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ABSTRACT:

We propose here a new method to functionalize carbon materials via a catalyzed Diels-Alder
reaction. In a Diels-Alder reaction, carbon materials can be used as a diene or a dienophile. Here,
carbon materials are used as dienes and alkyne terminated derivatives as dienophiles. Different
carbon materials, i.e. glassy carbon, carbon powder (carbon black), pyrolytic graphite carbon
materials and graphene were functionalized by alkyne ferrocene derivatives or perfluoro-tagged
alkyne molecules and characterized by electrochemical means, AFM and XPS experiments. This
method allows for the rapid functionalization of carbon materials in mild conditions with a high

surface coverage.



1. Introduction
Carbon based materials have become widely used in electroanalytical chemistry due to their
good electrical conductivity, wide potential range, low background current, low cost and general
chemical inertness.™ Surface modification has become essential and a determining factor in the
construction of transducers based on carbon materials and more generally in the emerging field
of molecular devices.” Beyond the aim of anchoring specific molecular functionality to carbon
surfaces, large efforts have been devoted to the search for robust anchoring groups, which can
integrate in a controlled manner onto carbon surfaces and which allow post-grafting approaches,
an essential step for selective sensing-based applications.'®'* A large number of methods to
functionalize carbon surfaces have thus been developed over the last 50 years.">” Since its
discovery in 1992 by Pinson and coworkers,'® the (electro) reduction of aryl diazonium salts is
among the most popular strategies for adding functionality onto carbon materials via covalent
bond formation. Upon reduction of aryl diazonium salts, highly reactive aryl radicals are formed,
which interface with the carbon surface. The high reactivity of these intermediates is the driving
force for an efficient functionalization of carbon materials, but it is also responsible for its major
drawback which is the lack of control of the extent of the reaction, that generally leads to
multilayer disordered organic deposits. This is contrary to the well-known self-assembled
monolayers (SAMs) on coinage metals for instance,'® where terminal cysteine and thiol groups
form stable and well-ordered SAMs on gold. Alkynes have been shown to be alternative surface
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ligands not only for the formation of stable Au-C bonds,”® and formation of Si-C bond on

hydrogen-terminated silicon (Si-H),*! but also for the formation of C-C bonds on carbon

. 22,2
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Among the different possibilities that terminal alkynes offer for surface functionalization,
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copper catalyzed click chemistry,” Sonogashira cross-coupling reactions™
reactions,”’” have been largely investigated. More recently Geiger and coworkers proposed a new
method that allows the direct use of terminal alkynes to functionalize carbon materials without
the need for surface pre-treatment.”” ** The approach is based on the activation of terminal
alkyne groups by butyllithium (BuLi). The lithium-stabilized carbanion formed can be oxidized
in a one electron process to the corresponding ethynyl radical, which then reacts with the surface.
The spontaneous interaction of lithium-activated alkynes with the surface,” as well as the direct
anodic oxidation of terminal alkynes at higher potential are other possibilities offered by this
approach.”""

In addition, terminal alkynes are good dienophiles in Diels-Alder reactions. The Diels-Alder
reaction is an efficient alternative method to functionalize carbon materials, with several reviews
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available on the subject. Interestingly, work carried out by Haddon et al. show that graphite
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and graphene interfaces can act as a diene or a dienophile in Diels-Alder reaction;”” similar

observations have been made by Abets ef al. using carbon nanotubes.’® However, despite its
efficiency and versatility, the surface-based Diels-Alder reaction generally requires long reaction

37-39

times, up to a few days, and the use of elevated temperatures to drive the reaction

40-42 . . 4 . 44
The use of specific solvents, such as deep eutectic solvents, 3 microwaves** or

successfully.
ultrasonication® have all successfully accelerated the functionalization rate and thus made this

surface reaction of higher utility.

In this study, we propose to use a copper-catalyzed Diels-Alder reaction to modify carbon-

based materials with terminal alkynes via the dienophile character of the ligand. We show that



the presence of Cu(l) alone, formed in-situ by the reduction of Cu(Il) using ascorbic acid,
increases the reaction rate with the carbon interface, without the requirement of elevated
temperatures or long reaction times. Using ferrocene and perfluoro alkyne derivatives as model
alkynes leads to self-limited monolayers on carbon surfaces with strong C-C bonds and in mild
conditions allowing the functionalization of carbon materials with a wide range of molecules or

biomolecules.

