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Unraveling Bright Molecule-Like State and Dark Intrinsic
State in Green-Fluorescence Graphene Quantum Dots via
Ultrafast Spectroscopy
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1. Introduction
Graphene quantum dots (GQDs) have recently emerged as a promising type

of low-toxicity, high-biocompatibility, and chemically inert fluorescence probe
with a high resistance to photobleaching. They are a prospective substitution
for organic materials in light-emitting devices (LED), enabling the predicted
concept of much brighter and more robust carbon LED (CLED). However, the
mechanism of GQD emission remains an open problem despite extensive
studies conducted so far, which is becoming the greatest obstacle in the route

Similar to other popular carbon nano-
materials such as graphene,!!l graphene
oxide (GO),@ and quasi-spherical carbon
nanodot (C-dot),! recently emerging
graphene quantum dots (GQDs) have been
attracting more and more research atten-
tion due to their superiority in chemical
inertness, resistance to photobleaching,

of technical improvement of GQD quantum efficiency. This problem is solved
by the combined usage of femtosecond transient absorption spectroscopy
and femtosecond time-resolved fluorescence dynamics measured by a fluo-

low toxicity, excellent biocompatibility, low
cost and abundance in nature.! As disc-
like nanocarbons with diameter from sev-

eral nanometers to tens of nanometers,
consisting of one or a few graphite layers,
GQDs generally possess abundant func-
tional groups decorated at surface, which
impart GQDs with excellent solubility and
suitability for subsequent functionalization
with other organic or inorganic species,
thus greatly widening their applications.
With proper surface decoration, GQDs
display fascinating photoluminescence
(PL) properties, i.e., excitation wavelength-
dependent emission, pH-sensitive lumi-
nescence intensity, and up-conversion
PL, which are also observed in C-dots.]>
These features bring fluorescent GQDs large potential in many
application areas such as biosensor, bioimaging, photovoltaic
conversion and photocatalysis.”® Even the concept of carbon
light-emitting diodes (CLEDs) could be enabled if GQDs were
adopted as an alternative to organic active materials. The CLED
may exhibit much higher carrier transport mobility, longer life-
time and better robustness compared with the currently avail-
able OLEDs. Despite all these unique performance, there is a
long way to go before the above dreams come true because of
a lot of technical problems that still need solving, particularly
the GQD quantum efficiency improvement and the emitting
wavelength design. However, the origin of the fascinating pho-
toluminescence emission behaviors is still a matter of current
debate, as becomes the major obstacle to reach the above ends.
Without understanding of fluorescent mechanism, it would not
be possible to effectively synthesize GQD samples with desired
brightness and working wavelength, and design appropriate
photonic and electronic structures to fulfilled required device
functions.

rescence upconversion technique, as well as a nanosecond time-correlated
single-photon counting technique. A fluorescence emission-associated dark
intrinsic state due to the quantum confinement of in-plane functional groups
is found in green-fluorescence graphene quantum dots by the ultrafast
dynamics study, and the two characteristic fluorescence peaks that appear in
all samples are attributed to independent molecule-like states. This finding
establishes the correlation between the quantum confinement effect and
molecule-like emission in the unique green-fluorescence graphene quantum
dots, and may lead to innovative technologies of GQD fluorescence enhance-
ment, as well as its broad industrial application.
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It is not surprising that various spectroscopic technologies
has been considered and utilized as the most efficient means to
reveal the GQD emission scenario. In steady-state spectroscopy,
GQDs typically present strong absorption in UV region with a
tail extending into visible range. But the PL is varied in a large
range from deep ultraviolet to green even yellow, when GQDs
are prepared by different synthesis method. In combination
with nanosecond time-resolved PL dynamics, several presumed
PL mechanisms are proposed such as edge effect or quantum
size effect.”!% These mechanisms could explain themselves,
but sometimes it seems to be inconsistent with each other.
For example, a size dependent PL was observed in one kind of
GQDs from acidic treatment of carbon fibers.'!l However, in
another kind of GQDs prepared by microwave-assisted hydro-
thermal method, the emission wavelength is independent of the
size of the GQDs, which could be related to the self-passivated
layer of GQDs.l'Z This shows that some crucial details are
hidden in the steady-state characterizations. It also implies that
these relevant events may happen very fast which are far beyond
instrument resolution of nanosecond time-resolved equip-
ment. In a kind of colloidal GQDs synthesized by a solution
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chemistry method on the basis of bottom-up approach, Li and
co-workers reported slow hot carrier relaxation investigated via
femtosecond monochromatic transient absorption spectros-
copy, although the GQDs in their study have a significant prob-
ability of relaxing into triplet states that is absent in other GQDs
synthesized by different method.l'>'4l Since only femtosecond
pump-probe method was used in their work, it could not obtain
more information about the PL. But it already indicates that
these interesting excited-state processes, i.e., carrier relaxation,
electron transfer and recombination which usually occur within
hundreds of picoseconds, are the key to reveal the PL origin.
Therefore, a requirement for detailed ultrafast dynamics study
on GQDs by femtosecond time-resolved spectroscopy becomes
indispensable, which could make important contributions in
this nascent quantum dots as it did in other fields.['>-7]

