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10 ABSTRACT: Three series of pentamethylcyclopentadienyl
11 (Cp*) Ir(III) complexes with different bidentate ligands were
12 synthesized and structurally characterized, [Cp*Ir(tpy)L]n+ (tpy
13 = 2-tolylpyridinato; n = 0 and 1), [Cp*Ir(piq)L]n+ (piq = 1-
14 phenylisoquinolinato; n = 0 and 1), and [Cp*Ir(bpy)L]m+ (bpy
15 = 2,2′-bipyridine; m = 1 and 2), featuring a range of
16 monodentate carbon-donor ligands within each series [L =
17 2,6-dimethylphenylisocyanide; 3,5-dimethylimidazol-2-ylidene
18 (NHC); methyl)]. The spectroscopic and photophysical
19 properties of these molecules and those of the photocatalyst
20 [Cp*Ir(bpy)H]+ were examined to establish electronic
21 structure−photophysical property relationships that engender
22 productive photochemical reactivity of this hydride and its
23 methyl analogue. The Ir(III) chromophores containing ancillary
24 CNAr ligands exhibited features anticipated for predominantly ligand-centered (LC) excited states, and analogues bearing the
25 NHC ancillary exhibited properties consistent with LC excited states containing a small admixture of metal-to-ligand charge-
26 transfer (MLCT) character. However, the molecules featuring anionic and strongly σ-donating methyl or hydride ligands
27 exhibited photophysical properties consistent with a high degree of CT character. Density functional theory calculations suggest
28 that the lowest energy triplet states in these complexes are composed of a mixture of MLCT and ligand-to-ligand CT originating
29 from both the Cp* and methyl or hydride ancillary ligands. The high degree of CT character in the triplet excited states of
30 methyliridium complexes bearing C^N-cyclometalated ligands offer a striking contrast to the photophysical properties of
31 pseudo-octahedral structures fac-Ir(C^N)3 or Ir(C^N)2(acac) that have lowest-energy triplet excited states characterized as
32 primarily LC character with a more moderate MLCT admixture.

33 ■ INTRODUCTION

34 The key to obtaining bright phosphorescence from iridium-
35 (III) complexes is the presence of Ir−C bonds that have strong
36 σ-donor character in addition to a chromophoric ligand
37 featuring low-lying π* orbitals.1,2 The archetypal complex fac-
38 Ir(ppy)3 (ppy = 2-phenylpyridine) contains an Ir−C bond
39 along each of the three principal axes of the molecule3,4 and
40 exhibits an extraordinary quantum yield close to unity.5,6 The
41 empty π* orbitals are the Franck−Condon termination point
42 for both metal-to-ligand charge transfer (MLCT) and ligand-
43 centered (LC) π−π* transitions. The strong σ-donor ligands
44 induce a large ligand field splitting between the filled dπ
45 orbitals and the empty dσ* orbitals in these d6 chromophores
46 so that the 3MLCT/LC states are the lowest energy excited
47 states, rendering the higher lying ligand field excited states
48 irrelevant. Stronger σ-donor ligands substantially increase
49 electron density on the metal center, raising the energy of

50the dπ orbitals so that the zero-order MLCT energy is
51decreased. As a consequence, additional MLCT character
52mixes through configuration interaction with the emissive 3LC
53excited state. The proportion of the MLCT composition with
54respect to LC character of the triplet excited state determines
55the characteristic photophysical properties, including excited-
56state energetics, photoluminescence emission bandshape, and
57radiative decay times.7−10

58Myriad classes of organometallic Ir(III) complexes featuring
59strong photoluminescence emission have recently been
60summarized.10 Beyond fac-Ir(C^N)3, the most common
61structural motifs are Ir(C^N)2(L^X) and [Ir(C^N)2(N^N)]

+,
62where C^N is a monoanionic bidentate ligand featuring a C-
63donor obtained from cyclometalation of a pyridine derivative
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64 (e.g., ppy), L^X is a monoanionic bidentate ancillary ligand,
65 and N^N is a diimine ligand (e.g., bpy). In the [Ir-
66 (C^N)2(N^N)]

+ class, the lowest energy π* orbitals are
67 usually found on the diimine fragment, rather than the C^N
68 chelate, and the nature of the emissive state is then best
69 described as comprising ligand-to-ligand charge transfer
70 (LLCT) as well as MLCT character because of ground-state
71 d-orbital mixing with the C^N-ligand π system.11−14 In the
72 present paper, we use the general descriptor of charge transfer
73 (CT) until a more specific characterization can be made later
74 in the presentation. Analogous molecules where the C^N-
75 cyclometalating ligand is replaced by ligands such as C^C:,
76 where C: represents an N-heterocyclic carbene donor,
77 comprise yet another important class of highly phosphorescent
78 Ir(III) complexes.10,15,16

79 Vigorous investigation of Ir(III) phosphors has been driven
80 largely by the commercialization of organic-light-emitting
81 diodes (OLEDs) for displays and solid-state lighting wherein
82 these molecules serve as emitters.17,18 With an impressive
83 structural diversity and tunable photophysical and photo-
84 chemical properties, these chromophores have been applied
85 extensively in solar energy conversion schemes and as
86 “photoredox” catalysts in organic synthesis,19−22 among
87 many promising light-emission and photochemistry inspired
88 applications.23

89 Iridium(III) complexes containing a η5-cyclopentadienyl
90 subunit have received comparatively little attention for their
91 photophysical properties. There were early reports of weak
92 photoluminescence with lifetimes near 80 ns for complexes of
93 the type [Cp*Ir(N̂N)H]+, N^N = bpy or phen.24,25 These
94 hydrides exhibit striking photochemical reactivity, as first
95 recognized in the context of a photochemical water−gas shift
96 reaction.26−28 Recently, there has been renewed interest in
97 these hydrido complexes for their photocatalytic properties,29

98 including hydrogen generation from water30,31 or formate,32

99 and hydride transfer to 1-methylnicotinamide.33 The methyl
100 analogue, [Cp*Ir(bpy)(CH3)]

+, has also been isolated recently
101 and reported to generate ethane and other small hydrocarbons
102 upon exposure to visible light.34

103 Even the weak photoluminescence emission and short
104 luminescence lifetimes of the hydride and methyl complexes
105 were intriguing, given that their structure differs from leading
106 Ir(III) phosphors. It immediately became evident that
107 additional structurally related molecules would need to be
108 identified and investigated to establish systematic structure−
109 photophysical property trends to glean insight into why these
110 molecules show photoluminescence at room temperature in
111 the first place.
112 To this end, we set out to synthesize a range of newly
113 conceived Cp*Ir(III) complexes with varying bidentate and
114 monodentate ligands to carry out a detailed photophysical
115 study and make comparisons to the known complexes
116 [Cp*Ir(bpy)(CH3)]

+ and [Cp*Ir(bpy)H]+. We have prepared
117 three distinct series of Ir(III) complexes based on the identity

s1 118 of the bidentate chromophoric ligand (Scheme 1): [Cp*Ir-
119 (tpy)L]n+ (tpy = 2-tolylpyridinato; n = 0, 1), [Cp*Ir(piq)L]n+

120 (piq = 1-phenylisoquinolinato; n = 0, 1), and [Cp*Ir(bpy)L]m+

121 (bpy = 2,2′-bipyridine; m = 1, 2), with each series featuring a
122 range of monodentate carbon-donor ligands within each series
123 [L = 2,6-dimethylphenylisocyanide (CNAr); 3,5-dimethylimi-
124 dazol-2-ylidene (NHC); methyl]. Absorption and photo-
125 luminescence spectra, including temperature-dependent photo-
126 luminescence intensity decay time constants, have been

127obtained for samples of each complex in Scheme 1 dilutely
128doped into polymethylmethacrylate (PMMA), a polymer host
129that has often been used to avoid the phase transitions of
130solvents in variable temperature studies.
131We hypothesized that replacing the N^N chelating bpy
132ligand with C^N-cyclometalating ligands would boost emission
133quantum yield by introducing a chromophoric ligand that also
134contributes an Ir−C bond. Tpy was selected to facilitate
135comparisons to the landmark study7 by Thompson and co-
136workers on the emission-shifting properties of the L^X
137ancillary ligands measured for a large series Ir(tpy)2(L^X). 1-
138Phenylisoquinoline was selected as a C^N ligand to provide a
139chromophore with lower triplet energy. The well-known red
140emitters35,36 fac-Ir(piq)3 and Ir(piq)2(acac) offer points of
141comparison for the results generated here. Monodentate
142ancillary ligands, L, were chosen to cover a wide range of
143bonding properties while maintaining a carbon donor. The
144strong π-backbonding neutral ligand CNAr and the strong σ-
145donating neutral ligand NHC were compared with the strongly
146σ-donating anionic methyl ligand to investigate how the extent
147of CT versus LC character can be affected from this single
148coordination site. Finally, the series [Cp*Ir(bpy)L]m+ (m = 1
149and 2) was compared with [Cp*Ir(bpy)H]+ to enable a
150qualitative ranking of the donor strength of the hydride ligand
151in this molecular framework.

152■ RESULTS AND DISCUSSION
153Synthesis. The chloro complexes Cp*Ir(C^N)Cl (C^N =
154tpy or piq), prepared according to the method developed by Li
155et al.37 for the analogue Cp*Ir(ppy)Cl, proved to be versatile
156starting materials for the synthesis of both the tpy and piq
157 s2series of complexes (Scheme 2). The methyl complexes
158Cp*Ir(C^N)(CH3) (C^N = tpy or piq) were obtained by
159reaction of the chloro complexes with methyl lithium (ĈN =
160tpy) or CH3MgBr (C^N = piq).38 The acetonitrile complexes
161[Cp*Ir(C^N)(NCCH3)][PF6] were obtained by chloride
162abstraction with AgPF6 in acetonitrile, and the isocyanide
163complexes [Cp*Ir(C^N)(CNAr)][PF6] were subsequently
164obtained by ligand substitution of acetonitrile with 2,6-
165dimethylphenylisocyanide. The N-heterocyclic carbene com-
166plexes [Cp*Ir(C^N)(NHC)][PF6] were prepared by allowing
167the acetonitrile complexes to react with 3,5-dimethyl-
168imidazolium iodide and Ag2O in dichloromethane solutions
169protected from light.

Scheme 1. Chemical Structure Diagrams of the Three Series
of Ir(III) Molecules Investigated and of the Monodentate
Ancillary Ligands, L
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170 The bipyridine complexes [Cp*Ir(bpy)(CH3)][PF6]
34 and

171 [Cp*Ir(bpy)H][PF6]
35 were synthesized as previously re-

172 ported. The isocyanide complex [Cp*Ir(bpy)(CNAr)][PF6]2
173 was obtained by addition of 2,6-dimethylphenylisocyanide to
174 the known acetonitrile complex [Cp*Ir(bpy)(NCCH3)]-
175 [PF6]2.

