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Mechanism of Ir(ppy)2(NA*N)" (NAN = 2-Phenyl-1H-imidazo[4,5-f][1,10]phenanthroline)
Sensor for F~, CF;COOH, and CH3COO™: Density Functional Theory and Time-Dependent
Density Functional Theory Studies
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The geometries, electronic structures, and spectroscopic properties of Ir(ppy)(N*N)* (1) (NAN = 2-phenyl-
1 H-imidazo[4,5-f][1,10]phenanthroline, ppy = 2-phenylpyridine), Ir(ppy)>(NAN)*+F~ (2), Ir(ppy)(NAN)* -
CF;COOH (3/3a), and Ir(ppy)(NAN)*+CH;COO~ (4) were investigated theoretically. The ground and the
excited state geometries of 1—4 were optimized at the B3LYP/LANL2DZ and UB3LYP/LANL2DZ levels,
respectively. The optimized geometries agree well with the corresponding experimental results. The HOMOs
of 1—4 and 3a are composed of w(ppy) and d(Ir), and the LUMOs of 1, 2, 3a, and 4 are contributed by
*(NAN), whereas the LUMO of 3 is composed of 7#*(N~N) and 7*(CF;COOH). Under the time-dependent
density functional theory level with polarized continuum model model, the absorption and phosphorescence
in CH,Cl, media were calculated on the basis of the optimized ground and excited state geometries, respectively.
The lowest-lying absorptions of 1 (412 nm) and 3/3a (409/419 nm) have MLCT/LLCT transition characters,
and those of 2 (448 nm) and 4 (427 nm) are contributed by ILCT character. The calculated lowest-energy
triplet excited states responsible for phosphorescence of 1 (519 nm) and 3/3a (661/702 nm) have mixing
SMLCT/ALLCT/AILCT characters, but those of 2 and 4 only have *ILCT but without 3MLCT character, which
is the reason for the no-emissive character of 2 and 4. Moreover, the phosphorescence character of 3 is
hardly changed by different addition sites of CF3COOH group (3a). The calculated results also showed that
complex 1 is more suitable for an F~ sensor than for CF;COOH and CH3COO™ sensors.

Introduction

The photophysical and photochemical properties of phos-
phorescent transition-metal complexes such as Ru(Il), Os(II),
Re(I), Rh(III), Pt(IT) and Ir(IIT) species with d® and d® config-
uration have been thoroughly investigated over the past two
decades.! The strong spin—orbital coupling of heavy transition
metals leads to an efficient mixing of singlet and triplet excited
states, as well as the enhancement of the intensity of triplet
metal-to-ligand charge transfer (*MLCT) excited state by
effectively borrowing that of the singlet MLCT excited state.
Thus, they have been successfully applied in various potential
fields including organic light emitting devices (OLEDs),?
biological labeling reagents,® and catalyst.*

In the past few decades, the development of a colorimetric
sensor has been particularly challenging because the visual
detection can give immediate qualitative information and is
becoming increasingly appreciated in terms of quantitative
analysis. The sensor based on the fluorescent organic fluoro-
phoric units has attracted much attention due to the high
sensitivity and selectivity of metal-ion sensing based on
fluorescence signal.’
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mail.jlu.edu.cn.

T Institute of Theoretical Chemistry, Jilin University.

¥ College of Chemistry, Jilin University.

§ Heilongjiang University.

10.1021/jp803996y CCC: $40.75

CHART 1: Structures of 1—4 and 3a

X =None (1), F* (2), CF3COOH (3), CH3COO" (4); Y = CF3COOH (3a)

Recently, the use of phosphorescent transition-metal com-
plexes as chemosensors has attracted considerable interest,°
because of advantageous photophysical properties of transition-
metal complexes such as relatively long lifetimes and high
stability compared with those of pure organic luminophores.’
Furthermore, phosphorescence is indeed one of the most
sensitive analytical techniques because it is nondestructive,
relatively inexpensive, and easy to use and represents a
sustainable technology.® Many phosphorescent transition-metal
complexes with d® and d® electron configurations including
Pt(II), Re(I), Ru(Il) complexes have been applied as chemosen-
sors for pH, oxygen, metal ions (Mg™, Ca™), and nonmetal ions
(F~, CH3COO™, H,PO,™) by many researchers.’!'4
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Figure 1. Optimized ground state geometries of 1—4 and 3a optimized at the BALYP/LANL2DZ level.

