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Abstract

The surface of highly oriented pyrolitic graphit¢iGPG) has been modified using a new
photochemically induced grafting reaction. Thiot/é been revealed to behave as privileged sulstrate
for this efficient grafting process. The reactia@tars under extremely mild conditions with visibigght

and at room temperature. The formation of moledalgers on the graphitic surface has been probed by
X-Ray Photoelectron Spectroscopy, Cyclic Voltammeand Infrared Reflectance Absorption
Spectroscopy. The reaction was investigated irptasence of thiols bearing different terminal goup
COOH, —OH, -CH(NHCOCEJCOOH, —COOCHCHSs;) and in different solvent solutions (DMF, EtOH,
CHsCN). Carboxyl and hydroxyl groups as well as the af acetonitrile as a solvent were found to
facilitate the reaction. Our results suggest the teaction mechanism proceeds via photoinduced
electron transfer from the HOPG into the liquidfaom highly reactive alkyl radicals able to grdfiet
surface. This type of reactivity of a graphite dtddte® may be important for general modification
strategies of nanotubes and graphene and for neplicafions of carbon-based materials in

photocatalysis.

Keywords photochemical, HOPG, graphite, functionalizatiotijols, mercaptans, organothiols,

photoinduced.



1. Introduction

Highly graphitic carbons and nanostructured sgrbons (e.g. nanotubes, graphene, fibers, geaphit
powder etc) are of great interest for many cureamt potential applications, for instance, in theaarof
electrochemistry, electronics, sensing, catalysigercapacitors, fuel cells and gas storage. Mdny o
these applications rely on interactions that talacep at the interface (adsorption, charge transfer,
induced dipoles); modulating the interfacial pragsr of these materials has therefore become of
increasing importance. Surface functionalizatiorthefse systems has been proposed as a method, for
instance, of controlling charge carrier type andioemtration, of modulating physical and chemical
interactions with molecules, and as an approadampoove handling and processabilfy.

Photochemical reactions involving interfacial cletgansfer have recently emerged as an important
class of reactions for the modification of amorphararbon materiafs® Photochemical reactions
involving graphite and graphene remain, howevdagtixely unexplored despite recent examples of
photoinduced reactivity that suggest that graptstistems display rich photochemical reactivity. For
instance, Kasemo’s group has observed photoreducfisvater molecules at graphite/ice interfat¥s.
Modestov et al'*® demonstrated that graphite displays photoelectimétal behaviour involving
photoinduced charge transfer at the electrodelsalutterface. Photochemical modification strategie
for graphene or graphite have utilized mostly hygldactive molecules with intrinsic photochemical
reactivity in order to achieve grafting (peroxidésiitrenes’ etc). Examples of photoinduced reactions
that leverage light absorption by the graphite sabs instead, are relatively few. However, receoitk
shows that such processes are possible: photonpsibsdby single and multi-layer graphene can lead
electron transfer from graphene to radical initistsuch as benzoyl peroxide and ultimately to the
functionalization of graphene with phenyl grodps.

Here we report a new photochemical method for thealent functionalization of highly ordered
pyrolytic graphite (HOPG) using organothiols undésible illumination. Many biomolecules display
native thiol groups or can be easily thiolated;réfere, thiol chemistry offers a versatile route fo

coupling biologically active compounds to graphitegraphene. Furthermore, organothiols bearing a
3



wide range of chemical groups are commerciallylatsé because of the rich body of research on self-
assembly of thiols on gold and therefore offergaificant practical advantage as functional molesul

Using a combination of infrared spectroscopy, cyclioltammetry and X-ray Photoelectron
Spectroscopy (XPS) we show that thiol-terminatedecides can be photochemically tethered to HOPG
from solution and under mild conditions. Based am cesults we propose a reaction mechanism
involving photoinduced electron transfer at thepgrge/solution interface. Attachment of alkylthiols
appears to proceed via an electron transfer stepled to a desulfurization reaction that generaess
alkyl radicals responsible for the grafting.

HOPG has previously been used as a convenientegndducible substrate for studying fundamental
chemistry and charge transfer processes at graptétibons in generdl;’® and is considered a
reasonable model for investigating the chemistrgmfphen® and nanotube¥. We therefore believe
that these results are of general interest in dalanprove our understanding of graphene and ndoeot
photochemistry in general, and to possibly devealev photoswitchable reduction agents based on

carbon materials.

