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a b s t r a c t

Ultrafast and single exponential responsive materials were achieved by encapsulating donor-acceptor
linked molecules into cucurbitunitl[8], CB[8], as nanocavity hosts. Various aromatic groups were
linked with various types of 4,40-bipyridinium groups through propyloxy linker. They showed charac-
teristic charge-transfer (CT) absorption with specific colors in aqueous solutions. Upon addition of CB[8],
they showed remarkably different colors due to intramolecular CT complex formation in CB[8]. Upon
femtosecond laser excitation of CT band extremely fast electron transfer occurred from a donor to an
acceptor unit accompanying new absorption in the visible to near-infrared region due mainly to pho-
toreduced bipyridinium derivatives. Thermal back electron transfer reactions in CB[8] were found to
follow a single exponential decay with rate constants ranging more than two orders depending on the
combination of a donor and an acceptor unit. Their rate constants vs. free energy changes for oxidized
donors and reduced acceptors in linked molecules were expressed by the Marcus theory.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Rapid growth of information society endlessly continues and
seems to be further accelerated Ultrafast all-optical data processing
has recently attracted much interest, especially in the fields of
spatial light modulation and optical telecommunication. We have
proposed a reflectance type guided wave mode (GWM) geometry
for ultrafast all-optical modulation by the use of two different
polymer thin films or a thin polymer film on a metal film [1e7].
These GWM films demonstrated much higher modulation sensi-
tivity and wavelength tunability as compared with simple trans-
mittance type device such as FESLAP. Many types of ultrafast optical
processing devices employing semiconductors or organic materials
have been studied so far in the visible to near-infrared (NIR) region
by the use of transient bleaching upon photoexcitation.

As promising materials for these GWM devices, we have
developed ion-pair charge-transfer (IPCT) complex polymers
showing transient absorption in wide wavelength covering optical
gineering, Materials Chemis-
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telecommunication due to photoinduced single electron transfer
which is called as photoelectrochromism [4,8e11]. Color changes
are reversible due to thermal back reactions between photoreduced
and photooxidized ion pairs. By exciting IPCT absorption of pho-
toelectrochromic polymer thin films containing 2,7-bis(4-
pyridiniumyl)fluorine as a part of the main chain by fs laser at
400 nm, we have achieved extremely fast switching ON (transient
absorption) at 1400 nm in less than 100 fs due to photoinduced
single electron transfer from counter anion to themain chain [4,10].
This extremely fast responsewas ascribed to the fact that excitation
of IPCT or usual CT absorption instantaneously generates photo-
reduced and photooxidized species because the excited state of
IPCT or CT is the charge separated state. However, the switching
OFF time due to thermal back electron transfer was not single
exponential, but was composed of three components such as 240 fs
(25.6%), 1.82 ps (44.0%), and an offset (30.4%) at 10 ps region. The
“offset” component was completely disappeared in 10 Hz repetition
of regenerative amplifier of fs laser [10]. Similar results were
observed for photoelectrochromic polymer containing bis(2-(4-
pydidiniumyl)thiazole as a part of the main chain which showed
transient absorption upto 1700 nm [11]. These multicomponent
responses were attributed to spatial distribution of photoreduced
acceptors in photoelectrochromic polymer main chains and pho-
tooxidized donors as their counter ions. If we can control such
spatial distributions, the OFF response due to thermal back electron
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transfer reactions will become very fast and single exponential.
In the present study, we have employed cucurbiturils as hosts

with nanocavity to encapsulate donor-acceptor linked molecules
with spatially confine both photoreduced and photooxidized spe-
cies at constant distance. Cucurbiturils are cyclic oligomers of gly-
coluril units linked by methylene bridges. Cucurbiturils with 5e8
glycoluril units abbreviated as CB[5], CB[6], CB[7], and CB[8] are
typically employed as supramolecular hosts. They have common
height, 0.91 nm, but the internal diameter varies from 0.44 nm for
CB[5], 0.58 nm for CB[6], 0.73 nm for CB[7], and 0.88 nm for CB[8]
[12e16]. Much larger CB[10] with internal diameter of
1.13e1.24 nm has also been reported [13,15]. Depending on the
cavity diameter and/or structures of guest molecules, cucurbiturils
are known to encapsulate guest molecules in various ways with a
host-to-guest ratio of 1:1, 2:1, 1:2, 1:1þ1, 2:2 [12e20]. Many
interesting phenomena and functions have been reported such as
CB[8]-mediated supramolecular polymers and enhancement of
intersystem crossing and triplet lifetime in addition to various
molecular recognition by CB[n] [12e22]. Triplet lifetimes of some
cationic dyes were reported to increase by encapsulating in
appropriate CB[n] [21,22]. Kim et al. reported exclusive formation of
1:1 complex between CB[8] and a donor(6-methoxy-2-naphthol) -
acceptor (dipyridiniumylethylene)moleculewith a propyl or but-2-
enyl linker, which was formed inside the cavity as an intra-
molecular CT complex [18,19]. Similar intramolecular CT complex
formation in CB[8] by back folding was reported for a donor(6-
methoxy-2-naphthol) - acceptor (4,4’-bipyridinium) molecule
with a hexyl linker by Zou et al. [20] Meanwhile, similar donor-
acceptor molecule with a rigid 1,4-xylyl linker gave exclusively
2:2 complex, which is formed by interactions of the donor and
acceptor units of one guest molecule interact with the acceptor and
donor units of the second guest molecule inside the cavities of two
CB[8] molecules [19].

No reports have been made, to the best knowledge of the au-
thors, on ultrafast photoresponses of molecules or CT complexes
encapsulated in CB[n] by electron transfer reactions. We will report
synthesis of several new donor-acceptor molecules linked with a
propyl group, their intra- or intermolecular CT complex formation,
transient absorptions upon fs laser excitation, their time de-
pendences due to back electron transfer reactions and their spatial
control by CB[8].

