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Aqueous dispersions of graphene oxide (GO) have been found to emit a structured, strongly pH-dependent
visible fluorescence. Based on experimental results and model computations, this is proposed to arise from
quasi-molecular fluorophores, similar to polycyclic aromatic compounds, formed by the electronic coupling
of carboxylic acid groups with nearby carbon atoms of graphene. Sharp and structured emission and
excitation features resembling the spectra of molecular fluorophores are present near 500 nm in basic
conditions. The GO emission reversibly broadens and red-shifts to ca. 680 nm in acidic conditions, while the
excitation spectra remain very similar in shape and position, consistent with excited state protonation of
the emitting species in acidic media. The sharp and structured emission and excitation features suggest that
the effective fluorophore size in the GO samples is remarkably well defined.

ince its discovery in 2004', graphene has been the focus of intense fundamental and applied research. Its

unique 2D dispersion leads to superior properties such as ballistic transport at room temperature, high

carrier mobility, and broad-band optical transitions, which could be exploited in a wide range of applica-
tions®. However, graphene is a zero-gap semiconductor and controllably modifying the electronic band structure
remains a major challenge. Thus, most optoelectronic applications of graphene have been limited to its integ-
ration as a passive element (e.g. transparent conductive electrodes in solar cells and light emitting diodes)’. Two
methods for modifying the band structure of graphene have been pursued. One is cutting graphene into nano-
ribbons**° and carbon quantum dots”®. The optical properties of these structures are not well understood. The
second is chemical functionalization, which offers a variety of approaches for controllably modulating the
graphene band structure. One such functionalized product is graphene oxide (GO). As reported by several
groups, GO shows significant optical absorption and broadband fluorescence in the visible and near-infrared
(NIR) spectral regions™*'". As a result, GO has received attention for its potential use in low cost, large area
optoelectronic applications. In contrast to pristine graphene, in which all atoms are sp> hybridized, GO also
contains sp’ carbon atoms covalently bonded to oxygen-bearing functional groups'>'*'*. Theoretical studies on
model systems predict an optical band gap and fluorescence due to localization in the m-system'>'®". The
broadband fluorescence observed in GO has been attributed to m-electrons confined in localized sp* domains®™'*'".
Chhowalla and co-workers' reported that moderately reduced GO films excited in the ultraviolet emit broad blue
emission attributed to such localized domains. These previous reports consider functionalization only as a source
of electronic disorder in graphene. However, Gokus et al.'® have recently observed visible luminescence from
oxygen plasma-treated graphene and attributed the emission to CO-related localized graphene electronic states.
Here we report molecular-like fluorescence from GO that is spectrally structured and strongly pH-dependent.
These findings support the view that covalently bound oxygen species interact with surrounding carbon atoms of
the graphene sheet to create localized, quasi-molecular electronic structures in GO.

Results

Our as-prepared graphene oxide suspension was mildly acidic (pH 5.2) due to traces of acid remaining from the
synthesis (see Methods). Emission measured with 440 nm excitation at this pH showed a broad peak (FWHM >
200nm) centred near 668 nm (Fig. 1a), similar to spectra previously reported™'®'"'*. As pH was increased from
highly acidic (pH 1.7) toward neutral values, we observed a monotonic decrease in the intensity of this emission
peak, with no significant change in shape (Fig. 1a). Increasing pH in the basic range above pH 7 led to the
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Figure 1| pH dependent fluorescence spectra of graphene oxide. (a)
Emission spectra measured with 440 nm excitation for sample pH values
between 1.7 and 12.7. (b) Traces from a measured in the basic range from
pH 7.6 to 12.7, plotted on an expanded scale for clarity. (c) Intensities of
emission components peaking at 479, 506, and 683 nm (deduced from
spectral simulations) as a function of sample pH.

disappearance of the 668 nm feature and the appearance of two
relatively sharp peaks near 482 nm (~16 nm FWHM) and
506 nm (~26 nm FWHM) (Fig. 1b). By simulating the set of emis-
sion spectra as superposition of five Gaussian components, we
deduced corrected peak wavelengths of 479, 506, 531, 577, and
683 nm (with significant uncertainties in the peak positions of
the broad 577 and 683 nm features). (Fig. S-3) A plot of deduced
amplitudes of the three major peaks (479, 506, and 683 nm) vs.
pH shows that the acidic (683 nm) peak decreases in intensity
smoothly and almost monotonically from pH 1.7 to 12.7, while the
two basic peaks (479 and 506 nm) emerge abruptly in the narrow
pH range between 7.6 to 8.0, as in a fluorimetric titration (Fig. 1c).
The observed changes in fluorescence spectra were completely
reversible with pH within the measured range, indicating no loss
of oxygen species.”
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Figure 2 | Graphene oxide absorbance and excitation spectra. (a)
Absorbance spectra (1 ¢cm path length) measured at pH values between 2.9
and 11. (b) Excitation spectra measured for emission at 511 nm, for sample
pH values between 2.9 and 11. (¢) Excitation spectra measured for
emission at 665 nm, for sample pH values between 2.9 and 11.