39 A different synthetic route was taken to prepare the
176 N-heterocyclic carbene complex. The starting material Cp*Ir-
177 (NHC)Cl2, prepared by a modified literature method,40 was
178 converted to the bis acetonitrile complex [Cp*Ir(NHC)-
179 (NCCH3)2][CF3SO3]2 via halide abstraction using AgCF3SO3,
180 followed by stirring with bpy at room temperature to produce
181 [Cp*Ir(bpy)(NHC)][CF3SO3]2. The triflate counter ion was
182 employed in this case to improve solubility. NMR character-
183 ization of all compounds is seen in Figures S1−21.
184 Absorption and Photoluminescence Emission Spec-
185 tra. Overview. Key spectral features of the three series of

t1 186 complexes are collected in Table 1 and discussed in detail in
187 the following paragraphs. In summary, across each series of
188 complexes identified by a different bidentate chromophoric
189 ligand, the spectral features and nature of the excited state
190 shifted markedly as a function of the monodentate ligand. The
191 features of each CNAr complex were characteristic of a highly
192 LC lowest excited state, those of each NHC complex were
193 characteristic of a still predominantly LC excited state but with
194 an increased MLCT admixture, while the methyl complexes
195 exhibited drastically different spectral features indicative of a
196 very high CT character. The spectral features of the
197 photocatalyst [Cp*Ir(bpy)H]+ were very similar to those of

198the methyl analogue, as noted in a preliminary study of the
199methyl complex.34 Emission-shifting by tuning electron-
200withdrawing/-donating capacity of ancillary ligands is well-
201established,7,41−44 but the present set of materials demon-
202strates tuning over an extreme range, and with just one
203monodentate ancillary ligand. Perhaps most intriguing, the
204C^N-cyclometallates in combination with the methyl ancillary
205ligand exhibit characteristics of a very highly CT emissive state,
206whereas typical cyclometallates with the same chromophoric
207ligands, that is, fac-Ir(C^N)3 or Ir(C^N)2(acac), exhibit
208characteristics that are largely LC with moderate MLCT
209admixture.
210[Cp*Ir(tpy)L]m+ Series. The tpy series will be considered in
211detail first. The absorption spectrum of [Cp*Ir(tpy)(CNAr)]-
212 f1[PF6] in CH2Cl2 is included in Figure 1a along with the
213emission spectrum and the excitation spectrum in the origin
214region in PMMA host at 77 K. The absorption bands having
215higher extinction coefficients typical for singlet excited states
216were not more specifically assigned because there are three
217different organic ligands. The lowest energy of these bands (S0
218→ S1) occurs at λmax = 336 nm (9300 M−1 cm−1). A very weak
219shoulder feature in the absorption spectrum at 420 nm and a
220lowest energy band at 451 nm were apparent in a more
221concentrated solution. The 77 K excitation spectrum
222confirmed that the two weak absorption bands belong to the
223emissive complex. The extremely low extinction coefficient (10
224M−1 cm−1) of the origin band (S0 → T1) indicates that the
225lowest energy excited state is a triplet that is highly LC. This is

Scheme 2. Synthesis of the New Ir(III) Chromophores Table 1. Spectroscopic Features of the Ir(III) molecules in
This Study

complex
ε, S0 → T1
(M−1 cm−1)a

E(0−0),
S0 → T1
(cm−1)a

λmax Em.
77 K (nm)e

I(0−1)/I(0−0)
e

,j 77 K

[Cp*Ir(tpy)
(CNAr)]+

10 22 173c 454f 0.99

[Cp*Ir(tpy)
(NHC)]+

57 21 552c 474f 0.89

Cp*Ir(tpy)
(CH3)

NRb 18 975d 603g NAg

[Cp*Ir(piq)
(CNAr)]+

4 18 622c 601h 1.20

[Cp*Ir(piq)
(NHC)]+

45 17 544c 591f 0.71

Cp*Ir(piq)
(CH3)

NRb 16 207d 687g NAg

[Cp*Ir(bpy)
(CNAr)]2+

10 22 676c 471h 1.27

[Cp*Ir(bpy)
(NHC)]2+

88 22 222c NAi NAi

[Cp*Ir(bpy)
(CH3)]

+
NRb 18 282d 609g NAg

[Cp*Ir(bpy)
(H)]+

NRb 18 315d 622g NAg

aIn methylene chloride solution at 295 K except for [Cp*Ir(bpy)H]+

was in acetonitrile. bS0 → T1 absorption was not resolved. cEnergy for
the peak maximum of S0 → T1 origin band. dE0,0 estimated from the
crossing point on the wavelength axis of the tangent to leading edge of
broad emission band. e0.5 wt % in PMMA host except for
[Cp*Ir(tpy)(NHC)]+ and [Cp*Ir(piq)(NHC)]+ were ∼5 × 10−5

M in frozen CH2Cl2/2MeTHF glass (1:20 or 1:10, respectively). fλmax
occurred on the origin band of vibrationally structured emission.
gBroad, unstructured emission. hλmax occurred on the first vibrational
sideband of structured emission. iNonemissive. jRatio of steady-state
emission intensity of the first vibrational sideband to that of the origin
band.
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226 because the oscillator strength of the formally spin-forbidden
227 transition depends upon the strength of the spin−orbit
228 coupling (SOC) interaction and is much stronger when
229 MLCT states are involved because of the large SOC constant
230 for heavy atoms.7,45 The weak bands above the origin in energy
231 likely comprise a vibrational progression in that excited state.
232 The origin band of the emission spectrum overlaps with the
233 origin band of the absorption spectrum, giving good evidence
234 that emission is occurring from the same excited state
235 associated with absorption. In qualitative terms, the large
236 window evident in Figure 1 between the S0 → S1 absorption
237 region and the S0 → T1 origin band is another sign of a LC
238 lowest excited state because a large S1−T1 splitting arises from
239 a large electron exchange interaction when the starting and
240 arriving orbitals are spatially close, as compared to MLCT
241 states for which there is a large translation of the excited
242 electron.46 The highly structured emission is the most readily
243 recognizable hallmark of an LC emissive state. In particular, a
244 larger ratio of the first vibronic emission sideband intensity to
245 the origin band intensity (I(0−1)/I(0−0)) indicates a higher
246 degree of LC character of the emissive state because the ligand
247 vibrations are more strongly coupled to the electronic
248 transition when it is predominantly localized on the ligand
249 and because the LC transition (π−π*) involves promotion of
250 an electron from a bonding to antibonding orbital, resulting in
251 a large displacement of the excited-state potential energy well
252 along the normal coordinate.
253 In a landmark study7 on a large series of complexes
254 Ir(tpy)2(L^X), Thompson and co-workers found that
255 introducing electron-withdrawing groups into the ancillary
256 ligand L^X led to progressive blue shifts in the emission,
257 decreased the extinction coefficient of the absorption origin
258 band, and increased the I(0−1)/I(0−0) ratio. The interpretation

259given for these trends was that the decreasing electron density
260on the metal lowers the energy of the starting d-orbital for the
261lowest MLCT transition, which increases the energy for the
262MLCT transition and results in less MLCT admixture into the
263LC excited state. The spectroscopic properties of [Cp*Ir-
264(tpy)(CNAr)]+ and the Ir(tpy)2(L^X) series may be compared
265because they share in common the same chromophoric tpy
266ligand. On the basis of the low extinction of the origin band of
267[Cp*Ir(tpy)(CNAr)]+ and high I(0−1)/I(0−0) (0.99), the
268emission of this complex may be ranked as more highly LC
269than any of those in the report on the Ir(tpy)2(L^X) series.

7 In
270particular, the origin band of [Ir(tpy)2(CN-t-Bu)2][CF3SO3]
271at 452 nm was reported to have a higher extinction (30 M−1

272cm−1) and lower I(0−1)/I(0−0) (0.64). (In a closely related
273comparison, I(0−1)/I(0−0) of about 1.06 may be seen in the
274published47 solution spectrum of [Ir(ppy)2(CNAr)2]

+ which
275contains the same aryl isocyanide as in the present study but a
276slightly different chromophoric C^N-ligand.) Strong π-back-
277bonding with the CNAr ligand is undoubtedly responsible for
278the high LC character observed in the present case.
279When the CNAr ligand was replaced by an N-heterocyclic
280carbene in [Cp*Ir(tpy)(NHC)][PF6], the origin bands of
281absorption (464 nm) and emission (474 nm) were red-shifted
282and the ε(S0 → T1) increased to 57 M−1 cm−1, whereas I(0−1)/
283I(0−0) (0.89) decreased but was still quite high (Figure 1b,
284Table 1). The red shift, higher ε(S0 → T1), and lower I(0−1)/
285I(0−0) all indicate modestly higher CT character in the emissive
286state of the NHC complex than in the CNAr analogue. Higher
287ε(S0 → T1) indicates that specifically there is more MLCT
288character in the lowest energy excited state in this complex
289than in the preceding one containing the CNAr ancillary
290ligand. The increased CT character is mainly due to reduction
291of the π-backbonding capacity of the ancillary NHC ligand
292compared with that of the CNAr ligand. It may be concluded
293that the lowest excited state in [Cp*Ir(tpy)(NHC)]+ does not
294possess as much CT character as that of Ir(tpy)2(acac) because
295of large differences relative to reported emission energy, ε(S0
296→ T1), and I(0−1)/I(0−0) for the latter complex.7 A direct
297spectrochemical assessment of the relative electron donating
298ability of the Cp* moiety is difficult because its coordination
299mode substantially differs from that of C^N ligands. However,
300a cationic complex, Ir(tpy)2(pyrazole)2

+, exhibited higher ε(S0
301→ T1) (170 M−1 cm−1), lower E(0−0) (21 186 cm−1, or 472
302nm), and smaller I(0−1)/I(0−0) (0.33).

7 Thus, in spite of having
303two weak donor monodentate ligands, its excited state contains
304more MLCT character at the expense of LC character than the
305one in Cp*Ir(tpy)(NHC)+. This comparison qualitatively
306suggests that the electron donating ability of Cp* π system
307should be considered less than that of a (second) C^N ligand.
308Employing the anionic methyl ligand as the monodentate
309ancillary in Cp*Ir(tpy)(CH3) results in dramatic changes in
310spectroscopic features relative to those of the previous two
311complexes. Most striking, the emission is greatly red-shifted
312(λmax = 603 nm) and broadened; no vibronic features, not even
313shoulders, are apparent (Figure 1c). The absorption is also
314strongly red-shifted, and there is a distinct set of overlapping
315bands from 350 to 500 nm (ε at 402 nm = 6550 M−1 cm−1)
316which may be assigned as the 1MLCT region. The energy gap
317between the 1MLCT absorption and the emission origin was
318reduced. The S0 → T1 absorption was not resolved, hindering
319accurate estimation of the energy of the origin band and
320precluding estimation of the extinction coefficient of the origin
321absorption. A crude estimate of the S0 → T1 origin was taken

Figure 1. (a) Absorption (295 K, CH2Cl2), excitation (77 K, λdet =
485 nm), and emission (77 K, λex = 380 nm) spectra of
[Cp*Ir(tpy)(CNAr)][PF6] in PMMA. (b) Absorption (295 K,
CH2Cl2), excitation (77 K, λdet = 510 nm) and emission (77 K,
1:20 CH2Cl2: 2-methyl-tetrahydrofuran (THF) glass, λex = 372 nm)
spectra of [Cp*Ir(tpy)(NHC)][PF6]. (c) Absorption (295 K,
CH2Cl2), excitation (λdet = 615 nm), and emission (77 K, PMMA,
λex = 470 nm) spectra of Cp*Ir(tpy)(CH3).
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322 from the crossing point of the tangent to the emission band
323 and the wavelength axis (Table 1). The red shift of the origin
324 relative to that of [Cp*Ir(tpy)(NHC)]+ is thus estimated to be
325 about 2580 cm−1. The very broad bandshape of the emission is
326 evidence of a dominantly CT transition because now the
327 electronic transition is additionally coupled to metal−ligand
328 vibrations that are low in energy (<600 cm−1).9,46,48 The very
329 high CT character of the lowest excited state in Cp*Ir(tpy)-
330 (CH3) relative to that in [Cp*Ir(tpy)(NHC)]+ may be
331 explained by the reduction in charge of the complex and
332 very strong donor property of the methyl ligand. It may also be
333 concluded that the emission from Cp*Ir(tpy)(CH3) has much
334 higher CT character than that of fac-Ir(tpy)3 and Ir-
335 (tpy)2(acac) because the latter two emit at higher energy in
336 the green spectral region and exhibit a vibrational shoulder or
337 sideband. It should not be assumed, however, that this
338 increased CT character is entirely the MLCT character but
339 may comprise a substantial amount of LLCT character as well.
340 The inability to resolve the S0 → T1 transition and measure its
341 extinction coefficient precludes making a relative assessment of
342 the degree of MLCT character at this point.
343 The complexes with the neutral donor ligands, [Cp*Ir-
344 (tpy)L]+ (L = CNAr and NHC), were nonemissive above
345 about 120 K. Even Cp*Ir(tpy)(CH3), which features an
346 additional strong σ-donating methyl ligand, was essentially
347 nonemissive above 200 K. The lack of emission is in striking
348 contrast to that of the Ir(tpy)2(L^X) complexes, which
349 generally exhibit strong emission at room temperature. One
350 explanation for the different temperature dependence is that
351 the [Cp*Ir(tpy)L]n+ complexes possess a relatively weak, low-
352 symmetry ligand field that places a nonradiative d−d state not
353 far in energy above that of the emissive state, even in the case
354 of the methyl complex. This weaker ligand field could stem
355 from the electron donation by the ligands not being directly
356 aligned along three mutually orthogonal axes of the complexes.
357 Alternatively, the weak field may result from less electron-
358 donating ability of the Cp* moiety or a combination of these
359 two factors. To probe this conclusion further, the cyclo-
360 metalating ligand 1-phenylisoquinoline (piq) was employed to
361 produce a series of three complexes analogous to the tpy series,
362 but with a lower energy triplet emitting state that would be
363 further separated from any low-lying d−d states.
364 [Cp*Ir(piq)L]n+ Series. Initial examinations of the series of
365 piq complexes reveal weak emission in solution at room
366 temperature and fairly bright emission when restrained in a
367 PMMA host matrix, in accord with better separation of
368 emissive states and d−d states. The trends in spectral features
369 as a function of monodentate ancillary ligand for the piq series

