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ABSTRACT: One of the most celebrated achievements in
polymer physics is the finding of simple scaling laws that correlate
molecular behaviors with molecular size. Scaling relations of 2D
macromolecules between the conformation and size have been
extensively investigated in theory. However, in contrast to their 1D
counterparts, the fundamental correlation of conformation with the
size, bending rigidity, and surface interaction still remains unsolved
in both experiments and theory. Here we report the scaling
relations of 2D macromolecules by using single-layer graphene
oxide as the model, underpinning a general framework to
understand and measure their thermodynamic and rheological
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behaviors. Using Ubbelohde capillary rheology, we experimentally determined the Flory-type and Mark—Houwink—Sakurada scaling
rules in the self-avoiding, good-solvent regime through the critical overlapping concentration (C* ~ L%, L is the lateral size) and

intrinsic viscosity ([n] ~ M®% a = 0.33, M is the molecular weight).

The measured exponent y = 0.87 is well located between self-

avoiding (4/5) and rigid (1) limit, indicating a nearly flat conformation and semiflexible nature, and & = 0.33 differs from the value
of polymers (0.5-0.8), signaling the dimensional constraint. The discussion of conformational size-scaling relations is
complemented by dissipative particle dynamics simulations, which clarify the effects of size and bending resistance of 2D
macromolecules as well as the solvent that tunes their surface interaction, resulting in conformation transitions among nearly flat,

folded, and crumpled phases.

B INTRODUCTION

Macromolecules with covalently bonded molecular units in
diverse geometries have varying topologies, including 1D
chains, 3D dendrimers, and the flourishing 2D macro-
molecules. ™ Graphene and 2D macromolecules in general,s’6
both natural and synthetic, add a new dimension in the
development of materials and devices for applications in
electronics,’ optoelectronics,8 structural and functional materi-
als,”™"* energy,'* and biology'® which are usually realized
through solution processing. Understanding the thermody-
namic and rheological behaviors of 2D macromolecules in
solution is thus of fundamental importance, especially for
assessing their conformation and designing properties of
materials and devices.

1D polymers, although featuring unimaginable chemical
complexity, demonstrate remarkably simple yet general scaling
laws that govern their statistical and dynamical behaviors."”
Freely jointed Kuhn segments of polymeric chains conform to
the random walk model, and the radius of gyration (R,) scales
with the contour length of a chain (L) as Ry ~ L' ~ M'~ N
(M is the molecular weight and N is the degree of
polymerization). The universal exponent y is deduced for 1D
polymers as 0.5 in the theta solvent, 0.6 in good solvents, and
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0.5 in melts." These fundamental scaling relations have been
justified in experiments and lay the ground for polymer science
and technology. For example, the intrinsic viscosity [#] for
polymer solutions, defined as the ratio between the specific
viscosity and the polymer concentration at the dilute limit, is
correlated to the molecular weight of soluble polymers (M)
through the Mark—Houwink—Sakurada (MHS) equation [#]
= KM®? which becomes a standard method to measure M.
For 2D manifolds, studies on the conformational behaviors
of polymerized membranes of both fluid and solid have been
pursued in theory over the past few decades.'® " Geometrical
consideration suggests the Flory-type scaling relation R, o L*
with y =2/3 and 1 for the compact and rigid limits.2° The self-
penetrable phantom model of tethered membranes displays a
scaling relation of R; ~ (In L)"2.'® Generalization of the Flory
relation for polymers to membranes yields a y = (2 + D¥)/(2 +
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Figure 1. (a) SEM images of GO sheets in the solution, GO size distribution, and the schematic of measuring the viscosity of GO solution with a
Ubbelohde viscometer. The scale bars are 100 ym. (b) GO solution modeled as sheets of covalently coarse-grained beads solved by DPD particles

for the solvent.

d) = 4/5 for self-avoiding tethered membrane in a good
solvent without bending resistance, where D* =2 and d = 3 are
the dimensions of the manifold and space, respectively.'®
Including the bending resistance of membranes and/or surface
interactions (e.g., adhesion and repulsion), simulations suggest
scaling behaviors with y varying between the compact and rigid
limits.'”*"*> The wide spectrum of these theoretical
predictions implies the rich physics of conformational scaling
behaviors of 2D macromolecules in correlation with their size,
rigidity, and surface interactions.

