

Fig. 5 Simulated IR spectra of mer-Rh(pic)s. Black bar Wavenumber of
the broad and strong band observed (from [20])
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most intense band observed at 236 nm (complex 1) and
218 nm (complex 2) have been assigned to LLCT states,
which correspond to 75— 7t5, . transitions. The presence of

virtual d-rhodium orbitals in low orbital energy levels lead to
low-lying MC excited states (d—d transition), which play a
crucial role in photochemical properties. The occurrence of
picolinate as bidentate ligands by our theoretically computed
wavenumbers gives rise to specific bands at 1717 cm ™' for
mer-Ir(pic); and 1734 cm ! for mer-Rh(pic); in IR spectra,
which indicates the asymmetric vibration of carboxylate on
the aromatic ring of picolinate.
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