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ABSTRACT: Fast population transfer from higher to lower
excited states occurs via internal conversion (IC) and is the
basis of Kasha’s rule, which states that spontaneous emission
takes place from the lowest excited state of the same
multiplicity. Photonic control over IC is of interest because
it would allow direct influence over intramolecular non-
radiative decay processes occurring in condensed phase. Here
we tracked the S2 and S1 fluorescence yield for different
cyanine dyes in solution as a function of linear chirp. For the
cyanine dyes with polar solvation response IR144 and meso-
piperidine substituted IR806, increased S2 emission was
observed when using transform limited pulses, whereas
chirped pulses led to increased S1 emission. The nonpolar solvated cyanine IR806, on the other hand, did not show S2
emission. A theoretical model, based on a nonperturbative solution of the equation of motion for the density matrix, is offered to
explain and simulate the anomalous chirp dependence. Our findings, which depend on pulse properties beyond peak intensity,
offer a photonic method to control S2 population thereby opening the door for the exploration of photochemical processes
initiated from higher excited states.

■ INTRODUCTION

Kasha’s rule is one of the fundamental phenomena governing
the photochemistry and photophysics of molecules in
condensed phase. It states that following excitation to higher
electronic excited states, spontaneous emission occurs from the
lowest electronic excited state, independent of the photon
energy used during the excitation process.1 The basis for this
rule is that the rates of nonradiative processes such as, internal
conversion (IC), intersystem crossing (ISC) and vibrational
relaxation from higher excited states are much faster than the
spontaneous radiative decay rate of that excited state.2 Some
compounds, such as azulenes, aromatic acenes, thioketones, and
polyenes have been observed to violate Kasha’s rule and exhibit
fluorescence from higher excited states simultaneously along
with the fluorescence from the lowest excited state.2

Photonic control of intramolecular nonradiative decay
pathways opens up the possibility of utilizing higher excited
states to manipulate the final product distribution of photo-
induced reactions,3 design optoelectronic switches4 and utilize
more efficient charge transfer events.5 It has been reported that
by controlling the properties of the molecular environment,
such as pH and viscosity, the dual emission behavior noted
above was affected due to changes in the excited state
intramolecular proton/charge transfer.6,7 Structural changes
such as the carbon substitution position of organometallic
complexes play a key role in changing nonradiative metal-to-

ligand charge transfer state that leads to the production of dual
emissive states.8 Here, as part of our efforts toward under-
standing and controlling laser-matter interactions,9 we explore
photonic control over Kasha’s rule with the goal of significantly
enhancing emission from a higher (S2) electronic state.
Cyanines are a class of polymethine dyes structurally related

to protonated Schiff bases, carotenoids, and other conjugated
polyenes. Some are approved for photodynamic therapy and
bioimaging;10 their backbone consists of an odd number of
conjugated 2pz orbitals that results in a S0−S1 transition in the
visible or near-IR region. The large S2−S1 energy gap ranges
from 0.6 to 1 eV, and leads to comparatively weak coupling
between the two excited states and a slowing of the IC rates
according to the energy gap law, which states that IC rate
decreases exponentially with increasing energy separation.11

Cyanine dyes exhibit dual fluorescence when excited directly to
the S2 state.

12−15 The fluorescence quantum yield and lifetime
of the S2 state for cyanine dyes has been shown to increase with
solvent viscosity.16

The broad and essentially featureless absorption spectra of
polyatomic molecules in condensed phase poses a challenge for
photonic control strategies especially when compared to the
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spectra of isolated small molecules for which energy levels are
sharp and well-defined. Spectral broadening due to spectral
congestion and inhomogeneous and homogeneous broadening
prevent one from mapping potential energy surfaces and
finding gateways responsible for IC, ISC, and barriers to
isomerization. Linear chirp, one of the simplest forms of pulse
shaping and results in a carrier frequency sweep from higher to
lower frequencies (positive chirp) or the reverse sweep
(negative chirp), has been used previously to control
population and hence fluorescence yields of large molecules
in solution.17,18 Chirped pulses have also been used to control
the yield of a desired photoproduct19,20 and population transfer
in fluorescent proteins.21 The chirp dependence of molecular
fluorescence from S1 states has been explained theoret-
ically.18,22−26 Control with more complex pulse shapes resulting
from closed loop optimization have been used to control
processes related to solar energy capture, suppression of
radiationless transitions, and photoisomerization; the effect of
shaped pulses on the yields of photoproducts has been
demonstrated experimentally27−33 and theoretically.34−37

These efforts have been reviewed in the past.9,38,39 While
some of the work referenced here include excitation to S2,

27,36

robust control of S2 to S1 IC using shaped pulses has not been
reported. Here we explore control of S2 fluorescence yield using
chirp following direct S2 excitation. In our experiments, we
monitor fluorescence from both S2 and S1 states, as a function
of chirp for different cyanine dyes.

