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(57) ABSTRACT 

The present invention includes the efficient dispersion and 
high loading of fillers in a thermoplastic polymer matrix. In 
a first general embodiment, the present invention includes a 
method wherein fillers are first synthesized and dispersed in 
a liquid monomer. The liquid monomer is then polymerized 
to a solid. The nanofillers may be silver nanoparticle/ 
nanowire fillers. Ethylene glycol may serve as a solvent, 
reducing agent as well as precursor monomer for polymer
ization. In a second general embodiment, the present inven
tion includes a method wherein fillers may be separately 
synthesized (or obtained commercially) and then added and 
dispersed in a liquid monomer. The liquid monomer is then 
polymerized to a solid. In a third general embodiment, a 
composite is synthesized using interfacial polycondensation. 
This is accomplished by aggressive mixing of two solvents 
during the reaction. The aggressive mixing forms micro
droplets (i.e., emulsion) and hence dramatically increases 
the interface area thereby to a much faster polymerization 
rate. 

10 Claims, 9 Drawing Sheets 
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Figure 5 
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METHOD FOR FABRICATION OF HIGH 
DISPERSION POLYMER 

NANOCOMPOSITES 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

2 
Before proceeding to a description of the present inven

tion, however, it should be noted and remembered that the 
description of the invention which follows, together with the 
accompanying drawings, should not be construed as limiting 

5 the invention to the examples ( or embodiments) shown and 
described. This is so because those skilled in the art to which 
the invention pertains will be able to devise other forms of 
this invention within the ambit of the appended claims. This application claims the benefit of U.S. Provisional 

Patent Application Ser. No. 62/104,413 filed on Jan. 16, 
2015, and incorporates said provisional application by ref- 10 

erence into this document as if fully set out at this point. 

SUMMARY OF THE INVENTION 

The present invention teaches a system and method of 
efficient dispersion and high loading of fillers (micro and 
nano fillers) in a thermoplastic polymer matrix. In general, an 

TECHNICAL FIELD 

This disclosure relates generally to the field of polymer 
science, generally, and specifically, the synthesis of com
posites and nanocomposites. 

BACKGROUND 

A common challenge confronted in fabrication of polymer 
composites/nanocomposites is the efficient dispersion and 
high loading of fillers (nanofillers) in a thermoplastic. 

Recent innovations in the field of polymer science and 
nanotechnology have led to the development of polymer 
nanocomposites. With incorporation of micro and nano scale 
fillers of metals and metal oxides in regular polymer matri
ces improved functionalities, such as strength, toughness, 
wear resistance, fire retardance, and conductivity can be 
gained. 

However, a common challenge confronted in fabrication 
of polymer composites/nanocomposites is the efficient dis
persion of fillers/nanofillers in the thermoplastic. In a con
ventional practice, the thermoplastic is heated to a viscous 
melt and the nanofillers are dispersed in it by shear mixing. 
In this mixing process, the nanofillers have essentially zero 
diffusion in the viscous polymer matrix. In principle, the 
viscosity can be reduced at higher temperatures, but most 
thermoplastics are subject to rapid oxidation (i.e., combus
tion) at their melting temperatures, already. Inefficient dis
persion of nanofillers results in aggregates, which then 
behave as micron-sized or larger particles. Consequently, the 
benefits inherent to nanoscale are lost, including high sur
face to volume ratio. 

Alternatively, it is possible to take advantage of efficient 
dispersion of fillers/nanofillers in a solvent due to the 
unrestricted diffusion of micro/nanostructures in solvents. 
This approach allows efficient dispersion of the nanofillers 
in a polymer once that polymer is dissolved in the solvent. 
However, the desired polymer must be soluble in the same 
solvent as that of the nanofillers. Therefore, if the nanofillers 
are synthesized by solution chemistry, their solvent must be 
exchanged with a proper solvent, which also dissolves the 
polymer. This step is typically carried out by centrifuging or 
dialysis. Next, the polymer must be dissolved in the solvent. 
Depending on the polymer and solvent, the solution process 
may take from hours to days requiring heating and stirring. 
Finally, the solvent must be extracted by vacuum filtering or 
evaporation. 

Therefore, although the approach of 'solvent dispersion 
plus extraction' works, it involves a number of arduous 
steps. Further, the use of solvents may be costly and involve 
health hazards. A need therefore exists for a method of 
fabrication of high dispersion polymer nanocomposites that 
can be conducted in an efficient manner that minimizes 
waste of costly solvents. 

15 embodiment teaches a method wherein the filler can be first 
synthesized and dispersed efficiently in a liquid monomer, 
which can then be polymerized to a solid. In a second 
general embodiment, a separately prepared or obtained 
suitable filler can be dispersed into the liquid monomer from 

20 a solid (typically powder) stock, which can then, likewise, 
be polymerized to a solid. 

It should be understood by one of skill in the art that the 
methods of the present disclosure are not dependent on the 
type of filler. As long as the liquid monomer disperses the 

25 fillers, any filler will potentially work. The filler surface may 
be modified by a surfactant or capping agent to improve 
dispersion. Moreover, if polyol-mediated filler synthesis is 
desired, due to its properties and economies, silver is a 
particularly suitable filler which has been used in the below 

30 examples. However, it should be understood that the meth
ods of the present disclosure are not limited to silver (Ag) 
fillers but the synthesis or the addition of a wide range of 
"fillers" are contemplated. Accordingly, as used herein, the 
term "filler" or "fillers" may include various microparticles 

35 or nanoparticles, most suitably of coinage metals, transition 
metals, metal oxides, and chalcogenides, without limitation. 
Similarly, the "filler" can be a metal, semiconductor (Si, Ge, 
CdS, CdSe, CdTe, iron oxides, etc.) or insulator (zirconia, 
titania, alumina, etc.). The "filler" may be of any suitable 