f2 370 (Figure 2a−c and Table 1) were similar to those observed of
371 the tpy series. The values of ε(S0 → T1), E(0−0) (S0 → T1), and
372 I(0−1)/I(0−0) lead to the conclusion that the emissive state for
373 the CNAr complex is highly LC and that for NHC complex
374 has more CT character, but is still strongly LC. The broad,
375 featureless, and deeply red-shifted emission for the methyl
376 complex is indicative of an emissive state that is highly CT in
377 nature. Comparison to the energy of the emission origin and
378 relative intensity of vibronic shoulder or sideband seen in the
379 published35,36 spectra for fac-Ir(piq)3 and Ir(piq)2(acac) leads
380 to a rank order that these comparatives have more CT
381 character in their lowest excited state than [Cp*Ir(piq)-
382 (NHC)]+ but much less than that for Cp*Ir(piq)(CH3).
383 [Cp*Ir(bpy)L]m+ Series. Proceeding to the bpy series, the net
384 charge of the complexes increases by 1 because the

385cyclometalating ligand has been replaced with the neutral
386diimine. [Cp*Ir(bpy)(CNAr)][PF6]2 was only weakly emissive
387once below 100 K. The absorption and 77 K emission spectra
388 f3of [Cp*Ir(bpy)(CNAr)][PF6]2 are shown in Figure 3a.
389Because the emission was weak relative to scattered light
390with the low temperature apparatus, we were unable to obtain

Figure 2. (a) Absorption (295 K, CH2Cl2), excitation (77 K, λdet =
600 nm), and emission (77 K, PMMA, λex = 425 nm) spectra of
[Cp*Ir(piq)(CNAr)][PF6]. (b) Absorption (295 K, CH2Cl2),
excitation (77 K λdet = 625 nm), and emission (77 K, 1:10 CH2Cl2:
2-methyl-THF glass, λex = 475 nm) spectra of [Cp*Ir(piq)(NHC)]-
[PF6]. (c) Absorption (295 K, CH2Cl2), excitation (77 K, λdet = 670
nm), and emission (77 K, PMMA, λex = 520 nm) spectra of
Cp*Ir(piq)(CH3).

Figure 3. (a) Absorption (295 K, CH2Cl2) and emission (77 K,
PMMA, λex = 350 nm) spectra of [Cp*Ir(bpy)(CNAr)][PF6]2. (b)
Absorption (295 K, CH2Cl2), excitation (77 K, λdet = 625 nm), and
emission (77 K, PMMA, λex = 470 nm) spectra of [Cp*Ir(bpy)-
(CH3)][PF6].
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391 a satisfactory excitation spectrum baseline at 77 K and
392 therefore do not include it in Figure 3. However, the weak
393 shoulder at 436 nm in absorption is reasonably assigned as the
394 S0 → T1 absorption of the complex because it occurs at the
395 origin of the absorption and because it overlaps with the origin
396 of the emission spectrum. Its small extinction (10 M−1 cm−1)
397 indicates a highly LC excited state. The highly structured
398 emission spectrum wherein the vibrational sideband is even
399 more intense than the origin band (I(0−1)/I(0−0) = 1.3) most
400 clearly confirms the assignment of this state as highly LC. In
401 fact, the emission spectrum closely matches in energy and
402 bandshape of the published spectrum of [Ir(bpy)3]

3+ at 77 K in
403 methanol−ethanol glass (I(0−1)/I(0−0) ≈ 1.36).49 (The free bpy
404 ligand phosphorescence differs because many rotamers exist
405 for the free ligand whereas in complexes the ligand is held
406 planar.49)
407 The NHC complex [Cp*Ir(bpy)(NHC)][CF3SO3]2 was
408 nonemissive even at 77 K. Thus, only the absorption spectrum
409 appears in Figure S22. The shoulder feature at the origin of the
410 absorption (450 nm) likely arises from the S0 → T1 transition
411 because such an origin band was observed in all the other
412 complexes having dominantly LC lowest excited states. The
413 higher extinction of this feature (88 M−1 cm−1) together with
414 the small red shift (714 cm−1) compared with that of
415 [Cp*Ir(bpy)(CNAr)][PF6]2 indicates that the lowest excited
416 state in this complex is still highly LC in character, but not to
417 the degree that it is in [Cp*Ir(bpy)(CNAr)][PF6]2. The
418 reason why the complex is nonemissive is not readily
419 explained, but only a subtle factor would be enough to
420 account for it being nonemissive relative to the [Cp*Ir(bpy)-
421 (CNAr)][PF6]2 being barely emissive.
422 In remarkable contrast to the bpy complexes with the CNAr
423 and NHC ligands, [Cp*Ir(bpy)(CH3)][PF6] was emissive all
424 the way up to room temperature, albeit weakly. Its absorption
425 and 77 K excitation and emission spectra are shown in Figure
426 3b. The spectral features were drastically red-shifted in
427 comparison to those of [Cp*Ir(bpy)(CNAr)][PF6]2 and
428 [Cp*Ir(bpy)(NHC)][CF3SO3]2 (Table 1). The broad, lowest
429 energy absorption band with maximum extinction of 3690 M−1

430 cm−1 at 432 nm may be assigned as 1CT. No features that
431 could be assigned to the S0 → T1 transition could be resolved
432 in the absorption spectrum. The emission spectrum was broad
433 and featureless with no vibronic shoulder evident. The
434 emission spectrum may be compared with that of [Ir-
435 (ppy)2(bpy)]

+ wherein the bpy is the chromophoric ligand
436 in CH2Cl2 solution at room temperature (as an aside, note that
437 the rigidochromic effect in crystalline host shifts the bpy MLCT
438 to higher energy, resulting in the LC ppy triplet becoming the
439 emissive state).50 This comparative complex exhibited a broad
440 emission with λmax = 585 nm in CH2Cl2 solution at room
441 temperature, but when the complex was doped into PMMA
442 host, the broad CT emission associated with the bpy ligand
443 occurred at λmax = 532 nm.50 Despite the presence of the two
444 strong σ-donor cyclometalating ligands in the comparative
445 complex, the excited state appears more highly CT in character
446 for the present methyl complex because of its deeper red shift.
447 The excited state in the comparative [Ir(ppy)2(bpy)]

+

448 complex12 and the [Cp*Ir(bpy)(CH3)]
+ complex may have

449 admixtures of MLCT and LLCT character (vide infra). As was
450 the case with the [Cp*Ir(C^N)(CH3)]

+ complexes, the
451 inability to resolve the S0 → T1 transition and measure its
452 extinction coefficient precludes making an experimental
453 assessment of the relative MLCT character.

454The absorption and 77 K excitation and emission spectra of
455[Cp*Ir(bpy)H][PF6] are shown in Figure S23 and are very
456similar to those observed for the methyl analogue (Figure 3b).
457The absorption band at 422 nm (4010 M−1 cm−1) may be
458assigned as 1CT. The fact that the emission energies and
459bandshapes are so similar for the two compounds suggests that
460the excited states have a similar CT character and therefore
461that the methyl and hydride ligands are similarly strong σ-
462donors. The key point here is that each of these two ligands
463induce much higher CT character in the respective excited
464states than in those in other members of the bpy series or in
465comparative literature complexes as noted above. The same
466was true when the methyl ligand was used in combination with
467the cyclometalating ligands presented earlier relative to
468conventional Ir phosphors such as well-known OLED emitters.
469Temperature Dependence of the Photophysical
470Properties. The complexes that displayed emission at room
471temperature were examined further through variable temper-
472ature studies. Emission spectra and decay times were obtained
473for the full series with piq as the chromophoric ligand, as well
474as [Cp*Ir(bpy)(CH3)][PF6] and [Cp*Ir(bpy)H][PF6], from
47577 to 300 K. A preliminary set of experiments from 1.7 to 100
476K was also carried out for the latter two compounds. The
477quantum yields in PMMA host at 77 and 300 K for
478Cp*Ir(piq)(CH3), [Cp*Ir(bpy)(CH3)][PF6], and [Cp*Ir-
479 t2(bpy)H][PF6] are listed in Table 2.

480In polymer hosts, spectral features are in general
481inhomogenously broadened by local variations in the host−
482guest cage.46,51 Emission decays were correspondingly found to
483deviate from single exponential in polymer hosts and frozen
484solutions.52−54 Here, emission decays of the complexes in
485PMMA fit fairly close to single exponential decay at 77 K, but
486as the temperature was increased, the fits were no longer
487acceptable. Even fits to bi-exponential decays were not
488satisfactory at the higher temperatures. Therefore, the
489Kohlrausch function (eq 1), also known as the stretched
490exponential,55−59 was fit to the decays. In eq 1, the intensity is I
491and initial intensity is I0. The parameter τ is the decay time
492corresponding to the maximum amplitude within a distribution
493of decay times. Values of the parameter β less than 1
494characterize the width of the distribution. When the parameter
495β is equal to 1, eq 1 reduces to the familiar single exponential
496decay. The average decay time is calculated from eq 2, for
497which the definition and values of the gamma function, Γ(1/
498τ), can be readily obtained.60

I I texp( / )0 τ= − β
499(1)

( / ) (1/ )aveτ τ β β= Γ 500(2)

Table 2. Quantum Yields at 77 and 300 K for Selected
Complexes at 0.5 wt % in PMMA

compound 77 Ka 300 Kb

[Cp*Ir(piq)(CH3)] 7 ± 2 × 10−2 9 ± 3 × 10−3

[Cp*Ir(bpy)(CH3)][PF6] 9 ± 2 × 10−2 5 ± 1 × 10−4

[Cp*Ir(bpy)H][PF6] 3 ± 2 × 10−2 3 ± 2 × 10−3

aValues at 77 K measured with an absolute quantum yield instrument
equipped with an integrating sphere. bValues at 300 K were estimated
by scaling the 77 K values to the integrated emission intensity because
the emission was below the error limits of the absolute quantum yield
instrument.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b02753
Inorg. Chem. XXXX, XXX, XXX−XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02753/suppl_file/ic8b02753_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02753/suppl_file/ic8b02753_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b02753


501 The average decay time, τave, and the parameter β for
502 [Cp*Ir(piq)(CNAr)][PF6] are plotted versus temperature in

f4 503 Figure 4a. The decay time was fairly constant over the range

504 77−150 K, and then begins a steep drop as temperature
505 increased further. The parameter β tracked τave, remaining
506 fairly constant (0.91−0.93) from 77 to 150 K before falling
507 steadily further below 1 as temperature increased. The β values
508 that are close to 1 in the lower temperature regime indicate
509 that the sample decay is close to single exponential, whereas β
510 values further from 1 at higher temperatures indicate a
511 widening distribution.
512 At thermal equilibrium and assuming only the triplet state is
513 involved, the observed decay rate, kobs, is given by the
514 Boltzmann relation9,61,62 in eq 3, wherein kB is the Boltzmann
515 constant, kI, kII, and kIII are the decay rates of the three
516 individual sublevels of the triplet state, and EII and EIII are the
517 zero-field splitting (ZFS) energies of the second and third
518 sublevels, respectively, relative to the lowest sublevel. At
519 thermal equilibrium among the three sublevels and in a single,
520 uniform environment, the decay would be single exponential
521 having a decay time constant τobs according to eq 3. In the
522 present context of nonsingle exponential decay due to local
523 variations of the PMMA host−guest cage, τave from the
524 Kohlrausch distribution (eq 2) will be used for τobs in eq 3 at
525 each temperature.

