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ue to its outstanding mechanical

and electronic properties, graphene

has emerged as the unrivaled candi-
date in the emerging field of nanotechnology.'
The extraordinary potentials of graphene are
keenly tested in post-silicon nanoelectronics,
since it might offer the answer to the fast
approaching physical limits of currently used
materials. For instance, graphene-based trans-
parent conducting electrodes compete with
the standard of industry, namely, indium tin
oxide (ITO)3* Here, the full potential use of
graphene requires, however, doping by elec-
tron donors and/or electron acceptors.”~’

So far, major breakthroughs—including
the fabrication of single-layer graphene—
came from substrate-related preparation
procedures.®>® An alternative approach in-
volves the formation of graphene oxide
under highly oxidizing conditions, which
has emerged as the most common strategy
to produce chemically modified graphene.’
In light of the disrupted sp>-networks, gra-
phene oxide lacks the electronic quality of
pristine graphene. To this end, restoring the
sp>-network by chemical reduction be-
comes a crucial step. Notably, the reduction
leads irreversibly to partially amorphous
carbon.'®'" As a matter of fact, the resulting
reduced graphene oxide exhibits features
that are similar but not identical when
compared to that of pristine graphene.

More recently, milder wet chemical ap-
proaches toward high-quality graphene
flakes encompass the use of graphite as a
starting material, which is mechanically sepa-
rated into individual atomic planes by means of
ultrasonic treatment in solution.” Notably, such
a wet chemical approach cannot be performed
without any chemical modification/functionali-
zation or without subsequent stabilization of
the resulting graphene layers.'> A common
denominator of these methods is a suitable
amphiphilic intercalator and/or solvent that
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ABSTRACT

Herein, we report for the first time on a full-fledged investigation of water-soluble CdTe quantum dots
(QD) that are immobilized onto exfoliated graphite (EG) and/or nanographene (NG). Particular
emphasis was placed on a top-down preparation of stable aqueous dispersions—starting from natural
graphite rather than graphene oxide—while preserving the intrinsic properties of graphene. To this
end, we circumvented the harsh conditions commonly employed for the pre-exfoliation (i.e., Hummers
method). First, a hydrophobic—hydrophobic/z— st stacking motif was tested between EG and
pyrene, to which QDs are covalently attached (QD-pyrene). Second, we employed the combination of
hydrophobic—hydrophobic/zz— st stacking and electrostatic interactions to build up hierarchical
structures composed of NG, positively charged pyrene (pyrene ™), and negatively charged QDs. The
novel nanohybrids—QD-pyrene/EG and QD/pyrene " /NG—were characterized with specific emphasis
on electron-transfer chemistry. In fact, both assays provide kinetic and spectroscopic evidence that
support electron transfer dynamics that vary, however, between EG and NG as a reflection of the

different degree of graphite exfoliation.

KEYWORDS: nanographene - exfoliated graphite - CdTe quantum dots -
time-resolved spectroscopy - electron transfer

guarantees the efficient exfoliation. The inter-
calator should be multifunctional; desirable
features include among many others photo
and redox activity. Considering the aforemen-
tioned, we developed a solution-based ap-
proach to realize a preparation of hybrid
materials, which enabled combining few-layer
graphene with metallophthalocyanines in
organic solvents. Since metallophthalocyanines
are photo and redox active, it comes as no
surprise that the resulting hybrid materials were

* Address correspondence to
guldi@chemie.uni-erlangen.de.

Received for review October 8, 2011
and accepted February 20, 2012.

10.1021/nn204700z

©2012 American Chemical Society

VOL.6 = NO.3 = 1915-1924 = 2012 ACN\JA]

AN

Published online February 21, 2012

1~

y

WWwWw.acsnano.org

1915



successfully incorporated from THF suspensions as an
active layer into photoelectrochemical cells.”

Owing to the outstanding features of CdTe quantum
dots (QDs), namely, sizable absorptions throughout the
visible and range, narrow, and widely tunable photolumi-
nescence along with high photostability, their close resem-
blance to bulk inorganic semiconductors has motivated
intense studies and has led to the realization of numerous
applications."*~"” Recently, synthetic strategies for inte-
grating single QD systems—TiO,, ZnO, Au, Pt, Pd, CdS,
CdTe—onto graphene oxide and reduced graphene oxide
have been developed for potential use in catalysis, light
energy conversion, and sensors.'® 8 Future scientific and
technological breakthroughs will depend, in large, on key
achievements such as applying the approach of elec-
tronic coupling of these crystalline QDs to better perform-
ing, multifunctional materials such as pristine graphene
rather than graphene oxide/reduced graphene oxide,
which require a number of time-consuming and
challenging steps to reach synthetically the same goals.
Of particular importance are in this context lattice defects/
dopant that are present in graphene oxide/reduced gra-
phene oxide, which impact carrier mobility and electronic
transitions.

