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5
How water lubricates molecular machines

This chapter is adapted from:

Panman, M. R., Bakker, B. H., den Uyl, D., Kay, E. R., Leigh, D. A., Buma, W. J., Brouwer,
A. M., Geenevasen, J. A. & Woutersen, S. Water lubricates molecular machines. Nature

Chem. In press (2013)

The mechanical behavior of molecular machines differs greatly from that of their macro-
scopic counterparts. This applies in particular to concepts like friction and lubrication, which
are key to optimizing the operation cycle of macroscopic machinery. Here we show that for
molecular machinery consisting of hydrogen-bonded components the relative motion of the
components is strongly accelerated by adding small amounts of water. The translation of a
macrocycle along a thread, and the rotation of a molecular wheel around an axle both speed
up by a factor of more than two upon adding a few percent water, whereas other liquids have
much weaker or opposite effects. We tentatively assign the superior accelerating effect of wa-
ter to its capability to form a three-dimensional hydrogen-bond network between the moving
parts of the molecular machine. These results may indicate a more general phenomenon that
helps explain the function of water as the “lubricant of life".
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How water lubricates molecular machines

5.1 Introduction

Developments in the generation and control of molecular-scale motion have led to the con-
struction of molecular machines which can perform mechanical functions. Recent examples
include unidirectional molecular motors,15 brakes,150 and molecular switches.151 The me-
chanical behavior of molecular machines is very different from that of their macroscopic
analogues, and many macroscopic mechanical concepts no longer apply at the molecular
level.61 This holds in particular for the concept of viscous friction and lubrication. Lubri-
cation of macroscopic machinery involves the reduction of friction by applying a lubricant
(grease) between the moving parts, resulting in smoother operation of the device. However,
when approaching the molecular scale, a several-monolayer thick film of liquid ceases to be
fluid-like and loses its function as a lubricant.69 Therefore, in the case of molecular machines
the nature and modus operandi of a “lubricant” will differ fundamentally from that of macro-
scopic lubricant. The concept of molecular “lubrication” was first put forth by Barron et

al.,152 who proposed that water acts as the “lubricant of life". A systematic study of the effect
of water on the motion of biological molecular machines is difficult for practical reasons:
the absence or replacement of water usually results in a complete loss of function. Synthetic
molecular machines based on biological systems are generally less complex and more robust
than their biological counterparts, which makes them ideal for studying nanomechanics.3

Here, we show that the motion of amide-based molecular machines is strongly accelerated by
the presence of small amounts of water, which can thus be regarded as a “lubricant" for the
motion. We use time-resolved vibrational spectroscopy and NMR-lineshape analysis to inves-
tigate the nature of the interaction between water and the components of a molecular shuttle
and wheel-and-axle. By probing the amide I modes of the molecular shuttle with ultraviolet-
pump infrared-probe spectroscopy, we are able to determine with which components of the
molecular shuttle the water interacts. The temperature dependence of the translational and
rotational motion of the molecular machines is used to determine the enthalpic and entropic
effects of water on the free energy barrier of operation.

5.2 Results and discussion

We find that the motion of an amide-based molecular shuttle (Fig. 5.1a) and molecular wheel-
and-axle (Fig. 5.2a) are both strongly accelerated by the presence of small amounts of water
in the solvent. The molecular shuttle is a rotaxane consisting of a macrocyclic ring (blue
in Fig. 5.1a) which is mechanically locked onto a thread capped by bulky stoppers. In the
initial, neutral state of the device, the peptide links of the macrocycle hydrogen bond to
those of the succinamide station (succ, green in Fig. 5.1a). The operation of the molecular
machine is initiated by exciting the naphthalimide station (ni, grey in Fig. 5.1a) with a short
(3 ns) pulse of 355 nm light. After rapid intersystem crossing, the ni station is reduced
by an external electron donor forming a radical anion (ni•−, red in Fig. 5.1a). Since the ni•−

station is a much better hydrogen-bond acceptor than the succ station, the macrocycle shuttles
over the thread to bind to the ni•− station. The shuttle is reset after slow (∼100 µs) charge
recombination.
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Figure 5.1: Operation cycle of the

