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We present a femtosecond broad-band fluorescence up-conversion study of the vibrational
relaxation dynamics of two UV chromophores, 2,5-diphenyloxazole (PPO) and para-terphenyl
(pTP), pumped with a large excess of vibrational energy (>2000 cm™'). The band narrowing of
the transient fluorescence spectrum reflects a biphasic cooling process in a few hundreds of fs and
a few ps. In the sub-ps regime, our data suggest a structural rearrangement in the excited state,
followed by thermalization of the excess energy. These dynamics affect the fluorescence spectra of
PPO and pTP in different ways. In PPO, the damping of a low frequency vibrational wavepacket
and a significant sub-ps narrowing of the band characterize the vibrational relaxation. In pTP, the
latter is faster and appears as a red shift with distortion of the band in <200 fs.

Introduction

Intramolecular vibrational redistribution (IVR) and vibra-
tional energy transfer (VET) are known to play crucial
roles in a large range of photochemical reactions such as
charge transfer,! isomerization> or even protein dynamics.®’
Accordingly, the timescales and the pathways of vibrational
energy relaxation are important issues in condensed phase
photochemistry. Over the past decades, the study of such
processes has been developed thanks to ultrafast spectroscopic
techniques such as transient absorption spectroscopy.® !
While femtosecond-resolved fluorescence has been more
widely used to probe solvation dynamics, i.e. to characterize
the solvent response to a photo-induced dipole change in a
solute chromophore,'>"!'® this approach has also been used, to
a lesser extent, to study vibrational relaxation.!” ' The dyes
that were used to investigate such processes absorb in the
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visible region and are large and complex molecules.
Smaller and simpler dye molecules are more appropriate for
detailed theoretical and experimental characterizations, but
they usually absorb and emit in the UV region. The extension
of the fluorescence up-conversion technique with broadband
detection to the UV has demonstrated promising capabilities
to follow vibrational relaxation in real time.'>?° Here, we
focus on the early dynamics of UV chromophores, from the
end of the ultrafast intramolecular vibrational redistribution
(IVR) to the complete transfer of the excess energy (heat) to
the bulk solvent.

For this purpose, we investigated the femtosecond-resolved
fluorescence of two different UV dyes, namely 2,5-diphenylox-
azole (PPO) and para-terphenyl (pTP), whose photophysical
properties are summarized in Table 1. Their absorption and
emission spectra are plotted in Fig. 1. The high photostability,
emission quantum yield and large Stokes shift of PPO have
led to its extensive use as a wavelength shifter in liquid
scintillators, as well as a laser dye.2172(’ The first absorption
band peaking around 310 nm, assigned to the S; < S, transition,
shows a vibronic structure in non-polar solvents, which exhibits
at least two progressions. The structure becomes blurred in polar
solvents (Fig. 1). The fluorescence in non-polar solvents exhibits
a near mirror image with respect to the absorption band, and a
well resolved vibrational structure with an apparent average
spacing of 1370 cm '?® arising from the coupling with
two modes at 1544 cm ™' and 980 cm ™! assigned to oxazole ring
C=N + C=C stretching and deformation modes.*' ** In
cyclohexane, the absorption and fluorescence spectra clearly
deviate from the mirror image symmetry, suggesting a structural
change in the excited state.

PTP has been extensively used as a crystalline environment for
single molecule spectroscopy measurements,** > and was studied
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Table 1 Photophysical properties of three studied UV dyes in methanol and cyclohexane

Compound Thuo®/ns> Aabs’/nm Jem’/nm QY. Radiative transition Ground state dipole Excited state dipole
2,5-Diphenyloxazole

Methanol 1.65 303 362 0.5%® S; = S 1.59% 2.10%
Cyclohexane 1.36 303 357 0.85%

Para-terphenyl

Methanol 1.17 274 339 0.93° 8, > S — —

Cyclohexane 0.98 276 339

“ Total lifetime of fluorescence. * Wavelength of the maximum of the absorption spectrum. ¢ Wavelength of the maximum of the fluorescence

spectrum. ¢ Fluorescence quantum yield.
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Fig. 1 Steady-state absorption (discontinuous line) and emission
(continuous line) spectra of (a) 2,5-diphenyloxazole (PPO), (b) para-
terphenyl (pTP) in cyclohexane (CHex, blue), ethanol (EtOH, green)
and dimethylformamide (DMF, red). The structures of the dye
molecules are shown in the inset.

