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The series of iridium(lll) complexes Ir(@),LX (C*"N = bzq, LX = acac,l; C"N = thp, LX = acac,
2; C"N = tpy, LX = acac,3; C"N = bzq, LX = dbm, 4; acac= acetoylacetonate, bzg benzoquinoline,
tpy = 2-(4-tolyl)pyridine, thp= 2-(2-thienyl)pyridine and dbm~= dibenzoylmethanate) have been
investigated theoretically to explore their electronic structures and spectroscopic properties. Their structures
in the ground and excited states have been optimized at the B3LYP/LANL2DZ and CIS/LANL2DZ
levels, respectively. The calculated bond lengths Ny Ir—C, and IO in the ground state agree well
with the corresponding experimental results. Upon excitation, the bond lengthshaind I—C lengthen
by 0.03 A and that of kO shortens by 0.01 A compared with those in thXjround states. This is
consistent with the variation trend of corresponding vibration mode in the ground and excited states. At
the TD-DFT and PCM levelsl—4 give rise to absorptions at 484, 462, 452, and 536 nm and
phosphorescent emissions at 541, 589, 499, and 540 nm, respectively. The transitioBs# attributed
to [d(Ir) + 7#(C"N)] — [7*(C"N)] charge transfer, whereas thosedadre related to [d(Irt (C*N)] —
[7*(LX) + 7*(C”N)]. Itis shown that the emissions are significantly dominated by the metal participating
in the frontier molecular orbitals and affected by theNdigands but are hardly perturbed by the LX

ligands.

Introduction

studied by various spectroscopic and electrochemical techniques.
On the other hand, their long-lived triplet state emissions with

Phosphorescent materials have attracted much attention, dugigh luminescent efficiencies increases the likelihood of either

to their potential application as highly efficient electrolumines-
cent (EL) emitters in organic light emitting devices (OLEDs).

energy or electron transfer occurring before radiative or non-
radiative relaxation; therefore, they have been applied as

It is found that, in theory, OLEDs based on phosphorescence hiological labeling reagenfgphotocatalysts for Cereductiont®

have higher internal quantum efficiency (75%) compared with
those based on fluorescence (25%4).principle, the phospho-

rescence originating from the triplet excited states is spin-

forbidden but can be achieved through the spirbit coupling

and sensor&t

Usually, the Ru(ll), Os(Il), and Re(l) complexes exhibit lower
energy absorptions (46600 nm), which are predominantly
assigned to d(M) — x*(ligand) charge transfer (MLCT)

effect of the heavy metal. In this aspect, complexes containing transitions. Their emissions have been ascribedMaCT

d® metal ions such as ruthenium(B)psmium(ll)# rhenium-
(1,58 rhodium(Ill),” and iridium(llI)® have been extensively
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transitions in both theoretical studies and experimé&his.The
analogue Ir(lll) also has the sameé electronic configuration,
but Ir(1ll) complexes have been less investigated, for these kinds
of complexes are difficult to prepare. However, since it was
reported that OLEDs prepared with Ir(ppyjppy” = 2-phe-
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nylpyridine) have efficiencies greater than 80%, Ir(lll) com-
plexes have attracted much more attenfiéti® Ir(lll) has
stronger spir-orbital coupling relative to Rh(ll), resulting in
intense phosphorescence at room temperature for the former
complexes but measurable emission at low temperatures for the
latter complexes. Furthermore, the phosphorescent lifetimes of
the Ir complexes are longet & 1—14 us)?1520than those of
other metal complexes (Ru(iN“N)L,12 8—200 ns; Re(NN)-
(CO)R(C=CR)20.2us; Os(CN)}(PHs)Ph}*0.62us). Thus, Ir-
(Il complexes are good candidates for emitters in OLEDSs.
Recently, a series of Ir(lll) complexes with cyclometalated
(C~N) ligands (ppy= phenylpyridine, thp= 2-(2-thienyl)-
pyridine, tpy= 2-(4-tolyl)pyridine, bzg= benzoquinoline, etc.)
and monoanionic, bidentate ligands LX (aca@cetoylaceto-
nate, pico= picolinate, sal= N-methylsalicylimine, dbm=
dibenzoylmethanate, etc.) have been synthesized by Thomp-
sor?15 and co-workers. The structures and absorption and
emission spectra of the complexes were measured in 2-meth-
yltetrahydrofuran media. In addition, these complexes as the
phosphors were doped into the emissive layer of the OLEDs,
giving a maximum optical output of 32 500 cd/m

