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ABSTRACT: The reaction of monolayer graphene with aryl diazonium salts is a popular approach for functionalizing graphene
under ambient conditions. We here apply interference reflection microscopy (IRM), a label-free optical technique, to study the
in situ reaction dynamics of the representative diazonium reaction of graphene with 4-nitrobenzenediazonium tetrafluoroborate
(4-NBD) at high spatiotemporal resolution and further correlate results with atomic force microscopy, Raman spectroscopy,
and infrared scattering scanning near-field optical microscopy. Interestingly, we find the reaction to be significantly promoted by
alow (0.5 W/cm?) level of blue visible light, whereas at the same intensity level, red light has negligible effects on reaction rate.
We further report rich spatial heterogeneities for the reaction, including enhanced reactivity at graphene edges and an
unexpected flake-to-flake variation in reaction rate. Moreover, we demonstrate direct photopatterning for the 4-NBD
functionalization, achieving 400 nm patterning resolution.

The promise of graphene, a key two-dimensional material with oborate (4-NBD).””'*"*7'® Unexpectedly, we find a light-
outstanding optical, electrical, and mechanical properties,l’2 is driven mechanism that is highly effective at low light
substantially expanded through chemistry, from the tuning of intensities. The reaction is sensitive to the illumination
electronic properties to the addition of different functionalities wavelength, so that at the same intensity level, blue visible
toward applications.” ® To overcome the low chemical light strongly promotes the reaction, whereas red light has no
reactivity of the graphene basal plane, reaction with the highly apparent effects when compared to the dark reaction.
reactive radicals produced from aryl diazonium salts has been Moreover, we report rich spatial heterogeneity for the reaction,
one of the most common approaches for the functionalization including substantially faster reactions at graphene edges and
of graphene under ambient conditions.”'® However, it has an unexpected flake-to-flake variation in reaction rate. Finally,
been difficult to monitor the reaction dynamics of this we demonstrate the direct photopatterning of 4-NBD
important system, given that graphene is only a single layer functionalization, achieving ~400 nm patterning resolution.
of carbon atoms. We recently developed a facile, label-free Copper-grown monolayer graPhenezo was transferred onto a
approach based on interference reflection microscopy (IRM) glass coverslip substrate, which was then mounted onto an
o . .17 . . . : 17,18
to record in situ the mechanical properties’’ and reaction IRM system based on a wide-field inverted microscope.
dynamicslg’w of graphene with ~300 nm spatial resolution and The sample was immersed under an aqueous solution of 4 mg/
video-rate temporal resolution. In particular, for the oxidation mL (16.9 mM) 4-NBD. The illumination light entered from
of graphene, we have visualized rich spatiotemporal hetero- the bottom through the glass substrate as a near-parallel beam

geneities and demonstrated how it could be driven reversibly

through electrochemistry."®"’ Received: July 30, 2019

Here we apply IRM to study the prototype diazonium Accepted: August S, 2019
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Figure 1. IRM visualization of the diazonium functionalization of graphene. (a) Schematic of the system. n,, n,, n;, and n, denote the complex
indices of refraction for the substrate, graphene, the reactant solution, and the functionalized layer on top of graphene, respectively. (b) Reaction
scheme for the reaction of graphene with 4-NBD. (c) The predicted IRM signal at 450 nm wavelength for monolayer graphene as a function of the
thickness of the functionalized layer, for layers of different refractive indices n,.
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Figure 2. IRM reveals a strong light dependence of the diazonium reaction. (a and b) IRM images of monolayer graphene, before (a) and after (b)
220 s of reaction in the 4-NBD solution under continuous illumination of 0.5 W/cm? at 450 nm. Note that in panel a, a field diaphragm aperture
(marked as “FD” in the image) confined the illumination area, whereas in panel b, this confinement was removed to image the full view. “0” points
to exposed glass surface due to a local tear in graphene. (c and d) Transmission light microscopy (c) and AFM (d) images of the same region as
panel b after the reaction. White arrows in panels a—d point to debris observed across different microscopy modes, which aided alignment. (e)
Local IRM contrast versus the AFM-determined height of the functionalized layer, for different parts of the sample marked by the colored crosses in
panels b and d. Orange curve: fit to eq 1, yielding n, = 1.620. (f) Raman spectra after the reaction, for regions inside (red line) and outside (blue
line) the optical aperture, compared to pristine graphene (black line). (g) A possible hot electron-transfer mechanism for the reaction.