2. Experimental Section

Chemicalsand Materials

Dimethylformamide (Aldrich, HPLC grade), absoluthanol (Sigma) and dichloromethane (Fisher,
HPLC grade) and acetonitrile (Fisher) were usechaut further purification; water used for our
experiments was deionized. Potassium ferricyaniddrich), potassium chloride (Aldrich) were used
without further purification. The following compods were used as received for surface modification:
11-mercaptoundecanoic acid (MUA, Aldrich), 9-mettcajpp-nonanol 96% (MNN, Aldrich), N-acetyl-L-
cysteine (AcCy, Fluka). Ethyl 11-mercaptoundecamdBtMU) was synthesized via Fisher esterification
from the corresponding acid and ethalfdf Highly ordered Pyrolytic graphite (HOPG) wafers wex
ZYB grade (NT-MDT) and were surface cleaved immeyaprior to experiments using the adhesive

tape method.



HOPG functionalization

Standard functionalisation reactions were carriedby immersing HOPG wafers in degassed DMF
solutions containing 5 mM alkylthiol and 5 mM deimed water. HOPG samples were then irradiated
under Ar atmosphere using a commercial compactdiaent bulb (Solus) for 15 min. The total power
incident on the sample was 5.8 mW as measured wsioglorimeter (Model 365, Scientech). The
spectral power distribution of the lamp displaysémain emission lines at 435, 548 and 615 nnmaand
small contribution at 364 nm (s&eipporting Information). After reaction the samples were washed
once in DMF and twice in Ci€l, and dried under a stream of nitrogen gas.

Characterization

Samples were characterized via Infrared reflectibgserption spectroscopy (IRRAS). Spectra were
collected on an FTIR spectrometer (Bruker Tensor sing a Mercury-Cadmium-Telluride (MCT)
detector and a VeeMaxll variable angle speculdectfnce accessory with wire grid polarizer. 256
scans at 4 cthresolution were collected for both background sachple using p-polarized light at 70°
incidence from the surface nornflExcept when noted, background samples consistedQRPG
wafers that had undergone exactly the same protaapt for exposure to light. All spectra reporited
this work are baseline corrected; typical RMS amekpto-peak noise levels were always below®
and &10* absorbance units respectively.

XPS characterization was performed on an ultra-kituum system at 4 10*° mbar base pressure
(Omicron), equipped with a monochromatized Al Bource (1486.6 eV) and a multichannel array
detector. Spectra were recorded with an analyzmiuton of 0.5 eV at a 45° take-off angle. Atomic
area ratios were determined by fitting to Gauséisnttions after Shirley background correction (Igor
Pro)?*?2 and normalizing the peak area ratios by the cpamding atomic sensitivity factors (C =
0.296; O = 0.711).

Cyclic voltammetry was performed using a threetetele setup using Pt wire and Ag/AgClI (1J
Cambria) as counter and reference electrodes, aagyg, on a CHI660C potentiostat. A home-built

Teflon cell was used, in which a Viton o-ring pegsagainst the HOPG working electrode defined an
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electrode area of 0.053 énas determined via Randles-Sevcik pfdtsleasurements were performed at
room temperature in Ar purged solutions of 0.001KNFe(CN) using KCI 0.1 M as supporting

electrolytes.

3. Results

3.1 HOPG reactionswith organothiols

Freshly cleaved HOPG wafers were irradiated forydrd min in DMF solutions containing both
thiols and water in 5 mM concentration. Scheme dwshthe organothiols used in our experiments: N-
acetyl-L-cysteine (AcCy), 11-mercaptoundecanoid gMUA), ethyl 11-mercaptoundecanoate (EMU),
9-mercapto-1-nonanol (MNN). In order to investigtte reactivity of HOPG layers with organothiols
under irradiation we carried out IRRAS characteéiaraon the HOPG surfaces.

Figure 1 shows IRRAS spectra of the organic lagétained after photochemical grafting for 15 min
on HOPG. All samples display a prominent peak &01&m’ that is assigned to the infrared activg E
mode of graphité® Spectra collected after reaction with thiols thassess long alkyl chains show two
maxima at 2926 cthand 2852 cni that can be assigned to the asymmetric and syrion@tH
stretching modes, respectively, of Cgtoups in the alkyl chairf§:?® A third peak is clearly visible at
1472 cm® and it can be assigned to the bending motion ahyfene groupé*?® Because of the
presence of only one methylene unit in the AcCyirghstretching and bending peaks are absent in the
AcCy spectrum.

Reactions with MUA and AcCy also yield peaks atlahd 1739 ci, respectively, that we assign
to the C=0 stretching mode of carboxylic acid gaufcCy should also display an amide | peak at
~1640 cnt,*® however, spectral features in the region 1550-1666 are difficult to detect because of
the intense E band and the presence of residual water vaporspdde position of the C=0 stretching
peak strongly suggests that —-COOH groups are nativied in hydrogen bonding as indicated by

previous infrared studies on MUA*>**and AcCy® monolayers.



