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ARTICLES

Photoinduced Electron-Transfer Processes between [C60]Fullerene and Triphenylamine
Moieties Tethered by Rotaxane Structures. Through-Space Electron Transfer via Excited
Triplet States of [60]Fullerene

Introduction

Supramolecular fullerene chemistry is a rapidly emerging field
with fascinating scientific and technological perspectivésthe
excited-state properties of fullerene derivatives in the supra-
molecules have attracted interest in studies of photosynthesi
models, as well as studies directed toward the development of
new photovoltaic devices and photodetectdrtn addition, the
unique geometry of the supramolecules provides templates with
enormous scope for a variety of studies including investigations
of energy- and electron-transfer processes within the supra-
molecular assemblies containing fullerenes under photoillumi-
nation® Covalently bonded molecules with doreacceptor
systems involving electron-mediating and hole-transfer reagents
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Two rotaxanes tethering [60]fullerene ¢ggcand triphenylamine (TPA) moieties were synthesized in good
yields by the urethane end-capping method using a crown-efleeondary amine motif. In these rotaxanes,

the Go group serving as electron acceptor is attached to the crown ether wheel through which the axle with

a TPA group acting as electron donor on its terminal penetrates. One rotaxane has an ammonium moiety,
whereas the other has a neutral amide moiety in the center of the axle. The corresponding reference compounds
without rotaxane structures were also prepared. The intra-rotaxane photoinduced electron-transfer processes
of Cso and TPA have been investigated by time-resolved transient absorption and fluorescence measurements
with changing solvent polarity and temperature. Nanosecond transient absorption measurements of these
rotaxanes demonstrated that the long-lived charge-separated statel (N ") otaxaneiS formed via the excited

triplet state of Gy (°Ceg*) in polar solvents. The rate constants for the charge separation process were in the
range of (5-8) x 10’ s™%, while the rate constants of charge recombination were in the range-6) (3 10

s1, corresponding to the lifetimes of the charge-separated states e800ns. Both rate constants depended

on rotaxane structure, solvent polarity, and temperature. The activation free energy changes of charge separation
and recombination processes were evaluated to be-0.08 and 0.030.06 eV by temperature dependences,
respectively. Such low activation energies may be related to through-space electron transfer in these rotaxanes.
On the other hand, in a covalently connected TR%, dyad, fast charge separation from the excited singlet

state and fast charge recombination were observed through bonds in polar solvents.

charge separation (CS) via the excited singlet state of fullerene
derivatives and donor molecules, resulting in long-lived charge-
separated statés!! Other supramolecules composed of the
coordination bonds between fullerene derivatives appending
nitrogen atoms and zinc porphyrins have also been shown to
Sdisplay fast and effective CS processes via the excited singlet
state of fullerene derivatives and donor molecife$®

Recently, rotaxanes containing fullerenes as electron acceptors
and phthalocyanine and porphyrin as electron donors were
synthesized, whereby fullerenes were spatially fixed with respect
to the phthalocyanine and porphyrin moieties. It was reported
that, in these rotaxanes, the CS process takes place via the singlet
excited states of these chromphotée®®

have been extensively studied to establish rapid and efficient " the present study, we synthesized two fullerene rotaxanes

with a triphenylamine (TPA) moiety as electron donor. Figure
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to@ 1 shows the structures of these rotaxanes (abbreviated as
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Figure 1. Molecular structures of [2]rotaxanesdfTPA) and references.

ether, probably fixing the fullerene and TPA moieties in a certain ~ The aim of this study is to compare these reported photo-
spatial arrangement. [y the axle has a neutral amide group in induced ET processes in the fullereraamine mixture and
the center, resulting in mobility of the axle with respect to the covalently connected dyads with the photoinduced processes
wheel. These rotaxanes are novel fullerene rotaxanes that weref newly synthesized rotaxang&sand2, in which through-space
first prepared by utilizing the crown ethesecondary am- ET would be anticipated.
monium motif. Related compoun@s-6 were used as reference
compounds. Results and Discussion

For these two rotaxanes, we examined the photoinduced
processes using time-resolved transient absorption and fluores- Design, Preparation, and Characterization of [2]Rotax-
cence measurements with varying solvent polarity and temper-anes 1 and 2[2]Rotaxanesl and2 were designed to spatially
ature. In the past decade, photoinduced electron-transfer (ET)arrange G and TPA moieties at an appropriate distance for
processes for fullerereamine systems have gained great intramolecular ET in the excited state, but not for interaction
attention, and a vast variety of fullerenamine dyads, triads, ~ in the ground state. [2]Rotaxanésand 2 can be synthesized
and more complex systems have been synthesized andby the end-capping method via a tin-catalyzed urethane-forming
investigated®-2! In most covalently connected dyad systems reaction?® To introduce a g moiety tol and2, crown ethe#
of fullerenes and amines, excitation of the fullerene initiates bearing a G moiety was designed. To achieve high solubility

ET from the excited singlet state ofsg (1Cso*) moiety, of 4 in nonpolar organic solvents such as chloroform, a
generating CS states {& —aminet) with relatively short ~ carboethoxy group was attached to the benzene ring &f
lifetimes of a few nanosecond2° TPA unit was linked to the axle end by a urethane bond.