2. Material and Methods.
2.1. Chemicals and reagents.

All commercially available reagents were used as received. The glassy carbon electrode (3
mm in diameter), basal and edge pyrolytic graphite electrodes (PGE) were purchased from 1J
Cambria. Carbon black, copper(I) trifluoromethanesulfonate toluene complex, ascorbic acid,
ethylenediaminetetraacetic acid (EDTA) and copper sulfate pentahydrate were purchased from
Alfa Aesar. Ethynylferrocene and copper(Il) trifluoromethanesulfonate were purchased from
Fluorochem. PTFE membranes (47 mm in diameter and 0.45 pm in pore size) were purchased
from Sartorius. Sodium acetylene, dichloromethane, magnesium sulfate, 1H-Perfluorooct-1-yne,
THF, tetrabutylammonium hexafluorophosphate (TBAPFs), n-BuLi, Ethyl chloroformate, Et,0,
EDTA) were purchased from Sigma-Aldrich.

Highly conductive B-doped Si(100) substrates were exposed to a reactive oxygen gas plasma
in order to remove hydrocarbon contamination and achieve high nanodiamond (ND) seeding
density using the process described elsewhere.*® The substrates were ND seeded by drop-casting
a water-based ND colloid onto the surface and covering it completely, followed by spinning the
sample at 4000 rpm and flushing with deionized water for 15 s, and finally spinning for 30 s to

dry the surface. The boron-doped nanocrystalline diamond BDD layers were synthetized in an



ASTeX 6500 series microwave plasma-enhanced chemical vapor deposition (MW PE CVD)
reactor. The base pressure was ~10° Torr. During the deposition the substrate temperature was
kept at 800°C using 4000 W of MW power and total gas pressure of 40 Torr. The total gas flow
rate was 500 sccm, where CHy4 constituted 1% in H,. The CVD diamond was B-doped by
introducing trimethylboron (TMB) into the gas phase with a B/C ratio of 20000 ppm. The
diamond growth lasted for 60 min and 150 nm thick BDD thin films were grown.

Graphene electrodes were formed by deposition of in-house made graphene onto thin gold
films deposited on glass (5 nm Cr/50 nm Au) as reported previously by our group® on
interdigitated gold electrodes. In short, the monolayer graphene used in this work is grown by
chemical vapor deposition (CVD) on commercial Cu foil followed by wet transfer onto the thin

gold film electrode using polymethylmethacrylate (PMMA) as supporting layer.

2.2. Synthesis of different ethynyl-terminated molecules

2.2.1. 11-undecenylferrocene.

In a Schlenk, 510 mg of 11-bromoundecylferrocene®® was introduced and dissolved in DMF
(10 mM). Sodium acetylene (600 uL, 18% in xylene) was added and the solution stirred at room
temperature for one hour. After addition of water, the organic phase was extracted with
dichloromethane and then dried with magnesium sulfate. The crude product was purified by flash
chromatography on silica using petroleum ether as eluent. Yield: 87% (385 mg). RMN 'H (300
MHz, CDCl3): "H NMR (300 MHz, CDCls) & 4.18 (sb, 9H), 2.28 — 2.13 (m, 4H), 1.93 (t, J=2.7
Hz, 1H), 1.40 (m, J = 73.4 Hz, 16H).

2.2.2. Ethyl 14-ferrocenyltetradec-2-ynoate.



n-BuLi (105 pL, 2.5 M in hexane, 0.26 mM, 1 eq) was added to a THF solution of 11-
undecenylferrocene (95 mg, 0.26 mM, 1eq) at -78 °C , and the reaction stirred for 30 minutes at -
78 °C. Ethyl chloroformate (25 pL, 0.26 mM, 1 eq) was added dropwise, the reaction warmed to
room temperature and stirred for 2 h. The reaction was quenched with deionized water at 0°C
and extracted with Et,O. The combined organic extracts were washed with brine and dried over
magnesium sulfate. The crude product was purified by flash chromatography using petroleum
ether:dichloromethane (7:3) as eluent. Yield 60% (69 mg). '"H NMR (300 MHz, CDCls) & 4.77-
431 (m, 9H), 4.22 (q, J = 7.1 Hz, 2H), 2.32 (t, J = 7.0 Hz, 2H), 1.58 (p, J = 7.0 Hz, 2H), 1.47-

1.19 (m, 20H).

2.3. Catalyzed Diels-Alder protocol

Carbon substrates (BDD, graphene and GCE) were immersed in a 5 mL THF solution
containing 5 mg of dienophile. 2.5 mL of 102 M copper sulfate solution was then added. The
solution was stirred and 2.5 mL of 2.10% M sodium ascorbate solution added dropwise. The
solution was stirred for one hour at room temperature after which the carbon substrates were
dipped and stirred in a 10 g L' EDTA solution for 15 min. The substrates were rinsed with
water, acetone and dried under a flow of Argon.
For carbon powder modification, 100 mg of carbon black were dispersed in 75 mL of THF
containing 17.5 mg (0.01 eq) of ethynylferrocene. Copper sulfate (37.5 mL of 10 M solution in
water) was added followed by addition of sodium ascorbate (37.5 mL of 2.10% M solution in
water). The solution was stirred for one hour at room temperature and then filtered onto a PTFE
membrane and washed with acetone (3 x 150 ml). The modified carbon powder was re-dispersed

into 150 mL of 10 g L' EDTA solution and stirred for 30 min before being filtered again onto a



new PTFE membrane. The modified carbon powder was finally washed with water (3 x 150 mL)
and acetone (3 X 150 mL) and dried overnight under vacuum.

