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ABSTRACT: The spectroscopy of large organic molecules and biomolecules in solution
has been investigated using various time-resolved and frequency-resolved techniques. Of
particular interest is the early response of the molecule and the solvent, which is difficult
to study due to the ambiguity in assigning and differentiating inter- and intramolecular
contributions to the electronic and vibrational populations and coherence. Our
measurements compare the yield of fluorescence and stimulated emission for two laser
dyes IR144 and IR125 as a function of chirp. While negatively chirped pulses are
insensitive to solvent viscosity, positively chirped pulses are found to be uniquely
sensitive probes of solvent viscosity. The fluorescence maximum for IR125 is observed
near transform-limited pulses; however, for IR144, it is observed for positively chirped
pulses once the pulses have been stretched to hundreds of femtoseconds. We conclude
that chirped pulse spectroscopy is a simple one-beam method that is sensitive to early
solvation dynamics.

SECTION: Spectroscopy, Photochemistry, and Excited States

Understanding molecular dynamics soon after photon
absorption, taking into account the solvent environment

surrounding the molecule, is central to predicting the course of
chemical reactions and biophysical processes. The relevant time
scales regarding the coherent response to photoexcitation in
solution are determined by the inter- and intramolecular
interactions and their corresponding energy fluctuations.1−11

The multiple processes occurring during this time, convoluted
by inhomogeneous broadening as well as the spectral and
temporal response function of the experimental setup,
complicate assignment of the observed decay processes. Here,
we focus on the optical response from solvated IR125 and
IR144, which have been studied in solution as a function of
temperature and solvent. The organic dye molecule IR125
undergoes nonpolar solvation, while IR144 undergoes polar
solvation given the reduction in its dipole moment upon
excitation.8,12 The difference between the molecules is
attributed to the piperazine functional group in IR144.
Three-pulse photon-echo peak shift (3PEPS) measurements
revealed a solvent independent coherent response for times
<0.1 ps, described as inertial, followed by a solvent dependent
component changing from 4.04 ps to 1.36 ps in ethylene glycol
at 297 K and 397 K.13 Fluorescence upconversion measure-
ments with broad-band detection also can yield insights into
the intra- and intermolecular dynamics that are comparable to
those for other nonlinear optical techniques.14,15 Our goal is to
find spectroscopic probes of the solvation environment that are
sensitive and easier to implement in a microscope; in particular,
we evaluate here chirped femtosecond pulses. These single-
beam methods will be of paramount importance when
investigating microenvironment effects on single molecules
due to the relative ease of the experimental implementation.

The asymmetric response7 of fluorescence to chirped
femtosecond pulses was first observed by Shank and co-
workers.16 Fluorescence depletion was observed for negatively
chirped pulses and explained as an intrapulse pump−dump
process that follows the nascent wave packet in the upper
excited state as the carrier frequency shifts to lower energies.
That process is not available for positively chirped pulses, for
which the carrier frequency shifts to higher energies. The
depletion mechanism has been used for controlling population
transfer in multilevel systems owing to its robustness with
respect to fluctuations.17−19

Different qualitative and quantitative interpretations of the
chirp dependence of molecular fluorescence have been
advanced; Cao et al.20 developed an intrapulse three-level
model, while Fainberg and co-workers have worked on
including non-Markovian relaxation in the existing theory.21−23

Our work using chirped pulses established that the changes
observed are quadratic, with laser intensity even for excitation
probabilities in the range of 0.02−5%.24 All experiments
showed enhanced (compared to transform-limited pulses)
fluorescence with positively chirped pulses and enhanced
stimulated emission (compared to transform-limited) with
negatively chirped pulses.24 The main difference between
stimulated emission and fluorescence is that stimulated
emission is a coherent χ(3) process that gives rise to a third-
order polarization. The emission is greatest when the initial
excitation has not undergone intramolecular vibrational
randomization (IVR) and dephasing. This however is not
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necessarily true for the pump−probe type of experiments,
where the probe pulse interrogates a population excited by the
pump pulse in a manner that is not phase-sensitive.
Fluorescence is a spontaneous emission process occurring
after IVR that depends on the population that the chirped pulse
achieves. The characteristic fluorescence depletion observed for
negative chirped pulses is a result of enhanced stimulated
emission, which is favored for the blue-to-red frequency
ordering of negatively chirped pulses.
We developed a four-level system shown in Figure 1 and

solved it using the Liouville equation without the assumption of

weak field interactions, and the theory fit our data well.24 We
found that a relaxation rate in the range of 20−30 fs (solution
of IR144 in methanol at room temperature) reproduced our
data closely.
Measurements of the dependence of the integrated