Although there have been many experimental studies on the
photophysical and photochemical properties of luminescent Ir-
(111 metal complexeg! corresponding theoretical reports on
the complexes have been sparse. A deep insight into the
luminescent mechanism of these kind of complexes is imperative  The calculated complexes displa, symmetry in both the
and significant. Although Thompsdrand Hay® et al. have ground and excited states. As shown in Figure 1, axis is
investigated the luminescent properties of several Ir(lll) com- oriented through Ir and the central C(6) atom in the acac cycle,
plexes, they could not interpret the spectroscopic properties fromand thex andy axes both deviate 45rom the acac plane. The
an electronic structure point of view. Using the background three ligands are almost perpendicular to each other. The DFT-
given above, we began the present work, aimed at providing B3LYP (density functional metho&) and CIS (configuration
an in-depth theoretical understanding of the structures andinteraction with single excitations) approactfesave been em-
spectroscopic properties of Ir(lll) cyclometalated complexes. Ployed to optimize the geometry structures in the ground and excited
The revelation of the electronic structures and spectroscopic States, respectively. On the basis of the optimized geometry
properties of the Ir(I1l) metal complexes should help us to design Structures in the ground and excited states, the absorption and
good phosphorescent materials. Herein, we performed theoreticaf MSSIon properties in tetrahydrofuran (THF) media can be
calculations on Ir(bzgfacac) 1), Ir(thp)(acac) B), Ir(tpy)s- calculgted by_tlme-depen_dent den_sny functional theory_(TD_B‘FT)
(acac) 8), and Ir(bzay(dbm) @) in the ground and excited states associated with the polarized continuum model (PENhis kind

; S . . of theoretical approach has been proven to be reliable for transition-
using ab initio and density functional theory (DFT) methods. .o complex systems. McCusker ef&employed the B3LYP
Furthermore, the effects of the peripheral ligands on the

. method to study the excited-state electronic structures of JRuL
phosphorescence have been revealed so that the Iumlnescenc(ﬁcsw— (L = 4,4-dicarboxylato-2,2bipyridine); Yang et a#’
can be adjusted. presented a combined DFT (B3LYP), CIS, and TDDFT solution
to predict the absorptions and emissions of M(&@hen) (M=

Cr, Mo, W; phen= 1,10-phenanthroline).

In the calculations, the quasi-relativistic pseudo-potentials of Ir
atoms proposed by Hay and W&dwith 17 valence electrons were
employed, and LANL2DZ basis sets associated with the pseudo-
potential were adopted. The basis sets were described as Ir (8s6p3d/
3s3p2d), C and N (10s5p/3s2p), and H (4s/2s). Thus, 383 basis

Figure 1. Optimized geometry structures @4 at the B3LYP/
LANL2DZ level.

Computational Details and Theory
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Table 1. Main Optimized Geometry Structural Parameters of the Complexes in the Ground and Lower Lying Triplet Excited
States at the B3LYP and CIS Levels, Respectively, Together with the Experimental Values of 3

1 2 3 4
param XA A3A XA A3B X1A A3B X1A A3B 3 exptk

Bond Lengths (A)
Ir—=N(21) 2.063 2.095 2.070 2.100 2.054 2.085 2.063 2.095 2.040(5)
Ir—=C(2) 2.017 2.044 2.003 2.031 2.010 2.036 2.018 2.044 1.985(7)
Ir—0(1) 2.184 2.168 2.175 2.163 2.192 2.180 2.174 2.161 2.161(4)
C(4)-0(1) 1.305 1.278 1.305 1.279 1.304 1.278 1.308 1.280

Bond Angles (deg)
N(1)—Ir—N(2) 175.9 176.2 177.3 175.9 177.0 176.6 176.9 176.3 176.2(2)
O(1)-Ir—0(2) 85.8 83.0 85.9 83.3 85.3 82.6 85.4 82.3 88.2(2)
C(1)-Ir—C(2) 92.3 91.5 93.4 91.7 92.6 91.6 92.6 91.4

Dihedral Angles (deg)

C(3)-N(2)—Ir—0(1) 88.2 90.7 86.6 90.2 87.1 90.3 88.0 91.2
C(3)—N(2)—Ir—C(1) 94.5 93.0 96.5 93.4 95.9 93.6 95.0 92.8

aFrom ref 15.

electrons for2, 373 basis functions and 248 electrons $prand
481 basis functions and 320 electrons 4dnave been included in
the calculations. All of the calculations were accomplished by using
the Gaussian 03 software pack#gen an Origin/3800 server.

