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ABSTRACT: It is well-established that the electronic states of graphene oxide (GO)
consist of sp2 clusters with diﬀerent sizes and the surrounding sp3 matrix according to
recent reports. However, addressing the excitation energy migration/redistribution
among those electronic states in GO-based complex systems from spectroscopic
experiments is still a challenge. Here, we combine the time-resolved absorption and
ﬂuorescence depolarization experiments to reveal the excitation energy migration
processes in electronic states in GO. We demonstrate that, in sp3 domains of GO,
there are charge-transfer states between sp3-hybridized carbon atoms and the oxygencontaining functional groups, and the energy redistribution and charge migration in
sp3 matrix occur on the time scale from subpicoseconds to tens of picoseconds. In
contrast, the electronic states of sp2 clusters in GO are rather localized and
dominantly contribute to the excitation-wavelength-dependent red ﬂuorescence of
GO.

S

ince its discovery in 2004,1 graphene as a carbon-based
material has been applied in many scientiﬁc ﬁelds due to its
exceptional mechanical strength and high electronic and thermal
conductivities.2−7 However, because of its hydrophobicity, its
zero bandgap, and almost no emission, applications of graphene
are limited in many optoelecctronic ﬁelds. Graphene oxide
(GO) is a kind of two-dimensional material, which could be
regarded as a “precursor” to produce graphene in a large-scale
way.8 In recent years, oxygen-containing functional groups have
an extraordinary signiﬁcance for GO. Those functional groups
can link GO with other metals or nonmetallic nanoparticles by
noncovalent or covalent chemical bonds, creating a series of
excellent optical and electrical properties for GO-based
nanocomposites.9−19 However, due to the lack of deep
understanding of the electronic structure of GO, it still has
been a challenge to improve the performance of these
nanocomposites. For instance, one of crucial controversies is
that the ﬂuorescence origin of GO has not yet been fully
determined. In addition, this issue has a great inﬂuence on the
optoelecctronic properties of those GO-based complex systems.
Hence, in order to improve the performance of GO-based
nanocomposites and increase the application ﬁelds of GO, a
comprehensive understanding on the electronic structure of GO
is of great signiﬁcance.
The study of the structure of GO has been carried out, and
some useful information about the electronic structure of GO is
obtained by means of various spectroscopic techniques such as
Raman and X-ray-based spectroscopies,20−25 and other
characterization methods, like scanning tunneling microscopy
and atomic force microscopy.26 From those techniques, it has
been noted that GO possesses local sp2 domains, which are also
© 2020 American Chemical Society

randomly distributed on GO with a high carrier transport
mobility. Moreover, GO contains an sp3 matrix, mainly caused
by the oxygen-containing functional groups. As a result, GO is a
naturally inhomogeneous system which is constituted of
complex electronic states. Time-resolved spectroscopic experiments are the most direct ways to understand the electronic
structure evolution and carrier relaxation after the photon
excitation. In our previous work, by selective excitations on
electronic states of GO, not only are sp2 clusters and the sp3
matrix clearly distinguished, but also these directly indicated the
sp2 domains with diﬀerent sizes (mostly like transient spectral
hole-burning experiments).27 Furthermore, we also observed
insulator−semiconductor−semimetal transitions in GO, which
correspond to less and less oxygen content for the GO
samples.28
To further reveal the relationship between various electronic
states in GO, we need to know how the excitation energy
migrates/redistributes among those electronic states in GObased complex systems. It is worth noting that the energy
redistribution also means the electronic excitations are jumping
among various states, which will cause a random change in the
direction of a transition dipole moment, and, subsequently, a
loss of the spectral anisotropy. Thus, transient depolarization
experiments are suggested to measure the energy redistribution
and relaxation in an inhomogeneous electronic system through
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Figure 1. (A) Parallel transient absorption spectra of GO under 400 nm excitation. (B) Perpendicular transient absorption spectra of GO under 400
nm excitation. (C) A comparison between parallel and perpendicular spectra for GO at 200 fs. (D) A comparison between parallel and perpendicular
spectra for GO at 100 ps.