■ EXPERIMENTAL METHODS
Laser and Pulse Shaper. The experimental setup shown in

Figure 1 uses a noncollinear optical parametric amplifier

(NOPA, Spectra-Physics Spirit NOPA-3H) as a source of
tunable femtosecond pulses. The NOPA is pumped by an
amplified direct diode-pumped Yb laser (Spectra-Physics Spirit
1040−4) which delivers 1040 nm pulses at a 100 kHz
repetition rate with pulse energy of 40 μJ. The NOPA has a
built-in third harmonic generator that is used to pump the
white-light continuum seed pulses in order to generate visible
wavelengths tunable from 500 to 750 nm. For the current
experiments, we used pulses centered at 517, 540, and 545 nm.
The NOPA pulses were compressed and shaped using a
femtoJock (Biophotonic Solutions Inc. USA) phase and
amplitude pulse shaper using the multiphoton intrapulse
interference phase scan (MIIPS) method.40,41 The pulse
durations ranged from 13 to 16 fs depending on the excitation
wavelength.

Fluorescence Excitation and Detection. The com-
pressed pulses were focused with a 10 cm focal length lens
onto a cuvette having a 2 mm path length. Second order
dispersion caused by the cuvette wall on the incident side of the
beam was accounted for when compressing the pulses using the
MIIPS procedure with the pulse shaper. Solvent introduced
dispersion, which is about 60 fs2/mm at our working
wavelength,42 was minimized by collecting the signal at a
right angle near the entrance cuvette window with a multimode
optical fiber, with 25 degree acceptance angle, placed in contact
with the cuvette. Chirp phase masks of the form ϕ(ω) = 0.5ϕ″
(ω − ω0)

2, where ϕ″ is the quadratic phase, were applied using
the pulse shaper. The chirp scan was conducted by varying the
quadratic phase from negative to positive 5000 fs2. Quadratic
phase on the transform limited (TL) pulse stretches it to longer

durations according to τ τ ϕ τ= + ″/ 1 (4 ln 2) ( / )TL TL
2 2 2 .

Laser fluence dependence measurements were carried out by
changing the amplitude mask in the pulse shaper while ensuring
retention of the desired phase mask. Chirp scan experiments
were conducted with pulse energies of 31 nJ ∼ 1.1 mJ/cm2 laser
fluence for IR144 and 18 nJ ∼ 0.65 mJ/cm2 for meso-
piperidine-IR806 (mPi-IR806), while simultaneously detecting
the fluorescence from S1 and S2 excited states. The fluorescence
collected by the optical fiber was detected using a compact
spectrometer (Ocean Optics USB4000).

Samples. The experiments were carried out on three
cyanine dyes: 50 μM IR144 (Exciton) dissolved in methanol,
50 μM IR806 (Sigma-Aldrich) dissolved in methanol, and 50
μM mPi-IR806 dissolved in propanol. The chemical structures
of the cyanine dyes studied here IR806, IR144 and mPi-IR806
are shown in Scheme 1. mPi-IR806 was prepared using a
published procedure43 using IR806 (0.02 mmol) and piperidine
(0.1 mmol), which were stirred at room temperature in DMF
for 16 h. NMR shifts confirming the identity of mPi-IR806 are
provided in the Supporting Information.

Figure 1. Experimental setup. The output of the NOPA was phase and
amplitude shaped using MIIPS femtoJock pulse shaper and then was
focused on the cyanine dye in a 2 mm path length cuvette, the
fluorescence signal was detected directly at a right angle using a fiber-
coupled compact spectrometer.