Here, we choose green-fluorescence GQDs with high photo-
luminescence quantum yield (QY ~ 12%) and oxidation degree
(~419%, including carboxylic, hydroxyl, epoxy, carbonyl groups,
and so on), which are synthesized from a two-step method
combining ‘top-down’ cutting GO and separation routes.'® A
schematic representation of this kind of GQDs is presented
in Figure 1a, in which some characteristic
functional groups decorate the basal plane
and lateral edge. According to the previously

Hydroxyl expected manipulation that simultaneously

Figure 1. (a) Left: schematic representation of green fluorescence GQDs containing charac-
teristic functional groups in plane and at edge. The number 1-3 represent the three kinds of
emission states revealed by ultrafast spectroscopy (see detailed discussion below). Right: the
effect of functional groups in plane: open the band gap and stabilize the ground state relative
to the excited state. (b) TEM and (c) AFM image of green fluorescence GQDs. The average

diameters of GQDs are 3—-5 nm, and the average height is 0.95 nm.
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Epoxy modifying the band structure of graphene
by reduced size and surface chemical func-

—[_I— U tionalization, GQDs have the capability of
— = opening the band gap of bulk graphene and
Gap open \ leading to a strongly tunable PL Whic};_zif]

dependent on size or oxidation degree.|
In theory, besides the factor of size, these
characteristic functional groups in plane,
such as hydroxyl and epoxy groups which
play the role of potential well, also could
provide quantum confinement, and lead to
discrete quantum states. After redistribution
of these quantum states, the resulted GQDs
could open a band gap. In practice, the role
of quantum confinement effect in GQDs still
needs to be tested, owing to the possible syn-
ergy or competition with size and edge effect.
Figures 1b and c show that the average diam-
eters of GQDs are 3-5 nm and the average
height is 0.95 nm, according to TEM and
AFM image, respectively. We wonder what
would happen in such a small particle when
it is excited by absorbing high energy pho-
tons. Since the steady-state absorption and
emission properties of green-fluorescence
GQDs are well representative in fluorescent
carbon nanomaterials,”>?”] a detailed ultra-
fast dynamics study on origin of their PL will
be of great significance. Thus, a combination
of femtosecond broadband transient absorp-
tion (TA) spectroscopy and femtosecond time-
resolved fluorescence dynamics measured by
fluorescence upconversion technique, as well
as nanosecond time-correlated single-photon
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counting (TCSPC) technique is performed. The observation of
spectrally resolved ultrafast dynamics enables us for the first
time to expose the ultrafast excited state process, identify the
possible recombination approach, and finally unravel the mech-
anism of photoluminescence in GQDs. Our research reveals
that three kinds of emission states (assigned 1-3 in Figure 1a)
could be found in the green-fluorescence GQDs, and hence, a
physical picture on mechanism of PL is beginning to gradually
come out.

2. Results and Discussion

2.1. Steady-State Absorption and Photoluminescence

Typically, there are two bands in the steady-state absorption
spectrum (Figure 2a). One is subtle and located at around
320 nm, which is assigned according to previously reports
(State 1),182021 and the other is located at around 400 nm
(State 2) with a tail. Due to the overlapping with the absorption
of carbon backbones, the peaks seem weak and subtle. However,
if we subtract the background absorption, i.e., the absorption of
grapheme oxide (GO) as we shown in Figure S1, these peaks
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Figure 2. (a) Steady-state absorption (black) and emission (red) spectra
of green fluorescence GQDs in water at 400 nm excited. (b) Emission
(black and red) and corresponding photoluminescence excitation (blue
and green) spectra.
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immediately become much easier for identification. The two
absorption bands are more evident in photoluminescence exci-
tation (PLE) spectra (Figure 2b), which represent the absorption
lines of corresponding PL. The PLE spectrum (PLE 430 nm and
PLE 530 nm) reflects that the emission at 430 nm and 530 nm
is solely resulted from States 1 and 2, respectively.

