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Abstract

We report a sub-picosecond time-resolved fluorescence spectroscopic study of different cinnamic acid crystals, model systems for
solid-state photodimerization reactions. For a-cyano-4-hydroxycinnamic acid (a-CHC), we identify the emission spectra of both mono-
mers and dimers, allowing us to directly probe the photoinduced dynamics of both species. The dimerization occurs on a timescale of
10 ps and results in a long-lived dimer product, stable for hours. For sinapinic acid, we find an extremely fast, sub-picosecond dimer-
ization reaction and a short-lived dimer. This first sub-picosecond time-resolved dimerization study in cinnamic acid crystals provides
a new basis for relating their structural properties and microscopic reaction dynamics.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

Since many years, crystals of cinnamic acid and its
derivatives are important model systems for photoinduced
chemical reactions in the solid state [1]. When illuminated
with ultraviolet light, many of these substances undergo a
configurational transformation of the crystalline lattice
structure, either by photodimerization or photopolymer-
ization [2-4]. These classical photoinduced solid-state
phase changes originating from the parallel stacking of cin-
namic acids have been the subject of numerous investiga-
tions, employing a variety of different experimental
techniques, including X-ray structural analysis [5], NMR
[5], UV absorption [6], infrared [7,8] and Raman spectros-
copy [9] and atomic force microscopy [10].

Despite this continuing interest, very little is known
about the microscopic dynamics of these photoinduced
phase transformations. This is all the more surprising as
cinnamic acids are not only interesting from a basic science
point of view but find various applications as UV absorbers
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in sun creams [11] or liquid crystal displays [12], and show
antioxidant [13] and antibacterial activity [14]. Also, the
derivatives a-cyano-4-hydroxycinnamic acid («-CHC) and
3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid,
SA) are important and well established matrix substances
in matrix-assisted laser desorption/ionization mass spec-
trometry (MALDI-MS) [15-18]. Therefore elucidating the
photodimerization dynamics in cinnamic acids may prove
particularly useful in unravelling some of the not yet fully
understood elementary ablation and ionization processes
in MALDI applications.

In liquid solution, the ultrafast dynamics of cinnamic
acid derivatives have recently been carefully studied by
using broad-band femtosecond (fs) pump-probe spectros-
copy [19]. Excitation with UV light results in an ultrafast
photoisomerization occuring on a time scale of few picosec-
onds (ps), followed by vibrational cooling in the ground
state. Here, in the absence of crystalline order, the photodi-
merization channel is not available. Analysis of the
solid-state photodimerization dynamics of cinnamic acid
derivatives has been attempted by means of a ps time-
resolved X-ray diffraction study [20]. So far, however, these
experiments could not yet reveal an unambiguous signature
of the photoinduced dimerization dynamics.
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In this Letter, we report the first direct experimental
study of the photodimerization dynamics in cinnamic
acids. Using quasi-stationary photoluminescence (PL)
spectroscopy, we identify the emission signatures of both
o-CHC monomers and dimers. This allows us to follow
the time evolution of the photoinduced monomer and
dimer populations by means of fs- and ps-time-resolved
photoluminescence spectroscopy, providing a direct mea-
surement of the dimerization dynamics. For a-CHC, the
dimerization occurs on a time scale of few tens of ps, and
results in a dimer molecule which is stable for at least
hours. For sinapinic acid, on the other hand, we find an
extremely fast, sub-picosecond dimerization reaction and
a short-lived dimer product, decaying on a ps time scale,
is formed. We tentatively attribute these drastic changes
of the reaction dynamics to the different crystalline struc-
tures of these substances.

2. Experimental

The cinnamic acids o-CHC and SA were used as pur-
chased from Fluka without further purification or after
recrystallisation in ethanol. For steady-state and ps time-
resolved PL measurements, a small amount (5-10 mg) of
the substance was deposited on a quartz substrate and dis-
solved in a droplet of ethanol. This results in a microcystal-
line sample layer with a thickness of about 1 mm. Typical
dimensions of the microcrystallites are about 20-50 pum.
The samples for the fluorescence up-conversion studies
were prepared by spray deposition using a nebulizer.
0.25 ml of a solution of 10 mg a-CHC or SA dissolved in
1 ml of ethanol was spray-deposited onto a rotating quartz
slide via a nitrogen stream. This method results in a spa-
tially homogeneous, microcrystalline, 1-cm-large sample
layer with an average thickness of about 15 um.