Scheme 1. Structures of (a) IR806, (b) IR144, and (c) mPi-
IR806
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■ RESULTS

Steady State Spectroscopy. As in many other sym-
metrical cyanine dyes, the π → π* transition in IR806 occurs
without a significant change in the permanent dipole
moment.44−47 In IR144 and mPi-IR806, however, there is a
significant change in the permanent dipole moment associated
with the optical excitation due to the addition of the 1-
piperazinecarboxylate and piperidine groups, respectively, in
conjugation with the main polyene backbone. This coupling
contributes in producing a symmetrical ground state resonance
structure that does not contribute to the antisymmetric excited
state structure, resulting in a dipole moment change upon S1
electronic excitation and triggering a polar solvation response.45

The steady state absorption spectra of IR806, IR144 (both
dissolved in methanol) and mPi-IR806 (dissolved in propanol)
are shown in Figure 2a. The spectrum from the nonpolar
solvated dye IR806 has in addition to a maxima at 806 nm, a
shoulder at ca. 735 nm, a feature that is very common in the
absorption spectra of cyanine dyes.44,46,47 The polar solvated
dyes, IR144 and mPi-IR806, lack the vibronic feature and

possess wider absorption spectra, with λmax = 740 and 696 nm,
respectively. Both, IR144 and mPi-IR806 absorption spectra
show small peaks with λmax = 540 and 521 nm with cross
sections of ca. 1.7 × 10−18 cm2 and 3.6 × 10−18 cm2,
respectively. The absorption maxima, fluorescence maxima,
Stokes shifts and full width at half maxima (fwhm) of the
absorption and the fluorescence spectra from the S1 state of the
three dyes are presented in Table 1.
Two-dimensional fluorescence excitation−emission spectra

for the three dyes help discern the presence of emission bands
at higher energies as shown in Figure 2b−d. The absorption
spectrum for each dye is superimposed on the excitation axis.
The higher energy emission bands originate from the higher S2
state or a structurally rearranged intramolecular charge transfer
(CT) state within the S1 manifold.

48 For IR806, higher energy
emissions with maxima at 700 and 637 nm originate from the
blue edge of the vibronic absorption band of the S1 state and
not from the S2 state. This observation was further confirmed
from fluorescence excitation spectra obtained when detecting
these high-energy emissions (Figure S1, Supporting Informa-

Figure 2. (a) Absorption spectra for the three cyanine-dyes in Scheme 1. Two-dimensional fluorescence excitation−emission spectra for (b) IR806,
(c) IR144, and (d) mPi-IR806. Contour lines are plotted on a logarithmic scale. The absorption spectrum (black line) for each dye is superimposed
on the excitation axis.

Table 1. Absorption Maxima, Fluorescence Maxima, Stokes Shifts, and Fwhm of the Absorption and the Emission Spectra of the
S1 State for IR806, IR144, and mPi-IR806a

IR806 (methanol) IR144 (methanol) mPi-IR806 (propanol)

Absorption maxima (cm−1) 12407 (806 nm) 13514 (740 nm) 14368 (696 nm)
Fluorescence maxima (cm−1) 11825 (845 nm) 11862 (843 nm) 12723 (786 nm)
S1−S0 Stokes shift (cm−1) 582 1652 1645
Absorption fwhm (cm−1) 778 1988 1935
Fluorescence fwhm (cm−1) 489 974 981

aS1−S0 Stokes shift measured as the difference between the absorption and fluorescence spectra maxima.
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tion), and has been observed to occur from nonpolar solvated
cyanines.49 The assignment was further confirmed by the
observed reduced fluorescence yield observed as a function of
increased solvent viscosity (Figure S2).
The spectroscopy and photophysics of the S1 excited state of

the cyanine dye IR144 have been discussed in the
literature.45,50−52 However, little is known about the dynamics
of higher excited state(s) of this dye and its close analogue mPi-
IR806. The two-dimensional excitation-fluorescence spectra
(Figure 2c-d) for the two dyes reveal higher emission bands
that arise mainly from absorption bands with λmax = 540 and
521 nm for IR144 and mPi-IR806, respectively. Correlation
between the S2 absorption and excitation spectra was observed
for the emissions with maxima at ca. 588 nm for IR144 and ca.
557 nm for mPi-IR806 (Figure S3). Unlike IR806, the high-
energy emission bands from IR144 and mPi-IR806 were found
to increase with solvent viscosity (Figure S4), in agreement
with previous studies on cyanines S2 fluorescence that
attributed this finding to the need for out-of-planar motion to
couple S2 to S1 energy transfer.16 Fluorescence lifetime
measurements for IR144 and mPi-IR806 S2 and S1 states are
shown in Figure S5 and S6.
Chirp Studies on the S2 State of IR144 and mPi-IR806.

