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ABSTRACT: Three triangular platinum(II) diimine metalla-
cycles incorporating large cyclic oligo(phenylene-ethynylene)
(OPE) bisacetylide ligands are synthesized, and their photo-
physical properties are studied. Two types of triplet excited
states with ligand/metal-to-ligand charge-transfer and acety-
lide-ligand-centered characteristics respectively, are exhibited
by these complexes depending on the size (conjugation length)
and electronic features of the cyclic OPE ligands. When the
energy levels of the two excited states are close to each other, the lowest triplet state is found to switch between the two in varied
solvents, resulting from their relative energy inversion induced by solvent polarity change. Density functional theory and time-
dependent density functional theory calculations provide corroborative evidence for such experimental conclusions. More
importantly, the designed metallacycles show impressive two-photon absorption (2PA) and two-photon excitation
phosphorescing abilities, and the 2PA cross section reaches 1020 GM at 680 nm and 670 GM at 1040 nm by two different
metallacycles. Additionally, pronounced reverse saturable absorptions are observed with these metallacycles by virtue of their
strong transient triplet-state absorptions.
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■ INTRODUCTION

Pt(II) acetylide complexes are emerging functional materials
with innovative uses in light emitting,1,2 photovoltaics,3

bioimaging,4 chemosensing,5,6 energy upconversion,7,8 and so
on. All these applications harness the optimal optoelectronic
properties of the readily accessible triplet states of the
complexes, as well as their unique supramolecular behaviors
related to the square-planar coordination geometry.9−12 On the
other hand, with the vast advancement of laser technology,
nonlinear optical (NLO) materials, for example two-photon
absorption (2PA) systems, demonstrate versatile functions in a
range of technologies including optical data storage, optical
limiting, microfabrication, optical imaging, and so on.13−17

Combining the above two appealing aspects of characters,
Pt(II) complexes manifesting NLO properties are of great
theoretical and practical values.18,19

Some previous investigations show that, similar to organic
molecules, large planar conjugated scaffolds and electron push−
pull features are favorable factors for attaining optimal NLO
properties in metal complexes.20−22 A number of trans-Pt
bisacetylide complexes having phosphine ligands were system-
atically studied and demonstrated impressive NLO activities in
the visible to near-infrared regime.23−27 Particularly, when the
complexes were installed with polarizable electron donor and
acceptor groups, the 2PA abilities are greatly enhanced. On the
other hand, when bidentate diimine ligands are incorporated, Pt
bisacetylides of cis- configuration were realized, exhibiting rich

and interesting linear and nonlinear photophysical behaviors,
which could be sensitively tuned by modifying the acetylide
ligand structures.28−41 A range of appealing properties were
displayed and investigated, such as triplet excited-state
absorptions31−38 and triplet sensitizing abilities39−41.
In addition to tailoring the electronic properties, we

speculate that introducing cyclic topology may be an effective
approach to improving and tuning the NLO properties of metal
complexes. This tactic was proven successful with a number of
organic 2PA molecules.42−44 Nonetheless, although various
Pt(II) metallacycles have been reported in the literature,
demonstrating interesting supramolecular chemistry such as
self-assembly ability and host−guest interactions,34,45−49 the
NLO properties of pertinent structures are basically unex-
plored.
Here we prepare and study a series of Pt(II) metallacycles

featuring cyclic oligo(phenylene-ethynylene) (OPE) ligands of
different sizes and electronic characteristics. Their photo-
physical properties are investigated, with special attention paid
to the 2PA and excited-state absorption attributes. All herein
synthesized Pt(II) metallacycles (C1−C3) comprise a diimine-
type ligand of 1,10-phenathroline. To achieve the cyclic
framework, three different OPE structures (L1−L3) are

Received: December 23, 2014
Accepted: March 4, 2015
Published: March 4, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 6162 DOI: 10.1021/am509074m
ACS Appl. Mater. Interfaces 2015, 7, 6162−6171

www.acsami.org
http://dx.doi.org/10.1021/am509074m


designed and employed to construct the triangular metallacycle
skeletons by coordinating to Pt(II) via two terminal acetylene
groups. For comparison, we also examined an acyclic analogue
complex 4 bearing two acyclic OPE ligands. In general, our
study shows that C1−C3 exhibit considerably enlarged 2PA
cross sections compared to the acyclic analogue 4, and
pronounced excited-state absorptions are detected. The results
demonstrate that the Pt OPE metallacycles possess rich and
interesting triplet-state and NLO properties, which are
sensitively dependent on the size and electronic features of
the cyclic bisacetylide ligands.