In the case of EMU, which possesses an ester cdribamety, no carbonyl stretching peaks were
observed. Control experiments carried out under damme conditions but without irradiation (see
Supporting Information) indicate that the alkyl chain modes appear ofigr arradiation and are indeed
the result of EMU grafting to the HOPG surface. Bmaultaneous presence of C—H stretching and
absence of C=0 stretching modes suggests that Ebfllagls different orientation and/or coverage after
reaction with graphite surfaces when compared toAMIUACCy 232

HOPG wafers were characterized after reaction usyajjc voltammetry (CV) in the presence of
redox couples in solution. Figure 2 shows the cyetlitammetric response of HOPG electrodes in 0.1
M KCI electrolyte containing 0.001 M Jke(CN} at 0.075 V/s after cleavage (trace A), after rieact
with MUA (trace B) and after exposure of HOPG to MJolutions without irradiation (dark control,
trace C). The CV of bare HOPG electrodes showsatixid and reduction waves characteristic of
Fe(CN)}>"* with peak-to-peak separatidkE, = 138 + 48 mV £, calculated from 5 samples)E,

values for Fe(CNJ™

are much larger for near-perfect basal plane g@agBPG) electrodes (at least
700 mV), whereas at edge plane graphite (EPG)relies the much higher charge transfer results in
reversible behaviourAE, ~ 59 mV)>*3* Our results therefore indicate that after the \Greg process
there is a sufficiently high edge plane coverage) (& the surface so thaE, values are closer to EP
behaviour. The high sample standard deviation olseye, is also a characteristic of HOPG electrodes
since even small variations in EP coverage cartidedly affect the electrochemical resporise®

After reaction with MUA the voltammetric peaks amtirely suppressed (Figure 2, trace B). This
indicates that after reaction with MUA charge-tfenss hindered at the surface, as it typicallywsc
after the deposition/growth of a blocking layer thie working electrode. This type of voltammetric
behaviour has been previously observed in the abself-assembled monolayers (SAMs) on Au and is
an indication of effective passivation and orgdaiger depositioi>>"*® After reaction with MUA we
also observe a decrease in the capacitive contibta the current as is expected of an insuladtygr

of finite thicknes€>*"**Similar results were obtained for AcCy and MNNsaswn in theSupporting

I nformation.



Figure 2 also shows a CV obtained under the samditcans when HOPG surfaces are exposed to
the MUA solutions but not irradiated (trace C). Rettbn and oxidation peaks are clearly visibleha t
CV of the dark control, and peak-to-peak separatsoAE, = 320 mV. This value is intermediate
between those of freshly cleaved and reacted gmpbuggesting that partial adsorption of the
molecules takes place at the HOPG-solution inteffaddowever, only irradiation under reaction
conditions leads to complete suppression of theamohetric peaks indicating that this process induce
a profound change at the HOPG surface.

Since IRRAS results indicate that there are diffees in the organic layer obtained from EMU and
MUA we investigated the electrochemical responseHGPG electrodes after reaction with EMU.
Figure 2 shows a CV obtained for HOPG electrodésr aéaction with EMU (trace D). Voltammetric
peaks of the EMU-HOPG sample are not suppressed\ves they are stretched by comparison with a
bare HOPG sample. These results indicate that Eb#Hdtion leads to layers of inferior passivating
behaviour when compared to MUA-HOPG samples, pbsslile to a lower coverage of EMU at the
HOPG surface.

In summary, IRRAS results are consistent with ttes@nce of alkyl chains bearing the corresponding
organothiol terminal groups after a photochemieaktion on HOPG surfaces. Reaction yield appears to
depend on the type of terminal group present orthitat, whereby thiols with terminal carboxyl and
hydroxyl groups yield a higher coverage than etganinated ones. Similar conclusions were reached
via electrochemical characterization methods. €yetitammetry using Fe(Ch)'* in solution show
that, after reaction with most of the organothi@sblocking layer is formed on the graphite surface
consistent with surface grafting of organothioleafrradiation. Also in this case, reactivity appeto
depend on the surface terminal groups, with carberxy hydroxyl terminated thiols yielding better

passivating layers and consistent with a higherewéar coverage.