Results and Discussion

Geometry Structures in the Ground State and Absorp-
tions in THF Media. The calculated results reveal that all of
the complexes have the'X ground state. The main optimized

4 are compiled in Tables 3 and 4, respectively, while those of
2 and 3 are shown in Tables S1 and S2 (Supporting Informa-
tion). Fitted Gaussian type absorption curves with the calculated
absorption data are shown in Figure 2. To intuitively understand
the transition process, the molecular orbital energy levels
involved in transitions ofl—4 are displayed in Figure 3.

Figure 2 shows there are distinguishable absorption bands at
450-500 nm (2.76-2.48 eV), 436-490 nm (2.88-2.53 eV),
420-470 nm (2.95-2.64 eV), and 466510 nm (2.76-2.43

geometry structural parameters in the ground state together with€V) for 1—4, respectively. Indeed, these low-energy absorption

the X-ray crystal diffraction data d¥'® are given in Table 1,
and the optimized structures are shown in Figure 1. The
optimization results show that the three ligands are almost
perpendicular to each other with C3)(2)—Ir—0O(1) and
C(3)-N(2)—Ir—C(1) dihedral angles close to @0~urthermore,

bands forl—3 are overlapped ones, since both of the first two
low-energy transitions are responsible for the absorption bands,
but with a small energy gap (0.6®.10 eV) and large disparity

in magnitude of oscillation strength (one is larger than 0.03,
and the other is smaller than 0.004) (see Table 2). For complex

it can be seen that the optimized bond lengths and bond anglesl, the excitation of MO 65a— MO 64b dominates the
of all the complexes in the ground state are in general agreemen@bsorption band between 450 and 500 nm. Table 3 shows that

with the corresponding experimental value8oT he calculated
bond distances of +N (2.054 A), I-C (2.010 A), and IO
(2.192 A) are overestimated by about 0:@03 A in com-

MO 65a (HOMO) is composed of 29%(Ir), 10% de_2(Ir),
and 47%a(bzq), while MO 64b is ther*(bzq) type orbital.
Furthermore, another contributing transition with low oscillation

parison with the measured values. The calculated bond anglesstrength value (0.0064) is mainly from MO 65aMO 664, in

are closed to the experimental values, except that the-O(1)
Ir—0O(2) bond angle (85°3 deviates slightly (2.9 from the
experimental value. The discrepancy of the geometry structural

which MO 66a is also a*(bzq) orbital with a composition of
96.3%. Therefore, this absorption band can be assigned to the
combination of MLCT (metal to ligand charge transfer) and

data between the calculated and measured values is reasonabléCT (intraligand charge transfer) transitiofigl2(Ir) + d—(Ir)
and acceptable, since the environments of the complexes aret w(bzq)] — [7*(bzq)]}. In the meanwhile, the low-energy

different in the two cases: in the latter complex, the molecule
is in a tight crystal lattice, while in the former complex, the
molecule is free.

The calculated absorptions in the BVisible region associ-
ated with their oscillator strengths, the main configurations and

absorption bands at 43@190, 426-470, and 466-510 nm for
complexes2—4 have transition paths similar to that at 450
500 nm ofl. Thus, the above low-energy absorptionslef4
can be described as{gdA(Ir) + de-y(Ir) + 7(C"N)] — [7*-
(C"N)}] transition with MLCT/ILCT character (see Figure 4).

their assignments, and the experimental results are summarizedifferent from the others, comple4 shows an extra lower

in Table 2; the frontier molecular orbital compositionsland

(29) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A,; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A,;
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Gdussian
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energy weak absorption at 536 nm, in which the MO 8%a
MO 82a excitation mainly contributes to the transition, which
can be attributed tg[d2(Ir) + de—2(Ir) + z(bzq)] — [7*-
(dbm)} with MLCT/LLCT (ligand to ligand charge-transfer
transition) character (see Table 4). In comparison with the
analoguel, this lower lying absorption off is unusual. The
intense participation of a conjugating phenyl group remarkably
stabilizes the molecular orbital. Hence, the frontier molecular
orbitals are affected by the phenyl group. In addition, there is
an absorption at 439 nm fdrand the excitation of MO 79b~

