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The present study reports for the first time the use of thiol-
functionalized graphene oxide nanocatalyst with impressive
activity (>10°-fold) in dephosphorylation reactions. The
innovative and recyclable nanocatalyst has potential in
designing artificial enzymes with targeted multifunctionalities
and in detoxification of organophosphorus agents.

Dephosphorlation reactions are vital in biological syster
such as in regulatory ansignaling processes, which a
mediated by extraordinarily efficient enzymes. PRatarly,
reversible phosphorylation of protein dictates mamjl life
functiondities. Herein, the thiol groupmainly involved in
oxidative thio-disulfide pathway also participates irthe
rarely occurring thiol phosphorylation reactio, important in
cystein-based phosphatases,e.g., bacterial antibiotic
resistancé Moreover, many aspects regarding mechan
elucidation and detection of intermediates in pro
phosphorylation reactions are stinot clea.® Therefore,
mimicking enzymatic active sites is strategic fagsigning
novel artificial enzymes and potential enzymatihiliitors for
therapeutic purpose

Carbonbased nanomaterials, such graphene, re
multifunctional and versatile, hence, the complewxyenatic
architecture can be more readily mimicke.g., by anchorinc
different functionalities on the backbone of thessterials The
two dimensional sheets with? carbons of graphene compr
many optimum chemical, mechanical and electrical praps*
thus prompting promising applications in nanoelauis,
biomedicine, sensors and artificial enzyr5 A common
graphene precursor is graphene oxide (GO), whiatbtainec
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by oxidizing grapite, leading to a highly oxygenated surfa
followed by chemical reduction, yielding grapheme the s~
called reduce-graphene oxide, rGO). Hence, targeted cov:
functionalization of the oxygenatigroupson GO can enhanc
the materials properties d extend further applicatior®
Recently, we reported the thiolation of GO, by araig
cysteamine (CA) by amide bonds on the carboxyldtes,
under mild coditions” The modified GO, namely GOSlwas
thoroughly charaerized and showed impressive si:
controllable  features in  nanocomposites with  si
nanoparticles. Insofar, the freely available thgroups or
GOSH can efficiently act as nucleophiles in mangct®ns,
although GOSH cannot be dispersed in any sol especially
in water. In this context, we report GOSH as natalgat in
heterogeneous dephosphorylation reactions, usim@dtivatec
triester diethyl 2,-dinitrophenyl phosphate (DEDNPP) as
model Fig. 1) The proposed nanocatalyst can be ree
separated and recycled consecutively, maintainimgatalytic
activity.

NO2

+ Inorganic
NO, phosphate

DNP

Nanocatalyst «
GOSH

Fig. 1. Reation of DEDNPP with the nanocatalyst GO

Solid GOSHwas added to a buffered solution at differ
pH value, kept under controlled temperature (20°C) .
constant magnetic stirrii and the reaction initiated by addir
an aliquot of DEDNP. Periodically, stirring was interrupt,

J. Name., 2012, 00, 1-3 | 1



ChemComm

the solid was decant and the remaining solution we
monitoredby UV-Vis spectroscoy, following the appearanc
of the product 2-dinitrophenolate (DNP) at 400 nm. R:
constants k,,9 were obtained from the pset-first order
kinetic profiles and correlated with the mass ofajest usec
and the local concentration of reactive thiol greum the GC
surface, obtained by thermogravimetric dateTGA,
Supplementary Informatic). It should benoted that the highl
reproducible pseudo fi-order profiles are consistent wi
heterogeneous catalytic reactions where Kkinetic trob
overcomes diffusion  contributio® °  Postreaction
characterization were carried out using TGA (unden)
infrared (FTIR) and Raman spectroscopy. Full desiom of
the characterization techniques are given in thgpfumentary
Information. Table 1 presents the most representative Kil
data obtained, along with comparatives to assignctttalytic
efficiency of the reaction propose

Table 1 —Kinetic parameters obtain for reactions of DEDNPP with GO¢

Rate constant, kosn Comparative*®
Mgt @ g'st? Koost/Kzo KsostKea
pH 8 1.73x10? 1.46x10° 3x10° 14
pH 9 2.32x10? 1.96x10° 2x10° 8
pH 1C 3.17x10? 2.6710° 9x10* 4

# Second order rate const: ratio of the pseuc-first order rate consts and
the concentration of thiol groups 8x10* mol L*/mg of solid GOH,
calculated by TGA analysi® Considering the total mass of catalyst us
¢ Comparative using the second order rate consta’s?) for the reaction o
DEDNPP with GOSH, LO (spontaneous reactic® and CA