Fluorescence yield dependence on chirp experiments on IR144
were carried out using 16 fs laser pulses centered at 545 nm
that match the S2 absorption profile of IR144 to excite the
sample while simultaneously detecting the resolved fluores-
cence signal from the S1 and S2 states using the same
spectrometer. The same approach was followed with mPi-
IR806 using 13 fs pulses centered at 517 nm matching the S2
absorption profile. The fluorescence spectra for IR144 using the
aforementioned laser spectrum produced two peaks with
maxima at 588 and 843 nm that are from S2 and S1 states,
respectively (Figure S7a). While the mPi-IR806 fluorescence
peak maxima were at 558 and 786 nm, which are from S2 and S1
states, respectively (Figure S7b). It is worth noting that using
the 517 nm-centered pulses, mPi-IR806 fluorescence with
maxima at 558 nm was mainly from the S2 state without much
involvement of the emission at 614 nm (see Figure 2d).
The observed fluorescence yields from S2 and S1 were found

to be dependent on chirp as shown in Figure 3. No spectral
shifts were observed as a function of chirp (Figure 3 inset). The
enhancement of the S2 fluorescence yield observed for TL
pulses corresponds to a concomitant depletion of emission
from the S1 state. The anomalous S2 fluorescence as a function
of chirp was found to differ drastically from the typical “chirp
effect” dependence in general and in particular when exciting
the IR144 S1 state.

18,26,53,54 By typical chirp effect, we refer to
the observation of reduced fluorescence yield when using
negatively chirped pulses; the reduced yield caused by
stimulated emission induced by the redder frequencies
following the bluer frequencies. In a typical chirp experiment,
maximum fluorescence yield is observed for positively chirped
pulses. Clearly, S2 excitation with chirped pulses does not agree
with previous findings and leads to anomalous chirp depend-
ence.
Chirps greater than 3000 fs2 reduce S2 fluorescence by about

42% and 13% compared to what is obtained using TL pulses for
IR144 and mPi-IR806, respectively. The chirp dependence is
asymmetric, with greater depletion for negative values especially
for mPi-IR806. The asymmetry is observed at laser fluence
higher than ∼0.5 mJ/cm2 (see Figure 4, parts b and d). Lower
emission from the resonant state (here S2) would be expected

with negatively chirped pulses, which deplete the excited state
population before intramolecular vibrational redistribution and
fluorescence occurs by tracking the excited-state wavepacket’s
motion from the Franck−Condon (FC) geometry to lower
energy.26 The degree of symmetry with respect to chirp is
important because it establishes that the dynamics are sensitive
to the order in which different frequencies arrive. An
asymmetric response can be observed when dynamics occur
on a similar time scale to the excitation laser pulse.55 The
slightly asymmetric S2 fluorescence dependence observed
implies that wavepacket motion out of the FC region occurs
on a time scale comparable with the pulse duration.
From the results in Figure 3, we find that the fluorescence

yield from the S2 state is greater when excited using TL pulses
and lower for chirped pulses. What is unexpected and surprising
is that the yield of S1 fluorescence does not mimic the yield of
S2 fluorescence, given that most of the S1 population is attained
via IC from S2. When comparing the chirp dependence of the
S2 and S1 states in Figure 3 for IR144, it can be seen that
changes in the fluorescence yields from the two states are
anticorrelated; i.e. TL pulses maximize S2 and minimize S1
population. In other words, the S2 fluorescence enhancement
occurs at the expense of IC to S1. The same is observed for
mPi-IR806 when comparing the fluorescence yield from both
states using TL and positive chirp. Differences between IR144

Figure 3. Integrated fluorescence intensity from S1 (red) and S2
(black) states as a function of linear chirp for (a) IR144 and (b) mPi-
IR806, top axis shows the corresponding chirped pulse duration. TL
pulses lead to greater S2 fluorescence, while chirped pulses lead to
greater S1 fluorescence. A greater degree of asymmetry between
positive and negative chirp values is observed for mPi-IR806. Inset: S1
and S2 emission spectra when excited by TL (blue) and chirped (red)
pulses.
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and mPi-IR806 arise from the fact that excitation is not
exclusive to the S2 state. Therefore, the chirp trace for the S1
fluorescence of mPi-IR806 is a result of two components; (i)
direct S1 excitation evidenced by the depleted fluorescence on
the negative side, (ii) IC from S2 evidenced by the fluorescence
depletion using TL pulses. In both cases, the excitation pulse,
which prepares the initial wave packet on the S2 surface,
controls IC to the lower excited state.
Fluorescence yield experiments were repeated for IR144 at

