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Abstract 1 

The covalent functionalization of carbon-based materials through aryldiazonium chemistry has 2 

emerged as a powerful tool for physicochemical property modification. However, the 3 

characterization techniques traditionally used to assess the stability of any modification, such as 4 

thermogravimetric analysis (TGA), do not allow covalent detachment to be discriminated from the 5 

loss of physisorbed material. Here, we present a general method to differentiate these two 6 

processes by combining scanning probe microscopy with Raman spectroscopy. Using covalently 7 

modified highly oriented pyrolytic graphite (HOPG), we show that the thermally induced covalent 8 

bond breaking between the aryl groups and the HOPG surface can be directly monitored through 9 

this combined approach. Moreover, temperature-dependent Raman spectroscopy allows the 10 

kinetics of this bond breaking to be studied. Desorption activation energies can thus be initially 11 

estimated for aryl groups bearing different substituents. Finally, we highlight that the pristine 12 

HOPG structure can be restored at a relatively low temperature, opening the way for reversible 13 

covalent modification. Our results alight on a general methodology for the full characterization of 14 

covalently modified carbon materials. 15 

Introduction 16 

The ubiquity of carbon materials across many areas of science and technology is predicated on 17 

the wide variety of structures and properties they display. Interest is particularly focused on the 18 

family of sp2-hybridized carbon allotropes, initiated by the respective discoveries of fullerenes, 19 

carbon nanotubes and latterly graphene, that are different allotropes of the same basic building 20 

block.1 Substantive investigations continue into the fundamental properties of these materials as 21 

well as their potential implementation in numerous applications. However, the presence of large 22 
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delocalized π-electron systems gives rise to very strong aggregation, and consequently they have 1 

traditionally suffered from limited solution processability in their native forms. Chemical 2 

functionalization initially arose as a subsequent strategy to improve solubility,2–7 but has more 3 

recently been extended further towards property optimization for specific applications or 4 

integration within new hybrid materials. Examples include fullerene derivatives as electron 5 

acceptors in bulk-heterojunction organic solar cells,8 chemically modified carbon nanotubes to 6 

mechanically reinforce polymers,9 or graphene-based sensors.10  7 

Such functionalization can involve both physisorption and chemisorption.7,11–13 Since no new 8 

chemical bonds are formed, physisorption offers a better preservation of intrinsic properties.7,12, 9 

But due to the weak intermolecular interactions between the molecules and the surface, such 10 

systems are likely to lack robustness, which may limit stability against elevated temperatures and 11 

other environmental changes. On the other hand, chemisorption is expected to lead to more stable 12 

functionalization, but generates localized sp2 to sp3 rehybridization, and so also more strongly 13 

modifies the pristine systems. Although the introduction of these “defects” can be detrimental to 14 

certain electronic properties such as carrier mobility,14 it can also be used beneficially, for example 15 

to increase conductivity by changing the position of the Fermi-energy.15 Various methods are used 16 

for this covalent attachment, but the reduction of arenediazonium salts is one of the most efficient 17 

and versatile.16,17 Typically based on the reductive decomposition of an arenediazonium salt to 18 

produce an aryl radical that subsequently attacks (or “grafts” to) the carbon surface to form a C-C 19 

bond, with the correct choice of molecule a high density of covalent modification can be achieved 20 

on the basal plane.18,19 The method is also very mature, with a vast library of compounds described 21 

in literature,20,21 and adaptable to different environments since the reaction can be initiated via 22 
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various processes: spontaneous reactions,22 as well as the chemical,23 electrochemical20,24 or 1 

photochemical reduction of diazonium salts.25  2 

Since the main reason to choose covalent modification over physisorption is the expected 3 

superior stability of the chemisorbed species, it is of critical importance to study the thermal 4 

behavior of these functionalized carbon derivatives. This would allow environmental operating 5 

windows for individual applications to be established, and necessitates not only investigating the 6 

stability of chemisorbed molecules on the surface, but also determining local and global structural 7 

changes resulting from the elevated temperatures. Given the versatility of covalent modification, 8 

such behavior may in turn be unique to a specific molecule-substrate combination. It is therefore 9 

also crucial to understand how this choice of molecule could generate differences in stability, as 10 

well as in coverage and other, more emergent properties. Finally, it could inform on the feasibility 11 

and generality of using annealing to restore the pristine carbon lattice, as has been previously 12 

alluded to,26 thereby allowing covalent modification to act as a transient step in a multi-stage 13 

process. Temperature programmed desorption (TPD) monitored by thermogravimetric analysis 14 

(TGA),4,27 along with a variant coupled to mass spectroscopy (TGA-MS),28–30has been the 15 

traditional method of choice for studying these phenomena. But TGA only gives the mass loss 16 

occurring after physical desorption of the film/material from the carbon surface, resulting in no 17 

distinction between desorption of the physisorbed or chemisorbed material, and therefore requiring 18 

the assumption that desorption and covalent bond breaking occur concomitantly. This is 19 

particularly problematic for diazonium derivatives given they can polymerize and form multilayers 20 

that may in turn inhibit the physical desorption.31 Raman spectroscopy, on the other hand, can 21 

specifically monitor the chemisorption on a global scale, with the so-called D band associated with 22 

defects in the lattice,19,26,28,32–35 but usually cannot directly probe physisorption. Like TGA, it is 23 
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also blind to secondary processes occurring on the surface. The importance of scanning probe 1 

microscopy (SPM) techniques in this context has recently been shown: while scanning tunneling 2 

microscopy (STM) only images the chemisorbed species, atomic force microscopy (AFM) 3 

visualizes both chemisorbed and physisorbed species absorbed on the surface.18 Combining 4 

Raman and SPM hence appears to be a powerful strategy to observe the outcome of thermally 5 

desorbed compounds by offering both insights on the local structure and chemical information at 6 

a larger scale. In this way the breaking of the covalent bond may be deconvoluted from desorption 7 

of the physisorbed species. 8 

In this contribution we examine the thermal desorption of four different aryl derivatives 9 

covalently attached on highly oriented pyrolytic graphite (HOPG) via the electrochemical 10 

reduction of diazonium salts. While AFM reveals that most of the molecular layer remains on the 11 

surface after annealing up to 200 °C, STM and Raman confirm cleavage of the covalent bonds 12 

between the aryl groups and HOPG starts at temperatures no higher than 160 °C. Covalent linkages 13 

are almost entirely lost by 200 °C in all cases. This indicates that aryl units start to detach before 14 

they completely desorb from the HOPG surface. Moreover, Raman spectroscopy offers a rapid 15 

and straightforward way to follow the kinetics of bond breaking, and to estimate its substituent-16 

dependent activation energy. An important consequence is the restoration of pristine, sp2-17 

hybridised HOPG at relatively low temperatures, opening the door to reversible covalent 18 

modifications, as well as suggesting implications for thermal operating windows in future 19 

applications.  20 

 21 

Methods  22 
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Material. 4-Nitrobenzene diazonium (4-NBD) tetrafluoroborate (97%, Sigma-Aldrich Co. 1 

LLC), 3,4,5-trimethylaniline (98%, AK Scientific, Inc.), 3,4,5-trimethoxyaniline (97%, Sigma-2 