2.2. Time-Resolved Photoluminescence Dynamics

Seemingly, the green fluorescence should arise from a state like
the band edge state or trap state if we associate the GQDs with
semiconductor quantum dots. This intuitive idea is very attrac-
tive but still lack of evidence. Whether are there some new find-
ings according to our ultrafast dynamics study? To answer this
question, we first examine the nanosecond fluorescence life-
time of different wavelength by TCSPC technique. Since at this
moment our preferential concern is the origin of green fluo-
rescence, excitation wavelength is adopted at 405 nm for only
exciting State 2. Lifetime components extracted from TCSPC
data are presented in Figure 3a. This aim is to find whether
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Figure 3. (a) Lifetime components extracted from TCSPC data of GQDs
at different probe wavelength excited at 405 nm. The blue line is the cor-
responding steady-state PL spectrum. (b) Anisotropy study of GQDs in
water and 70% glycerol aqueous solution.
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there is a series process of electron trapping. If the electron
trapping occurs, the red side of PL will present longer life-
time than that of PL peak, while the lifetime of blue side will
shorter. However, the resulted average lifetime around PL peak
is 7.7 ns and only contains two lifetime components, which is
2.5 ns (~30%) and 10 ns (~70%). Although the ratio of two life-
time components at the blue side and red side of PL presents a
few changes, the average lifetime almost keeps the same, 7 ns,
which is slightly shorter than that around PL peak. It implies
this green fluorescence state is too simple due to surface trap
states as in semiconductor quantum dots, like CdS QDs.[282%

In addition, the fluorescence anisotropy of GQDs in
the whole emission range rightly has a nearly same initial
value 0.3, and same decay time (Figure 3b). Since the theoret-
ical maximum of anisotropy is 0.4, and only in some special
case, i.e., existing two excited states with perpendicular transi-
tion dipoles, this maximum in the whole emission range will
decrease to 0.3, it implies that two excited states could exist in
GQDs, and the transition dipole of another excited state could
be perpendicular to State 2. This excited picture is confirmed
in the later femtosecond time-resolved experiments. Moreover,
this identical aging of anisotropy indicates that there is no step-
trapping or energy migration process in the GQDs. So, the flu-
orescence anisotropy decay is simply due to the rotational diffu-
sion motion of the GQDs as a whole. This is confirmed by the
much slow anisotropy decay in 70% glycerol aqueous solution.
The glycerol increases the viscosity of solution, and then slows
down the rotational diffusion of samples. By one-exponential
fitting, we obtain a rotational diffusion time, 7,,, = 300 ps and
6 ns in water and 70% glycerol aqueous solution, respectively,
which is in agreement with the theoretical expectation (see
detail in the supporting information, Anisotropy analysis). The
resulted rotational diameter is about 1 nm, which is consistent
with the average height (0.95 nm) of GQDs very well. This indi-
cates GQDs have a pure rotation process in slip case.

To scrutinize the origin of green fluorescence, subpicosecond
time resolved fluorescence dynamics measured by fluorescence
upconversion technique were performed at 400 nm excitation
(also only State 2 is excited) to observe the faster process. As
shown Figure 4, the femtosecond to picosecond photolumines-
cence decay kinetics shows that all of these wavelengths ranging
from the blue side to red side of PL have a same long lifetime
(normalized to the long delay time), which are correspond to
TCSPC results. All the transients have an instantaneous rise.
For the red side of the green fluorescence (wavelength beyond
530 nm), there is no fast decay. But for the blue side, it is a dif-
ferent case. The shorter wavelength has a larger fast decay com-
ponent with time constant range from 200 fs to 1.6 ps. Does
this imply there are two emission states? Temporarily, we name
the two states are intrinsic state (corresponding to the fast life-
time) and surface state (corresponding to the long fluorescence
lifetime).

2.3. Femtosecond Transient Absorption Spectroscopy

As a necessary complement, broadband (350-750 nm) TA
experiments are also performed at 400 nm excitation. Usu-
ally, there are three kinds of spectral features in TA spectrum.

Adv. Optical Mater. 2013, 1, 264-271
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Figure 4. Femtosecond time-resolved PL data of GQDs at different
probe wavelength excited at 400 nm. Inset is the traces in the first several
picoseconds.