and was reflected and interfered with itself at the graphene with ny, ny, ny and n, being the complex refractive indices of

sample (Figure 1a). the substrate, graphene, reaction solution, and the function-
According to the general mechanism of the diazonium alized layer, respectively. @, = 27n,d,/4 and @, = 27n,d,/A

reaction (Figure 1b),"””" a delocalized electron is transferred correspond to phase changes, with d, = 0.335 nm and d, being

from graphene to the aryl diazonium cation, thus generating an the thickness of graphene and the functionalized layer,

aryl radical after the release of N,. The aryl radical covalently respectively, and A being the wavelength of the incident

reacts with the graphene surface but also reacts with the light. Meanwhile, the IRM signal measured at a bare glass

already attached aryl molecules to form a nanometer-thick substrate (an n,—n; interface) is'’

polymer layer.">'®*" Through transfer-matrix analysis based )

on modifications to our previous model,"” the presence of a L= |MmTM

thin dielectric layer on top of monolayer graphene would N P (2)

substantially alter the local IRM signal:
Plotting the normalized IRM signal (I/I,) as predicted by

2

B e (AN U AR egs 1 and 2 as a function of d, (Figure 1c) suggests monotonic
I= ) 4 i) Sty Gt 1 changes in the IRM signal for increased thickness of the

e + e Moty T € notys + € 4ts3 X R X . R T
) functionalized layer, with particularly high sensitivities for n, >

~1.6.

Here I is the intensity of the incident light, ry, = (n, — n,)/(n We started by monitoring the reaction using 450 nm
+ 1), s = (ny — ny)/(ny + ny), and rg3 = (ny, — n3)/(ny + n3), illumination obtained by applying a 10 nm bandwidth
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Figure 3. IRM unveils a marked dependence of reaction rate on illumination wavelength. (a—c) IRM images of monolayer graphene before (top
panels) and after (bottom panels) 1 h reaction with 4-NBD under 532 nm (a) and 610 nm (b) illumination at 0.6 W/cm? and under dark
conditions (c). Scale bars: S ym. Note that when compared to Figure 2a,b, here a narrower range of I/], is chosen to better present the lower levels
of reaction. “0”s in panels a and ¢ mark areas with no graphene coverage. (d) In situ IRM results of layer thickness for typical basal-plane regions for
the reaction under 450 nm (blue), 532 nm (green), and 610 nm (red) and in the dark (black). For the “dark” sample, short (~10 s) exposures at
610 nm were intermittently applied to inspect the reaction for just a few time points, whereas continuous illumination was used for the other

conditions. Inset: zoomed-in view of the first 1000 s.

bandpass filter on a lamp, thus achieving a relatively low
illumination intensity of ~0.5 W/cm? in the wide field. A rapid
increase in the IRM signal (I/I,) was observed (Figures 2a,b
and S1), suggesting reaction at the graphene surface.
Unexpectedly, after 220 s of reaction, we observed a sharp
contrast in IRM signal between regions inside and outside the
450 nm illuminated area; hence, a clear boundary was defined
by the illumination aperture (field diaphragm) (Figure 2b).
Meanwhile, conventional transmission microscopy showed
limited contrast (Figure 2c); detailed analysis indicated that
graphene absorbed ~2% of the transmitted light,22 which did
not change significantly before and after the reaction.

