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Abstract: We present an environmentally benign methodology for the
covalent functionalization (arylation) of rGO nanosheets with arylazo
sulfones A variety of tagged aryl units were conveniently
accommodated at the rGO surface via visible-light irradiation of
suspensions of carbon nanostructured materials in aqueous media
Mild reaction conditions absence of photosensitizers functional
group tolerance and high atomic fractions (XPS analysis) represent
some of the salient features characterizing the present methodology
Control experiments for the mechanistic elucidation (Raman analysis)
and chemical nanomanipulation of the tagged rGO surfaces are also
reported

The advent of graphene n eary 2000 has revo ut on zed the
mpact of carbo nanoforms on countess scentfc dscp nes
such as organc eectroncs, prntabe crcuts, corroson
contro /preventon, drug de very, water purfcaton systems,
nanofudc and advanced compostes.! In ths segment,
graphene ox de (GO) der vat ves are p ay ng a major ro e due to
ther unque chemca, mechanca and physca propertes n
transatona research topcs.@ The growng popuarty of
graphene based materas has soon brought to the demand of
sustanabe and re abe synthetc protocos for ther chemca
mod fcaton n order to access tunab e functona tes.P!

The current trajectores for the chemca surface
mod f cat on of GO der vatves can be categorzed n two man
areas, name y: covalent and non covalent functionalization, that
d ffer for the nature of the chemca nteractons between the
exposed carbon based ayers and the dervatzng agent.
Athough comp ementary pro and cons can be found n both
approaches, the covaent decoratve toos are frequenty
preferred, de verng more robust and durabe materas wth
hghy predctabe propertes. In addton, the methodo ogy
adopted n covaent functona zatons can be dctated by the
compos ton of the carbon surface; as a matter of fact, wh e
oxdzed functona groups (ie acohos, epoxdes,
carbony s/carboxy s)° are targeted n GO man puatons, the
argey present Csp? domans are preferaby expoted n more

reduced graphene type mater a s. Concern ng the atter approach,
the empoyment of chemca enttes responsbe for the
generaton of hghy reactve radca ntermed ates va therma,
photochem ca or eectrochemca means, s essenta for the
formaton of new CC or CX bonds.®8 Ths aspect st
represents a marked m tat on towards the mp ementaton of th s
strategy to arger sca es, due to the ntr ns c hazard of the requ red
rad ca precursors (i e d azon um sats, perox des).l")

In pursut of tack ng ths st pendant shortcomng and
based on our recent f nd ngs dea ng w th synthet c photochem ca
methodo og es,”® we document here a new vsbe ght ass sted
aryaton of GO dervatves wth aryazo sufones (1). Ary azo
su fones, of genera formua ArN2SO2R(Ar’), are a cass of st
underexp o ted bench stab e compounds, capab e of de verng
ary radca speces upon vsbe ght exposure.®9 Addtona vy,
be ng genera y deep y co ored, the use of photosens t zers (PSs)
s not requ red, w th a consequent s gn f cat ve s mp f cat on of the
operatng condtons. The atter aspect shoud be carefuy
pondered s nce the structura aff nty of commonvsbe ghtPSs
(r conjugate systems) and the = doma ns of the rGO p anes cou d
cause a detrmenta aggregatve nteracton between the two
spec es, prec ud ng the des red energy transfers from the PS and
the ary rad ca precursors.''” As a consequence, the use of ght
for the cova ent funct ona zat on of graphene mater a s has been
reported ony sporadcay, wth a net predomnance of
energet ca y demand ng UV based act vat on modes.['")

In the present study, rGO nanosheets were functona zed
wth dfferenty substtuted arenes under (photo)cata yst free
condtons, va drect vsbe ght rradaton and usng ary azo
su fones as the source of rad ca s. F gure 1 summar zes the man
features on the use of substrates 1.



