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Femtosecond 2D-IR spectroscopy has been used to study the
structure of a [2]rotaxane composed of a benzylic amide macro-
cycle that is mechanically interlocked onto a succinamide-based
thread. Both the macrocycle and the thread contain carbonyl
groups, and by determining the coupling between the stretching
modes of these groups from the cross-peaks in the 2D-IR spectrum,
the structure of the macrocycle-thread system has been probed.
Our results demonstrate that 2D-IR spectroscopy can be used to
observe structural changes in molecular devices on a picosecond
time scale.

femtosecond IR spectroscopy | molecular machines

t has recently become possible to synthesize molecules that

function like mechanical devices (1-4), such as switches (5-7),
motors (8—11), brakes (12), turnstiles (13), and elevators (14).
These manmade molecular machines can be considered as
nanoscale versions of their macroscopic analogues. However,
many well known macroscopic concepts no longer apply at a
molecular level. For instance, the concept of viscous friction
becomes meaningless as the size of moving object approaches
that of the molecules of the surrounding medium and as the time
scale of the motion approaches that of the molecules of this
medium (15). This regime of device operation is a new one,
where the elementary component motions (rotations around
covalent bonds and the making and breaking of hydrogen bonds)
and the fluctuations of the surroundings both take place on the
picosecond or subpicosecond time scale. Hence, for a detailed
understanding of the physics and chemistry of molecular devices,
experiments that probe their motion on an ultrafast time scale
are essential, and the insights obtained from such experiments
should be important for potential applications.

A promising technique for such experiments is 2D-IR spec-
troscopy. With 2D-IR spectroscopy, molecular conformations
are determined by measuring couplings between molecular
vibrations. The method was inspired by multidimensional NMR
spectroscopy, in which couplings between nuclear spins are used
for structure resolution (16). Like nuclear spins, normal modes
are often well localized in the molecule (especially when they
involve stretching of specific chemical bonds), and the coupling
between them is mainly dipolar. The 2D-IR spectrum can
therefore give direct access to the conformation of a molecule or
its parts (17-23). The important advantage of 2D-IR spectros-
copy as compared with 2D-NMR spectroscopy is its time reso-
lution: The conformation can be determined with a time reso-
lution determined by the free-induction decay of the transition,
which is generally <1 ps. As a consequence, 2D-IR spectroscopy
can be used to study motion in molecular systems on a time scale
comparable to that of the elementary molecular motions. To this
purpose, one triggers the motion (typically with a short optical
pulse) and monitors the subsequent structural changes by re-
cording 2D-IR spectra at different time delays with respect to the
external trigger. In this way, a “movie” of the molecular motion
can be constructed (24). This experimental scheme has recently
been realized to study optically triggered a-helix formation in a
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peptide with time-resolved 2D-IR spectroscopy (25) and to study
thermally induced unfolding of a protein with dispersed vibra-
tional echo spectroscopy (26). Applying such methods to study
the motion of molecular devices, which, in many cases, can also
be externally triggered (5, 27), will reveal fundamental aspects of
their physics and chemistry.

Prototypical synthetic mechanical molecular devices are often
based on mechanically interlocked architectures (rotaxanes and
catenanes) to reduce the relative degrees of freedom of the
components. We have therefore investigated whether the co-
conformationl (28) of a rotaxane (1, 29) can be determined from
its 2D-IR spectrum. We have chosen the [2]rotaxane shown in
Fig. 1, which is composed of a benzylic amide macrocycle that is
mechanically interlocked onto a succinamide-based thread and
held in position by a network of hydrogen bonds (6). This
rotaxane is representative of a large class of rotaxane- and
catenane-based devices that includes molecular shuttles (5) and
motors (10, 11). We will show that the 2D-IR spectrum can be
used to determine the coconformation of the rotaxane: in
particular, the distance and angle between the macrocycle and
thread carbonyl groups (see Fig. 1). The time resolution of the
structural probing is 1 ps.

