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ABSTRACT: Square-planar Pt" complexes are of interest as . LC Emission LICT Emisslon
dopants for the emissive layer of organic light-emitting diodes. Luminescence Decay
Herein, the photophysics of three Pt bipyridyl complexes with the £ — Solution, 0°0c R R R

, the photophysics of three ipyridyl complexes wi e £ Solution, 0° C . .
strongly e” withdrawing, high-field, 3,3,3-trifluoropropynyl ligand & KW/ Q—Q )
has been investigated. One complex, (phbpy)PtC,CF; (phbpy = 6- £ Pt p Pt N ;)e
phenyl-2,2'-dipyridyl), has also been characterized by single-crystal 3 2 .
X-ray diffraction. All complexes reported are emissive in both RT F F
CH,Cl, solution (®p; = 0.007 to 0.027) and PMMA film (@, = . . ; - 3 F
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0.2 to 0.42). The trifluoropropynyl ligand elevates the energy of
the MLCT and LL’CT states above that of the IL n—n™* state,
resulting in IL emission in all cases. The emission energies of the
trifluoropropynyl compounds are also blue-shifted relative to the analogous pentafluorophenylethynyl compounds, suggesting that
the trifluoropropynyl ligand is one of the most electron-withdrawing alkynyl ligands. Rate constants for radiative and nonradiative
deactivation were determined from experimentally determined values of ®@p; and excited-state lifetimes in both solution and PMMA
films. The increase in ®p; upon incorporation into PMMA film (rigidoluminescence) results from a decrease in the rate constant for
non-radiative relaxation. Experimental activation energies for excited-state decay in combination with TDDFT are consistent with
the rigidoluminescence resulting from an increase in the energy of the non-emissive triplet metal-centered state. Two of the
complexes investigated, ("bpy)Pt(C,CF;), and ("®?bpy)Pt(C,CF,),, where “®Zbpy = 4,4'-di-tert-butyl-2,2'-dipyridyl and ""*bpy
= 4,4'-diphenyl-2,2'-dipyridyl, exhibit concentration-dependent excimer emission (orange) along with monomer emission (blue),
enabling fine-tuning of the emission color. However, excimer emission was absent in cured PMMA films up to the solubility limit for
solution processing of ("?bpy)Pt(C,CF;), in CH,Cl,, demonstrating the diffusional nature of excimer formation.
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Recent investigations into emissive materials for organic light- sLor IC igi

emitting diodes (OLEDs) suggest that phosphorescent g Mfgt

emitters improve device efficiency due to their ability to =~ = ——F——-es fast

harvest both singlet and triplet excitons.' > Complexes of Ir'" Em S

and Pt" have been of particular interest due to strong spin—
orbit coupling (SOC) induced by third-row transition
metals.”™ Although a range of highly efficient OLEDs using
phosphorescent organometallic species that emit in the green-

nuclear coordinate

Figure 1. (a) Modified Jablonski diagram for typical organometallic

to-red portion of the spectrum have been reported,'’”"*
efficient deep-blue emission with good color purity is still
considered technologically challenging. Lowered efliciency is
due, in part, to the presence of triplet metal-centered (*MC)
states that become increasingly thermally accessible from the
emissive state as the emission energy is blue-shifted. Such *MC
states are known to undergo rapid, nonradiative deactivation.
Therefore, their accessibility serves as a nonradiative sink
(Figure 1a).>7" Destabilizing the *MC states through the use
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chromophores with accessible *MC states. (b) Potential well diagram
for a complex with an excited-state nuclear distortion in solution vs
the same complex in a rigid environment.
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of high-field ligands is typically utilized to overcome this
limitation, and several Ir'™ and Pt! complexes with efficient
deep-blue emission have been prepared.'®'*~*

Emissive Pt complexes are typically square-planar com-
plexes involving combinations of substituted bipyridyl
ligands,zz_31 cyclometallating (CAN) or (CANAN) Ii-
gands,>™** alkynyl ligands,”>*”***"*7% and N-heterocyclic
carbene (NHC) ligands.lé’lg’33 The high-field anionic
carbanion ligands raise the energy of the *MC states well
above that of the emissive state, thus increasing photo-
luminescence quantum vyields (®py).>"* Emission in such
systems may occur from a metal-to-ligand charge-transfer
(®MLCT) state,”*>*® a ligand-to-ligand charge-transfer
(CLL'CT) state,”® a ligand-centered (*LC) state such as
Sg—m* state,"™**° or a state of mixed origin,33 depending
on which of these states is lowest in energy (Figure 1a).

For use in OLED devices, such emissive complexes are
suspended in thin polymer films and the rigidification often
results in noteworthy modification of the photophysical
properties. Chiefly, ®, and emission lifetimes (z) in
polymethylmethacrylate (PMMA) films can increase by up
to two orders of rnagnitude,m'%’41 which is a form of
rigidoluminescence. There is sometimes an associated blue
shift of the emission,**** which is a form of rigidochromism.
For example, a recent study demonstrated that incorporation
of an Ir phosphor into PMMA film increases ®p; up to 23-fold
and induces blue shifts in emission, exceeding 450 cm™.*!
These impacts can be so significant that the characterization of
phosphors for possible OLED wuse should typically be
augmented with thin film investigations as behavior in film is
more representative of possible device performance.'**'
Though the rigidoluminescence can suggest either an increase
in the radiative rate constant, k, or a decrease in the
nonradiative rate constant, k,,, the latter typically dominates.
Thus, explanations for increased ®@p; and lifetimes in PMMA
film have typically focused on the nonradiative mecha-
nism, 3116184142 though in some situations, a dominant
increase in k, has been linked to immobilization-induced
increases in excited-state (ES) SOC.*

