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ABSTRACT: We present herein a host—guest supramolecular system by which we were able to obtain
precise control of the stereospecificity of a new and unusual adiabatic photoisomerization reaction
capable of restoring reversibly the original configuration. The host—guest system is composed of (a) a
naphthalene ring linked centrosymmetrically—via sp” hybridized oxygen atoms—with methoxy-
triethyleneglycol chains (1) and (b) a nanotubular cage formed by four self-assembled face-to-face [3-
cyclodextrins threaded onto the long “axle” of 1. The compound 1 can exist in distinct cis,cis, cis,trans,
and trans,trans conformations that are spectrally distinguishable (see Scheme '). Spectroscopic and
kinetic manifestations of the torsional isomerization of 1 in the lowest excited singlet state both in
solution and within the tubular cage were investigated. The results provide clear evidence that the
compact cavity completely blocks the photoisomerization pathway manifested in common solution
(cis,cis® — cistrans®), allowing observation of stereospecific, volume-conserving turning of the
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naphthalene ring about the two “quasidouble” bonds Cyopn—O by ¢ A2 180° (cis,cis* — trans,trans*). The photoisomerization is
purely adiabatic, and the encaged molecule restores its original configuration by generating torque thermally, when relaxing to the

ground state.

B INTRODUCTION

There has been much discussion on how supramolecular
effects dictate the course of photophysical and photochemical
relaxation of organic molecules.'* Medium-controlled cis/trans
geometric photoisomerizations are of particular importance as,
besides the tremendous importance for understanding and
mimicking natural photoprocesses,”*~” they could also be seen
as a particularly powerful platform in the development of artificial
molecular-level systems capable of harnessing motion for possi-
ble applications."*~**

It is generally accepted that photochemical isomerization of
unsaturated compounds such as olefins'®~** and polyenes™ in
uninhibited fluid media usually involves the large amplitude
motion of a bulky group twisting about a C=C “axle”, namely,
torsional relaxation or one-bond flip (OBF). In volume-confining
media such as organic glasses, crystals, cavitands, and proteins’
pockets—where the volume-demanding OBF mechanism is
blocked—the photoisomerizations are believed to proceed by
small amplitude torsional flexibility of the isomerizing moiety,
that is, concerted rotation—not necessarily synchronous®"
about more than one bond in a manner to minimize volume
requirements. Recent computational studies, however, suggest
that a volume-savinég motion may be possible in the absence of a
restricted medium.” The rotating bonds may be either alternating
double bonds or a pair of adjacent double and single bonds. The
former is related to the “crankshaft” motion and is known as the
bicycle-pedal (BP) mechanism;** > simultaneous three-bond
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cis—trans photoisomerizations, termed also as asynchronous
double bicycle-pedal deformations of a conjugated moiety, have
been suggested recently.*” The latter concerted rotation process
involves out-of-plane transportation of the C—H unit in a double
bond of the polyene skeleton, the so-called hula-twist (HT)
motion.****~** The involvement of related photoisomerization
processes in confined spaces has also been suggested for organic
compounds bearing heteroatomic double bonds C=N (e.g,,
photochromic salicylideneanilines)*® and quasi-single bonds
such as C:::S (thiocinnamate chromophore in the binding cavity
of the photoactive yellow protein (PYP)).* It is also proposed
that chromophores bearing lone-pair electrons (n — 7* tran-
sitions), such as azomethines (R;R,C=N—H) and the related
azobenzenes,”’ undergo diabatic cis—trans photoisomerization,
which is possibly driven by an inversion process centered at the
nitrogen atom.

The above one-photon, two-bond twisting isomerization pro-
cesses are in general associated by diabatic pathways. That is, the
overall reaction course includes principally two trajectories (one
for each surface, i.e., S; and S) linked by a radiationless transition
through the S;/S, conical intersection (CI). It is not at all clear
whether the isomerization is completed purely in S; or proceeds
primarily in the thermal ground state potential surface (Sy).
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It is generally suggested that the S; twisted intermediate is funneled
through the CI to the ground surface where both bonds relax,
rotating continuously until reaching the final stable configuration(s).

While successful attempts have been made to harness volume-
demanding rotary motion in a reversible manner'®"*—via
rotation about the C=C axle of a bulky molecular subunit—
the realization of similar behavior for volume-preserving motions
remains unexploited. This concept lies beyond the above-
mentioned conventional one-bond-twist (C=C) photoisomeri-
zation scheme and could form the basis for converting light
into molecular mechanical motion operating reversibly with no
volume displacement (such as the turning of a molecular subunit
shaped like a cylinder along two bonds linked centrosymmetrl-
cally to the stator moiety, up to date feasible only thermally**~*).
Unfortunately, the presence of more than one trajectory and the
increased torsional flexibility associated with volume-conserving
diabatic photoisomerizations usually lead to conformationally
stable products (in Sy) energetically unable to restore the original
configuration.

The challenging work, therefore, we have to do is to create a
unique cavity around the photoreactive guest, tailored to afford
steric inhibition on selective torsional motion(s) while leaving as
much free-volume compartments as possible near the tested
photoreactive site. Fine tuning of the blocking space around the
reactive center would allow one to obtain precise control of the
stereospecificity of a certain reaction coordinate capable of rever-
sibly restoring the original configuration. Some adiabatic photo-
isomerization reactions may possibly be attractive candidates for
this purpose. Adiabatic photoreactions*" are known to proceed
through a single trajectory purely in S;. For these reactions, the
absence of the conical intersection eliminates many complica-
tions associated with electronically diabatic effects (such as
photobleaching or creation of additional ground-state stable
photoproducts) and allows for direct elucidation of the isomer-
ization coordinate by straightforward fluorescence kinetic analysis.

Recent studies by us*>* and others** prov1de evidence that
2-methoxyanthracene, 2-methoxynaphthalene,” and its 2,6-di-
substituted related derivatives* 1 and 2 (Schemes 1 and 2)
undergo adiabatic photoisomerization in the first excited state
(S1). Owing to the fact that the Cy,, b O linking demonstrates
substantial double-bond character,™ the above materials can
exist in planar, spectrally discrete cis (syn, ¢ = 0°) and trans
(anti, @ = 180°) rotational isomers which differ noticeably in
energy in the S (see Schemes 1 and 2). The planar cis geometric
isomers are the energetically preferred configurations—in con-
sistency with theory—and were the only forms observed in the
crystal structure of both 2-methoxyn })hthalene and 2,6-di-
methoxytriethyleneglycol naphthalene® (1). Spectroscopic and
kinetic manifestation of the adiabatic isomerization of 1 and 2 in
solution suggests that, at least for 1, the cis,cis* — cis,trans*
isomerization proceeds through a volume-conserving pathway,
involving most likely out-of-plane inversion in one of the two sp”
hybridized oxygen atoms.*?

Recognizing the well-known ability of polymeric glycols to
thread onto their long axle cyclodextrins giving polyrotaxanes,*’ >
we reasoned that the encirclement of 1 by the tight tubular cage
formed from assembled [3-cyclodextrins (5-CDs) might reveal
new and unusual, otherwise nonpreferred, stereospecific struc-
tural rearrangement. Observations reported here show that
irradiation of encapsulated 1 results in adiabatic rotation of the
naphthalene ring in S; about the two Cy,pn—O axles by ¢ ~
180°. When relaxing to the ground state, the molecule is rewound

Scheme 1. (Top) X-ray cis,cis Core Structure of 1 and
(Bottom) Ground State Core Structures and Relative Energies
of the Distinct Stereoisomers of 1 Obtained Experimentally

and Supported Also Computationally**

cis, cis

CIS, trans trans, trans

AE = 0ki/mol AE =4.9 kifmol AE =11.5 ki/mol
“The cis (syn, ¢ ~ 0°) and trans (anti, ¢ ~ 180°) planar configurations
are denoted by the dihedral angle ¢ (C2—C3—01—C6) formed by the

naphthalene plane and the O1—C6 bond vector.

Scheme 2. Host— Guest Materials Used in This Work
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thermally generating torque to restore the original (cis,cis)
configuration. The encaged molecule then behaves as a reversible
light—heat torque converter. To our knowledge, this is the first
observation of simultaneous nonadjacent two-bond-twist photo-
isomerization in the adiabatic excited state surface.