■ RESULTS AND DISCUSSION
Syntheses and Characterizations. Among the three

designed triangular metallacycles, C1 and C2 are both attached
with four alkoxy side chains to the o-phenylene units in the
OPE ligands. C1 contains a larger cyclic ligand than C2 because
it incorporates three additional p-phenylene-ethynylene units.
The cyclic bisacetylide ligand in metallacycle C3 has an
identical chain length to that of C1, but two alkyl side chains
are connected to the OPE backbone via the phthalimide
functional groups. Complex 4 lacks the cyclic topology and
incorporates two linear OPE ligands, each tethered with an
alkoxy group at the OPE chain end. The four OPE ligands, L1−
L4, are prepared using previously established procedures
involving stepwise OPE chain extension strategy (see the
Supporting Information for details).50 Complexes C1−C3 are
synthesized by subjecting L1−L3 to dichloro(1,10-
phenanthroline)platinum(II) (Pt(phen)Cl2) under typical
conditions for acquiring Pt acetylides reported in the
literature.34 The only difference is that more dilute reaction
solutions are used to facilitate the intramolecular cyclizations
and achieve the cyclic scaffolds (Scheme 1). The chemical
structures of all four complexes (C1−C3 and 4) are
characterized and confirmed by 1H and 13C NMR spectra, as
well as mass spectroscopy.
Ground-State Linear Absorptions and Emissions. The

linear photophysical properties of Pt complexes C1−C3 and 4
are first examined in toluene solution. All four molecules show
major absorption bands in the UV region of 300−400 nm
(Figure 1a and Table 1). These dominant peaks are assigned to
the OPE ligand-based transitions, as similar band shapes and
extinction coefficients are displayed by respective ligands L1−
L4 (Figure S1, Supporting Information). Consistent with
previously reported Pt(II) acetylide systems,20,21,25 the bath-
ochromic shifts displayed by the complexes relative to the
ligands are attributed to the delocalization of ligand-based π/π*
molecular orbitals (MO) via interactions with Pt dπ orbitals.
In addition to the ligand-based main transitions, the

complexes also show relatively broad absorption tails reaching
into the visible region of more than 400 nm. Similar to other
Pt(II) diimine acetylides,1,5,28,29 these lower-energy absorption
bands should originate from metal-to-ligand and ligand-to-
ligand charge transfer (MLCT/LLCT) transitions. Such
assignments are also supported by the density functional
theory (DFT) and time-dependent DFT (TD-DFT) calcu-
lations (vide infra). Relative to the acyclic analogue 4, also
bearing alkoxy groups on the OPE ligands, metallacycle C1
exhibits a small bathochromic shift in these CT transitions,
which reflects a minor enhancement of the electron-donating
effect of the cyclic OPE ligand, presumably due to the larger π-
conjugation system. On the other hand, complex C2 has a
smaller cyclic OPE skeleton and displays a significantly red-

shifted and more pronounced CT band around 520 nm. We
deem that this property likely results from the shorter π-bridge
between Pt(phen) moiety and the electron-rich dialkoxyphe-
nylene units in C2, which entails a stronger CT effect between
the charge donor (Pt-acetylide) and acceptor (phenanthroline).
This assumption is corroborated by the DFT calculation results,
revealing a much higher highest occupied molecular orbital
(HOMO) of C2 than those of C1 and 4 (Figure S9, Supporting
Information). On the other hand, when we compare C1 and
C3 having OPE ligands of the same length, the CT absorption
band is slightly blue-shifted when the alkoxy side groups are
replaced by the N-alkyl phthalimide functionality. This
observation is ascribed to the electron-withdrawing effect of
the phthalimide group, which lowers the electron density on
the OPE ligand in C3 and thus enlarges the energy gap of the
LLCT/MLCT transitions.
Furthermore, when the absorption spectra are collected in a

series of different solvents, all studied Pt(II) complexes
demonstrate a negative solvatochromic effect in their CT
absorption bands (Figure S2, Supporting Information), while
the ligand-based main transitions are nearly solvent independ-
ent. Such phenomena indicate that in these complexes, the
vertically accessed CT excited states are less polar than their
respective ground states. Similar behaviors were also observed
with a number of other Pt(II) acetylide systems.1,28,30,34,37,51−53

Among the current four complexes, C2 manifests the most

Scheme 1. Syntheses of C1−C3 and 4
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evident hypsochromic shifting in its CT band with increasing
solvent polarity (Figure 1b).
The photoluminescence properties are subsequently exam-

ined. Under ambient conditions, two distinct emission bands
are detected for each complex in toluene solution (Figure S3,
Supporting Information). The peaks of higher energy are
fluorescence emissions, which are of nanosecond lifetimes,
insensitive to oxygen, and similarly shown at about 420 nm by
all four complexes. The lower-energy peaks are identified as
phosphorescence emissions originating from the triplet excited
states, in light of their sensitivity to oxygen quenching and
microsecond lifetimes under deoxygenated conditions.