Aldrich Co. LLC), 3,5-bis-tert-butylaniline (98%, Tokyo Chemical Industry Co., LTD.), analytical 3 

grade hydrochloric acid (Sigma-Aldrich Co. LLC) and aqueous NaNO2 (99.999%, 0.1 M, Sigma-4 

Aldrich Co. LLC) are commercially available and were used as received. Graphite substrates 5 

consisted of HOPG (grade ZYB, Advanced Ceramics Inc.). Ultrapure water (Milli-Q, Millipore, 6 

18.2 MΩ cm, total organic carbon <3 ppb) was used for the preparation of solutions and rinsing. 7 

Sample preparation. The HOPG substrates were functionalized using aryl radicals (Figure 1a). 8 

In turn, these were electrochemically (EC) generated from the derivatives of arenediazonium 9 

cations in a similar manner as reported previously.18 Such cations can be obtained commercially, 10 

like 4-NBD or they can be generated in-situ from their corresponding aniline precursor, as was 11 

used to generate the cations 3,4,5-trimethylbenzene diazonium (3,4,5-TMeD), 3,4,5-12 

trimethoxybenzene diazonium (3,4,5-TMeOD), and 3,5-bis-tert-butylbenzene diazonium (3,5-13 

TBD). In both cases a chloride counter ion is used, as the component was dissolved in 5.0 mL of 14 

a 50mM HCL solution to reach a concentration of 2.0 mM. For the aniline derivatives a 15 

supplementary 100 µL of a 0.1 M NaNO2 solution was added to initiate the diazotization. In that 16 

case, the solution is stirred for 1 min prior to injection into a homebuilt three-electrode EC cell. 17 

The setup consists of (1) a 50.3 mm2 graphite working electrode (HOPG), (2) a Pt wire counter 18 

electrode, and (3) a Ag/AgCl/NaCl (3.0 M) reference electrode. Highly reactive aryl radicals are 19 

formed close to the working electrode by a one election reduction using cyclic voltammetry. In 20 

this process a covalent bond is formed between the aryl radical and the HOPG surface. Each 21 

procedure includes ramping the potential through three consecutive cycles from +0.2 V to −0.4 V 22 

at a scan rate of 0.1 V/s (Figure S1). The voltage sweeps were performed using an Autolab 23 
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PGSTAT101 potentiostat (Metrohm Autolab BV). Substrates were subsequently rinsed (ca. 50 1 

mL) with Milli-Q water and dried under argon. 2 

Atomic Force Microscopy. Atomic force microscopy is used for evaluating the morphological 3 

characteristics of the modified HOPG substrates. Additionally, the AFM setup is used to subject 4 

the sample through a series of controlled stepwise heating cycles by using the incorporated 5 

environmental cell and heating stage. All experiments were performed using a Cypher ES (Asylum 6 

Research) microscope with imaging always conducted at 32 °C and with probes only installed 7 

following each completed heating step to avoid any possible tip contamination. Images were 8 

obtained in tapping mode at the air/solid interface with minimized forces using OMCL-AC160TS-9 

R3 probes (Olympus Corporation) at a resonance frequency of ± 300 kHz (spring constant ±26 N/ 10 

m). Prior to each heating cycle the AFM chamber was purged for 30 min with N2 gas (40 mL/ min) 11 

(N2 Alphagaz 1, Air Liquide) and with the inert atmosphere being maintained until the sample 12 

cooled down again. Each sample was successively subjected to five 30 min heating procedures 13 

with a ramp rate of 1 °C/s until 160, 170, 180, 190 and 200 °C. Each completed cycle was 14 

accompanied by Raman spectroscopy analysis, as well as STM and AFM characterization to 15 

evaluate the resulting impact on the sample surface. 16 

Scanning Tunneling Microscopy. STM measurements were performed at room temperature at 17 

the air/solid interface with a PicoSPM (Agilent) instrument operating in constant current mode 18 

using a mechanically cut Pt/Ir (80/20) tip. The data was analyzed with Scanning Probe Image 19 

Processor 6.3.5 (SPIP, Image Metrology ApS) software. 20 

Raman spectroscopy and kinetic experiments. Raman measurements were performed with an 21 

OmegaScopeTM 1000 (Horiba, formerly AIST-NT) and 632.8 nm laser light from a He-Ne laser 22 

was focused onto the sample surface using an objective (MITUTOYO, BD Plan Apo 100x, N.A. 23 
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0.7). The optical density at the sample surface was about 800 kW/cm2. For the kinetics 1 

measurements a longer working distance objective was used (MITUTOYO, M Plan Apo SL 50x, 2 

N.A. 0.42), for which the optical density was around 300 kW/cm2. Raman scattering was collected 3 

with the same objective in each case and directed to a Raman spectrograph (Horiba JY, iHR-320) 4 

equipped with a cooled charge coupled device (CCD) camera operated at -100 °C (Andor 5 

technology, DU920P-BRDD) through a pinhole, a dichroic mirror (Chroma Technology 6 

Corporation, Z633RDC) and long pass filter (Chroma Technology Corporation, HQ645LP). For 7 

the room temperature and sequential heating experiments, multiple (~6) measurements were 8 

performed at different positions for each sample and temperature step, and the results averaged to 9 

determine the final values given in the main text.  10 

For the kinetics measurements, a heating chamber (Linkam, THMS600) was used to heat the 11 

samples in an inert environment (argon) and temperatures were determined simply from the given 12 

values on the Linkam stage. Before each measurement, the chamber containing the sample was 13 

purged with argon gas for several minutes. The objective was positioned outside the chamber and 14 

light focused onto the sample through a glass optical window. The chamber was heated to a 15 

specified temperature (ramp rate 150 °C/min) that was subsequently maintained for the duration 16 

of the measurements. To remove changes incurred during the ramping time, all changes in ID/IG 17 

were taken relative to the first measurement performed after reaching the desired temperature. 18 

Spectra were recorded successively (with an acquisition time of 10 seconds) at a single position 19 

and there were no pauses between consecutive spectra. Measurements were terminated when no 20 

D-band could be detected within a single acquisition or after approximately 300 seconds, though 21 

typically only the first 100 seconds were considered due to difficulty in determining changes at 22 

longer times. The reduced S/N (due to the lower acquisition time) also led to a consequent 23 
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reduction in the detection limit of the D-band. Occasionally for some individual measurements at 1 

low temperatures (e.g. 130/140 °C for the 3,5-TBD system), changes within 100 seconds were not 2 

clear and so a longer acquisition time of ~300 seconds was used. Measurements were recorded at 3 

a temperature interval of 10 °C, and typically at least 3 measurements were recorded for each 4 

temperature step. Temperatures ranged from 210 °C to 160 °C for the 3,4,5-TMeOD-G system, 5 

200 °C to 160 °C for 3,4,5-TMeD-G and 160 °C to 130 °C for 3,5-TBD-G. Analysis of the rate 6 

constant was made assuming first-order reaction kinetics. All Raman measurements were 7 

processed using IGOR Pro. 8 

 9 
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 1 

Figure 1. (a) Reaction scheme for the covalent functionalization of HOPG, showing the relevant 2 

substituent moieties for each of the molecules studied (3,5-TBD, 3,4,5-TMeD, 3,4,5-TMeOD and 3 

