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It is widely believed that

the relaxation-induced

bleaching signals at

nanoseconds observed in

ultrafast infrared spectro-

scopic measurements are

due to the local heat effect
resulting from the thermal-

ization of the infrared exci-

tations. In this work, com-

bining ultrafast IR

pump/probe, 2D-IR, visible pump/IR probe, and ultrafast visible/IR double resonant fluores-

cence experiments, the vibrational hot ground states of fluorescein dianion in methanol solu-

tions are found to be unexpectedly long, at the time scale of nanoseconds. This result indi-

cates that the long-standing bleaching signal observed in the nonlinear IR experiments must

have significant contributions from these hot ground states for the initial couple of ns. It is
likely that a similar mechanism can also hold for other molecular systems. The hot ground

states can last much longer than conventionally expected, which can potentially be applied to
modify chemical reactions.

Key words: Ultrafast spectroscopy, Fluorescence, Visible IR double excitation, Long-lived

hot ground states, 2D-IR, Pump-probe

 I.  INTRODUCTION

Infrared excitation on molecular systems and materi-

als can have a strong heating effect [1−11] on spectro-

scopic measurements. In a room temperature con-

densed sample, molecules absorb infrared photons and

corresponding vibrations are excited. The vibrational

excitations relax to lower vibrational energy levels and

excite surrounding molecules by vibrational coupling

and energy transfer processes, typically at the time

scales of a couple of picoseconds (ps) to hundreds of ps

[5, 12−22]. The low-energy vibrational states, also

named as hot ground states (HGS) [23, 24], will ulti-

mately relax to the vibrational ground state by releas-

ing heat to thermalize its local environment. The heat

dissipation to the surrounding molecules to cause tem-

perature rising locally [17] is called the local heat effect
(LHE) [25, 26]. In many molecular systems, both hot

ground states and the local heat effect redshift the 0-1

transition frequencies of high-frequency vibrational

modes [7, 11, 13, 15, 16, 27, 28], making it difficult to
distinguish the origins of experimentally observed fre-
quency redshifts. In some cases, by comparing the tem-

perature dependent FTIR absorption spectra with ul-
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trafast pump/probe data, the temperature increase

caused by the local heat effect can be estimated [17]. In
general, most high-frequency vibrations and hot ground

states are believed to have lifetimes ranging from a few
ps up to hundreds of ps in a room temperature liquid,

whereas the local heat effect can exist for longer than

nanoseconds or even microseconds (µs) [9, 12, 22, 25,

26, 29−36]. For this sake, the observed frequency red-

shifts in ultrafast pump/probe or 2D-IR spectra at wait-

ing times longer than 1 ns are generally assigned to the

local heat effect without further experimental supports

[9, 22, 28, 33].
It is the purpose of this work to investigate room

temperature solutions at the time scale of ns if the hot

ground states are insignificant as traditionally assumed.
In order to achieve this goal, in addition to ultrafast

pump/probe and 2D-IR measurements, fluorescence en-

hancement experiments by mode-selective vibrational

excitation are also carried out.
Fluorescein dianion methanol solutions are chosen

for this study. Fluorescein is known as one of the most

common fluorescent probes because it has a very large

absorption coefficient ε of 76900 mol·L−1
·cm−l at

490 nm and   fluorescence quantum yield Φ >90% in

aqueous solutions [37, 38]. Both factors contribute to its
extremely high sensitivity as a fluorescent sensing

probe. Fluorescein dianion can form dimers in protic

solvents [37, 39−43]. The temperature-dependent UV-

Vis absorption spectra and fluorescence spectra of its
dilute solution are displayed in FIG. 1(A, B). With the

increase of temperature, the monomer/dimer equilibri-

um shifts to more monomers, which partially con-

tributes to increasing absorbance at 490 nm in

FIG. 1(A) and slight redshift for fluorescence with en-

hanced intensity in FIG. 1(B). With the increase of con-

centration, the fluorescence emission redshifts to the

dimer side significantly, shown in FIG. S2(A) in Supple-

mentary materials (SM). The temperature dependence

of fluorescence will serve as a critical parameter for the

evaluation of individual contribution from the hot

ground states and the local heat effect at long waiting

times.