Results show impressive second order constkgosy, M’
1sh), which increase with higher |. Indeed, the alkalin
hydrolysis of phosphate est'! contribute to the overal
reaction at higher pH, although results show tloéglg GOSH
acts proficiently, regardless of the parallel reactvith OH, as
observed by the high rate constants at | (ksosy). Moreover,
mild reaction conditio (e.g. lower pH) is desirable whe
promoting greener catalytic reactions, as perfornydour
proficient biological enzymeslt should be noted that tt
reaction conversion is 100%although no selectivity can t
accounted, since only one subst wasevaluate. In order to
infer catalytic activityrate constants in the presence of GC
were compared to the analogous spontaneous hydr
reaction ky0) of DEDNPP, giving rate enhancemel
(ksos/kuzo) over 1C-fold, which are among the highe
increments repced for heterogeneous dephosphoryla
reactions'? ** Compaing the proposed heterogeneous catal
with an analogous homogenous reaction, DEDNPP eeasec
solely with CA,i.e., the reactive thiol group present on GO!
Surprisingly, rate constants in the presence ofntr@ocatalys
GOSHare 14fold higher than with CA(kgosi/kca).- Normally,
a homogenous reaction is more efficient than italagous
heterogeneous reacti®® thus corroborating the promine
catalytic efficiency of the proposed nanocatalyslso, one
would expect CA (with same concentration of thiobgps ol
GOSH) to promote similar enhancements. These &
indicate synergistic effects on the multifunctionaihocatalysi
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We propose that the additional effects couwuting to the
overall catalysis can due to attractive interactions
DEDNPP by the narcatalyst but further studies are needec
corroborate this propositi. The substratcould adsorb on th
GO domains, common for carbon derived mate* *° and
this process concentrates reactants, thus optimizimg
catalysis, as in micellar cataly*® Comparin¢ the rae constan
per mass of catalyskgosy g s?) with similar studies is eve
more impressiv? due to thelow mass of catalyst used-4
mg), ideally desired in heterogeneous react

Regarding the mechanism of the reaction, we proplost
DEDNPP can adsorb on the GOSH surface and reabtitsi
functional groups, as shown Fig. 2: the highly nucleophili
thiolate active species can attack the phosphaam éeading
to an unstablentermediatelnt., Fig. 2) and the leaving grot
DNP.

0
-o-F~0Et
OEt

P,
Fig. 2. Proposed mechanism for the reaction of GOSH BEDNPP

Potentiometric titration was also carried out tdedaine
the (K, value for the thiol group on GOSH (see Supplemegr
Information). Results indicate an unexpected loK, of
6.46+0.02 for the thiol moiety of GOSH, in contr&stCA with
pK, of 8.357 Although, this lower [K, is common in comple
systems (proteind® with neighboring groups that can stabil
the thiolat, such as the alcohol groups available on
surfaces. Hence, over the pH range studied, tliclpécie are
present predominantlon GOSH, consistent with the propos
mechanism. As in similar nucleophilic reacti® the putative
phosphorylated surface of GOSHInt.,, Fig. 2) easily
hydrolyses, regenerating the thiol sites for susivesreactions
Another possible mechanism is the nucleophilic ckttéy
thiolate on the omatic carbon (-O cleavage). Nevertheles
this path should not contribute significantly toetloverall
reaction, since the absorbance variation profilewsh early
formation of DNP, consistent with attack on phogpis
atom®® Indeed, o-going mechanistic studies involving t
reaction of CA with DEDNPP by mass spectrometryficors
the presence of the phosphorylated interme formed via the
thiolate attacl that should analogously cur hereir.? It shoud
be noted that in the reaction conditions carrietl oualy the
thiol groups of CA are reactive, since the nitroggiom is
protonated (K.,'"®*=10.86), hence, unavailable as
nucleophile’” Due to this higher K, of the potentially
nucleophilic amine site, CA reactivity increases renapon
increasing pH, compared to GOSH. Additionally, themation
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of disulphide bond, which would inhibit the readtvof CA,
was discarded since for GOSHrevious characterizatior
indicate freely available thiol grou|” For CA, the disulphide
formation does not seem to contribute significamtlying the
reaction time followe°

In order to infer recycling features, GOSH was kexxed by
filtration and reused as catalyst in new reactiaitt DEDNPP
(three cycles). Fi. 3illustrates with photos how recycling w
carried out, along with rate cstants for each cycle evalua.