4-NBD). (b) Temperature evolution. Covalently bound monolayers of each of the molecules in a) 4 

undergo a stepwise temperature treatment. At each stage, changes to the surface in terms of 5 

topography and loss of covalently bound species are investigated by Raman and SPM. Black pins 6 

represent the covalently bound species and grey dots the dissociated breakdown products. Finally, 7 

Raman measurements are used to investigate the kinetics of temperature-induced bond-breaking.  8 



 11 

 1 

Results and Discussion 2 

Room temperature investigation. HOPG samples were functionalized by four substituted 3 

arenediazonium salts, as shown in Figure 1a. These were respectively the cations 3,5-bis-tert-4 

butyldiazonium (3,5-TBD), 3,4,5-trimethylbenzene diazonium (3,4,5-TMeD), 3,4,5-5 

trimethoxybenzene diazonium (3,4,5-TMeOD) and 4-nitrobenzene diazonium. In some cases, the 6 

arenediazonium salts were generated directly in situ from the corresponding aniline derivative, 7 

though for clarity, we will hereafter refer to the diazonium form only. This led to the generation 8 

of 4 functionalized HOPG systems, hereafter referred to as 3,5-TBD-G, 3,4,5-TMeD-G, 3,4,5-9 

TMeOD-G and 4-NBD-G. Further details on the functionalization procedure can be found in the 10 

methods section. Figure 1 outlines a generalized methodology for experiments (starting from the 11 

aniline derivative), with each of these systems subject to heating treatments and subsequently 12 

characterized by both Raman and SPM to determine their thermal evolution. Additional Raman 13 

measurements were also performed in situ to determine the kinetics of this thermal desorption. 14 

The outcome of functionalization for each of the 4 systems was first investigated at room 15 

temperature, and this initial state following covalent modification is detailed in Figure 2. It is 16 

widely known that functionalization with 4-NBD yields a substantially reduced defect 17 

concentration in comparison to 3,5-TBD due to the formation of dendritic multilayers.18 18 

Furthermore, we recently reported a study into the dependency of graphitic functionalization on 19 

the nature of functional groups in the 3, 4 and 5 positions of electrochemically reduced 20 

trisubstituted, arenediazonium salts.36 This included looking at 3,5-TBD, 3,4,5-TMeOD and 3,4,5-21 

TMeD. Therein, it was found that 3,5-TBD-G and 3,4,5-TMeOD-G exhibited the greatest degree 22 

of functionalization, with the value being substantially lower in the case of 3,4,5-TMeD-G. 23 
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Moreover, a relation was observed between the degree of functionalization and the electron 1 

donating properties of the different functional groups for a series of aryldiazonium derivatives 2 

grafted on HOPG. This was explained partly by energy level matching between singly occupied 3 

molecular orbital (SOMO) levels of the aryl radicals and the Fermi level of the surface. However, 4 

given the differing experimental apparatus and experimental conditions, to confirm the generality 5 

of the reported findings, and to provide a basis for the subsequent measurements, it is also 6 

necessary to perform such measurements here.  7 

Differences in the degree of covalent modification between the systems was first highlighted by 8 

Raman spectroscopy. Figure 2a shows typical Raman spectra for each of the functionalized HOPG 9 

systems at room temperature, focused on the 1200-1800 cm-1 spectral region. In principle, Raman 10 

spectroscopy quantifies the number of surface defects in the HOPG lattice through the ratio of the 11 

D (~1350 cm-1) and G (~1580 cm-1) bands, ID/IG ,37–39 with higher values corresponding to a greater 12 

degree of covalent modification. This is discussed in greater detail below in the context of the 13 

kinetics measurements. It is known that ID/IG tends to saturate on HOPG somewhat above 0.1,18 14 

and in the present case, relevant ID/IG values are respectively 0.088 ± 0.002 for 3,5-TBD-G and 15 

0.073 ± 0.003 for 3,4,5-TMeOD-G functionalized HOPG. Conversely, while the value for 3,4,5-16 

TMeD-G sample was smaller at 0.037 ± 0.004, for the 4-NBD-G sample it was only 0.006 ± 0.002. 17 

From these values it can be deduced that 3,5-TBD-G and 3,4,5-TMeOD-G generated the greatest 18 

amount of covalent modification, while 4-NBD-G led to the least, and with 3,4,5-TMeD-G being 19 

somewhat intermediate.  20 

To take advantage of the complementarity between techniques, corresponding STM analysis for 21 

each of the 4 molecules was performed with the results displayed in Figure 2b-e. The STM images 22 

additionally provide a good visual representation of the initial density on the basal plane. Every 23 
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bright feature in the images b-e visualizes a site of covalent attachment, though it is presently 1 

unclear whether such features necessarily correspond to a single molecule. The observed density 2 

also varies significantly for the different functional groups. In accordance with the Raman data, 3 

we find for 3,5-TBD-G and 3,4,5-TMeOD-G (Figures 2f and 2h), covalently modified surfaces 4 

that appear almost fully closed; the underlying HOPG surface is only visible through small pores 5 

in the molecular layer. On the other hand, 3,4,5-TMeD-G (Figure 2g) and especially 4-NBD-G 6 

(Figure 2i) display a distinctively lower degree of functionalization, though with this being 7 

significantly higher for 3,4,5-TMeD-G than for 4-NBD-G. This agreement between the Raman 8 

and STM is promising, as although Raman analysis remains the method of choice for quantitative 9 

analysis of defect concentrations in graphitic materials at the ensemble level, STM can additionally 10 

detail local qualitative differences that may exist at the molecular scale. Taken together, the Raman 11 

and STM data show good agreement with the findings of reference36, although in the present case, 12 

the value for 3,5-TBD-G is in fact slightly higher (though very similar to) than 3,4,5-TMeOD-G.  13 

Finally, representative AFM images for each system are in turn presented in Figures 2b-e. In 14 

contrast to both STM and Raman, the apparent topological appearance of all samples is rather 15 

similar, with the occasional presence of small circular “ungrafted” areas without molecules 16 

observed solely for the 4-NBD-G sample. Apart from these areas, all HOPG samples are 17 

completely covered by a uniform layer of molecules, despite the underlying discrepancies in the 18 

degree of covalent modification between these systems.  19 
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Figure 2. (a) Typical Raman spectra for the functionalized HOPG samples at room temperature, 3 

focused on the 1200-1800 cm-1 spectral region. For clarity, the spectra have been normalized to 4 

the value of the G-band and a polynomial (3rd order) fitted to remove the background. STM and 5 

AFM images of (b, f) 3,5-TBD-G, (c, g) 3,4,5-TMeD-G, (d, h) 3,4,5-TMeOD-G and (e, i) 4-NBD-6 

