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ABSTRACT

Most inorganic nucleating agents for poly(ethylézrephthalate) (PET) have limited nucleating ailit
due to poor compatibility with PET. Polyhedral aligeric silsesquioxanes (POSS) is a type of cage-
shaped organic/inorganic hybrid nanoparticles witkee different particle sizes: octamerig)(T
decameric (To), and dodecameric (3). POSS is considered as a promising nucleatingtdge PET
because the inorganic moieties contribute to Higihrhal stability and nucleation and the organic
moieties can be tethered to PET chains. In contwaki POSS, the nucleation ability of,IPOSS for
PET has been poorly reported. In this study, owlyeynthesized aminopropyl functionalizeg, T
POSS (A-POSS) is proposed as a potential nucleagiegt for PET. The amine group of A-POSS is
able to be chemically conjugated to PET chainsgthegiving a more homogeneous dispersionef T
POSS in PET than non-functional,Phenyl POSS (N-POSS). Its PET composites gaveZafeltl
higher crystallization temperature and ~2.7 folghleir shear-induced crystallization rate over présti
PET. Such nucleating effects for PET is more eiffedhan those of non-functiona},JPOSS and the
more widely studied JPOSS. This strategy is potentially beneficialtfoe high-shear melt processes of

PET such as spinning and film extrusion.
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1. Introduction

Poly(ethylene terephthalate) (PET) is a versatdmmercial thermoplastic polymer [1, 2], widely
seen in everyday life as plastic bottles or comtanfor foods or as fibrous clothing. PET is melt-
processed through injection molding and extrusilmvibmolding to obtain desired forms such as films
and fibers, exhibiting exceptional processabilitiowever, despite these advantages, the low
crystallization rate of PET leads to the post-dtage of products, retardation of melt process rate,
consequently leading to a decrease in mechaniopkepties [1, 2].

To increase crystallization rate, PET is commontypatymerized or blended with poly(butylene
terephthalate) (PBT) [3, 4]. However the use oflibégylated form generally compromises thermal and
mechanical properties. Alternative strategies hamtailed the introduction of nucleating agents to
increase the crystallization rate of PET. Howeweganic chemical-based nucleating agents suffen fro
thermal degradation in PET melts as processing ¢eatyres above the high melting point of ~250 °C
[5] are often too high for organics. Inorganic npaxicles such as nano-clay, carbon nanotubes, and
nano-silica possess a high potential as nucleagants for PET composite because they improve the
mechanical and thermal properties of PET [2, 8®jwever, the critical issue about utilizing inorgan
nucleating agents is their poor dispersion in PiEsTeffects in increasing the crystallization rateve
proved modest [2].

Polyhedral oligomeric silsesquioxane (POSS) is agamic/inorganic hybrid nanoparticle and a
potential nucleating agent for PET. POSS contaihasic polyhedral Si-O nano-structured cage with a
ratio of Si:O of 1:1.5. ¢, T1o, and T2 POSS have 8, 10, or 12 Si atoms located at theecaf the
cages, to which 8, 10, or 12 organic groups aech#d respectively(g. 1a.) [9-11]. POSS withstands
the high melting temperature of PET due to the @ecand the organic moieties of POSS can be
chemically conjugated to the carboxylic acid of P&hRins during melt process [12-14} FOSS has
been highly reported to improve the crystallizatrate of PET [10, 12, 13]. However, different tymés

Tg POSS have respective disadvantages as a fillBEGT The addition of epoxy functionaf POSS
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increases the viscosity of PET, which possibly ddgs the processability [14]. The addition of open
cage | POSS rather retards the crystallization rate, towethe crystallization temperature of PET
during the cooling trace after melting [12}., POSS has been poorly studied as the filler of FHs,
it is worth to study the effects 0f JPOSS on PET crystallization.

In this study, the effects ofi7POSS and its amine functional group on the criysaéilon behavior of
PET were investigated, where in-depth charactéozatwere also carried out to investigate the &ffec
of chemical conjugation between,IPOSS and PET on the homogeneity and rheologicglepties of

PET/T12, POSS composites.