 II.  EXPERIMENTS

The ultrafast measurements were conducted with

home-built systems which are introduced as follows. De-

tails of measurements with routine techniques are pro-

vided in SM.

 A.  Ultrafast spectroscopy

The IR-pump/probe and 2D-IR studies were per-

formed with a home-built fs/ps synchronized system

[15, 44]. Briefly, laser pulses (1 kHz, ~ 50 fs pulse width,

800 nm central wavelength) from an amplified Ti/sap-

phire system (Uptek Solutions Inc.) are split into two

beams. One beam is used to pump a femtosecond OPA

(TOPAS), producing ~60 fs UV-visible pulses at 1 kHz,

with a bandwidth of ~10 nm in a tunable frequency

ranging from 250 nm to 800 nm. The visible beam ex-

cites the electron transition and the excitation power is
~200 µW which is adjusted by an attenuator, with a
spot diameter of 245 µm. The other is used to pump an-

other femtosecond OPA (Palitra, QUANTRONIX),

producing pulses in a tunable frequency range from

1000 cm−1 to 3500 cm−1 at mid-IR region with a band-

width ~200 cm−1 at 1 kHz. The mid-IR beam is used as

the probe beam and detected by a 2 × 64 pixels mer-

 

FIG.  1   (A) UV-visible absorption spectra and (B) fluorescence spectra by 440 nm excitation of  10−5 mol/L methanol so-
lutions of fluorescein dianion (deprotonated by NaOH) at different temperatures. The molecular structure of fluorescein di-
anion is displayed as the insert in FIG. 1(A).
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cury cadmium telluride (MCT) detector (Infrared asso-

ciates) with a spectral resolution of ~3 cm−1. The out-

put (1 kHz, ~ 1.5 ps pulse width, 800 nm central wave-

length) from a ps amplified Ti/sapphire laser system

(Uptek Solutions Inc.) is used to pump a ps OPA

(TOPAS), producing ~1–2 ps IR pulses ranging from

900 cm−1 to 3600 cm−1 with a bandwidth of  ~10–
20 cm−1, serving as the narrow-band pump beam. Two

polarizers are inserted into the mid-IR probe beam

path. One is before the sample, which is used to rotate

the polarization of the probe beam by 45° relative to
that of the pump beam, and the other is located behind

the sample in order to measure the parallel or vertical

polarized signal relative to the pump beam selectively.
Measuring the transmission of the mid-IR beam

through the sample by chopping the pump beam to

500 Hz, the pump-probe signal P(t) is collected and the

vibrational lifetimes could be obtained from the rota-

tion-free signal, 

P (t) =
1

3

(
P∥(t) + 2P⊥(t)

)
P∥ (t) P⊥ (t)where  and  are the parallel and vertical sig-

nals, respectively.
The Vis-pump/IR-probe spectroscopic measure-

ments are performed according to our pervious report

[45]. The fs visible laser is described as above, and the

mid-IR output also serves as the probe beam.

 B.  Visible/IR double resonance fluorescence experiment

Briefly, the ps IR pulse spatially overlaps with the fs
visible pulse on the sample surface, and the time delay

between two pump pulses is controlled with a calibrat-

ed delay line. The wavelength-resolved fluorescence is
collected into an optical fiber by an objective lens and

sent to a spectrograph (Shamrock SR303i) equipped

with an EMCCD (Newton EM, Andor DU970). The

visible excitation power is 10 µW, and the integral time

is ~ 50 s.   