G. Imaging parameters (STM): (b) Iset = 40 pA, Vbias = -1.2 V, (c) Iset = 60 pA, Vbias = -0.8 V, (d) 7 
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Iset = 50 pA, Vbias = -0.8 V, (e) Iset = 40 pA, Vbias = -1.0 V. Data were recorded under ambient 1 

conditions and at room temperature. The wavy features in e) are tentatively attributed to self-2 

assembled alkane-type contaminants. 3 

 4 

Sequential heating experiments. Sequential heating was then performed to investigate the 5 

behaviour and stability of each system at elevated temperatures. This proceeded by successively 6 

heating the samples in 10 degree temperature stages between 160 and 200 °C. Samples were heated 7 

and then held for 30 minutes at each temperature stage, before being cooled to room temperature 8 

for characterisation by Raman and SPM. The samples were thereafter returned for heating to the 9 

next stage (10 degrees higher) in the series. Further details on the procedure used can be found in 10 

the experimental methods.  11 

The results of the Raman analysis are displayed in Figure 3a. Here the ID/IG is given for each 12 

heating stage, normalised to the value at room temperature to account for the intrinsic differences 13 

in starting defect density discussed in the context of Figure 2. For each molecule, a clear reduction 14 

in the value of ID/IG is apparent from the graph, and is attributed to a loss of covalently bound 15 

molecules upon heating. Starting with the 3,5-TBD-G sample, ID/IG falls to 20% of its starting 16 

value upon heating to 160 °C, with the bond almost eliminated entirely from 170 °C onwards 17 

(reduced to ~3 % of starting value). A similar ID/IG was found at 180 °C, before the D Band 18 

apparently falls beneath our Raman detection limit at 190 °C. In contrast, both 4-NBD-G and 3,4,5-19 

TMeD-G show only small changes upon heating to 160 °C, whereas the behavior of 3,4,5-20 

TMeOD-G is intermediate, showing a decrease to 60% of its starting value at 160 °C. The 21 

subsequent trend thereafter for these 3 systems is again rather similar, with ID/IG decreasing further 22 

at higher temperature stages, though this is less perceptible for 4-NBD-G due to the large error 23 
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bars (likely resulting from the low starting defect concentration). Taken more generally, the Raman 1 

data show that the great majority of bond breaking occurs below 200 °C regardless of the 2 

substituent. Beyond this initial finding, the results also point to some secondary dependence on the 3 

nature of the substituents of the phenyl ring in the aryldiazonium cation.  4 

Further evidence for the changes taking place on the surface are provided through the SPM 5 

analysis. For clarity we only provide images for two molecules in the main text. Figures 3b-c and 6 

3d-e show representative AFM and STM images at each of the measured temperature stages for 7 

3,4,5-TMeOD-G and 3,5-TBD-G functionalized surfaces, respectively. A more complete data set 8 

is provided for each of the molecules in the Supporting Information for both AFM (Figures S2-9 

S5) and STM (Figures S6-S9). As before, the series of STM images in Figures 3c and e are in 10 

agreement with the results from the Raman analysis; we can conclude that both samples undergo 11 

detachement of the aryl groups, starting at least by the lowest temperature studied (160 °C). This 12 

finding was further corroborated for all of the molecules in the Supporting Informtation. 13 

Nevertheless, as with Raman spectroscopy there are clear discrepancies between the different 14 

systems. Although for 3,4,5-TMeD-G (Figure S7) and 4-NBD-G (Figure S9) the first step of 160 15 

°C shows very little detachement of molecules, we find substantial detachment for 3,4,5-TMeOD-16 

G (Figure 3c) and even more for 3,5-TBD-G (Figure 3e). Again, this is in broad, qualitative 17 

agreement with the Raman results in Figure 3a. For 3,4,5-TMeD-G the onset of wide-spread bond 18 

breaking is found at around 170 °C and for 4-NBD-G at around 180 °C (though in both cases some 19 

reduction was already observed by 160 °C). Additionally, when the temperature treatment finishes 20 

the fifth 30 min cycle at 200 °C, practically all molecules are detached from the sample surface in 21 

all cases, with only a few isolated molecules being present in individual STM images. One should 22 

note that apparent yield of desorption appears to follow the pattern for surface coverage, with more 23 
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bonds breaking at lower temperatures for the systems that exhibited a higher degree of covalent 1 

functionalization. Quite unexpectedly, the aryl radicals that generate the greatest modification 2 

appear to be most easily desorbed. An inspection of the STM panels in Figure 3 does however 3 

indicate that this is not a direct correlation, with the STM images showing a much higher number 4 

of bonds breaking for 3,5-TBD-G than 3,4,5-TMeOD-G at 160 °C, despite there being only a small 5 

change in starting concentration.  6 

Taken together with the Raman data, the STM analysis conclusively shows breaking of the 7 

covalent linkages at temperatures below 200 °C. This is very low for a standard C-C bond,40 8 

suggesting that the covalent attachment of the molecules is relatively unstable. Moreover, this is 9 

in line with previous observations that these aryl moieties are easily removed (and the graphitic 10 

lattice restored) by STM scanning.18,41,42 However, elevated temperatures lead to this restoration 11 

occuring globally and thus not being limited to the area scanned by the STM ( < 1 µm2 ). 12 

Next, we turn to the AFM images provided in Figures 3b and d. Here, the samples undergoing 13 

the stepwise heating exhibit two distinct topological behaviours. Taking the evolution in Figure 3b 14 

as representative, a limited structural transformation for the 3,4,5-TMeD-G, 3,4,5-TMeOD-G and 15 

4-NBD-G samples is found, with “cavities” (seen as the dark regions in Figure 3b) starting to 16 

appear from 160 °C, suggesting little loss of material from the surface. In sharp contrast, Figure 17 

3d details very different behavior for 3,5-TBD-G, where much larger domains can be seen between 18 

regions of differing contrast. Over the course of the heating treatment these structures ripen, 19 

increasing the size and sharpness of the edge structures. The regions of high and low contrast may 20 

correspond to aggregated breakdown products and the bare HOPG surface, respectively, although 21 

conclusive chemical identification is not possible simply from differences in contrast. More 22 

importantly, both series of AFM images suggest that even in the case of the 3,5-TBD-G sample, 23 
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most of the molecular layer remains on the surface at 200 °C, whereas STM and Raman evidenced 1 

that nearly all the grafted species are detached from the surface at this temperature. Consequently, 2 

our results show that breakdown products remain physisorbed on HOPG even after covalent bond 3 

breaking has taken place. 4 

It is of note to compare our general findings to previous studies on the thermal stability of 5 

chemically functionalized carbon systems. Firstly, several previous studies appear to indicate mass 6 

loss occurring at higher temperatures than those observed here. X-ray photoelectron spectroscopy 7 

(XPS) and Fourier-transform Infra-red (FTIR) spectroscopy show that NO2 still resides on the 8 

surface following vacuum annealing of a 4-NBD functionalized epitaxial graphene surface to 200 9 

°C,22 and UHV-STM experiments have shown material present on the surface after annealing to 10 

500 °C.42 Additionally, TGA has pointed to hydrogen evolution from hydrogenated graphene 11 

flakes only occurring at temperatures upwards of 400 °C.29 In contrast, previous studies using 12 

