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Abstract 

Raman spectroscopy is undoubtedly the most frequently used technique for universal 

characterization of graphene and related materials. Quantification of parameters like disorder or 

strain is possible through analysis of particular Raman bands. However, under certain conditions, 

such evaluation can be jeopardized by – sometimes hidden – convolution of more overlapping 

effects. In this work graphene functionalization by the common nitrobenzene diazonium salt under 

simultaneous biaxial tensile deformation induced by substrate swelling was investigated by Raman 

spectroscopy. As expected, the disorder-related D band appeared in the spectra documenting the 

covalent attack on the graphene lattice. However, the strain-induced shift of the graphene bands 

exposed additional peaks, masked at exactly the same positions as the unstrained graphene bands. 

The new bands were assigned to vibrations of the diazonium molecule and its decomposition 

products adsorbed on top of the functionalized graphene. The external strain thus provided means 

for more correct quantification of the lattice disorder.  
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Introduction 

Graphene attracts enormous research efforts due to its unique physical properties, such as high 

carrier mobility, superior thermal conductivity, high optical transparency and extreme 

mechanical properties.1 However, many of graphene’s foreseen applications will rely on its 

precisely controlled electronic structure, modified to meet the needs of the particular utilization. 

The modifications can span from controlling and fine tuning of the local pools with different 

charge carrier concentrations, the so-called charge puddles, to altering the band structure 

altogether and opening a band-gap. Several approaches have been used up-to-date to achieve the 

latter goal, namely 1D confinement into nanoribbons,2 chemical functionalization,3 or 

mechanical strain.4-5 Naturally, chemical functionalization of graphene through covalent 

bonding,6-10 i.e. rehybridization from sp2 to sp3 character of the carbon atoms, leads in most cases 

to decrease in conductivity, and eventually to an insulating state, as in fluorographene.11 On the 

other hand, controlled chemical functionalization of the 2D materials is vital for applications in 

(electro)catalysis or sensing.12-13 The functionalized regions can be simply designed by 

masking,14 but the concentration of the attached molecules on graphene’s surface is a complex 

function of the standard reaction conditions (temperature, reactant concentration, solvents, 

duration etc.) and the state of graphene itself, as one of the main reactants in the process.15-16 

Herein, the substrate below graphene seems to play one of the crucial roles through an 

interwoven effect of charge puddles and local strain fields.17-18 The mutually interconnected 

triangle of strain, electronic structure and functionalization thus represents a difficult puzzle to 

disentangle. However, when fully understood, these three degrees of freedom give us an 

immense variety of manipulating the innermost properties of graphene. 

Aryl radical addition from diazonium precursors is a classical route for a simple chemical 

functionalization of graphene (and other sp2 carbon materials).6-10, 14, 19-22 These so-called 

Meerwein arylation proceeds via an electron transfer from graphene to the diazonium cation, 

followed by the loss of nitrogen to form the reactive aryl radical, which can consequently attack 

the graphene lattice.8 However, the overall reaction process is not as well understood as it might 

seem. Apart from the complicated substrate effects,17-18 even the same reaction under the 

apparently same conditions conducted by the same group can yield very different degrees of 

modification of the graphene lattice, as shown e.g. by Koehler and coworkers in refs 23 and 24. 
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There might be several reasons for this variation, ranging from the formation of dendritic 

polymers25 to the influence of an impurity layer after lithographic processing.23  

In this letter, we have investigated the process of functionalization of graphene by 4-

nitrobenzene diazonium tetrafluoroborate (NBD) under continuous biaxial tension reaching up to 

0.7% of strain. The mechanical deformation was achieved by swelling of the polymeric graphene 

support (SU8 on poly(methylmetacrylate), PMMA) in methanol:water (1:1) solution. While no 

perceptible influence of strain on the functionalization level could be discerned, the strain-

induced shifts of the Raman bands of graphene revealed additional Raman bands originating 

from the vibrations of NBD and its decomposition products.   