40 category or shape, such as spherical (or substantially spheri
cal), granular, tubular (such as nanotubes), rod-shaped, 
wire-shaped, sheet-shaped, platelet-shaped multifaceted, or 
quantum dots. As set forth, the monomer may be used for 
filler synthesis in one general embodiment, or the filler can 

45 by synthesized (and/or obtained) independently and sepa
rately from the monomer and added to the monomer prior to 
polymer synthesis in a second general embodiment. As such, 
in this second general embodiment, one of skill in the art 
would recognize that the liquid monomer does not have to 

50 be used for filler synthesis. Although non-metallic "fillers", 
such as carbon nanomaterials, cannot be synthesized using 
polyol process, ethylene glycol (or any polyol) is contem
plated and suited to be employed as a solvent/monomer for 
"filler" dispersion. For example, in this second general 

55 embodiment, the suitable fillers can be dispersed into the 
liquid monomer from a powder (solid) stock. In this second 
general embodiment the nanopowder/micropowder "filler" 
may alternatively be carbon based consisting of graphene, 
graphene oxide, carbon nanotubes, bucky balls (C60) or 

60 other Fullerenes or carbon black. Typically, dispersion is 
achieved by ultrasonication. 

In a particular embodiment, an example practice of the 
first general method of the present disclosure is synthesis of 
Polyethylene Terephthalate (PET) nanocomposite with sil-

65 ver nanoparticle/nanowire (collectively "Ag NWs" herein) 
fillers. The Ag nanofillers are first synthesized in ethylene 
glycol ("EG") by the polyol process, where silver nitrate 
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(AgNO3 ) is reduced by EG. Next, the ethylene glycol is 
polymerized to PET by condensation polymerization using 
terephthalic acid. Hence, EG serves as the solvent, reducing 
agent as well as the precursor monomer for the polymer
ization. The whole process can be conducted in the same 5 

chamber. None of the chemicals need be disposed or wasted. 

wherein the weight fraction of Ag from left to right is 0%, 
1.49%, 3.28% and 6.74%, respectively. 

FIG. 9 is an optical microscope image of AgNW filler/ 
N66 nanocomposite microparticles produced according to 
the method of the present disclosure in Example 4. 

FIG. 10 is an SEM image of AgNW filler/N66 nanocom
posite microparticles produced according to the method of 
the present disclosure in Example 4. 

In an example of a second general embodiment, the 
AgNW fillers may be separately synthesized or obtained 
commercially and added to EG solvent/monomer. The EG is 
then polymerized to PET by condensation polymerization 10 

using terephthalic acid. Some example practices of the 
present method are described in detail below. 

FIG. 11 shows AgNW filler/N66 samples prepared for 
characterization with nano-indentation wherein the Ag 
weight fraction from left to right is 0%, 1.49%, 3.28% and 
6.74%, respectively. 

According to another embodiment there is provided a 
method of fabricating high dispersion polymer filler, said 

15 
method comprising: synthesizing and/or dispersing a filler in 

FIG. 12 depicts a fourier transform infrared (FTIR) spec
tra of commercial N66 compared with the N66 of the present 
disclosure. 

a first liquid monomer; and, polymerizing said liquid mono
mer. 

The foregoing has outlined in broad terms some of the 
more important features of the invention disclosed herein so 
that the detailed description that follows may be more 
clearly understood, and so that the contribution of the instant 
inventors to the art may be better appreciated. The instant 
invention is not to be limited in its application to the details 

FIG. 13 depicts FTIR spectra of the PVP and the AgNW 
filler/N66 nanocomposite particles of the present disclosure. 

FIG. 14 depicts X-Ray Diffraction (XRD) spectra of 
20 AgNW filler/N66 composite particles of the present disclo

sure. The inset shows AgNW:N66 mass ratio versus AgNW: 
N66 XRD intensity ratio. 

FIG. 15 depicts the Load-displacement curve of AgNW 
filler/N66 composites of the present disclosure. 

of the method and to the arrangements of the components set 25 

forth in the following description or illustrated in the draw
ings. Rather, the invention is capable of other embodiments 
and of being practiced and carried out in various other ways 
not specifically enumerated herein. Finally, it should be 
understood that the phraseology and terminology employed 30 

herein are for the purpose of description and should not be 
regarded as limiting, unless the specification specifically so 
limits the invention. 

FIG. 16 depicts modulus and hardness of AgNW filler/ 
N66 composite samples prepared according to the method of 
the present disclosure in Example 4. 

DETAILED DESCRIPTION 

The present invention includes the efficient dispersion and 
high loading of fillers in a thermoplastic polymer matrix. 
One aspect of this disclosure teaches a technique for the 
efficient and low-cost dispersion of fillers in a thermoplastic 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and further aspects of the invention are described in 
detail in the following examples and accompanying draw
ings. 

FIG. 1 contains an exemplary diagram which illustrates 
the polycondensation reaction. Reaction (a) shows the syn
thesis of PET from DMT and EG, while reaction (b) shows 
the synthesis of PET from TPA and EG. 

FIG. 2 shows an exemplary reaction that shows the 
synthesis of Nylon 6 from E-caprolactam. 

FIG. 3 shows an exemplary reaction sequence that shows 
the synthesis of nylon 6/10 from interfacial polycondensa
tion reaction. 

FIG. 4 depicts the process of the present disclosure 
wherein (a) depicts a monomer used for filler synthesis and 
then the solution is polymerized; (b) depicts an alternate 
wherein the filler is dissolved in at least one monomer/ 
solvent and then the solution(s) is/are polymerized; (c) 
depicts another alternate wherein the filler is dispersed in a 
first precursor into which at least one other precursor is 
added and then polycondensation occurs. 