Raman spectroscopy have yielded markedly different results. Bond-breaking for hydrogenated 13 

graphene was reported to occur between 100 °C and 200 °C.43 CNTs covalently functionalized 14 

using diazonium chemistry could be restored to their pristine state by heating to 300 °C.26 Finally, 15 

it has been shown that graphene flakes in solution functionalized on both sides by alkyl groups 16 

show significant detachment below 200 °C.30 17 

The present work helps to rationalize such differing behavior (even in light of the vastly different 18 

systems studied) by illustrating that surface desorption most likely occurs in two distinct stages. 19 

By both STM and Raman we see bond breaking largely occurring below 200 °C, whilst AFM 20 

shows that the physisorbed products remain on the surface, presumably up to the higher 21 

temperatures found by the other methods mentioned in the previous paragraph.29,42 Indeed, this 22 

agreement between STM and Raman highlights a further point. As the lack of D band in the Raman 23 



 19 

spectrum, indicative of a pristine sp2 surface, is in agreement with the loss of covalently bound 1 

molecules by STM (with both being virtually absent for 3,5-TBD-G at 200 °C), it follows that the 2 

relatively low temperatures involved here are sufficient to return the surface to its pristine sp2-3 

hybridised state without undergoing secondary reaction. 4 

 5 



 20 

 1 



 21 

Figure 3. (a) Raman (D/G) ratio for the 4 functionalized HOPG samples used in this study 1 

following sequential heating up to the given temperature, normalized to the value at room 2 

temperature. (b) AFM and (c) STM images of the 3,4,5-TMeOD-G system undergoing the five 3 

stages of a 30-minute stepwise heat treatment from 160 °C to 200 °C. (d) AFM and (e) STM 4 

images of the 3,5-TBD-G system undergoing a stepwise heat treatment from 160 °C to 200 °C. 5 

Imaging parameters (STM): (c) Iset = 50 pA, Vbias = -0.8 V at RT, Iset = 40 pA, Vbias = -0.8 V at 160 6 

°C, Iset = 40 pA, Vbias = -1.1 V at 170 °C to 190 °C, Iset = 40 pA, Vbias = -1.0 V at 200 °C, (e) Iset = 7 

40 pA, Vbias = -1.2 V at RT, Iset = 30 pA, Vbias = -1.3 V at 160 °C, Iset = 40 pA, Vbias = -1.0 V at 170 8 

°C to 200 °C. Complete SPM data (including images for 3,4,5-TMeD-G and 4-NBD-G) can be 9 

found in Supporting Information (S2-S5, S7-S10). Data were recorded under ambient conditions 10 

and at room temperature. 11 

 12 

Desorption kinetics. Motivated by the reduction in the defect density following sequential 13 

heating, additional Raman measurements were then performed to extend our work to a study of 14 

the kinetics of this process. It is known that the average inter-defect distance can be associated 15 

with the (D/G) value using the following phenomenological model:39,44 16 𝐼𝐼𝐷𝐷𝐼𝐼𝐺𝐺 = 𝐶𝐶𝐴𝐴 (𝑟𝑟𝐴𝐴2−𝑟𝑟𝑆𝑆2)

(𝑟𝑟𝐴𝐴2−2𝑟𝑟𝑆𝑆2)
�𝑒𝑒−𝜋𝜋𝑟𝑟𝑠𝑠2 𝐿𝐿𝐷𝐷2⁄ − 𝑒𝑒−𝜋𝜋(𝑟𝑟𝐴𝐴2−𝑟𝑟𝑆𝑆2) 𝐿𝐿𝐷𝐷2⁄ � + 𝐶𝐶𝑆𝑆�1 − 𝑒𝑒−𝜋𝜋𝑟𝑟𝑆𝑆2 𝐿𝐿𝐷𝐷2⁄ �        (1) 17 

Here rs is a length scale corresponding to the size of the introduced point defects, with rA defining 18 

a surrounding “activated” region within which D band generation becomes possible. Typical 19 

values for rA and rS are 1 nm and 3 nm, respectively. In turn, LD, defines the average distance 20 

between defects, with CS and CA being constants. The model works by considering only electron-21 

hole pairs generated within the region surrounding a defect (and defined by rA rather than rs) as 22 

capable of generating a D band. Consequently, two regimes are defined, with the D band first 23 
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increasing for increasing defect concentration up to a point where defective regions coalesce and 1 

the average inter-defect distance approaches the difference between rs and rA. After this point, the 2 

ID/IG subsequently decreases for higher defect concentrations. Accordingly, in the low defect 3 

regime equation 1 can be reduced to the familiar Tuinstra-Koenig relation:37,44 4 

𝐼𝐼𝐷𝐷𝐼𝐼𝐺𝐺 ≅ 𝜋𝜋𝐶𝐶𝐴𝐴(𝑟𝑟𝐴𝐴2−𝑟𝑟𝑠𝑠2)𝐿𝐿𝐷𝐷2                                                             (2) 5 

 As the present case involves point defects, this can in turn be related to the defect density (and 6 

hence the concentration of molecules, 𝜎𝜎, covalently bound to the surface) such that: 7 

𝐼𝐼𝐷𝐷𝐼𝐼𝐺𝐺 ∝  
1𝐿𝐿𝐷𝐷2  ∝  𝜎𝜎      (3) 8 

The above discussion was largely based on defects formed through ion-bombardment but is also 9 

known to apply for defects on graphene following covalent attachment, as studied here. Indeed, rs, 10 

and consequently the defect concentration at which ID/IG maximizes may have some dependence 11 

on the defect type.45,46 In this case, the transition between the two stages may occur at higher 12 

concentrations for the single-atom point defects involved in the present study. Moreover, while the 13 

high-defect regime can be reached through the covalent-type point defects on graphene, ID/IG 14 

saturates at a fixed level for ion-bombardment type defects on graphite.41 Such saturation of ID/IG 15 

was also seen for covalent-type defects on graphite.18 However, this was found to occur at higher 16 

values and diazonium concentrations than were used in this study, suggesting that we remain in 17 

the low defect regime. Moreover, to the best of our knowledge ID/IG has never been seen to 18 

decrease following saturation for molecules covalently bound to graphite. It may be the case that 19 

steric considerations prevent the high defect regime from ever being reached in such systems as 20 

those studied here. As such, we make the assumption that the low-density regime persists 21 

throughout the measurements performed here, and that the relationship defined in equation 3 is 22 

valid.  23 
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Relative changes to the concentration of covalently bound molecules over time were extracted 1 

by monitoring changes in the normalized ID/IG value at constant temperature and under controlled 2 

environment. This was then used to calculate the rate constant for the thermally induced fission of 3 

the aryl-graphene bond:  4 

− 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  𝜎𝜎𝜎𝜎 = − 𝑑𝑑𝐼𝐼𝐷𝐷𝐼𝐼𝐺𝐺𝑑𝑑𝑑𝑑       (4) 5 

Assuming an Arrhenius type temperature dependence of the rate constant k and making multiple 6 

measurements at different temperatures then allows the activation energy and pre-exponential 7 

factor for bond breaking to be extracted. Further details on the procedure used to evaluate the 8 

reaction kinetics are given in the experimental methods. Average starting ID/IG values at room 9 

temperature varied slightly from the case of sequential heating, and were around 0.09 for 3,4,5-10 