Nevertheless, the need for a gentle preparation of
graphene-based hybrid materials is omnipresent, in which
an environmentally friendly and cheap solvent such as
water and natural graphite as starting material are
employed. This would, in turn, enable the noncovalent
immobilization of inorganic quantum dots onto the hon-
eycomb lattice by means of intermolecular noncovalent
forces and thus the fine-tuning of the electronic coupling
as an important requisite for energy and electron-transfer
reactions. In contrast to recent work on inorganic quantum
dots/graphenoid hybrids, in which the focus was directed
on graphene oxide that was subsequently reduced with
hydrazine or CVD-grown graphene, to which QDs (i.e., CdS
or CdTe) were attached, our concept is novel.'’® '

RESULTS AND DISCUSSION

In light of recent accomplishments of interfacing CdTe
QDs with fullerenes and/or carbon nanotubes®*~*? we
have pursued in this study two different strategies,
namely, as outlined in Scheme 1, a direct and a
sequential approach, toward the integration of QDs
onto the basal plane of graphene in water rather than
graphene oxide and/or reduced graphene oxide. First,
a hydrophobic—hydrophobic/z— stacking motif was
tested between exfoliated graphite (EG) and pyrene, to
which QDs are covalently attached: QD-pyrene.
Second, we employed the combination of hydrophobic—
hydrophobic/mt—sm stacking and electrostatic interac-
tions to built up hierarchical structures composed of
nanographene (NG), positively charged pyrene (ie,
trimethyl(2-oxo-2-pyren-1-ylethyl)lammonium bromide)
(pyrene™), and negatively charged thioglycolic acid
(TGA)/2-mercaptoethanesulfonate (MESNA) costabilized
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QD-pyrene / exfoliated graphite (EG) QD / pyrene* / nano graphene (NG)

Scheme 1. Schematic representation of a direct and a
sequential approach, that is, QD-pyrene/EG and QD/
pyrene/NG, on the left and on the right, respectively,
toward combining graphene and QDs.

QDs (Scheme 1). Importantly, the interactions between
the individual components are essential to gain full
control over dispersibility, solubility, and functionality of
the resulting hybrids.

Interfacing QD-Pyrene with Exfoliated Graphite. Our first
“direct” approach is based entirely on hydropho-
bic—hydrophobic/z— stacking interactions between
the basal plane of graphene and QDs. Rendering TGA/
MESNA-capped QDs, however, susceptible to hydro-
phobic forces required the covalent attachment of
1-pyrenemethylamine; for details see the Methods sec-
tion. The latter was corroborated by IR spectroscopy—
see Figure S1 in the Supporting Information—where
QDs show characteristic IR absorption features in the
region between 3650 and 3000 cm~" (¥(OH), H,0),
next to the asymmetric stretching vibration v,,(COO™)
at 1576 cm™', and the deformation vibration 5(OH) at
1380 cm™'. The absence of S—H vibrations at
2560—2580 cm ™' points to the formation of sulfur—QD
bonds. Importantly, the carboxylic acid centered OH
stretch band at 3412 cm ™' is converted into a N—H
stretch band at 3355 cm™ ' as part of CO—NH—R.
Additionally, the C=0 stretching and the N—H bend-
ing vibrations at 1638 and 1563 cm™', respectively,
provide additional evidence for a successful peptide
condensation.

Initially, we performed titrations with pre-exfoliated
graphite and QD-pyrene in a mixture of water and
DMSO (20:1 v/v). These were performed by ultrasoni-
cating natural graphite in DMSO for 45 min to pre-
exfoliate graphite and adding different amounts of this
dispersion into a QD-pyrene suspension with a con-
centration of 0.013 mM. Throughout these titration
experiments, both the pyrene-centered (i.e., 264, 275,
325, and 341 nm) and the QD-centered (i.e., excitonic
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absorption in the range from 500 to 600 nm) absorp-
tions are discernible. At first glance, they appear as
simple superimpositions regardless of the specific
concentrations. When turning, however, to the band
gap emission of QDs at 578 nm, we noted that the
corrected emission spectra (i.e., corrected for the ab-
sorption differences arising at the excitation wave-
length) give rise to a 4 nm red shift. Such observations
resemble a recent report, in which QD-pyrene was
immobilized successfully onto the surface of single-
wall carbon nanotubes (Figure S2 in the Supporting
Information).*!

