*Manuscript

Click here to view linked References

Covalent coupling regulated thermal conductivity of
Poly(vinyl alcohol)/boron nitride composite film

based on silane molecular structure

Hua Cheng*“ "¢, Kai Zhao **, Yi Gong ™, Xiao Wang °, Rui Wang “°, Fengyu Wang °, Rui Hu *,

Fangkuo Wang , Xian Zhang“, Jianying He’, Xingyou Tian™

* Key Laboratory of Photovolatic and Energy Conservation Materials, Institute of Applied
Technology, Hefei Institutes of Physical Science, Chinese Academy of Sciences, Hefei 230031,

People's Republic of China
® University of Science and Technology of China, Hefei 230026, People's Republic of China

¢ Department of Chemistry and Chemical Engineering, Hefei Normal University, Hefei 230061,

People’s Republic of China
4 Department of Engineering, Aarhus University, 8000 Aarhus, Denmark
¢ Reservoir Engineering Research Institute, Palo Alto, California 94301, United States

" Department of Structural Engineering, Faculty of Engineering, Norwegian University of

Science and Technology (NTNU), 7491 Trondheim, Norway

*E-mail: yigong@rntek.cas.cn (Y. Gong), xytian@issp.ac.cn (X. Tian)



http://ees.elsevier.com/compositesa/viewRCResults.aspx?pdf=1&docID=48245&rev=1&fileID=745644&msid={EFA8B667-A377-4DBC-8EBF-637F0F7B1589}

O©CO~NOOOTA~AWNPE

Abstract. Creating covalent bonds between inorganic fillers and polymer matrix is an effective
method to enhance the thermal conductivity (TC) of composite materials, while the detailed
mechanism is still not clear. By introducing different silane coupling agents (SCAs) bonding
poly(vinyl alcohol) (PVA) and functionalized boron nitride (fBN), intrinsic relationship between
molecular structure of silane crosslinkers and TC of PVA-fBN composite has been
systematically investigated. The results show that the SCAs molecules with short side chain, i.e.
vinyl triethoxysilane (VTES) and tetraethyl orthosilicate (TEOS), increase the TC of composite
polymer, with maximum value of 1.636 W/m-K, which is 337.3% of that of PVA/fBN. In
contrast, 3-glycidoxypropyltrimethoxy silane (GPTMS) with long side chain decreases the TC to
54.4% of that of PVA-fBN. The number of hydrolyzable Si-O-R of SCAs molecules affects the
TC of PVA-fBN composite through controlling the self-condensation degree of SCAs. Integrated
with atomistic simulations, these findings provide new insights for the design of polymer-based

thermal management materials.
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1. Introduction

Miniaturization and high power density of nano/micro electronic systems cause significant
heat accumulation, limiting the efficiency and lifespan of the devices [1-3]. As common
electronic packaging material, polymers exhibit a low intrinsic thermal conductivity, usually in
an order of 0.1 W/m-K) [4]. Introduction of fillers with high thermal conductivity (TC), such as
carbon materials [5, 6], ceramic materials [7-10] and metallic particles [4, 11], has been proven
as an effective and scalable method to improve the TC of polymer matrix, thus enhancing heat
dissipation performance of electronic devices. However, the interface between fillers and
polymer matrix is believed to be the bottleneck of the heat transfer in the composite material [12,
13]. Phonon, the heat carrier of polymer system, could be easily scattered by the interface, which
limits the overall TC of the composite [14-22]. Tremendous efforts have been done for
decreasing the interfacial thermal resistance between the filler and polymer matrix through either
non-covalent bonding or covalent bonding. Typical non-covalent bonding includes the weak
molecular interaction such as n-n stacking, hydrogen bonding electrostatic adsorption and so on.
Via creating electrostatic adsorption between positively charged polystyrene (PS) microspheres
and negatively charged boron nitride nanosheets (BNNS), Wang et al. reported that the TC for
PS/BNNS composites could reach 8.0 W/m-K at 13.4 vol% BN loading [19]. Hydrogen bond
enhanced interfacial adhesion between BNNS fillers and poly(vinyl alcohol) (PVA) matrix lifted
TC of the composite in parallel direction to 18.63 W/m-K by electrospinning and hot-pressing
technology [23]. Our previous study revealed that the m—m stacking and van der Waals
interactions between BN and styrene could be employed to construct thermally conductive
polymer composite based on Pickering emulsion template [18]. By utilizing the noncovalent

