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ABSTRACT: We have used single-crystal X-ray diffraction and time-
resolved UV−NIR−IR absorption spectroscopy to gain insights into the
structures and excited-state dynamics of a rotaxane consisting of a
hexayne chain threaded through a phenanthroline macrocycle and a
family of related compounds, including the rhenium(I) chlorocarbonyl
complex of this rotaxane. The hexayne unit in the rhenium-rotaxane is
severely nonlinear; it is bent into an arc with an angle of 155.6(1)°
between the terminal C1 and C12 atoms and the centroid of the central
C−C bond, with the most acute distortion at the point where the
polyyne chain pushes against the Re(CO)3Cl unit. There are strong
through-space excited-state interactions between the components of the
rotaxanes. In the metal-free rotaxane, there is rapid singlet excitation energy transfer (EET) from the macrocycle to the hexayne
(τ = 3.0 ps), whereas in the rhenium-rotaxane there is triplet EET, from the macrocycle complex 3MLCT state to the hexayne (τ
= 1.5 ns). This study revealed detailed information on the short-lived higher excited state of the hexayne (lifetime ∼1 ps) and on
structural reorganization and cooling of hot polyyne chains, following internal conversion (over ∼5 ps). Comparison of the
observed IR bands of the excited states of the hexayne with results from time-dependent density functional calculations (TD
DFT) shows that these excited states have high cumulenic character (low bond length alternation) around the central region of
the chain. These findings shed light on the complex interactions between the components of this supramolecular rotaxane and
are important for the development of materials for the emerging molecular and nanoscale electronics.

■ INTRODUCTION

Polyynes, and materials based on chains of linear sp carbon
atoms, have long been a focus of research, as models for
carbyne, the elusive 1D allotrope of carbon.1 This field has been
stimulated by the extraordinary mechanical,2 charge-trans-
port,3−6 and nonlinear optical7 properties of these materials
and by the use of polyynes as precursors to other carbon-rich
nanostructures.8 Recently, Chalifoux and Tykwinski developed
efficient methods for preparing end-capped polyynes with up to
22 CC units9 (the longest polyyne yet isolated, correspond-
ing to a rod of carbyne of length 5.6 nm). The stabilities of
polyynes generally decrease as the acetylenic chains become
longer, suggesting that supramolecular encapsulation may be a
valuable strategy for controlling reactivity.10−15 In this context,
we,16 and others,17 reported the synthesis of polyyne rotaxanes,
such as H⊂M in which a phenanthroline-based macrocycle M18

is threaded around a hexayne chain H (Chart 1). These
rotaxanes provide an opportunity to control the environment of
the polyyne chain, for example, we showed that rhenium(I) can
be complexed to the threaded macrocycle to give H⊂M(Re), in
which a Re(CO)3Cl unit is held in contact with the hexayne
core. Most phenanthroline-Re(CO)3Cl complexes exhibit

bright luminescence,19−22 but during our initial study we
found that the luminescence of M(Re) is totally quenched in
H⊂M(Re). This result was surprising because the HOMO−
LUMO gap of the hexayne (absorption λmax 315 nm) appears
to be too large to accept excitation from the Re(CO)3Cl unit
(emission λmax 605 nm), while the electron affinity of the
polyyne is insufficient for it to quench the rhenium
luminescence by photoinduced electron transfer.23,24

Here we present a detailed investigation of the five
compounds shown in Chart 1, using two ultrafast pump−
probe techniques: UV−NIR transient absorption (TA) and
time-resolved infrared (TRIR) spectroscopy, both with
pumping at UV wavelengths. The results provide many insights
into the photophysics of polyyne chains and reveal that the
luminescence quenching in H⊂M(Re) originates from rapid
triplet energy migration from the lowest metal-to-ligand charge
transfer (3MLCT) excited state of M(Re) to the threaded
hexayne (time constant: τ = 1.5 ns).
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TRIR is an excellent technique for examining the kinetics of
transient species, with a time-resolution of <200 fs.25 When
investigating the photophysics of polyynes, strong signals are
observed for the CC triple-bond stretch (2100−2200 cm−1),
providing information on ground-state depletion and recovery
(through the negative ΔA “bleach” signal) and probing the
evolution of singlet and triplet excited states, which can be
distinguished by their different CC stretch frequencies
(reflecting their different extents of bond length alternation).
Despite these attractive features, there have been no previous
ultrafast TRIR studies of polyynes,26 which is surprising
because, despite extensive investigation, the excited states of
polyynes remain poorly understood. Theoretical and exper-
imental studies agree that the first singlet excited states (S1) are
generally “dark states”, which means that S0−S1 transitions are
dipole forbidden.27−36 Consequently, the absorption spectra
are dominated by transitions to higher singlet excited states (S0
→ Sn), while the S0 → S1 absorption band is weak or
unobservable. Internal conversion (IC, Sn → S1) is very rapid,
but fluorescence from S1 is normally too slow to compete with
intersystem crossing (ISC, S1 → T1) and nonradiative decay
(IC, S1 → S0). Unsubstituted polyynes, H−(CC)n−H,
exhibit an intense allowed absorption band to a high-energy
singlet state (1Σ+

g →
1Σ+

u) as well as weak absorption bands at
longer wavelengths, which are about 1000-times less intense
and involve low-lying singlet states (1Σ+

g →
1Σ−

u and
1Σ+

g →
1Δu).

27−30 Other polyynes, R−(CC)n−R, show similar
behavior,31−36 although their electronic structures can be
complicated by involvement of the end groups (particularly if
R = aryl), and it can be difficult to identify the dark states.
Knowledge of the energy of the dark S1 state is essential for
estimating the optical HOMO−LUMO gap and for under-
standing charge transport.3−6 Computational studies have
shown that the excited states of polyynes generally have
reduced bond length alternation, i.e., the CC triple bonds
become longer and the C−C single bonds become short-
er.35,37,38 This prediction is supported by analysis of vibrational

