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Abstract

Poly(e-caprolactone) (PCL) layered silicate nanohybrigsersynthesized by ring opening polymerizatios-of
caprolactone according to a well-controlled coaation-insertion mechanism. Montmorillonites wereface-
modified by non functional (trimethylhexadecylammaon) and hydroxy functional alkylammonium cations,
i.e., (2-hydroxyethyl)dimethylhexadecylammonium. The hoydr functions available at the clay surface were
activated into tin( or 1Iv) or Al(in) alkoxide initiators for lactone polymerizatiohus yielding surface-grafted
PCL chains. The surface-grafted PCL chains werevered by an ionic exchange reaction with lithiumodde
and they were analyzed by size exclusion chromapdgr. The PCL molar mass was measured as a furaftion
the hydroxy content of the clay that was moduldtg@xchanging the Na cations with mixtures of non-
functional and hydroxy functional ammonium catiarfglifferent compositions. Nanohybrids were also
characterized by small-angle X-ray diffractionneission electron microscopy and thermogravimdthg
PCL molar mass and the nanocomposite morpholiogyédxfoliation and/or intercalation) were readily tdrey
the content of the hydroxy groups available atdlhg surface. Surface-grafted aluminium trialkoxgpecies
proved highly efficient in initiating polymerizatiathat leads to PCL chains of controlled molar naass narrow
molecular weight distribution with polydispersitydices as low as 1.2.

INTRODUCTION

Polymer/clay nanocomposites represent a new cfasgierials that display improved mechanical (tiensi
modulus and strength) and rheological propertrerntal stability, flame retardancy and barriersisice, even
at low clay content (3 wt%), compared to converdigrolymer micro-composites filled with more thabh\2t%
particles? Smectite clays, such as montmorillonite, are esitesty used for this purpose, because of high aspec
ratios and large surface areas.Ieontmorillonite is a crystalline 2:1 layered miakwith a central alumina
octahedral sheet sandwiched between two silicahtetiral sheets. Thickness of the constitutive lEmdéca.

1 nm. Because of high hydrophilicity, native montithenite is hardly dispersed into traditional hgghobic
polymers. Substitution of hydrophobic onium ions;ls as ammoniums with at least one long alkyl gréop
the Nd (or C&") cations is beneficial to the formation of nanopamsites. A variety of polymer matrices,
includinge.g.nylon-62 polyimide;' epoxy> poly(propylenef, ethylene-vinyl acetate copolyméfsand
poly(ethylene oxide}have been filled by such organo-clays.

Melt intercalation’ andin situ polymerization are the most common techniquesHempreparation of
polymer/clay nanocompositésMelt intercalation consists of mixing clay with iten polymer. Irin situ
polymerization, the monomer is firstly intercalateithin the clay galleries and then polymerized oTextreme
structures are known for nanocomposites the intercalated structure in which a single polymenolayer is
sandwiched between the clay layers, whose spasimgiieased by a few nanometers, and the exfoliated
structure, which results from the complete delatmmeof the constitutive sheets and dispersion iwithe
polymer matrix. This fine dispersion usually prasédthe nanocomposite with the best properties.ahiboring
of an initiator to the interlayer organic catiorideal inin situ polymerization to form tethered polymer chains
and to exfoliate the clay layers. Huang and Britfgprepared nanocompositesibysituradical suspension and
emulsion polymerization of methylmethacrylate (MMA&)Jay modified by organic ammoniums bearing either
an azo or an acrylate group was used to tethgrdlyener chains. Zeng and 'deised a similar technique to
prepare nanocomposites inysitu bulk polymerization of MMA and styrene, in the pease of a cationic
surfactant containing a polymerizable group. Sagjadi X reported on thén situ controlled radical
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polymerization of styrene using a silicate-anchakaxyamine as a regulator. In all cases, exfediat
nanocomposites were collected.