functionalized BNNS and PVA, Zeng et al. obtained artificial nacre-like papers with excellent
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tensile strength (125.2 MPa) and high TC (6.9 W/m-K) [7]. Non-covalent bonding between the
fillers and polymer interface weakens the phonon scattering and bridges their vibrational
mismatch [16], thus decreasing the interfacial thermal resistance under relative mild fabrication
conditions.

Compared with non-covalent interaction, covalent bonding offers permanent attachments
between fillers and polymers, effectively constraining the corresponding scattering of phonons
[4]. Furthermore, covalent functionalization of filler is beneficial to the filler dispersion in
polymer matrix [14]. Abundant researches have been dedicated to filler surface modification for
creating covalent bonds and thus decreasing thermal interfacial resistance. Wang et al. found that
butyl group showed excellent effectiveness among the various functional groups on reducing the
interfacial thermal resistance of functionalized graphene system [20]. 1,4-butanediol diglycidyl
ether (BDGE) was used as the covalent cross-linker by Ding et al. to fabricate dual-cross-linked
thermo-responsive polymeric composites, reaching maximum 10 °C reduction in work
temperature [8]. By grafting y-methacryloxypropyl trimethoxy silane (KH570) on BN plates in
the nature rubber, 4 times improvement TC was achieved [21].

Although covalent bonding shows effectiveness on decreasing interfacial thermal resistance
in many scenarios, the introduced molecules wrapped on the surrounding of fillers can possibly
act as thermal barriers. For instance, a “trade-off” effect related to the quantity of silane coupling
agents (SCAs) has been reported that low concentration SCAs increased the TC of the
composites while high concentration decreased the value [24]. Up to date, the importance of the
dosage of SCAs was widely emphasized in the literatures [25, 26]. In order to clarify the effect
of SCAs on the TC of the composite, in present study, hexagonal boron nitride filler and PVA

matrix were crosslinked with three different SCAs. The revealed intrinsic relationships between
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TC of the composite and molecular structure of SCAs provide a new perspective to understand
the covalent bonding regulated TC of the polymer/filler system. This study will guide thermal
management material design on the molecular level, further supporting the development of

advanced electronics.

2. Materials and experimental methods

2.1.Materials

Hexagonal BN (h-BN, CAS no.: 10043-11-5; purity> 98%, diameter = 2-3um) was
supplied by Dandong Rijin Science and Technology Co., Ltd. Poly (vinyl alcohol) (PVA, CAS
no.: 9002-89-5; purity> 98%, polymerization degree = 1700 and alcoholysis degree= 99%) was
purchased from Aladdin Reagent Co., Ltd. Tetraethyl orthosilicate (TEOS, CAS no.: 78-10-4;
purity> 99.99%), vinyl triethoxysilane (VTES, CAS no.: 78-08-0; purity> 97%) and
3-glycidoxypropyltrimethoxy silane (GPTMS, CAS no: 2530-83-8; purity> 98%) were
purchased from Aladdin Reagent Co., Ltd. Isopropanol (CAS no.: 67-63-0; AR) and
hydrochloric acid (CAS no: 7647-01-0; purity>97%) was purchased from Sinopharm Chemical
reagent Co., Ltd. All reagents were used as received. Deionized water was fabricated from
Milli-Q water purification system.
2.2 Functionalization of h-BN

As suggested in literatures [27, 28], functionalization of h-BN was carried out as following
procedures. First, 1 g pristine h-BN powders were dispersed into a 100 mL mixture of
isopropanol and deionized water (4:1 V/V) with the aid of an ultrasonic bath (600 W, 40 KHz)
for 7 hours. The obtained dispersion was then standing for 2 hours to remove “non-cutting” BN
sheets. After centrifugation at 9000 rpm for 15 min, functionalized BN was collected (labelled as

fBN) and dried in the vacuum oven at 60°C more than 12 hours.
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2.3.Preparation of PVA-SCA-fBN composites

