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CHAPTER 5

Unraveling the mechanism of a reversible photo-activated
molecular proton crane1

We study the structural dynamics of the photo-activated molecular proton crane
7-hydroxy-8-(morpholinomethyl)quinoline using femtosecond UV-pump IR-probe
spectroscopy. Upon electronic excitation a proton is transferred from the hy-
droxy to the amine group located on the rotatable morpholino side group. This
morpholino group subsequently delivers the proton to the aromatic quinoline ni-
trogen by rotation around the C-C bond. Time-resolved vibrational spectroscopy
allows us to study this process in unprecedented detail. We find that the trans-
port of the proton involves multiple timescales. Upon photo-excitation, the OH
proton is transferred within <300 fs to the morpholino side group. After this,
the intramolecular hydrogen bond that locks the crane arm breaks with a time
constant of 36±1 ps. Subsequently, the protonated crane arm rotates with a
time constant of 334±12 ps to deliver the proton at the quinoline moiety. After
the proton crane has returned to its electronic ground state with a time constant
700±22 ps, the proton is transferred back from the quinoline nitrogen to the
negatively charged O atom. The time constant of the back rotation is 39.8±0.2
ns, about two hundred times slower than the forward proton transfer.

1 Adapted from T. H. van der Loop, F. Ruesink, S. Amirjalayer, H. J. Sanders, W. J. Buma
and S. Woutersen, “Unraveling the mechanism of a reversible photo-activated molecular proton
crane”, J . Phys. Chem. B 118, 12965 (2014)
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66 Unraveling the mechanism of a reversible photo-activated molecular proton crane

5.1 Introduction

Inspired by biological molecular machines that produce nanoscale motion, and
that are at the basis of many fundamental cellular processes, there is an ever-
increasing effort to push back the boundaries of device miniaturization, down to
the molecular level. This field of nanotechnology involves the concerted efforts
of disciplines ranging from biology to chemistry and physics. Key challenges are
realizing controlled movements of molecule-sized parts with respect to each other
on the molecular length scale to realize targeted tasks. One such task of particular
importance is the transportation of mass between two positions under the influ-
ence and control of an external stimulus. In recent years a number of impressive
achievements have been reached in this respect. Examples include the use of me-
chanically interlocked architectures such as catenanes [1–3] and rotaxanes [3, 4]
to induce translational motion such as directed motion along an axle and linear
transportation of molecular cargos.

Transport of molecules can also involve pivoting rather than translational mo-
tion. Biochemical examples of such pivoting include aromatic side-group rotations
involved in the gating of substrate access to the active site in proteins[5, 6], heme
pivoting which is believed to act as a substrate selection mechanism [7] and on
a larger scale, the rotation of the legs of the kinesin motor protein[8, 9]. To ob-
tain a deeper understanding of such molecular pivoting motions it is essential to
study them in a well-controlled manner, and ideally with a probe that is sensitive
to conformational changes at the level of specific covalent bonds. As a first step
in this direction, in the present study we employ the architecture of a molecular
crane to study pivotal motion, which in this case is used to transport a cargo
consisting of a proton. The molecular crane we use for this purpose is 7-hydroxy-
8-(morpholinomethyl)quinoline (HMMQ, see Scheme 5.1). Photoexcitation of the
crane increases the acidity of the OH group that releases the proton and the ba-
sicity of the group where the proton is delivered. Varma and coworkers were the
first to demonstrate the proton-craning behavior of this molecule. [10] The pro-
ton crane has been studied previously by steady-state fluorescence, time-resolved
fluorescence and transient absorption spectroscopies and simulations.[10–17] In-
terestingly, the intermolecular hydrogen-bond breaking that should precede the
craning has never been observed. The ground-state re-tautomerization has also
never been observed, as it was thought to occur too fast.[12, 13] The experimental
techniques employed previously are intrinsically not capable of providing a com-
plete picture of the structural changes that occur during the different steps of
the photocycle of the proton crane. Techniques based on emission require that
the fluorescence bands of the various intermediate stages of the craning process
are different, but in practice it has been found that they are difficult to sepa-
rate. Furthermore, these techniques are only sensitive to species with a significant
fluorescence quantum yield. As a result, “dark” excited-state species can only be
studied indirectly, while the return reaction to the initial species that occurs on the
ground-state potential-energy surface cannot be studied at all. UV/Vis Transient-
absorption spectroscopy avoids some of these problems, but is primarily sensitive
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to changes that occur in the chromophoric part of the crane and much less to those
that occur in the other parts. Moreover, it still suffers from the fact that electronic
transitions intrinsically probe the entire chromophoric part of the system, and are
thus not very sensitive to specific local details such as, for example, the making
and breaking of hydrogen bonds.