A carbon ink was made using 45 mg of (modified) carbon powder and 5 mg of PMMA in 1 mL
of chloroform. After stirring for two hours, 75 pL of the carbon ink was deposited onto Pt
collectors and dried overnight at 70°C before it was used in a home-made 2-electrode cell
Swagelok type for electrochemical analysis.

All experiments were repeated on three different electrodes each time and an average surface
coverage was determined. Each linear fitting presented in this study has »? > 0.997, except for

carbon black deposits, for which 2= 0.987.

2.4. Electrochemical experiments.

Electrochemical measurements were performed using a conventional three-electrode
system comprising carbon materials as working electrodes, a platinum wire or mesh (IJ Cambria)
as an auxiliary electrode, and a saturated calomel electrode (SCE) (Metrohm) as a reference. The
potentiostat was an Autolab PGSTAT 302N (Metrohm). Electrochemical analyses of the carbon
powder were performed in a home-made 2-electrode cell Swagelok type using Origaflex
OGF500 (Origalys) potentiostat. Glassy carbon electrodes were polished on 5 um SiC abrasive

paper and thoroughly rinsed before use.

2.5. X-ray Photoelectron spectroscopy (XPS).
X-ray photoelectron spectroscopy (XPS) characterizations were recorded with an SPECSLAB
IT (Phoibos-Hsa 3500 150, 9 channels) spectrometer using an Al Ka source (E = 1486.6 eV)

operating at 12 kV, pass energy of 40 eV, 0.1 eV energy step and acquisition time of 1 s per



point. The residual pressure inside the analysis chamber was ~1 x 10 Torr. All XPS peaks

were referenced according to the adventitious Cls peak at 284.5 eV.

2.6. Raman spectroscopy.

Raman spectroscopy measurements on graphene were performed on a LabRam HR Micro-
Raman system (Horiba Jobin Yvon, France) combined with a 473 nm laser diode as excitation
source. Visible light was focused by a 100x objective. The scattered light was collected by the
same objective in backscattering configuration, dispersed by an 1800 mm focal length
monochromator and detected by a CCD. Raman spectra of nanocrystalline diamond were

measured using Reinshaw inVia Raman Microscope with a laser of 532 nm.

2.7. Atomic Force Microscopy (AFM) Experiments.

All atomic force microscopy (AFM) experiments have been performed on an NT-MDT Ntegra
microscope. Scratching experiments were performed in order to estimate the thickness of the
organic layers.*” The term “AFM scratching” is used here to describe intentional damage to a
modification layer on a relatively hard substrate. Scratches were realized in contact mode
applying a sufficient force to sweep organic material. After the scratching step, the scratched
square zones were imaged in semi-contact mode and analyzed by Gwyddion open-source
software.”® The heights of organic layers were extracted from the depths of the scratched zones
averaged on different profiles. The scratching experiments were also run on bare surfaces with
the same tip and same force applied to determine if the tip was scratching the substrate. The
eventual scratch depth was then subtracted from the depth measured for the functionalized

surfaces.



2.8. Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) Experiments.

ToF-SIMS experiments were performed using a TOF.SIMS 5 spectrometer (ION-TOF GmbH
Germany) equipped with a bismuth liquid metal ion gun (LMIG) for primary ions. Bi*" primary
ion beam was used (25 keV, 0.25 pA) for data acquisition. An area of 500 x 500 mm? was
analyzed (128 x 128 pixels and 100 scans). The total fluence did not amount up to 10'? ions/cm?
ensuring static conditions. Charge effects were compensated by means of a 20 eV pulsed
electron flood gun. With a cycle time of 100 ps, data were collected over a mass range m/z = 0-

800 for both positive and negative secondary ions.

3. Results and Discussion.

3.1. Catalyzed Diels-Alder reaction as surface reaction.

Scheme 1 shows a schematic representation of the catalyzed Diels-Alder reaction on carbon
materials with the different ligands employed. These different alkyne derivatives were selected
in order to understand in detail the surface reaction taking place in this study. Diels-Alder
reactions are well-known to be catalyzed by copper ions’' and this approach was followed here
using copper sulfate (CuSO4) as a source of copper(Il) that is in-situ reduced by sodium
ascorbate to copper(l). First, glassy carbon electrodes (GCE) were functionalized using

ethynylferrocene as dienophile in a catalyzed Diels-Alder reaction for one hour.