B RESULTS AND DISCUSSION

Part A. Complexation Studies in Solution. There are several
reports on the formation of rotaxanes upon reaction of oligo- or
poly(ethylene glycols) with cyclodextrins (CDs) in water.*’~>*
Confirmatory structural 1nformat10n hitherto is given by an
available crystal structure®® which consists of a poly(ethylene
glycol) chain threaded through hydrogen-bonded head-to-head
dimers of 3-CD. Taking advantage of the above facts and the
well-known property of the cyclodextrin cavity to attract small
aromatic molecules,”>** we synthesized compound 1 tailored to
facilitate threading of up to four 5-CD units upon properly
adjusting the mixing ratio of the reactants, i.e, 1 and $-CD, in
water (vide infra).

I. '"H NMR and 2D DOSY Spectra. (a). 'H NMR. Initial

complexation studies were performed using an 'H NMR titration
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Figure 1. Partial "H NMR spectra from the addition of 8-CD to 1 (80.0 M)
in D,O.

with [1] = 80.0 4M vs [3-CD]. The results show clear indication
of binding. We should note that we mainly focused on the
chemical shift changes of the aromatic region of the spectrum of
1, as the part of the methoxytriethyleneglycol subunit was too
crowded for analysis due to strong overlap with the signals of the
cyclodextrin macrocycle (for the assignment of all proton signals
see the 2D HSQC spectrum in the Supporting Information).
Sequential 8-CD additions cause systematic perturbation of the
chemical shift of the aromatic protons as shown in Figure 1.
Saturation is soon observed above [5-CD] ~ 2.30 mM. The
changes of OH,,,,, with increasing [3-CD] are initially sharp and
then are steeply curved and soon level-off. These particular
features are highly consistent with the presence of consecutive
steps®®” of complexation between 1 and 3-CD. To elucidate the
stoichiometries and to extract numerical values for the associa-
tion constants K; involved in the successive formation of the
growing assembly, we have made extensive use of computer fits
and simulations, and the concentrated results are discussed
below in terms of all possible stoichiometries of complexation.
The complexation scheme of threading 1 through 3-CD
macrocyclic rings can be modeled to proceed as an associative
chain reaction, each step of which consists of the attachment of
one f3-CD unit to the growing assembly. The steps therefore that
lead to the formation of the above superstructures can be

described by the following eqs 1—4

1 + f-CD="1 C p-CD (1)
1 C B-CD + p-CD=*1 C (B-CD), 2)
1 C (B-CD), + ﬁ-CD«ﬁl C (B-CD), (3)
1 C (BCD), + fCD=*1 C (B-CD), (4)

The possible stoichiometries and the associated binding
constants (K;) were tested by fitting directly the experimental

data éH(naph) vs [3-CD] to the master eq S as the case may be
(= 1-4).

j=4
6obs :ffreeéfree + Zfl;élj (5)

j=1

 c(pop))
VT T

In the above model, O is the observed chemical shift of an
aromatic proton at any moment during the titration procedure.
(31]- and f;; represent the chemical shift and the molar fraction of
the various 1 C (3-CD) ; adducts, respectively, and [1]ic = 80.0 uM
is the total concentration of 1. § g stands for the chemical shift of
the free (uncomplexed) 1 before any addition of 3-CD, and f..
is the molar fraction of the free 1 that remains uncomplexed at
any moment during the titration.

Assuming the simplest case, ie., the formation of only 1:1
adducts (1 C 8-CD), and setting 0, = 7.34 ppm (Hp) (obtained
from the leveling off part of the experimental curve), the model
(eq 5; j = 1) failed significantly to give an acceptable fit (R* =
0.993; see Figure 2a). We have further increased the number of
the free-running parameters of eq S, hypothesizing that the
assembly is terminated with the formation of the 1 C (3-CD),
entity. Because of (a) the high symmetry of the above supramo-
lecular adduct and (b) the fact that two face-to-face 3-CDs can
encircle completely the aromatic ring, the leveling off value of the
experimental curve (i.e., 7.34 ppm) was taken into account for
the chemical shift of the Hg protons in the fully complexed state,
i, 1 C (-CDs),; furthermore, we set 015 & 2 0, to the fitting
eq S, j = 2. In spite of the increased number of parameters (i.e., K;
and K,), the respective model was still unable to fit the steeply
curved part of the data (R* = 0.996), as clearly seen in Figure 2b.

On the basis of (a) the poor fits obtained above and (b) the
geometrical features of compound 1 tailored to afford threading
along its elongated dimension of up to four S-CD units, it is
conceivable, in principle, to account for the presence in the
solution of all the possible stoichiometries, i.e, 1 C (3-CDs);
with j = 1—4. Steps 3 and 4 can be considered to proceed through
the successive attachment of a -CD molecule at each of the ends
of the 1 C (5-CDs), adduct. The precursory 1 C (5-CDs),
entity is centrosymmetric, and therefore, one would expect the
above steps (i.e, 3 and 4) to have similar binding strength, i.e.,
K3 &~ K,. Furthermore, the presence of the above terminal
binding steps should in fact not be affecting the chemical shift
of the protons of the core naphthalene ring. The justification for
this hypothesis rests on the fact that in both steps (3 and 4) the
attached macrocycles (3-CD) encircle the ends of the oligomeric
chains of 1. Therefore, perturbation of the (5HNaPh is not typically
expected to occur since the interspace contacts (~10 A) between
the end-attached 3-CDs and the aromatic core exceed the NMR
detection limit (<5 A). We can therefore suggest that only the
first two building steps, i.e., (1) and (2), dominate the SHygpp vs
[-CD]. Nevertheless, the presence of the equilibria (3) and
(4)—albeit not affecting the OH,,,,p,—implicitly plays a crucial
and definitive role in the formation of the steeply curved features
of the OHypn vs [8-CD]. This can be easily understood if one
considers the chain reaction described by eqs 1 —4. If the terminal
steps 3 and 4 are thermodynamically favored, then as the
concentration of -CD sequentially increases the equilibria
progressively move toward formation of the largest superstructure,

(sa)
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Figure 2. Computer fits (solid lines) of eq S to the OHg vs [ 3-CD] experimental data (red circles) for successive steps of complexation between 1 and /5-
CD. (c) Plot of the molar fractions (f;;; j = 1—4) of the species involved in the fit. For fitting parameters and goodness of the fits, see Table 1.

i, 1 C (8-CDs),. This causes in turn the concentration of the
small and medium-sized adducts (i.e., lge, 1 C S-CD, and
1C(B-CD),) to vanish sharply as it is clearly indicated by the
variation of the molar fraction of each of those complexes with
[B-CD] (see fi;; j = 1—4 in Figure 2c). These aspects of coupled
equilibria should in fact regulate the sharply curved features of
the OHyyph vs [B-CD]. Parenthetically, we may note that such
distinctive features (i.e., sharp rise and fast leveling off of the
experimental curve) were proven to be highly diagnostic for the
formation of large nanotubular assemblies formed between
cyclodextrins and certain rodlike molecules via a self-associative
chain reaction in aqueous solutions.>**’

To check the plausibility of the above interpretation, we have
fitted OHg vs [3-CD] using the complete eq 5 (j = 4). We have
further made the hypothesis that K; # K, = K3 = K, to maintain
the number of the free-running parameters equal to 2, as with the
case of eq S (j = 2) shown in Figure 2b by which the fit was not
acceptable. We have obtained for OHg vs [3-CD] the fit shown in
Figure 2¢ with a very satisfactory criterion for its goodness of fit
(see Table 1). The above provide conclusive evidence that the
incorporation of steps 3 and 4 into the fitting of eq S (i.e., the
formation of the largest adducts) is critical for the experimental
data to be fitted satisfactorily. Finally, using eq S (j = 4) and
allowing three free-running parameters, i.e., K, Ky, and K3 = K,,
to the minimization progress, we have also obtained a unique fit,
but no improvement of the correlation of the parameters was
achieved (see Table 1). The results in general show—with the
exclusion of the initial step 1—that the associative chain reaction