molecular shuttle, and the effect

of adding different co-solvents on

the shuttling rate. a: Structure and
operation cycle of the amide-based
molecular shuttle in acetonitrile. The
operation of the molecular shuttle is
initiated by the photo-induced reduc-
tion of the ni station. b: Shuttling rate
of the molecular machine as a func-
tion of the molar percentage of “lubri-
cant” in solution. The error bars rep-
resent 1σ . The curves are a guide to
the eye. Inset: Fraction of shuttles ar-
rived at the ni•− station as a function
of delay after the UV trigger as deter-
mined from the transient vibrational
spectrum. The curves represent least-
squares fits of a kinetic model de-
scribed in chapters 3 and 4. The rates
determined from the fits correspond
are shown in the main panel (b). Wa-
ter clearly accelerates the shuttling of
the macrocycle much more than the
alcohols.
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How water lubricates molecular machines

We track the shuttling using time-resolved vibrational spectroscopy.130 From these mea-
surements, the fraction of shuttles arrived at the ni•− station as a function of time after the
ultraviolet (UV) trigger can directly be determined, see inset in Fig. 5.1b. Adding 3%(v/v)
deuterated water to the solvent speeds up the molecular shuttle by a factor of more than
two (from a shuttling rate of 1.19±0.01 µs−1 to 2.61±0.02 µs−1, black and blue curves
in inset Fig. 5.1b). Since the shuttling involves breaking of the macrocycle· · ·succ hydrogen
bonds,30,130 one might expect that adding other hydrogen-bond accepting/donating molecules
would also speed up the motion. However, other protic solvents have only a small, or oppo-
site effect. Shuttling is modestly accelerated by adding a few percent methanol to the solvent
(purple curve, Fig. 5.1b), but the addition of ethanol (red curve) has no significant effect,
whereas tert-butanol decelerates the shuttling (green curve). The shuttling rate of the molec-
ular machine with increasing volume percentages of added “lubricant” is shown in Fig. 5.1b.
The superior accelerating effect of water is clearly visible.

To find out if small amounts of water also speed up rotating molecular machinery, we
investigate the molecular wheel-and-axle shown in Fig. 5.2. In this system, the motion of the
macrocycle is restricted to (thermally driven) pirouetting around its axle. The pirouetting in-
volves exchange of the aliphatic axial (E1) and equatorial (E2) protons of the macrocycle,3,52

so the pirouetting rate can be determined from the lineshape of E1 and E2 in the 1H NMR
spectrum (recorded in pyridine-d5, see Fig. 5.2a,b). Coalescence occurs at a significantly
lower temperature when a small amount of water is added to the solvent, showing that wa-
ter accelerates rotation of the hydrogen-bonded components with respect to each other in
the same way as it does translation. By analyzing the lineshapes (see section 5.4.2 for the
analysis, and the curves in Fig. 5.2a,b for the fits) we obtain the pirouetting rate at each tem-
perature, and find that it approximately doubles by adding 5% D2O. We observe again that
other polar liquids (alcohols, nitromethane) have a much weaker effect (see Fig. 5.7).