MO 82a (CI| = 0.665 98) corresponds to the transition and
can be described as{dgd\Alr) + dyAIr) + z(dbm)] — [7*-
(dbm)] transition. The above low-energy absorption bands for
the complexe4—3 can be regarded as the measured absorptions
at 430-520 nm (2.88-2.38 eV), 436-470 nm (2.88-2.69 eV),
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Table 2. Absorptions of 1-4 Calculated with the TDDFT Method, Together with the Experimental Values
transition confign (Cl coeff) E/nm (eV) oscillator assignt Aexpt (NMP
Singlet— Singlet
1 XIA — AIA 65a— 66a (0.687 86) 484 (2.56) 0.0064 MLCT/ILCT 500
XA — BB 65a— 64b (0.683 30) 480 (2.59) 0.0314 MLCT/ILCT 470
XA —CB 63b— 66a (0.675 91) 415 (2.99) 0.0514 MLCT/LLCT
XA — DB 64a— 64b (0.612 33) 364 (3.40) 0.1535 MLCT/ILCT 360
XA — EA 62a— 66a (0.509 35) 286 (4.33) 0.0551 ILCT/MLCT 260
62b— 65b (0.316 98) ILCT
2 XA —AB 55a— 54b (0.671 98) 462 (2.69) 0.1063 MLCT/ILCT 453
X1A — BIA 55a— 56a (0.667 23) 445 (2.79) 0.0025 MLCT/ILCT
XA —CB 53b— 56a (0.673 53) 389 (3.18) 0.0392 MLCT/LLCT 387
X1A —D'B 54a— 54b (0.582 75) 346 (3.58) 0.1052 MLCT/ILCT 336
53b— 57a (0.276 96) MLCT/LLTC
XA —EB 52b— 58a (0.468 17) 283 (4.38) 0.3523 ILCT 302
51b— 56a (0.315 56) LLCT/ILCT
3 XA —AB 63a— 62b (0.684 39) 452 (2.74) 0.0475 MLCT/ILCT 495
X1A — BIA 63a— 64a (0.684 51) 446 (2.78) 0.0019 MLCT/ILCT 460
XA —CB 61b— 64a (0.667 40) 388 (3.19) 0.0399 MLCT/LLCT 410
XA —D'B 62a— 62b (0.476 39) 352 (3.52) 0.0737 MLCT/ILCT 370
61b— 65a (-0.452 11) MLCT/ILCT
XA —EB 63a— 64b (0.484 10) 279(4.44) 0.1616 MLCT/ILCT 270
60b— 66a (0.391 35) ILCT
4 XA — ATA 8la— 82a (0.697 06) 536 (2.31) 0.0035 MLCT/LLCT
XA — B!B 81a— 80b (0.682 86) 477 (2.60) 0.0310 MLCT/ILCT
XA —CB 79b— 82a (0.665 98) 439 (2.82) 0.0460 MLCT/ILCT
X1A — DA 80a— 82a (0.663 98) 390 (3.18) 0.1328 MLCT/LLCT
XA — EIB 77b— 82a (0.511 55) 331 (3.75) 0.2506 MLCT/ILCT
75b— 82a (0.394 68) LLCT
XIA — FA 78a— 83a (0.430 97) 287 (4.32) 0.1080 MLCT
78b— 81b (-0.333 09) LLCT/ILCT
Singlet— Triplet
1 X1A — A3A 65a— 66a (0.664 25) 529 (2.34) MLCT/ILCT
2 XIA — A3B 55a— 54b (0.657 41) 572 (2.17) MLCT/ILCT
3 X1A — A%B 63a— 62b (0.661 91) 496 (2.50) MLCT/ILCT
4 XA — A3B 79b— 82a (0.689 09) 564 (2.20) MLCT/ILCT
Ligands (Singlet— Singlet)
bzq XA — AA 64’ — 84'(0.551 62) 292 (4.25) 0.1095 T — a*
thp XA — ATA 5d' — 7d' (0.558 01) 269 (4. 62) 0.1331 T a*
tpy XA — AA 43a— 46a (0.608 93) 268 (4.62) 0.2731 7 — *
acac XA — ATA" 154 — 34d' (0.613 33) 255 (4.86) 0.5030 T — a*
dbm XA — AlB, 10— 113 (0.537 84) 257 (4.82) 0.5227 T — a*
aFrom ref 8.