2. Experimental part

2.1. Materials

As a donor unit 6-methoxy-2-naphthol, 2-hydroxyfluorene, 2-
hydroxyfluorenone, or 1-hydroxypyrene was reacted with 1,3-
dibromopropane to give 1-bromopropyloxy derivatives, 1, 2, 3, 4
by Scheme 1 shown below. Then, an acceptor unit was introduced
by quaternnization of 4-pyridyl-40-pyridinium derivatives such as
4-(N-methylpyridiniumyl)pyridine 5, 2-(N-methylpyridiniumyl)-1-
(4-pyridyl)- ethylene 6, and 2-(N-methyl- pyridiniumyl)-5-(4-
pyridyl)thiophene 7 by 1-bromopropyloxy derivatives, 1, 2, 3, 4.
Synthesized molecules are abbreviated as 8 (prepared from 1þ5), 9
(1þ6), 10 (1þ7), 11 (2þ5), 12 (2þ6), 13 (2þ7), 14 (3þ5), 15 (3þ6), 16
(3þ7), 17 (4þ5), 18 (4þ6), 19 (4þ7) as shown in Fig. 1. Structure of
8e19 are shown as folded forms in Fig. 1. These acceptors were
selected because of tunability of absorption in wide wavelength
from visible to telecommunication region by single electron
reduction as shown in Fig. 2, in which MV2þ, VV2þ, TV2þ, BTV2þ,
and TPB� stand for N,N0-dimethyl-4,40-bipyridinium 5′, 1,2-bis(N-
methyl-4-pyridiniumyl)ethene 6′, 4,40-(2,5- thiophenediyl) bis(N-
methyl)pyridinium 7′, 5,50-bis(N-methyl-4- pyridiniumyl)-2,20-
bithiophene, and tetraphenylborate, respectively. The structures of
one-electron reduced forms of these acceptors are shown in Fig. 2.
Preparation procedures are shown below for 11 as an example.

Potassium carbonate (1.32mmol) was added to 0.50mL acetonitrile
solution of 1.3-dibromopropane (1.59 mmol), to which 2-
hydroxyfluorene (0.455 mmol) in 3.4 mL acetonitrile was added
dropwise for 15 min. It was then for 10 h under reflux. After cooling
to room temperature, the purpose compound was extracted with
ethylacetate from the reaction product diluted with water. 2 was
purified by silica gel column chromatography with a 9:1 mixture of
hexane and ethylacetate as an eluent and was confirmed with 1H
NMR, yield 32.6%. 1H NMR (400MHz, CDCl3, d/ppm): 7.70e7.66 (2H,
m), 7.50 (1H, d, J ¼ 7.7 Hz), 7.34 (1H, t, J ¼ 7.3, 6.6 Hz), 7.23 (1H, d,
J ¼ 7.3 Hz), 7.11 (1H, s), 6.93 (1H, d, J ¼ 8.4, 2.2 Hz), 4.17 (2H, t,
J ¼ 5.9 Hz), 3.87 (2H, s), 3.64 (2H, t, J ¼ 6.2 Hz), 2.35 (2H, t, J ¼ 6.2,
5.9 Hz).

Iodomethane (6.29mmol) was added to 10mL dichloromethane
solution of 4,4’-bipyridine (6.31 mmol) and was heated at 45 C for
2 h. Yellow precipirate was filtered and was washed with
dichloromethane. It was confirmed as 5 from 1H NMR spectra, yield
36.7%. 1H NMR (400 MHz, D2O, d/ppm): 8.92 (2H, d, J ¼ 7.0), 8.76
(2H, d, J ¼ 6.2 Hz), 8.40 (2H, d, J ¼ 8.40 Hz), 7.92 (2H, d, J ¼ 7.0 Hz),
4.46 (1H, s).

After adding 3 mL acetonitrile solution of 5 (0146 mmol) to 3 mL
acetonitrile solution of 2 (0146 mmol) was heated under reflux for
69 h. Resulting red precipitates were filtered and washed with
acetonitrile to give pure 11 in 11.1% yield. 1H NMR (400MHz, D2O, d/
ppm): 9.06 (2H, d, J ¼ 7.0), 8.63 (2H, d, J ¼ 7.0 Hz), 8.27 (2H, d,
J ¼ 7.0 Hz), 8.15 (2H, d, J ¼ 6.6 Hz), 7.67 (1H, d, J ¼ 7.7), 7.57 (1H, d,
J ¼ 8.4 Hz), 7.46 (1H, d, J ¼ 7.7 Hz), 7.40 (2H, t, J ¼ 7.3), 7.31 (2H, t,
J ¼ 7.7, 7.3 Hz), 6.84 (1H, s), 6.75 (2H, d, J ¼ 8.4), 4.93 (2H, t,
J ¼ 6.2 Hz), 4.38e4.34 (3H, m), 3.59 (2H, s), 2.68 (2H, d, J ¼ 5.5, 5.9).

Details for other compounds are reported in Supporting
Information. CB[8] from Sigma-Aldrich was used as received.

2.2. Sample preparation

Aqueous solutions of linked molecules were prepared using
deionized water. Aqueous solutions of linked molecules was
dropped to the same amount of CB[8] aqueous solutions to achieve
encapsulation. The concentration of linked molecules in the pres-
ence of CB[8] was 0.05 mM in all cases except pyrene-containing
linked molecules 17, 18, 19 (0.1 mM). The concentration of CB[8]
in aqueous solutions containing linked molecules was changed
from 0.01 to 0.1 mM.