monitoring the ﬂuorescence or through absorption anisotropy
decay. In fact, the ﬂuorescence anisotropy experiments were
carried out in GO, where a considerable energy redistribution
was observed on the subpicoseconds to tens of picoseconds time
scale.29 However, its energy migration experimental results,
which are only pumped at 400 nm, cannot correspond to more
exact electronic states. In this paper, we combine transient
absorption and time-resolved ﬂuorescence depolarization
experiments to measure the anisotropy decay of special
electronic states (such as sp2 domains and sp3 region) in GO,
by a selective excitation approach. The relationship between
those electronic states and the origin of red ﬂuorescence in GO
is discussed.
In the experiment, we make the polarization direction of
pump and probe lights parallel at ﬁrst to get a transient
absorption spectrum, called a parallel spectrum, ΔAp(λ, t).
Then, we change the polarization direction of probe light
perpendicularly to that of the pump light, and get a
perpendicular spectrum, ΔAv(λ, t). Thus, the anisotropy value
of diﬀerent wavelengths, r(λ, t), can be calculated using eq 1.
r (λ , t ) =

states in GO. Experimental methods and the photophysical
model of GO are presented in the Supporting Information.
First, we use a 400 nm laser to selectively excite the sp3 matrix
in GO in transient absorption experiments. The parallel and
perpendicular transient absorption spectra of GO are displayed
in Figure 1A,B, respectively. As previous reports indicate, the
negative signals ranging from 400 to 475 nm are corresponding
to the ground-state bleaching of the sp3 electronic states (or socalled hybrid states) in GO, and the broad positive signals
starting from 475 to 750 nm are the excited-state absorption
signals caused by the oxygen-containing functional groups, since
the amplitude of these positive signals signiﬁcantly decreases as
the amount of oxygen-containing species becomes less and
less.27,28
The parallel and perpendicular transient absorption spectra at
the same probe time can be put together, and the diﬀerence of
signal amplitude at each wavelength clearly shows the relative
anisotropy, which remains from the initial time (∼200 fs, Figure
1C) to even 100 ps (Figure 1D) after pump light excitation. In a
comparison with ﬂuorescence anisotropy, the analysis of
transient absorption anisotropy is usually more complicated.
Because the signal in some spectral ranges combines the
contribution of multitransitions (such as ground-state bleaching
and excited-state absorption), the calculated anisotropy values
are unreasonable sometimes. Figure S1 shows the calculated
initial (about 200 fs) anisotropy spectrum, in which, for
convenience, the anisotropy values in transient absorption
experiments are performed as ΔAp/ΔAv (it should be between 3
and 1/2, which corresponds to the value of r between 0.4 and
−0.2). In the spectral range from 470 to 480 nm in Figure S1,
there is an extremely large anisotropy value due to the overlap of
ground-state bleaching and absorption of the oxygen-containing
functional groups (a crossing point of transient spectral signals).
Fortunately, for the main part of the ground-state bleaching

ΔA p(λ , t ) − ΔA v (λ , t )
ΔA p(λ , t ) + 2ΔA v (λ , t )

(1)

The maximum and minimum values of anisotropy are 0.4 and
−0.2, respectively, which correspond to the directions of
transition dipolar moment parallel and perpendicular to that
of excitation. In general, the rotational diﬀusion also will cause
the anisotropy loss; however, the time constant for this process is
far away from the time scale we are concerned about, because of
the large size of GO (usually on the hundreds of nanometers to
micrometers scale). So, the anisotropy decay will simply reﬂect
the electronic excitation or charge migrating between various
1484
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Figure 2. (A) Transient absorption anisotropy kinetics of GO at 440, 575, 600, and 650 nm under 400 nm excitation. (B) Transient absorption spectra
anisotropy kinetics of GO at 500, 700, and 750 nm under 530 nm excitation.