Specifically, acyclic complex 4 exhibits a broad, featureless
emission band around 590 nm at room temperature (Figure
2a), which is found to undergo significant hypsochromic

shifting upon freezing at 77 K (Figure S4, Supporting
Information). Such emission properties indicate the dominant
3CT characteristics of the lowest triplet state (T1) in 4.28,34

Such an assignment is also in agreement with the relatively
short emission lifetime of 4 (Table 1). In comparison,
perceptibly different T1 properties are observed with metalla-
cycle C1. While a relatively short phosphorescence lifetime of
2.4 μs and fairly rapid radiative decay at >105 s−1 still emphasize
the main CT features of the T1 state at room temperature,

Figure 1. (a) Ground-state absorption spectra of C1−C3 and 4 in
toluene at 10 μM; (b) absorption spectra of C2 in different solvents.

Table 1. Absorption and Phosphorescence Propertiesa

absorption phosphorescenceb 2PA cross sectionsc

λabs/nm (ε/104 M−1cm−1) λem/nm τ/μsd Φp
e kr/10

5 s−1 knr/10
5 s−1 λ2PA/nm σ/GM

C1 338 (12) 592 (576) 2.4 (195) 0.25 1.1 3.4 680 (680) 1020 (1060)
408 (2.5) 860 (840) 260 (280)
458 (1.1)

C2 370 (4.4) 675 (599) 0.13 (13) 0.018 1.4 76 740 (740) 120 (95)
518 (1.4) 1040 (940) 670 (710)

C3 315 (5.5) 608 (603) 56 (150) 0.056 0.01 0.17 700 (700) 610 (620)
350 (4.6)
381 (3.7)

4 321 (6.7) 594 (530) 1.1 (14) 0.25 2.3 6.9 680 (680) 40 (36)
344 (6.8) 860 (820) 17 (19)
414 (0.8)

aAbsorption and emission data are measured in deoxygenated toluene solution at 298 K unless otherwise noted. bData in parentheses are collected
at 77 K in 2-MeTHF. cData in parentheses are measured in CH2Cl2.

dPhosphorescence lifetimes of <20 μs are measured by time-correlated single-
photon counting using NanoLED of 450 or 495 nm as excitation source; longer lifetimes (>20 μs) are determined with a pulsed Xe lamp.
ePhosphorescence quantum yields Φp are determined with Ru(bpy)3Cl2 (Φp = 0.062 in deoxygenated CH3CN) as the reference.

Figure 2. Normalized phosphorescence spectra of (a) C1−C3 and 4
in toluene and (b) C1 in different solvents at room temperature
(excited at respective absorption maxima with O.D. = 0.1 under
deoxygenated conditions).
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metallacycle C1 displays a slightly narrowed phosphorescence
band compared to that of 4, with noticeable vibronic features
(Figure 2a). Moreover, although nearly identical phosphor-
escence quantum yields (Φp ≈ 0.25) are detected for C1 and 4,
a roughly doubled excited-state lifetime is observed with the
cyclic complex, resulting from both smaller radiative (kr) and
nonradiative (knr) decay rates. All these spectral properties
suggest that although the T1−S0 relaxation in C1 mainly
demonstrates 3LLCT/MLCT properties, it is evidently
disturbed by ligand-centered (LC) processes, which typically
slow down the triplet state relaxation due to less heavy-atom
effect. Apparently, the extended emission lifetime of C1 is also
related to the higher rigidity of its cyclic OPE ligand. Moreover,
at 77 K, a much smaller hypsochromic shift is manifested by C1
than by 4. This is also consistent with the admixing of LC
component in the T1 relaxation of C1, because the LC
transition energies are typically less sensitive to temperature
due to the minimal reorganization.28,54,55

In contrast, when the side groups are altered from alkoxy to
dicarboximide, metallacycle C3 exhibits a much narrower
phosphorescence band, showing clearly resolved vibronic
structures and a drastically extended lifetime of >50 μs at
room temperature (Table 1). Moreover, very similar emission
maxima and band shape are displayed at various temperatures
(Figure S4, Supporting Information). These properties
unambiguously indicate that the T1−S0 transition of C3 is
dominated by a 3LC process. A considerably smaller Φp
(∼0.06) is observed with C3 than that of C1, resulting from
its drastically decreased kr, by approximately 2 orders of
magnitude, whereas its knr is reduced to a much smaller extent.
Notably, compared to those of C1 and 4, the triplet emission

of C2 is significantly red-shifted to nearly 680 nm in toluene, in
line with its much lower energy of the CT absorption band.
The particularly short emission lifetime (∼0.1 μs) and large
hypsochromic shifting at 77 K are both indicative of a 3CT-
governed T1 relaxation in this metallacycle. A small Φp value
(<2%) is also detected with C2, but for a different reason than
C3. Such a low emission efficiency is mainly resultant from
substantially enlarged knr of nearly 8 × 106 s−1 (Table 1). Such a
knr upsurge is in accordance to the band gap law and the more
pronounced CT characteristic of C2. In summary of triplet-
state properties in toluene solution, the experimental results
indicate that, while the T1−S0 transitions in C2 and 4 are
dominated by 3CT processes,1,28 C1 features a LC-disturbed
3CT transition, and a 3LC-dominated relaxation occurs to
C3.54,55 Such propositions are generally confirmed by
subsequent theoretical calculations.
When the emission properties are examined in alternative