In general, in fullereneamine mixture systems, photoinduced The synthetic route of and2 is outlined in Scheme 1. The
ET mainly occurs via the excited triplet state 0fo@®Cso*), bromomethylatioff of carboethoxy-substituted DB24G® was

producing long-lived radical ions when the amine concentrations carried out with an excess amount of formaldehyde and a 40%
are sufficiently low in polar solven®:230n the other hand, in  hydrogen bromide solution in acetic acid at45to afford the
high amine concentrations, photoinduced ET mainly occurs via corresponding bis(boromomethyl) derivati®@ 47% yield. The
1Cs0*, producing short-lived radical ion pairs & —amine™) Diels—Alder reactioR® of 8 with 1.3 equiv of Go proceeded in
in nonpolar solvent3*25 refluxing toluene in the presence of a large excess of Kl and
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18-crown-6 to gived in 40% yield. Crown ethed, purified by shown in Scheme 2. Tin-catalyzed acylation df with
preparative GPC (eluent chloroform), was highly soluble in 4-(diphenylamino)phenyl isocyanatedj gaveN-protected axle
chloroform (>400 mg/mL). A chloroform solution o8%° and a 12in 60% yield. Deprotection with trifluoroacetic acid (TFA)
slight excess oft were treated with 1.5 equiv of isocyandie was followed by neutralization with aqueous,®0Os. The
and 10% dibutyltin dilaurate at room temperature to end-cap resulting free amine was triturated with aqueous K&dfution
the terminal hydroxy group. The target [2]rotaxafhethus to afford hexafluorophosphatein 80% yield. The structure of
formed was easily isolated by preparative GPC (eluent chloro- 6 was confirmed by FAB-mass, NMR, IR, and elemental
form) in 76% yield. The conversion df to neutral acylated analyses.
[2]rotaxane2 was achieved in 89% yield by treatment with Optimized Structure. By MM2 force field calculations, an
3.3 equiv of triethylamine and 3.0 equiv of acetic anhydride in optimized structure oN-acetylated rotaxan2 was obtained
acetonitrile at room temperature. Both [2]rotaxahesd2 were (Figure 2). The optimized structure, clearly showing a penetrat-
highly soluble in ordinary organic solvents such as chloroform. ing interlocked structure, seems to indicate the predominant

The characterization of rotaxangsnd?2 and crown ethed position of the wheel placed on the axle2fin fact, the wheel
was established on the basis of FAB-mass, NMR, IR, and of 2 is considered to be located mainly at the position nearer to
elemental analyses. All displayed the molecular ion peaks the TPA moiety byN-acetylation ofl, as postulated from the
corresponding to the designed products in the FAB-mass spectraX-ray crystal structures and the structures estimatetHdyMR

Preparation and Characterization of Axle 6. The axle with of both ammonium-type rotaxane-liké and N-acetylated
TPA moiety 6 at its terminal was synthesized froiri3? as rotaxane-like2.3!
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Figure 2. Optimized structure of [2]rotaxan2 by MM2.
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Figure 3. Steady-state absorption spectra of [2]rotaxarf®.1 mM),
4 (0.1 mM), and6 (0.1 mM) in toluene.
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The center to center distance betweeg &nd TPA R
moieties was estimated to be 17 A from the optimized structure.
Similarly, in the case of, the crown wheel locates exclusively
at the nitrogen of the axle, and therefore, Rgvalue (21 A)
would presumably be slightly longer than that2f

Steady-State Absorption Studieskigure 3 shows the steady-
state absorption spectra of [2]rotaxdheeference g—crown
4, and reference axle componénn toluene. Absorption bands
of the Gso moiety appeared both at 705 nm and below 350 nm.
Since the absorption spectrum of [2]rotaxahés almost a
superimposition of referencesand 6, there is no interaction
in the ground state between the two elements of [2]rotatane
Similar results were obtained with [2]rotaxang&sand 2 in
toluene, THF, benzonitrile (PhCN), and DMF. For a covalently
bonded G—TPA dyad @), the absorption spectrum was slightly
changed from a superposition of the TPA and NMPE), to
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Figure 4. Steady-state absorption spectra ®f(0.2 mM) in the

absence (dashed line) and in the presence (0.4 mM, solid linefof Fe
in PhCN.
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Electrochemical StudiesBy cyclic voltammetric measure-
ments, the first reductiorE{sq) and oxidation Eox) potentials
of [2]rotaxanesl and2 were estimated to be0.88 and+0.44
V and —0.87 and+-0.43 V vs Ag/AgCl in PhCN, respectively.
The former negative potentials are attributed toEhg values
of the Gso moiety, and the latter positive potentials to tBg
values of the TPA moiety il and2 by comparingEeq of the
Cso moiety in4 (—0.86 V vs Ag/AgCl) andEy of the TPA
moiety in 6 (+0.54 V vs Ag/AgCI) in PhCN. In the case of
covalent dyacB, the Eq values of the g moiety and theEqx
values of the TPA moiety were evaluated to-b@.88 and+0.70
V vs Ag/AgCI, respectively. An appreciable differencekg
values of the TPA moiety was observed, suggesting the presence
of weak interaction between thesgCand TPA moieties in the
ground states oB. The CS state energy levels, which are
equivalent to the free energy of charge recombination (CR)
(AGcr), were determined by assessing the difference between
the Eox and Eeq, adding the Coulomb energy by the Weller
equatior?* The free energy changes for charge separation
(AGcg) can be calculated by considering the energy levels of
the least excited states of thej@noiety3°

Steady-State Fluorescence StudieShe steady-state fluo-
rescence spectra of [2]rotaxaBeand reference §—crown 4
were measured in toluene, DMF, PhCN, and THF with
excitation at 500 nm (Figure 5a). The fluorescence peak at 715
nm is attributed to that of theggmoiety in rotaxane judging
from the fluorescence peak df Similar fluorescence spectra
were observed fot. Comparing the fluorescence peak with the
absorption peak (709 nm), it became apparent that [2]rotaxanes
1 and2 showed small Stokes shifts and had the lowest singlet
excited energy at 1.75 eV.