Table 3. Molecular Orbital Compositions in the Ground
State for Ir(bzq) 2(acac) (1) at the B3LYP Level

Table 4. Molecular Orbital Compositions in the Ground
State for Ir(bzqg) 2(dbm) (4) at the B3LYP Level

MO MO
energy composition (%) energy composition (%)

orbital  (eV) Ir bzq acac mainbondtype Ircomponent orbital (eV) Ir  bzg dbm mainbondtype Ircomponent
65b —1.1666 0.8 98.2 1.0x*(bzq) 8lb —1.1657 0.7 97.7 1.6x*(bzq)
64b —1.7829 3.1 96.3 0.67*(bzq) 80b —1.7791 3.1 96.1 0.87*(bzq)
66a —1.8294 2.2 96.3 1.5x%(bzq) 83a —1.809 3.7 89.3 7.0a*(bzq)

HOMO—-LUMO Energy Gap 82a —2.0713 1.8 16.3 81.9x*(dbm) + z(bzq)
65a —5.0578 456 47.3 7.1 d(I9 w(bzgq)  28.9¢, HOMO-LUMO Energy Gap

9.3dey 8la —5.0657 45.0 47.4 7.6 d(I8 x(bzq) 28.6 ¢,
63b —5521 445 17.4 38.1 d(I a(bzq)+ 21.1d,+ dy, 13.1 de_y
a(acac) 17.5dy 79b  —5.5427 43.7 184 37.9 d(If m(bzq)+ 37.9d,+dy,
62b —5.8818 1.8 94.4 3.8x(bzq) a(dbm)
64a —5.9191 61.2 343 45 d(If a(bzq)  60.6 ¢+ Oy, 780 —5.8889 2.2 935 4.37(bzq)
6lb —6.3545 7.7 58.6 33.77(bzq)+ z(acac) 80a —5.9139 59.4 32.7 7.9 d(I8 7(bzq) 50.6 g,
63a —6.4372 22.4 732 4.4 d(I9 7(bzq) 770 —6.2905 13.6 38.1 48.37(bzq)+ x(dbm)
60b —6.6527 9.5 49.1 41.4x(bzqg)+ x(acac) 79a —6.4309 19.8 745 5.77(bzq)
62a —6.6848 17.1 71.6 11.3 d(ty m(bzg)+ 9.2¢d 76b —6.5901 15.9 63.3 20.8 d(If} 7(bzq)
m(acac) sr(dbm)
. . 78a —6.6802 16.9 68.9 14.2 d(If w(bzqg)+

and 436-500 nm (2.88-2.48 eV) forl—3, respectively, which é(?bnf) D
have been assigned to a mixture of singlet and triplet MLCT 75b —6.8263 4.0 36.2 59.87(bzq)-+ x(dbm)

transitions?

Other calculated differential absorptions are at 415 nm (2.99 described ag[dx,(Ir) + z(C"N)] — [#*(LX)] } (see Table 4).
eV), 389 nm (3.18 eV), and 388 nm (3.19 eV) far-3, For these absorption bands, the different transition character of
respectively. These absorptions have a combined MLCT/LLCT 4 in comparison to those df—3 is also due to the introduction
character (see Tables S1 and S2) and are attributed {¢dhe of phenyl groups on the acac fragmentdnwhich results in
(Ir) + dyAIr) + dy(Ir) + Z(LX)] — [7*(C~N)]} transition. With the enhancement of the-conjugated effects and-accepting
respect to4, a MLCT/LLCT type transition at 390 nm is  abilities of the acac fragment.
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1.2 _ Correlation of the Absorption and the Ligands. In
1.04 2 comparison with those df, the absorptions dt and3 are blue-
£ shifted to some extent (see Figure 2). This is due to the weaker
g 081 sr-conjugation effects and-accepting abilities of the thp and
'g 0.6 tpy in 2 and 3 compared to those of bzq ifh, so that the
® HOMO—-LUMO energy gaps o2 and3 are larger. In contrast,
B 047 the lower energy absorptions dfare dramatically red-shifted
° 0.2 (0.25 eV) relative to those of its analogtieThe lower lying
0.0

T T T T T T 1
200 250 300 350 400 450 500 550
wavelength (nm)

Figure 2. Simulated absorption spectrabf4 in THF media with
the calculated data at the TD-B3LYP/LANL2DZ level. 1.5