lower laser fluences, as shown in Figure 4a. The chirp
dependence found at lower fluences, where fluorescence yield
is linear with laser intensity, is similar to what was found at
higher fluences and shown in Figure 3a. Fluorescence yield as a
function of laser fluence was recorded using TL, negatively and
positively (1000 fs2) chirped pulses for IR144 (Figure 4, parts b

and c) and mPi-IR806 (Figure 4, parts d and e). For both
molecules, linear dependence of fluorescence intensity is
observed at lower laser fluence for both S1 and S2 states.
Note that for all laser fluences and for both molecules S2
fluorescence is greater for TL pulses compared to chirped ones.
Conversely, S1 fluorescence is greater for chirped pulses as
opposed to TL pulses. These differences only increase with
intensity.
No S2 fluorescence was observed for IR806. This absence

may be related to the nonpolar solvation nature of this cyanine
dye. Nevertheless, we see the absence of S2 fluorescence to
serve as an important control, albeit negative, for our research.
The S1 fluorescence yield as a function of chirp for IR806
(Figure S8) shows minimum fluorescence yield for negative
chirps and maximum for positive chirps, what we have earlier

Figure 4. (a) IR144 S2 (solid lines) and S1 (dashed lines) fluorescence yield as a function of chirp at various laser fluence values. Fluorescence
intensity dependence as a function of laser fluence for IR144 from (b) S2 and (c) S1 states using TL (black), negatively (red) and positively (blue)
chirped 1000 fs2 pulses. Fluorescence intensity dependence as a function of laser fluence for mPi-IR806 from (d) S2 and (e) S1 states using TL
(black), negatively (red) and positively (blue) chirped 1000 fs2 pulses. The vertical lines indicate the laser fluence values at which the chirp scans
were carried out. Linear fitting for the fluorescence yield at low laser fluence (0.1−0.25 mJ/cm2) is shown as a guide to discern where nonlinear
fluence dependence becomes important.
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termed typical chirp dependence. We ascribe this behavior to
the nonpolar nature of the S1 state in IR806.
Theoretical Modeling. A full simulation of the present

experiment, including ab intio calculations of the relevant
ground and excited states in the presence of solvent and the
intense laser fields, are presently out of our reach. There is
sufficient information about the S1 and S0 potential energy
surfaces to determine that initial dynamics following excitation
in S1 is along the so-called bond-length alternation (BLA)
coordinates.56,57 In the longer cyanines (n ≥ 5), a significant
barrier on the S1 surface divides planar and twisted
conformations of the polyene backbone. Beyond the barrier,
the system descends steeply along torsional gradients. A CI
between S1 and S0 is responsible for nonradiative decay from S1.
For IR144 and mIR806, the large S1−S0 Stokes shift and the
significant increase in S2−S0 fluorescence with increased
viscosity leads one to expect that S2 has a more planar
geometry than S1. A simplified schematic representation of the
three singlet states inspired by Jortner’s gap law strong coupling
case,58 for S2 emission from molecules with internal conversion
is shown in Figure 5. In addition, we depict an effective model
with the minimum number of energy levels that can help
explain our findings.

The relevant energy levels consist of a ground state level and
three levels representing the S2 state. The upper two levels (ω1
and ω2) are consistent with the S2 absorption spectrum features
while the lowest energy level (nf) corresponding to the bottom
of the S2 state, which fluoresces at wavelengths far from the
excitation laser and is therefore dark to the excitation laser
pulse. The laser frequency ω0 was set to interact with the higher
two levels ω1 and ω2 while both levels were set to relax
irreversibly. Our goal is first to solve for the population in (nf)
as a function of chirp. Then, because S1 is populated via IC only
from the upper levels but not from the lowest level, consistent

with the observation of S2 fluorescence, the total excited
population from the ground state ends as population in either
S2 or S1. Therefore, S1 population equals (1 − S2) which has an
inverse dependence on chirp compared to S2. Our experiments
are performed in a regime where fluorescence from S2 has very
slight saturation for TL or chirped pulse excitation (Figure 4),
therefore, our model should be able to take into account
nonlinear optical laser-molecule interactions. We used a
nonperturbative solution of the equation of motion for the
density matrix eq 1 and eq 259 to describe the system in the
presence of the field