Experimental Methods 

Graphene samples were prepared by mechanical exfoliation from Kish graphite and deposited 

onto poly(methylmetacrylate) (PMMA) slabs covered with ~500 nm spin-coated SU8 2000.5 

(MicroChem). The samples were soft-baked at 65 °C for 30 min. For swelling experiments, the 

samples were immersed in methanol:water solution (1:1) and the evolution of the graphene was 

monitored by Raman spectroscopy. For tests with the diazonium salts, the samples were 

immersed in a 10 mM solution of 4-nitrobenzenediazonium tetrafluoroborate (Sigma-Aldrich) in 

1:1 methanol:water. Before the Raman measurements, the samples were removed from the 

reaction bath and washed with the pure solvent mixture.  

Raman spectra were measured using LabRAM HR (Horiba) microspectrometer, with laser 

excitation wavelengths of 488, 633 or 785 nm. If not stated otherwise, the presented results were 

obtained using 633 nmn excitation. 600 l/mm grating was used, providing 1.8 cm-1 point-to-point 

spectral resolution for 633 nm excitation. Typical accumulation time was 40 seconds for one 

spectral window in the mapping procedures, and 60 seconds in single-spot measurements. For 

peak analysis, first, the spectra were divided to two parts (1200-1800 cm-1 and 2400-2700 cm-1), 

followed by subtracting a linear background and normalizing to the intensity of the PMMA 

~1450 cm-1 band. After that, pure polymer spectra, measured at the start of the experiment, were 

subtracted. The peaks were then fitted with Lorentzian lineshapes. AFM images of the graphene 

with the deposit layer were measured in the tapping mode with a Dimension Icon microscope 
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(Bruker Inc.). Images were captured using Bruker SCANASYST-AIR probes (k = 0.4 N/m, f0 

=70 kHz, nominal tip radius = 2 nm), 

Results and Discussion 

The evolution of graphene with immersion time of the graphene-SU8-PMMA stack is depicted 

in Figure 1. Raman G and 2D band were monitored to assess the strain and/or potential charge 

doping levels. During the experiments, no D band appearance was observed indicating no defects 

were caused by the treatment. Typical Raman spectra before data treatment (for details, see the 

Experimental details in Supporting information) are plotted in Figure S1 (Supporting 

Information). Optical image of one of the monolayer graphene flakes is shown in Fig. 1d with 

the drawn rectangle marking the area where Raman mapping was conducted. Figure 1f shows the 

correlation plot of the G and 2D band frequencies, which is used to separate and potentially 

quantify the effects of strain and doping.26-27 Most of the data points fall onto lines with fitted 

slopes of 1.52 ± 0.24 (0 min), 2.20 ± 0.07 (10 min) and 2.32 ± 0.04 (20 min). At 0 min, i.e. 

before the start of the experiment, the slope of 1.52 indicates heterogeneity in the flake caused by 

both strain and doping. With the soaking, the spread of the points increases towards lower 

wavenumbers both for G and 2D band and is largely dominated by effects of strain – the slope 

for biaxial strain is in the range of 2.2 to 2.45.26, 28-29 As a control experiment, graphene 

monolayer on Si/SiO2(300 nm) substrate was immersed for a prolonged time (100 min) in the 

same solvent mixture. Figure S2 (Supp. Info) shows the evolution of selected G and 2D fitted 

parameters. Apart from minor variations (2-3 cm-1 over the 100 min span) in band positions as 

well as linewidths, no significant changes were observed. 