Rigidochromism and rigidoluminescence are often closely
related, inasmuch as both are related to the increase in the ES
energy that occurs when a complex is prevented from relaxing
to its equilibrium geometry (Figure 1b). Chiefly, upon vertical
excitation in solution, immediate vibrational relaxation results
in a new equilibrium geometry (Figure 1b, green). The extent
of this distortion depends on the ES electron distribution. For
example, *MC states typically populate M—L antibonding
orbitals and result in significant M—L bond elongation,
whereas >7—7* states undergo very little distortion.'® Likewise,
MLCT states are typically more distorted than 7—z* states.*
The stabilization that accompanies the distortion is prevented
in rigid media (Figure 1b, blue), resulting in a higher-energy
ES. Y Consequently, the emission will be blue-shifted in
rigid media, and the extent of the shift is dependent on the
magnitude of solution-phase distortion.”*****~*° Thus, relative
magnitudes of the rigidochromic shift can be an indicator of
relative ES distortions, thereby assisting in assigning ES orbital
character. Rigidoluminescence for a range of complexes where
thermal access of the *MC state dominates the nonradiative
decay pathway is related to rigidochromic shifts as follows: the
increase in the energy of the *MC state that accompanies
rigidification will lead to an increase in AE (Figure 1a), thus
decreasing access to the nonradiative *MC state. In turn, this

may decrease k,,, increasing ®p; and 7 in rigid media, such as
PMMA film. Perhaps, the earliest recognition that *MC states
could be rendered inaccessible in rigid medium involved
immobilization of Ru(bpy);** in a cellulose acetate matrix.**
More recently, these rigidity effects have played an important
role in the characterization of a range of emissive Pt
complexes. 1 ¥1825:4349

Clearly, both the ligand identity and the rigidity of the
environment impact emission characteristics of phosphors for
possible use in OLEDs. One ligand commonly used in blue-
shifting emission from MLCT or LL'CT ESs in alkynyl
complexes is the pentafluorophenylethynyl ligand, —C=
CCFs.”??#°97%% This ligand lowers the HOMO due to the
strong electron-withdrawing ability of the C¢F; substituent,
leading to a larger HOMO—-LUMO gap. Our group has
recently shown that the trifluoropropynyl ligand, —C=CCF;,
is both more electron-withdrawing and is a higher-field ligand
than —C=CC4F.>* Thus, there is the possibility of raising the
level of both the emissive state and the *MC state, causing a
blue shift in emission, while preserving ®p;. Herein, we present
the synthesis and characterization of a series of square-planar
Pt" trifluoropropynyl complexes and compare them to those of
the corresponding pentafluorophenylethynyl complexes™**
(Figure 2). The emission spectra and computational

R'=tBu,R=CF; 1CF;
R'=t-Bu, R=CeFs 1CgFs
R'=Ph,R=CF; 2CF;

R=CF; 3CF;
R = CgFs 3CeFs

Figure 2. Complexes investigated herein, along with abbreviations
used. Ligand abbreviations: ®*?bpy = 4,4'-di-tert-butyl-2,2'-dipyridyl;
P2hpy = 4,4'-diphenyl-2,2'-dipyridyl; phbpy = 6-phenyl-2,2'-dipyr-
idyl.

investigations reveal the orbital character of the emissive
state for all —C=CCF; complexes investigated herein as being
dominated by *IL (bpy or phbpy) character. This character-
ization is consistent with the —C=CCF; ligand raising the
energy of the *MLCT and *LL’CT states above that of the *IL
state due to the strong electron-withdrawing nature of the CF;
substituent. Thus, the —C=CCF; ligand may be a useful
ancillary ligand when IL emission is desired. For each complex,
there is a significant increase in the emission quantum yield in
PMMA film. Solution activation energies and computational
investigations provide strong experimental evidence that
rigidification raises the energy of the SMC state, rendering
that state less thermodynamically accessible. Lastly, at high
concentrations, both monomer emission (blue) and excimer
emission (orange) are present, resulting in warm-white
emission. However, at these same concentrations in PMMA
films, excimer emission is absent, clearly indicating the role of
diffusion in the excimer emission.

B EXPERIMENTAL SECTION

Materials and Methods. 3,3,3-Trifluoropropyne was obtained
from Synquest Laboratories. Dichloromethane was dried and
degassed with an Innovative Technologies solvent purification system
before use. The Pt precursors, (“®bpy)PtCl,, (thbpy)PtCIZ,27 and
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(phbpy)PtCI*>*® were prepared according to literature procedures.
All reactions were carried out under air-free conditions using standard
Schlenk techniques. NMR spectra were obtained using a Varian 400-
MR or INOVA-500 spectrometer. Infrared spectra were obtained
using a PerkinElmer Spectrum Two FT-IR spectrometer with a
UATR attachment. Absorption spectra were collected using a Cary-50
UV—vis spectrophotometer. Emission spectra were collected using a
Horiba Scientific Fluorolog-3 spectrofluorometer equipped with a FL-
1013 liquid nitrogen dewar assembly for 77 K measurements and a J-
1933 solid-sample holder for film measurements. Emission lifetimes
were measured using a Photon Technology International (PTI) GL-
3300 pulsed nitrogen laser fed into a PTI GL-302 dye laser as the
excitation source. The resulting data set was collected on an OLIS
SM-45 EM fluorescence lifetime measurement system using a
Hamamatsu R928 photomultiplier tube fed through a variable feed-
through terminator into a LeCroy WaveJet 352A oscilloscope and
analyzed using OLIS Spectral Works (lower lifetime limit = 200 ns).
Temperature control was achieved using a TLC S0 cuvette holder
(temperature range —28.5 to +105 °C) from Quantum Northwest.
Relative solution-state ®@p; were determined from ratios of the slope
of the integrated emission intensity versus absorbance of the analyte
versus a quinine sulfate standard. Film ®p; were measured using a
Horiba K-Sphere Petite. PMMA films for spectroscopy were prepared
either by doctor blading or by spin coating a solution of PMMA (123
mg, My, ~ 120,000) and the complex of study in CH,Cl, (1 mL).
PMMA films, unless otherwise stated, were made at the solubility
limits of this method, which are 0.16, 1.8, and 1.0 wt % for 1CFs;,
2CF;, and 3CF;, respectively. Elemental analyses were performed by
Midwest Microlabs.