Figure 3. (A) Parallel transient absorption spectra of GO under 530 nm excitation. (B) Perpendicular transient absorption spectra of GO under 530
nm excitation. (C) A comparison between parallel and perpendicular spectra for GO at 200 fs. (D) A comparison between parallel and perpendicular
spectra for GO at 100 ps.

single-exponential decay behavior with a lifetime of 9.3 ± 1.4 ps,
which indicates there could be a dominant energy migration
approach in sp3 domains.
For the excited-state absorption part under 400 nm excitation,
the initial values of represented anisotropy kinetics at 575, 600,
and 650 nm are 0.22 ± 0.01, 0.25 ± 0.01, and 0.26 ± 0.01,
respectively, as shown in Figure 2A. It is interesting that,
diﬀerent from the anisotropy decay dynamics of the groundstate bleaching part, considerable anisotropy (more than 70% of
initial anisotropy values) remains even at 100 ps after pump light
excitation for the excited-state absorption part under 400 nm
excitation. Our ﬁtting parameters also indicate that all three
wavelengths have two decay lifetimes for the anisotropy kinetics.
For the probed wavelength at 575 nm, the ﬁtted lifetime is 2.1 ±
0.3 ps (25%) and 563 ± 27 ps (75%), respectively. For the
probed wavelength at 600 nm, the ﬁtted lifetime is 0.95 ± 0.14 ps
(19%) and 1230 ± 45 ps (81%), respectively. For the probed
wavelength at 650 nm, the ﬁtted lifetime is 0.27 ± 0.02 ps (37%)
and 4693 ± 275 ps (63%), respectively. In the parentheses are
the relative weights for the ﬁtted lifetimes. As a result, the longer
probe wavelength has a longer average lifetime from hundreds of

signal in the range 400−470 nm in Figure S1, the anisotropy
retains the same value of 2.2 ± 0.3 (corresponding to r = 0.29 ±
0.05) that indicates a perfect single-transition contribution. For
the wavelengths longer than 480 nm in Figure S1, there are
reasonable anisotropy values, where the variety of anisotropy
values at diﬀerent wavelengths may be partly due to the
contributions of diﬀerent oxygen-containing functional groups.
As mentioned before for GO, the anisotropy decay on the
time scale we examined will be mainly aﬀected by the excitation
energy migration/redistribution processes. First, the groundstate bleaching part under 400 nm excitation reﬂects the
situation of the sp3 electronic state, in which the large initial
value of anisotropy indicates that the direction of transition
dipole moment slightly changes after the pump light excitation.
We choose the anisotropy kinetics at 440 nm (r = 0.33 ± 0.01)
to represent the case of excited sp3 domains (as shown in Figure
2A, the original dynamics of parallel and perpendicular signals
are shown in Figure S2). On the basis of the best-ﬁt parameters
of transient absorption anisotropy kinetic curves of GO with a
function I ∝ ΣiAi exp(−t/τi) presented in Table S1, this
anisotropy kinetics for the ground-state bleaching part exhibits
1485
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Figure 4. (A) Steady-state emission spectra of GO under diﬀerent excitation wavelengths. (B) Initial values of time-resolved ﬂuorescence anisotropy at
diﬀerent detection wavelengths under 460 and 530 nm excitations. (C) Time-resolved ﬂuorescence anisotropy traces of GO at 590, 620, 650, and 690
nm under 530 nm excitation. (D) Time-resolved ﬂuorescence anisotropy traces of GO at 590, 620, and 650 nm under 460 nm excitation.

excitation by pump lights).27 This implies that this high energy
state shares the same ground state with the sp2 clusters, because
it is common for all sp2 clusters with various sizes. Thus, it can
also be considered as one kind of higher electronic state (hybrid
states) for sp2 clusters in GO, resulting from the interaction
between the edge of the sp2 clusters and the peripheral part of
the sp3 matrix. Therefore, under 400 nm laser pumping, a small
amount of these hybrid states would be excited and then quickly
relax to the ﬁrst excited state of sp2 clusters, which could lead to a
loss for the initial anisotropy value of the excited-state
absorption part. Clearly, this is a minor contribution to the
initial anisotropy values of the excited-state absorption part in
the range 575−650 nm, compared to that under 530 nm
excitation (Figure 2B).
Next, for sp2 clusters, we select a 530 nm laser to excite GO in
the experiment. The parallel and perpendicular transient
absorption spectra of GO are shown in Figure 3. For the parallel
spectrum under 530 nm excitation (Figure 3A), we can observe
a clear ground-state bleaching signal from 450 to 575 nm, of
which the center position coincides with the excitation
wavelength, indicating the selective excitation eﬀect corresponding to sp2 clusters with a certain size.27 In the perpendicular
spectrum under 530 nm excitation (Figure 3B), the ground-state
bleaching signal is much smaller (the same trend as the 400 nm
excitation case), so a large anisotropy is expected for this sp2
excitation. Similar to the sp3 excitation (400 nm pumping) case,
both the parallel and perpendicular transient absorption spectra
under 530 nm excitation also show large excited-state absorption
signals, relative to oxygen-containing functional groups around
the sp2 clusters. However, the amplitude diﬀerences of the
excited-state absorption part under 530 nm excitation are much
smaller than that under 400 nm excitation, as shown in Figure
3C,D, implying a very low initial anisotropy value. In order to
avoid the disturbance of pump lights and the overlapping of

