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ABSTRACT

The synthesis of graphene quantum dots (GQDs) using organic compounds as
carbon sources via bottom-up approaches has been widely developed, whereas
their hybrids with other materials have been previously achieved post-syn-
thetically via multi-step procedures. A novel approach for the preparation of
supramolecular hybrid conjugates of GQDs and phthalocyanines (Pcs) via an
in situ one-step bottom-up route was employed in this study. The as-synthe-
sized GQDs and their Pc conjugates were characterized using different spec-
troscopic techniques and their photophysicochemical properties evaluated.
Notably, the singlet oxygen quantum yields of the Pcs in the presence of GQDs
were found to be 0.51 and 0.74 for 1-GQDs and 2-GQDs, respectively, as com-
pared to the Pcs alone (0.18 and 0.70 for complex 1 and 2, respectively). The
increase in triplet quantum yield (®r) values is complemented by a decrease in
fluorescence quantum yield (®g). @1 value of 0.96 obtained for the complex 2
after conjugation with GQDs is better or higher than the value of 0.74 as
reported in the literature when complex 2 was conjugated to semiconductor
QDs. Hence, this novel approach resulted in the derivation of hybrid materials
with potentials for various photophysicochemical applications such as photo-
dynamic therapy and photocatalysis.
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macrocycles such as phthalocyanines (Pcs), por-
phyrins (Ps), and spiropyrans, due to their unique
chemical and physical properties [1-4]. Recent
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The drive for functional materials with excellent
optical and electronic properties is been pushed
toward carbon-based nanomaterials and their
supramolecular hybrids with organic molecules and
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advances in nanomaterials and their syntheses have
recorded a boost due to the addition of carbon-based
quantum dots into the family of carbon-nanomateri-
als. Carbon-based nanomaterials such as graphene
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quantum dots (GQDs) exhibit excellent optical
properties [5, 6], they are known to be non-toxic,
biocompatible, highly water soluble, and photo-
stable compared to the conventional semiconductor
quantum dots [7]. GQDs are good energy and/or
electron donors when linked with acceptor molecules
(such as porphyrins and phthalocyanines) [8-10].
Due to their synthetic versatility and wide array of
precursor materials, there is on-going interest in the
applications of GQDs in many areas such as in bio-
logical labeling, optoelectronics, sensing, photody-
namic therapy (PDT), and photocatalysis [11-13].

On the other hand, phthalocyanines (Pcs) are ver-
satile functional macrocycles that have attracted a
great deal of interests because they exhibit excellent
photophysical properties [14, 15]. Pcs have been lar-
gely employed as functional materials in various
photophysicochemical processes, which essentially
include photodynamic therapy (PDT) and photo-
voltaics due to their propensities to act as efficient
photosensitizers [1-3, 14, 15]. For efficient photosen-
sitization, high triplet quantum yields and long life-
times are required, and may be achieved by the
insertion of metals such as zinc, aluminum, or silicon
into Pcs rings or by conjugating them with quantum
dots [16, 17]. Recently, nanoconjugates of GQDs and
Pcs or Ps were reported for sensing and photocatal-
ysis applications [9, 10]. The hybrids containing
GQDs and Pcs were reportedly prepared via multi-
step procedures involving covalent and non-covalent
(n—m stacking) interactions. However, no reports exist
where supramolecular hybrids of GQDs and macro-
cycles (such as Pcs and Ps) have been prepared via a
one-step approach, hence the focus of this work by
synthesizing GQDs-Pcs supramolecular hybrids via
in situ one-step process. Further, the photophysico-
chemical properties of the supramolecular hybrids
were investigated. Fluorinated Pcs (Complex 1 and 2,
Scheme 1) were employed as model Pcs for the in situ
grafting to GQDs since they have been reported to
show improved photophysical and photochemical
activity alone [16].

Pcs are known efficacious photosensitizers for PDT
[18, 19]. However, poor solubility and aggregation of
Pcs in aqueous media is a disadvantage for their use
as photosensitizers. It is envisaged that the incorpo-
ration of Pcs (via in situ grafting) directly onto the
edges or surface of GQDs would improve their sol-
ubility and further boost their singlet oxygen gener-
ation potential for photophysicochemical processes.