Materials and Methods

Using the experimental setup described in ref. 30, we obtain
mid-IR pulses with a duration of ~150 fs at 1,650 cm~! and an
energy and bandwidth of 1 uJ and 200 cm™!, respectively. A
small fraction of the mid-IR pulses is split off to obtain broad-
band probe pulses. The remainder is passed through an IR
Fabry—Perot filter, resulting in pump pulses with a bandwidth of
10 cm ™!, the center frequency of which is varied by adjusting the
Fabry-Perot filter by using piezo-electric controllers. The pump
pulses have an intensity envelope that is approximately single-
sided exponential with a full width at half maximum of 500 fs, as
determined from a cross-correlation measured by using two-
photon absorption in InAs placed in a sample cell identical to the
one used in the rotaxane experiment. Transient absorption
changes are measured by frequency-dispersed detection of the
probe and reference pulses. The [2]rotaxane was synthesized by
following the procedure described in ref. 6. The experiments are
carried out at room temperature on 2.5 mM solutions of the
rotaxane in CHCI; kept between two CaF, windows separated by
a 1-mm Teflon spacer.

Results and Discussion

1D and 2D Vibrational Spectrum. Fig. 2a shows the conventional IR
absorption spectrum of the rotaxane in CHCI;. The peaks at
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Fig. 1. X-ray crystal structure of the rotaxane that was investigated in this
study (6). For clarity, the carbon atoms in the thread are colored yellow, and
only hydrogen atoms that are involved in hydrogen bonds are shown. The
carbonyl groups are numbered, and the distance r and angle 6 that have been
determined from the 2D-IR spectrum are indicated.

1,610 cm™! and 1,660 cm™! are due to the C=O-stretching
modes of the thread (labeled 1 and 2 in Fig. 1) and the
macrocycle (labeled 3-6), respectively, where the assignment of
the peaks follows from comparing the spectrum of the rotaxane
with that of the thread alone. Because of the symmetry of the
rotaxane, the four C=0 groups in the macrocycle are equiva-
lent, and the same holds for the two C=O0 groups in the thread.

Fig. 2 b and c shows the 2D vibrational spectra of the rotaxane
for parallel and perpendicular polarizations of the pump and
probe pulses, respectively. At the diagonal of the graph, two
intense positive—negative doublets are observed that arise from
resonant excitation of the C=O-stretching modes of the mac-
rocycle and the thread. Transfer of population from the » = 0 to
the v = 1 state upon resonant excitation leads to a negative
absorption change at the » = 0 — 1 transition frequency (caused
by bleaching and v = 1 — 0 stimulated emission) and a positive
absorption change at the v = 1 — 2 transition frequency.
Because the anharmonic shift A (the red-shift of the v =1 — 2
frequency with respect to the » = 0 — 1 frequency) is compa-
rable to the homogeneous line widths of the C=O-stretching
modes, the positive and negative absorption changes overlap.
Therefore, the negative extrema along the probe axis occur at
frequencies slightly higher than the » = 0 — 1 transition
frequencies.

Macrocycle-Thread Coupling. In the off-diagonal (lower right and
upper left) regions of the 2D spectrum, cross-peaks are
observed, the most prominent of which are indicated by arrows
in Fig. 2. The presence of these cross-peaks shows that the
C=O0-stretching modes of the macrocycle and the thread are
coupled. Like the diagonal peaks, each cross-peak consists of
a positive—negative doublet, which can be understood as
follows. When there is a coupling between two modes a and b,
the frequency of the state in which both modes are in the v =
1 state is <w, + v, by the cross-anharmonicity x5 (17). As a
consequence, exciting one of the modes effectively gives rise to
a change of —x, in the frequency of the other. This frequency
change is, in general, smaller than the line width, so the
difference in absorption between the original and the shifted
peak looks approximately like the derivative of the absorption
band, and the height of the cross-peak is proportional to the
coupling between the modes (17). For the cross-peak at the
lower right in Fig. 2c, the positive—negative feature is clearly
observed. The cross-peak in the upper left of the 2D plot
overlaps with the much stronger v = 1 — 2 excited-state
absorption of the macrocycle C=O-stretching mode on the
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Fig. 2. Linear and 2D-IR spectra of the rotaxane shown in Fig. 1. (a) G=0-
stretching region of the absorption spectrum of the rotaxane dissolved in
CHCl3 (solvent background is subtracted). Dashed line is the typical power
spectrum of a pump pulse. (b) 2D spectrum of the rotaxane at a pump-probe
delay of 1 ps for parallel polarizations of the pump and probe pulses, showing
the transient absorption change A« as a function of the pump and probe
frequencies. Red indicates positive Aq; blue indicates negative Aa. The con-
tour level spacing is 0.51 mOD. Five additional contours above and below Aa =
0 are drawn with a level spacing of 0.085 mOD. (c) The same as in b but for
perpendicular polarizations of the pump and probe pulses. The contour level
spacing is 0.19 mOD. Five additional contours above and below Aa = 0 are
drawn with a level spacing of 0.032 mOD. The arrows indicate the most
prominent cross-peaks.