In contrast, the experimental exploration in this scenario is
quite limited.”*™* Static light scattering (SLS) measurements
extracted scaling relations of graphite oxide platelets with a
specific lateral size (~5 pm) in solvents by measuring the
fractal dimension (d; = 2.5) and concluded y = 2/d; =
0.8.2%*%2% However, the conclusion has been questioned by
the low accuracy of SLS techniques as well as the wide
distribution of lateral sizes and polydispersity in the thick-
ness.”” The Flory exponent determined thus fails to rule out
the mixing effects of soft and rigid sheets. Moreover, crumpled
phases of 2D polymers predicted in theory have not been
identified for graphite oxide in freeze-fracture electron
microscopy” and graphene oxide (GO) in optical micros-
copy”” in solution. To date, the conformational scaling
behaviors of 2D macromolecules still remain as an open
question, which should be addressed by using samples with
well-defined thickness and reliable experiments beyond SLS.

Molecular simulations have been shown as a powerful
method to explore conformational behaviors for 2D macro-
molecules.'®'?*"23%31 The dissipative particle dynamics
(DPD) takes an explicit solvent approach that can include
the solid—liquid interfacial interaction and hydrodynamic
effects, making it an efficient mesoscale method to study the
systems of complex fluids.*>** In simulating polymer solutions,
the soft, repulsive force in standard DPD alone fails to
reproduce the overlapping of polymer segments, which should
be supplied with additional conservative forces. Symeonidis et
al.’* used DPD simulations to study the scaling law of 1D
polymer chains with different forms of conservative forces such
as Lennard-Jones, Hookean—Fraenkel, finitely extensive non-
linear elastic models, and worm-like chains. The DPD model
was also updated to model shape evolution of the human red
blood cells (RBCs) and effective viscosity in shear flow, where
the RBCs were coarse-grained into a closed surface with a
hexagonal lattice surrounded by DPD particles of flows.*>*° In
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this work, DPD simulations were performed to study the
conformational phase behaviors GO in solvent and the
effective viscosity.

Here, we perform Ubbelohde capillary rheology measure-
ments to directly determine the conformation-size scaling laws
of 2D macromolecules in good solvents by using single-layer
GO as the model. For the first time, we directly extract the
scaling relation between and the contour length L of
monolayer GO by rheological methods. We show that GO
behaves self-avoiding, nearly-flat membranes in good solvents,
and the Flory exponent y = 0.87 evidently deviates from
predictions for the compact and rigid surface limits. The
generalized Flory exponent is verified by the MHS relation,
with an exponent @ = 0.33 which is distinct in comparison with
that for 1D polymers (0.5 < @ < 0.8),” as a result of the
dimensional constraint. Beyond these experimental evidences,
we perform DPD simulations to clarify the effects of size,
rigidity, and surface interaction of 2D macromolecules, which
identify the microscopic origins of measured scaling relations.
Finally, a general theoretical framework is developed to
characterize their thermodynamic and rheological behaviors,
offering a systematic guidance for the design and engineering
of their applications in advanced materials and devices.

B EXPERIMENTAL SECTION

Preparation of Single-Layer GO. We prepared GO samples with
different average lateral sizes by using the modified Hummers method
following our established procedures.”” Typically, natural graphite
flakes (different crystal sizes, S g) were added into a S00 mL flask with
98% sulfuric acid (150 mL), and the mixture was kept at room
temperature and stirred at a speed of 300 rpm/min. Potassium
permanganate (20 g) was then slowly added into the flask under
continuous stirring where the temperature of mixture was lower than
S °C. After the reaction was complete, the mixture was diluted with 2
L of water, followed by dropwise addition of 30% H,O, until no
bubbles were generated. The mixture was repeatedly washed with
water by using the centrifugation washing method. Finally, aqueous
GO solutions with different GO sizes were obtained, and the average
lateral size of each GO sample was calculated based on a collection of
over 100 sheets. We replaced water by N,N-dimethylformamide
(DMF) via a repeating centrifugation method for five times to obtain
GO/DMF dispersions with the same concentration. For GO solutions
with mixed solvents, ethyl acetate (EA) and acetone were directly
added into the DMF solution and sufficiently mixed to a
homogeneous solution.