proceeds with steps all of which have similar association con-
stants. Similar results were obtained when 0H, or (5H7, vs
[3-CD] were used for the estimation of the binding constants.
(b). 2D DOSY Spectra. 2D diffusion-ordered NMR studies
yielded information on the relative sizes of the solutes. A
comparison was made between the translational diffusion coeffi-
cients (D) of two samples (in D,O at 298 K) containing an
equimolecular amount of 5-CD: one of 5-CD alone (12.0 mM)
and the other in the presence of 1.0 mM of the guest 1. For the
host 3-CD alone a D = 1.62 £ 0.11 x 10~ '® m”/s was measured
(see Figure 3). This value is close to those reported in the
literature®* considering the weak dependence of D upon
concentration of 3-CD (D = 3.29 & 0.07 x 10" "% and 2.71 £
0.05 x 10" m*/s for 0.5 and 8 mM solutions, respectively, of 3-
CD in D,O at 298 K). For a sample containing 1.0 mM 1 and
120 mM S-CD, the DOSY spectrum reveals a single band
corresponding to an average diffusion coefficient of D =
0.38 &+ 0.04 x 10 '° m?/s. This value is nearly 4-fold smaller
compared to that obtained with 3-CD alone (12.0 mM) and
indicates that the composition of the solution is dominated by
the largest 1 C (3-CDs), adduct. It is important also to note that
the guest (1) diffuses together with the assembled 3-CDs as
clearly demonstrated by the aromatic region of the 'H DOSY
spectrum. Calculations using the binding constants obtained
from the best fit of 5HNaph vs [-CD] confirm the predo-
minance of the 1 C (#-CDs), adduct in the above sample.
These findings are in consistency with the predictions of
the Stokes—Einstein equation in which D is inversely
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Table 1. Binding Constants Extracted from Fits of 0Hg vs
[f-CD] of the Various Tested Stoichiometries of
Complexation Between 1 and -Cyclodextrin in D,O

stoichiometry binding goodness

of the assembly constants (M) of the fit, R*

1C f-CD K; = 1890 + 290 0.991
(Figure 2a)

1C f(-CD K, = 1570 % 500 0.996

1 C (B-CDs), K, = 1600 =+ 460 (Figure 2b)

1CBCD K, = 3890 & 290 0.9996

1 C (B-CDs), Kyyoy =410 £ 16

1 C (5-CDs)s (Figure 2c)

1 C (B-CDs),

1C f-CD K, = 4200 % 500 0.9996

1 C (5-CDs), K, = 360 + 80

1 C (5-CDs); Ks_y =475 £ 110 (Figure 2c)

1 C (B-CDs),
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Figure 3. 500 MHz '"H DOSY spectra of 8-CD alone (12.0 mM) and in
the presence of the guest 1 (1.0 mM) in D,O at 298 K. (For the
assignment of the hydrogens of 5-CD, see Figure 6, and for 1 see
Supporting Information Figure S1).

proportional to the hydrodynamic radius r or, approximately,
to the molecular weight of the solute.

II. Time-Resolved Fluorescence Anisotropy. Perhaps the most
powerful and accurate method to verify the average molecular
weight of assembled fluorescent nanostructures in dilute solu-
tions is the depolarization of the emission, frequently expressed
in terms of the loss of the fluorescence anisotropy r(t) as a
function of time. When a proper fluorophore is tightly restricted
in the environment of a host (e.g, a cyclodextrin cavity), it
typically rotates as a whole with the host molecule, and only a
global tumbling motion is observed. This motion depends upon
the size and shape of the rotating superstructure as well as
the viscosity of the medium. The rotational correlation time
7, of a solute can be accurately described by the modified

Stokes—Einstein—Debye (SED) hydrodynamic60 eq 6

7 = (fo 1V

T (6)

where Vis the molecular volume; 7 is the viscosity of the solvent;
kg is the Boltzmann constant; T is the absolute temperature; f is
the shape factor; and C is the boundary condition parameter
which depends strongly on solute—solvent relative size. For the
present system, we can set C ~ 1 (stick boundary condition)
since the size of the possible rotating entities 1 C (5-CDs); is
considerably larger than that of the solvent molecules (water).
The possible superstructures can be generally modeled as prolate
ellipsoids of revolution. By applying the proper modifications to
the shape factor f, the rotational diffusion time (7,) can be
expressed®’ by eq 7

2p* + (P —1)*? v
30((202 = Vinfp + (0 = 1)} = p(p2 = 1) s T

(7)

where p is the ratio of the longitudinal semiaxis O to the
equatorial semiaxis b (p = o/b), with & > b and o0 & b for a
cylinder and a sphere, respectively. The absorption transition
dipole So — S; of 1 is oriented along the minor molecular axis
which coincides with the short symmetry axis of the ellipsoid.
Furthermore, the emission dipole is nearly collinear with that of
the absorption (the fundamental fluorescence anisotropy r,
reaches the value of ~0.38 in frozen media where molecular
tumbling is ceased; see Figure S4 in the Supporting Information).
These features simplify the rotational depolarization analysis
which was found to follow sinsgle exponential behavior with the
instrumental setup used here.

For a sample containing 1 (78.0 #M) in the presence of a large
excess of 3-CD (12.0 mM), we have analyzed simultaneously the
parallel and perpendicular polarized decay components of the
emission (eqs 8a, 8b) to recover the intensity and anisotropy
decay law.

T, =

Ivu(t) = Avir + Byu[L — roel /el =t/ (8)

Ky(t) = Ayy + B[l + 2‘,«06(_t/7r)]e(_t/ff) (8b)

The polarized decay laws for both crossed and parallel decays
were used with the instrument response function to calculate the
overall global minimum. The parameters, ie, the rotational
reorientation time (7,), the fluorescence lifetime (7;), and the
initial anisotropy (), were varied simultaneously® to obtain the
best fit shown in Figure 4 with 7, = 1.32 & 0.07 ns, 7, = 12.7 &+
0.02 ns, and ry = 0.14 = 0.02. The fit was highly reproducible, and
three independent sets of experiments were carried out to
determine the uncertainty which was found to be less than 5%.

Experimental evidence from the literature®*® suggests that
small adducts of 1:1 stoichiometry between fluorophores and f3-
CD in aqueous solutions rotate with subnanosecond correlation
times, ca, 7, = 0.3—0.5 ns, in very good agreement with
predictions of the SED eq 6. The present system is associated
with a mean rotational correlation time of 7, = 1.32 ns. This is
very close to the correlation time of the 1 C (3-CDs), adduct as
eq 7 predicts. More precisely, introducing V = 3894 A® as the
global volume for the above adduct (calculated by molecular
modeling) and setting p = /b ~ 31 A/15 A ~ 2 into eq 7, we
obtain 7, = 1.44 ns. It is worth noting that the experimentally
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Figure 4. Simultaneous fit of both the parallel (up) and crossed (down)

decay components of an aqueous solution of 1 (78.0 #M) containing

12.0 mM f3-CD at 296 K; excitation at 340 nm. Emission observed at

380 nm with broad slits. Red solid line represents the best fitting curve.

Gray curve is the instrument response function. The corresponding

weighted residuals (WRES) are given on top for each curve (global
2
K =127).

recovered value of 7, = 1.32 ns is well discriminated from that
predicted for the close smaller 1 C (5-CDs) assembly (7, ~ 1.0 ns).
The above results are highly consistent with the NMR findings and
strongly suggest that under a sufficient excess of 5-CD with respect
to the guest 1 the composition of the solution is dominated by the
largest assembly 1 C (5-CDs).,.

lll. Quenching Studies. To further prove the insulation and
complete shielding of the fluorescent subunit by the threaded
cyclodextrins, we have performed fluorescence quenching ex-
periments using IO; ™ as a quencher. The bimolecular collisional
quenching constant (k,) was obtained from the slope of the
Stern—Volmer plot

Fo/F =1 + Ky[Q] (%)
according to the well-known relation
Ky = kqTo (10)

F, and F are the fluorescence intensities in the absence and
presence of quencher, respectively; 7, is the lifetime of the
fluorophore in the absence of quencher; and Q is the concentra-
tion of quencher. As seen in Figure 5 when compound 1 and its
less bulky analogue 2,6-dimethoxynaphtalene (2) are freely
dissolved in an aqueous solution, their own fluorescence is efficiently
and almost equally quenched by IO; . Both Stern—Volmer plots
exhibit good linearity (R* = 0.999). The extracted Ky, values are
nearly similar, i.e,, 17.9 and 19.4 M, for 1 and 2, respectively,
implying that the oligomeric chains of 1 barely affect the approach of
the quencher to the fluorescent subunit. Similar results are obtained
when 7/7 vs [Q] is used, suggesting that the observed quenching is
purely dynamic (collisional quenching). Combination of the above
values with the lifetime of the emitting state 7, &~ 8.8 ns demon-
strates a kq of about 2.3 X 10° M~ s ": this approaches the
diffusion limit in water®® (near 1.0 x 10'° M 's™%).

