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We study the interfacial energy parameters that explain the reinforcement of polymers with
nanodiamond (ND) and the development of mechanical strength of ND-reinforced composites.
Thermodynamic parameters associated with the surface energy, wettability ratio and work of
spreading and dispersion/aggregation transition were used to derive a criterion to predict the
dispersibility of carboxylated ND (cND) in polymeric matrices. Such criterion for dispersion (Dc)
was applied to cND co-spinning with poly(vinyl alcohol) (PVA), polyacrylonitrile (PAN) and
polystyrene (PS). The shift in glass transition temperature (A7), used as a measure of polymer-
cND interactions, revealed a direct correlation with D, in the order of PAN<PS<PVA, regardless
of the amorphous or semi-crystalline nature of the polymer. Contrary to expectation, the tensile
strength of the electrospun fibers correlated with the D. and AT, for semi-crystalline polymers
(PVA and PAN) while the amorphous PS displayed a maximum reinforcement with cND. Such
conflicting results revealed a synergy that is not captured by thermodynamic considerations but
factor the contributions of polymer-cND morphology and stress transfer efficiency. Our findings
open the possibility for tailoring the interfacial interactions in polymer-ND composites to achieve

maximum mechanical reinforcement.

1. INTRODUCTION

Since their discovery in the 1960s, and the interest gained in the early 2000s,' nanodiamonds

(NDs) have re-emerged as a carbon-based nanomaterial with potential wide-ranging applications
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for bioimaging,”> drug delivery,’!! electrochemistry,'?!* tribology.!¢!?

as well as coatings and
polymer composites.?*?} Large-scale and low-cost production of commercial NDs is accomplished
by detonation synthesis using carbon-containing explosives with a negative oxygen.?* The
resulting product of detonation consists of particles with a diamond core containing graphitic
carbon and soot that is further purified via an acid-based treatment. The later oxidizes the non-
diamond or graphitic carbon, resulting in ultrafine particles containing carbon-oxygen
functionality in the outer periphery.?>° Detonation synthesis produces NDs with particle size of
roughly 4-10 nm with narrow size distribution, spherical surface morphology, and strong
agglomeration potential, in sharp contrast to methods employing high-pressure and high-
temperature, which yield larger and inhomogeneous NDs (< 100 nm with broad size distribution)

with facetted morphology and low agglomeration potential.>%-3!

After decades of research dedicated toward synthesis, purification, and isolation of NDs,
researchers have employed them in numerous applications. Emerging studies pointing towards
biocompatibility and low cytotoxicity, in addition to their small particle size and considerable
dispersibility in water, have spurred use of NDs for controlled drug release and as a viable
alternative to other carbon-based materials with known toxicity.®’? High mechanical strength
coupled with demonstrated anti-corrosion and anti-wear properties have enabled the use of NDs
as additives for motor oil lubricants'® and as low friction coatings in artificial joints.!” More
recently, the ability to tailor the surface functionality of NDs* and operate at interphases has

20.22.23 and also as

instigated research for uses as reinforcing agents in polymer composites
interphase stabilizers. Farias et al. harnessed this ability to develop Pickering emulsions with

hydroxylated NDs as potential biocompatible Pickering stabilizers.>
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Despite the useful properties of NDs, they are composed of core aggregates consisting of
bridging interparticle bonds that are very difficult to disintegrate. For applications requiring well-
controlled particle size, such as in the fabrication of composites using NDs as reinforcing agents,
such aggregates may pose significant difficulties during processing. To overcome this challenge,
researchers have reported different strategies using heat treatment and oxidation of the confined

3336 yltrasound and high-pressure pulse,?’ bead-assisted milling techniques using

graphitic layers,
ceramic, zirconia or silica-based beads as milling agents.>*3!*840 Most recently, the development
of particle size reduction without contamination using a salt-assisted ultrasonic de-aggregation
protocol has opened up opportunities for applications that require nanoparticle size such as in the
fabrication of ND-based polymer composites.*! Several implementations of ND-based polymer
composites of polyvinyl alcohol (PVA),*** polymethyl methacrylate (PMMA),* poly (L-lactic)
acid (PLLA),*’ polyacrylonitrile (PAN),*® polyethylene (PE)* and epoxy resin®® using solution
casting, in-situ polymerization, melt compounding, compression molding, and electrospinning
have reported remarkable improvement in material properties such as thermal and electrical
conductivity, elastic modulus, tensile strength, elongation at break, toughness, hardness and glass

transition temperature. The reader is directed to a recent review of various polymer-ND composite

systems.>!

Although a large number of studies on ND-based polymer composites have successfully
demonstrated their reinforcing potential, correlations between the bulk mechanical properties, such
as tensile strength, and interfacial interactions between polymer and NDs are still limited. Recent
investigations by Wang et al., who employed molecular dynamics and semi-empirical quantum
chemistry simulations to clarify the effects of nano-pinning of aminated NDs and stretching in

reinforcing behavior of epoxy composites, emphasize the need to better understand the polymer-
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ND interface.’” Central to the need for understanding the interfacial energetics of ND-based
composites is the unknown effect of the NDs source and purification steps, resulting in subtle
variations in particle size and functionality, which manifests into different extent of reinforcing,
even within the same polymer matrix under identical processing conditions. Realizing that
fundamental understanding of interfacial energy parameters of commercial NDs can aid in the
development of a standardized method and allow successful design of ND-based composites, we
present an approach that relies on the surface energy of the polymer and ND to understand the role
of interfacial energy parameters on polymer/ND interactions, measured using shifts in glass
transition temperature (Tg) and the final tensile properties. Using different semi- crystalline and
amorphous host polymers with varying polarities — PVA, PAN and polystyrene (PS) - we examine
the role of wettability, work of spreading and work associated with the aggregation-dispersion
transition on polymer/ND interactions and tensile strength of electrospun polymer-ND composite
fibers. Fundamental understanding of interfacial energy parameters could provide a critical path
forward in the design of successful strategies to create ND-based composites with reinforced

properties.