Time-resolved vibrational spectroscopy has emerged as a powerful technique
to tackle these issues. [4, 18–25] The frequencies and intensities of the bands in a
vibrational absorption spectrum provide a direct fingerprint of the structural de-
tails of the system, while the bands are generally sufficiently narrow that different
species can easily be distinguished. In the present study, we use time-resolved vi-
brational spectroscopy in combination with UV excitation to track the structural
changes of the molecular crane during its entire photocycle. Apart from determin-
ing the time scales at which the different steps in the photocylce occur, we will
show evidence that proton transfer in the excited state does (as previously pro-
posed but not directly observed[13]) not lead immediately to rotational Brownian
diffusion of the arm of the crane. Rather, the protonated arm needs to be unlocked
before it can deliver the proton to the other side of the molecule. Furthermore,
we find that the vibrational spectrum in combination with quantum-chemical cal-
culations serves as an excellent probe of the electronic structure of the system,
and enables us to determine the importance of zwitterionic and neutral mesomeric
contributions to its electronic wavefunction. Finally, we will show that the reverse
craning process that occurs after the molecule has returned to its electronic ground
state, and that so far has not been accessible to experiment, can be tracked by
monitoring the transient vibrational response at long pump-probe delay times.

Scheme 5.1: Different isomers of HMMQ in the electronic ground and excited state.

5.2 Experimental and theoretical details

Solutions of 30 mM HMMQ in CD3CN (Eurisotop, >99.8% isotopic purity, dried in
3 Å molecular sieve) were prepared resulting in water concentrations of ∼0.5 mM.
The water concentration was measured from the intensity of the OH-stretching
mode of H2O in acetonitrile at 3631 cm−1. A calibration line for this mode has
been obtained with Karl-Fisher titration. Deuterated HMMQ (dHMMQ) samples
were prepared by adding a small amount of D2O (200 mM) to the samples in
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CD3CN. The samples with added D2O were all used for steady-state infrared
absorption experiments. The dynamical measurements were only performed on
protonated HMMQ. All steady-state FT-IR spectra were measured on a Perkin
Elmer Spectrum Two spectrometer (resolution 0.5 or 1 cm−1). The UV-Vis spectra
were obtained with a HP 8453 spectrometer.

A rotating sample with CaF2 windows and a 500 µm spacer was placed in the
IR focus. To obtain a large temporal window we used two different pump sources:
(1) 340 nm UV pump pulses, tuned to the absorption maximum of HMMQ, as
described in Section 2.1.2 to measure the dynamics from sub-picosecond up to 2 ns,
(see Appendix 5.5.2, Figure 5.5 for the UV-Vis absorption spectrum of HMMQ).
Samples were pumped with a pulse energy of about 2 µJ in a ∼600 µm diameter
focus. The temporal resolution obtained from the FWHM of the cross-correlation
of pump and probe pulses was 300 fs. (2) 355 nm UV pump pulses generated by
a Nd:YAG laser (pulse length 3 ns) that was electronically synchronized to the
Ti:Sapphire system to measure the dynamics from 10 ns up to 200 ns.[4] SVD
analyses and global fits were performed using Glotaran [26]. The reported fit
uncertainties are one standard deviation.

All quantum chemical calculations were performed using the Gaussian09 pro-
gram package.[27] Geometry optimization and normal mode analysis were per-
formed using Density Functional Theory (DFT) at the B3LYP cc-pVDZ level.
[28–33] Solvent effects were taken into account using the PCM method [34–36] (sol-
vent acetonitrile). Excited-state calculations were carried out for the first excited
state within the framework of Time-Dependent DFT (TDDFT). The vibrational
frequencies have been scaled by 0.975.