The aforementioned let us process QD-pyrene and
exfoliated graphite from pure water. In this context,
special care was taken to avoid any sonication steps at
all, which contrast previous work on exfoliating gra-
phite. The latter is seen to deteriorate QDs within a time
window of 30 5.*! Here, the intrinsic band gap emission
was monitored in the presence and absence of exfo-
liated graphite. Thus, a typical workup procedure com-
prised QD-pyrene dispersions, to which 0.4 mg/mL of
natural graphite was added, that were stirred for three
days and kept overnight without stirring, and the
supernatant was separated.

Next, we investigated the resulting QD-pyrene/ex-
foliated graphite system by means of Raman spectros-
copy on a Si wafer. The starting material, namely,
graphite, gave rise to its typical Raman peaks upon
532 nm excitation; see Figure S3 in the Supporting
Information. In particular, the relatively weak D-band at
1350 cm ™' implies a low defect density of the starting
material and is consistent with the presence of G- and
2D-bands at 1583 and 2716 cm ' with its shoulder at
2680 cm ™, respectively.

As a typical feature of pristine graphitic materials,
the 2D-band consists of at least two visible compo-
nents. The exfoliated and the QD-functionalized gra-
phite exhibits all of the typical graphenoid-centered
Raman bands, namely, D-, G-, and 2D-bands, when
photoexcited at 532 nm.** Most importantly, the 2D-
band is still accompanied by a shoulder at 2708 cm ™',
is unsymmetrical, and is deconvoluted into a super-
position of two Lorentzian components with full
widths at half-maxima (fwhm) of 70 and 39 cm™" and
a 2D/G ratio of 1:3 for QD-pyrene/exfoliated graphite,
Figure 1. In comparison to the pristine graphite with
fwhm values of 53 and 36 cm ™' for a bi-Lorentzian fit
and a 2D/G ratio of 1:2, we reach the conclusion that we
are dealing with multilayer graphene and, thus, refer to
exfoliated graphite (EG) rather than nanographene
(NG), vide infra.

Along the same lines, microscopy by means of
transmission electron microscopy reveals that exfolia-
tion is far from being quantitative. In particular, the
coexistence of few-layer graphene and multilayer gra-
phene is clearly discernible in the HR-TEM images,
Figure 2. We attribute this observation to the
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Figure 1. (Top) Raman spectrum of QD-pyrene/EG upon
laser excitation at 532 nm drop-coated onto a silicon oxide
wafer (300 nm). (Bottom) 2D Raman peak (black spectrum)
and its bi-Lorentzian fit (red spectra).

Figure 2. HR-TEM images of QD-pyrene/EG with different
magnifications on holey carbon-coated copper grids.

insufficient means of QD-pyrene to penetrate between
the individual graphene layers in graphite and reduce
the hydrophobic interactions of the graphitic surface
with water in the absence of ultrasonication. More
important are, however, the insights that the HR-TEM
images provide into the immobilization of QD-pyrene
onto EG that possess flake sizes from 0.27 up to 12.7
um?. Representative images suggest the close packing
of QDs that are successfully immobilized onto EG.
Importantly, we could not identify regions where only
QD-pyrene—in the form of either individual QDs or
agglomerates of QDs—appears. By the same token, we
could not find any structural differences or destruc-
tions of spherical-shaped QD-pyrene (i.e., TeO,) with a
mean size of around 3 nm. The (220) lattice planes of
cubic zinc blende QDs are undoubtedly visible in the
HR-TEM images, pointing to the high crystallinity of
QDs even upon immobilization onto EG.
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Next, we compared the band gap emission in QD-
pyrene and QD-pyrene/EG with suspensions that
exhibit absorbances of 0.09 and 0.17 at the 420 nm
excitation wavelength, respectively. In QD-pyrene/
EG the excitonic band gap absorption in the range
from 500 to 600 nm is superimposed onto features
that correspond to EG absorptions and light scatter-
ing. Still, the QD emission is quenched in QD-pyr-
ene/EG by a factor of 5 and slightly shifted to the
blue (i.e., from 578 to 573 nm) relative to QD-pyrene,
Figure 3. Such a trend reflects a change in electronic
coupling that predominates initially between QD
and pyrene and that transforms into coupling be-
tween pyrene and EG. To confirm that the QD size
has not been impacted by the workup procedure,
especially in light of their susceptibility to physical
damage or to agglomeration, corresponding excitation
spectra were taken, Figure S4 in the Supporting Informa-
tion. With particular focus on the 573 nm emission
maximum, an excitation spectrum evolved that revealed
the excitonic band in the range from 500 to 600 nm and
is, thus, virtually identical to what has been seen in
the absence of EG. From the latter we infer the lack of
significant agglomeration.