diagonal, and the negative part of the cross-peak around
(Vprobes Vpump) = (1,620, 1,660) cm™~! is superimposed on the
much bigger positive contribution from the diagonal peak. Fig.
3 shows horizontal cross sections at vpump = 1,610 cm™!
through the 2D-IR spectra for parallel and perpendicular
polarizations of the pump and probe pulses. The polarization
dependence of the cross-peaks is clearly different from that of
the peaks on the diagonal, which shows that the cross-peaks do
not arise from excitation by the wing of the power spectrum of
the pump. From the ratio of the parallel and perpendicular
signals, we find that the anisotropy of the diagonal peak is 0.37,
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Fig. 3.  Cross sections through the 2D spectra at vpymp = 1,610 cm~". The

spectrum for perpendicular pump and probe polarizations has been scaled to
make the peaks at the diagonal equally large.

close to the theoretically expected value of 0.4 (31). The
anisotropy of the cross-peak can be determined in the same
way from the cross-peak amplitudes for parallel and perpen-
dicular polarizations of pump and probe,’" and we find a value
of —0.05. Because of the localized nature of the eigenstates,
the angle 6 between the macrocycle and the thread carbonyl
groups (see Fig. 1) can be directly derived from the cross-peak
anisotropy (see “Semiquantitative Analysis” in the section that
follows).

Structural Inhomogeneity. From the shape of the diagonal peaks,
it is clearly seen that the spectral response of the thread and
macrocycle C=O-stretching bands depends on the pump fre-
quency: For low pump frequency, the positive and negative
extrema occur at lower probing frequencies than for high pump
frequency. This observation implies that the C=O-stretching
bands are inhomogeneously broadened: There exists a distribu-
tion of C=O0O-stretching frequencies that is static on the time
scale of the experiment. From the shape of the diagonal peaks,
the homogeneous line width and the width of the spectral
distribution can be determined (32-35), and we find that for both
the macrocycle and the thread, the width of this distribution is
larger than the couplings between the C=O-stretching modes
(see Quantitative Analysis). The stretching frequency of a C=0
group involved in a hydrogen bond depends on the length of this
hydrogen bond (35, 36), and the spectral inhomogeneity of the
C=0 bands therefore most likely arises from a distribution of
C==0--H hydrogen-bond lengths. Such distributions of C=0--H
hydrogen-bond lengths have been observed previously in other
molecular systems (37-40).

Quantitative Analysis

Model. To obtain estimates for the macrocycle—thread coupling
and the widths of the inhomogeneous distributions of the
macrocycle and thread frequencies, we have performed a least-
squares fit of a calculated 2D spectrum to the experimental data.
The cross-peak intensity is determined mainly by the magnitude
of the coupling between neighboring C=0O groups (the pairs
1-3, 1-4, 2-5, and 2-6 in Fig. 1). Because the coupling strength
decreases rapidly with the distance between the coupled oscil-

To eliminate the small background contribution of the diagonal peak at the position of
the cross-peak, we use the difference between the positive maximum and negative
minimum values as the amplitude.
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lators (41), the other macrocycle—thread couplings (e.g., in pair
1-6) are much smaller and contribute negligibly to the macro-
cycle—thread cross-peak intensity. The couplings between C=0
groups within the macrocycle (e.g., pair 3—4) and between the
C=0 group modes within the thread (pair 1-2) might in
principle lead to splittings of the macrocycle and thread absorp-
tion bands. However, because these couplings are small com-
pared with the homogeneous line widths and the widths of the
inhomogeneous distributions (see below), their magnitudes have
a small influence on the 2D spectrum and hence cannot be
determined from our experimental results. For this reason, we
treat only the macrocycle—thread coupling 3 as a free parameter
in the least-squares fit and keep all other couplings (macrocycle—
macrocycle, thread—thread, and couplings between macrocycle
and thread groups on opposing sides of the rotaxane) fixed at
values that we obtain from density-functional calculations at the
B3LYP/6-31G* level on the harmonic force fields of the isolated
macrocycle and thread. From these calculations, we obtain the
frequencies of the normal modes of the macrocycle and of the
thread. There are four normal modes involving the C=O-
stretching motions in the macrocycle, and from the differences
between their frequencies, the couplings can be obtained. The
same holds for the two C=O-stretching modes of the thread.
Using the uncoupled C=0-stretching modes as the basis set and
the numbering in Fig. 1, we obtain the following one-exciton
Hamiltonian