Since it was reported that OLEDs prepared with Ir(ppy);
(ppy~ = 2-phenylpyridine) have efficiencies greater than 80%,
Ir(IIT) complexes have attracted much more attention.'>!8 As
one of the best families of phosphorescent dyes, iridium(III)
complexes have been used as chemosensors for oxygen,%!%13
homocysteine,?® ions such as Hg?*,?! Ag™,?> C1~,?3 and bio-
molecules.?* Recently, a series of cationic iridium(III) with
different phenanthroline derivatives ligands were synthesized
by Li and Huang, and the photophysical and electrochemical
properties were also investigated.?> They found that the emission
of the complexes with the 1H-imidazo[4,5-f][1,10]phenan-
throline ligand can be red-shifted by addition of CF3COOH and
quenched by addition of F~, CH3COO™, and H,PO,4~ groups,
which can be observed by the naked eyes, moreover, the binding
constants of these iridium complexes for F~, CH;COO™, and
H,PO,4~ confirm that the reaction between the NH bond of the
imidazolyl group and CH3;COO~, H,PO,™ is a hydrogen-
bonding effect, but a deprotonation process between F~ and
imidazolyl group. Furthermore, they carried out density func-
tional theory (DFT) calculation to understand the properties of
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO). But, to the best of our
knowledge, there is no theoretical calculation on the absorption
and phosphorescence mechanism of the Ir(IIl) complexes
sensors from electronic structure point of view.

Using above background, we carried out the present DFT
calculation work on Ir(ppy)2(NAN)* (1) (NAN = 2-phenyl-1H-
imidazo[4,5-f][1,10]phenanthroline, ppy = 2-phenylpyridine),
Ir(ppy)2(NAN)*F~ (2), Ir(ppy)2(NAN)* + CFsCOOH (3 and 3a),
and Ir(ppy)2(NAN)*+-CH3COO~ (4) (see Chart 1), aimed at

TABLE 1: Main Optimized Geometry Parameters of 1—4 in
the Ground and the Lowest-Lying Triplet Excited State,
Together with the Experimental Values of 1

1 2 3 4

parameters  X'A A3A X'A XA A'A A’A X'A X3A 1 expt?
Ir—N1 2.075 2.073 2.069 2.065 2.073 2.072 2.069 2.064 2.037
Ir—N2 2.074 2.070 2.069 2.065 2.074 2.071 2.069 2.065 2.042
Ir—N3 2.175 2.167 2.171 2.161 2.177 2.164 2.171 2.162  2.144
Ir—N4 2.173 2.164 2.171 2.159 2.177 2.168 2.169 2.154  2.139
Ir—Cl1 2.032 2.011 2.032 2.034 2.032 2.009 2.032 2.035 2.018
Ir—C2 2.031 2.011 2.032 2.033 2.031 2.009 2.032 2.034 2.010
F-H 1.102 1.048
H-01 1.830 1.881 1.459 1.079
N5—H 1.010 1.010 1.322 1.400 1.021 1.019 1.104 1.508
C—Ir—C 89.9 953 89.7 90.0 90.1 959 89.6 89.8 88.6
Cl—-Ir—N1 80.3 81.1 80.3 80.3 80.3 8I.1 80.3 80.3 80.5
N1-Ir—N2 173.5 176.9 174.4 174.6 173.4 177.1 174.6 174.9 170.8
N3—Ir—N4 712 774 715 776 771 773 713 774 77.1
N6—C3—-C4 125.4 125.4 123.8 123.3 125.8 125.5 122.8 120.0
F—H—N5 171.8 178.1
N5—H-01 168.5 165.6 172.5 165.1

N6—-C3—-C4-C503 05 05 02 275 256 05 0.6
H—-01-C6-02 172 193 0.8 02
N5—H—-01-C6 574 482 1762 178.7

aref.®

providing an in-depth theoretical understanding of the ground
and the excited state geometries, electronic structures, absorption
and emission properties of 1—4 and 3a. Most importantly, the
different interactions between Ir(ppy)2(NAN)™ and F~,
CF;COOH, and CH3COO™ groups as well as the reason for
the phosphorescence quenching upon addition of F~ and
CH3COO™ were revealed. In addition, the two different adsorp-
tion sites (addition on N5—H (3) and N6 (3a) sites) of



8256 J. Phys. Chem. A, Vol. 112, No. 36, 2008 Liu et al.

TABLE 2: Molecular Orbital Compositions (%) in the Ground State of 1 at the B3LYP Level

orbital energy (eV) Ir NAN CAN main bond type Ir components
L+4 —1.99 67.1 31.6 a*(NAN) + 7*%(C*N)
L+3 —2.02 29.8 66.8 a*(NAN) + 7*%(C*N)
L+1 —2.51 97.1 T*(NAN)
L —2.83 94.3 T*(NAN)
HOMO—-LUMO Energy Gap
H —5.86 44.1 51.2 d. + d2 + de-2 + 7(C N) 19.5 d,; 15.7 d2
8.7 dp-y2
H-1 —6.43 20.4 60.2 19.4 dyy + dy.+ 7(NAN) + 72(C*N) 9.5 dy, 10.8 d,;
H-2 —6.53 30.1 67.7 T(NAN) + 7(C"N)
H-3 —6.61 57.6 37.6 d.. + d2 + 7(C"N) 31.9d,; 229 d2
H-7 —7.43 99.5 T(NAN)
H-8 —7.59 97.5 T(NAN)