FIG. 5 depicts an average optical extinction spectrum of 
the filler composite of Example 4 of the present disclosure 
after eight (8) batches with error bars. 

FIG. 6 is a scanning electron microscope (SEM) image of 
the AgNW filler of Example 4 of the present disclosure 
synthesized by the polyol process of the present disclosure. 

FIG. 7 is a schematic illustration of AgNW filler/N66 
composite synthesis and separation of Example 4 of the 
present disclosure. 

FIG. 8 depicts AgNW filler/N66 nanocomposite powder 
prepared according to the method of the present disclosure 

35 polymer. 
With reference to FIG. 4(a), in a first general embodiment, 

the present disclosure includes a method 400 wherein fillers 
are first synthesized and dispersed in at least one liquid 
monomer. The liquid monomer is then polymerized to a 

40 solid. As shown, a filler precursor 404 is added to a mono
mer/solvent 406 in a first step 402. The fillers may be silver 
nanoparticle/nanowire fillers for example. Ethylene glycol 
(EG) may serve as a solvent, reducing agent as well as 
precursor monomer for polymerization. Alternatively or 

45 additionally, in a specific application or when a different 
solvent/monomer other than EG is employed such as other 
polyols or diamine or lactum or a combination thereof, 
without limitation. In certain applications, a separate reduc
ing agent 408 or surfactant 410 may be added to the 

50 monomer/solvent 406 may be beneficial. Once filler precur
sor 404 is added to monomer/solvent 406 (as well as 
reducing agent 408 and/or surfactant 410 if applicable), the 
filler is formed and dispersed in the monomer/solvent at 412. 
According to this embodiment, polycondensation and dis-

55 persion of the filler(s) occur simultaneously. Because the 
polymer precursors are dissolved in a low viscosity solution, 
the fillers are efficiently dispersed (i.e., suspension) prior to 
polymerization. The filler surface may be modified by 
surfactant 410 or other suitable capping agent to improve 

60 dispersion. As the polymerization proceeds at 414, the fillers 
get entrapped in the solid polymer, but they remain highly 
monodispersed. 

In a second general embodiment as depicted in FIG. 4(b), 
the present disclosure includes a method 420 wherein a filler 

65 or multiple fillers 422 may be separately synthesized ( or 
obtained commercially) and then added and dispersed in a 
liquid monomer/solvent 424. The filler(s) are then dispersed 



US 10,494,491 B2 
5 

and suspended in the monomer/solvent at 426. The liquid 
monomer is then polymerized to a solid at 428. 

In a third general embodiment as depicted in FIG. 4(c), 
the present disclosure includes a method 430 wherein 
filler(s) 432 may be separately synthesized (or obtained 
commercially) and then added to a polymer precursor 1 at 
434. Fillers 432 are dispersed in polymer precursor 1 at 436. 
In this embodiment, a second polymer precursor 2 437 may 
be added to the dispersion offiller(s) and polymer precursor 

6 
According to an embodiment, to effectively disperse a 

filler or fillers (such as AgNWs) in polymer matrix, the 
AgNW filler can be dissolved in one of the monomers and 
polymerize the solution. Matrices of polyesters, polyamides, 

5 and polyurethanes around AgNW fillers can be synthesized 
in this method. In this section, the process of fabricating 
nanocomposites with matrices of polyester, polyamide, and 
polyurethane is elucidated. 

1 at 436 to form a mixture. Interfacial polycondensation of 10 

the mixture then occurs at 438. This is accomplished by 
aggressive mixing of the two solvents 436 and 437 during 
the polycondensation reaction. The aggressive mixing dis
perses one (nonpolar) solvent in the other (polar) solvent in 
the form of an emulsion and hence dramatically increases 15 

the interface area leading to a much faster polymerization 

EXAMPLE 1 

Fabrication of AgNW-PET Nanocomposites 

Polyesters are Synthesized from Alcohol and Carboxylic 
Acid or Esters Monomers by condensation polymerization 
reaction. For example, PET can be synthesized from ethyl
ene glycol (EU) by condensation reaction with either 

rate. 
In a particular embodiment, further described in Example 

4 below, the present disclosure demonstrates the synthesis of 
a silver nanowire-Nylon 66 (AgNW/N66) composite using 
interfacial polycondensation. Interfacial polycondensation is 
a well-established polymerization technique which takes 
place at the interface between two mutually immiscible 
solvents. Typically, one is polar dissolving a polar monomer, 
the other is nonpolar dissolving a nonpolar monomer. The 
two monomers react at the interface accounting for the 
condensation polymerization reaction. 

In a typical process, it is known that polar monomer can 
partially dissolve the nonpolar solvent while the nonpolar 
monomer is essentially not soluble in the polar solvent. 
Therefore, the reaction is believed to occur effectively in the 
nonpolar solvent but at close proximity of the interface. The 
polymer product accumulating at the interface in the form of 
a thin film has to be simultaneously removed because it 
would otherwise block the monomer diffusion to the inter
face from polar to nonpolar side. 

A major aspect of the present disclosure, then, is the 
incorporation of fillers (such as AgNWs) to the polymer 
during polycondensation. In a particular embodiment, the 
AgNWs are synthesized by the polyol process and capped 
with polyvinylpyrollidone (PVP), a polar polymer. It is 
shown that the AgNWs are efficiently dispersed in N66 at 
room temperature. 

