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Excited-State Distortions of Cyclometalated Ir(lll) Complexes Determined from the
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The luminescence spectra offy).lr(CN-t-Bu),](CFs;SGOs) in methylcyclohexane glass and frozemonane

at 15 K reveal well-resolved vibronic fine structure. The vibronic peaks are assigned by comparison with the
vibrational frequencies obtained from Raman and IR spectra and those obtained using DFT electronic structure
calculations. The magnitudes of the distortions along the normal coordinates are calculated by fitting the
emission spectra using the time-dependent theory of spectroscopy. Broadening effects and the MIME frequency
observed at room temperature are interpreted. The most highly distorted normal modes involve atomic motions
on thetpy ligand, consistent with the metal to ligand/ligand centered assignment of the electronic transition.

Introduction temperature luminescence spectra of thg/{lr(LX) compounds
show what superficially appears to be a progression in a single
mode. As discussed in this paper, this interpretation is mislead-
ing. Higher resolution is needed for detailed analysis, but highly
resolved structure in the electronic spectra of large molecules
in condensed media is uncommon.

In this paper, we report the observation that the emission
spectrum of [(py)2lr(CN-t-Bu),](CF3SGs) in an alkane matrix
at 15 K reveals sharp vibronic structure. The spectra of this
molecule in hydrocarbon glasses and as crystals at low tem-
_ 2 (o1 : perature are also investigated. The vibronic structure is assigned,
of (tpy)2Ir(LX) complexes {py = N,C*-(2'-para-tolylpyridy)) and the excited-state distortions are calculated using the time-

on the 'MLCT to °LC mixture has been reportédin the dependent theory of spectroscopy. The largest distortions occur
luminescence spectra of these compounds, strong vibronic side P y P py- 9

peaks were found at lower energies than the main peak. ThealongtpyIigand-centered normal coprdinates and are c_ompared
side peaks degrade the color quality of the OLEDs for use as to those calculated by DFT electronic structure calculations. The
display screen pixels. An ideal pixel should give a pure, single regul.arly spaced progression in the room-tegnperature
saturated color, but the emission is spread over a range ofSPECtrum arises from the MIME (missing mode effé¢t}° The

wavelengths because of the vibronic progressions leading to an'r\glsl\g:i tifgﬁq;se?ﬁg slzlveexnril?sl,nfr?ar?ng d (i)?kt:ﬁ(leatti(rjﬁ Z?:tulroesfage d
unsaturated color, not suitable for use as a display pixel. 9 p

. L . . is reproduced by increasing the phenomenological damping
. A powerful method for Investigating the exc_lted-state dlstor- factor. Finally, the vibronic structure in the emission spectrum
tions that produce the vibronic structure in an electronic

spectrum is resonance Raman (rR) spectroséoPyThe of a sister compound,i)Ir(PPRCH,)BPIY, is examined.

intensities of the bands in the rR spectrum are used to calculateAlthough the resolution was never as good as that in the-CN
- . SP . t-Bu complex under any of the conditions tested, we show that
the distortions of the molecule in the resonant excited state.

This type of analysis is difficult or impossible to carry out in the distortions calculated for thipy ligand in the latter complex

e . ! can be transferred to the system complex and an excellent fit
strongly emitting molecules because the intense Iumlnescenceto the spectrum is obtained. This result is consistent with the

(()tbs)c Trr(ii()th(:eor\:]vele:;zrs Rarga;b:g?t?;;]n%‘asgrge:rr?eorli’wgstt_heinterpretation that the distortions in the mixepy ligand-
PY)2 P ’ P centered®LC and the metal tapy charge transfer state are

energy excited-state appears as a weak shoulder on intense full : :
allowed bands at slightly higher energy. The rR intensities carry Eﬂglllg?;el?gt;)r/]éhepy ligand and only weakly perturbed by the

information about multiple states, and in addition both construc-
tive and destructive interference effects occur, further complicat-
ing the analysis of the excited-state distortiéh&?