The fluorescence intensity @ in toluene was only slightly
weaker than that of. Fluorescence intensity in THF was much

ensure a weak interaction in the ground state. In the presentweaker than that in toluene, whereas the quenching of fluores-

study, the laser excitation of [2]rotaxankand?2 and reference

cence intensity in DMF and PhCN was quite smaller than that

compounds was carried out at 532 nm. Since TPA does notin THF. A similar tendency was observed f& These
show substantial absorbance at this wavelength, predominaniobservations suggest that the excited singlet state of gge C

excitation of the G moiety was possible.
On addition of FeGlto TPA axle6 in PhCN, the absorption

moiety was not greatly influenced by the TPA moiety in the
rotaxanes even in polar solvents except for THF. On the other

band appeared at 742 nm (Figure 4), which can be attributed tohand, it is interesting to note that the fluorescence intensity of

the cation radical of the TPA moiety (TP#H of 6. Normally,

the radical cation of unsubstituted TPA exhibits absorption at
around 650 nn¥ The absorption peak shift to 740 nmércan

be explained by the fact that the TPA moiety was substituted
with the N atom of the amide group. In fact, the absorption at
740 nm was similarly observed for [2]rotaxareand?2 by the
chemical oxidation with Fe@lFrom the amount of added FeCl
the extinction coefficient €z4onn) Of the absorption peak of
TPA"" of 6 was evaluated as 29100 Mcm™1, which is a value
similar to that of unsubstituted TPA33

covalently connected dg—TPA dyad3 in polar solvents was
significantly lower than in the less polar solvent toluene and
also than that of reference fullerene derivattvéFigure 5b).
These observations suggest that CS predominantly takes place
from the excited singlet state of thes@dnoiety in 3. Further
guantitative analyses on the fluorescence properties were
subsequently carried out on the basis of lifetime measurements.
Fluorescence Lifetime MeasurementsThe fluorescence
lifetimes (re) of [2]rotaxanesl and2 and reference g—crown
4 were measured using a time-correlated single-photon-counting
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Figure 5. Steady-state fluorescence spectra of (a) [2]rotaxaasd
referenced (0.1 mM) in DMF, PhCN, THF, and toluene (TN) and (b)
3 and referencé (0.1 mM) in DMF, PhCN, THF, and TNAg = 500
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Figure 6. Fluorescence decays of (a) [2]rotaxahend reference

and (b)3 and referencg at 715 nm in PhCN. The excitation wavelength
was 410 nm.

apparatus with excitation at 410 nm. The time profiles of the
fluorescence intensities @and4 in PhCN are shown in Figure
6a; they are curve-fitted by a single-exponential decay. Similar
time profiles of the fluorescence intensities of [2]rotaxanes and
4 were observed in toluene, DMF, PhCN, and THF. The
fluorescence lifetimesef) of the Go moieties inl and2 were
evaluated by the curve-fitting method and are listed in Table 1.
In toluene, therg values ofl and2 were nearly equal to that of

4 (1130 ps). In polar solvents such as PhCN and THF, slightly
shorterzg values ofl and?2 than those oft (1330 and 1230 ps,
respectively) were obtained. In DMF, on the other handtthe
values ofl and 2 were slightly larger than those df As a
whole, the differences in thg: value between the [2]rotaxanes
and4 were small in all solvents employed. From thesealues,
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TABLE 1: Fluorescence Lifetimes ¢¢), Rate Constants kq®),
Quantum Yields (®.5), and Free-Energy ChangesAGcs®) of
Charge Separation of [2]Rotaxanes 1 and 2 in Toluene,
THF, PhCN, and DMF at Room Temperature

compd solvent te/ps kS¥st @S2 —AGcsSPleV
1 toluene 1120 c [ —-0.33
THF 1010 1.8x 1C° 0.18 0.28
PhCN 1180 9.3« 107 0.11 0.44
DMF 960 d d 0.47
2 toluene 1100 [ [ -0.23
THF 1010 1.8x 1C° 0.18 0.32
PhCN 1150 1.1x 108 0.13 0.49
DMF 940 d d 0.52
4 toluene 1380 c c —0.40
THF 50 1.8x 10° 0.96 0.07
PhCN 1.0 7.3% 10 0.91 0.22
DMF 100 9.1x 1(° 0.93 0.24

a Calculated by the following equation$® = 7! — 70~ * and ®¢°
= (et — o Y/ret, where the lifetimes of referencé (zq) were
evaluated to be 1130 ps (toluene), 1230 ps (THF), 1330 ps (PhCN),
and 910 ps (DMF), and those of referertcerere evaluated to be 1300
ps (toluene)? AGcs® values were calculated from the Weller equation
(AGcs® = Eo(TPA) — EredCo0) — Eo — Ec),* employing theEs energy
level of 1Ce¢* (=1.75 eV) and thé&edCso) andEox(TPA) shown in the
text. E; (Coulombic enery) was calculated b§?((4me))[(1/(2R+) +
1/(2R-) — 1/Ro-Rr)les — (L/(2R}) + 1/(2R.))/er], whereRy, R-, and
Ro-r are the radii of the cation and anion and the center-to-center
distance between the donor and acceptor, respectivglnd e are
dielectric constants of the solvents used for photophysical studies and
for measuring the redox potentials, respectivly¢ No quenching
within experimental errord 7e < 7o; the reason is not cleatin DMF
fluorescence decay was fitted with biexponential decays, giving 100
ps (81%) and 1300 ps (19%).

the rate constark,® and the quantum yiel@gS for fluorescence
guenching were calculated and are summarized in Table 1. The
k¢S values ofl and2 are in the range of (22) x 10° s™%, and

the @¢° values are in the range of 0.20.20. By comparing

the kg and @S values with the intersystem-crossing (ISC) rate
constant Kisc = 8.5 x 108 s71)3¢ and quantum yieldsd;sc =
0.92-0.96Y% of 4, it was shown that the main decay process of
the 1Csg* moiety in 1 and 2 is an ISC, leading to théCso*
moiety even in polar solvents.