structure in electronic transitions28 and by time-resolved
resonance Raman studies on the T1 state of diphenyl butadiyne
(Ph−CC−CC−Ph),39 and an intriguing metastable
photoexcited polyyne has been identified at low temperatures
which appears to have a cumulenic structure (CC
rather than −CC−).40 Here we present the first TRIR study
of an extended polyyne. We show that optical excitation
generates a short-lived higher singlet state (Sn) with a lifetime
of 0.9 ps in the free hexayne H and 1.8 ps in the rotaxane
H⊂M. TRIR also enables the S1 and T1 states of the polyyne to
be directly observed; comparison of the CC stretch
frequencies (S0: 2191, 2165 cm−1; S1: 2077, 1737 cm−1; T1:
2047, 1610 cm−1) with results from DFT calculations provides
clear evidence for an increase in cumulenic character in the
excited states. We also observe ultrafast singlet excitation
energy transfer (EET) in H⊂M, from the singlet excited state
of the macrocycle to the dark S1 state of the polyyne (EET, τ =
3.0 ps). The TRIR spectra show that this energy-transfer
process directly populates the vibrationally equilibrated S1 state
of the hexayne, whereas Sn → S1 internal conversion creates a
hot vibrational state, which cools over about 5 ps.
To gain more insights into this family of compounds, we

have also compared the X-ray crystal structures of H, H⊂M,
H⊂M(Re), and M(Re). The structure of the H⊂M(Re)
rotaxane complex shows that the Re(CO)3Cl unit is pushed
close to the C12 chain, with O···C distances of less than the sum
of the van der Waals radii, with the polyyne bending round the
metal center. The interactions between the Re(CO)3Cl center
and the hexayne chain appear to be weak in the ground state,
while the excited-state TRIR spectra revealed mutual electronic
perturbation of both components.

■ EXPERIMENTAL SECTION
Materials. The unthreaded hexayne dumbbell H,9 rotaxane H⊂M,

Re(CO)3Cl·rotaxane H⊂M(Re), and Re(CO)3Cl·macrocycle M(Re)
complexes16 and macrocycle M18 were prepared as described
previously. Spectroscopic measurements were performed in air-
saturated or deoxygenated dichloromethane solutions of spectroscopic
quality (Aldrich). Deoxygenation was achieved by three freeze−
pump−thaw cycles, and sample preparation was carried out in
glovebox under nitrogen atmosphere.

Crystallography. The crystal structures of hexayne dumbbell H
and rotaxane H⊂M were reported previously.9,16 Crystals of
Re(CO)3Cl·macrocycle M(Re) were grown by slow evaporation of a
solution in toluene at 4 °C; single crystal X-ray diffraction data were
collected at 150 K using an Oxford Diffraction (Agilent) SuperNova A
diffractometer. Crystals of the Re(CO)3Cl·rotaxane complex H⊂M-
(Re) were grown from dichloromethane solutions by slow diffusion of
methanol vapor at room temperature; single crystal X-ray diffraction
data were collected at 100 K using synchrotron radiation at the
Diamond Light Source, beamline I19.41 In both cases, data were
reduced using CrysAlisPro. M(Re) was found to crystallize in P-1 with
one molecule of M(Re) and two molecules of toluene in the
asymmetric unit, while H⊂M(Re) crystallized in P21/n with one
molecule of H⊂M(Re) in the asymmetric unit. The structures were
solved using charge flipping42 with SuperFlip43 and refined using least-
squares within CRYSTALS.44 The difference map for H⊂M(Re)
indicated the presence of diffuse electron density believed to be
disordered solvent. SQUEEZE45 was used leaving a void from which
the electron density was removed. Full refinement details are given in
the SI (CIF). Crystallographic data (excluding structure factors) have
been deposited with the Cambridge Crystallographic Data Centre
(CCDC 1036072−1036073), and copies of these data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif.

Time-Resolved Spectroscopy. The ULTRA instrument at the
STFC Rutherford Appleton Laboratory was used and is described in

Chart 1. Structures of the Compounds Investigated in this
Study

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja510663z | J. Am. Chem. Soc. 2014, 136, 17996−1800817997

www.ccdc.cam.ac.uk/data_request/cif


detail elsewhere.46 Briefly, an amplified titanium sapphire laser (Thales
Optronique) produces ∼50 fs pulses at a 10 kHz repetition rate. The
laser fundamental output (800 nm) is split into two parts. The first
generates UV pump pulses through an optical parametric amplifier
(TOPAS OPA) at 310 or 350 nm. The second part of the fundamental
is used to generate probe pulses: ∼400 cm−1 broad mid-IR probe
pulses through a second OPA for TRIR experiments or a white light
continuum (330−680 nm) through focusing of the fundamental into a
2 mm CaF2 plate for TA experiments. Typical pump and probe beam
diameters in the sample were 130 and 80 μm, respectively, the lower
diameter probe being used to ensure only activated sample is
interrogated. UV pump pulse energy was kept around 0.1 μJ. All
experiments were carried out with the pump and probe set at the
magic angle (54.7°). The probe pulses were split in two, one part
subsequently focused into the sample overlapping with the pump
beam and the other for use as a reference of laser spectral and intensity
variations. The probe and reference pulses were dispersed onto array
detectors to measure the spectrum of each laser shot (using 128-
element HgCdTe detectors for TRIR experiments and 512-pixel
silicon single-diode arrays for TA experiments). By modulating the
pump pulses at 5 kHz (the probe measured at 10 kHz) normalized
pump on−pump off difference spectra can be collected in real time.
The TRIR and TA spectra (see below) are presented as normalized
difference spectra (each spectrum averaged over a few seconds), thus,
positive bands correspond to photogenerated TA, while negative
bands indicate ground-state bleaching.
The pump−probe time delay was controlled by an optical delay line

for femtosecond to nanosecond measurements, while the nanosecond
to microsecond measurements were recorded using the same
spectrometers but replacing the femtosecond pump laser with a 1 ns
duration 5 kHz (for pump on−pump off measurements as above) laser
operating at 266 nm.
The sample absorbance was 0.2−0.3 at the pump wavelength (266,

310 or 350 nm) in a 0.1 mm path length flow cell with 2 mm CaF2
windows. The cell was raster-scanned to avoid sample decomposition
on window surfaces. Sample integrity was checked by IR and UV−vis
spectra measured before and after each experiment. All spectral fitting
procedures and kinetic analysis were performed using OriginPro 8.5.1
software. TA spectra were corrected for group velocity dispersion over
the wide spectral range.
Computational Methods. (TD)DFT calculations were per-

formed using TURBOMOLE version 6.1.47 The hexayne H was
modeled as a methyl-capped hexayne, Me−C12−Me. The applicability
of this model was assessed by comparison to bent structures and a tert-
butyl capped model (cf. ref 40). The B3LYP functional was used in
conjunction with the Dunning cc-pVTZ basis set.48 This level of
theory has been shown to reproduce vibronic structures of polyyne
absorption bands.36 Similar results were obtained with B3LYP/6-
31G**, PBE0/cc-pVTZ, and PBE0/6-31G** (see SI).49 The ground
state (S0) was optimized in D3 symmetry. The first singlet excited state
(S1) was optimized in D3 symmetry using TD-DFT (B3LYP). The first
triplet excited state (T1) was treated with UB3LYP, in C2 symmetry.
Calculations on S0 and T1 made use of the RI-J approximation.50

Vibrational frequencies were calculated from analytical force constants
for S0 and T1 and from numerical force constants (TD-DFT) for S1.
The converged structures were confirmed to be minima by the absence
of imaginary frequencies. A simple linear scaling factor (0.96) is
applied to calculated vibrational frequencies presented in the main text
(unscaled frequencies are tabulated in the SI).