Computational Methods. Gaussian 16°° was used for all DFT
and time-dependent density functional theory (TDDFT) calculations.
Computational models involved the functional BALYP*” and the basis
sets 6-31G(d)*® and LANL2DZ.*’ GaussView version 6,°° was used
for all orbital imaging. GaussSum3®' was used for Mulliken
population analysis.

X-ray Diffraction. Single crystals of (phbpy)PtC,CF; were grown
by slow evaporation from a solution of the complex in CH,Cl,. Single
crystal X-ray diffraction data were collected at 100 K using a Bruker
D8 Venture diffractometer with Mo Ka radiation (4 = 0.71073 A)
from a microfocus source, and a Photon 2 detector. Data collection,
data processing (SAINT), scaling, and absorption correction
(SADABS, multi-scan) were performed using the Apex 3 software
suite.®” Space group determination (XPREP), structure solution by
intrinsic phasing (SHELXT), and structure refinement by full-matrix
least squares techniques on F* (SHELXL) were performed using the
SHELXTL software package.63 All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms attached to carbon atoms were
placed in calculated positions using appropriate riding models, with
U,q of the hydrogen atoms set to 1.2 times that of their parent carbon
atoms. Further details of the refinement and crystallographic data are
given in the Supporting Information and are available through the
Cambridge Crystallographic Data Centre, CCDC deposition number
2167216.

Syntheses. (“22bpy)Pt(C,CF3), (1CF;). An oven-dried, two-neck
round-bottom flask (25 mL) under a positive pressure of Ar was
charged with (“®Zbpy)PtCl, (50 mg, 0.094 mmol), Cul (4 mg, cat.),
and a degassed solution of dichloromethane/diisopropylamine (3:1,
v/v, 8 mL) and stirred. The flask was then charged with 3,3,3-
trifluoropropyne (15 mL, 0.62 mmol) using a syringe through a
septum. Upon addition of HC=CCF; (g), the connection to the Ar
manifold was replaced with an Ar-filled balloon (attached via a short
cannula). After 18 h of stirring, the resulting yellow solid was filtered
and washed with hexanes (1 X 10 mL) and water (1 X 10 mL) and
dried under vacuum. No further purification was performed. Yield:
0.037 g (0.057 mmol, 61%). Anal. Caled for PtC,,H,,N,F: H, 3.72;
C, 44.38; N, 4.31. Found: H, 3.74; C, 44.02; N, 4.35%. "H NMR (400
MHz, CD,CL,): 6 9.23 (dd, Ji_y = 6.0, 0.6 Hz, 2H); 8.04 (d, Jy_y =
1.9 Hz, 2H); 7.67 (dd, 2H, Jy_y = 6.0, 2.0 Hz, 2H); 1.45 (s, 12H).
UV—vis (CH,CL,): A,,/nm (&/dm® mol™ ecm™) 354 (6190), 319
(15,900), 306 (12,600).

* hszy)Pt(CZCF3)2 (2CF3). The procedure for the synthesis of 1CF;
was followed using (""?bpy)PtCl, (49 mg, 0.085 mmol), Cul (6 mg,
cat.), dichloromethane/diisopropylamine (3:1, v/v, 8 mL), and HC=
CCF; (g) (20 mL, 0.83 mmol). After 6.5 h, an additional supply of
HC=CCF; (15 mL, 2.50 mmol) was injected after thin-layer
chromatography indicated incomplete reaction, and the reaction was
allowed to proceed for an additional 18 h at room temperature. The
resulting yellow solid was filtered and washed with hexanes (1 X 10
mL). Purification by column chromatography (SiO,, 2.5 cm X 7 cm,
dry load) was performed using dichloromethane as the eluent (R; =
0.83). Yield: 0.039 g (0.057 mmol, 67%). Anal. Calcd for
PtC,H,(N,F-1/2H,0: H, 2.45; C, 48.15; N, 4.01. Found: H,
2.45; C, 48.14; N, 3.92%. "H NMR (400 MHz, DMSO-d,): § 9.22 (d,
Ju—u = 2.0 Hz, 2H); 9.15 (dd, Jyy_y = 6.0, 0.5 Hz, 2H); 8.36 (dd, Jy_u
= 6.0, 2.0 Hz, 2H); 8.16 (dd, Jy_y = 7.2, 2.5 Hz, 4H); 7.66 (m, 6H).
UV—vis (CH,CL,): A,,/nm (e/dm> mol™ em™) 363 (11,100), 332
(18,700), 315 (17,000).