5.3 Results and discussion

Figure 5.1 shows time-resolved vibrational differential absorption spectra of HMMQ
in the 1410-1650 (Figure 5.1b) and 3230-3470 cm−1 (Figure 5.1c) regions after
electronic excitation. The same figure displays the steady-state FTIR spectrum of
HMMQ (Figure 5.1a). The time-resolved spectra clearly show that upon electronic
excitation HMMQ evolves through several stages. Within the time resolution of
the experiment, the spectra show instantaneous bleaching bands in the OH/NH
bending and CC stretching region that match nicely with the bands observed in
the steady-state spectrum. Concurrently, induced absorption features are observed
between 1410 and 1560 cm−1. This spectrum evolves on a time scale of a few hun-
dred picoseconds to a spectrum in which other broad and weak induced-absorption
bands become visible between 1410 and 1540 cm−1. The latter spectrum subse-
quently decays such that at 300 ns it has completely disappeared. The spectrum in
the NH stretch region between 3230 and 3470 cm−1 shows a qualitatively similar
behavior. Under steady-state conditions this part of the spectrum does not show
any absorbance (the OH-stretch mode absorbs at 2700 cm−1 as can been seen in
the Appendix 5.5.2), Figure 5.6. Upon excitation an instantaneous broad induced
absorption feature is observed that evolves to a small offset value within 2 ns.
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Figure 5.1: a) Steady-state absorption of HMMQ. b) and c) Transient absorption
spectra from 1410 to 1650 cm−1 and from 3230 to 3470 cm−1 for several delay times
after electronic excitation.

Interestingly, we find that for pump-probe delays up to 50 ps the spectrum hardly
changes in the 6 µm region, while in the 3 µm region much larger changes occur.
Below we will argue that the latter observation demonstrates that after the initial
proton transfer to the morpholino ring, the arm of the crane still has to overcome
a barrier before rotation of the arm can take place.

The spectra in Figure 5.1 show transient vibrational spectra of the proton crane
as it evolves through a number of intermediate structures. To determine the num-
ber of spectral components contained in our data set we performed a singular value
decomposition (SVD) analysis. [37, 38] For the data between 1410 to 1650 cm−1

the first three left and right singular vectors show smooth spectra and delay traces
while subsequent components contain only noise (see the Appendix 5.5.2, Fig-
ure 5.8). We therefore conclude that the data between 1410 to 1650 cm−1 can be
best described with a three-component system. Figure 5.2 shows representative
delay traces from our dataset on a logarithmic time scale. We clearly observe the
sequential nature of our data: concurrently with the decrease of the 3440 cm−1

band, the bands at 1418 and 1540 cm−1 grow in, while subsequently, the decay of
the 1418 and 1540 cm−1 is accompanied by the rise of the 1640 cm−1 band. On
the basis of the SVD analysis and the sequential nature of our delay traces we use
a three-component sequential model to make a global fit to our data between 1410
and 1650 cm−1. From this fit we obtain species associated decay rates of (334±12
ps)−1, (700±22 ps)−1 and (39.8±0.2 ns)−1.

The 3230-3470 cm−1 frequency region contains a decay component that is
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Figure 5.2: a) Observed time-dependence of the most relevant modes. The lines are
a global fit to the data. Between 2 and 10 ns there is a gap because the time ranges
of the two experiment methods do not overlap completely. b) Time-evolution of four
step sequential model.

faster than that observed in the 1410-1650 cm−1 region. Further analysis shows
that the time-resolved response in the NH-stretch region cannot be fitted with
only the time constants obtained in the fit of the 1410-1650 cm−1 data, but that
an additional time constant is required. Initial attempts to fit the 3230-3470 cm−1

data globally with four exponents were not successful. Apparently, this frequency
region is much less sensitive to the structural changes that are causing the changes
in the IR spectrum in the 1410-1650 cm−1 region. By itself this is not surprising,
as the 3230-3470 cm−1 region probes the properties of the NH moiety, while the
1410-1650 cm−1 region probes the entire molecule. We have therefore fitted the
1410-1650 cm−1 and 3230-3470 cm−1 data globally with the slower three rates kept
fixed to the values as obtained from the fit of only the 1410-1650 cm−1 data. We
then find for the fast decay rate mentioned previously a value of kHB = 36± 1 ps.
The time-dependent evolution of the normalized concentration of the sequential
species is depicted in Figure 5.2b.

