SCIENTIFIC O % 3V

REPg}RTS

SUBJECT AREAS:
ULTRAFAST PHOTONICS
PHOTOCHEMISTRY

Received

3 October 2014

Accepted
2 March 2015

Published
23 March 2015

Correspondence and
requests for materials
should be addressed to
J.W. (weitl@theochem.

unifrankfurt.de)

Vibrational coherence transfer in an
electronically decoupled molecular dyad

Felix Schweighdfer', Lars Dworak!, Markus Braun', Marc Zastrow?, Jan Wahl', Irene Burghardt',
Karola Rijck-Braun? & Josef Wachtveit!’

Vnstitute of Physical and Theoretical Chemistry, Goethe-University Frankfurt, Max-von-Laue Str. 7, D 60438 Frankfurt/M., Germany,
2TU-Berlin, Strasse des 17. Juni 135, D 10623 Berlin, Germany.

The ring opening of a dithienylethene photoswitch incorporated in a bridged boron-dipyrromethene -
dithienylethene molecular dyad was investigated with ultrafast spectroscopy. Coherent vibrations in the
electronic ground state of the boron-dipyrromethene are triggered after selective photoexcitation of the
closed dithienylethene indicating vibrational coupling although the two moieties are electronically
isolated. A distribution of short-lived modes and a long-lived mode at 143 cm™' are observed. Analysis
of the theoretical frequency spectrum indicates two modes at 97 cm™" and 147 cm™" which strongly
modulate the electronic transition energy. Both modes exhibit a characteristic displacement of the
bridge suggesting that the mechanical momentum of the initial geometry change after photoexcitation
of the dithienylethene is transduced to the boron-dipyrromethene. The relaxation to the dithienylethene
electronic ground state is accompanied by significant heat dissipation into the surrounding medium. In
the investigated dyad, the boron-dipyrromethene acts as probe for the ultrafast photophysical processes
in the dithienylethene.

vibrations has opened a way to monitor coherent vibrational wavepackets in the electronic ground and

excited states and added decisive information about the primary processes on the excited and ground state
potential energy surfaces of various systems. In this context the correlation between the initial nuclear motion out
of the Franck-Condon region and the photochemical reaction is a central issue. For example, the torsional
dynamics in the de-/planarization of molecular excited states', the reactive motion in molecular switches® and
artificial light-harvesting systems®, the charge migration induced lattice vibrations in semiconductor quantum
dots* as well as the nuclear motions in metal complexes® have been characterized by coherent wavepackets
observed in time domain experiments with femtosecond time resolution. Molecular wavepackets are of particular
interest in the coherent photoisomerization of chromophores, a process in which the excitation energy is funneled
to certain reactive molecular modes®.

The present study describes the ring opening dynamics of the molecular switch dithienylethene (DTE) which is
covalently linked to a boron-dipyrromethene (BODIPY) via a molecular bridge (cf. Fig. 1(a)). In femtosecond
time resolved absorption measurements the closed DTE was photoexcited selectively. While the electronic
excitation is strictly located on the DTE and the bridge, the BODIPY acts as indicator for nuclear motions within
the complete molecular dyad.

A distribution of strongly damped low frequency modes, observed at the spectral position of the BODIPY
ground state absorption, decays on the sub-picosecond time scale. Additionally, a long lived mode at
143 cm™! is observed. To clarify the underlying photophysics of the molecular dyad, the theoretical fre-
quency spectrum has been calculated. Subsequently, the modes were analyzed regarding their influence on
the electronic transition energies. Dominant modes at 97 cm™' and 147 cm™' were found, which exhibit
significant geometry changes in the DTE residue and a large displacement of the bridge indicating that the
initial geometry change in the DTE is transduced onto the BODIPY. In terms of bond angles the bridge is
rigid and therefore acts as a molecular piston. Consequently, the observed vibrational coherence is not
induced by the photoexcitation itself but by the mechanical momentum transduction onto the BODIPY
via the bridge. Derivative-like transient absorption features at the spectral position of the BODIPY ground
state absorption indicate that the fast relaxation to the molecular electronic ground state is accompanied by
significant heating of the surrounding medium.