Why is water so much more efficient than other polar liquids at accelerating hydrogen-
bonded molecular machinery? Several obvious explanations can be ruled out. One might
think that the acceleration of the motion is due to a change in solvent viscosity upon ad-
dition of water. At the highest concentration of added D2O, the viscosity of the solvent is
increased by 5%, and at the highest concentration of tert-butanol the viscosity is decreased
by 5% (for the liquids investigated here, the “microscopic viscosities”, as determined from
the average rotational correlation times of a fluorescent probe,90 are to a good approximation
proportional to the macroscopic viscosities). Such small changes in solvent viscosity have
been shown to produce only marginal changes in the rate of macrocycle dynamics in the
molecular shuttle.123 More importantly, the changes in the rate expected due to these changes
in viscosity are opposite to the experimentally observed ones: added water increases the vis-
cosity, but is found to accelerate the shuttling, whereas tert-butanol decreases the viscosity
but is found to decelerate the shuttling. Viscosity therefore cannot play a role in the accel-
erating effect of water on molecular machines. Similar considerations hold for the changes
in solvent polarity. Water has a higher dielectric constant than acetonitrile (εD2O = 78.0,
εMeCN = 37.5), so one might think the accelerating effect could be due to the increased po-
larity of the solvent upon adding water. However, such an increase in the collective dielectric
constant of the solvent can be ruled out as an explanation, since shuttling in acetonitrile is
also accelerated by adding methanol, which has a lower dielectric constant than acetoni-
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Figure 5.2: Effect of added water on the rotational motion of a molecular machine. a: Structure
of the molecular wheel-and-axle. The thermally driven pirouetting motion results in the exchange
of the axial (E1) and equatorial (E2) protons. 1H NMR spectra of the single-station fumaramide
rotaxane in pyridine-d5 without (b) and with (c) water at different temperatures. The filled areas
represent the experimental data, and the curves are least-squares fits obtained from the line-shape
analysis described in section 5.4.2. At low pirouetting rates, E1 and E2 are spectrally resolved,
whereas at high pirouetting rates the protons coalesce (E1,2). The coalescence of the methylene
protons clearly occurs at a lower temperature in the presence of water. Water therefore accelerates
the rotational motion of the macrocycle. The pirouetting rates obtained from the fits are shown in
Fig. 5.4.
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How water lubricates molecular machines

trile (εMeOD = 32.7). Another possible explanation that can be excluded would be that upon
breaking of the macrocycle· · ·succ hydrogen bonds, water molecules hydrogen-bonded to
the succ station inhibit rebinding of the macrocycle to this station, thus increasing the prob-
ability of shuttling to the ni•− station (note that for the pirouetting motion this scenario is
not applicable, since the initial and final states of the motion are identical). However, wa-
ter and methanol have the same binding constant for hydrogen-bonding with a peptide-CO
group,153,154 so the accelerating effect would have to be identical for water and methanol
(even stronger for methanol because steric hindrance would enhance the inhibition), which is
clearly not the case.

To obtain a better understanding of the effect of water on the motion, we probe the imide
C=O groups and peptide links in the hydrogen-bonded components of the molecular shut-
tle using vibrational spectroscopy. Hydrogen bonding to a C=O or peptide link is directly
observable as a lowering of its specific CO-stretch or amide I frequency and an increase of
the absorption intensity.155 In Fig. 5.3a we compare the steady-state and transient IR spectra
of the molecular shuttle with and without added water (the peak assignments are explained
in detail in Table 5.1). With the addition of water, the absorption of the C=O groups of the
macrocycle bound to the succ station (mcinit.) is red-shifted by ∼10 cm–1 and that of the
C=O groups of the succ station (succinit.) shift by ∼5 cm–1, showing that water molecules
interact (probably through hydrogen bonding) with the peptide links in both components of
the molecular machine (the same shifts are observed upon adding methanol and tert-butanol,
see Fig. 5.8). The interaction between water and the peptide links is further confirmed by
the transient spectra which show the time-dependent absorption change of the molecular ma-
chine during its operation cycle (with water, Fig. 5.3c, and without water, Fig. 5.3b). The
bleaching of the amide I peaks of both the succ station and the macrocycle are redshifted
and more intense in the presence of water (see the succinit. and mcinit. peaks in Figs. 5.3ac).
The CO-stretch peaks of the ni station remain unchanged upon adding water, indicating that
the water molecules interact only weakly with the ni station, which is known to be a weak
hydrogen-bond acceptor.122 This changes when the machine operation is initiated by the pho-
tochemically triggered ni→ni•− conversion. Immediately after charging (τ = 50 ns), water
molecules bind to the ni•− station. This can be seen from the ni•−init. CO-stretch peak, which
is redshifted and much broader in the presence of water. With increasing time, the ni•−init. peak
disappears and the ni•−final peak appears at lower frequency as the macrocycle arrives at the
ni•− station. Simultaneously, the disappearance of the succinit. peak, and the appearance of
the succfinal peak at higher frequency show the departure of the macrocycle from the succ

station.130 Whereas the ni•−init. peak is very different in the presence than in the absence of
water, the ni•−final peak is exactly the same. This means that the final state of the shuttle, in
which the macrocycle is hydrogen-bonded to the ni•− station, does not allow for inclusion of
water, leading to its expulsion from the ni•− station upon the arrival of the macrocycle (see
Fig. 5.3d for a schematic representation).