Detailed information about excited-state distortions can be  compounds.[(tpy)aIr(CN-t-Bu),](CFsSOs) and ¢py).Ir(PPh-
obtained directly from the electronic spectra if the vibronic cH,)BPh, were synthesized using literature methb&eagent-
structure in the spectra is highly enough resolved. Room- graden-nonane (99%), toluene (99.5%), and spectrophotometric-
grade methylcyclohexane (99%) were purchased from Aldrich
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TUnR/ers@)ity of Ca“fomif)ms Angeles. Emission Spectroscopy.The room-temperature emission
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Cyclometalated Ir(lll) complexes are widely used as emissive
dopants in organic light emitting devic&s® Spectroscopic
studies have shown that the lowest excited state, which
dominates the luminescence properties of cyclometalated Ir-
(1) complexes, is a mixture of a ligand-centeretlQ) state
and a metal-to-ligand-charge-transféM[CT) state*°> The
singlet and triplet electronic states mixture resulting fromspin
orbit coupling reduces the luminescence lifetime and increases
efficiency. The influence of the ancillary ligand LX in a series
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BPh in toluene were excited at 350 nm and recorded by a
Fluorolog FL 3-22 (Jobin-Yvon/ISA Spex). Low-temperature

emission spectra (15K) were obtained from samples in capillary
tubes cooled by an Air Products closed cycle helium refrigerator
displex. A Spex 1702 single monochromator equipped with an
S1 photomultiplier tube was used to collect the signal, which

was recorded by a Stanford Research System SR400 photon
counter and processed by a computer. The 350.7 nm line (5

mW) from a Coherent 1-300 Krypton ion laser was used for
excitation. The emission spectra were recorded with 1 A
resolution. The spectra shown are the average of nine individua
spectra.

Vibrational Spectroscopy.Raman spectra were recorded by
a Jobin-Yvon HR 640 triple monochromator equipped with a
CCD. The 647.1 nm line of a Coherent 1-300 Krypton ion laser
(50 mW) was used for excitation. The sample was mixed with
KNOj3 as the internal standard (1:5 weight ratio) and pressed
into a pellet. Infrared spectra were taken of the samples in KBr
pellets on a Jasco model 420 FTIR spectrometen aig cnt?!
resolution.

Theoretical Methods

Time-Dependent Theory.The theoretical background needed
to calculate the emission spectra is briefly presented in this
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time-dependent wavefunctigifQ,t + At) can be obtained from
#(Qi.t) using the equation

PQut + AY = |
ex;{(ﬁ)vz) exp(AtV) exp((%{)vz)qbk@k,t) +
O[(A1)’] = PVP#,(Q.1) + O[(A)?] (4)

However, a simple form of the overla@|¢w(t)COcan be

|obtained if the potential surfaces are harmonic, there is no

change in the force constants between the ground and excited
states, and the transition dipole moment is a constant (Condon
approximation). Then

AZ ) it

—— A -exptiod) ——- ©)
where wy is the vibrational frequency in cm and Ay is the
displacement of th&h normal mode.

DFT Calculation. Optimized geometries and vibrational
modes are calculated by the DFT method, which is performed
using the Jaguar quantum chemistry progfénThe BP86
functional is used. This functional includes the Slater local
exchange function&F, Becke’s 88 nonlocal gradient correction

Pl = eXF{

section. The time-dependent theory is used because it is powerfuko exchangé8 and Perdew’s gradient correction functio&P

from both technique and conceptual points of vieW.24 The
fundamental equation for the calculation of an emission
spectrum in the time-dependent theory is

l(w) =
Co’ [ exp@wt){ E-1>|<1>(t)Dexp(—iEF°t - thz)} dt (1)

whereC is a constantl(w) is the intensity in photons per unit
volume per unit time at frequeney, Eg is the energy difference

for the Vosko-Wilk —Nusair(VWN) local correlation func-
tional3! The LACVP** basis se¥ is employed. It has an
effective core potential (ECP) for Ir and uses 6-31G** for H,
C, and N atoms.