■ RESULTS AND DISCUSSION
Crystallographic Analysis. The structures of the hexayne

dumbbell H,9 rotaxane H⊂M,16 rhenium rotaxane H⊂M(Re),
and rhenium-macrocycle complex M(Re) are compared in
Figure 1. The two rotaxanes, H⊂M and H⊂M(Re), show
similar bond length alternation within experimental error: 0.143
± 0.008 Å in H⊂M and 0.155 ± 0.010 Å in H⊂M(Re),
compared with 0.158 ± 0.008 Å for H.9,16 The closest distance
between carbonyl group oxygen and polyyne chain carbon in

H⊂M(Re) is 3.085(5) Å (CO−C(5)), which is less than the
sum of the van der Waals radii (3.35 Å);51 the three shortest
CO···CC contacts are shown in Figure 1e.
The hexayne chain in H⊂M(Re) is severely bent, with a

single-arc conformation, unlike the double-arc of H.9,52 The
angle between the two terminal C1 and C12 atoms and the
centroid of the middle C6−C7 bond of H⊂M(Re) is 155.6(1)°
(compared with 171.8(1)° in H⊂M and 180° in H); the
average value for this parameter for the 22 hexaynes in the
Cambridge Structura l Database53 is 175.3° (s .d .
7.1°),7a,9,12,13,16,54,55 and only one other hexayne has been
reported with a comparable angle (155.3(2)°).55 The angles
between the three carbonyl groups lie in the range 85.20(17)−
92.55(17)° (with an average of 88.7°) in H⊂M(Re) and
85.47(16)−90.53(16)° (with an average of 87.9°) in M(Re),
and the local Cs symmetry of the rhenium center is preserved in
both Re(CO)3Cl complexes (Figure 1).

Ground-State UV Absorption and IR Spectra. The UV
absorption spectrum of hexayne H in dichloromethane (Figure
2a) shows an intense band at 275−325 nm, with a well-defined
progression of ∼2060 cm−1, corresponding to the CC
vibrational mode of the Sn state.9,27−36,56 The vibrational
progression matches well with the ground-state CC stretch
frequency (2165−2191 cm−1) seen in the IR spectrum (Figure
2b). Hexayne H also displays a weak absorption band at 350−
450 nm, dominated by a vibrational progression of 2040−2169
cm−1 (inset in Figure 2a). We assign this band to the forbidden
S0 → S1 transition, as reported in the absorption spectra of
many other long polyynes,27−36 although we cannot exclude the
possibility that it is a transition to another low-lying singlet
excited state, other than S1. This S0 → S1 transition at 350−450
nm is about 500 times weaker than the S0 → Sn absorption at
275−325 nm. For the H⊂M rotaxane, the third vibrational
band of the S0 → S1 transition is obscured by the intense
absorption of macrocycle at ∼390 nm, but the first two bands
are clearly visible and do not change their position, while in the
H⊂M(Re) rotaxane, all the S0 → S1 transitions are hidden by
the intense M(Re) absorption.

Figure 1. Solid-state structures of (a) hexayne H, (b) rotaxane H⊂M,
(c) Re(CO)3Cl·rotaxane H⊂M(Re), and (d) Re(CO)3Cl·macrocycle
M(Re). Short CO···C contacts in H⊂M(Re) are shown (e). H atoms
and solvent molecules are omitted for clarity.
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The absorption spectrum of the macrocycle M (Figure 2a)
consists of a broad, lower energy π−π* band, extending to 390
nm, and a n−π* band at around 275 nm.57 The absorption
spectrum of the rotaxane H⊂M is essentially the sum of its two
components, thread and dumbbell, with a slight (∼4 nm)
bathochromic shift of the hexayne peaks (Figure 2a); the
presence of the threaded macrocycle slightly changes the
environment of the polyyne chain. Similar results were obtained
for Re(CO)3Cl complexes. The M(Re) absorption spectrum
consists of two transitions: a low-energy MLCT, extending to
about 490 nm, and a higher energy intraligand (IL) π−π*
transition.58 The spectrum of the H⊂M(Re) is the sum of its
components with a slight (∼2 nm) red-shift in the hexayne
peaks (Figure 2a).
IR spectra were measured in dichloromethane (Figure 2b).

The hexayne H has a broad collective band with two
overlapping peaks at 2165 and 2191 cm−1, which are
characteristic of long polyyne chains.40,59,60 The assignment
of these bands is discussed below (see section on calculated IR
spectra). These CC bands are unshifted in the rotaxanes
H⊂M and H⊂M(Re), indicating that threading does not
perturb the ground-state vibrational structure of hexayne. The
three carbonyl groups of the Re(CO)3Cl moiety give rise to
three sharp, intense bands at 1894 (A′(2)), 1932 (A″), and

2025 (A′(1)) cm−1 for H⊂M(Re) and 1885 (A″), 1924
(A′(2)), and 2022 (A′(1)) cm−1 for M(Re), which are
characteristic of fac-rhenium tricarbonyl polypyridyl com-
plexes.61 The positions of the IR bands indicate the Cs (or
pseudo C3) symmetry of the Re center: two normal ν(CO)
modes are symmetric (A′(1) and A′(2)) involving all three CO
ligands, while one mode (A″) is antisymmetric involving only
in the plane stretching of two CO groups (Figure 2b). On
threading, the A″ and A′(2) bands of Re(CO)3Cl·macrocycle
M(Re) shift to higher wavenumber, by 8 and 9 cm−1,
respectively. The relative intensities of all CO bands are similar
in both Re(CO)3Cl complexes.