PVA was dissolved in deionized water by stirring at 95 °C for 4 hours to obtain 4 wt% PVA
solution. 0.4 g fBN powders were dispersed into 20 ml PVA solution by 30 min sonication, then
various amounts of SCAs (0.00175 mol, 0.0035 mol, and 0.007 mol) were added into the
abovementioned mixtures, respectively. pH of the mixtures was adjusted to 3.0 by adding 1 mol
HCI, and chemical reaction was maintained 24 hours at 35 °C under 750 rpm stirring. The
obtained mixtures were poured into organic glass plates and dried at room temperature for 3 days
to obtain composite films. The composite films were dried in the vacuum oven at 60 °C for 12
hours before further characterization.
2.4.Characterization

Fourier-transform infrared spectroscopy (FT-IR, Spectrum Two, Pekin Elmer) as well as
X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher) were used to
analyze the chemical composition of the samples. The morphology of fBN and cross-section of
composite film were characterized by scanning electron microscopy (SEM, Sirion-200 FEI,
America). Energy dispersive spectroscopy (EDS) detector in SEM was used to detect the element
distribution of samples. Philips X’Pert Pro MPD X-ray diffractometer with Cu K-a radiation (A =
0.154 nm, 40 kV, 40 mA) was utilized to investigate the structure of fBN and the composites. To
test the mechanical properties of the composites, dynamic mechanical analysis (DMA Q800) was
used for tensile testing at room temperature and the composites were cut into 5x30 mm strips.
Digital vernier caliper was utilized to measure the thickness and width of each strip. The
measurement was performed at tensile rate of 5 mm/min. Hot Disk instrument (TPS 2200, AB
Corporation, Sweden) in anisotropy mode was adopted to measure the thermal conductivity of

the composites. Each measurement was repeated five times. Infrared camera (FOTRIC 220s,
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China) was used to record the temperature distribution evolution of the composites on a
programmable heating device heated from 22 to 58°C. Composite films with mean diameter of
20 mm and mean thickness of 0.12 mm were integrated into a self-made Light-emitting-diode
(LED) lamp (3 watts) device as a substrate. After 2 mins working of LED lamp, surface
temperature of composite film was recorded by infrared camera.
2.5.Atomistic simulation

To further illustrate the effect of distinct SCAs on the thermal performance of the composites,
long-time atomistic simulations were carried out to calculate the TC. The simulations were
performed using the open source molecular dynamics (MD) code LAMMPS [29]. Sandwich-like
cross-linked interface models (as shown in Fig. S1 in the Supporting Information) were built to
model the experimental setting-up. Interatomic forces of the fBN layer were computed using the
three-body Tersoff potential [30], while the atomic interactions of polymer molecules were
described by the Consistent Valence Force-Field (CVFF) [31]. Periodic boundary condition was
applied along the x- and z-directions, and the TC was computed in the y-direction, along which
the boundary was set as shrink-wrapped. The timestep was set as 0.5 fs for all simulations. The
fundamental structural unit was energetically minimized, and replicated as a 5x2x1 system in the
Cartesian coordinate system. The sandwich-like configuration was then equilibrated to the
minimum energy state using conjugate gradient algorithm, and relaxed at 500 K using a
Langevin thermostat. The atomic position and velocity were initially updated under NVE
ensemble, with a maximum distance 0.05 A per timestep. Then, the equation of motion was
integrated under NPT ensemble sequentially with different temperatures, 1.e. (1) 500 K; (2) 500
—> 100 K; (3) 100 — 300 K; and (4) 300 K to relax any high energy configurations. The system

was then relaxed under NVT ensemble for 250 ps at 300 K before calculating TC using the
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Green-Kubo method, which relates the ensemble average of the auto-correlation of the heat flux

J tothe TC,

=V
" 3kgT?

IIOBIGE equation 1
where ¥V and T are the system volume and temperature, and kg is the Boltzmann constant.