( ) ( )
( ) ( )
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= =
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+ +
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526 (3)

527The fact that the average decay time of [Cp*Ir(piq)-
528(CNAr)][PF6] was practically constant over the range 77−150
529K (Figure 4a) indicates that the three sublevels were thermally
530populated nearly equally over this temperature range. In all
531likelyhood, this is due to a small ZFS energy relative to kBT for
532[Cp*Ir(piq)(CNAr)][PF6], as expected for a complex with a
533highly LC excited state, resulting in a kobs value from eq 3
534approaching the limit kT,av = (kI + kII + kIII)/3. ZFS arises from
535SOC and is predicted9,48,63 to be very small in the absence of
536much MLCT character. The radiative decay rates also originate
537from the SOC interaction,9,48,63 and the relatively long decay
538time (32 μs) observed for this temperature range is also
539characteristic of an emissive state that is highly LC with
540relatively little MLCT admixture.
541Above 150 K, τave and β (Figure 4a) decrease precipitously
542for samples of [Cp*Ir(piq)(CNAr)][PF6]. The steady-state
543emission intensity also decreased above 150 K, and with
544especially rapid drop-off above 200 K (Figure S24). Therefore,
545the trends to decreasing β and τave were attributed to a
546thermally-activated nonradiative decay.
547The nature of the higher lying, nonradiative excited state in
548[Cp*Ir(piq)(CNAr)][PF6] was investigated by fitting eq 4 to
549the temperature dependence of the observed decay rate, where
550kT,ave is the observed decay rate for the triplet state in the limit
551of equal population of the three sublevels (kT ≫ EIII), ka is the
552decay rate of the nonradiative state, and Ea is the energy for the
553nonradiative state. Note that eq 4 was obtained by simply
554adding the Boltzmann terms for the nonradiative state to eq 3.
555 f5The fit of eq 4 to the data (Figure 5) yields a value of Ea as

5562610 ± 50 cm−1 as an average energy gap between the emissive
557state and the higher lying state. The value of ka was found to be
5581.9 ± 0.1 × 1011 s−1. A study of temperature dependence of
559emission decay rate for a large number of Ru(II) and Os(II)
560diimine complexes64 found that the complexes could be
561grouped into two main types according to the magnitude of
562the decay rates found for the higher lying state. Those with ka
563values on the order of 1012 to 1014 s−1 were attributed to d−d
564states, whereas those with values on the order of 107 to 108 s−1

565were attributed to higher lying MLCT states having faster
566decay than the lowest energy, emissive state. The value of ka
567places the present complex closer to the range where
568nonradiative decay proceeds via d−d states. The decay rate
569is somewhat below the expected range,64 perhaps because it

Figure 4. Temperature dependence of average emission decay time
constants and the Kohlrausch parameter β for (a) [Cp*Ir(piq)-
(CNAr)][PF6], (b) [Cp*Ir(piq)(NHC)][PF6], and (c) Cp*Ir(piq)-
(CH3) measured in PMMA films.

Figure 5. Temperature dependence of the average observed decay
rate of [Cp*Ir(piq)(CNAr)][PF6] measured in PMMA films. Blue
solid curve displays the fit of eq 4 using the values listed.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b02753
Inorg. Chem. XXXX, XXX, XXX−XXX

G

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02753/suppl_file/ic8b02753_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b02753


570 was doped into the solid PMMA host rather than in solution.
571 The possibility of some participation of a higher lying MLCT
572 state cannot be fully excluded.
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−

573 (4)

574 A decrease in the value of β far from 1 with increasing
575 temperature was similarly reported57 for cis-[Ru(bpy)2(py)2]-
576 [PF6] doped into PMMA that also displayed thermally
577 activated nonradiative decay. This was attributed to a
578 dynamical equilibrium between the emissive state and a
579 thermally populated d−d state.57 Here, the observation that β
580 is fairly close to 1 for [Cp*Ir(piq)(CNAr)][PF6] over the
581 lower temperature range suggests that the photophysical
582 properties of the emissive state are only moderately sensitive
583 to local variation in the host−guest cage. From the observation
584 that β decreases so steadily at the higher temperatures, we
585 conclude that the energy of the d−d state and hence its
586 thermal population was strongly affected by the local
587 environment, leading to the widening distribution of decay
588 times at higher temperatures. The effect of varied population of
589 the d−d state upon the distribution of observed decay rates is
590 accentuated because of its fast decay rate relative to that of the
591 emissive state.
592 Several benchmark complexes were also examined in PMMA
593 to provide support for the hypothesis that the temperature-
594 dependent decrease in the value of β may be attributed to
595 thermal population of a nonradiative state in the inhomoge-
596 neous environment. Two Ir(III) complexes known to have
597 very high quantum yields at room temperature65 and therefore
598 no thermally populated d−d states were found to exhibit β
599 values close to 1 over the entire range from 77 to 300 K even
600 though the decay times changed substantially (Figures S25 and
601 26). There was a noticeable trend of smaller β values for
602 [Ru(bpy)3][PF6]2 in PMMA as temperature increased near
603 room temperature (Figure S27), although not nearly to the
604 extent for the above-cited Ru complex57 or for [Cp*Ir(piq)-
605 (CNAr)][PF6], both of which have much lower quantum yield
606 because of greater population of the d−d state. As a final
607 reference compound, a Cu(I) complex that displays thermally
608 activated delayed fluorescence66 was examined in PMMA
609 (Figure S28). The β value for these decays showed little
610 variation over the temperature range wherein the delayed
611 fluorescence was populated. These results on the benchmark
612 complexes show that some temperature-dependent property of
613 the PMMA alone in the absence of thermal population of
614 nonradiative states does not cause a widening distribution of
615 decays.
616 The decay time of [Cp*Ir(piq)(NHC)][PF6] (Figure 4b)
617 exhibits a steady decrease from 4.7 μs at 77 K to 3.9 μs at 200
618 K, with β (Figure 4b) remaining nearly constant and close to 1
619 (0.97−0.98) over this range. This behavior is in contrast to
620 that of [Cp*Ir(piq)(CNAr)][PF6], which exhibited decay
621 times that remained relatively constant over a similar range. It
622 is indicative of complexes with a larger ZFS for which the
623 highest sublevel of the emissive triplet state normally has the
624 fastest decay rate and becomes more populated as temperature
625 increases. A larger ZFS is consistent with the higher MLCT
626 character deduced from the spectroscopic measurements in the
627 previous section, such as the magnitude of ε(S0 → T1). The
628 shorter decay times observed for [Cp*Ir(piq)(NHC)][PF6]

629compared with [Cp*Ir(piq)(CNAr)][PF6] are also consistent
630with higher MLCT character for the NHC complex.
631As the temperature was increased above 200 K, the decay
632time of [Cp*Ir(piq)(NHC)][PF6] shortened distinctly more
633rapidly. This more rapid decrease in decay time may be
634attributed to thermal population of a nonradiative state
635because the steady-state emission decreased dramatically over
636the same temperature range (Figure S29). The value of β also
637sharply decreased above 200 K (Figure 4b), correlating with
638the thermally activated nonradiative decay. Equation 4 cannot
639be used to determine ka and Ea for the nonradiative state in this
640case because the decay rate of the emissive triplet state was not
641constant with temperature. The ZFS and individual decay rates
642of the three triplet sublevels would need to be determined to
643accurately model the temperature dependence of the thermal
644average decay rate of the emissive state to then be able to
645determine the ka and Ea of the nonradiative state from the
646observed decay temperature dependence. These parameters
647could in principle be determined from fits of the decay rates to
648eq 3 at ultra-low temperatures (2−100 K), but this has not
649been carried out for this complex. For the present survey study,
650it is only noted that the energy gap Ea for [Cp*Ir(piq)-
651(NHC)][PF6] must be similar to that in [Cp*Ir(piq)-
652(CNAr)][PF6] because the temperature range over which
653the accelerated decrease in emission intensity and decay time
654occurred is similar.
655The decay time of Cp*Ir(piq)(CH3) in PMMA (Figure 4c)
656showed a monotonic decrease from 77 to 300 K, not two
657distinct temperature regimes as for the CNAr and NHC
658complexes. The parameter β was surprisingly invariable and in
659a somewhat lower range (0.79−0.85, Figure 4c) compared
660with that for the previous two compounds. The steady-state
661emission intensity of Cp*Ir(piq)(CH3) also showed a steady
662decline over the whole temperature range (Figure S30). The
663quantum yield at 77 K in the PMMA host was measured as
6640.07 and estimated as 0.01 at 300 K (Table 1). We can only
665speculate that the relatively small change in β in the presence
666of thermally activated nonradiative decay is a sign that the
667thermally populated state does not have so many orders of
668magnitude faster decay rate than the emissive state and
669therefore might be a higher lying MLCT state rather than a d−
670d state. Such a state has been posited as a “4th state” in the
671temperature-dependent decays in solution of some Ru(II)
672diimine complexes.64,67−69 As a comparison, the thermally
673activated delayed fluorescence copper complex66 (Figure S28)
674exhibits a fairly constant value of β through the temperature
675range over which there is an equilibrium between two excited
676states with decay rates differing by 3 orders of magnitude66 not
677by many more orders of magnitude as is the situation when the
678thermally populated excited state is a d−d state, as seems to be
679the case with the CNAr and NHC complexes here.
680The bpy complexes that are emissive at room temperature
681are examined next. The emission decay time of [Cp*Ir(bpy)-
682 f6(CH3)][PF6] in PMMA (Figure 6) decreased steadily from 77
683to 300 K. The parameter β (Figure 6) also decreased steadily
684above 77 K, until it leveled off after reaching a low value above
685about 225 K. The steady-state emission of [Cp*Ir(bpy)-
686(CH3)][PF6] also steadily dropped in intensity as the
687temperature was increased above 77 K (Figure S31). The
688quantum yield measured at 77 K was 0.09 but was extremely
689low at 300 K (Table 1). Monitoring the emission intensity as
690the temperature was cycled back down to 77 K showed that
691the complex was photo-stable in the PMMA matrix, which is
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692 noteworthy considering that the photochemical reactivity is
693 observed in solution.34 [Cp*Ir(bpy)H][PF6] in PMMA
694 exhibited similar temperature dependencies for steady-state
695 emission (Figure S32), emission decay time (Figure S33), and
696 Kohlrausch distribution parameter β (Figure S33). The
697 quantum yield was a bit lower at 0.03 at 77 K and extremely
698 low at 300 K (Table 1). Temperature cycling the emission
699 intensity measurement showed that this compound was also
700 photo-stable in the PMMA matrix.
701 The monotonic decreases in emission intensity, decay time,
702 and parameter β with temperature (i.e., no distinctly different
703 ranges of temperature dependence) for [Cp*Ir(bpy)(CH3)]-
704 [PF6] and [Cp*Ir(bpy)H][PF6] preclude conclusions on the
705 nature of thermally populated nonradiative state(s) and the
706 energy gap between it and the emissive state. Therefore, a
707 preliminary study of the temperature dependence of the
708 observed decay times at even lower temperatures (1.7−100 K)
709 was carried out in an attempt to freeze out nonradiative states
710 in order that the underlying emissive state temperature
711 dependence could be established according to eq 3. Employing
712 the ZFS and sublevel decay rates thus determined, it might
713 then be possible to determine the energy gap and decay rate of
714 the nonradiative state from the temperature dependence at
715 higher temperatures. For moderate and larger ZFS, the
716 majority population near 2 K will be in the lowest sublevel
717 and the upper sublevels will be frozen out. The emission decay
718 time for both the methyl and the hydride complexes (Figure
719 S34) was longest at the lowest temperature and sharply
720 decreased as the temperature was increased. Group theory
721 models70,71 predict that the lowest energy sublevel is the most
722 highly forbidden one, explaining why the decay time is the
723 longest near 2 K. The emission decay time is predicted to
724 shorten as the upper two sublevels are populated as
725 temperature increases, as was observed for the methyl and
726 hydride complexes of the present study. Unfortunately, the
727 Boltzmann-type expression, eq 3, could not be satisfactorily fit
728 to the observed decay times. One possible explanation is that
729 another excited state nearby in energy could be contributing to
730 the observed average decay rates. The number of unknown
731 parameters that would come with adding terms for an
732 additional state to eq 3 would preclude modeling the
733 temperature dependence with confidence.

