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ABSTRACT: The synthesis, electrochemistry, and photophysical
behavior of a Pt(Il) terpyridyl perylenediimide (PDI) acetylide (1)
charge-transfer complex is reported. The title compound exhibits
strong (¢ & § X 10* M™'em™") low-energy PDI acetylide-based 7—r*
absorption bands in the visible range extending to 600 nm, producing
highly quenched singlet fluorescence (® = 0.014 + 0.001, 7 = 109 ps)
with respect to a nonmetalated PDI model chromophore. Nano-
second transient absorption spectroscopy revealed the presence of a
long excited-state lifetime (372 ns in 2-methyltetrahydrofuran) with
transient features consistent with the PDI—acetylide triplet state,
ascertained by direct comparison to a model Pt(II) PDI—acetylide
complex lacking low-energy charge-transfer transitions. For the first
time, time-resolved step—scan FT-IR spectroscopy was used to

characterize the triplet excited state of the PDI—acetylide sensitized in the title compound and its associated model complex. The
observed red shifts (~30—50 cm™") in the C=0 and C=C vibrations of the two Pt(II) complexes in the long-lived excited state
are consistent with formation of the *PDI acetylide state and found to be in excellent agreement with the expected change in the
relevant DFT-calculated IR frequencies in the nonmetalated PDI model chromophore (ground singlet state and lowest triplet
excited state). Formation of the PDI triplet excited state in the title chromophore was also supported by sensitization of the
singlet oxygen photoluminescence centered at ~1275 nm in air-saturated acetonitrile solution, ®('O,) = 0.52. In terms of light
emission, only residual PDI-based red fluorescence could be detected and no corresponding PDI-based phosphorescence was
observed in the visible or NIR region at 298 or 77 K in the Pt(II) terpyridyl perylenediimideacetylide.

B INTRODUCTION

The photophysical properties of Pt(I) terpyridyl acetylide
complexes have been intensively investigated for approximately
a decade.'™”* The square planar geometry of these complexes
provides the opportunity for a variety of intermolecular
interactions in their ground and excited states.' > Notably,
the photophysical properties of these Pt(II) complexes can be
easily tuned through incorporation of substituents in the 4’
position of the terpyridyl and/or variation in the alkyl/
arylacetylide ligands.”' >>*"73*73=75 The terpyridyl ligand
introduces additional rigidity into the molecule, which
significantly reduces nonradiative decay due to the Dy, to D,y
distortion in the excited state with respect to the analogous
bipyridyl complexes.””**”>7® However, the significant size of
the Pt(II) center leads to a geometry exhibiting a Pt—N central
bond shortened with respect to the two peripheral ligation
points and N—Pt—N bite angles of 79.1° and 80.5°.7° As a
result the ligand field is reduced, thereby lowering the
respective d—d states in energy and making them a viable
pathway for excited-state deactivation.””**”>’® However,
incorporation of a strong-field acetylide ligand shifts the
deactivating ligand field states higher in energy, rendering
these compounds emissive in room-temperature solutions. This
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trivial manipulation of photophysical properties renders such
molecules promising chromophores for optical power limit-
ing,*#**313%5> singlet oxygen photosensitization,*”*’ photo-
catalytic hydrogen production,”**'~*7! luminescence sens-
ing,7’24’25’34’46_50’72 electrogenerated chemiluminescence,“
dye-sensitized solar cells,"” biolabeling,"'****> photoinduced
charge separation (artificial photosynthesis),® and DNA
metallointercalation.*®

Growing interest in the development of photovolatics and
solar fuels catalysis requiring visible-absorbing chromophores
with high oscillator strength has led to perylenediimides (PDI)
being incorporated into transition metal complexes in a variety
of formats.”*”** PDIs are stable, low-cost organic dyes with
high molar absorptivities, high fluorescence quantum vyields,
and tunable spectroscopic properties that have resulted in their
widespread investigation as chromophores in a myriad of
electron- and energy-transfer cascades as well as applications in
molecular electronics and photovoltaics.**~*° The performance
of photovoltaic devices and light-emitting electrochemical cells
may potentially be improved by accessing the long-lived PDI
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triplet excited states.****"** It has been previously demon-

strated that the platinum—acetylide motif is particularly
effective at promoting strong spin—orbit coupling from PDI
subunit(s), thereby resulting in production of its lowest triplet
excited state.”>"> Relatedly, Rybtchinski and co-workers
reported optoelectronically active supramolecular constructs
derived from poly(ethylene oxide)-substituted PDIs fastened to
a terpyridine ligand at its 4’ position using a phenyl-
eneacetylene linker.”*®” Incorporation of such organic building
blocks into transition metal complexes of Pt(Il), Pd(II), and
Ag(I) resulted in a diversity of photonic superstructures.
Furthermore, similar modules have been recently integrated
into Pt(II)—peptide conjugates resulting in kinetically con-
trolled self-assembled aggregates in aqueous media.”® Notably,
in these latter compositions, particularly those based on Pt(II),
singlet state photophysics entirely dominates excited-state
decay.