T he development of femtosecond time resolved spectroscopy with pulses shorter than the period of molecular
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Figure 1| (a) Chemical structure of the closed BODIPY-DTE molecular dyad with photocleavable bond in red; (b) absorption spectra of the open and pss
BODIPY-DTE molecular dyad in dichloromethane; (c) transient absorption spectrum after photoexcitation at Ap,,,, = 600 nm.

Results

Steady state spectroscopy. The BODIPY-DTE molecular dyad can
be efficiently switched between a photostationary state (mixture of
closed and open form; pss) and an open form. The pss BODIPY-DTE
was prepared by irradiation of the sample containing DTE in its open
form with UV light (310 nm). The absorption spectrum of the pss
BODIPY-DTE depicted in Fig. 1(b) is composed of a sharp and a
broad absorption band at 525 nm and 600 nm which stem from the
BODIPY and the DTE moiety, respectively. Time resolved absorption
and steady state fluorescence experiments revealed that up to 96%
of the DTE is in the closed form (Supplementary Figs. S1 and S2).
The spectral characteristics of the BODIPY absorption band is not
affected by the switching to the open form with visible light (4 >
550 nm), whereas the DTE band at 600 nm completely disappears
(cf. Fig. 1(b)).

Ultrafast spectroscopy. Transient absorption measurements were
carried out on the pss BODIPY-DTE. The time resolved spectrum
depicted in Fig. 1(c) was recorded after selective photoexcitation of the
closed form of the BODIPY-DTE molecular dyad at 600 nm. At delay
times < 1 ps characteristic transient absorption signals of closed DTE
(cf. Ref. 6) with a negative ground state bleach at A,pe = 550 nm -
675 nm and positive excited state absorption at Ay,epe < 525 nm and
> 675 nm are detected. The spectral signature of electronically excited
BODIPY (in particular the BODIPY ground state bleach and excited
state absorption) is not observed indicating that the electronic excita-
tion does not reach the BODIPY. Time-dependent density functional
theory (TDDFT) calculations confirmed that the electronic excitation
is strictly located on the DTE and the bridge (Supplementary Fig. S4).
The large torsional angle around the single bond connecting the
BODIPY to the phenyl ring of the bridge (88° in the ground and
84° in the excited state; from TDDFT calculations) most likely
impedes the electronic communication between DTE and BODIPY.
In the discussion of the transient absorption data, the DTE and
BODIPY are therefore treated as two separated electronic systems,
within which only the DTE is in the electronically excited state
whereas the BODIPY is in the ground state.

Interestingly, significant oscillatory patterns are observed at Z,,p. =
500 nm - 550 nm within the first picosecond of the transient
absorption spectrum in Fig. 1(c). Due to the spectral position these
oscillations are most probably related to the absorption band of the

BODIPY (cf. absorption spectrum in Fig. 1(b)). At later delay times,
spectrally narrow negative and positive difference signals appear at
that spectral position. This spectral signature is similar to the deriv-
ative of a Gaussian and is therefore termed “derivative-like” in the
following. The temporal evolution of both the oscillations and the
derivative-like transient absorption signal can be clearly seen in
the transient traces at Ay,ope = 523 nm and 543 nm in Fig. 2(a).

DTE relaxation dynamics. Transient traces at the spectral positions
of the DTE ground state bleach (4,5 = 655 nm), the short wave-
length excited state absorption (4,05, = 483 nm) and the long wave-
length excited state absorption (/.. = 700 nm) are depicted in
Fig. 2(a). The long and short wavelength excited state absorptions
exhibit different temporal evolutions with a significantly slower decay
of the excited state absorption at A5 = 700 nm indicating that the
bands are related to different electronic transitions. The observed decay
kinetics of the long wavelength excited state absorption is comparable
to the kinetics of the ground state bleach recovery at A5, = 655 nm.
The very weak negative offset at Ay,p. = 655 nm is due to the
conversion of a small fraction of photoexcited DTE to the open form.

The spectra at fixed delay times in Fig. 2(b) show the opposing
trends of the transient absorption signals related to photoexcited
DTE and the derivative-like signal - the latter increases within the
first 10 ps, whereas the DTE ground state bleach and excited state
absorption decay strongly.

