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ABSTRACT: Thermally conductive nanopapers fabricated from
graphene and related materials are currently showing great
potential in thermal management applications. However, thermal
contacts between conductive plates represent the bottleneck for
thermal conductivity of nanopapers prepared in the absence of a
high temperature step for graphitization. In this work, the problem
of ine ective thermal contacts is addressed by the use of
bifunctional polyaromatic molecules designed to drive self-
assembly of graphite nanoplates (GnP) and establish thermal
bridges between them. To preserve the high conductivity
associated to a defect-free sp? structure, non-covalent functional-
ization with bispyrene compounds, synthesized on purpose with

variable tethering chain length, was exploited. Pyrene terminal groups granted for a strong

demonstrated by UV Vis,
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uorescence, and Raman spectroscopies. Bispyrene molecular junctions between GnP were found to

control GnP organization and orientation within the nanopaper, delivering signi cant enhancement in both in-plane and cross-plane
thermal di usivities. Finally, nanopapers were validated as heat spreader devices for electronic components, evidencing comparable
or better thermal dissipation performance than conventional Cu foil, while delivering over 90% weight reduction.

KEYWORDS: molecular junctions, graphene-related materials, thermally conductive nanopapers, -gelators, heat spreader,

supramolecular functionalization, graphite nanoplates self-assembly

INTRODUCTION

Thermal management in modern electronic devices requires
the development of new generation of materials to guarantee
for both exibility and heat dissipation, in particular for
applications in exible electronics® as well as in wearable and
implantable devices.>® Graphene was demonstrated as a good
candidate for heat management, based on its outstanding
thermal conductivity’ ° and mechanical properties.” Although
single layer graphene currently remains of limited availability
for applications in bulk materials, a wide family of graphene
related materials (GRM) has become largely available,
including reduced graphene oxide (RGO), multilayer graphene
(MLG), and graphite nanoplates (GnP).® GRM were indeed
largely reported in the literature for the preoparation of
thermally conductive polymer nanocomposites®'® and nano-
papers.” Freestanding GRM nanopapers appear as promising
alternatives to the metal foils traditionally used as heat
spreaders in a number of heat management applications,
coupling high thermal conductivity with exibility, low density,
and chemical stability in harsh environmental conditions.
Nanopapers are conveniently produced by vacuum Itration of
GRM suspensions through a porous membrane lter,*? °
exploiting their self-assembly onto the membrane upon the

© 2021 The Authors. Published by
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removal of solvent. Being a facile and scalable process, this
approach was largely explored with GO suspended in
water."” *° However, owing to the extensive disruption of
sp? carbon lattice upon graphene oxidation,”> GO membranes
exhibit low thermal conductivity values and therefore require
proper reduction and thermal annealing to recover su cient
thermal conductivity. Thermal reduction of GO membranes at
variable temperature demonstrated thermal conductivities to
increase with annealing temperatures, yielding values up to
1000 Wm 'K ! for annealing above 1000 °C? and even
higher values for annealing above 2000 °C,** when extensive
graphitization of the Im occurs. Preparation of conductive
nanopapers from low-oxidized GRM was also explored and
proven e ective for thermal conductivity.> % This latter route
allows avoiding the harsh chemical processes for GO
production and subsequent reduction of the Im, but may
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Figure 1. Synthesis of bispyrene molecules 2a 2e.
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Figure 2. UV Vis spectra of supernatants (&) inset showing a magni cation for the range 600 to 750 nm; uorescence spectra for BP solutions in
DMF, 10 8 M (b); and uorescence spectra for supernatant of GnP/BP dispersions (c).

lead to lower thermal conductivity (often in the range of 300
Wm 'K 1) compared to high-temperature annealed GO
papers, despite the high thermal conductivity of the individual
low-defectiveness nanoplates. This is mainly related to the
thermal resistance associated to weak contacts between
conductive particles, explained by the weak interaction forces
between nanoplates, as well as their limited exibility and
planarity. In the absence of a high temperature and pressure
treatment of nanopapers, porous and low-density nanopapers
are typically obtained."* While the presence of air pockets is an
obvious reason depressing the thermal conductivity of the Im,
the limited contact area between the conductive nanoplates
and the poor thermal conductance across nanoplates contacts
are further negatively a ecting the nanopapers thermal
conductivity. Enhancing the area and quality of contacts
between nanoplates is therefore a must for the improvement of
nanopapers thermal conductivity. Although higher density,
orientation, and contact area may be obtained by compres-
sion,”® the enhancement of contact quality is signi cantly more
challenging. Molecular junctions have been explored both
theroretically”® ** and experimentally®*** to produce thermal
bridges between conductive particles, enhancing the phonon
transfer across the contacts. E ectiveness of molecular
junctions for thermal conductance improvement was found
to depend on both length and structure of the molecule.?**°
However, obtaining precise functionalization of GRM with
covalently bound molecular junctions, without disrupting the
carbon sp? structure, currently remains very challenging. As an
alternative approach for the preparation of thermal bridges
between GRMs, supramolecular functionalization based on

