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Abstract

Two-dimensional (2D) nanomaterials have numerous interesting chemical and physical
properties that make them desirable building blocks for the manufacture of macroscopic
materials. Liquid-phase processing is a common method for forming macroscopic materials from
these building blocks, including wet-spinning and vacuum filtration. As such, assembling 2D
nanomaterials into ordered functional materials requires understanding their solution dynamics.
Yet, there are few experimental studies investigating the hydrodynamics of disk-like materials.
Herein, we report that the lateral diffusion of hexagonal boron nitride nanosheets (h-BN and
graphene) in aqueous solution. This was done by imaging fluorescent surfactant-tagged
nanosheets and visualizing them using fluorescence microscopy. Spectroscopic studies were
conducted to characterize the interactions between h-BN and the fluorescent surfactant and
atomic force microscopy (AFM) to characterize the quality of the dispersion. The diffusion data
under different gap sizes and viscosities displayed a good correlation with Kramers’ theory. We
propose that the yielded activation energies by Kramers’ equation express the magnitude of the
interaction between fluorescent surfactant tagged h-BN and glass because the energies remain
constant with changing viscosity and decrease with increasing confinement size. The diffusion of

graphene presented a similar trend with similar activation energy as the h-BN. This relationship



suggests that Kramers’ theory can also be applied to simulate the diffusion of other two-

dimensional nanomaterials.
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Introduction

Two-dimensional (2D) nanomaterials, such as graphene,' hexagonal boron nitride (h-BN),?
and transition metal dichalcogenides (TMDCs),* compose an important subgroup of nanomaterials
with exciting and novel properties. Due to their valuable mechanical, thermal, and electronic
properties, they have been proposed for a wide variety of applications, including energy storage,
protective films, and electronics, among others.*> Reaching these important applications relies
heavily on our ability to use liquid-phase processing to manufacture highly ordered macroscopic
materials from these nanosheet building blocks, given their properties depend on the alignment of

nanosheets.®® While there have been some studies on aligning 2D nanomaterials,®'!

very little
work has been done toward a fundamental understanding of the behavior of such systems in
solution. Theoretical predictions have been proposed for disk-like particle diffusion through a bulk
solution;'>!* however, to the best of our knowledge, little experimental work has been done at the
single sheet level,'* with most work performed using bulk such as dynamic light scattering
(DLS).'>"'8 On the other hand, for rigid rods, experimental studies on model rods, such as actin
filaments,' carbon nanotubes (CNTs),?° germanium nanowires,>' and boron nitride nanotubes
(BNNTSs),?? were utilized to determine and confirm a model of Brownian rod-like particle diffusion
through a confined solution. These results were utilized to accelerate the understanding of the
behavior and diffusion of rod-like particles in biological systems and in the production of materials
from rigid rod building blocks, such as CNTs.?*28 In each of these systems, the rigid rod particles
were studied on the single-molecule level to understand how changes in rod length impact
diffusivity. Additionally, each system was studied under confinement, as a confinement model is
more applicable to both biological systems?* and materials processing.?’ To date, this level of
understanding has not been accessed for disk-like materials.

Herein, we use h-BN as a model 2D nanomaterial for translational diffusion studies under

confinement. h-BN is a structural allotrope of graphene, with alternating boron and nitrogen atoms



forming a honeycomb structure in two dimensions.> In addition to being lightweight and
mechanically strong, similar to graphene, h-BN is also chemically inert, thermally stable, and
electrically insulating.>3°3? In this study, we aim to gain insight into the unexplored
hydrodynamics of h-BN with direct observation of its lateral diffusivity (x and y directions in
Figure 1) in confined geometries. Since h-BN is transparent to visible light, we utilize a rhodamine-
based surfactant and fluorescence microscopy, as previously reported for BNNTSs,??*3 to visualize
each h-BN sheet. The z-direction of h-BN diffusion is confined between glass slides using silica
microspheres to control the gap size. The isothermal translational diffusion coefficients of many
h-BN sheets suggest that h-BN diffusion in two dimensions can be effectively described using
Kramers’ rate theory. Besides h-BN size variation experiments, diffusivities under different
viscosities and confinement sizes follow the theory. Furthermore, we demonstrate that the
diffusion behavior of graphene is similar to h-BN. We expect the results of this study will be
applicable to understanding the behavior of a variety of 2D materials, advancing our understanding

of their dynamics in solution and facilitating their processing into advanced macroscopic materials.
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Figure 1. Schematic image of the pictorial h-BN imaging sample. To avoid complexity, we ignored the R12/CTAC
solution and silica microspheres here and the h-BN sheet size has been enlarged (not to scale). (a) Overall system.