In obvious contrast to the freely dissolved derivatives of
naphthalene, the encapsulated form of 1 is almost inaccessible
to quencher as shown in Figure S. By using K, = 2.5 M~

1.8

F,/F

0.8 N N N N R T T
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035

[KI0,]

Figure S. Stern—Volmer plots generated from fluorescence quenching
at 380 nm in aqueous solutions of 1 (red circle), 2 (blue circles), and 1
(78.0 uM) in the presence of 12.0 mM S-CD (black circle) using
linear fits.

extracted from the fit and 7y & 13 ns, substitution into eq 10
yields kg ~ 2 x 10° M~ s~ " which is about 1 order of magnitude
smaller than the diffusion-controlled value. The above results are
in consistency with the NMR and fluorescence spectroscopy
findings (vide infra) and clearly demonstrate that the core
naphthalene subunit is well-fitted and efficiently shielded within
the tubular cage.

IV. 2D NMR Spectroscopy/X-ray Crystallography. 2D rotating-
frame nuclear Overhauser effect spectroscopy (ROESY) yielded
quite detailed structural information about the supramolecular
complex (Figure 6a). The collection of data was performed at
ambient conditions using an aqueous solution with fixed concentra-
tion of [1] = 1.0 mM and [5-CD] = 4.0 mM. On the basis of the
equilibrium constants obtained by the "H NMR titration method,
calculations showed that the composition of the above solution
is dominated by the large 1 C (,B—CDs)j adducts, ca. ~60% (j = 4)
and ~25% (j = 3), with only a minor contribution of the smaller-
sized ones, ca. ~10% (j = 2) and ~5% (j = 1). The ROESY
spectrum supports the structure shown in Figure 6b. Intermolecular
cross peaks are observed between the aromatic protons of 1 and
those of 5-CD located (a) inside the cavity, i.e, Hs and Hj, and
(b) at the primary rim of 5-CD (Hg ). The involvement of protons
of both sides of the naphthalene ring, i.e,, Hy and H,, provides clear
evidence of encapsulation. In general, the interactions of the
aromatic hydrogens are considerably stronger with Hs and Hgg
than with Hj. This suggests encirclement of the aromatic ring by two
face-to-face 8-CDs from their primary sides. The latter has been
proven also by the crystal structure shown in Figure 6c. However,
due to extensive disorder it has not been possible to determine the
exact conformation of the long chain (vide infra). Encapsulation
is further proven by the absence of cross peaks between aromatic
protons and those (H, and H,) of the exterior of the 5-CD.
Intramolecular contacts for 1 were also observed in the ROESY
spectrum. As seen (Figure 6a), the exocyclic Hs of 1 exhibits a strong
cross peak with H, and a considerably weaker one with Hg. The
above findings strongly suggest the inclusion of the energetically
preferred cis,cis configuration of 1 within the tubular cage. Further
evidence is supplied in the optical spectroscopic section (Part B).
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structure of 1 C (5-CD),.

We have attempted also to crystallize the above complex by
cooling slowly from ~60 °C to room temperature an aqueous
solution containing the reactants in a mixing ratio of ~1:4. The
X-ray structure was of low quality, and extensive disorder was
observed within the cage (see Figure 6c). Nevertheless, the
available data unambiguously proved the location of the guest
1 within the extended cavity formed by four self-assembled 3-CD
macrocycles (see Supporting Information for more details).

Part B. Photoisomerization of 1 in Solution (I) and within
the Tubular Cage of the Assembled 5-Cyclodextrins (I1). /. /n
Solution. The environment of a cyclodextrin cavity conceivably
resembles that of cyclic ether. As the interest of this work focuses
on exploring the photoisomerization behavior of 1 within the
confined space formed by the hollow interior of the assembled
cyclodextrins, we have herein investigated and compared the
spectroscopy and kinetics of the adiabatic photoisomerization of
1 and 2, dissolved in 2-methyltetrahydrofuran (2-MTHF). We
have furthermore compared the results with those obtained in
3-methylpentane (3-MP) and in the more viscous tetradecane
(Cy4), as reported by us elsewhere.”

Figure 7 displays the temperature dependence of the absorp-
tion spectrum of 1 and 2 in 2-MTHF upon cooling stepwise from
296 to 77 K. For comparison we present the temperature-
dependent spectrum of 2 in 3-MP. As seen (Figure 7) at ambient

10671

temperatures the predominant cis,cis form equilibrates thermally
with the energetically closest lying cis,trans analogue (AE,,,; ~
4—S5 kJ/mol), whose first absorption band appears as a weak
shoulder at the red edge of the spectrum. Upon cooling stepwise,
the shoulder gradually disappears, while several isosbestic points
emerge across the absorption spectrum. Below ~130 K the
equilibrium is practically shifted completely toward the thermo-
dynamically stable cis,cis form.

The fluorescence spectra are more complicated and exhibit
significant temperature-dependent features. At low tempera-
tures, ca. below 260 K, the two isomeric forms, i.e., the ciscis*
and cis,trans®, do not interconvert in S;; that is, each isomer
decays itself with its own lifetime. This allows identification of
their pure emission spectra after selective excitation as shown in
Figure 8 (top). Above the temperature threshold of ca. 260 K, the
barrier controlled, adiabatic isomerization rate constant in S,
(k; + k_;) becomes competitive with the decay constant of the
excited state (ky = k¢a + koga; for an explanation of symbols, see
Scheme 3). As a result, the isomers start to interconvert
adiabatically in S; as manifested by both static and dynamic
fluorescence spectroscopic analysis (vide infra).

As will be proven below by kinetic analysis, at ambient
temperatures and above the interconversion process (k; + k_;)
becomes faster than the fluorescence decay (k). This is reflected

dx.doi.org/10.1021/jp2037608 |J. Phys. Chem. B 2011, 115, 10665-10681
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Figure 7. Absorption spectra of 2 in 3-MP (top) and 2-MTHF
(middle) and 1 in 2-MTHF (bottom) at varying temperatures. Insets:
Difference spectra (296 K) showing the isosbestic points.

. . 100(
R cis,cis; 77K
£ cis,trans; 160K
@«
$oal /% 10
=
=
S
Z
=
g
5 Fluorescence
Z 0.0 = S - 1

"0-0" cis,cis

T=213
7,=10.06 ns

15 30
time (ns)

296 K
Fluorescence
1 N 1 . 1 N 1

360 380 400 420
Wavelength (nm)

Fluo. Intensity (au)

Figure 8. (Top) Pure emission spectra of the cis,cis and cis,trans isomers
and fluorescence decays (inset) of 1 after selective excitation at low
temperatures in 2-MTHF (see arrows). (Bottom) Room-temperature
time-integrated (steady-state) fluorescence spectrum and wavelength-
dependent decays (insert) after excitation (345 nm) of the predominant
cis,cis form.

in the time-integrated fluorescence spectra which, actually,
emanate from the equilibrium distribution of the emitting
isomers in S;. Specifically, when the predominant cis,cis form is
electronically excited at 296 K with continuous light (337 nm),
the time-integrated fluorescence spectrum closely resembles that
of the cis,trans* isomer®” (see Figure 8). It is clearly seen that the
0—0 vibronic band at 349 nm for cis,cis* has decreased drama-
tically in intensity and was replaced by the 0—0 band at 358 nm
for the cis,trans* analogue. The fact that we see emission predomi-
nantly from the cis,trans® isomer—upon initial excitation of the
cis,cis analogue—conclusively suggests that the thermodynamic
stability of the interconverting stereoisomers is inverted in
S, with respect to the ground state (So). In other words,

Scheme 3. Photodynamic Scheme in Solution for the Lowest
Excited State Adiabatic cis,cis* to cis,trans* Isomerization of 1
and 2

A,;,0-0 =345 nm
+—
P
ES
Il
P
:E-f-
Eﬁ'
2

A4b,0-0 = 356 nm

“k, and k_ are, respectively, the forward and reverse isomerization rate
constants in S;: k, and kg denote the sum of all rates that deactivate the
corresponding excited state both radiatively (k¢) and nonradiatively (k)
in the absence of isomerization.

the steady-state electronic spectra imply nearly one-way
cis,cis* — cis,trans® conversion during the lifetime of the
excited state (see Scheme 3).

The overall absolute quantum yield ® and the recovered
fluorescence lifetimes of 1 in 2-MTHEF as a function of tempera-
ture are given in Figure 9. (a) The independence of ® on
wavelength of excitation and (b) the equality of the individual
quantum yields and lifetimes of the cis,cis* and cis,trans* isomers,
i'e') CI)O,cis,cis s cI)O,cis,tmns =0.38 £ 0.02 and TO,cis,cis ~ TO,cis,trans =
8.0 £ 0.5 ns (obtained by selective excitation below 260 K), are
clearly seen. Moreover, the absence of a measurable temperature
effect on @ over the wide temperature region studied (from 77 to
331 K) clearly demonstrates that a thermally activated nonradiative
decay channel is totally absent. Furthermore, no photobleaching was
observed upon irradiating the sample continuously. These facts
suggest that (a) the isomerization in S, is purely adiabatic and (b)
the photodynamic cycle is not degraded.