Raman spectroscopy, carried out after rinsing and air-drying
the sample, showed a strong D peak, the appearance of a D’
peak, and a significantly reduced 2D peak for a region inside
the illumination aperture (Figure 2f), indicating substantial
reaction. In contrast, only a small D peak showed up for
regions outside the optical aperture (Figure 2f), consistent
with the known low reaction rate of this system at room
temperature.””'* Meanwhile, atomic force microscopy (AFM)
showed a ~10 nm height increase for the 450 nm exposed
region (Figure 2d); local variations in height were noted,
which correlated well with the local IRM signal (Figure 2e).
Infrared scattering scanning near-field optical microscopy (s-
SNOM)™>® further showed that such local variations in layer
height correlated well with the strength of the local nitro
(—NO,) infrared signal arising from the NO symmetric stretch
vibrational mode (Figure S2), consistent with the expected
surface polymerization process of 4-NBD (Figure 1b).
Whereas we will discuss the local height variations in further
detail below, here fitting the IRM signal-AFM height
relationship for different parts of the sample to eq 1 (Figure
2e) gave n, = 1.620, a value comparable to polymers of related
structures (e.g., 1.614 at 450 nm for polystyrene).

Together, our results indicate that the diazonium function-
alization of graphene is strongly promoted by 450 nm
illumination. The photochemical addition reaction of graphene
has been previously examined for peroxides and halo§ens for
its potential controllability and patterning capability.”*~** In
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our case, because 4-NBD is transparent over the visible range,
similar to the case of benzoyl peroxide (BPO), a similar hot
electron-transfer mechanism”**® may be invoked, in which the
photoexcited graphene transfers a hot electron to the
unoccupied states in aryl diazonium cations (Figure 2g) to
facilitate the radical generation and subsequent reaction with
graphene (Figure 1b). Although the Fermi energy of undoped
graphene is comparable to that of the unoccupied states in 4-
NBD,"* the dark reaction is slow at room temperature,7’9’14
possibly because of an energy barrier that needs to be
overcome for the electron-transfer process (Figure 2g), as
discussed previously for the BPO system.”® However, we note
that the light intensity in our work (~0.5 W/cm?) is 5 orders
of magnitude lower than previously used for BPO (~10° W/
cm? by focusing a ~1 mW laser into a ~1 um spot).”*** This
substantial difference may be related to a higher reactivity of 4-
NBD and/or the ease of transferring electrons to diazonium
cations in the aqueous solution when compared to BPO in
organic solutions. A comparison of the reaction rate and the
amount of light absorbed by graphene (~2.3%”) gave an
apparent quantum yield of ~1 X 1073, reasonably high for the
electron-transfer mechanism.

We next found the reaction kinetics to be highly dependent
on the illumination light wavelength. At a comparable intensity
level, illumination with a 532 nm green light for 1 h (Figure
3a) led to substantially less reaction when compared to that
achieved within 220 s under the 450 nm blue illumination
(Figure 2b). Plotting the layer thickness, as converted from the
in situ IRM data (Figures S1 and S3), against the reaction time
(Figure 3d) showed a ~7-fold difference in reaction rate for
the initial reaction, with the reaction rate under the 532 nm
illumination further dropping by more than one-half after the
first ~0.6 nm. Even lower reactivity was observed for the 610
nm red light (Figures 3b and S4), under which condition the
reaction kinetics was similar to that in the dark (Figure 3¢,d).

The observed strong dependence on illumination wave-
length is consistent with the above hot electron-transfer
mechanism (Figure 2g): whereas graphene uniformly absorbs
~2.3% of incident light over the visible spectrum,”” shorter
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wavelengths generate photoexcited electrons of higher energy,
which better overcome the reaction barrier. Indeed, previous
work on the photochemical reaction of graphene with BPO has
found that when compared to the 514 nm illumination,
reactions under 458 and 633 nm illuminations are ~5 times
faster and ~10 times slower, respectively.”* Our results
followed a similar trend, although the light intensity involved
was ~10° lower, and that the long-wavelength reaction
competed with dark reactions, both effects possibly related
to the higher reactivity of 4-NBD.