3.2 Structure and coverage of MUA layers

In order to obtain quantitative information abobe torganic layer coverage and to understand
structure and composition of the organic layerscamied out XPS measurements. Figure 3a shows the
Cls region of graphite samples after cleaving inteace A), after irradiation in DMF solution (@
B), and after irradiation in MUA solutions (tracg. &PS spectra are dominated by the main C1s line o
graphite with a maximum at 284.2 8VFreshly cleaved graphite shows its characterisjenmetry at
high binding energiés*? and ar-mt* satellite peak at 290.8 e¥/.After irradiation in DMF under inert
atmosphere the Cls spectrum remains unchangedhamg $10 evidence for the formation of oxygen
containing groups in the absence of organothiotsvéVer, when MUA is present in solution the C1ls
signature develops a well-resolved peak at 288.¢haVis consistent with the appearance on thaserf
of C=0 groups associated to carboxylic acid meti

The main peak at 284.2 eV can be attributed mdstlgontributions from the graphite substrate,
therefore, the area ratio of the peak at 288.9@thé main line can be used to estimate the surface
coverage of C=0 groups after reactiof.fit of the spectrum yielded an area rafigss /Aoss» = 0.011;
considering an inelastic mean-free path for elastron graphite (density = 2.25 gfjnof 1.896 nrii®
and a take-off angle of 45° we can estimate thatstirface coverage is *B0** molecules/crh This
value is similar to that obtained for densely packeganothiol layers on gold and suggests a high
reaction yield for photochemical reactions of MUA lHOPG%°

Surprisingly, it was not possible to detect anysulising XPS. The S2p region for the same sample
shown in trace C is reported in tt8ipporting Information. The presence of thiols, thiolates or
disulfides in this region is characterized by a letiin the region 162-164 €%*°***whereas
oxidized thiol groups should yield peaks around &§8° The absence of any peaks strongly suggests
that thiol groups initially present on the molecalee lost after photochemical reaction with HOPG
surfaces. Similar results were obtained after reactith hydroxyl terminated thiols (se®ipporting

Information).



3.3 Importance of thiol groupsand water content

Since XPS results show no evidence of sulfur-coigi groups on the surface after reaction, we
investigated whether thiol groups were necessarthforeaction to take place. Figure 4 shows a&pi
Fe(CN)>"* cyclic voltammogram obtained on freshly cleaved iBO@race A), compared to that of
HOPG after irradiation in 5 mM solutions of wat@daundecanoic acid (UA, trace B), the non-thiolated
analogue of MUA. Reduction and oxidation peakschearly visible and theiAE, is only marginally
different from that of a bare HOPG sample. Thisawebur is in clear contrast to that observed after
reaction with MUA (Figure 2, trace B) and is combpla with modest physisorption of UA on HOPG
surfaces? The inset shows the C=0 stretching region of RRAS spectrum of UA-HOPG samples
showing a lack of absorption bands. These restlitxefore, strongly indicate that the presence of
sulfhydryl groups is essential for obtaining higtverage layers on graphite surfaces under irradiati
and that thiols must behave as privileged substiat¢hese reactions. The implications of thesaltes
together with the lack of S2p peaks in XPS spegiiiedbe examined in th®iscussion section.

The effect that water has on the reaction was tigeted by carrying out reactions in DMF with
different amounts of water in solution. Figure 5aws IRRAS spectra in the C=0 stretching region of
HOPG samples after reaction with MUA for 15 minDMF solutions that contained different amounts
of water: using anhydrous DMF (trace A), using HRif@de DMF which is known to contain residual
water (trace B), and after water addition to a eomi@tion of 0.005 M (trace C). After reaction with
anhydrous DMF, no C=0 stretching peaks are visifsbeyever, as the amount of water is increased in
solution, we observed the development of a C=Qutireg peak at 1740 cf These spectra indicate
that the presence of water facilitates the reactioeh, within the timescale of our experiments, appe
to be necessary for grafting to take place.

Best results were obtained for 1 : 1 water:thitlosaand 15 min irradiation time. Longer irradiatio
times did not improve reaction yields and, on tlmmtary, were found to lead to organic layer
degradation. Figure 5b shows IRRAS spectra of H@RE  reaction in 1 : 1 water:MUA solutions,

after 15 min (trace A) and 3 h (trace B) of irrasia. The absorption peaks associated with C=0
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stretching peaks are greatly reduced after longsxe to light in the reaction solution, indicatiigt,
after rapid initial grafting, the reaction self#t@nates and any further reactivity leads to degradaof

the organic layer at the HOPG-liquid interface.