TMeOD-G, 0.1 for 3,5-TBD-G and 0.05 for 3,4,5-TMeD-G. Due to its low ID/IG ratio starting 11 

value, 4-NBD-G was not included in this study. 12 

Figure 4 shows a graph of the natural logarithm, ln(k), of the rate constant against the inverse 13 

temperature, 1/T, for the 3,4,5-TMeOD-G, 3,5-TBD-G and 3,4,5-TMeD-G systems. In each case 14 

a linear fit of the data to the linearized Arrhenius equation ln(k) = ln(A) – Ea/RT, is also provided, 15 

with A and Ea being the pre-exponential factor and the activation energy, respectively. In all three 16 

cases, the fit suggests a reasonable agreement of the data with the Arrhenius equation. Both the 17 

3,4,5-TMeOD-G and 3,4,5-TMeD-G systems show very similar behavior, whereas for 3,5-TBD-18 

G a much steeper dependence on temperature is observed. One should note that a greater variability 19 

was observed for 3,5-TBD-G where, for a given temperature, the data could vary substantially. 20 

This was at the single measurement level, and not specifically related to a particular measurement 21 

session (Figure S11). It is also worth emphasizing here that to maximize time-resolution, spectra 22 
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were only recorded at a single position for each sample, though this doesn’t account for thermal 1 

drift. Full rate constant data can be found in the supporting information (table S2). 2 

 3 

Figure 4. Desorption kinetics. Graph showing the natural logarithm of the rate constant for the 4 

thermal fission of the aryl-HOPG bond, plotted against inverse temperature for 3,5-TBD-G, 3,4,5-5 

TMeD-G and 3,4,5-TMeOD-G. In each case, a linear fit to the data is provided. 6 

 7 

Table 1 displays the relevant fit parameters taken from each of these fits. Extracting the activation 8 

energy for the thermal fission of the aryl-graphene bond from the gradient of the slopes in Figure 9 

4 yields values of around ~90 ± 10 kJ mol-1 (0.9 ± 0.1 eV/ 20 ± 2 kcal mol-1) and ~90 ± 10 kJ mol-10 

1 (1.0 ± 0.1 eV / 22 ± 3 kcal mol-1) for 3,4,5-TMeOD-G and 3,4,5-TMeD-G, respectively. In 11 

contrast, the activation energy for 3,5-TBD-G was found to be around ~210 ± 40 kJ mol-1 (2.2 ± 12 

0.4 eV / 51 ± 8 kcal mol-1). Also included is data on the entropy and enthalpy of reaction, ΔS‡
 and 13 

ΔH‡ as obtained from the analysis of the data in the framework of the Eyring equation (Figure 14 

S10) and discussed below. 15 
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Table1. Extracted reaction data for 3,4,5-TMeOD, 3,4,5-TMeD and 3,5-TBD functionalized 4 

HOPG surfaces.  5 

Aryldiazonium 

salts used for 

functionalization 

Activation energy 

(kJ mol-1) 

Pre-exponential 

factor 

 

ΔS‡ 

(J mol-1 K-1) 

ΔH‡ 

(kJ mol-1) 

3,5-TBD-G 210 ± 40 3 x 1024 

(1020 – 1028) 

210 ± 40 210 ± 40 

3,4,5-TMeD-G 90 ± 10 3 x 108 

(106 – 1010) 

-100 ± 30 90 ± 10 

3,4,5-TMeOD-G 90 ± 10 3 x 107 

(106 – 108) 

-110 ± 30 80 ± 10 

 6 

It may be expected that 3,4,5-TMeD-G shows a higher activation energy than 3,4,5-TMeOD-G, 7 

as it is seen to leave at higher temperatures and may provide weaker radical stabilization through 8 

the absence of methoxy groups. However, any difference between the values obtained for 3,4,5-9 

TMeOD-G and 3,4,5-TMeD-G appears to fall beneath the sensitivity of the method used here. 10 

Both values also agree reasonably with theoretical calculations (100-125 kJ mol-1) for a graphene 11 

sheet covalently functionalized with aryls at full surface coverage, (even though this value may 12 

have been underestimated since the van der Waals contribution was not considered).47 This 13 

highlights once again the relative weakness of the bond compared to a standard C-C linkage 14 
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(determined as ~ 410 kJ mol-1 / 4.3 eV for a phenyl – C(CH3)3 bond).40 At first glance this is a 1 

surprising result, however, this weakness is reflective of the nature of the bond, with each sp3 2 

carbon “pulled” out of the lattice by around 0.7 Å.47 Covalent functionalization therefore induces 3 

significant strain in the lattice and precludes full relaxation into a typical tetrahedral configuration. 4 

The strain also explains why the fission of the aryl-HOPG bond occurs at lower temperature than 5 

for graphene flakes functionalized on both sides.30,40 As opposed to one-side functionalization 6 

(“supratopic”), double-side functionalization of graphene (“antaratopic”) can lead to strain-free, 7 

more stable structures.48  8 

The much greater value of the activation energy found for 3,5-TBD-G is unexpected when 9 

cognizant of its tendency for bond-breaking at significantly lower temperature than any other 10 

system used in this study and it is interesting that the AFM results of Figure 3 also distinguish this 11 

system from the others studied. Tests using a second-order kinetics model to describe the time and 12 

temperature dependence of ID/IG did not appear to yield better fittings for the rate constants 13 

(Supporting Information) and it was therefore decided to keep a first-order model given the small 14 

temperature range used. Moreover, given the similarities in electron donating properties of the 15 

substituents in 3,5-TBD and 3,4,5-TMeD, an intrinsic chemical effect also seems unlikely to 16 

explain the observed trend and may suggest some steric influence of the bulky tert-butyl groups 17 

on 3,5-TBD.  18 

A large pre-exponential factor (1024 s-1) explains the paradox between the fast dissociation rate 19 

and the large activation barrier, and more information is provided by a further analysis in the 20 

context of the Eyring approach (k ≈ kT/hexp(∆S‡/Rexp(∆H≠/RT)). Here, one obtains for 3,4,5-21 

TMeD-G and 3,4,5-TMeOD-G samples, respectively -100 ± 30 J mol-1 K-1 and -110 ± 30 J mol-1 22 

K-1 for the entropy of activation. For 3,5-TBD-G, on the other hand, a positive value of +210 ± 40 23 
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J mol-1 K-1 is obtained. This positive value of ∆S‡ is in line with the expectations for the 1 

dissociation of a bond. This suggests that for 3,5-TBD-G the dissociation of the covalent bond 2 

leads to the desorption of 3,5-tert-butylphenyls. The outspoken negative values of ∆S‡ for 3,4,5-3 