From the negativeAG¢s® values in polar solvents, the CS
process via thelCs* moiety in 1 and 2 appears to be
thermodynamically favorable; thus, the evaluakgtiand ®¢°
values can be attributed to the CS process vid@hgg* moiety
in rotaxanesl and 2. However, the CS process via th€gg*
moiety is not the main process, since thé and ®¢° values
are quite small. This is characteristic of these rotaxanes.

Compared with the rotaxanes, the efficient CS process of the
covalently bonded §&—TPA dyad3 via 1Cso* was suggested
from the rapid decays of fluorescence time profiles in polar
solvents as shown in Figure 6b. The time profiles show
biexponential decay in DMF, PhCN, and THF; the lifetimes of
the Go moieties in3 were evaluated by the curve-fitting method.
The slow decay component (ca. 1.3 ns) exhibited a low
contribution (7%) while the fast decay component (130 ps)
showed a major contribution (93%) in PhCN (Table 1).
Comparing3 with [2]rotaxanesl and?2, the CS process frord
is rapid in polar solvents; thi,® values are in the range of
(7—20) x 10° s%, accounting for®d> = ca. 0.9%-0.96.
Thereby, theséS and @S values can be thought of &ss®
and ®cs; thus, thekcs® values are larger thaksc of the G
moiety 36

Time-Resolved Transient Absorption Spectra.Figure 7
shows the time-resolved transient absorption spectrum of
[2]rotaxane2 in toluene observed by nanosecond laser photolysis
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TABLE 2: CS Rate Constants kcs'), CS Minimum Quantum Yields (®cs"min), CR Rate Constants kcr'), and Lifetimes (zrip)
of the Radical lon Pair and Free-Energy Changes{AGcgr) of Charge Recombination of [2]Rotaxanes 1 and 2 in THF, PhCN,

and DMF
[2]rotaxane solvent kes'/s™t Dcs"min —AGcs'/eV ker/s™t TrRIPINS —AGcr¥eV
1 THF 7.3x 10/ 0.95 0.03 3.5¢ 10° 290 1.49
PhCN 6.0x 107 0.88 0.19 2.8x 108 360 1.33
DMF 8.2 x 107 0.90 0.22 5.9« 10° 170 1.30
2 THF 7.2x 10 0.96 0.07 3.4x 10° 290 1.45
PhCN 5.7x 10/ 0.97 0.24 3.5¢ 10° 290 1.28
DMF 7.9x 10 0.95 0.27 5.0< 108 200 1.25
8 —AGcr = —Eox + Erea — Ec; see the margin in Table 1.
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Figure 7. Nanosecond transient absorption spectra of [2]rotaxane : ""‘-'f;:-,I|
(0.1 mM) observed by 532 nm laser irradiation after 100 ns in PhCN 004F |
(®) and in toluene®). Inset: Absorptior-time profiles at 700 nm in 5 il
TN and at 760 and 1000 nm in PhCN. oo2F # %
. . . " ; ...\1*-- | |
with 532 nm laser excitation (6 ns laser puI@).(The pe_ak at e ot 82 o% da
700 nm was determined to come from ff@g* moiety in 2, Time / us

because a similar abso,rP“O” was Observe_@“mevery SOIV?nt Figure 8. Absorption-time profiles of [2]rotaxand. (a) at 2000 nm

under the same conditions. In the transient spectrur@ iof and (b) at 700 nm (red) and 1000 nm (blue, normalized at time 100

PhCN @ in Figure 7), on the other hand, transient absorption ns) and the profile subtracted from that at 700 nm (green) in PhCN.

bands appeared around 760 and 1000 nm. The latter band was

attributed to the g~ moiety. The absorption band in the visible was 170 ns for rotaxang in DMF. It may thus be deduced

region around 760 nm was assigned to the TProiety in that there are no distinct difference igp values between

the rotaxane, although a slight shift from the peak in Figure 3 rotaxanesl and2.

was observed. Comparing the ratio of the extinction coefficient  In the time profile at 1000 nm on a shorter time scale than

of the TPAT moiety at 760 nm to that of the¢g™ moiety at 100 ns, a rise and successive decay g Cabsorption were

1000 nm, which is ca. 3, leads to the observation that the observed (Figure 8a). From the curve fitting with a single

transient spectrum in PhCN results exclusively from the CS state exponential, the CS rate constarksdf) via the 3Ceg* moiety

(Coo"™, TPA M) rotaxane Similar transient absorption spectra sug- in the two rotaxanes in polar solvents were calculated; the results

gesting the formation of (§7~, TPA"")rotaxanewere obtained in are listed in Table 2. Thkcs™ values were in the range of {5

DMF and THF in both [2]rotaxanekand?2. It is thus reasonable  9) x 107 s™1.