The complex dynamics after photoexcitation of DTE was evalu-
ated by a global fitting analysis” of the complete set of transient
absorption data. Five time constants were necessary to fit the data
satisfactorily. For clarity only the decay associated spectra of the time
constants 7, 73 and 174 are depicted in Fig. 2(c). The very fast time
constant 7; (160 fs) is in the range of the temporal resolution of the
setup (100 fs) and essentially describes the ultrafast development of
the long wavelength excited state absorption whereas 75 is necessary
to fit the transient absorption signal at maximum delay time. The
decay associated spectrum of 7, (1.5 ps) in Fig. 2(c) exhibits strong
positive amplitudes at the short wavelength excited state absorption
and negative amplitudes in the spectral range of the long wavelength
excited state absorption. The spectral signature of the ground state
bleach cannot be observed. It can be concluded that 7, describes a
process in the DTE excited state which leads to a decrease of the short
wavelength and an increase of the long wavelength excited state
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Figure 2| (a) Transient absorption traces recorded at the DTE excited state absorption (Aprobe = 483 nm and 700 nm), the DTE ground state bleach
(Aprobe = 655 nm) and in the region of the derivative-like transient absorption signal (4,,p. = 523 nm and 543 nm) after excitation of pss BODIPY-DTE
at 600 nm; gray circles and black lines represent the transient absorption data and the fit curves, respectively. (b) Spectra at fixed delay times; gray

area represents the pss BODIPY-DTE ground state absorption. (c) Decay associated spectra of 7, 75 and 7,4 obtained from a global fitting analysis of the

transient absorption data.

absorption. The DTE ground state is not repopulated in that process.
The spectrally narrow region of the BODIPY absorption band (4,5 =
500 nm - 550 nm) is prone to fit artefacts due to the very complex
kinetics on a relatively short time scale (c.f. transient trace at Ao =
543 nm) which leads to a mirror-image signature of the decay assoc-
iated spectrum of 7, compared to that of 75. Consequently, this
spectral region is not considered in the discussion of the DTE excited
state dynamics. The decay associated spectrum of 73 (2.2 ps) con-
tributes with negative amplitudes strongly to the DTE ground state
recovery in that spectral region. At the same time positive amplitudes
at Aprope > 650 nm describe the decay of the long wavelength excited
state absorption. Consequently, the 7;-component is related to the
relaxation to the DTE electronic ground state.

It is assumed that the transition to the c-DTE and o-DTE ground
state occurs via a conical intersection between the S; and the S,
potential energy surface®. Theoretical studies on cyclohexadiene
and dithienylethenes proposed a sequential relaxation from the
photoexcited state via a lower lying dark excited state to the electronic
ground state. The transitions between the states occur via conical
intersections, supposedly driven by the large amplitude of torsional
vibrations™. Former time resolved studies on DTE derivatives
reported time constants in the range of 0.3 - 60 ps for the photochro-
mic ring opening reaction depending on the substituents®*'"">. The
amplitude pattern in the decay associated spectrum of 73 at Ayrope =
500 nm - 550 nm indicates that the electronic relaxation is accom-
panied by the formation of the derivative-like signal mentioned
above. The subsequent decay of that signal is described by the mir-
ror-imaged amplitudes in the decay associated spectrum of 74
(19.2 ps). Furthermore, the decay associated spectrum of 7, exhibits
weak negative amplitudes in the spectral range of the c-DTE absorp-
tion and positive amplitudes at ;o5 = 675 nm — 725 nm. Since the
DTE excited state decays on a significantly faster time scale (t; =
2.2 ps), these features are most probably not related to the DTE
electronic relaxation.

The derivative-like shape at 4,0 = 500 nm - 550 nm indicates that
the signal is not a ground state bleach of electronically excited BODIPY
but the consequence of a red shifted and/or broadened BODIPY
ground state absorption. A transient change in the BODIPY ground

state absorption can be explained either by conformational changes
of the molecular dyad after relaxation of the DTE to the electronic
ground state or by a hot electronic ground state. In former experi-
ments such dynamics have been assigned to cooling in the DTE
electronic ground state®. If the derivative-like transient absorption
signal is related to conformational changes of the molecular dyad,
the dynamics should depend on solvent viscosity. Hence, additional
transient absorption experiments were conducted on the molecular
dyad in a highly viscous solvent. The obtained transient absorption
data in Supplementary Fig. S3 demonstrate that only the excited state
dynamics is affected by the solvent viscosity, whereas the dynamics
of the BODIPY related derivative-like transient absorption signal is
essentially identical. Consequently, the observed derivative-like tran-
sient absorption signal, which emerges during relaxation of the DTE
to the electronic ground state, does most probably not originate from
conformational changes but from cooling in the DTE electronic
ground state.

