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Notes

Reinforcing and Toughening of Poly(vinyl chloride) stress and the tensile strength of PLLA were lowered. In this
with Double-Cs-End-Capped Polyf-butyl Note, we report the reinforcing and toughening of PVC by
methacrylate) double-Go-end-capped poly¢butyl methacrylate) (FPBMAF).
Poly(n-butyl methacrylate) (PBMA) has a low& (20 °C) than
Mian Wang,! K. P. Pramoda; and S. H. Goh*' PVC (82°C) and is miscible with PVC2! It is envisaged
. ) o . that while the softer PBMA chains may render ductility, the
g%%@gg‘;g”ég‘;Cshesq:aggbl'r\éaﬁggzgﬂ*gﬁgyl r?;t?rt]g%?me, Ceo aggregates offer stiffness and strength. As a result, PVC
! y Ol , itu
Materials Research and Engineering, National banisity of can be strengthened and toughened by FPBMAF.
Singapore, 3 Research Link, Singapore 117602 Experimental Section
Receied March 5, 2006 Materials. Cgo (purity 99.9%) was obtained from Peking
Revised Manuscript Receed April 28, 2006 University, China. PVC (inherent viscosity 1.02) and PBMA
_ (M,, = 288 000) were obtained from Aldrich-Butyl methacrylate
Introduction from Aldrich was passed through a column of aluminum oxide and

then distilled under vacuum before polymerization. CuBr (98%)

Additives are used to improve the properties of polymers. obtained from Aldrich was purified by stirring in acetic acid,

Plasticizers are often added to make a rigid and hard pOIVmerwashing with methanol, and then drying in a vacuumo!-

erX|b_It_e by lowering the modulus, tensile stre_ngth, a_nd glass Dibromoyp-xylene (DBX) was recrystallized fromhexane. Tetra-
transition temperatureT) of the polymer and increasing the  pyqgrofuran (THF) was distilled from sodium. Chlorobenzene was
ultimate strain. For example, plasticizers such as dioctyl distiled before use. 2'Bipyridyl (BPY), trimethysilyl azide,
phthalate or lowFy polymers such as polycarprolactone are tetrabutylammonium fluoride (TBAF) solution (1.0 M THF solu-
commonly added to poly(vinyl chloride) (PVC) to make it tion), and methanol were used as received.

flexible. On the other hand, the addition of reinforcing fillers Polymerization of n-Butyl Methacrylate. Double-bromine-
increases the modulus and strength but reduces the ultimatderminated PBMA was prepared by atom transfer radical polym-
strain and toughness (energy to break the polymer) of polymers.e”zat'on- A dry round-bottom fI._alsk containing BPY (139 mg, 0.894
For example, the incorporation of carbon nanotubes to a polymer ™Mol was evacuated and refilled with nitrogen, followed by the
enhances stiffness and strength but often reduces ultimate strai ddition of a mixture of dry THF (10 mL) anatbutyl methacrylate

. . . L, 31 1) which h | ith ni for 2
and toughnesk:® It is therefore a challenging task to find an rr?wzn b’e%remtzrs]g.) '\&vﬁ; de%isbs?r?S tk;;btbh?gev?rtee;ggg?tnhac\:\; 0

additive that can strengthen and also toughen a polymer. cycles, the reaction mixture was stirred fioh atroom temperature.
[60]Fullerene (Go) forms aggregates in benzene to a size of CuBr (42.7 mg, 0.298 mmol) and DBX (51.6 mg, 0.149 mmol)
about 600 nm in diametérCq, derivatives and g-containing were then added. After another degassing procedure, the flask was

