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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 characteristic 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 photoreduced 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.
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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 sensitivity and wavelength tunability as compared with simple transmittance 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
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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 photoelectrochromic polymer thin ﬁlms containing 2,7-bis(4pyridiniumyl)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 the main chain [4,10].
This extremely fast response was ascribed to the fact that excitation
of IPCT or usual CT absorption instantaneously generates photoreduced 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-(4pydidiniumyl)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 photooxidized 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 species at constant distance. Cucurbiturils are cyclic oligomers of glycoluril 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) molecule with a propyl or but-2enyl linker, which was formed inside the cavity as an intramolecular CT complex [18,19]. Similar intramolecular CT complex
formation in CB[8] by back folding was reported for a donor(6methoxy-2-naphthol) - acceptor (4,4’-bipyridinium) molecule
with a hexyl linker by Zou et al. [20] Meanwhile, similar donoracceptor 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 authors, 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 dependences due to back electron transfer reactions and their spatial
control by CB[8].
2. Experimental part

one-electron reduced forms of these acceptors are shown in Fig. 2.
Preparation procedures are shown below for 11 as an example.
Potassium carbonate (1.32 mmol) was added to 0.50 mL acetonitrile
solution of 1.3-dibromopropane (1.59 mmol), to which 2hydroxyﬂuorene (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 (400 MHz, 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 (6.29 mmol) was added to 10 mL 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 (400 MHz, 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 presence 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.

2.1. Materials
2.3. Measurements
As a donor unit 6-methoxy-2-naphthol, 2-hydroxyﬂuorene, 2hydroxyﬂuorenone, or 1-hydroxypyrene was reacted with 1,3dibromopropane 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-(4pyridyl)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(Nmethyl-4-pyridiniumyl)ethene 6′, 4,40 -(2,5- thiophenediyl) bis(Nmethyl)pyridinium 7′, 5,50 -bis(N-methyl-4- pyridiniumyl)-2,20 bithiophene, and tetraphenylborate, respectively. The structures of

UVevisible absorption spectra were recorded with Hitachi U4100 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 schematically shown in Fig. 3. Seed fs laser pulses (800 nm, ca. 200 fs)
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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).

from Spectra-Physics Tsunami excited with Millenia were 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 1:2 mixture 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 formation, ether intermolecular or intramolecular, in aqueous solutions. 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 upﬁeld 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]. Donoracceptor linked molecules with more rigid p-xylenoxy group
were reported to form 2:2 intermolecular CT complex [19]. Meanwhile, separated or individual donor and acceptor molecules
formed 1:1:1 intermolecular CT complex in CB[8] [17]. Observed
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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- pyridiniumyl)-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.

up-ﬁeld shifts for 8 linked with propyloxy group in the presence of
CB[8] strongly suggested similar intramolecular CT complex formation in CB[8] by back-folding of similar molecule which has 3,5dimethoxybenzyl group instead of methoxy group at 2-position of
donor naphthalene unit reported by Kim et al. [18]. The CT absorption 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 M1cm1, 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 orange 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 those with CB[8] at various concentrations. The net absorption
spectra of 11 in the presence of CB[8] showed new absorption 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 nm was estimated to be 1592 M1cm1, which is more than 3.5
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linked molecules. Estimated association constants are given in
Table 1.

DAbCT ¼

εCT h
1 þ K½H þ K½G0
2K
o1=2 i
n
2
 1 þ K½H þ K½G0  4K 2 ½H½G0

(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 form well-deﬁned intramolecular CT complex between a
donor unit and an acceptor unit by back-folding.
3.2. Redox potentials
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.

The oxidation potentials of donor units estimated from corresponding hydroxy-derivatives, 1, 2, 3, and 4 are listed in Table 2. The

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].

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

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].

Table 1
CT absorption peaks for donor-acceptor linked molecules 8e19 in the presence of CB[8] and their color changes upon addition of CB[8] in aqueous solutions.
Compound No.

CT peaks in the presence of CB[8]

Association constant with CB[8]

8
9
10
11
12
13
14
15
16
17
18
19

420,
395,
500,
330,
356,

570/nm
535
1.41  105/M1
7.1  104
8.4  104

319,
352,
489,
420,
400,
420,

518
488

564
510

6.9  104
680
620
620

Color in the absence

In the presence

yellow

pink

orange
yellow
yellow
yellow
yellow
yellow
purple
purple
orange

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

1
2
3
4
50
60
70
80

0.83
0.92
1.19
0.40

Ered/V

0.39
0.48
0.63
0.62

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 oneelectron 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, iodide, 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 exponential equation with 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 oneelectron 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

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 probably generated by instantaneous photoinduced electron transfer
from methoxynaphthyl 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 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 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 transient 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 suggested 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 solutions 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 generated by instantaneous photoinduced electron transfer from ﬂuorenyl 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

Fig. 6. (a) Transient absorption spectrum immediately after fs laser excitation at 400 nm for 8 in the presence of CB[8], (b) Time proﬁle of transient absorption at 580 nm.
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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.

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 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
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
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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.

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

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 19 in aqueous solutions without
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

Fig. 11. (a) Transient absorption spectra upon fs laser excitation at 400 nm for 19 aqueous solutions without CB[8], (b) and (c) Time proﬁles of transient absorption at 478 and
580 nm, respectively.
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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 singleexponential 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 pelectron 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 nm was 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 nm was
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 oneelectron 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 transient 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
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10% of that observed for corresponding 8e16 also strongly suggest
relatively higher barrier of CT complex 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

ðDGet þ lÞ2
¼ A exp
4lkT

#
(2)

Observed lifetimes t were converted to ket, by ket, ¼ 1/t and DGet

Fig. 13. Observed rate constants of back electron transfer reactions for linked molecules in CB[8] plotted against DGet as deﬁned in the text. The compound numbers
correspond to Fig. 1.

Fig. 12. (a) Transient absorption spectra upon fs laser excitation at 400 nm for 19 in aqueous solutions without CB[8] in the NIR region, (b) Time proﬁle of transient absorption at
1100 nm.
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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 donoracceptor 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, which mainly 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 CT complexes in aqueous solution without
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.

3.5. Polymer system
It is necessary to make polymer thin ﬁlms containing dyeencapsulated CB[8] molecules in order to apply the present ultrafast 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 excitation were 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 exponential back electron transfer reaction by spatially controlling
mutual arrangement and distance of donor-acceptor units in linked

Fig. 14. (a) Transient absorption spectra in the NIR region upon fs laser excitation at 400 nm for cast ﬁlm as shown by a photograph prepared from aqueous solutions of 10 (1 mM),
CB[8] (1 mM), and poly(vinyl alcohol) (2.5 wt%), (b) Time proﬁle of transient absorption at 1100 nm.

Fig. 15. Schematic representation of photodynamics of donor-acceptor linked molecules upon CT excitation in the absence (left) and presence (right) of CB[8].

T. Ono et al. / Polymer 116 (2017) 523e533

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. s1 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 -DGet ¼ 1.07 eV. Observed maximum rate was 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.
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