Complementary time-resolved emission experi-
ments with 467 nm as excitation wavelength and
573 nm as emission wavelength further corroborated
the quenching seen in the steady-state emission ex-
periments. For QD-pyrene/EG, the lifetimes of 0.6
(25%), 4.3 (52%), and 21.6 ns (23%) are notably shorter
than 1.2 (25%), 6.6 (55%), and 32.9 ns (20%), as they
were derived for QD-pyrene in the absence of EG,
Figure S5 in the Supporting Information.

Finally, we turned to transient absorption measure-
ments. In the case of QD-pyrene, the characteristic
features of QDs evolve upon 387 nm excitation, Figure
S6 in the Supporting Information. The latter are domi-
nated in the visible range by bleaching of the QD band
gap transition. The bleaching is centered at 534 nm for
just QD-pyrene, which is nearly identical to what has
been seen for QD.*' Multiwavelength analyses of the
transient decays throughout the entire visible range
afforded three lifetimes for QD-pyrene, namely, 5.8, 48,
and >7800 ps with relative weights of 73%, 18%, and
9%, respectively. Notably, the two short-lived compo-
nents relate to filling shallow and deep traps.** During
such trap fillings the differential absorption changes
transform into maxima at 463 and 615 nm as well as a
minimum at 541 nm. In the near-infrared, which fea-
tures a broad QD absorption centered at 1098 nm, the
main component (i.e., short-lived hole intraband
absorption)***¢ is seen to decay in 3.7 ps and to afford
a new maximum at 930 nm. Once more at the end of
the femtosecond time-scale (i.e., 7800 ps) a long-lived
excited state remains. In QD-pyrene/EG, the bleaching
minimizes at 528 nm, which implies a blue-shift similar
to that seen in the emission experiments, namely,
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Figure 3. Emission spectra upon 420 nm excitation of QD
(black spectrum), QD-pyrene (red spectrum), and QD-
pyrene/EG (orange spectrum) in aqueous dispersion that
exhibit optical absorbances of 0.09 for QD and QD-pyrene
and 0.17 for QD-pyrene/EG at the 420 nm excitation
wavelength.
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Figure 4. (Top) Differential absorption spectra (visible and
near-infrared) obtained upon femtosecond flash photolysis
(387 nm, 200 nJ) of QD-pyrene/EG in water with several time
delays between 0.1 and 1900 ps at room temperature; see
legend for details. (Bottom) Time—absorption profile of the
spectra shown above at 532 nm.

QD-pyrene versus QD-pyrene/EG, Figure 4. Note that
in these experiments a rather broad distribution in
terms of graphene layers and in terms of flake size are
investigated. Nevertheless, two short-lived compo-
nents emerge with values that are significantly shorter
than in QD-pyrene, namely, 3.5 (75%) and 29 ps (16%).
Compare them to 5.5 (73%) and 48 ps (18%), vide supra.
During these decays features develop that include
467/614 nm maxima and a 533 nm minimum. At time
delays of 100 ps and beyond no further changes were
noted in the differential absorption spectra. The near-
infrared lacks the graphenoid-centered bleaching due
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to an insufficient exfoliation of graphite and the
superimposition on the QD-pyrene hole-intraband
absorption.

Interfacing QDs with Nanographene. In light of the par-
tial success in graphite exfoliation we turned to the
second “sequential” approach, which involved the use
of hydrophobic—hydrophobic/t—s stacking interac-
tions between trimethyl(2-oxo-2-pyrene-1-ylethyl)am-
monium bromide*’ (pyrene™) and graphene followed
by electrostatic interactions with TGA/MESNA-capped
QDs; for details see the Methods section.

The tendency of pyrene™ to form aggregates in
water is particularly helpful for monitoring its success-
ful integration onto the basal plane of graphite and is
corroborated by the broad excimer-like emission that
sets in at around 1072 M.*® The latter is accompanied
by fluorescence lifetimes of less than 3 ns and fluores-
cence quantum vyields as low as 0.01.*® In terms of
exfoliating graphite an excess of pyrene™ was ultra-
sonicated in aqueous solution in the presence of
natural graphite. To remove free pyrene™, the residue
was resuspended, followed by ultrasonication and
characterization by means of absorption/emission
spectroscopy, vide infra. Notable is that the equilibrium
between free pyrene™ and immobilized pyrene™ pre-
vents a full and quantitative removal. In steady-state
absorptions no particular changes were noted between
the two forms: free pyrene™ versus immobilized pyrene™.
To this end, absorption maxima are always discernible at
232, 288, 367, and 392 nm, Figure S7 in the Supporting
Information.

