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In this study, phosphorescence emission and a strong excitation-wavelength dependent fluorescence has

been found in large-scale graphene oxide (GO) nanosheets. GO was covalently functionalized with
triphenylamine (GO-CONH-TPA) in order to enhance the GO fluorescence quantum yield to 18%. The

intersystem crossing (ISC) dynamics were studied using a femtosecond transient absorption technique,

which appeared in the same timescale as the fluorescence dynamics of GO-CONH-TPA in both a polar

solvent and solid film. Therefore, both, the solvation (several hundreds of picoseconds) and the

intersystem crossing (ISC) gave rise to the strong excitation-wavelength dependent fluorescence.
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Moreover, the phosphorescence emission of the GO-CONH-TPA film at room temperature has been

described for the first time in this report, and the lifetime of phosphorescence was found to be 6.95 ps.

DOI: 10.1039/c7ra01115f

rsc.li/rsc-advances domain structure of GO.

1. Introduction

Since two-dimensional (2D) graphene possesses a unique linear
band structure, it has been reported for various applications
during the past decade, such as optoelectronic devices,'”
optical imaging, therapy*® and drug delivery.* Graphene oxide
(GO) has an opening band with a band gap range of around
several electron volts (eV) compared with graphene (zero eV);’
however, its weak photoluminescence (PL) was unresolved, and
thus its fluorescence mechanisms require more clarification.
Conventional viewpoints state that GO comprises a quasi-2D
network of small sp> carbon domains in a sp>-bonded matrix,?
which can be regarded as graphene with oxygen functional
groups decorating the basal plane and edges. An extreme
perspective is that a GO nanosheet is a quasi-2D oxidized
derivative of graphene, which contains isolated polyaromatic
clusters dispersed in the sp® C-O matrix.

To date, only a few groups have reported the PL spectroscopy
of GO, which is found in the following wavelength ranges: the

“State Key Laboratory of Precision Spectroscopy, East China Normal University,
Shanghai, 200062, China. E-mail: jhxu@phy.ecnu.edu.cn

tShanghai Institute of Optics and Fine Mechanics, Chinese Academy of Science,
201800, Shanghai, China

‘Shandong Key Laboratory of Optical Communication Science and Technology, School
of Physical Science & Information Technology of Liaocheng University, 252059,
Shandong Province, China. E-mail: phywwang@163.com
(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c7ra01115f

22684 | RSC Adv., 2017, 7, 22684-22691

The fluorescence kinetics of GO-CONH-TPA were attributed to the aromatic hydrocarbon-carboxylic

blue-centered (<450 nm),”*** green-centered (450-490
nm)**'*1317 and red-centered (=590 nm).>*"**1¢2° This is in
accordance with Wu's theory, where the fingerprint photo-
luminescence of the functional groups in GO was certified.
Three PL peaks originate from the ¢*-n, w-7* and m*-n elec-
tronic transitions between the antibonding and bonding
molecular orbitals. In other words, these peaks are associated
with the C-OH, aromatic C=C and C=0 groups in GO. As is
known to all, GO's PL has signatures including a large full width
at half maximum (FWHM), pH sensitive emission, extreme low
quantum yield and indeterminate emission peaks. These
signatures limit the applications of GO in the fields of lumi-
nescent materials, optoelectronics, biolabeling, and bioimag-
ing, etc.

There are several literature studies reporting the phenomena
of phosphorescence from carbon dots and graphene quantum
dots.*?* In this study, we demonstrate the existence of phos-
phorescence from a large-scale graphene oxide sheet at room
temperature for the first time. Time-resolved fluorescence
spectroscopy and ultra-fast femtosecond transient absorption
were used to reveal the intersystem crossing (ISC) dynamics as
well as the mechanism of the ISC induced excitation-wavelength
dependent fluorescence.

In this study, GO covalently functionalized with triphenyl-
amine (GO-CONH-TPA) was synthesized and the excitation-
wavelength dependent fluorescence found both in solvent and
a solid matrix. The ISC between the singlet and triplet states of
the aromatic carbonyl group is a reasonable interpretation for
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the ‘red-edge’ effect. The transient absorption (TA) measure-
ments showed that the ISC lifetime was about 2 ns and the
phosphorescent emission peak was located around 500 nm with
an average lifetime of 6.95 ps.