TABLE 3: Molecular Orbital Compositions (%) in the Ground State of 2 at B3LYP Level

orbital energy (eV) Ir NAN CAN main bond type Ir components
L+6 —1.23 96.8 7*(CAN)
L+5 —1.24 51.0 475 *(NAN) +7#(C N)
L+4 —1.47 49.0 50.2 *(NAN) +7#(CN)
L+3 —1.76 18.5 78.6 m*(NAN) + 7*(CAN)
L+1 —1.87 78.4 19.6 m*(NAN) + 7*(CAN)
L —2.34 94.1 *(NAN)
HOMO-LUMO Energy Gap
H —5.61 453 50.1 dy, + d2 + de-y2 + 7(CAN) 15.0 d,, 18.7 d2
11.4 do-y
H—-1 —5.67 97.0 T(NAN)
H-2 —6.28 22.8 71.6 dy + dy, + 2(C"N) 12.0 d,, 10.6 d,,
H-3 —6.32 62.8 30.8 d., + d2 + 7(CAN) 37.9d,, 242 d>
H-5 —6.62 15.1 72.7 T(N~N) + 7(CAN)
H—-6 —6.73 70.7 24.8 T(N~N) + 7(CAN)
H-7 —6.75 21.6 67.3 T(N~N) +7(C"N)

TABLE 4: Molecular Orbital Compositions (%) in the Ground State of 3 at B3LYP Level

orbital energy (eV) Ir NAN CAN CF;COOH main bond type Ir components
L+2 —2.51 95.7 ¥ (NAN)
L+1 —2.84 74.8 20.8 *(NAN) + 7%(CF;:COOH)
L —2.88 21.8 77.1 *(NAN) + 7%(CF;:COOH)
HOMO—-LUMO Energy Gap
H —5.86 44.0 51.2 d(Ir) + 7(CAN) 5.6d. 7.7 d,, 18.6 d2
10.5 dp-y2
H-1 —6.48 26.0 18.1 55.8 d(Ir) + a(N~N) + 7(C"N) 18.1 d,
H—2 —6.61 23.6 38.8 37.6 d(r) + a(N~N) + 7(C"N) 8.5d,;54d26.1dep
H-3 —6.62 44.8 18.0 37.2 d(r) + w(NN) + 7(C*N) 179 d; 5.4 dy; 9.6 d2 5.8 d2-2 5.9 d,,
H—-6 —6.98 25.0 12.2 62.8 d(r) + w(NN) + 7(C*N) 17.6 d., 4.7 d,.
H-7 —7.59 97.5 T(NN)

TABLE 5: Molecular Orbital Compositions (%) in the Ground State of 4 at B3LYP Level

orbital energy (eV) Ir NAN CAN main bond type Ir components
L+6 —1.24 97.0 7*(CN)
L+4 —1.53 68.3 31.1 m*(NAN) + *#(CAN)
L+3 —1.77 9.3 87.2 T*(NAN) + *#(CAN)
L+2 —1.86 93.9 7*(CAN)
L+1 —1.93 88.8 9.8 m*(NAN) + 7*(CAN)
L —2.37 94.2 *(NAN)
HOMO—-LUMO Energy Gap
H —5.62 452 50.1 d(Ir) + 7(CAN) 29.1 d2 10.4 dp-y2
H-1 —5.84 94.7 T(N~N)
H-2 —6.29 20.2 73.3 d(Ir) + 7(C*N) 16.7 d,y
H-5 —6.48 44.7 11.8 43.5 d(Ir) + w(N~N) + 7(CAN) 423 d,,
H-7 —6.75 11.9 83.3 d(Ir) + 7(C N) 8.8 dyy

CF;COOH group connected to the NN ligand were considered
in our calculation.

Computational Details

The ground and the excited state geometries of 1—4 and 3a
were fully optimized by the DFT?% method with Becke’s three

parameter functional and the Lee—Yang—Parr functional®’
(B3LYP) and unrestricted B3LYP (UB3LYP) approaches,
respectively, without symmetry restriction. Spin contamination
due to the admixture of excitations of higher multiplicity is rather
small: the expectation values of spin operator [3*[Jare about
2.02 for triplet states. On the basis of the optimized ground
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TABLE 6: Calculated HOMO and LUMO Energy Levels of 1—4 in CH,Cl, Media and Gas Phase
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1 2 3 4
gas CH,Cl, gas’ gas CH,Cl, gas CH,Cl, gas CH,Cl,
LUMO —5.04 —2.83 —4.84 —2.35 —2.34 —4.96 —2.88 —2.44 —2.37
HOMO —=17.76 —5.86 =771 —5.25 —5.61 —=7.72 —5.86 —5.30 —5.62
@ ref.?