We investigated further using absorption and fluorescence excita-
tion spectroscopies. Absorption traces between 200 and 550 nm for
GO suspensions at pH 2.9 to pH 11 showed no clear features except
for a peak near 230 nm (Fig. 2a). This is likely from m—plasmon
absorption, although its 5.4 eV energy is somewhat higher than
observed for SWCNTs or graphene.” The absorption tail at longer
wavelengths was significantly more intense at higher pH values. We
found no evidence of sample aggregation or instability during these
measurements.

Measured pH variations in the GO absorption spectra were minor
compared to those found in emission, suggesting that the dominant
absorbing species in the sample are not the fluorophores. This is
confirmed by the fluorescence excitation spectra (Fig. 2b,c), which
differ greatly from the absorption spectra. Under basic conditions,
the emission feature at 506 nm was induced by rather distinct excita-
tion bands near 491, 465, 436, and 417 nm. Similar behaviour was
found for 479 nm emission (Fig. S-4). As pH increased above 8, there
was a striking reduction in the efficiency with which the 491 nm
excitation induced the 506 nm emission. Fluorescence excitation
spectra of the broad (acidic) emission feature near 683 nm showed
distinct peaks matching the positions of those found in excitation
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spectra of the basic emission (Fig. 2c). The fact that the different GO
emission features seen under acidic and basic conditions are excited
by matching transitions indicates that both types of emission arise
from the excitation of the same ground state species. In a separate
experiment, the photocurrent action spectrum of GO measured
using an innovative capacitive technique® showed photocurrent
peaks corresponding to the excitation peaks in Fig. 2b and 2c.

Discussion

Analysis of the data in Figs. 1 and 2 for GO samples under basic pH
conditions revealed molecular-like patterns in the structured emis-
sion and excitation spectra. However, these patterns were more com-
plex than are seen from pure molecular samples. For GO at pH 8, we
observed that 511 nm emission was efficiently induced by 491 nm
excitation, but when the sample was adjusted to pH 11 and excited at
a shorter wavelength, it emitted at 479 nm. The presence of emission
at a shorter wavelength than an excitation peak indicates that the GO
sample contained more than one fluorophore. By plotting normal-
ized excitation and emission spectra separately at the two pH values,
we found two pairs of near-mirror-image spectra, labeled A and B
(Fig. 3a). Each of these excitation/emission pairs resembles data from
a molecular fluorophore. In this interpretation, the electronic origin

511 nm detection

pH 8
D

(a

N

1.0

0.5

Intensity (normalized)
o
(&) ]

482 nm detectilon
pH 11

0.0 T T T T T T T 0.0
28 26 24 22 20 18 16 14 12
Optical frequency (1 Oscm'1)
(b) T M T M T M T M T M T M T M T
_1.04 540 nm detection ! ]
o) pH 10.7 |
3 [\A
E U
£
2
— 0.5
=
k%)
c
2
£
0.0 T

28 26 24 22 20 18 16 14 12
Optical frequency (1 03cm'1)
Figure 3 | Combined excitation and emission spectra of graphene oxide.
(a) Normalized fluorescence and excitation spectra for GO samples at
pH 8 (traces labeled A) and pH 11 (traces labeled B). Fluorescence spectra
were recorded with 440 nm excitation for both A and B; excitation spectra
were measured with 511 nm detection for A, and 482 nm detection for B.
(b) Normalized fluorescence and excitation spectra for a suspension of GO
prepared from expandable graphite. The sample pH was 10.7. The
fluorescence spectrum was measured with 440 nm excitation, and the
excitation spectrum was measured with 540 nm detection.

1

frequencies of species A and B would be 20,050 and 21190 cm™,
respectively, and their fluorescence Stokes shifts (the spacing
between main emission and excitation peaks) would be approxi-
mately 650 cm™". Although the chemical composition of GO varies
from batch to batch, we found that all samples show similar fluor-
escence-excitation patterns in basic media. The data also contain
secondary spectral features separated by ~1000 to 1600 cm ™', which
are suggestive of short vibrational progressions in molecular elec-
tronic spectra.