Coherent oscillations. The observed oscillatory patterns at A, =
500 nm - 550 nm are already present at very early delay times. To
identify the origin of these oscillatory signals, the transient absorption
data were analyzed via a standard procedure which comprises the fit
of the data by a model function consisting of a sum of exponentials
convoluted with the instrument response function and a subsequent
subtraction (Fig. 3(a) and 3(b))*". The procedure resulted in residuals
for each probe wavelength (Fig. 3(c)). Obviously the oscillatory
patterns critically depend on the spectral position. A characteristic
phase shift of # at the maximum of the BODIPY ground state
absorption at Zyope = 530 nm is observed. This clearly indicates
that the recorded transient absorption spectrum of pss BODIPY-
DTE is frequency modulated (FM)*. The FM is due to the presence
of coherent nuclear motions of the dyad which causes a modulation of
the BODIPY linear absorption spectrum.

The observed oscillations in Fig. 3(b) can be divided into two
different time domains: Within the first 0.8 ps the signal is a super-
position of two or more modes with a rapid decay of the low fre-
quency contribution. On ultrashort time scales coherent torsional
dynamics that drives planarization in the excited state have been
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Figure 3| (a) Transient absorption trace recorded at A probe = 539 nm after photoexcitation of pss BODIPY-DTE (circles) and corresponding fit (line);
(b) residual oscillations obtained by subtraction of the model function; (c) 2D spectrum of the residual oscillations (black and white regions
indicate negative and positive values, respectively); (d) Fourier transformed spectrum of the oscillatory residuals.

observed by Cirmi et al.". After 0.8 ps the oscillations can be attrib-
uted to a single vibrational mode. Fourier transformed data of the
wavelength dependent residual oscillations are depicted in Fig. 3(d).
A Lorentzian-type signal at 143 cm™' and a much broader signal
(indicative of a distribution of modes) at lower frequencies, which
peaks at 85 cm™, are observed.

Quantum chemical calculations. To characterize the observed modes,
a calculation of the theoretical frequency spectrum was performed at
the TDDFT level of theory. In these calculations, the electronic states
of the DTE-BODIPY molecular dyad are considered, which feature
well-separated excitations on the individual moieties. In particular, the
first excited state (S;) corresponds to an electronic excitation of the
DTE moiety while the BODIPY moiety remains in its ground state.
Based on the ground state (Sy) structure, a geometry optimization in
the excited state (S;) of the dyad - composed of excited state DTE and
ground state BODIPY - was carried out. For this structure, normal
mode frequencies were calculated and subsequently corrected by a
factor of 0.945 which is the average value of the standard scaling
factors for the BLYP density functional and Hartree-Fock (HF) as
reported in Ref. 14. In general, these scaling factors have been
determined and tested for the electronic ground state. Since scaling
factors of the excited states are unknown, we used the well-known
factors of the ground state for the excited state.

0.06
0.04
0.02

0.00- l

Since the frequency modulation in the transient absorption
experiment indicates a transient shift of the electronic transition
energy (AE) due to the nuclear motion, we investigate which vibra-
tions give rise to the most significant shift of the transition energy. To
this end, the energy differences E’S“ZL s, between S, and S, for the
relaxed S; structure and the energy differences E§ g between S,
and S; for a displaced structure x; were calculated. The x; for the
frequency i was obtained by applying the normalized displacement
vectors x,  multiplied with a scaling factor a; on the relaxed S,
structure xo. The scaling factors a; were calculated using a harmonic
potential so that

1 2 Eexcess
xt k,‘

norm

a;=

with the excess energy E,,...s as the difference between the energy at
the Franck-Condon point and the minimum S; energy and k; as force
constant of the normal mode i. k; and xiwrm were extracted from the
TDDFT calculation. The difference between EJ ¢ and EY
results in the change of the transition energy AE, for each normal
mode. AE; values are directly related to Huang-Rhys factors'® and
should be observable in time resolved experiments as a transient shift
of the BODIPY absorption band which modulates the difference
signal.

