
REPORT DOCUMENTATION PAGE 
Form Approved 

OMB NO. 0704-0188 

Public Reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering 
and maintaining the data needed, and completing and reviewing the collection of information. Send comment regarding this burden estimates or any other aspect of this collection of 
information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for information Operations and Reports, 1215 Jefferson Davis Highway. Suite 
1204. Arlington. VA 22202-4302. and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188.) Washington. DC 20503.  
1. AGENCY USE ONLY ( Leave Blank) 2. REPORT DATE 

January, 2001 
3. REPORT TYPE AND DATES COVERED 
Final 6/1/00 to 11/30/00 

4. TITLE AND SUBTITLE 
tffynthgth "* A.firytatr NnnnrnrnpfnttrT 

5. FUNDING NUMBERS 
DAAD19-00-140355 

6. AUTHOR(S) 
Giannelis, Emmanuel P 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Cornell University 
Sponsored Programs 
120 Day Hall 
Ithaca, NY 14853 

8. PERFORMING ORGANIZATION 
REPORT NUMBER   N/A 

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

U. S. Army Research Office 
P.O.Box 12211 
Research Triangle Park, NC 27709-2211 

10. SPONSORING / MONITORING 
AGENCY REPORT NUMBER 

/VROM-IIOT- l-CH 

II. SUPPLEMENTARY NOTES 

The views, opinions and/or findings contained in this report are those of the author(s) and should not be construed as an official 
Department of the Army position, policy or decision, unless so designated by other documentation. 

12 a. DISTRIBUTION / AVAILABILITY STATEMENT 

Approved for public release: distribution unlimited. 

12 b. DISTRIBUTION CODE 

13. ABSTRACT (Maximum 200 words) 

Well-dispersed (exfoliated) PMMA nanocomposites were synthesized via emulsion polymerization. The nanocomposites retain their 
transparency in the visible with the montmorillonite nanocomposite showing considerable absorption of UV light. Thermal stability of 
the nanocomposites is enhanced as evidenced by TGA and a simple burning experiment. The storage modulus and Tg is increased 
significantly in the nanocomposites. The higher increase of the storage modulus in the rubbery regime of the montmorillonite 
nanocomposite reflects the higher amount of bound polymer compared to the fluorohectorite nanocomposite. End-tethering of PMMA 
to the silicate surface increases the amount of bound polymer and results in increases in both Tg and modulus in the rubbery plateau 

14. SUBJECT TERMS 
Nanocomposites - Acrylate - Polymers 

15. NUMBER OF PAGES 

11 

16. PRICE CODE 

N/A 
17. SECURITY CLASSIFICATION 

OR REPORT 
UNCLASSIFIED 

18. SECURITY CLASSIFICATION 
ON THIS PAGE 

UNCLASSIFIED 

19. SECURITY CLASSIFICATION 
OFABSTRACT 

UNCLASSIFIED 

20. LIMITATION OF ABSTRACT 

UL 
NSN 7540-01-280-5500 

2WQ222 021, 

Standard Form 298 (Rev.2-89) 
Prescribed bv ANSI Std. 239-18 
298-102 



MASTER COPY:   PLEASE KEEP THIS "MEMORANDUM OF TRANSMITTAL" BLANK FOR REPRODUCTION PURPOSES. WHEN 
REPORTS ARE GENERATED UNDER THE AfnO SPONSORSHIP, FORWARD A COMPLETED COPY OF THIS FORM WITH EACH 
REPORT SHIPMENT TO THE ARO. THIS WILL ASSURE PROPER IDENTIFICATION.    NOT TO BE USED FOR INTERIM 
PROGRESS REPORTS; SEE PAGE 2 FOR INTERIM PROGRESS REPORT INSTRUCTIONS. 

MEMORANDUM OF TRANSMITTAL 

U.S. Army Research Office 
ATTN: AMSRL-RO-BI (TR) 
RO. Box 12211 
Research Triangle Park, NC 27709-2211 

Q Reprint (Orig + 2 copies) Q Technical Report (Orig + 2 copies) 

l~1 Manuscript (1 copy) £R] Final Progress Report (Orig + 2 copies) 

l~l Related Materials, Abstracts, Theses (1 copy) 

CONTRACT/GRANT NUMBER: DAAD19-00-1-0355 

REPORT TITLE: Synthesis and Properties of Acrylate Nanocomposites 

is forwarded for your information. 