w
PN

Interested in whether the PDI triplet state could indeed be
accessed within the Pt(II) terpyridyl structural motif, we
prepared a Pt(1I) terpyridyl PDI—acetylide (1) where the PDI
is covalently attached to the metal center through an acetylide
linkage emanating from one of its bay positions. Complex 2 was
chosen as a model “metal-perturbed” chromophore intended to
mimic the photophysical and spectroscopic behavior of any IL
states produced in 1 in the absence of any low-energy charge-
transfer states. Compound 3 is the TMS-protected derivative of
the terminal PDI—acetylene ligand 4. An array of static and
dynamic spectroscopic techniques including UV—vis absorp-
tion, photoluminescence, and step—scan time-resolved infrared
were used to interrogate the photophysical behavior of 1,
ultimately revealing a long-lived excited state characteristic of
IL PDI parentage. The transient infrared signatures of the
3PDI localized excited state have been evaluated for the first
time and found to correlate well with the corresponding DFT
calculations.

B RESULTS AND DISCUSSION

Syntheses. The PDI-based synthetic precursors 3 and 4
were prepared using procedures previously reported in the
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literature.”*” The Pt[(‘Bustpy)CI]PF, metal complex pre-
cursor was synthesized according to a published procedure
using Pt(DMSO),CL,"* and commercially available 4,4',4"-tri-
tert-butyl-2,2':6',2"-terpyridine (‘Bustpy).'®" The metal—organ-
ic chromophores 1 and 2 were synthesized using established
literature protocols, namely, Cu(I)-catalyzed cross-coupling
reactions between the Pt(II) halide precursor and 4 in the
presence of diisopropylamine in dichloromethane at room
temperature under an inert atmosphere.’”**** We note that
this particular coupling reaction also readily proceeds without
addition of Cu(I), as has been previously noted.”” This latter
approach affords the opportunity to completely avoid possible
m-complex formation with Cu(I) to the resulting metal—carbon
acetylide bond in the final isolated Pt(II) complex. As a result,
complications associated with purification and subsequent
characterization by MALDI-TOF MS and FT-IR spectroscopy
are completely circumvented.'®>'® The final isolated metal
complexes were structurally characterized by 'H NMR,
MALDI-TOF MS, high-resolution ESI-MS, and FT-IR.
Molecules 1 and 2 are stable in the solid state and solution
under ambient conditions and soluble in a variety of solvents
including dichloromethane, methanol, 2-methyltetrahydrofuran
(2-MeTHF), and toluene.

Electronic Absorption Spectroscopy. The UV-—vis
absorption spectra of 1 in various solvents are displayed in
Figure la whose peaks and extinction coeflicients are
summarized in Table 1. The intense transitions near 325 nm
(e 30000—-33000 M~' cm™') correspond to z—rx*
transitions of the ‘Bustpy ligand as previously reported.””>'*!

The lower energy transitions observed in the 400—600 nm
range (& ~ 17700—49 500 M™' cm™) are attributed to 7—z*
transitions of the PDI acetylide moiety in addition to
characteristic Pt(II)—acetylide to ‘Bustpy charge-transfer
transitions.””” The latter is supported by comparing the
integration of the absorption spectra of 1 and 4, which
produces a 1.4:1 ratio, Figure S1, Supporting Information. This
signifies the presence of additional CT transitions obscured by
the intense 7—x* transitions localized on the PDI moiety. The
PDI-centered 7—7* transitions of 1 are shifted to significantly
lower energies in comparison to the free ligand 4, likely
resulting from strong ¢ donation accompanied by 7 back
bonding from the Pt(II) metal center, Figure S1, Supporting
Information.””**?51%* Additionally, the absence of a significant
solvatochromic effect in the absorption spectrum of 1, as shown
in Figure la, supports the notion that the majority of the
oscillator strength in the low-energy visible portion of the
spectrum is due to ligand-localized PDI acetylide-based
transitions. In all solvents, the absorption spectral profile of 1
was independent of chromophore concentration. In contrast
with the other solvents measured, in toluene the PDI acetylide-
based 7—n* transitions display a decrease in the ratio of the
oscillator strengths in the two lowest energy transitions (I;_o/
I,_) as well as a red shift in the 0—0 transition, Figure 1a. This
difference in vibronic structure is a characteristic signature of
PDI aglgregate formation, which is known to occur in
toluene.'” Upon addition of a polar solvent (methanol) to
solutions of 1 in toluene, the molecules deaggregate and the
resulting spectrum becomes identical to all other solvents
investigated, Figure S2, Supporting Information.