3. Results and discussion

3.1. BN functionalization

Hydroxylation of BN platelets was carried out in order to create potential crosslinking sites
on the surface. By sonication-assistant exfoliation, B-N bonds of pristine BN platelets near
defect sites were opened by oxygen atom, so that pendant hydroxyl groups could be formed [27].
Characteristic peaks in FT-IR spectra (Fig. 1a) located at 1373 cm™' and 802 cm™ are ascribed to
B-N stretching vibration while that of 3434 cm™' is ascribed to the -OH stretching vibration [32,
33]. The intensity of -OH stretching for functionalized boron nitride (fBN) is much stronger
compared to pristine BN, revealing that the number of -OH groups is increased after
hydroxylation. Multipeak Gaussian method was utilized to fit the high-resolution XPS spectra of
B Is and N 1s. As shown in Fig. 1b, the B 1s spectrum is split into two peaks locating at 191.3
and 190.6 eV, which are attributed to the B—O and B—N bonds, respectively [18]. It indicates
that the -OH groups are bonded to B atoms of BN, agreeing well with the results of Lin’s work
[15]. The XRD pattern (Fig. 1c) suggests a well-preserved structural integrity of fBN after
hydroxylation [3]. fBN exhibited thin sheets-like morphology in the SEM image (Fig. 1d) with
lateral sizes ranging from 0.37-1.28 um (average lateral size 0.74 pum), smaller than that of
pristine BN (2-3um) before hydroxylation due to the cutting effect. The TEM image (Fig. le)
also confirms the lattice fringes of fBN at a spacing of 0.25 nm in Fig. 1f corresponding to the

(002) crystal plane [34]. Fast Fourier transform image shows (inset of Fig. 1f) a clear six-fold
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symmetry of fBN [35] associated with the (002) plane [3] in XRD pattern (Fig. 1c), which also
indicates the hexagonal lattice structure of BN is retained after hydroxylation.
3.2. SCAs coupling between PVA and fBN

PVA and fBN were chemically coupled by SCAs in the resulting composite films, the
corresponding molecular structures were verified by FT-IR, XPS and XRD spectra. After added
into the mixture of PVA and fBN suspension, SCAs were hydrolysed to silanol in acid
environment. It is confirmed by that only characteristic peak of alkyl group at 2945 cm™ is
observed in FT-IR spectra of composites (Fig. 2a), while the absorption bands locating at 2840
cm ' and 2980 cm ™' are missing resulted from the stretching of C-H bonds in methoxy group and
ethoxy group of SCAs, respectively [36,37]. Then the hydrolysed SCAs have three possible
reactions including: self-condensation, PVA crosslinking and fBN bonding.

Self-condensation. Silica was formed due to the self-condensation of hydrolyzed SCAs,
which is indicated by that the characteristic symmetric stretching of Si-O-Si centered at 849 cm’™
[38] in Fig. 2b. The degree of self-condensation is determined by the molecular structure of
SCAs. Si-OH stretching vibration at 917 cem” [39] observed in PVA-VTES-fBN and
PVA-GPTMS-{BN implies inadequate self-condensation of VTES and GPTMS. No such signal
is found in PVA-TEOS-fBN, suggesting stronger self-condensation of TEOS compared to the
other two SCAs. Cluster analysis in MD simulation shows the same trend. In the equilibrated
system of identical number of SCAs molecules, the TEOS condensates into 7 clusters, VTES
forms 3 clusters, while the GPTMS molecules distribute homogeneously at room temperature
(Fig. S2 in the Supporting Information).

PVA crosslinking. SCAs showed different reactive site and reactivity during the PVA