The strain level was quantified using the 2D band shift, with the recent reported rate for 

polymer-supported graphene of -148.2 cm-1/%.28 Apart from the highest achieved strain levels 

around 0.7%, the attained tension was confirmed using the G band shift. At the highest strain 

levels, the G band is sometimes shadowed by the intense bands of the polymer substrate. The 

maps and profiles of the induced tension (Fig. 1a-c and e) demonstrate the stress being built up 

from the edges towards the flake’s interior. This is reminiscent of the behavior of graphene 

loaded via beam bending experiments, where the interfacial stress transfer increases from the 

edge as well and follows the shear-lag theory.30-32 Another example is shown in Figure S3 (Supp. 
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Info). We propose the biaxial strain is caused by swelling of SU8, which is a known 

phenomenon, and can reach high values depending on the post-deposition treatment – the more 

crosslinked, the less swelling can be induced.33 In our case, the relatively low soft-baking 

temperature allows for SU8 volume expansion of at least 0.7% (the strain level reached in 

graphene).  

 

Figure 1. Evolution of the Raman spectral features of monolayer graphene on PMMA/SU8 
substrate subjected to swelling in methanol:water solution. (a-c) maps of biaxial strain quantified 
from the 2D band shift at 0, 10 and 20 minutes of soaking. (d) optical image of the flake with the 
black rectangle marking the mapped area shown in a-c. (e) 2D band shift (left axis) and biaxial 
strain (right axis) profiles extracted along vertical dashed lines in a-c. (f) correlation of 2D and G 
band frequencies for 0, 10 and 20 min soaking. The color coding in e and f is the same: black – 0 
min, blue – 10 min, red – 20 min. The mapping step was 2 µm in each direction. 

For the reactivity experiment, the samples were prepared and monitored in the same way, only 

10 mM 4-nitrobenzenediazonium tetrafluoroborate solution in the same solvent mixture was 
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employed. Figure 2 shows treated Raman spectra of graphene at 0, 90, 180 and 240 minutes (the 

raw spectra are plotted in Figure S4, Supporting Information). As can be seen, the Raman G and 

2D bands were downshifting as in the case of the ‘pure swelling’, however, additional bands 

appeared in the spectra. Most notably a broad feature emerges between 1300 and 1340 cm-1, 

which, especially at shorter time intervals from the start (cf. 90 min in Fig. 2), could be 

tentatively assigned as the D band caused by the progressive bonding of the aryl radical onto the 

graphene lattice.8 The extent of the functionalization would in such a case be assessed by the 

D/G intensity ratio, as is common.34 However, as the experiment progresses, so does the swelling 

of the supporting polymer and the graphene’s lattice is expanding along. The deformation causes 

the D band to shift at approximately half the shift rate of the 2D band. As the D band moves to 

lower wavenumbers, an additional band located very close to its theoretical original position at 

~1330 cm-1 is revealed, increasing in intensity with time. The frequency of the additional band is 

not changing over time. In other words, the band does not originate directly from the vibrations 

of the graphene lattice. Similarly, another band appeared at ~1600 cm-1, clearly revealed by the 

downshifting G band.   
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Figure 2. Examples of spectra of monolayer graphene treated with 10 mM NBD in 
methanol:water 1:1 solution for an indicated time, measured in the approximate center of the 
flake. The original spectra are plotted as black point, individual Lorentzian shapes as green or 
red dashed lines and their sum as solid blue lines. The Raman intensity of the 2D band was 
divided by 2.8 for better comparison. The top curve is the differential spectrum of the treated 
polymer without graphene measured at 240 and 0 minutes, as an experimental control. 

 

 

Figure 3. Evolution of selected parameters of the peaks fitted to the Raman spectra of graphene 
treated with 10 mM NBD in methanol:water. The error bars are the 1st and 3rd quartile of the 
fitted values, the symbol being the median of 9 measurements at different spots at the sample, 
acquired at approximately regular steps along a line profile across the center of the flake. 

 

Figure 3 depicts various parameters of the fitted bands. We note that the deconvolution of the ‘D 

band envelope’ into two bands is very inaccurate in the first half of the experiment (till ~ 120 

min) because of (i) the noise in the spectra, and (ii) proximity and large width of the two 

components. Nevertheless, thanks to the number of measurements, the statistical evaluation 
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shows clear trends in the behavior of bands also in the early stages. The real D band downshifts 

with time, while the unknown band remains stable (Fig. 3a and c). The D band seems to appear 

quickly and its intensity is stable afterwards, while the unknown band’s intensity increases 

steadily with time (Fig. 3b). There might be an initial influence of doping on the Raman shift of 

the G and 2D band, cf. the evolution of the first three data points in Fig. 3e and f, but the main 

cause of the G and 2D band shifts is the strain. The correlation of the 2D and G frequencies (Fig. 