Poly(e-caprolactone) (PCL) layered silicate nanocompsdgiteve the advantage adding biocompatibility and
biodegradability to the traditional properties ahlwcomposites. They can be preparedksitu ring-opening
polymerization ok-caprolactone in the presence of an organophidig, duch as organo-modified
montmorillonite. Messersmith and Giann&lissed montmorillonite exchanged with protonated
12-aminododecanoic acid and®Gexchanged fluorohectorite, a synthetic mica typsiliwate® Recently, a Sn-
based catalyst such as tippctoaté’ and dibutyltin(v) dimethoxidé® have been reported to efficiently promote
the polymerization of-caprolactone in the presence of organo-modifiagi<l

In this study, we aim at investigating further seeltalysts for grafting the PCL chains onto claydified by
onium salts bearing hydroxy groups with the purpafggreparing perfectly well tailored PCL/clay
nanocomposites. The effect of experimental paramesaech as the hydroxy functionality of the clayface or
the nature of the catalyst, on PCL molar mass agtjspersity, and on the exfoliation degree hasnbe
highlighted. Based on this study, we propose haheganditions that allow control of all the moleaul
parameters of the grafted polyester chaies,control over the grafting efficiency (quantitatigeafting),
grafting density (number of grafted chains peratefunit), length of the grafted polyester chains
(predetermined by the initial monomer-to-clay soefydroxy functions molar ratio), molecular weight
distribution (with a polydispersity index as narraw/1.2) and the extent of clay exfoliation/delaation.

EXPERIMENTAL
Materials

e-Caprolactone (Fluka) was dried over Gaiid distilled under reduced pressure prior to Tigethylaluminium
(AlEt3), bis(2-ethylhexanoic acid) tim) salt (tin(octoate), Sn(Og4} and dibutyltin dimethoxide (B&n(OMe))
were purchased from Fluka, Goldschmidt, and Aldrielspectively, and diluted with dried toluene. BJE
Sn(Oct) and BySn(OMe) solutions were stored in glass ampoules undevgetr atmosphere. The cation
exchange capacity (CEC) of the natural sodium morittonite (Cloisité® Na, Southern Clay products, Texas,
USA) was 92 meq per 100 g. The silicate layers We96 nm thick and 250 to 500 nm wide with an ilatger
distance of 0.25 nm. 1-lodohexadecane (994)-dimethylethanolamine (99%) and trimethylamine {@&%o
solution in ethanol) were purchased from Aldricldl arsed without purification.

Synthesis of ammonium cations

2-Hydroxyethyl(hexadecyl)dimethylammonium iodideHg,-(C1¢H33)N*(CH,CH,OH) was prepared by a
guaternization reaction as follows. 1-lodohexadeq@87 g, 0.011 mol) was dissolved in ethanol (1) and
reacted witiN,N-dimethylethanolamine (1.0 mL, 0.010 mol) at 70 820 h. After solvent evaporation, the
reaction product was precipitated in diethyl etiperjfied by recrystallization in acetone and rem®d as a
white powder that was dried under vacuum at amhémnperature for 24 h. Melting point: 86 “EGl-NMR
(CDCL): 0.9 ppm, CH; 1.2 to 1.4 ppm, (Chhz 1.8 ppm, N-CH-CH,; 3.4 ppm, (CH),N; 3.6 ppm, N-CH; 3.8
ppm, N-CH,CH,OH; 4.15 ppm, CEDH.

Hexadecyltrimethylammonium (GHN*(Cy¢H3s) iodide was similarly prepared by reaction of tlebexadecane
(3.87 g, 0.011 mol) with trimethylamine (2.94 mLQ00 mol) in 100 ml ethanol. It was purified by
recrystallization in ethanol (white powder). Metjipoint: 118 °C*H-NMR (CDCL): 0.9 ppm, CH 1.2to 1.4
ppm, (CH)12; 1.8 ppm, N-CH-CH,-CH,; 2.35 ppm, N-CHCHj; 3.4 ppm, (CH)2N; 3.55 ppm, N-CH

Preparation of organophilic clays

Cloisite” Na was intercalated by mixtures of monohydroxy amimm cation, (Ch),(CygHag)N*(CH,CH,OH)

and nonfunctional ammonium cations, (4N (C.¢Hs3), of various compositions. This co-intercalatign®

25, 50, 75 and 100% of a monohydroxy containing amiom iodide salt was performed in water at 85 A@ a
led to organo-clays coined montmorillonite (MMT)HECH,OH),, with x = 0, 25, 50, 75 and 100. The modified
clays were extensively washed with hot water adiécied by freeze-drying. The intercalated ammonium
compositions were determined frdm-NMR analysis of the aqueous solution left afteydntercalation.
Intercalated clays were analyzed by XRD, with thedb spacing increasing from 1.21 nm for Cloisité®to
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ca.1.90 nm for the organo-clays. The organic contéalldhe organo-modified montmorillonites was et
range of 18-24 wt% as determined by thermogravimatralysis (TGA, see Table 1).