crosslinking reaction. Si-O-C asymmetric stretching vibration peak located at 965 cm™ [40] is
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observed in PVA-TEOS-fBN and PVA-VTES-fBN system (Fig. 2b). However, no such peak can
be found in PVA-GPTMS-fBN, suggesting insufficient reaction of hydroxyl groups in GPTMS
with PVA. The vanished characteristic peak of epoxy groups centered at 908 cm™ suggests that
epoxy rings of GPTMS were opened by reacting with hydroxyl groups of PVA in acid condition
[41, 42]. The newly-formed C-O-C bond could be verified by the peak at 1200 cm™ (Fig. 2b)
[41]. Reactivity of SCAs towards PVA was quantitatively analyzed by the C-OH content of
PVA, which were estimated by high-resolution C 1s elemental scans of the composite films in
Fig. 2¢-2f according to the literatures [43, 44]. The binding energy of the C—C and C—H bonding
from PVA backbone are assigned at 284.8 eV and other functional groups are assigned as
followings: C-OH (286.4 eV), C-O-C (287.5 eV) ,C=0 (288.4 eV), and O-C=0 (289.3 eV)
[43-47]. The estimated C-OH content is 32.46% (Fig. 2c) in pure PVA, and decreases to 20.84%
(Fig. 2d), 10.89% (Fig. 2e) and 27.23 % (Fig. 2f) after reaction with TEOS, VTES and GPTMS,
respectively. TEOS exhibited weaker reactivity to PVA compared to VTES, because its strong
self-condensation decreased the amount of active Si-OH. GPTMS showed the least reactivity to
PVA. The reaction between SCAs and hydroxyl groups in PVA in the crystalline domains also
led to the expansion of the amorphous region. 26 = 20° in XRD pattern (Fig. 2g) is attributed to
the mixture of (101) and (200) crystallographic planes of PVA [48]. The intensity of peak 20 =
20° of PVA-fBN is lower than pure PVA due to the formed hydrogen bonds between PVA and
fBN. The peak intensity at 20 = 20° in composite films with VTES, TEOS and GPTMS increases
gradually, indicating a decreasing crosslinking degree, agreeing well with the FT-IR results.

fBN bonding. When SCAs coupled PVA/fBN composites, the bonding between silane and
fBN would affect the periodic structure of nanosheets [49, 50], which was confirmed by the

decreasing intensity of the peak 20 = 26.7° ((002) face of BN) in XRD pattern for GPTMS,
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TEOS, VTES (Fig. 2g). The intensity of peak at 26 = 26.7° would recover when the amount of
added SCAs decreased (Fig. 2h), also supporting the above argument. The severe deformation of
BN layers observed in MD simulation (see Fig. 2i-2k) also agrees well with that SCAs bonding
would distort BN lattice structure. The possible reactions are illustrated in Fig. 3 and detailed
chemical reaction could be found in the Supporting Information.
3.3. Microstructure of the composites

PVA-SCA-fBN composite films were fractured to create surfaces for microstructure
investigating by SEM observation. BN platelets could be pulled-out during the fracture, leaving
cavities which were used as an indicator for evaluating the bonding effect between the filler and
polymer matrix [24, 51]. Cavities, labelled by yellow circle in Fig. 4a, could be found at the
fracture surface of PVA-fBN composite film (without SCAs coupling), indicating weak
connection between polymer and filler. After addition of TEOS, BN platelets are surrounded by
PVA matrix in Fig. 4b. Specifically, the covalent bonds derived from TEOS could bridge the
fillers and matrix, and the enhanced interfacial adhesion decreased the amount of cavities. No
obvious cavities are found in VTES-crosslinked PVA matrix where BN platelets are dispersed
homogeneously (Fig. 4¢), suggesting a strong interfacial bonding. However, obvious cavities are
found in Fig. 4d in the system of GPTMS, ascribed to the poor interfacial interaction between
fBN and the polymer matrix. Furthermore, Fig. 4e and Fig. 4f show N element from fBN is
surrounded by Si element in EDS maps of PVA-TEOS-fBN and PVA-VES-fBN, implying good
compatibility between BN and SCAs. However, voids between N and Si elements could be
observed in PVA-GPTMS-{fBN (Fig. 4g), due to the low reactivity of GPTMS towards Si-OH
and fBN. The SCAs bonding effect between the filler and matrix also affects the mechanical

properties of the composite film, which are discussed in Supporting Information.
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3.4. Thermal conductivity of composites

SCA molecular structure showed dramatic influence on TC of the composite films. TC of
PVA-fBN (without SCAs) was 0.485 W/m-K, which changed to 0.387, 1.005 and 0.675 W/m-K
after addition of 0.00175 mol TEOS, VTES and GPTMS, respectively. TC of the composite
films increased with the increasing SCAs loading in the TEOS and VTES system, while the
opposite trend was found in the case of GPTMS. Further increasing SCAs content from 0.0035
mol to 0.007 mol, TC of PVA-VTES-fBN climbed to 1.241 and 1.636W/m-K, respectively (Fig.
5a). TEOS showed similar trend with VTES during this process, however, increasing GPTMS
content decreased the TC from 0.675 to 0.264 W/m-K. Number of hydrolyzable Si-O-R and
length of side chains in SCAs molecule are demonstrated to be the critical parameters controlling
the TC of the composite film.