The other higher energy absorptions in the-tlisible region

have ILCT and/or LLCT character. However, this type of 3@
transition is perturbed by the MLCT components. Indeed, the 5'203’
participation of the MLCT components in the WWisible 2

w

region absorption is usual and is even more remarkable in the
lower energy absorption bands. This point can be seen from |
the large compositions of metal atom in the lower energy
absorption bands. Calculations on the isolated ligands bzq, thp,
tpy, acac and dbm showed that the intraligamd— =*
transitions occur at < 300 nm (see Table 2). Therefore, the
coordination interaction between the metal and the ligands

produce lower energy absorptions and, due to the presence Ofjgyre 4. Transitions contributing to the absorptions at 480, 462,

the metal, spin-forbidden singletriplet transitions are likely 452, and 477 nm fol—4, respectively, in THF media.
to be observed. The calculated vertical triplet absorptions of

the complexes at 529 nm (2.34 eV), 572 nm (2.17 eV), 496 nm absorption energies are in the order 2 > 1 > 4, which is
(2.50 eV), and 564 nm (2.20 eV) for complexes4, respec- just the reverse of tha-conjugation effect of the complex in
tively, have an evident MLCT nature (see Table 2). Experi- the order3 < 2 < 1 < 4. The introduction of a phenyl group
mentally, the lower energyMLCT and 3MLCT transitions on the acac fragment enhances the conjugation effect and
cannot be resolved clearly. As seen in Ir(bfagac), thereisa  significantly lowers the LUMO energy level, resulting in the
broad absorption band at 43620 nm (2.88-2.38 eV)1>where considerable decrease of the HOMOUMO energy gap oft
combined™LCT and3MLCT transitions are responsible for  (see Figure 3).
it. Geometry Structures in the Triplet Excited State and
Therefore, our theoretical investigation demonstrates that the Emissions in the THF Media. The main geometry structural
MLCT transitions in these kinds of Ir(lll) complexes dominate parameters of the complexes in thésA(1 and4) and A3B (2
the low-energy-region absorption spectra. We think this is the and3) excited states obtained by the CIS method are given in
most fascinating factor for the complexes as the emissive Table 1. In the low-lying triplet excited state the geometry
candidates. On one hand, this kind of transition is dipole- structures ofl—4 do not vary notably relative to those in the
allowed; on the other hand, the singlétiplet transition ground state, except that the-I, Ir—C, and IO bond lengths
probably occurs due to the participation of the metal. Both of change slightly and the four complexes show similar variation
these two properties can ensure the high luminescence efficiencytrends. The calculated-HC and Ir=N bond lengths relax by

-5.54

of the complexes. about 0.03 A, but the O and the C(4)O(1) bond lengths
14
0 1 64b__ mtpy)
1 56a _e(thp) §§§ DY), (acac) 81b _ xew)
1 \ 562 ne(thp) I iy
b we(tpy, 80b o
-2 ST g e N I § me(thp) 3 83a "Iigégi .
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Ay Iy (I (1) dyp(Iryrdy H(Iry e (Ir) (I *dy(Ir)+dy (i) -y
1 63 'yz xy! 61b +n(tpy)+n(acac) 79b d,z+d, ,+n(bzq)+n(dbm)
+n(bzg)Fr(acac) 53b *a(thp)+n(acac) 62a 2.y 2ry+dey(IN*nloy)  7g, bzq
-6 - 642 dyglIN)+d, H(Ir)+2(bzq) 2 w(thp)+r(acac) 60b = n(tpy) 80a dy (I +n(bzq)
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Figure 3. Diagrams of the molecular orbitals related to the absorptiondfat.
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Table 5. Phosphorescent Emissions of-44 Calculated with the TDDFT Method, Together with the Corresponding
Experimental Values