solvents, a minor negative solvatochromic effect is exhibited by
C1. More importantly, perceptible changes are observed with
the band shape. Specifically, as the solvent is changed from
benzene or toluene to CH2Cl2, in addition to a hypsochromic
shift, the emission band becomes increasingly narrowed,
manifesting more and more pronounced vibronic features
(Figure 2b). Additionally, time-resolved experiments show that
in toluene and benzene C1 exhibits a short triplet lifetime of ca.
2.4 μs, with kr and knr both at the order of 105 s−1. When the
solvent is switched to CH2Cl2, the emission lifetime is
prolonged to over 10 μs at room temperature (Table S1,
Supporting Information). With kr curbed to a greater extent
than knr, Φp of C1 diminishes from 0.25 in toluene to 0.10 in
CH2Cl2. All these behaviors suggest that C1 experiences a T1
property alteration in response to the solvent variation.

Namely, unlike the 3LLCT/MLCT transition disturbed by
3LC process observed in nonpolar solvents, a 3LC-dominated
T1 relaxation emerges in more polar solvents such as CH2Cl2,
although it is likely mixed with certain CT component. Similar
phenomena of T1 inversion were reported previously with a
couple of other Pt acetylide complexes.28,29 In general, this
lowest excited-state switching may occur when the 3CT and
3LC transitions are very close in energy. When the 3CT excited
state is less polar than the ground state, resulting from a
reversed charge transfer direction (cf. theoretical calculations
for C1), a larger energy gap is produced in high-polarity
solvents. On the other hand, the energy gap of 3LC transition is
usually less sensitively influenced by solvent polarity, due to the
smaller polarity difference between the excited and ground
states. Thus, the 3LLCT/MLCT transition of C1 is of lower
energy than 3LC transition in less polar solvents but becomes
higher in energy in the solvents of higher polarity.
Such a T1 switching phenomenon is not exhibited by the

other three studied complexes; similar phosphorescing proper-
ties are displayed in different solvents by these complexes
(Figure S5 and Tables S2−S4, Supporting Information). Unlike
its absorption spectrum showing a negative solvatochromic
effect, a positive solvatochromic process is detected with the
emission of C2, implying that its T1 state is slightly more polar
than its ground state, although the vertically reached triplet
excited state via absorption has a lower polarity. Nonetheless,
the emission band shape remains unchanged in various solvents
for C2, suggesting a consistent 3CT transition under different
solvent conditions. Meanwhile, C3 also exhibits nearly
invariable phosphorescence band shape and wavelengths in
different solvents, suggesting similar polarity of its T1 and S0
states, as well as an unvarying 3LC-dominated transition. For
acyclic complex 4, nearly identical emission spectra are
exhibited in varied solvents, indicating similar 3CT-featured
relaxations (Figure S5, Supporting Information).

Computational Studies. To further understand the
photophysical properties, DFT and TD-DFT calculations are
conducted at the PBE1PBE/SDD (6-31G(d,p)) level.56 First,
the geometry optimizations are performed for the closed-shell
structures. In the three metallacycles, the cyclic OPE backbones
are generally coplanar with the Pt(phen) moiety, except that
the p-phenylene units are slightly tilted out of the plane in C1
and C3. For acyclic complex 4, the two acetylide ligands are
however pointed out of the plane of Pt(phen) (Figure S6,
Supporting Information). For all four complexes, the HOMOs
are delocalized over platinum and OPE ligand backbones.
While the lowest unoccupied molecular orbitals (LUMOs) of
C1, C2, and 4 are completely located with Pt(phen), the
LUMO in C3 is suggested to distribute over both phen and
part of OPE (Figure 3).
In general, the TD-DFT calculations (Tables S5−S13,