2. EXPERIMENTAL SECTION

Materials

PVA under the trade name of MW 10-98 (molecular weight ~61 kDa, 98% hydrolyzed, Sigma
Aldrich), PAN (molecular weight ~150,000 g/mol, Scientific Polymer Products, NY) and PS
(typical Mw ~230,000 and Mn ~140,000, Sigma Aldrich) were used as received. Detonation
nanodiamond was produced by Addmas Nanotechnologies, NC and provided in its carboxylated

form for a high colloidal stability in water (0.6 wt% ash content, zeta potential -45 mV) and was
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used without further purification. Dimethylsulfoxide (anhydrous, >99%, Sigma Aldrich),
dimethylformamide (anhydrous, 99.8%, Sigma Aldrich), dimethylacetamide (anhydrous, 99.8%,
Sigma Aldrich), acetonitrile (anhydrous, 99.8%, Sigma Aldrich), acrylonitrile (>99% contains 35-
45 ppm monomethyl ether hydroquinone as inhibitor), acetone (AR, >99.5%, Sigma Aldrich),
methanol (anhydrous, 99.8%, Sigma Aldrich), ethanol (99.8%, Sigma Aldrich), chloroform
(anhydrous, >99%, Sigma Aldrich), methylene chloride (for high resolution gas chromatography,
Fisher Scientific), 1-methyl-2-pyrrolidinone (99% ACS Reagent, Sigma Aldrich), tetrahydrofuran
(minimum 99%, Sigma Aldrich), toluene, hexane (for HPLC >95%, Sigma Aldrich), cyclohexane
(anhydrous, 99.5%, Sigma Aldrich), ethyl acetate (Certified ACS, Fisher Scientific), acetic
anhydride (99% ACS,), sodium hydroxide (NaOH, 1.0 M, Fluka) and sodium chloride (NaCl)

(99+% A.C.S Reagent, Sigma Aldrich) were used as received.

2.1 Nanodiamond Dispersion Stability

As received carboxylated nanodiamond (cND) dispersions (1 wt%) were prepared in 18
different solvents with varying dispersive, polar, and hydrogen-bonding components according to
the Hildebrand solubility parameter. The solvents included water, dimethylsulfoxide (DMSO),
dimethylformamide (DMF), dimethylacetamide (DMAc) acetonitrile, acrylonitrile, acetone,
methanol, ethanol, chloroform, dichloromethane (DCM), N-methyl-2-pyrrolidone (NMP),
tetrahydrofuran (THF), toluene, hexane, cyclohexane, ethyl acetate and acetic anhydride (See
Table S1 for solvent properties). The dispersions were sonicated for 1 h using an ultrasonic bath
(Fisher Scientific, 2.8 L) and visually inspected immediately post sonication and after days 1 and
10 to check the stability of the dispersions and to determine the correct solvent system for polymer-

cND composite fiber formation.

2.2 Salt-assisted Ultrasonic De-aggregation (SAUD)
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cNDs used for nanocomposite fabrication were obtained using the SAUD technique following
procedures reported by Turcheniuk ef al. with minor modifications.*! Briefly, cND (0.25 g) was
added to NaCl (10 g) followed by deionized water (5 ml) in a scintillation vial. The contents were
subjected to ultrasonication under an ice-bath to prevent water evaporation using Branson S-450
digital sonifier (power 400 W, amplitude 30% and duty cycle 50%) using 1/8” tapered microtip
and flat tip for 100 min. Thereafter, the contents were emptied in centrifuge tubes and washed
twice with water (50 ml) and centrifuged at 4000 rpm for 10 min (Centrifuge 5702, Eppendorf).
The supernatant was discarded, and cND particles were re-suspended in water and centrifuged a
second time at 12000 rpm for 1 h. The supernatant was discarded, and the particles were dried in

air for 3 days. Dry de-aggregated cND will be referred to as SAUD cND for characterization.

2.2.1 Dynamic Light Scattering (DLS). Particle size and zeta potential of as received cND and
SAUD cND were obtained using a zeta potential analyzer (Zeta2000, Malvern Instruments, US)
equipped with a 4 mV He-Ne laser (4 = 433 nm). DLS measurements were carried out on
dispersions (0.1 wt% and 1 wt%) loaded onto a dip-cell at room temperature. Dispersions were
diluted using 1 mM NaCl solution and the reported zeta potential was determined from an average

of five measurements.

2.2.2 Fourier-Transform Infrared Spectroscopy (FTIR). FTIR analyses of surface functional
groups on as received cND and SAUD cND were performed using Thermo Nicolet iN10 infrared
microscope. Approximately 1 mg of particles was mixed with 300 mg potassium bromide (KBr)
to form a pellet. The spectra were collected using a 4 cm™! resolution and 64 continuous scans over

wavenumber range of 4000-500 cm™'.

2.2.3 X-ray Photoelectron Spectroscopy (XPS). The surface elemental composition of as received

cND and SAUD cND was analyzed using XPS. Wide scan spectra were acquired over binding
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energy range of 0-1100 eV on SPECS FlexMod XPS using Mg ka excitation source (1254 eV)
and 107'° mbar base pressure in the analysis chamber. XPSPeak4.1 program was used to calibrate
spectrum by referencing to adventitious carbon (Cls line at 285.0 V) and to determine peak areas

and elemental composition.

2.2.4 Conductometric Titration. Surface carboxylic acid content of as received cND and SAUD
cND was determined using procedure described elsewhere.’* Briefly, ND samples (3 wt%) were
dispersed in 100 mL water and initial pH was recorded. 0.1 M hydrochloric acid and 10 mM NaCl
were added to protonate ND samples. 0.04 M NaOH was used for titration and the volume of

NaOH and pH were recorded. Surface carboxylic acid content (mmol/g) was determined using,

1_coorr =(CruorVaaon ) Moy Where n.coorr is number of moles of carboxylic acid groups, Cxaon

is concentration of NaOH (M), Vasor 1s volume of NaOH (mL) and m.np is mass of the ND sample

(g). Hereon, any reference to cND refers to SAUD c-ND unless stated otherwise.

2.3 Surface Energy Measurement

The surface energy of ctND was estimated using the Owens-Wendt plot,>* described in detail
in the corresponding Results & Discussion section, which requires measurement of the equilibrium
contact angle of probe liquids with known polar and dispersive surface energy components on the
solid surface. Accurate determination of equilibrium contact angle of liquids on powders and
porous materials such as ¢cND can be challenging. Common measurements techniques such as
goniometry (sessile drop) and Wilhelmy plate methods®>>® have been applied in the past by
converting porous materials into pellets and films. However, these methods seldomly account for
surface roughness, inhomogeneity, liquid penetration in pores and swelling effects. Additional
techniques such as gel trapping, inverse gas chromatography, and thin-layer wicking technique

using Washburn equation have been used previously for measuring contact angles on sub-
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micrometer silica particles, cellulose nanofibrils and commercial nanopowders of silica
respectively.’*** Among these methods, thin-layer wicking technique based on measuring rates of
probe liquid penetration into porous cNDs loaded on a thin vertical column, combined with the
Washburn equation (eq 1) was considered suitable to estimate the static contact angle of probe

liquids on cNDs.