(b) Side view of (a). (c) Top view of (a).

Results and Discussion
Interactions of R12 with h-BN
To study the interactions of R12 with h-BN, we employed UV-Vis spectroscopy as well as

steady-state and time-resolved photoluminescence spectroscopy. The samples for these studies



were not centrifuged after sonication to have a reasonable concentration of h-BN facets interacting
with R12. Additionally, dialysis with DI water was used to remove a great portion of free R12,
leaving a sample enriched in R12 interacting with h-BN. Figure 2a and b show the absorbance and
steady-state photoluminescence spectra of the dialyzed sample, respectively. Both spectra are
consistent with those observed for R12 in the presence of BNNTs.?? Figure 2¢ shows the
fluorescence lifetime decay of the dialyzed sample. The decay traces of free R12 (no h-BN) yield
a mono-exponential decay with a lifetime of 2076 ps. On the other hand, the decay traces of the
dialyzed sample result in a tri-exponential decay with t1 =209 ps (43.2 %), 12 = 871 ps (30.4 %),
and 13 = 2076 ps (26.4 %). Obviously, the longest lifetime component arises with the free R12.
We assume that the interaction between h-BN and R12 causes the two shorter lifetime components.
Previous study with BNNTSs reported only one additional lifetime component, T = 240 ps.?? It is
expected that 11 and 12 represent two different binding environments of R12, consistent with R12
interacting with the hBN basal plane and interacting with the hBN edge and defect sites,
respectively. Several studies about molecular edge termination of h-BN after the liquid exfoliation
process suggest its boron terminal can be functionalized with hydroxyl groups.’** Using the
knowledge of the relative percentages of bound (73.6 %) and free R12 (26.4 %), we calculated an
average quantum yield of R12 bound to h-BN (see supporting information for details). The
calculated quantum yield of bound R12 to h-BN is 0.036, which is considerably smaller than the
quantum yield of free R12 (0.26).22 The change in quantum yield of R12 after binding suggests a
close interaction between the rhodamine head and h-BN, resulting in the additional nonradiative

decay of excited R12, likely due to pi stacking.
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Figure 2. Various spectra of R12 in the presence of h-BN (a) Absorbance spectrum (black line is the scattering
background of h-BN in CTAC). (b) Steady-state photoluminescence spectrum. (c) Photoluminescence lifetime
decay of R12 with h-BN (red), R12 (green), and instrument response function (blue).

Characterization of exfoliated h-BN sheets

AFM imaging of the h-BN sheets was used to determine their thickness and assess the
efficiency of the dispersion and exfoliation steps (Figure 3). Yellow particles in the AFM image
are remained surfactants from the rinsing step at the sample preparation.’®* AFM height
measurements of 99 randomly chosen h-BN sheets show an average sheet thickness of 5.5 £ 0.6
nm. Considering that the interlayer distance of h-BN is 0.33 nm,’’ the height indicates that
approximately 17 layers of h-BN were produced by our exfoliation procedure. This AFM study
demonstrates that h-BN sheets were well-dispersed and exfoliated uniformly by our sample

preparation.
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Figure 3. (a) Representative AFM image of dispersed h-BN sheets. (b) Height profiles from two sample h-BN
sheets. (c) Histogram with 0.2 nm width bins showing the average thicknesses (5.5 = 0.6 nm) of 99 randomly chosen
h-BN sheets.