in the field of m-conjugated materials for its prospective use in
optoelectronic applications.>”* pTP is apolar and its steady state
absorption and emission spectra do not show significant changes in
the different solvents. Nevertheless, the mirror image symmetry rule
is clearly violated, the absorption being broad and featureless,
contrary to the structured emission. This reflects an important
conformational change upon excitation.® In the ground state, the
weak single C-C bonds connecting the phenyl rings imply the
presence of low frequency librational modes. The related potential
is characterized by an anharmonic double minimum well, with
minima at an angle of ~30° with respect to the planar configu-
ration. In the excited state, the phenyl-phenyl bonds are
strengthened and the molecule becomes planar with a near
harmonic potential. While the absorption is smeared out by
the wide vibronic progression from the torsional motion, the
emission spectrum is well-structured (Fig. 1), and is characterized
by the coupling with two modes of frequency 1614 and
1286 cm ™!, according to the fluorescence spectrum of crystalline
pTP at 42 K404

Since we are interested in the vibrational relaxation
processes of these two dyes, excitation with a large excess
energy is required. The 290 nm excitation used in the present

experiment corresponds to an excess vibrational energy of
~4500 cm™! in PPO and ~2500 cm ™! in pTP, with respect to
the absorption threshold.

Materials and methods

Our ultrafast broadband UV fluorescence set-up is based on the
up-conversion scheme, and has been previously described.>?*#
Briefly, we use 290 nm pulses with a bandwidth of about 4 nm
and a pulse width of about 70 fs at a repetition rate of 250 kHz.
The excitation energy of 30 nJ pulse™' was chosen to be in the
linear regime of excitation. The UV-excited emission from the
sample, circulated inside a 0.2 mm-thick quartz flow-cell, is
filtered with a 310 nm cut-off filter to remove the remaining
excitation light, and then mixed in a 250 um-thick BBO crystal
with the 800 nm gate beam. The up-converted signal is detected
with a CCD camera-equipped monochromator. To overcome
the phase-matching condition of the sum frequency crystal, the
latter is continuously turned during the measurements. The use
of the type I sum-frequency process imposes the detection
polarization, which is orthogonal to the excitation. The temporal
and spectral responses of 180 fs and 6 nm, respectively (fwhm),
were determined by a measurement of the Raman response from
the solvent (data not shown). The spectral correction was
performed by normalization of the longest time spectrum to
the steady state fluorescence spectrum, assuming that no spectral
evolution occurs for times > 100 ps.

Data analysis is performed in terms of spectral moments,
with the first- (M, average spectral position), and second-order
(M, spectral variance) moments being extracted from the data,
as well as in terms of Franck—Condon fit of the transient spectra
(see Section 3.2, Analysis). The vibrational normal modes of
PPO and pTP (frequencies reported in Table S1, ESI{) were
calculated using the Gaussian 09 program*® at DFT level with
the MO6L x-¢ potential.** A 6-31g* basis set was used.

Results
1. Time-resolved spectra

The normalized transient fluorescence spectra of PPO and pTP
in cyclohexane, ethanol and dimethylformamide, excited at
290 nm (34 500 cm ™), are shown in Fig. 2. While 70% of the
non-normalized integrated intensity (My(z), Fig. S1, ESIY)
grow within our instrumental response function, the remaining
30% grow with a time constant of ~60 ps, which due to our
polarized detection, we associate to rotational diffusion of the
dye, in agreement with previous studies.*>** In all solvents, the
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Fig. 2 Representative set of fluorescence spectra from (a) PPO and
(b) pTP in cyclohexane (left), ethanol (middle) and dimethylformamide
(right) at different time delays, upon 290 nm excitation. The purple trace
is the F-C fit at # = 100 ps.

spectra at time zero are already centered close to the maximum
of the steady state fluorescence band. Accordingly, most of the
total Stokes shift (~ 5000 cm™!) occur within our instrumental
response. This promptly relaxed fluorescence band with one
maximum speaks for emission stemming from a vibrationally
cold level, as far as high frequency modes are concerned.
A similar behaviour was recently reported for a large class
of metal-based molecular complexes.*” The emission bands at
early times are broad and featureless, contrary to those at long
times. The blue-most part of the spectrum was cut by the filter
at 310 nm (see above). From the end of the excitation pulse
(orange trace, ¢+ = 200 fs) to the trace recorded at the longest
time delay (dark blue, z = 100 ps), the spectrum narrows down
progressively, converging to the steady state fluorescence
before 100 ps. For PPO, this narrowing is most noticeable in
cyclohexane where the spectrum at 100 ps dramatically differs
from that at time zero.