2

m’ =(C’0 7. cos@jt (1)
n

Here, m is the mass of the liquid uptake at time ¢, C is the unknown capillary factor within the
powder packing, 0,7 and y, are the density, apparent viscosity and total surface energy of the

probe liquid respectively and 6 is the static contact angle.

Wicking experiments were performed using Dynamic Contact Angle Analyzer (Cahn, US).
Approximately 100 mg of cND particles were packed in a glass tubing (i.d. 4.9 mm) with a rigid
porous base and left overnight to saturate in the vapor of probe liquid. The geometric factor C was
obtained through wicking experiments using low surface energy probe liquid, such as hexane, that
completely wets the particles (cos® = 1 in eq 1) and this value was held constant for wicking
experiments performed using three different probe liquids — diiodomethane (

yi=508mJ/m*,y’ =0mJ/m*), DMF (y¢=252mJ/m’,y’ =11.3 mJ/m*) and water (
yi=21.8mJ/m’,y’ =51mJ/m’), where y{ and y}/ are the dispersive and polar surface

energy components of the probe liquid. Increase in weight due to rising liquid was monitored until
a stable weight gain was achieved after ~10-15 min. Reported values of surface energies were

obtained using an average of five independent measurements.

2.4 Electrospun cND-reinforced Polymer Nanofiber Synthesis
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PVA, PAN and PS nanofibers with different cND loadings (0.1, 0.5, 1 and 2 wt%) were
fabricated using an electrospinning setup consisting of a stationary collector. Polymer/cND
solutions were sonicated for 15 min prior to loading in a syringe with a needle attachment (¢ = 0.3
mm). The syringe was loaded in a syringe pump (Model No. 2345) that controlled the flow rate
between 0.5-1 mL/h. A high voltage supply power (Model No. 1721) was used to impart voltage
between 15-25 kV at the needle tip. The fibers were collected on an aluminum foil wrapped on the
grounded stationary collector plate placed 10-15 cm away from the needle tip. The experiments
were carried out at room temperature (20-25°C) with relative humidity between 20-40%. Fibers
were collected and placed in a vacuum oven for 3 h to remove moisture and then placed in a
desiccator for storage. Detailed description of electrospinning conditions is provided (Table S2).
Effect of ctND addition on morphology and thermal stability of nanofiber mats was also evaluated

and is detailed in the Supplementary Information.

2.4.1 Glass Transition Temperature (Tg). Differential scanning calorimetry (DSC) (Q2000, TA
Instruments, US) experiments were performed on electrospun polymer nanofibers with and
without cND to determine their 7,. The temperature was increased form 40°C to 300°C with a
heating rate of 10°C/min and then cooled back to 40°C at 10°C/min under nitrogen flow. The

reported 7 is the average over three replicates.

2.4.2 Tensile Properties. Dynamic mechanical analyzer (RSA-G2, TA Instruments, US) was
utilized to obtain stress-strain curves for nanofiber specimens at room temperature with extension
rates between 0.15-0.30 mm/min depending on the polymer. Thick nanofiber mats, cut into
rectangular strips (15 x 5 x 0.6-0.7 mm), were loaded with gauge gap of 5 mm. All reported values

are average of at least five measurements.

3. RESULTS AND DISCUSSION

10
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3.1 Nanodiamond Dispersion Stability

Asreceived cND dispersed in different solvents were classified as stable (water, DMF, DMAc,
NMP, and acetic anhydride), moderately stable (acetone, methanol, and ethanol), less stable
(acetonitrile and acrylonitrile) and unstable (DMSO, chloroform, DCM, THF, toluene, hexane,
cyclohexane, and ethyl acetate) based on visual differences in the color of the colloidal suspension

10 days post sonication (Figure 1a), with dispersion in water being the most stable. A dispersion

map relates the cND dispersion state to the dispersive (9,) and polar (5 , ) components of the

solvent's Hildebrand solubility parameter (Figure 1b). We found cND dispersions to be unstable

until a critical polarity is reached (&, 7 MPa'"? for solvents used in this study). Dispersion

stability appeared to be independent of the dispersive component of the solubility parameter (
5,1114.7—18.4 MPa"?), indicating negligible contributions of the non-polar character of solvents
to stabilization of cND. Previous work on the rheology of NDs in mineral oil further corroborates
the influence of oil polarity in ND dispersibility.®> Solvent polarity aids in the dissociation of
surface carboxylic acid groups on nanodiamonds into corresponding ions, increasing the
conductivity, and further electrostatically stabilizing the system. Despite the polarity, however, the
cND dispersion in DMSO was unstable. Dispersion maps relating the hydrogen bonding
component (0;) of the solubility parameter to the polar and dispersive components reveal no
obvious correlations with the state of the dispersion =, strongly indicating the dominant influence

of solvent polarity in forming stable cND dispersions (Figure S2).

11
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Figure 1. (a) cND dispersions in different solvents imaged immediately post sonication and after
days 1 and 10 to visually inspect dispersion stability. (b) Dispersion map illustrating different cND

dispersion states — unstable (red), less stable (light blue), moderately stable (blue) and stable

(green).

3.2 As Received ¢cND vs SAUD ¢cND

The stability and particle size of as received cND dispersion in water was tested using DLS.
The dispersions are opaque and brown, suggesting the presence of particles with sizes capable of
scattering light. The cND particles in the dispersions aggregate over time, with visible particle
settling at the bottom of the vial; however, the particle size remains unchanged within the sample,
suggesting stable dispersion (Figure S3). In contrast to 0.1 wt% cND dispersions (particle size ~90
nm), the 1 wt% cND dispersion resulted in more visible aggregation and higher particle size ~105

nm (Figure S3).

12
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Figure 2. Comparison of ¢cNDs processed through SAUD technique (SAUD ¢ND) and as received
cNDs demonstrating (a) reduction in particle size for 0.1wt% and 1.0wt% samples (flat tip
sonication) via DLS measurements using refractive index of 1.427 and viscosity of 0.899 mPa.s.
(b) Visual differences in ¢cND dispersions after 10 days. Note the insignificant changes in surface

functionality through (c) FTIR spectra and (d) XPS survey scans.