Figure 1. Schematic representation of the present visible-light assisted covalent
arylation of rGO with arylazo sulfones 1

At the outset of our nvestgaton, we focused our attent on
on reduced graphene ox de (rGO) due to the arger abundance of
n doma ns present n the surface ayers, wth up to 75% of sp?
hybrdzed C, as hgh ghted by the C 1s XPS sgna anayss.
A mng at the comb nat on of h gh reproducb ty and hgh atomc
ncorporat on on the rGO surface, a survey of react on cond t ons
(stochometrc rato, ght source/power, rradaton tme and
reacton med a) was carr ed out n the conjugat on of deep ye ow
(p C CeH4)N2SO2Me 1a and rGO.1"2

Conven enty, the ncorporaton of the p ch oropheny unt
onto the rGO surface (O/C = 0.16 £ 0.01,C (%)=0.2+0.01, F
(%)= ,N (%)= ,S (%)= ,Fgure2bue ne)was quanttatvey
determned va XPS anayss (C 2ps2 energy b nd ng energy =
200.2 eV).l1%
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Figure 2. XPS survey spectra of reaction condition pristine rGO (blue line) rGO
(rGO dark orange line) rGO with no reagent and only LED (rGO only LED
yellow line) rGO-1a (purple line) nset XPS Cl 2p signal Constant was added
to each spectrum for clarity

Acetontr e was nta y chosen as the react on med um to
guarantee a compete soub zaton of 1a wth consequent
maxmzaton of the photo absorpton. A bue LED strpe,
(“photochemical well mode, 461 nm, 23 W, rrad aton d stance
~ 10 cm, F gure 3b) was emp oyed to exp ot the absorpt on tail
of1a nthevsbe ghtbue regon (400 500 nm, nm*).l%214

,'";-' < wny |
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Figure 3. a) rGO (left) and arylazo sulfone 1a (right) adopted as model
substrates b) The irradiation of the reaction mixture in the “photochemical-well
(blue-LED stripes 23 W) c) The reaction mixtures before (left) and after (right)
irradiation

Under these cond tons ([1a] = 0.05 M, 1a: 0.1 mmo /6 mg
rGO, rt, 24 h), 1arGO was recovered wth a covaent
ncorporat on of ch or ne atoms w th an atom ¢ fracton = 2.8% *
0.2 (entry 2, Tab e 1) and w thout apprec ab e overa reduct on of
the carbon matr x (O/C = 0.14 + 0.01) w th respect to the prst ne
matera (entres 1 and 6).l' Add tona y, XPS anays s supports
the presence of mnor N and S contents, key dervng from
photo promoted decompos t on of the ary azo su fone (vide infra
for mechanstc hypothes s).®¥ In partcuar, wh e the S 2pa2
sgna found n the range of 168.1 168.8 eV, s n agreement
w th the SO2 C group,['%al the N 1s sgna at 399.4 eV s n perfect
agreement w th the C N=N C un t.[1%]

Furthermore, exposure to a stronger rrad at on source (40
W, 456 nm) dd not provde any sgnfcant varaton on the
chem ca outcome (entry 3), wh e the ntroducton of water n the
react on m xture (1:1 m xture w th CH3CN) was found to max m ze
reproducb ty and probe ncorporaton ([C] = 4.8% + 0.2). Ths
resu t can be rat ona zed by tak ng nto account the capab ty of
water to nduce co oda rGO suspensons.l'] Based on ths
ch or ne atom ¢ fracton and s nce 1a has 6 carbon atoms and 1
C atom (atomc fracton = 7), we coud cacu ate the surface
content of the p C pheny rngs to be as hgh as 34% + 3 (see Sl
for further deta s).

The genuney ght drven process was proved by runnng
the react on under the afore descr bed cond tons but n the dark
(entry 5). Here, fxaton of 1a on the rGO surface probaby va
physsorbon (vide infra for Raman anayss) worked n
sgnfcanty ower extents (2.4%).

In add ton, the mpact of the rradaton tme on the p C
pheny group ncorporaton was assessed by proongng the
reactontme up to 72 h (entres 7 9). However, the s ght ncrease
n % atom c fracton of ch or ne atom detected (5.0/5.1% + 0.2)
test fed that the cova ent tagg ng occurred predom nanty at the
eary stage rrad aton t me (entry 7).

Table 1. Optimization of the reaction conditions for the visible-light assisted
covalent functionalization of rGO (for sake of clearness a single layer rGO was
represented)



Runt! Conditions o/ce Atomic fraction [%]®™
Cl N/S
1 Pristine rtGO 016 02+01 /-
2 23 W (461 nm) CHsCN 014 28+02 13/07
3 40 W (456 nm) CH3sCN 016 28+02 09/06
4 23 W (461 nm) CHsCN/H,0 012 48102 0804
5 dark CHsCN/H20 24 h 018 24101 09/06
6 23 W (461 nm) CHsCN/HO 016 02+01 -/
24 hid
7 23 W (461 nr:l)hCH30NleO 015 321202 0807
8 23 W (461 nm) CHsCN/Hz0 014 50£02 09/05
48 h
9 23 W (461 nm) CHsCN/Hz20 014 51202 105