2. Experimental

GO nanosheets were synthesized from natural graphite using
the modified Hummer's method.”® Details of the syntheses of
graphene oxide and GO-CONH-TPA are reported in the ESL{
Fig. S1 gives the typical TEM images of GO and the GO-CONH-
TPA nanosheets in the ESI file. The size of the GO and GO-
CONH-TPA nanosheets were around several micrometers.

The fluorescence lifetime was measured using a homebuilt
time-correlated single photon counting (TCSPC) system (4 ps
per channel and 12 500 channels) with electronics (PicoHarp
300 from Picoquant, Germany) and a super-continuum pulsed
fiber laser (SC400-pp-4 from Fianium, UK). The pulse duration
of our fiber laser was about 190 ps. An acousto-optic tunable
filter (AOTF) and an OD4 short-pass filter were used to select the
excitation wavelength. A monochromater and an OD4 long-pass
filter were employed to choose the detection wavelength.

The phosphorescence lifetime was measured using a home-
built system; a mode-locked Ti:sapphire laser (Tsunami, New-
Port) generated a 400 mW seed pulse train with a typical
pulse duration of 50 fs at a repetition rate of 80 MHz. The
femtosecond laser pulses were used to seed a Ti:sapphire
generative amplifier (Spitfire Pro, New-Port) to generate a 2 W
pulse train centered at 800 nm with a pulse width of 50 fs and
a repetition rate of 1 kHz. Furthermore, 60% of the fundamental
pulse energy was then used to pump a parametric amplifier
(Topas-C, New-Port) to generate the excitation pulses at 400 nm.
An attenuator was inserted in the light path before the samples.
A monochromater (Zolix, Omni-A 500) was used to select the
detection wavelength, an avalanche photodiode (APD) was used
to collect the weak emission signal and a gate switch was used
to control the APD; the gate switch was synchronous triggered
using the excitation laser pulse with the APD starting to work
after a 50 ns delay. An oscilloscope (LeCroy, Wave surfer 44MXS-
B) was used to distinguish and integrate the output signal from
the APD.

A homebuilt femtosecond transient absorption set-up was
used to obtain the transient absorption kinetics. A Ti:Sapphire
laser system (Spitfire Pro, center wavelength at 800 nm, pulse
duration of 35 fs, pulse energy of 1.6 mJ and 1 kHz repetition
rate) was used to generate both the pump and the probe light
beams. A small portion (0.45 mW) of the 800 nm beam was used
to generate a stable white-light continuum (WLC) probe beam
by focusing onto a sapphire plate. The 400 nm wavelength
pump beam was generated from the second harmonic of the
fundamental output and was chopped at 500 Hz using
a synchronized chopper (MC2000, Thorlabs). The kinetic traces
were then obtained using a home-built set-up equipped with
a PMT detector (CR317, Hamamatsu) for higher sensitivity. The
probe wavelength in the kinetic measurements was selected
using a set of band-pass filters (10 nm). The signals from the
PMT were sent into a lock-in amplifier (Model SR830, Stanford

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

Research Systems) and recorded using data collection software
written by LabWindows. The instrument response function
(IRF) of this system was determined to be ~150 fs by measuring
the solvent responses under the same experimental conditions.

3. Results and discussion

Fig. 1(a) shows the synthesis process used to prepare the GO-
CONH-TPA. The surface covalent attachment of triphenyl-
amine (TPA) was supported by the FT-IR data as shown in
Fig. 1(b). The FT-IR data show a new strong stretching-vibration
band around 1700 cm ' due to the C-N stretching in the
—-CONH group. In addition, strong C-H stretching peaks were
observed at both 2960 cm ™" and 2881 cm™'. The carboxylic
group bands at both 1730 cm™* and 1233 em ™' from the orig-
inal GO disappear after the chemical treatment step. These
results clearly suggest that the TPA was covalently attached on
the GO surface via the formation of an amide bond. The epoxide
band at 1055 cm™ " completely disappears in GO-CONH-TPA.
However, the bands at 1700 cm ' and 1270 cm ™'
assigned to the C-N-H asymmetric stretching of the attached
triphenylamine. Triphenylamine does not only successfully
remove the epoxy groups but is also covalently attached on the
surface of GO via a ring-opening amination of the epoxides. The
band at 3250 cm™ " was assigned to the N-H vibration of the
acylamino groups. As shown in Fig. 1(c), the absorption peak of
GO (around 230 nm) is assigned to the 7t-7t* transitions of C=
C. After the treatment with triphenylamine, the center of the
absorption band shifts to 270 nm. The peak can be regarded as
an overlap of the 230 nm peak of GO and the 300 nm absorption
peak of triphenylamine.'®** After the reaction with triphenyl-
amine, these groups, such as carboxyl and epoxy groups, are
removed. The above results indicate the formation of new
luminescent centers on the surface of the GO-CONH-TPA
nanosheets, resulting in approximately nine hundred fold
enhancement in the fluorescence compared to that of the
original GO nanosheets (0.02%).*