to assume that the CS state;{C, TPA")otaxanc€asily acquires Figure 8b shows the time profile at 700 nm in PhCN, in which

the triplet spin character, because the precursor of the CS statehe rapid decay of the absorption of tf€ss* moiety and the

is the 3Cgg* moiety in the rotaxanes. rise of the TPAT moiety in rotaxane may be overlapped. On
The inset time profile at 700 nm shows the slow decay of assuming the rise curve for the TPAmoiety is similar to that

the transient species @fin toluene, in which the 700 nm band  of the Gg¢~ moiety at 1000 nm, the observed 700 nm time

is attributed to the triplet state of tH€s* moiety in 2. Two profile was found to be curve-resolved as shown in Figure 8b:

curves at 760 and 1000 nm in the inset of Figure 7 show the The extracted decay rate of th€g* moiety (5.5 x 107 s71)

time profiles of (G, TPA)rotaxancin PNCN correspondingto  was almost the same as the rise rate (010" s,

the decay (1061200 ns) of the TPA and G¢'~ moieties after unambiguously confirming that thes€~ moiety and TPA"

reaching maxima at ca. 100 ns. The decays in polar solventsmoiety are generated via tH€s5* moiety.

obey first-order kinetics with rate constants in the range of (2 On the other hand, the transient spectrum3dh toluene

5) x 1 s71, which are attributed to the CR rate constaak{) (Figure 9) is nearly identical to that of the excited triplet state

as summarized in Table 2. The sm&lr" values observed  of N-methylpyrrolidinofullerene & ((NMPCsg*) (5). Therefore,

suggest that the CR process lies in an inverted region far morethe transient absorption at 700 nm can be attributed to that of

negative than the reorganization energy. From the inverse ofthe 3Cgo* moiety in 3. Although 3 still displays the same

the kcr' values, the lifetimes tkp) of the radical ions transient absorption spectrum in PhCN, the absorption intensity

(Coor™, TPA ) rotaxanewere evaluated. The longestp value was of the3Cgo" moiety was considerably lower than that in toluene

360 ns for rotaxand in PhCN, while the shortestzp value under the same experimental conditions. This lower absorption
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via 1Cso". However, in DMF and THF, very weak transient 16.51 T

L | L
32 36 4.0 44
10°T" /K"
Figure 10. Modified Arrhenius plots of the temperature-dependent
kes" andker for [2]rotaxanel in DMF, PhCN, and THF.

absorption bands at 700 nm were detected as compared to that
in PhCN. Thedcs® values estimated to be 0.91 (PhCN), 0.93
(DMF), and 0.96 (THF) from the; values are in excellent
agreement with the low ratio of the generatiorf@fg" via ISC.
Furthermore, since the absorption of thes’C moiety was TABLE 3: Activation Energies and Reorganization Energies
minimal in the 1006-1100 nm region even in polar solvents for [2]Rotaxanes 1 and 2 in DMF, BN, and THF

within the laser light pulse (6 ns), it is most likely that an ‘>iotaxane solvent —AGicsT/eV ics/eV —AG'cdeV AcdeV
extremely fast CR process takes place immediately after the

rapid CS process vitCso With the nanosecond laser pulse (6 L ;EEN %‘%212 %‘%?6 8'8%3 8'1‘;
ns) in the case of the covalent dyad DME 0.017 0.13 0.028 011
When NMPG, (5) was photoexcited in the presence of 2 THF 0.019 0.026 0.058 0.23
equimolar TPA in PhCN by nanosecond laser light with 532 PhCN 0.021 0.13 0.040 0.16
DMF 0.014 0.17 0.031 0.12

nm, the observed transient spectra were quite similar to those
of the SNMPCso* moiety of 3 (see Supporting Information
Figure S1). Immediately following laser excitation, the absorp-
tion of 3SNMPCgg* of 700 nm was observed, while the absorption
of NMPCs~ at 1000 nm was not observed, indicating that
intermolecular ET did not appreciably take place in the presence©
of a low concentration of TPA. With an increase in TPA
concentration (up to 50 times more than that5pf both the
decay rate ofSNMPCgs* and the rise rate of NMPg&~

in the formation of (Go"~, TPA"")rotaxane These findings indicate
that the 3Cso* moiety in the rotaxanes, which is formed
predominantly via théCsg* moiety with ISC, induces an intra-
taxane CS with higlibcs' values.

Temperature Effect. Thekcs™ andkcr of [2]rotaxanesl and

2 were of slight temperature dependence; in DMF, PhCN, and
THF, the kes' and kcr values decreased with a decrease in

increased, indicating that intermolecular ET from TPA to (€mperature in each solvent. For example, #g values

3NMPCsg* occurred to a certain extent. Under pseudo-first-order odeqreased from5.8 10°s™*at35°Ct0 3.8x 10°s ' at—38
conditions, the bimolecular ET rate constant was determined C in DMF. Although the difference between the rate constants

to be in the range of 20M~1 s in PhCN. From this value, ~ Was small, such_asmall diff(_arence is larger than_the e>_<perimenta|
the first-order rate constant for intermolecular ET in the presence €170rS included in our experiments. From a semiclassical Marcus
of 0.1 mM TPA was calculated to be 481, which is far equatior®®the ET rate constankgr) can be described as shown
smaller than thécs' values for rotaxanes and2 in PhCN by ineq 1,
factors of 1/200 to 1/500. Ny 32e 2 u .

