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’ INTRODUCTION

Photoresponsive materials that integrate photochromic or-
ganic compounds with metal coordination complexes are sig-
nificant because the combination of the electronic and optical
properties of each component gives rise to characteristics not
found in either the organic or inorganic species alone.1�3 The
ground and excited state interactions between the components
govern the overall electro-optical properties of the hybrid
system; therefore, the choice of each building block is an essential
consideration when designing this type of material. Successful
modulation of a metal complex’s properties by toggling the
photoswitch between its two metastable states has been
demonstrated,4�9 while others have focused on the ability of a
metal complex to affect the switching behavior of the photo-
chromic unit.10�14 In both cases, the identity of the metal and the
linkage between the two components are primary factors in
determining the types of interactions that exist.

Platinum polypyridyl complexes are attractive choices to act as
the metal component. Their rich photophysical behavior15 has
been extensively studied for applications in biological sensing and
photocatalysis, and in color-based sensors. The photobehavior of
complexes belonging to this versatile family can be tuned by
tailoring the polypyridyl ligands or by varying the ancillary ligands
in the square-planar Pt(II) coordination sphere.16 Of particular
interest are the metal-to-ligand and ligand-to-ligand charge trans-
fer (MLCT and LLCT) transitions that are commonly observed in

these complexes. These absorptions occur in the visible region and
result in long-lived excited states that often decay radiatively.
Notably, it has been demonstrated that either functionalizing the
pyridyl ligand with electron-donating substituents or coordinating
aromatic alkynes to the Pt center results in significant increases in
excited state lifetimes.17�19 The enhanced excited state lifetime
makes them useful as inorganic photosensitizers20�23 because
sufficiently long-lived charge-separated states can drive a variety of
intermolecular electron transfer reactions.24

When choosing the organic photochromic component, it is
difficult not to focus on the dithienylethene (DTE) architecture.
This particular class of photoswitch has garnered much attention
because it undergoes reversible ring-closing reactions between
two isomers, each having its own opto-electronic properties,
when exposed to UV and visible light (Scheme 1).25,26 The
molecular backbone is also relatively easy to modify and functio-
nalize, and the reactions tend not to occur in the dark. In addition
to pursuing systems in which the photoswitch modulates proper-
ties such as absorption, emission, or redox potential, we are
interested in desiging systems in which photoswitching can
control chemical reactivity and function.27�35

Covalently attaching the DTE backbone to Pt terpyridyl
complexes is an appealing route to regulate their function as
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ABSTRACT: The photophysical behavior for two photochro-
mic Pt-terpyridine acetylide complexes containing pendant
dithienylethenes (DTEs) bound to the metal through the
alkynyl linkage is presented. Selective excitation of the Pt
complex with visible light resulted in the metal-sensitized ring
closing of theDTE unit. The central purpose of this studywas to
understand how excited state interactions govern the photo-
physics by correlating differences in the linkage of the two
components with differences in the intramolecular energy transfer processes that occur between the Pt complex and the DTE.
A series of model complexes without photochromic ligands were prepared and studied to elucidate the contributions of the triplet
metal-to-ligand charge transfer and triplet intraligand states. It is demonstrated that reducing the orbital overlap of the metal-based
and intraligand states by lengthening the linkage and eliminating a conjugated pathway is effective at dramatically decreasing the
efficiency of intramolecular energy transfer. This is evidenced by the appearance of Pt-terpyridine based phosphorescence and a
significant decrease in the observed rate of metal-sensitized ring closing of the DTE.
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photosensitizers because the lifetime of the charge-separated
excited state should depend on which isomeric form of the DTE
is present. Previously, the potential of this approach was dem-
onstrated in a bimolecular system with [Ru(bpy)3]

2þ as the
photosensitizer.36 Covalent attachment of the photoswitch to the
photosensitizer is advantageous because it strengthens the interac-
tion between the two components. In a preliminary communica-
tion, we reported the metal-sensitized photocyclization of
a DTE ligand attached to a Pt terpyridyl complex through a
conjugated alkyne linker.37 This cyclization occurs because a
photoactive intraligand triplet (3IL) state localized on the DTE is
populated by energy transfer from triplet charge transfer (3CT)
states delocalized over the complex. By indirectly accessing the 3IL
state, photoswitching can occur using light of significantly lower
energy than required to directly populate the singlet excited state of
the DTE. In this case of sensitized photoreactivity, the involvement
of the Pt with a large spin�orbit coupling is necessary to populate
the excited-state triplet manifold. This type of photobehavior is
consistent with other DTE-containing Re,38,39 Ru,40,41 and Pt42

complexes that also efficiently produce triplet excited states.
Despite the appeal of being able to trigger the photoreac-

tions of DTEs in an indirect manner, this type of sensitized
photocyclization is undesirable for applications involving
utilization of the metal-based excited states, since these
require independent excitation of the metal complex and
photoswitch. One strategy to eliminate metal-sensitized
photocyclization involves modifying the alkynyl linkage to
electronically isolate the Pt(trpy) and DTE chromophores by
introducing a nonconjugated bridge. In this article, the
excited-state interactions of ligand-localized and charge-
transfer states are discussed for two hybrid photoswitching
systems (1 and 2), and are compared to those for model
components 3�7. Variable temperature absorption and lu-
minescence spectroscopy, bimolecular quenching experi-
ments, transient absorption, and DFT calculations are used
to probe how the molecular architecture impacts the excited-
state interactions.