Ubbelohde Capillary Rheology. We measured the concen-
tration of GO aqueous solution by freeze-drying and then diluted the
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Figure 2. (a) Illustration of the overlapping transition of GO from extreme dilute to semiconcentrated DMF solutions. (b) Specific viscosity
plotted as a function of GO concentration with an average lateral size of 1.65 ym. (c) Concentration at overlapping transition plotted as a function
of the average size of GO sheets (for experimental details see the Supporting Information).

aqueous, DMF solution, or the mixture to eight concentrations before
measuring the viscosity with a Ubbelohde viscometer (Figure 1a). To
improve the accuracy of measurement, the solution was prepared by
volumetric flask, and measurement was conducted instantly after
preparation. Each data point was repeated for at least three times until
the range of three sequential measurements was within 0.2 s at a
constant temperature of 25 °C. Normally, the measured time ¢,
defined as the time for GO solution flow between line A and line B in
Figure 1a, by using a Ubbelohde viscometer in this experiment was in
the range 70—350 s. The relative viscosity is calculated as 77, = H1ution/
Nsolvent = tsolution” tsolvenyy and thus the specific viscosity is 17, = (Msotution
- nsolvent)/ Hsolvent = solution/ fsolvent — 1.

B SIMULATION METHODS

Dissipative Particle Dynamics Models for Solvents
and GO. DPD simulations are implemented to explore the
dynamic behaviors of dilute GO solution, where both the GO
sheets and solvent are modeled by using coarse-grained
beads.”*®* The coarse-grained model for GO sheets is
constructed through a hexagonal lattice as shown in Figure 1b.
The bonds are modeled as linear elastic springs, and a pair of
triangular facets sharing a common edge is modeled as a
dihedral. Atoms in the GO sheet are grouped into beads with
equal masses. The bonding interaction between beads is
modeled through a stretching energy term E, = ky(r — r,)>/2

with a stiffness k, = %Yt, where r, is the equilibrium

interbead distance, and Yt, the product of Young’s modulus
and thickness, is the 2D tensile stiffness of the GO sheet.*' The

bending resistance of a GO sheet is modeled by a dihedral
%D, where n; and

5

n; are the unit normal vectors of triangles i and j sharing a
common edge and D is the bending stiffness of GO. This
dihedral term is equivalently expressed by using a harmonic

potential of dihedral angle ¢ as Ej, = k4(1 + cos ¢). Here we

term E, = k4(1 — nn;) with a stiffness ky =

use D instead of YI to avoid the ambiguity in the definition of
the thickness t for single-atom-thick sheets. The bending
stiffness of GO is reported to be ~1 kzT at room
temperature,”’ and thus the bending stiffness is chosen within
0—10 kzT. The implementation of adhesion between GO
membranes follows previous studies,””>> where the pairwise
interaction between nonbonding beads (beads not interacting
through the bond stretch and dihedral terms) in GO sheets is
added to the DPD force field, in the form of Lennard-Jones 12-
6 potential E; ; = 4¢[(c/r)"* — (6/r)°], with a cut-off distance
of 2.56. The details of DPD method and the parameters for the
GO sheets can be found in the Supporting Information.
DPD Simulation Setup. The DPD simulations are
performed by using the large-scale atomic/molecular massively
parallel simulator (LAMMPS).*' The size of the supercell is
30R, containing ~81000 DPD beads, and the lateral length of
the GO sheets is set to range from 7R. to 35R,, where R is the
DPD length unit (Table S1). The GO solutions are relaxed
over 2.0 X 10 timesteps with kT = 1, corresponding to 300 K.
After equilibration, the shear viscosity is calculated by using the
Green—Kubo formalism through the autocorrelation function

of pressure tensor (PACF) P.** The intrinsic viscosity of GO is
n=ty _

defined as [#] = lim lim f(c), where 7, is the viscosity
c—0 c—0

0
measured at a concentration of ¢ = 0. To quantitatively
describe the morphologies of GO sheets, the radius of gyration
tensor S, the relative shape anisotropy,” and the solvent
accessible surface area (SASA)*™* are calculated (Supporting
Information). The hydrodynamic radius, Ry, is computed via
Stokes—Einstein relations, with the translational and rotational
diffusion coeflicients, D, and D,, which are calculated by the
mean-square displacement (MSD) and angular mean-square
displacement (AMSD), respectively.**®
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Figure 3. (a) Intrinsic viscosity of GO—DMEF solution plotted as a function of the molecular weight of GO sheets, from which the MHS relation is
extracted (see experimental details in the Supporting Information). (b) Conformational phases of 2D macromolecules identified by the exponent in
the MHS relation. (c—e) Cryo-TEM images of GO sheets embedded in amorphous ice. Wrinkles in the GO sheets are annotated by the arrow.