(phbpy)PtC,CF; (3CF3). The procedure for the synthesis of 1CF,
was followed using (phbpy)PtCl (33 mg, 0.072 mmol), Cul (S mg,
cat.), dichloromethane/diisopropylamine (3:1, v/v, 8 mL), and HC=
CCF; gas (12 mL, 0.50 mmol). After 24 h, the resulting red solid was
filtered and washed with diethyl ether (1 X S mL) and dried under
vacuum. No further purification was performed. Yield: 0.026 g (0.050
mmol, 70%). Anal. Calcd for PtC,,H,;N,F;-1/2H,0: H, 2.28; C,
43.19; N, 5.30. Found: H, 2.29; C, 43.19; N, 5.31%. 'H NMR (500
MHz, DMSO-dq): 6 8.75 (dd, Jy_y = 5.3, 1.6 Hz, 1H), 8.47 (d, Jy_n
= 7.8 Hz, 1H), 8.32 (td, Jy_yy = 7.8, 1.6 Hz, 1H), 8.19 (d, Jy_u = 7.9
Hz, 1H), 8.10 (t, Jy_y = 8.0 Hz, 1H), 7.99 (d, Jy_u = 8.0 Hz, 1H),
7.84 (ddd, Jyy_y = 7.8, 5.2, 1.3 Hz, 1H), 7.60 (dd, J;y_ys = 7.6, 1.6 Hz,
1H), 7.46 (dd, Jy_y = 7.3, 1.4 Hz, 1H), 7.10 (td, Jy_y = 7.4, 1.6 Hz,
1H), 7.05 (td, Jy_g = 7.5, 1.4 Hz, 1H). *C NMR (125 MHz, DMSO-
dg, vs 3C solvent & 39.52): 6 164.03, 157.37, 154.55, 150.89, 147.19,
141.18, 140.76, 140.64, 136.90, 131.06, 128.97, 12535, 124.47,
124.31, 119.66 (Jo_p = 12 Hz), 115.41, 113.37, 88.48 (Jc_r = 43 Hz).
UV—vis (CH,Cl): A, /nm (¢/dm® mol™ cm™) 361 (9280), 327
(12,400).

B RESULTS AND DISCUSSION

Syntheses. Each complex was synthesized bZ modified
literature procedures derived by Sonogashira et al.****®> The
corresponding LPtCly, (“**?bpy)PtCl,, (*"*bpy)PtCl, or
(phbpy)PtCl was treated with 3,3,3-trifluoropropyne gas in
dichloromethane/diisopropylamine solvent in the presence of
a Cul catalyst (Figure 3). Two of the complexes, 1CF; and

R
R R R_ _
- CH,Cly/ i-Pr,NH N\ 7N
\ " N7 cul NN
N Ve —
Pt HC=CCF,
cl’ <l / \
F3C CF,

Figure 3. General synthetic scheme for the synthesis of the Pt
trifluoropropynyl complexes.

3CF;, precipitated from solution as analytically pure solids,
whereas 2CF; required purification by column chromatog-
raphy, following separation from the reaction mixture. All
complexes are air-stable and photostable in the solid state and
in solution. Both 1CF; (2.9 X 10™* M) and 2CF; (3.3 X 107°
M) are sparingly soluble in CH,Cl, but insoluble in other
organic solvents, whereas 3CF; is soluble in toluene and
DMSO, in addition to being slightly soluble in CH,Cl, (2.5 X
1073 M).

Crystallography. Crystals of 3CF; suitable for X-ray
diffraction were grown by slow evaporation of a CH,Cl,
solution. We were unable to grow single crystals suitable for
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diffraction for 1CF; and 2CF;. The crystal structure of 3CF;
presents a distorted square-planar environment around Pt
(Figure 4, Table S1). The long-range structure involves stacks

Figure 4. Structure of 3CF; shown as 50% probability ellipsoids (left)
and stacked (phbpy)PtC,CF; complexes within the unit cell viewed
slightly off the a-axis (right). Hydrogen atoms are omitted for clarity.
Key interatomic distances: Pt(1)—C(1) 1.954(2) A; Pt(1)—C(19)
1.996(2) A; Pt(1)—N(1) 2.1147(18) A; Pt(1)—N(2) 1.9923(18) A;
Pt(1)--Pt(2) 3.1964(2) A. Key interatomic angles: N(1)—Pt(1)—
N(2) 78.74(7)°; C(1)—Pt(1)—C(19) 98.94(9)° N(1)—Pt(1)—C(1)
96.91(6)°; N(2)—Pt(1)—C(19) 81.81(8)°.

of complexes (stacking along the a-axis) alternating in their
orientation because of inversion symmetry. The overlap
pattern forms offset 7-stacking interactions, including some
involving the alkynyl carbon atom. Neighboring stacks connect
through weak C—H---F interactions (Figure S4). The alkynyl
ligand is slightly bent [C—C—C = 168.8(2)°]. The Pt---Pt
distance of neighboring complexes along the g-axis is
3.1964(2) A, which is significantly shorter than the sum of
van der Waals radii (3.50 A),° sug_gesting a metallophillic
interaction between the Pt centers.””®® Other examples of
short Pt---Pt distances in related compounds include (tpy)-
PNO;* [3.185 A, tpy = 2,6-bis(2-pyridyl)pyridine], (tpy)-
PtBr (3.370—3.467 A),”® (tpy)Pt(C,CeHs) (3.346—363 A),”°
and (phbpy)PtCN (3.223—3.287 A),”" making this one of the
shortest Pt—Pt distances reported for terdentate Pt complexes.