fluorescence intensity (detected at 90°) and stimulated
emission (detected in the forward direction along the excitation
beam) were recorded as a function of chirp. Results for both
dyes dissolved in ethylene glycol at different temperatures are
shown in Figure 2. A secondary axis denoting the pulse
duration of the chirped pulses has been provided in the figures
to help elucidate the timing of inter and intramolecular
processes taking place during the chirp scans. The data are
normalized on the asymptotic values of the chirp effect. For
fluorescence (left column), the curves were normalized on the
asymptotic values attained for negative chirp, while the
stimulated emission curves (right column) were normalized
on the positive chirp asymptotes. An alternate method of
normalization, where all curves are normalized to match the
zero-chirp value, is shown in Figure S1 (Supporting
Information).
The changes in stimulated emission and fluorescence as a

function of solvent and temperature are shown in Figure 2a−d.
Measurements for the two different dyes dissolved in ethylene
glycol were performed at 278, 294, and 323 K and have been
color coded as blue, black, and red, respectively. The viscosities
of ethylene glycol at 5, 20, and 50 °C are 45.4, 19.3, and 6.55
mPa s, respectively.25 Most importantly, our findings reveal that
negative chirp, where historically most of the scientific research
has focused,16,17,19,20,26−48 is insensitive to solvent viscosity.
Negative chirp experiments can be thought of as being similar
to pump−probe measurements, in which the bluer wavelength

Figure 1. Schematic of the optical processes relevant to chirp
dependence measurements. This is the minimum number of states that
we found to be required to model our results. There is a difference
between coherent stimulated emission, which occurs at higher
frequencies, and fluorescence, which occurs spontaneously from a
relaxed fluorescent state.

Figure 2. Fluorescence and stimulated emission response to chirped pulses for IR125 (a,b) and for IR144 (c,d), respectively, in ethylene glycol at
three temperatures, 278 (blue), 294 (black), and 323 K (red). The plots have been normalized on the asymptotic value of the chirp effect.
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pump precedes the redder wavelength probe. Negative chirp
leads to enhanced stimulated emission and hence lower
fluorescence intensity. It is worth noting that the feature
found at −2500 fs2 ∼200 fs for IR144 in fluorescence and in
stimulated emission coincides and is likely the same as a
vibrational feature found in the 3PEPS results on IR144 in all
solvents at T = 0.2 ps.13 Positive chirp, because of the time
ordering of the frequencies, is not effective for stimulated
emission. Interestingly, once the excited state is reached, the
time ordering of the frequencies of positively chirped pulses is
such that it can stimulate a transition back to the ground state
and again back to the excited state.
Positive chirp, on the other hand, yields different dynamics as

a function of temperature. When exploring IR125 fluorescence,
we find that colder solvent leads to enhanced fluorescence near
800 fs2. This enhancement is not observed at higher
temperatures. A similar fluorescence enhancement for colder
solvent is observed for IR144; however, the maximum
fluorescence is reached around 5000 fs2, which corresponds
to ∼500 fs. The trends observed in fluorescence are reflected in
stimulated emission. The stimulated emission intensity drops
sharply for positively chirped pulses for IR125, while the rate is
much slower for IR144. This decay rate decreases with
increasing temperatures for both molecules. It is important to
note that the chirp values found depend on the characteristics
of the transform-limited pulses, in particular, the bandwidth.
Our results clearly show sensitivity to the solvent viscosity.

The overall difference in the shape and decay rates between the
two dyes can be attributed to molecular properties of the probe
molecules. IR144 undergoes a change in dipole moment upon
excitation and therefore undergoes polar solvation, which
depends on solvent reorientation. This accounts for the slower
dynamics of IR144 in ethylene glycol. IR125 on the other hand
undergoes nonpolar solvation due to the absence of any
significant change in dipole moment upon excitation.
The viscoelastic model for nonpolar solvation predicts a

rapid viscosity-independent “ballistic” or coherent phonon-
induced response and slower viscosity-dependent diffusive
dynamics that relieve stress following excitation.49 The diffusive
dynamics have been shown to be sensitive to the vibrational
dephasing in viscous media.50 Building on the viscoelastic
theory, photon-echo studies have tried to distinguish between
the fast modulation, spectral diffusion, and quasi-static
dynamics based on the scaling of the echo decay time as a
function of viscosity.51 This distinction is difficult based on the
relative insensitivity of the photon-echo measurements. When
3PEPS measurements were fitted to five time constants, no
change was observed in the first two fastest time constants
(times less than 100 fs), but a 0.5 fs difference in the peak shift
found for picosecond times was reflected in the third and fourth
time constants, where the decay rates measured for methanol
were found to be three times faster than those involving
ethylene glycol.52 When ethylene glycol was heated to 397 K,
the results found from 3PEPS more closely matched methanol;
this is something that is reproduced by our measurements
(Figure S2, Supporting Information). Our positive chirp
findings for IR125 are consistent with the rapid viscosity-
independent coherent phonon response (rise close to zero
chirp) followed by the slower viscosity-dependent diffusive
dynamics observed as the pulse duration increases. In contrast,
the dipolar response of IR144 depends on solvent reorienta-
tion, a process that is viscosity-dependent, and thus delays the
point where maximum fluorescence is observed.