Results

Room-Temperature Emission SpectraThe room-temper-
ature emission spectrum oftf).lr(CN-t-Bu),](CFsSGs) in
toluene is shown in Figure la. The spectrum contains two
resolved peaks at 21 690 and 20 280¢érand a shoulder at

between the minima of the excited-state and ground state, andabout 19 000 cm. The emission spectrum ofpf).Ir(PPh-

I' is a damping factof.The damping factoF arises because of
relaxation into other modes and the “bath”. Increadinwill

CH,)BPh, in toluene is shown in Figure 1b. Its spectrum
contains two resolved peaks at 21 230 and 19 880'and a

result in decreasing the spectrum resolution, that is, only broad shoulder at about 18 500 cth

peaks can be seen on the emission spectrum.

In eq 1, the total autocorrelation functid®|®(t)Ois the
overlap of the initial wave packe®, with the time-dependent
wave packet,®(t). The total overlap in a system witK
coordinates is given by

@[ 0(= [P O0 2)
k

where ¢ is a wave packet associated with normal mode
coordinatek (k = 1,...,K).
The propagating wave packgi(t), which in the initial wave

Low-Temperature Emission Spectra.The emission spectra
of [(tpy)2Ir(CN-t-Bu)z](CF3SGs) in n-nonane at 15K (1 mol/
L) is shown in Figure 2a and that oftjp{)Ir(CN-t-Bu),](CFs-
SO;) in methylcyclohexane in Figure 2b. Both show highly
resolved vibronic structure. The emission spectrum in Figure
2b is more highly resolved and exhibits low-frequency structure
that is magnified in the insert in Figure 2b. The intervals between
the peaks in the insert are about 30¢mand the full-width-
half-maxima (fwhm) of those peaks are about 18 &nThe
wavenumber difference between the highest-wavenumber peak
and other peaks is listed in Table 1. The spectra were taken at
1 A resolution, which is about 6 crhin the region of 401.6

packet propagates on the destination potential surface, is the406.5 nm in Figure 2b and are the average of nine runs. The

most important quantity in the calculation and can be calculated
by time-dependent Schdnger equation:

9py(t)

ot

A~

He()

®)

wheref, = —(1/2m) V2 + V(Qy), V(QW) is the potential energy
as a function of the configurational coordina@g, and —(1/
2m) V2 is the kinetic energy. The propagating wave packet
(1) is calculated by the split operator meth&dn which both
the coordinat&), and the time are represented by grid points
which have the intervaAQx and At, respectively. Thus, the

uncertainty in the peak position is6 cnt?, and that in the
peak height ist5%.

The emission spectrum apf).Ir(PPhCH,)BPh, in n-nonane
at 15K is shown in Figure 2c. This spectrum is not as well
resolved as those in Figure 2a,b, but it does contain poorly
resolved vibronic features. The wavenumber separation between
the two main peaks is 1482 crh

Vibrational Spectra. The vibrational modes of{fy).Ir(CN-
t-Bu),](CFsSG;) found in the Raman spectra below 1800¢ém
are 333, 440, 655, 675,727, 841, 976, 1035, 1118, 1138, 1160,
1204, 1228, 1266, 1300, 1313, 1364, 1476, 1549, 1558, 1585,
and 1603 cm. The vibrational modes oftjfy).Ir(CN-t-Bu),J-
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Figure 1. (a) Emission spectra of tffy)Ir(CN-t-Bu);](CFsS0s) in

toluene excited at 351 nm at room temperature. (b) Emission spectra

of (tpy)2Ir(PPhCHz)BPh in toluene excited at 351 nm at room
temperature.
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Figure 2. (a) Emission spectrum oftffy).lr(CN-t-Bu),](CF:SGs) in
methylcyclohexane excited at 351 nm at 15 K. (b) Emission spectrum
of [(tpy)2Ir(CN-t-Bu),](CFsSGs) in n-nonane excited at 351 nm at 15
K. The band origin of the emission spectrum is magnified to show the
fine structure. (c) Emission spectrum dpy).lr(PPhCH,)BPh n-
nonane excited at 351 nm at 15 K.