The early time transient spectra of PPO show a peculiar
evolution (red, orange and green traces) which is due to an
oscillatory behaviour. This is clearly observed in the kinetic
traces taken at the blue and red wings of the spectra (Fig. 3)
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Fig. 3 Fluorescence kinetic traces at 350 nm (29000 cm™') and
400 nm (25000 cm™") of PPO in cyclohexane (left), ethanol (middle)
and dimethylformamide (right), from the data shown in Fig. 2.

where a damped oscillation with a period of 330-360 fs can be
seen. The opposition of phase between the red and the blue
wings suggests an oscillation of the position of the entire band,
due to wavepacket dynamics between the turning points of the
excited state potential on which it evolves.

In the case of pTP, no such behaviour is observed. The
intensity on the blue edge decreases as a function of time,
whereas that on the red edge increases. As will later be seen,
this red shift of the entire band is most likely due to intra-
molecular relaxation, since the Franck—Condon maximum
does not shift, ruling out any contribution from solvation
dynamics.

2. Analysis

In order to reliably interpret the data, a spectral moment
analysis (see Materials and methods) was applied and compared
to a Franck—Condon (F-C) fit analysis. The transient spectra
were in fact adjusted with a F-C progression including the
coupling with two high frequency modes:***

e~ (51+52) ssy -

a(t) A=, nim! :

2
v—rq_g(t)+nv) +mvy
()

I(v, 1) = A(1)

(1)

In this fit, only the amplitude (A4), the origin of the transition
(vo_0) and the width (o) are adjustable parameters. All other
parameters, given in Table 2, are set to the values found in the
literature for the frequencies (v, v,) and to those obtained from
the fit of the static spectrum for the Huang—Rhys factors (S}, Sy).
The only assumption required to perform such an analysis is that
the emission stems uniquely from one excited state, vibrationally
cold with respect to the high frequency F—C modes, i.e. that IVR
has already occurred. The time-dependent contribution to the
width describes the broadening resulting from the temperature-
induced population of the low frequency modes:*

h(v)

2 2

T) = NS th 2
(1) = N(oeorn (57 ) @)
where v is the average frequency of degeneracy N and average
linear coupling constant S. For temperature higher than the low
average frequency (kg7 > h(v)), the above relation becomes
linear:

02(7“) ~ w (3)

The fits were satisfactory for all spectra (Fig. S2, ESIY),
except in the case of PPO for times <1 ps. The time
dependence of the first spectral moment M(z) and of the
energy of the zero-phonon-line as obtained from the fit is
shown in Fig. 4. As previously observed, the evolution of the
position of the band is clearly different in PPO and pTP. The
early time evolution of PPO exhibits a damped oscillatory

Table 2 Parameters used for the F-C fit (eqn (1)). The Huang—Rhys
factors S and S, were obtained by the fit of the static spectrum

Compound vl/cm’1 S1 vz/cm’1 S5
PPO 15443 1.21 98033 0.86
pTP 16144 0.42 1286%° 0.93
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Fig. 4 Average fluorescence spectral position M (¢) (left scale) and zero-phonon-line (right scale) of (a) PPO and (b) pTP in CHex, EtOH and
DMEF. The first 3 ps are in a linear scale, whereas from 3 to 100 ps the time is in a logarithmic scale.

pattern, due to a low frequency vibrational wavepacket.
This wavepacket might be directly generated by the excitation,
or indirectly through the ultrafast IVR. However, because of
the important structural changes upon promotion to the
excited state (as suggested by the breakdown of the mirror
image symmetry in the static absorption/emission spectra in
Fig. 1) and the low symmetry of PPO (C), all the vibrational
modes are very likely F—C active and a wavepacket is probably
directly excited.