Another aspect of the developed technique/method of the 
present disclosure is aggressive mixing of the two solvents 
by a vortexer during the reaction rather than keeping a static 
and flat interface between them. This can be accomplished 
by, for example, a high speed vortexing technique, typically 
operated at about 1,000-3,000 rpm, which employs vibra
tional motion to accomplish satisfactory mixing. That being 
said, those of ordinary skill in the art will recognize that the 
vortexing parameters may need to be altered depending on 
the constituent materials, etc. 

terephthalic acid (TPA) or dimethyl terephthalate (DMT) in 
presence of catalysts (such as Sb20 3 , zinc acetate, manga
nese acetate) as shown in FIGS. la and b. In the polycon-

20 densation reactions, ester links are formed between ethylene 
and terephthalate by generating water or methanol as 
byproduct during polymerization of EG and TPA or DMT, 
respectively. In order to eliminate depolymerization and 
oxidation of PET, the synthesis is carried in an oxygen free 

25 environment. 
In one embodiment, a nanosilver-PET composite is syn

thesized by adding DMT into an EG solution, in which Ag 
nanofillers are already synthesized by the polyol process. 
This solution mixture is initially heated to between approxi
mately 180 to 220° C. (greater than boiling point of EG). 

30 After appropriate amount of methanol is generated, the 
mixture is polymerized in presence of antimony (Sb) and 
triphenyl phosphite. In the following stage of polymeriza
tion, the obtained mixture is heated to between approxi
mately 250 to 280° C. in vacuum or nitrogen environment. 

35 The Ag-PET nanocomposite can also be synthesized using 
TPA instead of DMT. The TPA+EG+nanofiller mixture is 
heated to 265° C. in presence of antimony (III) oxide in 
nitrogen purged environment, which is followed by further 
heating at low vacuum at 280° C. FIG. 1 contains an 

40 exemplary diagram which illustrates a polycondensation 
reaction. Reaction (a) of FIG. 1 shows the synthesis of PET 
from DMT and EG. Reaction (b) of FIG. 1 shows the 
synthesis of PET from TPA and EG. 

PET is known for its exceptional mechanical strength. As 

45 such, it is used in the manufacture of carpets and water 
bottles. PET with Ag nanoparticle/nanowire fillers can be 
used to block sunlight in plastic bottles (water, beverages, 
medicine) or food containers. Further, nanofillers improve 
the elastic modulus and strength. In particular, when PET 
pellets containing Ag nanowire fillers are extruded to fibers, 

50 the nanowires are expected to align with the fiber axis due 
to the shear forces. Hence, superior mechanical reinforce
ment can be achieved. The fibers can be used to weave solar 
shades with superior strength and shading properties. The 

The aggressive mixing disperses the nonpolar solvent in 
the polar solvent in the form of microdroplets (i.e., emu!- 55 

sion) and hence dramatically increases the interface area 
between the two domains leading to a much faster polym
erization rate. It is found that N66 polymerizes in the form 

fabrics will also have antibacterial and antistatic character
istics. The nanocomposite pellets can also be used in injec
tion molding of various objects. The nanofillers are not 
limited to Ag. It will be understood by one of skill in the art 
that other metal nanofillers, such as, but not limited to, Au 
and Cu nanostructures can be synthesized by the polyol 
process or similar, as known by one of skill in the art. 

of microspheres with AgNWs entrapped in them. Once the 
condensation reaction is complete, the AgNW-dispersed 60 

N66 microspheres are centrifuged and dried to micropar
ticles, which are subsequently molten and cast into a mold 
to achieve high filler content bulk nanocomposite without 
the need for any shear mixing. Accordingly, the following 
terminology will be adopted for purposes of the instant 65 

disclosure: Nanocomposites by Dynamic Emulsion Poly
condensation (NCDEP). 

EXAMPLE 2 

Fabrication of AgNW-polyamide Nanocomposites 

By replacing EG as solvent for AgNWs with diamine or 
lactam solvent using centrifugation, polyamide matrix in 
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AgNWs nanocomposites may be fabricated in an alternate 
embodiment. This replaced solvent serves as monomers in 
formation of polyamides. Lactams are used as monomers in 
fabricating nylon by ring opening polymerization which is 
similar to chain growth polymerization. Nylon 6 is com- 5 

manly synthesized from E-caprolactam by ring opening 
polymerization whose chemical reaction is shown in FIG. 2. 
Initially, E-caprolactam is replaced as solvent in AgNW s by 
centrifugation and n-aminocaproic acid is added to the 
mixture to initiate polymerization. After initiation stage, the 10 

mixture is heated in the nitrogen environment at a tempera
ture range of between approximately 240 to 250° C. In 
addition, diamine solvent of AgNW s can be polymerized 
with diacid halide into polyamides in a process known as 
interfacial polycondensation reaction. For example, synthe- 15 

sized polyamides such as nylon 6/6 or nylon 6/10 are 
achieved using this method. In this method, AgNWs are 
dissolved in water along with diamine (1,6-hexamethylene 
diamine). To the obtained mixture of AgNWs solution, 
diacid halide (sebacoyl chloride) was dissolved in toluene 20 

and mixed to AgNWs solution. This obtained mixture is 
stirred to initiate polymerization at room temperature. After 
vigorous mixing of the prepared solution generates nylon 

For example, fillers may be purchased commercially in 
colloidal or powder form and used as received. Alterna
tively, fillers may be purchased in colloidal or powder form 
and modified with a surfactant or capping agent so that they 
can be well-dispersed in the liquid monomers. 