(CRsS0s) found in the Raman spectrum that play a major role

Wang et al.

TABLE 1: Positions of the Peaks in the Emission Spectrum
of [(tpy)2lr(CN-t-Bu) 2](CF3S0;s) in Methylcyclohexane

position (cnT?) diff (cm™1) assignment
24746 0 Eoo
24414 332 01
24079 667 B4, 02, 047
24027(sh) 719 54
23895 851 Os
23753 993 06
23590 1156 07
23513 1233 Os
23480 1266 d9
23397 1349 d10
23364 1382 o011
23277(sh) 1469 512
23170 1576 013
23127 1619 014
23010 1736 011401
22952 1794 012401

a2 Three modes are needed to fit the intensity.

1150, 1187, 1219, 1266, 1317, 1374, 1400, 1428, 1462, 1476,
1558, 1585, and 1603 crh

The 40 most intense Raman bands in the spectrutpgblf-
(PPhCH,)BPh, are observed at 265, 295, 339, 373, 508, 520,
528, 577, 595, 619, 656, 679, 733, 748, 812, 847, 877, 1001,
1017, 1034, 1068, 1082, 1098, 1120, 1141, 1159, 1188, 1207,
1226, 1242, 1269, 1304, 1318, 1373, 1385, 1480, 1553, 1584,
1589, and 1611 cni.

Discussion

The unusual observation of highly resolved vibronic structure
in the emission spectrum of a large transition metal complex
enables an analysis of the excited-state distortions to be made.
The best results were obtained witlpj).Ir(CN-t-Bu),](CFs-

SQ;) in frozen nonane. A long-chain alkane matrix containing
a low concentration of a luminescent molecule and cooled down
to cryogenic temperatures is known as a Shpol'skii méafrix.
The first examples of highly resolved emission spectra in
Shpol’skii matrices were obtained from aromatic hydrocarbons
in n-paraffins (-hexanen-pentane, etc.). Such systems have
been widely used to obtain narrow spectral lines from planar
aromatic hydrocarbor®$:37 In a recent study, sharp line
vibronic structure from a planar organometallic compound in a
Shpol'skii matrix was reportetf It is surprising that an
octahedral organometallic ion can be incorporated in a Shpol’skii
matrix.

We begin our discussion with the assignments of vibrational
modes that contribute to the peaks in the emission spectrum
based on DFT calculations. We then use time-dependent theory
to calculate the magnitudes of the distortions, explain them in
terms of the metal to ligand charge transfer, and relate them to
bond length changes obtained from the DFT calculations. We
briefly analyze the low-frequency vibronic structure caused by
the matrix. The broadening of the spectra by the “bath”
(including frozen organic glass at low temperature) and by
raising the temperature are calculated, and the MIME is
analyzed. Finally, we show that the spectrumtopf/.lr(PPh-
CH,)BPh, can be fit usingpy ligand distortions calculated from
the spectrum of [py)2lr(CN-t-Bu),](CFsSGs).