Time-Resolved Spectroscopy. We carried out a system-
atic study of the dynamic processes in the excited states of this
family of compounds, using TRIR and TA spectroscopy.
Initially, we examined the excited-state behavior of the hexayne
H and the macrocycle M separately, and then we moved to the
topologically more complex rotaxane H⊂M, rhenium tricar-
bonyl complex of macrocycle M(Re), and rhenium tricarbonyl
rotaxane complex H⊂M(Re). Two regions of the TRIR spectra
are particularly informative: the high-frequency region at
1900−2300 cm−1 and the “fingerprint” region at 1400−1900
cm−1. The kinetic data for H, H⊂M and H⊂M(Re) are
summarized in Tables 1−4.

Hexayne H. Excitation of hexayne H at 310 nm results in an
immediate bleach of the ground-state CC stretch at 2165−
2191 cm−1 (within the time-resolution of our instrument, <200
fs), and a new absorption band appears at 2063 cm−1 (Figure
3a). This band, which corresponds to the CC stretch in a
singlet excited state, shifts to 2077 cm−1 (τ = 0.8 ± 0.2 ps,
Figures 3a and S3a) in parallel with a ∼15% band narrowing
(measured at the half-maximum). These two spectral changes
are indicative of rapid excited-state vibrational energy
redistribution, convolved with solvent reorganization around
the nascent excited state,62 and fast Sn → S1 internal
conversion, as discussed below. Previously, the formation of a
vibrationally hot polyyne upon vertical excitation was
postulated from the broadness of the TA spectra at short
time delays.32 To our knowledge, this is the first time that the
vibrational relaxation of a “hot” excited long polyyne has been
characterized via vibrational spectroscopy.
The S1 band at 2077 cm−1 decays to a new band at 2047

cm−1 (Figure 3b) which we assign to the T1 triplet excited-state
CC stretch (based on the kinetics and on the match with
calculated vibrational frequencies; see below); the rates of this
decay (τ1 = 0.44 ± 0.02 ns) and of the growth of the band at

Figure 2. (a) UV−vis absorption and (b) IR spectra of the hexayne H
(red), the rotaxane H⊂M (blue), H⊂M(Re) (green), M(Re)
(orange), and M (brown), all recorded in CH2Cl2. Concentrations
of the compounds for IR measurements are 1.5 mM; path length 0.5
mm. (a) Insert depicts the weak S0 → S1 absorption. (b) The top
picture depicts the three stretching modes of carbonyl groups.61 The
same color code is used for spectra in (a) and (b).

Table 1. Excited-State Bands, Transitions, and Lifetimes for
Hexayne H in CH2Cl2 Excited at 310 nm

TRIR band (cm−1) lifetime (τ) assignment

2077 0.44 ± 0.02 ns S1 → T1 decay
2047 0.48 ± 0.05 ns S1 → T1 growth
1737 0.40 ± 0.04 ns S1 → T1 decay
1610 0.38 ± 0.02 ns S1 → T1 growth
1610a 16.0 ± 3.6 μs T1 → S0 decay

TA band (nm) lifetime (τ) assignment

421 0.44 ± 0.02 ns S1 → T1 decay
343 0.45 ± 0.01 ns S1 → T1 growth
421 0.93 ± 0.08 ps Sn → S1 growth
1085 0.82 ± 0.13 ps Sn → S1 decay

aExcited at 266 nm and measured in O2-free CH2Cl2.
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2047 cm−1 (τ2 = 0.48 ± 0.05 ns, Figure S1c) give the rate of
ISC, as summarized in Table 1. The intensity of the CC
ground-state bleach band at 2175−2195 cm−1 does not change
during ISC, indicating that the triplet yield is near unity.
Spectacular changes are also observed in the fingerprint

region (Figure 3c), and these are useful for confirming the
species assignments and associated kinetics. Immediately after
excitation, a band appears at ∼1740 cm−1, which decays
gradually, giving a new band at 1610 cm−1. These two bands
display similar kinetics (1740 cm−1 decay time: τ1 = 0.40 ± 0.04
ns; 1610 cm−1 rise time: τ2 = 0.38 ± 0.02 ns, Figure S1e) to the
bands at 2040−2080 cm−1 and are attributed to the same
excited species, S1 → T1. TD DFT calculations provide
assignments for these low-energy excited-state IR bands, as
discussed below (see section on calculated IR spectra). The
lifetime of the T1 state of H in deoxygenated dichloromethane
is 16.0 ± 3.6 μs (estimated from the 1610 cm−1 band;
excitation with a 1 ns pulse at 266 nm; Figure S2).
At early times, the fingerprint band of the singlet excited state

at 1741 cm−1 shifts to 1737 cm−1, while decreasing in intensity,
over 3 ps (Figure S3b). The direction of this spectral shift is
opposite to that expected for intramolecular relaxation and
solvation processes, and we tentatively assign it to the
formation of S1 by internal conversion from Sn, populated by
a symmetry-allowed S0−Sn transition. TA spectra show a similar
fast process: Excitation at 310 nm generates a band at 421 nm,
which grows with a rise time of τ1 = 0.93 ± 0.08 ps (Figure 4).
This rise is too slow for direct vertical excitation (in TRIR
spectra the bleach of ground-state CC stretching appears
within the 200 fs instrument time-resolution). Thus, the most
reasonable explanation is the formation of the S1 state via the

symmetry-allowed S0 → Sn transition. At longer times, TA
confirms that the S1 state undergoes intersystem crossing,
resulting in a band at 343 nm, corresponding to the T1 state
(Figure 5a). The kinetics of T1 band growth at 343 nm (τ2 =

Figure 3. TRIR spectra and excited-state kinetics of hexayne dumbbell H excited at 310 nm (a−c), rotaxane H⊂M excited at 310 nm (d−f) and 350
nm (g−i). Laser energy: 80−100 nJ, solvent: CH2Cl2.