Its period of ~350 fs corresponds to a frequency of
~95 cm~'. A Fourier analysis of the oscillatory pattern,
shown in Fig. S3 (ESIf), confirms a main contribution at
100 + 30 cm™! for all the solvents (t = 330 + 90 fs). The
damping constant is 300-500 fs, as estimated by the ratio
between the first and second maximum in the oscillations of
M, (¢) (Fig. S3, ESI¥).

After 1 ps, the band has reached its steady-state position in
ethanol and dimethylformamide, whereas a multimodal
300 cm ™! blue shift still occurs in cyclohexane. Concerning

pTP, a ~300 cm™! red shift of the band occurs in the first ps,

with similar amplitude and timescales in all solvents.

The band narrowing (Fig. 2) is reflected as a decay in the
second moment M,(7) shown in Fig. 5, and in the width ¢° of
the fit (Fig. S2, ESIt). The latter matches M, at every time
delay when scaled by an appropriate factor, except in the
region where the fit is not satisfactory, i.e. in the first ps
(not shown). This spectral narrowing is typical of a cooling
process. In order to establish the relationship between the
width of the fluorescence and the temperature of the system,
the static fluorescence spectra of both dyes were acquired for
different temperatures ranging from 260 to 380 K in all
solvents (see Fig. S4 (ESIY) for cyclohexane).t The variance

[em™]
ZOIOO

1
2
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3 456789

Time [ps]

Fig. 5 Square root of the fluorescence spectral variance Mz(t)% of PPO
and pTP in CHex (blue), EtOH (green) and DMF (red). The first 3 ps are
in a linear scale, whereas from 3 to 100 ps the time is in a logarithmic scale.

o’ appears linear with temperature, allowing us to extrapolate
the temperature of the molecule at every time delay.

Fig. 6 shows the molecular temperature of PPO and pTP for
delay times where the fit is satisfactory. In DMF, the fluorescence
spectrum of PPO is not structured enough to extract a bandwidth.
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Fig. 6 Molecular temperature of PPO and pTP in CHex, EtOH
and DMF.
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The temperature of PPO and pTP after IVR, i.e. when the
population of each vibrational mode is described by a Boltzmann
distribution, but before thermalization with the solvent has
occurred, is related to the excess vibrational energy AE.;, via:*

tot = hi
ER(D) =) Gmr—1 4)

i

where v; is the frequency of the ith mode and E') is the total
vibrational energy (E\, = E, + AEyp, i = initial, and AE,, =
~4500 cm™ ! and ~23500 cm™! for PPO and pTP respectively).
The vibrational frequencies of PPO and pTP (Table S1, ESI¥)
were introduced in the above equation in order to extract the
initial molecular temperature. The latter is found to be ~510 K
and ~420 K for the estimated excess of energy in PPO and pTP,
respectively.

At ~ 1 ps after excitation, the temperature of PPO is found to be
~500 K, in agreement with the computed value. The spectra at
earlier time delays cannot be satisfactorily fitted with the Franck-
Condon progression. Yet, the narrowing mainly occurs in the first
ps, as shown by the decrease of Mz(t)% from >2000 to 1850 cm ™!
(Fig. 5). However, such a value of Mz% at time zero would
correspond to an initial temperature >2000 K, strongly deviating
from the calculated temperature and physically meaningless. This is
even more so that the early spectra are cut on the blue side and the
calculated values of M, at early times are surely underestimated.

In the case of pTP, the initial temperature extrapolated in
Fig. 6 is 460 K for EtOH, 500 K for DMF and 520 K for
CHex, with an uncertainty of ~40 K. These values exceed the
above estimated temperature of 420 K. The intramolecular
temperature is only reached after ~ 200 fs, i.e. at the end of the
excitation pulse. Table 3 reports the temperature amplitudes
and decay times obtained from a bi-exponential fit performed
from 200 fs to the last delay time.

These observations confirm that in the early transient regime
(<ps for PPO and <200 fs for pTP), the fluorescence cannot be
described by the F—C progression (eqn (1)). As will be discussed in
the next section, in this regime structural changes might occur
(accompanied by the launching of a coherent vibrational wave-
packet in the case of PPO), which significantly affect the fluores-
cence spectrum.