∑ ∑

∑

ρ
ρ ρ ρ

ρ

= −
ℏ

− + Γ
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υ υ υ υ υ
>

>
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i

V V
d
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ω ω ρ ρ ρ γ ρ= − − −

ℏ
− −

υ
υ υ υ υt

i
i

V V
d

d
( ) ( )ab

a b ab a b a b ab ab

(2)

where V is the transition dipole, a and b represent the levels in
the model, and ρaa and ρab are the diagonal and the off diagonal
elements of the density matrix which represent the populations
and coherences between the levels, respectively. The
coherence-dephasing rate is γab =

1/2(Γa + Γb), where Γa and
Γb are the relaxation rates. The dipole moment matrix
interaction with the chirped pulses is represented by eq 3.
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where μab is the dipole moment matrix element, τ0 is the TL
pulse duration, and ϕ″ is the chirp value.
When solving the system of differential equations numeri-

cally for the population in the lowest level (nf), the best match
with the experimental observations was found when we set ω1
to be resonant with the laser frequency while ω2 was set to the
vertical transition frequency obtained from Lorentzian peak
deconvolution of the experimental S2 absorption band. The
transition dipole moment matrix element μab for each level was
set as the square root of the relative strength of each
deconvoluted peak from the S2 absorption band, given that
the absorbance is directly proportional to the square of the
transition dipole moment. The relaxation time τ2 = 1/Γ21 from
ω2 to ω1 consistent with our simulation was found to occur on
a very fast time scale of about 10 and 5 fs for IR144 and mPi-
IR806, respectively. Such value is in close proximity to reported
IR144 three-pulse photon-echo peak shift component from the
S1 state that arise due to backbone stretching intramolecular
vibrations.50 The other relaxation componentτ1 = 1/Γ1f, which
is from ω1 to the final emitting level nf was about 100 and 500
fs for IR144 and mPi-IR806, respectively. These slower
dynamics presumably involve torsion. Results from the
simulations for the dependence of the final S2 population and
the S1 population calculated as S1 = 1 − S2, are shown for
IR144 (Figure 6a) and mPi-IR806 (Figure 6b). The calculated
S1 population for mPi-IR806 as S1 = 1 − S2 only represents IC
from S2, therefore we have also added S1 population via direct
S1 excitation to match the experimental results. Direct S1
population was carried out using a similar previous model
that describes the S1 chirp effect.26 The S1 level calculations
were performed for a three level model consisting of one

Figure 5. Simplified schematic of S0, S1, and S2 energy levels
considered in our model. (Left) Four level model used for our
calculations, consists of the ground state and 3 levels in the S2 excited
state.ω0 is the laser frequency, ω1 and ω2 are frequencies of the two
levels in S2 that interact with the laser. nf is the population reaching the
bottom of S2, note this state is outside the laser spectrum, V is the
transition dipole dependent laser interaction, Γ is the relaxation rate, γ
is the dephasing rate. (Right) Schematic representation of the three
lower singlet states of cyanine molecules plotted as a function of spatial
coordinates involving twisting from the planar ground state
configuration and bond lengthening. Internal conversion (IC) to S1
requires twisting. The IC from S1 to S0 expected at a torsion angle of
90° is not indicated.
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ground level representing the ground state and two excited
levels representing high-energy vibrational levels in the S1 state.
The laser field was set to interact equally with the two excited
levels and the high level was set to relax on a 10 fs time scale to
the lower level. The model was successful in reproducing the
typical S1 chirp effect as population depletion using negatively
chirped pulses. The final mPi-IR806 S1 population trace shown
in Figure 6b is a linear combination of 25% from direct S1
interaction and 75% via IC from S2.
From the reduced theoretical model, we find a set of

conditions consistent with our experimental findings. TL pulses
result in a larger population in the bottom of the S2 potential
than chirped pulses. This would imply that IC from S2 to S1,
presumably through a conical intersection, occurs before the
wave packet reaches the lowest point on the potential energy
surface of S2. This observation is consistent with the presence
of S2 fluorescence.