’EXPERIMENTAL SECTION

General Procedures. All solvents and reagents including those for
NMR analysis (Cambridge Isotope Laboratories) were obtained from
commercial sources and used as received except where noted. 1H NMR
spectra were recorded on a Bruker AV400-Direct (400 MHz) or Bruker
AV400-Indirect (400 MHz) spectrometer. All chemical shifts are
referenced to residual solvent signals, which were previously referenced
to tetramethylsilane and splitting patterns are designated as s (singlet),
d (doublet), t (triplet), m (multiplet), and br (broad). IR spectra were
obtained on a Thermo Nicolet 6700 FT-IR spectrometer. ESI-MS
(Bruker Esquire), EI-HRMS (Concept IIHQ), and elemental analysis
were completed at the UBC Microanalysis facility.
General Procedure to Prepare Pt Complexes. A Schlenk flask

was charged with [Pt(40-tolyl-trpy)Cl]Cl, the appropriate TMS-pro-
tected acetylene, and KOH/CH3OH. After sparging the reaction
mixture with N2 for 30 min, CuI (∼10 mol %) was added, and the
reaction was left to stir under N2 overnight.

Detailed synthetic procedures and characterization for complexes 1�4
and the ethynyl DTE precursors have been reported previously.37,43

Propargyl 4-(2-Thienyl)phenyl Ether. 4-(2-Thienyl)phenol
(0.138 g, 0.789 mmol), potassium bicarbonate (0.16 g, 0.011 mol),
and propargyl bromide (0.15 mL, 1.0 mmol) were dissolved in
anhydrous dimethylformamide (DMF). The reaction mixture was
stirred at room temperature for 20 h, at which time the product was
extracted into diethyl ether and subsequently washed with H2O and
brine. The organic layer was isolated, dried withMgSO4, filtered, and the
solvent removed in vacuo. Purification by column chromatography
(SiO2, hexanes/ethyl acetate 19:1) afforded 0.147 g (87%) of the title
compound as a white powder. 1H NMR (400 MHz, CDCl3) δ 2.54
(t, J = 2.0 Hz, 1H), 4.73 (d, J = 2.2 Hz, 2H), 7.00 (d, J = 8.5 Hz, 2H), 7.06
(m, 2H), 7.22 (m, 2H), 7.56 (d, J = 8.7 Hz, 2H).
[(40-Tolyl-trpy)Pt(CtC�CH2�O�C6H4�C4H3S)]PF6 (5).

Propargyl 4-(2-thienyl)phenyl ether (0.056 g, 0.263 mmol) and KOH
(0.044 g, 0.79 mmol) were added to 50 mL of N2-sparged CH3OH. The
reaction was stirred at room temperature for 30 min after which it was
treated with [Pt(40-tolyl-trpy)Cl]Cl (0.135 g, 0.24 mmol) and CuI
(0.007 g, 0.036 mmol). The reaction mixture was stirred under a N2

atmosphere for 48 h at room temperature. The CH3OHwas removed in
vacuo leaving an orange precipitate, which was dissolved in a minimal
amount of DMF and added dropwise to an aqueous solution of NH4PF6
(0.300 g in 150 mL H2O). After stirring for 1 h, the resulting precipitate
was filtered off and washed with H2O, CH3OH, and diethyl ether. The
isolated orange solid was added to a solution of EtOH:CH3CN (20:1)
that was heated to reflux. Any undissolved solid was filtered off yielding
0.100 g (60%) of the product, which was recrystallized by slow diffusion
of diethyl ether into a CH3CN solution. 1H NMR (400 MHz, acetone-
d6) δ 2.46 (s, 3H), 5.08 (s, 2H), 7.11 (dd, J = 5.1 Hz, 1H), 7.20
(d, J = 8.7Hz, 2H), 7.35 (d, J = 2.8Hz, 1H), 7.41 (d, J = 5.2Hz, 1H), 7.49

Scheme 1
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(d, J = 8.1 Hz, 2H), 7.66 (d, J = 8.7 Hz, 2H), 7.73 (t, J = 6.5 Hz, 2H), 8.04
(d, J = 8.1 Hz, 2H), 8.49 (t, J = 7.9 Hz, 2H), 8.77 (d, J = 8.3 Hz, 2H), 8.91
(s, 2H), 8.94 (d, J = 5.9 Hz, 2H). ESI-MSm/z 731.3 [Mþ�PF6]. FT-IR
(solid, cm�1): 2135 (s, νCtC). Anal. Calcd for C35H26F6N3OPSPt: C,
47.95; H, 2.97; N, 4.79. Found: C, 47.58; H, 3.10; N, 4.44.
Photophysical Measurements. For UV light irradiations, either

an unfiltered 302 nmHg lamp (18mW/cm2) or filtered TLC hand-lamp
(UVP Model:UVGL-58) was used, unless otherwise noted. For broad-
band visible light irradiation, a hand-held lamp with a tungsten bulb
(65 mW/cm2) fitted with the appropriate low-pass filter was used. To
determine the active wavelengths for photocyclization, a 75-W arc lamp
with a double monochromator was used to irradiate the sample.

Samples for all spectroscopic measurements were prepared using
HPLC-grade Fisher solvents, which were used as received. Absorption
spectra were obtained on a Varian Cary 5000 spectrometer. Fluores-
cence spectra were collected on a Photon Technology International
fluorimeter using a 75-W arc lamp as the source. Emission quantum
yields were measured using an integrating sphere. Time-resolved emis-
sion data were collected using a Horiba Yvon Fluorocube TCSPC
apparatus. A 470 nm NanoLED source pulsing at a repetition rate of
50 kHz was used for excitation. Broadband emission was monitored by a
CCD detector at λ > 500 nm, using a low pass filter. Data were fit using
the DAS6 Data Analysis software package. The reported lifetimes
are averages of 3 measurements. All samples for luminescence studies
were prepared in CH2Cl2 that had been previously dried by passing
through an alumina column and deaerated by no less than three
freeze�pump�thaw cycles. Sample solutions were maintained under
N2 atmosphere for the duration of the experiment in 1 cm2 anaerobic
quartz cells (NSG PCI cells) fitted with a PTFE valve.

Quantum yields of the ring-closing reactions (φrc) were obtained
using a ferrioxalate actinometer to determine photon flux. Irradiations
were carried out on samples dissolved in CH3CN using a 75-W arc lamp
as the source, with a double monochromator to isolate the desired
wavelength (425 or 302 nm). Full details of the calculations are given in
the Supporting Information.