Figure 4. Growth of the S1 state of hexayne H following excitation at
310 nm in CH2Cl2: (a) TA spectra and (b) signal at 421 nm (τ1 = 0.93
± 0.08 ps).
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0.45 ± 0.09 ns) and S1 decay (τ1 = 0.44 ± 0.02 ns; Figure S4)
are similar to those extracted from TRIR spectra.
Examination of the NIR TA showed a short-lived broad band

at 1185 nm which appears immediately following the excitation
pulse (Figure S5). The decay time of this band (τ1 = 0.82 ±
0.13 ps; Figure S5b) matches the growth of the S1 state in the
visible region of TA spectrum (τ1 = 0.93 ± 0.08 ps), and we
therefore assign it to the Sn state of the hexayne. To our
knowledge, this is first time that a Sn → S1 transition of any
polyynes has been characterized by TRIR and NIR TA
spectroscopy, although the S1 and Sn states of the
diphenylacetylene were studied by emission spectroscopy.26,63

π-Conjugated terminal aryl groups may play an important role
in the excited-state dynamics of diphenylacetylene, while the
“supertrityl” capped hexayne H presents a “pure” case of a
polyyne chain, so its behavior can be regarded as intrinsic to the
sp-hybridized carbyne chain.
Macrocycle M. The excited states of 2,9-diaryl phenanthro-

lines have been studied before,57a and the 1ππ* singlet-state
lifetime is estimated to be a few ns in dichloromethane, while
the triplet 3ππ* state lives for about a second at 77 K. As
expected, the TRIR spectrum of macrocycle M does not exhibit
any features in the high-frequency region (on excitation at 350
or 310 nm). In the fingerprint region, transient features appear
at 1470, 1510, and 1520−1600 cm−1 (Figure 6a). The
transients have similar decay rates, indicating that they arise

from the same excited species. The sharpest peak at 1504 cm−1

was chosen for kinetic analysis and fitted to a single-exponential
decay yielding a singlet lifetime of 2.1 ± 0.2 ns (Figure S6).
The TA spectra show a very broad band between 350 and

700 nm (Figure S7) with distinguishable peaks at 365 and 652
nm. Within a few ns, the peak at 365 nm decays and a new peak
grows at 436 nm, but the total intensity of the broad envelope
does not change dramatically over time. The decay constant of
the 365 nm band is τ1 = 1.8 ± 0.2 ns, matching with the lifetime
of the 1504 cm−1 TRIR band. We ascribed the band at 365 nm
to the singlet and the band at 436 nm to the triplet excited-state
macrocycle.

Rotaxane H⊂M. It is possible to excite the different
components of the rotaxane separately: At 350 nm, where
only the macrocycle absorbs, or at 310 nm, where absorption
by the hexayne predominates (both components absorb at 310
nm, but the molar absorption coefficient of the hexayne is
higher by a factor of 12).
The TRIR spectra of H⊂M, when excited at 310 nm, are

almost identical to those of hexayne H (compare Figure 3d−f
with Figure 3a−c). The initially formed “hot” S1 state
undergoes rapid energy redistribution, and the observed
frequency shift resembles that of the H (Figure 3d). The

Figure 5. TA spectra of (a) hexayne H, (b) rotaxane H⊂M, and (c)
Re(CO)3Cl·rotaxane H⊂M(Re) excited at 310 nm. Laser energy:
100−200 nJ; solvent: CH2Cl2. Figure 6. TRIR spectra of (a) macrocycle M and (b) rotaxane H⊂M

excited at 350 nm. (c) Kinetics of the singlet EET from M to the
dumbbell estimated from the different spectral regions and bands,
excited at 350 nm. Laser energy: 45 nJ; solvent: CH2Cl2.
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bleach of the CC stretch around 2190 cm−1 does not change
intensity during ISC, indicating that the triplet yield is near
unity, as in the hexayne H. The kinetics are summarized in
Table 2. The data from the fingerprint region at late time delays

(>15 ps) match those from the high frequency region: the
dumbbell S1 band at 1741 cm−1 decays giving rise to a T1 band
at 1610 cm−1 (Figure 3f).
Excitation of the rotaxane H⊂M at 350 nm, where only the

macrocyclic component absorbs, was investigated to test for
energy transfer between the two components. (Irradiation of
free hexayne H at this wavelength does not produce detectable
TA and TRIR signals, because H has negligible absorption at
350 nm.) On excitation of H⊂M at 350 nm, the ground-state
CC stretch band gradually bleaches, at around 2190 cm−1,
and the S1 polyyne band gradually grows at 2077 cm−1 (Figure
3g), indicating transfer of singlet excitation from the macrocycle
to the dumbbell. After 20 ps, the TRIR spectra from excitation
at 350 nm become identical to those for excitation at 310 nm
(compare Figure 3g−i with Figure 3d−f), and the decay
kinetics are the same (Figure S1m and Table 3). The spectral

changes in the peak at 2060−2080 cm−1, which are observed on
a time scale of ∼1 ps upon excitation of H⊂M at 310 nm, do
not occur when the system is excited at 350 nm (compare
Figure 3g with Figure 3d). This difference indicates that the
dominant EET process directly populates the S1 state (without
going via the Sn state) and that the early signal is not broadened
or shifted by Sn contributions, vibrational energy redistribution
or solvent reorganization.
Examination of the fingerprint region of the TRIR spectra of

H⊂M after excitation at 350 nm showed a fast (<10 ps) decay

of a band at 1500−1600 cm−1 corresponding to the singlet
macrocycle and the parallel rise of the S1 excited hexayne (1741
cm−1) (Figure 6b). This is direct evidence of singlet−singlet
energy transfer from the excited-state macrocycle to the
ground-state hexayne. The decay of the macrocycle band at
1560 cm−1 (τ1 = 3.2 ± 0.2 ps) and the growth of the singlet S1
hexayne at 1741 cm−1 (τ1 = 2.7 ± 0.2 ps) are single-exponential
(Figure 6c). The growth of the 2077 cm−1 band of the singlet
hexayne (τ1 = 2.6 ± 0.1 ps) and the bleach of the ground-state
stretching mode at 2189 cm−1 (τ1 = 2.9 ± 0.3 ps) are also
single-exponential. The very weak S0 → S1 oscillation strength
of the polyyne implies that this fast EET occurs by a Dexter
mechanism. The triplet lifetime of the hexayne component in
H⊂M (τ1 = 14.0 ± 2.2 μs in deoxygenated solution, Table 2,
Figure S9) is similar to that of the hexayne H.
TA spectra of rotaxane H⊂M, with excitation at 350 nm,

showed formation of a transient S1 absorption band at 421 nm
(Figure 7), similar to that of free dumbbell H. The rise-time of

this band (τ1 = 3.2 ± 0.4 ps, Figure 7a), due to S1(macrocycle)
→ S1(hexayne), agrees with the TRIR data. On a longer time
scale, this band decays (τ2 = 0.42 ± 0.04 ns) due to intersystem
crossing. The growing T1 state was observed as a shoulder at
360 nm, but overlap with the excitation wavelength made it
difficult to observe the triplet (Figure 7b).
TA spectral changes of H⊂M excited at 310 nm are similar to

those in dumbbell H. The singlet S1 band at 422 nm grows at
early time delays (τ1 = 1.8 ± 0.2 ps, Figure S10) due to Sn → S1
relaxation. Later, this band decays, and the triplet band at 343
nm grows (Figures 5b and S4d and Table 2). The eventual
formation of the polyyne triplet state was confirmed by carrying
out TA experiments of the rotaxane H⊂M in the presence of β-
carotene.64 Excitation of the H⊂M at 355 nm resulted in