3d) shows the slope of 2.57 ± 0.09. Only at the start of the experiment (data in the top right 

corner of Fig. 3d) the evolution of the 2D and G frequencies reflects the changes caused by the 

covalent bonding of the molecule.  

 

Figure 4. Possible pathways in prolonged NBD reaction with graphene in methanol:water 
mixture.  

 

The origin of the bands should be looked for in the NBD molecule. The most probable 

assignment for the ~1330 cm-1 band is the symmetric stretching vibration of the nitro group, ν(-

NO2), which is known to be very strong and between 1320-1360 cm-1 when on an aromatic 

ring.35 The band at ~1600 cm-1 is most likely the C=C stretching vibration, ν(C=C), of the 

aromatic ring in NBD or its decomposition products. Both band assignments have been verified 

by means of Density Functional Theory (DFT) calculations (see Section 2 in the Supporting 

Information). The possibility of substrate reactivity was considered but experimentally ruled out 

through measurements of the polymer next to the studied graphene flakes. The top curves in Fig. 
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2 are differential spectra between the polymer after 240 min in the reaction mixture and the 

polymer at time zero - only noise can be discerned in the spectra. Given the stagnant intensity of 

the D band and the increasing intensity of the ν(-NO2) and ν(C=C) bands, we can propose a 

scenario depicted in Figure 4. The reaction between NBD and graphene is typically very fast, 

reaching a steady state in the order of minutes.24, 36-38 However, NBD is slowly decomposing in 

polar protic media,39 such as in our case the methanol:water mixture, forming the corresponding 

4-nitrophenol or 4-nitroanisol. In these products, the strongly deactivating effect of the nitro 

groups is to large extent compensated by the activating character of the hydroxy- or methoxy- 

substituent. Thus, the consequent Meerwein arylation with the excess of NBD can proceed to 

form biphenyl and terphenyl derivatives, which can feature strong adsorption enthalpy to the 

graphene surface. Formation of such adlayers is then responsible for the emerging ν(-NO2) and 

ν(C=C) vibration bands in the Raman spectra. 

Without strain - in the particular case of the NBD - the ν(-NO2) band would be continuously 

enhancing the apparent D band intensity, while the ν(C=C) band would appear as an increasing 

shoulder to the G band, where, commonly, the intra-valley defect-induced D’ peak appears.  The 

average defect distance, LD, can be estimated by the following equation:40 

𝐿 1.8 0.5 10 𝜆        (1) 

where λL is the Raman excitation wavelength and (ID/IG) the ratio of Raman intensities. We note 

that eq. 1 is primarily derived for defects created by ion bombardment and the particular 

multiplier values may differ slightly for other types of defects. However, the dependence of LD 

on the (ID/IG) intensity ratio should still follow the same trend. In our case, after 240 min reaction 

time, LD determined from the strain-separated D and G peaks yields ~ 19 nm. If the D band 

would not be shifted by strain and thus overlapping with the ν(-NO2) band, the resulting LD 

would amount to ~ 15.5 nm, i.e. with close to 20% error.     

Conclusions 

In summary, we have shown a simple method to exert biaxial tensile deformation on graphene 

supported by a polymer (SU8), which is swelling in an appropriate solvent. The attained strain 

levels were up to 0.7%. In the same time, the experimental procedure can be easily adapted to 
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carry out chemical functionalization of graphene by a diazonium salt during the ongoing 

deformation. Raman spectroscopy was used to monitor the process. The appearance of the D 

band confirmed the successful functionalization of graphene, however, the simultaneous strain-

induced downshift of the graphene Raman bands uncovered the presence of additional bands 

originating from the nitrobenzene diazonium molecule and/or its decomposition products. The 

intensity evolution of the D band and of the new bands allowed to discuss the possible reaction 

mechanism involved. In particular cases, such as the one presented here, attention has to be paid 

to possible non-graphene Raman bands, which may influence the results of the commonly used 

quantification of the functionalization degree in graphene.    