Photophysical Characteristics. Absorption. The absorp-
tion spectra of the bipyridyl complexes, 1CF; and 2CF;, in
CH,Cl, solution (Figure S) each exhibit a broad absorption

2.5x10"

> -+ 1CF;
= —2CF,
<3 - 3CF,
[«

[}

Q0

<

s

[«]

=2 R S

300 350 400 450 500

Wavelength (nm)

Figure S. Overlaid UV—vis spectra in CH,Cl, solution at room
temperature.

peak between 400 and 330 nm, commonly assigned to a
charge-transfer transition in related alkynyl Pt diimine
complexes.”>*> At higher energy, peaks with well-defined
vibronic progression of 1300 to 1500 cm ™" are evident. Such a
progression typically indicates the occurrence of a higher-
energy IL (bpy) 7—7* transition.”>”> The absorptions of the
cyclometalated 3CF; occur at lower energy than those of the

other two complexes (Figure §), with the lowest-energy
absorption maximum at 410 nm. The lowest-energy
absorbance of (CANAN)PtL complexes is typically assigned
to 'MLCT transitions,””> and the higher-energy absorption is
classified as 'IL (bpy) 7—z* transitions.”> Data herein suggest
that the lowest-energy singlet ES for 3CF; is not of MLCT
origin but rather of phbpy ILCT (phenyl to bipyridine)
character (vide infra). Lastly, Beer’s law plots for each complex
are linear, suggesting that no ground-state aggregation occurs
in solution (Figure SS).

Emission. All complexes are photoluminescent in room-
temperature CH,Cl, solution (Figure 6, Table 1), and the

Normalized Emission in CH,Cl,

.- 1CF4
—2CF;
--= Saturated 2CF,
—3CF;

Normalized Emission
o
(o))
1

400 500 600 700 800
Wavelength (nm)

Figure 6. Normalized emission spectra in room temperature CH,Cl,

solution. 1CF; A, = 350 [Pt] = 1 X 107° M; 2CF, A, = 350 [Pt] =

3.5 x 107 M (dilute), [Pt] = 3.3 X 107> M (saturated); 3CF;, A, =

361 nm [Pt] = 2.5 X 107* M.

excitation spectra match the corresponding absorption spectra,
indicating that emission is not due to an impurity (Figure S6).
Complexes 1CF; and 2CF; exhibit structured emission with
vibronic spacings between 1300 and 1500 cm™', which
coincide with vibrational frequencies of bipyridine. The
emission spectrum of the analogous dicyano complex,
("P*?bpy)Pt(CN),, is remarkably similar in energy and
vibronic progression.”””* This vibronic progression is_inter-
preted as emission from an IL (bpy) *z—z* ES.>*>7>75 At
concentrations above approximately 5 X 107> M, the two
bipyridyl complexes, 1CF; and 2CFj;, exhibit a broad, low-
energy emission peak (Figures 6 and S7). Such a feature is
common for emissive square-planar Pt complexes and is
typically ascribed to phosphorescence from an excimer formed
from Pt—Pt and/or 7—7 interactions.””~”” Lastly, the similarity
between the emission spectra of 1CF; and the analogous
dicyano complex suggests that the cyano and trifluoropropynyl
ligands confer remarkably similar electronic properties. Such
similarities have previously been observed for complexes of
Cr', Co™, and Rh™.* The addition of Pt" to this list suggests
that this similarity can be generalized across a range of
electronic configurations.

Relative to the analogous pentafluorophenylethynyl com-
plex, 1C¢Fs,>* the room-temperature, fluid-solution emission
maximum of 1CF; is slightly blue-shifted (501 vs 492 nm).
Furthermore, the emission spectrum of the pentafluoropheny-
lethynyl complex, 1C4Fs, is broad and structureless, consistent
with CT-based emission. The blue shift in emission and fine
structure of 1CF; suggest that the energy of the MLCT and
LL'CT transitions in 1CFj lies above the IL z—z* (bpy) ES,
whereas for the lower-energy structureless emission of 1C¢Fs,
the CT states lie below the IL z—z* (bpy) ES. This is
consistent with trifluoropropynyl being a more electron-
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Table 1. Photophysical Measurements of the Pt Trifluoropropynyl Complexes

Aem (nm)“© T (o3 E, (kJ/mol) rate constants of deactivation
RT" 77 K¢ RT" 77 K¢ CH,Cl, CH,Cl, k. (s7Y) ke (s71)
Soln 1CF, 461 449 124 ns? 154 ps 0.007 37 5.7 x 10* 8.0 X 10°
2CF, 476 462 186 ns” 12.1 ps 0.012 26 6.5 x 10* 5.3 x 10°
3CF; 570 519 1.48 us® 8.72 us 0.035 10 (12) 2.4 x 10* 6.5 x 10°
PMMA 1CF, 459 10.7 ps 133 ps € h € €
2CF, 470 9.43 us 11.7 ps 0.42 h 4.5 x 10* 62 x 10*
3CF, 566 5.10 s 8.8 us 0.25 h 49 x 10* 1.5 x 10°

“For structured emission, the 0—0 peak is reported. For unstructured emission, the emission maximum is reported. “Solution data in CH,Cl,.
“Solvent glass of 1:1 CH,Cl, and 2-methyltetrahydrofuran (2-MeTHF). “Extrapolated from the Arrhenius plots of photoluminescence decay rate
constants. “Solution purged with Ar (g). In toluene solution. ¥Could not be determined due to poor solubility and low doping percentage. hSee

text.