Static and Time-Resolved Photoluminescence. Unlike
the previously reported nonluminescent Pt(II) bipyridyl
bis(PDI—acetylides),”**> 1 displays easily detectable red
emission in both aerated and degassed solutions with
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Figure 1. (a) Absorption and (b) photoluminescence (1, = 540 nm)
spectra of 1 in various solvents at 298 K. (c) Absorption (black) and
photoluminescence (red) (1, = 490 nm) spectra of 4 in 2-
methyltetrahydrofuran at 298 K.

correspondingly small Stokes shifts, Figure 1b. No quenching of
emission intensity was observed upon saturation of samples
with air, suggesting that the photoluminescence originates from
a singlet excited state. Comparison of the emission spectra at
298 and 77 K in 2-MeTHEF, Figure S3, Supporting Information,
revealed only a minor thermally induced Stokes shift (AE, =
E..(77 K) — E,,(298 K) = 611 cm™). This is consistent with
little charge redistribution between ground and excited states
and is therefore assigned as PDI-acetylide-localized singlet
fluorescence. Addition of methanol to solutions of 1 in toluene,
where the molecules are initially aggregated, shows no influence
on the resultant emission spectrum band shape; only a slight
red shift is observed due to solvent stabilization effects, Figure
S4, Supporting Information. This implies that the emission is
occurring from the nonaggregated state in all solvents. The
fluorescence quantum yield (® = 0.014 + 0.001) and lifetime
(r = 109 ps) of 1 in dichloromethane are significantly reduced
compared to the “free” PDI acetylene precursor 4, where @ =
091 and 7 = 4.5 + 0.1 ns, Figures S5 and S6, Supporting
Information. This indicates that although singlet fluorescence is
observed from 1, it is enormously quenched with respect to the
free ligand. This implies that intersystem crossing to the
corresponding triplet is likely occurring, similar to that
observed in the bipyridyl and phosphine-supported Pt(II)
PDI—acetylides.”*> Formation of the triplet state in 1 was
indirectly supported by the observation of singlet oxygen ('O,)
photoluminescence at ~1275 nm upon excitation of aerated
solutions at 450 nm, Figure S7, Supporting Information.
Production of singlet oxygen was observed in air-saturated 2-
MeTHF, methanol, toluene, and acetonitrile, ultimately
quantified in the latter (® = 0.52 + 0.05)."°° No
phosphorescence from 1 was observed in either the visible or
the near-IR region of the spectrum at room temperature or 77
K, in complete agreement with previously reported non-
phosphorescent Pt(Il) bis(PDI-acetylide) complexes, including
the phosphine model complex 2.7

Electrochemistry. The cyclic voltammograms (CVs) and
differential pulse voltammograms (DPVs) measured for 1 in
argon-saturated dichloromethane containing 0.1 M tetrabuty-
lammonium hexafluorophosphate (TBAPF;) as the supporting
electrolyte exhibit three reversible reductions and one
irreversible oxidation, Figures 2 and S8, Supporting Informa-
tion. The electrochemical potentials are reported versus the
Fe(Cp),"° external standard (E, /» = 044 V vs Ag/AgCl) and
are summarized in Table 1. The first two reversible reductions
occurring at —1.04 and —1.26 V are assigned as two sequential
one-electron reductions of the PDI unit by comparison to the
previously reported reduction potentials for 4 (—1.03 and

Table 1. Photophysical and Electrochemical Properties of 1

Ao’ /nm Ten”/pS

600°/607¢ 109 + 10

A’ /nm (g, M~! ecm™)
557 (49 500)
517 (31 000)
450 (24 500)
425, sh (17 700)
330 (33300)
316 (30900)

(Demu,d EI/ZOX/Vﬂ,Ef El/zred/va,e,g ) (102)}1
0.014 + 0.001 +1.05 —1.04 0.52 + 0.0
-1.26
—1.46

“Measured in dichloromethane. *Measured in 2-MeTHF. “Determined in a conventional fluorimeter, +2 nm. “Determined using an absolute
quantum yield apparatus, +2 nm. “Electrochemical potential peaks measured by DPV with TBAPF as su]zporting electrolyte (0.1 M), reported vs
Fe(Cp),*° couple. Trreversible process, as determined by CV. $Reversible process, as determined by CV. Singlet oxygen quantum yield measured
in air-saturated acetonitrile relative to [Ru(bpy);](OTf), (® = 0.57 + 0.05)."%
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Figure 2. Cyclic and differential pulse voltammograms for reduction of
1 in an argon-saturated 0.1 M solution of TBAPF in dichloromethane.

—1.24 V vs Fe(Cp),"°).>> The third reduction at —1.46 V is
assigned as a one-electron reduction of the terpyridyl ligand by
comparison to previously reported Pt(II) terpyridyl acetylide
complexes.”® The irreversible anodic wave at 1.05 V appears as
removal of an electron, presumably from the PDI-acetylide
subunit as suggested by the ligand-localized nature lowest
energy transition in the absorption spectrum, Figure la.
However, we cannot rule out that this irreversible oxidation
might indeed be metal centered in 1. Consistent with our
assignment, DFT calculations performed on 1 (Figure S9,
Supporting Information) indicate that both the HOMO and
the LUMO (and energetically proximate) orbitals are
predominantly PDI-acetylide localized, supporting the idea
that the observed oxidation likely corresponds to removal of an
electron from a PDI-based orbital.