 III.  RESULTS AND DISCUSSION

 A.  Long-standing bleaching signals with infrared excitation

2D-IR spectra of the sample are measured, shown in

 

FIG.  2   (A,  B) Normalized 2D-IR spectra  of  fluorescein  dianion methanol  solution. The time delays  between pump and
probe pulses are 0.1 ps and 50 ps. (C) 1580 cm−1 IR pump/IR probe spectra of fluorescein dianion methanol solution. The
time delay between pump and probe pulses varied from –20 ps to 80 ps; (D) Time dependence of pump/probe signals with
excitation at 1580 cm−1 and probed respectively at 1585 cm−1 and 1563 cm−1. The time constants of the signal fast decay
component are 5.0 ps and 6.4 ps respectively. The signal probed at 1563 cm−1 turns from absorption (positive) into bleach-
ing (negative) at about 8 ps.
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FIG. 2(A, B), and full spectra are provided in FIG. S5

(SM). By comparison with FTIR spectra and theoreti-

cal calculation results (FIG. S4 in SM), the bleaching

and absorption peaks in the 2D-IR spectra can be as-

signed. In FIG. 2(A) with a very short waiting time of

0 ps, the red peak at 1580 cm−1 belongs to the 0–1 tran-

sition of the xanthene skeleton stretch, and the blue

peak with y =  1563 cm−1 beneath it along the y-axis is
its 1–2 transition. The presence of off-diagonal peaks at

(1580 cm−1, 1640 and 1630 cm−1) and (1640 cm−1, 1580

and 1563 cm−1) suggests that a xanthene ring stretch
(0–1 transition frequency ~1640 cm−1, shown in FIG.
S4(D)) is coupled to the strongest skeleton stretch

(FIG. S4(C) in SM). At a much longer time of 50 ps, the

spectrum changes significantly, shown in FIG. 2(B).
The absorption signals (blue peaks) diminish, whereas

the bleaching signals (red peaks) become dominant.
This change can be clearly seen in FIG. 2(C) which dis-

plays the time dependent spectra with excitation at

1580 cm−1. In fact, both the bleaching and absorption

peaks between 1540 cm−1 and 1640 cm−1 diminish very

quickly. At 50 ps, all the absorption peaks disappear,

and the bleaching peaks become very small and are re-
placed by a very broad bleaching signal that covers the

entire range from 1500 cm−1 to 1700 cm−1. The waiting

time dependent pump/probe data with pump at

1580 cm−1 and probe at 1585 cm−1 are displayed in

FIG. 2(D). The signal has a fast decay time constant of

about 5 ps, and a very slow tail lasts more than 80 ps.
Similar to many previous reports [7, 9, 13, 15, 36, 46,

47], the early decay of the bleaching signal is caused by

the vibrational relaxation of the xanthene skeleton

stretch with lifetime of 5 ps, whereas the slow rising

long tail results from the local heat effect, which is

mainly from the dissipation of strong broadened

methanol solvent vibration centered at  ~ 1400 cm−1

that can absorb 1580 cm−1 infrared photons, and the

hot ground states. The waiting time dependent 1–2

transition signal at 1563 cm−1 displayed in FIG. 2(D)

behaves similarly. The absorption signal quickly decays

with a time constant of 6.4 ps and at about 8 ps it turns

into bleaching. Such a signal change can also be well ex-

plained with the same physical picture. Because the 1–2

absorption signal is proportional to the population at

the first vibrational excitation state of the xanthene

skeleton stretch, once the population relaxes the ab-

sorption signal must diminish. The vibrational relax-

ation can also produce a local heat effect and hot

ground states, which contribute to the bleaching signal

following the disappearance of the absorption. The

bleaching signal then decays very slowly along with the

dissipation of hot ground states and the local heat ef-
fect. Up to 3.5 ns, the bleaching signal has not gone

back to zero yet (FIG. 3(B)).
The waiting time dependent pump/probe spectra

with excitation at 1580 cm−1 up to 3.5 ns are displayed

in FIG. 3(A). As can be seen, up to 3.5 ns, the signal has

not gone back to thermal equilibrium. The time depen-

dent pump/probe signal with pump at 1580 cm−1 and

probed at 1585 cm−1 in FIG. 3(B) clearly shows that the

bleaching signal is yet to reach zero at 3.5 ns. All these

results indicate that the relaxation of the fluorescein vi-

brational excitation at 1580 cm−1 generates hot ground

states and local heat effect, mixed with the solvent lo-

cal heat effect, leading to the appearance of the broad

bleaching signal after the vibrational relaxation is com-

 