To investigate how the water molecules speed up the motions so dramatically, we stud-
ied the temperature dependence of the “lubricated” rotation and translation. Fig. 5.4 shows
Arrhenius plots of the shuttling and pirouetting rates in the presence and absence of a small
amount of water. Interestingly, the main effect of the added water is not a lowering of the
activation enthalpy (the ∆H‡ values are given in the figure), which means that water accel-
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In both measurements, the rotaxane
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ence on the shuttling rate, see Ta-
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hydrophilic groups at the transition state lowers the specific heat of the hydrating water, resulting in
a negative ∆C

‡
p .

erates the inter-component motion by increasing the fraction of successful crossings of the
activation-enthalpy barrier for the motion, rather than by lowering this barrier (like normal
catalysts do). For the shuttling, ∆H‡ is the energy required to dislocate the macrocycle from
the succ station, and its value is close to the total binding energy of the four CO· · ·HN hy-
drogen bonds.130 Since ∆H‡ remains the same upon adding water, the macrocycle· · ·succ

hydrogen bonds apparently remain intact in the presence of water. The water therefore forms
additional interactions with the molecular machine’s components, rather than replacing the
existing macrocycle-thread hydrogen bonds. This also explains why adding water causes ad-
ditional redshifts of the succ and macrocycle amide I frequencies (in addition to the redshifts
caused by their mutual hydrogen bonding.88,130) It is interesting to note the structural simi-
larity with the water molecules that are hydrogen-bonded to the backbone peptide groups in
many proteins,156,157 where they can catalyze hydrogen-bond rearrangements in (un)folding
events.152,158

Once the CO· · ·HN hydrogen bonds between the macrocycle and succ station are bro-
ken, the dangling NH and CO groups can be efficiently stabilized by the water molecules.
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5.2 Results and discussion

We cannot determine with certainty why the dangling peptide hydrogen bonds are so much
more efficiently stabilized by water than by other protic liquids, and we hope that our ex-
periments will stimulate theoretical work in this direction. The effect might be related to the
hydrogen-bonding propensities of water as compared to the other liquids investigated. The
identical CO-stretch frequency shifts of the peptide links upon adding water, methanol or
tert-butanol (see Fig. 5.8) suggest that the hydrogen bonds between these added solvents and
the peptide links have very similar strengths. From the Kamlet-Taft parameters, water should
be a slightly better hydrogen-bond donor than methanol (αH2O = 1.17, αMeOH = 0.98),159 and
a slightly worse hydrogen-bond acceptor (βH2O = 0.47, βMeOH = 0.66),159 so the propensi-
ties for donating and accepting hydrogen bonds differ in opposite directions for water and
methanol. Hence, hydrogen-bonding propensities can only explain the strong accelerating
effect of water compared to methanol (and the other protic solvents) if it is assumed that
to donate hydrogen bonds would be much more important than to accept them in the stabi-
lization of the dangling CO and NH groups. We believe that a more probable explanation
for the superior accelerating effect of water is its ability to form a miniature 3D hydrogen-
bond network between the moving parts of the molecular machine. Because of the small size
of the water molecule and its fourfold hydrogen-bond coordination, hydrogen-bonded wa-
ter networks have picosecond160,161 to sub-picosecond correlation times,76,162–165 and thus
adapt extremely rapidly to local structural changes. After the four macrocycle-thread hydro-
gen bonds have been broken, water molecules can therefore efficiently stabilize dangling CO
and NH hydrogen-bond partners of the moving parts of the molecular machine. In this way
the water stabilizes the detached state of the macrocycle, and thus the fraction of successful
escapes of the macrocycle from the succ station (i.e. the fraction of macrocycle· · ·succ dis-
locations that lead to translation or rotation of the macrocycle rather than reformation of the
original hydrogen bonds). In terms of reaction kinetics this corresponds to an increase of the
transmission coefficient (and thus effectively an increase of ∆S‡)166 of the shuttling or pirou-
etting process, rather than a change in the enthalpy barrier ∆H‡. MeOH and EtOH, which
are substantially larger than water (and therefore fit less well between the molecular compo-
nents) and form mostly 1-dimensional hydrogen-bond networks,167,168 would be less efficient
at this stabilization of the dangling CO and NH hydrogen-bond partners of the moving parts,
so that the accelerating effect of these liquids is much smaller. This tentative explanation is
confirmed by the observation that tert-butanol slows down the motion: tert-butanol interacts
equally strongly with the peptide links as water does (both cause the same amide I redshift),
but is so bulky that it rearranges too slowly to stabilize the dislocated macrocycle and thread,
and because of sterical hindrance even acts as an ‘‘inhibitor’’. Further confirmation of this
mechanism could be provided by molecular dynamics simulations.