3.4 Thermally initiated reactions of thiolson graphite

Our results indicate that thiol groups are impdrianorder for the reaction to take place. Thials a
known to add to unsaturated systems via thiyl edldmrmation. We therefore investigated whether the
formation of thiyl radicals could be the initiakgtin the reaction of MUA with HOPG. In order tstte
this hypothesis we prepared 1:1 solutions of-Azbbis(4-cyanovaleric acid) (ACVA) and MUA in
DMF. ACVA is a radical initiator that can be actigd thermally at 75°€“*® leading to the formation
of thiyl radicals in the presence of thiols in gn.***° Freshly cleaved HOPG samples were immersed
in these solutions under an argon atmosphere ampd &e 75°C for 1 h prior to rinsing and
characterization. Figure 6 shows a typical IRRA8csum of graphite surfaces after these reactions
(trace B) compared to the result obtained aftetgafemical reactions using water (trace A). For the
thermally initiated reactions the intensity of bdath—H and C=0 stretching peaks is at the limit of
detection of our IRRAS measurements, and greatfgrior to that of photochemically initiated
reactions. Therefore, formation of thiyl radicaissolution does not appear to lead to effectivétign
at the HOPG surface; hence, a different species bmusesponsible for initiating organothiol reanso
on graphite. Furthermore, thiyl addition to elentmich groups leads to the formation of C—S bonds
that would contribute to XPS peaks in the S2p medto The absence of S2p peaks after photochemical
initiation (Figure 3b) is therefore consistent wéltreaction that does not proceed through thiyicedd
addition and is also consistent with the observedligible reaction yields via thiyl radical thermal

initiation.

3.5 EMU reactivity in different solvents

The EMU reactivity was found to be different in qmamnison with the corresponding carboxylic acid
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MUA in DMF solution under 15 minutes of irradiatigRigure 2, respectively trace D and B). Therefore
its reactivity was investigated in different solt®@nAlcohols and CECN are better than DMF at
stabilizing both solvated electrons and anitfrthierefore, we decided to investigate the effeaisifg
EtOH or CHCN as reaction solvents on the EMU grafting yield.

Figure 7 shows CVs obtained for HOPG electrodesy aftaction with EMU and water (both 5 mM)
carried out in DMF (trace B), EtOH (trace C) andsCN (trace D); the CV for bare HOPG (trace A) is
also reported for comparison purposes. Under three sanditions the voltammetric peaks of the EMU-
HOPG samples are significantly suppressed aftetioges inEtOH and CH3CN compared to those in
DMF. Our results therefore indicate that EMU reawsi in CHCN or EtOH vyield layers of higher
passivating behaviour in comparison with EMU reacin DMF (Figure 1, EMU), which is consistent

with higher final EMU coverage at the HOPG surfafter photochemical reaction.

4. Discussion

Our results show that after a photochemical reactimganothiols bearing different terminal groups
were grafted to HOPG surfaces. This reaction isnoted by low energy photona & 364 nm) and
occurs in the presence of thiols and water in daetion medium. Thiols are essential for the readid
take place, however, no sulfur containing groupdcde found at the surface after reaction. Althoug
the presence of a thiol group is necessary, natrgknothiols graft with the same yield at the HOPG
surface since —COOH and —OH groups were found ¢ditéde the reaction compared to —-COOR
moieties.

There are few examples of organothiol attachmerdattbon surfaces. A first category of reactions
relies on the nucleophilic character of the thimup but it usually requires prior modification thie
carbon surface in order to create electrophilidoarcenters. Following this approach Lockett et al.
have shown that organothiols in solution can addpteaich amorphous carbon surfaces that had been
previously halogenatét or modified with acyl chloride¥’ leading to the formation of S—C bonds.

Alam et al>* carried out the photochemical attachment of thiol€so, yielding fullerene-thiol adducts
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via reaction of fullerene radicals with thiyl radis through the formation of S—C bonds. It is tifene
surprising that in our case we were not able teddhe presence of S—C bonds at the surface; thus
suggesting that the reaction pathway is fundamlgrdédferent from previous thiol-on-carbon reactson
and that it must involve cleavage of the C—S bandrganothiols.

Theimportance of light.

A first important finding is that light in the vidie range can be used for this reaction. Neither th
solvent nor the organothiols used for these reastimbsorb light in the emission range of the light
source § > 364 nm; E, < 3.3 eV) (se&upporting Information). Direct photolysis of organothiols via
either S—H or C—S bonds, in fact, requires muchtshavavelengths typically below 300 rmi°and
higher photon energies are needed for C—S vs. Sis$tdatior® Furthermore, if direct photolysis of
the thiol group were sufficient for grafting to aecc we would expect all organothiols to react with
similar yields, contrary to our observations. Henge conclude that direct photolysis can be exadude
as a reaction pathway for HOPG functionalization.