Aggregation of nano-sized fillers due to large cohesive forces is an active hindrance to the field

of polymer nanocomposites. Indeed, for our polymer/cND fiber composite electrospun fibers with

13
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~100 nm as received cNDs, visible aggregates at 2 wt% loading were observed with no mechanical
reinforcement. Hence smaller particle size of as received cND was achieved using the SAUD
technique as previously described and the resulting SAUD ¢NDs were used for electrospinning
composite fibers. DLS measurements demonstrate the reduction in particle size of SAUD cNDs
compared to the as received cNDs for sonication with both the flat tip (Figure 2a) and the micro
tip (Figure S4). The flat tip sonication resulted in a smaller particle size (20-30 nm) compared to
that achieved with the micro tip (50 nm) , a consequence of the difference in energy imparted by
tips during sonication. FTIR, XPS and conductometric titrations were performed on both the as
received cNDs and SAUD c¢NDs to ascertain any changes in surface functionality. IR spectra for
both cND samples demonstrate no significant changes, with both as received cND and SAUD c¢ND
showing absorption peaks due to hydroxyl bond stretching between 3700-3000 cm™, hydroxyl
bond bending at 1625 cm™ and carbonyl bond stretching at 1730 cm™ arising from the carboxylic
acid groups on the ND surface®® (Figure 2c). XPS survey scans showed as received cNDs to be
predominantly carbon (86.7%), with some oxygen (13.3%) due to the presence of surface acid
groups. After de-aggregation, SAUD c¢-NDs had similar atomic content for carbon (84.3%) and
oxygen (12.9%). A trace amount of sodium (~1.7%) due to the presence of salt during the SAUD
process and nitrogen (~1.2%) was noted (Figure 2d). Conductometric titrations (Figure S5)
revealed the surface carboxylic acid content was approximately 0.06 mmol/g for as received cNDs
and 0.05 mmol/g for SAUD cNDs, indicating minor changes in surface functionality. The minor
reduction in carboxylic acid content could be due to trace sodium ions interacting with free surface
carboxylic acid groups. This was also reflected in zeta potential of as received cNDs (-53.3 mV)

and SAUD cNDs (-48.8 mV). Any reference to cND from here on refers to SAUD cND.
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3.3 Nanodiamond Surface Energy
In the determination of surface free energy of a solid (in this case cND particles), the

experimental inaccessibility of energetics associated with the solid-vapor interface (75, ) and solid-
liquid interface ( /5 ) in the classical Young’s equation have spurred development of methods to

measure them indirectly. A unifying theory for determination of )5 and )5, does not exist;
however, pioneering work by Zisman®” and Fowkes,®® further extended by Owens-Wendt,>* and
van Oss® are well-accepted approaches. Such approaches rely on measurements of contact angle
on solid surfaces using solvents with different dispersive ( ¢ ) and polar surface energies ( /).
The two most important but competing theoretical models include theory of surface tension

components (STC) pioneered by Fowkes®® and EOS (equation of state) approach based on

macroscopic thermodynamics proposed by Neumann.”®’?> While both these approaches require

measurement of contact angles on solid surfaces, STC theory relies on resolving ) into

contributions from dispersive and polar intermolecular forces, making 7, a function of type and
magnitude of intermolecular forces (van der Waal’s, hydrogen bonding, electrostatics) operating

between interfaces. EOS theory, on the contrary, eliminates the components and identifies ) as

a function of total surface tension of solid and liquid phases, i.e., ¥s =/ (¥sy»7.,). Although

Neumann has shown the existence of identical contact angles on the solid surface of liquids with
same total liquid surface tension and independent of the magnitude of dispersive components,’?
Graf et al. demonstrated the failure of EOS approach in Langmuir wetting configuration.”® The
reader is directed to previous work describing limitations of EOS approach.” Therefore, among
),5468

all the models present in literature, the Owens-Wendt (modified Fowkes) model (eq 2

substituted with Good-Girifalco’s geometric mean approximation of interfacial energies,”> which

15
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requires equilibrium contact angle of probe liquids, was considered appropriate for this work in

the approximation of surface energy of cNDs.

7 (I+cosf) F[\/Z}L @)
REY e W

Here, y, (= y{ +y?) is the known total surface energy, ¢ and y/ are the dispersive and polar

surface energy components respectively of the probe liquids based on STC theory and @ is the

equilibrium contact angle between the probe liquid and ¢ND surface to be measured. y%, and

b are the respective dispersive and polar components of the total cND surface energy (7 .xp )-

10
y=(1.76 + 1.18) x + (5.79 + 0.84)

94 R2=0.75 e
o Pearson's R =0.83
- 8
5
A
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(7)) J}SND}
g 4 |

—

+ 3_ ;gND-
F
~, 2- YeND
}.

1- 0 10 20 30 40 50

0 Surface energy (mJ/m?)

00 02 0.4 06 0.8 1.0 1.2 1.4 16
d\1/2
(YE / YL)

Figure 3. Owens-Wendt plot used to estimate the surface energy components ( 7/, and %, ) of

nanodiamonds using three probe liquids — water, DMF and diiodomethane.

The Owens-Wendt plot (eq 2) resembles a straight line, with the square of the slope and

intercept providing an estimate for y%,, and y%,, . The static contact angles of three probe liquids
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(water, DMF and diiodomethane) on ¢cND particles were measured by wicking experiments as
described earlier. Using the Washburn equation (eq 1), the contact angles on ¢cND were determined
to be 77.5°£2.7° for water, 62.8°%3.2° for DMF and 45.6°+4.3° for diiodomethane. Wetting
angles determined by eq 1 indicate the slightly hydrophilic character of cND particles. This

observation agreed with XPS results (Figure 2d) showing the presence of surface carboxylic

groups. Using the Owens-Wendt plot for cND (Figure 3), the total cND surface energy (7. )

was determined to be 36.6+7.5mJ/m’, with a dispersive component of
74, =33.5£6.9 mJ / m’ and a polar component of 3%, =3.1+2.9 mJ / m’ . Errors were likely to

stem from deviations in the cND bed packing efficiency inside the glass tube across different
experimental runs. It is also worth noting that the surface energy components reported here for
cND using the Washburn equation are only apparent values and are expected to differ from those
measured with probe liquids on a theoretical flat, homogenous cND film using Young’s equation.”®
Nevertheless, these apparent cND surface energies serve as a good starting point to establish a
correlation between surface energetics, interfacial interaction, and mechanical properties of

polymer-cND composite systems.