After the pump light excitation, due to the Pauli exclusion prin-
ciple, the filling of quantized electronic states will lead to the
bleaching of the corresponding optical transitions from ground
state to excited state, which is named ground state bleaching
(GSB). On the other hand, the photoexcited electrons in the
excited states could further absorb probe light to higher levels
or return to ground state by stimulated radiation due to the dis-
turbance of probe light, which is so-called excited-state absorp-
tion (ESA) and stimulated emission (SE), respectively. Among
the features, only excited-state absorption is positive signals,
the other is negative signals. All of these features reflect the
information about the change of photogenerated carrier popu-
lations in corresponding energy levels. From Figure 5a, one
can clearly observe a positive excited-state absorption (ESA 1)
signal at 475 nm. In the red side of ESA 1, a negative signal
appears after the initial several picoseconds, which should be
corresponding to simulated emission of green fluorescence
according to steady-state PL spectrum. In the far blue side of
ESA 1, there is another subtle signal at around 400 nm. It is
negative within the first 1 to 2 ps (Figure S2). This signal could
be attributed to ground state bleaching (GSB), which is relative
to State 2. This bleaching signal is more obvious in the double
difference spectrum between different delay times as shown in
Figure 5b, see below. Within the first 5 ps, the transient spectra
show a largely change around 560 nm, where the simulated
emission band becomes more pronounced. By subtracting the
spectrum at 0.6 ps with that at 5 ps, we get the double different
spectrum that give the transient spectral change during the first
5 ps (Figure 5b). The double difference is equal to a differential
process. For a decay dynamics, the double difference spectrum
indeed is a negative signal. It clearly shows that the disappear-
ance of an absorption band (peak around 560 nm) is accom-
panied with the GSB (around 400 nm) recovering. We should
mention that no picosecond formation process is observed
in PL results, so this simply reflects the decay out of another
excited state absorption (ESA 2). At long time scale, the TA
spectra show only ESA 1 and green-SE bands, and decay syn-
chronously. These transient behaviors reflect two points: one is
that the long lifetime components of ESA 1 and SE signal are
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Figure 5. TA spectra (a) and double difference spectrum (b) of GQDs
between different delay times. To rule out the influence of pump light, the
spectral range from 390 nm to 405 nm corresponding to pump light was
cut out in the double difference spectrum.

identical and could be responsible for the green fluorescence;
the other is that the ESA 2 signal is probably relevant to the
GSB signal, and the both could be corresponding to an ultra-
fast recovery process of ground state. Pump-power dependent
measurements are also carried out (not shown here). In the
acceptable range, no pump intensity dependent dynamics are
observed in the above mentioned characteristic signals. This
intensity independent kinetics indicates that there is no carrier
density dependent behavior in GQDs. It is totally different with
semiconductor quantum dots, in which Auger like recombi-
nation is dominant. Up to now, two states (ESA 1 and ESA 2)
are clearly identified in TA. The question is what the relation
between these two states in TA with the two emission states
found in femtosecond fluorescence dynamics.

2.4. Comparison and Analysis

To answer this question, the dynamics of TA transients are
carefully compared with that of PL. As long as these charac-
terization dynamics represent the same excited-state energy
level, the comparison with each other is a powerful evidence

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. A comparison between TA and femtosecond time-resolved PL
experiments. In panel (a), the long lifetime component of all the three
wavelengths is subtracted; the origin data are presented in the supporting
information, Figure S3.

for identifying the relaxation channel of excited state electron
in the complex photophysics process. First, for the fast decay
state, kinetics of three different characterization wavelengths,
which are blue side of green fluorescence (470 nm in PL), GSB
(410 nm in TA) and ESA 2 (650 nm in TA), respectively, are
consistent very well as shown in Figure 6a. In order to avoid the
influence of fluorescence signal, the wavelength of 650 nm in
TA is adopted to represent ESA 2. This accounts for the origin
of the blue side of the green fluorescence at around 470 nm.
Namely, this part of PL arises from a ground state (intrinsic
state), located at around 400 nm, with corresponding excited-
state absorption ESA 2. Due to the fast decay, the photolumi-
nescence quantum yield of this state is estimated to be very low,
and it is almost no contribution to the steady-state fluorescence
at 400 nm excitation. Second, the dynamics of long lifetime of
ESA 1 (470 nm in TA) is indeed the same as that of red side of
PL (600 nm in PL) shown in Figure 6b. This indicates that the
strong green fluorescence originates from another state (surface
state), which is corresponding to ESA 1. The surface state also
has a ground state which is restored at around 410 nm (see the
Supporting Information, Figure S4). Hence, the possibility that

Adv. Optical Mater. 2013, 1, 264-271
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the surface states arise from trap states is ruled out. Further-
more, considering the pH-dependent feature of the green fluo-
rescence,** we conclude that this surface state corresponding
to green fluorescence should be a molecule-like state.