Table 2. Excited-State Bands, Transitions, and Lifetimes for
Rotaxane H⊂M Excited at 310 nm in CH2Cl2

TRIR band (cm−1) lifetime (τ) assignment

2077 0.44 ± 0.02 ns S1 → T1 decay
2047 0.42 ± 0.05 ns S1 → T1 growth
1741 0.42 ± 0.01 ns S1 → T1 decay
1610 0.38 ± 0.02 ns S1 → T1 growth
2047a 0.88 ± 0.04 μs T1 → S0 decay
1610a 1.04 ± 0.05 μs T1 → S0 decay
1610a,b 14.0 ± 2.2 μs T1 → S0 decay

TA band (nm) lifetime (τ) assignment

422 1.8 ± 0.2 ps Sn → S1 growth
422 0.44 ± 0.02 ns S1 → T1 decay
343 0.55 ± 0.02 ns S1 → T1 growth

aExcited at 266 nm. bIn O2-free CH2Cl2.

Table 3. Excited-State Bands, Transitions, and Lifetimes for
Rotaxane H⊂M Excited at 350 nm in CH2Cl2

TRIR band (cm−1) lifetime (τ) assignment

2077 0.50 ± 0.01 ns ns S1 → T1 decay
2047 0.44 ± 0.02 ns S1 → T1 growth
1741 0.48 ± 0.01 ns S1 → T1 decay
1610 0.45 ± 0.02 ns S1 → T1 growth
1506 3.2 ± 0.2 ps EET, S1 decay of macrocycle
1741 2.7 ± 0.2 ps EET, S1 growth of hexayne

TA band (nm) lifetime (τ) assignment

422 3.2 ± 0.4 ps EET, S1 growth of hexayne
422 0.42 ± 0.04 ns S1 → T1 decay

Figure 7. Transient absorption spectra of H⊂M following excitation at
350 nm. (a) The formation of singlet excited state. (b) Decrease of
singlet and increase of triplet (as a shoulder) TA bands. Inserts show
the corresponding kinetics, excited at 350 nm. Laser energy: 200 nJ;
solvent: CH2Cl2.
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triplet−triplet sensitization of the β-carotene (Figure S11). The
processes observed by TA and TRIR are summarized in Figure
8.

Re(CO)3Cl-Macrocycle Complex M(Re). The excited-state
dynamics of 1,10-phenanthroline-based Re(CO)3Cl complexes
have been thoroughly described in the literature57,65 and will
only be outlined briefly here for discussion of changes when
part of the rotaxane. Optical excitation creates both 1IL and
1MLCT states that undergo intersystem crossing to at least two
thermally equilibrating, “hot”, triplet 3IL and 3MLCT states,
over ∼150 fs. The IL state arises from phenanthroline π−π*
transition, and the MLCT state also involves the d orbitals of
Re atom. Internal conversion between the 3IL and 3MLCT
states takes place on a time scale of ps to ns, depending on the
solvent and ligand structure. Later, the 3MLCT state relaxes to
the vibrationally cooled lowest excited state, which decays on
the ns time-scale via radiative and nonradiative pathways.66

On excitation of M(Re) at 350 nm, TRIR spectra show
several positive bands from photogenerated species as well as
negative bands originating from the depleted ground state
(Figure 9a). Recent 2D-IR studies by Bredenbeck et al.66e

indicate that the order of the bands in the excited state is
different from that in the ground state; bands were observed at
1944, 1985, and 2048 cm−1 due to A″, A′(2), and A′(1) modes,
respectively, and we adopt this assignment. The broad positive
band at 1935−2005 cm−1 represents the overlap of A″ and
A′(2) excited-state bands.66d,67 The time-dependent shift of
these two bands is complex, as it incorporates the instantaneous
shift, as a result of Franck−Condon excitation and formation of
an excited state of mixed 3IL and 3MLCT character stemming
from combined dπ→ π* and π→ π* excitation. In addition, all
of these processes are accompanied by solvent reorganiza-
tion.66,67 Over 10 ps, the low-energy shoulder of the excited-
state A″ band decreases. The higher energy weak shoulder next
to the excited-state A′(2) band also decreases over 10 ps. The
A″ band undergoes a ∼17 cm−1 shift to higher frequency with a
26% intensity increase, while the ground-state A″ band bleach

increases by 22%. The bleach and transient intensity changes
can be attributed to changes in the relative intensity of
overlapping TA bands, as the character of the 3IL/3MLCT state
evolves at early times, with the 3MLCT becoming dominant.66a

The A′(1) excited band at 2054 cm−1 shows a more
pronounced intensity increase (62%), hypsochromic shift (12
cm−1), and band narrowing (64%) (Figure 9a). Whereas the
shift to higher frequency is due to an increasing contribution of
the 3MLCT state,67a the band-narrowing apparently involves
vibrational relaxation steps, stemming from local-solvent
reorganization. These spectral changes resemble the excited-
state dynamics of the Re(CO)3(4-Et-pyridine) 2,2′-bipyridine
complex.68 We ascribe the final TRIR spectral pattern, seen at
longer time delays, to the relaxed lowest excited-state triplet
(see Figure 8 for a summary of the excited states and kinetics).
Kinetic data were extracted from TRIR spectra, exciting M(Re)
at 266 nm, so as to estimate the lifetime of the triplet excited
state. All negative and positive bands show similar single-
exponential kinetics. The triplet lifetime is 93 ns under oxygen-
free conditions (Figure S12) and 63 ns in the presence of air
(Figure 9b, Table S1).
In the fingerprint region of the TRIR spectrum of M(Re),

two bleaches of ground-state bands at 1497 and 1608 cm−1

appear immediately after excitation, and recover within ∼30−
40 ps, while the transient bands 1480 and 1595 cm−1 grow
slightly (Figure 9c). The positions of the bleach bands in
M(Re) and M are similar, suggesting that they originate from
the phenanthroline framework, and are not strongly perturbed
by the presence of the rhenium. Furthermore, in M(Re), the
recovery of these bleach bands is partial, due to overlapping
positive bands, and shows single-exponential recovery kinetics
(1497 cm−1: τ1 = 6.8 ± 0.6 ps; 1608 cm−1: τ1 = 14.0 ± 1.2 ps;
Figure S13d), on a time scale similar to the ν(CO) shifts
observed in the transients in the carbonyl stretching region.
Thus, we tentatively assign the bleach recovery at 1497 and
1608 cm−1 to the cooling and molecular reorganization
processes of the initially formed unrelaxed states.