734Despite the difficulty in fitting the decay temperature
735dependence to a Boltzmann-type expression, an important
736qualitative inference may still be drawn from the temperature
737dependence of the decay rates. A purely MLCT excited state
738would be expected to have a very large ZFS48 and therefore the
739decay rate would be constant for at least a few degrees above
7401.7 K before increasing with the temperature as the higher
741sublevels were populated. The observation that the decay times
742for both [Cp*Ir(bpy)(CH3)][PF6] and [Cp*Ir(bpy)H][PF6]
743increased steadily from 1.7 K indicate that the ZFS, and hence
744degree of MLCT character, is smaller than that determined for
745complexes such as fac-Ir(ppy)3

72 and fac-Ir(piq)3
36 by

746comparison to the decay temperature dependences reported
747for the latter two complexes in which there was little change in
748decay time from about 1.5 K until the temperature was above
749about 5 K. Yet, the trends in spectroscopic features discussed
750in the preceding section suggested that the lowest excited
751states of [Cp*Ir(bpy)(CH3)]

+ and [Cp*Ir(bpy)H]+ are highly
752CT in nature. The nature of the CT state (MLCT vs LLCT)
753was therefore explored by density functional theory (DFT)
754predictions of the orbital parentage of the emissive states.
755Electronic Structure Calculations. DFT calculations at
756the B3LYP+D3/LANL2DZ+f,6-311G* level of theory in
757dichloromethane (SMD) were performed to obtain the
758optimized ground state (S0) and lowest triplet excited state
759(T1) for [Cp*Ir(bpy)(CH3)]

+ and Cp*Ir(piq)(CH3). The
760highest occupied molecular orbital (HOMO) and lowest
761unoccupied molecular orbital (LUMO) at the S0 geometry and
762the singly occupied natural orbitals (SONOs) at the T1
763 f7f8geometry are depicted in Figure 7 for [Cp*Ir(bpy)(CH3)]

+

764 f8and in Figure 8 for Cp*Ir(piq)(CH3). It may be seen in
765[Cp*Ir(bpy)(CH3)]

+ that the LUMO at the S0 geometry is
766clearly localized on the bpy ligand, whereas the HOMO is
767spread over the metal atom and the Cp* ligand and to a lesser
768extent on the other ligands. Similarly, for Cp*Ir(piq)(CH3),
769the LUMO appears localized on the piq ligand, whereas the
770HOMO comprises mainly the metal atom and the Cp* ligand.
771For both complexes, the SONOs at the T1 geometry closely
772resemble the LUMO and HOMO at S0 geometry, showing that
773the T1 state arises mainly from a HOMO to LUMO transition.
774Orbital composition analysis for both complexes confirmed
775that the singly occupied orbitals of T1 have very similar orbital
776 t3compositions as the respective HOMOs and LUMOs of S0.

Figure 6. Temperature dependence of average emission decay time
constants and the Kohlrausch parameter β of [Cp*Ir(bpy)(CH3)]-
[PF6] measured in PMMA films.

Figure 7. Depictions of the frontier orbitals for [Cp*Ir(bpy)(CH3)]
+

at the S0 and at the T1 optimized geometries.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b02753
Inorg. Chem. XXXX, XXX, XXX−XXX

I

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02753/suppl_file/ic8b02753_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02753/suppl_file/ic8b02753_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02753/suppl_file/ic8b02753_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02753/suppl_file/ic8b02753_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02753/suppl_file/ic8b02753_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b02753


t3 777 These results are summarized in Table 3 for [Cp*Ir(bpy)-
t4 778 (CH3)]

+ and in Table 4 for Cp*Ir(piq)(CH3). In particular,

779 98% of the T1 SONO2 of [Cp*Ir(bpy)(CH3)]
+ was found to

780 comprise orbitals from the bpy ligand, whereas the T1 SONO1
781 was comprised of very little (7%) from the bpy orbitals but
782 about 48% from the Ir and 37% from the Cp* group, and a
783 small contribution from the methyl (8%). Calculations
784 reported25 for [Cp*Ir(bpy)H]+ at the B3LYP/STO-2G,STO-
785 4G level of theory similarly show a highly delocalized HOMO
786 and a LUMO predominantly located on the bpy.
787 The T1 excited state is therefore best described as having a
788 predominantly CT character, with very little LC character.
789 This CT character comprises both MLCT and LLCT
790 components, particularly from the Cp*. Perusal of Table 4
791 reveals that the T1 state of Cp*Ir(piq)(CH3) has an increased
792 LC character as shown by the 17% piq contribution to
793 SONO1, but that the T1 is still dominantly of MLCT/LLCT
794 character.
795 The computational results suggesting that the lowest energy
796 triplet states (T1) for the above two methyl complexes are
797 highly CT in nature are experimentally supported by the trends
798 in spectroscopic features discussed earlier. Qualitative exper-
799 imental support for the more specific description of mixed
800 MLCT + LLCT character was provided by the temperature

801dependence of decay times (1.7−100 K) for [Cp*Ir(bpy)-
802(CH3)]

+ that indicated that the ZFS in the emissive state is not
803larger than that in Ir(ppy)3 (EII = 13.5 and EIII = 83 cm−1 in
804frozen THF),72 whereas it would have been predicted to be
805larger if the MLCT character was much greater.9,48,63 Previous
806TD-DFT calculations71 on Ir(ppy)3 at the B3PW91/
807LANL2DZ,D95 level of theory predicted a majority LC
808character (58%), whereas the LC content was only 17% in the
809cyclometalating complex Cp*Ir(piq)(CH3). The degree of the
810MLCT character (40%) in Ir(ppy)3 was calculated to be
811similar to that in the two methyl complexes here (about 48%),
812but the latter additionally have substantial LLCT character.
813The literature complex [Ir(ppy)2(bpy)]

+ appears to be much
814more similar to the present methyl complexes, with
815calculations at the B3LYP/SBKJC-VDZ,3-21G* level of
816theory, suggesting 43.7% MLCT character and 51.3% LLCT
817character and only 5% LC character of the chromophoric bpy
818ligand in the excited state.14

819DFT calculations were also performed on [Cp*Ir(piq)-
820(CNAr)]+. In this case, the LUMO was found once again to be
821highly localized on the chromophoric piq ligand, and the
822HOMO was highly mixed with contributions from Ir and the
823different ligands (Figure S35). The S1 state arising from the
824HOMO to LUMO transition is therefore described as mixed
825MLCT/LLCT/LC. The T1 state was found to be very
826dissimilar (Figure S35), however, and highly LC in character,
827in agreement with the conclusions drawn from the
828spectroscopic and photophysical properties. This situation
829arises when the 1CT states are relatively close in energy to the
830

1LC states. The S−T splitting for LC π−π* states are generally
831larger than the S−T splitting for CT states,73 making it
832possible for the 3LC to become the lowest excited state. An
833example of this may be found in a study on Ir(ppy)2(CO)Cl,
834where the S1 was assigned experimentally as 1MLCT, but the
835emissive triplet was characterized as highly LC.74 The HOMO
836of the theoretical model complex Ir(tpy)2(CNCH3)2

+ was
837calculated to be a mixture of Ir 5d and ligand π orbitals,
838whereas the LUMO was predominantly ligand π*,7 corre-
839sponding to a mixed MLCT/LC transition. Experimentally, the
840emissive state of the CN-t-Bu analogue was found to be highly
841

3LC with relatively small MLCT admixture.7

842■ CONCLUSIONS

843The ability to change the nature of iridium excited states by
844installation of strong σ-donor ligands represents a key finding
845of the present study. In each of the three series of complexes
846[Cp*Ir(tpy)L]n+, [Cp*Ir(piq)L]n+ (n = 0 or 1), and [Cp*Ir-
847(bpy)L]m+ (m = 1 or 2), the emission was tuned from highly
848LC to highly CT in nature just by varying the single ancillary
849ligand, L. Notably, the present report demonstrates that
850chemical structures can be designed wherein the electronic
851environment induces a transition to a C^N-cyclometalating
852ligand that is very high in CT character. Specifically, the methyl
853ancillary ligand provided extremely strong σ-donation that
854induced high CT character transitions to cyclometalating
855ligands tpy and piq. The high degree of CT character is striking
856in contrast to other pseudo-octahedral cyclometalated
857complexes of Ir(III), which normally display emission that is
858mainly LC with more moderate admixture of MLCT character.
859The methyl ancillary ligand also induced high CT character
860emission in the Cp* complex with the bpy chromophoric
861ligand, despite the overall cationic charge of the complex and

Figure 8. Depictions of the frontier orbitals for Cp*Ir(piq)(CH3) at
the S0 and at the T1 optimized geometries.

Table 3. Orbital Contributions (%) to Frontier MOs for
[Cp*Ir(bpy)(CH3)]

+

atom or group HOMO (S0) LUMO (S0) SONO1 (T1) SONO2 (T1)

Ir 37.53 4.18 47.67 1.54
bpy 13.15 92.86 7.07 98.2
Cp* 35.83 2.18 37.00 0.24
CH3 13.49 0.78 8.27 0.02

Table 4. Orbital Contributions (%) to Frontier MOs for
Cp*Ir(piq)(CH3)

atom or group HOMO (S0) LUMO (S0) SONO1 (T1) SONO2 (T1)

Ir 39.12 3.99 48.20 4.04
piq 23.31 93.50 17.14 93.47
Cp* 27.48 1.73 28.73 2.05
CH3 10.08 0.78 5.92 0.44
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862 bpy being a relatively weak σ-donor. Thus, these results reveal
863 a new molecular design strategy for producing iridium
864 complexes with high degree of CT character.
865 Another important finding relates to the orbital parentage of
866 the CT transitions of Cp*Ir-based complexes. Prior studies
867 have focused on the MLCT character of the excited state. DFT
868 calculations on two complexes having methyl ligands reveal
869 that the CT character of the emissive state is not entirely
870 MLCT, however, but includes significant LLCT from the Cp*
871 and a smaller contribution from the methyl ligand in these
872 highly covalent complexes.
873 The potential impact of strong σ-donor ligands on
874 photocatalysis is exemplified by the H2 evolution reactivity of
875 [Cp*Ir(bpy)H]+ and its analogues. The hydride complex
876 [Cp*Ir(bpy)H]+ features spectroscopic and photophysical
877 properties that are remarkably similar to the methyl complex
878 [Cp*Ir(bpy)(CH3)]

+, indicating that the hydride and methyl
879 ligands possess similar σ-donor ability. The hydride was
880 previously correctly assigned as having significant MLCT
881 character, although we present evidence that there is in
882 addition significant LLCT character. The importance of the
883 hydride ligand itself in conferring a long-lived triplet excited
884 state was not recognized until the present work, with a focus
885 instead on the role of the bpy ligand. The hydride ligand is
886 obviously a prerequisite for H2 evolution or hydride transfer
887 reactivity, but the strong σ-donor hydride ligand also confers
888 substantial CT character to the excited state, enabling the
889 productive photochemistry. The CT character also leads to
890 visible light absorption properties that avoid inner filter effects
891 of other Ir species involved in catalysis.75 These findings
892 motivate further photophysical investigations of complexes
893 with “reactive” hydride ligands.