The blue fluorescence (peak at 430 nm) is further taken into
account when the band at around 320 nm is excited. Its average
PL lifetime is about 4 ns according to TCSPC at 379 nm excita-
tion (not shown here). The TA data at 320 nm excitation shows
that only an excited state absorption with peak at around 540 nm
occurs, and there is no wavelength-dependent dynamics (see
the Supporting Information, Figure S5). These results suggest
that it is also another molecule-like state. Thus, there are three
emission states in the green-fluorescence GQDs. The last ques-
tion is what relationship between the two molecule-like states.
Since there is a superposition between the blue fluorescence
excited at 320 nm and the absorption of surface state at around
410 nm, as well as the very close dipoles (GQD is only 3 nm),
an efficient resonance energy transfer between the two states
would be expected. However, the femtosecond time-resolved
fluorescence data shows that the traces of green fluorescence
under 320 nm and 400 nm excitation are overlapping (see the
Supporting Information, Figure S6). Absent of energy transfer
indicates the two dipoles are indeed perpendicular to each
other.

The two bright molecule-like states could be relative to the
functional groups, because these functional groups like carbox-
ylic, hydroxyl and epoxy groups are necessary for the dissolu-
tion of GQDs and usually decorate the edge or in plane formed
‘molecule states’.% In green fluorescence GQDs, we guess the
synergy of carbonyl group and nearby hydroxyl group (assigned
1 in Figure 1a) maybe play an important role in the green fluo-
rescence emission,!®! and the hydroxyl group alone decorated
at the lateral edge or in plane (assigned 2 in Figure 1a) could
account for the blue fluorescence, since the hydroxyl group dec-
orated carbon nanomaterials usually emit blue fluorescence.!
This implies that suitable surface chemical modification could
change the emission states and hence exhibit tunable fluores-
cence.3234 Our study also first establishes the relationship
between the PL of GQDs and surface molecule-like state. The

ESA 540 nmj~ 2.3 eV ESA

No resonance
energy transfer
b__

ESA 1§495 nm ~ 2.5 eV

ABS ABS

320 nm PLJ430 nm 400 nm

3.9 eV 4ns PL 530 nm| 31eV
7.7 ns

Molecule like

Molecule like state (2) state (1)

Figure 7. The photoluminescence picture in green-fluorescence GQDs. (ABS: absorption; PL:
photoluminescence; ESA: excited-state absorption) Note that the peak position of ESA 1 is

corrected (see detail in the Supporting Information, Figure S4).
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corresponding molecule-like state will be readily reflected in the
PLE spectrum, vice versa. Such as the case of blue-fluorescent
GQDs,”! the PLE peak at ~410 nm is totally disappeared and
another new main PLE peak at 257 nm means there is another
type of surface chemistry around these blue-fluorescent GQDs.

Thus, the dark intrinsic state at around 400 nm becomes
more and more interesting. Therefore, we further exam-
ined the fluorescence dynamics of GO (see the Supporting
Information, Figure S7), and surprisingly found it is overlap-
ping with the kinetics of intrinsic state very well (Figure 6a).
It implies that the intrinsic state in GQDs could be inherited
from its precursor GO. This is reasonable that after cutting GO
nanosheets to GQDs, the size, surface chemistry and edge of
GO nanosheets are changed, but some physical properties in
the basal plane still remain. In these regions of bare carbon
backbone, although few functional groups decorate, the gap
is still opened due to the quantum confinement of functional
groups in plane. So, this evidence unambiguously indicates the
intrinsic state (assigned 3 in Figure 1a) in GQDs is derived from
the carbon backbone, in which a gap, around 3.1 eV, opens due
to the quantum confinement.