The deviation from Arrhenius behavior of the translational motion in the presence of
water for T > 320 K is probably caused by a difference ∆C‡

p between the heat capacities of
the “lubricating” water molecules in the initial and transition state.42 A similar deviation from
Arrhenius temperature dependence is often observed in the folding of proteins.169 The origin
of the nonzero ∆Cp in the folded→unfolded transition in proteins is the surrounding water:169

in the unfolded state, the hydrophobic residues are more solvent-exposed than in the folded
state. Water surrounding these exposed hydrophobic residues has a higher specific heat,169 so
that ∆Cp =Cunfolded

p −Cfolded
p > 0. The transition state of the molecular machine is somewhat
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How water lubricates molecular machines

analogous to an ‘unfolded’ state, in the sense that the NH· · ·OC hydrogen-bond network
between macrocycle and thread has been disrupted. However, in contrast to the unfolded
state of a protein, in the molecular machine less ‘hydrophobic surface’ is exposed to water in
the transition state as compared to the initial state (since in the former the CO and NH groups
can hydrogen-bond to the surrounding water). This explains why we observe ∆C‡

p < 0 for the
molecular machine, whereas ∆Cp > 0 for the unfolding transition of proteins. Interestingly,
our observed value of ∆C‡

p =−400±60 Jmol−1 K−1 (obtained from a least-squares fit to the
data, see eq. 5.2 for the correspondingly extended Eyring equation) is also of the right order
of magnitude. It is known that for proteins, ∆C‡

p ≈ +50 Jmol−1 K−1 per residue.169 Since
the 6 hydrogen-bonded peptide groups in the macrocycle-thread system may be regarded as
equivalent to 6 residues, one would expect ∆C‡

p ≈−300 Jmol−1 K−1, in good agreement with
the observed value.

5.3 Conclusions

We conclude by noting that in many biological motors, the motion involves rearrangements
of hydrogen bonds between peptide links in the moving parts, in a similar way as in the
synthetic molecular machines studied here. Based on this structural and dynamical simi-
larity, an accelerating effect of water on the motion may be expected to also exist in such
biological molecular machines. A function of water as the “lubricant of life” that facilitates
rearrangements of protein structures was first proposed by Barron,152 and later also suggested
by experimental observations,156,158 in particular optical Kerr-effect measurements in which
the rearrangements of water around homopolymer peptide structures were observed to oc-
cur on the sub-picosecond time scale.170 In biomolecular machines, the effect of water on
the motion is difficult to determine, because they generally loose functionality if the water
is removed. The fact that the dynamics of synthetic peptide-based molecular machines can
be observed both in the presence and absence of water (and other polar liquids) provides the
unique possibility to investigate the effect of water on their motion in a systematic way.