The quantum yieldsdcs") of the formation of the CS state IN(kerT%) = In{ 2772V %I[h(2ke) "} — AGT/(KsT) (1)
in rotaxaned and?2 via the3Cgg* moiety were estimated from
the ratio of the maximal absorbance at 1000 nm of thg C whereT, h, kg, |V|, A, andAG*T are referred to as the absolute
moiety to the initial absorbance at 700 nm of #@&* moiety temperature, Planck constant, Boltzmann constant, electron
by substituting each molar extinction coefficiéhtassuming coupling matrix element, reorganization energy, and Gibbs
that the initial absorbance at 700 nm is predominantly attributed activation energy in Marcus theory. The plots ofkg T2
to the 3Cg* moiety as shown in Figure 8. If the initial  and Inkcg'TY?) vs 1/T for rotaxanel are shown in parts a and
absorbance of th&Cso moiety at 700 nm contains the absorption b, respectively, of Figure 10. Similar figures were obtained for
of TPA™ moieties, thebcs' values calculated by this method rotaxane2. Since the slopes were not steep in any case, the
can be regarded as minimum values®fs' (®cs'min). Such AG*cs" and AG*cr values below 0.026 and 0.050 eV were,
®cs"min Values are in the range of 0.88.97, as summarized  respectively, evaluated, as summarized in Table 3. AG&R"
in Table 2. If these values are compared with dhesS of less values in rotaxanes were found to be much smaller than those
than 0.2 for rotaxane$ and2, it can be assumed that the CS in conventional dyad systems such as retit§§o (0.16 eV)
takes place mainly frorfCeg* in [2]rotaxanesl and2, resulting and diphenylamine-substituted fullerengy @.11 eV) dyads?
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(a) rotaxanes 1 and 2 (b) dyad 3
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Figure 11. Energy diagrams and flows of excitation energy and electrons: (a) [2]rotatazed?2, (b) dyad3.

AG¥cs" values below 0.026 eV imply that the CS process occurs CS state ofl and2 were lower than those of bo#iCgsg* and
under nearly optimal conditions without any barrier on the basis 3Cgo*, the CS processes via bots0* and 3Cgg* are possible.
of the Marcus theory® The 1 values can be evaluated from eq  Since the observedcsS values ofl and2 were smaller than
2, ®)sc, most of1Cqsg* was converted tCgo*, from which the

CS takes place with higics'. Thus, the rotaxanes can be said

AG*ET = (AG° + ,1)2/4,1 2 to involve both the minor CS process Vi@ge* and the major

CS process VidCqo*, resulting in the generation of CS states
where AG® is referred to as\G°cs and AG°cg. The 1 values with lifetimes of several hundred nanoseconds, because of the
summarized in Table 3 are also considerably smaller than Small4 values which are lower thaG°cr as well as because
AG°cs’ andAG°cr, indicating that the CS and CR rates are in of the triplet character of the CS states in the rotaxanes.
the inverted region of the Marcus parab&l@hus, the observed On the other hand, in the covalently bond€dg* —TPA dyad
small kes” and kcr values on the order of I0and 16 s1, 3, the energy levels of the CS states in polar solvents are lower
respectively, are reasonably interpreted. TWevalues forl than in the'Cso* moiety, resulting in largekcs® values with
and2 in three kinds of solvents are extremely small compared high ®cs® values. Although the Marcus parameters were not
with the reported/ values (1100 cnt?) for covalently bonded ~ Obtained for3, the smallAGcs® values obtained suggest that
dyad systemé4241 The considerably smallérand|V| values in the CS process is far below the top region of the Marcus
rotaxaned and2 may be explained by the fact that the CS and parabola in the normal regidfi Therefore, the relatively large
CR processes are governed mainly by pure “through-space”kcs® values with highdcs® values may be caused by a large
electronic coupling betweensgand TPA moieties and that there ~ electron-coupling matrix element for this dyad, suggesting that
is little contribution for “through-bond” electronic coupling. The  the CS process vigCss* mainly takes place through bond, which
A value may thus be minimized because the chemical bond also explains the through-bond fast CR proces8.of
rearrangements associated with the CS and CR procesges in  Difference between Rotaxanes 1 and 2 and Solvent Effects.
and 2 would be negligibly small, resulting in the drop out of In each polar solvent, rotaxan&sand2 had very similakes’
the internal reorganization energy, leaving only the reorganiza- values; however, thécs'" values for rotaxan@ tended to be
tion energy for the solvents. Furthermore, it is concluded that slightly higher than those for rotaxadeln terms ofkcr values,
the A values for the CS viéCgo' in rotaxaned and2 are small, no clear difference between rotaxanksand 2 was found.
resulting in lowkcs® compared tdsc for CS vialCqo'. As for Although a rather strong interaction between the axle and the
the small|V|, it should be noted that there is little difference crown ether in rotaxangis indicative of faster rates than those
betweenl and2. This is because electronic coupling between of rotaxane?, the longeiR.c values than that of rotaxarlemay
the Go and TPA moieties occurs through space without the help compensate the interaction between thgahd TPA moieties.
of the weak hydrogen bond of the ammonium group to the The shorteR. of rotaxane2 may trigger highecs' values.

crown ether ring inl. Conversely, this evidence strongly In each rotaxané and2, the order ofkcs' is PACN< THF

supports the existence of pure through-space CS and CR< DMF; thekcr values also show a similar order. This type of

processes il and 2. solvent dependency may be in part explained by the difference
Energy Diagrams.From theAGcg, AGcs®, andAGcs' data in stabilization ability for the charged species as shown by