Transient absorption experiments were performed using a Nd:YAG
laser (EKSPLA PL2241) that generated pulses of 35 ps (fwhm) in
duration. The third harmonic output (355 nm) was employed as the
pump beam. The fundamental, 1064-nm output pumped a Xe-filled
quartz cell to generate the white light continuum used as the probe
beam. The pump and probe beams were aligned to pass through the
sample at a 90� angle and focused so that the probe beamwas completely
enclosed by the pump beam within the cuvette. The probe beam was
detected by first passing through a monochromator (Princeton Instru-
ments SpectraPro 2300i) equipped with a 150 g/mm diffraction grating.
The grating was centered at 470 nm, 540 nm, or 640 nm to collect data
over the 350�800 nm spectral region. This was coupled to a streak
camera (Hamamatsu C7700) and a CCD detector (Hamamatsu
C8484), which digitized the images from the streakscope. The trigger
delay between the streak camera and the pulse firing was controlled
using a passive delay unit (Hamamatsu C1097�01). Computer control
of data acquisition was via HPD-TA software (ver. 8.3) from Hama-
matsu. The data consists of a 200-shot average. Samples for transient
absorption were prepared in HPLC grade CH3CN (Fisher) that had
been previously deaerated by three freeze�pump�thaw cycles and were
maintained under a N2 atmosphere for the duration of the experiment.
Steady-state UV�vis absorption spectra were collected before and after
laser photolysis to confirm sample degradation was not significant
during the course of the experiment.
TDDFT and DFT Calculations. ADF 2007.0144,45 all-electron

calculations were performed with TZ2P basis sets, scalar relativistic
effects included through the ZORA46�48 formalism and solvation effects
(CH2Cl2) through theCOSMO49 formalism.Geometry optimizationswere
carried out with the Becke-Perdew GGA potential and time-dependent

density functional theory (TDDFT)50,51 calculations of electronic
transitions with the SAOP model potential.

’RESULTS AND DISCUSSION

Ground State Electronic Absorption Properties. The ab-
sorption spectra of the ring-open form of each of the photo-
chromic DTE-Pt complexes (1o and 2o) and the comparative
spectra of the respective model complexes that do not contain
the DTE components (3, 4 and 5) are shown in Figure 1. The
absorption spectra of Pt terpyridyl complexes typically originate
from two sets of transitions. The higher energyπfπ* transitions
involve ligand-localized orbitals of the terpyridine and acetylide
ligands. The lower energy transitions arise from charge transfer
transitions from orbitals that have significant mixing of metal and
acetylide ligand character to low-lyingπ* orbitals localized on the
terpyridine.16,19 Conjugation of aromatic groups directly to the
acetylide group increases the participation of the alkynyl
ligand in the CT transitions. Strongly electron-donating
ligands give rise to CT transitions that are more ligand-to-
ligand in nature and occur at lower energies than in cases
where the highest occupied molecular orbital (HOMO)
primarily involves the metal atom. This accounts for the lower
energy CT absorptions in 1o and 3 compared to 2o, 4, and 5.
Throughout this article, we generally refer to those transitions
that have both MLCT and LLCT character as CT transitions.
A comparison of the spectroscopic properties of the Pt com-
plexes is summarized in Table 1.
In the UV region of the spectrum, both photochromic com-

plexes have higher molar absorptivities because of the presence of
DTE-localized thiophene-based πfπ* transitions which are
absent in the model compounds. The nearly identical molar
absorptivities of the lowest energy bands, which are assigned to
charge transfer transitions in the DTE and model complexes, are
indicative that these transitions do not significantly involve the
whole photoswitch component. A comparison of the absorption
spectra of hybrid system 1o to its model 3 demonstrates that the
lowest energy CT transitions of the complexes are not perturbed
by the presence of the DTE component. The CT bands for
the ether-linked complexes 2o, 4, and 5 appear between
∼380�450 nm, which are blue-shifted significantly from the
corresponding bands in 1o and 3. The lowest unoccupied
molecular orbital (LUMO) energies are expected to be similar
for all the complexes, so these trends are attributed to differences
in the HOMO energies. Notably, the CT bands in complexes 4
and 5 are similar suggesting that the HOMOs are the same in
these complexes, and are localized on the metal acetylide moiety
with little influence of the aromatic groups located on the distal

Figure 1. UV�vis absorption spectra of CH3CN solutions of
(a) complexes 1o and 3, and (b) complexes 2o, 4, and 5.
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end of the nonconjugated linkage. This is also consistent with the
changes observed in the absorption spectra upon ring-closing of
the appended DTE components in hybrid systems 1o and 2o. In
1o, where the DTE is attached through a conjugated linker, the
CT bands red-shift upon conversion of the DTE to the ring-
closed form (1c) supporting the presence of ground-state
interaction of the metal complex and the photoswitch
(Figure 2b). This behavior contrasts with that of complex 2,
where no shift of the CT bands is observed when 2o is converted
to 2c (Figure 2d). The increase in absorption from 300�400 nm
upon photocyclization of 1o and 2o is assigned to localized DTE

transitions by comparison to the absorption spectra of 6o and 7o
(Figure 2).
Excited-State Interactions Involved in Metal-Sensitized