Scheme 1. Schematic representation of the catalyzed-Diels-Alder reaction on carbon surfaces.
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Figure 1a shows the cyclic voltammogram responses of a functionalized GCE in an
electrolytic ~ dichloromethane solution containing 0.1 M of tetrabutylammonium
hexafluorophosphate (TBAPFy) at different scan rates, from 0.1 V.s™ to 1 V.s™.. The presence of
the ferrocene redox couple is clearly observed at 0.53 V vs SCE. The peak-to-peak separation
(AE) at 0.1 Vs is AE = 46 mV, below the theoretical AE = 59 mV for a freely diffusive
electroactive species, indicating immobilization of ferrocenyl moieties onto the GCE. The
variations of the anodic and cathodic peak current density scale linearly with the scan rate
(Figure 1b), underlining the surface confined character of ferrocene. The electrochemical signal
is quite broad in these experiments but this can easily be explained by the roughness of the
carbon electrode, leading to ferrocenyl moieties being located at various distances, which results

52, 53 e
*>° The surface coverage, I', of ferrocenyl moieties

in a range of formal electrode potentials.
immobilized onto the carbon surface has been estimated using the following equation:

I' =4aRT/F? (1)
with a the slope of the linear variation of the peak current density versus the scan rate (Figure

1b), R the universal gas constant, 7 the temperature, and F' the Faraday constant. Considering a

temperature of 298 K, a ferrocene surface coverage of I' = (4.79 + 0.17) x 10" mol.cm™ is
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estimated. Considering the theoretical maximum surface coverage of ferrocenyl moieties of I' =

4.5 x 10" mol.em™, *' a ten times lower surface coverage is achieved under these conditions.

a) 6o b) 60
401 40-
§ S
- ] '« 204
5 20 £
. 0-
< g
- -201 =
-40-
-40
T T T T v ' "60 T T T T T T
00 02 04 06 08 10 00 02 04 06 08 10
E (V vs SCE) v(V.sT)
c) d
100 ) 40
304
S 50 S 20-
£ £
O 0 o 101
El g o
o .50 - -10;
-204
-100 T T T L) Ll -30 T T T T T 1
00 02 04 06 08 1.0 00 02 04 06 08 1.0
E (V vs SCE) E (V vs SCE)

Figure 1. Cu(I) catalyzed Diels-Alder reaction on glassy carbon electrodes using different
ferrocenyl dienophiles. Cyclic voltammograms of GCE functionalized with (a)
ethynylferrocene, (c) Fe-(CHz)11-Eth-CO,Et, (d) Fe-(CHy)i1-Eth using the catalyzed Diels-
Alder method at different scan rates (100 mV.s™ to 1000 mV.s™) in a dichloromethane solution
containing 0.1 M TBAPF,. b) Variation of the anodic and cathodic peak current density of

ethynylferrocene modified GCE with scan rate. Red lines are linear fitting curves.

3.2. Effect of activation of the dienophile.
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To better understand this catalyzed surface reaction, different alkyne derivatives were used.
Indeed, in contrast to retro-Diels-Alder reactions, electron deficient dienophiles are required for a
Diels Alder reaction. In our case we assume that the carbon surfaces serve as dienes and
ferrocenyl alkyne derivatives as dienophiles. A set of two different dienophiles, 11-
undecenylferrocene (Fc-(CHy)y1-Eth, R = H and FG = ferrocene in Scheme 1) and ethyl 14-
ferrocenyltetradec-2-ynoate (Fe-(CH,);1-Eth-CO,Et, R = CO,Et and FG = ferrocene in Scheme
1) were investigated in the following studies. The enolate CO,Et electron withdrawing group
renders the alkyne electron deficient, while the long alkane carbon chain between the ethynyl
group and the ferrocenyl moiety ensures no electronic communication between them. Figures 1¢
and 1d show the cyclic voltammogram responses of GCE modified with each ligand in the same
manners as in Figure 1a. It is notable that the carbon electrodes functionalized with Fe-(CH,)q;-
Eth and Fe-(CH;);1-Eth-CO,Et present narrower reversible electrochemical signals than carbon
electrodes modified with ethynylferrocene, a result of flexibility and decoupling of the ferrocenyl
moieties from the carbon surfaces using the long alkane chain. In both cases, the reversible
electrochemical signal is centered at 0.39 V vs SCE, in accordance with the formal potential of
an alkane-modified ferrocene derivatives, with a AE = 15 mV at 0.1 V.s! for Fe-(CH3)11-Eth-
COEt and AE = 44 mV at 1 V.s” for Fe-(CH)11-Eth respectively. The surface coverage of
ferrocenyl moieties is increased to I' = (3.31 + 0.22) x 10" mol.cm™ when using the electron
deficient dienophile Fe-(CH,)11-Eth-CO,Et, being close to the theoretical maximum surface
coverage. This differs to Fe-(CHz)11-Eth, whereas it is only I' = (2.78 £ 0.16) x 10" mol.cm™.
The variation of the anodic and cathodic peak current density are linear with the applied scan rate
in the 0.1 V.s™ to 1 V.s™ range on both functionalized carbon electrodes (Figure S2 and S3),

confirming the good immobilization of the ferrocenyl moieties onto the carbon surfaces via this
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surface reaction. The difference observed in surface coverages between activated and non-
activated alkyne derivatives suggests that the surface reaction study here is a catalyzed Diels-

Alder reaction.