Table 1 Modification of montmorillonite by mixtures of al&gnmonium and monohydroxylated ammonium:
XRD and TGA analyses

MMT-(CH,CH,OH), (OH contentx%) Diffraction peak/A Organic content (wt%8)
100 19.0 21.2
75 19.0 24.7
50 19.1 21.7
25 18.8 18.9
0 19.3 19.6

3Main peak in the small angle region (native monitumite (Cloisité® Na): 12.1 A)"TGA between 200 and 450 °C (under helium flow;
heating rate: 10 °C mih)

Polymerization procedureand PCL extraction

Nanocomposite preparation bysituintercalative preparation @fcaprolactone and consecutive PCL extraction
for characterization have been described elsewfi€elymerization reactions with AlEand BySn(OMe)

were allowed to proceed for 24 h at room tempeeatund with Sn(Ocg)for 24 h at 100 °C. All the samples

were characterized by a filler content expressati@amount of inorganic fraction (montmorilloniggers) in

the obtained nanocompositewt% inorganics).

Characterization

Size exclusion chromatography (SEC) was carriedroliHF at 35 °C with a Polymer Laboratory (PL)diq
chromatograph equipped with a refractive index deteand a set of three columns (a guard columgeP10
pum (50 x 7.5 mm) and two columns, PLgel mixed-Bub® (300 x 7.5 mm)) calibrated by PS standards.
Absolute molar masses were calculated by usindy/idmx-Houwink relationshipsy] = KM? for PS and PCL
(Kps=1.25 x 10fdLg™, aps= 0.707 Kpc, = 1.09 x 10°dLg?, apc, = 0.600). X-Ray diffraction (XRD) patterns
were recorded with a Siemens D500 diffractometestmet-like samples hot pressed at 100 °C. XRDwlata
collected by X-ray generator equipment (Cu;K= 0.15406 nm) between 1.5 and 25° of steps of 0.DERA
observations were performed with a Philips CM10paaptus using an acceleration voltage of 100 ktalttHin
sectiongca.80 nm) were cut at -130 °C from 3 mm thick hot-pegbplates with a Reichert-Jung Ultracut 3E,
FCA4E ultra-cryomicrotoméH-NMR spectra were recorded for solutions in CP@D mg per 0.6 mL) with a
Bruker AMX-300 apparatus.

RESULTSAND DISCUSSION
Preparation of organoclayswith a controlled content in hydroxy functions

As aforementioned;-caprolactone can be readily polymerized byitexidiv)-based catalysts in the presence of
organo-modified clay§"*®Interestingly, it has been observed that, whemrdwydgroups are made available on
the clay surface, the growing PCL chains remaifftggeonto the clay.

As an extension of these preliminary results, it warth investigating whether tir, tin(iv) or aluminium
alkoxides allow the control of both the molecularameters of the grafted PCL (molar masses, pqigdisty)
and the structure of the resulting hybrids (degfeexfoliation, density of graftingtc). For this purpose,
sodium montmorillonite has been co-intercalatedriytures of alkylammonium cations and monohydroteda
ammonium cations of different compositions,, the hexadecyltrimethylammonium cation (§4M"(C16H33)
and (2-hydroxyethyl)hexadecyldimethylammonium aaiGHs),(CieHz3)N*(CH,CH,OH). These cations have
been synthesized by quaternization of the paretiite amines by 1-iodohexadecane in ethanol (see
Experimental section). A similar strategy was rélyereported by Sogaét al,**who prepared PS/clay
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nanocomposites with a constant silicate contentRr®idhains of various length. Layered silicatesewer
accordingly intercalated by benzyltrimethylammonications, part of them bearing an alkoxyamine fiomgt
i.e.,a regulator for the styrene radical polymerization.