Area-dependent diffusion studies of h-BN

The exfoliated and fluorescently tagged h-BN sheets were mixed with 2 um silica
microspheres before being added to the microscope slide. These microspheres created a uniform,
2 um confinement between the slide and coverslip. The coverslip was sealed with epoxy to
prevent any convective flow of the h-BN sheets, ensuring only the observation of their Brownian
motion. Figure 4 presents time-lapse images showing the diffusion of an 18.9 um? h-BN sheet.
The brightness contrast on the h-BN sheet might arise due to the chemical differences on the

34,35

surface and edge/defects, as inferred from the lifetime data, or by an uneven distribution of

surfactant molecules on the surface of h-BN.



Figure 4. Time-lapse images of an 18.9 um? h-BN sheet undergoing Brownian motion under the 2 pm confinement.

The dark non-diffusing sphere on the bottom left corner is a 2 um silica microsphere.

The position of the h-BN center of mass was measured for each frame and plotted as a
function of time. Figure 5a shows representative trajectories obtained for the 18.9 um? h-BN sheet.
These trajectories were used to calculate the mean-squared displacement (MSD) of the h-BN sheet
(Figure 5b). Displacements were obtained using internal averaging, so all position pairs within the
same time interval were included for each point.*® The MSD curve was used to calculate the
translational diffusion coefficient (D). Movement in the z-direction was limited by only analyzing
sheets with areas larger than the confinement gap size (2 pum), so the translational diffusion could
be measured in two dimensions. In addition, the observed lateral translational motion could be
assumed to be a mostly edge-on (parallel) rather than a face-on (perpendicular) orientation of the
sheets. Therefore, the diffusion coefficients of h-BN were determined using a relationship between
MSD in two dimensions and lag time, MSD = 4D:At + C, where the constant C comes from
uncertainty in the measurements due to the microscope's resolution and exposure time. All

measurements had an uncertainty of less than 0.1 pm?, and the error of D; was less than 1 %.
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Figure 5. (a) Example analysis of an 18.9 um? h-BN sheet shows the position of the center of mass. (b) The mean
squared displacement over time. Only the linear portion of the MSD graph is shown. The slope of the MSD graph
equals 4D:.

Translational diffusion coefficients were extracted from trajectories for h-BN sheets with
areas ranging from ~ 2 to 20 um?. Figure 6 shows the translational diffusion coefficients under 2
um confinement plotted as a function of h-BN sheet areas. Plotting these values in a linear-linear
scale clearly shows that D; decreases with increasing sheet area. It is paramount to note that in
these experiments, the h-BN nanosheets were covered with cationic surfactants, including R12 and
CTAC, which interact with the glass surface. Indeed, when we cleaned the slides and coverslips
with Piranha solution, which added hydroxy groups to the glass, most of the h-BN sheets adhered
to the glass surface. This observed interaction motivated us to utilize Kramers’ approach to fit our
data. Kramers’ theory is one of the major approaches to describe a transition between two local
energy minima, originally developed as a reaction rate theory.*'**> This theory has been expanded
to express protein folding dynamics,*=* the diffusion of particles between a dual optical trap,**+7
and surface diffusion.*®*° By following Kramers’ theory, the diffusion coefficient is expected to

follow an Arrhenius type equation:*’

D, = D, exp (— le“T) = Dyexp (— kTTST) (1)

where D, is the translational diffusion coefficient determined with MSD analysis, D, is the pre-
exponential factor, E,, is the activation energy for a single h-BN sheet to dissociate before diffusion,
a is activation energy per unit area of a single h-BN sheet, S is the area of the h-BN sheet, kj is
the Boltzmann constant, and T is temperature. The hypothesis is that for h-BN to move, the sheet
(which is composed of the h-BN sheet and the cationic surfactants enveloping it) has to break
interactions with the glass surface (partially desorbing) and diffuse until adsorbed again at a
different location. This effectively corresponds to motion between two free-energy minima. This
means that, for an h-BN particle to diffuse in this system, the cationic surfactant-coated h-BN has
to overcome the energy barriers created by interactions of the h-BN/surfactants with the glass
surface. The fitted line is shown as a dashed line resulting in values of Dy = 0.35 pym?s™! and a =

4.7x1072% Jum= (Table 1(b)). The good agreement between the data and the curve obtained from



equation 1 suggests that Kramers’ theory indeed can be used to accurately describe the diffusion

of nanosheets in two dimensions.
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Figure 6. Plot of translational diffusion coefficients of h-BN sheets under 2 pm confinement plotted as a function of
sheet area. The dashed line is a non-linear least square fit to equation 1.

