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T
he discovery of the remarkable elec-
tronic and structural properties of gra-
phene has revolutionized the scientific

community.1�4 The linear band structure of
graphene leads to its applications in single-
electron transistors and flexible electronics.
However, the zero optical band gap of the
Dirac cone in graphene prevents it from
being luminescent. To enable photolumi-
nescence, the band gap of graphene is
opened by reducing its size to the nanometer
scale5�9 and introducing defects10�12 or by
modifying its two-dimensional (2D) carbon�
carbon network with functional groups.13,14

One of the functionalized forms is graphene
oxide (GO),which consists of various oxygen-
containing groups, resulting in a broad-
band fluorescence. A recent report shows
that the fluorescence peaks are originated
from the electronic transitions at different
energy levels.15 The fluorescence of GO and
GO nanodots is characterized by several
new, exotic phenomena, expanding gra-
phene's remarkable properties to the realm

of luminescence. The luminescence of GO is
very broad and spans from the ultraviolet
(UV) to the near-infrared (NIR) range. The
broad luminescence can be tuned by pH,
reduction level, and size across a range
similar to that of quantum dots, but with
the added advantages of low cost, nontoxi-
city, and chemical stability.12�26 However,
themost intriguing luminescent property of
GO is that its fluorescence peak position can
be tuned by simply varying the excitation
wavelength without changing its chemical
composition and size.
In general, the peak photoluminescence

of conventional fluorophores, such as or-
ganic dyes and inorganic quantum dots, is
independent of the wavelength of the
excitation source because the excited elec-
trons relax to the band edge before fluores-
cence begins regardless of their initial
excitation energy.27 The peak fluorescence
wavelength of organic dyes and quantum
dots is the same as long as the electrons
are excited within the same band. Small
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ABSTRACT The peak fluorescence emission of conventional

fluorophores such as organic dyes and inorganic quantum dots is

independent of the excitation wavelength. In contrast, the position

of the peak fluorescence of graphene oxide (GO) in a polar solvent is

heavily dependent on the excitation wavelength. The present work

has discovered that the strong excitation wavelength dependent

fluorescence in GO is originated from the “giant red-edge effect”,

which breaks Kasha's rule. When GO sheets are present in a polar solvent, the solvation dynamics slow down to the same time scale as the fluorescence due

to the local environment of the GO sheet. Consequently, the fluorescence peak of GO broadens and red-shifts up to 200 nmwith an increase in the excitation

wavelength. The giant red-edge effect of GO disappears in a nonpolar solvent, leading to a narrow fluorescence peak that is independent of the excitation

wavelength. Discovery of the underlying strong excitation wavelength dependent fluorescence mechanism provides guidelines for the design of graphene

oxide-based optical devices.

KEYWORDS: graphene . graphene oxide . giant red-edge effect . fluorescence . photoluminescence .
excitation wavelength dependent luminescence
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excitation wavelength dependent shifts, however,
have been reported in highly rigid environments such
as glasses, viscous polymers, proteins, and mem-
branes.28�33 In contrast, the fluorescence peak of GO
exhibits a large red-shift with an increase in the
excitation wavelength without the need of low tem-
peratures or viscous solvents.12�26 For example, the
difference between the emission peak and the excita-
tion wavelength shows a red-shift of ∼220 nm from
the visible to NIR in water at room temperature as
the excitation energy changes from the UV to the
visible range.15 Despite the excellent studies of several
groups,16,18,34,35 the mechanism of strong excitation
wavelength dependent fluorescence of GO remains a
mystery, preventing the development of novel tech-
nologies based on this very intriguing property.
In the present work GO sheets, chemically reduced

GO sheets rich in the �OH moiety, and oxidized GO
sheets rich in the �COOH moiety have been prepared
to unravel the underlying mechanism of strong excita-
tion wavelength dependent fluorescence. Time-
resolved fluorescence is measured for each of the GO
samples in solvents with different polarities. Our ex-
perimental results and theoretical analysis show that
the spectral shape of the fluorescence of GO can be
explained as the collection of an excited-state proton-
ation from the �COOH group and an excitation wave-
length dependent fluorescence from the polar groups
such as the�OHmoiety in the GO sheets. The�COOH
groups lead to a pH-dependent emission through an

excited-state protonation.16,18 When GO is in a polar
solvent and excited by a light source, a slow solvent
relaxation process occurs on the same time scale as the
fluorescence emission, inducing a “giant red-edge
effect”. The slow solvent relaxation is caused by the
local environment of the GO sheets. The giant red-
edge effect is unprecedentedly discovered to be the
origin of the strong excitation wavelength dependent
fluorescence of GO.

RESULTS AND DISCUSSION

Wavelength-Dependent Fluorescence. Classically, the po-
sition of the fluorescence peak is independent of the
wavelength of the excitation source because of the
time scale of the processes involved. Fluorescence in a
noninteracting environment (gas or nonpolar solvent)
is depicted in Figure 1a and proceeds through the
absorption of light (10�15 s), nonradiative relaxation to
the band edge (10�12 s), and radiative recombination
of the electron and hole to emit a photon (10�9 s).27

The fluorescence does not depend on excitation en-
ergy because all excited electrons, independent of
initial energy, have relaxed to the band edge before
fluorescence proceeds. The limit of band edge emis-
sion is called Kasha's rule.36 For example, the fluores-
cence of GO in pentane (a nonpolar solvent) exhibited
a relatively narrow bandwidth, as experimentally de-
monstrated in Figure 1d.