The quantum yield (QY) of GO-CONH-TPA was measured to
be 18% using a reference method,* which was much higher
than that of GO. The nucleophilic reaction between the amido-
groups and epoxy/carboxylic groups can distinctly break off
the intramolecular charge-transfer (CT) process, making the
red-centered fluorescence disappear. At the same time, the
removal of non-radiative recombination sites increase the
quantum yield from the aromatic hydrocarbons-carboxylic
domain in GO.”'** The reaction removes the groups that
often induce non-radiative recombination of localized e-h
pairs, such as epoxide groups and carboxylic groups. Inter-
estingly, the emission peaks of GO-CONH-TPA in ethyl alcohol
are dependent on the excitation-wavelength as shown in
Fig. 2(a). There are three primary reasons to explain the
phenomenon of the excitation-wavelength dependent fluo-
rescence from GO. The first explanation is that the excitation-
wavelength dependent fluorescence originates from the sp”
domains and these sp”> domains open the heterogeneous
electronic band gaps, which are intrinsically correlated to the
sp” domains sizes, shapes, and fractions.”'® With an increase
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Fig.1 The synthetic process used to prepare GO-CONH-TPA and its basic characterization. (a) The reaction scheme of the preparation of the
GO-CONH-TPA material. (b) The FT-IR spectra of GO-CONH-TPA and graphene oxide (GO). (c) The UV-vis absorption spectra of GO in water,

GO-CONH-TPA and TPA in ethyl alcohol, respectively.

in the excitation wavelength (red-shift), only the large size sp*
domains with a small energy gap can be excited, which makes
the PL peak red-shift. The second explanation is that the
wavelength dependent fluorescence of GO is a result of the
interaction between the graphene basal plane and different
functional groups (i.e. -OH, -COOH, and epoxide) as well as
the edge states.?® The third explanation is that the excitation-
wavelength dependent fluorescence comes from the ‘giant
red-edge effect’.’” In other words, the solvation dynamics are
slowed down to the same time-scale as that of fluorescence in
a polar solvent due to the local environment of the GO-like
materials."” In this study, both, the samples in solution
(Fig. 2(a)) and as a solid film (Fig. 2(b)) show the phenomenon
of a strong excitation wavelength dependent fluorescence from
GO-CONH-TPA.
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The ‘red-edge effect’ induced by intersystem crossing (ISC)

Previous reports have described the ‘red-edge effect’ induced by
solvation dynamics."”” Wu's study proved that in water, the
solvation dynamics with the same time-scale as the fluorescence
Tauo = Tsolv AN induce the ‘red-edge effect’ of GO in an aqueous
solution. Consequently, the fluorescence will broaden and red-
shift with an increase in the excitation wavelength. The steady-
state fluorescence spectrum is unchanged for the red-shift at
a certain excitation w, which means the integral of the time-
resolved emission spectrum have the same spectral form for
all excitation w. However, when the solvation dynamics were
taken into account, the steady-state fluorescence intensity was
reduced and shifted to a lower energy by Aw. The ratio of
Adexcitation/AAemission Was constant and a linear slope existed for
the ‘giant red-edge effect’ in GO when wey. < w(®)."”
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Fig. 2 The photoluminescence spectra of GO-CONH-TPA in either ethyl alcohol (a) or PMMA (b) at different excitation wavelengths.
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In this study, we would like to take the ISC into account for
the ‘red-edge effect’ of GO-CONH-TPA both in solution and
a solid matrix. The excitation-wavelength dependent fluores-
cence was related to the weak and slow ISC process during the
fluorescence emission. As the ISC and fluorescence lifetimes
have the same order of magnitude, the fluorophore emits when
the excited state's energy is reduced. This results in a time-
dependent emission energy.”® This phenomenon is also
referred to as the ‘red-edge effect’. Therefore, time-resolved
fluorescence (TRF) measurements were used to obtain the
origin of the ‘red-edge effect’ in the graphene oxide samples. A
mathematical model was applied to describe the ISC relaxation
process using the time-dependent emission energy, which can
be written as®