Although the polyol synthesis of AgNWs is known in the 
art, the process details taken in this example are described 
here. Here, 4.995 g of polyvinylprrolidone (PVP, MW=55, 
000, Sigma-Aldrich) is dissolved in 100 ml of ethylene 
glycol (EG) by vortex mixing for 2 min and stored in a 
plastic bottle with air tight seal for at least one day before use 
to make sure the PVP is completely dissolved. Next, 5 g of 
AgNO3 is dissolved in 245 ml of EG at a concentration of 
0.12 M. The AgNO3 solution is stored in an amber glass 
bottle in the refrigerator. After preparation, the solution is 
kept for at least one day before use. Subsequently, 20 ml of 
the PVP solution (in EG) is transferred to a 100 ml flask. The 
flask is pre-cleaned by DI water (50%)+isopropyl alcohol 
(IPA) (50%) mixture and ultra-sonicated for 1 h. The flask 
is then blow-dried by argon. Next, 28 mg ofNaCl was added 
into the flask containing PVP dissolved in EG. The solution 
is ultra-sonicated for 2 min to dissolve the solid NaCl. Then, 
the flask is placed in a heating mantle having both heating 6, 10 suspension because of the chemical reaction shown in 

FIG. 3. 

EXAMPLE 3 

Fabrication of AgNW-polyurethane Nanocomposite 

Polyols and isocyantes can also be polymerized to form 
polyurethane. As AgNW s are synthesized in EG, EG may be 
employed as a monomer in fabricating polyethylene glycol 
or polyethylene oxide (PEG or PEO). These polymers are 
extensively used in medicine or biological applications. In 
addition, these polymers are blended with polyurethanes to 
improve their flexibility. Further, EG may be replaced in 
other applications with higher polyols using centrifuging 
process to synthesize other types of polyurethanes. 

EXAMPLE 4 

Ag/Nylon Nanocomposites by Dynamic Emulsion 
Polycondensation 

In this example, the fillers are Ag nanowires (AgNWs) 
synthesized by polyol synthesis. This example further 
describes vortex-mixing of the nanowires with two liquid 
monomers to form a dynamic emulsion. Under these con
ditions, polycondensation of Nylon 66 (N66) occurs with 
uniformly dispersed nanowires and a nanocomposite is 
synthesized in the form of microparticles. Next, the 
microparticles are separated from the liquid and dried. 
Finally, the obtained nanocomposite powder is molten and 
molded to solid objects. This example provides the detailed 
procedures and characterization results for proof of concept, 
that is, a AgNW/N66 nanocomposite with well-dispersed 
nanofillers is indeed achieved without the need for any shear 
mixing. 

In polyol synthesis of AgNW s, AgNO3 is used as the 
source of silver ions, Ag+, which are reduced by ethylene 
glycol (EG) at 170° C. EG also serves as the solvent. The 
nanowires are washed and purified by centrifugation after 
the synthesis. It should be understood by one of skill in the 
art that the invention is not limited to AgNW s synthesized by 
the polyol process. Other fillers (micro fillers or nano fillers) 
and other filler manufacturing approaches may be adopted. 

25 and magnetic stirring capabilities. A condenser is assembled 
on the neck of the flask with cold water running from the 
bottom to the top. The condenser is supported by an iron 
stand. 

Prior to the initiation of Ag reduction, the PVP solution is 
30 kept at 170° C. for 1 h under continuous stirring using a 

star-head magnetic stir bar (0.68"x0.56") at 1000 rpm. The 
solution temperature is monitored by a liquid thermometer. 
Subsequently, AgNW reduction is initiated by dropwise 
addition of 0.12 M AgNO3 into the PVP solution by Era 

35 NE-300 syringe pump at a rate of 20 ml/h. The injection is 
continued for 1 h. After AgNO3 injection is complete, the 
resulting nanowire suspension is further stirred at 170° C. 
for 30 min. Finally, the suspension is air-cooled to room 
temperature. 

40 AgNW suspension prepared by polyol process contains 
excess PVP. In order to remove the excess PVP and transfer 
the AgNWs into water, the suspension is dispersed in 
acetone+ethanol and centrifuged. 

Five ml of AgNW suspension is put in a centrifuge tube 
45 and diluted 5 times by acetone and centrifuged twice at 

3,500 rpm for 30 min. After the first centrifugation, three 
different layers formed. The supernatant is acetone. The 
middle layer being yellow is the excess PVP, which is 
removed by a pipette. Silver nanowires are separated from 

50 the suspension in the form of a precipitate. Subsequently, the 
supernatant is removed and the precipitate is dispersed in 30 
ml of acetone and again centrifuged at 3500 rpm for 30 min. 
Next, the nanowires are dispersed in ethanol and centrifuged 
at 3500 rpm for 30 min. After three centrifugations, AgNW s 

55 are characterized by UV-Vis spectroscopy (FIG. 5) and the 
extinction spectrum is checked to assure reproducibility. 

Morphology of the preparedAgNWs is checked by scan
ning electron microscopy (SEM). The SEM image in FIG. 6 
shows that the AgNW s are 5-10 urn long and have diameter 

60 of 43±15 nm. The image also shows the presence of Ag 
nanoparticles and nanorods in addition to nanowires. 

The next step is polycondensation of Nylon 66 from 
liquid monomers together with the AgNW s to form the 
nanocomposite. This is the first inventive aspect of this 

65 demonstration. Second, the polycondensation of Nylon 66 
disclosed in this example also consists of inventive steps. 
With the objective of clarifying these inventive steps and 
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distinguish them from the prior art, it is beneficial first to 
discuss conventional interfacial polycondensation of Nylon 
66. 

The conventional polycondensation reaction of Nylon 66 
employs two monomers: 1,6-diaminohexane dissolved in 
water and adipoyl chloride dissolved in nonpolar organic 
solvent. A protonated amide is formed as soon as the two 
solutions are mixed and a clear interface between water and 
the nonpolar solvent forms in a container. The proton is 
rapidly eliminated and combines with Cl- forming HCI. 
The polymer forms near the interface but at the organic 
solvent side, because adipoly chloride is essentially not 
soluble in water while the diaminohexane is partially soluble 
in the organic solvent. Therefore, acylation reaction occurs 
in the organic solvent close to the interface. Accumulation of 
the polymer product at the interface prevents diaminohexane 
transport and limits the reaction. Hence, in order to maintain 
polycondensation, the polymer accumulating at the interface 
must be continuously removed. 