894 ■ EXPERIMENTAL SECTION
895 Synthesis. The solvents methylene chloride, acetonitrile, THF
896 (unstabilized), and diethyl ether (unstabilized) were stored and
897 dispensed from an MBraun solvent purification system and then
898 stored for use in an MBraun glovebox maintained with a dry N2
899 atmosphere. Commercially available reagents were purchased and
900 used as received. Deuterated solvents for NMR spectroscopy were
901 purchased from Cambridge Isotopes. Chemical reactions and
902 manipulations were carried out at room temperature inside the
903 glovebox or using Schlenk techniques. The compounds [Cp*Ir(Cl)-
904 (μ-Cl)]2,

76 [Cp*Ir(bpy)(NCCH3)][PF6]2,
39 [Cp*Ir(bpy)H][PF6],

39

905 and [Cp*Ir(bpy)(CH3)][PF6]
34 were synthesized according to the

906 cited literature methods. Circulation of the glovebox was stopped
907 while methylene chloride was opened, and the glovebox was purged
908 when finished. 1H NMR spectra were recorded with a 400 MHz
909 Varian Inova Spectrometer or 600 MHz Bruker spectrometer. 13C
910 NMR spectra were recorded as noted either on the Varian operating
911 at 100 MHz or on one of three Bruker Avance spectrometers
912 operating at 125, 150, and 175 MHz, respectively. NMR spectra were
913 processed with the MestReNova software package. High-resolution
914 mass spectrometry (electrospray ionization) was performed at the
915 mass spectrometry facilities at either Michigan State University or at
916 the University of North Carolina, Chapel Hill. Mass spectra at MSU
917 were acquired with a Waters Xevo G2-XS spectrometer with
918 electrospray ionization and TOF-MS detection operating in positive
919 ion mode. Mass spectrometry at UNC-CH was performed on an LTQ
920 FT (ICR 7T) (Thermo Fisher, Bremen, Germany) mass spectrom-
921 eter. Samples were introduced from acetonitrile solutions via a
922 microelectrospray source at a flow rate of 3 μL/min. Xcalibur
923 (ThermoFisher, Breman, Germany) was used to analyze the data.
924 Molecular formula assignments were determined with Molecular
925 Formula Calculator (v 1.2.3). Elemental analyses were performed by

926Atlantic Microlab, Norcross, GA. Infrared spectra were recorded on a
927Bruker Alpha Platinum attenuated total reflectance instrument.
928N-formyl-2,6-dimethylaniline. In an adaptation of a general
929procedure reported previously for the 2,6-diisopropyl analogue,77

930acetic anhydride (40 mL) was cooled to 0 °C in a 500 mL round-
931bottom flask and formic acid (20 mL) was added dropwise via a
932syringe. This solution was warmed under stirring to 50 °C for 2 h and
933then cooled back to 0 °C. 2,6-Dimethylaniline (5 g, 41.2 mmol) was
934added via a syringe, and the reaction was allowed to warm to room
935temperature. After stirring for 1 h, the reaction was cooled to 0 °C
936and 300 mL of 0 °C water was added, yielding a light pink suspension.
937The solid product was vacuum-filtered and washed with 1 L of DI
938water. The solid was dried under vacuum overnight to yield pure
939product as an off-white solid. Yield: 5.72 g, 93%. 1H NMR (400 MHz,
940CDCl3): Mixture of isomers. δ 8.42 and 8.11−8.08 (s and d, 1H,
941−CHO), 7.14−7.09 (m, 3H, Ar-H), 6.89 and 6.77 (br s, 1H,
942−NH−), 2.31 and 2.27 (s, 6H, −CH3).
9432,6-Dimethylphenylisocyanide. In an adaptation of a general
944procedure reported previously for the 2,6-diisopropyl analogue,77 N-
945formyl-2,6-dimethylaniline (1 g, 6.70 mmol) was dissolved in 50 mL
946of dichloromethane in a 250 mL round-bottom flask and cooled to 0
947°C. Diisopropylamine (2.5 mL) was added via a syringe, then POCl3
948(0.6 mL) was added dropwise over 20 min. The reaction was allowed
949to warm to room temperature and stirred for 2 h. A concentrated
950solution of Na2CO3 was added to the reaction mixture, and the
951biphasic mixture was vigorously stirred overnight. The organic layer
952was separated, washed with sodium bicarbonate solution, and
953evaporated. The desired product was purified on a silica column
954eluted with dichloromethane followed by crystallization from boiling
955hexanes. Yield: 492 mg, 56%. 1H NMR (400 MHz, CDCl3): 7.18 (dd,
9561H para Ar-H), 7.10 (d, 2H, meta Ar-H), 2.42 (s, 6H, −CH3). ν(C
957N): 2119 cm−1.
958Cp*Ir(2-(p-tolyl)pyridinato-N^C2′)Cl. In a minor modification
959to the method reported by Li et al.37 for the 2-phenylpyridine
960analogue, [Cp*Ir(Cl)(μ-Cl)]2 (303 mg, 0.38 mmol) and NaOAc
961(178 mg) were placed in a 100 mL round-bottom flask and 10 mL of
962CH2Cl2 was added. 2-(p-Tolyl)pyridine (143 μL, 0.83 mmol) was
963added by a syringe to the stirring mixture. After about 10 min, the
964orange [Cp*Ir(Cl)(μ-Cl)]2 appeared to be taken into the yellow
965solution stirring with the slurry of excess NaOAc. Stirring was
966continued overnight. The slurry was filtered and rinsed through celite
967with additional CH2Cl2. The yellow solution was concentrated,
968layered with diethyl ether, and allowed to stand for 2 h while
969crystallization began. The product mixture was then refrigerated
970overnight at −30 °C to promote additional precipitation. Orange
971powder and crystals were filtered, washed with diethyl ether, and dried
972under vacuum (354 mg, 87.6% yield). 1H NMR (400 MHz, CD2Cl2)
973δ: 8.66 (d, J = 5.7 Hz, 1H), 7.79 (d, J = 8.1 Hz, 1H), 7.67 (t, J = 7.7
974Hz, 1H), 7.63−7.56 (m, 2H), 7.09 (t, J = 5.9 Hz, 1H), 6.88 (d, J = 7.4
975Hz, 1H), 2.43 (s, 1H), 1.67 (s, 15H). 13C NMR (101 MHz, CD2Cl2):
976δ 167.44, 163.94, 151.68, 142.25, 140.90, 137.36, 136.85, 123.88,
977123.33, 122.30, 118.81, 88.83, 21.79, 9.02. HRMS (ESI+) m/z: [M −
978Cl]+ found (theory) for C22H25NIr, 496.1620 (496.1617). Anal. found
979(calcd) for C22H25NIrCl: C, 49.89 (49.75); H, 4.72 (4.74); N 2.65
980(2.64).
981[Cp*Ir(2-(p-tolyl)pyridinato-N^C2′)(NCCH3)][PF6]. Cp*Ir(2-
982(p-tolyl)pyridinato-N^C2′)Cl (194 mg, 0.365 mmol) was placed in
983a 100 mL round-bottom flask and partly dissolved with CH3CN (6
984mL). AgPF6 (97 mg, 0.384 mmol) was dissolved in CH3CN (2 mL)
985and added dropwise to the stirring slurry of Cp*Ir(2-(p-tolyl)-
986pyridinato-N^C2′)Cl. A white precipitate appeared, and the remaining
987orange crystals of Cp*Ir(2-(p-tolyl)pyridinato-N^C2′)Cl were grad-
988ually taken into solution. Stirring was continued for an additional 2 h.
989The mixture was filtered through celite, and the pale yellow solution
990was concentrated. The product solution was layered with diethyl ether
991and allowed to stand for 5 h to begin crystallization, and then
992refrigerated at −30 °C overnight. Light yellow crystals were filtered,
993washed lightly with diethyl ether, and allowed to dry in the glovebox
994atmosphere (193 mg, 77.5% yield). The product was not subject to
995drying under vacuum as a precaution against loss of potentially
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996 fugitive CH3CN ligand. This intermediate compound was used
997 promptly without further purification for subsequent synthesis.
998 [ C p * I r ( 2 - ( p - t o l y l ) p y r i d i n a t o - N ^ C 2 ′ ) ( 2 , 6 -
999 dimethylphenylisocyanide)][PF6]. [Cp*Ir(2-(p-tolyl)pyridinato-
1000 N^C2′)(NCCH3)][PF6] (85 mg, 0.125 mmol) was dissolved in 5
1001 mL of CH3CN in a 50 mL round-bottom flask. 2,6-Dimethylpheny-
1002 lisocyanide (25 mg, 0.191 mmol) was added as a solid to the reaction
1003 flask and quickly dissolved. Stirring was continued overnight. The
1004 reaction solution was concentrated, layered with diethyl ether, and
1005 refrigerated overnight at −30 °C. Pale yellow crystals and powder
1006 were filtered, washed with diethyl ether, and dried (85 mg, 84%
1007 yield). 1H NMR (400 MHz, CD2Cl2) δ 8.58 (d, J = 5.9 Hz, 1H), 7.93
1008 (d, J = 3.8 Hz, 2H), 7.69 (d, J = 8.0 Hz, 1H), 7.46 (s, 1H), 7.31−7.23
1009 (m, 1H), 7.16−7.07 (m, 2H), 7.02 (d, J = 7.6 Hz, 2H). 13C NMR
1010 (176 MHz, CD2Cl2): δ 167.80, 153.24, 150.01, 142.73, 142.27,
1011 140.00, 137.37, 135.19, 129.62, 129.41, 128.28, 127.26, 126.01,
1012 125.30, 123.90, 120.45, 97.57, 21.67, 18.20, 9.25. HRMS (ESI+) m/z:
1013 [M − PF6]

+ found (theory) for C31H34N2Ir, 627.2355 (627.2353).
1014 Anal. found (calcd) for C31H34N2IrPF6: C, 48.05 (48.24); H, 4.48
1015 (4.44); N 3.53 (3.63). ν(CN): 2149 cm−1.
1016 [Cp*Ir(2-(p-tolyl)pyridinato-N^C2′)(3,5-dimethylimidazol-2-
1017 ylidene)][PF6]. [Cp*Ir(2-(p-tolyl)pyridinato-N^C2′)(NCCH3)]-
1018 [PF6] (111 mg, 0.163 mmol), 1,3-dimethylimidazolium iodide (38
1019 mg, 0.170 mmol), and Ag2O (21 mg, 0.0906 mmol) were combined
1020 in a glass reaction tube. CH2Cl2 was added, and stirring in the dark
1021 was continued overnight. The mixture was filtered through celite, and
1022 the pale yellow solution was concentrated to about 2 mL. An
1023 approximately equal volume of THF was added while stirring. The
1024 mixture was layered with diethyl ether and allowed to stand for 2 h
1025 during which time precipitation began. The mixture was refrigerated
1026 at −30 °C overnight. Yellow powder was filtered, washed with diethyl
1027 ether, and dried (88 mg, 73.4% yield). A second crop of 9 mg was
1028 obtained by concentrating the supernatant to dryness, redissolving in
1029 a minimal amount of THF and layering with diethyl ether to
1030 precipitate. 1H NMR (400 MHz, CD2Cl2): δ 8.74 (d, J = 5.9 Hz, 1H),
1031 7.74−7.76 (m, 3H), 7.52 (d, J = 7.9 Hz, 1H), 7.20−7.12 (m, 1H),
1032 6.96 (d, J = 7.9 Hz, 1H), 6.77 (s, 2H), 3.44 (s, 6H), 2.46 (s, 3H), 1.73
1033 (s, 15H). 13C NMR (101 MHz, CD2Cl2): δ 173.07, 169.01, 156.72,
1034 153.74, 147.10, 143.32, 140.03, 139.24, 138.70, 125.10, 124.32,
1035 124.29, 121.96, 119.84, 92.93, 39.24, 21.95, 9.17. HRMS (ESI+) m/z:
1036 [M − PF6]