250
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Figure 4| (a) Schematic representation of the displacement induced shift of the electronic excitation energy AE,. (b) Calculated AE; values of the

molecular vibrational modes (AE; is calculated as AE; = ‘E’;‘L o-E5 s !).
2 1 2 1
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Figure 5| Displacement vectors of the modes at 97 cm ™" (left) and
147 cm™' (right) which exhibit a strong shift of the BODIPY-DTE
electronic transition energy.

The calculated AE; values for all normal modes of the dyad are
shown in Fig. 4(b). The mode with the largest energy shift AE; is
found at 147 cm™', in good agreement with the experimentally
observed mode at 143 cm™". The corresponding displacement vec-
tors are depicted in Fig. 5. This mode combines geometry changes in
the DTE with a pronounced displacement of the bridge (cf. Fig. 5,
right; see also Supplementary Movie 1) and a significant motion of
the two outer rings of the BODIPY. The outer ring motion is illu-
strated in Fig. 6(a).

Additional modes with large AE; values are observable at lower
wavenumbers, including a distinct frequency at 97 cm ™" which com-
bines planarization of the DTE geometry with a displacement of the
bridge (cf. Fig. 5, left; see also Supplementary Movie 2). For compar-
ison the relaxed Sy and S; structures are depicted in Fig 6(b). The
structural changes of the BODIPY moiety are negligible, whereas the
changes of the DTE moiety are significant. In contrast to the relaxed
So structure, the connecting bridge and the DTE of the relaxed S,
structure are almost planar. Such an excited state planarization is well

Figure 6| (a) Geometry changes in the BODIPY residue related to the
calculated mode at 147 cm™' (outer ring motion). Gray and red color
indicate relaxed and displaced structure. (b) Relaxed S, (gray) and the
relaxed S; (red) structure of the BODIPY-DTE molecular dyad. For clarity,
only the core structure without hydrogens, fluoride and methyl groups at
the DTE is shown.

known and can be directly explained by the reorganization of the
single and double bonds of the conjugated 7 system. Consequently,
the experimentally observed distribution of low frequency modes can
be related to the initial planarization of the DTE. The strong damping
of these modes indicates that the planarization occurs on the sub-
picosecond time scale.

Conclusions

In conclusion, the combination of time resolved spectroscopy and
TDDEFT calculations yields detailed information about the photoin-
duced processes of a BODIPY-DTE molecular dyad. After selective
excitation of DTE, the initial coherent molecular motion out of the
initially populated Franck-Condon regime triggers vibrational modes
in the electronically isolated BODIPY. The rigid bridge between DTE
and BODIPY acts as a molecular piston which transduces the
momentum of the DTE geometry change onto the BODIPY. A fast
dephasing of low frequency modes is observed which is explained by
a fast planarization of the excited state. During the subsequent relaxa-
tion process of the DTE the BODIPY molecular probe indicates
significant heating of the surrounding medium.