SUBMITTED FOR PUBLICATION TO (applicable only if report is manuscript): 
N/A 

4J*U' 



SYNTHESIS AND PROPERTIES OF ACRYLATE NANOCOMPOSITES 

FINAL REPORT 

Principal Investigator(s):     Emmanuel P. Giannelis 
Materials Science and Engineering 

Cornell University 

ARL CoIIaborator(s): Alex Hsieh, Nora Beck Tan 



PMMA Nanocomposites Synthesized by 
Emulsion Polymerization 

Sumanda Bandyopadhyay1'*, Alex J. Hsieh2 and Emmanuel P. 
Giannelis1 

Department of Materials Science and Engineering 
Cornell University, Ithaca, NY 

2Army Research Laboratory, AMSRL-WM-MA, Aberdeen Proving Ground, 
MD 

#Current address: GE India Technology Center, Bangalore, India 

Well-dispersed (exfoliated) PMMA nanocomposites were 
synthesized via emulsion polymerization. The nanocomposites 
retain their transparency in the visible with the 
montmorillonite nanocomposite showing considerable 
absorption of UV light. Thermal stability of the 
nanocomposites is enhanced as evidenced by TGA and a 
simple burning experiment. The storage modulus and Tg is 
increased significantly in the nanocomposites. The higher 
increase of the storage modulus in the rubbery regime of the 
montmorillonite nanocomposite reflects the higher amount of 
bound polymer compared to the fluorohectorite 
nanocomposite. End-tethering of PMMA to the silicate surface 
increases the amount of bound polymer and results in 
increases in both Tg and modulus in the rubbery plateau. 

Nanocomposites based on layered inorganics offer an alternative to 
conventionally filled polymers and composites. Due to their nanometer phase 
dimensions the nanocomposites exhibit new and improved properties. These 
include increased stiffness and strength without sacrificing impact resistance, 
decreased permeability and swelling in solvents, and increased flame resistance. 
For example, nylon nanocomposites show a significant increase in modulus and 
strength as well as heat distortion temperature. (1,2). Tensile strength and 
modulus have also been reported to increase considerably in epoxy and 
Polyurethane nanocomposites (2-8). Additionally improved barrier properties (9, 
10) and swelling in solvents (11) have been reported for several nanocomposite 



systems. Finally the nanocomposites exhibit increased thermal stability and 
flame resistance (12-15). 

Currently, two synthetic approaches have been adopted. One is based 
on in-situ polymerization of monomers inside the galleries of the inorganic host. 
(16-20). The other approach is based on melt intercalation of high molecular 
weight polymers and it involves annealing a mixture of the polymer and the 
inorganic host, statically or under shear, above the Tg of the polymer (21-24). 
The solventless melt intercalation is an environmentally friendly technique and 
is adoptable to existing processing like roll milling, extrusion and molding. 

In the present chapter, we report the synthesis of PMMA 
nanocomposites by emulsion polymerization. Polymerization of MMA in the 
presence of smectite silicates has been previously reported (25-28). The focus of 
all these studies, however, was on how the silicates affect the polymerization 
reaction rather than the final hybrid product. Additionally, the development of 
an emulsion route to nanocomposites represents a new venue. 
Experimental 
5 ml of MMA (Sigma Chemicals) was added to a round bottom flask containing 
95 ml of water (the ratio of monomer to water is approximately 1:19) followed 
by 0.25 g of silicate (Na+ montmorillonite, hereafter abbreviated as MMT, or 
fluorohectorite, FH). The resulting suspension was heated at 80°C with stirring 
and allowed to equilibrate for 2 hrs. An emulsifier is added to allow the reaction 
to proceed as emulsion polymerization. 0.0125 g of potassium persulfate is 
added to initiate the polymerization and the suspension is refluxed at 80°C for 4 
hrs.. The emulsion is completely precipitated in excess ethyl alcohol. The 
precipitate is then filtered and re-precipitated from tetrahydrofuran, washed 
thoroughly with de-ionized water, filtered and dried under vacuum at 80°C. In 
one particular case the MMT was modified with 2,2' Azobis(2- 
methylpropionamide) dihydrochloride, hereafter referred to as AMMT. 

Table 1: Summary of PMMA and PMMA Nanocomposites Properties 

PMMA PMMA-MMT PMMA-FH 
Polydispersity index, D 3.49 2.57 2.59 

Molecular Weight 
(g/mol) X 10? 