3.3. Effect of copper catalysts.

To shed light on the importance of the catalyst and its redox state, we performed the same
Diels-Alder surface reaction in the absence of copper ions in the solution. As can be seen on
Figure 2a, 10 times lower electrochemical response (I = (3.26 + 0.02) x 10™"" mol.cm™) can be
observed in the case of Fc-(CH,)1-Eth-CO,Et modified GCE, while almost no electrochemical
signal was detectable under these non-catalytic conditions using Fe-(CHz)11-Eth as dienophile
(Figure 2b). In the literature, both copper(I) and copper(Il) ions have been shown to efficiently
catalyze numerous Diels-Alder reactions.>! Hence, we performed the same reaction with CuSO4
in the absence of ascorbic acid (Cu(Il) as catalyst). Similar results are obtained for Fe-(CHz)y1-
Eth-CO,Et modified GCE, compared to experiments realized with copper(I) catalyst, while no
ferrocene signature is observed using Fe-(CH;)11-Eth as dienophile. These observations clearly
highlight the need of copper catalyst and to activate the dienophile to obtain fast and efficient

surface functionalization using the catalyzed Diels-Alder reaction.

14



g 5 S
£ E ¥
5 5
< <
= =
- 54 : [
L_____—/
‘10 T T T ' y % '5 T T T T ' L
00 02 04 06 08 1.0 00 02 04 06 08 10
E (V vs SCE) E (V vs SCE)

Figure 2. Cyclic voltammograms of glassy carbon electrode functionalized with two
different ferrocenyl dienophiles in the absence or presence of copper ions as catalyst. GCE
functionalized with (a) Fc-(CH,)11-Eth-CO,Et and (b) Fe-(CH,)q;-Eth using copper(I) (black
curves), copper(Il) (red curves) as catalysts in a catalyzed Diels-Alder method and without

catalyst (no copper ions, blue curves) in a dichloromethane solution containing 0.1 M TBAPFs.

3.4. Surface characterization.

Atomic force microscopy (AFM) was used to characterize the topography and the thickness of
the organic layer grafted on carbon electrodes. For this purpose, as GCEs show high surface
roughness (typically around 0.5 pum) we used pyrolyzed photoresist films (PPF) as carbon
surfaces for AFM experiments which present similar reactivity than GCE but a lower surface
roughness (around 0.5 nm). AFM images of PPF substrates functionalized with Fe-(CH;)11-Eth-
CO;Et were recorded. These images were performed in ambient conditions (in air and at room
temperature) and present a classic globular structure of the organic deposit at the nanometer scale
(Figure 3a)."” To estimate the thickness of the organic deposit, scratching experiments were
conducted.® Briefly, it consists in the intentional damage of the organic film by the AFM tip to

carve out a square trench. For this purpose, 0.5 x 0.5 um scratches were made by moving the tip
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in contact mode with a sufficient force to sweep the organic layer. The same scratching
procedures were done on the bare PPF surface with the same tip and same applied force and
confirmed that scratching of the PPF substrate did not occur. The images shown in Figure 3
were acquired in semi-contact mode, and representative line profiles through scratch are also
shown in inset. Note that loose debris from the scratch often create AFM tip-surface tracking
problems resulting in lower image quality. From the line profile, such as the one shown in
Figure 3b, we can estimate an average thickness of the organic deposit close to 1.0 = 0.1 nm.
This value has to be compared to the 2.0 nm theoretical length of Fe-(CH;)11-Eth-CO,Et which
is estimated using Chem 3D software.”* Whereas this low thickness value of the organic deposit
may be surprising, it should be considered that the long alkane chain of this molecule in air
should collapse onto the carbon surface. Hence, this result is coherent with the deposition of a
monolayer organic film, as expected for a Diels-Alder reaction. Furthermore, a slight increase in
surface roughness from 0.25 nm to 0.58 nm, for bare surface and functionalized surface

respectively, supports a monolayer deposit.
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Figure 3. Atomic force microscopy (AFM) imaging. (a) AFM image of pyrolyzed photoresist
film (PPF) functionalized with Fe¢-(CH;)11-Eth-CO,Et using copper(I) as catalysts in a
catalyzed Diels-Alder surface reaction. (b) Example of AFM scratching experiment on the same

modified PPF sample. Insert: line profile.