3.3.1 Polymer-Nanodiamond Surface Energetics — Theoretical Basis. The relatively low polar
component compared to the dispersive component surface energy of cNDs used in this work is
expected to significantly influence the overall performance of composites in terms of wetting of
cNDs on the polymer, polymer-ND adhesion strength and the driving force for re-aggregation.
This influence on polymer-ND interaction can be related to shifts in 7, and final mechanical
properties of the resulting electrospun fiber composites. Stockelhuber et al. first studied the
influence of surface energy of fillers such as carbon black, silica, organoclays and carbon

nanotubes, and established thermodynamic predictors such as dispersibility, compatibility, and
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interfacial adhesion energies, as well as driving force for aggregation of filler, with different rubber
polymers.”” Natarajan et al. utilized the preceding work by Stockelhuber et al. and proposed a
unifying hypothesis relating thermodynamic predictors to shifts in glass transition temperature, a
property related to the polymer-filler interface.”® We utilize these concepts based on surface energy
to calculate critical parameters important for ND-based polymer composite fabrication. These
parameters include polymer-cND compatibility, wettability, spreading coefficient, and work

associated with the dispersion-aggregation transition. Combining these parameters together

generates a parameter ( D, ), which we use as the criterion for dispersion.

Nanodiamond Compatibility with Polymer (AG,,;. ). The favorable dispersion of ¢cND particles in
a polymer is governed by the change in free energy of mixing, which is the difference between the
interfacial energy of polymer-cND ( 7p,.xp ) interface and the initial surface energy of cND ( 7.xp )

(eq 3).

AG

mix = Vp1enp Ve

3)

To calculate }p.vp, wWe invoke the Young-Dupree equation (eq 4) where W,y is the work of
adhesion between the wetting species (polymer) and the solid surface (cND).

Verewo = Ve T Voo ~Wpienn (4)
Combining eqs 3 and 4; and applying the STC theory and the geometric mean approximation of
surface energies’> we get eq 5 - where AG,,. <0 implies thermodynamic compatibility of cND

with the polymer.

AG,..=7p ~Woxp =7p —2(\/7275ND + \/7}375@ ) (5)

18



362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

where, ¢ and y7 are the dispersive and polar surface energy components of the polymer.

Wettability Ratio (Wp,.np ! Wonpienn) - A critical parameter required for cNDs to make a good
composite is its ability to wet the polymer. Assuming cND is the wetting species on the surface of

the polymer, we re-write the Owens-Wendt equation (eq 2) by substituting »; as ¥.p ;

cos@=-1+

(\/71(575@ +\/7/£75\7D) Wi
2 =—14+2| —/—= (6)

Venp ND/eND

Equation 6 demonstrates the effect of polymer-cND interaction (work of adhesion) and cND-cND
interaction (work of cohesion) on the wettability of cND with the polymer phase (cos8). A high

ratio of the work of adhesion by cohesion would indicate greater wetting ability of cNDs.
Work of Spreading (W ). Polymer spontaneity to spread on the cND-surface is captured by the
work of spreading’® (eqs 7 and 8). If Wy >0, the polymer phase is expected to spread

spontaneously on the ¢ND surface. W5 <0 indicates partial polymer spreading.

Ws = WP/cND - WP/P (7)

Wy = 2(\/71’2’72’@ N )—27P (8)

Work Associated with Dispersion-Aggregation Transition (AW s, ). To understand how ¢cND

aggregation is influenced by the surrounding polymer phase, we define two distinct states of cNDs
— well-dispersed and aggregated (Scheme 1). The idealized model assumes cNDs to be quasi-

spherical and each sphere denoting a cluster of smaller particles as well as polymers representing
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spherical blobs.” This allows us to define work associated with the dispersion-aggregation

transition (AWps_,cc) as the difference between work of aggregation (W,;;) and work of

dispersion (Wps). Consider the interaction of two ¢cND spheres in the well-dispersed state with

each sphere consisting of N units of cND-polymer pair. The work associated with maintaining

stable dispersion state is given by eq 9,

WDIS =-2N (WP/cND) )

Scheme 1. Representation of the dispersion-aggregation (left to right) transition model in polymer-

cND composite system.

. Polymer unit ¢ND unit

Once the system reaches an aggregated state over time, the two cND spheres approach together
and displace 7 polymer blobs each in the process. The total work associated with this aggregation
in terms of adhesive forces at the polymer-cND interface and cohesive forces at the polymer-
polymer and cND-cND interfaces is given by eq 10.

Wiee =—2 (N - ”) Woienp =1 (WP/P +W spienp ) (10)

The work associated with the dispersion-aggregation transition (eq 11) is then calculated by the

difference between eqs 10 and 9.

AVVDIS—AGG =n (WP/P + I/I/;ND/CND - 2WP/CND) (1 1)
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Equation 11 is transformed to its final form (eq 12) by again invoking the Young-Dupree equation,
STC theory and Fowkes model discussed earlier. Here, we also simplify the model by assuming

n=l1.

AWD]S—AGG :2(\/E_\/%)2 +2(\/g_\/%)2 (12)

Thus, a larger value of AW, ,.c represents a larger driving force for cND aggregation.”

Criterion for Dispersion of Nanodiamonds in Polymers. In order to develop a correlation between
polymer-cND interactions and composite mechanical properties, it is necessary to define a

descriptor the encompasses the complex three-way interactions between the polymer-cND,
polymer-polymer and cND-cND interfaces. Here, we define a criterion for dispersion ( D, ) (eq

13) given as the ratio of the work associated with dispersion-aggregation transition (eq 12) to that
associated with polymer spreading on cND surface (eq 8).

D, = AW pis_ace (13)
Ws

Based on eq 8 and eq 12, it is clear that D, attempts to encompass all the three interactions

Weronn> Wep and W, 0 ). From eq 12, we find that AW .6 >0 for all possible polymer-

filler combinations (unless surface energies of polymer and cND are identical) and that cNDs will

eventually aggregate in the host polymer. For ideal dispersion conditions, the driving force for

aggregation (AW, 66 ) must be minimized and that for polymer spreading on ¢cND (W)
maximized. This implies that for a polymer-cND combination, D, must be small and positive to

ensure complete dispersion of ¢NDs in the host polymer. Similarly, a negative D, implies
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incomplete dispersion since cohesion forces dominate the polymer-cND adhesion force. Large

magnitudes of D, , irrespective of the sign, indicate poor polymer-cND dispersions state.

3.3.2 Thermodynamic Parameters for cND Dispersion in PVA, PS and PAN. To confirm our

hypothesis, we estimate the thermodynamic parameters (
AG,... Woiiw I Wospienps Ws and AW,,¢ -~ ) of cND with two semi-crystalline polymers (PVA

and PAN) and amorphous PS. The required surface free energy components (Table 1) of the
polymers were obtained from literature’® and those for cNDs were experimentally determined from

the Owens-Wendt plot as previously described (Figure 3).

Table 1. Dispersive and polar components of total surface energy of polymers and cNDs.