■ DISCUSSION
Interpretation of our experimental findings requires that we
establish what is known and limit the number of processes to be
considered to the fewest possible. The higher energy emission
from the polar solvated dyes (IR144 and mPi-IR806) originates
from the S2 state. On the basis of the hundreds of picoseconds
fluorescence lifetimes of the S2 state for IR144 and mPi-IR806,
we surmise that population that reaches the bottom of the S2
potential, which is displaced in energy and in space from the
FC region, is trapped by a barrier; i.e., IC to S1 slows
dramatically. The barrier is likely to be the known polyene
conjugation-length dependent transition state barrier, similar to
that on the S1 potential energy surface, which separates the
planar FC region from that of twisted conformations, where a

conical intersection with the ground state, S0, is located.
57,60,61

However, this barrier is located on the S2 surface and separates
the FC from the conical intersection with the S1 surface. These
observations are further confirmed by enhanced S2 emission as
a function of increased solvent viscosity for both IR144 and
mPi-IR806. The observed enhancement of S2 fluorescence for
TL pulses becomes more pronounced as laser intensity
increases. Our findings imply that chirped pulses create wave
packets that more efficiently cross to S1; this process is in
dynamic competition with energy relaxation, which brings the
population to the bottom of the S2 potential well, where IC to
S1 is inefficient. From our theory and numerical calculations we
find that IC must take place before energy relaxation, and
dephasing must be very fast, <20 fs (TL pulse duration), and
competes with vibrational relaxation and wave packet motion.
Two possible mechanisms for our experimental findings are

considered. First, we suggest a mechanism based purely on first-
order wave packet preparation. It is likely that TL pulse
excitation creates a compact wave packet that is less efficient at
crossing from S2 to S1 at short times than a diffuse wave packet,
which better access the region where the S2 and S1 potential
surfaces interact. Second, because TL pulse excitation is likely
to drive more strongly double quantum excitations to a higher
state Sn, cycling between the Sn and S2 states would be expected
to confine wave packets near to the S2 planar minimum and
suppress IC.62−66 Similarly, TL pulse excitation strongly drives
cycling between the S2 and S0 surfaces and limits IC
accordingly.
The first mechanism is consistent with our observations

because to some extent the chirp dependence is independent of
laser intensity (as shown in Figure 4). We find that the
fluorescence yield of S2 is lower for chirped pulses than for TL
pulses at all laser intensities, and fluorescence yield of S1 is
higher for chirped than for TL pulses (see Figure 4). The
theory model offered here did not take into account calculation
of FC factors of IC for wave packets created by TL or chirped
pulses. The second mechanisms, whereby the laser strongly
couples two or more states, is consistent with our finding that
laser intensity caused a greater difference in the final state
populations. While there is no reason a priori why excitation to
higher excited states would preferentially end in S2 rather than
S1, laser driven transitions between two states have been
considered as means to alter vibrational relaxation dynamics67

and to potentially cause population dependent dynamics.68

The exact photophysical process that leads to the observed
control over IC is difficult to determine given the complexity of
the systems. The Hamiltonian of each system has multiple
dimensions and the location of a conical intersection between
S1 and S2 has not been determined. Our observations, however,
show photonic control over the higher excited state
fluorescence in cyanine dyes. It is likely that the actual
mechanism involves both of the proposed mechanisms. The
degree of control exerted over S2 population can be harnessed
to explore the role of higher excited states in photochemical
processes such as photosynthesis, especially in carotenoids
where the first optically active state is a higher excited state that
undergoes rapid IC to S1.

69 We are working on more
sophisticated theoretical models and numerical simulations.
We hope the results presented here inspire future experiments
and theoretical work.

Figure 6. Theoretical simulations for S2 state (black) and S1 state
(red) population as a function chirp for (a) IR144 and (b) mPi-IR806.

The Journal of Physical Chemistry A Article

DOI: 10.1021/acs.jpca.6b01835
J. Phys. Chem. A 2016, 120, 1876−1885

1882

http://dx.doi.org/10.1021/acs.jpca.6b01835


■ CONCLUSION
Control over internal conversion from S2 to S1 of the cyanine
dyes IR144 and mPi-IR806 has been achieved by phase control
over the excitation pulses that prepare the initial population in
the upper excited state. We found anomalous chirp depend-
ence, whereby TL pulses cause a greater population in the
excited state than chirped pulses. Furthermore, we find internal
conversion to S1 is not proportional to the total initial
population but instead it is inversely proportional. The
experimental results were successfully simulated using the
equation of motion for the density matrix for a four level
system. Under strong field interaction, TL pulses were more
efficient in directing the population to the bottom of S2 from
which direct fluorescence occurs rather than IC to the S1 state.
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