Expectedly, the prepared supramolecular hybrids
exhibited enhanced singlet oxygen generation occa-
sioned by high triplet quantum yields and excellent
solubility in aqueous medium, which are the desired
properties of potential photosensitizers for various
photophysicochemical applications.

Experimental section
Materials

N,N-dimethyl formamide (DMF) and dimethyl
sulphoxide (DMSO) were purchased from Merck;
ultra-pure water was obtained from a Milli-Q Water
System (Millipore Corp, Bedford, MA, USA). Ascor-
bic acid, sodium hydroxide, 1,3-Diphenyl-2-benzo-
furan (DPBF) and 1,8-diazabicyclo[5.4.0] undec-7-ene
(DBU) were purchased from Sigma-Aldrich. Com-
plexes 1 and 2 were synthesized following proce-
dures reported in the literature [16].

Equipment

Infrared spectra were collected on a Bruker Alpha
model FT-IR Spectrometer with platinum ATR.
Excitation and emission spectra were recorded on a
Varian Eclipse spectrofluorimeter. The excitation
wavelengths and slit width (each 5 nm) were kept
constant for all the experiments. Ground state elec-
tronic absorption spectra were performed on a Shi-
madzu UV-2550 spectrophotometer in the range of
300-800 nm.

A Bruker Vertex 70-Ram II Raman spectrometer
(equipped with a 1064 nm Nd:YAG laser and liquid
nitrogen cooled germanium detector) was used to
collect Raman data.

Triplet quantum yields were determined using a
laser flash photolysis system. The excitation pulses
were produced using a tunable laser system consist-
ing of an Nd:YAG laser (355 nm, 135 m]J/4-6 ns)
pumping an optical parametric oscillator (OPO,
30 mJ/3-5ns) with a wavelength range of
420-2300 nm (NT-342B, Ekspla) as reported before
[20]. The triplet lifetimes were determined by expo-
nential fitting of the kinetic curves using the program
OriginPro 7.5.

Fluorescence lifetimes were measured using a time
correlated single photon counting setup (TCSPC)
(FluoTime 300, Picoquant® GmbH) with a diode laser
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Scheme 1 Illustration of the
synthesis of a complex 1 and b
2-GQDs conjugate (as an
example).
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(LDH-P-485 and LDH-P-670, Picoquant® GmbH,
20 MHz repetition rate, 44 ps pulse width) as repor-
ted before [20]. LDH-P-485 was used for exciting the
Pcs-GQDs conjugates at a wavelength where QDs
absorb, while LDH-P-670 was used at the wavelength
where Pcs absorption

X-ray photoelectron spectroscopy (XPS) analysis
was done using an AXIS Ultra DLD (supplied by
Kratos Analytical) using Al (monochromatic) anode
equipped with a charge neutralizer, the following
parameters were used: The emission was 10 mA, the
anode (HT) was 15 Kv, and the operating pressure
was below 5 x 1077 Torr. A hybrid lens was used,
and resolution to acquire scans was at 160 eV pass
energy in slot mode. The center used for the scans
was at 520 eV (width of 1205 eV) with steps at 1 eV
and dwell time at 100 ms. The high-resolution scans
were acquired using 80 eV pass energy in slot mode.
The chemically distinct species were resolved using a
nonlinear least squares curve fitting procedure. The
core level binding energies (BEs) were aligned with
respect to the C 1s binding energy (BE) of 284.5 eV.
Dynamic light scattering (DLS) was measured using a
Malvern Zetasizer Nanoseries, Nano-Z590. Irradia-
tion for singlet oxygen quantum yield was performed
using a general electric quartz lamp (300 W) as
described in the literature [21]. Light intensity was
measured with a POWER MAX 5100 (Molelectron®
detector incorporated) power meter and was found to
be 9.27 x 10" photons cm s~ .