TABLE 7: The Absorptions of 1—4 in CH,Cl, Calculated Using the TDDFT Method, Together with the Experimental Values

of 1
transition config (CI coeff) E/mnm (eV) oscillator assignment Aexp/mm (eV)*
1 X'A — A'A H—1—L (0.57) 412 (3.01) 0.15 MLCT/LLCT 416 (2.98)
H—3 — L (0.32) MLCT/LLCT
X'A — B'A H—2 — L+1 (0.58) 351 (3.54) 0.09 LLCT/ILCT 348 (3.56)
X'A — C'A H—2 — L+4 (0.52) 304 (4.08) 0.28 LLCT/ILCT 299 (4.15)
X'A —D'A H—7 — L+1 (0.40) 280 (4.43) 0.28 ILCT 279 (4.44)
H—8 — L+1 (0.40) ILCT
2 X'A — A'A H—1 — L (0.68) 448 (2.77) 0.12 ILCT
X'A — B'A H—2 — L (0.63) 371 (3.34) 0.09 MLCT/LLCT
X'A — C'A H—1 — L+4 (0.66) 330 (3.75) 0.52 LLCT/ILCT
X'A —D'A H—6— L+1 (0.42) 285 (4.35) 0.27 ILCT
H—5— L+3 (0.26) ILCT
H—3— L+6 (0.24) MLCT/ILCT
H—7— L+1 (0.24) LLCT
X'A —E'A H—3— L+5 (0.42) 273 (4.54) 0.27 MLCT/ILCT
H-2— L+6 (0.27) MLCT/ILCT
H—7— L+3 (0.23) ILCT
3 X'A — A'B H—1 — L+1 (0.53) 409 (3.03) 0.15 MLCT/LLCT
X'A — B'B H—3 — L+2 (0.44) 353 (3.51) 0.05 MLCT/LLCT
H—2 — L+2 (0.35) MLCT/LLCT
X'A — C'B H—6 — L+1 (0.51) 344 (3.60) 0.06 MLCT/LLCT
X'A—D'B H—7 — L+2 (0.52) 277 (4.47) 0.36 ILCT
4 X'A — A'B H—1 — L (0.68) 427 (2.91) 0.15 ILCT
X'A — B'B H—1 — L+1 (0.63) 364 (3.40) 0.06 ILCT
X'A — C'B H—1 — L+4 (0.48) 323 (3.84) 0.44 ILCT/LLCT
H—7 — L (0.36) LLCT/MLCT
H—2 — L+2 (0.26) MLCT/ILCT
X'A —D'B H—2 — L+6 (0.44) 273 (4.53) 0.41 MLCT/ILCT
H—7 — L+3 (0.25) MLCT/ILCT
H—5 — L+6 (0.21) MLCT/ILCT/LLCT

@ reference 25.

and the excited state geometries, the molecular orbital composi-
tions, charge population, absorption and emission spectra in
CH,Cl, media were calculated by time-dependent DFT?8 (TD-
DFT) associated with the polarized continuum model (PCM).?°
This kind of theoretical approach and calculation level has been
proven to be reliable for transition-metal complex systems by
previous works.

In the calculations, the quasi-relativistic pseudopotentials of
Ir atoms proposed by Hay and Wadt®!' with 17 valence electrons
were employed, the ground state geometry and the absorption
spectra of 1 were calculated with two basis sets: BS(D),
LANL2DZ for Ir and 6-31G* for other atoms; BS(II), LANL2DZ
basis sets for all atoms. The calculated results showed that

Oscillator strength

the geometry obtained by BS(II) is more consistent with the 200 300
experimental values than that obtained by BS(I), and the
absorption spectra are hardly changed by using different basis
sets (BS(I) and BS(II)). Thus we adopted BS(II) for the
following calculations, moreover, the present calculation level
was enough to obtain satisfied results. The basis sets were
described as Ir (8s6p4d)/[3s3p2d], C, N, O and F (10s5p)/[3s2p],
and H (4s)/[2s]. Thus, 501 basis functions and 332 electrons

Results and Discussion

T 1
400 500
Wavenumber (nm)

Figure 2. Simulated absorption spectra of 1—4 in CH,Cl, media
calculated at the TD-DFT/LANL2DZ level.

Ground and the Excited State Geometries. The main

for 1, 510 basis functions and 342 electrons for 2, 566 basis
functions and 388 electrons for 3/3a, 543 basis functions and
364 electrons for 4, were included in the calculations. All of
the calculations were accomplished by using the Gaussian 03
software package®? on an IBM server.

optimized ground state geometry parameters of 1—4 together
with the X-ray crystal diffraction data of 1% are given in Table
1, and the optimized geometries of 1—4 and 3a are shown in
Figure 1. Vibrational frequencies were calculated on the basis
of the optimized geometries of 1—4 to verify that each of the
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Figure 3. Diagrams of the molecular orbital related to the absorptions of 1—4.
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Figure 4. Transitions responsible for the lowest-lying absorption at
412, 448, 409, and 427 nm for 1, 2, 3, and 4, respectively.

geometries is a minimum (no minus frequency) on the potential
energy surface.