2.3. Measurements

UVevisible absorption spectra were recorded with Hitachi U-
4100 Spectrophotometer. Job plot of CT absorption in the presence
of CB[8] was studied at characteristic CT-band by varying fraction of
linked molecules at fixed total concentrations of linked molecules
and CB[8]. Redox potentials were estimated with ALS model 600E
Electrochemical Analyzer for 1 mM acetonitrile solutions after
degassing by bubbling nitrogen gas for 15 min. Silverv/silver
chloride (Ag/AgCl) was used as a reference electrode, glassy carbon
as a working electrode, and platinum wire as a counter electrode,
respectiveky. The scan rate was 0.1e0.5 V/s. Redox potentials were
calibrated using Ferrocene as a standard. The observed oxidation
potential of 0.12 V vs. Ag/AgCl and the reduction potential of
0.046 V vs Ag/AgCl were agreed with those reported. 1H NMR
spectra were observed with JEOL JNM-ECP400 NMR spectrometer
(400 MHz,CDCl3).

Transient absorption spectra were measured by pump-probe
method upon fs laser excitation at 400 nm with a system as sche-
matically shown in Fig. 3. Seed fs laser pulses (800 nm, ca. 200 fs)



Scheme 1. Synthetic route of each donor unit.

Fig. 1. Structures and compound numbers of donor units (1, 2, 3, 4), acceptor units (5, 6, 7), and linked molecules (8e19).
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from Spectra-Physics Tsunami excitedwithMilleniawere amplified
by regenerative amplifier TSA-10 with Quanta-Ray GCR-150, 10 Hz.
The amplified fundamental pulses were divided into two parts by a
beam splitter. The main part was focused to BBO crystal to generate
second harmonics. The energy of excitation fs laser at 400 nm was
set at 45 mJ/pulse. White probe fs light in the visible region was
generated by focusing remaining fs 800 nm laser to a 1:2mixture of
water and heavy water. Probe light in the NIR region
(900e1700 nm) was generated by focusing fs 800 nm light to CCl4.
Transient absorption spectra were evaluated from the ratio of
reference and sample light detected by Hamamatsu Photonics
PMA-50 in the visible region and PMA-11 in NIR region.
3. Results and discussion

3.1. UVevisible absorption and NMR spectra

Absorption spectra of 8 (0.05 mM) in aqueous solutions without
and with CB[8] of various concentrations are shown in Fig. 4.
Aqueous solutions without CB[8] showed yellow color and their
absorption spectrum had extended tail above 400 nm as shown by
a black line in Fig. 4, which was absent in each donor or acceptor
unit alone. This result strongly suggested weak CT complex for-
mation, ether intermolecular or intramolecular, in aqueous solu-
tions. With increasing CB[8] concentrations from 0.01 to 0.10 mM,
new clear peaks appeared at 420 and 570 nm and their absorbance
increased as shown in Fig. 4. 1H NMR spectra of 8 showed large up-
field shifts (0.7e2.0 ppm) for protons of bipyridinium and
methoxynaphthyl groups in the presence of CB[8] (Fig. S1). Such
up-field shifts were reported for similar couples of donor and
acceptor molecules or donor-acceptor linked molecules, which
were reported to be due to several types of intermolecular or
intramolecular CT complex formation inside of CB[8] nanocavity
[17e20]. Donor-acceptor linked molecules with flexible propyloxy
or 2-butenoxy group were reported to form 1:1 intramolecular CT
complex by back-folding of guest molecules [18e20]. Donor-
acceptor linked molecules with more rigid p-xylenoxy group
were reported to form 2:2 intermolecular CT complex [19]. Mean-
while, separated or individual donor and acceptor molecules
formed 1:1:1 intermolecular CT complex in CB[8] [17]. Observed



Fig. 2. Observed absorption spectra and structures of one-electron reduced forms of 4,40-bipyridinium derivatives corresponding to 5′, 6′, 7′ and 5,50-bis(N-methyl-4- pyr-
idiniumyl)-2,20-bithiophene. All spectra were obtained by photoirradiation of tetraphenylborate salts in degassed conditions and were normalized with peak absorbance of the
short axis transitions.

Fig. 3. Schematic representation of fs transient absorption measurement system with a pump-probe method.
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up-field shifts for 8 linked with propyloxy group in the presence of
CB[8] strongly suggested similar intramolecular CT complex for-
mation in CB[8] by back-folding of similar molecule which has 3,5-
dimethoxybenzyl group instead of methoxy group at 2-position of
donor naphthalene unit reported by Kim et al. [18]. The CT ab-
sorption spectrum of their molecule in CB[8] with a peak at 566 nm
and a shoulder about 420 nm [18] resembles that for 8 shown in
Fig. 4. Observed two peaks for 8 in the presence of CB[8] at 420 and
570 nm can be attributed to a short axis and a long axis transition of
CT complex, respectively.

Absorption spectra of 11 in aqueous solutions without CB[8]
showed new broad and rather weak absorption with a peak at
461 nm and molar extinction coefficient of 453 M�1cm�1, was
attributed to a CT band from fluorenyl group as a donor and
bipyridinium group as an acceptor through either intermolecular or
intramolecular interaction in aqueous solutions. Upon addition of
CB[8] to 11 in aqueous solutions, dramatic color change from or-
ange to blue was observed as shown in Fig. 5(a). Spectral changes
with increasing CB[8] concentrations from 0 to 0.1 mM are shown
in Fig. 5(b) by subtracting the absorption spectrum without CB[8]
from thosewith CB[8] at various concentrations. The net absorption
spectra of 11 in the presence of CB[8] showed newabsorption peaks
at 330 and 564 nm. These two peaks can be attributed to a short
axis and a long axis transition of CT complex, respectively, in a
similar manner as for 8 in CB[8]. The molar extinction coefficient at
564 nmwas estimated to be 1592 M�1cm�1, which is more than 3.5



Fig. 4. Absorption spectra of 8 (0.05 mM) in aqueous solutions without and with CB[8]
(0.01e0.10 mM) in the visible region.