FIG.  3   (A) IR pump/probe spectra  of  the  fluorescein  dianion methanol  solution with excitation at  1580 cm−1. The ex-
tended  range  of  time  delay  between  pump  and  probe  pulses  is  from –100  ps  to  3500  ps;  (B)  time  dependence  of
pump/probe signal with excitation at 1580 cm−1, and probed at 1585 cm−1 and 1563 cm−1 with waiting time up to 3.5 ns.
The signal quickly changes from absorption into bleaching, and the bleaching signals for both probe wavenumbers last for
more than 3.5 ns.
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pleted (FIG. S6 in SM). As usual, one would expect that

the hot ground states contribute dominantly within the

initial a few hundred ps, and the local heat effect takes

charge at longer waiting times as the hot ground states

dissipate energy to the local environment. However,

from the presented IR data, it is essentially impossible

to confirm or disprove such a hypothesis. Other experi-

mental evidence is needed to evaluate the lifetime of the

hot ground states.

 B.  Blue-shifted and broadened fluorescence resulting from
Visible/IR double excitations

Fluorescence encoded with vibrational information

accomplished by visible/IR double resonances [48, 49]

provides an opportunity to help resolve the difficulty

mentioned above. In the experiments, the 540 nm visi-

ble pulse excites the molecules at the red edge of its UV-

Vis absorption peak and the IR pulse is resonant with a
certain vibrational mode. If the vibrational excitation

can tremendously enhance the Franck-Condon factor

[50−52], the double resonance can significantly enhance

the total fluorescence intensity even if the number of

molecules vibrationally excited is small compared to the

total number of the sample. In our Vis/IR double reso-

nant experiments with 540 nm and 1580 cm−1 excita-

tions, the vibrationally excited molecules are over half

of the total molecules (See SM part 10), whereas the flu-

orescence intensity from the double resonance is 2.6
times of that from excitation only by the 540 nm pho-

tons as shown in FIG. 4(A). Thus, the number of dou-

bly excited molecules can be calculated to be a few

times more than that only excited by the visible pho-

tons (see SM part 10 for calculation details), assuming

that the vibrational excitation does not change the elec-
tronic transition dipole moment or energy dissipation

pathways significantly.
It is very interesting that, in addition to the intensi-

ty enhancement, the fluorescence peak also blueshifts

for 3.5 nm from 532.5 nm to 529.0 nm (FIG. 4(B)) com-

pared to that with 540 nm excitation only. The

blueshift is not caused by heating, since the results from

temperature-dependent fluorescence spectra illustrate a
significant redshift rather than blueshift of fluorescence

at a higher temperature in FIG. 4(C). However, it

would not be unreasonable to attribute such a blue shift

to the sum frequency result. Photons with wavelength

of ~ 497 nm can be generated from the sum of pulses at

540 nm and 1580 cm−1. Therefore, it is possible that the

blueshift observed could be simply because the fluores-

cence with excitation at 497 nm is at a shorter wave-

length compared to that excited with 540 nm. A short-

er excitation wavelength does produce a fluorescence at

a shorter wavelength, as displayed in FIG. 4(D). How-

ever, the linewidth change is different. In the double

resonant experiment, the fluorescence linewidth is

broadened by  ~ 0.2 nm (FIG. 4(E)), but the linewidth

with 500 nm excitation is narrower than that with

540 nm excitation (FIG. 4(F)). Therefore, the results

strongly suggest the peak blueshift and linewidth

broadening are not because of the thermal effect nor the

sum frequency effect. The possibility of sum result from

both sum-frequency and heat effect is also excluded by

the temperature-dependent fluorescence spectra with

500 nm excitation (FIG. S2(D) in SM).
According to the Kasha’s rule, any photon emission,

fluorescence or phosphorescence, occurs in appreciable

yield only from the lowest excited state of a given multi-

plicity, because intramolecular vibrational relaxations

(usually ps) are generally much faster than the photon

emission processes (ns or slower) [53, 54]. Thus, excita-

tions with 540 nm and 500 nm should produce very sim-

ilar fluorescence spectra, if no other processes are in-

volved. However, in the fluorescein solution, there is a
dimer/monomer equilibrium. It is very likely that exci-