B RESULTS AND DISCUSSION

By choosing the size of raw graphite crystals, the produced GO
sheets had a series of average lateral size of (L) = 1.65, 6.34,
12.91, 88.24, and 122.71 um (Figures S1—SS, Supporting
Information). A uniform thickness of ~1 nm of GO sheets
deposited from the DMF solution under atomic force
microscopy (AFM) suggests their monolayer nature in
solutions.”” Selected area electron diffraction (SAED) under
transmission electron microscopy (TEM) reveals that GO
partly retains the sp® lattice of graphene even after oxidation
(Figure S6). These single-layer GO sheets thus become an
ideal model to examine the conformational scaling relations of
2D macromolecules.

The conformation of 2D macromolecules defines their
rheological behaviors,**"~* offering a reliable way to extract
their average conformational information through simple
rheology tests beyond the SLS method with low accuracy.”**°
The first deduction is the existence of a critical overlap
concentration (C*) which corresponds to the percolation
threshold of GO monolayers in solution as a continuous
network forms or a local orientation order emerges (Figure
2a). In good solvents, 2D macromolecules retain the nearly flat
conformation and can be considered as disks with a diameter
of 242 R,. Both theories and numerical simulations conclude
that C* scales linearly with 1/R, by neglecting the change of
thickness at high aspect ratios.wé1 Therefore, we have a scaling
relation for C*

C* Rg_1 x L7 (1)
For nearly-flat membranes, the viscous flow of their dilute
solution can be simplified to the diffusion of spheres by
considering their rotation. The size of spheres measured by the
lateral size of the membrane is 2/2 R, following the spirit of
Zimm’s single-chain-drop assumption for 1D polymers.”'® The
intrinsic viscosity [7] is determined by the Einstein—Stokes
relation” as

10424

n—n NV,

(7] = lim 0 =52
o0 e M )
Here c is the concentration, the prefactor of 2.5 is the Einstein
R 3
parameter for spheres, N, is Avogadro’s number, and V, = ﬂég

is the equivalent hydrodynamic volume in the Zimm
assumption. We then have

3
_ SENAR
12pL*

5
= K— =

o KL ™?

(1]
3)
where K is another prefactor and p is the areal density of rigid
2D macromolecules (M = pL?). A scaling law relating 7] with
M is thus deduced as

7] « L ? MOr=2/2 _ e (4)

For self-avoiding, tethered macromolecules with a theoretically
predicted exponent of y = 4/5, [5] « M"/>.

We use the Ubbelohde capillary rheology to determine the
scaling relations of single-layer GO solutions. The specific
Viscosity 7y, = Nsolution/ Msolvent — 1 Of DMF solutions of GO with
(L) of 1.65 pm increases with ¢, experiencing a transition at the
percolation threshold C* = 2.8 X 107> wt % (Figure 2b).
scales linearly with ¢ as 0.20c and 0.34¢ before and after the
transition, respectively. This transition is universal for solutions
with different lateral sizes of GO (Figure S7), from which in eq
1 we conclude C* ~ L% (Figure 2c). The exponent y = 0.87
+ 0.03 thus measured is far below the limit 1 for rigid surfaces
but higher than the value y = 4/S for self-avoiding, tethered
membranes,'”'¥*” suggesting that GO monolayers maintain a
nearly planar conformation with undulation in a good solvent.
We use the average size of GO sheets to estimate the
exponents. However, the distribution of lateral sizes may lead
to statistical effects. To address this issue, we prepared samples
with average sizes (L) spanning over 2 orders of magnitude.
The deviation in size for three representative sets of samples
((L) = 1.65, 12.91, and 122.7 um) is much smaller than the
size contrast between them (Figures S1, S3, and SS). The
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Figure 4. (a) Radius of gyration R, measured for GO sheets as a function of the lateral size, L. The results are obtained from DPD simulations and
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fitted into a conformational scaling relation R, ~ L7 for both flat and crumpled GO correspond to bending rigidity, D = 6 kzT and 1 kT,
respectively. The insets are the typical flat and crumpled conformations. (b) The exponent y, plotted as a function of bending rigidity, D. (c) The
critical concentration C* plotted as a function of L for both flat (D = 6 kzT) and crumpled (D = 1 kzT) GO sheets. (d) The intrinsic viscosity [7]
plotted as a function of L for both flat (D = 6 k3T) and crumpled (D = 1 kzT) GO sheets.

statistical effects can thus be excluded in the scaling relations
obtained using the average size, which can reasonably capture
the 2D macromolecular behaviors of GO. The scaling relation
C* ~ L% can be used as a standard reference to measure the
average size of GO in DMF through simple rheology tests.
This constrained scaling behavior between the theoretical
limits of disks and sphere (Figure 3b) demonstrates the
semiflexible nature of GO sheets.