Nanosecond Transient Absorption Spectroscopy.
Transient absorption difference spectra of 1 were acquired in
an argon-saturated flow cell following 555 nm pulsed laser
excitation (fwhm ~ 5—7 ns, 2 mJ/ pulse, Nd:YAG/OPO laser)
in toluene and 2-MeTHF at room temperature, Figure 3. The
resulting difference spectra in both solvents display identical
bleaching and absorption features except for a slight red shift of
all bands in the case of toluene, where the molecules are
aggregated. This red shift of the transient absorption spectrum
in toluene is consistent with the red shift observed in the
ground-state absorption spectrum, suggesting that the transient
absorption is probing the aggregated form. In 2-MeTHF, 1
exhibited ground-state bleaches centered at 320 and 555 nm,
along with an intense excited-state absorption band centered at
490 nm and a minor broad positive absorption band in the red.
These transient absorption features together with the long
excited-state lifetime in 2-MeTHF (372 ns) are in excellent
agreement with previously reported *IL PDI transient
absorption difference spectra and lifetimes in the analogous
bipyridyl and phosphine-supported Pt(II) bis(PDI—acety-
lide).”*” Similar transient features were generated in toluene,
Figures 3 and S10, Supporting Information, and the data here
were also adequately modeled using first-order kinetics (7 =
503 ns). Additionally, no features corresponding to the 'PDI
state, charge-transfer triplet states (*MLCT or *LLCT), or PDI-
based radical cation or anion were observed in the transient
absorption difference sgectra of 1 at all delay times within our
experimental window.”**7*197~1% Finally the excited-state
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Figure 3. Transient absorption difference spectra of 1 in 2-MeTHF
(a) and toluene (b) following 555 nm pulsed laser excitation (2 mJ/
pulse, 5—7 ns fwhm) measured at the delay times specified. (Insets)
Single-wavelength (4., = 490 nm) transient absorption decays with
their corresponding single-exponential fits (red) and the resulting
residuals (green) illustrating adequate goodness of fit. Each difference
spectrum represents the average of 64 measurements.

absorption features displayed by 1 are qualitatively similar to
transient absorptions reported for bimolecular-sensitized PDI
triplet state, wherein the T| — T, transitions generally occur to
the blue of the strongest singlet ground-state absorption.”*'"!
Similarly, the ground-state bleach is without question
completely associated with the PDI subunit, strongly suggesting
that the singlet depletion on long time scales is a result of
triplet-state formation. The single-exponential kinetics ex-
hibited by the transient absorption decays of 1 were identical
across the entire spectrum for both solvents investigated.
Overall, the transient absorption data presented here leave little
doubt that the lowest excited state is localized on the PDI
moiety 1 and triplet in nature.

Static and Step—Scan Time-Resolved FT-IR Spectros-
copy. Time-resolved infrared (TRIR) spectroscopy is another
useful tool for identification and characterization of excited
states. Although it is far less accessible than UV—vis transient
absorption spectroscopy, in metal complexes that have strong
infrared active groups such as cyanides, carbonyls, or amides,
TRIR spectrsocopy has proven to be a valuable tool in
characterizing the nature of long-lived excited states,"'>~'"®
identifying electron- or energy-transfer products,"'*""” and
probing reaction products and intermediates.""*"" This
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spectroscopic technique has previously been applied to metal
complexes of the related 4-piperidinyl-1,8-naphthalimide (PNI)
chromophore to probe the long-lived *IL PNI state.''®''>'"
As the PDI acetylide chromophore is rich in distinctive
infrared-active C=0, C=C, and aromatic C=C vibrations,
the excited states of 1 were investigated by time-resolved FT-IR
spectroscopy in dichloromethane solution, which is transparent
in the relevant mid-IR window.

Figure 4 presents the FT-IR spectra of 1—3 in dichloro-
methane solution. The FT-IR spectrum of 1 can be readily

comparison with 2, consistent with having only one PDI
acetylide subunit in the former.

Before proceeding with the discussion it is important to note
that the lifetimes of the TRIR absorption features measured for
1 and 2 (7 = 286 and 660 ns, respectively, Figures S11 and S12,
Supporting Information) are on the same order of those
observed in the transient absorption kinetics, strongly
suggesting that the same excited state is being probed in each
spectroscopic domain. In the TRIR difference spectrum of 1
measured 50 ns after a 532 nm laser pulse, Figure S, the C=0

—1
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Figure 4. FT-IR spectra of 1—3 in dichloromethane.