Uem(t) = Uexc(o) - Uisc(t) - Usolve(t) (1)

U em(t) represents the decrease in the excited state's energy with
time as the spin-orbit coupling between the singlet and triplet
states. Uexc(0) is the fluorescence energy at t = 0, immediately
after excitation. Ugve(f) describes the interaction energy of the
solvent dipole.'” Uis(f) describes the interaction energy of the
transition dipole if 74y, = Tise, When ISC cannot be ignored in
GO-CONH-TPA. Therefore, ISC with the same time-scale as the
fluorescence can also give rise to the red-shifts upon increasing
the excitation wavelength.

In our experimental data, there is a linear slope for the ‘giant
red-edge effect’ in GO-CONH-TPA when wy. < w( ). The change
in the time-dependent emission energy due to ISC was inde-
pendent of the excitation-wavelength. As long as the energy
relaxation is not completed during the fluorescence emission,
the same relaxation process could lead to the different
excitation-wavelength with the same spectral emission form
only offset by the initial difference in the excitation wavelength.
The excited states, which associated with the different excita-
tion-wavelengths, undergo the same relaxation process and the
fluorescence emissions with the same spectral form. At the
same time, the ratio between the change in the peak emission
wavelength and that of the excitation wavelength AAccitation/
AXemission Should be constant. The Alecitation/AAemission Of GO-
CONH-TPA in solution and PMMA film matrix are 0.75 and
0.8, respectively (as shown in Fig. S2 in the ESIf). This value
implies the existence of ISC relaxation in both a solution and
the solid system. Moreover, the tiny difference (0.75 and 0.8) can
be attributed to other types of energy relaxation channels
occurring in solution, such as the slow solvent relaxation caused
by the local environment of the GO nanosheets."”

The TCSPC count baselines elevate abnormally as shown in
Fig. 3(a) with an increase in the detection wavelength. A linear
relationship between dark-noise and the detection time was
found in our exclusion test (Fig. S3 in the ESI}). Under normal
circumstances, the TCSPC count baseline elevates slightly with
the red-shift in the detection wavelength because of the dark-
noise count (Fig. S31). The dark-noise count signal is recorded
randomly as the phosphorescence component photons. The
dark-noise count directly leads to the rise of the baseline in the
TRF curves. Fig. S3 in the ESIf file proves that the relationship