With respect to 1, the optimized bond lengths of Ir—N1 (2.075
A), Ir=N2 (2.074 A), Ir—N3 (2.175 A), and Ir—N4 (2.173 A)
are consistent with the corresponding experimental values except
a small deviation about 0.04 A, the calculated bond lengths of
Ir—C1 and Ir—C2 are overestimated by about 0.02 A compared
with the measured values.?> The calculated bond angles of
Cl—Ir—C2, Cl1—Ir—N1, N3—Ir—N4, and N1—Ir—N2 are
exactly consistent with the experimental values with a deviation
about 1°.% The calculated bond angle of N1—Ir—N2 is 173.5°,
indicating that N1, Ir, and N2 atoms are almost linear. The
calculated dihedral angle of N6—C3—C4—C5 is 0.3° indicating
that the phenyl ring and the phenanthroline are coplanar in the
ground state. The discrepancy between the calculated and
the measured geometry parameter is reasonable and acceptable
because the environment of the complexes to stay on are

different in the two case, in the latter one the molecule is in a
tight crystal lattice> whereas in the former one the molecule is
free.

Table 1 shows that the bond length N5—H of 1 is 1.010 A.
Compared with 1, the N5—H bond of 2 (1.322 A) and 4 (1.104
A) are weakened by addition of F~ and CH;COO~ groups,
which also can be confirmed by the formation of the strong
interaction between H and F~, CH3;COO™. With respect to 3,
the N5—H bond length is changed to 1.021 A a little longer
than that of 1, which indicates that the N5—H is less weakened
by addition of CF3COOH than F~ and CH3COO™, which also
can be confirmed by the formation of the weak hydrogen bond
H—O1 (1.830 A). The N5—H bond length results of 1—4
showed that the H (NS—H) of 2 breaks away from the NN
ligand at the most extent, whereas there is strong interactions
between H (N5—H of 3 and 4) and N”N ligand. Furthermore,
on experiment, Li and Huang? reported that the reaction
between the NH bond of the imidazolyl group and F~ is a
deprotonation process, and there is strong interaction between
the NAN ligand and CH3COO™. The N6—C3—C4 bond angles
of 1—4 between 122.8° and 125.8° are hardly affected by
addition of other groups. The dihedral angles N6—C3—C4—C5
of 1, 2, and 4 are less than 0.5°, which indicated that the phenyl
ring is coplanar with phenanthroline. But the N6—C3—C4—C5
dihedral angle of 3 is 27.5°, which indicated that the phenyl
ring is rotated by addition of CFzCOOH groups. N5S—H—01—C6
of 3 and 4 are 57.4° and 176.2°, indicating that the backbone
of CH3COO™ is coplanar with the N*N ligand, but CF:COOH
is out of the N~N plane. The geometry parameters of 3a are
similar to these of 3.

The main geometry parameters of 1—4 in the A3A excited
states are also given in Table 1. The calculated results showed
that the bond lengths Ir—N1/N2/N3/N4 of 1—4 are all strength-
ened by about 0.01 A compared with the ground state values,
indicating that the NN ligand has a trend to get close to the Ir
atom by excitation, and it is not affected by the addition of F~,
CF;COOH, and CH3COO™ groups. The Ir—C1/C2 of 2 and 4
are hardly changed by excitation, but Ir—C1/C2 of 1 and 3 are
strengthened by about 0.02 A relative to those in the ground
state, which indicates that the CN ligands of 1 and 3 have a
trend to get close to the Ir atom. The N5—H bond of 1 and 3
are hardly changed, but those of 2 and 4 are greatly relaxed by
ca. 0.078 and 0.404 A, corresponding to the fact that the F—H
and H—O1 bonds are shortened in the excited state, which
indicates that the H atom has a trend to break away from
phenanthroline and get close to F~ and CH3COO™ groups in
the excited state. The C—Ir—C bond angles of 1 and 3 are
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TABLE 8: Calculated Phosphorescence of 1—4 with the TD-DFT Method, Together with the Experimental Value of 1

transition config (CI coeff) E/nm (eV) assignment expt/nm (eV)*
1 A’A — XA L — H—1 (0.68) 519 (2.39) SMLCT/ALLCTAILCT 568 (2.18)
2 A’A — XA L — H (0.73) 649 (1.91) SILCT
3 A’A — XA L — H (0.70) 661 (1.88) SMLCT/ALLCT
4 A’A — XA L — H (0.72) 654 (1.90) SILCT

@ Reference 25.

TABLE 9: Molecular Orbital Compositions (%) of 1—4 in the Lowest-lying Triplet Excited States at the B3LYP Level

orbital energy (eV) Ir NAN CAN main bond type Ir components

1

L —3.11 93.4 *(NAN)

H-1 —6.44 20.5 64.9 14.6 d(Ir) + @w(N~N) + 7(CAN) 10.7 dy. 9.5 d,.