Janczuk et al. reported the free energy of adsorption of cetyltrimethylammonium bromide
(CTAB) between a glass-solution interface as -31.51 kJmol! (5.232x10-2°J).3* Compared to our
yielded activation energy, the reported adsorption free energy was significantly larger. This can
be explained by considering that the activation barrier for the movement of h-BN in our system
is a hydrodynamic interaction due to the topology of the glass surface. We presume that the
difference in the adsorption free energy is because our system is a transition between two states
(where there is a hydrodynamic interaction between h-BN and the glass), while the reported
value is the transition between free and adsorbed states. In our experiments, we often encounter
h-BN sheets that do not move at all, and therefore are truly adsorbed to the glass. It is likely that
given enough time, all h-BN sheets will get irreversibly adsorbed to the glass slides. Figure 7 is
the proposed energy diagram of our system. The absolute value of activation energy depends on
the area of the h-BN sheet, the total number of surfactant molecules on the h-BN sheet, and the

number of hydroxyl groups on the glass surface.
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Figure 7. Schematic image of energy states and cross-section of our sample at each energy state. Gray spheres with
16 carbon alkyl chains represent CTAC, and orange spheres with 12 carbon alkyl chains represent R12. Solution and
microspheres are ignored in this image. The dark blue line shows two local minima corresponding to the state where
surfactants on the h-BN sheet interact with the glass coverslip at different locations. The activation energy calculated
by Kramers’ theory is depicted by the local maxima in the diagram. The light blue line shows an adsorption state,
which is lower than our observed activation energy.

To further investigate the diffusion behavior of h-BN, a set of experiments were performed
under a variety of conditions, including varying size confinement and viscosity. Figure 8(a) shows
the diffusion coefficients of different size h-BN sheets under 1, 2, and 4.5 pm gaps, which were
effectively fitted to equation 1. Figure 8(a) shows the diffusion coefficients of different size h-BN
sheets under 1, 2, and 4.5 um gaps, which were effectively fitted to equation 1. The Do and a values
for the different gap sizes can be found in Table 1. While the Do value for the 1 um gap looks
larger than the larger gaps, the uncertainty is also large. Actually, all Do have overlapping error
bars and can be considered as undistinguishable within error at this point. In terms of activation
energies, it can be noticed that these decrease with increasing gap sizes, which suggests lesser
interactions between h-BN and the glass surface when the distance between the glass slides is
increased. The smaller the gap, the higher the probability that h-BN will diffuse close to the wall
on either side. The effect of viscosity on the diffusion coefficients is shown in Figure 8(b). The
viscosity of the solution without the sucrose/glucose mixture was 1.22x107 Pa-s. In contrast, the
solution's viscosity with the 40 wt% sucrose/glucose mixture was 5.13x107 Pa-s, a ca. 4-fold
increase. The D, value decreased by a factor of ca. 6, approximately proportional to the increasing
viscosity, while the a value remained unchanged between different viscosity samples (Table 1(b)
and (d)). The activation energy should not change with viscosity change. According to Kramers'

argument, the viscosity should only affect the pre-exponential factor.*! The similar activation

10



energies suggest the interaction between h-BN/surfactants and glass does not change significantly

with changing viscosity, further validating the use of Kramers’ theory to describe the diffusion of

h-BN under confinement.
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Figure 8. Linear-linear plots of translational diffusion coefficients of various sizes of h-BN sheet under different
conditions. (a) Translational diffusion coefficients of h-BN sheets under 1 um confinement (blue), 2 pm
confinement (red), and 4.5 pm confinement (green) plotted as a function of sheet area. (b) Translational diffusion

coefficients of h-BN sheets under 2 pm confinement in a high viscosity solution (blue) plotted as a function of sheet
area.