This journal is © The Royal Society of Chemistry 2017
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between the dark-noise count and TCSPC acquisition time was
linear. The function of the relationship was clear, the acquisi-
tion time was recorded and the dark-noise could be easily
calculated. In this study, after the dark-noise count is ruled out,
the region under the fluorescence-count baseline can be
regarded as the photoluminescence-count for a particular
emission wavelength; the ratio of the fluorescence and phos-
phorescence counts denotes their intensity ratio in our TCSPC
experiments; the acquisition time was not fixed and was
decided by the time a certain count number was reached.
Therefore, different count times were observed at different
emission wavelengths. If there is a much longer decay time
component, such as the phosphorescence component, and its
lifetime is much longer than the TCSPC detection time window
(50 ns), the TRF curves baseline increase in this situation. The
counts for the fluorescence and photoluminescence were both
integrated in our experiments. Then, the counts are divided by
the acquisition time, and their ratio should be the same as the
ratio of the two amplitudes in the steady-state PL curve. For
a certain detection wavelength, if the counts for the photons
(from the fluorescence and phosphorescence components) per
unit time are integrated, the ratio of the counts can represent
the intensity ratio of these components. In addition, we
changed the detection wavelength every 10 nm from 460 to
560 nm. After the intensity ratios of these components with the
different detection wavelengths are clear, the steady-state PL of
GO-CONH-TPA in the PMMA film (excited at 400 nm) can be
traced out. Therefore, the rough curves obtained for the fluo-
rescence and phosphorescence were traced out based on the PL
curve obtained for GO-CONH-TPA in PMMA film, as shown in
Fig. 3(b). Fig. 3(c) shows the phosphorescence spectra of GO-
CONH-TPA in a PMMA film matrix and the phosphorescence
peak is around 485 nm. Fig. 3(d) shows the photoluminescence
decay curve recorded by a homebuilt experimental setup. The
curve can be fitted using a multi-exponential function with two
lifetimes of 1.2 ps (75%) and 9.2 ps (25%), and thus the average
lifetime is found to be 6.95 us. This value was close to that of the
triplet states and electronic relaxation in photoexcited graphene
quantum dots (4 ps).>* The results are in accordance with the
literature,** which reported that the triplet states and electronic
relaxation in photoexcited graphene quantum dots have a life-
time of 4 ps. Furthermore, as far as we know, the fluorescence
lifetime has a lifetime in the time-scale of nanoseconds;
generally, fluorescence lifetimes are near 10 ns.”® Then, the
component of 6.95 us can be regarded as the phosphorescent
emission. Similar room temperature phosphorescence (RTP)
has been observed in carbon dots, and the reported RTP comes
from the triplet state of the aromatic carbonyl group.” What
calls for special attention is that energy of the singlet and triplet
were 2.76 (450 nm) and 2.48 eV (500 nm), respectively, in our
experiment, suggesting that the energy gap between phospho-
rescence and fluorescence was narrow. Generally, it was previ-
ously assumed that the S, level was 0.5-1.0 eV higher in energy
than the T, level due to the electron exchange energy between
these levels. In H. Uoyama's report,” they designed a molecular
system with a small AEsr = 100 meV and found that careful
design of the organic molecules can lead to a small energy gap

RSC Adv., 2017, 7, 22684-22691 | 22687


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra01115f

Open Access Article. Published on 25 April 2017. Downloaded on 2/7/2026 8:06:57 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
a) 10" b) 5x10° -
——430nm = photoluminescence
——460 nm o] o fluorescence
—— 490 nm — Tm
5 z e \..—— phosphorescence
v - e L
‘E 10° —— 550 nm O3x10° o«  u
3 = o
S £2x10° 1 ¢ S
3 @ h
10 0% e a e,
A-—A—a_a 4" b 3
0 o 20 30 40 =0 460 480 500 520 540 560
Time(ns) Wavelength(nm)
C) d)
>
= 5
@» 9x107 1 .
= —— Experimental data
§ — Fiitted line
S 8x10° £
o 9% ‘2
s g 1=1.2ps
2 =
2 . =92ps
£ 7x10°1 = =9 1
-g Tave =6.95 ps
= = Experimental data
=) 3 . .
= 6x10°1 — Fitted line
m T T T T
460 480 500 520 540 560 0 1x10'  2x10"  3x10'  4x10'  5x10'
Wavelength(nm) Time(ps)
Fig.3 (a) The fluorescence decay curves obtained for GO-CONH-TPA in a PMMA film on the nanosecond time-scale. The samples were excited

at 405 nm and detected at various wavelengths. (b) The fluorescence and phosphorescence of GO-CONH-TPA in a PMMA film. (c) The fitted line
of the phosphorescence spectra of GO-CONH-TPA in a PMMA film. (d) Lifetime studies of the phosphorescence of GO-CONH-TPA in a PMMA

film, monitored at 500 nm.

between the S; and T, levels. Other literature reports support
the same phenomenon.?®?® They have demonstrated an organic
molecule with an energy gap between its singlet and triplet
excited states of almost zero (AEgy ~ 0 eV). Considering the
situation of the energy level of GO and its derivatives is
complicated and their energy structures remain controversial
issues. These special attentions mentioned above can be
regarded as the direct evidence to prove our assumption that
the 500 nm emission comes from the phosphorescence. When
its singlet and triplet state energies are close, the spin-orbit
coupling will be efficient, and the intersystem crossing will also
be efficient.?** Therefore, we suppose that the RTP, observed in
this study, comes from aromatic hydrocarbons-carboxylic
domain structure in the GO-CONH-TPA in a PMMA film, and
the PMMA molecules effectively protect their energy from
rotational or vibrational loss by rigidifying these groups with
hydrogen bonds. RTP cannot be observed from the GO-CONH-
TPA dispersed in other solvents.