€1 2.7 B B
27 &) B B
m_| B e; 27 02 0.1
HY=\ g 27 & 01 02 (1]

B 102 01 &5 27
B 01 02 27 &

where the thread and macrocycle parts of the Hamiltonian
have been separated by lines and the couplings have been
expressed in cm~!. The two-exciton Hamiltonian can be
constructed from the one-exciton Hamiltonian in a straight-
forward way (42, 43), with the only additional parameters
needed being the anharmonic shifts At and Ay (the difference
between the 0 — 1 and 1 — 2 frequencies) of the thread and
macrocycle C=0-stretching modes.

The eigenstates are obtained by diagonalizing the one- and
two-exciton Hamiltonians, and the transition-dipole moments
can be constructed from the localized transition dipoles by using
the eigenvector coefficients. The directions of the transition-
dipole vectors are obtained from the x-ray structure. We keep
the direction of the transition dipoles in the macrocycle and in
the thread fixed with respect to the macrocycle and the thread,
respectively, but treat the angle 6 between proximate macrocycle
and thread dipoles (and hence, effectively, the orientation of the
macrocycle relative to the thread) as a free parameter. In case
of a distribution of angles, 6§ would represent an average of this
distribution. From the eigenstates and transition dipoles, the 2D
pump-probe response can be calculated (31, 42).

The line-broadening is taken into account by using the Bloch
model (31, 44). For a particular molecular conformer, each
transition has a homogeneous line width 2I"y; or 2I't, which can
be different for the macrocycle and thread C=O-stretching
modes.¥ The spectral inhomogeneity is modeled by independent
Gaussian probability distributions for the site frequencies of the
macrocycle and thread C=0 groups (44):

*The homogeneous dephasing rates of the 1 — 2 transitions are larger than those of
the 0 — 1 transitions because the Tj values of the 2 — 1 transitions are shorter than
those of the 1 — 0 transition. We use the harmonic approximation (51) in which
Ti2 > 1) = Ti(1 > 0).
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Table 1. Values of spectral parameters of the thread and
macrocycle C=O-stretching modes obtained from the
least-squares fit shown in Fig. 4

Parameter Thread Thread-macrocycle Macrocycle
A, cm~1 12 +3 9+3
21, cm~1 10 £1 10 £1
o, cm~! 6.3 = 0.5 7.9 *+0.7
0 48° + 10°

B, cm~1 -3.3*0.7

o (eimED)Y/207 e~ (&= 8w/ 20}
P(el""’SG): H

i=1,2 \/ZWUT j=3..6 \/ZWUM

[2]

A homogeneous 2D spectrum can be calculated for each real-
ization {ey, &, . . ., €6}, and by integration over all realizations,
weighting with the above probability distribution, the ensemble-
averaged 2D spectrum is obtained. This multidimensional inte-
gration is carried out numerically by using a Monte Carlo method
(45). The parameters obtained from the least-squares fit are
listed in Table 1, and the result of the fit is shown in Fig. 4.

Structural Parameters. From the fit, the angle 6 (see Fig. 1) is
found to be 48 *= 10°, which is comparable to the angle in the
crystal structure. In the x-ray structure, the angles between the
thread transition dipole and the transition dipoles of the two
hydrogen-bonded macrocycle C=0 groups are slightly different
(50° and 68°); the average value is 59°. The small difference
between the latter value and the 6 found here suggests that the
coconformations in solution and in the crystalline phase differ
slightly, which may be due to packing effects. The distance r
between the macrocycle and thread carbonyl groups can be
obtained from the macrocycle-thread coupling 8. The magni-
tude of this coupling is determined by both the angle and the
distance between the coupled C=0O groups in the macrocycle
and thread (17). Because the angle is known from the cross-peak
anisotropy, it is possible to obtain an estimate for the distance
from the magnitude of the coupling, which can be done by using
the dipole-dipole approximation for the coupling strength. In
this approximation, which has been found to give a fairly
accurate quantitative description of several different molecular
systems (23, 41, 42, 44, 46), the coupling between two vibrational
modes a and b is given by (41)

L[ B P ) (P i)
meo| P 7 r ’