Ring-Closure. In our recent report describing the metal-sensi-
tized photocyclization of DTE photoswitches, we highlighted
that visible light irradiation of the Pt sensitizer induces the ring-
closing reaction, and that the two components (the metal
complex and the DTE) must be covalently linked through a
conjugated pathway for this to occur.37 Here we present a
detailed understanding of the excited-state interactions between
the two components that lead to the visible light-sensitized ring-
closing. The transient absorption (TA) difference spectra of
complexes 1o, 1c, and 3 measured at various delay times after
excitation at 355 nm are shown in Figure 3. The TA spectrum of
the model complex 3 shows a bleach in the region between
450�500 nm between strong positive absorption bands at higher
and lower energies (Figure 3a). This bleach is coincident with the
ground state absorption bands assigned to the CT transitions.
The broad, positive absorption at lower energy clearly consists of
at least two overlapping bands and is similar to the TA spectrum
of the phenyl acetylide complex.52 On the basis of excited-state
spectra of other Pt terpyridyl complexes,53 we assign the absorp-
tion bands centered at 540 and 690 nm to transitions in the
transiently formed terpyridyl anion and the band at 400 nm to
transitions in the transient cation localized on themetal acetylide.
The transient signal of complex 3 decays simultaneously over the
wavelength range with a lifetime τ = 8 ns (Supporting Informa-
tion, Figure S1).
Excitation of the hybrid system 1o with 355 nm light results in

photocyclization of the DTE photoswitch either by direct
excitation or through energy transfer from the metal-based CT
states; however, these two processes occur on significantly
different time scales. Whereas direct excitation of the DTE is
expected to result in photocyclization within picoseconds,54

Table 1. Spectroscopic Data for Compounds 1�5

compound abs λmax (nm)
a Em λmax (nm) τem (μs)c φem

c
φrc

a

1o 287, 383, 404, 465 568, 608b 0.14 ( 0.02,d 0.41 ( 0.07e

1c 266, 286, 310, 328, 382, 404 (sh), 602

2o 286, 336 (sh), 396 (sh), 417 0.03 ( 0.004d

2c 268, 286, 314, 336, 380, 416, 592

3 288, 384, 409, 466

4 286, 336, 396 (sh), 418 548, 582 (sh)c 2.92 ( 0.006 0.076 ( 0.003

5 286, 336, 396 (sh), 418 558c 3.50 ( 0.012 0.048 ( 0.003
aAt room temperature in CH3CN solution. bAt 90K in EtOH:MeOH (4:1) glass. cAt room temperature in CH2Cl2 solution. d λex = 425 nm.
e λex = 302 nm.

Figure 2. Changes in the absorption spectra of CH3CN solutions of (a) 6o, (b) 1o, (c) 7o, and (d) 2o upon irradiation with 302 nm light.

Figure 3. Transient absorption difference spectra for CH3CN solutions
of (a) 3 and (b) 1o (black) and 1c (red) measured in at 800 ps following
a 355 nm laser pulse.
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energy transfer processes occurring within the triplet manifold
are more likely to occur on a time scale on the order of tens of
nanoseconds.39 In this experiment, a fresh sample was continu-
ously passed through a flow cell; however, accumulation of the
ring-closed form of the system (1c) in the beam path still
occurred. The bleach centered at 600 nm is indicative of some
accumulation of 1c, based on comparison to the TA spectrum of
1c, produced directly by 355 nm excitation. There are, however,
some notable excited state spectral differences between the
hybrid system 1o and the model compound 3. The TA spectrum
of 1o does not exhibit a bleach overlapping with the ground state
CT absorption, and the positive absorption at ∼430 nm is
considerably red-shifted compared to its counterpart in 3. This
spectrum is assigned to the 3IL state of the DTE, which must
form faster than the time resolution of the instrument since this
was the only signal observed.
The TA spectrum observed after excitation of the ring-closed

isomer 1c is notably different than that observed for its ring-open
counterpart (1o) or model compound 3 (Figure 3b). An intense
bleach appears between 560�700 nm, the spectral region that
coincides with the πfπ* absorption of the ring-closed DTE.
Cyclization of the photoswitch results in the HOMO becoming
predominantly localized on the DTE component and conse-
quently the lowest energy absorptions are ascribed to LLCT
transitions. The positive absorption appearing in the TA spec-
trum of ring-closed 1c is slightly red-shifted compared to 1o. It is
unclear whether this feature is more appropriately assigned to
the 3LLCT state or the 3IL state of the photocyclized DTE. The
transient signal of complex 1c decays simultaneously over the
wavelength range with a lifetime τ = 10 ns (Supporting Informa-
tion, Figure S2).
Recently, Castellano and co-workers demonstrated that 1,4-

diazabicyclo-[2.2.2]octane (DABCO) efficiently reduces the
transient hole localized on the Pt atom and aryl acetylide ligand
in the charge-separated excited state of several Pt terpyridyl
complexes.53 DABCO is a suitable reductive quencher since it
does not absorb in the spectral region where the Pt complex is
excited. We used this bimolecular quenching reaction as a means
to provide further evidence for the existence of a charge-
separated state involved in the photosensitized ring closure of
1o. The rate of photocyclization (1of1c) by irradiation with
light of wavelengths greater than 420 nm was monitored over
time with various concentrations of DABCO (Figure 4a).

Formation of the ring-closed isomer (1c) was evident by the
increased absorbance at 600 nm, where only 1c absorbs. In the
ring-open isomer (1o) the charge-separated state that is formed
initially after excitation transfers its energy to the DTE compo-
nent, so efficient quenching of the charge-separated state with
DABCO is expected to prevent sensitized photocyclization.
At sufficiently high concentrations of DABCO, diffusion-

controlled quenching of the excited state of 1o occurs when
irradiating with visible light, as evidenced by suppression of the
cyclization of 1o to produce 1c. In this case, the rate of inter-
molecular reductive quenching is faster than the rate of intra-
molecular energy transfer to the DTE component. At a 0.10 M
DABCO concentration, quenching almost completely sup-
presses photocyclization of the photoswitch. Significantly, irra-
diation of this solution with UV light results in direct excitation of
the DTE component and 1o photocyclizes at a comparable rate
to that when quencher is not present. This observation demon-
strates the difference in the rate of photoswitching with respect to
the excited state pathways following excitation with visible light
or UV light. The metal-sensitized ring closure, initiated by visible
light excitation, is a slow excited-state process, occurring on the
nanosecond time scale, and is susceptible to intermolecular
quenching. Irradiation with UV light excites the DTE directly,
resulting in fast (picoseconds) photocyclization of the DTE core.
The rate of energy transfer was also reduced by cooling the

system to lower temperature. An EtOH:CH3OH (4:1) solution
of 1o was frozen to a glass at 85 K. Photocyclization of 1o was
monitored by measuring the changes in absorbance at 600 nm
corresponding to the appearance of ring-closed 1c. At 85 K,
irradiation with light of wavelengths greater than 420 nm does
not result in an appreciable amount of 1c being formed after
20 min of irradiation (Figure 4b). Warming the glass through its
melting point (130�150 K), results in the onset of cyclization of
1o and the appearance of 1c. Raising the temperature further
resulted in an increase in the rate at which photocyclization
occurred. It is important to note that 1o is photoactive at
temperatures down to 90 K when irradiated with UV light. This
confirms that the DTE is still photoactive in the frozen matrix,
eliminating the restriction of rotation as an explanation for the
lack of visible light-induced photocyclization below 130 K.
The observed temperature dependence of photoactivity with