72h

[a] All the reactions were carried out in reagent grade solvents under air 1a 0 1
mmol/6 mg of 'GO [1a] = 001 mM When a solvent mixture was utilized a 1 1
mixture was employed [b] O/C was determined via XPS from O 1s and C 1s
signals O/C ratios are expressed + 0 01 errorson Nand Swere £+ 01 [c] n
absence of 1a

Once hav ng estab shed optma cond tons, the genera ty
of the methodoogy was proved by subjectng a range of
functona zed ary azo su fones (1b q) to bue ed rradaton n a
suspenson of rGO (H20:CHsCN 1:1, Tabe 2). In partcuar,
photoactve compounds featurng probe atoms for the XPS
anayss such as haogens, ntrogen and su fur, were e ected n
order to assess the cova ent graft ng at the surface, quanttatve y.

The success of ary functona zaton on rGO surface was
confrmed by XPS anayses, fo ow ng the sgnas re atve to the
character stc b nd ng energy: C 2p, F 1s (Ar CF3; at 687.8 eV and
Ar F at 686.8 eV),['®! Br 3ds»2 (Ar Br at 70.1 eV,® N 1s (pyrd ne
N at 398.8 eV) and | 3ds2 (Ar | at 620.6 eV).l"*! W th concern to
the S 2paz sgna, the thophene ke C S C was dentfed from
peak at 163.8 eVI'*¥ we separated from the N SO C res dues
(168 eV). A survey spectra are reported n the Sl. Further
confrmaton of ary functona zaton can be found from the C 1s
anayss, that evdenced pecu ar chem ca sh fts of carbon atoms
bonded to ha ogens (see Sl).

From the data co ected n Tab e 2 some conc us ons can be
drawn. The degree of oxdaton of the rGOs confrmed not be
affected by the present photo nduced process, w th a O/C rato
aways rank ng n the range of 0.13 0.19. The ncrease of oxygen
atom content n entry 15 (O/C = 0.24) can be ratona zed n terms
of cova ent graft ng of the th eny unt 1q carry ng the ester mo ety.
Ana ogous y, the forma rGO reduct on recorded w th compound
1q (entry 16) s ascrbab e to the arge number of carbon atoms
present n the tagg ng trary unt.

A types of haogen atoms proved to be effect ve y tagged
to the rGO surface v a the ary nkage. Addtona vy, the poston
of the ha ogen atom dd not s gn fcanty affect the graftng, wth
the ony except on of 2,4,6 Brs(CsH2)N2SO2Me (11, entry 11) and
2 |(CeH4)N2SO2Me (1n, entry 13).

Table 2. Generality of the protocol (for sake of clearness a single layer rGO
was represented)

n,
N,SO,Me Me_  N,SO,Me M\ s N,SO,Me
/s\ CO,Me T
1b-o la
Run® Ar (1) oich! Atomic Overall aryl
fraction % [%]
X content
1 3-CI(CsHs) (1b) 014 63+04[Cl] 38+4
2 2-Cl(CeHa) (1¢) 014 62+05[Cl] 37+5
3 3 5-Clz(CeHs) (1d) 014 111:08[Cl) 33+3
4 3-F(CsHe) (1e) 016 44+03[F] 313
5 4-F(CeHa) (11) 016 30+03[F] 2143
6 4-CF3(CeHa) (1g) 015 93+05[F] 3143
7 35-(CFa)(CsHs) (1h) 016 110+ 08[F] 26+3
8 4-Br(CeHe) (1i) 015 58404 [Br] 40+4
9 3-Br(CeHa) (1) 017 44+03[Br] 313
10 2-Br(CsHa) (1k) 013 53+05[Br] 37+4
11 2 4 6-Brs(Cety) (11) 019 5104 [Br] 1512
12 4- (CeHa) (1m) 017 34+03[ 24+3
13 2- (CeHa) (1n) 017 15+02(1] 10£2
14 3-pyridyl (10) 015 39:05[N] 23+3
15 1p 024 13£02(8] 1322
16 1q 007 69+04[9)] 7644
T e e

[a] All the reactions were carried out in reagent-grade solvents under air 1 0 1
mmol/6 mg of rGO [1] =001 mM [b] Determined via XPS from O 1sand C 1s
signal O/C ratios are expressed + 0 01 [c] Atomic abundance was obtained
fromCl2p F1s Br3d 3d N 1sand S 2p signals [d] Overall aryl [%)] content
was calculated by multiplying the atomic abundance of X by the number of
atoms composing the molecular probe attached to rGO and divided by the
number of X atoms inside the correspondent molecule (see S )