Ongoing talyst
1 N ca -t
reaction || e, NaTEcling _ Cycle [KuonM's
i T [1.73x10°
o 2" |1.53x10*
_ Stirring 3" |1.46x10°
interrupted

@ - ‘ Post-reaction
[/ Catalyst characterization:

Kinetic recycling TGA, FTIR

Raman

measurements | =
Fig. 3. Nanocatalyst recycling efficienc

Results confirm that the highly efficient nanocgsalGOSH
maintains is catalytic property over several reaction cy,
suggesting its reactive groups maintain ir. The slight
decrease in reactivity upon recycling can be atted do
adsorbed species such as the phosphate inorgaodugr
Although, even after ththird cycle, GOSH is very effecti:
2.6x10°-fold incremen, compared to the spontaneous react
in contrast to x1C°-fold observed in the first cycle. Overall, t
nanocatalyst is easily recovered from reaction omadand car
be recycled consecutivelywhich is desired in catalyti
heterogeneous reactio

After recovering the reused GOSH, the preservatibits
overall properties and functionalit were confirmed b
various characterization techniques: TGA, FTIR daman
spectroscopy. FTIR spectror GOSH taken before and af
reaction with DEDNPP are given in |. 4.

GOSH

Before reaction

£l

2 - Ry

3 1640 1427
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Fig. 4 FTIR spectra for GOSH before and after reactiom@EDNPP

T
3500

Results conclusively show typical bands for GOSéat thre
preserved upon catalyst recycling=0 stretching(1640 cn'),
N-H bending (3292 c), N-H stretching (1542 c), C-N
stretching (1427 c¢*) and MH wagging (686 ci?). Other
observed bands are attributed to GO dom’ The weak ban
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due to “H stretching (2569 c) is hardly distinguishabl
after recycling GOSH, which is attributed to thegwminance
of deproonated thiolate (reactiopH > pK,). Even so, th
amide bond preservation confirms the thiol groupzdmSH

TGA analysis (Supplementary Information) confirnte
characteristic mass losses of GOSH before and eftgrcling:
(i) 12C-230°C, with[115% mass loss due to oxygenated grot
(ii) 250-400°C, with(125% mass loss attributed to thiol grot
attached to GO domains and (iii) «+550°C, with(50% mas:
loss due to GO carbon backborHence the thiol moietie:
maintain intact after reacti, reiterating that the propose
recycling is legitimat.

Lastly, Raman spectra were obtained mainly to con
GOdHike nature. Indeed, results show (Supplemen
Information) intense bands, characteristic for tlkisnd of
carbonaceous materials: D (13507, G (1580 cr'l) and D’
(1607 cn) bands<’ After recycling, thee bands are maintain
and the intensity ratio between D and G bancp/lg),
associated to the defective nature of the mat
(functionalized) is retained(2.2, and no further major chan
occurs on GO surfaciAlso, the band at 2920 (* related tc
the CH, asymmetric stretch of the thiol group was dete
after reactior’ Therefore, po-reaction characterizatiol
confirm the recycling features of GOSH, with noigation of
thiol leaching, which is expected since it is cevidly attachel
to the GO surface by highly stable amide bc

In conclusion, the prest study reports for the first time ti
use of G(-based materials witimpressivecatalytic activity in
dephosphorylation reactions. Additionally, the neatalyst
comprising reactive thiol groups, GOSH, can effedii be
recycled consecutively, without sing its catalytic activit
significantly. All characterization carried out confirmed thiag
catalyst maintained its overall functionalities eaftreuse. #
mechanism involving nucleophilic attack by thiolateas
proposed, mimicking enzymatic reamns involving thiol-basec
group:. Therefore, the nanocatalyst proposed has ceyt
innovative feature, particularly promising in designin
artificial enzymes, by exploring its multifunctiditees, e.g.,
coupling GOSH with therapeutic agents, envisioradgance:
in genetic therapy. In this sense, we believe tlaatjetec
functionalization of GO and overall engineering cdirbon
nanomaterials broadens the field of novel com
multifunctional catalys which can combire assembly
characteristics and multiple catalyses (nucleophdtic-bast).
It is noteworthy that these catalysts are also y@pmising in
the detoxification of chemical warfare and pesti from the
phosphate ester fami?! There is a great interest in develop
new and efficient methods detoxify these agents to elimina
stock, treat population and contain attacks. These coscare
evident by the 2013 Peace Nobel Prize awe to the
Organisation for the Prohibition of Chemical Weagdar its
efforts in eliminating chemical weapo? The nanocataly:
GOSH can be readily used for detoxification purgosénce i
effectively cleaved DEDNPP, a substrate similar ktmown
toxic agents eg. paraoxon). This attribution is n
unprecedented since is common to evaluate detoxificen

J. Name., 2012, 00, 1-3 | 3



ChemComm

properties in model substrates. Finally, studieat timvolve
dephosphorylation processes by a clear-cut casalysie
promising for both development of artificial enzysnand
detoxification of organophosphorus agents.
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