Fig. 5. (a) Pictures of aqueous solutions of 11 (0.05 mM) without (left) and with CB[8] (0.05 mM) (right), (b) Spectral changes of 11 (0.05 mM) in aqueous solutions with various
concentrations (0.01e0.10 mM) of CB[8] after subtracting that without CB[8].
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times of the CT band without CB[8] at 461 nm as mentioned above.
The association constant K of D-A linked molecules with CB[8] was
evaluated by equation (1) based on the association e dissociation
equilibrium, where DAbCT is the observed net absorbance of CT
band, εCT is the molar extinction coefficient at CT band, [H] is the
concentration of CB[8], [G]0 is the initial concentration of D-A
Table 1
CT absorption peaks for donor-acceptor linked molecules 8e19 in the presence of CB[8]

Compound No. CT peaks in the presence of CB[8] Association

8 420, 570/nm
9 395, 535
10 500, 1.41 � 105/M
11 330, 564 7.1 � 104

12 356, 510 8.4 � 104

13
14 319, 518
15 352, 488
16 489, 6.9 � 104

17 420, 680
18 400, 620
19 420, 620
linked molecules. Estimated association constants are given in
Table 1.

DAbCT ¼ εCT

2K

h
1þ K½H� þ K½G�0

�
n�

1þ K½H� þ K½G�0
�2 � 4K2½H�½G�0

o1=2i
(1)

Other linked molecules showed similar dramatic color changes
and characteristic CT absorption spectra upon addition of CB[8] as
summarized in Table 1 and shown in Figs. S2eS10. All linked
molecules except 10 and 16 showed two peaks in aqueous solutions
in the presence of CB[8]. From these results it can be concluded that
donor-acceptor linked molecules were most probably encapsulated
in CB[8] to formwell-defined intramolecular CTcomplex between a
donor unit and an acceptor unit by back-folding.

3.2. Redox potentials

The oxidation potentials of donor units estimated from corre-
sponding hydroxy-derivatives,1, 2, 3, and 4 are listed in Table 2. The
reduction potentials of acceptor units were evaluated from 4,40-
bipyridinium derivatives 5′, 6′, 7′, derived from 5, 6, 7, are also
listed in Table 2. These values corresponded with those reported
previously [23e27].
and their color changes upon addition of CB[8] in aqueous solutions.

constant with CB[8] Color in the absence In the presence

yellow pink
�1

orange blue
yellow pink
yellow orange
yellow red
yellow reddish orange
yellow orange
purple green
purple blue
orange yellow-green



Table 2
Redox potentials of donor model compounds,1e4, and acceptor model compounds,
5′ - 7′. Eox and Ered values are relative to Ag/AgCl reference electrode.

Compound Eox/V Ered/V

1 0.83
2 0.92
3 1.19
4 0.40
50 �0.39
60 �0.48
70 �0.63
80 �0.62
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3.3. Transient absorption spectra and ultrafast photodynamics

Transient absorption spectrum just after fs laser excitation and
time profiles at 580 nm for 8 (4 mM) in aqueous solutions in the
presence of CB[8] (4.5 mM) are shown in Fig. 6(a) and (b). Transient
absorption with a peak at about 580 nm was attributed to one-
electron reduced form of an acceptor as shown in Fig. 2 for
MV2þ(TPB�)2. Radical cations of 5′ were thus generated by
instantaneous photoinduced electron transfer from a donor unit,
methoxynaphthyl group, upon excitation of CT absorption. Similar
ultrafast photoinduced electron transfer from counter anion, io-
dide, to 4,4’-bipyridinium unit as part of the main chain resulting in
radical cations of 5′ were reported in polymers upon IPCT complex
excitation [8,9]. The absorption spectra of methoxynaphthalene
radical cation was reported to have a strong peak at 385 nm and a
weak peak at 702 nm [28]. The former is beyond our detection
region and the latter might be too weak as comparted with those of
acceotor radical cations. The decay was fitted with a single expo-
nential equationwith lifetime of 1.10 ps as shown in Fig. 6(b), which
strongly suggested the distance and/or mutual orientation of the
donor and acceptor of CT complex formed inside of CB[8] has
almost no distribution. Meanwhile, the decay at 576 nm for or 8 in
the absence of CB[8] was composed of two components with small
offset (Fig. S11) most probably reflecting coexistence of spatially
distributed donor and acceptors of CT states in aqueous solutions
without CB[8] in a similar manner as observed for IPCT complexes
as mentioned above [10,11]. Transient absorption spectra and time
profiles at 520 nm for 9 (0.1 mM) in aqueous solutions in the
presence of CB[8] (0.1 mM) are shown in Fig. 7(a) and (b). Transient
absorption with a peak at about 520 nm was attributed to one-
electron reduced form of an acceptor as shown in Fig. 2 for
VV2þ(TPB�)2. Radical cations of 6′ were thus most probably
generated by instantaneous photoinduced electron transfer from
methoxynaphthyl group upon excitation of CT absorption. The
decay due to back electron transfer was also fitted with a single
Fig. 6. (a) Transient absorption spectrum immediately after fs laser excitation at 400 nm
exponential equation with lifetime of 1.37 ps as shown in Fig. 7(b).
The decay at 520 nm for or 9 in the absence of CB[8] was almost
single exponential with lifetime of 0.86 (Fig. S12). This result
strongly suggesting narrow spatial distribution of CT complexes in
aqueous solutions even without CB[8] is rather exceptional
example among linked molecules studied. At present we have no
reasonable explanation for it. Transient absorption spectra and
time profiles at about 560 nm for 10 (0.1 mM) in aqueous solutions
in the presence of CB[8] (0.1 mM) are shown in S.I. (Fig. S13(a) and
(b)). Transient absorption with a peak at about 560 nm was
attributed to one-electron reduced form of an acceptor as shown in
Fig. 2 for TV2þ(TPB�)2. Radical cations of 7′ were thus most prob-
ably generated by instantaneous photoinduced electron transfer
frommethoxynaphthyl group upon excitation of CT absorption. The
decay was also fitted with a single exponential with lifetime of 6.25
ps (Fig. S13(b)). Meanwhile, the decay at 560 nm for or 10 in the
absence of CB[8] was composed of two components with small
offset most probably reflecting coexistence of differently arranged
donor and acceptors of CT states in aqueous solutions without CB
[8].