Methods

Synthesis of BODIPY-DTE. 4,4 Difluoro-8-(4-iodo-phenyl)-2,6-diethyl-1,3,5,7-
tetramethyl-4-bora-3a,4a-diaza-s-indacene'® and 1-[5-(4-Methoxyphenyl)-2-
methylthienyl-3-yl]-2-[2-methyl-5-(4-ethynyl-phenyl)-thien-3-yl]-3,3,4,4,5,5-
hexafluorocyclopentene'” were synthesized by the literature-known procedures.
Coupling of both compounds was achieved according to a method described by
Akkaya et al. for related compounds. However, the reaction was carried out at room
temperature'®. The BODIPY-DTE-conjugate was obtained by the reaction of 4,4
Difluoro-8-(4-iodo-phenyl)-2,6-diethyl-1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-
indacene (37 mg, 0.073 mmol) with 1-[5-(4-Methoxyphenyl)-2-methylthienyl-3-
y1]-2-[2-methyl-5-(4-ethynyl-phenyl)-thien-3-yl]-3,3,4,4,5,5-hexafluorocyclo-
pentene (50 mg, 0.087 mmol, 1.20 equiv.), [Pd(PPhs)4] (7 mg, 6 pmol, 8.4 mol%),
Cul (0.7 mg, 3 pMol, 4.8 mol%) and triethylamine (abs. 2.5 mL) at room
temperature for 19 h (tlc monitoring) in toluene/THF (abs. 1:1, 5 mL) to give after
work-up and chromatography (silica gel, hexane/DCM 1:1) the product as an
orange-red solid (62 mg, 0.065 mmol, 89%). M.p.: 138°C; Rf = 0.41 (Hexane/CH,Cl,
1:1);'H-NMR (400 MHz, CDCl,): § = 7.67 (d, *] = 8.08 Hz, 2H), 7.59-7.40 (m, 4H),
7.49-7.45 (m, 2H), 7.34 (s, 1H), 7.30 (d, ] = 8.08 Hz, 2H), 7.17 (s, 1H), 6.94-6.90 (m,
2H), 3.84 (s, 3H), 2.54 (s, 6H), 2.31 (q, °J = 7.48 Hz, 4H), 1.98 (s, 3H), 1.96 (s, 3H),
1.34 (s, 6H), 0.99 (t,°] = 7.54 Hz, 6H) ppm; *C-NMR (100 MHz, CDCl;): 6 = 159.7
(Cy), 154.2 (2C,), 142.4 (C,), 142.2 (C,), 1414 (C,), 140.4 (C,), 139.4 (C,); 138.4
(2C,), 136.1 (C,), 1335 (C,), 133.1 (2C,), 132.4 (4CH,,,,), 130.7 (C,), 128.7
(2CH,yrom)> 127.1 (2CH,pom), 12631 (C,), 126.27 (Cy), 125.8 (C,), 125.6 (2CH grom)s
123.9 (2C,), 123.2 (CHyom), 1224 (C,), 121.3 (CHypop)s 114.5 2CH,ro), 90.5 (C,),
90.2 (C,), 55.5 (CHs), 17.2 (CH,), 14.8 (2CH;); 14.7 (2CHs), 12.7 (2CHj), 12.1
(2CH3;) ppm; IR (ATR): 3031, 2962, 2928, 2870, 1609, 1540, 1518, 1476, 1439, 1406,
1389, 1374, 1363, 1336, 1321, 1274, 1253, 1192, 1162, 1138, 1115, 1090, 1072, 1054,
1038, 1020, 960, 925, 898, 888, 823, 806, 793, 763, 745, 709, 661 cm™'; MS (EI, 260 C):
m/z = 952 (100) [M"], 937 (34), 476 (10), 262 (10), 142 (12); HR-MS (ESI): calcd for
Ca3HysBFgN,08,: 9533011 [M* + HJ; found: 953.2989.

Sample preparation. A stock solution of the sample in dichloromethane was
prepared. For the measurements the stock solution was diluted to a final
concentration of approximately 80 pM. This resulted in an optical density of about
0.2 ata wavelength of 600 nm (absorption band of the closed DTE) ina 1 mm cuvette.
Before the measurements, the samples were illuminated with UV light of 313 nm
using a Hamamatsu LC8 lamp with a filter combination consisting of a UG1 filter
(Schott) and a K,CrOy-solution (700 pumol/L, 1 cm) to reach the photostationary
state of the closed isomer. In addition, measurements with solvent of higher viscosity
were performed. Therefore, polyethylene glycol (PEG 20.000) was added to the
diluted samples and the mixtures were sonicated, resulting in a final PEG
concentration of approx. 600 mg/mL.