+ found (theory) for C27H33N3Ir, 592.2313 (592.2305).
1037 Anal. found (calcd) for C27H33N3IrPF6: C, 43.73 (44.02); H, 4.44
1038 (4.51); N 5.56 (5.70).
1039 Cp*Ir(2-(p-tolyl)pyridinato-N^C2′)(CH3). In a minor modifica-
1040 tion to the method reported by Park-Gehrke et al.38 for the 2-
1041 phenylpyridine analog, a 50 mL Schlenk flask was charged with
1042 Cp*Ir(tpy)Cl (39.1 mg, 0.074 mmol), 20 mL of THF, and a stir bar
1043 inside an N2 glovebox. The flask was sealed with a septum, brought
1044 out of the glovebox, and cooled to −78 °C, and 150 μL methyl
1045 lithium solution (1.6 M in Et2O, 0.24 mmol, 3.2 equiv) was added by
1046 syringe. The reaction was allowed to warm to room temperature over
1047 which the solution darkened from yellow to a reddish-brown. The
1048 solvent was removed in vacuo, and the product was extracted with 2 ×
1049 20 mL of pentane and filtered under N2 to separate remaining salts.
1050 The air-stable filtrate was dried by rotary evaporation. Layering water
1051 under a solution of the product in CH3CN at 4 °C produced bright
1052 red crystals (17.6 mg, 0.034 mmol, 47% yield). 1H NMR (600 MHz,
1053 CDCl3): δ 8.45 (d, J = 5.9 Hz, 1H), 7.77 (d, J = 8.1 Hz, 1H), 7.65 (d,
1054 J = 7.8 Hz, 1H), 7.50 (ddd, J = 8.4, 7.3, 1.5 Hz, 1H), 7.42 (s, 1H),
1055 6.85 (dd, J = 7.9, 1.7 Hz, 1H), 6.81 (ddd, J = 7.3, 5.7, 1.4 Hz, 1H),
1056 2.46 (s, 3H), 1.77 (s, 15H, Cp*), −0.28 (s, 3H, IrCH3).

13C NMR
1057 (151 MHz, CDCl3): δ 169.37, 166.63, 150.67, 140.36, 139.19, 135.46,
1058 133.89, 124.02, 120.85, 120.49, 118.55, 88.95, 21.97, 8.88, −15.95.
1059 HRMS (ESI+) m/z: [M]+ found (theory) for C23H28NIr, 511.1855
1060 (511.1852); [M − CH3]

+ found (theory) for C22H25NIr, 496.1628
1061 (496.1617). Anal. found (calcd) for C23H28NIr: C, 54.16 (54.09); H,
1062 5.41 (5.53); N 2.93 (2.74).
1063 Cp*Ir(1-phenylisoquinolinato-N^C2′)Cl. In a minor modifica-
1064 tion to the method reported by Li et al.37 for the 2-phenylpyridine
1065 analog, [Cp*Ir(Cl)(μ-Cl)]2 (357 mg, 0.448 mmol), 1-phenyl-

1066isoquinoline (202 mg, 0.984 mmol), and NaOAc (210 mg) were
1067placed in a 100 mL round-bottom flask, and 20 mL of CH2Cl2 was
1068added. After stirring about 10 min, the orange solution began to turn
1069red and the remaining [Cp*Ir(Cl)(μ-Cl)]2 appeared to be taken into
1070solution. Stirring was continued overnight. The slurry was filtered and
1071rinsed through celite with additional CH2Cl2. The red solution was
1072concentrated, layered with diethyl ether, and allowed to stand for 2 h
1073while crystallization began. The product mixture was then refrigerated
1074overnight at −30 °C to promote additional precipitation. The
1075resulting red crystals were filtered, washed with diethyl ether, and
1076dried under vacuum (465 mg; 91.5% yield). 1H NMR (400 MHz,
1077CD2Cl2): δ 8.95−8.89 (m, 1H), 8.59 (d, J = 6.3 Hz, 1H), 8.30 (d, J =
10788.1 Hz, 1H), 7.92 (d, J = 6.3 Hz, 2H), 7.76−7.69 (m, 2H), 7.46 (d, J
1079= 6.3 Hz, 1H), 7.21 (t, J = 7.5 Hz, 1H), 7.13 (t, J = 7.3 Hz, 1H), 1.67
1080(s, 15H). 13C NMR (176 MHz, CD2Cl2): δ 168.28, 167.89, 146.18,
1081144.92, 137.47, 137.02, 131.36, 130.90, 130.07, 128.40, 127.68,
1082127.26, 126.53, 122.18, 121.20, 89.57, 9.27.
1083HRMS (ESI+) m/z: [M − Cl]+ found (theory) for C25H25NIr,
1084532.1621 (532.1617). Anal. found (calcd) for C25H25NIrCl: C, 52.90
1085(52.94); H, 4.45 (4.44); N 2.48 (2.47).
1086[Cp*Ir(1-phenylisoquinolinato-N^C2′)(NCCH3)][PF6]. Cp*Ir-
1087(1-phenylisoquinolinato-N^C2′)Cl (303 mg, 0.534 mmol) was placed
1088in a 100 mL round-bottom flask and partly dissolved with CH3CN (4
1089mL). AgPF6 (150 mg, 0.593 mmol) was dissolved in CH3CN (2 mL)
1090and added dropwise to the stirring reaction mixture of Cp*Ir(1-
1091phenylisoquinolinato-N^C2′)Cl. A white precipitate appeared as the
1092remaining red crystals of Cp*Ir(1-phenylisoquinolinato-N^C2′)Cl
1093were gradually taken into solution. Stirring was continued an
1094additional 2 h. The mixture was filtered through celite, and the
1095orange solution was concentrated. The product solution was layered
1096with diethyl ether and allowed to stand for 2 h to begin crystallization,
1097and then refrigerated at −30 °C overnight. The resulting orange
1098crystals were filtered, washed lightly with diethyl ether, and allowed to
1099dry in the glovebox atmosphere (346 mg, 90.2% yield). The product
1100was not subject to drying under vacuum as a precaution against loss of
1101potentially fugitive CH3CN ligand. This intermediate compound was
1102used promptly without further purification for further synthesis.
1103[ C p * I r ( 1 - p h e n y l i s o q u i n o l i n a t o - N ^ C 2 ′ ) ( 2 , 6 -
1104dimethylphenylisocyanide)][PF6]·Diethyl Ether. [Cp*Ir(1-phe-
1105nylisoquinolinato-N^C2′)(NCCH3)][PF6] (60 mg, 0.0836 mmol)
1106was dissolved in 1 mL of CH2Cl2 in a 50 mL round-bottom flask. 2,6-
1107Dimethylphenylisocyanide (13 mg, 0.0991 mmol) was dissolved in 1
1108mL of CH2Cl2 and added dropwise to the stirring reaction solution.
1109Stirring was continued for 4 h. The reaction solution was layered with
1110diethyl ether and let stand 5 h at room temperature. A pale orange
1111precipitate formed and was washed with diethyl ether and dried (48
1112mg, 71.1% yield). 1H NMR (400 MHz, CD2Cl2): δ 8.95 (d, J = 8.3
1113Hz, 1H), 8.47 (d, J = 6.4 Hz, 1H), 8.41 (d, J = 7.2 Hz, 1H), 8.05 (d, J
1114= 7.2 Hz, 1H), 7.92−7.84 (m, 2H), 7.83−7.79 (m, 1H), 7.63 (d, J =
11156.5 Hz, 4H), 7.41−7.31 (m, 2H), 7.14−7.07 (m, 1H), 7.00 (d, J = 7.6
1116Hz, 2H), 1.94 (s, 6H), 1.91 (s, 15H). 13C NMR (176 MHz, CD2Cl2):
1117δ 168.61, 153.15, 146.36, 145.18, 137.91, 137.47, 135.25, 132.87,
1118131.95, 131.35, 129.69, 129.48, 128.27, 128.12, 127.24, 126.88,
1119126.66, 124.88, 122.79, 97.94, 18.32, 9.35. HRMS (ESI+) m/z: [M −
1120PF6]

+ found (theory) for C34H34N2Ir, 663.2356 (663.2353). Anal.
1121found (calcd) for C34H34N2IrPF6·C4H10O: C, 51.42 (51.75); H, 4.75
1122(5.02); N 3.15 (3.11). ν(CN): 2140 cm−1.
1123[Cp*Ir(1-phenylisoquinolinato-N^C2′)(3,5-dimethylimida-
1124zol-2-ylidene)][PF6]. [Cp*Ir(1-phenylisoquinolinato-N^C2′)-
1125(NCCH3)][PF6] (113 mg, 0.157 mmol), 1,3-dimethylimidazolium
1126iodide (37 mg, 0.165 mmol), and Ag2O (20 mg, 0.0863 mmol) were
1127combined in a glass reaction tube. CH2Cl2 was added, and the
1128resulting solution was dark red. The mixture was stirred in the dark
1129overnight and filtered through celite, and the solvent was removed.
1130The crude orange product was dissolved in 3 mL of THF, and diethyl
1131ether was added to precipitate the product (110 mg, 90.4% yield).
1132Recrystallization removed some retained THF. 1H NMR (400 MHz,
1133CD2Cl2): δ 8.69 (d, J = 8.4 Hz, 1H), 8.56 (d, J = 6.5 Hz, 1H), 8.22 (d,
1134J = 8.0 Hz, 1H), 8.12 (d, J = 7.6 Hz, 1H), 7.97 (d, J = 8.4 Hz, 1H),
11357.82−7.67 (m, 2H), 7.49 (d, J = 6.4 Hz, 1H), 7.29−7.16 (m, 2H),
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1136 6.73 (s, 2H), 3.37 (s, 6H), 1.78 (s, 15H). 13C NMR (176 MHz,
1137 CD2Cl2): δ 169.18, 159.05, 147.59, 146.49, 145.35, 138.72, 137.18,
1138 132.05, 131.14, 129.59, 128.59, 127.43, 127.21, 126.12, 124.07,
1139 122.65, 119.48, 93.58, 39.09, 9.05. HRMS (ESI+) m/z: [M − PF6]