tation with 500 nm can shift the equilibrium to the

monomer side more than excitation with 540 nm, result-

ing in more emission from monomers of which the fluo-

rescence has shorter wavelength compared to those of

the dimers. Nevertheless, this explanation cannot apply

to the fluorescence of double resonance as its linewidth

is broadened. There is one remaining possibility. If the

emission of the double resonant experiment is from the

vibrational excited states rather than the vibrational

ground state of the electronic excited state, it will natu-

rally produce fluorescence blueshift and linewidth

broadening as experimentally observed in the double

resonance experiment. Previous sub-ps time-resolved

fluorescence experiments [55−57] have shown that at

early times such as hundreds of fs the fluorescence is
blueshifted and broadened, because at such a short time

the vibrational excitations have not completely relaxed

away. The fluorescence is the emission from the vibra-

tional excited states.
In our experiments, the fluorescence spectra of dou-

ble resonance are detected with an EMCCD with a da-
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ta acquisition time much longer than the fluorescence

lifetime of the sample (about 4 ns, shown in FIG. S3 in
SM), which means that the fluorescence intensity de-

tected is the emission sum of all molecules electronical-

ly excited. To produce a noticeable blueshift, the life-
time of vibrational excitations must be comparable to
that of the fluorescence lifetime. For heuristic purpose,

a simple simulation assuming two Gaussians overlap-

ping with the same linewidth of 40 nm with different

central wavelengths and intensity ratio is conducted

and the result is discussed in the following. The frac-

tion R of molecules which fluoresce directly from high

vibrational levels is equal to: 

R =
krh

krh + kvib
(1)

 

FIG.  4   (A) Fluorescence emission spectra with 540 nm excitation (green) and with 540 nm visible/1580 cm−1 IR double
excitation at 1 ps time delay (IR arrives earlier). (B) Normalized fluorescence spectra showing that the fluorescence from
the double resonance blueshifts for 3 nm. FIG. 4(A, B, E) are extracted from FIG. S7 in SM. (C) Normalized temperature-
dependent fluorescence spectra at 302 K and 317 K for 0.01 mol/L condensed solution by 540 nm excitation. Fluorescence
redshift for 1.6 nm from 302 K to 317 K. (D) Normalized fluorescence spectra with excitations at 500 nm (green) and 540
nm. (E) Fluorescence linewidth comparison. The double excited emission spectrum is translated along the x-axis for 3.0 nm
for visual aid, showing the linewidth is broadened by ~0.2 nm compared to that with excitation at 540 nm. (F) Fluores-
cence linewidth comparison. The emission spectrum with 540 nm excitation is translated along the x-axis for 9.5 nm for vi-
sual aid, showing that the linewidth is significantly narrower with a shorter excitation wavelength.
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where krh and kvib are the rate constants of fluorescence

emission direcly from higher vibrational energy levels

and vibrational relaxations respectively. 1/krh here is

approximately equal to the lifetime of fluorescence

without IR excitation since the values of energy gaps

are similar. In a condensed phase, 1/krh (typically at the

time scale of ns to tens of ns) is much longer than 1/kvib

(typically at the time scale of ps), which leads to R ≈ 0,

showing that very little fluorescence emission directly

from high vibrational level exists. However, in order to
produce the significant 3.5 nm blueshift observed in ex-

periments (actually, the shift from the doubly excited

molecules must be about 4 nm, considering the molecu-

lar ratio of double-excited/visible-excited. See SM part

11 for details), kvib must be equivalent or even smaller

than krh. We can assume that the vibrational mode with

energy of 142 cm−1 (the same energy as the 4 nm

blueshift from 1/528.5–1/532.5 nm) has kvib as large as

krh, then its lifetime is  ~ 4 ns, approximately the same

as the fluorescence. Without knowing the ratio of fluo-

rescence intensity, doubling the vibrational frequency

to 284 cm−1 means only half of the blueshift photons are

needed to provide the 3.5 nm blueshift. Thus, R re-

duces to its half, which leads 1/kvib to become  ~ 1.4 ns,

and the lifetime is  ~ 600 ps if the vibrational frequency

is 568 cm−1. Even if the vibrational frequency is the

same as the excitational 1580 cm−1, R will reduce to
10%, and the required lifetime should be  ~ 200 ps. In
other words, the observed fluorescence blueshift indi-