To further evidence the monolayer deposition of the organic film by Diels-Alder reaction, the
functionalized glassy carbon electrodes were analyzed by time-of-flight secondary ion mass
spectrometry (ToF-SIMS).> In ToF-SIMS experiments, the samples are bombarded by Bi’" and
secondary ions are detected by mass spectroscopy. The detected masses are molecular fragments
desorbed from the surface substrate. Figure 4 shows the mass spectrum in positive mode
obtained on functionalized glassy carbon using Fe-(CHz)11-Eth-COzEt as dienophile in
catalyzed Diels-Alder reaction. The predominant peak observed at m/z 436.17 corresponds to
Fc-(CHz)u-Eth-COZEt+ fragments. Another predominant peak observed at m/z 473.30 is
attributed to C,oH37FeO," and highlights the strong interaction between the substrate and the
modifier by covalent bonds where fragments of the carbon substrate (carbon atoms) are desorbed
with the molecular modifier. No other peaks are detected at higher m/z confirming the
monolayer character of the grafted organic film, ruling out any oligomerization or

polymerization reactions at the substrate surface.
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Figure 4. ToF-SIMS spectrum of glassy carbon substrate functionalized with Fc-(CH,),;-Eth-

CO;Et using copper(]) as catalysts in a catalyzed Diels-Alder in positive mode.

3.5. Functionalization of other carbon surfaces.
3.5.1. Pyrolytic graphite electrodes.

Encouraged by the possibility of modifying GCEs by a catalyzed Diels-Alder reaction, we
wanted to see if this reaction could be generally applied to other carbon materials. Figure Sa and
5b show the cyclic voltammogram responses of functionalized basal and edge pyrolytic graphite
electrodes (PGE) which is similar to highly oriented pyrolytic graphite (HOPG). While
reversible electrochemical signals corresponding to grafted ferrocene units are observed at 0.57 +

0.01 V vs SCE with a AE =28 £ 1 mV at 0.1 V.s'l, and a linear correlation between current

density and scan rate (Figure S4 and S5), the surface coverage of ferrocene on basal PGE is ' =

18



(3.94) £ 0.08 x 10" mol.cm™ while on edge PGE it equals to I = (1.20 + 0.02) x 10™"® mol.cm™.
There is a long debate about the difference of reactivity of basal plan and edges when
considering HOPG materials. Without suggesting any differences about the intrinsic electron
transfer kinetic of basal and edge PGEs, it is clear in our experiments that the catalyzed Diels-
Alder reaction is more efficient onto edge PGE. This can be due to the configuration of the
electrode surface where in the case of the edge PGE, expansion of the graphitic material can

occur easily upon functionalization,”® which is not the case when considering the basal plane.
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Figure 5. Cyclic voltammograms of ethynylferrocene modified pyrolytic graphite electrodes

and carbon powder using the Cu(I) catalyzed Diels-Alder reaction: (a) basal pyrolytic
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graphite electrode and (b) edge pyrolytic at different scan rates (100 mV.s" to 1000 mV.s™). (c)
Unmodified (red curve) and functionalized (blue curve) carbon powder (carbon black acetylene)
at 10 mV.s™ in a two-electrode configuration. (d) Variation of the anodic and cathodic peak
current density of ethynylferrocene modified carbon powder with scan rate. Red lines are linear

fitting curves.

3.5.2. Carbon powder electrode.

Carbon powders were also considered as another carbon material to modify via the
catalyzed Diels-Alder reaction. To assess the electrochemical response of ferrocene-
functionalized carbon powder, it was deposited onto platinum (Pt) collectors via a carbon ink
using poly(methyl methacrylate) (PMMA) as binder, and tested in a two-electrode configuration.
Whereas unmodified carbon powder only shows capacitive current (Figure Sc, red curve), a
reversible electrochemical signal is recorded onto functionalized carbon powder (Figure Sc, blue
curve), centered at 0 V due to the two-electrode configuration, with current density as high as
0.065 A/g at 10 mV.s™'. The variation of the anodic and cathodic peak current densities are linear
with the applied scan rate in the 0.01 Vs t0 0.05 Vs range (Figure 5d). The scan rate range
where linearity is observed is shorter than for planar electrodes due to counter-ion mobility in the

carbon deposit, as is observed in carbon supercapacitors for instance.