In the following, we will analyze the Species Associated Difference Spectra
(SADS) that result from these fits and determine the structure that is associated
with each of the species, guided by the results of complementary quantum-chemical
calculations that include solvent effects. Figure 5.3a, b and c show the steady-state
FTIR spectrum of HMMQ together with the SADS obtained from the global fit
of the 1410-1650 cm−1 and the 3230-3470 cm−1 regions. In Figure 5.3 we also
compare the experimental steady-state spectrum and SADS with spectra obtained
from DFT calculations. To this purpose we show in panel d the calculated ground-
state spectrum of HMMQ and in panel the calculated difference spectra obtained
by subtracting the calculated ground-state spectrum from the calculated spectrum
of the intermediate species. The accompanying structures are depicted in panel f.

In the electronic ground state, the proton that will be transferred resides on
the oxygen atom. Comparison of the measured (Figure 5.3a) and the predicted
(Figure 5.3d) vibrational absorption spectra shows good agreement, except for
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Figure 5.3: a) FTIR spectrum of HMMQ (solid) and dHMMQ (dashed) in acetoni-
trile. SADS from a global fit between 1410-1650 cm−1 (b) and 3230-3470 cm−1 (c).
These spectra belong to the sequential steps that are involved in the photo-cycle.
(d) Calculated ground-state infrared spectrum of HMMQ. (e) Calculated difference
spectra of the intermediate species. The frequencies have been scaled by 0.975. The
associated structures are depicted on the right. (f) The molecular structures associ-
ated with the calculated spectra (see also Scheme 5.1).

the intensities of the G3 and G4 bands. Inspection of the modes associated with
the various bands reveals that band G2 is an aliphatic CH-bend vibration, G1
an aliphatic aromatic CH-bend combination vibration with OH-bend character,
while G4, G5 and G6 are varying mixtures of CC-ring stretch vibrations and
the OH bend vibration with G4 having the smallest OH-bend contribution. The
assignment of the vibrations with OH-bending character by DFT is supported by
the observation thatG2 andG4 are least affected by hydrogen/deuterium exchange
when comparing the steady-state spectra of HMMQ with dHMMQ (Figure 5.3a).

Species I∗ grows in within the time resolution of the experiment and decays
mono-exponentially with a lifetime of 334±12 ps. As will be shown below, in
this species the proton is transferred from the hydroxy to the N1 group (see
Scheme 5.1). Inspection of the associated SADS in Figure 5.3 shows clear bleaches
at positions that coincide with the ground-state ring vibrations G1, G3, G4, G5
and G6. Importantly, we find that at the position of G2 no bleach is observed.
Apparently, excitation does not lead to appreciable changes in the electronic struc-
ture of the part that is associated with these vibrations. This is completely in line
with our assignment of G2 to aliphatic C-H vibrations on the morpholino side
group since this group is not part of the conjugated ring structure. Analogously,
the bleach in the ring and OH bending vibrations confirms that we have excited
the conjugated ring structure and that the OH proton has been affected by the ex-
citation. The induced absorptions in the experimental spectra are relatively weak
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and broad, but compare very well with the induced absorption features I∗1 and
I∗3 predicted in the calculated difference spectra. Comparison of the ground and
excited-state geometries as obtained from the DFT optimizations in which solvent
effects were included reveals that upon excitation the OH bond length increases
from 1.01 to 1.59 Å, while the distance from the OH proton to N1 decreases from
1.68 to 1.07 Å. This observation confirms that the proton is indeed transferred from
the hydroxyl group to N1. At the same time, it should be noted that the same
calculations indicate that the solvent plays a decisive role in the proton transfer
process, since calculations that do not include solvent effects come up with quite
a different picture. In these calculations the OH-bond length increases only 0.01
Å, while the intramolecular hydrogen bond between OH and N1 decreases from
1.74 to 1.58 Å. The calculations thus show that electronic excitation of the isolated
molecule in first instance does not lead to a full proton transfer from the oxygen to
the nitrogen atom, but rather to an increased bonding of the proton with the nitro-
gen atom. The importance of solvent interactions is confirmed by similar UV-IR
pump-probe experiments that we have performed in an apolar solvent (n-hexane)
in which we find that proton transfer is completely absent as can be observed in
Figure 5.4. We thus conclude that in our experiments in acetonitrile a full proton
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Figure 5.4: Transient absorption spectrum of HMMQ in hexane 1700 ps after excita-
tion. The intensity at 1640 cm−1 is very small compared to HMMQ in acetonitrile at
this delay positions. Apparently, the proton transfer is much more efficient in a polar
solvent like acetonitrile.