2. Experimental

2.1. Materials

PET was provided by SK Chemicals (SKY PET BL, SKe@lircal, Korea). According to the material
information of SK Chemicals, its melt viscosity2a5 °C under the shear rate of 10,000ss670 poise.
Phenyltrimethoxysilane (Gelest, 98%), 3-aminopropykthoxysilane (Gelest, 98%), and
tetrahydrofuran (J.T. Baker, HPLC grade) were vaculistilled prior to use. ¥COs; (Sigma Aldrich,

99.999%) was dried at 4@ under vacuum prior to use. All other solventsaugsed as received.

2.2 Synthesis of A-POSS and N-POSS

In our previous work, the facile high-yield syntlsesf T;, POSS under mildly basic aqueous conditions
at room temperature was reported [15, T@Jo types of T, POSS were synthesized using a modified
literature procedure{g. 1a.): amine-functionalized 1 POSS (A-POSS) and dodecaphenydhenyl
POSS (non-reactive POSS; N-POSS) [15, 16]. In acaypexperiment, a solution of potassium
carbonate (0.04 g, 0.29 mmol) dissolved in distilleater (4.8 g, 0.27 mol) with 80 g of tetrahydafu
(THF) was prepared. To this solution, a mixturepbenyltrimethoxysilane (11.9 g, 60 mmol) and/or
either 3-aminopropyltrimethoxysilane (1.79 g, 10 oinwas added all at once. The reaction mixture

was stirred vigorously at room temperature for 72. The volatiles were rotary-evaporated under
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vacuum and precipitated in freshly distilled wateobtain a white, semi-crystalline powder, whicaswv
dried under vacuum at 40 °C overnight. The obtaipediders were recrystallized in a 9/1 vol/vol
THF/Acetonitrile solvent mixture to yield fine cigds. (12 g, 80% yield). The main structures oframi
functionalized T, POSS is suggested kig. 1. The A-POSS has two amine groups on average,hend t
position of the amine groups in the A-POSS is utag Matrix-assisted laser desorption/ionization
(MALDI-TOF) for N-POSS and A-POSS gave m/z 1630 [RD1.08) and m/z 1550 (PDI = 1.08),
respectively. A-POSSH NMR ((CD5);S0)6=0.4 (t, 2H),6=1.3 (m, 2H),6=2.7 (t, 2H),6=6.5-8.0 (m,
35H). N-POSSH NMR (THF-d8) 6=7.4 (t, 1H),5=7.2 (t, 2H),5=7.1 (d, 2H)M, = 1,300, PDI = 1.10
(A-POSS);M, = 1,300, PDI = 1.06 (N-POSS). In our previous repilute solution small-angle X-ray
scattering (SAXS) and microscopic analysis fgs FOSS were unable to give its particle size because
the size of T12 POSS is too small [16]. Howeveypacal size of T, POSS is estimated to have 1-3 nm
in consideration of the bond length of Si-O and €LZ]. Supplementary information includes Fourier-

transform infrared spectroscopy (FT-IR) data of @SS and N-POSS-(g. S1.) [15, 16].

2.3. Characterization

X-ray photoelectron spectroscopy (XPS) studies wmegformed with PHI 5800 ESCA system
(Physical Electronics, Chanhassen, MN, USA) at 2R1drr with a monochromatic Al & (1486.6 eV)
anode (250W, 10kV, 27mA). Onset melting temperatgiass transition temperature (T and
crystallization temperature were investigated ordiffierential scanning calorimeter (DSC) (TA
Instrument DSC model Q20, New Castle, DE, USA). Shecimens were heated up to 300 °C at a
heating rate of 20 °C/min, held in the molten sfates min, then cooled down to 30 °C at a cooliatp
of 10 °C/min in nitrogen atmosphere. Rheologicalperties were measured by an advanced rheometric
expansion system (TA Instrument, New Castle, DEAJJ®arallel plate geometry with a diameter of
25 mm was employed in an oscillatory mode. Theeplgp and strain level were 1 mm and 10%,
respectively. To determine shear-induced crystlln time, the fully melted samples were cooled