1. Assignment of Vibrations. The vibrational analysis was

in the discussion of the luminescence spectra are listed in Tabledone by using DFT calculations, and the vibration frequencies

2. IR peaks of [{py).Ir(CN-t-Bu);](CFsSGOs) below 1800 cmit

were viewed using the MOLDER software package for

are observed at 317, 333, 345, 365, 381, 423, 439, 512, 524,identifying vibrational motions. The calculated frequencies and

565, 632, 673, 717, 749, 774, 815, 847, 874, 957, 1025, 1062

,assignments of modes important in the vibronic structure are
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TABLE 2: Vibration Frequencies and Distortions Used in Fitting the Emission Spectrum of [(tpy)Ir(CN-t-Bu) 5](CF3SGOs) in
Methylcyclohexane

vibrational vibrational mode
mode (cnTt) assignment IR/Raman (cm™) (calcd) distortion
333 01 Raman 332tpyring in plane bend and Ir-N stretch) 0.8
654 02 Raman 665tpy ring in plane bend) 0.3
679 03 IR, Raman 714tpyring out of plane bend) 0.25
727 (on Raman 737tpy ring out of plane bend) 0.25
841 Os IR, Raman 858tpy ring out of plane bend) 0.35
976 O6 Raman 984tpy ring stretch) 0.45
1138 07 Raman 1158tpyring stretch) 0.4
1228 Os Raman 1247tpyring stretch) 0.5
1266 Og IR, Raman 1310tpyring stretch) 0.3
1354 010 Raman 1377tpyring stretch) 0.4
1400 011 IR 1427 tpyring stretch) 0.75
1476 012 IR, Raman 1483tpyring stretch) 0.5
1585 013 IR, Raman 1599tpy ring stretch) 0.3
1603 014 IR, Raman 1612tpyring stretch) 0.5
SCHEME 1

Singlet Triplet

D

listed in the fourth column of Table 2. These vibrational motions the 333 cm! vibration mode involves stretching of4N and
all involve C-C/C—N tpy ligand bond stretching. C—C bonds in thepy ligand and the 1400 cnd mode is mainly

2. Low-Temperature Emission Spectra and Calculation C—N bond stretching in thépy ligand. It also supports the
of Distortions. The emission spectrum oftf{y)lr(CN-t-Bu),]- assignment of the lowest excited-state as the mixture of MLCT/
(CRS) about 10 M in methylcyclohexane at 20K is shown  LC electronic states. As there is a charge transfer from Ir to the
in Figure 2b. The assignment of the peaks is based on thetpy ligand, it is expected that the bond length in thgligand
measured vibrational frequencies obtained from the IR and would change. Thus, thosgy ligand centered vibrational modes
Raman spectra; these frequencies are listed in the first columnwould exhibit large distortions in the lowest excited state. Our
of Table 2. DFT calculation on the optimized geometry of lowest singlet

The emission spectrum is fit by time-dependent theory and and triplet states also shows that there is a large bond length
the measured vibrational frequencies. The fitting parameters arechange occurring in thipy ligand. Although the lowest excited-
the excited-state potential surface displacementajong each  state is a mixture ofMLCT and 3LC electronic state, the
of the normal modes. Fourteen vibrational frequencies are usedcalculation on the lowest triplet state structure should give an
for the fitting. The fitting result is shown in Figure 3 and Table approximately correct explanation. Those bond length changes
2. are shown in Scheme 1, where only dpg ligand and the Ir

In our emission spectrum fitting results shown in Table 2, atom are shown for clarity. As shown in Scheme 1, the@C
the 333 and 1400 cm modes have relatively large distortions. and C-N bond length change varies from 0.02 to 0.07 A. The
In order to understand the physical meaning of those large differences in thépy bond lengths between the singlet and triplet
distortions, we also did the DFT frequency calculation on States can be used to explain the distortions of the vibrational

[(tpy)2Ir(CN-t-Bu),](CFsSOs) molecule and the result shows that Modes used in the fitting (with the exception of the 333 and
1400 cnt! modes). The assignments of these modes based on

— Caicuiated the DFT calculations show that they involiywy ligand-centered
§ sob f | Experimental bond stretching character.
£ sol 3. Analysis of the Low-Frequency Vibronic Structure.The
2 spectrum of [(py)2Ir(CN-t-Bu);](CFsSGOs) in frozen nonane is
Saof even more highly resolved than that in methylcyclohexane as
gzo— shown in Figure 2a. The most obvious consequence is that the
2 A lowest energy peak (at 24 746 chin methylcyclohexane) is
— R resolved into multiple peaks with a separation of 30-&m
25.0 24.0 23.0 22.0