stacking®™®® may also be explored by the use of
multifunctional molecules, potentially able to cross-link
graphene sheets, without the introduction of structural defects.

15510

In this work, bispyrene (BP) molecules (Figure 1) with
variable tethering chain length were designed, synthesized, and
exploited for the supramolecular functionalization of GnP, to
drive their self-assembly and to enhance thermal conductance
between thermally conductive nanoplates. Results demon-
strated signi cant enhancement in both in-plane and cross-
plane thermal di usivities, depending on the length of the BP
molecule. Most importantly, short BP-functionalized nano-
papers were found to provide better heat dissipation e ciency
than conventional copper foil, while delivering over 90%
weight reduction.

RESULTS AND DISCUSSION

Aiming at the non-covalent cross-linking of GnP, bifunctional
molecules able to provide a su ciently strong surface
interaction with graphene layers were designed and synthe-
sized. Among the di erent chemical species able to strongly
interact with the sp? carbon surface via stacking, pyrene
was selected based on its well-known adsorption on the
graphene surface and its good solubility in organic solvents. A
series of bispyrene (BP) molecules (referred to as 2a 2e) were
synthesized (Figure 1), varying the length of the alkyl chain
connecting the pyrene units. Routine characterization by UV
Vis, NMR, and mass spectrometry is reported in the
Supporting Information, Section S1.

The interaction of BP molecules with GnP in the suspension
was investigated as a function of the alkyl chain length between
the pyrene units, by the analysis of supernatants obtained after
mild sonication of GnP in solutions of BPs. Initially, the e ect
of BP concentrations was explored by UV Vis and

uorescence spectroscopy to verify absorption and emission
of these compounds on the GnP surface, while avoiding large
excess of free molecules in the systems. Based on the results
obtained (Supporting Information, Section S2), a BP
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concentration of 10 ® M was selected to prevent extensive self-
aggregation of BP molecules on the surface of the nano akes.
By UV Vis absorbance (Figure 2a), a rough estimation of the
concentration of GnP suspended in the supernatant can be
obtained by analyzing the light absorption at 670 nm
wavelength at which BPs do not absorb (spectra in the
Supporting Information, Section S1.6). The concentration of
suspended GnP in the presence of BP molecules is similar or
lower to those of pristine GnP, suggesting that the presence of
BPs does not stabilize GnP in suspension but rather promotes
aggregation of GnP, acting as gelators, as previously
reported for similar systems.®’ The spectrum for GnP 2a
supernatant, in which reduction in the GnP concentration is
remarkable, clearly shows the characteristic absorption bands
of pyrene groups in the 300 450 nm range*® completely
absent in the spectra of supernatants containing longer BP.
These facts suggest 2a to be the most e cient BP in promoting
the aggregation of GnP, at the given concentration. This result
might be interpreted as a consequence of the lower tethering
chain length on the molecular conformations for BP interacting
with the GnP surface. Fluorescence emission spectra of BP in
DMF solution (10 ® M, Figure 2b) show distinctive features
for both monomer (M, at 376, 396, and 418 nm) and excimer
(E, at 485 nm) emissions, with a variable I¢/1,, intensity ratio
(Figure 2b), suggesting the highest intramolecular aggregation
for BP with intermediate chain lengths (2b and 2c).
Fluorescence emission spectra for GnP BP supernatants
(Figure 2c¢) show a strong reduction of I/l for all BPs,
which is consistent with a strong BP/GnP interaction and
consequent reduction in the concentration of free BP.