Fig. 4(a) shows the fluorescence decay curves obtained for
GO-CONH-TPA in an ethyl alcohol (EtOH) solution on the
nanosecond time-scale. The sample was excited at 405 nm and
the emission was detected at distinct wavelengths. Upon
increasing the detection wavelength, the fluorescence decay
curves in EtOH become narrower, which means the lifetime of
the sample in the EtOH solution decreases. In the multi-

22688 | RSC Adv., 2017, 7, 22684-22691

exponential model, the intensity is assumed as the sum of
individual single exponential decay times:

I(r) = i a; exp(—t/1;) (2)

In this expression t; is the decay time, «; represents the
amplitude at ¢ = 0 and 7 is the number of decay times. Fig. 4(b)
shows three lifetime components (0.2 ns, 1.5 ns and 5 ns) for the
GO-CONH-TPA sample in EtOH. Upon increasing the detection
wavelength, the amplitude of the smallest lifetime component
(0.2 ns) gradually increases. As for the GO-CONH-TPA in EtOH
or other usual organic solvents, there is no phosphorescent
channel, but it does have an ISC channel. It was noticed that the
average lifetime of the GO-CONH-TPA sample in EtOH
decreases. The turning point of the wavelength (500 nm) is near
the phosphorescence emission peak position of 485 nm.
Therefore, it is evident that the ISC channel mainly influences
the two longer lifetime components. Briefly, the excited singlet
state in GO-CONH-TPA can be relaxed via both the fluorescence
and ISC channels. When the energy gap between the excited
singlet state and the excited triplet state decreases, there is
a competition between the two types of energy relaxation
channels. As for the fluorescence channel in GO-CONH-TPA,
there are three lifetime components as mentioned above
(Fig. 4(b)). After the ISC occurs in solution, more and more

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra01115f

Open Access Article. Published on 25 April 2017. Downloaded on 2/7/2026 8:06:57 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
a) b)
— 500 nm 60 1 -021s E.El[l
-»-1.5ns o m
504 -A-5.0ns a
J m
N |
g % 40 3 B"] o
g o0 E' am aa (] o (] o
©] ) ‘>
= 301 A IS o0
AAAAA, AA
20 A
A, Ap
AA A
10 T T T T
20 30 S0 450 500 550 600
Time(ns) Wavelength/nm
Fig. 4 (a) The fluorescence decay curves obtained for GO-CONH-TPA in an EtOH solution on the nanosecond time scale. The samples were

excited at 405 nm and detected at the different wavelengths. (b) The
sample.

molecules in the excited singlet state are relaxed via ISC, and
this can explain the phenomenon shown in Fig. 4(a). Both the
long-lifetime (1.5 ns and 5 ns) components have a very near
energy gap between their related excited singlet state and triplet
state. The related excited singlet state can be easily relaxed via
ISC instead of fluorescence emission, and the amplitude of the
long-lifetime (1.5 ns and 5 ns) components is gradually reduced
because of ISC. The direct consequence is that the fluorescence
decay curves in EtOH become more and more narrower, and the
weight percentage of the smallest lifetime component gradually
increases upon increasing the detection wavelength. The two
long-lifetime components are classified as molecular lumines-
cence (several nanoseconds).'® The shortest lifetime component
related to the excited singlet state has a large energy band gap
compared to the excited triplet state, and thus the spin-orbit
coupling is inefficient (the ISC is forbidden). On the contrary,
the ISC of the long-lifetime components are efficient, and thus
ISC mainly decreases the long-lifetime fluorescence emission. It
is clear that the weak phosphorescence emission (or ISC) can
affect both the steady-state fluorescence and the time-resolved
fluorescence. The ISC induced steady-state fluorescence of
GO-CONH-TPA shows the excitation-wavelength dependent
fluorescence (‘red-edge effect’) both in solution and solid film. It
also can affect the time-resolved fluorescence of GO-CONH-TPA
in solid and solution. In the solid film, the phosphorescence
elevates the TCSPC count baseline abnormally in the form of
radiative transition and the time-resolved fluorescence decay
curves become more and more slow. In the solution, the two
long-lifetimes and radiative transition components of GO-
CONH-TPA fluorescence quench in the form of ISC, which
makes the time-resolved fluorescence decay become faster with
the increase of the detection wavelength.