Shaped pulses, for example chirp as presented in this Letter,
are found to be particularly sensitive to the solvent environ-
ment, especially during the first few hundred femtoseconds,
where previous nonlinear spectroscopic approaches have been
less sensitive. We are in the process of simulating these findings
in order to place them in the context of modern theoretical
methods that take into account the evolution of the density
matrix in the presence of a realistic solvation environment. The
ability of phase-shaped laser pulses to probe the solvent
environment is particularly exciting given the relative ease of
these experiments compared to the much more complicated
four-wave mixing setups. We plan to take advantage of chirped
pulses to probe solvent environment effects of probe molecules
in interesting environments such as protein pockets and
membranes and under single-molecule conditions.

■ EXPERIMENTAL SECTION
The experimental apparatus used for these experiments has
been described elsewhere.24 Briefly, pulses from a femtosecond
regeneratively amplified Ti:Sapphire laser producing 26 nm
fwhm (corresponding to 36 fs when transform-limited) were
used. Pulses were compressed and shaped using a pulse shaper
(MIIPS-HD, Biophotonic Solutions Inc.) placed after the
amplifier.53,54 A chirped pulse scan consisted of recording
molecular emissions as a function of φ″, the spectral chirp from
negative to positive 20 000 fs2, for φ(ω) = 0.5φ″(ω − ω0)

2.
The chirp was scanned back and forth to eliminate any
systematic errors. Given the initial pulse duration for transform-
limited pulses of 36 fs, the pulses were stretched to have a
maximum pulse duration of 2.17 ps fwhm, according to (τ/τTL)
= [1 + (4 ln 2(φ″/τTL2 ))]1/2 . In a sense, a chirp scan can be
interpreted as two-color time-resolved measurements for which
early changes such as those occurring at 100 fs are observed
near 1000 fs2. For negative chirps, high frequencies arrive
before low frequencies, and for positive chirps, the order is
reversed. For all experiments, unfocused laser pulses centered at
800 nm were used. The attenuated and shaped amplified pulses
were energetic enough to achieve peak intensities (when
transform-limited) of 4 × 109 W/cm2. The relatively low
repetition rate of the laser (1 kHz compared to oscillators with
100 MHz rates) permits sufficient time for relaxation between
pulses and greatly reduces the need for flow in our
measurements. The solutions with optical density of <0.3
were placed in 2 mm cuvettes in order to minimize phase
distortion and reabsorption effects. The cuvette was placed in a
metal sample holder connected to an aluminum base. For the
high-temperature measurements, the base was heated, and the
temperature was allowed to equilibrate. For achieving the low
temperatures, the whole assembly was immersed in an ice bath,
and a constant flow of dry N2 was used to prevent condensation
on the cuvette.
The results presented here depend on the ability to deliver

pulses that are free of high-order dispersion, the long-term
stability of the laser output, and finding the concentration and
laser intensity that reduced possible local heating effects to a
level that is below our measurement ability. The reproducibility
of our data was tested by repeating all of the measurements on
different days and comparing them without any normalization.
The reader can see the results when normalized to the
fluorescence or stimulated emission detected for transform-
limited pulses (see Figure S1, Supporting Information) to
confirm that all curves for negative chirp are parallel (no
sensitivity to the solvent) while the curves obtained for positive
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chirp are found to depend on solvent viscosity. We also include
in the Supporting Information results obtained for methanol
and compare them with results obtained for ethylene glycol at
323 K (see Figure S2). We find excellent agreement for IR125
and IR144, although IR144 does show a faster loss of
stimulated emission for methanol. Finally, given that the results
presented depend on linear emission, we checked for effects of
local heating by acquiring data at laser repetition rates of 1 kHz
and 100 Hz while looking for deviations in the observed chirp
dependence. We found that for high concentration and high
laser intensity, some deviations were noted. However, when the
optical density was reduced to <0.3 OD and the pulse energy
was reduced to 40 μJ (1 kHz), deviations were no longer
observed (Figure S3, Supporting Information). On a technical
note, changing the repetition rate of our laser caused a change
in the output phase characteristics, and we had to recompensate
in order to get transform-limited pulses before repeating the
measurements.

■ ASSOCIATED CONTENT
*S Supporting Information
Figure S1 shows our measurements normalized such that all
signals match at zero chirp, to show that the method used to
normalize does not change the observed trends. Figure S2
compares results for ethylene glycol at 323K and methanol,
which for IR125 are found to be nearly identical and for IR144
they are found to be very similar. Figure S3 shows results
obtained at laser repetition rates of 1 kHz and 100 Hz. Both are
found identical, and this indicates laser heating effects in our
measurements are negligible. This material is available free of
charge via the Internet at http://pubs.acs.org.
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