transfer can be achieved because interactions of the excited species with the sol-
vent are able to stabilize the proton-transferred species. The instantaneous rise of
I* implies that this proton transfer occurs faster than our experimental time res-
olution (300 fs). Such a fast rate is in good agreement with experiments on other
photoacids which show ultrafast sub-picosecond excited-state intramolecular pro-
ton transfer (ESIPT) through direct contact of the proton donor and acceptor.
[39–43]

In the NH-stretch region we observe a broad induced-absorption feature from
the NH stretch vibration that appears within the experimental time-resolution.
This signal shows an initial decay time constant of 36±1 ps. The observation that
in the 1410-1650 cm−1 region the SADS changes only slightly when compared to
the SADS of the next step indicates that the process that is associated with this
time constant does not involve the aromatic backbone or morpholino ring, whereas
comparison of the SADS labeled I∗HB and I∗ in Figure 5.3c shows that the nature
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of the NH-stretch vibration changes significantly: there is a decrease of the NH-
stretch absorption cross section and a blue shift of the band. Both characteristics
are typical of NH-stretch modes that initially are hydrogen-bonded but become
non-hydrogen-bonded or more weakly hydrogen-bonded. [44, 45] We therefore
conclude that the time constant of 36±1 ps is associated with the intramolecular
hydrogen-bond breaking required for the rotation of the morpholine ring. A num-
ber of alternative explanations that might in first instance come to mind can be
excluded. Firstly, diffusion reorientation of the molecule can be excluded because
the measurements have been performed under magic angle conditions. Another ex-
planation for the fast decay might be intramolecular vibrational relaxation (IVR)
but the observed rate of 36±1 ps is too slow for IVR. [46, 47] More importantly,
however, is that in that case this lifetime would also be expected to be observed
in the low-frequency range. The observed lifetime τHB is in good agreement with
hydrogen bond lifetimes in similar systems. [48]

After breaking of the NH· · ·O hydrogen bond between the morpholino ring and
the aromatic oxygen, a new species K* is formed with a time constant of 334±12 ps.
Previous fluorescence and transient-absorption experiments associated this species
with the excited-state isomer that is generated by Brownian rotation of the mor-
pholino group and subsequent transfer of the proton from the morpholino group
to the quinolinic nitrogen atom. An important issue that cannot be addressed
by such studies, however, concerns the finer details of the spatial and electronic
structure of this species. Here we will show that the C-O stretch vibration can
be employed as a sensitive probe for determining this structure. Comparison of
the SADS of K* with the calculated difference spectrum for this species shows
overall good agreement. The only notable exceptions are a strong induced absorp-
tion band found in the experimental spectrum at 1420 cm−1 that is not found
in the calculated spectrum, and vice versa a strong induced absorption band at
1570 cm−1 in the calculated spectrum that is not observed in the experimental
spectrum. The calculations reveal that this 1570 cm−1 K∗1 band arises from the
carbonyl stretch vibration, which means that the frequency of this mode is cal-
culated significantly higher than experimentally observed. The large reduction of
the carbonyl-stretch frequency implies that its double-bond character is strongly
reduced, i.e. the keto form (see Scheme 5.1 that so far has been associated with
this species has a considerable contribution from mesomeric structures in which
the CO bond has single-bond character. In the latter case the C-O frequency is
typically found at around 1300 cm−1. [49–51] It is known that DFT calculations
tend to drastically overestimate the C-O stretch vibrations when the electronic
structure is described by a combination of mesomeric conformations. For exam-
ple, the phenolate ion shows a red shift of around 100 cm−1 in the calculated C-O
vibration compared to the experimental value. [52] The observation of a C-O vi-
bration at 1420 cm−1 indicates that the wavefunction of the excited state contains
-in valence bond terms- a large fraction of the zwitterionic form.