Nowadays, according to the above presented analysis, we
could conclude the quantum confinement in GQDs exhibits
three unique features. First, the band gap state (intrinsic state)
originated from quantum confinement of functional groups in
plane is an optical dark state, and the fluorescence is mainly
attributed to molecule-like states. Second, the molecule-like
state is in dependent on the species and population of func-
tional groups. The above two points explain the PL diversity of
samples prepared by different synthesis methods, which seem-
ingly shows a dependence of oxidation degree.'®33 The last
but not least, the synergic effect of quantum confinement and
molecule-like emission could provide an additional PL property,
enhancing the capability of resistance to photobleaching.?” A
band gap state with short fluorescence lifetime in GQDs means
the particle could not only provide more electrons from ground
state to the bright molecule-like state, but also have the capa-
bility of repeatedly utilizing the electron. This feature is obvi-
ously helpful for enhancing the photostability of GQDs.

3. Conclusion

In summary, a photoluminescence picture
in green-fluorescence GQDs is clearly pre-
sented (Figure 7). An intrinsic band gap
state accompanied with a molecule-like state
..... (both at around 400 nm) is accounting for
the strong green fluorescence with good
photostability. The intrinsic state is attrib-
uted to quantum confinement, and its PL
locates at around 470 nm with a dominant
short lifetime and low photoluminescence
quantum yield. Another irrelevant molecule-
like state (around 320 nm) provides a blue
fluorescence with peak at around 430 nm.
The three kinds of emission states consti-
tute the fascinating PL of green-fluorescence
GQDs. It is worth noting that several

560 nm ~ 2.2 eV

PL 470 nm
0.2-1.6 ps
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kinds of green-fluorescence GQDs or C-dots prepared by
different synthesis method are reported.['820-21:27.35.36] Thig
reflects that these phenomena attracted our attention in this
green-fluorescence GQDs are common, and the proposed
picture here is well representative. It will be of great benefit
to understand the photophysics in GQDs and other carbon
nanodots. Moreover, since the green fluorescence probably is
relative to the surface functional group, our result suggests
that proper surface chemical modification could be benefit to
change the color of emission. Therefore, our proposed mecha-
nism maybe could be extended to blue-luminescence samples
after modest modification. At last, aiming for achieving higher
fluorescence quantum yield or tunable emission wavelength,
we need to collect more detailed information about the band
gap state (intrinsic state) due to quantum confinement and the
molecule-like state due to different molecule conformation.
Hence, further transient experiments under different condi-
tion, such as changing pH, solvent and surface modification,
are attractive and indeed underway.

4. Experimental Section

Time-Resolved Photoluminescence: Nanosecond fluorescence lifetime
experiments were performed by the time-correlated single-photon
counting (TCSPC) system under right-angle sample geometry. A 405 nm
picosecond diode laser (Edinburgh Instruments EPL375, repetition rate
2 MHz) was used to excite the samples. The fluorescence was collected
by a photomultiplier tube (Hamamatsu H5783p) connected to a TCSPC
board (Becker&Hickel SPC-130). Time constant of the instrument
response function (IRF) is about 300 ps.

Subpicosecond time resolved emission were measured by the
femtosecond fluorescence upconversion method. A mode-locked
Ti:sapphire laser/amplifier system (Solstice, Spectra-Physics) was used.
The output of the amplifier of 1.5-m) pulse energy, 100 fs pulse width, at
800 nm wavelength is split into two equal parts; the second harmonic
(400 nm) of one beam was focused in the sample as excitation. The
resulted fluorescence was collected and focused onto a 1 mm thick
BBO crystal with a cutting angle of 35 degrees. The other part of the
RGA output was sent into an optical delay line and served as the optical
gate for the upconversion of the fluorescence. The generated sum
frequency light was then collimated and focused into the entrance slit
of a 300 mm monochromator. A UV-sensitive photomultiplier tube 1P28
(Hamamatsu) was used to detect the signal. The FWHM of instrument
response function was about 400 fs.

Femtosecond Transient Absorption Setup: The TA setup consisted
of 400 nm pump pulses doubled from 800 nm laser pulses
(~100 fs duration, 250 Hz repetition rate) generated from a mode-
locked Ti:sapphire laser/amplifier system (Solstice, Spectra-Physics) and
broadband white-light probe pulses generated from 2-mm-thick water
or 5-mm-thick CaF, substrate. The relative polarization of the pump
and the probe beams was set to the magic angle. The TA data were
collected by a fiber-coupled spectrometer connected to a computer. The
group velocity dispersion of the transient spectra was compensated
by a chirp program. All the measurements were preformed at room
temperature. Pump-power dependent measurements are carried out.
In the acceptable range, no pump intensity dependent dynamics are
observed.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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