Independent confirmation for the graphite exfolia-
tion was obtained from Raman spectroscopical inves-
tigations. In particular, the D-band intensifies during
exfoliation. This trend reflects smaller flake sizes and,
thus, an increased contribution of double-resonant
Raman scattering processes at the edges. The 2D-band
transforms into a highly symmetric peak that is red-
shifted to 2675 cm ™' upon excitation at 532 nm with a
fwhm of 54 cm ™, Figure 5. A deconvolution into one
Lorentzian fit points to monolayer graphene. From the
latter we conclude the highly exfoliated character of
natural graphite that was employed as starting material.
As a matter of fact, we take the outcome of the Raman
investigations to use the term nanographene.

Next to Raman experiments, valuable insights into
further structural features of the QD/pyrene™/NG sys-
tem were acquired by HR-TEM (Figure 6) as well as by
atomic force microscopy (AFM) (Figure S8 in the Sup-
porting Information) on a carbon-coated copper grid
and 300 nm silicon oxide wafer, respectively. HR-TEM
experiments reveal well and uniformly dispersed QDs
with their (220) lattice planes of cubic zinc blende
immobilized on the mono- to few-layer-graphene flakes,
which are folded and intertwined on the substrate.* In
addition, height profiles reveal up to 5—10 nm high
flakes.
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Figure 5. (Top) Raman spectrum of QD/pyrene’/NG upon
laser excitation at 532 nm drop-coated onto a silicon oxide
wafer (300 nm). (Bottom) 2D Raman peak (black spectrum)
and its Lorentzian fit (red spectrum).

Figure 6. HR-TEM images of QD/pyrene*/NG with different
magnifications drop-casted on a carbon-coated copper
grid.

When comparing the overall degree of exfoliation
seen with QD-pyrene and pyrene™ in water, the inter-
actions of pyrene™ with the graphene lattice are
dominated by hydrophobic forces, which are benefi-
cial to afford a maximum degree of graphite exfolia-
tion. Nevertheless, the need for ultrasound treatment is
eminent, as it initiates the exfoliation of graphite
through taking apart individual graphene layers.

As already mentioned, the absorption features of
pyrene’ are not noticeably impacted by the presence
of NG, but the emission features are remarkably differ-
ent. In particular, the interactions with NG convert the
excimer-like emission of pyrene™ (i.e, 501 nm maxi-
mum) into the monomer-like emission (i.e., 383, 398,
and 424 nm maxima), Figure 7. At the end of the
transformation, it is only the quenched monomer-like
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Figure 7. Emission spectra of aqueous dispersions of
pyrene’ (0.005 mM) and NG (black spectrum) and after
one (red spectrum) and two washing cycles (orange
spectrum) that exhibit optical absorbances of 0.90, 0.51,
and 0.29, respectively, at the 340 nm excitation wavelength.

emission that remains detectable. Likewise, the emis-
sion lifetimes are impacted with dynamics that are best
fitted by triexponential decay functions with lifetimes
of 30.9 ns (45%), 6.1 ns (25%), and 1.6 ns (30%) due to
free pyrene™ and immobilized pyrene™ on single-layer
and/or few-layer graphene, respectively, Figure S9 in
the Supporting Information.

Next, titration assays were conducted in the ab-
sence of NG. To this end, pyrene™ was titrated with
variable amounts of QD and QD was titrated with
variable amounts of pyrene*. Common to both sets
of titrations is that the absorptions develop as linear
superimpositions of both constituents, Figure S8. In
fact, the only noticeable difference is a steadily increas-
ing absorption of either QD (i.e., 556 nm) or pyrene"
(i.e., 232,287, and 366 nm) as they were added, which
points out that no significant aggregation takes place,
Figure S10 in the Supporting Information. On the
contrary, probing the emission of QD or pyrene™ upon
excitation at 450 or 340 nm, respectively, had a pro-
found impact, Figure S11 in the Supporting Informa-
tion. Most importantly, the QD emission band with its
peak at 591 nm is quenched upon 450 nm excitation, is
red-shifted from 591 to 603 nm, and is not broadened.
It should be noted that pyrene™ tends to interact with
QDs through electrostatic interactions, from which we
conclude that the predominant cause for the emission
quenching in QD/pyrene™ is the immobilization of
pyrene™ onto the surface of the QDs.>>*" Important
in this context is the AFM/TEM/HR-TEM analysis of QD/
pyrenet/NG (vide supra), which documents the
absence of QD agglomerates. Formation of the latter is
known to induce emission quenching of the QDs.>*~*2

Likewise, exciting into the pyrene*-centered fea-
tures at 340 nm results in a quenched emission. The
broad excimer-like emission band is present at 502 nm
and partly superimposed onto the QD emission.
Implicit is a nonradiative deactivation pathway that
involves either a transduction of excited-state energy
or an electron transfer. The latter would infer oxidation

200 -~
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intensity
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50

Wavelength / nm

Figure 8. Emission spectra of QD/pyrene /NG recorded in
30 min intervals upon excitation at 450 nm. See figure
legend for details about the progression.

of QD and reduction of pyrene™, which is, however, on
thermodynamic grounds unlikely to happen.