In these cases, the correspond ng 11 rGO and 1n rGO were
so ated wth s ghty ower surface functona zatons (5.1% + 0.5
of Br and 1.5% % 0.2 of |, that correspond to 15% and 10% of
overa ary content, respectvey). Addtonay, not ony
monosubst tuted but a so d subst tuted arenes (ie 3,5 C 2(CeHs)



1d and 3,5 (CF3)2(CeéHs) 1h) were adequatey accommodated
onto the rGO surface wth satsfyng overa atomc fractons
(11.1% of C and 11.0% of F, correspond ng to 33% and 40% of
overa ary content, respectvey).

Worth menton ng, the 3 pyrdy rng was aso effectvey
anchored to the rGO surface wth a fna 3.9% + 0.5 N atom
abundance (overa ary fracton = 23%) n the presence of 3
((methy su fony )d azeny )pyr d ne 10 (entry 14). F na vy, to further
exp ore the poss b ty to conjugate the rGO matr x w th funct ona
heteroary unts, funct ona zat on exper ments were carr ed out n
the presence of theny and b th enyazo sufones 1p and 1q.
Sat sfy ngy, the ncorporat on of the th oary scaffo ds occurred n
moderate to good extents (1.3 6.9%, entres 15 and 16).1"8

The complementarity of the presented methodology with the
known diazonium salt based analogou® was fna y ascerta ned
by treatng a suspens on of rGO wth p ch oropheny dazonum
sat 1a’ under conventona Bue LEDs rradaton (entres 17).
Interest ngy, s gnfcant ower tagg ng (1.0%) of the ha ogenated
ary fragment was recorded prov ng the h gher eff c ency of our
protoco .

Fna y, the nanomanpuaton of odo functona zed 1m
rGO was effect ve y proved by subjectng a 1m rGO suspens on

1m-rGO ([I] = 3.4%)

FaC 23W
: J o0
b) NSOMe — —— —
FoC "

PP (1 more

[PA(PPh;),] (1 mol%)
K>CO,, THF/H,0
70°C, 16 h

(THF/H20) to a pa adum catayzed Suzuk Myaura cross
coup ng n the presence of commerca y ava abe boroncacd 2
(Scheme 1a).

XPS anays s of the recovered nanostructured matera 1r
rGO (F gure 4) revea ed an a most comp ete d sappearance of the
odne sgna (0.5 0.1) n favor of the fuor ne one (6.9%, F 1s at
688.3 eV), generated by the format on of the b s(tr f uoromethy )
bpheny group. The atter fndngs contrbute to eect the
methodo ogy as a vauabe convergng synthetc too for the
preparaton of ta or made functona brushes on carbon based
nanomateras.

To further corroborate ths chemca nterpretaton, we
empoyed (CFs)2baryazo sufone 1r n the photochem ca
der vat zaton of rGO (Scheme 1b). Gratfy ngy, XPS anayss of
recovered 1r rGO showed a fuorne F 1s sgna at 687.6 eV that
s w th n the same range of the one recorded on 1r rGO obta ned
v a Suzuk coup ng. Here, the h gher atom ¢ fract on of F = 13.5%
vs 6.9% can be reasonab y accounted by cons der ng a parta de
od naton of 1r rGO dur ng the Pd med ated nanoman pu at on.

pathway a)
pathway b)

1r-rGO ([I] = 0.5%, [F] = 6.7%)
1r-rGO ([F] = 13.5%)

H,0:CH4CN (1:1)
i, 24 h

Scheme 1. a) Chemical elaboration of the tagged 1m-rGO (Suzuki cross-coupling) b) Proving the consistency of the chemical elaboration of the covalently bound
p- -aryl units (Scheme 1a) via photo-irradiation of rGO with preformed compound 1r
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Figure 4. XPS survey spectra of reaction path proposed in Scheme 1 Pristine rGO (blue line) 1m-rGO (orange line) 1g-rGO (yellow line) 1r-rGO path a (purple
line) and 1r-rGO path b (green line) F1s 3d O 1s N 1s and C 1s regions are highlighted by rectangles C 1s region presents clear evidence of CF3 carbon at
292 eV ca chemically shifted from Csp? at 284 6 eV Auger signal from F KLL is present in 650-600 eV region