We then measured [17] of GO DMF solutions and revealed a
MHS relation as

[’7] — I<MO.33iO.02 (5)

Here the molecular weight M is calculated by number-average
as detailed in Figure S8. Combined with eq 4, we conclude
Ymus = 0.89 = 0.017, which aligns well with the value y = 0.87
extracted from the C* measurements (Figure 2c). The MHS
rule is valid for weight-average and Z-average molecular masses
as well (Figure S8), yielding exponents of a = 0.282 and 0.277,
respectively, which further suggests a minor effect of the lateral
size distribution.

Previous SLS studies suggested a Flory exponent of y ~ 0.8
for graphite oxide colloids with an average size of (L) = ~§

m,”**® which seems to perfectly meet the theoretical
prediction for self-avoiding surfaces.'”'®* Our SLS results
for GO solutions with relatively larger size ((L) = 122.7 yum)
show d; = ~2.7 and y ~ 0.74 (Figure S9), signaling a size effect
that was not considered in previous studies where the Flory
exponent is determined from the fractal dimension.”**°
Moreover, Spector et al. also raised concerns about the
accuracy of SLS that may not be able to discriminate the planar
and crumpled phases.”” In comparison, our rheological tests
offer a more reliable method to measure the conformational
behaviors because of the improved accuracy and explicit
account for size scaling. Our cryo-TEM characterization
further validates the nearly planar conformation of GO in
good solvents, where wrinkles are present but not crumpled
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(Figure 3c—e). This conclusion agrees with the electron
microscopy observation and many recent experiment re-
sults. 522737

The scaling relations (Figures 2c and 3a) clarify the
ambiguity in thermodynamic and rheological behaviors of
GO in solution, which can be extended to 2D macromolecules
in general.”***™*° To explore the effects of the size and
flexibility of 2D sheets, we perform DPD simulations as
detailed in the Simulation Methods section and Supporting
Information. The solvent is modeled by using beads interacting
through a DPD force field with conservative, dissipative, and
random forces included, while GO are discretized into a
hexagonal lattice of coarse-grained beads, where bond-stretch
and dihedral energy terms are included to model the in-plane
elasticity and out-of-plane bending rigidity, respectively. The
GO-—solvent interaction is also modeled by using the DPD
force field, while an additional pairwise interaction in the
Lennard-Jones form is added between the nonbonding beads
in GO to account for the adhesion. GO conformation in the
dilute limit is defined by the competition between its bending
resistance and thermal fluctuation. By varying their bending
rigidity D, the sheets are identified from the flat to the
compactly crumpled in our simulations. The conformational
scaling relation R, ~ L’ extracted from DPD simulations
(Figure 4a) concludes y. = 1.03 + 0.03 for the flat sheet
(approaching the rigid limit of 1) and y. = 0.65 + 0.01 for the
crumpled ones (approaching the compact limit of 2/3).”° Here
we use . for the Flory exponent derived directly from the
conformation scaling relation, which differs from y that is
determined from the critical concentration of overlapping
transition, C*, and yyps from the MHS rule. We identify a
critical bending rigidity of ~3kpT that discriminates the planar
and compactly crumpled phases (Figure 4b).*"** The bending
rigidity of pristine graphene is ~40 kyT,””>* which is high
enough to be flat according to our DPD results if it can be
solved in solvents. However, while oxidized, the bending
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Figure 5. (a) Conformational evolution of GO sheets with different bending rigidities, D. (b—d) Conformational measures including (b) the radius
of gyration, R,, (c) the relative shape anisotropy, %, and (d) the solvent accessible surface area (SASA) plotted as functions of D. The size of square
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Figure 6. Relationship between hydrodynamic radius Ry, and the radius of gyration R, calculated for GO sheets in (a) crumpled (D = 1 kpT) and
(b) flat conformations (D = 6 kgT). The values of R, are calculated from both translational and rotational diffusion coefficients.

rigidity of GO can be significantly modified by the degree of
oxidation, types of functional groups,® and defects.”
Experimental studies show that the value of D is ~1 kzT,"
close to the marginal value between planar and crumpled
phases. It is also interesting to note that this critical value of D
is close to that of lipid bilayers (a few kyT),””** and the study
of GO solutions here could offer insights into biological
membranes.