Kinetic Analysis. The photodynamic scheme shown in
Scheme 3 can be kinetically analyzed as originally proposed by
Barbara et al.®® 7" for the adiabatic s-cis* to s-trans* isomeriza-
tion of 2-vinyl anthracene. Details are given in the Supporting
Information part S6. Briefly, the fluorescence decay intensity
I(t,A) can be fitted to a biexponential function of the form

I(t,4) = ou(A)exp(— ft) + 0a(A)exp(—fp,t) (11)
with a short (7r; = 1/f,) and long (7, = 1/f,) lifetime

component. When the fluorescence decay traces are detected
at an appropriate wavelength in which only the A* (cis,cis)*
isomer emits (e.g., 346 & 2 nm), the general solution for the
fluorescence intensity I(t) can be expressed as

Ry )

(By = X)[Ao]* + x_1[Bo]*
By —B,)

I(t) = kea

+ ke a exp(— fyt)

(12)
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X =kp + k; stands for the sum of all rates that deactivate A*, and B
represents the cis,trans isomer. By manipulating the preexponen-
tial factors quotient &t = 0,/ and setting [Bo]*/[Ao]* ~
[Bol/[Ag] ~ KeqSO A~ 0.2, one obtains eq 13 by which the
forward rate constant k; can be evaluated with an error of ~10%

_ 1/(1 + a) +K§§<l_i>

1+ I<(§((1) 71 Ty

(13)

1

The analysis of the time-resolved fluorescence decay traces of
1 and 2 in 2-MTHEF as a function of temperature indicates the
following (see Table 2). First, 7, remains independent of
temperature and within experimental error is equal to ~10 ns;
this provides additional evidence that the excited-state isomer-
ization is purely adiabatic in consistency with the insensitivity of
® versus T. Second, the recovered excited-state isomerization
rate constant (k; + k_;) is almost independent of exocyclic
bulkiness. Third, k; > k_;, suggesting that the excited-state
equilibrium is predominantly shifted toward the cis,trans* species,
as confirmed also by the steady-state fluorescence spectra.

The S, activation energies were evaluated from the recovered rate
constants in an Arrhenius analysis (see Table 2). In principle In kg, vs
1/T should be nonlinear because kg, follows a biexponential form

(eq 14).

ksum - kl + k*l
= k) exp( — E!/RT) + k° exp(—E;'/RT)  (14)

kY and k., are Arrhenius frequency factors for the forward and
reverse reaction, respectively. The unexpected linearity of the In
keum vs 1/T (Figure 10) can be explained considering the fact that
the k; predominates significantly over the k_;; that is, the
isomerization reaction in S; is in fact predominantly one-way,
i.e., kgum == k1. The analysis shows that although the compounds 1
and 2 do differ significantly in exocyclic bulkiness they do exhibit
nearly identical activation energy for the cis,cis® — cis,trans*
isomerization reaction in S, (i.e., forward; E,' =20 £ 1 kJ/mol
and reverse; E,~ ' = 29 £ 2 kJ/mol).

Similar results were obtained in methanol and water. This
suggests that a solvation and/or proticity effect on the barrier

Table 2. Temperature Dependence of the Observed Life-
times,” Ratio of Preexponential Factors (0,,/0(;), and Re-
covered Rate Constants of 1 and 2 in 2-MTHF, [1] = [2] =
4.5 x 107> M"

1 (2,6-dimethoxytriethyleneglycol naphthalene)

T,K Tyns Tyns kem 10°s7' (0b/0y) Ky, 10°s™' k_q, 10%s7!

287 293 9.29 241 0.24 1.95 0.47
297 239 10.03 3.18 0.26 2.53 0.66
306 1.94  9.90 4.14 0.31 3.17 0.97
318 1.54 974 5.47 0.37 4.02 145
330  1.19 9.50 7.35 0.41 5.27 2.08
341 0.89 9.46 10.20 0.43 7.17 3.03

2 (2,6-dimethoxynaphthalene)

T,K Tyns Tyns kem 105" (0b/0) ki, 10°s™' k_p, 10%s7!

287 284 1013 2.53 0.26 1.99 0.54
297 213 10.06 3.70 0.32 2.80 0.90
306 1.65 9.85 S.0S 0.37 3.70 1.35
318 1.2§ 9.77 6.98 0.43 4.90 2.07
330  0.93 9.60 9.71 0.48 6.63 3.08
341 073 9.35 12.63 0.58 8.09 4.54

“Exc: 337 + 6 nm. Em: 346 + 2.0 nm. ” The statistical parameter x> was
between 1.00 and 1.07 Uncertainties in lifetimes and kg, ~5%.
Uncertainties in preexponential factors and recovered rates ~10%.

height in S; is not significant. The above findings are quite similar
with those obtained in a comparative kinetic and thermodynamic
study in S; between 1 and 2 when they were dissolved in degassed
3-methylpentane (3-MP) and in the more viscous tetradecane.*
These findings demonstrated that the rate following the adiabatic
cis,cis® — cis,trans* isomerization coordinate was almost inde-
pendent of exocyclic bulkiness and medium viscosity. Further-
more, correlation of the isomerization rate constants with
hydrodynamic friction was found to be completely inconsistent
with the prediction of a Kramers-type model that takes into
account the isomerization to occur through a volume-demanding
syn to anti exocyclic chain rearrangement (i.e., twisting of the
bulky exocyclic group around the Cyopn—O bond; one-bond
flip). All the above facts collectively imply that, at least for 1, the
stereochemical rearrangement following the adiabatic cis,cis* —
cis,trans® isomerization proceeds through a volume-conserving
mechanism. This can be principally achieved if the torsional
motion is confined to the vicinity of the isomerizing moiety
(Cary—O—C). A possible pathway might be the local inversion
of the sp” hybridized oxygen atom, whereas meanwhile the
molecular fragments linked to the inversion center reorient by
small amplitude lateral motion (see Scheme 4). This movement
is closely related to the lateral motion following the inversion
process in the hula-twist mechanism.>* >° One cannot exclude,
however, that the observed cis,cis* — cis,trans* transformation is
likely the result of BP (crankshaft) motion involving the Cyaph—O
bond coupled with the nearby CH,—CH, single bond (see
Scheme 4). Although this motion would achieve a volume-conserving
syn* to anti* conversion, the results of this work (vide infra) combined
with the results obtained from a nonpublished study”* do not support
the above reaction coordinate.

Before we begin exploring the photoisomerization reactivity of
1 within the restricted tubular space of the assembled 3-CDs, it is
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Figure 10. Arrhenius plots for the forward k; and (insert) interconver-
sion kg = k; + k_; isomerization rate constants of compounds 1 (blue
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important to review our understanding to this point and antici-
pate any potential differentiation. First, for both compounds 1
and 2 dissolved freely in a solvent the stable cis,cis isomer, upon
excitation, is straightforwardly converted in the adiabatic S, surface
to the closest in energy cis,trans™ analogue. Second, the exocyclic
substitution (i.e., the replacement of the methoxy groups of 2
with mTEG chains) as well as environmental stimuli such as
solvent’s dielectricity, proticity, and viscosity do not appreciably
affect (a) the S, thermochemistry (E,*" = 20 & 1 kJ/mol in 3-MP,
E' =20 & 1 kJ/mol in 2-MTHF and E,°" = 21 #+ 1 kJ/mol in
MeOH) and (b) the absorption and fluorescence spectral positions.

Trans,trans Isomer. The energetically highly unfavored trans,
trans isomeric form is predicted to exist in a trace amount in
solution® (~19% at ambient conditions in the ground state) and
hence cannot be clearly observed spectroscopically. Neverthe-
less, recently, we were able to trap the above unstable form of 2—
via tight host—guest interactions—within the narrow cavigy
formed by two assembled o-cyclodextrins (a-CDs) in water.”>
The supramolecular complex 2 _transtrans C (0-CD), was
permanently stabilized at ambient conditions, thus allowing
observation of its own absorption and emission spectra. The
0—0 origins of the above spectra were found to be distinctly
shifted bathochromically compared to their counterparts of the
cis,cis and cis,trans isomers (see green colored spectra in Figure 11,
bottom).