assigned by direct comparison to 3, which contains vibrations
characteristic of the PDI portion of the complex (Figure 4,
Table 2), namely, two peaks at 1695 and 1657 cm™" due to the
vibrations of the C=O groups and a peak at 1598 cm™'
resulting from various vibrations of the PDI aromatic core, all in
excellent agreement with previously reported spectra of the
closely related 1,4,5,8—naphthalenediimide120 and PNL!'#115
The oscillator strength of the C=C bond in 3 is too low to be
observed in its FT-IR spectrum in solution. Similarly, 2 exhibits
nearly identical infrared-active stretches emanating from the
PDI acetylide moiety (Figure 4, Table 2), including a C=C
vibration at 2091 cm™), two C=0 bands centered at 1692 and
1655 cm™, and delocalized PDI aromatic core vibrations at
1590 cm™'. Collectively, 1 and 2 exhibit nearly identical IR
spectroscopic signatures (Figure 4 and Table 2) differing only
in their respective aromatic rings stretches that are broadened
due to the additional contribution of terpyridyl moiety
vibrations in 1. The relative intensities of the vibrations that
arise from the PDI acetylide unit in 1 are reduced in
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Figure 5. Ground-state FT-IR spectrum (black) and time-resolved
step—scan FT-IR difference spectrum (green) of 1 in dichloromethane
at 50 ns delay following 532 nm pulsed excitation. Measurements were
performed in a 1 mm path length CaF, cell purged with argon at a
spectral resolution of 8 cm™.

and C=C vibrations have all shifted to lower energy upon
promotion to the long-lived excited state (AE ~ 30—50 cm™,
Table 2). The combined data are consistent with a net lowering
of the C=C and C=0 bond order upon sensitization of the
3PDI excited state, and importantly, the observed red shifts in
the C=0 frequencies are on the order of those observed in the
related PNI-containing metal—organic chromophores."'*'!®
The TRIR difference spectrum of 2 (Figure 6) measured at
the same delay time is nearly identical to that of 1, namely, the
C=C and C=O0 vibrations are all shifted to lower energy by
~30—50 cm™!, Table 2, consistent with production of a *PDI-
localized excited state on a single PDI—acetylide subunit. It is
important to note that the model complex 2, whose lowest
energy excited state has previously been assigned as *PDI-
acetylide localized in nature, contains two equivalent PDI-
acetylide ligands, and the resulting excited state could
potentially be either localized on a single PDI or delocalized

Table 2. Experimental and Calculated Vibrational Energies in the Ground and Lowest Triplet Excited States of 1-3 in

Dichloromethane
1 3
vibrations GS*em™ TR cm™’ AE em?’ GS®ecm™’ TR®cm™’ AE ™' GS®cm™” GSPem™ TSP em! AE cm™
C=C 2098 2051 —47 2091 -=50 2152 2114 —-38
C=O(S) 1695 1669 —26 1692 —-23 1695 1684° 1654°¢ -30
C=0(a) 1655 1628 —27 1655 —27 1657 1641° 1613¢ —28

“Time-resolved FT-IR spectroscopy at a spectral resolution of 8 cm™.. ’DFT frequency calculations performed with the UB3LYP/6-31g(d)
functional/basis in dichloromethane dielectric field, reduced by a generic frequency scaling factor of 0.9613. “Average of two closely spaced
vibrations: s, symmetrical; a, asymmetrical. AE is the difference between GS (ground state) and TS (calculated triplet state) or TR (time-resolved)

triplet state.
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Figure 6. Ground-state FT-IR spectrum (black) and time-resolved
step—scan FTIR difference spectrum (red) for 2 in dichloromethane at
50 ns delay following 532 nm pulsed excitation. Measurements were
performed in a 1 mm path length CaF, cell purged with argon at a
spectral resolution of 8 cm .

over both. Given the fact that the TRIR data are nearly identical
and result in red shifts of the same magnitude, the excited state
in 2 must be localized on a single PDI acetylide unit. Otherwise,
if the excited state was delocalized over both PDI acetylide
ligands in 2, the magnitude of the shifts in the TRIR spectrum
would likely be about one-half of those observed in the TRIR
spectrum of 1.'"

In order to obtain more detailed information regarding the
nature of the observed peaks in the ground state and TRIR
difference spectra, DFT calculations were performed on the
purely or§anic 3 using previously described computational
methods.""™"*! Given significant difficulties with excited-state
calculations on 1, which never properly converged, we had no
choice but to attempt to correlate the DFT-calculated
frequencies from 3 and compare these to 1. The frequencies
of the geometry-optimized ground (singlet) and lowest energy
triplet states were calculated in a simulated dichloromethane
solvent environment whose values are collected in Table 2. All
reported frequencies were scaled by 0.9613, the correction
factor appropriate for the functional and basis set used." The
calculated ground-state frequencies correlate well with both the
experimental FT-IR spectrum as well as the calculated
frequencies on previously reported PDI systems.'*' The
calculations illustrate that because of the low symmetry
inherent in 3, the two carbonyl bands observed in the
experimental spectrum are each composed of two closely
spaced vibrations, the higher energy band being composed of
symmetric vibrations and the lower energy band being
composed of asymmetric vibrations. The calculated infrared
spectrum, Figure S13, Supporting Information, also shows that
the lowest energy band near 1570 cm™" is composed of many
different aromatic-based stretching frequencies. In agreement
with experiment, the calculated ground-state infrared spectrum
of 3 indicates that the C=C vibration is of very low intensity
and cannot be readily observed. The calculated infrared
spectrum of the lowest energy triplet state of 3, Figure S14,
Supporting Information, produces a red shift of both the C=C
and the C=0 vibrational frequencies, —38 cm™! for the C=C
and —28 and —30 cm™" for the two C=0 bands, with respect
to the ground-state singlet frequencies. These shifts agree well
with the magnitude of those seen in the TRIR spectra of 1 and
2 in dichloromethane. The lone aromatic peak observed in the
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calculated ground-state spectrum of 3 splits into many low-
intensity vibrations, all at lower energy, in the calculated lowest
energy triplet spectrum. Overall, the DFT calculations
performed on the purely organic model chromophore 3 are
in excellent agreement with the TRIR experiments on metal
complexes 1 and 2 and consistent with formation of a *PDI
acetylide-localized excited state.