3.5.3. Graphene based electrodes.
The last sp” hybridized carbon material investigated was graphene. As graphene is known to
be less reactive than other carbon materials, we first increased the reaction time to 24 h. Figure

6a shows the CV responses of ethynylferrocene modified graphene in an electrolytic ethanoic
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solution containing 0.1 M of lithium perchlorate (LiC1Oy) at different scan rates, from 0.1 V.s™
to 0.5 V.s'. The ferrocene unit is clearly observed, with a peak-to-peak separation AE = 65 mV.
The anodic and cathodic peak current density scale linearly with the scan rate (Figure 6b)
underlining the surface confined character of the ferrocene moieties. The surface coverage, I', of
ferrocenyl moieties immobilized onto the graphene surface was estimated using equation (1) and
equal to T = (1.12 + 0.45) x 10" mol.cm™, in the order of the surface coverage obtained on
GCE. We further opted to investigate the Diels-Alder reaction using 1H-perfluorooct-1-yne as
dienophile as it is well adapted for X-ray photoelectron (XPS) surface analysis. As 1H-
perfluorooct-1-yne is an inactivated dienophile, we notice that its immobilization onto carbon
materials is achieved in a time dependent manner (See supporting information). Hence, we
performed the functionalization of graphene samples over different durations of 2 h and 24 h

total reaction time.

Table 1. XPS analysis of graphene interfaces modified with 1H-perfluorooct-1-yne (5 mM) in

THEF for 2 or 24h in the absence or presence of CuSO4 (10 mM) and sodium ascorbate (20 mM).

Sample Cls (%) | Ols (%) 5’}3

Bare graphene 95.50 4.50 0.00
Graphene —2 h 73.20 19.40 7.40
Graphene — 24 h 68.13 21.62 10.25
Graphene — 24 h without copper | 79.97 20.03 0.00

XPS analyses were performed before and after functionalization of graphene materials by the

catalyzed Diels-Alder reaction using 1H-perfluorooct-1-yne. Compared to bare graphene
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samples, a new peak at 689.5 eV is observed in the XPS survey spectrum (Figure S7) and is
attributed to the F1s core level, corresponding to CF,-CF, and the CF; chain end group (Figure
6¢). High resolution Cls spectra were peak-fitted in several components. After functionalization,
bands at 294.1 eV and 291.5 eV (Figure 6d) appear and are attributed to the CF; chain
terminations and CF; units of the attached perfluorinated ligands. The other bands at 284.5 eV,
285.0 eV, 286.5 eV and 288.5 eV are assigned to C-sp? and C-sp> components and oxygen
functions in the form of C-O and C=0, respectively. As seen in Table 1, the atomic % of Fls is
time-dependent and reaches a maximum value of 10.25 % after 24 h. Such atomic % correspond
to a surface coverage of I' ~ 8 x 107" mol.cm™ of 1H-perfluorooct-1-yne immobilized onto
monolayer graphene which is in the order of the surface coverages obtained on previous other
carbon materials. Concomitantly, oxygen atomic % also increases, but this seems to be due to
solvent exposure rather than the functionalization process as such an increase is also observed in
control experiments where no copper catalyst is added in the medium. Also, during such control
experiment, no peak corresponding to Fls core level can be observed. Finally, the Raman
spectrum of functionalized graphene (Figure S8) is comparable to that of unmodified graphene
(Figure S6) with an increase of the Ip/Ig ratio to 0.18 + 0.02, in accordance with covalent

functionalization of graphene materials.”’

22



a) b) 200

200- ‘
—~ 100+
N N
e & 2
S 100 3)
< < O
= =
0 2 _100-
00 02 04 06 08 00 02 04 06
E (V vs SCE) v (V.s™)
C) d)
- =
© )
b ©
U) N
c 1]
- | [ o=
3 :
O
VAN A A AN v M AN -
700 695 690 685 205 290 285 280

Binding energy (eV) Binding energy (eV)
Figure 6. Diels-Alder reaction on graphene: (a) Cyclic voltammograms of ethnylferrocene
modified graphene interface for 24 h under catalyzed Diels-Alder conditions in LiClO4
(0.1M)/EtOH at different scan rates (100 mV s™' to 500 mV s™) . (b) Change of peak current
density as a function of scan rate. Red lines are linear fitting curves. (c¢) High resolution XPS F1s

and (d) high resolution XPS Cls spectra of 1H-perfluorooct-1-yne modified graphene samples.

3.6. Effect of the hybridization state of the carbon substrate.

Finally, boron doped diamond (BDD) electrodes (Figure 7) were subjected to similar
treatment as graphene and the other carbon materials by immersing the interface for 24 h into
ethynylferrocene (5 mM) in the presence of CuSO4 (10 mM) and sodium ascorbate (20 mM).

While the interface shows diffusion-controlled charge transfer with comparable electrochemical
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features as for GCE (Figure 7, black curve), no signal due to the presence of linked ferrocene
was detected in electrochemical studies (Figure 7, red curve). These results were confirmed by
XPS analysis of the diamond thin film electrode exposed to ethynylferrocene, where additionally
no Fe 2P signature was observed. Diamond is the sole carbon material that possesses only sp
carbon atoms. Here, as our BDD films are nanocrystalline, they also contain sp? carbon atoms at
grain-boundaries (this can be evaluated from Raman spectra, Figure S9). Looking from the
surface perspective, the amount of Csp® vs Csp’ is negligible. Hence, this type of carbon material
cannot serve as diene in a Diels-Alder reaction, confirming the nature of the reaction observed in

this study.