Material 7d y? Ve
(mJ | m?) (mJ | m?) (mJ [ m’)

PVA 388 5.1 139

psTs 412 0.8 £

PAN 35.0 14.7 49.7

ND (expt)  335:69  3.1+2.9 366475

Estimated thermodynamic parameters for cND dispersed in the three polymers are plotted
(Figure 4a) and tabulated (Table S3). Formation of cND-based polymer composites of all three
polymers - PVA, PS and PVA was found to be thermodynamically favored as evident from the

negative free energy of mixing, the effect being most pronounced for PVA and least for PAN. The
wettability ratio (Wpup / Woypiewp ) obtained for the three polymer-cND systems exceeded 1

(Figure 4a) as a consequence of the higher adhesion energy between cND-polymer (

PVA-80.1mJ/m*, PS—77.5 mJ/m*> and PAN—81.9 mJ /m’) than the cohesion energy
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452

between nanodiamonds ( 73.2 mJ / m*). Note that wettability ratio greater than 1 implies cos@
greater than 1 (eq 6), which is not physically realizable, but nonetheless, suggested a fully wetted
surface and 8 of 0°. This indicated that cNDs wet the surface of all polymers. Once cNDs wet the
polymer surface, polymers ideally have to spontaneously spread across the cND surface if
polymer-cND interactions dominate (W5 >0) . The work of spreading was negative for all
polymer-cND combinations with the ability of polymers to spread on the cND surface increasing
in the order of PAN < PVA < PS (Figure 4a). This suggests that wetting of the cND surface by the
polymer is an unfavorable process, a direct consequence of the mismatch in surface energies.
Therefore, initially cND particles ‘wet’ the polymer phase, but polymers do not like to spread on
the cND surface. On the other hand, the driving force for cND re-aggregation over time in the

polymer phase is governed by AW, ,c6 .

a) b) 0.2
104 8.63
1.09 1.06 2.29 1.12
ol 0.88 0.0 -
&
_10_
& 0ol -0.11
0.2
£ 20/ &
=
£ -301 0.4+ -0.35
40 362 -355 ~
-0.5
-0.6 1
-50 A W 4G, M Weonn/ Wonpenn
WS . AWD{S—AGG
'60 T T T '0.8 T T T
PVA PS PAN PVA PS PAN

Figure 4. Thermodynamic parameters (a) free energy of mixing (AG,,, ), wettability ratio (

W ! Wonpienn ), work of spreading (W), work associated with dispersion-aggregation
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transition (AWps_ 466 ), and (b) criterion for dispersion ( D, ) derived for ¢cND dispersion in two

semi-crystalline polymers (PVA, PAN) and amorphous PS using surface energies.

Equation 12 implies that this driving force is more pronounced for systems that have disparate
surface energies, i.e., higher tendency of re-aggregation under conditions of a larger mismatch in
dispersive and polar surface energy components of polymer relative to the cND. To that end, cND
aggregation driving force was found to be most pronounced in PAN due to the larger deviation in

polar component of surface energies (Table 1) and the least in PVA (Figure 4a).

In the above discussion, however, there is no consistent correlation between wettability ratio,
work of spreading and work associated with dispersion-aggregation transition. The simultaneous
effect of all these mechanisms taking place from the initial dispersed state to the final aggregated
state, therefore, can be captured using D, the criterion for dispersion. D, values for PVA, PS and
PAN are -0.11, -0.35 and -0.5 respectively, indicating the higher tendency of formation of stable
polymer-cND composites in the order PAN<PS<PVA (Figure 4b). Here, the negative values of D,
impose limitations in polymer-cND interactions, suggesting that the system leans towards an
aggregated state. This is particularly true for fillers without tailored surface functionalization. We
now use the dispersion criterion to correlate the shifts in the glass transition temperature of the

polymers, an experimental indicator of the polymer-filler interfacial interactions.

3.4 Glass Transition Temperature of cND-reinforced Polymer Fiber Composites

In the presence of nanofillers, the bulk polymer properties can change owing to both physical
confinement of the polymer between the nanofiller particles as well as favorable polymer-filler
interfacial interactions that aid in the reinforcement of mechanical, thermal, or electrical properties

and thus improve polymer functionality. More specifically, polymer segmental mobility can be
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suppressed/enhanced in the presence attractive/repulsive polymer-filler interactions.’s®

Nanofiller-induced perturbation in polymer mobility can be captured experimentally by measuring

shifts in the glass transition temperature (7, ) of the composites. A negative shiftin 7, corresponds

to repulsive or weak interfacial interactions, leading to an increase in configurational entropy®’ as
well as increased filler aggregation.®! Attractive interactions, on the other hand, result in

configurational constraints on the polymer mobility and enhance the 7;.80 Cheng et al.

demonstrated that polymer-nanofiller interfacial interactions can be controlled via size variation
of the particles and by altering the surface functionality of the nanofillers. ®! Ramanathan et al.

reported increments in 7, of over 40°C' for PAN and [J 30°C for PMMA using functionalized

graphene sheets with modulus and tensile strength showing similar trends.?? Experiments by Chen
et al. using PS-grafted gold nanoparticles in PS demonstrated both positive and negative shifts in

T, that were dependent on the grafting density and ratio of matrix to grafted polymer molecular
weight.®* Additional studies using graphene in PMMA matrix, which show enhancement in T, 84

further corroborate the use of such measurements to evaluate the strength of polymer-filler

interactions. This study, therefore, utilize the shifts in 7, of electrospun composite fibers measured

using DSC to quantitatively infer the presence of attractive or repulsive interfacial interactions

between polymer and cNDs. Reported values of 7, for polymers and their composites with ¢cNDs

represent inflection points extracted from DSC isotherms (Table 2).

The relative increase in the glass transition temperature of the composites over the pure

polymer (A7) as a function of cND loading reveals the effect of polymer-cND interactions

(Figure 5a). Pure PVA nanofibers exhibit 7, of 78.3+0.4°C, close to reported values in the
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literature.®® Incorporation of cND into PVA nanofibers causes a positive shift in T, for all ctND
loadings up to 2 wt% used in this study. The shift in 7, increases with increase in cND loading with
the largest shift at 1 wt% (+4.3°C") indicating that increasing amounts of ¢cND hinder the segmental
mobility of PVA chains. The multiple hydroxyl groups on the PVA backbone can participate in
favorable hydrogen bonding with the surface carboxylic acid groups on cNDs, leading to strong
interfacial interactions between PVA and c¢cND that reduce polymer mobility and cause the
observed positive shift in 7. Indeed, work by Zhang et al. recently demonstrated positive shifts in
Ty upon incorporation of SiO;-exfoliated boron nitride nanoparticles in PVA films with the surface
hydroxyl groups on SiO> forming hydrogen bonds with the hydroxyl groups on PVA.% Further
increase in cND loading 2 wt%, however, shows no further increase in the shift. This saturation
could be influenced by possible particle aggregation at 2 wt% in the semi-crystalline PVA, which
favors cohesive cND-cND interactions, diminishing the likelihood of favorable interactions with

the polymer.