Il. Photoisomerization Reactivity of 1 within the Tubular
Cage of the Assembled pB-Cyclodextrins. Figure 11 (bottom)
shows the dependence of the absorption spectrum of the
predominant cis,cis form of 1 (72.0 #M) in water as a function
of added [5-CD] (spectra 1—5). Subtle spectral shifts of ~2 nm
are observed, becoming soon saturated at about 3.3 mM 3-CD, in
consistency with the leveling-off part of the experimental NMR
curve, i.e., OHygpn vs [B-CD] (see Figure 1). It is important to
note that the absorption spectrum of the caged form of 1
(Figure 11; bottom) coincides with the absorption spectrum of
crystals of 1 alone (Figure 11; upper) in which the “fingerprint”
of the 1 cis,cis isomeric form has been manifested by X-ray
crystallography.*® We recall that the preferential encapsulation of
the cis,cis isomer of 1 within the interior of the assembled 3-CDs
has also been supported by the 2D NMR ROESY spectrum.

The photoisomerization reactivity of 1 was followed by fluores-
cence spectroscopy in the presence of a large excess of 3-CD

Scheme 4. Possible cis,cis* to cis,trans* Conversion Pathways
of Compound 1 in Solution”

“Top: Out-of-plane inversion of the oxygen atom. Bottom: Crankshaft
motion about two alternating bonds. Insets: Sketches showing the
volume requirements imposed by the above structural rearrangements.

(~13.0 mM) to ensure complete encirclement of all chromo-
phoric molecules. Indeed, the absolute fluorescence quantum
yield of the encaged 1 was found to be temperature independent
and similar to that (~0.40) of degassed solutions™ of 1 (~0.26
in aerated solutions). Moreover, the lifetime of the emitting
conformation of 1 increases significantly from ~8.8 ns in non-
degassed water to ~14 ns upon encapsulation. The above findings
are in very good accordance with the NMR and fluorescence
quenching studies and further support insulation and complete
protection of the naphthalene subunit within the threaded 3-CDs.

Irradiation of the encaged cis,cis stereoisomer with continuous
light results in a red-shifted fluorescence spectrum, which exhibits
an extraordinarily unusual large Stokes’ shift of about 25 nm. No
photobleaching was observed upon continuous irradiation of the
sample. The above suggest the presence of an electronically
adiabatic structural rearrangement during the lifetime of the
excited state. To explain this unusual observation we have
analyzed the time-dependent spectra and the kinetics of the
evolution process of the photoproduct in S;. When the sample is
treated with a pulsed light source, the fully relaxed time-resolved
emission spectrum (TRES; ie., the spectrum obtained when
photons are detected with a late delay time >3 ns following pulse
excitation) coincides nearly perfectly with the steadg—state fluor-
escence spectrum of the transtrans isomeric form.”> The early
gated TRES spectrum (~800 ps after pulse excitation) contains
contribution from the initially excited short-lived emitting spe-
cies, i.e., the cis,cis* (see Figure 12).

The fact that we see fluorescence from the equilibrium
geometry of the formed photoproduct (transtrans*) in S;—
infeasible in diabatic reactions—allows for straightforward eva-
luation of the kinetic parameters associated with the present
novel photoisomerization. To this end, we analyzed the fluores-
cence decay kinetics as a function of temperature and wavelength
of observation. The analysis of the fluorescence decay traces
monitored on the long-wavelength side of the main emission
band (where it predominantly emits the trans,trans* photopro-
duct e.g., 400 nm) follows a biexponential kinetics profile (see
Figure 13 and Table 3). It is composed of (i) a component rising
in intensity (negative pre-exponential factor) with a short life-
time 7, that drastically decreases with increasing temperature and
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Figure 12. (Top) Pure emission spectra of the distinct isomers of 1 and
2 (see also Figures 8 and 11). (Bottom) Normalized early- (black) and
late- (red) gated time-resolved emission spectra of 1 C (f-CD),,
observed, respectively, at ~800 ps and 3 ns after pulse excitation.

(i) a subsequent long-lived decaying species with an almost
temperature-independent lifetime 7, & 14 ns. We parenthetically
may note that 7, is appreciably longer than the intrinsic fluor-
escence lifetime (~10 ns) of the cis,trans* isomer (the usual S;
photoproduct in degassed solutions) and confirmatory is closer
to the lifetime (16.8 ns) of the trans,transisomer”> of 2 (stabilized
supramolecularly inside two assembled a-CDs). At the blue edge
of the spectrum, ca. 348 nm, the very weak emission predomi-
nantly occurs from the initially excited unreacted cis,cis* config-
uration. The decay of the fluorescence intensity is associated

mainly with a short lifetime 7; equal to that of the rising in
intensity of the trans trans* isomer at each temperature employed.”

Several interesting features are apparent from these traces.
First, the absence of a significant temperature effect on 7,
indicates that the light-induced isomerization is adiabatic. Sec-
ond, the photoproduct “grows in” within a short time window
equal with that of the decay of the initially excited cis,cis isomeric
form. This is a manifestation of the photoproduct taking time to
form following photogeneration of the cis,cis* isomer. Third, the
fits between the experimental data and the one-way ciscis* to
trans trans* conversion model are very good (see Figure 14).

These results are completely consistent with the presence of
only a single maximum which passes along the reaction coordinate.
That is, the population of the photochemically generated low-
energy species (trans,trans*) must in fact grow directly in S, at the
expense of the initially photogenerated cis,cis stereoisomer. In
other words, the cis,cis* configuration is the kinetic precursor to
the rising trans,trans® component, which after decaying to the
thermal ground state surface returns quickly to the original,
energetically stable cis,cis configuration. The above photody-
namic scheme is illustrated in Figure 15. This novel medium—
driven cis,cis* — trans,trans® stereospecific transformation
(nonpreferred in uninhibited liquids)—could be only explained
by considering a volume-saving turning of the naphthalene
nucleus about the two quasidouble bonds Cu,,1—O by ¢ ~
180° (see Figure 15b).

The question that arises is why doesn't ciscis* form cis,trans*
within the cage? We recall again that the above photoconversion
is the dominant, low-energy adiabatic isomerization pathway
in solution as discussed earlier in this text and elsewhere.”
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Table 3. Temperature Dependence of the Fluorescence
Lifetimes” and the Excited-State (S;) Isomerization Rate
Constant® of 1 within the Treaded B-CDs

T, K Ty, ns T,, NS ky, 108571
287 3.40 14.2 1.99
295 2.89 13.8 2.50
304 2.39 13.2 323
3158 1.78 12.8 4.67

“ Uncertainties in lifetimes ~5%. * Obtained using a simplified form of
eq 13 for one-way conversion: k; = 1/7; — ku; ka & 1.0 X 10%s7 1.

The answer obviously lies in the particular spatial and cohesive
features of the tubular cavity formed by the self-assembled -
cyclodextrins. Responsible for the construction of these features
is the elongated body of 1, which may well serve as a “shaft” to
“bunch together” in a face-to-face arrangement of up to four
cyclodextrins. This allows each of the secondary cyclodextrin
hydroxyls to form a hydrogen bond with a secondary hydroxyl in
the adjoining molecule, as exemplified by the X-ray structure
shown in Figure 6d and a related 3-cyclodextrin-based rotaxane
superstructure in the literature.”> The above assist the rigid
cyclodextrin molecules to be stabilized cohesively through net-
works of hydrogen bonds, so forming a well-defined and compact
tubular nanocage. Thus, the absence of the cis,cis* — cis,trans*
mechanism within the cage may most likely be a consequence of
the combination between reduced degree of freedom of the guest
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Figure 14. Steady-state fluorescence spectra of encaged 1 at varying
temperatures (exc: 337 nm). (Insets) Time-resolved fluorescence
decays and best fits (blue lines) at varying temperatures (exc: 337 nm;
observation of emission at 400 nm). See Table 3 for the recovered
lifetimes.

and stiffness of the tubular body. In effect, if one considers the
structural rearrangements associated with the inversion progress
(in one of the two sp” hybridized oxygens; see Scheme 4), these,
albeit volume-conserving, require more space than offered by the
interior of the cage. More precisely, the 1-cis,cis* to 1-cis,trans*
conversion requires appreciable lateral displacement of the rigid
naphthalene subunit to drastically relieve the angle strains imposed
by the inversion process (as happens by the closely related hula-
twist mechanism® ). The above motion (nonrestricted in
homogeneous liquids) is expected to be sterically hindered inside
the cage as (a) the available empty space is limited by the walls of
the tube and (b) the cyclodextrin cluster “strength” is great
enough to resist against displacement of the CD subunits. In
contrast, the direct 1-cis,cis* — 1-trans,trans™ conversion does not
require any additional molecular rearrangement other than the
ring-flipping motion which fits uniquely the available empty
space within the tube. It should be noted that the exocyclic
crankshaft motion hypothesized in Scheme 4 may also be possible
inside the cage. However, the results do not support this motion,
as we see no evidence for the cis,cis* — cis,trans* conversion.