Synthesis

Synthesis of 4-((5-(trifluoromethyl)pyridin-2-
yl)oxy)phthalocyanine (1)

4-((5-(trifluoromethyl) pyridin-2-yl)oxy)phthalonitrile
was synthesized as reported previously [16]. Com-
plex 1 was synthesized as follows: A mixture of 4-
((5-(trifluoromethyl)pyridin-2-yl)oxy)phthalonitrile
(0.4 g, 1.38 mmol) and a catalytic amount of DBU in
3 mL of 1-pentanol was heated at 145 °C under
nitrogen with stirring. After 24 h, the reaction mix-
ture was cooled to room temperature, and then
diluted with 15 mL methanol: Water (1:1) until the
crude product precipitated. The precipitate was cen-
trifuged and washed with the same mixture, then
dried in vacuo. 'H NMR (600 MHz, DMSO) 8 7.25 (t,
J = 7.56 Hz, 5H), 7.20 (m, 1H), 7.12 (m, 7H), 7.04 (d,
] =157 Hz, 7H), 6.95 (d, ] = 15.9 Hz, 4H). FT-IR:

1155 ecm™! (C-O stretching), 1329 cm~Y(C-N stretch-
ing), 1683 em~! (C=C stretching), 2934 cm~! (N-H,
C-H stretching). Anal. Calc. for CgoH3oN1104 C,
56.75; H, 2.26; N, 12.78. Found: C, 55.81; H, 2.93; N,
13.39. MALDI TOF-MS: Calculated: 1158.86; Found:
1163.98 [M + 5]". UV/Vis (DMF) Ama/nm (Log &):
673 (4.09), 608 (3.44), 340 (3.75).

Synthesis of GQDs and their Pcs supramolecular hybrids

Ascorbic acid (0.42 g, 24.8 mmol), NaOH (0.24 g,
60.0 mmol), and complex 1 (0.02 g, 0.017 mmol) or 2
(0.02 g, 0.015 mmol) were diluted with Millipore
water (10 mL) under stirring for 20 min. The reaction
mixture was transferred into a Teflon-lined
hydrothermal reactor and heated for 4 h at 160 °C
under stirring. The obtained dark solution was fil-
tered using 2.0 pum membrane filter to remove large
particles. The dialysis membrane was activated with
hot water and cleaned with Millipore water. The fil-
tered solutions were transferred into a beaker and
topped up with Millipore water and stirred for 48 h.
The resulting hybrids are denoted as 1-GQDs and 2-
GQDs. GQDs alone were synthesized using the same
precursors and procedures described above without
the Pcs.

Photophysicochemical studies

Fluorescence (®g), triplet (9r), and singlet oxygen (@ 4)
quantum yields

Fluorescence (®p), triplet (®r), and singlet oxygen
(®p) quantum yields were determined in DMF using
comparative method described in the literature
[17, 22]. Unsubstituted ZnPc was used as a standard
(@ = 0.20 in DMSO [22]), (&7 = 0.58 in DMF [17]),
and @, = 0:56 in DMF [17].

The quenching efficiency of the triplet-excited state
by singlet oxygen is given by Sa, Eq. 1 [22].

2

Gy =2
A=

(1)

Forster resonance energy transfer (FRET) parameters

Forster resonance energy transfer (FRET) is a non-
radiative energy transfer from a photoexcited donor
fluorophore to an acceptor molecule. FRET is
dependent on many parameters such as the center-to-
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center separation distance between donor and
acceptor (r) and the spectral overlap between the
donor emission and acceptor absorption spectrum (J)
[23]. FRET efficiency (Eff) was determined from the
steady-state and/or time-resolved fluorescence mea-
surements, using Eq. 2 [24]:

con

PrGaDs)
Shicay @
F(GQDs)

Eff =1 —

where @rGops) and Pygop,) are the donor’s fluores-
cence intensity in the absence and presence of the
acceptor, respectively. FRET process results in the
loss of the donor’s fluorescence coupled with an
enhancement of the acceptor’s fluorescence signal if
the latter is an emitter. Similarly, energy transfer can
translate into the shortening of the excited state life-
time of the donor coupled with a lengthening of the
acceptor’s lifetime [17].

FRET efficiency (Eff) is related to the rate of energy
transfer and the lifetime as shown in Eq. 3 [24].

Kp-a

Bff — DA
Kp_a + 15

(3)
where tp is the lifetime of the donor in the absence of
acceptor, and Kp_, is the rate of energy transfer from
donor to acceptor.