5.4 Additional methods and data relevant to this chapter

5.4.1 Determination of the water content of the samples used for the
time-resolved IR experiments

We recorded a calibration line in order to determine the amount of D2O added to the sam-
ple. We measured the intensity of OD stretch overtone (at 5250 cm–1) as a function of D2O
concentration in CD3CN using steady-state FTIR spectroscopy. Subsequently, the amount of
D2O present in the same sample was measured using Karl-Fischer titration. In this fashion,
the absorption intensity of OD stretch vibration could be associated with the measured con-
centration of D2O. The contribution to the absorption due to the reflection of the IR light
from the cell windows was removed by taking the absorption of the sample at 6000 cm–1

as linear offset for the whole spectrum. The solvent contribution to the absorption intensity
at 5250 cm–1 was subtracted from the samples. The resulting calibration curve is shown
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in Fig. 5.5. From the slope of the linear least-squares fit of the data, we find the molar
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extinction coefficient of the OD stretch vibration of D2O in CD3CN at 2550 cm–1 to be
0.256±0.001 M−1cm–1.

5.4.2 NMR lineshape analysis to determine the rates of rotational
motion

The protons relevant for the lineshape analysis are indicated in Fig. 5.2. Since the pirouetting
motion of the macrocycle around the thread leads to exchange of the two macrocycle-CH2

protons HE1 (axial) and HE2 (equatorial), the pirouetting rate can be obtained from a quanti-
tative analysis of the exchange-broadened NMR lineshape. At low temperatures, the HE1,E2

lineshape is dominated by the exchange. In this regime, a simple A⇋B model would suffice.
However, at higher temperatures, exchange narrowing renders the linewidth small enough
that other contributions to the linewidth are no longer negligible. These other contributions
are (1) the J couplings between HE1 , HE2 , and the NH-proton HD, and (2) the T2 linewidth
of the HE1 and HE2 spins. Both effects are included in our quantitative analysis. The two
spins HE1 and HE2 couple weakly with each other and with the HD spin on the N atom, so
the lineshape can be analysed as an ABX system with ABX⇋BAX exchange, which is de-
scribed in detail on pp. 104–111 of Ref. [171]. To determine the values of the couplings and
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the homogeneous linewidth that are required for the analysis, we proceed as follows.
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Figure 5.6: a: Single-station succinamide rotaxane. b: H1 NMR spectrum of the single-station
succinamide rotaxane at 238 K in CD2Cl2. The insets show magnifications of HE1 and HE2 with the
corresponding J couplings.

(1) Scalar couplings. Three couplings are needed: 2J(HE1 ,HE2),
3J(HE1 ,HD), and

3J(HE2 ,HD). In the pyridine solution, we could not lower the temperature sufficiently to
observe the multiplet structure of the lines. We therefore measured a 1H NMR spectrum,
at 238 K in CD2Cl2, of a rotaxane comprising a similar thread and the same macrocy-
cle (see Fig. 5.6). From this spectrum (see Fig. 5.6) we obtain 2J(HE1 ,HE2) = 14.3 Hz,
3J(HE2 ,HD) = 9.6 Hz, and 3J(HE1 ,HD) = 2.0 Hz. In the NMR experiment with D2O,
CD3OD, and C2D5OD added to the solution (Fig. 5.7), the NH-protons are exchanged for
deuterons. To obtain the couplings 3J(HE1 ,DD) and 3J(HE2 ,DD), we divide the 3J(HE1 ,HD)
and 3J(HE2 ,HD) couplings by the ratio of the gyromagnetic constants γH/γD = 6.514 [172].

(2) Homogeneous linewidth. An independent estimate of the T2 linewidth is obtained
at each temperature from the lineshape of the thread protons Ha (δ ≈ 4.46 ppm) and Hb

(δ ≈ 4.12 ppm), which are bound to the tertiary and secondary C atoms, respectively (see
Fig. 5.4). The Hb spins couple with the vicinal Ha and with the vicinal NH-proton Hc. To
obtain an accurate estimate of the T2 linewidth, we therefore fit a quartet (A2MX) to the Hb

line shape at each temperature, and a triplet (MA2) to the Ha lineshape. From this we obtain
the couplings [2J(Ha,Hb)= 7.9 Hz and 2J(Hb,Hc)= 5.2 Hz] and the homogeneous linewidth
at each temperature. This is used as input to calculate the exchange-narrowed lineshape of
the macrocyle-CH2 protons HE1 and HE2 .