UV or visible light irradiation further supports the conclusion
that there are at least two separate excited state pathways that
lead to photocyclization of 1o. Irradiation with UV light results in
direct population of the photoactive excited singlet state of the
DTE component. In solution, the photoswitch in 1o adopts two
conformations. When in the antiparallel conformation,55,56 in

Figure 4. (a) Changes in absorbance at λ = 600 nm of CH3CN
solutions of 1o (1.4 � 10�5 M) without quencher (O) or with varying
concentrations of DABCO, 1.0� 10�3 M ((), 1.0 � 10�2 M (0), and
0.10 M (b), upon irradiation with light of wavelengths greater than
420 nm. (b) Changes in absorbance at λ = 600 nm when an EtOH:
CH3OH solution of 1o is irradiated with light of wavelengths greater
than 420 nm at 150 K (O), 170 K ((), 200 K (0), and 295 K (b).

Figure 5. UV�vis absorption spectra (a) and changes in emission
spectra (b) when an EtOH:CH3OH (4:1) glass of hybrid complex 1o is
warmed from 85 to 125 K. Excitation = 470 nm.
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which the orientation of the thiophene rings results in a C2

symmetric conformation with the reactive carbons of each
thiophene in close proximity to each other, ring-closing occurs.
Upon freezing, a small amount of reorganizational energy is
required for the conversion of 1o to 1c compared to if the
photoswitch was frozen in the photoinactive parallel conforma-
tion (the orientation of the thiophene rings results in a mirror
plane) and required interconversion to the photoactive antipar-
allel conformation. This fact accounts for its photoactivity at low
temperatures when irradiated with UV light. On the other hand,
photocyclization of 1o with visible light, via intramolecular
energy transfer, occurs by a pathway with additional energy
barriers and competing deactivation pathways (such as phos-
phorescence). Energy transfer from the 3CT to the 3IL state
requires sufficient thermal energy to overcome the barrier
between states. DFT calculations estimate that in the ring-open
complex (1o), the DTE 3πf3π* orbital energy difference
(localized on the remote acetylene-thiophene moiety) that leads
to ring closing is only 0.02 eV higher than the lowest 3πf3π*
orbital energy difference localized on the adjacent acetylide
moiety. At room temperature sufficient thermal energy is present
to populate the 3IL state capable of photocyclization. Below
140 K, the cyclization reaction no longer occurs, likely because
there is no longer sufficient thermal energy to populate the 3IL
state that leads to ring closing.
An important result correlated to the suppression of photo-

activity at low temperature is that strong emission is observed
from complex 1o (Figure 5b) below 125 K. The spectral profile
of the orange emission is characterized by multiple peaks with
well-defined vibronic spacing of approximately 1200 cm�1 at-
tributed to the ring “breathing” of the terpyridyl scaffold.
Comparison of the energy and vibronic spacing to other Pt
terpyridyl acetylide complexes strongly supports the conclusion
that the emission originates from a state localized on the Pt
terpyridine moiety.18,52 As the temperature is increased closer to
the melting range of the glass, the emission profile becomes less
structured and intense until it completely disappears at tempera-
tures above 125 K.
The efficiency of energy transfer is governed by the energy gap

between donor and acceptor energy levels, and by the height of
the energy barrier that exists between them.57 The diminished
thermal energy available at low temperatures might not be
enough to overcome the energy barrier between the 3CT and
3IL states (Figure 6). Although the 3IL excited state may still lie at
an accessible energy level near the 3CT state, the energy barrier
forces deactivation from the 3CT state, which is characterized by
orange phosphorescence. Additionally, examination of the ab-
sorption spectrum at low temperature reveals transitions at lower

energies than those at room temperature (Figure 5a). The
appearance of these lower energy transitions suggests that CT
states might lie at lower energies at low temperature. A change in
the relative energies of the 3CT and the 3IL states would affect the
rates of energy transfer between them, resulting in radiative decay
from the 3CT state as the primary pathway of excited-state
deactivation rather than energy transfer to the ligand (Figure 6).
The most likely scenario is that contributions from both the
adjustments in the relative energies of the excited states and the
contributions of thermal energy play a role in the photophysical
behavior at low temperature.
Excited-State Interactions for the Ether-Linked System.

Hybrid complex 2o was designed with the intent to limit the
interactions of the 3CT and 3IL states. In addition to conven-
tional ring-closing of the DTE component in 2o using UV light,
cyclization is also triggered with selective irradiation into the
MLCT band in this complex. Although this photobehavior is
similar to that of complex 1o, it is clear that there is a significant
difference in the efficiency of photocyclization using visible light.
To compare the relative efficiencies of ring-closing when excited
with visible light, solutions of complexes 1o and 2o were
irradiated under the same conditions with light between wave-
lengths 415 and 425 nm.
The progress of the photoreactions was monitored by UV�vis