Results and discussion
Synthesis and characterization of complex 1

The synthesis of complex 1 (Scheme 1) was achieved
when 4-((5-(trifluoromethyl) pyridin-2-yl)oxy)
phthalonitrile was condensed in 1-pentanol in the
presence of DBU as a catalyst. Complex 1 was char-
acterized using spectroscopic techniques and ele-
mental analysis. FI-IR spectrum showed the
disappearance of the C=N peak at 2239 cm™" of the
precursor compound upon formation of complex 1,
this result confirmed the formation of the latter. 'H
NMR spectrum showed that the aromatic protons
were remarkably deshielded (due to the strong elec-
tron donating fluorine groups), ranging from 6.95 to
7.25 ppm. The elemental analysis of complex 1 gave
the expected percentages. The mass distribution
spectrum of complex 1 had molecular ion peaks at
m/z 1158.86; [M]* and 1163.98 [M + 5]*. Fragmen-
tation of Pcs molecular ion peaks into M1,
[M + nHJ", or [M — nH]™ have been reported [25],

@ Springer

hence the observed mass spectra pattern for complex
1.

Characterization of 1-GQDs and 2-GQDs
TEM and DLS

TEM images of GQDs and their hybrid conjugates are
as shown in Fig. 1A (a, b). The GQDs are monodis-
persed, whereas the conjugates showed a clustering
of the GQDs nanoparticles in the presence of the Pcs
due to the aggregation tendencies of Pcs [26]. Fig-
ure 2b shows the DLS plots for GQDs alone and 1-
GQDs conjugate (as an example) with sizes of about
6.5 and 33 nm, respectively, which shows an increase
in the size of GQDs upon coordination to the Pcs.

FT-IR, Raman and XRD analysis

Figure 2 shows the comparative FI-IR spectra of
complex 1, GQDs, and 1-GQDs, respectively. The
bands observed at 1115 cm™' (for complex 1) and
1061 cm ™" (for 1-GQDs) correspond to C-O stretching
vibrations. The vibrational band around 1570 cm ™'
corresponds to C=0 of the surface carboxylic group
on the GQDs. The peak at 1326 cm ™! (for complex 1),
1319 em ™! (for 1-GQDs) could be attributed to the C—

(a)

(b) 30—

1 GaDs 1-GQDs

Number (%)

0 10 20 30 40 50 60 70
Side (d.nm)

Figure 1 A TEM images of GQDs a and 1-GQDs conjugate and
B Size of GQD and 1-GQDs conjugate determined using DLS.
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Figure 2 FT-IR of complex 1, GQDs and 1-GQDs.

N stretching of the Pc complex. The peaks around
1500-1600 cm™' corresponds to C=C stretching
vibrations within the respective complexes and
GQDs. By comparing the FT-IR spectra of 1-GQDs
hybrid with that of complex 1 and GQDs alone, there
are indications of new complex formation. This
observation indicates the likely conjugation of the Pcs
to GQDs.

Figure 3a displays the Raman spectra of the GQDs
and their hybrid conjugates. The characteristic G and
D bands were observed at around 1560 and
1360 cm™!, respectively, for the GQDs [27]. The
hybrid conjugates of the GQDs and Pcs exhibited
some shifts in the D and G bands, showing the for-
mation of new nanocomplexes. The increase in D
band could be due to the disorder created by the Pcs
within the GQDs layers [28]. The Ip/I ratios of 0.10
and 0.36 were obtained for GQD and 1-GQDs,
respectively. Thus, there is an increase in the Ip/Ig
ratio for 1-GQDs which indicates the introduction of
defects on the GQDs nanostructure in the presence of
the Pcs.

Structural characterization of the supramolecular
hybrids was further carried out using powder XRD,
and the patterns are shown in Fig. 3b. XRD pattern of
the GQDs alone exhibits a main (broad) diffraction
peak at 20 = 19° which is due to (002) Bragg's
reflection of the carbon in the graphene layers [5, 29].
The broadness of the XRD peak for the GQDs reflects
their small size [29]. The XRD of 2-GQDs conjugate
with a broad peak at 20 = 27° with sharp peaks
embedded at 20 = 11° and ~50° is typical of hybrid
conjugates of carbon-nanomaterials and Pcs as
reported previously [11, 30]. The broadened and/or
shifts in the XRD patterns of the hybrid conjugate
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Figure 3 a Raman spectra of GQDs and 1-GQDs and b XRD
pattern of GQDs and their hybrid conjugate (shown as an
example).

may signify interactions between the GQDs and Pcs
and could thus indicate the formation of new com-
plexes between the GQDs and the respective Pcs.