195.2 221.7 223.0 

Glass Transition Temp. Tg , (UC) 115 121 125 
Storage Modulus @ RT (GPa) 2.9 9.9 9.3 

MMT: montmorillonite 
FH: fluorohectorite 

X-Ray   diffraction    was   performed   using   a   Scintag   PAD   X 
Diffractometer using Cu-Koc radiation. The accelerating voltage used was 45kV 



and the current was 40mA. The TEM samples were examined using JEOL 
1200EX transmission electron microscope with an accelerating voltage of 
120kV. Samples of 0.2 /an to 0.3 fjm thickness were cut using a glass knife 
Reichert Ultramicrotome and mounted on 400 mesh Gilder gold grid. Thermal 
degradation was followed by a Perkin Elmer System 7, Thermogravimetric 
Analyzer. Scans were performed from room temperature to 800 °C at 10 °C/min. 
For dynamic mechanical analysis a Seiko Instrument, SDM 5200, DMS 200 
series was used. The samples were scanned from room temperature to 150°C at 
2°C/min at 5Hz and a strain of 0.1%. Absorbance was measured between 200nm 
and 900nm at a spectral bandwidth of 1 nm and a scan speed of 30nm/sec on a 
Perkin Elmer spectrophotometer. 

Results and Discussion 
TEM micrographs of the nanocomposites prepared via emulsion show a 

well dispersed (exfoliated) sample (Fig. 1). The dispersion is somewhat better in 
the MMT nanocomposite and is most likely due to the much smaller lateral 
dimensions of MMT compared to FH. The silicate exfoliation is supported by 
the featureless XRD patterns of the nanocomposites. Table 1 summarizes the 
molecular weight and the polydispersity of the polymers for all samples 
prepared by emulsion polymerization. The nanocomposites show slightly 

Figure 1: Transmission electron microscope image showing the disordered 
silicate (montmorillonite) in the PMMA matrix. 



higher molecular weights but much better polydispersity than pure PMMA 
prepared similarly but in the absence of the silicate. Though the mechanism is 
still unknown, clearly the presence of silicate effects the polymerization 
reaction. 

Clarity of the samples is very important as PMMA is often used in 
many applications for its transparency. Films were deposited on clean glass 
substrates by spin casting a suspension of the nanocomposites in 
tetrahydrofuran, THF. For comparison a PMMA film was prepared by spin 
casting a solution of PMMA also in THF. The nanocomposites have somewhat 
higher absorbance compared to the pure polymer, but the absorbance is well 
below the limit for transparency. Especially in the case of MMT nanocomposite 
the sample shows increased absorption in the UV. Thus the nanocomposites 
combine UV absorption while retaining transparency in the visible. 

An important characteristic of polymers is their stability at elevated 
temperatures. Figure 2 and 3 shows the TGA traces of the pure polymer and the 
nanocomposites in either nitrogen or oxygen. Thermal degradation of PMMA in 
nitrogen proceeds in three distinctive steps. The first (low temperature) is due to 
decomposition of relatively weak head-to-head linkages, the second to chain-end 
decomposition and the third to random scission within the polymer chain (29). 
In the present case degradation of PMMA in nitrogen (Fig. 2) follows a two-step 
process (the first step is absent). The onset of the two steps is at 322 and 380 °C, 
respectively. The FH nanocomposite appears to decompose also in two steps. 
The derivative shows that the extent of the two steps is reversed from the 
corresponding PMMA sample. At the same time, the second peak moves to a 
slightly higher temperature. In contrast, decomposition of the MMT 
nanocomposite follows a single step suggesting that only decomposition by 
random scission takes place. 

In contrast to nitrogen, oxygen suppresses the degradation of weak 
linkages at low temperatures but it enhances the degradation via random scission 
at higher temperatures for the pure PMMA. Similarly to the pure polymer the 
nanocomposites show one major decomposition step (Fig. 3). The onset 
decomposition of FH nanocomposite, however, commences a little earlier but it 
extends to somewhat higher temperatures than the pure PMMA. In contrast, 
MMT nanocomposites show a large suppression of decomposition compared to 
the pure polymer with the decomposition temperature increasing by about 50 °C. 
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Figure   2:    Thermogravimetric   traces   of   the   different   PMMA 
nanocomposites in nitrogen. 
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There are clearly differences between the two nanocomposites and the 
pure polymer. In addition, the thermal stability depends, if air or nitrogen is 
used. We are currently attempting to understand and delineate the factors 
contributing to this behavior. Nevertheless, the thermal stability of the polymer 
appears to increase in the nanocomposites. The above conclusion is corroborated 
by a simple burning test using a propane torch. PMMA burns out completely 
with significant dripping. In contrast, the nanocomposites experience no 
dripping during burning. Furthermore, the MMT nanocomposite self- 
extinguishes shortly after the flame is removed. The FH nanocomposite 
continues to burn but it forms a significant amount of char, which is 
characteristic of higher thermal stability. 