 

Supporting Information. Raw (untreated) Raman spectra; additional experiment examples; 

AFM images, DFT calculation of the Raman vibrations of NBD and its terphenyl derivative. 
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Figure S1. Raw Raman spectra of monolayer graphene (red) on PMMA-SU8 substrate (black) dipped in 
1:1 methanol:water solution for increasing time, measured in the approximate center of the flake. The 
downshifting G and 2D bands are indicated by dashed lines. 

 

Figure S2. Blank experiment of 1L graphene on Si/SiO2(300 nm) substrate immersed in methanol:water 
(1:1) solution for an indicated time. Evolution of (a) the Raman G band (shift – left axis, FWHM – right 
axis) and (b) area(2D/G) ratio (left axis) and FWHM(2D) (right axis), shows only minor fluctuations in 
part due to inhomogeneities across the flake and in part due to doping originating probably from glue 
remnants from the exfoliation. The data points represent average from 9 measurements, with the error 
bars the standard deviation.   
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Figure S3. Evolution of the Raman spectral features of monolayer graphene on PMMA/SU8 substrate 
subjected to swelling in methanol:water solution. Maps of biaxial strain quantified from the 2D band shift 
at 0, 10, 20, 30 and 40 minutes of soaking and optical image of the flake with the mapped area at 0 and 10 
minutes (marked red), and 20, 30 and 40 minutes (white). The mapping step was 2 µm in each direction. 
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Figure S4. Evolution of Raman spectra measured at two different spots of monolayer graphene on 
SU8/PMMA treated with 0.01M solution (1:1 water:methanol) of 4-nitrobenzene diazonium 
tetrafluoroborate for 0 to 240 minutes (from top to bottom). The D, G and 2D band are marked by dashed 
black lines (from left to right), the ν(-NO3) vibration by solid black line. The spectra in the top panel were 
acquired in the approximate center of the flake, the spectra in the bottom panel approximately at half the 
distance between the center and the edge of the flake. 
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Figure S5. AFM images and extracted height profiles of monolayer graphene on SU8/PMMA treated 
with 0.01M solution (1:1 water:methanol) of 4-nitrobenzene diazonium tetrafluoroborate for 30 minutes 
(left) and 60 minutes (right). The total covered area increases from 53 to 81%, i.e. by a factor of ~1.5. The 
average height difference between the covered and uncovered area is the same in both cases: 1.4 nm. 

 

Theoretical section 

Geometrical optimizations of 4-nitrobenzene diazonium compound (1) and its terphenyl derivative 

(2) (see Figure S6) were carried out at Density Functional Theory (DFT) level within the Becke, 

3-parameter, Lee–Yang–Parr (B3LYP) functional1 and 6-311G(d,p) basis set. The calculation of 

the Raman spectra was done with the same functional and basis set. In the case of the terphenyl 

reaction product, the vibrational properties of this compound are independent of the group attached 
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to the central phenyl ring: hydroxy- vs methoxy- substituent (see Figure S7). For that reason, in 

the following discussion we consider only the first case.  

 

Figure S6. Chemical structures of the compounds under study. 

 

Figure S7. Calculated Raman spectra of compound 2 with hydroxy- (grey) and methoxy- (black 
line) substituents on the central rings as depicted in Figure S6. Note that the range of frequencies 
plotted (1050-1750 cm-1) has been chosen in order to show the modes which are overlapping the 
G and D bands from garphene, whereas no important contributions to the spectra were found in 
the range of frequencies for graphene 2D band. 