2

L —2.59 93.6 *(NAN)

H —5.43 97.9 T(N~N)

3

L —3.14 93.0 *(NAN)

H —5.73 41.2 535 d(Ir) + 7(CAN) 25.1 d,; 5.3 dy;
11.3 d29.0 d2-y2

4

L —2.52 93.6 *(NAN)

H —5.34 98.0 T(N~N)

increased by 5.4° and 5.8°, but those of 2 and 4 are hardly
changed in the excited states by addition of F~ and CH3;COO™.
Other bond angles of 1—4 are hardly affected by the excitation.
The dihedral angle NS—H—O1—C6 of 4 is increased to 179.8°,
which means the backbone of CH3;COO™ and phenanthroline
are more coplanar in the excited state than in the ground state.
The variations trends of geometry parameters of 3a from ground
to excited states are similar to these of 3.

By comparing the ground and the excited states geometries
of 1—4 and 3a, we found the geometric variations of 1 are
similar to those of 3/3a, and those of 2 have the similar changing

Energy (eV)

H__t
d{IrHa(C Ny

Figure 5. Transitions responsible for the emission at 519, 649, 661,
and 654 nm for 1, 2, 3, and 4, respectively.

trend to those of 4, which indicated that 1 and 3/3a, 2 and 4
may have similar spectroscopic properties, and it has been
confirmed by the following spectra discussions.

NBO Charge Population Analysis. Natural bond orbital
(NBO) analysis was also carried out at the same calculation
level as the geometry optimization. The calculation results
showed that there are —0.72, —0.01, and —0.82 charges on F~,
CF;COOH, and CH3COO™ groups, respectively, moreover, there
are 0.47, 0.51, 0.44, and 0.47 charges on H atom of N5—H for
1, 2, 3, and 4, respectively. It is indicated that there is weak
interaction between the CFzCOOH and N”N ligand without
charge transfer between them, but there is remarkable interaction
between the NAN ligand and F~, CH3COO™ groups, because
there are —0.21 and —0.35 net charges on the H**F~ and
H*+CH;COO™ parts. Comparing within H*+F~ and H* - CH3-
COOT, the interaction between H™ and F~ is stronger than that
between H™ and CH3COO™, because the net charge of HT*F~
is smaller than that of H™+CH3COO™, so the interaction between
H™-F~ and N”N ligand is smaller than that between the
H*+CH3COO™~ and NAN ligand, which is also consistent with
the geometry variations by addition of F~ and CH;COO™
groups. Table 1 shows that the NS—H—O1 bond angle of 3 is
172.5°, close to 180.0°, which indicates that H—O1 bond is a
hydrogen bond, but the adsorption between the N5—H bond of
the imidazolyl group and F~ is a deprotonation process and not
a hydrogen-bonding effect like CF3COOH, which is consistent
with the conclusion obtained by Li and Huang.? The calculation
results also showed that the interaction between CF;COOH and
NAN of 3a is similar to that of 3.

On experiment, Li and Huang? reported that 1 can be used
as a selective chemosensor for F~ because the binding constants
(K) of 1 for F~ (7.01 x 10) is higher than that of CH3;COO~
(1.42 x 10%), and it is consistent with our calculated results
that the interaction between H' and F~ is stronger than that
between HT and CH;COO™.

Frontier Molecular Orbital Properties. The frontier mo-
lecular orbital (FMO) compositions (population analysis using
the SCF density) of 1—4 are given in Tables 2-5. The calculated
results showed that LUMO of 1, 2, 3a, and 4 dominantly
contributed by 90.0% s*(N~N) are hardly affected by the
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addition of F~, CF3COOH (addition on N6 site) and CH;COO™,
but the LUMO of 3 composed of 21.8% z*(N~N) and 77.1%
7*(CF3COOHR) is greatly changed by addition of CF;COOH
on N5—H site compared with the LUMO of 1. The LUMO+1
of 1, 3a, and 4 are dominantly localized on N~N ligand, that of
2 is contributed by 78.4% s*(N”N) and 19.6% z*(C~N), and
that of 3 is composed of 74.8% m*(N"N) and 20.8%
*(CF;COOH). The HOMOs of 1—4 have more than 43.5%
d(Ir) and 50.0% m*(C~N). HOMO—1s of 1 and 3/3a are
composed of d(Ir), w(N”N), and 7(C~N), but those of 2 and 4
are dominantly localized on N~N ligand.

Table 6 shows that our calculated energy levels of HOMO
and LUMO of 1 (in gas phase) are —7.76 and —5.04 eV, which
is exactly consistent with the calculated results obtained by Li
and Huang?® with DFT method (HOMO —7.71 eV, LUMO
—4.84 eV). In CHyCl; solvent, the energies of HOMO and
LUMO of 1 are greatly increased to —5.86 and —2.83 eV, and
these of 3/3a have similar changing trends to 1, but with respect
to 2 and 4, the solvent effect is not obvious.

Absorptions in CH,Cl, Media. The calculated absorptions
of 1—4 associated with their oscillator strengths, the main
configurations, and their assignments as well as the experimental
results>> of 1 are given in Table 7. The fitted Gaussian type
absorption curves of 1—4 are shown in Figure 2. To intuitively
understand the transition process, the energy levels of molecular
orbital involved in transitions of 1—4 are displayed in Figure 3
and the lowest-lying absorption transition diagram of 1—4 are
shown in Figure 4.