In an interacting environment, such as a polar
solvent, an additional relaxation step (solvation) occurs

Figure 1. Wavelength-dependent fluorescence from solvent environment. (a) Fluorescence in a nonpolar solvent proceeds
through excitation (fs), thermal relaxation of carriers (ps), and emission (ns). (b) In a polar solvent, solvent relaxation acts to
lower the energy of the excited state and red-shift the emission. However, the solvation duration is much shorter than
fluorescence lifetime. (c) If the solvent interactions are on the same time scale as the fluorescence lifetime, a time-dependent
emission is created, resulting in a red-edge tail. (d) The fluorescence of GO in a nonpolar solvent (pentane) is independent of
excitation wavelength. In a polar solvent (water) the solvation process red-shifts the emission energy and broadens the
spectrum. (e) The relaxation of the time-dependent emission energy is independent of excitation wavelength, so shifting the
excitation wavelength shifts the emission wavelength proportionally, creating an excitation wavelength dependent
fluorescence as seen in GO in water. The excitation wavelength is labeled for each emission curve.

A
RTIC

LE



CUSHING ET AL . VOL. 8 ’ NO. 1 ’ 1002–1013 ’ 2014

www.acsnano.org

1004

in the fluorescence process. After excitation, the fluor-
ophore and the solvent dipole are no longer in equi-
librium. The solvent dipole can rotate to align with the
excited fluorophore, reducing the interaction energy
and lowering the energy of the excited fluorophore
(Figure 1b). The relaxation time of common polar
organics solvents is ∼10 ps, while the fluorescence
lifetime of organic dyes is several nanoseconds.37

Therefore, the solvation process is usually complete
before fluorescence emission, and the net result of
solvent relaxation is to red-shift the fluorescence
(Figure 1b). The red-shift is referred to as a solvato-
chromic shift.27 This trend was confirmed by compar-
ing the fluorescence of GO in a nonpolar solvent (such
as pentane) and a polar solvent (such as water), as
shown in Figure 1d. The fluorescence of GO was
broadened and red-shifted in the polar solvent due
to the solvent interactions.

If the solvation dynamics is not an order of magni-
tude quicker than the fluorescence lifetime, the fluorop-
hore can emit simultaneously to the excited state's
energy being reduced, creating a time-dependent
emission energy (Figure 1c). This phenomenon is
called the “red-edge effect”,33,38�40 which makes the
fluorescence peak dependent on the excitation wave-
length. For example, the emission peak of GO in water,
determined by the center of gravity of the fluores-
cence, was at 440 nm under excitation at 350 nm, but
red-shifted to 580 nm under excitation at 500 nm
(Figure 1e). The rate of change in the time-dependent
emission energy due to solvation is the same regard-
less of the excitation wavelength, as long as the final
solvated energy is not reached in the fluorescence
lifetime.27 Therefore, different excitation wavelengths
undergo the same relaxation process and emit with
the same spectral form, only offset by the initial
difference in excitation wavelength (Figure 1e). That
is, the slope of the change in the peak emission wave-
length for a given change in excitation wavelength,
Δλemission/Δλexcitation, remains a constant throughout
most of the excitation spectrum, creating a linear slope
of Δλemission/Δλexcitation up to ∼460 nm, as seen in
Figure S1. For further red-shifted excitation wave-
lengths, the final solvated energy can be approached
in the fluorescence lifetime, and no more shift of the
peak emission is possible. The matching of the com-
plete solvation lifetime to the fluorescence lifetime
therefore leads to an exponential limit of the ratio of
Δλemission/Δλexcitation as the excitation wavelength ap-
proaches the final solvated energy (Figure S1).

The behavior of excitation wavelength dependent
fluorescence is therefore strongly affected by the time
scale of the solvation step (Figure 1c). One route to
shorten the solvent relaxation time is to increase the
temperature. To show the effect of the solvation life-
time on the red-edge effect, the fluorescence of GO in
water was tested at different temperatures. When the

temperature increases, the solvation can complete
before fluorescence begins. Consequently, the red-
edge effect began to disappear at 80 �C, as shown in
Figure S1. The final solvated energy is also seen to blue-
shift with increasing the temperature because the
solvation process is complete before the fluorescence
lifetime.

It has been reported that the fluorescence of GO
and GO nanodots is associated with the aromatic CdC,
the C�OH, and the COOH (or CdO) functional groups
that commonly exist on the GO sheets.15 It is believed
that the contributions to fluorescence can be separated
into two main branches: (i) a pH-dependent component
associatedwith the protonatinggroups (carboxyl) and (ii)
a non-pH-dependent emission present after reduction
reactions (epoxide and hydroxyl).10,16,18,41,42 pKa* values
have shown that the �COOH group is responsible for
the pH-dependent emission, while selective reduction
procedures have confirmed that the hydroxyl group is
primarily responsible for the non-pH-dependent
emission.10,16,18,41,42