For steady-state and ps PL measurements we used a syn-
chronously pumped, cavity-dumped dye laser system.
When using DCM as a laser dye, this system produced
15 ps light pulses at a wavelength of 660 nm and a repeti-
tion rate of 4 MHz. The excitation pulses at 330 nm were
created by second-harmonic generation in a LiNbOj crys-
tal and were focused onto the sample to a spot size of
100 um. Typical pulse energies were about 100 pJ. The
sample fluorescence was collected in reflection in a confocal
geometry. For recording steady-state PL spectra, the fluo-
rescence was dispersed in a 0.5 m monochromator and
detected with a liquid-nitrogen-cooled, back-illuminated
charge-coupled device (CCD). For the ps time-resolved
measurements, the fluorescence was passed through a sub-
tractive, 0.25 m double monochromator and detected by a
micro-channel plate photomultiplier tube (MCP-PMT,
Hamamatsu R3809U-50). Using a home-built time-corre-
lated single photon counting (TCSPC) electronics, we
achieve in this setup a width of the response function of
50 ps (full-width-at-half-maximum, FWHM).

For PL measurements with femtosecond time resolu-
tion, we used a fluorescence up-conversion setup as
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Fig. 1. Schematic of the fluorescence up-conversion setup. 40 fs pulses
from a Ti:Sapphire oscillator operating at 800 nm are focused at a pulse
energy of 1 nJ through a microscope objective (MO) to a 3 um spot size
onto the rotating sample (S). The two-photon-induced fluorescence is
collected and time-gated in a BBO crystal. The up-converted signal is
detected using a cooled PMT.

depicted schematically in Fig. 1. A Ti:Sapphire system
was used to generate 40 fs laser pulses at a center wave-
length of Z; =800 nm and a repetition rate of 80 MHz.
The excitation pulses were split off at a beam splitter (BS)
and attenuated with a normal density filter (AT) to a pulse
energy of about 1 nJ. These pulses were focused to a spot
size of about 3 ym onto the sample using a microscope
objective (MO) with a numerical aperture of 0.35. To avoid
excitation-induced bleaching effects, the sample was
mounted on a rotation stage (S), rotating at about 20 Hz,
and the focal spot was off-set by 3 mm from the rotation
axis. Two-photon-induced fluorescence from the sample
was collected via the same microscope objective, focused
into a 3-mm-thick beta-barium-borate (BBO) crystal and
mixed with the time-delayed gate pulses from the Ti:Sap-
phire laser. To probe the time-gated two-photon-induced
sample fluorescence at wavelength A, the up-converted sig-
nal at the sum frequency c(/;' + ;') was spectrally filtered
out using an interference filter (IF) with a bandwidth of
S5nm and detected by a cooled PMT. To reduce back-
ground noise, the PMT pulses were electronically gated
using the TCSPC electronics. This setup allows us to probe
fluorescence with a time resolution of 250-300 fs as inde-
pendently verified by recording the time structure of the
second-harmonic radiation at a wavelength of 400 nm gen-
erated in 3-hydroxypicolinic acid layer [inset in Fig. 4b].
The time resolution is mainly limited by the dispersion of
the microscope objective. Two-photon excitation was
mainly used to optimize both spatial and temporal resolu-
tion of the experiment. The high spatial resolution of our
setup of 3 um allows us to insure that possible sample inho-
mogeneities do not affect the fluorescence dynamics.

3. Results

The fluorescence spectrum of a freshly prepared micro-
crystalline a-CHC layer [Fig. 2a, 0 s] shows a sharp onset
at 440 nm, different vibronic replicas and a tail extending
to about 650 nm. When illuminated with 330 nm picosec-
ond pulses at an average intensity of 5 W/cm?, the PL spec-
trum transforms gradually with increasing illumination
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Fig. 2. (a) Fluorescence spectra of a-CHC recorded for 330 nm excitation
at an intensity of 5W/cm? The featureless emission band at around
550 nm, growing in intensity with increasing irradiation time, is assigned
to the emission from o-CHC dimers. Inset: Emission spectrum of a-CHC
dimers and (b) fluorescence spectra of microcrystalline SA, recorded under
identical excitation conditions. No signatures for photodimerization are
observed.