Table 2. Emission Wavelength, TDDFT-Calculated S, — T; Wavelength, and Population Analysis®

Ao Soln (77 K) T, (nm) Pt Rppy” CeH,~ C,R
1CF, 461 (449) 430 18 - 4 (—14) 58 — 93 (35) 24 — 3 (=21)
2CF, 476 (462) 468 25 — 4 (=21) 48 — 94 (46) 27 = 3 (—24)
3CF, 570 (519) 523 28 — 5 (=23) 17 — 87 (70) 55 = 5 (=50) 0—3(3)
1CgF; 501 (450)° 496 20 — 4 (—16) 6 — 82 (76) 74 — 14 (—60)
3CgF, 560 (531)7 524 30 = 6 (—24) 16 — 88 (72) 54 — 4 (=50) 0—2(2)

“TDDFT and Mulliken population analysis used the B3LYP/6-31G(d)/LANL2DZ computational model. All structures were optimized as singlets
with the BBLYP/LANL2DZ computational model. bPopulations presented in this column represent the sum of all atoms of the “®*?bpy and "™bpy
ligand, but only the bpy portion of the phbpy ligand. “Data from ref 23. “Data from ref 32.

withdrawing ligand than pentafluorophenyl, as suggested by
previous electrochemical eXperiments.54 In 77 K glass, the
emission spectrum of 1CgF;™> shows nearly identical vibronic
spacing (1350 cm™') and essentially identical 0—0 band
energies (450 nm and 449 nm respectively) as 1CF;. The
change from structureless (RT solution) to structured (77 K
glass) emission in 1C¢Fy could be explained by a change in the
lowest-energy triplet state between sample media. Recall that
upon incorporation into rigid medium, a CT ES will be blue-
shifted by a greater degree than an IL 7—rx* ES.*7* This
could result in the CT ES in 1C¢F being elevated above the IL
m—n* ES due to the rigidity of the 77 K matrix. Lastly, because
the energy of IL 7—7* ESs is not significantly impacted by the
electronic nature of the ancillary ligand, this would explain why
the 77 K emission energies of 1CF; and 1C¢Fj are very similar.
For the cyclometallated phbpy complex, 3CF;, the room-
temperature CH,Cl, emission profile is broad and structureless
(Figure 6), which in related (NANAC)Pt complexes is ascribed
to a CT ES.>*** The integrated emission intensity of 3CF,
increases by a factor of 3 in deaerated solvent (Figure S8),
indicating oxygen quenching, whereas the emission intensities
of 1CF; and 2CF; are not diminished in air-saturated solutions
at room temperature. The solution (CH,Cl,) emission
spectrum of 3C4F>” is remarkably similar to that of 3CF; in
both energy and shape. The 77 K emission spectra of both
complexes are structured, with a vibronic spacing between
1250 and 1450 cm™. The 77 K emission of 3CF; is slightly
blue-shifted relative to 3C¢Fs (519 vs 531 nm). The strong
similarity in emission spectra between 3CF; and 3C4F; is more
consistent with emission from a phbpy ILCT (phenyl to
bipyridine) than either MLCT or LL'CT as these latter CT
transitions would be significantly more impacted by the e~
withdrawing character of the alkyne. The computational
chemistry (vide infra) supports this conclusion.
Computational Investigation. To further investigate the
nature of the emissive ESs, TDDFT experiments were
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performed. Vertical S, — T, absorption energies are
considered good models for 0—0 transitions, especially in
rigid medium where structural relaxation has little effect on the
emission energy.gl’82 A recent review demonstrated that
geometry optimization using B3LYP/LANL2DZ followed by
TDDFT using the functional B3LYP yielded S, — T,
transitions that best agreed with emission energies of Pt and
Ir phosphors.*® A study by the Yersin group demonstrated that
the functional B3LYP also yielded balanced treatment of LC
and MLCT ESs in Pt phosphors.® Our benchmarking
experiments demonstrated that for this set of complexes,
TDDFT experiments using the B3LYP/6-31G(d)/LANL2DZ-
(for Pt) model agreed well with emission energies and
provided balanced treatment of the ES orbital character.
Thus, computational modeling was performed using B3LYP/6-
31G(d)/LANL2DZ//B3LYP/LANL2DZ (TDDFT//opt). All
calculations employed a Tomasi-polarizable continuum
model® assigned the dielectric constant for THF. Although
the 77 K emission data were recorded in a frozen 1:1 (v/v)
CH,Cl,/2-MeTHF matrix, TDDFT showed no meaningful
difference in ES energies modeled with THF or CH,Cl,, which
is not surprising, given the similar dielectric constants for these
two solvents.

The population analysis and MO images (Table 2, Figure 7)
associated with the Sy — T transitions are in good agreement
with the experimental characterization of these ESs. For
example, the lowest-energy triplet transition of 1CFj is
composed of equal parts H — 4 - LUMO and HOMO —
LUMO, representing IL (bpy) z—z* and MLCT/LL'CT
transitions, respectively. Population analysis (Table 2)
supports these observations, indicating a greater degree of IL
(bpy) character than CT character. A very similar transition
character is observed in the computational data for 2CF;
(Chart S2). By contrast, the S; — T, transition of the
pentafluorophenylethynyl complex, 1C4Fs, displays almost
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LL'CT character observed (Table 2, Figure 7).