The relative quantum yields were determined by
contrasting, for example, the aforementioned experi-
ments with QD/pyrene™ and QD/pyrene™/NG. Follow-
ing each addition step, the corresponding absorption
and fluorescence spectra of the resulting solutions
were immediately recorded and compared, Figure
S10 versus S11 and Figure S12 versus S13 in the
Supporting Information. In the relationships, that is,
emission intensity versus concentration of pyrene™, we
noted the marked decrease of the emission. In the
earlier case the overall quenching is due to interactions
between QDs and pyrene ™", while in the latter case it is
simply due to the interaction of QD and graphene
facilitated by pyrene™ in water, which is also reflected
in the emission red shift of both systems (i.e., from 591
to 603 nm for QD/pyrene™* and from 591 to 593 nm for
QD/pyrene*/NG). Notable are the lower intensities for
QD/pyrene /NG, which, in turn, correlate with lower
emission quantum yields. In fact, compared to disper-
sions of QD/pyrene™, the emission quantum yield of
QD/pyrene®/NG was found to be reduced by 26%,
Figure S14 in the Supporting Information.

In light of the aforementioned we probed QD and
pyrene™/NG under low concentration conditions, that
is, 3.25 x 1077 M QD and 0.5 mg/mL pyrene/NG. We
noticed that the equilibrium between QD and QD/
pyrenet/NG is reached after 12 h. The latter is accom-
panied by a strong emission quenching and a blue shift
from 591 to 567 nm (Figure 8), a finding that goes hand
in hand with previously published work on single-
walled carbon nanotubes.*'

Such quenching—QD/pyrene™ versus QD/pyrene/
NG—is also inferred from time-resolved emission
experiments. Under time-resolved conditions (i.e.,
403 nm excitation wavelength and 600 nm emission
wavelength), the three dominant components 98.2
ns (25%), 20.3 ns (62%), and 5.3 ns (13%) decrease to
21.7 ns (40%), 7.6 ns (50%), and 1.1 ns (10%) in the
absence of NG as well as to 45.2 ns (27%), 9.3 ns
(49%), and 2.3 ns (24%) in the presence of NG at the
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Figure 9. (Top) Differential absorption spectra (visible and
near-infrared) obtained upon femtosecond flash photolysis
(387 nm) of QD/pyrene” in water with several time delays
between 0.1 and 21.0 ps at room temperature; see legend
for details. (Bottom) Time—absorption profiles of the spec-
tra shown above at 465 (black profile) and 650 nm (red
profile).

point of maximum emission quenching, Figure S15
in the Supporting Information.

Finally, we turned to transient absorption measure-
ments. Excitation at 387 nm leads in the case of QD/
pyrene™ to the characteristic features of QDs, which are
slightly red-shifted when compared to those of QDs in
the absence of pyrene™, Figure 9. In the visible range,
the latter are dominated by bleaching of the QD band
gap transition centered at 570 nm and flanked by
maxima at 490 and 636 nm. Multiwavelength analyses
of the transient decays throughout the entire visible
range afforded three QD centered lifetimes, namely,
4.7, 24.0, and 75.0 ps. Please note that a significant
portion of the excited-state features remain stable
beyond the time-scale of 7800 ps. As aforementioned,
the 24 and 75 ps lifetimes relate to filling of shallow and
deep traps. Likewise, 387 nm excitation of QD/
pyrene™/NG (Figure 10) reveals distinct transient
absorption changes. In contrast to the aforementioned
experiments with QD-pyrene/EG, the distribution in
terms of graphene layers is narrow, while the flake sizes
vary appreciably, vide supra. The corresponding differ-
ential absorption changes feature a minimum that
mirror images the QD band gap transition at 541 nm
and two maxima at 471 and 648 nm in the visible
range. Of particular importance is the observation that
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Figure 10. (Top) Differential absorption spectra (visible and
near-infrared) obtained upon femtosecond flash photolysis
(387 nm) of QD/pyrene’/NG in water with several time
delays between 1.1 and 4.0 ps at room temperature; see
legend for details. (Bottom) Time—absorption profiles of
the spectra shown above at 545 (black profile) and 650 nm
(red profile).