X-ray photoemission spectroscopy (XPS)

XPS was employed to characterize the as-synthesized
conjugates to confirm the bonding states of the GQDs
and hybrid conjugates (using 1-GQDs as an exam-
ple). The XPS survey spectra, Fig. 4a, of the GQDs

@ Springer



J Mater Sci (2018) 53:538-548

15000 —

C1s

544
60000 o1
_ S
50000 — @ GQDs
| ——1-GQDs
@ 40000 —
ﬁ i N1s
2 30000 —
n
g _
E 20000 | C1s r\\/\'\ﬂ'\
10000 — L‘\__,.N“
0
AN LI DL LR L I
0 200 400 600 800 1000 1200
Binding Energy (eV)
C1s

Intensity (cps)

279

282 285 288

Binding Energy (eV)

291

12500 —

10000 —

7500 —

5000 —

2500 —

Intensity (cps)

284
Binding Energy (eV)

286 288 290 292

@) ne= N

350 \;

N1s

Intensity (cps)
N
o
|

398 400 402 404

Binding Energy (eV)

406 408

Figure 4 a Wide scan, b C1 s of GQDs, ¢ C1 s of 1-GQDs and d N1 s of 1-GQD (as an example).

and 1-GQDs showed a distinct graphitic peak at ca.
285 eV and at ca. 533 eV which correspond to C 1s
and O 1s, respectively [31, 32]. In addition, 1-GQDs
hybrid conjugate showed an N 1s peak due to com-
plex 1 which is absent in the spectra of GQDs alone
(Fig. 4a). The high-resolution C 1s spectrum of the
GQDs (Fig. 4b) indicates the existence of different
bonding states of C-C and C=C (283.13 eV), C-O
(285.47 eV) and C=0O (288.79 eV) typical of GQDs
[33]. Figure 4c shows the high-resolution C 1s of 1-
GQDs conjugate with C-C and C=C (282.75 eV), C-O
(284.55 eV), C=0 (288.10 eV), and —-C=N (286.67 eV).
The later peak (-C=N) observed in the conjugate was
not found in the GQDs alone. The N 1s signal of the
hybrid conjugate was further deconvoluted, and the
obtained high-resolution N 1s spectrum (Fig. 4d)
demonstrated the existence of -N-H (399.8 eV) and
C-N (402.3 eV) (due to Pc), further indicating the
successful formation of new supramolecular hybrid
materials of GQDs and Pcs.

@ Springer

Ground state electronic absorption

The ground state absorption spectra of the Pcs and
their GQDs conjugates are shown in Fig. 5. For
complex 1, the lack of split Q band observed is due to
the basic solvents employed [34]. Complex 1 also
shows aggregation with broadening near 630 nm.
Aggregation in Pcs is due to n—n stacking interaction
of the aromatic rings resulting in broad or split Q
bands, with the low energy band being due to the
monomer and the high energy band due to the
aggregate [26]. Complex 2 and 2-GQDs conjugate
showed narrow Q bands suggesting monomeric
behavior, Fig. 5. The Q band maxima for the Pcs and
their GQDs conjugates are summarized in Table 1.
The B band region was observed between 337 and
340 nm for the Pcs and their conjugates. There are no
significant shifts in the Q band of the Pcs upon con-
jugation, Fig. 5 and Table 1. Additional fluorescence
emission, absorption, and excitation spectra for
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Figure 5 Absorption spectra of complex 1, 1-GQDs, complex 2,
and 2-GQDs in DMF.

complex 1, 1-GQDs, complex 2, and 2-GQDs are
shown in Fig. 6.