We next turn to the rich spatial heterogeneity visualized by
IRM. One marked feature we found was the brightening-up of
IRM signals at graphene edges during the reactions (Figures 2b
and 3), indicating a higher local reactivity. Correlated AFM
images verified that these higher local IRM signals indeed
corresponded to taller local layers (Figure 2d). Examining the
in situ IRM data over time (Figures 4 and S1) showed that the
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Figure 4. In situ IRM results of the layer thickness as a function of
reaction time under 450 nm illumination, for different locations of the
same sample. Inset: a color map of layer thickness, for a region shown
in Figure 2b. The red curve in the main figure corresponds to a spot at
the graphene edge marked by the red cross in the inset, whereas the
violet, magenta, green, and cyan curves correspond to four different
areas marked by the boxes of corresponding colors in the color map
inset. Arrow: artifact due to the adjustment of microscope focus.

reaction rate at the graphene edges are consistently faster than
the basal plane throughout the reaction. This result may be
interpreted as indicating that the graphene edges contained a

higher level of structural defects and so are chemically more
reactive.”'" Interestingly, our previous IRM work found no
reaction enhancement for graphene edges during chemical and
electrochemical oxidation processes,'”'” thus indicating that
this difference in edge reactivity is reaction-type dependent.

Another remarkable IRM observation, corroborated by both
AFM and infrared s-SNOM results, is an unexpected variation
of reactivity between different graphene flakes, even though the
reactivity within each continuous flake appeared relatively
uniform (Figure 4 and inset). Close examination of the IRM
images before reaction (Figure 2a) indicated that these flakes
were electrically isolated by nanoscale cracks. Thus, even
though they were fragmented from the same initial graphene
sheet, they were possibly inadvertently doped to different levels
on the glass surface' and so shifted to different electro-
chemical potentials that affected reactivity. For comparison,
graphene that contained cracks yet still stayed electrically
connected did not exhibit such local variations in reactivity
(Figure SS).

Finally, as a possible application for the light-assisted
diazonium functionalization discussed above, we examined
whether it would be possible to achieve direct photopatterning
using this process. To this end, we inserted a photomask into
the collimated 488 nm beam path in a home-built wide-field
laser microscope,” which effectively functioned as a 200X
photolithography stepper for samples at the microscope image
plane. Thus, exposing a monolayer graphene sample for 120 s
under the immersion of a 4-NBD solution led to good
photopatterning results, with well-defined fine features down
to ~400 nm in size readily obtained (Figures S and S6).

In conclusion, through IRM and correlated AFM, Raman,
and infrared s-SNOM experiments, we have shown that the
diazonium functionalization of graphene is significantly
promoted by blue light at low levels. Green light was much
less effective in promoting the reaction, whereas red light
exhibited negligible effects when compared to the dark
reaction. While these results are consistent with the hot
electron-transfer mechanism previously proposed for the
reaction of BPO, the light intensity here for 4-NBD was
orders of magnitude lower. We thus demonstrated facile
photopatterning in the wide-field at similarly low light
intensities, achieving ~400 nm patterning resolution. Together
with the rich spatial heterogeneities we further visualized for
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Figure S. Photopatterning of the graphene surface through light-assisted diazonium reaction. (a) IRM image of a monolayer graphene sample that
was exposed with a photomask under 488 nm illumination in a 4-NBD solution, yielding the pattern “300”. (b) AFM image of the same region.
Scale bars: 2 ym. (c) Height profile along the green line in panel b. Full width at half-maximum (fwhm) of the three peaks were 371, 419, and 408

nm.
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the reaction, including enhanced reaction at the edges and the
unique flake-to-flake variations in reaction rate, we thus shed
new light on one of the most popular approaches for the
functionalization of graphene under ambient conditions.
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