Solomon et al. has observed that clay minerals act as inhibitor for free 
radical polymerization specifically for PMMA (30). The clay minerals inhibit 
the free radical reactions by preferential absorption of the propagating or 
initiating radicals by the Lewis acids and then the reaction either gets terminated 
by dimerization or disproportionation or by formation of a carbonium ion by 
electron transfer from the radical to the Lewis acid site. The clay minerals 
usually made of aluminosilicates and minerals containing higher amount of 
aluminosilicates are more effective inhibitors. In the present case, MMT is an 
aluminosilicate while FH contains Mg in the octahedral layer (31). Thus, MMT 
contains Lewis acid sites but not FH. This might explain the different behavior 
between the two silicates, MMT and FH, in the nanocomposites. Recently, 
Gilman et.al. (32) also observed a difference in the flammability behavior of 
MMT and FH based nanocomposites. They reported that silicate layers 
reassemble into a multilayer char after the polymer burns away. The smaller 
MMT plates could reassemble easier compared to the larger size FH leading to 
differences in the thermal stability between the two nanocomposites. 

Finally dynamic mechanical analysis was used to measure the 
viscoelastic properties of the nanocomposites as a function of temperature. In 
this measurement the in-phase and out-of-phase components of the stress are 
measured while a sinusoidal strain is applied to the sample. From the in-phase 
and out-of-phase components the storage (E') and loss modulus (E"), 
respectively, can be calculated. The ratio E'VE' = tan8 is a measure of the energy 
lost to energy stored per cycle of deformation and has a maximum at thermal 
transitions. The DMA measurements of storage modulus, E', vs. temperature 
obtained for MMT and FH nanocomposites and pure PMMA are shown in 
Figure 4. An increase in Tg is evident for both MMT- and FH nanocomposites. 
In addition, the DMA data revealed an-order-of-magnitude in the rubbery 
plateau modulus for the MMT nanocomposite compared to the pure PMMA. 
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Interestingly, the increase in the rubbery plateau modulus is more significant in 
the MMT- than that in FH-based nanocomposite. This trend might reflect the 
differences in the amount of strongly interacting polymer (bound polymer) for 
the two nanocomposites. After extraction in chloroform at room temperature 
MMT retains 40 % polymer while only 7 % is left in FH. The much higher 
amount of bound polymer in MMT might act as potential crosslinks increasing 
the rubbery modulus to a greater extend. 
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Figure  4:   Dynamic  mechanical  analysis  plots  for  the  different  PMMA 
nanocomposites 

Table 2 contrasts the properties of MMT nanocomposites prepared by 
emulsion polymerization (PMMT) to those obtained by dispersion 
polymerization of AMMT-exchanged MMT (P50). Since the initiator is 
tethered to the silicate surface in the latter a significant amount of the PMMA 
chains are also tethered to the clay surface. The silent XRD corresponds to 
well-dispersed (exfoliated) nanocomposites. Both Tg and modulus in the 
rubbery plateau are higher from the corresponding nanocomposites prepared via 
emulsion polymerization. This probably reflects the amount of bound polymer 
being higher (82 vs. 40%) when AMMT is used as an initiator resulting in 
surface tethered PMMA chains. 



Table 2: Summary of Properties for Nanocomposites and PMMA 

Sample XRD 
Initial, 

nm 

XRD 
Final, 

nm 

DMA, 
Tg°C 

Bound 
Polymer 

Pure — - 109 — 
PMMT 11.1 Silent 122 40% 

P50 12.1 Silent 126 82% 

PMMT: nanocomposites prepared by emulsion polymerization 
P50: nanocomposites prepared by dispersion polymerization of AMMT- 

exchanged MMT 

Conclusion 
The synthesis of well-dispersed (exfoliated) PMMA nanocomposites via 
emulsion polymerization is described. The nanocomposites retain their 
transparency in the visible with the MMT nanocomposite showing considerable 
absorption of UV light. Thermal stability of the nanocomposites is enhanced as 
evidenced by TGA and a simple burning experiment. The storage modulus and 
Tg is increased significantly in the nanocomposites. The higher increase of the 
storage modulus in the rubbery regime of the MMT nanocomposite reflects the 
higher amount of bound polymer compared to the FH nanocomposite. End- 
tethering of PMMA to the silicate surface increases the amount of bound 
polymer and results in increases in both Tg and modulus in the rubbery plateau. 
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