The collected GnP/BP precipitates were thoroughly washed
and dried to obtain a series of supramolecular functionalized
GnP. Raman spectroscopy was carried out to investigate
vibrational changes, which may be correlated to the absorption
of BP. In particular, the D band (approx. 1340 cm 1), activated
by graphene structural defects by second-order Raman
scattering processes, the G band (around 1580 cm ) due to

rst-order Raman scattering (degenerate E,, mode), and in
particular, the ratio between their intensities (Ip/lg) can be
taken as a parameter for quantifying structural disorder.*°
The low I/l ratio (0.06) of pristine GnP evidences for a low
defectiveness of these nano akes (Figure 3). Limited or no
increase in average Ip/lg values were found for BP-function-

I/l, =0.12 £ 0.06

I/l, = 0.11 £ 0.06 |

GnP 2d

I,/lg =0.10 + 0.04 A

GnP 2c
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Figure 3. Raman spectra of GnP and BP- functionalized GnP. 1p/1g
band ratio are reported for each of the GnP.

alized GnP (Figure 3), which is consistent with the non-
covalent interaction of pyrene onto the GnP basal plane, not
expected to signi cantly a ect its vibrational properties.

Based on the above evidence for strong adsorption of BP
and promoted interactions between GnP akes, nanopapers
were fabricated by gravimetric Itration of GnP-BP suspen-
sions, with the aim of exploiting bispyrenes to drive self-
assembly between GnP akes. The amount of BP retained
within the nanopapers after Itration and washing was
calculated from the concentration of BP in Itrated solutions,
compared to the initial concentration in the GnP/BP
suspension. The retention rate of BP into the nanopapers
(Table 1) was found to be  95%, except in the case of GnP 2a
(80%, re ecting the higher concentration of 2a in the
supernatant). The mass fraction of BP in the nanopapers is
ranging between 0.09% for 2a and 0.15% for 2e, which increase
may be partially explained by the higher molar mass of longer
chain BP.

Such low mass fractions depend on the limited surface area
of GnP (38 m?/g, for the as-received powder), as well as the
low concentration of BP. These values correspond to a very
limited coverage of the GnP with BP moieties, in the range of

mol BP for gram of GnP, corresponding to a number of BP
molecules per GnP surface in the order of 10°/ m? (assuming
retained speci c surface area upon GnP suspension in DMF)
or lower. Such low coverage was designed to provide su cient
GnP functionalization while avoiding self-aggregation of BP
into the nanopapers, which is indeed possible at higher
concentrations, as demonstrated by FESEM analysis (Support-
ing Information, Section S3). Densities of nanopapers were
found to be signi cantly di erent from the reference GnP
nanopaper (1.22 g cm 3). In fact, lower densities were
obtained for all of the GnP-bispyrene nanopapers, ranging
between 0.62 and 0.94 g cm 3. Interestingly, density values
continuously increase with increasing the length of the BP alkyl
chain in the GnP-bispyrene nanopaper (Table 1). This trend is
not straightforwardly explained in terms of BP mass fraction.
Instead, it appears that the density of the GnP-bispyrene
nanopaper depends on the interactions between BPs and GnP,
as proven by the characterization of suspensions, driving the
self-assembling of GnP during lItration.

To further investigate the assembly of nanopapers, X-ray
di raction (XRD) was exploited to evaluate the orientation of

akes into the Ims, monitoring the intensity of the graphite
(002) di raction peak at 26.6° 2 , as a function of X-ray beam
incident angle. Intensities were normalized to obtain a
distribution of probability for nano akes orientation (details
in the Supporting Information, Section S4), as a function of tilt
angle, from 0° (002 basal planes parallel to the nanopaper
plane) to 90° (perpendicular to the plane). Although the

Itration of GnP suspensions is obviously expected to produce
a clear in-plane orientation of GnP akes, comparing the
distribution of the basal planes orientations for functionalized
vs pristine GnP nanopapers may indeed provide insight in the
assembly of GnP. The orientation for 002 planes in GnP
(Figure 4a) is clearly maximum in the direction parallel to the
nanopaper (0° tilt angle) for all nanopapers. However, the
maximum probability values and the intensity decay pro le
with the tilt angle are di erent for GnP and the GnP-BP
nanopapers. The cumulative distributions (Figure 4b) provide
a quanti cation of preferential orientation. For pristine GnP,
approx. 92% of the cumulative distribution of akes has an
orientation between 0 and 10° tilt angle (i.e., an arrangement

https://doi.org/10.1021/acsami.1c00319
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Table 1. Extent of Functionalization and Physical Properties for GnP and BP-GnP Nanopapers