spectroscopy. To ensure each sample absorbed the same number
of photons, the solutions were prepared with absorbances greater
than 2.5 at the irradiation wavelength so that the majority of light
was absorbed by both samples. Conversions of the DTE com-
ponents to their ring-closed isomers were kept below 10% for
both samples so that absorbance by the ring-closed isomers does
not interfere significantly with the cyclization photoreaction. The
amount converted to the ring-closed form was determined by
calculating the ratio of absorbance at either 602 nm (1o) or
592 nm (2o) relative to the absorbance at 286 nm after each time
interval of irradiation. The ratios at various time intervals were
then divided by the same ratio, representative of the total changes
in the samples, to give the percentages photocyclized of the total
amounts achievable at the photostationary states. The relative
rates of both photoreactions (1of1c and 2of2c) are illustrated
in Figure 7. Clearly, system 1o demonstrates more efficient
photocyclization using visible light and although ring-closing is
not completely quenched for 2o, it is evident the linkage has a
substantial effect. The difference in rate is also reflected in the
larger ring-closing quantum yield for compound 1o (Table 1)
than that for compound 2o. The fact that the quantum yield is
smaller for 1o when 425 nm light is used than when 302 nm light

Figure 6. Proposed Jablonski diagram rationalizing the low tempera-
ture emission of hybrid complex 1o. The shaded box represents limits on
the energy of the 3CT state.

Figure 7. Percent conversion to the photostationary states as a function
of time for CH3CN solutions of 1o and 2o when irradiated at
wavelengths between 415 and 425 nm. Linear fits are shown.
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is used is a consequence of the presence of additional pathways
for decay of the 3CT state involved in the indirect ring-closing.
The lower efficiency of sensitized ring-closing of 2o compared

to 1o suggests that other pathways are involved in its excited-
state decay. The model complexes 4 and 5 generally exhibit the
same structured emission, where both the wavelength and band
shape of emission are characteristic of Pt terpyridyl 3MLCT-
based phosphorescence (Figure 8). Since there is virtually no
effect on the emission, regardless of how the alkynyl ligand is
terminated, it appears that the CT state for these complexes
involves transfer of an electron from amixed Pt-alkynyl orbital to
a low-lying terpyridyl π* orbital. This interpretation is also
supported by the excitation spectra, which are identical to the
respective absorption spectra for the respective complexes.
Comparatively weak emission was detected for CH2Cl2 solutions
of complex 2o or 2c relative to the model compounds. Despite
no indication that 2 was impure in the characterization data
(NMR or elemental analysis), this emission was determined to at
least partly originate from trace [Pt(trpy)Cl]PF6 by comparison
of the excitation spectrum with the absorption spectrum of 2o.
Therefore, emission from neither complex 2o nor 2c was
conclusively established.
The excited-state lifetimes and fluorescence quantum yields

for complexes 4 and 5 are listed in Table 1. The emission decay
profiles for both complexes were fit to monoexponential models
(Supporting Information, Figure S3), supporting the conclusion
that only one excited state was responsible for the observed
emission in each case. Their excited-state lifetimes are both on
the order of a few microseconds, a result consistent with the
notion that the same emitting state is responsible for emission.
The complexes also exhibit similar emission efficiency. Complex
4 has a slightly higher quantum yield than 5.
Given the slight differences in the lifetimes and quantum yields,

there are several possible interpretations of these data. Minor
differences might result because varying the substitution on the
alkynyl ligand could perturb the 3MLCT relaxation processes
differently. Alternatively, additional statesmay be present, depend-
ing on how the alkynyl ligand is substituted, that could be
accessible or interactwith the emitting 3MLCT state. The aromatic
groups incorporate low-lying 3IL states that could be populated by
energy transfer from the 3MLCT state. For instance, this would be
expected comparing 4 to 5, where extension of the conjugated
backbone and addition of thiophene (which often has a low-lying
nonemissive triplet state) is consistent with the notion that

lowering of a 3IL state could funnel energy from the emissive
3MLCT state. If a 3IL state were populated, the observed decay for
the excited-state species would be dependent on the relative rates
of relaxation from either the 3MLCTor the 3IL states and the rates
of energy transfer between them. The differences in rates would
account for some fluctuation in the excited-state lifetime and
quantum efficiency. This would explain the appearance of emis-
sion from the same 3MLCT state, with slightly perturbed dynamics
affected by the substitution of the alkynyl ligand.
The transient absorptions of the excited state species of the

complexes were measured by picosecond pump�probe laser
spectroscopy to further elucidate the excited state dynamics
of the complexes. Upon excitation of complex 4 at 355 nm,
the resulting transient species has a similar spectral profile to
the directly linked thienyl model complex 3 (Figure 9a). The
difference spectrum of 4 is characterized by a positive absorption
centered at 365 nm, a bleach from 390�450 nm, and a broad,

Figure 8. Corrected emission (dashed line) and excitation (solid line)
spectra for CH2Cl2 solutions of complexes 4 (black) and 5 (red).
Emission spectra were collected by exciting the solutions at 425 nm.
Excitation spectra were collected by monitoring emission at 550 nm for
complex 4 and 560 nm for complex 5.

Figure 9. Transient absorption difference spectra of CH3CN solutions
of (a) complexes 3 (black), 4 (red), and 5 (blue), (b) complexes 2o
(black) and 5 (blue), (c) complexes 1o (blue) and 2o (black), and
(d) complexes 1c (blue) and 2c (black). All data were collected at 800 ps
after excitation at 355 nm.
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intense positive absorption throughout the visible region greater
than 450 nm. The appearance of a bleach coinciding with ground
state CT absorption, and its similarity to spectra observed for
other Pt terpyridyl complexes, provides strong supporting evi-
dence that this spectrum originates from the 3MLCT state. The
transient signal decays monoexponentially at all wavelengths
with τ = 6.3 ns (Supporting Information, Figure S4).
Despite having nearly identical ground state absorption spec-