transition confign (ClI coeff) E/nm (eV) assignt exptl/nm (e¥)
1 A3A — XIA 66a— 65a (0.627 78) 541 (2.29) SMLCT/3ILCT 548 (2.26)
2 A3B — XA 54b— 55a (0.653 25) 589 (2.11) 3ILCT/3MLCT 562 (2.20)
3 A3B — XA 62b— 63a (0.649 50) 499 (2.48) SMLCT/AILCT 512 (2.42)
4 A3A — XA 82a— 81a (0.449 62) 540 (2.29) SMLCT/3ILCT
83a— 81a (-0.443 21)
aFrom ref 8.
Table 6. Molecular Orbital Compositions in the ASA Excited Table 7. Molecular Orbital Compositions in the ASA Excited
States for Ir(bzq),(acac) (1) at the B3LYP Level States for Ir(bzq),(dbm) (4) at the B3LYP Level
MO MO composition
energy _COmposition (%) Ir component energy (%) Ir
orbital  (eV) Ir bzq acac mainbond type (%) orbital  (eV) Ir  bzqg dbm mainbondtype component
64b —1.7677 2.2 97.3 0.5x%(bzq) 83a —1.7698 3.8 71.8 24.4x*(bzq)+
66a —1.8025 1.7 97.6 0.7 x*(bzq) 77*(dbm)
80b —1.7707 2.2 97.3 0.5 a*(bzq)
HOMO~LUMO Energy Gap 82a —1.8896 0.7 33.7 65.6x%(bzq)+
65a —5.0132 47.1 43.9 9.0 d(I9 n(bzq)  29.7 ¢, (dbm)
10.2 de-y
_ HOMO—LUMO Energy Gap
63b  —54382 435 150 415 djglgcggt;zq) + Zofﬁ/l‘;yd“ 8la 50254 466 441 93 d(Iy n(bzg) 29.3¢,
62b -58339 1.6 93.3 5.1x(bzq) 14.4 de-y2

strengthen by about 0.02 A. The calculated ©(t)}-O(2) bond transition diagram of the emission. Experimentally, the measured
angle reduces by 2-@3.0°, while the C(3-N(2)—Ir—0O(1) and phosphorescence df at 548 nm (2.26 e\)in 2-methyltet-
C(3)-N(2)—Ir—C(1) dihedral angles change by +5.0°. The rahydrofuran media has been tentatively assigned®LaCT
slight changes of the geometry structural parameters result fromemission.
the electron transfer from the-hC*N bonding orbital to the The nature of the phosphorescenc@@ind3 are similar to
a*(C*N or LX) orbital (vide infra) upon excitation. that of 1 (see Tables S3 and S4), which are all attributed to a
The calculated frequencies ofHN, Ir—C, Ir—O, and G-O SILCT/AMLCT 3{[dA(Ir) + de-2(Ir) + 7(C N)][7*(C N)]}
in the ground and excited states are in accordance with theemission. ThéILCT component in2 is more significant than
variation of the geometry parameters. In comdefor example, those inl1 and3, because the compositions of théNCligands
thev(Ir—N) stretching frequency appears at 670 and 666%cm  (thp 53.5%) in the HOMO of are more than those of the bzq
in the ground and excited states, respectively. The reduction of (43.9%) and tpy (40.1%) ligands ih and 3. Experimentally
the Ir—N stretching frequency in the excited state indicates the the emission o has been found to originate from tRg[z-
weakness of the N bonding interaction, which is consistent  (C"N) + d(Ir)][7z*(C"N)]} excited staté.For 4, not only the
with the lengthening of the +N bond distance in the excited C"N ligand but also the LX ligand correlates with the emission.
state. The variation of the(lr—C) stretching frequency is similar ~ The emission o# at 540 nm should come from tRg[d2(Ir) +
to the case for(Ir—N). In contrast, the kO and C(4)-O(1) de—(In) + a*(bzg)][7*(bzq) + x*(dbm)]} excited state.
stretching frequencies are somewhat enlarged in the excited statélerein, we note that the’®l ligands have a great effect on the
(423, 1663 cm?) relative to those in the ground state (418, phosphorescence fdr—3 but the emission o# hardly shifts
1565 cntl), being in line with the shortening of the+O and with changes of the LX ligands compared with the emission

C(4)—-0(1) bond lengths in the excited state. CompleXe% for complex 1, which confirms the conclusion obtained by
display changes similar to those fdr Similar vibration Thompsoi® and co-workers that changes in theNCligand
characteristics have also been found for [Os&(TH),];3° the have a marked effect on the phosphorescence spectrum while