Table 2. Glass transition temperature (7,) of electrospun polymer fibers with varying ¢cND

loadings.
T (°C) of polymer-cND electrospun fibers

cND PVA PS PAN
(wt.%)
0 783+ 0.4 103.6 £0.1 100.5+0.1
0.1 79.5+0.5 104.0 0.1 100.7+0.3
0.5 80.6 £0.6 104.3 +0.1 100.7 £ 0.1
1.0 82.6+1.3 104.6 £ 0.2 101.6 £ 0.5
2.0 82.4+1.1 105.6 £0.1 99.4+0.2
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Similar trends in A7, are observed for PS composite fibers with increase in ¢cND loading

resulting in increased positive shifts in T,. However, in contrast to#2VA, the positive shifts did not
saturate, and the maximum shift was obtained for 2 wt% sample ( ). This could be explained
using the amorphous nature of micron-sized PS fibers compared to the semi-crystalline PVA
nanofibers, where more particles could be accommodated without necessarily exerting an influence
on the neighboring particles or hindering crystallinity. Another key observation is that compared
to PVA, thefhdghitude of the positive@its in 7, at each cND loading is lower with the shifts for
0.1 wt% ( ) and 0.5 wt% ( ) that could be well within standard errors of the
instrument. The upper limit of ¢c-ND loading (2 wt%) was capped to study reinforcement properties
at low loadings only. The reported values suggest some influence of ¢ctND on the mobility of PS.
The smaller positive shift in AT, for PS (~2°C) compared to that of PVA (~4°C) could be a result
of weaker van der Waals interactions at the PS-cND interface relative to much stronger hydrogen
bonding between PVA and cND. In contrast to both PVA and PS, however, PAN compositeEﬁboe@
do not show positive shifts in T at cND loadings less than 1 wt% and a maxirminh $hift of

at that loading. Further increase in cND loading results in a negative shift ( ) indicating
unfavorable and repulsive interactions between PAN and cND. A possible explanation could be
formation of cND aggregates at 2 wt% loading in PAN as was observed in SEM images. (Figure

S8 and Figure S9).

The maximum observed positive shifts (AT max) for the three polymer PVA, PS and PAN were
plotted against the theoretically derived criterion of dispersion (D.) based on the surface energetics
of the polymer-cND system (Figure 5b). Clearly, the predictions of the tendency to form stable
dispersion of ¢cND in polymer (PAN<PS<PVA) through smaller values of D. align well and

linearly with the order of the maximum positive shifts (PAN<PS<PVA) suggesting a direct
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correlation between adhesion parameters and A7,. Thus, values of the criterion for dispersion can

be useful to predict and compare the polymer-cND interfacial interactions.

5
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Figure 5. (a) Effect of cND addition on the relative shift in glass transition temperature (7) for

PVA, PS and PAN electrospun nanofiber composites. (b) Linear correlation between the maximum

shift in glass transition temperature (AT, . ) and the criterion for dispersion (D,). Small values

,max

of D, (closer to 0) result in greater shifts in the order PAN<PS<PVA.

3.5 Correlation between 7, shifts, Tensile Strength and Polymer-cND Interfacial

Interactions.

The agreement on the order of favorable interfacial interactions for the polymers-cND systems
used in our study (PAN<PS<PVA) both from the theoretical criterion of dispersion values and the
experimental maximum increments in glass transition temperature of the composites, prompted us
to test whether the same holds true for the mechanical reinforcement potential of polymer-cND
composites. Tensile strength (0 ) and elongation at break ( £ ) as a function of cND loadings (Table

3) were obtained using stress-strain curves from a dynamic mechanical analyzer (Figure S7). PVA
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nanofibers undergo elastic deformation for low strains (< 5%), and cND addition increases the
stiffness of the polymer captured by the elastic modulus. After elastic deformation, the nanofibers
start to yield and undergo further elongation, which results in fiber alignment, followed by fiber
rupture (Figure S7a). Similar analysis is repeated for PAN and PS (Figures S7c and S7¢). Stress-
strain curves for PS with different cND loadings show initial elastic deformation in the low-strain
region (<5%) similar to PVA but the fiber tensile strength in the range of 0.38-1.08 MPa is much
lower than that of PVA ranging between 2.97-3.48 MPa. Much weaker PS-cND fibers, therefore,
shows prolonged yielding since they are softer relative to PVA and does not yield immediately.
The tensile strength of PAN-cND nanofibers (0.98-1.4 MPa) was intermediate between that of PS

and PVA.

Table 3. Tensile strength (0) and elongation at break (& ) of polymer nanofibers with different c-

ND loadings obtained from stress-strain plots.

PVA PS PAN
cND
(Wt.%) o (MPa) g (%) o (MPa) g (%) o (MPa) e (%)
0 297+0.10 1262+194 038+0.13 104+6.1 1.74+£0.07 189+6.4
0.5 446+042 993+8.6 0.58+0.12 18.0+6.6 1.28+0.29 13.9+5.1
1.0 464+0.08 77.1+£12.1 095+035 17.3+26 127 £020 942+2.1
2.0 348+£0.13 448+6.3 1.08£0.13 19.7+3.7 098+0.18 9.37+0.6

The normalized tensile strength of the polymer-cND composite fibers as a function of cND

loading reveal close agreement with trends observed for the 7, shifts for PVA, PS and PAN
(Figures 6a). Both PVA and PS fibers have higher tensile strengths while PAN fibers show

reduction in tensile strength compared to the unmodified polymer base upon addition of cND. For
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PVA, the tensile strength increases with increasing cND loading up to 1 wt% where the maximum
reinforcement is observed (+56%) followed by a lowering of the positive shift (+17%) at 2 wt%
loading, mimicking the trend observed in A7, with a maximum shift also at 1 wt% (+4.3°C)
followed by saturation of the PVA-cND interactions at 2 wt% possibly due to cND aggregation
resulting in no further positive shifts (Figure 5a). Thus, the reinforcement potential for PVA-cND
fibers aligns well with the strength of interfacial interactions predicted from glass transition
temperature shifts. Despite the increase in tensile strength, increase in ¢cND loadings reduces
elongation at break for the composite fibers, with a maximum reduction of ~65% seen for 2 wt%
loadings (Figure S7b). This could be a consequence of cND particles hindering the semi-
crystalline structure of PVA. Indeed, the crystallinity of PVA, obtained using DSC, decreases with
cND loadings (Figure S8). In sharp contrast to increase in tensile strength upon addition of cND
in PVA, PAN shows no tensile strength reinforcement as seen by the normalized values of tensile
strength, which are all less than unity for all cND loadings. At maximum loading of 2 wt%, PAN
shows an approximate reduction of 44% in tensile strength, indicating negative effects of cND
addition on reinforcement. Correlating this to shifts in 7, we find that PAN did not interact well
with cND and no significant enhancement was observed with a negative shift (-1.1°C) at 2 wt%
further indicating that very weak or negligible interfacial interactions lead to no significant

improvements in mechanical properties.