After the formation of K*, the last species K grows in with a rate of (700±22
ps)−1 and decays with a rate of (39.8±0.2 ns)−1. Figure 5.3 shows that the SADS
of this species is in excellent agreement with the spectrum predicted for the ground
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state of the keto form. Experiments based on detection of the fluorescence of the
system clearly cannot detect this species, and it has therefore not been reported
before in these experiments. [13, 53] One of the features that characterizes this
spectrum is the shift to higher frequency of the mixed CC ring stretch/NH bend
vibration (band K4), and the strong induced absorption of band K2 and K3
associated with the symmetric and ant-symmetric combination modes of the C-
O stretch and N-H bend. The shift to higher frequency indicates that in state
K the carbonyl group has more C=O character than K* (K2 and K3 being the
symmetric and the anti-symmetric CO-stretch + NH-bend combination modes).
Experimental confirmation that these features are expected to occur in the IR
spectrum of the ground state of the keto form is obtained from the IR spectrum
of 7-hydroxyquinolinium chloride (see the Appendix 5.5.2, Figure 5.9b), which
displays the same features at approximately the same frequencies as observed in the
transient spectrum for long time delays. We thus conclude that the decay of species
K* involves the return of the molecule in the keto form to its electronic ground
state. The decay of the transient difference spectrum then indicates that this
ground state species undergoes proton back transfer to yield the original enol form
of the molecule (without the observation of any intermediate state). Remarkably,
we thus find that the reverse craning process is more than two orders of magnitude
slower than the first craning step. Assuming that the rotational diffusion of the
crane arm is not affected by electronic excitation, we can exclude diffusion as a
possible reason for the different craning rates. Instead, we propose that the return
craning rate in the ground state is limited by the intramolecular proton transfer
process from N2 to N1. Consideration of the pKa values of N1 and N2 in the ground
state shows that they are only slightly different (7.38 and 5.4, respectively)[54, 55].
It is therefore not unreasonable to assume that there is an energy barrier for the
proton transfer step between N1 and N2 in the ground state. In line with this
idea we find that for the first (excited-state) proton transfer step, which has been
concluded to occur without barrier, the difference between the excited state pKa

values of O (-3.1)[56] and N1 (7.38)[55] is significantly larger (10.48).

5.4 Conclusion

We have reported on the operation of a photoactivated molecular proton crane us-
ing ultrafast UV-pump IR-probe spectroscopy. The time-resolved infrared spectra
revealed sequential dynamics involving five steps through which the proton crane
operates. The structures of the intermediate states were identified by comparing
species-associated infrared difference spectra with both excited-state and ground-
state DFT calculations. The following steps were identified: intramolecular proton
transfer (loading of the crane arm), intramolecular hydrogen-bond breaking (un-
locking of the crane arm), brownian rotation of the protonated morpholino side
group (transporting the load), excited-state relaxation, and finally ground-state
re-tautomerization (transporting the load back to its initial position) with respec-
tive time constants of <300fs, 36±1 ps, 334±12 ps, 700±22 ps and 39±0.2 ns.
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The observed frequency of the C-O vibration confirms the mesomeric character of
the electronically excited state. In the transient vibrational spectra, we directly
observe the intramolecular hydrogen-bond breaking that precedes the rotational
diffusion of the molecular crane arm, as well as the proton back transfer which oc-
curs in the electronic ground state. These results demonstrate that time-resolved
infrared spectroscopy is an effective means to probe the pivoting motion of a molec-
ular machine, revealing mechanistic details that cannot be observed using other
techniques.

5.5 Appenxix

5.5.1 Synthesis

Synthesis of 7-hydroxyquinoline-8-carbaldehyde (2)