picoseconds to several nanoseconds for the anisotropy decay, as
shown in Table S1.
In fact, sp3-hybridized carbon atoms and the linked oxygencontaining functional groups construct the electronic system of
sp3 domains, including the peripheral part (close to sp 2
domains) and the inside part. If the photogenerated electrons
and holes in sp3 domains are tightly bound together as a whole,
the anisotropy kinetics of both ground-state bleaching and
excited-state absorption parts will follow the same decay process.
However, our transient absorption depolarization experimental
results do not support this hypothesis. One reason could be that
those electrons and holes are separated to form the so-called
charge-transfer states between sp3-hybridized carbon atoms and
oxygen-containing functional groups. Hence, such a large
anisotropy loss of the ground-state bleaching part under 400
nm excitation within the ﬁrst 100 ps should be mainly due to the
electron or hole jumping among sp3-hybridized carbon atoms at
diﬀerent locations, toward the nearest peripheral part of the sp3
domains. This may explain why GO can be eﬃciently reduced by
UV light, because those charge-transfer states could be helpful
for the desorption of oxygen-containing functional groups.30
While there is not an eﬃcient charge migration for the relevant
excited-state absorption part, because its anisotropy still remains
substantial within the same time scale. Another possible reason
which could cause the anisotropy dynamics diﬀerence between
negative ground-state bleaching and positive excited-state
absorption parts is that this positive signal may partly contain
the contributions of excited sp2 clusters (the anisotropy of sp2
clusters will almost remain constant for hundreds of picoseconds, see Figure 2B). Why can sp2 clusters be excited when
we pump the sp3 region? In our previous work, it was observed
that a ground bleaching signal around 420 nm, which can extend
to the wavelength range shorter than 400 nm, was always
accompanied by the excitation of sp2 clusters (selective
1486
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ﬂuorescence of GO has a dominant contribution from the sp2
clusters with a very localized electronic state around 2.34 eV
(530 nm). For the ﬂuorescence anisotropy experiment under
460 nm excitation, the initial ﬂuorescence anisotropy values
probed at 590, 630, and 650 nm also have a considerable initial
value at 0.30 ± 0.02 and maintain 10 ns time scales, too (Figure
4D; the original ﬂuorescence dynamics under parallel and
perpendicular excitations are shown in Figure S5). The slightly
smaller initial ﬂuorescence anisotropy values under 460 nm
excitation may be caused by the excitation energy closer to the
sp3 domains.
In conclusion, we have combined the transient absorption and
ﬂuorescence depolarization experiments to investigate the
excitation energy migration processes in electronic states in
GO. The anisotropy signals are clearly distinguished for both sp3
and sp2 excitations. In the sp3 domain of GO, a kind of chargetransfer state exists between sp3-hybridized carbon atoms and
the oxygen-containing functional groups; the energy redistribution and charge migration in an sp3 matrix occur from
subpicoseconds to tens of picoseconds. The sp2 clusters in GO
have a very localized electronic state and dominantly contribute
to the red ﬂuorescence of GO sheets. Hence, for the steady-state
ﬂuorescence of GO, the ﬂuorescence peak position (590−650
nm) could be decided by the average size of sp2 clusters in each
GO sample; the redshift feature of the ﬂuorescence peak under
diﬀerent pump lights (500−600 nm) is due to the selective
excitation of the sp2 clusters with a larger size, where the
corresponding ﬂuorescence intensities are ampliﬁed. Our
ﬁndings provide a comprehensive picture for understanding
the electronic states and related ﬂorescence properties in GO.
The results can also explain the origin of the near-infrared
ﬂuorescence of GO revealed by time-resolved ﬂuorescence
experiments.36 That is, their GO sample has a near-infrared
ﬂuorescence peak at about 730 nm (∼1.7 eV), corresponding to
a relatively larger average size of sp2 clusters and probably a
closer distance between the diﬀerent sp2 clusters, which favors
the completion of the energy transfer under a UV excitation
condition. We believe that there are still abundant physical
processes in various GO samples (such as changing the size,
oxygen content, and surrounding environment), which are
worth further studying to better understand the photophysical
properties of GO by the transient depolarization techniques.