tra and similar emission profiles, the TA difference spectra for
complexes 4 and 5 indicate different excited-state behavior. The
difference spectra measured at 800 ps after 355-nm excitation for
CH3CN solutions are shown in Figure 9a. For complex 5, an
intense, positive absorption centered at 440 nm appears in the
region coinciding with the bleach observed for complex 4. The
positive absorption that appears at lower energy for 5 is con-
sistent in band shape and energy with that for 4. Comparing the
absorbance decay absorption from 650�680 nm, complex 5
exhibits a shorter lifetime than 4, τ = 2.0 ns compared to τ = 6.3 ns,
respectively (Supporting Information, Figures S4 and S5).
The assignment of the transient signal for 5 is complicated by

the nature of a difference spectrum, for which the data may be a
combination of signals of different signs. As such, concurrent
overlapping positive and negative changes can mask the appear-
ance of one or the other based on their relative intensities. With
this in mind, there are two possible states to which the observed
signal could be attributed (Scheme 2). The spectrum could be
assigned as a charge-separated state (3CS) with the cation
localized over the phenyl and thienyl rings instead of the Pt-
acetylide unit (the 3CT state). This would account for the
bathochromic shift and change in band shape of the absorption
band attributed to the cation relative to complex 4. Since this
band coincidentally overlaps with the ground state CT

absorption, a bleach does not appear as it does in the spectrum
of 4 because the concurrent positive absorption is more intense.
Despite the alteration of the spectrum attributed to the transient
cation, the appearance of the lower energy band corresponding
to the terpyridyl-localized anion remains unchanged compared
to 4. If direct excitation resulted in ligand-to-ligand charge
transfer, one would expect this difference to manifest itself in
the ground-state absorption spectra, for which 4 and 5 are
identical in terms of their CT absorptions. Therefore, the
formation of this state would likely be a two-step process
similar to the behavior of the Pt chromophores reported by
Eisenberg and designed to undergo photoinitiated electron
transfer cascades.52,58 Within the limitations of the picosecond
TA experimental setup, however, the excited-state species re-
sponsible for this transient spectrum shown in Figure 9a is the
only one observed.
The other explanation is that the signal arises from a 3IL state

localized on the phenyl-thiophene subunit, shown as “path 2” in
Scheme 2. DFT calculations estimate that with the addition of
the thiophene in complex 5, the 3IL state falls considerably
(≈ 1 eV) in energy relative to 4. The lowering of the 3IL state
could make it accessible from the 3MLCT state. These two
excited states could be in equilibrium, which would explain the
appearance of 3MLCT-based emission in the spectrum of 5. The
nearly identical ground state absorption spectra and similar
phosphorescence of complexes 4 and 5 support that the same
excited state is responsible for radiative decay in all of those
complexes. The appearance of the 3IL state in the transient
spectrum and emission from the 3MLCT state is consistent with
observations for other metal complexes with approximately
isoenergetic 3MLCT and 3IL states.59 The excited-state lifetime
is not, however, observed to be significantly longer as one might
expect if the two states were in equilibrium.17,60,61 It is possible
that the rate of decay from the 3IL state is comparable to that of
the 3MLCT state and therefore there is no enhancement of
excited-state lifetime. The ability to populate the 3IL state in
complex 5 would be supporting evidence that a low-lying 3IL
state exists within the molecular linker and could act as a conduit
to a 3IL state responsible for Pt-sensitized photocyclization of the
DTE component.
To acquire a TA spectrum for the excited state species of 2o,

fresh sample solution was continuously pumped through a flow
cell to prevent buildup of the photoproduct 2c in the probe
beam. Although 355-nm excitation addresses both the CT
transition and the photoswitch directly, the photoactive 1π*
DTE state, which is only accessible by direct UV excitation, is
assumed to have completely decayed within tens of picoseconds,
an assumption supported by other work.54 Therefore, the
transient signal observed on the nanosecond time scale is
interpreted as being directly related to the excited-state dynamics
resulting from excitation of the CT transition.
The TA spectra for complexes 5 and 2o are similar (Figure 9b).

A positive absorption appears centered at 450 nm, red-shifted
15 nm from the similar absorption observed for 5. Fitting the
decay of this absorption to a monoexponential model indicates
similar lifetimes (τ = 2.4 ns for 2o and τ = 1.4 ns for 5) for the two
excited-state species (Supporting Information, Figures S5 and
S6). The very shallow bleach centered at 600 nm is attributed to
the accumulation of some 2c (Figure 9d) in the sample beam
despite being replenished continually in the flow cell. The bleach
appears to diminish the intensity of a coincident positive
absorption that would be consistent with the spectrum appearing

Scheme 2
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for 5. Therefore, our interpretation is that this excited-state
absorption is attributed to the same state for both 5 and 2o.
Evidence that these spectra might be attributed to a 3IL state is
found by comparison to the TA signal observed for 1o
(Figure 9c). Although the positive absorption exhibited by 2o
is slightly red-shifted compared to that observed for 1o, the
similar band shape and spectral features that appear throughout
the visible region suggest that these features originate from the
same state. For hybrid system 1o, the intense bleach centered at
about 600 nm is indicative of accumulation of the ring-closed
isomer (1c). Assignment of this signal as a 3IL state is consistent
with the observed photoswitching behavior of 2o, which under-
goes ring-closing with lower energy light when coordinated to
the Pt complex than when not coordinated.
A comparison of the TA spectra for CH3CN solutions of 1c

and 2c is shown in Figure 9d. The essentially identical spectra
support that the same state is populated by excitation of either
complex. The only excited state in common between 1c and 2c
that should generate the same spectral signature is the
DTE-localized 3IL state. Additionally, the comparable excited-
state lifetimes (τ = 10 ns for 1c and τ = 8.8 ns for 2c) support the
assignment of these spectra as originating from the same excited
state (Supporting Information, Figures S2 and S7). The TA
spectrum of the DTE-localized 3IL state is characterized by an
intense bleach coinciding with the ground state πfπ* absorp-
tion of the ring-closed DTE. This is accompanied by a positive
absorption appearing at higher energy. The traces shown in
Figure 9d represent the only spectral signature observed within
the time resolution of our experimental setup. Considering that
the ring-closed isomer of the DTE component exhibits appreci-
able absorption at 355 nm (Figures 2a and 2c), one possibility is
that direct excitation of the 1IL state is followed by rapid
intersystem crossing to the 3IL state, a process facilitated by
the spin�orbit coupling of the appended Pt atom. Although not
observed, it cannot be discounted that the 3CT state could be