One would assume that the observed 1-cis,cis* — 1-trans,trans*
transformation within the cage could occur through the inter-
mediary cis,trans* form along the adiabatic surface (i.e., cis,cis* —
cistrans* — trans,trans*). This would be possible by sequential
absorption of a second photon, e.g,, upon continuous irradiation.
The possibility of the above evolution, however, should be
eliminated, as the results obtained by straightforward kinetic
analysis clearly showed the absence of an intermediate trajectory
(i.e, the interference of the cistrans* isomer). Actually, one-
photon excitation with a low-intensity short pulse could not
cause the manifestation of two successive inversion processes
(i.e, one for each of the separate, centrosymmetrically related
exocyclic Cyaph—O—C— molecular moieties). In contrast, the
one-photon reorientation of the planar aromatic (naphthalene)
subunit may be possible, as the “axes” of rotation (ie., the
Caph—O bonds) constitute the termini of the uniform con-
jugated length of 1.

Arrhenius analysis of the barrier-controlled isomerization rate
constant in S; (Figure 15d) results in E, = 23 & 1 kJ/mol and a
pre-exponential factor A &~ 2.6 x 10'> s that is in very good
consistency with the frequency calculated from the moment of
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Figure 15. (a) Calculated (RM1; Hyperchem 8.0) superstructure of 1 C (3-CDs),. (b) Isomeric forms (core structures) exchanging the rotary
component (cis,cis and transtrans). (c) Photodynamic cycle. (d) Arrhenius plot for the cis,cis* — trans,trans* rate constant.

inertia of the naphthalene ring rotating freely about the C,,,;—O
links”® (1.9 x 105 ).

Although the steady-state and time-resolved results could
satisfactorily be explained by a roughly 180° ring flipping of
the encaged 1in S;, one would be hard pressed to explain why the
activation energy (E,*" = 23 & 1 kJ/mol) is just barely higher
than the activation energy of the typical, low-energy cis,cis* — cis,
trans* conversion observed in solution, e.g., ES'=20+1 kJ/mol
in 2-MTHEF. Recall that in solution we see no evidence for the
competitive coexistence of the above mechanisms. That is, the
activation energy of the former mechanism (ie., cis,cis* — trans,
trans*) should be distinctly higher than that of the latter one.

The manifestation within the cage of lower activation energy
than expected may simply be a consequence of the ground state
deformation of 1. That is, distributions of energetically elevated
1_cis,cis conformations in which the —C—O—Naph—O—-C—
dihedral angles deviate from planarity lower the activation barrier
for rotation. This is not unexpected considering the fact that
conformers in constrained environments can have different
torsional angles compared with the gas-phase minimized structures.”®
For example, gas-phase ab initio calculations™ predict that all
geometric isomers of 2 should be strictly planar (vide infra), i.e.,
@(C2—C3—01—C6) = 0° or 180° (see Scheme 1). In the
crystal structure™ of the cis,cis form of 2, however, the above
dihedral angles are appreciably deformed by 6.7° due to the
crystal packing forces. In the tight interior of the assembled f-
CDs, the frustrated cis,cis conformation of 1 should be affected in
a similar way. This suggestion was further supported by semi-
empirical quantum mechanical calculations using either the RM1
or PM3 method for the parametrization of the Hamiltonian as
adopted in the HyperChem molecular modeling program ver-
sion 8.0. Geometric optimizations for both the semiempirical and
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ab initio methods (see later in this section) were performed using
the Polak—Ribiere conjugated gradient method with a 0.02
keal/(A mol) root-mean-squared (rms) convergence limit. More
precisely, we have performed geometrical optimizations of 1
within the extended cavity formed by four self-assembled 3-CD
macrocycles using as input the crystal structure 1 C (5-CD),
shown in Figure 6¢c. Due to the lack of information about the
exact conformation of the aromatic core subunit of the 1_cis,cis
form inside the cage (see X-ray structure; Figure 6c), the
conformation derived from the available crystal structure of 1
alone™ was initially used as input. Furthermore, the above molec-
ular subunit was guided into the empty tubular space according to
the ROESY data (Figure 6b). We tested several possible inclu-
sion geometries by varying slightly each time the position of the
aromatic core across the long axis of the tube. In all cases we
obtained optimized structures (similar to that shown in Figure 15a)
in which the dihedral angles ¢(C2—C3—01—C6) of 1_ciscis C
(B-CD) 4 were found to deviate significantly from planarity by ~20°.

We see no evidence in the absorption spectra of the encaged 1
for the presence in the ground state of the trans,trans isomer.
Recall again that the presence of this form can be easily detected
as is spectroscopically well distinguishable from its isomeric
counterparts (its own 0—0 vibronic band at ~362 nm is well
separated from the 0—0 origins of the lower energy isomers, i.e.,
cis,cis ~34S nm and cis,trans ~ 353 nm (see Figures 11 and 12)).
The absence of the transjtrans form in the ground state is not
unexpected considering that it is energetically unfavored (the
equilibrium geometry of this stereoisomer was predicted to lie
around 11.0 kJ/mol higher in energy45 than the stable cis,cis
counterpart). In the ground surface, consequently, the cis,cis =
trans,trans thermal equilibrium distribution within the cage is
negligible, and thereby the cis,cis — trans,trans thermal hops are
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rare. Ab initio calculations using the restricted Hartree—Fock
(RHF) in conjunction with the second-order Moller—Plesset
perturbation theory (MP2) have been done to obtain the
torsional potential-energy profile of the rotation of the naphtha-
lene nucleus about the Cropn—O links*® (i.e., cis,cis — trans,
trans) of compound 2 (2,6-dimethoxynaphthalene). Briefly, the
torsional potential was evaluated by fixing the dihedral angles
@(C2—C3—01—C6) of both molecular sides at several values
(from 0° to 180° in 20° increments) along the torsional path and
relaxing the remaining degrees of freedom.* Geometry-
optimized structures and energies of the various conformations
of 2 were calculated initially at the RHF/ (aug)-cc-pVDZ level, and
the output was used as an input for a single-point calculation using
the MP2/(aug)-cc-PVDZ procedure. The above method has been
demonstrated to be valid for the prediction of rotational barriers in
certain conformationally flexible molecules.”” The (aug)-cc-pVDZ
Dunning correlation-consistent basis set was used as it is well-known
that relatively large basis sets improve the accuracy of the
calculations.”® The two planar conformers cis,cis, ¢ = 0°, and
transtrans, @ = 180°, were found to be the global minima in
consistency with the concept of resonance that is considered as the
driving force toward planarity. The maximum of the torsional
potential is located at 32.2 kJ/mol with the methoxy groups nearly
orthogonal (¢ ~ 80°) to the plane of the aromatic subunit.

The fact that the photodynamic cycle (Figure 15c) is not
degraded upon continuous irradiation suggests that once trans,
trans is formed indirectly (adiabatically through S, after photo-
generation of the cis,cis form) it returns quickly back to the
original form (ciscis). The trans,trans — cis,cis reorientation rate
constant ka was estimated to be 7.4 x 10%s™" (at 295 K) from
the Arrhenius equation, ky = A exp(—E*%.../kT), using a
barrier height of ~21kJ/mol and the frequency factor A obtained
from the moment of inertia of the naphthalene ring rotating
freely about the Cpry;—O links”® (1.9 x 10" s7").

The experimentally recovered activation barrier in S; for the
cis,cis* — trans,trans* transformation, i.e., E, = 23 &= 1 kJ/mol, is
considerably lower than predicted for the counterpart process in
So. This is not unexpected considering that resonance interac-
tions are considerably larger in S; than in Sy. That is, the ordering
of the bonds may in fact be reversed in S; leading to weakness of
the Cypn—O strength, so facilitating the rotation.