To effectively separate and further explore the
origins of the pH-dependent and the excitation wave-
length dependent fluorescence, the GO was chem-
ically treated in HNO3 and KOH solutions to create
�COOH-rich and �OH-rich GO, respectively.15 The
characterization details are seen in Figure S2. The
UV�visible absorption spectrum of GO is shown in
Figure 2h. The molecule-like absorption in GO was
assigned to the πfπ* transitions at 230 nm and to
the nfπ* transition at 305 nm, consistent with litera-
ture.10,15,16,18 In addition to the localized electron
density, the underlying band structure of the graphene
sheet still existed, as confirmed by an absorption tail
that decays exponentially to a constant value in the
NIR.43 The band structure is not identical to that of pure
graphene, but is similar to that of graphene sheets
where a band gap has been opened through defects
and doping.44

After chemical treatment, the local molecular struc-
ture became dominated either by the �OH or by
the �COOH groups. After treatment in KOH solution,
the nfπ* transition strength was reduced, and the
πfπ* peak red-shifted to 250 nm due to the increased
number of electron-donating groups (Figure 2b).27 The
�COOH-rich GO blue-shifted the πfπ* transition to
200 nm and increased the nfπ* transition strength
(Figure 2e). The NIR tail was constant, which was
independent of chemical treatment. It is worth noting
that the UV�visible absorption of GO was a combina-
tion of the optical transitions from both the �OH-rich
and the �COOH-rich GO, which confirmed that the
optical properties were originated from these func-
tional groups.

The UV�visible absorption measurements indicate
the optical properties of GO are explicitly determined
by which functional groups are present to donate local
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electron density and allow optical transitions. The
fluorescence also reflects this trend. The fluorescence
of the �OH-rich GO with an excitation wavelength of
350 nm is shown in Figure 2c. The�OH-rich GO had an
emission peak centered at ∼500 nm, which was origi-
nated from the electronic transitions (π*fn and
π*fπ). The molecular nature of the fluorescence in
the �OH-rich GO was further confirmed by the fluo-
rescence spectrum obtained in a nonpolar solvent
(Figure S3). In the absence of solvent interactions, the
fluorescence was observed to be a mirror image of the
excitation spectrum (Figure S3).

The �COOH-rich GO in Figure 2f showed a very
different fluorescence spectrum compared to the
�OH-rich GO despite their only being small changes
in the UV�visible absorption between the two func-
tional groups. The�COOH-rich GOhad a broad emission
bandcenteredat∼630nmwith ahalf-widthof∼250nm.
The emission was not representative of a simple molec-
ular transition. Previous reports have shown that a broad-
band emission is present identical to the COOH-rich GO
at lowpH,while anemission identical to the�OH-richGO
is present at a range fromneutral to high pH.16,18 The pH-
dependentfluorescence shown in these studies indicates
that the�COOH groupwas undergoing an excited-state
protonation. Here, our results, which show pH-depen-
dent emission for the �COOH and not �OH-rich GO,
confirm the pKa* value-based hypothesis that the COO�

groupundergoes anexcited-stateprotonation, creating a
broad emission at low pH.

The fluorescence of GO is shown in Figure 2i. Similar
to the UV�visible absorption, the fluorescence of
the GO was observed to be well represented by a

superposition of the fluorescence of both the�COOH-
rich and the �OH-rich GO sheets. Therefore, the
complete fluorescence mechanism of GO can be de-
scribed as shown in Figure 3. The fluorescence is
composed of an excited-state protonation of the �
COOH group and an excitation wavelength dependent
fluorescence from the polar groups such as the �OH
moiety in the GO sheets. The two components com-
bine to create the broad fluorescence emission of GO
at low pH (the inset in Figure 3). At high pH or after
chemical reduction of GO in the KOH solution, the polar
groups such as the �OH moiety dominate the fluores-
cence emission with an excitation wavelength depen-
dentbehavior. Theexcitationwavelengthdependenceof
fluorescence occurs because of the relaxation between
the solvent dipole and the excited state of GO. After
excitation, the excited GO dipole is not aligned with the
solvent. As the solvent rotates, the emission energy
decreases for the GO. The GO fluoresces on the same
time scale as the solvent relaxation, creating a time-
dependent energy, as shown on the left side of Figure 3.

Dynamics of Solvent Relaxation. As mentioned above
(Figure 1c), the phenomenon of excitation wavelength
dependent fluorescence is due to the presence of a
slowed solvation process during fluorescence emission.
Therefore, time-resolved fluorescence (TRF) measure-
ments were used to investigate the origin of giant red-
edge effect in GO. A simple model for solvent relaxation
must first be established to interpret the TRF results.
Solvent relaxation can be described theoretically by the
time-dependent emission energy27,45�47

pωem
0(t) ¼ pωexc(0) � pωsolv(t) (1)

Figure 2. Optical properties of functionalized graphene oxide (GO). (a) The�OH-rich GO and (d) the�COOH-rich GO and (g)
GO; the UV�visible absorption spectra of (b) the �OH-rich GO and (e) the �COOH-rich GO and (h) GO; the fluorescence
spectra of (c) the�OH-richGOand (f) the�COOH-richGOand (i) GO. ThepHof the�OH rich,�COOH rich, andpristineGOwas
7, 3, and 5, respectively. The fluorescence was measured in water with the concentration adjusted to keep the absorption
below 0.1 OD to avoid inner filter effects.
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which can be rewritten as

Uem
0(t) ¼ Uexc(0) � Usolv(t) (2)