down to 220 °C, and then the time dependent dynatoiage modulus of the samples were measured
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with the angular frequencyof of 0.5 at 220 °C. The specimen was melted at ZBMhetween the
parallel plates and the excess flushed-out sampiegigap-setting was trimmed off. Frequency sweep
measurements were conducted at 280 °C. The Simimpping image of PET composites surfaces were
obtained using a field emission electron probe oainalyzer (FE-EPMA) (JXA-8500F, JEOL, Tokyo,
Japan). MALDI-TOF MS data were obtained using a480ALDI-TOF/TOF analyzer (Voyager DE
STR workstation, Applied Biosystems) with dithrarasid NaCl mixture as the matrix and ionization
dopant, respectively. The spectra were recordetgusgiear ion mode irradiated under high vacuum.
Wide angle X-ray scattering analysis (WAXS) was dueted with a Rigaku, ATX-G high resolution
diffractometer employing Ni-filtered Cu K radiatioBried sample films were mounted on an aluminum
sample holder, and scanning angle was varied fram 5 at a scanning rate of/fin. All spectra

were measured at ambient temperature.

2.4. Fabrication of PET/POSS Composites

The two types of PETAE POSS composites were prepared using A-POSS or SEBPRET and b
POSS were dried at 80 °C for 24 h and tumbledbag then followed by melt-compounding in an
internal mixer (Haake Rheomix-600, Leawood, KS, &% 5 min at 280 °C at a rotor speed of 50
rpm. The samples were cryogenically ground inte filowder, then the powder was melt-processed to

films using hot pressing molding. The samples ited inTable 1.

3. Results and Discussion
3.1. Conjugation of functionality between PET and POSS

The amine group of A-POSS reacts with the carboxgcid of PET. Thus, the A-POSS was
chemically conjugated to PET chains. The chemigattion between A-POSS and PET i.e. amide bond
formation was characterized by XPHd. 1b.). The carbon (C) 1s XPS spectrum of PET showed fou
distinctive peaks. The main peak at ~284.7 eV sigagd to the C-C/C-H of terephthalate rings, the

peak at ~286.4 eV assigned to tliH--O of ester, the peak at ~288.6 eV is assignedde)-O of
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ester and carboxylic acid, and the weak peak afL428V is due to tha-n* shake-up transition of
terephthalate rings [18, 19]. The C 1s XPS specifirA05 shows the decreased peak at ~288.6 eV
compared to that of PET probably due to the chdnsmajugation between the carboxylic acid of PET
and the amine of A-POSS. The nitrogen (N) speciofits-POSS gives a sharp and narrow peak that is
a sign of RN-H, (amine) [16, 18]. The amine peak in the N spectairA05 was broader than that of

PET and shifted to lower energy level probably ttuthe formation of RNH-(C=0) [19].

Table. 1. Sample list of PET and PETAPOSS composites.

Fig. 1. Schematic illustration of (a) non-reactive, (b)iaeafunctionalized T, POSS (A-POSS), and
(c) conjugation reaction between PET and A-POSSXRE C 1s spectra of PET and A0O5 composite. (e)

XPS N 1s spectra of A-POSS and AO5 composite.

Moreover, the T, POSS dispersibility in PET was evaluated by thessisectional silicon (Si) FE-
EPMA mapping imagesF{g. 2.). While the A-POSS nanoparticles were well-dispdren the A05
composite, 5-1Qum sized N-POSS aggregates were observed in thecN@fposites. These results
suggest that A-POSS gives higher dispersibilityPlBT than N-POSS due to the amide conjugation

reaction [20].

Fig. 2. FE-EPMA Si mapping images of PET(IPOSS composites: (a) A05 and (b) NO5.

Also, these results are supported by wide angleyXgcattering (WAXS) patterng=ig. S2.). The
WAXS pattern of N10 shows prominent peaks at aro28¥8°, which are found not in the pattern of
pristine PET but in the patterns of N-POSS and ABOHowever, the pattern of A10 shows almost

negligible peaks at aroun®-28°. The results imply that A-POSS possibly has higtigpersibility with
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PET matrix than N-POSS [12, 13]. Meanwhile, theeothll peaks of both A-POSS and N-POSS
composites with the range of 10 to 50° correspoitd thiose of pristine PET, suggesting that the two

different T, POSS do not affect PET crystal structure.