Light absorption by the HOPG substrate must theeefday an important role in these surface
reactions. HOPG is a semimetal and optical absorptan lead to the formation of photogenerated
charge carriers over a wide range of wavelendftflt has been shown that hot carriers in graphite ca
transfer to acceptor species in solutfolf or to solvent traps in thin ice filnt§,leading to redox
reactions and physical transformations at the graphterface, respectively. It is therefore impmit to
consider photoinduced charge transfer as a posesialetion pathway for the surface modifications
observed in our experiments.

Based on the optical properties of the liquid phese of HOPG, we hypothesize that charge transfer
is one of the key steps leading to organothioltgrgfon HOPG. This idea is also supported by our
results that show that protic groups facilitate i&ction, particularly when comparing MUA to itster
analogue EMU. Similar differences in reactivityweén analogue ester and acid compounds have been
previously observed in photochemical carbon fumeatization reactions using terminal alkenes.

Terminal alkene reactions are initiated via elatfpbotoemission from the carbon into the liquid ggha
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and grafting yields can be enhanced by loweringptimoemission threshold using electron acceptors a
the carbon interfac®®®®* Lockett and Smitt showed that -COOH terminated alkenes indeed gisgla
grafting yields on amorphous carbons up to tengilmgher than those of —-COOMe analogues.

Protons are routinely used as electron acceptorsolation and lead to cathodic photocurrent
enhancements in photoelectrochemical &ffssia reaction (1)°4°°

H"+ €& > He @)

H* facilitates photoelectron emission into liquidsibbecause its acceptor level lowers the threshold
to photoemission and because reaction (1) prevemsge recombinatio}:*® The enhancement of
photocurrents thanks to the presence binksolution has been experimentally observed insthecific
case of HOPG electrodes by Modestov et al. showaidcathodic photocurrents at photon energies of
2.7 eV or lower could be observed in acidified amsesolutions?

Reaction (1) leads to the formation of hydrogemestavhich can rapidly react further with organic or
water molecule& —COOH groups display similar reactivity with elects in the condensed phase
because (a) they dissociate protons that react aviittn polar environments according to (1); and (b)
when protonated, as expected in DMF mé&dihey react with electrons to form carboxylate asiand
hydrogen atom& 2 _COOR groups can also capture electrons in coedephases, however, they
dissociate mainly into carboxylate anions and alagicals R which display a completely different
chemistry compared to Hvifle infra).

Therole of sulfhydryl groups.

The enhanced reactivity of protic terminal groupppmorts the argument that photoinduced electron
transfer from HOPG into the liquid phase could bewastep in the functionalization process. Howgver
this step alone cannot account for the overall tngfg since our experiments with alkanoic acids
devoid of thiol groups did not lead to surface gngf under similar conditions. The absence of any
sulphur in the grafted layers suggests that sutftgdact as sacrificial groups in these reactiams;
desulfurization step must take place under reactooditions and this step is probably essentialrder

to tether the alkyl chains to the HOPG surface.
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Sulfhydryl groups have a rich radical chemistrytthecounts for their role in enzyme catalysis and
radiation damag® ’*To a large extent their radical chemistry is basedormation of thiyl radicals via
hydrogen abstractioft. However, our experiments with thermally generateg radicals clearly show
that this species does not lead to effective grgfit HOPG surfaces. Hence we exclude the posgibili
that the high coverage layers observed with MUAtheeresult of thiyl radical addition to the graghi
surface. On the other hand, it has been demorgtthee RSH molecules undergo R—SH cleavage
leading to the formation of alkyl radicals undeduetive attack by either solvated electr8r$ or
hydrogen atonf§®° according to the following reactions:

He + RSH> Re+HS (2
€ + RSH> Re + HS 3

Reactions (2) and (3) suggest that photoinducettrete transfer into the liquid is a viable route fo
the generation of highly reactive alkyl radicalssmlution. Alkyl radicals are strong alkylating a¢e
and have been shown to be effective agents fofuhetionalization of graphite and nanotu5&&?*
generation of alkyl radicals close to the HOPG/sotuinterface is therefore very likely to lead@e—C
covalent anchoring of alkyl fragments. Interestyngl similar route to that shown in reaction (3% ha
been proposed for the side-wall alkylation of nabes using dodecylsulfides using Li/j#

A proposed mechanism for the reaction of organtdhom HOPG is illustrated in Figure 8, where
both protons and solvent traps are shown to fatgliphotoemission of electrons from HOPG into the
liquid. It is important to notice that in our prageml mechanism, unless photoemission is suppressed
after the first layer, radicals are generated oomtisly and can lead to multilayer grafting togethigh
loss of any unsaturated groups present on theegrafiblecules. This phenomenon has been previously
observed for photoinduced radical fragmentatioarabrphous carbon surfaé88and is in agreement
with the loss of C=0 stretching peaks in MUA layelsserved after prolonged irradiation (see Figure
5b). Finally, the role of water in this mechanisgsmains unclear; however, it is possible that icfions

as a hole scavenger in order to preserve chargeatigf®®’
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Improving theyield of ester terminated thiols.