time, showing a continuous decrease of the a-CHC mono-
mer emission and a concomitant rise of a new, spectrally
broad and featureless emission band, centered around
550 nm. We assign this new band to the emission from o-
CHC dimers, formed by photodimerization. Subtracting
the appropriately normalized o-CHC monomer emission
spectrum from the emission at finite illumination times
allows us to isolate the emission spectrum of o-CHC
dimers [Fig. 2a, inset]. For a-CHC, the photoinduced mod-
ifications of the emission persist for at least several hours
after stopping the illumination. It is also important to note
that we do not observe modifications of the emission spec-
tra when decreasing the illumination intensity by two
orders of magnitude. This indicates that, under our excita-
tion conditions, the relative strength of the monomer and
dimer emission depends on the total laser fluence, but not
on the momentary laser intensity.

For freshly prepared, microcrystalline sinapinic acid, the
fluorescence spectrum [Fig. 2b] is qualitatively similar to
that of a-CHC. Here, however, we do not observe a photo-
induced modification of the fluorescence spectrum with
increasing illumination time. This is evidently a signature
that stable dimers are not formed in this material, or, to
be more precise, that the quasi-stationary photoinduced
dimer concentration is too low to be detected with our
experimental apparatus. This absence of photodimeriza-
tion has consistently been observed in various microcrys-
talline SA samples.

We now turn to time-resolved PL measurements on
these samples. Fluorescence decay traces of a-CHC and
SA for various detection wavelengths Ay, recorded using
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Fig. 3. Fluorescence decay curves for a-CHC (a) and SA (b) at different
detection wavelengths 44 (circles). All curves are recorded using TCSPC
for excitation with 15 ps laser pulses at 330 nm and are plotted on a
logarithmic intensity scale after normalization. The solid lines show a
modelling of the decay dynamics within the phenomenological dimeriza-
tion model introduced in the text. The decay curve for SA at 14 =405 nm
reflects the instrumental response function of the setup.

TCSPC after excitation at 330 nm, are shown in Fig. 3a
and b, respectively. For detection in the blue, /g =410 nm,
we find a fast exponential decay with a lifetime of about
35 4+ 15 ps, just slightly beyond the time resolution of this
experiment. When increasing 14 to the red, we observe, in
addition to the fast initial decay, a second, long-lived and
non-exponential decay. The amplitude of this long-lived
component increases with increasing /4 and fully domi-
nates the PL decay at A4 = 600 nm, where the fast initial
decay is no longer discernible. For SA, the decay curves
are essentially identical to the instrument response func-
tion. Obviously here, the PL decay time is much faster than
the time resolution. Only at long wavelengths,
Aq =500 nm, a very faint long-lived component appears.
The amplitude of this long-lived component reduces even
further when decreasing the laser repetition rate to 40 kHz.

To get more insight into these fast luminescence pro-
cesses, we increased the time-resolution of our setup by
using a fluorescence-up-conversion technique and two-pho-
ton femtosecond excitation at 800 nm [Fig. 4]. In these
experiments, the time resolution of 250 fs is sufficient to
resolve the fast initial PL decay at A4 =430 nm in both
o-CHC and SA. For o-CHC [Fig. 4a] we find a non-expo-
nential decay on a 20-ps-timescale. For SA [Fig. 4b] the PL
decay is much faster, as anticipated from the TCSPC mea-
surements. The PL lifetime is 400 + 100 fs.

4. Discussion

We now discuss these results, presenting the first exper-
imental study of the ultrafast photodimerization dynamics
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Fig. 4. Normalized fluorescence decay curves of crystalline «-CHC (a) and
SA (b) recorded using fluorescence up-conversion. The data are taken at
Aq=430nm after two-photon excitation at 800 nm. The solid lines
represent fits to the dimerization model. In the insets, the data are shown
on a logarithmic intensity scale, together with the instrument response
function (open circles).

in cinnamic acid crystals. In principle, all the ps and fs
dynamics reported in Figs. 3 and 4 may be assigned to fast
intramolecular relaxation and recombination dynamics
within the o-CHC and SA monomers. Yet, the initial decay
on a 10-ps-timescale found for a-CHC at blue detection
wavelengths appears too slow to reflect the intramolecular
vibrational relaxation dynamics within these molecules
[19]. Also, and more importantly, such an unimolecular
model does not account for the irradiation-induced gener-
ation of a new and pronounced emission band around
550 nm.