Part C. Insights into a Reversible Light—Heat Torque
Converter. As long as light can drive simultaneous rotation of
two alternating “quasidouble” bonds in Sy, we envision exploring
the photodynamic cycle shown in Figure 15c¢ for further exploitation
in achieving volume-saving, molecular mechanical response
operating continuously. The efforts in the field of light-driven
molecular rotary processes adopt bistable systems operating via
rotation about the C=C double bond of a rigid molecular sub-
unit.'*~"® Rotation of a bulky molecular group about a C=C axle
is spatially a volume-demanding process, and the applicability of
these systems may be useful for engineering large-amplitude
spatial mechanical motion at the molecular level. Of paramount
importance, however, would be the realization of light-driven
volume-saving turning motions of a specific molecular component
in a fully reversible manner. This concept, unexploited so far, lies
beyond the above-mentioned conventional one-bond-twist
(C=C) photoisomerization scheme and could form the basis
for the construction at the molecular level of light-powered
torque converters which have components operating reversibly
with no volume displacement.

An inspection on the photodynamic scheme (Figure 15c)
shows that at equilibrium in the ground state the rings are locked
in the cis,cis conformation (station A; the trans,trans analogue lies
~11.0 kJ/mol higher in energy). In the first excited state, the
thermodynamic stability of the above configurations is inverted.
This feature along with the absence of branched “waste” photo-
products allows the rotationally mobile group to be diverted
along different, energetically downhill tracks during the opera-
tion of the photodynamic cycle. The cyclic process can be
considered to proceed as follows: At a given temperature, e.g.,
295 K, an initial light pulse pushes the system out of the equilibrium
state (station A; ciscis configuration) allowing ~85% of the
excited molecules to cross over the potential energy barrier of the
cis,cis* — trans,trans* rotary process (E, ~ 23 kJ/mol; rotational
frequency ~250 MHz for ~180° ring flipping). The reaction is
predominantly one-way and once the trans,trans* population is
formed jumps to the ground state surface local minimum (trans,
trans configuration; station B) both radiatively and nonradia-
tively with an overall rate constant kg = 1/7, & 7.7 X 107 s %
The transtrans stereoisomer in the ground surface is energeti-
cally highly unstable. Hence, thermal energy from the bath
activates a net flux of the rings along an energetically downhill
track (fast reorientation of the aromatic rings by ~180°; ka ~
7.4 x 10° s at 295 K; rotational frequency ~740 MHz), and
the system returns to its original equilibrium (station A).
Importantly, the isomerization is purely adiabatic in S;. This
feature eliminates the presence of undesirable phenomena that
could degrade the cyclic process, such as photobleaching or
creation of additional ground-state stable photoproducts (unable
to reset the original phase) as commonly happen in diabatic
photoisomerization reactions. Thus, continuous irradiation can
repetitively push the system out of equilibrium allowing reor-
ientation of the rotationally mobile component along successive,
energetically downhill diverted tracks to reset the original station
without degrading the cyclic process.

In the solid state, the presence of traces (1—2%) of a “frozen”
low-energy conformer trapped in the lattice hampers the ob-
servation of photoisomerization as energy transfer phenomena
become significant. Efforts to improve and develop host—guest
systems capable of harnessing volume-preserving motions in the
liquid and solid phases are in progress.

Bl CONCLUSIONS

We demonstrate herein a tailored host—guest supramolecular
system through which the synchronized motion of two bonds can
be realized purely in the excited state to achieve, in conjunction
with thermal energy, an otherwise nonpreferred autonomous
volume-conserving mechanical response at the molecular level.
The host—guest system is composed of (a) a naphthalene ring
linked centrosymmetrically—via sp> hybridized oxygen atoms—
with methoxytriethyleneglycol chains (1) and (b) a nanotubular
cage formed by four self-assembled face-to-face f3-cyclodextrins
threaded onto the long axle of 1. The results provide clear
evidence that the compact cavity completely blocks the photo-
isomerization pathway manifested in common solution, allowing
observation of adiabatic, stereospecific cis,cis* — trans,trans*
transformation (turning motion of the naphthalene nucleus
about the two quasidouble bonds Cyypn—O by ¢ ~ 180°).
The fact that the thermodynamic stability of the isomers is
inverted in S; with respect to Sy allows the guest molecule to
restore the original (cis,cis) configuration by generating torque
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thermally, when relaxing to the ground state. We believe that the
present system offers insights into how structurally programmed
steric relief of selective torsional movements can be controlled
supramolecularly to achieve autonomous light-driven, volume-
preserving motions.

B EXPERIMENTAL SECTION

Materials. Solvents were purified as follows: Water was deio-
nized using specially manufactured ion exchange resins, followed
by distillation. 2-Methyltetrahydrofuran (2-MTHE) and 3-methyl-
pentane (3-MP) were passed through silica gel and basic alumina
(grade I) and then distilled over Na. Methanol was of spectro-
photometric grade and used without further purification. D,O
was used without further purification. 2,6-Dimethoxytriethylene-
glycol naphthalene (1) was synthesized as described elsewere.** 2,6-
Dimethoxynaphthalene (2) was purchased from Aldrich and sub-
sequently was purified by vacuum sublimation and recrystallization
from a mixture of methanol and chloroform. f-Cyclodextrin
(B-CD) was purchased from Cyclolab and recrystallized from water.

Instrumentation and Methods. Absorption spectra were
recorded on a Perkin-Elmer Lambda-16 spectrophotometer.
Steady-state fluorescence spectra were accomplished by the
Perkin-Elmer model LS-50B and the Edinburgh Instruments
model FS-900 spectrofluorometer. Fluorescence lifetimes (7)
were determined using the time-correlated single-photon coun-
ter FL90O, of the above Edinburgh Instruments setup. Details of
the temperature-dependent experiments, quantum yield estima-
tions, and fluorescence polarization setup are given elsewhere.**

NMR spectra were recorded on a Bruker Avance DRX 500
spectrometer at 500.13 MHz using an inverse broadband probe
(BBI) equipped with a z-gradient coil and WXIN-NMR 2.6
software at 298 K. 2D ROESY spectra were acquired using a
mixing time of 400 ms. DOSY NMR experiments were carried
out as follows: solutions of 4 cm height were used to ensure
gradient linearity along the samples. The temperature was
controlled using a 535 L/min air flow and kept at 298.0 & 0.1 K
The measured 90 degree pulses were 10 us for the complex
and 9.75 us for the 5-CD alone. A delay d1 = 4*T, (measured
T, = 1.16 s) was used for the measurements, which were carried out
with the gradient spin echo sequence ledbpgspr2s1d employing a
presaturation step. Data were acquired with 32 or 16 scans for each
gradient step, 4 dummy scans, a 2.5 ms gradient pulse (0), a linear
gradient of 16—32 steps between 2% and 95%, and diffusion
time (A) 100 ms. Total acquisition times were 31 or 62 min.
Processing was carried out with Bruker’s Topspin 2.1 software.
Fitting of the diffusion dimension utilized a two-component
routine. The reproducibility of the measurements was checked
with three repeats for the solution containing the reactants
(1 mM 1 and 12 mM S-CD) and two repeats for the free
cyclodextrin (12 mM). The width of the 2D DOSY peaks was
used to estimate the error of the measurements. The crystal
structure of 1 C (5-CD), has been deposited at the Cambridge
Crystallographic Data Centre and allocated the deposition number
CCDC 810233.

All computer fits and simulations, except those of time-
resolved experiments, were performed using the commercial
available program “Scientist”, version 2.01, of Micro Math. This
program uses the Powell variant of the Levenberg—Marquardt
algorithm providing a numerical solution in minimizing the
appropriate function. In a typical "H NMR titration experiment,
to a solution of 1 (80.0 uM) in water was added progressively a

solution of 3-CD (14.0 mM) containing 80.0 #M 1 to keep the
total concentration of 1 constant throughout the titration, i.e.

(ot = [Ugee + [1 € B-CD] + [1 C (B-CD),]
+ [1 C (BCD)y] + [1 C (5-CD),] (15)

Combination of the equilibrium law (eqs 1—4) with the balance
of mass (eq 15) for the total 1 at any concentration of 5-CD
during titration can express [1]g.. in terms of K;, Ky, K3, Ky,
[1]top and [-CD]. Substitution into eq S—with the assistance of
eq Sa—gives the master fitting function. For details about
parameters settings, the see main text in Part A. I. The correla-
tions between the parameters were not significant as indicated by
the standard deviations in Table 1.

B ASSOCIATED CONTENT

© Supporting Information. Experimental details: 2D HSQC,
full 2D ROESY, and COSY NMR spectra; excitation-fluorescence
anisotropy spectra; crystal structure additional data, and fluorescence
kinetic details. This material is available free of charge via the Internet
at http://pubs.acs.org.
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