The equation for the HE1,E2 lineshape (which contains as parameters the exchange rate,
the J couplings, and the T2 linewidth) was derived from equation (6-193b) in Ref. [171] and
the discussion following it for the special case of an ABX system. The curves in Fig. 5.2b

and 5.2c are least-squares fits of this equation to the data, treating the J couplings and the T2

linewidth (obtained at each temperature in the manner described above) as fixed parameters.
The pirouetting rates obtained from the least-squares fits are shown in Fig. 5.4.
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5.4.3 Solvent dependence on the rotational motion

All 1H NMR spectra were taken on a 500 MHz NMR spectrometer (DRX 500, Bruker) with
a 5 mm 1H / 13C / BB probe. About 2.5 mg of the molecular wheel-and-axle in 0.7 ml
pyridine-d5 along with additives where appropriate was used for each temperature depen-
dence measurement.

The 1H NMR experiments of the single-station rotaxane at different temperatures with
2.5%(v/v) CD3OD, C2D5OD, CD3NO2 are shown in the top panel of Fig. 5.7 . In all cases,
coalescence occurs at a higher temperature than in D2O, and the rate at a given temperature
is much higher when water is added (bottom panel Fig. 5.7).
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Figure 5.7: Left: Pirouetting rates at 263 K
for different additives as determined for
the lineshape analysis (section 5.4.2). Bot-
tom: 1H NMR spectra of the single-station
fumaramide rotaxane in pyridine-d5 with
2.5% CD3OD (left), with 2.5% C2D5OD
(middle), and 2.5% CD3NO2 (right) at dif-
ferent temperatures. The curves represent
the fits obtained from the line-shape analy-
sis described in section 5.4.2. The filled ar-
eas denote the actual data. In the CD3NO2,
the solvent peaks obscure part of the spec-
trum. The data used for the lineshape anal-
ysis are indicated by the filled areas.
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5.4.4 Assignment of the infrared absorption and transient spectra of
the molecular shuttle

The assignment of the peaks in table 5.1 has been discussed previously.88,120,130 The modes

Table 5.1: The vibrational modes with their corresponding frequencies and description of the molec-
ular piston in the ground, and radical-anion state. “s” and “as” stand for the symmetric and antisym-
metric CO stretch vibrations of the naphthalimide station in the electronic ground state, respectively;
“Ar” stands for aromatic ring vibration; “rad. anion” for radical anion. The superscripts are explained
in section 5.4.4.

Mode dry wet electronic state
frequency (cm–1 ) frequency (cm–1 ) of naphthalimide

anis 1700 1700 ground
anias 1665 1662 ground
bmcinit. 1658 1649 ground
aniAr 1634 1634 ground
bsuccinit. 1630 1628 ground
aniAr 1608 1608 ground
aniAr 1580 1580 ground
ani•−init. 1613 1600 rad. anion
csuccfinal 1678 1655 rad. anion
dmcfinal 1654 1640 rad. anion
dni•−final 1592 1590 rad. anion

labelled with superscript a are present in all compounds containing the ni group.88 The ni•−init.
is visible in the radical anion state (only at early delays in the case of the rotaxane). The
modes labelled with superscript b can be assigned using the single station rotaxane shown
in Fig. 5.6.173 The succfinal mode (labelled with superscript c) can be assigned by comparing
the bare thread with a model compound containing only a succ station.88 The modes labelled
with superscript d are only visible in the ni•− rotaxane at late delays.130
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5.4.5 Solvent dependence

The solvent dependence on the transient spectrum of the molecular shuttle is shown in
Fig. 5.8.
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Figure 5.8: Transient IR spectra at 3000 ns after UV excitation normalized to the maximum intensity
of the nis peak (see table 5.1) of the molecular shuttle in the presence of different solvents (labelled).
The curves represent a guide-to-the-eye.