To a solution of quinolin-7-ol (1) (2.0 g, 13.8 mmol) in chloroform (30 ml, 44.5 g,
373 mmol) an aqueous NaOH (14 g, 350 mmol) solution (16 mL) was added. The
resulting mixture was stirred at 92 ◦C for 20 hour until TLC indicated complete
conversion yielding a thick, dark brown, frothing liquid. The reaction mixture was
diluted with 300 mL water, and filtered, which proceeded very slowly. The filtrate
was first extracted once with 200 mL chloroform and then extracted three times
with 200 mL CH2Cl2. Separations were generally very bad due to formation of
extremely stubborn foams. The combined organic layers were dried using large
amounts of Na2SO4, filtered through Celite and concentrated in vacuo to give a
brownish solid that was flash chromatographed (SiO2, gradient EtOAc/hexanes:
50/50 → 75/25) to afford 1.09 g of 2 (46% yield) as a yellow solid. 1H NMR (400
MHz, CDCl3) δ 13.16 (s, 1H), 11.25 (s, 1H), 8.89 (d, J = 2.8 Hz, 1H), 8.09 (dd, J
= 8.1, 1.8 Hz, 1H), 7.95 (d, J = 9.1 Hz, 1H), 7.38 (dd, J = 8.0, 4.3 Hz, 1H), 7.22
(d, J = 9.1 Hz, 1H); TLC: Rf ≈ 0.3 (EtOAc/hexanes: 50/50).

Synthesis of 8-(morpholinomethyl)quinolin-7-ol (HMMQ) (3)

To a solution of 2 (0.50 g, 2.9 mmol) in 1,2-dichloroethane (30 mL) was added
morpholine (0.25 mL, 0.25 g, 2.9 mmol) and sodium triacetoxy borohydride (0.86
g, 4.05 mmol). The reaction mixture was stirred at RT for 65 h. TLC indicated
complete conversion. The reaction mixture was diluted with 50 mL CH2Cl2, 50 ml
of phosphatebuffer (pH ≈ 7) was added, and after separating layers, the aqueous
layer was extracted three times with 50 mL CH2Cl2. The combined organic layers
were dried (Na2SO4), and concentrated in vacuo. The residue was flash chro-
matographed (SiO2, gradient CH2Cl2/MeOH: 99/1 → 98/2 → 95/5 → 90/10) to
give 0.55 g of 3 in a 78% yield, as a thick yellow oil. 1H NMR (400 MHz, CDCl3)
δ 8.80 (dd, J = 4.3, 1.8 Hz, 1H), 8.04 (dd, J = 8.1, 1.8 Hz, 1H), 7.65 (d, J = 8.9
Hz, 1H), 7.23 (dd, J = 8.1, 4.3 Hz, 1H), 7.15 (d, J = 8.9 Hz, 1H), 4.52 (s, 2H),
3.81 (bs, 4H), 2.73 (bs, 4H); TLC: Rf ≈ 0.7 (CH2Cl2/MeOH: 90/10)
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5.5.2 Additional data

In Figure 5.5 the visible absorption spectrum of the proton crane is plotted. It is
observed that the absorption maximum is located at 340 nm.
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Figure 5.5: UV-visible absorption spectrum of a 30mM solution HMMQ in CD3CN.

In Figure 5.6 we show the infrared absorption spectra of the of HMMQ and
d-HMMQ. It can be observed that upon deuteration the OH-stretch absorption
at 2700 cm−1 shifts to 1900 cm−1 for d-HMMQ. Both samples are dissolved in
deuterated acetonitrile.

Figure 5.6: Infrared absorption spectra of HMMQ and deuterated HMMQ (dHMMQ).

In Figure 5.7 the first eight singular values from a singular value decomposition
of the time-resolved infrared data of HMMQ between 1410 and 1640 cm−1 are
plotted. It clearly shows that the first three components dominate the data set.
Figure 5.8 shows the left right singular vectors. The first three of the left (a)
and right (b) singular vectors, representing the delay and spectral dependence
respectively, are smooth. The fourth and the fifth left and right singular vectors
are clearly more noisy.

In Figure 5.9a the transient spectrum of the final state K is compared to the
steady-state infrared response of a model compound 7-HQ, the structure depicted
in Figure 5.9b. The N-H bending/ring combination mode at 1640 cm−1 for K
is slightly blue-shifted to 1650 cm−1 when compared to 7-HQ. The combination
band at 1575 cm−1 is located at the same position as our model compound.
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Figure 5.7: The first eight singular values of the time-resolved infrared data of HMMQ
between 1410 and 1640 cm−1.

Figure 5.8: Left and right singular vectors obtained from a SVD analysis of the
time-resolved infrared data of HMMQ between 1410 and 1640 cm−1.