Re(CO)3Cl-Rotaxane Complex H⊂M(Re). The ground-state
CO and CC stretch vibrations of H⊂M(Re) occur at
different frequencies, allowing each component to be observed
separately. TRIR spectra of H⊂M(Re) following excitation of
the macrocycle component at 350 nm show immediate
bleaching of ground-state carbonyl stretching bands (Figure
S14). The excited-state CO bands at 2051 and 1975 cm−1 shift
to high frequencies within 20 ps, due to the 3IL → 3MLCT
conversion and vibration relaxation, as in M(Re). However, in
contrast to M(Re), the CO bleaches of H⊂M(Re) undergo
rapid recovery (Figure 9d,e). The recovery of the CO bleach is
accompanied by bleaching of the CC band at ∼2190 cm−1,
indicating energy transfer from Re(CO)3Cl·macrocycle to the
hexayne chain. The rate of CC bleaching matches that of the
recovery of all three CO bands (Figure 9e). Kinetic data are
summarized in Table 4. The TRIR spectra of H⊂M(Re) in the
high-frequency region do not reveal the nature of energy
transfer, as the triplet and singlet-state bands of the hexayne at
2040−2080 cm−1 overlap with excited-state A′(1) band. The
necessary information was obtained from the fingerprint region:
the initial bleach of the excited Re(CO)3Cl·macrocycle at 1607
cm−1 recovers, and then the band corresponding to the triplet-
state hexayne at ca. 1610 cm−1 grows over 2 ns (Figures 9f and
S13). At the same time the triplet Re(CO)3Cl·macrocycle band
around 1470 cm−1 decays (τ1 = 1.86 ± 0.15 ns). These spectral

Figure 8. Energy diagram summarizing excited-state processes in (a)
dumbbell H and rotaxane H⊂M and (b) M(Re) and Re(CO)3Cl·
rotaxane complex H⊂M(Re).
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changes clearly demonstrate triplet−triplet energy transfer from
the Re(CO)3Cl·macrocycle moiety to the threaded hexayne.
The growth kinetics of the 1607 cm−1 band (Figure S13h)

are biexponential (τ1 = 14.0 ± 0.6 ps, A1 = 0.35; τ2 = 1.13 ±
0.05 ns, A2 = 0.65) with the fast component matching that of
decay of the bleach at 1607 cm−1 in Re(CO)3Cl·macrocycle
M(Re). This implies that in excited H⊂M(Re), 3IL/3MLCT
relaxation, vibrational cooling, and solvent reorganization take
place in parallel with triplet energy transfer to the hexayne from
a relaxed 3MLCT state. Indeed, the hexayne ground-state C
C band at ∼2200 cm−1 does not show any bleach over the first

20−30 ps, while the 3IL/3MLCT and other relaxations take
place (Figures 9f and S14).
The TRIR spectra of H⊂M(Re) using excitation at 350 nm

did not show any singlet excited-state polyyne band, before or
after energy transfer, excluding the possibility of singlet energy
transfer from the Re(CO)3Cl·macrocycle. Singlet energy
transfer does not occur because intersystem crossing in the
Re(CO)3Cl·macrocycle complex is ultrafast, and all spectral
changes originate from triplet excited Re(CO)3Cl·macrocycle.
Thus, triplet sensitization of the hexayne in H⊂M(Re) upon
excitation of the molecule at 350 nm explains the quenching of
emission of Re(CO)3Cl·macrocycle M(Re) at room temper-
ature by the threaded dumbbell.16 The efficiency of 3EET was
estimated by comparing the intensities of the CC band at
∼2200 cm−1 and the A′(1) CO at 2054 cm−1 in the ground-
state IR spectra and in the TRIR spectra, at the time of
maximum bleach (Figure S15). This analysis indicates that the
efficiency of 3EET is ΦEET ≥ 99%.
Another noteworthy feature of the H⊂M(Re) rotaxane is the

perturbation of the ground-state hexayne by excited M(Re)
(after excitation, before energy transfer) which appears as a
slightly enhanced absorption at ∼2200 cm−1 (Figures 9d and
S16). Later, when M(Re) is in its relaxed state, after EET, the
carbonyl bleaches do not decay to zero, although all positive
transient bands disappear (Figure S16) as a result of electronic
perturbation by the nearby triplet hexayne. In both cases, this
effect serves to report the presence of a nearby excited-state

Figure 9. TRIR spectra and excited-state kinetics of the M(Re) (a−c) excited at 350 nm, H⊂M(Re) excited at 350 nm (d−f), and 310 nm (g−i).
Laser energy: 100−200 nJ; solvent: CH2Cl2.

Table 4. Excited-State Bands, Transitions, and Lifetimes for
H⊂M(Re) Excited at 350 nm in CH2Cl2

TRIR band
(cm−1) lifetime (τ) assignment

1470 1.86 ± 0.15 ns 3EET, T1 decay of macrocycle

1610 14.0 ± 0.6 ps (A1 = 0.35) relaxation
1.10 ± 0.05 ns (A2 =
0.65)

3EET, growth of T1 polyyne

1892 1.59 ± 0.12 ns νCOgs bleach (decaying);
3EET1930 1.50 ± 0.11 ns

2022 1.70 ± 0.09 ns
2185 1.44 ± 0.12 ns νCC bleach (growing);

3EET

1610a 20.2 ± 1.7 μs polyyne T1 → S0 decay
aExcited at 266 nm and measured in O2-free CH2Cl2.
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constituent. The triplet-state polyyne lifetimes in deoxygenated
and oxygen-containing solutions (Figure S17) are similar to
those of the rotaxane H⊂M (Table 2). These processes are
summarized in Figure 8b.
Direct excitation of the hexayne component of H⊂M(Re) at