B 4 (3]
where f; are the transition dipoles and 7 is the distance vector
between the two transition dipoles. By applying this equation to
the coupling B between proximate macrocycle and thread C=0-
stretching modes, we can determine the distance r between these
groups (see Fig. 1). The magnitudes of the transition dipoles can
be obtained from the integrated absorption cross sections (47),
and from the steady-state absorption spectrum we obtain || =
0.42 debye (D) and |am| = 0.28 D, where the indices refer to the
thread and the macrocycle, respectively. Using a dipole—dipole
angle of 48°, we find r = 6.9 = 0.9 A, which agrees reasonably
well with the distance of 5.1 A between the centers of the
macrocycle and thread C=O0 groups in the crystal structure. The
difference may be due to small differences between the crystal-
line and solution-phase coconformations. It could also be due to
the dipole—dipole approximation, which overestimates the cou-
pling at short distances (note that Eq. 3 diverges as r approaches
zero). As a consequence, when using the dipole—dipole approx-
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Fig. 4. Calculated 1D and 2D spectra obtained by using the couplings given
in Eq. 1and the best-fit values givenin Table 1. (a) Calculated linear absorption
spectrum. (b) Calculated 2D spectrum of the rotaxane at a pump-probe delay
of 1 ps for parallel polarizations of the pump and probe pulses. Red indicates
positive Ae; blue indicates negative Aa. The contour level spacing is the same
as in Fig. 2b. (c) The same as in b but for perpendicular polarizations of the
pump and probe pulses. The contour level spacing is the same as in Fig. 2c.

imation, the estimate for the distance obtained from the cou-
pling is slightly larger than the real value. A more accurate
estimate of the distance can be obtained by using more sophis-
ticated models for the vibrational coupling (48-50), and we hope
the results presented here will stimulate work in this direction.

Semiquantitative Analysis. Interestingly, the macrocycle-thread
angle 6 can also be read off directly from the 2D-IR spectrum.
If a cross-peak involves the coupling of two localized vibrations
i andj, its anisotropy R; is directly related to the angle 6; between
the transition-dipole moments of the two coupled modes: (17)

~ 3cos’f; — 1

y=—s [4]

In the present case, the macrocycle and thread absorption bands
are caused by more than one C=O0 group, and the situation is
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slightly more complicated. However, because of the large inho-
mogeneities o of the macrocycle and thread bands, a simplifying
assumption can be made. The differences between the localized
frequencies &3, €4, €5, and g of a rotaxane molecule are on the
order of o, which is much larger than the couplings between the
C=0 groups in the macrocycle (see Eq. 1). As a consequence,
the eigenstates of the macrocycle are localized on single C=0
groups (17). The same argumentation holds for the thread. The
cross-peaks can therefore be regarded to a good approximation
as arising from the coupling between localized macrocycle and
thread C=0O-stretching modes, and the cross-peak anisotropy is
related to the angle between the transition-dipole moments of
these localized modes. Eq. 4 can then still be used to obtain a
estimate of the angle 6 between neighboring macrocycle and
thread C=O groups, and from the observed anisotropy of
—0.05, we obtain a value of ~60° for 6, which agrees with the
value obtained from the more detailed analysis above. This
agreement shows that a simple analysis of the cross-peak an-
isotropy can be used to obtain structural information from the
2D-IR spectrum if the eigenstates are localized, as is often the
case.

Conclusions

We have shown that 2D-IR spectroscopy can be used to deter-
mine the coconformation of a rotaxane with picosecond time
resolution. In particular, the angle and distance between the
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carbonyl groups in the macrocycle and thread have been deter-
mined from the 2D-IR spectrum of the [2]rotaxane. It should be
noted that the application of 2D-IR spectroscopy to molecular
devices is by no means limited to devices containing carbonyl
groups. In principle, the coupling between any pair of IR-active
normal modes can be measured and used to determine the
molecular structure.

Our results demonstrate the feasibility of time-resolved 2D-IR
experiments in which externally triggered structural changes of
molecular devices are measured with picosecond time resolu-
tion. In such experiments, the elementary mechanical motions of
molecular devices can be observed in real time, making it
possible to investigate the nature of these motions (inertial,
diffusive, or hopping) and to determine which molecular degrees
of freedom are involved. We believe that this approach will lead
to insights into the functioning of molecular devices that are
difficult to obtain through other experimental methods.
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