TMeOD-G and 3,4,5-TMeD-G are in fact quite unexpected for a reaction corresponding 4 

essentially to the dissociation of a bond. This suggests that already in the transition state the newly 5 

formed radical starts to adsorb to the HOPG surface or to interact with other defect centers, other 6 

adsorbed molecules, or indeed any other species present on the surface. Both systems were also 7 

tested using second order kinetics as a result of these findings, but this didn’t appear to yield 8 

significantly improved fittings (Figure S13-S14) and did not yield large changes to the results.  We 9 

hope further investigations will elucidate in more detail the mechanism responsible for the 10 

difference in behavior between 3,5-TBD-G and the other two systems. 11 

This notwithstanding, our results from this kinetics study highlight how using Raman scattering 12 

to probe the aryl-graphene bond can provide information not accessible through other techniques, 13 

such as TGA, that indirectly measure the bond strength by detecting mass loss from the surface. 14 

The similarities between experiment and theory for 3,4,5-TMeOD-G and 3,4,5-TMeD-G help to 15 

validate the method for directly accessing bond strengths of chemically functionalized graphitic 16 

surfaces. As such, it opens the way for further studies investigating how bond and surface 17 

properties are influenced by factors such as lattice strain, molecular arrangement or the nature of 18 

substituents, on graphite and other 2D carbon surfaces.  19 

 20 

Conclusions 21 

In this work, we have used a combination of scanning probe microscopies and Raman 22 

spectroscopy to study the temperature evolution of HOPG surfaces covalently modified through 23 
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arenediazonium chemistry. The complementarity between Raman, STM (following the local 1 

degree of functionalization) and AFM (monitoring physical changes to the surface) allows the 2 

desorption process to be deconvoluted, showing that on this surface the bond between aryl moieties 3 

and HOPG breaks below 200 °C, after which the breakdown products largely remain physisorbed. 4 

Raman spectroscopy offers a simple and quick way to obtain ensemble results on this bond 5 

breaking, as well as to study its kinetics. These three techniques shed new light on the thermal 6 

desorption of aryl groups attached to carbon surfaces, complementing the knowledge gathered 7 

previously with thermogravimetric analysis. 8 

Besides this, the work presented here establishes a general method for determining the thermal 9 

kinetics of covalently functionalized carbon-based systems and accessing the activation energy of 10 

the bond cleavage. It shows the bond formed following covalent functionalization to be 11 

substantially weaker (between 90 and 210 kJmol-1) than a standard C-C linkage, likely due to the 12 

strain induced by the sp2 to sp3 rehybridization, and moreover highlights some interesting 13 

substituent-based effects. While the large pre-exponential factor and positive value of ∆S≠ obtained 14 

for the dissociation of 3,5-TBD-G are compatible with bond dissociation and consequent 15 

desorption, the corresponding values obtained for 3,4,5-TMeD-G and 3,4,5-TMeOD-G suggest a 16 

more complex mechanism with a lower activation barrier that appears to more closely agrees with 17 

previous theoretical calculations. For 3,5-TBD-G this mechanism is probably impeded due to 18 

steric repulsion. The limited stability of the covalent bond formed permits the restoration of the 19 

pristine HOPG lattice at relatively low temperature, opening the way to defect-free 20 

functionalization and post-modification of sp2-hybridized carbon allotropes such as graphene. On 21 

the other hand, it also raises questions over potential thermal operating windows for future 22 

applications. 23 
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By using HOPG, the simplest and most well understood carbon-based system, a baseline has 1 

been established for further investigations into more diverse and complex systems. This method 2 

can be potentially applied to arbitrary moieties chemisorbed on graphite, as well as to patterned 3 

functionalization. It can also be extended to other surfaces such as surface-supported graphene or 4 

two-side functionalized graphene in order to compare and quantify their stability. These initial 5 

findings also call for further detailed experimental and theoretical investigations into the reaction 6 

pathway(s) of the bond cleavage.  7 

 8 
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S1. Cyclic voltammetry 

 

Figure S1. Cyclic voltammograms of (a) 3,5-TBD, (b) 3,4,5-TMeD, (c) 3,4,5-TMeOD and (d) 

4-NBD grafting, operated in an acidic aqueous solution (HClaq, 50 mM) containing 2.0 mM of 

the specified constituent. Each sample undergoes three cycles of ramps in potential, starting 

from +0.4 V to −0.4 V, at a scan rate of 0.1 V/s. The first cycle is displayed in a dark blue with 

the succeeding second and third cycle presented in lighter shades of blue. Arrows illustrate the 

propagation of both scan directions. The first reduction wave is observed at -0.19 V for 3,5-

TBD, -0.11 V for 3,4,5-TMeD, -0.16 V for 3,4,5-TMeOD and at -0.14V for 4-NBD. 
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   S2. AFM data of stepwise heating for 3,5-TBD-G 

 

Figure S2. AFM topography images of a 3,5-TBD modified HOPG substrate at (a) room 

temperature, and after all stages of the stepwise heating process (b) 160 °C, (c) 170 °C, (d) 180 

°C, (e) 190 °C and (f) 200 °C. The dense monolayer as observed at room temperature changes 

its topography substantially over the course of the temperature treatment. As the temperature 

increases, severe structural reform takes place differentiating clearly between the areas of 

breakdown products and regions of nearly bare HOPG surface. 
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S3. AFM data of stepwise heating for 3,4,5-TMeD-G 

 

Figure S3. AFM topography images of a 3,4,5-TMeD modified HOPG substrate at (a) room 

temperature, and after all stages of the stepwise heating process (b) 160 °C, (c) 170 °C, (d) 180 

°C, (e) 190 °C and (f) 200 °C.  
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S4. AFM data of stepwise heating for 3,4,5-TMeOD-G 

 

Figure S4. AFM topography images of a 3,4,5-TMeOD modified HOPG substrate at (a) room 

temperature, and after all stages of the stepwise heating process (b) 160 °C, (c) 170 °C, (d) 180 

°C, (e) 190 °C and (f) 200 °C.  



S7 
 

S5. AFM data of stepwise heating for 4-NBD-G 

 

Figure S5. AFM topography images of a 4-NBD modified HOPG substrate at (a) room 

temperature, and after all stages of the stepwise heating process (b) 160 °C, (c) 170 °C, (d) 180 

°C, (e) 190 °C and (f) 200 °C.  

  



S8 
 

S6. Roughness analysis 

3,5-TBD Ra (nm) Rq (nm) 

RT 0.09 ± 0.01 0.12 ± 0.02 
160 °C 0.20 ± 0.02 0.25 ± 0.02 
170 °C 0.10 ± 0.04 0.15 ± 0.04 
180 °C 0.04 ±0.02 0.06 ± 0.03 
190 °C 1.2 ± 0.8 1.2 ± 0.7 
200 °C 0.6 ± 0.3 0.9 ± 0.2 

3,4,5-TMeD Ra (nm) Rq (nm) 

RT 0.10 ± 0.01 0.13 ± 0.02 
160 °C 0.15 ± 0.02 0.21 ± 0.04 
170 °C 0.14 ± 0.02 0.19 ± 0.03 
180 °C 0.16 ± 0.03 0.21 ± 0.04 
190 °C 0.119 ± 0.002 0.154 ± 0.004 
200 °C 0.099 ± 0.008 0.13 ± 0.01 

3,4,5-TMeOD Ra (nm) Rq (nm) 