3. Discussion

The F-C analysis of the time-resolved fluorescence spectra
requires two hypotheses. First, the definition of the tempera-
ture is possible only when the population of each vibrational
mode is given by a Boltzmann distribution, i.e. once IVR
processes are over. Second, no important structural changes
occur. We have evidence that one or both of these hypotheses
does not hold in the sub-ps domain:

(1) As mentioned above, the spectra of PPO before ~1 ps
cannot be satisfactorily fitted with the Franck—Condon pro-
gression of the static spectrum (eqn (1)).

(2) The normalized spectra in Fig. 2 show a change in the
relative peak height of the 0-0, 0—1 and 0-2 Franck—Condon
bands, which is not described with the former treatment. This
observation and the presence of wavepacket dynamics in the
case of PPO speak for a non-thermalized system.

(3) The breakdown of the mirror image symmetry in the
static absorption/emission spectra (Fig. 1) suggests important
structural changes in the excited state. These changes, very
likely involving out-of-plane distortion as demonstrated in the
case of pTP,*® must occur on a given timescale ranging from
the fs to the ps regime.

The latter remark is especially obvious in pTP, and is due to an
important structural change in the excited state.” It is tempting
to assume that the early dynamics observed in the first moment
of pTP and PPO are triggered by such structural changes. In the
case of PPO, the time zero spectrum resembles the mirror
image of the absorption (broader than emission), suggesting that
the structural change has still not occurred. The coordinate
describing the conformational change might involve one (or a
few) vibrational mode(s) slow enough to generate a coherent
vibrational wavepacket. The latter dynamics would then
modulate the fluorescence spectra in this transient regime.

The complete set of frequency modes calculated in the ground
electronic state using Gaussian 09 are given in Table S1 and the
8 lowest ones are shown in Fig. S5 (ESIY). Ionescu ez al.”® reported
the excited state optimized geometries of a derivative compound
of PPO, showing an increase in the phenyl-oxazole bond order
and a decrease in that of the C=N and C=C bonds inside the
oxazole ring. These changes suggest an in-plane phenyl-oxazole-
phenyl bending contraction. The third calculated vibration of
frequency 67 cm ™! corresponds to such a vibrational deformation
(Fig. S5, ESIT) and might be involved in the wavepacket. How-
ever, the next vibrational mode of 89 cm™' is a combination of
out-of-plane torsional and waving motion. This mode matches the
observed oscillation frequency better and is most likely the main
contribution to the wavepacket. The time dependent spectral shift
probably originates from oscillation of the system at the bottom of
the excited state potential well, along the coordinate of the
involved vibrational mode. The energy stored in this mode is
redistributed either to lower frequency modes, or directly to the
solvent. Indeed, polar interaction of the closest solvent molecules
with the oxygen and nitrogen atoms on the oxazole moiety would
damp more efficiently the wavepacket dynamics. However, the
uncertainty in the determination of the damping constant does not
allow us to evidence a solvent dependence.

In the case of pTP, no oscillation is observed, but the same
considerations apply: the fluorescence maximum is at its final
position already at time zero, whereas the zero-phonon-line
decreases and narrows concomitantly with an increase of the
red wing, resulting in the red shift of M,(f) (Fig. 4). As
mentioned before, the structural rearrangement of pTP is
associated to a planarization, mainly involving the torsional

Table 3 Time constants of a bi-exponential fit of 7(¢) from Fig. 6 (amplitudes in parenthesis)

Solvent 7,79 fs (T/K)

©"/ps (T/K)

o”™P/fs (T/K) o"%/ps (T/K)

Cyclohexane 700 £ 60 (125 £+ 10)
Ethanol 400 £ 50 (130 £ 10)
Dimethylformamide — —

20£3(75+7)
5.6+ 1.6 (70 £ 7)

270 =+ 30 (90 £ 10)
300 & 50 (80 & 10)
310 £ 40 (80 £ 10)

42+ 1230+5)
7.6+ 2.8 (40 & 5)
2.3£0.5 (40 £ 5)
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motion of the phenyl rings.*® The effect of such a hot low
frequency mode on the emission spectrum of pTP corresponds
to a strong broadening and a related blue shift of the band,
consistent with the distortion of the early transient spectra of
pTP. Accordingly, the early dynamics of pTP (r < 200 fs in
Fig. 4 and 6) are likely due to torsional relaxation towards the
planar configuration.