310 nm generates the singlet-state hexayne via direct excitation
as well as triplet macrocycle (Figure 2a) followed by triplet
energy transfer to the hexayne. In Figure 9g, for example, the
band around 2070 cm−1, corresponding to singlet hexayne,
decreases gradually (τ1 = 0.35 ± 0.03 ns), while the CC
bleach, which appeared immediately upon excitation, increases
(∼2200 cm−1) due to triplet energy transfer from macrocycle to
hexayne. Upon triplet EET the excited macrocycle bands also
decrease and the ν(CO) bleach recovers (Figure S13, Table
S1). Comparable changes are observed in the fingerprint region
(Figure 9i) where the singlet hexayne band at 1741 cm−1

decreases and triplet band at 1610 cm−1 increases. Kinetic
analysis of the fingerprint region shows that the singlet hexayne
band at 1741 cm−1 decays in a single-exponential fashion
(Figure S13, τ1 = 0.35 ± 0.01 ns); the decay constant matches
that of the singlet band at 2070 cm−1.
TA spectra of H⊂M(Re) excited at 310 nm show the

formation of singlet and triplet excited states similar to rotaxane
H⊂M and hexayne H excited at 310 nm (Figure 5a,b). Within
5 ps the band of the singlet hexayne at 422 nm grows over the
broad transient envelope band of the macrocycle (Figure S18).
The singlet-state band at 422 nm decays single-exponentially
with τ1 = 0.34 ± 0.01 ps. The broad band of the macrocycle
also decreases, and the growth of hexayne triplet band at 343
nm is single exponential (τ2 = 0.49 ± 0.02 ns, Figure S4f). Both
τ1 and τ2 values agree with the TRIR data. The kinetic data are
summarized in Tables 4 and S1.
Calculated IR Spectra of Hexayne S0, S1, and T1 States.

We calculated the IR spectra of a model hexayne (Me−C12−
Me) in its ground and excited states, to gain insights into the
structural changes in the electronic excited states that are
responsible for the observed TRIR bands of hexayne H. In
particular, we sought to understand why the experimental S1
and T1 spectra each exhibit one vibration in the fingerprint
region (1500−1900 cm−1) and one vibration in the high-
frequency region (2000−2250 cm−1). Symmetric polyynes have
been thoroughly studied by Raman spectroscopy,29,56,59 but few
investigations of their IR spectra have been reported.40,60

Details of our computational methodology are given above.
The combined computational and experimental results provide
compelling evidence for cumulenic character in the S1 and T1
electronic states of H.
The calculated bond lengths of the S0, S1, and T1 states

(Figures 10 and S19) reveal a reduction in bond length
alternation in S1 and T1, compared with S0, indicating that the
excited states have significant cumulenic character, particularly
near the center of the chain. These results agree well with
previous work,28,30,37−40,54i and the calculated bond lengths in
the S0 are close to those from the crystal structure of H.9

The presence of two CC excited-state bonding regions
(quasi-acetylenic at the ends and quasi-cumulenic in the
middle) is supported by the experimental and calculated
vibrational spectra. Within the spectral region of interest
(1500−2250 cm−1), the calculated spectra show remarkable
agreement with the experimental TRIR data (Figure 11). The
S0 vibrational spectrum shows two bands, ν2 (calculated: 2172
cm−1; observed: 2165 cm−1) and ν1 (calculated: 2207 cm−1;
observed: 2191 cm−1). For S1 and T1, the calculated frequencies

agree with experiment and predict a ν1 band in the CC
region (S1: 2104 cm−1; T1: 2089 cm−1), and a lower energy ν2
band in the fingerprint region (S1: 1786 cm

−1; T1: 1670 cm
−1).

On the basis of the match between the calculated and observed
spectra, we assign the ν1 and ν2 bands to asymmetric stretch
vibrations of the CC chain, as shown in the insets in Figures
11 and S19. The patterns of atomic displacement for both
modes of S1 and T1 show close correspondence, as expected
given the similar bonding in these two states (Figure 10).
The large change in frequency of the ν2 mode (in contrast to

ν1) in the excited states (S1 and T1), compared with the S0
ground state, can be rationalized by considering the nature of
the vibrational modes. For each electronic state, the higher
energy ν1 vibration involves greater displacement of the CC
bonds at the ends of the hexayne, whereas the lower energy ν2

Figure 10. Bond length alternation in H (from crystallographic data,
black circles; ref 9) and in calculated (B3LYP/cc-pVTZ) S0 (red
circles), S1 (yellow squares), and T1 (purple stars) states.

Figure 11. Calculated IR spectra for Me-C12-Me (bars) and
experimental TRIR spectra for H (lines) (a) 20 ps after excitation
(S1) and (b) 3.4 ns after excitation (T1). Red, yellow, and purple bars
denote calculated (B3LYP/cc-pVTZ) frequencies for S0, S1, and T1
states, respectively. Inset plots show bond length displacements for
each of the indicated IR modes of the C12 chain, the change in bond
length being proportional to the direction and magnitude of the bar.
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vibration involves displacement of bonds near the center (insets
in Figures 11 and S19), making it much more sensitive to the
excited-state cumulenic character around the center of the
molecule.

■ CONCLUSION
Despite the alluring elemental simplicity of their molecular
structures, polyyne chromophores exhibit remarkably rich and
complex photophysical behavior. Here we have shown that
TRIR, coupled with DFT calculations, is an excellent technique
for probing their excited-state dynamics. We have also
demonstrated that rotaxane synthesis is a powerful strategy
for fixing a photoactive unit near the center of a polyyne chain,
for studying singlet and triplet energy-transfer through-space,
between nonbonded components. Previously it was found that
butadiyne bridges can mediate quantitative intramolecular
triplet EET between covalently bonded chromophores.69

Here we demonstrate the intermolecular triplet EET properties
of polyynes in a covalently nonbonded rotaxane. The singlet
and triplet excitation energy harvesting properties of polyynes
resemble those of the carotenes, which harvest both triplet and
singlet energy in photosynthetic systems.70 It is intriguing to
consider why nature exclusively preferred conjugated double
rather triple bonds for photosynthetic energy transfer. Under-
standing the excited states of polyyne in supramolecular
assemblies, such as the rotaxane studied here, is important for
further application of materials based on chains of linear sp
carbon atoms in molecular and optoelectronic devices.1 This
study demonstrates how the photochemistry of a system can be
controlled through nonbonded interactions, without altering
the chromophore or relying on diffusion, through synthesis of
rotaxane architectures.
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(67) (a) Vlcěk, A., Jr.; Zaĺis,̌ S. Coord. Chem. Rev. 2007, 251, 258.
(b) Dattelbaum, D. M.; Omberg, K. M.; Schoonover, J. R.; Martin, R.
L.; Meyer, T. J. Inorg. Chem. 2002, 41, 6071. (c) Blanco-Rodríguez, A.
M.; Busby, M.; Ronayne, K.; Towrie, M.; Grad̆inaru, C.; Sudhamsu, J.;
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