00 02 04 06 08 10
E (V vs SCE)

Figure 7. Cu catalyzed Diels-Alder reaction on boron doped diamond electrodes: cyclic

voltammograms of ethnylferrocene (5 mM) on a bare BDD electrode in an electrolyte ethanoic
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solution containing 0.1 M LiClOy (black curve) at 0.1 V s and after immersion for 24 h into
ethynylferrocene (5 mM) in the presence of CuSO4 (10 mM) and sodium ascorbate (20 mM) (red

curve). Insert: image of BDD electrode.

3.7. Thermal and electrochemical stability of the functionalized carbon materials.

As fluorine atoms serve as a good XPS tag, the stability of the functionalized substrates were
tested using 1H-perfluorooct-1-yne as modifier and PPF as carbon substrates. XPS experiments
are presented in supplementary information and their analyzes in Table 2. First, functionalized
carbon substrates were heated at 100°C in a toluene solution for one hour. XPS experiments
were performed before and after thermal stability tests. From the survey spectrum of the
functionalized carbon materials before thermal treatment, we can extract the atomic % of Fls
which is equal to 4.1 %. After thermal treatment, this atomic % decreases to 1.8 %,
corresponding to a 2.3 fold decrease of surface coverage of the modifier onto the carbon
substrate. Such a decrease in surface coverage during thermal treatments is not surprising and
corresponds to a retro Diels-Alder reaction. Furthermore, electrochemical stability of the grafted
layer was tested on the same sample. In a typical cyclic voltammetry experiment, the
functionalized substrate was used as working electrode (with platinum mesh as counter
electrode) and its potential was switched between -2.0 V and +1.7 V vs SCE in a 0.1 M
tetrabutylammonium hexafluorophosphate dichloromethane solution. XPS measurements
performed after this electrochemical stability test show again a 2.8 fold decrease of the surface
coverage of the modifier from the survey spectra. As before, the Cls region could be
decomposed onto various components of which bands at 292.3 eV and 293.3 eV corresponding
to CF2 and CF3 units of the modifier. Theoretically, the atomic ratio between CF2 and CF3 is

expected to be 5 and is close to the experimental values obtained on initial (5.4) and thermally
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treated (4.8) functionalized carbon substrates. This atomic ratio decreases to 4 when considering
electrochemically treated functionalized carbon substrates, highlighting a degradation of the
molecular structure of the grafted modifiers. Hence, whereas the decrease in surface coverage of
the modifier by thermal treatment is due to chemical desorption via retro Diels-Alder reaction,
the decrease in surface coverage of the modifier by electrochemical treatment is due to molecular

degradation rather than chemical desorption.

Table 2. XPS analysis of PPF substrates modified with 1H-perfluorooct-1-yne for 24h before

and after thermal and electrochemical treatments.

Fls atomic % CF2/CF3 ratio

Initial
functionalized 4.1 % 5.4
PPF substrate

After thermal

0
treatment 1.8% 4.8
After
electrochemical 0.6 % 4
treatment

4. Conclusions.

We propose in this study to use a copper-catalyzed Diels-Alder reaction as a surface reaction
to functionalize carbon materials. This surface functionalization method is short (one hour),
utilizes mild conditions, allowing the use of fragile supporting substrates or immobilization of
biomolecules and presents high surface coverage. The functionalized carbon surfaces have been
characterized by electrochemical means, Raman and X-ray photoelectron spectroscopy (XPS).

We demonstrated that numerous carbon materials (glassy carbon, carbon powder, pyrolytic
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graphite and graphene) can be functionalized by this method, except nanocrystalline diamond,
which presents mostly sp’ carbon atoms, hence supporting the proposed mechanism for this
surface reaction (Diels-Alder reaction). The immobilized molecules are strongly chemisorbed on
carbon surfaces as it involves C-C bonds and inherently leads to only monolayer deposits. Other
sources of copper(I) and copper(Il) have been tested as catalysts for the catalyzed Diels-Alder
surface reaction unsuccessfully (copper(Il) trifluoromethanesulfonate and copper(])
trifluoromethanesulfonate toluene complex). This is probably due to the steric constraints

imposed by the carbon surfaces when compared to catalyzed Diels-Alder reactions in solution.
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Additional experiments including scanning electron microscopy (SEM) images, X-ray
photoelectron spectra (XPS), Raman spectra, AFM images and line profiles and electrochemical

experiments, plots and simulated curves.
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