TDDFT analysis of 3CF; suggests that the lowest-energy
triplet and singlet ES are composed almost entirely of HOMO
— LUMO character (Figure 7, Chart S3). Orbital images
suggest that the lowest-energy triplet and singlet ES of 3CF;
and 3C4F; (Chart S7) are mostly of phbpy ILCT (phenyl to
bipyridyl) character. The population analysis supports this
conclusion and reveals a nontrivial amount of MLCT character
in the transition, which explains the slight blue shift in 77 K
emission from 3C4Fs to 3CF;. The model predicts nearly
identical character and emission energy for 3CF; and 3C4F;,
which is in agreement with the experimental data. As indicated
above, this similarity is likely because the ancillary ligand has
little effect on the Ph — bpy CT transition. In conclusion, one
key impact of the trifluoropropynyl ligand is that it elevates the
energy of the MLCT and LL’CT ES above that of the IL z7—n*
ES, making it a useful co-ligand when IL emission is desired.

Effect of PMMA. 1t is well documented that incorporation
into PMMA films often increases ®p; and ES lifetimes and
blue-shifts emission energies, and the extent of these effects
depends on the degree of distortion of the ESs involved in
both the emission and the nonradiative decay.'®***7*>%5 The
two bipyridyl complexes, 1CF; and 2CF;, exhibit smaller
rigidochromic shifts between solution and PMMA than 3CF;
(Figure 8), which is consistent with the IL 7—z* ES character
assignment of the 1CF; and 2CF; complexes and the MLCT/
ILCT character of 3CFj;, the former being less distorted than
the latter.

Complexes 1CF; and 2CF; are visibly more emissive under
UV-lamp excitation in room temperature PMMA film than in
solution, with ES lifetimes increasing by approximately 2
orders of magnitude (Table 1, Figures S9—S11). Furthermore,
@y, for 2CF; increases by a factor of 35 in PMMA film. Rate

500 600 700 800
Wavelength (nm)
Figure 8. Normalized emission spectra of 1CF; [Pt] = 1 X 107° M
(CH,CL,); A, = 350 (CH,CI, solution and PMMA), 4., = 354 (77
K); PMMA film made by spin coating. 2CF; [Pt] = 3.5 X 107° M
(CH,CL); Ae = 360 nm (PMMA and 77 K), 4., = 350 (CH,CL,);
PMMA film made by doctor blading. 3CF; [Pt] = 2.5 X 107* M
(CH,CL); A = 361 nm; PMMA film made by spin coating.

constants for radiative (k,) and nonradiative (k,,) relaxation
(Table 1) from the emissive ES were determined from the
overall rate constant for ES deactivation (kg) and ®p;, using
eqs 1 and 2. Incorporation into PMMA film decreases k;,

k

o, =+
Tk (1)
kd = kr + knr (2)

by a factor of 85 in 2CFj;, while the radiative rate constant, k,,
is relatively unchanged, indicating that rigidoluminescence is
dominated by slowing the nonradiative pathway. Though ®p;
of 1CF; was not measured in PMMA (due to low dopant
concentration owing to low solubility), the similar degrees of
ES lifetime elongation in PMMA film (Table 1) and the
structural and spectroscopic similarities between 1CF; and
2CF; suggest qualitatively similar behavior.

For 3CF;, the approximately one order of magnitude
increase in @p; upon incorporation into PMMA film is due to
both a twofold increase in k, and a fourfold decrease in k,, a
significantly smaller decrease in k, than for 2CF; One
explanation for the smaller impact of rigidification on k,, in
3CF; is that the terdentate complex, being inherently more
rigid, is less susceptible to ES distortions that stabilize the *MC
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Figure 9. (a) Chromaticity of emission of the three trifluoropropynyl complexes in CH,Cl, solution, PMMA film, and 77 K glass. CIE coordinates
1CF; CH,Cl, (0.274, 0.396), PMMA (0.254, 0.396), 77 K (0.310, 0.445); 2CF; CH,Cl, (0.216, 0.439), PMMA (0.212, 0.395), 77 K (0.206,
0.331); 3CF; CH,Cl, (0.501, 0.494), PMMA (0.478, 0.515), 77 K (0.380, 0.590) based on CIE 1931 2°. (b) Chromaticity of emission of 2CF; in
CH,Cl, solution across concentrations ranging from saturated (4, 3.3 X 107 M) to dilute (C, 1 X 107> M).

state, reducing the impact of medium effects on rigid-
oluminescence.'” The long-lived luminescence and high ®p;,
of 3CF; in solution (¢f 1CF; and 2CF;) (Table 1) are
consistent with 3CF; being inherently more rigid.

For the complexes investigated herein, another explanation
for the rigidoluminescence behavior is a lack of diffusion-
mediated self-quenching in PMMA film. However, plots of
integrated photoluminescence intensity versus the concen-
tration for each compound in CH,Cl, are linear over
concentrations at which solution lifetimes were measured,
indicating a lack of self-quenching behavior (Figure S12).

To probe the mechanism of nonradiative relaxation,
activation barriers associated with solution phase ES relaxation
for 1CF;, 2CF;, and 3CF; were determined from Arrhenius
plots for the rate constants for ES deactivation (Figures S13
and S14). The energy barriers associated with deactivation of
T, in solution for 1CF;, 2CF;, and 3CF; were determined to
be 37, 26, and 10 kJ/mol, respectively (Table 1). These are
similar in magnitude to those determined for Pt" NHC
complexes16 and Ru" polypyridyl complexes,86 where thermal
access of the *MC state was invoked.