nanopaper BP retention rate [%] BP mass fraction [%] density [g cm °]

in-plane thermal di usivity [mm? s 1] cross-plane thermal di usivity [mm? s ]
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Figure 4. (a) Probability distribution for the orientation of GnP

akes, based on the 002 di raction signal for basal planes in graphite.
Inset shows a schematic representation of con guration used, as a
function of incident angle while maintaining constant 2 = 26.6°. In
red are highlighted GnP akes contributing to the di racted beam,
oriented at 0 and 45° tilt angles, respectively. S is for the X-ray source,
D is for the X-ray detector. (b) Cumulative distribution for GnP
orientation vs tilt angle. Inset shows a magni cation in the tilt angle
range 3 to 25°.

almost parallel to the surface of the nanopaper), whereas for
GnP-bispyrene nanopaper in the same tilt angle range,
cumulative distribution vary approx. in the range between 80
and 88%. Despite no clear trend can be drawn as a function of
the tethering chain length in BP, these values evidence for a
slightly lower in-plane orientation of the GnP-bispyrene
nanopaper, compared to pristine GnP, con rming BPs to
have a role in the self-assembly of GnP during ltration. This
result is consistent with the lower densities observed for
functionalized GnP nanopapers and is likely explained by BP-
bridged aggregation of suspended GnP akes into clusters,
which in turn constraints the organization of akes during

Itration, decreasing the packing factor, and eventually
reducing preferential orientation and density.

Insight on the heat spreading e ciency of nanopapers was
obtained by measuring thermal di usivity, i.e. the rate of heat

transfer, within the porous material. Both in-plane and cross-
plane di usivities were measured for pristine GnP and GnP-
bispyrene nanopapers (Table 1 and Figure 5a), evidencing for
signi cant di erences induced by BP functionalization.
Thermal conductivity values for di erent nanopapers, calcu-
lated from the di usivity values, density, and heat capacity, are
discussed in the Supporting Information, Section S5. As
expected from the orientation of GnP, thermal di usivity in
nanopapers is strongly anisotropic, with at least two orders of
magnitude higher di usivity in plane, compared to cross-plane.
Cross-plane thermal di usivity for GnP/BP nanopapers are
typically higher than those of pristine GnP, which may be
partially related to the above described lower nano akes
orientation. Indeed, the presence of even very limited portions
of akes lying on directions tilted with respect to the
nanopaper plane is expected to contribute to the heat transfer
across the nanopaper, owing to the well-known anisotropy of
graphitic materials. However, the changes in cross-plane
di usivity do not match the misalignment degree, as evaluated
by XRD, suggesting a di erent explanation about the role of
BP moieties. Short BPs (2a and 2b) resulted to be the most
e ective functionalization for the in-plane di usivity enhance-
ment, suggesting these molecules to reduce the thermal
resistance between overlapped nano akes. This may be
explained by promoted aggregation between GnP, maximizing
their contact area, as well as by the enhancement of phonon
transfer e ciency through BP molecules bridging adjacent
GnP, thus acting as non-covalent molecular junctions for
phonon transfer. BP 2a and 2b also signi cantly enhanced in-
plane thermal di usivity, whereas values for GnP-bispyrene
nanopapers containing longer BPs are equivalent to pristine
GnP. The in-plane di usivity enhancement is obtained in spite
of the lower in-plane orientation for GnP-bispyrene nanopaper,
thus further supporting the role of BP molecular junctions in
the reduction of thermal resistance at GnP-GnP contacts. It is
also worth mentioning that the described trend in thermal
di usivity is not corresponding to signi cant changes in
volumetric electrical conductivity for the nanopapers, meas-
ured in the range of 2 x 10° S m ! (Supporting Information,
Section S6), highlighting that the e ect of BP molecules is
speci cally on thermal transport properties.

From an application perspective, such an increased in-plane
thermal di usivity may be exploited in heat spreader
applications, used for the dissipation of heat from a hotspot,
over a larger surface. This typically occurs in several electronic
components used in modern devices, especially in high
frequency processors, where the excess heat must be e ciently
dissipated to prevent potential failures. Copper is traditionally
used for heat spreaders, in the form of foils or nned
structures. GnP nanopapers are in principle a valid alternative
to metals, owing to their exibility and low density, thus
opening for applications in exible and lightweight devices,
such as exible electronics as well as wearable and implantable
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