Number of hydrolyzable Si-O-R. As discussed above, Si-O-R of SCAs would hydrolyze
to Si-OH, which either bonds PVA/fBN or forms silica by self-condensation. TEOS and VTES
could form Si-O-C (with PVA) and Si-O-B (with fBN) in composite film, supporting firm
covalent bonding between PVA and fBN. Compared with non-covalent bonding, the formed
covalent bond could promote phonon (heat-carrier) transfer at material interface[52,53]. So the
enhanced interfacial bonding between polymer and fillers dramatically decreases the interfacial
thermal resistance and elevates the TC of the composite film. There is vinyl group (containing
C=C bond) on silicon atom of VTES molecule. It makes VTES has one less hydrolyzable Si-O-R
compared with TEOS, thus decreasing the possibility of VTES self-condensation. As a result,
more available VTES molecules could provide polymer/filler bonding thus showing better TC
improvement compared to TEOS. It suggests there was a competition effect between

polymer/filler bonding and self-condensation of SCAs, thus SCAs with 4 hydrolyzable Si-O-R

12
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showed declined performance on polymer/filler bonding compared to that of 3 Si-O-R. Number
of Si-O-R also affects the sensitivity of TC to the SCAs loading. As increasing SCAs amount
from 0.0035 mol to 0.007 mol, sample with TEOS showed negligible improvement on TC
compared to VTES. It may be ascribed to that Si-OH in TEOS is preferable to proceed
self-condensation compared to PVA/fBN bond in high concentration.

Length of side chain. GPTMS shows a longer 3-glycidoxypropyl side chain (8.170 A)
compared with that of VTES (4.989 A) as shown in Fig. 3. Low concentration (0.00175 mol) of
GPTMS slightly increased the TC of the composite due to the brought covalent bonding.
However, unlike VTES, further increasing amount of GPTMS led to the decreasing TC. GPTMS
covalently bonds PVA/fBN from the epoxy ring end (Fig. 3), which brings the long side chain
into thermal conductive pathway. The decreasing TC of the composite film implies that the long
side chain could decline the thermal conduction. Since that GPTMS bonds the PVA and fBN via
longer side chains (see Fig. 3), which is different from the other two SCAs (via Si-O-R), MD
simulation were used to verify our speculation where GPTMS was set to bond PVA and fBN
with B-O-R. The interfacial TC of SCAs-coupled fBN/PVA from MD calculations are 958.9,
1252.8 and 43.2 W/m-'K for TEOS-, VTES-, and GPTMS-crosslinked system, indicating that,
even not included in the thermal conductive pathway, the length of side chain has a negative
effect on the TC of PVA/fBN. It could be caused by that the long side chain increases the
disorder of the vicinal molecular structure, which limits the phonon transferring. The calculation
of radial distribution function (RDF in Fig. 5b) further demonstrates that the effect of SCAs on
TC is attributed to the variation of the first- and second-nearest atomic population, which could
originate from the steric hindrance of the long side chain. These results follow the same trend

found in the experiments, although the absolute values are much larger since the present
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computational models (shown in Fig. S1) was performed in limited scale where structural
defects, such as voids and boundaries in practical experiments could not be considered.
3.5. Heat dissipation performance of composite films