Figure 11. TEM images of QD-pyrene/EG (left) and QD/
pyrene /NG (right) drop-casted on a carbon-coated copper
grid.

a rather broad bleaching dominates the near-infrared
range. It reveals a local minimum at 1120 nm and
relates to photoexcited NG, in the form of phonons.>* A
global analysis of the differential absorption changes
recorded throughout the visible (i.e., QD) and near-
infrared (i.e., NG) range brought a lifetime of 10 ps to
light. As time progresses, the QD- and NG-centered
features undergo marked changes. The QD centered,
on one hand, transform into a new maximum at 750 as
a reflection of QD oxidation. The NG-centered bleach-
ing, on the other hand, red-shifts from 1120 to
1220 nm. We ascribe this marked red shift—based on
the similarity to reduced single-wall carbon nano-
tubes>—to reduced NG. The correspondingly formed
charge-transfer state is metastable and decays with a
lifetime of 164 ps.

VOL.6 = NO.3 = 1915-1924 = 2012 A@MNK)

WWww.acsnhano.org

J1D]Le

1921




CONCLUSIONS

In conclusion, we have implemented two powerful
strategies for interfacing QDs onto the basal plane of
graphene in either exfoliated graphite or nanogra-
phene to afford QD-pyrene/EG (i.e., direct approach)
or QD/pyrene*/NG (i.e., sequential approach), respec-
tively, Figure 11.

We succeeded in avoiding the harsh oxidation steps
of graphite to graphene oxide and subsequent chemi-
cal reduction to reduced graphene oxide, enabling a
fast, cheap, and reproducible way to produce QD-
graphene-based hybrid systems. Common to both
approaches are pyrenes as multifunctional anchors,
whose immobilization onto EG and NG is driven by
hydrophobic—hydrophobic and 7— stacking interac-
tions. QDs were either already covalently linked to
pyrene and, in turn, immobilized onto EG in a single
step or associated with NG by electrostatic forces in a
subsequent second step to avoid aggregation. From
full-fledged spectroscopic and microscopic assays we
infer that the degree of exfoliation strongly impacts the
electronic communication between EG/NG, on one
hand, and QDs, on the other hand. To this end, the
sequential approach (i.e, QD/pyrene™/NG nanohybrids),
where a high degree of exfoliation was achieved prior to
the attachment of QDs, is far more superior to the direct

METHODS

Syntheses and all of the measurements were carried out
under an argon atmosphere to prevent oxidation of CdTe QDs.
All chemicals used for synthesis were of highest available purity or
of analytical grade and were used without further purification.

Synthesis of TGA/MESNA-Costabilized (dTe QDs. CdTe QDs were
synthesized following a method described by Schulz-Drost et al.
Particle growth for 17 h results in ~3 nm diameter QDs, as
inferred from optical absorption®® and HRTEM measurements.
First, the QDs were costabilized with thioglycolic acid (TGA) and
2-mercaptoethanesulfonate (MESNA) through binding of their
thiol groups. TGA enables the covalent attachment of 1-pyre-
nemethylamine through EDC/NHS-mediated peptide conden-
sation, while MESNA ensures exclusively the solubility in water
(EDC = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, NHS =
N-hydroxysuccinimide). Purification of the crude QDs was per-
formed by precipitation upon addition of ethanol. For optical
and microscopic characterization as well as for further treat-
ment, the dry powder was redissolved in Millipore water.

Functionalization of CdTe QDs with Pyrene. A 10 mL (4.367 mg,
0.016 mmol) amount of 1-pyrenemethylamine in 0.1 mM mer-
captoethanesulfonic acid (MES) was mixed with 5 mL each of a
19.3 mM solution of EDC and NHS in 0.1 mM MES. NHS was used
to extend the activity of EDC during the peptide condensation.
In a subsequent step, 5 mL of a TGA/MESNA-capped CdTe QD
suspension was gradually added to the mixture until the pH
reached 6 and was left stirring for 5 h at room temperature
before storing it at 4 °C overnight. The conjugates were then
separated from the crude solution by centrifugation at 20000g
(14.4 k rpm) at 20 °C. The resulting QD-pyrene precipitate was
redissolved in 25 mL of Millipore water, giving a Cd*™ concen-
tration of 2.6 mM.

Preparation of QD-Pyrene/EG Nanohybrids. A stable suspension of
QD-pyrene/EG was generated by diluting 0.5 mL of QD-pyrene
(Cd*" = 2.6 mM) with 9.5 mL of Millipore water to which 4 mg of
natural graphite was added. The mixture was then vigorously
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approach (i.e., QD-pyrene/EG nanohybrids). As a mat-
ter of fact, in the QD/pyrene/NG nanohybrids a
metastable charge-transfer state evolves upon photo-
excitation. Aggregation of QDs, which is known to
deactivate photoexcited QDs, is, however, ruled out.