The concentration of D2O present in the samples used for the D2O concentration de-
pendence of the translational motion was determined as explained in section 5.4.1. For the
other solvents, the concentration was solely determined by the amount of liquid added to the
sample.
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5.4.6 Temperature dependence of the rates of motion

With the exception of the shuttling in the presence of water, the temperature dependencies of
all the rates of motion show Arrhenius behavior, and were fitted accordingly using the Eyring
equation:

k(T ) =
kBT

h
e−

∆G‡
RT (5.1)

with R the universal gas constant. The shuttling in the presence of water deviates from Ar-
rhenius behavior. Based on previous work we assign this deviation to a difference ∆C‡

p in
the heat capacities in the initial and transition state. This leads to a temperature dependent
correction in the equation for the rate as a function of temperature[174]:

∆G‡(T ) = ∆H‡(T )−T ∆S‡(T ) = ∆H‡ +∆C‡
p [T −T0]

−T
[

∆S‡ +∆C‡
p ln
(

T
T0

)]

, (5.2)

with T0 = 275 K being the lowest investigated temperature.

5.4.7 Rates of the translational motion

Table 5.2: Measured shuttling rates obtained from a least-squares fit of the time dependence of
the absorption maxima of the ni•−init., ni•−final, succinit., succfinal, and mcfinal modes normalized on the
intensity of the nis intensity maximum. The uncertainty in the last figure, obtained from the least-
squares fits, is given in parentheses. Temperature dependence with and without D2O.

Temperature (K) rate 0% D2O (ns−1) rate 3% D2O (ns−1)
295 1.25(3)×10−3 2.54(5)×10−3

303 1.76(3)×10−3 3.50(5)×10−3

313 2.58(5)×10−3 4.71(7)×10−3

323 3.67(6)×10−3 6.3(1)×10−3

333 5.4(2)×10−3 7.2(2)×10−3

343 7.5(2)×10−3 8.5(2)×10−3
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Table 5.3: Measured shuttling rates obtained from a least-squares fit of the time dependence of
the absorption maxima of the ni•−init., ni•−final, succinit., succfinal, and mcfinal modes normalized on the
intensity of the nis intensity maximum. The uncertainty in the last figure, obtained from the least-
squares fits, is given in parentheses. The superscript h denotes where the rotaxane is fully protonated.
At all the other concentrations, the rotaxane was N-deuterated.

(a) D2O concentration
dependence

%
D2O rate (ns−1)
0.00h 1.19(1)×10−3

0.00 1.18(1)×10−3

0.32 1.39(2)×10−3

0.53 1.49(1)×10−3

0.94 1.64(3)×10−3

1.36 1.79(1)×10−3

2.19 2.28(2)×10−3

2.99 2.61(2)×10−3

3.05 2.61(2)×10−3

3.62 2.85(5)×10−3

4.23 3.35(5)×10−3

4.33 3.82(4)×10−3

5.32 4.4(1)×10−3

(b) CD3OD concentra-
tion
dependence

%
CD3OD rate (ns−1)

0.39 1.30(1)×10−3

0.78 1.139(2)×10−3

2.35 1.46(1)×10−3

4.33 1.51(1)×10−3

5.93 1.56(1)×10−3

7.96 1.66(7)×10−3

(c) EtOH concentration
dependence

%
EtOH rate (ns−1)
1.12 1.25(2)×10−3

1.96 1.35(4)×10−3

3.86 1.41(1)×10−3

5.49 1.29(1)×10−3

8.2 1.39(1)×10−3

10.94 1.18(3)×10−3

(d) tBuOD concentration
dependence

%
t-BuOH / t-BuOD rate (ns−1)

1.96h 1.19(2)×10−3

4.99 1.16(2)×10−3

9.63 1.02(2)×10−3

14.97h 0.7(2)×10−3

17.56 0.68(3)×10−3

73