Wavenumber (x10° cm™) Attempts to fit this low-frequency structure using a harmonic
Figure 3. Emission spectrum of {¢y)Ir(CN-t-Bu)](CFsSQs) in potential energy surface were unsuccessful. The intensity of the

methylcyclohexane at 15 K calculated by time-dependent theory. The €XPerimental peaks increases gradually but decreases suddenly
solid line is the calculated result, and the dotted line is the experimental Whereas the harmonic potential gives rise to the usual Poisson
spectrum. distribution of intensities. An example of an attempted fit with
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Figure 4. Calculated emission spectra off{)Ir(CN-t-Bu),J(CFsSOs) Wavenumber (x10"cm )
in n-nonane. (a) Harmonic potential fit. (b) Morse potential fit. Figure 5. (a) (—=)Emission spectrum of{§y)2Ir(CN-t-Bu),](CFsSOs)

) ) ) ) in toluene at room temperature=) Higher concentration of sample
a harmonic potential{ = 30 cnT* andA = 2.4) is shown in (~10"* M) in methylcyclohexane at 15 K. (---) Lower concentration
Figure 4a. A Morse potential surface provides a better fit of of sample £10°¢ M) in methylcyclohexane at 15 K. (b) Time-

the low-frequency structure. The Morse potential surface is given dependent theory fit of the emission spectra. The vibration frequencies
and normal mode distortions are listed in Table-2:)(I' = 230 cn1?,

by eq 6: (-) T =40cn?, ()T =20 cnT™
V(r) = Dy(1 — exp(-A(r — 1))’ (6) 04
@

wherer is the bond lengthre is the equilibrium bond length 0.31
(the bond length at the potential minimund), is the depth of g
the potential well, ang is a parameter controlling the width g 0.21
of the potential well. The fit resulting from the Morse potential ©
is shown in Figure 4b with parametels = 180 cn1l, § = 0.1
2.78 x 1007 cmL, re = 0 A of ground statere = 0.795 A of 00
excited-state, and energy difference 24824 timetween the 0 100 200 300 400 500 600fs
minimum of two states. The lowD. value implies weak Time
interaction that would not be stable at room temperature. This 0.4+
weak interaction that results in the low-frequency separation ®
between the peaks is probably caused by interactions between 0.31
the iridium complex and the nonane matrix molecules. §

4. The Missing Mode Effect and Spectral BroadeningThe g 0.2
spectra of [(py)2lr(CN-t-Bu),](CF3SOs) provide an excellent ©
example of the missing mode effect (MIME). In the room- 0.11
temperature emission spectrum in toluene, the detailed vibronic 00
structure is unresolved and the spectrum appears to consist of 0 100 200 300 400 500 600fs
a poorly resolved progression with a spacing between the peaks Time