In the case of -COOCHerminated organothiols, based on ESR studiestretecapture leads to the
formation of carboxylate anions and «CHadicals®® These radicals could either react with the HOPG
surface directly leading to short alkyl chains éedfd to HOPG, or decay via hydrogen abstractiom fro
RSH molecules according to the well known “repairéchanism of sulfhydryfs (rate constank ~16
M s%.%° Either one of these processes would lead to passipation of HOPG electrodes both
because of grafting of a thin organic layer, orduse of no radical addition at the surface in tres f
place, in agreement with our cyclic voltammetry exments (Figure 7, trace B).

According to our proposed mechanism, in order tprove the reactivity of —-COOGHerminated
organothiols it is necessary to promote reactiaysafd (3). Reaction (2) would require the additdn
an acid, which we decided to avoid in order to edel the possibility of ester hydrolysis. We then
decided to leverage reaction (3) by improving tieddyof photoinduced charge transfer processes.

Acetonitrile and ethanol are known to be bettevesals than DMF for stabilizing both solvated
electrons and anion speciés’ The stabilization of solvated electrons correlgsitively with the\max
of bound-bound optical transitiods>* which for solvated electrons in DMF, acetonitiéled ethanol
are reported at 1680 nin;1450 nm®®” and 680 nrif respectively. The shorter thg., the greater the
stabilization and, consequently, the lower the etquk threshold energy needed to generate solvated
electrons at the HOPG/liquid interface. The abibfythe solvent to better stabilize anions coukbal
promote reaction (3) by improving the stabilityrefction products. In fact, a change in solvennfro
DMF to acetonitrile is known to frequently lead pmsitive shifts in electrochemical reduction
potentials?®*%°

These properties have been empirically incorporatiedthe solvent acceptor number (AN) which for
DMF, CH,CN and EtOH is reported at 16.0, 18.9 and 37.%ewsvely’® EMU grafting yields in
acetonitrile and ethanol follow indeed the trendsatvent acceptor number and support the idea that

alkylthiol photochemical grafting to HOPG proceets photoinduced electron transfer into the liquid.
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5. Conclusions

The generation of alkyl radicals for the purposduoictionalizing graphitic layers has typicallyiesl
on the use of precursors with high reactivity asdsach unstable or difficult to handle. We have
developed a method for the functionalization ofptite based on organothiols and mild irradiation
using a common fluorescence bulb, that can leddedormation of organic layers with high coverage.
The use of organothiols is advantageous, from thetigal standpoint, because they are stable, teasy
handle and, finally, readily available from commaksources with a wide range of terminal groups.
Furthermore, many biomolecules display thiol groeftber in their native structure or via standard
thiolation protocols; hence, this reaction routermpthe possibility of direct biomolecule tetheriog
graphitic surfaces.

Our experiments provide support for a mechanisrthisfreaction involving photoinduced reduction
of organothiols in solution leading to the formatiof highly reactive alkyl radicals in the proximibf
the HOPG surface. Based on this mechanistic hypistivge provide an optimization criterion based on
the ability of different solvents to promote electrtrapping in solvent cavities. Using this criberiwe
show that it is possible to design experimentaldatons that improve reaction yields.

This is to our knowledge the first report of a ghabtemical derivatization using organothiols. Our
experiments show that it is possible to take acagabf the electronic properties of graphitic mater
in order to photocatalyse reactions in solutiomdnticular, desulfurization reactions such asahe
observed in our experiments are important appboatin the synthesis of bioactive compounds (e.g.
carbohydrates, peptides) and in fuel cleanup.ilrcyple this type of reactions could be of general
application to nanotube, graphite nanosheets aghgne modification, but also expand the uses of

these carbon nanomaterials in the area of orgatadysis.
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FIGURE CAPTIONS

Figure 1. IRRAS spectra of organic layers obtained aftertpttoemical grafting for 15 min on HOPG

using DMF organothiol solutions with water. Speatere baseline corrected and offset for clarity.

Figure 2. Cyclic voltammograms of bare (trace A) and modiflfOPG samples after photochemical
reaction with MUA (trace B), after exposure to MWsalution without irradiation (trace C) and after
photochemical reaction with EMU (trace D) in 0.0BLK3Fe(CN} and 0.1 M KCI, vs Ag/AgCI at

0.075 VIs.

Figure 3. XPS spectra of the C1s region of HOPG after clga&race A), after irradiation in DMF for

15 min (trace B) and after photochemical reactiath WIUA (trace C).