In addition to R,, the morphology of GO in solution is also
measured by the relative shape anisotropy x* and solvent
accessible surface area (SASA). The shape descriptor x*
measures symmetry and dimensionality of a macromole-
cule,"”*” ranging from 0 (sphere) to 1 (line). The SASA of
2D macromolecules is calculated by considering the DPD
particles as spheres.*”*® Our simulation results show that R,
and SASA exhibit a similar dependence on D as y. does, while
K* demonstrates a peak at the transition point of D = ~3kyT
(Figure S). As D increases, 2D macromolecules evolve from
isotropic crumples (D = 1, 2 kT, k* close to 0) to tubular or
folded configurations with notable anisotropy (D = 3.0, 3.5
ksT) and to flat conformation (D = 6 kT) with x* approaching
the planar limit of 0.25 (Figure Sc). These results validate
again the Flory exponent y = ~0.87 we measured
experimentally (Figure 4b), between the compact (2/3), self-
avoiding (4/5), and rigid limits (1).

The viscosity of 2D macromolecule solution is studied
through the Green—Kubo formalism using the pressure—
pressure autocorrelation function in DPD simulations.”* For
rigid sheets, the relationship between the hydrodéynamic radius
Ry and R, is analytically proved to be linear.’”®" Our results
suggest a linear relation between R, and Ry, for both crumpled
and flat conformations (calculated from the translational and
rotational diffusion coefficients, Figure 6). The well-resolved

—Ry, relation allows us to adopt eqs 1—3 to explore the
rheological behaviors of 2D macromolecules. We find that C*
decreases with L, where the scaling exponent is calculated as y
= 091 + 0.08 and 0.62 + 0.05 for flat and crumpled
conformations, respectively (Figure 4c). The scaling exponent
in [n] for the MHS relation is predicted as @ = 0.54 (yyus =
1.03 + 0.07) for flat (D = 6 kzT) and a = 0.05 (yyys = 0.70 +
0.10) for crumpled conformations (Figure 4d), in consistency
with the values of y. and y extracted from DPD simulations
using the conformational scaling relation and critical over-
lapping transition, respectively. Our experimental results are
well located within this theoretical range, which implies that
GO sheets have a moderate bending rigidity in the solution.

Our discussion above excludes the effects of solvent, where
surface adhesion and electrostatic repulsion between GO can
notably modify their behaviors.”” DMF is a good solvent for
GO as evidenced in solution processing of GO, where liquid
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in the simulations, and the bending rigidity is D = 5 kpT.

crystal forms or planar conformations of GO are identified in
DMEF.">** The use of DMF as a good solvent enables us to
tune the polarity of the solvents by adding poor solvents for
GO such as EA and acetone. We find that the Flory exponent y
increases with either the polarity of solvents (Figure 7) or
solubility parameter (Figure S10). As the ratio of acetone
increases to 20 vol %, y decreases to 0.82, denoting a lateral
shrinkage of GO sheets from the planar conformation in good
solvents. A higher poor-solvent ratio leads to further shrinkage
of GO sheets and brings severe inhomogeneity; as a result, the
measurement of viscosity becomes unreliable as fluffy
precipitation appears. In aqueous solution, we find y = 0.94
+ 0.03, which is notably higher than the value y = 0.87 for
DME. This morphological change towards flat membranes in
aqueous solution is possibly caused by the stronger electro-
static repulsion that stiffens the GO sheets.”® The Flory scaling
exponents of GO depend on their morphological conforma-
tion, which can be well tuned by the properties of GO sheets
or the polarity of solvent. The exponents for compact crumples
and flat sheets represent the lower and upper bounds for the
rich spectrum of phases. However, as the morphology of
phases such as nearly-flat membranes, scrolls, folds, crumples,
and intermolecular complexes are not distinctly defined, one
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cannot assign unique scaling exponents to them. Our DPD
simulations extend the parametric space in experimental
studies, predicting the range of scaling exponents for different
phases of GO. For example, by tuning the bending stiffness D
of GO (Figures S), we have y. = ~0.67 for compact crumples
(D =1 kgT), y. = 0.70—0.92 for nearly flat membranes or
semicrumples, folds, and scrolls (D = 2, 3, and 3.5 k5 T), and 7.
= ~1.0 for flat sheets (D = 6 kyT).