Table 1. Do and a values determined from various areas of h-BN diffusion under 4 different conditions: (a) 1 um

gap, (b) 2 um gap, (c) 4.5 pm gap, (d) 2 pm gap with high viscosity. All experiments were performed at room

temperature.

Gap size Viscosity (Pa's) Do (um?s™!) a (Jum2)*
a) I um 1.22x1073 0.74+0.47 2%x1072!
b) 2 um 1.22x1073 0.35+0.039 4.7x10%
c) 4.5 pum 1.22x1073 0.4340.096 3.5%x10%
d) 2 um 5.13%x1073 0.06+0.012 4.4x107%

*The temperature used to calculate the activation energies per area was assumed to be 22 °C

Area-dependent diffusion study of graphene

In addition to h-BN, we tracked graphene nanosheets to investigate whether Kramers’
theory could be generalized for other 2D nanomaterials. AFM studies indicate that our dispersion
and exfoliation procedure using CTAC and R12 surfactants in solution is effective for graphite

(Figure 9). AFM height measurements of 85 randomly chosen graphene sheets show an average
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sheet thickness of 1.5 £+ 0.3 nm. The thickness of a single layer of graphene is 0.335 nm;?' the

height indicates approximately four layers of graphene on average per diffusing nanosheet.
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Figure 9. (a) Representative AFM image of dispersed graphene sheets. (b) Height profiles of three sample graphene
sheets. (c) Histogram with 0.1 nm width bins showing the average thicknesses of 85 randomly chosen graphene

sheets.

Figure 10(a) is a time-lapse image of the diffusion of a 7.4 pm? graphene sheet under a 2
um confinement, and Figure 10(b) shows the MSD of the sheet over lag time. We observed ~2.5-
15 um? graphene sheets under 2 pm confinement and plotted the diffusion coefficients as a
function of sheet areas in Figure 11. Interestingly, the a value of graphene was approximately the
same as that calculated for h-BN, as shown in Table 2. The similar values suggest that
interactions with the glass surface occur in both h-BN and graphene and are non-specific to the
chemical nature of the diffusing particle. This observation is likely dominated by the presence of
a similar surfactant shell in both nanomaterials. The consistency between two different 2D
nanomaterials supports that these results would be applicable to other nanosheet species, even we
expect limitations using this Kramers’ equation, including the case of anomalous diffusions,
different surface structure of the 2D nanomaterials, and symmetry of the 2D nanomaterials’
shapes. The slight difference in diffusion coefficients might arise from the discrepancy in
flexibility due to sheet thickness between the h-BN and graphene sheets. It is known that h-BN
nanosheets are stiffer than graphene,’! and actually, in the video (SV1), the graphene sheet seems

to be wrinkling while diffusing. In the case of rodlike nanostructures, studies indicate that

12



flexible nanorods show slower diffusivity when compared to rigid ones.’> We suggest that
smaller Do of thinner graphene arises from the additional degrees of freedom due to the
flexibility of the sheetlike nanostructures, making the diffusion slower as observed for rodlike
particles. We hypothesize that graphene flexibility allows for the nanosheet to redistribute energy
from solvent collisions locally without changing the center of mass (i.e., wrinkling).
Furthermore, the slower diffusivity of graphene suggests the thickness of 2D nanomaterials plays
a relatively smaller role in our system. Notably, the diffusion coefficients of both h-BN and
graphene are comparable with the previously reported DLS measurement of translational
diffusion coefficients of similar 2D nanomaterial, graphene oxide,'” although slightly lower.
Bulk measurements such as DLS give averaged properties and hence are not expected to match
exactly with single-molecule experiments. We note that the slight differences in diffusion
coefficient may be due to wall-induced drag originating from the proximity of the glass slide and
coverslip, as narrow gaps are known to increase the effect of hydrodynamic drag in particle

diffusion.2’
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Figure 10. (a) Time-lapse images of a 7.4 um? graphene sheet undergoing Brownian motion under a 2 pm
confinement. (b) The mean squared displacement over time.
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Figure 11. Linear-linear plots of translational diffusion coefficients of h-BN sheets (blue circles) and graphene
sheets (red circles) under 2 pm confinement are plotted as a function of sheet area.