In the case of PS-cND composite fibers, the increase in tensile strength occurs at even low
cND content and the trend does not reverse at higher loadings unlike that for PVA, again, similar
to the trend observed for AT,. Although the maximum A7y for PS-cND was lower than that for

PVA-cND (+1.97°C vs +4.3°C), the maximum enhancement in tensile strength was significantly
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higher for PS (56% vs 284%) such that the trend for maximum tensile reinforcement followed

PAN<PVA<PS.
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Figure 6. (a) Normalized tensile strength of polymer-cND composite fibers as a function of cND
loading and (b) B parameter derived by fitting experimental tensile strength data as a function of

cND loading (vo/%) to Pukanszky model.

This is interestingly different from the predictions made by the criterion for dispersion and shifts
in T, which indicated the order of polymer-cND interfacial interactions to be PAN<PS<PVA. This
means that apart from the adhesion parameters and interfacial interactions, other factors too may
play a role in dictating mechanical reinforcement. Indeed, along with high polymer-filler
interfacial strength, high stress transfer efficiency is also important for mechanical reinforcements
in polymer-filler nanocomposites.®’*” Several models in the literature, with assumptions from zero
polymer-filler interfacial adhesion to very strong interfacial adhesion, have been used to predict

the stress transfer efficiency of composite materials. In particular, an empirical model shown in eq
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14, consisting of an interaction parameter (B) characterizing the interfacial interaction, thickness
and strength of composites is used to fit the experimental data.

In {& %J _ B4, (14)

o, -4

In eq 14, o, is the tensile strength of the composite, oy, is the tensile strength of the polymer, ¢F
is the volume fraction of the cND and B is the capacity of stress transfer related to thickness and
area of interface between the polymer and cND.%”-® The first term physically represents a decrease
in the effective cross-section by cND incorporation. Values of the B parameter are derived using
the tensile strength data for the three polymer-cND systems (Figure 6b) and the important

parameters related to cND reinforcement are summarized (Table 4).

Table 4. T, shifts and normalized tensile strength as a function of cND loadings with Pukanszky
B parameter (measure of stress transfer between polymer and cND) and theoretical criterion for

dispersion obtained from surface energetics for cND-polymer systems.

¢cND PVA PS PAN

(Wt.%) AT,(°C) o,/c, B, AT,(C) o,/c, B, AT(C) o,/c, (B,
Do) Do) D)

0 0 1 0 1 0 1

0.5 23406 150 320, 07+0.1 152 472, 02+03 074 22,

1.0 43+£05 1.56 -0.11 097+0.2 2.50 -0.35 1.1+0.1 0.73 -0.50
2.0 4.1+05 1.17 1.98+02 2.84 -1.1£0.3 0.56

The stress transfer efficiency as governed by the B parameter appears to increase in the order
PAN<PVA<PS. Both the criterion of dispersion and the B parameter indicate that interfacial

interactions are smallest and negligible for PAN compared to PVA and PS, a direct consequence
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642

643

644

of the mismatch in surface energies that enhance the driving force for cND aggregation and reduce
the interfacial area between polymer and cND, thereby reducing the stress transfer efficiency as
well. For PS and PV A, the stress transfer driving force as indicated by B parameter is higher for
PS while the resistance to aggregation as indicated by D.is higher for PVA. This discrepancy may
be a result of the different crystalline nature of the two polymers with PVA being semi-crystalline
while PS is amorphous. The amorphous nature of PS fibers may provide more efficient stress
transfer between PS-cND resulting in improved normalized tensile strength compared to PVA
while the better interfacial interactions in semi-crystalline PVA-cND leading to higher positive

shifts in Ty,

4. CONCLUSION

Development of nanocomposites with enhanced properties necessitates the use of model fillers
as well as a fundamental understanding of polymer-filler interactions at the nanoscale.
Nanodiamonds (NDs) have emerged as a novel class of nanofillers, however, the propensity of
NDs to aggregate in solution as well as in polymers present significant challenges during
processing of ND-based fibers composites. As such, understanding the interfacial energetics
associated with polymer-ND composites to promote dispersion and enhance ND-polymer wetting
at the nanoscale is an essential prerequisite in designing polymer-ND composite fibers with
reinforced mechanical properties. In this work, we studied the aggregation behavior of
carboxylated-ND (cND) in various solvents and polymers with varying polarities. Dispersion of
cND in 18 different solvents revealed a dependence on the polar component of solvent solubility
parameter, with stable to moderately stable dispersions observed in solvents with polar component

12

of the solubility parameter higher than ~7 MPa"“. The cNDs ~100 nm in size were de-aggregated

into smaller particles using salt-assisted ultrasonic de-aggregation resulting in cNDs with a
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primary particle size of ~20-30 nm. Wicking technique, combined with Washburn equation, was

used to estimate surface energy of cND (33.5 + 6.9 mJ/m?).

cND between 20-30 nm were used to make electrospun fiber composites in two semi-
crystalline polymers - PVA and PAN and amorphous PS. Thermodynamic parameters such as
wettability, work of spreading, and work of dispersion-aggregation transition, calculated using the
surface energy of cND and polymers, were used to derive a criterion for dispersion (D.) as a
predictor for interfacial interactions and final tensile properties of polymer-cND fiber composites.
Shifts in glass transition temperature, used as a measure of polymer-cND interactions, showed a
direct correlation with D, in the order of PAN<PS<PVA. However, the final tensile strength
showed a direct correlation with D. and AT, for semi-crystalline polymers only, with amorphous
polystyrene showing maximum reinforcement contrary to predictions made by AT,, suggesting
contributions of crystallinity and stress transfer efficiency to final tensile strength. The correlations
established in this study could pave way for tailoring the interface of polymer-NDs to ensure
maximum interfacial interactions and corresponding mechanical reinforcement. The findings of
this study could offer additional insights into the interface design for polymer-ND fiber

composites.
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