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We report on the noncovalent functionalization of
graphene with hydrophobic tetraphenyl porphyrin (TPP)
molecules in micellar aqueous suspensions. We study the
thermodynamical parameters of the reaction using opti-
cal spectroscopy, and measure its Gibbs energy. We show
that a total reaction can be achieved, leading to a high
functionalization yield, despite the 7r- stacking noncova-
lent binding.

1 Introduction Functionalizing nanomaterials has
been a subject of intensive research for decades [1-3].
Coupling carbon materials with organic molecules offers
unique possibilities to bring new functionalities, benefit-
ing from the wide tunability of the properties of organic
molecules, such as energy transfer [4,5], surface protec-
tion [6] and enhanced light emission [7]. In this context,
nanocompounds with charge or energy transfer properties
are of great interest, especially for optoelectronics [8] and
biology [9].

Nonradiative energy transfer from w-stacked hy-
drophobic porphyrin molecules to single wall carbon
nanotubes (SWCNT) [10-14] and graphene [15,16] was
demonstrated a few years ago. Such hybrid nano com-
pounds are designed through noncovalent functionaliza-
tion techniques, offering the advantage of preserving the
sp? carbon structure to maintain good optical and elec-

Side view of a graphene nanosheet covered with porphyrins.
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tronic properties. However, such noncovalent reactions are
likely to produce poor reproducibility and low stability
over time. Herein, we report on an easy and reproducible
route to synthesize stable graphene/porphyrin complexes
in micelles environment, exhibiting energy transfer prop-
erties. We perform a thermodynamical study to extract
the Gibbs energy of this reaction, using a Hill adsorp-
tion model. Finally, we compare this 7-stacking effect on
graphene with previous results reported on SWCNTs [17]
and DFT calculations [18].

2 Chemical method Reaction (1) is performed sim-
ply by letting evolve a suspension obtained by mixing
surfactant suspensions of TPP and graphene sheets, in a
50% — 50% volume proportion. In the following, we mon-
itor the functionalization process by a combination of opti-
cal absorption spectroscopy (OAS) and photoluminescence
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Figure 1 Absorption spectra of the sample for a TPP concentra-
tion of 8 umol.LL.~* (arrows symbolise evolution over time)

(PL). This unassisted reaction route allows a progressive
optical study of the reaction that would be more difficult if
sonication or stirring were involved.

TPPg. + gr,. = TPP/gr,, (1

The graphene material is purchased from Nanolnte-
gris (PureSheet MONO[19]). The sample contains one to
few layers graphene flakes in the proportion written below
in Tab.(1). The graphene concentration is 0.05 mg.mL ™!,
with an average flake area of 10* nm? and a large statistical
dispersion in size [19]. The graphene sheets are dispersed
in a 2 wt% sodium cholate (SC) solution [20].

Table 1 Proportions of layers among the graphene sheets

1 layer 2-layers

23

3-layers  4-layers
27 5

Proportion (%) | 6

In order to obtain isolated the TPP suspension, we
used the micelle swelling method [21,14] to efficiently
transfer TPP molecules from their dichloromethane sol-
vent to a 2 wt% SC suspension in a pH 8 borate buffer.
After three hours of soft tip sonication, the TPP cholate
suspension is centrifugated at 6300 g for 10 minutes,
in order to remove molecular aggregates and remaining
dichloromethane. To study the chemical equilibrium, we
realized several samples with a fixed graphene concentra-
tion of 0.025 mg.mL™~" and various TPP concentrations
between and 0 and 50 pmol. L ™.

3 Absorption monitoring of the reaction Fig.1a)
displays the optical density of a sample including 8 pimol.L
of TPP at several stages of the reaction. At the initial time,
the absorption spectrum solely displays the free porphyrins
response, with its main Soret band peak at 2.95 eV [22].
After a few minutes, an additional resonance grows spon-
teaneously at 2.79 eV and reaches saturation within five
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hours. It should be noted that the spectra show an isobestic
point, indicative of the conversion of one chemical species
into another [17]. In all samples, the final absorption spec-
trum shows an equilibrium, with both shifted and unshifted
populations. The shifted Soret band at 2.79 eV can be at-
tributed to TPP stacked on graphene [14,23], whereas the
one at 2.95 eV reflects the presence of free TPP in the
suspension.