In summary, the sub-ps dynamics of PPO and pTP observed
in the first moment reflect some structural changes induced by
the photo-excitation. While their manifestations are different,
i.e. damping of a wavepacket in PPO and red shift in pTP, they
are both signatures of similar processes, related to structural
changes in the excited state. The faster relaxation process in
pTP agrees with the fact that the F—C progression still reason-
ably fits the early time spectra. This is not the case for PPO,
which shows a time zero spectrum comparable to the mirror
image of the absorption, i.e. that cannot be reasonably
adjusted by the F—C progression.

The following spectral changes, namely the band narrowing,
correspond to the release of the excess of vibrational energy
to the solvent, i.e. the cooling of the molecule. The latter
dynamics is surprisingly fast. The main part of the cooling
(80-90 K) occurs on a sub-ps timescale (200-300 fs, Table 3),
whereas only 40 K thermalizes on the picosecond timescale.
The fast decay is independent of the solvent for pTP, whereas
it is accelerated in the polar one for PPO. Within our uncertainty,
we do not observe any effect of the solvent on the slowest decay
times. Nevertheless, PPO in cyclohexane shows a blue shift in
tens of ps (Fig. 4). This unusual behaviour is unclear, but it seems
to be related to the solvent polarity. The emission/absorption
mirror image symmetry being most marked in cyclohexane, it is
tempting to relate this behaviour to some further structural
rearrangements that are absent or hindered in polar solvents.

Conclusions

The set of data presented above allows us to describe the
vibrational relaxation mechanisms of 2,5-diphenyloxazole and
para-terphenyl excited with a large excess of vibrational energy
(respectively 4500 and 2500 cm™"). The main part of intra-
molecular Stokes shift is almost instantaneous (< 60 fs), meaning
that the energy initially localized in the Franck-Condon high
frequency modes (1544 (1614) cm ™', v = 3(2) for PPO (pTP)) is
very rapidly redistributed by IVR to lower frequency modes.

In the case of PPO, the broad spectrum oscillates around its
average equilibrium position within the first picosecond, with
a period of ~350 fs. The dephasing of this wavepacket
accompanies the initial fast narrowing of the band. For pTP,
no coherent vibrations are observed, but a sub-ps red shift
characterizes the first moment of the band. This feature, as for
PPO, is the last step of IVR, and more specifically, a vibra-
tional relaxation of the phenyls torsional motion. However,
the contribution from IVR is less than in the case of PPO,
since the F-C fit is still satisfactory at time zero, and the
estimated temperature is reached after only ~200 fs. These
results suggest a faster IVR in pTP, which can be explained by
the larger number of degrees of freedom in pTP, the presence
of heavier atoms (N, O) in the oxazole ring of PPO, as well as
the higher symmetry of pTP compared to PPO.

The vibrational energy transfer to the solvent is bi-exponential
for both dyes. Its sub-picosecond onset occurs on the same
timescale as the vibrational relaxation process described above,
while the complete thermalization is achieved in tens of ps. This
biphasic vibrational cooling could tentatively be explained by a
two-step energy transfer: in the first picosecond the chromophore
transfers its energy to the closest solvent molecule (solute-
to-solvent transfer), while the subsequent cooling is limited by
transfer of the heat to the bulk (solvent-to-solvent transfer). This
local heating effect, giving rise to the initial cooling dynamics, is
enhanced by the polarity of the solvent, which strengthens the
solute-solvent interaction.'” Accordingly, the initial cooling rate
of pTP is independent of solvent polarity, as expected for an
apolar solute. However, the fact that the initial cooling occurs on
the same timescale as the damping of the wavepacket dynamics
could support another explanation for the origin of the former:
the vibrational cooling could tentatively depend on the distri-
bution of population among all vibrational modes, making the
process of cooling highly non-exponential. The cooling is faster
in the beginning and progressively slows down, finally showing
up as a bi-exponential decay.

We have thus been able to identify the presence of a sub-
picosecond solvent-induced vibrational relaxation, separated by
the slower heat dissipation to the bulk. This study reveals the
importance of considering the conformational changes in the
fluorescence spectrum at short delay time after photoexcitation.
Moreover, it illustrates the limits of the definition of the temperature
of a molecule in the femtosecond domain, in particular when IVR
processes interfere with cooling dynamics.
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