We therefore propose a different relaxation scenario
[Fig. 5] involving the photodimerization dynamics. We
essentially assume that the fast decay dynamics in both
a-CHC and SA reflects the photodimerization process.

Dimer

.

Monomer

Fig. 5. Schematic of the molecular states and reaction dynamics involved
in the phenomenological photo-induced dimerization model for cinnamic
acids introduced in the text.

This means that the decay of the photoexcited monomer
population

dM, (0)]/dt = —(kmp + ke) [M1(1)] = —ku [M,(7)] (1)

is dominated by a dimerization rate kyp, rather than by
radiative recombination and other unimolecular decay pro-
cesses such as internal conversion (IC) represented by a to-
tal decay rate k.. The data in Fig. 4b suggest that in SA this
dimerization occurs on a sub-ps-timescale, kyp(SA)=
(0.4 ps)~'. In a-CHC, the dimerization dynamics is appar-
ently much slower, kyp(o-CHC) = (20 ps)~'. The finding
that the fast initial decay due to dimerization contributes
less to the decay curves for a-CHC in the red spectral range
reflects the gradual decrease of the a-CHC monomer fluo-
rescence [Fig. 2a].

Upon photodimerization, the dimers can be formed
either in their electronic ground (Dy) or excited state
(D;). Excited D; state dimers would give rise to pro-
nounced dimer fluorescence. This is neither observed for
freshly prepared o-CHC samples [Fig. 2a, 0s] nor for
SA. We therefore conclude that the dimerization reaction
proceeds to the ground state Dj.

Dimer fluorescence can be induced by sequential two-
photon absorption (My — M, Dy — D;) within the dura-
tion of the excitation pulses. Under our conditions,
however, the probability for exciting an individual mole-
cule is small (typically 10~ within the first 50 nm) and a
two-photon-induced dimer fluorescence can be ruled out.
Such a two-photon dimer fluorescence would give rise to
strongly intensity-dependent fluorescence spectra, in con-
trast to the intensity independence of our experimental
data in Fig. 2.

If the lifetime kp), of the cinnamic acid dimers is longer
than the time interval between two consecutive excitation
pulses (0.25 ps for the ps and 13 ns for the fs experiments),
the continuous illumination of the sample will give rise to
the build-up of a quasi-stationary dimer concentration
{[Do]) which is much larger than the dimer concentration
created with each individual pulse. For a-CHC this condi-
tion is certainly fulfilled as the experiments shown in
Fig. 2a indicate a lifetime kp), of at least several hours.
Therefore two different processes can be induced by the
excitation pulses. Either the My — M; monomer transi-
tion is excited, giving rise to the short-lived fluorescence
decay in the blue spectral region in Figs. 3 and 4, or the
Dy — D, dimer transition can be excited. The induced
dimer fluorescence D; — Dy is the origin of the long-lived
fluorescence decay observed at wavelengths between 475
and 600 nm in Fig. 3a. Obviously, these long-lived fluores-
cence dynamics are not well described by monoexponen-
tial decays, indicating that the decay of the excited
dimer D, population does not just originate from radia-
tive recombination with rate kp,. We find that we can sat-
isfactorily describe the experimental decay curves by
assuming that an isotropic diffusion-limited bimolecular
recombination process contributes significantly to the
dimer decay
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dDy(1)] _ B 2
- —kpe[ D1 (1)) — zm[Dl Ol (2)
Here, [D; o] = [D;(t = 0)] is the maximum photoinduced di-

mer concentration (about (20 nm)~? in the ps experiments).
For J-pulse excitation, Eq. 2 gives

exp(—kprt)
2ﬁ\/7l/kDr erf kDr

Convolution with the instrument response function then
gives the fluorescence decay dynamics. Such a bimolecular
recombination dynamics is well known for polymer nano-
structures [21-23], where exciton—exciton annihilation
plays an important role. This model assumes randomly dis-
tributed, spatially fixed dimers in the microcrystals, and
also an initially spatially random distribution of the optical
excitations of these dimers. We assume that the dimers
remain spatially fixed but that the optical excitations can
diffuse within the dimer moiety, e.g., induced by near-field
coupling, i.e., a Foerster type of energy transfer. This slow
diffusive transport of dimer excitons is described by a
diffusion constant D and exciton—exciton annihilation
occurs whenever two excitations reach a certain critical
contact distance Ry, typically given by the exciton Bohr
radius, i.e., in our case approximately the lattice constant.
Then, the recombination parameter f is given as
B = 4R%[D, o]v/7D.