Transient spectroscopy. Time resolved experiments were carried out with a
conventional transient absorption setup'®. Short laser pulses (150 fs) of 775 nm at a
repetition rate of 1 kHz were provided by a laser-amplifier system (Clark CPA-2110).
The probe pulses were generated by focusing the laser fundamental into a sapphire
crystal of 2 mm thickness resulting in a single filament white light. For the pump
pulses a self-built noncollinear optical parametric amplifier (NOPA)***' was used. It
was pumped with the frequency doubled laser fundamental while a white light
continuum was used as a seed to generate short laser pulses tunable in the spectral
range between 470 nm and 670 nm. The measurements shown in this work were
performed at Z,,,,, = 600 nm and under illumination at 313 nm to prevent the
accumulation of a possible photoisomerization product. Considering the absorption
features, the pump pulses exclusively photoexcite the closed DTE. This was confirmed
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in transient absorption measurements on the open form under identical experimental
conditions. In these experiments, difference signals could not be detected (data not
shown).

TDDFT calculations. For quantum chemical calculations the BHLYP functional®*-*
and 6-31G* basis set*®* were used within the ab initio program package
TURBOMOLE 6.4 (TURBOMOLE V6.4 2012, a development of University of
Karlsruhe and Forschungszentrum Karlsruhe GmbH).

1. Cirmi, G. et al. Observation and control of coherent torsional dynamics in a
quinquethiophene molecule. Phys. Chem. Chem. Phys. 12, 7917 (2010).

2. Leonard, J. et al. Mechanistic origin of the vibrational coherence accompanying
the photoreaction of biomimetic molecular switches. Chem. Eur. J. 18, 15296
(2012).

3. Rozzi, C. A. Quantum coherence controls the charge separation in a prototypical
artificial light-harvesting system. Nat. Commun. 4, 1602 (2013).

4. Dworak, L., Matylitsky, V. V., Braun, M. & Wachtveitl, J. Coherent longitudinal-
optical ground-state phonon in CdSe quantum dots triggered by ultrafast charge
migration. Phys. Rev. Lett. 107, 247401 (2011).

5. Iwamura, M., Watanabe, H., Ishii, K., Takeuchi, S. & Tahara, T. Coherent nuclear
dynamics in ultrafast photoinduced structural change of bis(diimine)copper(I)
complex. J. Am. Chem. Soc. 133, 7728 (2011).

6. Dworak, L., Zastrow, M., Zeyat, G., Riick-Braun, K. & Wachtveitl, J. Ultrafast
dynamics of dithienylethenes differently linked to the surface of TiO2
nanoparticles. J. Phys.: Condens. Matter 24, 394007 (2012).

7. Dworak, L., Matylitsky, V. V. & Wachtveitl, J. Ultrafast photoinduced processes in
alizarin-sensitized metal oxide mesoporous films. ChemPhysChem, 10, 384
(2009).

8. Ern, ], Bens, A. T., Bock, A., Martin, H.-D. & Kryschi, C. Femtosecond transient
absorption studies on photochromism of dithienylethene derivates. J. Luminesc.
76&77, 90 (1998).

9. Asano, Y. et al. Theoretical study on the photochromic cycloreversion reactions of
dithienylethenes; on the role of the conical intersections. J. Am. Chem. Soc. 126,
12112 (2004).

. Garavelli, M. et al. Reaction path of a sub-200 fs photochemical electro-cyclic
Reaction. J. Phys. Chem. A. 105, 4458 (2001).

. Miyasaka, H. et al. Multiphoton gated photochromic reaction in a diarylethene
derivative. J. Am. Chem. Soc. 123, 753 (2001).

. Shim, S,, Joo, T., Bae, S. C., Kim, K. S. & Kim, E. Ring opening dynamics of a
photochromic diarylethene derivative in solution. J. Phys. Chem. A. 107, 8106
(2003).

. Kambhampati, P., Hee Son, D., Kee, T. W. & Barbara, P. F. Solvent effects on
vibrational coherence and ultrafast reaction dynamics in the multicolor pump-
probe spectroscopy of intervalence electron transfer. J. Phys. Chem. A 104, 10637
(2000).

14. Scott, A. P. & Radom, L. Harmonic vibrational frequencies: an evaluation of
Hartree-Fock, Moller-Plesset, quadratic configuration interaction, density
functional theory, and semiempirical scale factors. J. Phys. Chem. 100, 16502
(1996).

15. Shreve, A. P. et al. Determination of exciton-phonon coupling elements in single-
walled carbon nanotubes by raman overtone analysis. Phys. Rev. Lett. 98, 037405
(2007).