as well as the energy levels of the lowest excited singlet states,AGcr. But, in general, the Lewis base character also affects
the energy diagrams for rotaxanksind 2 and the covalently  the flexibility or the mobility of the components of rotaxane,
bonded dyad may be drawn, as shown in Figure 11. In less especially of a rotaxane bearing intramolecular hydrogen
polar solvents such as toluene, since the energy levels of thebonding such asl.3'37 Therefore, solvent effects on rate
CS state ofl and 2 are higher than those of bofiCss* and parameters are governed by both polarity and Lewis acidity.
3Ce0*, N0 CS process was observed; thd€ss* was only Comparison with Other Dyads, Pseudorotaxane, and
observable with a long lifetime of over 2. In polar solvents Rotaxane. [2]Rotaxanesl and 2 have tgjp values similar to
such as DMF, PhCN, and THF, since the energy levels of the that of a different type of rotaxane bearingg@nd porphyrin,
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which has agp value of 180 ns in PhCN at room temperature, NMR (400 MHz, CDC}) 6 7.65 (dd, 1H,J = 2.1, 6.4 Hz),
as recently reportetf despite some CS mechanistic differences 7.52 (d, 1H,J = 2.0 Hz), 6.84 (d, 1H, = 8.3 Hz), 6.82 (s,
between them. In the rotaxane withg@nd porpyrin, the CS 2H), 4.59 (s, 4H), 4.34 (q, 2H] = 6.8 Hz), 4.3+4.15 (m,
process mainly proceeds via the singlet excited state of the8H), 3.95-3.82 (m, 16H), 1.38 (t, 3HJ = 7.3 Hz) ppm; IR
porphyrin moiety:® Meanwhile, for the pseudorotaxane with (NaCl) 2877, 1715, 1603, 1523, 1431, 1362, 1276, 1220, 1195,
Cso and phthalocyanine, & value of 1500 ns was reported 1132, 1057, 993, 871, 760 ch FAB-MS (matrix mMNBA) m/z
in PhCN at room temperatuté Theserrp values for rotaxanes = 706 [M + H] ™.
seem to be longer than those of corresponding covalently bonded Synthesis of Crown Ether 4.A mixture of Gy (468 mg,
dyads. One example is shown for thgo€TPA dyad in the 0.7 mmol),8 (353 mg, 0.5 mmol), 18-crown-6 (528 mg, 2.0
present study. Covalently linkeds¢-dimethylaniline dyads are  mmol), and Kl (498 mg, 3.0 mmol) was refluxed in dry toluene
also reported to have shortesip values than those of rotaxariés. for 36 h in the dark. The reaction mixture was directly subjected
In the case of rotaxanes composed of zinc porphyrin asto SiO, column chromatography (eluent toluene to CEICI
electron donor and Auporphyrins as electron acceptor, the methanol (95/5)) to collect a dark brown band, which was further
existence of a superexchange mechanism was confiftned. purified by preparative GPC (eluent CHTto give4 as a dark
However, for [2]rotaxaned and 2, no clear evidence of a  brown solid (254 mg, 40%): mp 142144 °C; IH NMR (400
superexchange mechanism was obtained, probably because dfiHz, CDCk) 6 7.65 (dd, 1HJ = 2.0, 8.3 Hz), 7.54 (d, 1HJ

the smallerr-system of the TPA moiety. = 2.0 Hz), 7.20 (s, 2H), 6.86 (d, 1H,= 2.0 Hz), 4.7+4.70
(m, 2H), 4.374.22 (m, 12H), 4.023.90 (m, 16H), 1.38 (t,
Conclusions 3H,J = 7.1 Hz) ppm;**C NMR (67.5 MHz, CDC}) 6 166.24,

156.87, 156.60, 152.61, 148.34, 148.06, 147.55, 146.36, 146.11,

In Ceo/ TPA-containing rotaxanes, a photoinduced CS process 145.70, 145.33, 144.60, 143.01, 142.45, 142.15, 141.96, 141.49,
taking place mainly via théCgg* moiety, producing a long- 140.00, 136.04, 135.40, 130.60, 123.75, 123.10, 114.05, 113.75,
lived CS state (6, TPA")rotaxane Was observed in a polar  111.77, 77.47, 71.46, 71.46, 69.98, 69.71, 69.58, 69.37, 69.20,
solvent. However, in a covalently bondedso€TPA dyad 66.02, 60.73, 44.69, 14.36 ppm; IR (NaCl) 2925, 1717, 1653,
system, the lifetime of the CS state was found to be short, 1602, 1559, 1507, 1457, 1271, 1215, 1108, 955, 843, 752;:cm
although the rates of the fastest CS processes ranged betweeRAB-MS (matrix mNBA) m/z = 1266 [M + H]*. Anal. Calcd
7 x 10° and 20x 10° s~ in polar solvents. For the rotaxanes  for CggH3gO10(CHCh)o.7s C, 79.45; H, 2.88. Found: C, 79.68;
(Ce0, TPA), through-space CS and CR processes were presume, 2.84.
from the low activation free energies, small reorganization  Synthesis of [2]Rotaxane 1To a solution of axlé (42 mg,
energy, and small electron coupling matrix elements as evaluatedd.10 mmol) and crown ether (152 mg, 0.12 mmol) in CHGI
experimentally by temperature dependence of the rate constants(0.30 mL) was added in the dark a solution of isocyaridie
It was shown that efficient CS takes place $@g* with a high (43 mg, 0.15 mmol) in CHGI(0.30 mL). After dibutyltin
quantum yield in rotaxanes §6;TPA), in contrast to covalently  dilaurate (6.3 mg, 0.010 mmol) was added, the mixture was
bonded Go—TPA dyads, in which efficient CS takes place via stirred at room temperature for 20 h and evaporated to dryness.