4 PL quenching and energy transfer We per-
formed PL experiments to evaluate the influence of
graphene on the luminescence efficiency of the chro-
mophores. We monitored the Q bands emission [22] signal
between 2.06 eV and 1.65 eV, for samples with and with-
out graphene nanosheets.

Fig.2 a) represents the photoluminescence signal of
TPP samples, for a monochromatic light excitation at 2.95
eV, for an initial chromophore concentration [T'PP], of
8 umol.L "', In the presence of graphene sheets, the TPP
PL intensity decreases significantly. This quenching of the
molecule fluorescence is the signature of an energy transfer
from the TPP to the graphene sheets. The efficiency of the
energy transfer from TPP molecules to the graphene sheets
can be written as :

_ Irpp/gr

n=1 2

Irpp,

with Itpp/,. and ITpp, the emission intensity of the
TPP in presence and in absence of graphene respectively.

On Fig.2 a), the red curves corresponds to the PL signal
I7pp, of the reference TPP solution. The black curve dis-
plays the PL measured on the graphene/porphyrin suspen-
sion (I;o¢). As stated in section 3, the suspension contains
both free and w-stacked porphyrins. Therefore, this PL sig-
nal (I;,,) is the sum of the contributions from the free por-
phyrin (Irpp,,) and the porphyrin stacked on graphene
(Irpp/gr) : Itot = ITpp., + ITPP/gr- In Order to eval-
uate the transfer efficiency, we need to know the value
of Irpp/g4r- From the absorption spectrum at the equi-
librium reported on Fig. 1, the final free TPP concentra-
tion can be estimated to be 30 + 5% of the reference
porphyrin solution leading to ITpp,, =~ 0.3 X ITpp,.
From the formula I7pp/y = It — 0.3 X ITpp,, We
estimate ITpp/g, to be close to 1% of Irpp,. Hence,
the remaining TPP photoluminescence signal essentially
comes from the free molecules. Then, we can estimate that
n = 99 £ 5%. This near unity efficiency is comparable to
the value found by Xu er al. for ionic hybrid compounds
[15] and for nanotube/TPP samples for which a transfer
efficiency of 1 — 10~ was extracted [23]. This is indica-
tive of the presence of TPP molecules at a short distance
from the graphene surface. From ab initio calculations, the
TPP-graphene distance in our compound was estimated to
be 0.3 nm [18]. At such distance, Malic et al. predicted
a transfer efficiency above 99 %, using a Forster energy
transfer model [5] in good agreement with our findings.
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a) Quenching effect of graphene on TPP PL signal for a con-
centration of 8 ymol.L™*

Csite  [Tpplo (umol.L™")

b) PL signal vs concentration with and without graphene sheets
(the black arrow highlights the 8 zzmol. L.~ samples)

Figure 2 Quenching effect of the molecule fluorescence with concentration.

5 thermodynamical study of the stacking reac-
tion We take advantage of these simple reaction condi-
tions to study the stacking equilibrium. Here, we use both
the OAS and PL quenching data of TPP to monitor the evo-
lution of the stacking process as we increase the porphyrin
initial concentration [T P P]y. As shown on Fig.2 b), the PL
signal of TPP molecules in the absence of graphene grows
linearly with concentration, indicating that an increasing
number of monomers are solubilized. In the presence of
graphene, the PL signal also rises with [T'PP], but with
a threshold behavior. For [TPP], < 10 ymol.L ™", the
PL signal increases with a very moderate slope, smaller
than for the lone TPP samples. This indicates that an im-
portant fraction of monomers are quenched by their inter-
action with graphene. However, for concentrations above
10 pmol.L.™ ", the slope of the PL signal eventually recov-
ers the value measured for the free TPP sample. This be-
havior is typical of a total chemical reaction [17] where the
number of 7-stacked TPP saturates once every adsorption
site is occupied. Therefore, the concentration of available
adsorption sites can be directly quantified from Fig.2 b),
as it corresponds to the threshold concentration. We obtain
Csite = 10 £ 2 umol.L*1 through the x-intercept of the
linear asymptote for the PL plot in presence of graphene
on Fig.2b) [17].

For each TPP concentration, the normalized reaction
extent can be written as :

X — [TPP)o — [TPP, _ [TPP/gr] 3)

Csite Csite

with [TPP]q the initial concentration of TPP, [TPP]., the
concentration at equilibrium and [TPP/gr] the concentra-
tion of stacked TPP.