The view that the spectra in Fig. 3a represent more than one
fluorophore is supported by comparable measurements on a GO
sample prepared from intercalated graphite, a slightly different start-
ing material (Fig. 3b, Fig. S-5). Spectra of this sample show peaks that
match the main features of traces A in Fig. 3a but no peaks corres-
ponding to B. We therefore deduce that A and B represent distinct
species that have different relative abundances in the two samples.
Further, the absence of pronounced side bands in Fig. 3b suggests
that the side bands in Fig. 3a may arise from additional fluorophores
in the sample rather than vibronic transitions of species A. A more
detailed analysis of these additional fluorophores is beyond the scope
of this work as the transitions at 531 nm and 577 nm (Fig. S-3) are
not distinct and are apparent only on spectral fitting.

Vibrational absorption spectra were measured using ATR-FTIR
spectroscopy of solid GO samples obtained from acidic and basic
suspensions (Fig. 4). A number of absorption bands are evident.
These are assigned to vibrational modes in groups including
COOH, COO~, C-OH, C-H, and C=0 (see Fig. 4 caption).”?
Among these, we would particularly expect COOH and COO~
groups to exhibit pH-dependent behaviour over the studied sample
conditions.
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Figure 4 | Vibrational absorption spectra of graphene oxide. ATR-FTIR
spectra of solid GO samples isolated from (a) acidic and (b) basic aqueous
suspensions. Major bands and proposed assignments in (a): 1040 cm ™'
(C-O stretch) , 1164 cm ™' (C-OH stretch), 1623 cm™! (adsorbed water &
skeletal vibrations of unoxidized graphitic domains), 1722 cm™' (C=0
stretch); in (b): 829 cm™' (C-H out-of-plane wag), 980 cm ™' (possibly
epoxide stretch), 1007cm™" (C-H in-plane bend), 1309 cm™' (C-O
stretch), 1367 cm ™' (COO™ symmetric stretch), 1590 cm™' (COO~
antisymmetric stretch).
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Although GO is a complex non-stoichiometric material that
incorporates multiple oxygen-bearing addends, it may be useful to
interpret its pH-dependent fluorescence spectroscopy by analogy to
polycyclic aromatic carboxylic acids. Model compounds would then
include pyrene-3-carboxylic acid (3-PCA), pyrene-1-carboxylic acid
(1-PCA), or anthracic acids (9-AC, 1-AC, 2-AC). Our observation
that the same excitation transitions cause very different emission
spectra in basic and acidic media indicates the presence of excited
state proton transfer. The tendencies for ground and excited state
deprotonation are described by values of pK, and pK,*, respectively.
For the model compounds listed above, it is known that pK,* is
higher than pK, by approximately 1.5 to 5 units (3.8 vs. 5.2 for
3-PCA?%, 4.0 vs. 8.7 for 1-PCA***, 3.0 vs. 6.5 for 9-AC**?). Thus,
at pH values between pK, and pK,*, carboxylic acid groups would be
largely deprotonated to ionic -COO~ groups in the ground state but
reprotonated in the electronically excited state. We suggest that the
structured emission seen above pH 8 in our GO samples arises from
electronically excited (G-COO™)* moieties formed by excitation of
ground state G-COO™. The abrupt loss of short-wavelength emission
bands below pH 8 (Fig. 1c) would then be associated with excited
state protonation of the (G-COO™)* to (G-COOH)*, which contri-
bute to the broad, red-shifted emission seen under acidic conditions.
We note that the observed pH-dependence and spectral structure of
GO fluorescence are qualitatively very similar to those reported for
several aromatic carboxylic acids such as 3-PCA>, 1-PCA***,9-AC,
1-AC, and 2-AC***® in polar solvents, where structured mirror-
image excitation/emission spectra were observed at basic pH but only
broad red-shifted fluorescence at acidic pH. The reversibility of fluor-
escence spectral changes with pH in our GO samples rules out
aggregation as a cause of the red-shifted acidic emission. The broad,
strongly red-shifted emission of carboxylic acids in the acidic medium
has been attributed***”** to a combination of strong interaction of
the protonated acid with the polar solvent and large geometric changes
in the protonated species during excitation and emission.