The procedures of AgNW/N66 composite synthesis and 
separation are illustrated in FIG. 7 including the details of 
the polycondensation of Nylon 66 in this example with the 
fillers 700. In this example 700, 1,6-diaminohexane (98+%) 
and adipoyl chloride (98%) were purchased from Alfa Aesar. 
One Hundred g of 1,6-diaminohexane is dissolved in 1250 
ml of water by stirring for 30 min using a magnetic stir bar 
(8x15.9 mm2) at 702. Next, AgNWs are dispersed in 120 ml 

10 
Hence, the polymerization is not self-limiting as in the case 
of interfacial polycondensation using flat interfaces. 

After the completion of polycondensation, the AgNW / 
N66 composite microparticles were separated from the 

5 liquid and dried. The separation was achieved by centrifu
gation at 2,600 rpm for 10 min. After the centrifugation, 
supernatant was removed and the particles were dispersed in 
30 ml of DI water by vortex mixing for 20 s. Subsequently, 
another centrifuge step was run as previously and the 

10 particles were transferred to a glass vial. Finally, the residual 
water was evaporated by placing the vial on a hot plate at 
45° C. for 5 days. 

RepresentativeAgNW/N66 particles are shown in FIG. 8. 

15 
The weight fraction of Ag is depicted as 0% at 800; 1.49% 
at 810; 3.28% at 820; and, 6.74% at 830. Darkening of the 
color is observed when weight fraction of Ag is increased in 
the composite samples. The morphology of the micropar
ticles was first investigated using an optical microscope in 

20 bright field (FIG. 9). The particle shape is found to be 
approximately spherical with an average diameter of 7 µm. 

The morphology of the AgNW/N66 composite micropar
ticles is further studied by SEM (FIG. 10). Insignificant 
amount of AgNWs as well as the AgNPs can be seen on the 

25 surface of the N66 microparticles. In addition, when poly
condensation reaction was completed, the supernatant is 
transparent, implying no AgNWs were left in the superna
tant. Therefore, it is verified that majority of the AgNW s are of THF by vortex mixing for 5 min to form AgNW suspen

sion. The AgNW suspension is stored in an amber bottle (not 
shown). Subsequently, 20 ml of this AgNW suspension is 30 

transferred to a 50 ml centrifuge tube at 704 and 1 ml of 
adipoyl chloride 706 (as received) is injected to the suspen
sion using a pipette at 708. Next, 20 ml of 1.6-diamino
hexane (previously prepared at 702 above) solution is added 

embedded in N66 during the polycondensation reaction. 
After it is dried, the composite microparticles were trans-

ferred into a glass vial. The glass vial was sealed by an 
aluminum cap with a Teflon septum. Subsequently, the vial 
was purged with argon to minimize oxidation and lowered 
into a melter by glass wire. The nanocomposite powder 

to the suspension at 710. The mixture is vortex-mixed at 
3200 rpm for 10 s using a VWR Analog Vortex Mixer at 712. 
Polycondensation starts once 1.6-diaminohexane is added to 
the suspension and AgNW/N66 composite microparticles 
initiate to form 714. Centrifugation 716 may then be used to 
separate the synthesized AgNw/N66 composite micropar
ticles as shown at 718. 

35 sample was melted at 265° C. for 20 min and then cooled to 
room temperature. A K-type thermocouple was used to 
monitor the temperature. After solidification and cooling, the 
glass vial was broken to release the solid composite sample. 
For mechanical characterization of the samples of various 

An important aspect of the method of the present disclo
sure is aggressive mixing of the two solvents/monomers by 

40 AgNW content with nano-indentation, the samples were cut 
and ground into squares (4x4xl.3 mm3) as shown in FIG. 
11. The Ag weight fraction of the samples is 0% in sample 
1102; 1.49% in sample 1104; 3.28% in sample 1106; and, 

a vortexer during the reaction rather than keeping a static 
and flat interface between them. The aggressive mixing 45 

basically disperses the nonpolar solvent in the polar solvent 

6.74% in sample 1108. 
AgNW/N66 nanocomposite microparticles are also char-

acterized by FTIR spectroscopy. FTIR spectra of commer
cial N66 at 1202 and N66 at 1204 synthesized in the present 
demonstration are compared in FIG. 12. Assignments of 
FTIR peaks in the spectra ofN66 are as follows. The peaks 

in the form of microdroplets (i.e., emulsion) and hence 
dramatically increases the interface area between the two 
domains leading to a much faster polymerization rate. If 
Polymerization using emulsions wherein stable emulsions 
including nonpolar domains are stabilized in polar solutions 
using surfactants, aggressive mixing may not be necessary. 

50 at 3298 and 2932 cm-1 are due to N-H and C-H stretch-

In contrast, a 'dynamic emulsion' is involved in this example 
of the present disclosure without the use of a surfactant. The 
emulsion can only form by aggressive mixing. The lack of 55 

surfactant allows a much faster transport at the interfaces 
leading to a faster polymerization rate. The polymer forms 
near the interface but at the organic solvent side, because 
adipoly chloride is essentially not soluble in water while the 
diaminohexane is partially soluble in the organic solvent. 60 

Therefore, acylation reaction occurs in the organic solvent 
close to the interface. On the other hand, the nonpolar 
(organic) domains are micron-sized and essentially they are 
at the effective thickness of the interface and hence polym
erization can occur in the full body of the nonpolar domains 65 

(droplets). As such, it is found that N66 polymerizes in the 
form of microspheres with AgNWs entrapped in them. 

ing, respectively. The peaks at 1630 and 1534 cm-1 corre
sponds to C=O and C-N stretching. Finally, the peak at 
1139 cm-1 is assigned to C-C stretching. The FTIR spectra 
of the commercial N66 and N66 of this demonstration are 
essentially the same. 