RT 0.21 ± 0.01 0.27 ± 0.02 
160 °C 0.25 ± 0.09 0.3 ± 0.1 
170 °C 0.26 ± 0.09 0.3 ± 0.1 
180 °C 0.27 ± 0.04 0.35 ± 0.05 
190 °C 0.37 ± 0.08 0.47 ± 0.09 
200 °C 0.26 ± 0.02 0.35 ± 0.03 

4-NBD Ra (nm) Rq (nm) 

RT 0.18 ± 0.02 0.28 ± 0.07 
160 °C 0.159 ± 0.005 0.206 ± 0.007 
170 °C 0.167 ± 0.008 0.25 ± 0.02 
180 °C 0.181 ± 0.004 0.29 ± 0.04 
190 °C 0.19 ± 0.02 0.27 ± 0.02 
200 °C 0.181 ± 0.005 0.29 ± 0.03 

 

Table S1. Summary of the AFM roughness analysis for all substrate modifications (4-NBD; 

3,5-TBD; 3,4,5-TMeD; 3,4,5-TMeOD) at room temperature and all stages of the stepwise 

heating process. These parameters where collected at three different locations for each data 

point, by analyzing three 501 × 501 nm2 zooms with no present graphite step edges. Ra 

representing the roughness average and Rq the Root Mean Square.  
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S7. STM data of stepwise heating for 3,5-TBD-G 

 

Figure S6. STM current images of a 3,5-TBD modified HOPG substrate at (a) room 

temperature, and after all stages of the stepwise heating process (b) 160 °C, (c) 170 °C, (d) 180 

°C, (e) 190 °C and (f) 200 °C. These images where obtained at following imaging parameters: 

Vb = –0.8 V, It = 50 pA. 

  



S10 
 

S8. STM data of stepwise heating for 3,4,5-TMeD-G 

 

Figure S7. STM current images of a 3,4,5-TMeD modified HOPG substrate at (a) room 

temperature, and after all stages of the stepwise heating process (b) 160 °C, (c) 170 °C, (d) 180 

°C, (e) 190 °C and (f) 200 °C. These images where obtained at following imaging parameters: 

Vb = –0.8 V, It = 50 pA. The wavy features in some of the STM images are tentatively attributed 

to self-assembled alkane-type contaminants. 
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S9. STM data of stepwise heating for 3,4,5-TMeOD-G 

 

Figure S8. STM current images of a 3,4,5-TMeOD modified HOPG substrate at (a) room 

temperature, and after all stages of the stepwise heating process (b) 160 °C, (c) 170 °C, (d) 180 

°C, (e) 190 °C and (f) 200 °C. These images where obtained at following imaging parameters: 

Vb = –0.8 V, It = 50 pA. 

  



S12 
 

S10. STM data of stepwise heating for 4-NBD-G 

 

Figure S9. STM current images of a 4-NBD modified HOPG substrate at (a) room temperature, 

and after all stages of the stepwise heating process (b) 160 °C, (c) 170 °C, (d) 180 °C, (e) 190 

°C and (f) 200 °C. These images where obtained at following imaging parameters: Vb = –0.8 

V, It = 50 pA. The wavy features in some of the STM images are tentatively attributed to self-

assembled alkane-type contaminants.  
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S11. Full Kinetic data from Raman measurements 

 

3,4,5-TMeD 3,4,5-TMeOD 3,5-TBD 

Temp / °C K / s-1 Temp / °C K / s-1 Temp / °C K / s-1 

    210 0.020 ± 0.001 160 0.039 ± 0.011 

200 0.022 ± 0.006 200 0.010 ± 0.001 150 0.013 ± 0.005 

190 0.008 ± 0.002 190 0.0082 ± 0.0007 140 0.0012 ± 0.0001 

180 0.0053 ± 0.0008 180 0.0030 ± 0.0006 130 0.0006 ± 0.0001 

170 0.0032 ± 0.0005 170 0.0023 ± 0.0003     

160 0.0023 ± 0.0002 160 0.0019 ± 0.0002     

 

Table S2: summary of the rate constant data for each molecule along with an associated 

uncertainty (determined as the range divided by 2 times the square root of the number of 

measurements due to small sample sizes). 
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S12. Analysis of pre-exponential factors 

 

Figure S10: Graph showing ln(k/T) against 1/T used to determine ΔS‡
 and ΔH‡ using the Eyring 

approach, along with linear fits to the data.  

 

S13. Data variability 

It was generally observed that the kinetic data for 3,5-TBD-G exhibited a far greater degree of 

variability than either of the two other molecules included in the study. This is illustrated by in 

the selection of graphs of normalized raw data given below. Whereas the curves for 3,4,5-

TMeD-G and 3,4,5-TMeOD-G appear relatively self-consistent across different measurement 

sessions (identified by both separate measurement and sample fabrication periods), this is not 

found to be the case for 3,5-TBD-G. Such variations may be related to the heterogeneous 

desorption detailed in figure 3/S2. 
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Figure S11: Selection of graphs of normalized (D/G) against time showing reproducibility of 

measurements across different measurement sessions for 3,5-TBD (a-c), 3,4,5-TMeOD (d-f), 

and 3,4,5-TMeD (g-i) grafted surfaces. 
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S14. Second-order fitting 

It was considered that the discrepancies found with 3,5-TBD-G may originate from 2nd order 

behavior. To test for this, figure S12a shows a series of data for 3,5-TBD-G modelled to 2nd 

order reaction kinetics. Here, the inverse of the normalized (D/G) (i.e. 1/(D/G)) was plotted 

against time. Figure S12 shows a comparison of fits for a selection of data for 3,5-TBD-G for 

both a 2nd order (a) and 1st order fit.  However, the 2nd order fittings do not appear to yield 

better results. Indeed, given that in general 𝑙𝑙𝑙𝑙(D/G) yielded a reasonable fit and the 

temperature range was limited, it was taken in light of this that the use of a 1st order model was 

a safe assumption.  

 

 

Figure S12: Comparison of 2nd (a) and 1st (b) order fittings to a subsection of kinetic data for 

3,5-TBD-G. 
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Figure S13: Comparison of and 1st (a, c) and 2nd (b, d) order fittings to a subsection of kinetic 

data for 3,4,5-TMeOD-G and 3,4,5-TMeD-G, respectively 

Considering the results of the Eyring equation, a second order model was also considered for 

the other two systems studied. Figure S13 compares first and second order models for a subset 

of the data for 3,4,5-TMeOD-G (a, b) and 3,4,5-TMeD (c, d), respectively. It was indeed 

possible to fit this data to second order, but this didn’t appear to yield an improvement to the 

individual fittings. Again, given the limited temperature range studied it was thus decided to 

assume a first order kinetic model. For clarity, figure S14 shows Arrhenius plots for both 

systems using the rate constants extracted from the second order model. In this case the 

activation energies were 120 ± 10 kJ mol-1 and 100 ± 10 kJ mol-1 for 3,4,5-TMeD and 3,4,5-

TMeOD, respectively. The corresponding pre-exponential factors were 3 × 1011 (1013 – 109) 

and 5 × 109 (108 – 1010). 
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Figure S14: Arrhenius plots for 3,4,5-TMeOD-G and 3,4,5-TMeD-G based on a second order 

kinetic analysis. 
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