+

1140 found (theory) for C30H33N3Ir, 628.2303 (628.2305). Anal. found
1141 (calcd) C30H33N3IrPF6: C, 46.78 (46.63); H, 4.27 (4.30); N 5.41
1142 (5.44).
1143 Cp*Ir(1-phenylisoquinolinato-N^C2′)(CH3). In a modification
1144 to the method reported by Park-Gehrke et al.38 for the 2-
1145 phenylpyridine analog, a 500 mL Schlenk flask was charged with
1146 Cp*Ir(piq)Cl (235.0 mg, 0.414 mmol) and a stir bar. Dry, degassed
1147 THF (300 mL) was transferred to the Schlenk flask via cannula. After
1148 Cp*Ir(piq)Cl fully dissolved, the solution was cooled to −78 °C and
1149 2.4 mL of CH3MgBr solution (3 M in ether, 7.2 mmol) was added by
1150 syringe. The stirring solution was allowed to come to room
1151 temperature over the course of 3 h, during which time the solution
1152 darkened to a wine red. The THF was evaporated in vacuo, and the
1153 product extracted into pentane and dried. The resulting air-sensitive
1154 solid was rinsed with water and recrystallized by layering water under
1155 the product in CH3CN, resulting in dark red crystals of Cp*Ir(piq)-
1156 (CH3) (109.4 mg, 0.200 mmol, 48% yield). 1H NMR (600 MHz,
1157 CD2Cl2): δ 8.94 (d, J = 8.3 Hz, 1H), 8.42 (d, J = 8.1 Hz, 1H), 8.37 (d,
1158 J = 6.5 Hz, 1H), 7.83 (d, J = 7.7 Hz, 1H), 7.76−7.73 (m, 1H), 7.67−
1159 7.59 (m, 2H), 7.16 (d, J = 6.5 Hz, 1H), 7.07 (ddt, J = 9.1, 7.0, 3.7 Hz,
1160 2H), 1.77 (s, 15H), -0.34 (s, 3H). 13C NMR (151 MHz, CD2Cl2): δ
1161 173.67, 164.89, 145.09, 144.25, 135.82, 135.55, 130.00, 129.59,
1162 128.92, 127.65, 127.57, 127.29, 126.39, 119.21, 119.14, 90.23, 8.85,
1163 −15.08. λmax = 277 nm (19 800 M−1 cm−1), 329 nm (14 100 M−1

1164 cm−1), 472 nm (7500 M−1 cm−1). HRMS (ESI+) m/z: [M − CH3]
+

1165 calcd for C25H25IrN, 532.1616; found 532.16261. Anal. found (calcd)
1166 for C26H28IrN: C, 57.12 (56.89); H, 5.16 (5.14); N, 2.56 (2.57).
1167 [Cp*Ir(2,2′-bipyridine)(2,6-dimethylphenylisocyanide)]-
1168 [PF6]2. [Cp*Ir(bpy)(NCCH3)][PF6]2 (83 mg, 0.102 mmol) was
1169 placed in a 50 mL round-bottom flask and dissolved in 3 mL of
1170 CH3CN. 2,6-Dimethylphenylisocyanide (20 mg, 0.152 mmol) was
1171 added as a solid to the stirring reaction solution and chased with an
1172 additional 2 mL of CH3CN. Stirring was continued 5 h. The reaction
1173 solution was layered with diethyl either, resulting in a very pale yellow
1174 precipitate. The crude product was filtered, washed with diethyl ether,
1175 and dried (71 mg). Because the NMR showed a small amount of
1176 unreacted starting material, the crude product was redissolved in 3
1177 mL of CH3CN and an additional 2,6-dimethylphenylisocyanide (5
1178 mg) was added. The mixture was stirred for 3 h before layering once
1179 again with diethyl ether. The resulting pale yellow needles were
1180 filtered, washed, and dried (51 mg). A second crop of 11 mg was
1181 obtained for a total yield of 67.3%. 1H NMR (400 MHz, CD2Cl2): δ
1182 8.97 (d, J = 4.9 Hz, 2H), 8.52 (d, J = 7.5 Hz, 2H), 8.43−8.35 (m,
1183 2H), 8.04−7.98 (m, 2H), 7.29−7.21 (m, 1H), 7.10 (d, J = 7.8 Hz,
1184 2H), 2.04 (s, 6H), 1.94 (s, 15H). 13C NMR (176 MHz, CD3CN): δ
1185 157.38, 154.42, 143.05, 136.82, 131.72, 130.84, 129.14, 126.47, 99.60,
1186 18.38, 9.15. HRMS (ESI+) m/z: [M − PF6]

+ found (theory) for
1187 C29H32N3PF6Ir, 760.1876 (760.1868). Anal. found (calcd) for
1188 C29H32N3P2F12Ir: C, 38.52 (38.50); H, 3.50 (3.57); N 4.73 (4.64).
1189 ν(CN): 2173 cm−1.
1190 Cp*Ir(3,5-dimethylimidazol-2-ylidene)Cl2. The reported pro-
1191 cedure40 for this complex was modified to combine all reagents in one
1192 flask and carry out the reaction in one step. [Cp*Ir(Cl)(μ-Cl)]2 (267
1193 mg, 0.335 mmol), 1,3-dimethylimidazolium iodide (165 mg, 0.737
1194 mmol), Ag2O (85 mg, 0.369 mmol) were combined in a reaction tube
1195 with 10 mL of CH2Cl2. The tube was wrapped in foil to protect from
1196 light and stirred overnight. The resultant orange solution was filtered
1197 from off-white precipitate through celite. The solvent was removed,
1198 and the orange solid was triturated with THF in which it was
1199 sparingly soluble and then filtered. The crude product was redissolved
1200 in CH2Cl2 and layered with THF. After standing for 2 h, the layered
1201 mixture was refrigerated at −30 °C overnight. The orange crystals that
1202 formed were filtered, washed with a very small amount of THF, then
1203 diethyl ether, and dried (222 mg, 67.0% yield). 1H NMR (400 MHz,
1204 CD2Cl2): δ 6.96 (s, 2H), 3.92 (s, 6H). 1.58 (s, 15H). HRMS (ESI+)
1205 m/z: [M − Cl]+ found (theory) for C15H23N2IrCl, 459.1173

1206(459.1171). Anal. found (calcd) for C15H23N2IrCl2: C, 36.38
1207(36.44); H, 4.90 (4.69); N 5.68 (5.67).
1208[Cp*Ir(3,5-dimethylimidazol-2-ylidene)(NCCH3)2][CF3SO3]2.
1209A 100 mL round-bottom flask was charged with Cp*Ir(3,5-
1210dimethylimidazol-2-ylidene)Cl2 (91 mg, 0.184 mmol) and 5 mL of
1211CH3CN. Silver triflate (102 mg, 0.397 mmol) was dissolved in 2 mL
1212of CH3CN and added dropwise to the stirring reaction solution. A
1213white precipitate soon appeared and stirring was continued for 2 h as
1214the solution turned pale yellow. The reaction mixture was filtered
1215through celite, concentrated, and filtered once more through a syringe
1216filter. The pale yellow solution was layered with diethyl ether, and a
1217pale yellow oil soon formed. The oil was triturated with diethyl ether
1218until it solidified. The product was not subject to drying under
1219vacuum as a precaution against loss of potentially fugitive CH3CN
1220ligand. This intermediate compound was used promptly without
1221further purification for further synthesis.
1222[Cp*Ir(bpy)(3,5-dimethylimidazol-2-ylidene)][CF3SO3]2.
1223[Cp*Ir(3,5-dimethylimidazol-2-ylidene)(NCCH3)2][CF3SO3]2 (92
1224mg, 0.115 mmol) was placed in a 50 mL round-bottom flask and
1225partly dissolved in 5 mL of THF. 2,2′-Bipyridine (27 mg, 0.173
1226mmol) was dissolved in 5 mL of THF and added dropwise to the
1227stirring reaction mixture. The starting material was not readily taken
1228into solution, but after stirring overnight, there was a yellow
1229precipitate and nearly colorless supernatant. The crude product was
1230filtered, then redissolved in minimal CH3CN (1 mL), and passed
1231through a syringe filter. THF (5 mL) was added, and then the mixture
1232was layered with diethyl ether. After standing overnight, the resulting
1233yellow crystals were filtered, washed with diethyl ether, and dried (80
1234mg, 79.6% yield). 1H NMR (400 MHz, CD2Cl2): δ 9.38 (d, J = 5.0
1235Hz, 2H), 8.38 (d, J = 7.0 Hz, 2H), 8.27 (t, J = 6.0 Hz, 2H), 8.11 (t, J =
12366.0 Hz, 2H), 6.94 (s, 2H), 3.47 (s, 6H), 1.78 (s, 15H). 13C NMR
1237(176 MHz, CD3CN): δ 158.17, 154.98, 145.67, 141.82, 128.93,
1238126.10, 125.89, 122.08 (CF3SO3

−, q, J = 321 Hz), 94.80, 39.14, 8.78.
1239HRMS (ESI+) m/z: [M − CF3SO3]

+ found (theory) for
1240C26H31N4O3SF3Ir, 729.1695 (729.1697). Anal. found (Calcd) for
1241C27H31N4O6S2F6Ir: C, 36.78 (36.94); H, 3.47 (3.56); N, 6.20 (6.38).
1242Photophysical Measurements. Optical absorption spectra were
1243recorded in spectrophotometric grade solvents with a Shimadzu UV-
12443600 spectrophotometer. PMMA samples were prepared by first
1245dissolving a quantity of the phosphors in methylene chloride, and
1246then slowly adding an amount of PMMA to make the concentration
1247of the phosphor to 0.5% by weight with respect to the PMMA.
1248Because the [Cp*Ir(bpy)H][PF6] was unstable in methylene
1249chloride, an amount of PMMA was first dissolved in THF by soaking
1250overnight, and then the appropriate amount of the phosphor was
1251added and dissolved by mixing. The phosphor/PMMA solutions were
1252then transferred to molds of polyethylene vial caps that were placed in
1253a flat-bottom Erlenmeyer flask having a ground glass joint. A T-shaped
1254adapter with entry and exit stopcocks was attached, and a steady
1255stream of nitrogen was passed through the apparatus to dry the doped
1256PMMA samples. These could then be freed by cutting away the
1257polyethylene molds in air and mounted in the cryostats. Steady-state
1258emission spectra from 77 to 300 K were obtained using an Oxford
1259Instruments Optistat DN cryostat with an Edinburgh Instruments
1260FS920 fluorimeter that was equipped with a 450 W Xe arc lamp for
1261excitation source and a Peltier-cooled Hammamatsu R2658P
1262photomultiplier tube (PMT). The Oxford cryostat was also used
1263with an Edinburgh Instruments LP920 laser flash photolysis system
1264for which a tunable Vibrant 355 nm Nd/YAG/OPO system (Opotek)
1265was the excitation source and a Hammatsu R928 PMT was the
1266detector. For emission measurements in the temperature range of
12671.7−100 K, a liquid helium cryostat (Cryovac Konti Cryostat IT) was
1268used in conjunction with a Horiba Jobin Yvon Fluorolog 3 steady-
1269state fluorescence fluorimeter that was modified to additionally enable
1270measurements of emission decay times. As excitation source with the
1271liquid helium cryostat, a PicoQuant LDH-P-C-375 pulsed diode laser
1272(λexc = 372 nm, pulse width 100 ps) was used. The emission signal
1273was detected with a cooled photomultiplier attached to a FAST
1274ComTec multichannel scalar PCI card with a time resolution of 250
1275ps. Absolute photoluminescence quantum yields were determined
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1276 with a Hamamatsu C9920-02 system equipped with a Spectralon
1277 integrating sphere.
1278 DFT calculations. DFT calculations were performed using
1279 Gaussian 09.78 All complexes were optimized in their singlet and
1280 triplet states using the B3LYP functional79,80 with the Grimme’s D3
1281 dispersion correction.81 The LANL2DZ82 basis set and accompanying
1282 pseudopotential with an additional f polarization function83 were used
1283 for the iridium center, and 6-311G** basis set84,85 was used for all
1284 other atoms. Frequency calculations were performed on all optimized
1285 structures to verify the nature of stationary points, and no imaginary
1286 frequencies were obtained. Natural orbital analysis was used to
1287 analyze the electronic structure of the optimized triplet states. The
1288 SMD solvation model86 (dichloromethane solvent) was employed for
1289 all calculations. Multiwfn software87 was utilized to perform Mulliken
1290 population analysis to quantify frontier molecular orbital composi-
1291 tions.
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