As reported in ref 63, the reduction in electrostatic repulsion
by increasing the DMF concentration helps GO sheets
overcome the energy barrier for change from the flat to the
scrolled morphology.®* We prepare the GO/DME solutions by
replacing water in aqueous GO solution with DMF. The nearly
flat conformation of GO identified in GO/DMF (Figure la)
suggests that DMF is a good solvent. The surface adhesion
from the van der Waals interaction, however, is weakened by
DME. To understand the solvent effects, we performed DPD
simulations with different adhesion energy density (I") defined
for GO sheets.”™*® Because strong electrostatic repulsion
prevents GO sheets from scrolling or crumpling transitions,
which disagrees with our experimental observation, we focus
our discussions on the flat-crumpling transition with a
relatively weak electrostatic repulsion incorporated to the
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surface adhesion. The reference adhesion energy density is I’
= 0.31 J/m? for graphene in the vacuum, and in solvent we
have I'/T, < 1 (Figure 8).°° At low I values, GO sheets remain
nearly flat for D = § kgT, which is larger than the critical value

= ~3 kT in the absence of surface adhesion. With enhanced
surface adhesion, GO exhibits folding/tubular transitions and
sequentially crumpling (Figure 8a). The morphological
measures (R, k%, and SASA, Figures 8b—d) show that GO
sheets remain crumpled for adhesion I'/T, > 107%, Similar to
the transition identified (Figure 8), the folding/tubular
morphologies around the transition show high anisotropy, k¥
= ~0.4. Combining these results with the experimental
evidences in Figure 7b, we conclude that the increase of ¥
with the solvent polarity results from an effective reduction in
the surface adhesion of GO. In highly polar solutions such as
water, the negative charge density increases, and thus the free
energy barrier of folding or crumplin% is inaccessibly high
compared with the thermal fluctuation,”* which thus renders
GO sheets with more planar conformation.

The conformational scaling laws of 2D macromolecules
allow us to address practical issues in a versatile way as for the
1D polymers. For example, one can measure the molecular
weight of 2D macromolecules from the MHS equation with a
known scaling exponent. This exponent characterizes con-
formations that can be categorized into distinct phases of
nearly flat membranes, scrolls, folds, crumples, and inter-
molecular complex, which have great impacts on the
fabrication process of macroscopic assemblies such as fibers
and membranes from solutions.®®’ Compact, well-aligned,
defect-free, large-sized GO sheets often lead to elevated
mechanical properties and transport performance. Micro-
structural features of these assemblies such as pores, channels
at wrinkles, and open spaces between the sheet edges also
determine the permeability and selectivity of GO films.*® The
viscoelasticity of 2D macromolecules in solution is also an
important issue that is related to applications such as 3D
printing with GO solution.”” However, conformational scaling
relations for the storage and loss modulus (G’ and G”) have
not been well addressed in theory. In experiments, the
measured viscoelastic moduli of GO solutions depends on
the strain amplitude, loading frequency, and concentration.”” A
complete picture of the viscoelastic behaviors is out of the
scope for the current work which is mainly focused on the
dilute GO solution, where DPD simulations suggest that the
viscous effect is dominant (Figure S11).

B CONCLUSION

In summary, we experimentally determined the conformational
scaling laws of 2D macromolecules by using single-layer GO as
the model. Ubbelohde capillary rheology measurements show
that GO in good solvents behaves as a self-avoiding, nearly flat
membrane with out-of-plane fluctuations, featuring a general-
ized Flory exponent of y = 0.87 and the MHS relation with an
exponent of a = 0.33. A general description of thermodynamic
and rheological behaviors of 2D macromolecules is constructed
based on DPD simulations. The Flory exponent identified
spans the whole range from the compact (2/3) to the rigid (1)
limit, demonstrating the crucial effects of the mechanical and
surface properties as well as the solvents. The conformational
scaling relations reported in this paper extend the framework of
polymer physics to the 2D manifold, offering principles that
can be used in the understanding and control of their assembly
and processing in solution toward applications.
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