Table 2. Comparison of Do and a values of h-BN and graphene.

Material Do (um?s™) a (Jum2)*
a) h-BN 0.3540.039 4.7x1072?
b) Graphene 0.25+0.026 4.7x10722

*The temperature used to calculate the activation energies per area was assumed to be 22 °C

Conclusions

In summary, diffusion of a model sheet, h-BN, under z-axis confinement has been directly
observed and investigated. The interaction between R12 and h-BN was confirmed with
spectroscopic studies. Photoluminescence lifetime experiments indicate two different binding
environments of R12 on h-BN. AFM studies provide evidence that the h-BN samples were
sufficiently dispersed and exfoliated to perform imaging experiments. Diffusion studies of h-BN
sheets with different surface areas can be described by Kramers’ theory. A Kramers’ theory-based
analysis of h-BN diffusion yields ideal diffusion coefficients and activation energy per area of a
single sheet. We presume the activation energy is related to the amount of energy needed for
moving the h-BN sheet between different locations in the system that exhibit similar interactions.

This is due to the constant activation energy regardless of viscosity, while activation energy

14



decreases with increasing gap size. Furthermore, the obtained activation energy for graphene is
similar to that of h-BN, which supports our expectation that these results will be applicable to other
nanosheet species, including the diffusion of TMDCs. Future work will be necessary to determine
an exact mathematical model for the translational diffusion of confined nanosheets due to the
limitations of using simple Kramers’ equation. Still, we believe all insights in this report provide
a significant step toward understanding the hydrodynamics of 2D nanomaterials. As was realized
with rigid rods,>*?® this knowledge could be central for manipulating liquid-phase processing
techniques to produce macroscopic materials. Additionally, this would be important in
understanding the dynamics of 2D nanomaterials after introduction into biological systems, such

as in drug nanocarriers.>

Methods

Materials. h-BN was obtained from US Nano and wused as received.
Cetyltrimethylammonium chloride (CTAC) was purchased from BTC. Rhodamine surfactant with
12 alkyl chains (R12) was synthesized by a previously reported method.??3* Glass slides and
coverslips were purchased from Thermo Scientific, washed with isopropanol, and air-dried before
use.

Preparation of R12-tagged h-BN samples. A ca. 2 mM solution of the rhodamine
surfactant in methanol was prepared. This was diluted 35 times with a 1 wt. % CTAC solution for
a final rhodamine surfactant concentration of ca. 5.7 uM. 0.5 mg of h-BN and 7 mL of the
surfactant mixture were added to a 20 mL glass vial containing a stir bar. The solution was stirred
overnight and bath ultrasonicated (Cole-Parmer 8891, 42 kHz) for 20 minutes to disperse and
exfoliate the h-BN sheets from the stacked material. The resulting suspension was centrifuged at
2,500 g for 30 minutes to remove large aggregates, and the supernatant was collected for atomic
force microscopy (AFM) and fluorescence microscopy studies.

Spectroscopic studies of R12-tagged h-BN. Spectroscopic study samples were prepared
from R12-tagged h-BN without centrifuging. The dispersed and exfoliated sample was dialyzed
against deionized (DI) water for 15 hours with a dialysis cassette (MWCO 10,000) to remove
excess rhodamine surfactant not attached to h-BN. Absorbance and scattering measurements were
performed using a Shimadzu 2450 UV-visible spectrophotometer. The steady-state fluorescence

intensity of the sample was measured with a Horiba Nanolog Spectrophotometer. The sample was
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excited at 514 nm, and its emission was recorded from 535 to 720 nm. Time-resolved decays were
recorded using an Edinburgh Instruments OD470 single photon counting spectrometer with a 374
nm picosecond pulse diode laser with a high-speed red detector. The sample was excited at 375
nm and recorded at 610 nm. The standard used for calculating quantum yield was Ar purged
[Ru(bpy)s]Clz in water, which has a known absorbance and integrated photoluminescence (Aex =
514 nm, Aem = 535 — 800 nm). The quantum yield of the Ar purged [Ru(bpy);]Cl> under these
conditions was considered as 0.063.3