populated first, have a short lifetime, and subsequently lead to
population of the 3IL state.
DFT and TDDFT calculations were carried out to aid in

understanding the distribution of electron density and the
orbitals involved in the lowest energy CT transitions. Contour
plots of the LUMO, HOMO, and HOMO-1 are shown in
Figure 10.
Since the lowest energy transitions that appear in the absorp-

tion spectra of complexes 2o, 4, and 5 are identical, the orbitals
involved in those transitions must be similar. The contour plots
show the orbitals relevant to the lowest energy transition. Since
the majority of the electron density of the HOMO is located on
the aromatic rings, which are distorted out of the Pt terpyridyl
plane, the oscillator strength of the HOMO to LUMO transition
is diminished. The next lowest allowed transition fromHOMO-1
to LUMO is more favorable and occurs more efficiently. The
similarity of the HOMO-1 and LUMO of complexes 4 and 5
supports the nearly identical CT absorption bands observed for
these complexes.
Since the lowest 3CT energy of 2o is comparable to that of 1o,

there should be sufficient energy to populate the 3IL state if
energy transfer is possible. DFT calculations of the CT energies,
together with observed absorption spectra of 1o and 2o, indicate
CT energies to beg2.0 eV, in agreement with experimental and
DFT-calculated values for related compounds.62 The triplet
energy of the DTE photoswitch state that leads to ring-closing
is estimated fromDFT calculations to be about 1.9 eV for 1o and
1.8 eV for 2o, values that are in good agreement with an
experimental value of 1.85 ( 0.16 eV for the same photoswitch
in a related Ru(II) complex.40

For the model complexes 4 and 5, the trends of DFT-cal-
culated energies for their alkynyl-ligand-based 3IL states are
consistent with the differences observed in their luminescence
behavior and TA spectra. These empirical differences have been
attributed to the changes in the relative energies of the 3CT and

Figure 10. Contour plots of the LUMO, HOMO, and HOMO-1 for complexes 4 (left) and 5 (right).
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3IL states, which interact with each other if they are close enough
in energy. Whereas the energy of the 3CT state remains relatively
constant for the models, the energy of the 3IL state drops
considerably based on the functionality of the alkynyl ligand.
The estimated values of the 3IL state energy for complexes 4 and
5 are 3.2 and 2.5 eV, respectively. If the 3IL state is accessible from
the 3CT state, it might act as an alternate pathway for decay.
Otherwise, emission from the 3CT state is the predominant
decay pathway. This model is summarized in the Jablonski
diagram shown in Figure 11a.
Unlike in the directly linked system 1o, the nonconjugated,

ether linkage seems to largely remove interactions between the
two chromophores in the ground state. This is supported by the
lack of any significant shifts of absorption bands in 2o compared
to the model complexes of its constituents. In addition, there are
no shifts observed in the 1H NMR resonances of the DTE upon
coordination, as were observed for 1o. TDDFT-calculated
oscillator strengths for transitions between the Pt and the DTE
moiety in 2o compared to 1o (e.g., f < 0.001 for 2o vs f > 0.1
for 1o) are indicative of the diminished orbital overlap of the two
components when linked by the nonconjugated ether linkage.
Observation of the 3MLCT-based emission for the models is
consistent with the reduced interaction between the chromo-
phores, as opposed to efficient energy transfer to a 3IL state as
observed in 1o. The transient absorption data, however, show
that interactions between the two chromophores exist in the
excited state. DFT calculations support a model in which low-
ering of the 3IL state permits its population from the 3MLCT
state. Population of a 3IL state also explains the ring-closing
observed for 2o when selectively exciting its MLCT absorption.
An energy diagram for 2o illustrating the proposed model is
shown in Figure 11b.

’CONCLUSIONS

Efficient metal sensitized photocyclization of the DTE in 1o
has been shown to occur via population of the 3IL state, as well as
direct excitation of the 1IL state with UV light. These pathways
have different energy barriers, as shown by the different tem-
perature dependences of the photocyclization rates. Addition of a
reductive quencher, DABCO, results in a slower rate of DTE
photocyclization with irradiation with light at wavelengths great-
er than 420 nm, showing that this pathway involves an initially
formed charge transfer site at the metal acetylide. With direct UV
excitation the rate of photocyclization is unaffected by the
addition of DABCO, supporting direct ring closing from the
1IL excited state in this case.

An important goal of this study was to examine the effect of the
linker between the metal and the DTE on the photophysical

behavior. A key result that has emerged is that the excited states
involved in the metal sensitized photocyclization of 1o (where
the linker is a short, conjugated group) and 2o (where the linker
is longer and nonconjugated), are similar. The differences in
photocyclization rate between the two complexes can be attrib-
uted to the poorer orbital overlap in 2o. The photophysical
behavior of the model complexes 4 and 5 provides interesting
guidance for the design of complexes in which pendant DTE
groups can be used to modulate the photophysical behavior of
metal complexes. This is not possible in 1o and 2o because
excitation of the metal results in energy transfer to the DTE and
subsequent photocyclization. The excited state in complex 4 is a
MLCT state, while addition of the thiophene in 5 results in
population of either a 3CS or a 3IL state (or a combination of the
two). The similarity in the TA spectra of 5 and 1o or 2o indicates
that the presence of the phenylthiophene group is sufficient to
cause the excited state to shift from the metal (3MLCT) to ligand
(phenylthiophene or DTE photoswitch). Either removing the
phenyl group or breaking the conjugation between phenyl and
thienyl groups could prevent energy transfer across the linker
from metal to the uncyclized DTE. For this strategy to succeed,
however, energy transfer to the photocyclized DTE would still
have to occur to allow modulation of excited state chemistry at
the metal.
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