The time-dependent emission energy, Uem
0(t), re-

presents the lowering of the excited state's energy
with time as the solvent rotates (Figure 4a). Uexc(0) is
the fluorescence at t = 0 immediately after excitation. If
the red-edge effect is absent, Uem

0(t) = Uexc(0) and the
fluorescence emission process is identical to that in a
nonpolar solvent. Usolv(t) describes the interaction
energy of the solvent dipole and fluorophore as they
align and is given by27,45�47

Usolv(t) ¼ μBfluo 3 RB(t) (3)

where R(t) is the reaction field, which incorporates the
electrodynamics response of the solvent to the change
in the fluorophore when excited.Usolv(t) is a function of
the solvent dipole, fluorophore dipole, and interaction
energy:

Usolv(t) ¼ Usolv(μfluo, μsolv,Θ(t)) (4)

where Θ(t) represents the rotation of the solvent
dipole to minimize the interaction energy (Figure 4a).
A simple Brownian rotator model Θ(t) can be repre-
sented as45

Θ(t) ¼ Θ0e
�t=τsolv (5)

In most organic solvents, the fluorescence lifetime
(τfluo) is much longer than the solvent relaxation time
(τsolv), or τfluo . τsolv. This means that the effect of
solvation is only to red-shift the fluorescence by a fixed
amount as discussed in Figure 1b, or

Uem
0(τfluo) ¼ Uexc(0) � Usolv(¥) (6)

No time-dependent terms exist in the fluorescence
energy in this case. The red-shift is determined only by
the polarity of the solvent, expressed by the well-
known solvatochromic shift formula between the ab-
sorbance peak and fluorescence peak (cm�1) as27

νhabs � νhfluo ¼ Uem
0(τfluo)
hc

� Uexc(0)
hc

¼ Usolv(¥)
hc

¼ 2(Δμ)2

hca3
ε � 1
2εþ 1

� �
þ n2 � 1

2n2 þ 1

 !2
4

3
5 (7)

where Δμ is the change in the dipole moment of
the fluorophore upon excitation in Debyes, a is the
Onsager cavity radius (Å), ε is the dielectric constant, h
is Planck's constant (ergs), c is the speed of light (cm/s),
and n is the refractive index.27

If τfluo = τsolv, then the time dependence of the
excited state's energy must be taken into account by

Uem
0(t) ¼ Uexc(0) � Usolv(t) (8)

The change in fluorescence emission energy with time,
Uem

0(t), can be measured experimentally by collect-
ing the TRF at several emission wavelengths for one
excitation wavelength (Figure 4c). In GO, fluorescence
excited with a 460 nmpulse is immediately detected at
500 nm at t = 0 (Figure 4c). The TRF trace for 500 nm
emission represents the fluorescence before solvation
begins, or Uem

0(t) = Uexc(0), and is centered at t = 0.
According to a global fit, the fluorescence at 500 nm
decays triexponentially in time after the initial excita-
tion with average time constants of 190 ps, 1.5 ns, and
5.8 ns. These time constants are similar to those
obtained under 370 nm excitation (Figure S4).

The TRF trace for fluorescence at 520 nm looks
identical to 500 nm (Figure 4c), except that it is no

Figure 3. Fluorescencemechanism of graphene oxide (GO). The fluorescence of GO (inset middle) is composed of an excited-
state protonation from the�COOHgroup (on the right side) and the excitationwavelength dependent fluorescence from the
polar groups such as the �OH moiety in the GO sheets (on the left side). The fluorescence shown was measured in water at
pH 7 and 3 for the �OH-rich and �COOH-rich GO.
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longer centered at t = 0. Rather, it is centered at some
later time t0. This is a direct result of Uem

0(t) depending
on time, or the band energy lowering as represented
in Figure 1c. If τfluo was much larger than τsolv, the
fluorescence would be centered at t = 0 for all emis-
sion wavelengths since all excited electrons would
have relaxed to the band edge by the time fluores-
cence begins (Figure 1b). This is not the case for GO;
the band edge energy is now lowering as fluores-
cence proceeds, and the TRF peaks at later times for
red-shifted emission wavelengths. Figure 4c reflects
the changes in Uem

0(t) for GO. That is, as the 500 nm
emission decays, the TRF peaks at 520 nm, 540 nm,
and then 560 nm. The triexponential relaxation dy-
namics does not depend on the measured emission
wavelength. It should be emphasized that the peak
emission is determined by the center of mass of the
fluorescence. The peak spectral form is not changing;
the center wavelength is just being shifted to higher
wavelengths.

The frequency of the emission maximum can be
plotted versus time as shown in Figure 4b to directly
measure Uem

0(t). The plot of Uem
0(t) can then be fit to

extract the solvation lifetime using a normalized
correlation function and assuming that Θ(t) follows
Brownian dynamics (eq 5). The correlation function in
this approximation is defined as38,45

c(t) ¼ Uem
0(¥) � Uem

0(t)
Uem

0(¥) � Uem
0(0)

¼ λ¥ � λ

λ¥ � λ0
¼ e�t=τsolv (9)

The simple Brownian rotator model fails to completely
capture the decay dynamics, but is a good approxi-
mation.33,38�40 The correlation function, or Uem

0(t),
decays with a time of τsolv = 650 ps. This time constant
is similar to the main component of the triexponential
decay of the OH-rich GO after treatment in KOH
solution, τfluo = 650 ps (Figure S4), which has confirmed
that this functional group is related to the excitation
wavelength dependent dynamics. The excited-state
protonation is reflected as a slight decay of the long
time scale maximum in the correlation plots.