Transient absorption spectra for 11 in aqueous solutions without
CB[8] shown in Fig. 8(a) with a peak at about 590 nmwas attributed
to one-electron reduced form of an acceptor as shown in Fig. 2 for
MV2þ(TPB�)2. Radical cations of 5′ were thus generated by
instantaneous photoinduced electron transfer from fluorenyl upon
excitation of CT absorption. The absorption spectra of fluorene
radical cation was reported to have a strong peak around 370 nm
and a weak peak around 640 nm [29]. The former is beyond our
detection region and the latter might be too weak as comparted
with those of acceotor radical cations. Time dependence of tran-
sient absorption at 580 nm shown in Fig. 8(b) consisted of two
components with lifetime of 2.6 ps (86.3%) and an offset (13.7%).
Transient absorption spectra and time profiles at 580 nm for 11 in
aqueous solutions in the presence of CB[8] are shown in Fig. 9(a)
and (b). The decay was fitted with a single exponential equation
with lifetime of 2.85 ps as shown in Fig. 9(b), which strongly sug-
gested again the distance and/or mutual orientation of the donor
and acceptor of CT complex formed inside of CB[8] has almost no
distribution. Transient absorption spectra for 12 in aqueous solu-
tions with CB[8] shown (Fig. S14(a)) with a peak at about 505 nm
was attributed to one-electron reduced form of an acceptor as
shown in Fig. 2 for VV2þ(TPB�)2. Radical cations of 6′ were gener-
ated by instantaneous photoinduced electron transfer from fluo-
renyl upon excitation of CT absorption. Time dependence of
transient absorption at 505 nm (Fig. S14(b)) was almost single
exponential with lifetime of 3.42 ps (97.8%). Meanwhile, the decay
at 580 nm for or 12 in the absence of CB[8] was composed of two
components with small offset most probably reflecting coexistence
for 8 in the presence of CB[8], (b) Time profile of transient absorption at 580 nm.



Fig. 7. (a) Transient absorption spectrum 0e600 ps after fs laser excitation at 400 nm for 9 in the presence of CB[8], (b) Time profile of transient absorption at 520 nm.

Fig. 8. (a) Transient absorption spectra upon fs laser excitation at 400 nm for 11 in aqueous solutions without CB[8], (b) Time profile of transient absorption at 580 nm.

Fig. 9. (a) Transient absorption spectra upon fs laser excitation at 400 nm for 11 in the presence of CB[8] with schematic representation of 11 in CB[8], (b) Time profile of transient
absorption at 580 nm.
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of differently arranged donor and acceptors of CT states in aqueous
solutions without CB[8]. Transient absorption spectra for 13 in
aqueous solutions with CB[8] (Fig. S15(a)) with a peak at about
575 nmwas attributed to one-electron reduced form of an acceptor
as shown in Fig. 2 for TV2þ(TPB�)2. Radical cations of 7′ were
generated by instantaneous photoinduced electron transfer from
fluorenyl upon excitation of CT absorption. Time dependence of
transient absorption at 575 nm (Fig. S15(b) was almost single
exponential with lifetime of 21.2 ps (98.5%).

Transient absorption spectra for 14 in aqueous solutions with CB
[8] (Fig. S16(a)) were slightly broader as compared with those for 8
or 11 shown in Fig. 6(a) and Fig. 8(a). The absorption spectra of
diarylamino-substituted fluorenone radical cation was reported to
have a peak around 777e823 nm [30], although no spectra were
found for non-substituted radical cation. Absorption spectrum of
one-electron reduced form of an acceptor as shown in Fig. 2 for
MV2þ(TPB�)2 might be overlapped by that of oxidized donor units.
Radical cations of 5′ were thus most probably generated by
instantaneous photoinduced electron transfer from fluorenonyl
group upon excitation of CT absorption. Time profile of transient
absorption at 612 nm (Fig. S16(b)) was almost single exponential
with lifetime of 12.3 ps (94.3%). Transient absorption spectra for 15
in aqueous solutions with CB[8] (Fig. S17(a)) had a paek at 523 nm,
which were attributed to one-electron reduced form of an acceptor
as shown in Fig. 2 for VV2þ(TPB�)2 in a similar manner as for 9 and
12. Radical cations of 6′ were thus generated by instantaneous
photoinduced electron transfer from fluorenonyl group upon
excitation of CT absorption. Time profile of transient absorption at



Fig. 10. (a) Transient absorption spectra upon fs laser excitation at 400 nm for 16 in the presence of CB[8] with schematic representation of 16 in CB[8], (b) Time profile of transient
absorption at 580 nm.
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523 nm (Fig. S17(b)) was almost single exponential with lifetime of
25.4 ps (96.3%). Transient absorption spectra for 16 in aqueous
solutions with CB[8] shown in Fig. 10(a) had a paek at 580 nm,
which were attributed to one-electron reduced form of an acceptor
as shown in Fig. 2 for TV2þ(TPB�)2 in a similar manner as for 10 and
13. Radical cations of 7′ were thus generated by instantaneous
photoinduced electron transfer from fluorenonyl group upon
excitation of CT absorption. Time profile of transient absorption at
580 nm shown in Fig. 10(b) was almost single exponential with
lifetime of 220.1 ps (97.4%). Meanwhile, the decay at 578 nm for or
16 in the absence of CB[8] was composed of two components with
Fig. 11. (a) Transient absorption spectra upon fs laser excitation at 400 nm for 19 aqueous
580 nm, respectively.
small offset most probably reflecting coexistence of differently ar-
ranged donor and acceptors of CT states in aqueous solutions
without CB[8].