of about 1400 cm'. Lowering the temperature and changing Figure 6. Time dependence of the overlap for the calculated spectra
the solvent to nonane resolves features that cannot be observeghown in Figure 5b: (af = 20 cnt?, (b) ' = 230 cnr.
in the solution spectrum as shown in Figure 5a. The resolved
features can be used to quantify the MIME. Figure 6a. In this case, the overlap function contains many
The MIME is best understood from the viewpoint of the time- recurrences. Wheh is increased (to 230 cm for example),
dependent theory. In the time domain, two or more vibrational the recurrences at long times are damped out and the spectrum
modes can combine to give a recurrence in the overlap=at is filled in. The time-dependent overlap using the same
Tm Which is not possible from any one mode alone. This distortions as those used for Figure 5b anid af 230 cnT! is
recurrence results in the MIME progression with a spacing of shown in Figure 6b. In this case, the long time recurrences are
om + 27clhny in the frequency domain. A requirement for the damped out, leaving only one prominent recurrence &ttm
appearance of the MIME is that the spectrum must not be fully = 0.0217 ps.
resolved. The damping factbrmust be large. Wheh is small, The evolution of sharp vibronic structure as a function of
there will be many recurrences of the overlap in the time domain experimental conditions is shown in Figure 5b. The most highly
and the emission spectrum will exhibit sharp, well-defined structured luminescence spectrum ap2Ir(CN-t-Bu),](CFs-
vibronic structure. Progressions in the normal modes and SG;) is observed at low temperature in methylcyclohexane. At
combination bands will be observed. The time-dependent a higher concentration (16M), the broadening is significantly
overlap for the calculation of the low-temperature, highly larger, and at room temperature and higher concentration in
resolved nonane spectrum whdre= 20 cnt? is shown in toluene, only the MIME progression is observed. These emission
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100 with large distortions, especially the 339, 847, 1226, 1400, 1480
5 &0 and 1611 cm! modes. These five modes, all involving ttpsy
£ xbermen ligand and the Itpy bonds, also have large distortions and
& 60 involve tpy ring stretch in the fit of the spectrum oftjpfy).Ir-
% 404 (CN-t-Bu)](CF3sSG;s) (Table 2). These results suggest that the
E 2] distortions in thetpy ligand and in the Ir-ligand bonds caused
z | e by populating the charge-transfer excited-state are very similar

02‘2 1 20 19 18 17 16 in the two compounds.

Wavenumber (x1 0’ cm'1)

Figure 7. Emission spectra oty).Ir(PPhCH2)BPh: in n-nonane at
15 K. The solid line is the calculated spectrum and the dotted line is
the experimental spectrum.

Summary

The room temperature and low-temperature emission spectra
of [(tpy)2Ir(CN-t-Bu),](CFsSGs) and (py).lr(PPhCH,)BPh are
features can be reproduced by changing only the damping factorrecorded in toluene, methylcyclohexane, and nonane. The
T (20, 40, and 230 cri, respectively) as shown in Figure 5b.  emission spectra of tjfy)2lr(CN-t-Bu)](CFsSOs) in frozen

5. Poorly Resolved Vibronic Structure: ¢py)2Ir(PPh2CH)- methylcyclohexane and nonane at 15 K contain highly resolved

BPh,. The electronic structures of the iridium compounds
considered in this paper are typical of many important lumi-
nophores in two common ways: the spin-forbidden emitting

vibronic structure. The spectra are fit using the time-dependent
theory of spectroscopy. Fourteen normal modes are identified
from the vibronic peaks and used in the fitting. The modes with

state lies close in energy to spin-allowed states, and the emissionthe |argest excited-state distortions, 333 érand 1400 cm?,

and absorption spectra overlap significantly. Both of these are assigned to the-HC andtpy ligand G-C bond stretching
factors make it very difficult to obtain detailed resonance Raman and to thetpy ligand G-N bond stretching, respectively by using
spectroscopic information about the emitting state. The reso- DFT calculations. A large geometry change of thyg ligand
nance Raman intensities are dominated by the allowed state angetween the ground state and the lowest triplet was calculated,
thus do not accurately measure the distortions in the emitting consistent with the assignments of the modes used in the fitting
state. In addition, the intense luminescence swamps the weakebf the emission spectrum. These distortions are consistent with
Raman signals. For these reasons, the applicability of thethe assignment of the lowest excited-state as a mixture of

powerful resonance Raman analyses may be limited. The MLCT/LC electronic states.