Red-Edge Effect Induced by Solvation Dynamics. The TRF
measurements confirmed that the fluorescence life-
time, τfluo = 650 ps, is equal to the solvation lifetime, τsolv
= 650 ps, and the necessary conditions therefore exist to
allow the red-edge effect. However, the time-depen-
dent solvation dynamics of Figure 4 must be linked to
the excitation wavelength dependence of the steady-
state fluorescence of Figure 1. The static fluorescence is
the long time scale average of the time-dependent
dynamics. Mathematically, this is represented as the
steady-state fluorescence being the time integral of the
full time and frequency-dependent TRF, or time-resolved
emission spectrum (TRES), shown in Figure S5,27

F(ω) ¼
Z ¥

0
f (ω, t) dt (10)

where the TRES is represented by27

f (ω, t) ¼ g(ω �ω(t))e�t=τfluo (11)

Figure 4. Effect of solvent relaxation on time-resolved fluorescence. (a) The solvent dipole aligns with the excited GO
fluorophore to minimize the interaction energy. (b) The fluorescence emission maximum after 460 nm excitation decreases
until the solvent is fully relaxed, creating the time-dependent fluorescence spectra. (c) The peak intensity of the time-resolved
emission spectra (TRES) increases in wavelength after initial excitation at 460 nm but decays uniformly, mapping out the
solvent relaxation in time. The instrument response is shownby the pink line. Thefluorescencewasmeasured inwater at pH 7
with the concentration adjusted to keep the absorption below 0.1.
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under the assumption of only a single exponential decay
and that g(ω�ω(t)) is a Gaussian or log-normal distribu-
tion representing the spectral shape of the TRF plots.27

The function g(ω� ω(t)) represents a vertical cut in time
for Figure S5, while the exponential decay represents a
horizontal cut in frequency. F(ω) is what is measured
experimentally in a steady-state spectrofluorometer,
while f(ω,t) is what is measured at each wavelength in
TRF. The sum of the photons detected in TRF gives the
intensity of the fluorescence at that frequency in the
steady-state measurement.

In the function g(ω � ω(t)), ω(t) is directly related
to the correlation function c(t) (eq 9) and describes
the shift in the TRF peak offset with wavelength in
Figure 4b and c. If the solvent is nonpolar, then ω(t)
equals zero and the integral of eq 11 gives the static
fluorescence spectrum. If the solvent is polar and
τfluo . τsolv, then ω(t) equals ω(¥) and the integral of
eq 11 gives the fluorescence spectrum shifted accord-
ing to the solvatochromic shift formula, eq 5. If the
solvent is polar and τfluo = τsolv, the time dependence
of ω(t) weights the spectral integral toward longer
wavelengths, creating a red-shifted emission tail
(hence red-edge effect) as reflected in Figure 1e.

The importance of ω(t) is not just in creating a red-
shifted emission tail. ω(t) is the link between the
solvation dynamics and the excitation-dependent fluo-
rescence, as represented schematically in Figure 5. Let
the initial excitation energy be ω0. After excitation at
energyω(t = 0) =ω0, the peak intensity of the TRF shifts
byω(t). This change is represented by the curved arrow
in Figure 5a, which is simply a map of the central peak

in the full 2D TRES spectrum. The time integral of ω(t)
is represented by the shaded area and gives the
steady-state fluorescence by eq 10, represented by
the blue curve in Figure 5b. Now, if the excitation
energy is decreased so that ω1 is less than ω0, the
change in frequency Δω is equal to ω0 minus ω1, and
this is equivalent to making

ω(t ¼ 0) ¼ ω0 �Δω ¼ ω(t0) (12)

or starting the integration of eq 10 at some delayed
time t0 (panel 2 in Figure 5a). As long as the time is in
the linear range of the correlation function, the integral
of eq 10 does not change for a shift in time to t0 since

g(ω �ω(t0)) ¼ g(ω � (ω(t) �Δω))
¼ g(ω0 þω(t)) (13)

This gives

F(ω) ¼
Z ¥

t0
f (ω, t) dt ¼

Z ¥

0
f (ω0, t) dt ¼ F(ω0) (14)

which is unchanged for a shift in excitation ω0. This
means the integral of eq 10 will give the same spectral
form for ω1 as ω0, but reduced in intensity by the
change in area under ω(t0) and shifted to a lower energy
by Δω. Thus the ratio of Δλemission/Δλexcitation = 1 and a
linear slope exists for the giant red-edge effect in GO for
ωexc < ω(¥) (Figure S1).

As the excitation energy approaches ω(¥), the area
under the curve of ω(t) decreases according to the
measured correlation function (Figure 4b), so the slope
of theΔλemission/Δλexcitation shift goes asymptotically to
a constant value in an exponential fashion (Figure S1)
for the assumption of a Brownian rotator model. It
must be remembered that fluorescence can be excited
with increasing wavelength only if the density of
states exists in the ground state. The UV�visible
absorbance of GO has an exponential tail (Figure S6)
due to the coupling of the local electron density of the
surface groups with the underlying band structure of
the graphene sheet, allowing for the excitation of
fluorescencewell toω(¥) and the giant red-edge effect
to be measured.