1Ceg* with a quick CR process. The residue was subjected to preparative GPC (eluent §HCI
to afford [2]rotaxanel as a dark brown solid (150 mg, 76%):
Experimental Section IH NMR (400 MHz, CDC}, 333 K) 6 7.65 (d, 1H,J = 8.3

Hz), 7.52 (s, 1H), 7.377.14 (m, 12H), 7.026.89 (m, 11H),

General Procedures.Melting points were measured on a 4,74 (br, 2H), 4.46 (br, 4H), 4.334.21 (m, 8H), 4.023.73
Yanagimoto micro melting point apparatus and were uncor- (m, 16H), 3.53 (br, 6H), 1.98 (br, 2H), 1.38.31 (m, 3H), 1.24
rected. IR spectra were recorded on a JASCO FT-IR model 230(s, 18H) ppm; IR (NaCl) 3391, 2961, 1715, 1589, 1511, 1269,
spectrometefH and3C NMR measurements were performed 1208, 1106, 954, 844 752 ch FAB-MS (matrix mNBA) m/z
on JEOL JNM-GX-270 and JNM-L-400 spectrometers in CDCl = 1831 [M — PR]*. Anal. Calcd for GagHgsFsNzO1P*
with tetramethylsilane as an internal reference. FAB-MS (CHCl), ¢ C, 72.76; H, 4.09; N, 2.00. Found: C, 72.91; H,
measurements were performed on a Finnigan TSQ-70 instru-4 46: N, 2.23.
ment. Steady-state absorption spectra in the visible and near- Synthesis of [2]Rotaxane 2To a solution ofl (59 mg, 0.03
IR regions were measured on a Jasco V570 DS spectrometermmol) in CH;CN (0.40 mL) were added acetic anhydride (8.5
Fluorescence spectra were measured on a Shimadzu RF-5300P&i | 0.09 mmol) and triethylamine (13;8., 0.10 mmol) in the
spectrofluorophotometer. dark. The mixture was stirred at room temperature for 3 h,

For preparative HPLC, a JAICO LC-908 system using during which a black precipitate was formed. The precipitate
columns JAIGEL 1© 20 mm x 600 mm) and JAIGEL 2% was dissolved by the addition of CHQD.10 mL), and stirred
20 mm x 600 mm) was employed. Compounds9, and11 at room temperature for 25 h. A black precipitate was once again
were prepared according to methods described previé®sly.  formed. The reaction mixture was filtered off, and the precipitate
[60]Fullerene was purchased from Frontier Carbon Corp. Other was washed with CEKCN and then MeOH. The residue was
materials of reagent grade were used without further purification. dissolved in CHG and then subjected to preparative GPC

Synthesis of Bis(bromomethyl) Crown Ether 8.To a (eluent CHCY) to afford [2]rotaxane2 as a dark brown solid
solution of paraformaldehyde (92%, 327 mg, 10 mmol) @&d (49 mg, 89%): mp 157160°C; *H NMR (400 MHz, CDC},
(2.1 g, 4.0 mmol) in acetic acid (10 mL)/CH10 mL) was 333 K) § 8.57 (s, 0.5H), 8.41 (s, 0.5H), 7.67.46 (m, 4H),
added 40% HBr in acetic acid (5.0 mL). After being stirred for  7.31—7.24 (m, 2H), 7.13 (br, 5H), 6.966.88 (m, 10H), 6.77
40 h at 45°C, the reaction mixture was poured into cold water 6.76 (m, 1H), 4.46:4.21 (m, 18H), 3.81 (br, 8H), 3.513.32
and extracted with CH@I The extract was washed successively (m, 10H), 1.97 (s, 3H), 1.92 (br, 2H), 1.39.35 (m, 3H), 1.29
with water and brine, dried over anhydrous MgS@nd (s, 18H) ppm; IR (NaCl) 2961, 1716, 1636, 1598, 1508, 1268,
evaporated to dryness. The residue was subjected to silica geli216, 1113 cm®; FAB-MS (matrix mNBA)m/z = 1871 [M+
column chromatography (eluent CHhethanol (95/5)) to H]*. Anal. Calcd for GogHgsN3013(CHCl)1.00 C, 77.76; H,
afford 8 as a white solid (1.32 g, 47%): mp 15254 °C; H 4.35: N, 2.11. Found: C, 77.98; H, 4.68:; N, 2.28.
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Synthesis ofN-Boc Axle 12.To a solution ofl1 (378 mg,
1.00 mmol) and isocyanatid (387 mg, 1.35 mmol) in CHGI
(25 mL) was added dibutyltin dilaurate (6., 0.10 mmol).

Sandanayaka et al.

Supporting Information Available: Spectroscopic data for
compoundsl, 2, 4, and6 and nanosecond transient spectra of
equimolar Gy and TPA in PhCN (PDF). This material is

The mixture was stirred at room temperature for 24 h and then available free of charge via the Internet at http//pubs.acs.org.
evaporated to dryness. The residue was subjected to preparative

GPC (eluent CHG) to afford 12 as an off-white solid (398

mg, 60%): *H NMR (270 MHz, CDC}, 323 K) ¢ 7.30-7.17

(m, 7H), 7.04-6.93 (m, 10H), 6.47 (br, 1H), 4.42 (s, 2H), 4.14

(t, 2H,J = 6.3 Hz), 3.31 (br, 2H), 1.921.82 (m, 2H), 1.47 (s,

9H, OBuU), 1.30 (s, 18H) ppm; IR (NaCl) 3314, 2963, 1696,

1592, 1513, 1494, 1416, 1273, 1219, 1170, 1061%cm
Synthesis of Axle 6.To a solution o0fL2 (332 mg, 0.50 mmol)

in CHCIlz (3.0 mL) was added trifluoroacetic acid (3.0 mL),

and the mixture was stirred at room temperature for 1 h. The
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