polymers also form aggregates in solution and in solid $tdfe.  placed in an oil bath at 68C. After 24 h of reaction, the mixture
Similar to conventional surfactantsgdxontaining polymers  was cooled and diluted with dry THF, followed by precipitation in
form micelle-like core-shell aggregates with §g moieties as @ large amount of methanol. To remove residual catalyst, the
the core and the polymer chains as the shell. We have foundgﬁ%ﬁ:ﬁf%ﬁﬁ%?iﬂgj wirtw?rer;”Ig% Vt\’/g;"g;‘t'r‘;grt:é%‘fg:i (‘;"r:‘
tnhoatt i?rl]'l blﬁgo- ggg_g:ppgg poé¥(?é?t¥ I?gr? eoxé?(?g e(;: PEC())SZL’ sbsuets into methanol to afford double-bromine-terminated PBMA. The
9 o app Poly(ethy 1€), P molecular weight and the polydispersity of the polymer determined
outsta}ndlng mechanical propertiéhe aggregation of the@G by GPC are 60 000, and 1.2, respectively.
moieties in FPEOF Ieads to a network-like st.ructure. While the Synthesis of FPBMAF. FPBMAF (1.5 g, 0.0244 mmol) was
parent poly(ethylene oxide) is a waxy material, FPEOF can be converted to double-azide-terminated PBMA by reacting with
stretched to 6 times its original length and possesses shaperimethysilyl azide (9.73< 10-3mL, 0.0732 mmol) in THF solution
recovery ability. A combination of a doublesg&end-capped in the presence of TBAF (7.32 1072 mL, 0.0732 mmol) at room
polymer and a linear polymer forms a pseudo-semi-interpen- Femperature for 24 B2 Then the reac_tion mixt_ure was precipitatgd
etrating polymer network (pseudo-SIPN). We have studied the into methanol to afford double-azide-terminated PBMA which
mechanical properties of pseudo-SIPNs based on FPEOF and/nderwent cycloaddition with & in chlorobenzene for 24 h under
poly(methyl methacrylate) (PMMAY The incorporation of ~ 'eflux to afford FPBMAF.

; ) Fabrication of PVC/FPBMAF Pseudo-SIPNs PVC/FPBMAF
FPEOF increases the storage modulus and the Young's mOdUIu%seudo-SPNs were prepared by solution casting from THF.

of PMMA significantly. However, the tensile strength, the  n505rate amounts of PVC and FPBMAF were dissolved in THF
ultimate strain, and the toughness of PMMA are slightly (5 wt o) and stirred overnight at room temperature to obtain
reduced. A recent study by Inoue and co-workers showed thathomogeneous solutions. The solutions were then poured into Petri
the toughness of polyflactic acid) (PLLA) was dramatically ~ dishes, and the solvent was allowed to evaporate slowly. The
improved by the incorporation of FPEGfFHowever, the yield resulting films were then dried in a vacuum oven at°@for 2
weeks before characterization. Two pseudo-SIPNs were prepared.
Their effective Go contents are 0.06 and 0.1 wt %, and they are

* To whom correspondence should be addressed: e-mail chmgohsh h .
P 9 @deS|gnated as samples A and B, respectively.
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Scheme 1. Synthesis Procedure of Doublesg&End-Capped PBMA

CuBr/b —Si
BMA Py Br—-PBMA-Br m N3-PBMA-N; &, Cg0-PBMA-Cg
DBX/THF TBAF /THF

made using a TA Instruments DMA2980 dynamic mechanical  The tensile strength of FPBMAF is 240% higher than that
analyzer under nitrogen using a heating rate 6€3min™* and a of PBMA. The ultimate strain of PBMA is slightly decreased
frequency of 1 Hz. upon the end-capping withgg The toughness of PBMA (the
The tensile properties of materials (the same dimension as thosearea under the stresstrain curve) increases dramatically by
used in DMA measurements) were measured using an Instron modeh ggo4. Therefore, the end-capping of PBMA with@roduces

3345 mechanical tester at room temperature. The strain rate Was 2, gitfor stronger, and tougher material. The strassin curves
im1 ) I} .
mm mirrt under a load of 1 kN. At least three measurements were of FPBMAF and PBMA are available in the Supporting

made for each sample. !
Information.

High-resolution TEM (JEOL JEM 3010F, 300 kV) was used to . . .
obtain transmission electron micrographs. Microfilms (100 nm in __'ne dynamic mechanical properties of PVC and PVC/
thickness) were backed on 200 mesh copper grid coated with FPBMAF pseudo-SIPNs are shown in Figures 3 and 4. The

carbon. incorporation of FPBMAF (& content of 0.06 wt %) increases
the storage modulus of PVC by nearly 30%. Furthermore,
Results and Discussion FPBMAF has a larger effect in raising the modulus at high

temperatures. For example, the storage modulus of FPBMAF
(Ceo content of 0.1 wt %) is about twice as that of PVC at
65 °C. This dramatic increase in modulus is ascribed to the
pseudo-network structure formed bys@ggregates in the PVC
matrix. It has been found that FPEOF can form cesbell
aggregates in solutions withg&in the core and PEO in the
. . shell? Furthermore, FPEOF forms a pseudo-semi-interpene-
Figures 1 and 2 compare the storage moduli an@taurves_ trating network with PMMAL’ This network structure is
.Of FPBMAF and PBMA..The'storage modulus of PBMA is responsible for the dramatic increases in strength and modulus
increased upon end-capping witgiCThe network-like structure ¢ pyiviA “For PVC/FPBMAF pseudo-SIPNS fabricated from
of FPBMAF also enables the polymer to retain its modulus at THF, the Go aggregates can be observed with high-resolution

higher temperatures. For example, the storage modulus of e ; ;
FPBMAF at 20°C is more than double that of PBMA. As TEMas shown in Figure 5. The size ofdaggregates is about