AFM height studies of h-BN. AFM samples were prepared by depositing samples on a
freshly cleaved mica surface primed with 20 mM MgCl,. The mica surface was heated to ~120°C
using a hot plate, and the dispersion was applied through a spray bottle in order to deposit a fine
mist that could quickly dry. Excess surfactant was removed by rinsing in water without agitation.
The same depositing process was repeated, followed by rinsing the sample in water and
isopropanol before leaving the samples to dry in an oven at 110°C for 1 hour. AFM measurements
were performed with a Digital Instruments Nanoscope Illa scanning probe microscope controller
in tapping mode. AFM images were processed in Gwyddion, and the height profiles of 99
randomly selected h-BN sheets were collected.

Preparation of h-BN microscope samples. 0.5-1.5 pL of silica microspheres suspension
(1, 2, or 4.5 um, Bangs Laboratories) were added to 100 pL of the R12 tagged h-BN solution. For
imaging, 0.6 pL of the h-BN and microspheres mixture were placed between a microscope slide
and a coverslip, both of which were pre-cleaned with isopropanol. The sample was then sealed
with epoxy to prevent convective flow due to solvent evaporation. High viscosity samples were
prepared by adding a 60:40 sucrose/glucose mixture, for a final concentration of 40 wt%, with the
R12 tagged h-BN sample following a procedure reported previously.>

Imaging h-BN. The tagged h-BN sheets were imaged on a Zeiss Axiovert 200M epi-
fluorescence microscope with a TRITC (Rhodamine B) filter cube (Chroma; Aex 527-552/ 565
dichroic/ Aem 577-632 nm), a 100x oil immersion objective (N.A.=1.3; diffraction limit (d) = 200
nm), and a Toupcam industrial digital camera with a 1.4MP Sony CCD sensor (~18 frames per
second), controlled by ToupView software. Videos were collected for approximately ~5 minutes
(~5,400 frames). The position of the h-BN center of mass was determined by averaging the x and

y pixel information of h-BN.
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Imaging graphene. R12-tagged graphene was prepared using the same procedure utilized
for h-BN, except using graphite instead of h-BN. Graphite powder was obtained from Sigma-
Aldrich and used as received. The R12-tagged graphene was prepared following the same
procedure and using the same equipment as for the h-BN samples. Briefly, a ca. 2 mM of R12 in
methanol was diluted 35 times to make the final concentration of R12 as ca. 5.7 uM using a 1
wt. % CTAC solution. 0.5 mg of graphite was added to the 7 mL of surfactant mixture. The
graphite and surfactant mixture was stirred overnight and bath ultrasonicated for 20 min to disperse
and exfoliate the graphene from the graphite. The sonicated sample was centrifuged at 2,500 g for
30 min and the supernatant was used for the AFM height study and the fluorescence microscope
study. The graphene sample for AFM measurement was prepared using similar procedures to the
h-BN samples. A freshly cleaved mica surface primed with 20 mM MgCl» was heated to ~120°C
using a hot plate, and the R12-tagged graphene sample was sprayed on the mica. Excess surfactant
was washed away by rinsing in water and drying with air. The sample depositing process was
repeated. Subsequently, the sample was rinsed in methanol before drying the sample in the oven
at 100°C for 1 hour. The AFM measurements and data processing were conducted using the same
equipment and software as the h-BN height study. The height profiles of 85 randomly selected
graphene were obtained. The graphene samples for diffusion study were prepared using the same
process as the h-BN samples. In short, a mixture of 0.5 pL of 2 um silica microspheres and 100
puL of R12-tagged graphene was prepared. 0.6 pL of the graphene and microspheres was placed
between a microscope slide and a coverslip, both of which were pre-cleaned with isopropanol. The
sample was sealed with epoxy. The sample was observed by the same instrumental setting up with

the h-BN diffusion studies. The video was captured for approximately 5 minutes.
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