B CONCLUSIONS

A comprehensive photophysical study has been performed on a
Pt(II) terpyridyl perylenediimideacetylide complex (1) reveal-
ing the spectroscopic characteristics of its associated ligand-
localized triplet state in both transient absorption and time-
resolved step-scan FT-IR, the latter for the first time. The
transient absorption difference spectrum was nearly identical to
that measured in the phosphine-supported Pt(II) model PDI—
acetylide complex 2, possessed a strong singlet state bleach of
the PDI ground-state absorption and a strong transient signal
located immediately to the blue, and both triplets exhibited
similar excited-state lifetimes. Correspondingly, the transient IR
signals from 1 also correlated well with that observed in 2 and
possessed excited-state lifetimes similar to that measured in the
transient absorption experiments. In both cases, the relevant
vibrations red shifted in the excited state, consistent with
ligand-localized triplet-state formation in addition to the
associated DFT calculations performed on the singlet and
lowest triplet states on the nonmetalated PDI model 3. Finally,
the ligand-localized PDI triplet state in 1 successfully sensitized
formation of 'O, in aerated solutions with reasonably high
efficiency, ®('0,) = 0.52, but displayed no phosphorescence at
298 or 77 K.

B EXPERIMENTAL SECTION

Reagents and Chemicals. All precursors, solvents, and reagents
were commercially available and used as received. Silica gel (SI 60,
particle size 40—63 pm) for stationary phase in column chromatog-
raphy was purchased from VWR International. Aluminum oxide
(activated, neutral, Brockmann I) for stationary phase in column
chromatography was purchased from Sigma-Aldrich.

General. 'H NMR spectra were recorded on a Bruker Avance 300
(300 MHz) or a Bruker Avance 500 (500 MHz) spectrometer. The
resulting free induction decay (FID) data was processed with
MestReNova 7.1.2. All chemical shifts are referenced to tetramethylsi-
lane (TMS) as internal standard, and splitting patterns are assigned as
s (singlet), d (doublet), t (triplet), q (quartet), and m (multiplet). *'P
NMR spectra were obtained on a Varian Unity INOVA 400 MHz
spectrometer, and chemical shifts were referenced to external 85%
H;PO,. Mass spectra were measured using a Shimatzu GCMS
spectrometer (QPS050A). MALDI-TOF spectra were measured with a
Bruker-Daltonics Omniflex spectrometer. High-resolution electrospray
MS spectra were obtained at the Michigan State University Mass
Spectrometry Facility.

Syntheses. Compounds 2,°* 3°*%° and 4°* were synthesized
according to literature procedures and yielded satisfactory mass and
"H NMR spectra. [Pt(‘Bustpy) C1]PF (where ‘Bustpy is 4,4 4" -tri-tert-
butyl-2,2":6,2"-terpyridine) was synthesized according to the adopted
procedure.

[Pt(‘Bustpy)CCPDIIPF, (1). [Pt(‘Bustpy)CCPDI]PF, (1, where
PDI = N,N’-bis(ethylpropyl)perylene—3,4:9,10—tetracarbo1?rlic diimide)
was synthesized by adapting an existing procedure.”® Under an
atmosphere of nitrogen in a glovebox, [Pt(‘Bustpy)CIJPF¢ (42 mg,
0.050 mmol), PDI acetylene (4) (30 mg, 0.054 mmol), Cul (2 mg),
and 6 mL of i-Pr,NH were stirred in CH,Cl, at room temperature for
24 h. The solvent was evaporated under vacuum, and crude product
was purified by column chromatography (1 vol % methanol in
CH,Cl,, alumina oxide) to afford dark purple crystals (30 mg, 46%).
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'"H NMR (500 MHz, CDCl,), 6: 10.89 (d, 1H, J = 8.2 Hz), 9.19 (d,
2H, J = 6.0 Hz), 8.89 (s, 1H), 8.72—8.61 (m, 4H), 8.62 (d, 1H, J = 8.2
Hz), 8.30 (s, 2H), 8.26 (d, 2H, ] = 2.0 Hz), 7.69 (dd, 2H, ] = 6 Hz and
J = 2 Hz), 5.12-5.05 (m, 2H), 2.33—2.23 (m, 4H), 2.01-1.90 (m,
4H), 1.60 (s, 9H), 1.52 (s, 18H), 0.95 (t, 6H, ] = 7.4 Hz), 0.93 (t, 6H,
J = 7.5 Hz). MALDLTOF MS: m/z = 1150.51 [M — PF,]*. ESL-
HRMS found: 1149.4626 [M — PFy]*, CgHgN:O,' Pt requires
1149.4606.