Table 7 and Figure 2 show that the lowest lying distinguish-
able absorption bands of 1—4 are at 412 nm (3.01 eV), 448 nm
(277 eV), 409 nm (3.03 eV), and 427 nm (291 eV),
respectively. Table 2 and Figure 3 show that two excitations of
H-1 — L and H-3 — L with the configuration coefficients of
0.57 and 0.32 should be responsible for the absorption band at
412 nm of 1. Table 2 shows that H—1 is composed of 9.5%
d,y(Ir), 10.8% d,.(Ir), 60.2% 7t (N*N), and 19.4% 7(C*N), H—3
has 31.9% d,.(Ir), 22.9% d(Ir), and 37.6% s(C"N), whereas
the LUMO is dominantly localized on N*N ligand with 94.3%
composition. Thus, the lowest-lying absorption at 412 nm of 1
can be assigned to {[dy; . x,2(Ir) + @(N*N) + 7(C*"N)] —
[r*(NAN)]} transition with mixing MLCT/LLCT/ILCT transi-
tion characters (See Figure 4). On experiment, the lowest-lying
absorption of 1 at 416 is also attributed to MLCT, which is
exactly consistent with our calculated results.”> Figure 4 shows
that the lowest-energy absorption at 427 nm of 3 is contributed
by {[d.Ir) + 7(N~N) + (C*N)] — [7*(N”N)]} with MLCT/
LLCT/ILCT transition characters, which is similar to the lowest-
energy absorption character of 1. The lowest-lying absorptions
of 2 (448 nm) and 4 (427 nm) have different transition characters
from that of 1 and 3. Tables 3 and 5 show that the LUMO and
HOMO of 2 and 4 are dominantly localized on N”N ligand,
thus, the lowest-lying absorptions of 2 and 4 are attributed to
pure ILCT within N”N ligand, but without MLCT transition
characters (see Figure 4). The calculated results showed that
the F~, CH3COO™ and CF;COOH groups hardly have contribu-
tion to the lowest-lying absorption. Our calculation results also
showed that the lowest-lying absroption at 419 nm of 3a
contributed by H—1 — L (0.65) can be described as MLCT/
LLCT transition similar to that of 3, which indicates that the
excitation energy and the character of the lowest-lying absorp-
tion can not be changed remarkably by different addition sites
(N5—H (3) and N6 (3a)) of CF;COOH group on N”N ligand.

Figure 3 and Table 7 show that the second and the third
distiguishable absorption bands at 351 and 304 nm of 1
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contributed by H—2 — L+1 (0.58) and H-—2 — L+4 (0.52)
excitations, respectively, can be assigned to LLCT/ILCT transi-
tions. The highest energy and strongest absorption band at 280
nm of 1 is contributed by two excitations of H=7 — L+1 (0.40)
and H—8 — L+1 (0.40). Table 2 shows that H—7, H—8, and
L+1 are all localized on the NN ligand; thus, this absorption
can be described as pure ILCT transition. On experiment, the
intense absorption bands below 370 nm of 1 are assigned to
spin-allowed IL (7—*) (ppy and phenanthroline) transition,
and the absorption bands at 348 nm, 299 nm, and 279 nm are
exactly consistent with our calculated results (see Table 7).

With respect to 2, the second absorption band at 371 nm
contributed by H—2 — L (0.63) excitation is assigned to MLCT/
LLCT transition, and the third absorption band at 330 nm is
attributed to LLCT/ILCT transition, the strongest and the
highest-energy absorption at about 280 nm is contributed by
two excitations of XA — D'A and X'A — E'A (X: ground
state; A/B/C/D/E: the first/second/third/fourth/fifth excited
states), and it is dominantly assigned to ILCT mixed with some
MLCT transition character. For 4, the second lowest-lying
absorption band at 364 nm contributed by H—1 — L+1 (0.63)
has pure ILCT transition character, the absorption at 323 nm
has similar transition character with that at 330 nm of 2, and
the highest-energy absorption band at 273 nm has similar
MLCT/ILCT transition character to that at 280 nm of 2. With
respect to 3, the second absorption band at around 350 nm is
contributed by two excitations of X'A — B!B and X'A — C'B
with mixing MLCT/LLCT transition character. The highest-
energy absorption band at 277 nm has the similar ILCT character
to the lowest-lying absorption band at 412 nm of 1. Moreover,
the excitation energy and the character of the absorptions of 3a
are similar to these of 3.

Emission in CH,Cl, Media. The calculated phosphorescence
of 1—4 in CH,Cl, media together with the measured value® of
1 are given in Table 8; the frontier molecular orbital composi-
tions responsible for the emissions are complied in Table 9. To
intuitively understand the transition process, the calculated
lowest-lying emission transition diagrams of 1—4 are showed
in Figure 5.