FTIR spectra of the PVP and the AgNW/N66 composite 
particles are shown in FIG. 13. Assignments of the FTIR 
peaks in the spectra of PVP are as follows. The peak at 733 
cm-1 corresponds to the C----C stretching in the backbone 
chain. The 843 cm-1 peak is assigned to C-C stretching in 
the pyrrolidone ring. The peak at 1248 cm-1 is due to C-N 
stretching. The peak at 1421 cm-1 corresponds to C-H 
bending. The peak at 1652 is assigned to C=O stretching. 
The peak at 2886 cm-1 is due to C-H stretching in the 
backbone chain. The peaks located at 2919 and 2948 cm-1 
are assigned to C-H stretching in CH2 in the backbone 
chain and pyrrolidone ring, respectively. The peak located at 
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3446 cm-1 is due to O-H stretching vibration. It indicates 
the presence of hydroxyl groups in physisorbed water. 

12 
more than 1. The term "at most" followed by a number is 
used herein to denote the end of a range ending with that 
number (which may be a range having 1 or 0 as its lower 
limit, or a range having no lower limit, depending upon the 

Next, the spectra of AgNW/N66 composites are exam
ined. A systematic shift of the N-H stretching peak to 
higher wavenumbers with increasing Ag content (i.e., from 
0 to 6.47 wt%) is observed. This frequency shift is attributed 
to the cleavage of the hydrogen bonds between N-H and 
C=O in N66 as AgNWs are introduced. As a result, the 
average stiffness of the N-H bonds increases, and the 
N-H peak exhibits higher energy shift. 

5 variable being defined). For example, "at most 4" means 4 
or less than 4, and "at most 40%" means 40% or less than 

X-Ray diffraction (XRD) spectra of the preparedAgNW/ 
N66 nanocomposite powders are acquired as given by FIG. 
14. The two strong reflections at 20=20.l O and 24.0° are the 
(100) and (010,110) planes ofN66a phase crystals, respec
tively (FIG. 4.9). The four peaks at 20=37.9°, 44.0°, 64.2° 15 

and 77.1 ° conform to (111), (200), (220) and (311) planes of 
bulk silver. All the four reflections are assigned to face
centered cubic (fee) silver. In FIG. 14 all patterns are 
normalized by the intensity of the (100) peak. 

40%. Terms of approximation ( e.g., "about", "substantially", 
"approximately", etc.) should be interpreted according to 
their ordinary and customary meanings as used in the 

10 associated art unless indicated otherwise. Absent a specific 
definition and absent ordinary and customary usage in the 
associated art, such terms should be interpreted to be ±10% 
of the base value. 

When, in this document, a range is given as "(a first 
number) to (a second number)" or "(a first number)-(a 
second number)", this means a range whose lower limit is 
the first number and whose upper limit is the second number. 
For example, 25 to 100 should be interpreted to mean a 
range whose lower limit is 25 and whose upper limit is 100. 
Additionally, it should be noted that where a range is given, 
every possible subrange or interval within that range is also 
specifically intended unless the context indicates to the 
contrary. For example, if the specification indicates a range 
of 25 to 100 such range is also intended to include subranges 
such as 26-100, 27-100, etc., 25-99, 25-98, etc., as well as 
any other possible combination of lower and upper values 
within the stated range, e.g., 33-47, 60-97, 41-45, 28-96, etc. 
Note that integer range values have been used in this 

Therefore, the materials characterization data corroborate 20 

that the present example of the disclosure process achieves 
synthesis of AgNW/N66 composites with well-dispersed 
and controllable amount of AgNW fillers. Mechanical prop
erties of AgNW/N66 composites are characterized by nano
indentation. The load-displacement curves are shown in 25 

FIG. 15 wherein 1500 is a control; 1502 shows the load
displacement curve for 1.49% Ag; 1504 shows the curve for 
3.28% Ag; and, 1506 shows the curve for 6.74% Ag. 
Modulus and hardness are given by FIG. 16 wherein curve 
1602 shows modulus and curve 1604 shows hardness. 

It is to be understood that the terms "including", "com
prising", "consisting" and grammatical variants thereof do 
not preclude the addition of one or more components, 
features, steps, or integers or groups thereof and that the 
terms are to be construed as specifying components, fea- 35 

tures, steps or integers. 

30 paragraph for purposes of illustration only and decimal and 
fractional values (e.g., 46.7-91.3) should also be understood 
to be intended as possible subrange endpoints unless spe
cifically excluded. 

If the specification or claims refer to "an additional" 
element, that does not preclude there being more than one of 
the additional element. 

It should be noted that where reference is made herein to 
a method comprising two or more defined steps, the defined 
steps can be carried out in any order or simultaneously 
(except where context excludes that possibility), and the 
method can also include one or more other steps which are 

It is to be understood that where the claims or specifica
tion refer to "a" or "an" element, such reference is not be 
construed that there is only one of that element. 

40 carried out before any of the defined steps, between two of 
the defined steps, or after all of the defined steps ( except 
where context excludes that possibility). 

It is to be understood that where the specification states 
that a component, feature, structure, or characteristic "may", 
"might", "can" or "could" be included, that particular com- 45 

ponent, feature, structure, or characteristic is not required to 
be included. 