The extent of the red-edge effect will depend on
temperature since ω(t), which is itself modeled by a
temperature-dependent Brownian rotator (eq 5), de-
termines the extent of the red-edge effect. The solvent
dipole rotation is therefore a function of its thermal
energy:27

τsolv ¼ ηV

kbT
(15)

where η is the viscosity, V is the volume, and kb is the
Boltzmann constant. The solvent rotation τsolv is slower
at 5 �C, allowing the emission from a lower energy state
than 20 and 80 �C (Figure S1) sinceω(t) takes longer to
approach ω(¥). When the temperature increased to
80 �C, then τfluo . τsolv and the red-edge effect was

Figure 5. Solvation dynamics and the red-edge effect.
The time-resolved dynamics is related to the steady-state
fluorescence by the time integral of the time dependent
emission energy ω(t) created by alignment of the solvent
dipole with the excited fluorophore. Shifting the excitation
frequency (a) from ω0 to ω1 is equivalent to changing the
starting time of the integration from ω(t) to ω(t0). As the
excitation frequency is red-shifted, the same steady-state
fluorescence spectrum is produced (b), but shifted in peak
position and lowered in intensity proportional to the area
under ω(t0). The shift of the peak position will be function-
ally similar to ω(t), predicting the slope of the emission
wavelength with changing excitation wavelength.
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barely observed. The same trend was mirrored in the
correlation functions (Figure 4b). The steady-state
anisotropy in Figure 6a also decreased as the emission
wavelength increased since the red-shifted emissions
occurred further into the solvent's rotation.27,33 If the
wavelength-dependent emission was purely a result of
the large distribution of size and functional groups in
GO in the solution, the emission peakwould have been
constant with temperature, time, and anisotropy. The
results presented prove that the wavelength-depen-
dent emission in GO is only a result of the red-edge
effect.

Insight into the Origin of the Giant Red-Edge Effect. If the
solvation is much quicker than the fluorescence life-
time, like quantum dots or organic dyes, different
excitation wavelengths relax to the same energy be-
fore emission and the red-edge effect is not present.
Even if the solvation is slowed through high viscosity or
low temperature in glasses, viscous polymers, proteins,
and membranes, the peak emission wavelength is
observed to shift only ∼10 nm with changing the
excitation wavelength, because the final solvated en-
ergy is reached quickly during the fluorescence life-
time.33,38�40 The small red-edge shift in these cases is
directly determined by the quick decay of the reported
correlation functions, explaining why a small exponen-
tial peak shift is usually reported.33,38�40 Contrary to
these results, GO has a giant red-edge effect at room
temperature in common solvents. Owing to the
slow solvation dynamics, the fluorescence peak of

GO red-shifted from 440 to 580 nm as the excitation
wavelength changed from 350 to 500 nm (Figure 1e).
The ratio of Δλemission/Δλexcitation = 1 reflects the slow
decay of the correlation function. The exponentially
limited behavior of the red-edge effect reported
previously was seen only in the limit of band edge
excitation or high temperature, where solvent relaxa-
tion is complete during the fluorescence lifetime.

The TRF measurements in Figure 4 proved that the
time-dependent emission energyω(t) was the origin of
the excitation wavelength dependent fluorescence.
However, the TRF results cannot explain why ω(t) was
so large and the measured correlation function had a
longer lifetime than previously measured for fluoro-
phores in organic solvents at room temperature. The
strength of the time-dependent energy Usolv(t), which
induces the red-edge effect, is determined by μfluo,
μsolv, and Θ(t) (eq 4). The change in the excited-state
dipole moment, μfluo, was estimated to be ∼23 D by
eq 7 using the fluorescence spectra in solvents of
various polarities (Figure 7a and b) and assuming that
the Onsager radius has a typical value of 5 Å.27 This
dipole moment is similar to many organic dyes with
small red-edge effects.27,48 The slope of the change in
peak emission wavelength with change in excitation
wavelength,Δλemission/Δλexcitation= 1, was found to be
independent of solvents with sufficient polarity > 0.2
and identical for the GO and the �OH-rich GO
(Figure 7c). It should be noted that the Rayleigh filter-
ing and the background subtraction can lead to some
distortion of the excitation emission slope. These
results ruled out the possibility of μfluo and μsolv as
the origin of the giant red-edge effect.

Since themagnitude of the solvent or the GOdipole
moment was not responsible for the red-edge effect,
the large shift in the time-dependent emission energy
ω(t) must result from slow relaxation of the solvent and
the excited-state dipole Θ(t). However, the measured
solvent relaxation was∼650 ps, which is much greater
than the solvation time of water, τsolv‑water = 1 ps.27,37

This means that an additional solvation process occurs,
inducing the giant red-edge effect. This result also
explains why the slope of the change in peak emission
wavelength with changing excitation wavelength was
independent of the polarity and solvation time of the
organic solvent (Figure 7c), since an additional relaxa-
tion must be occurring at longer time scales than the
solvent's solvation time.