The calculated phosphorescence at 519 nm (2.39 eV) of 1
agrees with the experimental values® at 568 nm (2.18 eV) with
a deviation of 0.21 eV. The transition of L — H—1 with the
configuration coefficient of 0.68 is responsible for the calculated
emission at 519 nm. Table 9 shows that LUMO is dominantly
contributed by 7*(N"N) with 93.4% composition, whereas
HOMO-1 is composed of 10.7% d,.(Ir), 9.5% d.(Ir), 64.9%
7(N~N), and 14.6% st(C~N). Thus, the calculated emission at
519 nm can be described as originating from the *{[d,,(Ir) +
A(NAN) + w(CAN)] [*(N?N)]} excited state with SMLCT/
SILCTALLCT characters involving about 20.5% 3MLCT (see
Figure 5). With respect to 2 and 4, Table 9 shows that the
HOMO and LUMO are dominantly localized on N~N ligand
with more than 93.0% compositions, thus the lowest-energy
triplet excited state contributed by L — H transition can be
described as *ILCT characters without *MLCT compositions
(see Figure 5). For 3, Table 9 shows that HOMO is composed
of 25.1% d(Ir), 5.3% d,.(Ir), 11.3% d2(Ir), 9.0% de—y*(Ir),
and 53.5% 7(C"N), LUMO is dominantly localized on NN
ligand, thus the calculated phosphorescence at 661 nm contrib-
uted by the transition of L — H (0.70) can be described as
originating from 3{[d.,.2.2—2(Ir) + 2(CN)] [*(NN)]}
excited state with SMLCT/ALLCT characters involving about
41.2% 3MLCT composition. For 3a, the character of lowest-
energy triplet excited state is similar to that of 3, and the
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calculated phosphorescence at 702 nm is also red-shifted
compared with that of 1 at 519 nm.

On the investigation of Ru, Os, and Ir complexes, Angelis,?
Chou and Chi** have concluded that the intersystem crossing
can be enhanced by notable SMLCT participation, namely, the
phosphorescence (T — Sy radiative transition) originating from
3ga* mixed with SMLCT excited states should be greatly
increased by increasing the ratio of SMLCT: 3zz*. On the
theoretical study, Kim® found that the phosphorescent com-
plexes will have a high phosphorescent emitting property if the
composition of d orbital is large.

On experiment, upon addition of CFzCOOH, the emission
wavelength was significantly red-shifted and the emission color
changed from yellow to red,?> which is consistent with our
calculated results that the emission of 3/3a (661/702 nm) is red-
shifted compared with that of 1 (519 nm), and the reason for
the emissive property of 3/3a is that the lowest-energy triplet
excited state has the emissive MLCT character. Li and Huang
reported that the emission of 1 was quenched completely upon
addition of F~ and CH3COO™, which can be interpreted by our
calculated results.?> With respect to our calculated results, the
lowest-energy excited state of 2 and 4 have pure *ILCT character
but without the important emissive MLCT character, thus, 2
and 4 have no phosphorescence experimentally.

On experiment, the following formulas exist among k;
(radiative decay rate), k,; (nonradiative decay rate), ® (quantum
yield), and 7 (lifetime). k, = ®/z, k,y = (1 — P)/7, and P can
be affected by the competition between k; and k;, namely, ®
= ki/(k: + kur). So, to increase the quantum yield, k; should be
increased and k, should be decreased simultaneously or
respectively.333¢ With respect to 2 and 4, after that addition of
F~ and CH3COO™ anions, there is no *MLCT character, the K,
is sharply decreased compared with k,, thus @ is decreased at
the same time, so the phosphorescence of 2 and 4 is quenched,
which can be observed by naked eyes. On the other hand, the
quantum yield of 3/3a may be larger than that of 1, because of
the larger 3MLCT composition of 3/3a (41.2%/40.7%) compared
with that of 1 (20.5%) in the triplet excited state.

Conclusions

The present work investigated the ground and excited states
geometries, charge population, spectroscopic properties, excited
states characters of 1—4 and 3a theoretically. The HOMO can
be hardly changed by addition of any addition groups including
F~, CF;COOH, or CH3COO™, but the LUMO can be greatly
changed after addition of CF3COOH. The lowest-lying absorp-
tion of 1 and 3/3a are assigned to MLCT/LLCT/ILCT transition,
whereas the lowest-lying absorption of 2 and 4 are attributed
to pure ILCT transition. Compared with the phosphorescence
of 1, the phosphorescence of 3/3a are red-shifted upon addition
of CF3COOH, but the phosphorescence of 2 and 4 are quenched
completely upon addition of F~ and CH3COO™, the calculated
results showed that the SMLCT character plays an important
role in phosphorescence process. Among F~, CH3;COO™, and
CF;COOH, F~ has the strongest interaction with H (N5S—H),
so complex 1 is suitable for the sensor of F~. It is very practical
to explore the relationship between the excited states and the
phosphorescence of the Ir(IIT) complexes sensor. We hope these
theoretical studies can provide suggestion in discovering new
efficient transition-metal sensors.
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