The molar compositions of the cation mixtures hlagen fixed at 0, 25, 50, 75 and 100% of the
monohydroxylated ammonium and designated as MMT,@EHOH),, with x representing the OH content.
The'H-NMR analysis of the aqueous solution of the aminnmrcations before and after the clay intercalation
allows us to check that the actual compositiorhefdo-intercalated ammonium cations correspontisetitial
composition. Clay intercalation has been confirragcKRD analysis, which shows that the interlayeacep
increases from 1.21 nm (for Cloisit&la) toca.1.90 nm for the organo-modified clay, whose orgauictent
(TGA) is close to 21 wt%. The main characteristiattires of the five organo-modified clays are disteTable
1.

Preparation of poly(e-caprolactone)/clay nanocomposites: effect of the inter calated ammonium cations on
the extent of clay exfoliation

The clays organo-modified with a controlled amoafrihydroxy functions were first used to test if thelar
mass of the clay surface-grafted PCL chains cgorédetermined whilst keeping the clay content comtsg.g.
3 wt%).

In a first series of experiments, tin(octoate was selected as the polymerization dotivithe organo-modified
clays were dispersed in liquidcaprolactone (3 wt% inorganics) and then Sn(Jgthonomer]/[Sn] = 300) was
added. After polymerization, the molar mass of Rels found to decrease with increasing contentef th
hydroxy groups available at the clay surface (T&léndeed, the molar mass is 56 000; 47 000 &P for
OH-deprived organo-modified clay and clay contajnti® and 100% monohydroxylated ammonium cations,
respectively.

This observation suggests, at least qualitativalgt polymerization is initiated by the surfacetaored hydroxy
groups activated in Smy alkoxides by reaction with Sn(Ogt} In the absence of monohydroxylated ammonium
cations, polymerization is initiated by residuabte impurities (water, silanoktc). Polymerization initiation on
the clay surface and the PCL growth in a "graftirggm” manner have a strong effect on the morpholufigihe
PCL/layered silicate nanocomposites. Fig. 1 shcn@s{¥RD patterns for PCL filled with MMT-(C}€H,OH),

(3 wt% inorganics). PCL is still able to crystadlim these compositions, as demonstrated by tlsepce of
diffraction peaks at@2= 21.4, 22.0 and 23.8°, which are characteristithef(110), (111) and (200) reflection
planes of the orthorhombic crystal structure of Pfaispectively’ The diffraction peak at lowangles, typical
of intercalated clay structures, disappears abytdeoxy content of the layered silicates and ttmesRCL
grafting density are increased (see insert in Eigwhich is expected for a transition from an ing&dated
structure to an exfoliated one. Extensive exfadiatbnly occurs when the silicate sheets are surfamdified by
more than 25 wt% monohydroxylated ammonium. Beloiw talue, partially intercalated/partially exfaéa
structures coexist, as assessed by a broad diffnasgntered ata.30 A (29 = 3°), instead ota. 19 A for the
ammonium-intercalated clay. These observationslamesupported by TEM. Fig. 2 shows TEM micrographs
for nanocomposites containing 3 wt% of inorganies MMT-(CH,CH,OH), with x = 100, 50 and 0%.
Individual clay platelets are randomly distributeithin PCL when the hydroxy content is 50% and kiglNo
aggregate is observed, in line with the extensikfeliation suggested by XRD. In the case of nonefionalized
ammonium X = 0; hexadecyltrimethylammonium), clay aggregatesvisible in the polymer matrix (Fig. 2c).
Only intercalation is observed by XRD analysis gneeement with the broad peak in the small angl®ore@a.

30 A).
These nanocomposites have been analyzed by TGAlas w

The thermograms in Fig. 3 show that the temperattvehich the degradation occurs decreases when the
hydroxy content is increased beyond 50%. Decrease of the PCL molar mass (from 47da@n to 28 000 for
x =50 and 100%, respectively) in nanocomposites witkxdoliated morphology can again explain this
observatiorf! For the other two samplés< 25 and 0%), no significant effect on the degrametemperature is
observed in spite of a higher molar mass for tladtgd PCL chains (Table 2). The intercalated stmgcof these
nanocomposites is responsible for this changeaemihl stability. At constant molar mass, exfoliastictures
impart higher thermal resistance because of a Gitasr dispersion.