Figure 5.9: a) 7-Hydroxy-quinolinium chloride compared to the transient spectrum
of the final state. The N-H bending/ring combination mode at 1640 cm−1 is slightly
shifted to 1650 cm−1. b) 7-HQ-Cl (7-Hydroxy-quinolinium Chloride)



209334-L-bw-vdLoop209334-L-bw-vdLoop209334-L-bw-vdLoop209334-L-bw-vdLoop

78 Unraveling the mechanism of a reversible photo-activated molecular proton crane

References

[1] Z. Zhu, A. C. Fahrenbach, H. Li, J. C. Barnes, Z. Liu, S. M. Dyar, H. Zhang,
J. Lei, R. Carmieli, A. A. Sarjeant, et al., J. Am. Chem. Soc. 134, 11709
(2012).

[2] S. P. Black, A. R. Stefankiewicz, M. M. J. Smulders, D. Sattler, C. A. Schalley,
J. R. Nitschke, and J. K. M. Sanders, Angew. Chem. Int. Ed. 52, 5749 (2013).

[3] E. Kay, D. Leigh, and F. Zerbetto, Angew. Chem., Int. Ed. 46, 72 (2007).

[4] M. R. Panman, P. Bodis, D. J. Shaw, B. H. Bakker, A. C. Newton, E. R.
Kay, A. M. Brouwer, W. J. Buma, D. A. Leigh, and S. Woutersen, Science
328, 1255 (2010).

[5] H.-X. Zhou, S. T. Wlodek, and J. A. McCammon, Proc. Natl. Acad. Sci. U.
S. A. 95, 9280 (1998).

[6] A. Javelle, D. Lupo, P. Ripoche, T. Fulford, M. Merrick, and F. K. Winkler,
Proc. Natl. Acad. Sci. U. S. A. 105, 5040 (2008).

[7] X. Ma, N. Sayed, A. Beuve, and F. van den Akker, EMBO J. 26, 578 (2007).

[8] R. D. Vale, Cell 112, 467 (2003).

[9] K. Shiroguchi and K. Kinosita, Science 316, 1208 (2007).

[10] C. J. Jalink, W. M. van Ingen, A. H. Huizer, and C. A. G. O. Varma, J.
Chem. Soc., Faraday Trans. 87, 1103 (1991).

[11] C. J. Jalink, A. H. Huizer, and C. A. G. O. Varma, J. Chem. Soc., Faraday
Trans. 88, 1643 (1992).

[12] C. J. Jalink, A. H. Huizer, and C. A. G. O. Varma, J. Chem. Soc., Faraday
Trans. 88, 2655 (1992).

[13] E. J. A. de Bekker, A. Pugzlys, and C. A. G. O. Varma, J. Phys. Chem. A
105, 399 (2000).

[14] E. J. A. de Bekker, J. D. Geerlings, and C. A. G. O. Varma, J. Phys. Chem.
A 104, 5916 (2000).

[15] A. L. Sobolewski, Phys. Chem. Chem. Phys. 10, 1243 (2008).

[16] M. F. Rode and A. L. Sobolewski, J. Phys. Chem. A 114, 11879 (2010).

[17] V. Vetokhina, J. Nowacki, M. Pietrzak, M. F. Rode, A. L. Sobolewski,
J. Waluk, and J. Herbich, J. Phys. Chem. A 117, 9147 (2013).

[18] K. Heyne, O. F. Mohammed, A. Usman, J. Dreyer, E. T. J. Nibbering, and
M. A. Cusanovich, J. Am. Chem. Soc. 127, 18100 (2005).



209334-L-bw-vdLoop209334-L-bw-vdLoop209334-L-bw-vdLoop209334-L-bw-vdLoop

References 79

[19] D. Stoner-Ma, A. A. Jaye, K. L. Ronayne, J. Nappa, S. R. Meech, and P. J.
Tonge, J. Am. Chem. Soc. 130, 1227 (2008).

[20] R. Brust, A. Lukacs, A. Haigney, K. Addison, A. Gil, M. Towrie, I. P. Clark,
G. M. Greetham, P. J. Tonge, and S. R. Meech, J. Am. Chem. Soc. 135,
16168 (2013).

[21] C. Reichardt, J. Schroeder, P. Vöhringer, and D. Schwarzer, Phys. Chem.
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