In previous work with reduced graphene oxide
decorated with CdTe an intensity increase in electro-
generated chemiluminescence of CdTe QDs was seen
in the presence of graphene oxide.>* However, the
emission evolves in this particular case by electroge-
neration as a recombination of oxidized CdTe and
superoxide radical anion. Electron-transfer emission
quenching, on the other hand, was reported when
reduced graphene oxide was added to a molecular
chromophore such as porphyrins. In fact, the latter
work reports as well transient absorption measure-
ments that are, however, limited to the 450—750 nm
range as a reflection of the porphyrin-centered features.>
Taking the aforementioned results in combination with
our own preliminary experiments on graphene oxide/
reduced graphene oxide, a clear optical signature in the
form of, for example, a characteristic transient bleach in
the near-infrared region is seen to develop only for our
nanographene. We believe that this constitutes a major
advantage in characterizing energy- and electron-transfer
reactions with graphenoid materials.

stirred for 3 days in the dark, at room temperature, and under an
argon atmosphere. Prior to spectroscopic and microscopic
characterization, the sample was stored for 6 h to let the larger
unexfoliated graphite flakes precipitate so that the supernatant
was free of bulk material.

Preparation of Pyrene "/NG Nanohybrids. Trimethyl(2-oxo-2-pyr-
ene-1-ylethyllammonium bromide (pyrene™) (2.0 mg, 0.005 mmol)
was dissolved in 10 mL of water, and 4 mg of natural graphite was
added. The mixture was ultrasonicated for 40 min and afterward
centrifuged for 30 min at 20g (500 rpm). Absorption and fluores-
cence spectra of the yellow-brown supernatant were measured to
monitor the evolution of the excimer band. The sample was then
centrifuged at 20000g (14.4 k rpm) for 60 min to remove unstacked
pyrene™. The precipitate was redispersed with a small amount of
water to concentrate the hybrid, and the preceding steps were
repeated until the excimer band was absent. The resulting disper-
sion was of weak gray color and was stable for weeks.

Preparation of QD/Pyrene /NG Nanohybrids. QD/pyrene’/NG
nanohybrids were prepared by mixing QDs with unwashed
pyrene/NG. This was necessary, since upon centrifugation no
particular information about the amount of pyrene’ was
derived. For comparing QD/pyrene”™ and QD/pyrene™/NG it
was of utmost relevance to have the same pyrene™* concentra-
tion (see Figures S8—S11 for specific concentration) to quantify
the impact of NG on the optical properties of the QDs.

Optical Characterization. Steady-state absorption spectra were
recorded with a Perkin-EImer Lambda 35. Steady-state emission
spectra were recorded with a Fluoromax-P-spectrometer from
Horiba Jobin Yvon. Time-correlated single photon counting
spectra were taken with a Fluorolog system (Horiba Jobin Yvon).
Signal acquisition was gathered by a Hamamatsu MCP photo-
multiplier (type R3809U-50). The time profiles were recorded at
the emission maximum. All samples were measured in a fused
quartz glass cuvette with a thickness of 10 mm.

Femtosecond Transient Absorption Spectroscopy. Femtosecond
transient absorption spectra were obtained with a Ti:sapphire
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laser system CPA-2101 (Clark-MXR, Inc.) in combination with a
Helios TAPPS detection unit from Ultrafast Inc. The initial laser
excitation wavelength is 775 nm with a pulse width of 150 fs.
The used excitation wavelength was 387 nm, which was
generated with a SHG crystal. For the generation of the white
light a sapphire crystal of adequate thickness was used. The
chirp effect between 420 and 770 nm is approximately 350 fs.
The detection was carried out with two CCD cameras, each for a
specific measuring range. The spectral window is therefore 415
to 770 nm and 770 to 1600 nm. The delay line allows spectral
acquisition up to time delays of 8000 ps. All samples were
measured in a fused quartz glass cuvette with a thickness of 2
mm. Data acquisition was done with the software HELIOS
Visible/nIR (Newport/Ultrafast Systems).

Raman Spectroscopy. Raman measurements were carried out
with a LabRAM ARAMIS Raman spectrometer from Horiba Jobin
Yvon that was equipped with a confocal microscope and an
automated XYZ-table, using laser excitations of 532 and 633 nm.
The sample preparation includes drop-casting the hybrids on a Si
substrate with a 300 nm oxide layer and rinsing them with water
and methanol to remove the excess of unbound pyrene™ and QDs.

FT-IR. FT-IR measurements were recorded with a Bruker
FT-Alpha with an ATR unit, which made it possible to measure
small amounts of purified and dried powder.

Transmission Electron Microscopy. Sample preparation was per-
formed by drop casting and drying the hybrids on holey carbon-
coated copper grids. TEM and HRTEM images were recorded
with an 80 kV EM 900 from Carl Zeiss AG and with a 300 kV
Philips CM 300 UT, respectively.
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