Supporting Information) offer agreeable results to the
conclusions drawn from the spectral data. While the higher-
energy absorption peaks of the complexes are confirmed related
to OPE ligand-based π−π* transitions, the lower-energy bands
are assignable to the LLCT/MLCT processes. Moreover, all
four complexes show relatively large permanent dipole
moments in the ground state (10−24 D), pointing from
Pt(phen) to OPE ligands. In both polar and nonpolar solvents,
C2 and 4 are shown to exhibit reversed dipoles in their excited
states, consistent with their LLCT/MLCT nature (with
phenanthroline acting as charge acceptor). In contrast, while
a reversed dipole is calculated for the excited state of C1 in
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toluene, in accordance to a 3CT excited state, this metallacycle
is predicted to retain its dipole moment in the same direction
with a similar magnitude upon excitation in CH2Cl2. This result
supports a 3LC-featured excited state of C1 in polar solvents
(Table S14, Supporting Information). Basically, the calculation
results substantiate the experimental conclusion in that the
excited state of C1 manifests a solvent-dependent identity,
which switches between 3CT and 3LC transitions depending on
the medium polarity. Regardless of the solvent, the dipole
moment in C3 nonetheless maintains the same orientation in
the ground and excited states, also proving that C3 possesses a
3LC relaxation of T1.
Geometry optimizations and calculations are also conducted

for the lowest triplet states using unrestricted formalism. The
calculated singly occupied molecular orbitals (SOMOs) further
confirm that in both toluene and CH2Cl2 C2 and 4 depict
mainly 3LLCT/MLCT-featured transitions, while C3 exhibits a
3LC-dominated transition restricted to the OPE ligand (Figure
3 and Figure S16, Supporting Information). More importantly,
calculated SOMOs further verify that 3LLCT/MLCT and 3LC-
dominated transitions take place with C1 in toluene and
CH2Cl2, respectively. Specifically, while HOMO and the lower
SOMO are similarly located with Pt and OPE ligand in both
solvents, the higher SOMO is mostly found with phenanthro-
line in toluene, with minor contributions from OPE, but it is
completely shifted to a segment of OPE ligand in CH2Cl2
(Figure 3).

Two-Photon Absorption and Two-Photon Excitation
Phosphorescence. Compared with previously reported Pt
bisacetylide complexes which exhibit prominent 2PA abil-
ities,20−27,57,58 the unique feature of currently investigated
complexes lies in their cyclic topology. Here, the 2PA
properties are examined by monitoring the two-photon
excitation phosphorescence. To ensure that intrinsic 2PA
cross sections (σ) are properly determined, a femtosecond laser
with a low repetition frequency of 1 kHz is employed as the
excitation source. Yellow to red phosphorescence emissions are
detected from the complexes in toluene solutions upon
excitation at 800 nm (Figure S17, Supporting Information).
Because none of the complexes displays linear absorptions
beyond 700 nm, the detected emissions are reasonably
attributed to nonlinear excitation processes. The two-photon
excitation mechanism is further verified by the linear depend-
ence of phosphorescence intensity on the square of the incident
laser power (Figure S18, Supporting Information). Subse-
quently, 2PA cross sections at varied wavelengths are
determined for each complex using the comparative method,
that is, by measuring the phosphorescence intensity and
calibrating it relatively to the emission from Rhodamine B as
a reference.59

In general, the four complexes show evident 2PA activities in
a relatively broad spectral range from far-red to near-infrared
(NIR) region (Figure 4). Specifically, the two-photon excitation
spectra of C1 and 4 well match double the wavelengths of their
respective 1PA spectra (i.e., λ2PA ≈ 2λ1PA) which is a plausible
result considering their noncentrosymmetric structures.2,30,57

Remarkably, while acyclic 4 demonstrates a 2PA σ maximum of
merely 40 GM at about 680 nm, metallacycle C1 exhibits a 2PA
σ maximum of over 1 × 103 GM at a similar wavelength (Table
1). Additionally, C1 also manifests perceivable 2PA activity in
the NIR regime, and a cross section of 260 GM is determined
at 860 nm as a local maximum. These results clearly confirm
that by constructing a metallacycle structure, the 2PA ability
can be dramatically improved with relevant Pt complexes. The
more extended and polarizable π-conjugated scaffold and more
planar conformation of the OPE ligand both contribute to the
enlargement of 2PA cross sections. Notably, compared with
1PA spectra, the 2PA sideband appearing at >800 nm in both
C1 and 4 is slightly enhanced relatively to the main peak at
shorter wavelengths. As discussed earlier, under the 1PA
mechanism the lower-energy band originates from the CT
transitions, whereas the higher-energy peak corresponds to LC
transitions. Namely, it appears that for C1 and 4 the CT
transitions promote the 2PA ability more effectively than LC
transitions. Such an effect becomes even more pronounced
with complex C2. An impressively large σ of 670 GM arises at a
very long wavelength of 1040 nm as the overall 2PA maximum
of C2 (Figure 4). This 2PA peak approximately coincides with
double the wavelength of the CT absorption band under linear
excitation conditions. Such a 2PA σ value at >1000 nm is quite
remarkable for transition-metal complexes. At a shorter
wavelength of 740 nm, a shoulder peak of 120 GM is detected,
corresponding to LC 2PA excitation of C2. However, such a
phenomenon of CT-transition promoted 2PA does not occur
universally to all complexes. In contrast to C2, metallacycle C3
shows a 2PA maximum at 700 nm, corresponding to its LC
transitions, whereas the 2PA activity related to CT transitions
at longer wavelengths seems to be largely suppressed in this
molecule (Figure 4).