Figure 4. Cyclic voltammograms of bare (trace A) and modifld@PG after photochemical reaction
with UA (trace B) in 0.001 M KFe(CN) and 0.1 M KCI, vs Ag/AgCl at 0.075 V/s. The insebws the
IRRAS spectrum of organic layers obtained on HOBases after reaction with UA (trace B) and, for
comparison purpose, after cleavage (trace A). pdictra were obtained using a freshly cleaved HOPG

surface as background; spectra were baseline tedraad offset for clarity.

Figure 5. (a) Representative IRRAS spectra in the C=0 stretcheggon of HOPG samples after
photochemical reaction with MUA in dry DMF (trace,A1PLC grade DMF (trace B) and aftep®
addition to a concentration of 5 mM (trace C), untl® min of irradiationyb) after reaction in kD:
MUA 1.1 solution under 15 min (trace A) and 3h ofadiation (trace B). Spectra were baseline

corrected and offset for clarity.

Figure6. IRRAS spectrum of organic layer on HOPG samplis ahotochemical reaction with MUA
solution using water (trace A) and using a therynaditivated radical initiator (ACVA) at 75°C (trace

B). Spectra were baseline corrected and offsatléoity.
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Figure 7. Cyclic voltammograms of HOPG electrodes aftertptioemical reaction with EMU and
water (both 5 mM) in solution using DMF (trace BXOH (trace C) and C4€N (trace D) as solvents;
the CV for freshly cleaved HOPG (trace A) is aleparted for comparison purposes. Voltammograms

are recorded in 0.001 Mske(CN) and 0.1 M KCI, vs Ag/AgCl at 0.075 V/s.

Figure 8. Proposed mechanism for organothiol grafting on HOBt@toemission of electrons from
HOPG into the liquid is facilitated via either poator solvent traps. These two possible pathwatls bo

result in the generation of alkyl radicals in proky of the carbon surface.
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Figure 1. IRRAS spectra of organic layers obtained aftertptioemical grafting for 15 min on HOPG

using DMF organothiol solutions with water. Specstiere baseline corrected and offset for clarity.
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Figure 2. Cyclic voltammograms of bare (trace A) and modifldfOPG samples after photochemical
reaction with MUA (trace B), after exposure to MUsalution without irradiation (trace C) and after
photochemical reaction with EMU (trace D) in 0.0RLK3Fe(CN) and 0.1 M KCI, vs Ag/AgCI at

0.075 VI/s.
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Figure 3. XPS spectra of the C1s region of HOPG after clgav&race A), after irradiation in DMF for

15 min (trace B) and after photochemical reactiath WIUA (trace C).
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Figure 4. Cyclic voltammograms of bare (trace A) and modifld@PG after photochemical reaction
with UA (trace B) in 0.001 M KFe(CN) and 0.1 M KCI, vs Ag/AgCl at 0.075 V/s. The insebws the
IRRAS spectrum of organic layers obtained on HOBases after reaction with UA (trace B) and, for
comparison purpose, after cleavage (trace A). pdictra were obtained using a freshly cleaved HOPG

surface as background; spectra were baseline tedraad offset for clarity.
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Figure 5. (a) Representative IRRAS spectra in the C=0 stretcheggon of HOPG samples after
photochemical reaction with MUA in dry DMF (trace,A1PLC grade DMF (trace B) and aftep®
addition to a concentration of 5 mM (trace C), untl® min of irradiationyb) after reaction in kD:
MUA 1:1 solution under 15 min (trace A) and 3h ofadiation (trace B). Spectra were baseline

corrected and offset for clarity.
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Figure 6. IRRAS spectrum of organic layer on HOPG sampls ahotochemical reaction with MUA

solution using water (trace A) and using a therynadtivated radical initiator (ACVA) at 75°C (trace

B). Spectra were baseline corrected and offsetléoity.
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Figure 7. Cyclic voltammograms of HOPG electrodes aftertptioemical reaction with EMU and
water (both 5 mM) in solution using DMF (trace BXOH (trace C) and C4€N (trace D) as solvents;
the CV for freshly cleaved HOPG (trace A) is aleparted for comparison purposes. Voltammograms

are recorded in 0.001 Mske(CN) and 0.1 M KCI, vs Ag/AgCl at 0.075 V/s.
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Figure 8. Proposed mechanism for organothiol grafting on HOBt@toemission of electrons from
HOPG into the liquid is facilitated via either poator solvent traps. These two possible pathwayls bo

result in the generation of alkyl radicals in proky of the carbon surface.
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