For o-CHC we find good qualitative agreement between
the experimental results obtained with both the TCSPC
and fluorescence up-conversion setups and the predictions
from this phenomenological dimerization model if we
assume, in addition to the dimerization rate kyp, a radia-
tive dimer recombination rate kp,=(1.8ns)"' and an
annihilation parameter f = 0.03 psfl/ 2. Due to the different
excitation conditions and the reduced photoinduced dimer
concentration [D; o], the annihilation parameter in the up-
conversion experiments is larger, about f=0.14 ps_l/ 2
These annihilation parameters correspond to diffusion
coefficients of the order of 0.1 cm?/s, a typical value for
conjugated polymers [23]. For obtaining a full quantitative
agreement between the data of the TCSPC experiments and
the dimerization model, we have to allow for a slight wave-
length dependence of the dimerization rate (varying from
[35 ps]~! at 410 nm to [55 ps]~! at 500 nm) and the dimer
recombination rate kp, (varying from [l.5ns]”' at
475 nm to [1.8 ns]”' at 600 nm). Decay curves calculated
with optimized fit parameters are shown in Figs. 3 and 4,
respectively. We believe that these parameter variations
mainly stem from a not yet fully quantitative and oversim-
plified description of the annihilation dynamics. Such a
phenomenological excition—exciton annihilation model in
the weak diffusion limit describes the non-exponential
decay of the a-CHC dimer fluorescence satisfactorily. At
present, we can, however, not rule out that other mecha-
nisms contribute to this non-exponential decay. In particu-
lar, one may assume that fluctuations of the dimer
structure and/or surrounding result in an inhomogeneous

[D1(2)] = D1 ]

3)

distribution of dimer decay rates. Certainly, more work is
needed to fully evidence the predicted diffusion transport
of dimer excitons.

This phenomenological dimerization model also
accounts for the photoinduced fluorescence dynamics in
sinapinic acid. Here, however, the dimer lifetime kp), is
orders of magnitude faster than in o-CHC. From the
TCSPC experiments with variable repetition rates, we
roughly estimate a lifetime of about kg, ~ 100 ps. This
means that the quasi-stationary dimer concentration
{[Do]) in SA is much less than that in a-CHC and there-
fore the dimer fluorescence is strongly reduced. Basically,
the dimer fluorescence is only apparent in the fluorescence
decay curves at g = 500 nm, indicating a lifetime of the
dimer excited state of 1 — 2 ns. This long-lived fluorescent
component rules out that the PL decay of SA is solely
described by a fast unimolecular decay process such as
IC.

In summary, we have presented a first spectrally and
temporally resolved fluorescence spectroscopic study of
the photoinduced dimerization dynamics in cinnamic acid
crystals. Based on an identification of the emission spec-
trum of a-CHC dimers, we were able to temporally resolve
the dimerization dynamics. These dynamics depend appar-
ently very sensitively on the geometric configurations of
those crystals. For a-CHC, the dimerization occurs on a
time scale of 10 ps and results in the formation of a dimer
product which is stable for hours. In sinapinic acid, the
photoexcited monomer lives only for about 0.5 ps and also
the dimer product is only short-lived. These dramatic
changes have obviously their origin in the different molec-
ular structures, probably in the type and number of sub-
stituents at the phenyl ring, and in the case of SA one
may speculate that in the crystalline phase the strict align-
ment of the molecules and the network of hydrogen bon-
dings within the [103] plane [24] plays a decisive role in
its reaction dynamics. In any case we anticipate that the
new results presented in this work will stimulate more
detailed investigations of the interplay between micro-
scopic reaction dynamics and crystallographic configura-
tions in cinnamic acids, and, more generally, other
prototypical solid-state phase transitions. Newly emerging
experimental tools such as ultrafast X-ray and electron dif-
fraction, and also ultrafast infrared spectroscopy, may be
of paramount importance for such investigations. Also,
one may hope that the new information on the photophys-
ics of cinnamic acids given here may prove useful in eluci-
dating some of the elementary processes in MALDI
applications.
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