Transient absorption spectra for 19 in aqueous solutionswithout
CB[8] had two peaks at 478 and 580 nm as shown in Fig. 11(a). They
were attributed to pyrene radical cation [31] and one-electron
reduced acceptor as shown in Fig. 2 for TV2þ(TPB�)2 in a similar
manner as for 10, 13 and 16., 7′ radical cation, respectively. Time
profiles of transient absorption at 478 and 580 nm shown in
Fig.11(b) and (c) had similar lifetime of 2.68 and 2.53 ps (94.2%) and
an offset. These results directly demonstrated that the decay of
solutions without CB[8], (b) and (c) Time profiles of transient absorption at 478 and



Fig. 13. Observed rate constants of back electron transfer reactions for linked mole-
cules in CB[8] plotted against �DGet as defined in the text. The compound numbers
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transient absorption was caused by very fast back electron transfer
reaction from a reduced acceptor, 7′ radical cation, to an oxidized
donor, pyrene radical cation, which were formed by instantaneous
photoinduced electron transfer upon excitation of CT complex in
aqueous solutions without CB[8]. Such very fast and almost single-
exponential decay strongly suggested that almost face-to-face CT
complexes were formed even in aqueous solutions without CB[8]
due most probably to larger hydrophobicity and higher extent of p-
electron distribution of pyrene group as compared other three
electron donor groups in linked molecules employed in the present
study. Transient absorption spectra for 19 in aqueous solutions
without CB[8] in the NIR region shown in Fig. 12(a) showed a peak
around 1100 nm, which was attributed to the long axis transition of
7′ radical cation as shown in Fig. 2 for TV2þ(TPB�)2. The decay of
transient absorption at 1100 nmwas also almost single exponential
with lifetime of 5.2 ps (99.0%) as shown in Fig. 12(b). Transient
absorption spectra for 19 in aqueous solutions with CB[8] agreed
with those shown in Fig. 10(a). Their time profiles at 496 and
590 nm was almost single exponential with lifetimes of 4.03 and
4.86 ps (99.0%), respectively. Transient absorption spectra for 17 in
aqueous solutions without CB[8] had two peaks at 485 and 607 nm
which were attributed to pyrene radical cation and one-electron
reduced acceptor as shown in Fig. 2 for MV2þ(TPB�)2, 5′ radical
cation, respectively. Time profiles of transient absorption at 485
and 607 nm showed the same lifetime of 1.40 ps (88, 91%) and an
offset (12, 9%), respectively. The addition of CB[8] to 17 in aqueous
solutions resulted in transient absorption spectra with a main peak
at 492 nm and a shoulder around 600 nm. The decay at 492 nmwas
single exponential with lifetime of 2.36 ps. Transient absorption
spectra for 18 in aqueous solutions without CB[8] had two peaks at
about 460 and 550 nm attributed to pyrene radical cation and one-
electron reduced acceptor as shown in Fig. 2 for VV2þ(TPB�)2, 6′
radical cation, respectively. Time profile of transient absorption at
460 nm showed a lifetime of 1.30 ps (94.6%) and an offset (5.4%).
The addition of CB[8] to 18 in aqueous solutions resulted in tran-
sient absorption spectra with a main peak around 467 nm and a
broad tail extending to 800 nm. The decay at 467 nm was single
exponential with lifetime of 3.70 ps.

Longer lifetimes observed for 17e19 in aqueous solutions with
CB[8] as compared with those without CB[8] are most probably
attributed to imperfect face-to-face arrangement of a donor and an
acceptor unit in CB[8] due to larger molecular size of pyreneoxy
unit than other three donor units employed in 8e16. Molecular size
of acceptor unit will also affect the geometry of CT complexes
formed in the nanocavity, although the size difference among
acceptor units is not so large as donor units. Absorbance of new CT
complexes observed upon addition of 0.1 mM CB[8] was less than
Fig. 12. (a) Transient absorption spectra upon fs laser excitation at 400 nm for 19 in aqueou
1100 nm.
10% of that observed for corresponding 8e16 also strongly suggest
relatively higher barrier of CTcomplex formation in CB[8] for 17e19
(Figs. S8eS10).
3.4. Marcus analysis of back electron transfer reactions of linked
molecules in CB[8]

It was clearly demonstrated in the previous section that the
kinetics of back electron transfer reactions in donor-acceptor linked
molecules became single exponential by encapsulating them in
nanocavity of CB[8]. The lifetime was, however, found to vary from
1.1 to 220 ps depending on combinations of donor and acceptor
units. The rate constant of electron transfer reaction, ket,, is known
to depend on several parameters including the free energy change,
DGet. According to the Marcus theory, ket, is expressed by the
following equation, where A is constant mainly determined by the
electronic coupling between an electron donor molecule (or unit)
and an acceptor depending on the distance, l is the reorganization
energy, k is the Boltzman's constant, and T is temperature [32].
equation (2) gives a maximum ket, if �DGet ¼ l.