As shown in Fig. 6, thermal imaging tests were carried out to investigate the heat
conduction performance of the composites in the practical working conditions. The temperature
of film top-surface was acquired by the IR camera as a function of time while the downside was
heated simultaneously. The heat conduction abilities of the composite films agree well with the
trend of TC. As depicted in Fig. 6a, the surface temperature of PVA-VTES-fBN responds faster
to the heating compared to other samples. Infrared thermal images of the temperature evolution
(Fig. 6b) corresponding to the composites during heating is also consistent with the results of TC
measurements, indicating that SCAs essentially determine the heat dissipation performance of
PVA-SCAs-fBN system. The composite films were integrated into LED device as a substrate to
evaluate the heat dissipation performance in a model electronics, as illustrated in Fig. 6c.
Temperatures of LED lamp with PVA-VTES-fBN, PVA-TEOS-fBN and PVA-GPTMS-fBN
reached to 23.1 °C 23.3 °Cand 23.8 °Cin 2 mins, respectively (Fig. 6d). Due to the low TC, LED
with PVA-GPTMS-{fBN substrate showed rapidly increased temperature in 1 min. In contrast,
LED with PVA-VTES-fBN substrate exhibited slow increasing trend of temperature, and
eventually led to 0.7 °Creduction on the hot spot temperature compared with PVA-GPTMS-fBN

substrate.
4. Conclusions

In summary, the effect of SCAs molecules on TC of PVA/fBN composites was investigated.
SCAs were confirmed to be able to provide covalent bonding between PVA/fBN. Number of

hydrolyzable Si-O-R and length of side chains in SCAs molecules are proposed to be the critical
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parameters controlling the TC of the composite film. Owing to the desired molecular structure,
VTES improved TC of PVA/fBN composite film to 1.636 W/m-K, best among other
investigated SCAs. SCAs structure induced temperature reduction on LED device with
composite film substrate is demonstrated. The mechanism of SCAs regulated TC of the
PVA/fBN system was proposed based on the experiment and atomistic simulations, giving

scientific guidance to polymer-based thermal management material design.
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Fig. 1. Characterization of pristine BN and fBN. (a) FT-IR spectra of pristine BN and fBN, (b)
high-resolution spectra of B 1s for fBN, (¢c) XRD patterns of pristine BN and fBN, (d) SEM
image of fBN ( the inset shows lateral sizes distribution of fBN), (¢) TEM morphology of fBN
sheets, (f) HR-TEM image of fBN sheets (the inset shows the corresponding Fast Fourier

transform image).
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Fig. 2. Characterization of PVA and composites. (a) FT-IR spectra and (b) zoom-in image of
composites with 0.007 mol SCAs. High-resolution elemental scans of Cls of (¢) pure PVA, (d)
PVA-TEOS-fBN, (e) PVA-VTES-fBN and (f) PVA-GPTMS-fBN, (g) XRD pattern of

composites with 0.007 mol SCAs, (h) XRD pattern of PVA-VTES-fBN with different VTES
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contents. The MD results showing severe deformation of BN layers for, (i) TEOS-, (j) VTES-

and (k) GPTMS-bridged system.
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Fig. 4. The cartoon illustration and SEM images of cross-section of PVA-fBN (a),
PVA-TEOS-fBN (b), PVA-VTES-fBN (c) and PVA-GPTMS-fBN (d). EDS elemental mapping

images of cross-section for PVA-TEOS-fBN (e), PVA-VTES-fBN (f), PVA-GPTMS-{BN (g).
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The computational models
The simulations were performed using the open source molecular dynamics (MD) code
LAMMPS. Sandwich-like cross-linked interface models as shown in Fig. S1, were built to model

the experimental setting-up.

Fig. S1. Sandwich-like configurations used in simulations. The left panel in each sub-figure
shows the fundamental structural unit, while the right panel is the 5x2x1 replicated system used

for the calculation of TC. (a) PVA-TEOS-{fBN, (b) PVA-VTES-{fBN, (¢) PVA-GPTMS-fBN.
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Self-condensation of SCAs

r(A)

Fig. S2. Self-condensation of (a) TEOS; (b) VTES; (¢c) GPTMS; (d) The calculation RDF results

Using cluster analysis, Fig. S2 shows that for three different SCAs with the same number of
molecules, the TEOS system condensates into 7 clusters, and VTES forms 3 clusters, while the
GPTMS molecules distribute homogeneously under room temperature. As shown in Fig. S2(d),

the first peak of RDF curves also supports the arguments above.