observation of highly resolved vibronic structure in the emission

spectrum, however, enables the distortions to be determined

from the electronic spectrum. Unfortunately, highly resolved

The spectrum of [py)2lr(CN-t-Bu),](CF3SOs) in n-nonane
at 15K contains low-frequency progressions with a separation
of 30 cnTl. The best fit to these peaks required the use of a

emission spectra are not common; simply changing one of the Morse potential with very low energy for bond formatiba =

ligands in the [{py)2IrL 2] complexes discussed in this paper
from CN-t-Bu to PPHCH, drastically decreases the resolution.
It is of interest to test whether or not the detailed distortion
information obtained from the spectra ofgdy),Ir(CN-t-Bu),]-
(CRsS0s) can be used to obtain an estimate of the distortion of
the similar (py).lr(PPhCH,).BPh, complex. Both the nature
of the excited states and thgy vibrational frequencies are very
similar. Can a reasonable fit to the more poorly resolvegr-
(PPhCH,),BPh, emission spectrum be obtained by using the

measured vibrational frequencies and distortions in those normal

modes obtained from the more highly resolved spectrum?
Using the experimental vibrational frequencies obtained from

180 cn. Thus, these peaks are assigned to phonon interactions
between the metal complex and the molecules comprising the
matrix.

The room-temperature spectrum dpjf).Ir(CN-t-Bu),](CFs-
SQ;) in methylcyclohexane and toluene contains an regularly
spaced progression that does not correspond to a single
vibrational normal coordinate. This result, known as the missing
mode effect, is explained and calculated quantitatively from the
frequencies and distortions determined from the more highly
resolved spectra by increasing the phenomenological damping
factor I

Raman spectrum and assuming that the distortions are about This analysis of ty)2lr(LX) compounds provides detailed
the same as those of modes with similar frequencies in the information about the €C and C-N bond distortions that result

[(tpy)2lr(CN-t-Bu),](CF3S0Os) spectra, the emission spectrum

in the vibronic peaks observed to the red of the main peak. The

was calculated using time dependent theory. First, exactly thelowest excited-state is known to BeC-dominant. Changing
same distortions for modes of frequencies similar to those of the LX ligand can change the mixing of excited-state states and

[(tpy)2lr(CN-t-Bu),](CF3S0;s) were used to calculate the emis-
sion spectrum oftpy).Ir(PPhCH,),BPh. The calculated result

thus change the distortions along particular normal coordinates.
The relative intensities of the vibronic peaks will change

reproduces the coarse structure of the spectrum but did not fitcorrespondingly. Decreasing the MLCT coefficient will lead to
all of the shoulders. Because these two molecules have differenSmaller distortions. This is clearly seen in comparing the

LX ligands, their ground states and excited states will be slightly
different. The values o\ were varied to obtain the excellent
fit shown in Figure 7. The vibrational modes and distortions

used in the calculation were: 339 (0.66), 508 (0.35), 520 (0.23),

dimensionless distortiom\ for complexes with a range of
different LX ligands. TheA values for a series otgy).lr(LX)
complexes fall between 0.66 for L acetylacetone and 1.13
for the complex studied here, i.e., 53X (CN—t-Bu),.6 A weaker

656 (0.25), 679 (0.3), 733 (0.3), 748 (0.45), 847 (0.5), 1001 Mixture of MLCT states will decrease efficiency; a suitable LX
(0.37), 1034 (0.4), 1068 (0.38), 1141 (0.35), 1226 (0.54), 1269 ligand for device applications is one that could meet the balance
(0.3), 1400 (0.52), 1480 (0.78), 1589 (0.4), and 1611 %tm between efficiency and pixel quality (small distortions).
(0.55), where the distortions are listed in the parentheses. The

distortions of several of the modes with smalk used in the Acknowledgment. J. I. Z. gratefully acknowledges financial
fitting are not unique, i.e., the calculated spectrum does not support from the National Science Foundation (CHE-0507929).
change significantly if the distortion of one mode is increased M. E. T. was supported by the Universal Display Corporation
and another is decreased. The fit is most sensitive to modesand the Department of Energy (DE-FC26-04NT42272).
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