Photophysical and photochemical
parameters

Fluorescence lifetime (tr) and quantum yield (®p) studies

Figure S1 (supplementary information) shows the
fluorescence decay curve of complex 1, 1-GQDs,
complex 2, and 2-GQDs in DMF. The @ values of the
Pcs decrease after conjugation to the GQDs, Table 1.
Fluorescence lifetimes (tp) of the conjugates are
longer than that of the corresponding Pcs alone,
Table 1. The observed lengthening of lifetimes for the
Pcs in the presence of the GQDs may be due to the
protection of the former by the latter. Upon conju-
gation, both the fluorescence lifetime and fluores-
cence quantum yield of the GQDs decreased
probably due to Forster resonance energy transfer
(FRET) as reportedly observed previously [11, 12]
(Table 1)

545

FRET studies

The emission spectrum observed for complex 1 (as an
example) on excitation at 360 nm presented in Fig-
ure S2 shows that in the presence of GQDs, there is an
increase in emission intensity for complex 1 and a
consequent decrease in the fluorescence of the GQDs.
This quenching could probably be due to energy
transfer from the GQDs to the Pc complexes since the
absorption spectra of complexes 1 and 2 overlap with
the emission spectra of the GQDs, Figure S2 (sup-
plementary information), which is a requisite condi-
tion for FRET phenomenon [23]. The evaluated FRET
parameters such as energy transfer efficiency (Eff)
and rate (kp_p) are shown in Table 1.

Triplet quantum yields and lifetime

Triplet quantum yield (®r) is used to quantify the
fraction of molecules that undergo rapid intersystem
crossing from the lowest excited singlet state to
populate the lowest excited triplet state. Triplet
quantum yields and lifetimes (1) for complex 1, 1-
GQDs, complex 2, and 2-GQDs were obtained in
DMF, Table 1. The ®r values of complexes 1 and 2
increased after conjugating with GQDs while the
values of the Pcs decreased as expected. This sug-
gests that the presence of GQDs encourages inter-
system crossing from excited singlet to triplet state.

Singlet oxygen quantum yields (®,)

A good photosensitizer must be very efficient in
generating singlet oxygen, the active species of a
photodynamic therapy treatment [35, 36]. Energy
transfer between the triplet state of a photosensitizer
(Pcs and Pcs-GQDs) and the ground state of molec-
ular oxygen leads to the conversion of the latter into
singlet oxygen. This is quantified by the singlet

Table 1 Photophysical

parameters for complex 1, 1- Compounds gy (nm) O r (ns)* Dy, Dr 17 (us) Sa Eff Kpa

CObeimDME s G@DS 300D @

excitation where the Pes 1 673 0.24 2.3 0.18 0.33 290 032 - -

absorb in DMF 1-GQDs 674 0.22 (0.01) 42 (<0.01) 0.51 0.56 154 1.55 0.02 0.01
2 670 0.26 2.8 0.70 0.71 282 0.73 - -
2-GQDs 670 0.20 (<0.01) 3.1 (3.00) 0.74 0.96 250 1.04 0.36 0.19

? Values in brackets are for excitation where GQDs absorb
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Figure 6 (a) Emission, (b) Excitation and (c) Absorption in DMF.

oxygen quantum yield (®,), a parameter which gives
an indication of the potential of molecules to be used
as photosensitizers in applications where singlet
oxygen is required. There was no decrease in the Q
band and no appearance of new bands during ®,
determinations (Figure S3, supplementary informa-
tion), this indicates that the Pcs (1 and 2) were not
damaged by the generated singlet oxygen. The ®p
values were determined in DMF using chemical
method and DPBF as a quencher and unsubstituted
ZnPc as the reference. The disappearance of DPBF
was monitored using UV-Vis spectrophotometer
(Figure S3, supplementary information). Table 1
shows that complex 2 has a larger ®, than complex 1
due to the presence of a central metal (Zn).
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Conclusion

Supramolecular hybrids of metal free (1) and zinc
phthalocyanines (2) with graphene quantum dots
(GQDs) were prepared by one-pot synthesis route.
The as-synthesized conjugates were characterized
and their photophysical properties studied. The high
triplet quantum yields for the Pcs resulted in the
enhanced singlet oxygen produced by the Pcs after
conjugation to the GQDs. Compared to the metal free
Pc, FRET mechanism (Eff) was higher for the metal-
lated derivative (ZnPc) in the presence of the GQDs.
The photophysical properties of the hybrids indicate
that they are good photosensitizers for various pho-
tophysicochemical applications.
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