ket ¼ A exp

"
�ðDGet þ lÞ2

4lkT

#
(2)

Observed lifetimes twere converted to ket, by ket, ¼1/t and DGet
s solutions without CB[8] in the NIR region, (b) Time profile of transient absorption at

correspond to Fig. 1.
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was determined as the difference of observed oxidation potential of
a donor unit and reduction potential of an acceptor unit. Fig. 13
shows a plot of natural logarithm of ket in the presence of CB[8],
ln(ket) vs. �DGet for 8e19 together with the best fitted curve (red
solid curve). It is clearly shown that observed data for donor-
acceptor linked molecules in the presence of CB[8] except 19
were well fitted with the calculated curve. The obtained value of l
from the best-fitted result was 1.07 eV. This result strongly suggests
that reduced acceptor and oxidized donor units are located in the
same microenvironment, in CB[8], without changing the mutual
arrangement and distance, whichmainly affect the pre-exponential
factor A, after photoinduced electron transfer reactions. The donor
and acceptor of CT complex in the nanocavity of CB[8] for linked
molecule 19 having the largest donor and acceptor units among
those studied here is presumed to be different from the “perfect”
face-to-face arrangement as mentioned above, which will most
probably result in smaller back electron transfer rate constant than
expected from the Marcus equation. Actually the back electron
transfer rate constant for CTcomplexes in aqueous solutionwithout
CB[8] was 1.6 times larger than that with CB[8]. Larger cucurbituril
such as CB[10] will be more useful to get complete face-to-face
intramolecular CT complex of 19.
Fig. 14. (a) Transient absorption spectra in the NIR region upon fs laser excitation at 400 nm
CB[8] (1 mM), and poly(vinyl alcohol) (2.5 wt%), (b) Time profile of transient absorption at

Fig. 15. Schematic representation of photodynamics of donor-acceptor linked mol
3.5. Polymer system

It is necessary to make polymer thin films containing dye-
encapsulated CB[8] molecules in order to apply the present ultra-
fast and single-exponentially responsive materials in the visible to
NIR region to all-optical spatial light modulation by guided wave
mode geometry. At present this purpose was only partly achieved
by dispersing 10-encapsulated CB[8] molecules in poly(vinyl
alcohol), PVA. Transient absorption spectra of orange-colored film
cast from 2.5 wt% PVA aqueous solutions containing 10 (1 mM) and
CB[8] (1 mM) upon 400 nm fs laser excitationwere similar to those
in aqueous solutions of 10 with CB[8], which clearly demonstrated
photoinduced electron transfer reactions also occurred in solid
films. Their time profiles are shown in Fig. 14(a) and (b) at 560 and
1100 nm, respectively. The observed lifetime, 13e16 ps, was slightly
larger than that observed in aqueous solutions of 10 with CB[8],
6.25 ps, as mentioned above.

Another possible way is to develop supramolecular polymer by
using 2:2 inclusion complexes as reported [16,33,34].

In summary, we have developed ultrafast photoresponsive
materials in the visible to near infrared region with single expo-
nential back electron transfer reaction by spatially controlling
mutual arrangement and distance of donor-acceptor units in linked
for cast film as shown by a photograph prepared from aqueous solutions of 10 (1 mM),
1100 nm.

ecules upon CT excitation in the absence (left) and presence (right) of CB[8].
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molecules encapsulated in CB[8] as schematically illustrated in
Fig. 15.

4. Conclusions

We have achieved ultrafast and single exponential back electron
transfer in the visible to NIR region by encapsulating various types
of donor-acceptor linked molecules in the nanocavity of CB[8]. The
rate constant ranging from 4.54 � 109 to 9.09 � 1011. s�1 depending
on the combination of a donor and an acceptor unit was found to
follow the Marcus theory and the maximum rate constant was
shown at -DGet¼ 1.07 eV. Observedmaximum ratewas achieved by
the compound 8. The response wavelength can be controlled from
visible to optical telecommunication region by appropriately
selecting the acceptor. Now we can tune both the response time for
thermal back electron transfer reactions and the wavelength of
untrafast absorption changes by appropriate combination of a
donor and an acceptor unit.

Acknowledgements

Authors thank Mr. Tatsuaki Inoue and Dr. Yulin Li for their
partial contributions at an early stage of the present work.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.polymer.2017.02.051.

References

[1] T. Nagamura, T. Hamada, Appl. Phys. Lett. 69 (9) (1996) 1191e1193.
[2] K. Sasaki, T. Nagamura, J. Appl. Phys. 83 (6) (1998) 2894e2900.
[3] T. Nagamura, K. Sasaki, F. Iizuka, T. Adachi, I. Yoshida, Opt. Commun. 205

(2002) 107e112.
[4] T. Nagamura, R. Matsumoto, A. Naito, Y. Nagai, Appl. Phys. Lett. 87 (04) (2005),

041107e041107-3.
[5] T. Nagamura, Y. Nagai, R. Matsumoto, A. Naito, Sci. Technol. Adv. Mater 7 (7)

(2006) 635e642.
[6] R. Matsumoto, T. Nagamura, J. Appl. Phys. 100 (11) (2006), 113102e1-
113102-6.

[7] R. Matsumoto, T. Nagamura, N. Aratani, T. Ikeda, A. Osuka, Appl. Phys. Lett. 94
(25) (2009), 253301e253301-3.

[8] T. Nagamura, H. Sakaguchi, S. Muta, T. Ito, Appl. Phys. Lett. 63 (20) (1993)
2762e2764.