GO is a heterogeneous material. Apart from the presence of
addends other than carboxylic acid groups, there must also be a
distribution of distances between addend positions and a variety of
sites (e.g. face or edge) at which they are located. In view of this
complexity, it is remarkable that the fluorescence spectroscopy of
GO appears as simple as it does. We suggest that the GO fluorescence
is dominated by a small number of quasi-molecular fluorophores
that may consist of isolated COOH groups and the set of nearby
graphene atoms that they significantly perturb. To investigate this
possibility, we have performed semi-empirical (PM3) quantum cal-
culations on graphene sheet fragments containing 240 carbon atoms
and one COOH or COO~ group bonded to an edge atom. Our results
for COO™ show a delocalized but relatively distinct region of negative
electrostatic potential (Fig. 5), which we interpret as the region of
strong electronic coupling between the graphene sheet and addend
group. Although the range of coupling is not sharply defined, it seems
largely confined to a section containing approximately 34 carbon
atoms (13 hexagonal rings). The computed electronic absorption
spectra of the COOH and COO~ graphene adducts show several
intense singlet-singlet transitions between 450 and 550 nm and
fewer transitions between 650 and 750 nm (Fig. S-6). These wave-
lengths are quite similar to those found experimentally. We note that
if the GO fluorophore is considered analogous to a polycyclic aro-
matic hydrocarbon, the observed sharp transitions would corre-
spond to a molecule containing approximately 50 m-electrons,
which is reasonably consistent with the perturbed graphene region
estimated from our computational modelling. More extensive calcu-
lations will be valuable for clarifying the nature of optical transitions
involving coupled graphene m-electrons and oxygen-containing
addends such as carboxylic acids.

In summary, we have found strongly pH-dependent visible fluor-
escence from aqueous dispersions of graphene oxide. In basic

Figure 5 | Computed electrostatic potential isosurface for a graphene
sheet fragment derivatized at its edge with COO~. The semiempirical
quantum chemical calculation was performed using the PM3 method with
a graphene fragment containing 240 atoms. The plotted purple isosurface,
enclosing the COO™ group, shows the boundary of the region in which
there is a negative potential value exceeding 0.06 e/a,.

conditions, relatively sharp and structured emission and excitation
features appear near 500 nm. These resemble spectra from a mixture
of polycyclic aromatic compounds. In acidic conditions, the ca.
500 nm fluorescence is replaced by broad and strongly red-shifted
emission peaking near 680 nm, while the excitation spectra show
little change in shape. Our findings point to excited state protonation
of the fluorophore species in acidic media. Assuming that the oxygen
bearing addends are sufficiently isolated and that there are no major
energy transfer effects, we propose, based on experimental results
and model computations, that the observed spectral features arise
from carboxylic acid groups electronically coupled with nearby
atoms of the graphene sheet to form quasi-molecular fluorophores
similar to polycyclic aromatic compounds. Spectra suggest that the
effective fluorophore size in the GO samples is remarkably well
defined. It may prove possible to further enhance the homogeneity
of such local electronic modifications of graphene through refined
chemical processing methods. Further experimental investigations,
including time-resolved spectroscopy should be useful to elucidate
the nature of GO fluorescence.

Methods

The starting material was commercially available graphite powder (SP-1 graphite,
from Bay Carbon Corporation). GO was obtained by oxidation of the graphite
powder by the modified Hummers method**. In a separate batch, Expandable
Graphite (Intumescent Flake Graphite, from Asbury Carbons) was first thermally
exfoliated at 700°C for 1 min and was further used to synthesize GO by the modified
Hummer’s method. GO was suspended in deionised water (0.1 mg/mL) by bath
ultrasonication for 30 min followed by tip sonication for 10 min at 5W to form a clear
yellow suspension. No particles were visible after sonication and the suspension
remained stable for several weeks, indicating that the GO flakes were small and well
dispersed. The suspension was then divided into 10 mL aliquots and their pH values
were adjusted between 1.7 and 12.7 by addition of dilute H,SO, or dilute KOH. Just
before each measurement, the sample was tip sonicated at 5W for 5 min.
Fluorescence measurements were performed on a J-Y Spex Fluorolog 3-211 spec-
trofluorometer using 7 nm spectral slit widths for excitation and emission, 3 nm step
sizes, and integration times of 6 s per point. Emission spectra were recorded using
440 nm excitation. Measured spectra were corrected for detector response and
excitation power. A spectrum of DI water was used as a blank to correct for solvent
Raman scattering. Absorbance was measured in quartz cuvettes on a Cary 4000
spectrophotometer. To prepare samples for FTIR spectroscopy, the pH 1.7 suspen-
sion was further acidified until the GO started to aggregate (at pH ~0.5), and then
centrifuged at 13,000 x g for 20 min to obtain a solid pellet of acidic GO. A pellet of
basic GO (from pH ~13.5) was obtained in a similar manner. FTIR spectra were
measured on a Nicolet FTIR Microscope in the ATR mode with an MCT/A detector.
TEM images and selected area electron diffraction patterns (Fig. S1) were obtained
with a JEOL 2100 Field Emission Gun TEM.
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