The solvent effects were introduced into our calculations by means of the Polarizable Continuum 

Model (PCM).2 The calculated Raman spectra for both methanol and water solvents are identical, 

while a shift of ~15 cm-1 is induced when adding the solvent effects compared to the spectra 

calculated in the gas phase for both compounds (see Figure S8). This fact evidences the need of 
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including solvent effects for a proper description of the normal modes frequencies. All theoretical 

calculations were performed within Gaussian16 package program,3 whereas the Raman intensities 

were estimated for an excitation wavelength of λ= 633nm and temperature T=300K by using 

GaussSum 3.0 plot program.4 

 

Figure S8. Calculated Raman spectra for compounds 1 (top) and 2 (bottom) for the calculations 
performed in gas phase (black), water (blue) and methanol (red) solvents. 

The calculated Raman spectra for compounds 1 and 2 are presented in Figure S9. The spectrum of 

compound 1 in the region of interest is dominated by two normal modes centered at 1368 and 1625 

cm-1. If we compare this spectrum with the band signatures which are appearing in the measured 

spectra (Fig. 3, main text) as a consequence of the functionalization with NBD, we can easily 

attribute the above mentioned calculated modes to the ν(-NO2) and ν(C=C) vibration bands 

described in the main text. The small discrepancies in the absolute frequencies (the calculated 

spectra are ~25 cm-1 red-shifted with respect to the experimental frequencies) can be attributed to 
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the facts that (i) neither the interactions with the polymer/graphene substrate nor with the 

neighboring molecules were included in our theoretical model and (ii) the measurement was 

performed on dry samples (the calculation in a solvent, which has an obvious effect on the 

frequencies, see above). On the other hand, the calculated spectrum of compound 2 presents the 

same features as the spectrum from compound 1. In this case, the normal modes mentioned before 

are degenerated due to the effect of two additional nitrobenzene groups, whereas a new normal 

mode is appearing at 1332 cm-1 close to the bands attributed to the ν(-NO2) signatures. 

 

Figure S9. Calculated Raman spectra for compounds 1 (top) and 2 (bottom) in water solvent. The 
vertical bars represent the normalized amplitude of the Raman intensities for each normal mode. 

In order to get a deeper understanding of the vibrational modes attributed to the ν(-NO2) and 

ν(C=C) bands, we have plotted the normalized force vectors for the calculated normal modes 

described in the previous paragraph (see Figure S10). The vibrational mode of ν(-NO2) in 

compound 1 is based on the stretching mode of C-N bond for the nitro- group, which is centered 

at 1368 cm-1. The same stretching mode is also dominating the spectra of compound 2, in this case 

centered at 1364 cm-1. The rest of contributions to the ν(-NO2) band in compound 2 are attributed 
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to the stretching vibration of the N-O atoms from the nitro- group as it is the case for the normal 

modes centered at 1351 and 1368 cm-1; and to the bending vibration of the methoxy- group which 

dominates the normal mode centered at 1372 cm-1. In the case of the band ν(C=C) band, the E2g 

mode of the benzene core is the dominant vibration for both compounds 1 and 2. Interestingly, for 

compound 2 the edge phenyl ring vibrations (centered at 1634, 1635 and 1637 cm-1) present larger 

Raman intensities than the central ring mode (centered at 1618 cm-1). Finally, we have analyzed 

the force vectors of normal mode which is appearing at 1332 cm-1 in compound 2 (Figure S11). 

This vibration is a combination of several modes of the benzene cores, from which we can 

highlight the A2g   mode of the edge phenyl rings. 
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Figure S10. Normalized force vectors of the vibrational modes attributed to the ν(-NO2) and 
ν(C=C) bands for compounds 1 (top) and 2 (bottom). The numbers inset represent the frequencies 
and Raman intensities (in a.u. and parenthesis) for each vibrational mode.  
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Figure S11. Normalized force vectors of the vibrational mode appearing at 1332 cm-1 for 
compound 2. The numbers inset represent the frequencies and Raman intensities (in a.u. and 
parenthesis). 
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