. Coskun, A. & Akkaya, E. U. Signal ratio amplification via modulation of resonance
energy transfer: proof of principle in an emission ratiometric Hg(II) sensor. J. Am.
Chem. Soc. 128, 14474 (2006).

17. Zastrow, M. et al. Efficient preparation of photoswitchable dithienylethene-

linker-conjugates by palladium-catalyzed coupling reactions of terminal alkynes
with thienyl chlorides and other aryl halides. Chem. Asian J. 5, 1202 (2010).

1

f=}

1

—

1

[S5]

1

w

1

(=)}

18. Bozdemir, O. A. et al. Synthesis of symmetrical multichromophoric BODIPY dyes
and their facile transformation into energy transfer cassettes. Chem. Eur. J. 16,
6346 (2010).

19. Trojanowski, P. et al. Photo-physical properties of 2-(1-ethynylpyrene)-
adenosine: influence of hydrogen bonding on excited state properties. Phys.
Chem. Chem. Phys. 16, 13875 (2014).

20. Wilhelm, T., Piel, J. & Riedle E. Sub-20-fs pulses tunable across the visible from a
blue-pumped single-pass noncollinear parametric converter. Opt. Lett. 22, 1494
(1997).

. Riedle, E. et al. Generation of 10 to 50 fs pulses tunable through all of the visible
and the NIR. Appl. Phys. B 71, 457 (2000).

22. Slater, J. C. A simplification of the Hartree-Fock method. Phys. Rev. 81, 385

(1951).

23. Becke, A. D. Density-functional exchange-energy approximation with correct
asymptotic behavior. Phys. Rev. A 38, 3098 (1988).

24. Lee, C., Yang, W. & Parr, R. G. Development of the Colle-Salvetti correlation-
energy formula into a functional of the electron density. Phys. Rev. B 37, 785
(1988).

25. Becke, A. D. A new mixing of Hartree-Fock and local density functional theories.
J. Chem. Phys. 98, 1372 (1993).

26. Dirac, P. Quantum mechanics of many-electron systems. Proc. R. Soc. Lond. A.
123, 714 (1929).

27. Pritchard, B. & Autschbach, J. Calculation of the vibrationally resolved, circularly
polarized luminescence of d-camphorquinone and (s,s)-trans-beta-
hydrindanone. CHEMPHYSCHEM 11, 2409 (2010).

28.Binkley, J. S., Pople, J. A. & Hehre, W. J. Self-consistent molecular orbital methods.
21. Small split-valence basis sets for first-row elements. J. Am. Chem. Soc. 102, 939
(1980).

29. Gordon, M. S, Binkley, J. S., Pople, J. A, Pietro, W. J. & Hehre, W. J. Self-
consistent molecular-orbital methods. 22. Small split-valence basis sets for
second-row elements. J. Am. Chem. Soc. 104, 2797 (1982).

2

—_

Author contributions

E.S.,L.D,,KR.-B.and Jo.W. initiated this work. M.Z. synthesized the molecule. F.S. and L.D.
conducted the experiments. Ja.W. and I.B. contributed to the theoretical study of the dyad.
Ja.W. performed the TDDFT calculations. All authors discussed the results and
implications at all stages. F.S., L.D., M.B., Ja.W., K.R.-B., LB. and Jo.W. contributed to the
writing of the paper.

Additional information
Supplementary information accompanies this paper at http://www.nature.com/
scientificreports

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Schweighofer, F. et al. Vibrational coherence transfer in an
electronically decoupled molecular dyad. Sci. Rep. 5, 9368; DOI:10.1038/srep09368 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International
ov License. The images or other third party material in this article are included in the
article’s Creative Commons license, unless indicated otherwise in the credit line; if
the material is not included under the Creative Commons license, users will need
to obtain permission from the license holder in order to reproduce the material. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 5:9368 | DOI: 10.1038/srep09368


http://www.nature.com/scientificreports
http://www.nature.com/scientificreports
http://creativecommons.org/licenses/by/4.0/

	mailto:<?show +pmkset 
	Title
	Figure 1 
	Figure 2 
	Figure 3 
	Figure 4 
	Figure 5 
	Figure 6 
	References