In PMMA, Arrhenius plots for 1CF; and 2CF; are very flat
over the accessible temperature range of the cuvette holder
(—28.5 to +105 °C), likely indicating this to be below the
temperature dependent region (Figures S15—S17). The
Arrhenius plot for 1CF; is slightly curved, perhaps indicating
a transition into thermally activated behavior or softening of
the PMMA. As a result, activation barriers could not be
determined for PMMA samples, and experimental E, values
between the two media could not be directly compared.

Because experimental E, values could not be measured for
PMMA film, TDDFT-predicted transition energies were used
to estimate the energy gap between the emissive state and the
’MC state in these rigid systems since TDDFT is based on
vertical transitions at the GS geometry.*"*” The lowest-energy
’MC states were identified for all three complexes by screening
triplet states for high degrees of d—d transition character
(Charts S1—S3). The ES activation barrier was estimated as
the difference between the lowest-energy *MC state and the
lowest-energy triplet state (*MIC—T),), resulting in values of
approximately 150 kJ/mol for 1CF;, 170 kJ/mol for 2CFj;, and
190 kJ/mol for 3CF;, which are in typical ranges for TDDFT-
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calculated T,—*MC energy differences in Pt phosphors.”” If
TDDFT is considered representative of the more rigid film
environment, then these larger values in E, support the
hypothesis that the deactivating *MC is stabilized by M—L
bond distortions allowed in the solution state.

Emission Chromaticity. Due to rigidochromic shifts, the
color of monomer emission for each complex differs between
environments (dilute CH,Cl,, 77 K glass, and PMMA film,
Figure 9a). In addition, the low-energy excimer emission of
1CF; and 2CF; increases in intensity with increasing
concentration. As a result, the emission color can be tuned
by varying the concentration (Figure 9b). At high concen-
trations, the excimer emission dominates the spectrum,
resulting in yellow (1CF;) or orange (2CF;) emission. At
very dilute concentrations, excimer emission is almost entirely
absent, enabling the blue-cyan emission of the pure monomer.
Interestingly, at 8.40 X 10™* M in CH,Cl,, 2CF; exhibits warm
white emission with CIE (0.4062, 0.4023) (Figure 9b point B),
which is close to CIE standard illuminant “F3, fluorescent
white” (0.4091, 0.3941). Single-component white emission is
desired for white OLEDs (WOLEDs).>* ' However, upon
incorporation into PMMA, monomer emission dominates up
to the solubility limit for solution (CH,Cl,) processing of the
film (0.15 wt % for 1CF; and 1.8 wt % for 2CF;). In fact,
CH,Cl,/PMMA solutions of 1CF; and 2CF; that show
significant excimer emission show no evidence of the excimer
emission upon curing (Figures 10 and S17). This is likely
because excimer emission requires diffusion at these low
concentrations’®””* and because ®p; for monomer emission
increases drastically in PMMA film. Furthermore, below the
solubility limit, the emission spectra and lifetimes in PMMA
film are independent of the dopant concentration (0.04 to 1.8
wt %), as demonstrated for 2CF, (Figure S18). Several
examples of single-component white emission for WOLEDs
involve excimer emission of Pt complexes, but each case
required concentrations upward of 10 wt % [Pt], and typically
utilized vapor deposition*””” instead of solution processing.”
Due to the poor solubilities of 1CF; and 2CF;, it is not likely
that solution-processed single-component white emitting films
can be prepared from the complexes of this study.
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Figure 10. Emission spectrum of 2CF; (3.3 X 107° M) in CH,Cl,
solution containing PMMA before curing and the resulting PMMA
film after curing.

B CONCLUSIONS AND OUTLOOK

Though the trifluoropropynyl ligand had previously been
demonstrated to be a stronger-field ligand and more electron-
withdrawing than the pentafluorophenylethynyl ligand, there
have been no investigations regarding the impact that this
would have on the emission from complexes with MLCT and
LL’CT emissive states. Herein, we demonstrate that for a series
of substituted bipyridyl complexes, the emissive states are
almost entirely IL in character. This is likely due to the
electron-poor nature of the trifluoropropynyl ligand raising the
energy of the MLCT and LL’CT states above that of the IL
states. For this class of complexes, this suggests that a limit has
been reached, where further blue-shifting of emission will
require ligands with higher-energy IL states. Such a strategy
has already been demonstrated by the Schanze group in Pt
butadiynyl complexes, where the emissive state is of 7—x*
(butadiyne) character, resulting in high color-purity, deep-blue
emission.'® Similar studies have suggested using ligands with
smaller 7-conjugated systems to blue-shift 7—7* emission
energies in Ir pyridyl compounds.'* Thus, trifluoropropynyl
may serve as a useful co-ligand in cases where IL emission is
desirable.

Furthermore, this work adds to the growing body of
literature demonstrating the profound impact that environ-
mental rigidification can have on the emission quantum yield.
Thus, it is worthwhile to augment investigations of emissive
complexes with characterization in rigid environments,
particularly for complexes with low emission quantum yields.
With respect to the Pt complexes investigated herein, the data
are consistent with a mechanism for rigidoluminescence
wherein the rigid environment raises the energy of the *MC
states, rendering them thermally inaccessible. Lastly, in
addition to increasing ®p;, the PMMA environment
diminishes excimer emission, presumably because diffusional
collision between an excited- and ground-state monomer is
prevented. As a consequence, achieving white emission from a
mixture of monomer and excimer emission in a rigid
environment should require much higher chromophore
concentrations, such that the film contains an appropriate
fraction of pre-o;gg;lized chromophore pairs required for
excimer emission.” ’
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