3.2. Thermal properties of PET composites

The effects of the chemically conjugated A-POSShenthermal properties of PET were investigated
by DSC Fig. 3. And Fig. S3.). The crystallization temperature and heat of taljigation of PET and
PET composites were obtained during the coolingeti@ig. 3a, b.). Pristine PET has a crystallization
temperature of approximately 141 °C. As shown, éffects of N-POSS and A-POSS incorporation
increased the crystallization temperature of PETtaup165 and ~176 °C, respectively. These results
suggest that ;5 POSS plays a role of nucleating agent and the idadlgnconjugated A-POSS forms
more well-dispersed nuclei in the PET matrix. Moo our T, POSS was more effective as
nucleating agent for PET than POSS, which shows an approximate 5 °C fall or 6Q3ise in the
crystallization temperature [12, 13, 21]. This vedisibuted to the fact that;7POSS particles are more
poorly packed with each other thap HOSS particles becausg, POSS particles have lower symmetry
Tg POSS particles [22, 23]. Thereforg, TPOSS gives greater interfacial area with PET where
heterogonous nucleation occurs. In addition, thet bé crystallization data showed a similar tengenc
with the crystallization temperature, ag POSS-induced nuclei increased the crystallinitP 6 .

The Ty and onset melting temperature of PET composite® wbtained during the second heating
trace Fig. 3c, d.). Ty increases with the content of,IPOSS because the inorganic nanoparticles restrict
the molecular motion of PET chain ends. The A-PO©&8posites showed higheg Falues over the N-
POSS composites due to the relatively more homagendispersion of the A-POSS particles. Onset
melting temperature decreases with the contentlandispersibility of T, POSS probably because of

the decreased crystal size [13, 21].
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Fig. 3. (a) Crystallization temperature and (b) heat gktllization of A-POSS and N-POSS PET
composites during the cooling trace. (c) Glasssitem temperature @) and (d) onset melting
temperature of A-POSS and N-POSS PET compositasgitite second heating trace. The data were
obtained using a differential scanning calorimésC). The data of triple samples represent mean +

standard deviation.

3.3. Dynamic crystallization rate of PET composites

To evaluate the effects of the chemically conjudaePOSS on the crystallization rate of PET within
a melt spinning process and an injection procdss,shear-induced crystallization time of the PET
composites were measured by dynamic rheologicakumements. The samples were fully melted at
280 °C, then time sweep measurements were condacezdhe angular frequencg)(of 0.5 at 220 °C
under inert nitrogen atmosphere. In the generdin@- plot of PET composites, the G' gradually
increases with time and saturates when the crigstadin reaches an equilibriurki@. 4a.) [21]. The
shear-induced crystallization time was determingthle time difference between the abrupt G' ineeas
and the level-off point. The addition 0f,IPOSS decreases the shear-induced crystallizatnenup to
~34% of that of pristine PET, supporting the notibat T;, POSS is a more effective nucleating agent
for PET than § POSS which decreases the shear-induced crystalhzame up to ~60% of that of
pristine PET [21]. The A-POSS composites have shatear-induced crystallization time than the N-
POSS composites. The shear-induced crystallizainoa of the A-POSS composite reaches saturation
at <0.5 wt. %, while that of the N-POSS composgesdually decreases with the,TPOSS content in
the examine regior~(g. 4b.). These results are probably because the weledisp A-POSS induces a
higher number of the collisions between the nuatel the polymer chain [24]. Thus, the addition ef A
POSS may effectively reduce the post-shrinkageEoi products and the retardation of PET molding

process over N-POSS.
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Fig. 4. (&) Dynamic storage modulus (G') versus time oflf Riemposite melts over the angular
frequency ¢) of 0.5 at 220 °C. (b) Shear-induced crystallimatiime (or dynamic crystallization time)
of PET composites at 220 °C. The data of triple @amrepresent mean + standard deviation with

statistical significance [* p < 0.05, not significadNS) p > 0.05 ; unpaired t-test).

3.4. Tensile properties of PET composites

To evaluate the effects of the chemically conjuga®ePOSS on the mechanical properties of PET, the
tensile properties of the PET composites were nmieddliable 2). It was found that the addition of I
POSS increases the Young’'s modulus and tensilegibre@lue to the increased crystallinity. Moreover,
the A-POSS composites showed higher Young’'s maahdi tensile strength values than the N-POSS

composites because of the higher crystallinity aetlinucleating effect.

Table. 2. Tensile mechanical properties of PET, A15, and.NItte data of triple samples represent

mean * standard deviation.