The wavelength-dependent emission must be due
to an additional interaction of the GO in the solvent.
This can be investigated by looking at the time-
resolved anisotropy (TRA) (Figure 6b), which measures
the rotation of the fluorophore from its initial orienta-
tion at excitation. As the GO sheet rotates in the
solvent, the polarization of the emission also rotates
with respect to an initial value. The large size of the
GO sheet means that physical rotation of the entire

Figure 6. Anisotropy for GO fluorescence. (a) The steady-
state anisotropy under 400 nm excitation decreases as the
wavelength increases due to the relaxation of the solvent
around the GO. (b) Time-resolved anisotropy for 460 nm
excitation and 530 nm detection. The fluorescence was
measured in water at pH 7 with the concentration adjusted
to keep the OD below 0.1.
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emitting sheet will happen on a time scale of
microseconds.27 However, the TRA also showed a short
time rotation of τanis = 670 ps = τsolv . τsolv‑water. This
time scale was too short to represent rotation of the
large 2D sheet, suggesting that the fluorescence dipole
was reorienting in plane. To drive this rotation, the
overall solvent relaxation must be occurring through
additional interactions of the localized electron density
of the fluorophore with the surrounding GO plane.

To gain insight into the source of the additional
solvent interaction, single-layer GO was immobilized
on glass. Fluorescence measurements were then per-
formed on the immobilized single-layer GO in water.
The single-layer GO exhibited a fluorescence emission
that was independent of the excitation wavelength
(Figure 7d). In addition, the excitation wavelength
dependent fluorescence still occurred in the GO sheets
that were soluble in the aqueous solution when the
ionic strength of the solution was varied by changing
the concentration of NaCl or CaCl2. These results rule
out the possibility that the interlayer interactions of GO
in a solvent are the origin of the giant red-edge effect
and instead suggest the GO sheet surrounding the
localized electron density of the functional group/
fluorophore undergoes an excited-state reorganiza-
tion on the same time scale as the fluorescence life-
time. When the GO sheet is immobilized or in a
nonpolar solvent, the local interaction is reduced since
the possible local reorganization is negligible, and no
red edge effect is seen. This is consistent with the

previously reported luminescence maps for immobi-
lized and solvated GO.49

This possible explanation is consistent with the
small red-edge effect measured for traditional organic
dyes in a protein or molecular matrix where the local
solvation environment is not determined by the sol-
vent, but the local environment of the fluorophore.28,38

However, unlike a dye in a rigid matrix, no external
matrix is needed to induce a giant red-edge shift in GO.
Instead, the local reorganization of GO sheets slows the
solvation dynamics to a scale where the red-edge
effect exists strongly in water at room temperature.
The reorganization exists regardless of the strength or
the polarizability of the solvent, although it is only in a
polar solvent that the solvation time becomes compar-
able to the fluorescence lifetime, allowing the giant
red-edge effect. The suggested local reorganization
mechanism is thus consistent with the reports of the
small change in emission energy and TRA seen on
a∼1 ps time scale formultilayer GO in air and the small
excitation wavelength dependent fluorescence of GO-
coated paper.35,50

It is noted that there exist a large number of
different sized π-conjugated fragments and functional
groups in the GO sheets. If the excitation wavelength
dependent emission was due to the continual excita-
tion of different sized conjugated π fragments in the
GO, this phenomenon would have not changed in any
of the following three cases: (i) when the polar solution
containing theGO sheets was heated to 80 �C; (ii) when

Figure 7. Effect of local environment on GO fluorescence. (a) Fluorescence of GO in solvents of increasing polarity under
350 nm excitation at neutral pH. (b) Peak emission wavelength plotted versus polarizability of the solvent. (c) Dependence of
the change in emission wavelength with changing excitation wavelength for GO in several solvents and KOH treatment. (d)
Fluorescence of single-layer GO immobilized on the glass under excitationwith various excitationwavelengths for neutral pH
in water.
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the GO sheets were suspended in a nonpolar solvent;
and (iii) when aGO sheetwas fixed on a rigid solid-state
state. In fact, our experiments have shown that the
excitation wavelength dependent emission disap-
peared in all three cases (Figures 1, S1, and 7). Keeping
in mind that each of these experiments changed only
the dynamics of the solvent relaxation and did not
change the structure and the chemical properties of
the GO or modify the possible subset of π-conjugated
fragments that could fluoresce, we can rule out
the possibility that excitation wavelength dependent
emission was originated from the continual excitation
of different sized conjugated π fragments in the GO.

In particular, the measurements of GO fluorescence
in a nonpolar solvent have shown that the distribution
of π-conjugated fragments only broadened the mo-
lecular transitions (Figure 1). This led to a slight tail of
the emission, but the effect was small compared to the
fluorescence in the polar solvent. This was because in a
polar solvent, in addition to the distribution-based
broadening like in a nonpolar solvent, the excitation
energy was redistributed over a large energy range
due to the giant red-edge effect, extending the solva-
tion time scale to that of the fluorescence. Since the
molecular transitions re-emit over a changing final en-
ergy, the initially narrower absorption peak can lead to a
large range of emission wavelengths, which will depend
on the initial excitation energy and in which relaxed
energy states can be reached before fluorescence occurs.
The dynamic nature of the excitationwavelength-depen-
dent emission and the spectral broadening in GO ex-
plains not only the dependence on environment, as
shown in this study, but also the remarkable consistency
of the peak emission wavelength shift versus excitation
wavelength that canbe found in the literature for GOand
GO nanodots, even if the chemical treatment and initial
emission spectrum may vary.5�26