[9] H. Inoue, H. Sakaguchi, T. Nagamura, Appl. Phys. Lett. 73 (1) (1998) 10e12.
[10] T. Nagamura, Y. Nagai, A. Furube, S. Murata, Appl. Phys. Lett. 85 (16) (2004)

3444e3446.
[11] T. Nagamura, Y. Sota, Aust. J. Chem. 62 (2009) 871e876.
[12] J.W. Lee, S. Samal, N. Selvapalam, H.-J. Kim, K. Kim, Acc. Chem. Res. 36 (2003)

621e630.
[13] J. Lagona, P. Mukhopadhyay, S. Chakrabarti, L. Isaacs, Angew. Chem. Int. 44

(2005) 4844e4870.
[14] K. Kim, N. Selvapalam, Y.H. Ko, K.M. Park, D. Kim, J. Kim, Chem. Soc. Rev. 36

(2007) 267e279.
[15] L. Isaacs, Chem. Commun. (2009) 619e629.
[16] S.J. Barrow, S. Kasera, M.J. Rowland, J. del Barrio, O.A. Scherman, Chem. Rev.

115 (2015) 12320e12406.
[17] H.-J. Kim, J. Heo, W.S. Jeon, E. Lee, J. Kim, S. Sakamoto, K. Yamaguchi, K. Kim,

Angew. Chem. Int. 40 (8) (2001) 1526e1529.
[18] J.W. Lee, K. Kim, S.W. Choi, Y.H. Ko, S. Sakamoto, K. Yamaguchi, K. Kim, Chem.

Commun. (2002) 2692e2693.
[19] Y.H. Ko, K. Kim, E. Kim, K. Kim, Supramol. Chem. 19 (4e5) (2007) 287e293.
[20] D. Zou, S. Andersson, R. Zhang, S. Sun, B. Åkermark, L. Sun, J. Org, Chem 73

(2008) 3775e3783.
[21] P. Montes-Navajas, H. Garcia, J. Phys. Chem. C 114 (2010) 2034e2038.
[22] E.I. Alarcon, M. Gonzalez-Bejar, P. Montes-navajas, H. Garcia, E.A. Lissi,

J.C. Scaiano, Photochem. Photobiol. Sci. 11 (2012) 269e273.
[23] M. Schmittel, A. Haeuseler, Z. Naturforsch. 58b (2003) 211e216.
[24] R.J. Waltman, J. Bargon, J. Electroanal. Chem. 194 (1985) 49e62.
[25] K.C. Honeychurch, J.P. Hart, N. Kirsch, Electrochim. Acta 49 (2004) 1141e1149.
[26] K. Takahashi, T. Nihira, K. Akiyama, Y. Ikegami, E. Fukuyo, J. Chem. Soc. Chem.

Commun. (1992) 620e622.
[27] M. Frasconi, R. Tel-Vered, M. Riskin, I. Willner, J. Am. Chem. Soc. 132 (27)

(2010) 9373e9382.
[28] M. Sakamoto, X. Cai, M. Hara, M. Fujitsuka, T. Majima, J. Am. Chem. Soc. 126

(31) (2004) 9709e9714.
[29] J. Szczepanski, J. Banisaukas, M. Vala, S. Hirata, R.J. Bartlett, M. Head-Gordon,

J. Phys. Chem. A 106 (1) (2002) 63e73.
[30] P.J. Homnick, J.S. Tinkham, P.M. Lahti, Tet. Lett. 54 (1) (2013) 35e39.
[31] N. Getoff, S. Solar, U.-B. Richter, M.W. Haenel, Rad. Phys. Chem. 66 (2003)

207e214.
[32] R.A. Marcus, J. Chem. Phys. 24 (5) (1956) 966e978.
[33] Y. Liu, Y. Yu, J. Gao, Z. Wang, X. Zhang, Angew. Chem. Int. 49 (2010)

6576e6579.
[34] J. del Barrio, P.N. Horton, D. Lairez, G.O. Lloyd, C. Toprakcioglu, O.A. Scherman,

J. Am. Chem. Soc. 135 (2013) 11760e11763.

http://dx.doi.org/10.1016/j.polymer.2017.02.051
http://dx.doi.org/10.1016/j.polymer.2017.02.051
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref1
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref1
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref2
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref2
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref3
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref3
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref3
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref4
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref4
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref4
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref5
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref5
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref5
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref6
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref6
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref6
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref7
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref7
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref7
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref8
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref8
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref8
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref9
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref9
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref10
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref10
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref10
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref11
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref11
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref12
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref12
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref12
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref13
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref13
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref13
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref14
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref14
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref14
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref15
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref15
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref16
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref16
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref16
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref17
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref17
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref17
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref18
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref18
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref18
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref19
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref19
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref19
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref20
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref20
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref20
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref21
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref21
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref22
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref22
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref22
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref24
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref24
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref25
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref25
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref26
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref26
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref26
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref27
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref27
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref27
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref28
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref28
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref28
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref29
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref29
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref29
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref30
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref30
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref31
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref31
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref31
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref32
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref32
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref33
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref33
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref33
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref34
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref34
http://refhub.elsevier.com/S0032-3861(17)30175-1/sref34

	Ultrafast photoresponsive materials for all-optical light modulation by polymer thin films
	1. Introduction
	2. Experimental part
	2.1. Materials
	2.2. Sample preparation
	2.3. Measurements

	3. Results and discussion
	3.1. UV–visible absorption and NMR spectra
	3.2. Redox potentials
	3.3. Transient absorption spectra and ultrafast photodynamics
	3.4. Marcus analysis of back electron transfer reactions of linked molecules in CB[8]
	3.5. Polymer system

	4. Conclusions
	Acknowledgements
	Appendix A. Supplementary data
	References