Photophysical Measurements. Spectroscopic-grade solvents
purchased from Sigma-Aldrich without further purification were used
for photophysical measurements. Steady-state absorption spectra were
measured with a Varian Cary 50 UV—vis spectrophotometer, accurate
to +2 nm. Uncorrected steady-state photoluminescence spectra were
measured with Edinburg and Hamamatsu spectrofluorimeters. An
Edinburgh fluorimeter (FS920) was equipped with a Peltier-cooled
single-photon counting photomultiplier detection system (R2658P) or
a Hamamatsu NIR photomultiplier (PMT) module (H10330A-75,
InP/InGaAs) operating at —700 V (forced air cooling), Czerny-Turner
monochromators (excitation, emission) with a 1800 g mm -1 grating
blazed at 500, 750, or 1200 nm, and a 450 W xenon arc lamp (Xe900)
as an excitation source operating under control of F900 software from
Edinburgh. Spectra were recorded with a 550 nm long-path filter.
Photoluminescence quantum yields were measured with a Hamamatsu
absolute quantum yield system (Quantaurus-QY C11347-11)
equipped with a 150 W xenon lamp and multichannel detector
(CCD sensor), accurate to less than +2 nm. The resulting values
represent the average of three measurements. Absorption and emission
measurements were performed in a 1 cm® quartz cell (Starna Cells)
using optically dilute (OD = 0.09—0.11) solutions. Samples for
steady—state and time-resolved photoluminescence spectroscopy were
degassed by the freeze—pump—thaw technique (at least 3 cycles).

77 K Static Photoluminescence. Steady-state photolumines-
cence spectra at 77 K in the visible and NIR regions were recorded by
the Edinburgh fluorimeter (FS920) described above. Photolumines-
cence profiles in the visible range were acquired with a Peltier-cooled
single-photon counting photomultiplier detection system (R2658P).
The NIR range was scanned with a Hamamatsu NIR photomultiplier
(PMT) module (H10330A-75, InP/InGaAs) operating at —700 V
(forced air cooling). Temperature control was achieved with a
temperature controller (Oxford, ITC503) connected to an Optis-
tatDN variable-temperature liquid nitrogen cryostat (Oxford).

Nanosecond Transient Absorption Spectroscopy. Nano-
second transient absorption spectra in the visible and NIR range
were collected with a spectrometer that has been described
previously.”> A Proteus spectrometer (Ultrafast Systems) was
equipped with a 150 W Xe arc lamp (Newport), a Bruker Optics
monochromator, with two diffraction gratings blazed for visible and
near-IR dispersion, and Si or InGaAs photodiode detectors (Thorlabs,
DET 10A and DET 10C) optically coupled to the exit slit of the
monochromator. Measurements were performed at ambient temper-
ature in a 1 cm® quartz flow cell purged with high-purity argon during
the experiment, and an absorbance of 0.4 at the excitation wavelength.
The average of 128 measurements were collected following 555 nm
excitation from a computer-controlled Nd:YAG laser/OPO system
(Opotek, Vibrant LD 35S II) with 2 m]J/pulse power and a repetition
rate of 10 Hz. Resulting data were analyzed with Origin 8.6 software.

Nanosecond transient absorption spectra in the UV—vis region
were collected with a commercial laser flash photolysis spectrometer
(LP920-K, Edinburgh Instruments) equipped with a pulsed 450 W
ozone-free Xe arc lamp (Xe900), symmetrical Czerny-Turner
monochromator (TMS300) with a 1800 g mm™ grating, blazed at
500 nm. The signal from the PMT detector (Hamamatsu, R928) was
recorded on a 100 MHz oscilloscope (TDS3012C). Measurements
were performed at ambient temperature in a 1 cm? quartz cell. All
solutions had an absorbance of 0.4 at the excitation wavelength and
were degassed by the freeze—pump—thaw technique (at least three
cycles) before measuring. The average of 64 measurements was
collected following 555 nm excitation pulses from a computer-
controlled Nd:YAG laser/OPO system (Opotek, Vibrant LD 355 II)
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with a 2 mJ/pulse power and repetition rate of 1 Hz. The resulting
data were analyzed with Origin 8.6 software.