Figure 3. Calculated molecular orbitals of complexes (top to bottom)
C1 in CH2Cl2 and C1, C2, C3, and 4 in toluene.
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We then compare the 2PA behaviors of C1 in two different
solvents, toluene and CH2Cl2. It is found that the two-photon
excitation properties of C1 in CH2Cl2 are very similar to those
observed in toluene, except that the overall spectrum is slightly
blue-shifted (Figure S19, Supporting Information). This
shifting is similar in magnitude to that displayed by 1PA
spectrum in response to the same solvent change. The 2PA

properties in CH2Cl2 are also investigated for C2 (Table 1).
Again, a negative solvatochromic effect is detected for CT-
related 2PA transitions, but minimal shifting is observed with
LC two-photon excitation processes. Also, the 2PA maximum
of C2 displays a greater blue shift than C1 upon solvent
switching, from 1040 nm in toluene to 940 nm in CH2Cl2. This
observation is also consistent with the 1PA behaviors. Basically,
because consistent behaviors are exhibited by 1PA and two-
photon excited emissions, it is implied that the two processes
reach related excited states, and thus similar selection rules are
applied.

Transient Absorption and Reverse Saturable Absorp-
tion. Subsequently, nanosecond transient difference absorption
spectra are collected to characterize the triplet-state absorption
properties of the complexes (Figures S20−S21 and Table S15,
Supporting Information). Particularly, metallacycle C1 in
toluene exhibits prominent triplet excited-state absorptions in
a broad range from 350 nm to over 800 nm (Figure 5). The

absorption peak around 380 nm is attributable to the
phenanthroline anion radical,28−32 reasonably resulting from
3LLCT/MLCT excited state, while the broad band in the
longer wavelength region can be assigned to the 3LC state of
the OPE ligand.28 When the transient absorption spectrum is
collected in CH2Cl2 solution, the absorption intensity around
380 nm is relatively decreased compared to that around 590
nm. The two bands both show monoexponential decays with
identical lifetimes, but the decay rate is evidently slower in
CH2Cl2 than toluene. These transient absorption results
suggest that two types of triplet excited states (3LLCT/
MLCT vs 3LC) are likely coexisting in dynamic equilibrium or
admixed in C1 at room temperature. The equilibrium position,

Figure 4. (blue ■) Two-photon absorption spectra in comparison to
(red ) one-photon absorption spectra of (top to bottom) C1, C2,
C3, and 4 in toluene.

Figure 5. Nanosecond transient difference absorption spectra of C1 at
the specified delay times in (a) deoxygenated toluene and (b) CH2Cl2
(excited at 450 nm).
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or respective contribution, is dictated by the relative energy
levels of the two states, which are sensitively influenced by the
solvent polarity. For C1 in toluene, because the 3CT transition
is of lower energy and possesses faster decay rates than 3LC
process, the former makes a great contribution and the complex
relaxes faster. But the 3CT energy gap is widened in more polar
solvents such as CH2Cl2, the

3LC transition thus becomes more
prevalent and the decay rate decreases. These observations are
consistent with the phosphorescence emission behaviors of the
molecule.
As the transient absorption spectra show that C1 presents

intense triplet absorptions at over 500 nm, where its linear
absorption is very weak, reverse saturate absorption (RSA)
properties are examined with this molecule. To verify the RSA
behaviors, we carried out open aperture Z-scan experiments60

at 532 nm using ∼10 ns (full-width half-maximum, fwhm) laser
pulses. With an increasing laser power density, nonlinear
absorption is clearly observed (Figure 6). Nonlinear trans-

mission experiments are also conducted to further illustrate the
RSA properties, which demonstrate that more pronounced RSA
effect and larger excited-state vs ground-state absorption cross
section ratios are shown by C1 than 4 (Table S15 and Figure
S23, Supporting Information). Such results further evidence the
advantages of the designed metallacycles in NLO material
developments.

■ CONCLUSIONS
In conclusion, we design and synthesize three platinum(II)
diimine metallacycles incorporating large, cyclic conjugated
bisacetylide ligands. Two types of triplet excited states, mainly
featuring 3LLCT/MLCT and 3LC characteristics, respectively,
may occur to these complexes depending on the size
(conjugation length) and electronic features of the cyclic
OPE ligands. Thus, their photophysical properties can be
readily modulated by tailoring the OPE ligand structures. In
one particular metallacycle, where the energy gaps of the 3CT
and 3LC transitions are close to each other, the identity of the
lowest triplet state is sensitively influenced by the solvent, as
the two types of excited states undergo an energy inversion
induced by the medium polarity change. DFT/TD-DFT
calculations provide supportive evidence for such experimental
conclusions. More importantly, the study shows that by virtue
of the large, cyclic π-conjugated OPE ligand design, the
metallacycles exhibit appealing NLO properties including
pronounced two photon-excitation phosphorescence. By

comparing them to an acyclic analogue, we demonstrated
that the cyclic structural motif greatly improves the 2PA
capacity. Among the three studied metallacycles, C1 shows the
largest 2PA cross section of 1020 GM at 680 nm,
corresponding to the LC excitations, while C2 manifests a
considerable 2PA maximum around 1000 nm (σ ≈ 7 × 102

GM) related to CT excitations. These metallacycle structures
also possess other useful NLO attributes, including broadband
transient triplet-state absorptions and reverse saturable
absorptions.