3.5. Rheological properties of PET composite melts

To evaluate the melt processing stability of tlE& Romposites, the rheological properties of PET an
their composites with ;f POSS were examined at 280 °C. The dynamic viscdgi)-angular
frequency @) plots of the melted PET, A15, and N15 are preskitFig. 5a. While the A15 shows a
more comparabl®' pattern with pristine PET in the examinedrange, the N15 shows the highgr
pattern than the pristine PET in the lowrange. It suggests that the aggregation of N-P@8#cles
interrupts the smooth flow of PET melt [21, 25].€Tlmear master curve of G' versus loss modulu$ (G"
logarithmic plots i.e. Cole-Cole plot indicates@ogeneous and isotropic polymer méeiy 5b.) [21,

25]. The Cole-Cole plot of A15 gives relatively descattering of data points to that of PET, while t
plot of N15 gives the notable deviation of datanp®iand data slopes compared with that of PET. The

tendency of they' and Cole-Cole plots suggests that the A-POSSciemthas little effect on the

1C



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

homogeneity of the system probably due to the legrele of aggregation. However, the incorporation
N-POSS into PET gives a considerable increasedrdégree of heterogeneity of the PET melt system
due to the aggregation of N-POSS. It suggeststhigathemical conjugation between PET and POSS

could improve the melt processing stability of PEDSS composites [26].

Fig. 5. (a) The complex viscosity)() versus angular frequenay)(plots of PET composite melts at 280

°C. (b) The linear master curve of storage moduliis\ersus loss modulus (G") logarithmic plots.

4. Conclusions

An aminopropyl functionalized 1} POSS (A-POSS) has been studied as a nucleatimg fgePET in
comparison with a type of non-functional fully plyesubstituted T, POSS (N-POSS) and previously
reported T POSS. The aminopropyl groups of A-POSS allowedcfmmically conjugation to the PET
chains, giving a more homogeneous dispersion in RETrix than that of N-POSS. Moreover, the
addition of A-POSS functioned to increase crystation temperature and the shear-induced
crystallization rate of PET than N-POSS and presfipueported § POSS. In addition, A-POSS
improved the thermal and tensile properties of RETerms of §, Young's modulus, and tensile
strength. Rheological studies revealed that theQS® has less effect on the homogeneity of PET melt

within melt processes than non-functiongd POSS due to the reduced particle aggregation.
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a. Non-reactive POSS (N-POSS) b. Amine-functionalized POSS (A-POSS)
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c. Conjugation between PET and A-POSS
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Fig. 1. Schematic illustration of (a) non-reactive, (b)iaeafunctionalized T, POSS (A-POSS), and (c)
conjugation reaction between PET and A-POSS. (d} XP1s spectra of PET and AO5 composite. (e)

XPS N 1s spectra of A-POSS and AO5 composite.
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Table 1. Sample list of PET and PET/APOSS composites.

Code name PET wt. % A-POSS wt. % N-POSS wt. %
PET 100 0 0
AO05 99.5 0.5 0
Al10 99 1 0
Al5 98.5 15 0
NO5 99.5 0 0.5
N10 99 0 1
N15 98.5 0 15
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Fig. 2. FE-EPMA Si mapping images of PET/IPOSS composites: (a) A05 and (b) NO5.
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Fig. 3. (a) Crystallization temperature and (b) heat ofstallization of A-POSS and N-POSS PET
composites during the cooling trace. (c) Glasssitem temperature @) and (d) onset melting
temperature of A-POSS and N-POSS PET compositeésgitite second heating trace. The data were
obtained using a differential scanning calorimé®yC). The data of triple samples represent mean *

standard deviation.

19



Code name Young’s modulus (GPa) Tensile strenga(M

PET 22+0.1 921+21
Al5 29+0.2 109.9+1.6
N15 24+0.1 101.3+2.2

Table 2. Tensile mechanical properties of PET, A15, and .Nite data of triple samples represent

mean * standard deviation.
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Fig. 4. (a) Dynamic storage modulus (G') versus time off REBmposite melts over the angular
frequency @) of 0.5 at 220°C. (b) Shear-induced crystallizatione (or dynamic crystallization time)
of PET composites at 220 °C. The data of triple @amrepresent mean + standard deviation with

statistical significance [* p < 0.05, not signifidadNS) p > 0.05; unpaired t-test).
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