O©CO~NOOOTA~AWNPE

Mechanical properties of the composites
The typical stress-strain relationship for composites is shown in Fig. S3, and the mechanical

properties are summarized in Table S1. As expected, the introduction of different kinds of SCAs
leads to significant change on mechanical properties. The elongation at break of composite film
with GPTMAS and VTES were slightly increased compared to that of PVA/fBN, however, the
introduction of TEOS decreased the elongation at break. It is because of that TEOS showed
strong tendency of self-condensation after hydrolysis (demonstrated by FT-IR results), forming
Si0, agglomerates which served as stress concentration sites. Another possible reason may be
that the SiO, agglomerates restricted the mobility of PVA chains thus resulting the decreasing
elongation at break. All the SCAs raised the tensile strength of the composite film. Tensile
strength of the composite film with VTES and TEOS increased dramatically due to the abundant
chemical bonds between SCAs and PVA/fBN. However, the composite film with GPTMS did
not show sharp increment of tensile strength attributing to the weaker bonding effect between
and PVA/fBN. It could be found that the mechanical properties of the composites also could be

affected by the molecular structure of SCAs via different covalent bonding.
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Fig. S3. (a) Typical stress-strain relationship for composites, (b) Young’s modulus for the

composites
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Table S1. Summary of mechanical properties of the composites with different SCAs

Tensile Elongation at Young’s modulus
Samples (GPa)

strength (MPa) break (%)
PVA-fBN 4.18 6.97 0.92
PVA-TEOS-fBN 23.61 4.97 1.61
PVA-VTES-fBN 21.43 8.52 1.23
PVA-GPTMAS-fBN  7.26 7.76 0.36

Chemical reaction of SCA bonding process

Fig. S4, Fig. S5 and Fig. S6 show chemical reactions of hydrolyzed SCAs between PVA and

fBN.
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Thermal conductivity Comparison

Creating strong interaction between inorganic fillers and polymer matrix is believed as an

effective method to enhance thermal conductivity of composite materials. Different filler

functionalization for enhancing interfacial bonding between filler/ polymer have been

summarized in Table S2 for TC comparison.

Table S2. Thermal conductivity comparison of polymer composites containing fillers proceeded

by different functionalization treatments

Typical Sample Functionalization Filler Thermal Refs.
method loading Conductivity
(W/mK)
ABS-MFG Mechanochemical 15 wt% 0.321 [1]
method
PA66-GNPs Plasma treatment 20wt% 3.77 [2]
Epoxy-GNPg Acid-base treatment 20wt% 1.33 (3]
Epoxy -Graphite Acid-base treatment / 0.587 (4]
BNNS-PDA-PVA  Surface coating 70 wt% 24.6 [5]
Epoxy-SiCw Chemical modifcation 3.91 vol% 0.43 [6]
PI-y-MPS-BN Chemical modifcation 40wt% 0.768 [7]
PVA-VTES-fBN Chemical modifcation 33 wt% 1.636 This work

*Abbreviations:

Acrylonitrile-butadiene-styrene (ABS), multilayer-functionalized graphene (MFG), polyamide

66 (PA66), graphite nanoplatelets (GNPs), boron nitride nanoplatelets (BNNS), polydopamine

(PDA), polyvinyl alcohol (PVA), silicon carbide nanowires (SiCw), polyimide (PI), 3-

glycidyloxypropyltrimethoxy silane (y-MPS), boron nitride (BN), vinyl triethoxysilane (VTES),

functionalized boron nitride (fBN).
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Highlights

Highlights:

Thermal conductivity (TC) of poly(vinyl alcohol)/boron nitride composite film can be
tuned by molecular structure of introduced silane coupling agents (SCAs).

Length of the side chain of SCAs molecules suppresses the TC of composite film.

Number of hydrolyzable Si-O-R of SCAs molecules affects the TC of composite
through controlling the self-condensation degree of SCAs.

Owing to the desired molecular structure, VTES improved TC of the composite film
to 1.636 W/m-K, best among other investigated SCAs.
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