A home-built femtosecond transient absorption setup was
used to study the photoluminescence kinetics. Fig. 5 shows
a typical kinetic trace recorded with a pump wavelength of
400 nm and a probe wavelength of 500 nm. The kinetics were
obtained by red-shifted probing. Half the energy difference of
the pump and probe photons was 310 meV and the kinetics of
GO were observed to be positive.?

This journal is © The Royal Society of Chemistry 2017

three lifetime components weight percentage of the GO-CONH-TPA

The kinetic signals were fitted using the sums of the multi-
exponential functions, i.e. ZAi exp(—t/t;), using a global
fitting procedure (Igor Pro. iprogram Version 6.37, Wave-
metrics. Inc.,Portland, OR). The t; = 4.1 ps component was
associated with the carrier phonon scattering process for both
GO in EtOH and GO-CONH-TPA.***" It was observed that this
component was larger than that of the accumulation type
samples.?” The accumulation type samples have a 7; compo-
nent smaller than 2.5 ps. The 7, = 33.5 ps and 73 = 282.6 ps
components are associated with the different de-trapping of
the trapped electrons in the different trap depths. Our exper-
iments are in accordance with the literature.***” It is noted
that GO-CONH-TPA has a much longer component 7, = 2 ns,
which has not been reported in the previous studies. Yu et al.
were inclined to identify the longest time component associ-
ated with the lowest excited state (LUMO) rather than the trap
states (>400 ps).*

This 2 ns lifetime component is comparable to that of the
fluorescence emission. The 2 ns component is a positive signal
in the transient absorption spectra, and this positive signal
was observed in the wavelength region of the excited-state
absorption.®® This can be associated with the intersystem
crossing (ISC), which has a time of duration from picoseconds
to nanoseconds.”® There are several reasons to explain the
disappearance of the 2 ns component in GO. First, GO has a lot
of defect levels, and the excited singlet state energy can be
easily reduced rather than via ISC. Second, for GO in most
instances, such as in solutions, its excited triplet state energy
can be easily reduced by oxygen. Finally, GO has a very low PL
quantum yield, and hence the probability of ISC in GO is very
small. In this study, since the broad and structureless charge-
transfer fluorescence band of GO is reduced, it has a higher PL
quantum yield than GO. The organic solution and organic
solid matrix instead of water can isolate the triplet state energy
from being reduced by oxygen.

It should be noted that the aromatic carbonyl group has been
generally considered as the origin of RTP.*** Because the
singlet and triplet states are close in energy, the spin-orbit
coupling is efficient and the intersystem crossing is also
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Fig. 5 The transient decay kinetics of graphene oxide (GO) and GO-CONH-TPA at 500 nm after excitation using a 400 nm laser pulse.

efficient. It is reasonable to suppose that the RTP observed here
comes from the aromatic carbonyls in GO-CONH-TPA.

4. Conclusions

In summary, we have obtained a pure organic RTP based on an
enhanced fluorescence type GO-PMMA composite film. The
phosphorescence peak was located around 485 nm with an
average lifetime of 6.95 pus under 400 nm excitation. It is proven
that the phosphorescence originates from the aromatic
hydrocarbons-carboxylic domain structure in GO. The GO-
CONH-TPA dispersed in a polymethyl methacrylate (PMMA)
film matrix, the intramolecular motions are reduced as well as
the oxygen quenched triplet states energy. The ISC can help us
to explain the phenomenon of the ‘red-edge effect’ in GO-
CONH-TPA. The 2 ns ISC is quite similar to the fluorescence
lifetime in its time-scale, the fluorophore can emit at the same
time of the excited state's energy being reduced, and this results
in time-dependent emission energy. The transient absorption
(TA) was detected at 500 nm after being excited at 400 nm, and
the new 2 ns lifetime component can be associated with the
intersystem crossing (ISC). This can be explained from three
aspects: (1) the excited singlet state energy is inclined to reduce
to the defect levels rather than the triplet state, (2) oxygen or
other factors can easily result in reducing the triplet state energy
and (3) the PL quantum yield of GO is very low (0.02%) and the
ISC in GO is difficult to detect. Both the time-resolved fluores-
cence and ultra-fast time-resolved transient absorption reveal
the existence of GO phosphorescence near the fluorescence with
a wide emission peak. The original finding of the graphene
oxide phosphorescence has potential applications in chemical
imaging and organic semiconductor devices, such as carrier
collection in photovoltaic devices.
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