Nanosecond Step—Scan Infrared Spectroscopy. Nanosecond
time-resolved step—scan FT-IR absorption spectra were measured on a
step—scan-modified Bruker Vertex 70 FT-IR spectrometer with a
standard globar source. Compounds were dissolved in dichloro-
methane to give a ground-state infrared absorption of >0.1 for the
carbonyl bands. All solutions were deoxygenated by bubbling with
high-purity argon for 20 min. Spectra were measured at ambient
temperature in a demountable CaF, cell with a 1 mm Teflon spacer
(Specac). Samples were excited using the 532 nm second-harmonic
output of a Nd:YAG laser (Continuum Surelite I) laser (~7 m]/pulse,
~2 cm diameter spot, 10 Hz). An ac/dc-coupled photovoltaic Kolmar
Technologies mercury cadmium telluride (PV MCT) detector with a
20 MHz preamplifier was used to sample the transmitted IR probe
beam. The detector’s ac signal was further amplified (10x) with a 100
MHz fast preamplifier (FEMTO DHPVA) before being directed to a
400/250 MHz M3i.4142 transient digitizer board. The interferogram
response before and after laser excitation was collected in 25 ns time
slices, with 20 laser shots averaged at each mirror position. Long- and
short-pass filters (Spectragon) were used to isolate the spectral region
of interest. For each scan, folding limits of 2400 and 1300 cm™! at 8
cm™ resolution resulted in 512 mirror positions. The dc signal was
collected separately and used to check for sample decomposition as
well as for phase correction of the ac signal. Bruker Instruments’ Opus
7.0 software was used to process the recorded data. Differential
absorbance spectra were calculated from the ac and dc single-channel
spectra as described previously.'”> The differential excited-state
absorption spectra reported herein represent an average of 10 scans
(1) or S scans (2), and ground-state spectra correspond to an average
of 32 (rapid) scans.

Singlet Oxygen Sensitization. Singlet oxygen formation
quantum yield measurements were performed in aerated solutions of
acetonitrile in a 1 cm?® quartz cell at ambient temperature with the
Edinburgh fluorimeter (F$920) and NIR PMT described above. The
resulting value is an average of three measurements relative to
[Ru(bpy)]5(OTf), (@ = 0.57 + 0.05) in air-saturated acetonitrile and
450 nm excitation wavelength.106 The singlet O, quantum yield was
calculated as previously described.”*

Time-Resolved Photoluminescence Techniques. Fluorescence
lifetime measurements were performed by the time-correlated single-
photon counting (TCSPC) technique on an Edinburgh spectrometer
(LifeSpec II) equipped with a microchannel plate photomultiplier tube
(Hamamatsu R3809U-50). Lifetime decays were obtained followed by
excitation from a Coherent Ti:Sapphire laser (Chameleon Ultra II)
with power monitored by a Molectron Power Max 5200 power meter.
For complex 1 lifetime decay measurement, laser wavelength was
tuned to 900 nm, pulse picked through a 4 MHz Coherent 9200 pulse
picker, and frequency doubled by an APE-GmbH SHG (second-
harmonic generator) unit to produce a 450 nm laser beam (S mW).
For PDI acetylene (4) lifetime decay measurement, laser wavelength
was tuned to 920 nm, pulse picked through a 4 MHz Coherent 9200
pulse picker, and frequency doubled by an APE-GmbH SHG (second-
harmonic generator) unit to produce a 460 nm laser beam (3 mW).
Measurements were performed in a 1 cm* quartz cell (Starna Cells)
using optically dilute (OD 0.09—0.11) solutions. Instrument
response function was collected using a dilute solution of Ludox at
450 nm excitation wavelength. Reconvolution of the fluorescence
decay and instrument response function together with lifetime fitting
of complex 1 was performed on the Edinburgh software (F900). Tail
fit of the photoluminescence lifetime decay of 4 was performed by
Origin 8.6 software.

Electrochemistry. Electrochemical measurements were performed
in dichloromethane solutions with 0.1 M TBAPF; as the supporting
electrolyte at room temperature, with a platinum disk as the working
electrode, platinum wire as the counter electrode, and Ag/AgCl (3 M
NaCl) as the reference electrode. Solutions were saturated with argon
prior to each measurement. The ferrocenium/ferrocene couple
(FeCp,*°) was used as an external reference for all measurements,
and potentials are reported relative to FeCp,*’°. The cyclic and
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differential pulse voltammograms were recorded with a Bioanalytical
Systems Epsilon potentiostat interfaced with a Pentium PC.

DFT Calculations. Calculations on 1 and 3 were performed using
the Gaussian 09 software package'** and the computational resources
of the Ohio Supercomputer Center. Geometry optimization of the
ground state of 1 was performed using the B3LYP functional and
LANL2DZ basis set. Geometry optimizations on 3 were done on both
the ground state and the lowest energy triplet state using the UB3LYP
functional and 6-31g(d) basis set.''*"*! No symmetry restrictions were
placed on the geometry optimizations. The polarizable continuum
model (PCM) was used to simulate the effects of the dichloromethane
solvent environment. Frequency calculations were performed on all
optimized structures to ensure that these geometries corresponded to
global minima. No imaginary frequencies were obtained for any of the
optimized geometries. For comparison to the experimental values, the
calculated frequencies of 3 were scaled by a factor of 0.9613, the
reported correction factor for the functional and basis set used.'*!
HOMO and LUMO orbitals of 1 and 3 and spin density of the lowest
energy triplet state of 3 were visualized using GaussView S.

B ASSOCIATED CONTENT

© Supporting Information

Additional time-resolved, steady-state, and calculated spectra of
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