cates that some low frequency vibrational excitations

(hot ground states) resulted from the relaxation of

1580 cm−1 excitation must last very long, comparable to
that of the fluorescence lifetime. Therefore, the long-

standing bleaching signal observed in the IR

pump/probe and 2D-IR data presented in FIG. 2 and

FIG. 3 must have significant contributions from the hot

ground states, at least for the initial couple of ns.
The lifetimes of these hot ground states are unex-

pectedly long. Two likely origins are discussed as fol-

lows. In their transition frequency range (100–
300 cm−1), the solvent has plenty of resonant and quasi-

resonant energy acceptor for them to dissipate energy.
According to the dephasing energy transfer theory [58,

59], the coupling strength between the dark modes and

the solvent accepting modes must be smaller than

0.1 cm−1 in order for the intermolecular energy transfer

to be slower than 1 ns. In other words, the transition

dipole moments of the dark modes must be very small,

and essentially, they must be Raman active rather than

IR active and they acquire energy from the 1580 cm−1

excitation through mechanical coupling rather than

dipole-dipole coupling. Besides, there is another possi-

bility for these modes to be so long lived. As known

from probing the solvent response at 1480 cm−1 (SM),

the local effect generated in solvent has not been ther-

malized within a few ns. It is very likely that the heated

solve molecules have excited modes in the same frequen-

cy range, which release energy at the rate of heat dissi-

pation (ns to tens of ns or even slower). These solvent

modes are under fast energy exchange equilibrium with

the hot ground states of fluorescein, which makes the

hot ground states last long.

 C.  No high electronic excited states are involved

Visible pump/IR probe measurements are conduct-

ed to explore if other processes are involved, shown in
FIG. 5 and FIG. S9 (SM). The time dependent

pump/probe data with 540 nm excitation and probed at

1585 cm−1 are displayed in FIG. 5(A). The signal decay

is a bi-exponential with time constants of 55 ps and

3595 ps with an amplitude ratio  ~ 0.14:1. The fast com-

ponent is probably caused by the solvation reorganiza-

tion which usually has a timescale shorter than 100 ps

[60]. The slow process has a time constant similar to the

fluorescence lifetime of  ~ 4 ns (FIG. S3 in SM), likely re-
flecting the decay of electronic excitation. By varying

the excitation wavelength from 540 nm to 500 nm, simi-

lar peaks’  positions and shapes are observed

(FIG. 5(B)), indicating that the excited molecules prob-

ably reach the same electronic excited state, as higher

electron excited states may have different effects on the

vibrational frequencies. Thus, it is very likely that the

doubly excited molecules fluoresce from higher vibra-

tional states of the same electron excited state, rather

than some higher electron excited states.

 IV.  CONCLUDING REMARKS

In summary, combining ultrafast IR pump/probe,

2D-IR, visible pump/ IR probe, and ultrafast visible/IR

double resonant fluorescence experiments, the hot vi-

brational ground states of fluorescein dianion in

methanol solutions are found to be unexpectedly long,

at the time scale of ns. This result indicates that the

long-standing bleaching signal observed in the nonlin-

ear IR experiments must have significant contributions

from these hot ground states for the initial couple of ns.
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It is likely that a similar mechanism can also hold for

other molecular systems. The hot ground states can be

much longer than conventionally expected.

Supplementary materials: Materials and methods; Ex-

perimental setup; FTIR spectrum; concentration, thick-

ness and temperature-dependent fluorescence emission

spectra; Fluorescence lifetime; IR spectra by theoreti-

cal calculation; 2D-IR spectra of fluorescein dianion

methanol solution; visible/IR double excitation results;

an estimation to the number of double-excited

molecules; simulation results of Gaussians overlapping;

visible pump/ IR probe results; calculation results and

vibrations modes animation are available.
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