Os=N bond is lengthened in the excited state compared to that changes in the LX ligand lead to a relatively minor shift.
in the ground state, which is in agreement with the lower
vibration frequency ofv(Os—N) (~780 cnt?) in the excited
state as compared to that1175 cnm?) in the ground state.
The calculated phosphorescencelef4 in THF media and
the measured emission in 2-methyltetrahydrofuran solution are
summarized in Table 5; the frontier molecular orbital composi- 151
tions responsible for the emissions are compiled in Tables 6
and 7 and in Tables S3 and S4 (Supporting Information).
The calculated phosphorescences at 541 nm (2.29 eV), 58
nm (2.11 eV), and 499 nm (2.48 eV) far-3 agree well with
their respective experimental val§eg 548 nm (2.26 eV), 562
nm (2.21 eV) and 512 nm (2.42 eV). Fbrthe excitation MO
66a — MO 65a has the largest configuration coefficient -0
(0.627 78) and causes the emission. The analysis of the transitior
reveals that the emission originates from tﬁ{a[dzz(lr) +
de_o(I1) + 7(bzq)]fr*(bzq)]} excited state with MLCT/ILCT 5.5
character (see Table 6). Figure 5 displays an intuitive electron

-2.0

AY

Energy‘ﬁe\!)

(30) Zhang, Y.-H.; Xia, B.-H.; Pan, Q.-J.; Zhang, H.-X.Chem. Phys. Figure 5. Transitions responsible for the emissions at 541, 589,
124, 144309. 499, and 540 nm fol—4, respectively, simulated in THF media.
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The above discussion reveals that the lower lying absorptionsto the spin-forbidden LC transition. The calculated metal
calculated at 484, 462, 452, and 536 nmIor4, respectively, compositions in the HOMOs of—3 are 47.1%, 40.0%, and
dominantly arise from the combination of MLCT and ILCT or 51%, respectively (see Table 6 and Tables S3 and S4), while
LLCT electronic transitions, while the calculated phosphores- their respective measured quantum efficiencies are 0.27, 0.12
cence is just the reverse process of these lower lying absorptionsand 0.318 in which they have the same trend in both the metal
The energy differences between the calculated lower energycomposition and quantum efficiency on the orderkof 1 <
absorptions and the phosphorescence are 0.27, 0.58, and 0.28. Therefore, more metal components in the frontier molecular
eV for 1-3, respectively, while the measured Stokes shifts of orbital can make the spin-forbidden transition more possible.
the complexes are 0.38, 0.44, and 0.37 eV o3, respec- We think this could be a guiding principle to design new
tively.® Therefore, the calculated Stokes shifts are reasonable.phosphorescent materials.

Many researchers have speculated that there is a competition
between the MLCT andsA — x*] ligand-centered (LC) Conclusions

transitions due to the very close energy levels of the terminal . . .
orbitals in the complexe®. According to our studies, the The present work theoretically investigated the geometry

calculated combined MLCT/LC (ligand-centered) transition Structures, absorptions, and phosphorescent properties of four
nature of the absorptions in the W\isible region confirms  iridium(lll) cyclometalated complexes. The calculation reveals
the prediction. Furthermore, we note that the metal 5d(ir) that the MLCT transition is present in all UWisible regions
composition ranges from 40% to 51% with an almost equal &/0ng with the LC (ligand-centered) transition and this is the
admixture of7(C*N) in the HOMOs forl—4, while the LUMOs decisive factor for the spin-forbidden electrqn tran5|t|on to occur.
are mainly populated on ‘@ for 1-3 but on LX for 4. Furthermore, the large metal compositions in the frontier
Therefore, the calculation results indicate that there is a Melecular orbitals can bring about high quantum efficiency. In
competition between different types BLCT transitions: one  addition, thez-conjugated CN ligands can effectively influence
type only concentrates on the'R ligands, and the other type the emission colqr. Itis very practical to explore the relat|onsh|p
relates to both the @ and LX ligands, and which one will between the ¢ interaction and the phosphoresc_ent properties
win the competition depends on theconjugation effects and ~ ©f the metal complexes. We hope these theoretical studies can
electron-accepting abilities of the ligands. Fagame to a prowqe some help in designing highly efficient phosphorescent
similar conclusion, that two types 8ILCT involve asx* orbital materials.
on the CN or LX ligands. In addition, our calculation results )
indicate that there is a third type @ILCT involving a mixture Acknowledgment. This work was supported by the Natural
of 77* orbitals on the €N and LX ligands and the competitions Science Foundation of China (Grant Nos. 20173021, 20333050,
result from thesr-conjugation effects of the different ligand. and 20573042).

Obviously, the phosphorescent excited state is relevant to both ) ) ) o
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