ground-state bleaching and excited-state absorption signals, we
choose the bleaching signal at 500 nm to represent the groundstate bleaching part, and the signals at 700 and 750 nm to
represent the excited-state absorption part, respectively. Thus,
when we calculate anisotropy kinetics, those signals are far
enough away from the possible signal mixing zone (550−650
nm) (the original dynamics of parallel and perpendicular signals
under 530 nm excitation are shown in Figure S3). The initial
anisotropy at 500 nm has an ideal maximum value of 0.40 ± 0.01.
This indicates that the observed bleaching state is exactly the
state created by the excitation light, and this value also remains
well in the ﬁrst 100 ps (Figure 2B). This means the electronic
excitation is completely localized at the sp2 clusters, and the
electron−hole pairs are tightly binding together. This also
indicates that the excitation energy cannot transfer to other
larger sp2 clusters and the surrounding sp3 matrix. For the
excited-state absorption part under 530 nm excitation, the initial
values of anisotropy at 700 and 750 nm are almost the same as
about 0.04 ± 0.01 (the small anisotropy may be due to a large
change of the direction of the dipole moment for the excitedstate absorption processes), and their values also remain within
the 100 ps probe window as shown in Figure 2B. Our ﬁtting
results for the anisotropy kinetics under 530 excitation conﬁrm it
is a nanosecond time scale decay process (Table S1). Those
convincing pieces of evidence demonstrate that when the sp2
clusters are directly excited, energy or charge migration does not
occur.
Then, we have to answer the question of where the energy/
charge could ﬁnally transfer. As we know, GO usually has a weak
and broadband ﬂuorescence, covering spectral regions from UV
to near-infrared as reported in the literature.30,31 So, one of the
destinies for the energy/charge is probably radiative recombination. In other words, we want to know which electronic state
could be responsible for the main part of ﬂuorescence of GO.
For the origin of the blue ﬂuorescence, it could be mainly
attributed to quasimolecules on the GO linked by oxygencontaining functional groups.29,32−34 However, for the red
ﬂuorescence of GO, its origin is still a controversial issue.29,35−37
Figure 4A shows the steady-state ﬂuorescence of GO in our
experiments under diﬀerent pump lights from 360 to 600 nm. A
broad emission band appears for GO from 400 to 750 nm. When
the pump light changes from 360 to 460 nm, the ﬂuorescence
peak of GO is ﬁxed at 590 nm. When the excitation wavelength
changes from 500 to 600 nm, the ﬂuorescence peak of GO shows
a continuous redshift from 590 to 650 nm. This excitationwavelength-dependent ﬂuorescence property is consistent with
previous reports.37
Time-resolved ﬂuorescence depolarization experiments are
carried out to investigate the origin of red emission in GO.
Time-resolved ﬂuorescence experiments are based on the timecorrelated single-photon counting (TCSPC) system; the time
constant of the instrument response function is about 200 ps.38
In order to compare with the transient absorption experimental
results, we choose the excitation wavelengths at 530 and 460 nm
for the ﬂuorescence anisotropy experiments. The initial
ﬂuorescence anisotropy values are shown in Figure 4B. Under
530 nm excitation, the initial ﬂuorescence anisotropy values
probed at 590, 620, 650, and 690 nm have the same initial value
at 0.34 ± 0.02, which nearly does not decay even to 10 ns (Figure
4C; the original ﬂuorescence dynamics under parallel and
perpendicular excitations are shown in Figure S4). This is
consistent with results of a transient absorption depolarization
experiment under 530 nm excitation, and it indicates that the red
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