Given the near unity quenching from graphene, the PL
intensities are directly proportional to the concentrations of
free porphyrin in each samples. Hence, we can express the
reaction extent under the following form:

Irpp, — ITPP.,
Al

with Al the difference of PL intensity between the
two linear curves in Fig.2b) at high concentrations. This
Al corresponds to the absence of PL from the total
amount of quenched TPP : it is directly proportional to
Csite-

In Fig.3, we plot this reaction extent X as a function
of the free TPP concentration [I'P P]., extracted from the
optical density measurement at 2.95 eV through the Beer-
Lambert’s Law. This plot yields a saturation curve, char-
acteristic of a Langmuir adsorption isotherm [24]. In order
to extract the energetic parameters associated to this equi-
librium, we describe the reaction by a cooperative Hill ad-
sorption model [25] :

X = “4)

nTPP + gr = TPP,, /gr ®)

where n stands for the cooperativity of the adsorption
reaction. n > 1 is indicative of a cooperative reaction
whereas n < 1 stands for an anti-cooperative process. The
Hill model predicts the evolution of X through a saturation
formula [17]:

_ _(K[TPPley)"

1+ (K[TPPleg)”
where K is the thermodynamical equilibrium constant.
We obtain K = 1.3 4+ 1 10 and n = 1.3 4 0.3.

We extract the free Gibbs energy of the reaction ArGY =
—RTIn(K) ~ —35 kJ.mol™'. These values are of the

(6)
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Figure 3 Evolution of the reaction extent in function of the avail-
able porphyrin concentration.

same order of magnitude than the one obtained for SWC-
NTs [17]. We showed in a previous work that the absolute
value of the Gibbs energy increases with the SWCNT di-
ameter [17]. This trend was consistent with a recent DFT
model from Orellana er al. [18], which found an increase
of the adsorption energy of single TPP with nanotube’s di-
ameter. For graphene, this DFT model predicted a bind-
ing energy twice as high as for the largest HiPCo nan-
otubes. However, both n and ArG® measured for graphene
are lower than the value obtained for the largest diameter
of HiPCo nanotubes: < n >= 2.3 & 0.8 and ArG® ~
—42 kJ.mol .

Several reasons could explain the deviation of this
model from our measurements on graphene. First of all,
the real reaction that we monitor is the exchange between
TPP and cholate monomers at the carbon surface. Thus,
the Gibbs energy that we evaluate includes other effects
than the simple TPP adsorption, such as cholate monomers
desorption, or changes in the organization of the global
surfactant layer, and these effects may be curvature depen-
dent [26]. Moreover, recent papers studied the interaction
between TPP molecules upon adsorption onto a sp? car-
bon surface. Pham et al. proved the existence of organized
networks of porphyrins stacked on graphene sheets thanks
to scanning tunnelling microscopy experiments [27]. Orel-
lana performed additional DFT calcutations [28], showing
that TPPs can assemble around SWCNTSs into organized
rings of 4 to 8 units thanks to porphyrin-porphyrin inter-
actions, leading to a higher adsorption energy on carbon
nanotubes. These two papers show that the interaction be-
tween porphyrin molecules may play an important role
in the adsorption mechanism. Such a cooperative inter-
action was not included in the model [18] that predicted
an increased adsorption energy of TPP on graphene in
comparison with nanotubes.

6 Conclusion We have designed a fast and spon-
taneous route to noncovalently functionalize suspended
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graphene sheets in solution with TPP molecules. These
hybrid compounds show an efficient energy transfer from
the molecule to the graphene sheets with an efficiency up
to 99 %. Moreover, experiments as a function of the TPP
concentration allow to gain insight into the thermodynam-
ics of the reaction. The analysis of the reaction extent X
with a Hill adsorption model shows that the process is
slightly cooperative (n > 1) and leads to a Gibbs energy
of —35 kJ.mol™'. The comparison with SWCNT evi-
denced that this value of Gibbs energy is not compatible
with the prediction of DFT calculations of the variation
of the monomer adsorption energy as a function of the
curvature of sp? carbon surfaces. It highlights that more
complex processes are involved in the adsorption reaction
such as surfactant reorganization or porphyrin-porphyrin
interactions.
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