Where applicable, although state diagrams, flow diagrams 

Further, it should be noted that terms of approximation 
(e.g., "about", "substantially", "approximately", etc.) are to 
be interpreted according to their ordinary and customary 
meanings as used in the associated art unless indicated 
otherwise herein. Absent a specific definition within this 
disclosure, and absent ordinary and customary usage in the 
associated art, such terms should be interpreted to be plus or or both may be used to describe embodiments, the invention 

is not limited to those diagrams or to the corresponding 
descriptions. For example, flow need not move through each 
illustrated box or state, or in exactly the same order as 
illustrated and described. 

50 minus 10% of the base value. 

Methods of the present invention may be implemented by 
performing or completing manually, automatically, or a 55 

combination thereof, selected steps or tasks. 

Still further, additional aspects of the instant invention 
may be found in one or more appendices attached hereto 
and/or filed herewith, the disclosures of which are incorpo
rated herein by reference as if fully set out at this point. 

* * * 
The term "method" may refer to manners, means, tech

niques and procedures for accomplishing a given task 
including, but not limited to, those manners, means, tech
niques and procedures either known to, or readily developed 
from known manners, means, techniques and procedures by 
practitioners of the art to which the invention belongs. 

Thus, the present invention is well adapted to carry out the 
objects and attain the ends and advantages mentioned above 

60 as well as those inherent therein. While the inventive method 

For purposes of the instant disclosure, the term "at least" 
followed by a number is used herein to denote the start of a 
range beginning with that number (which may be a ranger 65 

having an upper limit or no upper limit, depending on the 
variable being defined). For example, "at least 1" means 1 or 

has been described and illustrated herein by reference to 
certain preferred embodiments, various changes and further 
modifications, apart from those shown or suggested herein, 
may be made therein by those of ordinary skill in the art 
without departing from the spirit of the inventive concept, 
the scope of which is to be determined by the following 
claims. 
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What is claimed is: 
~- A method for preparing a polymer composite having a 

umform dispersion of microscale or nanoscale fillers the 
method comprising: ' 

providing a first liquid monomer/solvent· 5 
dispersing said microscale or nanoscale' fillers into the 

~rst liquid monomer/solvent to provide a first disper
s10n, wherein said microscale or nanoscale fillers are 
selected from the group consisting of: metals, metal 
oxides, semiconductors, chalcogenides and carbona-
ceous materials; 

10 

providing a second liquid monomer/solvent· 
adding said second liquid monomer/solven; to said first 

dispersion; and, 
polymerizing at least one monomer from either said first 

liquid monomer/solvent or said second liquid monomer 
solvent to produce a polymer composite material hav
ing uniformly dispersed microscale or nanoscale fillers. 

2. The method of claim 1, wherein said monomer is a 
diamine. 

3. The method of claim 2 wherein said second liquid 
m?no~er/solve~t is a diacid halide and wherein said polym
enzat10n step 1s a copolymerization of said first liquid 
monomer/solvent where said first liquid monomer/solvent is 
a diamine with said diacid halide. 

4. A method for preparing a polymer composite of poly-
ethylene terephthalate containing uniformly dispersed nano
particles, the method comprising: 

15 

20 

25 

dispersing nanoparticles in ethylene glycol, wherein said 
nanoparticles are selected from the group consisting of: 30 
metals, metal oxides, semiconductors, chalcogenides 
and carbonaceous materials; 

initiating polymerization of the ethylene glycol to poly
ethylene terephthalate by addition of terephthalic acid 
or dimethyl terephthalate to the ethylene glycol con- 35 
taining the dispersed nanoparticles; 

to produce a composite of polyethylene terephthalate 
containing uniformly dispersed nanoparticles within 
the polymer composite. 

5. The method of claim 4, wherein said carbonaceous 
materials are selected from the group consisting of: gra-
phene, graphene oxide, Fullerenes or carbon black. 

40 

14 
6. A method for preparing a polymer composite having a 

uniform dispersion of nanoparticles, the method comprising: 
providing a first liquid monomer, wherein said first liquid 

monomer is non-polar; 
providing a second liquid monomer, wherein said second 

liquid monomer is polar; 
dispersing nanoparticles into said first liquid monomer to 

provide a first dispersion, 
wherei1;1 ~aid nanoparticles are selected from the group 

cons1stmg of: metals, metal oxides, semiconductors, 
chalcogenides and carbonaceous materials· 

generating microdroplets of said first disper;ion in said 
second liquid monomer by mixing said first dispersion 
with said second liquid monomer; 

copolymerizing said first liquid monomer and said second 
liquid monomer to produce a polymer composite mate
rial having uniformly dispersed nanoparticles. 

7. The method of claim 6, wherein said first monomer is 
a diamine dissolved in water. 

8. The method of claim 6, wherein said second monomer 
is a diacid halide. 

9. The method of claim 6, wherein said carbonaceous 
materials are selected from the group consisting of: gra
phene, graphene oxide, Fullerenes or carbon black. 

10. A method for preparing a polymer composite having 
a uniform dispersion of nanoscale fillers, the method com
prising: 

providing a first liquid monomer/solvent; 
dispersing said nano scale fillers into the first liquid mono

mer/solvent to provide a first dispersion, wherein said 
nanoscale fillers are selected from the group consisting 
of: graphene, graphene oxide, Fullerenes or carbon 
black; 

providing a second liquid monomer/solvent; 
adding said second liquid monomer/solvent to said first 

dispersion; and, 
polymerizing at least one monomer from either said first 

liquid monomer/solvent or said second liquid monomer 
solvent to produce a polymer composite material hav
ing uniformly dispersed nanoscale fillers. 

* * * * * 