The synthesis procedure of doublgs@&nd-capped PBMA
is shown in Scheme 1. The molecular weight and polydispersity
of Br—PBMA—Br measured by GPC are 60000, and 1.2,
respectively. The g content of FPBMAF is 2.12 wt %
determined by thermogravimetry, and this is in good agreement
with the theoretical value of 2.34 wt %.

compared to PBMA, th&, of FPBMAF, as indicated by the 3000
maximum of tand peak, is about 5°C higher. The &
aggregates serve as cross-links to restrict the segmental motions 2500 1% N
of the polymer chains, and hendg increases. o bo, Xy
= 20004 o, "x_
S [ o
3000 o u, oo x,
= 1500 . %o x
—_ =] - o x
& 2500 3 - o x
= < 1000+ R
& 2000 . o x
2 % " [ ] ° OX X
3 1500 @ 500 S
£ S EET RS
© 1000 n 01 e
S 500 40 60 80
@ Temperature (°C)
0F
Figure 3. Storage moduli of PVCH) and PVC/FPBMAF pseudo-

-100 -80 60 -40 20 0 20 40 60 SIPNs: sample AQ); sample B ).
Temperature (°C)

Figure 1. Storage moduli of PBMAN) and FPBMAF {).
1.6 o
0.4 . 0%%%0
_"- © = o oo X|
1.2} N ® . o xR g
[N '- A (m) - °, X "am
© -2 . 4 .
% 0 8 L AA ¢ E L O)(O><
(=] “r .y - 0.24 . oX
c LN » = >?X
S l- . [ ] " >O>p
A - >0
0.4+ -:AA a" >6>©
.A >6
M Uyamé%é
0.0F 0.0 T T
, . . ) ) 40 60 80
-20 0 20 40 60 80 Temperaure (°C)
Temperature (°C) Figure 4. Tan 6 of PVC @) and PVC/FPBMAF pseudo-SIPNs:
Figure 2. Tano of PBMA (H) and FPBMAF {). sample A O); sample B ).

Ccbv



4934 Notes Macromolecules, Vol. 39, No. 14, 2006
Table 1. Mechanical Properties of PVC and Pseudo-SIPNs
effective Go tensile strength yield stress ultimate strain Young's modulus toughness
sample content (wt %) (MPa) (MPa) (mm/mm) (MPa) (MJ/md)a
PVC 0 36.3 49.2 1.08 1470 39.7
A 0.06 42.4 57.5 0.903 1570 38.1
B 0.1 47.9 61.0 1.34 1680 61.8

a Area under the stresstrain curve.

Figure 5. TEM micrograph of PVC/FPBMAF pseudo-SIPN
sample A.

80—90 nm in diameter. For pseudo-SIPN based on FPEOF

(My, of PEO= 12 000) and PMMA, the size ofdgaggregates
is in the range 58150 nm?’

The tensile properties of PVC and the two pseudo-SIPNs are ()

summarized in Table 1. For the PVC/FPBMAF pseudo-SIPN
containing 0.1% &, the tensile strength, the Young’s modulus,

the yield stress, the ultimate strain, and the toughness are
increased simultaneously as compared to those of pure PVC. |
is of interest to compare the reinforcing and toughening effect

of FPBMAF on PVC with those of nano-Ca@G@nd carbon
black reported in recent literatufé.2> For PVC reinforced with
3 wt % of carbon black (average diameter 30 nm), the yield

previous studies and that of Inoue and co-workers, doulkde-C
end-capped polymers are useful additives to modify the me-
chanical properties of other polymers.

In conclusion, the end-capping of PBMA withg£has
resulted in a significant improvement in dynamic mechanical
and tensile properties. Pseudo-SIPN based on FPBMAF and
PVC with a low Go content of 0.1 wt % is stronger and tougher
than PVC. FPBMAF is a more effective filler for PVC than
carbon black and nano-CaGO
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