■ EXPERIMENTAL SECTION
Synthesis of C1. A Schlenk tube containing L1 (90 mg, 0.087

mmol), Pt(phen)Cl2 (39 mg, 0.087 mmol) and CuI (3.0 mg, 0.016
mmol) was evacuated and backfilled with nitrogen three times.
Degassed toluene (100 mL) and diisopropylamine (20 mL) were
added to the tube via a syringe under nitrogen atmosphere. The
mixture was stirred at 90 °C for 72 h. Upon cooling to room
temperature, the mixture was extracted with toluene. The organic
layers were combined, washed with saturated aq NH4Cl and dried over
anhydrous Na2SO4 before the solvents were removed under reduced
pressure. The crude product was purified with column chromatog-
raphy and eluted with CH2Cl2 to offer C1 as orange powder (32 mg,
26%). 1H NMR (CDCl3, 300 MHz, ppm): δ 9.91 (d, 2H, J = 4.2 Hz),
8.54 (d, 2H, J = 7.8 Hz), 7.93−7.88 (m, 4H), 7.61 (s, 4H), 7.53 (s,
8H), 7.04 (s, 2H), 7.02 (s, 2H), 4.05 (t, 8H, J = 6.3 Hz), 1.91−1.80
(m, 8H), 1.55−1.26 (m, 40H), 0.92−0.83 (m, 12H). 13C NMR (100
MHz, CDCl3, ppm): δ 151.6, 151.2, 149.9, 149.0, 147.9, 136.4, 132.5,
131.6, 130.3, 127.5, 126.5, 123.5, 122.3, 121.7, 121.5, 121.1, 116.5,
93.8, 92.9, 91.1, 90.4, 89.6, 89.1, 69.3, 69.2, 31.1, 29.4, 29.3, 29.2, 29.1,
26.3, 26.1, 22.9, 14.0. ESI-TOF HRMS: calcd, 1412.6783 ([M + H]+);
found, 1412.6832.

Synthesis of C2. Similar procedures for preparing C1 were applied
with L2 as the substrate and dichloromethane (20 mL) as the solvent.
The reaction mixture was stirred at 40 °C for 48 h. C2 was obtained as
a red solid (10 mg, 36%). 1H NMR (CDCl3, 300 MHz, ppm): δ 9.90
(d, 2H, J = 4.5 Hz), 8.10 (d, 2H, J = 7.8 Hz), 7.84 (m, 2H), 7.76 (s,
2H), 7.18 (s, 2H), 7.03 (s, 2H), 4.08 (m, 8H), 1.88 (m, 8H), 1.59−
1.26 (m, 24H), 0.95 (m, 12H). 13C NMR (100 MHz, CDCl3, ppm): δ
151.5, 151.1, 147.8, 147.2, 136.4, 127.1, 121.3, 119.9, 117.6, 116.9,
115.3, 90.5, 89.6, 89.1, 69.5, 69.4, 31.6, 29.0, 25.6, 22.8, 14.1. ESI-TOF
HRMS: calcd, 1022.4410 ([M + Na]+); found, 1022.4418.

Synthesis of C3. Similar procedures for preparing C1 were applied
with L3 as the substrate. The column chromatography was eluted with
CHCl3 to afford 3 as a yellow solid (12 mg, 32%). 1H NMR
(CDCl2CDCl2, 300 MHz, ppm): δ 9.97 (m, 2H), 8.69 (m, 2H), 8.06−
8.00 (m, 8H), 7.73 (s, 4H), 7.65 (s, 8H), 3.70−3.65 (m, 4H), 1.92−
1.84 (m, 4H), 1.62−1.21 (m, 20H), 0.92−0.85 (m, 6H). ESI-TOF
HRMS: calcd, 1262.4184 ([M + H]+); found, 1262.4152.