Mechan stca vy, the rad ca process dep cted n Scheme 2
s proposed. In part cu ar, the nta rrad aton of ary azo su fones
wth Bue LEDs woud ead to the correspond ng ary (A, Ar) and
methanesu fony rad cas va homo yt ¢ c eavage of the N S bond
and subsequenty ntrogen extrus on from the frsty generated
arydazeny radca.® Addton of the ary radca A to the n =
unsaturaton of the rGO surface woud generate the covaent
graft ng of the ary unt and consequent format on of a cont guous
rad ca center B.I" D rect hydrogen abstract on from the med um
woud resut n the tagged carbon speces type C. Aternatvey,
trapp ng of e ther the methanesu fony rad ca or the e ectroph ¢
aryd azeny rad ca before ntrogen oss by rGO can para e the
ary aton event, generat ng new heterofunct ona zed “defects” on
the nanostructure ary ated att ce (see speces D and E).

The afore proposed hypothess was parta y verfed by
appyng optma cond tons to the decoraton of samp es of GO
w th su fone 1a (see Sl for deta s). The amount of Csp? measured
by XPS (C 1s sgna) ncreases from 40% n GO to 75% n rGO.
As expected, the man pu at on of graphene ox de, that features a
ower content of Csp? domans, ed to a sgnfcant ower atomc
fracton of C ncorporaton (1.4%) accompan ed by a sgn fcant
reduct on of the carbonaceous matera (see Sl for deta s).l"®

Scheme 2. Simplified mechanistic sketch

The afore proposed hypothess was verfed both
expermenta y as we as spectroscopca y. In partcuar, we
app ed the opt ma cond t ons to the decorat on of samp es of GO
w th su fone 1a (see Sl for deta s). As expected, the man pu aton
of graphene ox de, that features a ower content of Csp? doma ns,

ed to a s gnfcant ower atom c fracton of C ncorporat on (1.4%)
accompaned by a sgnfcant reducton of the carbonaceous
matera (see Sl for deta s).I" In add t on, the nvo vement of the
Csp’domans n the present covaent graftng, was
unamb guous y proved by runnng a vsbe ghttreatment on
HOPG (h gh y ordered pyro yt ¢ graph te) w th 1a. The spectra of
1a-HOPG samp es obta ned w th and w thout ght exposure were
co ected and reported n F gure 5. 1a HOPG presents a c ear D

band at 1330 cm! that demonstrates the format on of sp® defects
due the cova ent ary aton process on the Csp? compos ng the

surface of HOPG basa p ane (change n hybr d zat on from sp? to
sp®). Conversey, no D peak was observed n absence of LED

ghton HOPG contro samp e (1a HOPG dark), therefore, t m ght
be ¢ a med than cova ent graft ng observed on 1a HOPG smany
a ght drven process. G band (1582 cm™) and 2D band (2686
cm') were a so present (see Sl). The rato ntensty of D and G
band (i e lo/ls), was used as quanttat ve parameter of graft ng
eff cency, resutng 0.04 + 0.01 for 1a HOPG. The magn tude of
lo/lc s compatb e wth a sub mono ayer coverage of d azonum
moecues grafted on HOPG, as prevousy reported for
e ectrochem ca graft ng!®! and chem ca y act vated graft ng.*

150

1a-HOPG dark G
1a-HOPG

Intensity (a.u.)
8

o
(=}

Ipflg =0.04 +0.01

Inflg =0

1000 1200 1400
Raman shift (cm'1)

Figure 5 Raman spectrum of 1a-HOPG dark and 1a-HOPG Linear background
was subtracted and spectra were shifted for clarity

In conc us on, we have documented a vsbe ght ass sted
cova ent functona zaton of rGO v a an ary aton procedure. It s
worth ment on ng that: ) the absence of meta based or organ ¢
PSs, )the verym d cond tons emp oyed (rt, aqueous med a), )
the wde functona group toerance; v) the dense surface
decoraton, and v) the quant tat ve ana ytca determ nat on of the
tagged ary unts va XPS, represent a unque comb naton of
factors e ect ng the present methodo ogy as a va uab e synthetc
a ternat ve to the known protoco s for the cova ent mod f cat on of
reduced graphene ox de surface. The ate stage functona zaton
of the mod fed rGO and a mechan st c proposa based on both
expermenta as we as spectroscopc (Raman) anayses
comp eted the study. Efforts towards the mp ementaton of the
present protoco to the rea zaton of dfferent covaenty
conjugated nanostructured carbon mater a s are underway n our
aboratores and w be presented n due course.
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