CONCLUSIONS

The fluorescence of GO is a combination of an
excited-state protonation of the �COOH group and
an excitation wavelength dependent fluorescence
from the polar groups such as the �OH moiety in the
GO sheets. The two independent components are

responsible for the broad fluorescent emission of GO
at low pH. At high pH or after chemical reduction of GO
in the KOH solution, the polar groups such as the�OH
moiety dominate the fluorescence, which depends on
the excitation wavelength. Time-resolved fluorescence
measurements of GO suggest that local reorganization
of GO sheets slows the solvation dynamics of photo-
excited electrons in a polar solvent. As a result, the
solvent relaxation time becomes comparable to the
fluorescence lifetime, creating the time-dependent
fluorescence emission energy, allowing the giant red-
edge effect. The giant red-edge effect is responsible
for the strong dependence of the fluorescence peak
position upon the wavelength of the excitation source.
When the temperature increases, the solvation dy-
namics becomes faster and mitigate the giant red-
edge effect. The giant red-edge effect of GOdisappears
in a nonpolar solvent, leading to a fluorescence
peak independent of the excitation wavelength. The
solvation process is also responsible for the broad
bandwidth of GO's fluorescence in a polar solvent.
In contrast, GO shows a narrow fluorescence peak in
a nonpolar solvent.
Application of the giant red-edge effect has been

nonexistent when compared to the other emergent
phenomena in the graphene family of materials. This
study has discovered the underlying mechanism of
strong excitation wavelength dependent fluorescence
in GO, which can open many exciting opportunities
because the fluorescence wavelength can be changed
in situ by simply changing the excitation wavelength.
Further, the red-edge effect mechanism can be extended
to carbon quantum dots, where the same excitation
wavelength dependent emission and spectral tuning is
present identical to that in GO sheets.5�9,13,17,20,22,25,26,50

The red-edgeeffect could therefore allow the small carbon
quantumdots tobeused simultaneously as afluorescence
tag by the emission wavelength and a probe of the
polarizability of the local environment by the extent of
the red-edge effect.28�30,38 The broad absorption and the
emission of the giant red-edge effect is expected to have
implications in biological sensing, tunable full spectrum
fluorescent light sources, optoelectronics and solar energy
harvesting, or new areas of photoluminescence research.

METHODS

Synthesis of Graphene Oxide. Chemical exfoliation of graphite
was used to achieve the GO sheet according to the well-
documented Hummers method.51 The GO sheets were im-
mersed into the KOH aqueous solution, leading to hydroxyl
groups on the carbon skeleton. To obtain the carboxyl-rich GO,
the GO sheets were treated in the HNO3 solution. The detailed
procedures can be found in our previous paper.15 Finally, the
KOH- and HNO3-treated GO sheets were dried overnight in a
vacuum oven at room temperature. The KOH- and HNO3-
treated GO sheets were added into DI water to obtain a
concentration of 100 μg/mL GO for further use.

To immobilize the graphene oxide sheets on the glass
substrate, the loose and brown GO powder was suspended in
water (0.5mg/mL). The fresh glass substratewas then immersed
into the aqueous GO suspension, followed by slow pulling
(2 mm/s). This resulted in the attachment of a single-layer GO
sheet on the glass. The GO-immobilized substrates were then
dried in air for use.

Characterization and Optics. The UV�visible absorption proper-
ties were measured with a Shimadzu UV-2550 spectrometer
(Shimadzu Co., Kyoto, Japan). The KBr pellet containing the
GO sample was used to acquire the Fourier-transform infrared
(FT-IR) spectra under the transmission mode with a Nicolet
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6700 spectrometer (Thermo Scientific, Waltham, MA, USA). The
functional groups in the GO samples were also characterized
with X-ray photoelectron spectroscopy (XPS) using a PHI 5000
Versa Probe system (Physical Electronics, MN, USA). The XPS
spectra were calibrated with reference to the C 1s peak of the
sp2 carbon atoms at 284.6 eV.

Fluorescence measurements were recorded with a double-
monochromated Horiba Jobin Yvon Fluorolog-3 spectrofluo-
rometer. The pH of GO solution was 5, 7, and 3 for the pristine
and �OH- and �COOH-functionalized graphene oxide spectra
shown in Figure 2. The pH was neutral in all other measure-
ments unless otherwise noted. Absorption was kept below 0.1
OD for all solutions to prevent inner filter effects. All samples
were stirred and kept at 20 �C unless otherwise noted. Raman
scattering and instrument response were corrected. Time-
resolved spectra were captured using time-correlated single
photon counting (TCSPC) with a pulsed LED light source at
460 or 370 nm. Anisotropy was defined as r = (I ) � I^)/(I ) þ 2I^),
where I ) and I^ refer to the light parallel and perpendicular to
the incident polarization. The center of mass was calculated as
vcg =

R
v*f(v) dv/

R
f(v) dv, where f(v) is the fluorescence

spectrum.27 The TRES spectra were normalized in the manner
described previously.27 The full TRES spectra are shown in
Figure S5 for each temperature. The full 2D excitation emission
plots from which the center of emission was calculated are
shown in Figure S7 for temperature and Figure S8 for the various
solvents. Polarizability was defined as f(ε,n) = ((ε� 1)/(2εþ 1))þ
((n2� 1)/(2n2þ 1)) where ε is the dielectric constant and n is the
refractive index.
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