Synthesis of 4. A Schlenk tube containing L4 (25 mg, 0.065
mmol), Pt(phen)Cl2 (14 mg, 0.031 mmol), and CuI (3 mg, 0.016
mmol) was evacuated and backfilled with nitrogen three times. A
mixture of degassed diisopropylamine (2.0 mL) and dichloromethane
(14.0 mL) was added under nitrogen atmosphere. The reaction system
was stirred at 40 °C for 40 h. Purification of the product was
conducted with column chromatography, eluted with dichloro-
methane/petroleum ether (2:1, v/v), offering 4 as a yellow solid (29
mg, 74%). 1H NMR (CDCl3, 300 MHz, ppm): δ 9.91 (d, 2H, J = 5.1
Hz), 8.58 (d, 2H, J = 8.1 Hz), 7.95 (s, 2H), 7.88 (m, 2H), 7.50−7.36
(m, 12H), 6.86 (d, 4H, J = 8.1 Hz), 3.96 (t, 4H, J = 6.6 Hz), 1.83−1.74
(m, 4H), 1.55−1.26 (m, 36H), 0.89 (t, 6H, J = 6.6 Hz). 13C NMR
(100 MHz, CDCl3, ppm): 159.2, 151.3, 147.7, 137.6, 132.9, 132.0,
130.9, 130.4, 128.1, 127.4, 125.9, 120.4, 115.6, 114.6, 90.1, 88.7, 68.2,
31.9, 29.6, 29.5, 29.4, 29.2, 26.1, 22.6, 14.1. ESI-TOF HRMS: calcd,
1146.5475 ([M + H]+); found, 1146.5492.

Ground-State Photophysical Measurements. Ground-state
UV−vis absorption spectra were recorded on a Hitachi U-4100
spectrophotometer in 1 cm quartz cuvettes. Steady-state photo-

Figure 6. Normalized open-aperture data (black ■) of C1 using 10 ns
laser pulses at 532 nm and (red ) fitted curve.
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luminescence spectra were recorded on a Horiba Jobin Yvon
FluoroMax-4P spectrofluorometer. Lifetime measurements were
performed by time-correlated single-photon counting using a Horiba
Jobin Yvon FluoroHub-B instrument, with NanoLED of 450 or 495
nm or pulsed xenon lamp as the excitation source. Sample solutions
were deoxygenated by subjecting them to a minimum of three freeze−
pump−thaw cycles before lifetime measurements or by bubbling
through N2 for 10 min before the emission quantum yield
measurements. The absorbance of sample solutions used for emission
quantum yield measurements was set to be between 0.05 and 0.1 at
the excitation wavelength. Ru(bpy)3Cl2 was used as quantum yield
standard (Φp = 0.062 in deoxygenated acetonitrile).61

Density Functional Theory Calculations. DFT and TD-DFT
calculations were carried out using the Gaussian 09 suite of programs.
The vibrational frequency calculations were conducted to ensure the
optimized structures were the minimum on the potential energy
surface. The structural geometry in the ground state (S0) was
optimized at the DFT level of theory without symmetry constraints.
The geometry of the lowest triplet state (T1) was optimized using an
unrestricted formalism. For each complex, 50 singlet and 6 triplet
excited states were obtained to determine the vertical excitation
energies on the basis of optimized geometrical structures.
Nonlinear Optical Measurements. A femtosecond laser system

composed of a Spectra-Physics TOPAS optical parametric amplifier
(OPA) pumped by a Spfire ACE-F-1KXP Ti:sapphire amplifier (∼120
fs, 1 kHz) was used for two-photon excitation phosphorescence
experiments. The short pulse duration and low repetition rate ensure
accurate 2PA cross-sectional measurements with minimum excited-
state absorption and cumulative effects of consecutive pulses. The
OPA had signal and idler wavelength tuning ranges of 1100−1600 and
1600−2600 nm, respectively. To obtain varied wavelengths in the
range of 650−1200 nm, the second harmonic of the signal or idler was
used in the 650−800 or 800−1100 nm regions, and the signal
wavelength was used at 1100−1200 nm. The pulse from OPA was
focused by a lens with a focal length of 50 cm. To minimize the effects
of reabsorption, the excitation beam was moved as close as possible to
the wall of the quartz cell facing the slit of the imaging spectrograph.
The emission was detected in the direction perpendicular to the pump
beam. Two-photon cross sections were determined by comparative
measurements using Rhodamine B in methanol as the reference.59

Nanosecond transient absorption measurements were performed on
an LP-920 laser flash photolysis setup (Edinburgh). Excitation light of
450 nm from a computer-controlled Nd:YAG laser/OPO system from
Opotek (Vibrant 355 II) operating at 10 Hz was directed to the
samples. The open aperture Z-scan and corresponding nonlinear
transmission experiments were carried out with toluene solutions in 1
mm cuvettes using ∼10 ns laser pulses. A homemade ns optical
parametric oscillator (OPO) laser with a repetition rate of 10 Hz was
used as the light source. The spatial profile of the laser beam was a
nearly Gaussian distribution. The beam was focused by plano-convex
lens with a focal length of 200 mm. By fitting the open aperture Z-scan
data, the excited-state absorption cross section (σex) was obtained.
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