In an additional series of experiments, dibutyttimethoxide (BuSn(OMe}) was substituted for Sn(Ogtyhile
using the same organo-modified clays MMT-(CH,OH), (3wt% of inorganics). Polymerization was carried



Published in: Journal of Materials Chemistry (20029l. 12, iss. 12, pp. 3528-3535
Status: Postprint (Author’s version)

out in bulk at room temperature, for 24 h, withm@homer]/[Sn] ratio = 300. SEC analysis data fer RCL
chains released by ion exchange are shown in Talilbe molar masses at different hydroxy conteimbsvsa
relatively constant value (molar masses range lmt@® 000 and 18 000 for all investigated samplds}
observation may appearpriori surprising. Contrary to Sn(Ogtdibutyltin dimethoxide is not only a catalyst
but it is also an initiator of polymerization thigtuits methoxide functions. Furthermore in the pneg of an
alcohol, a rapid exchange between tin alkoxide limdties) species and alcohol molecules is knoviake
place® Then, the propagating species (metal alkoxid&rigorarily converted into a dormant site throuug t
reaction with another alcohol molecule. Actuallisiimportant to mention the relatively high cortteftin(iv)
methoxide functions ([monomer]/[methoxide] = 150)pared to the clay hydroxy groups and the higiviact
of tin(1V) alkoxides for promoting intermoleculaiansesterification reactions. Therefore one maygeixp
relatively limited effect of the hydroxy content tre molecular weight of the PCL chains.

Similar to the previous series of nanocompositddDXFig. 4) and TEM (not reported here) show that t
organo-modified clay is completely exfoliated whbka hydroxy content is highx & 75 and 100%), whereas
intercalation mainly occurs at lower hydroxy congeft = 0 and 25). A difference can however be foundtier
MMT (CH,CH,OH), clay withx = 50%. Indeed, an intercalated morphology is okestwvhen the lactone
polymerization is initiated by B&n(OMe) (insert in Fig. 4), in contrast to complete exdtibn when the
polymerization is catalyzed by Sn(Ogtas observed by TEM (Fig. 2b). At that intermegliettain grafting
density, the molar mass of the PCL chains woulcladecisive effect, with a sufficiently high ch&ngth
being required for exfoliation to occuvlf = 47 000vs 18 000; entries 3 in Tables 2 and 3, respectjvely

Table 2 In situ polymerization of-caprolactone in the presence of MMT-(§&HH,OH), (3 wt% of inorganics)
and catalyzed by Sn(Og8t 100 °C for 24 h ([OH]/[Sn] = 300). Effect of threlative content of the hydroxy-
containing ammonium cations

MMT-(CH,CH,OH), Conversion M, /g mol* M,/M,
(OH contentx%o) (%)

100 93 28 000 1.8
75 96 36 500 1.8
50 97 47000 1.8
25 98 53 500 1.9

0 98 56000 2.0

®Molar mass in PCL equivalent.

Fig. 1 XRD patterns for PCL/MMT-(C}€H,OH), nanocomposites prepared in the presence of Sn(@dtect
of the content of monohydroxylated ammonium catises! in the Na exchange of native MMT : (A) x %0
(B) x = 75%, (C) x = 50%, (D) x = 25%, (E) x = 0%he insert shows a zoom of the low angle area BF)dor
curves (A), (C) and (E).
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Fig. 2 TEM images for the PCL/MMT-(GBH,OH), nanocomposites prepared in the presence of Sn{@gty
=100%, b) x =50%, c) x = 0 % (see Table 3).

Fig. 3 Temperature dependence of weight loss (underrditoai) for PCL-based nanocomposites filled with 3
wt% (relative of inorganics) of MMT-(CG&H,OH); :(A) x = 0%, (B) x = 25%, (C) x = 50%, (D) x = 75%E) x
= 100% and prepared by in situ polymerization cgrad by Sn(Ogt)
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Fig. 4 XRD patterns for the PCL/MMT-(GBH,OH), nanocomposites prepared in the presence of
Bu,Sn(OMe). Effect of the content of monohydroxylated amnrorgations used in the Na exchange of native
MMT: (A) x = 100%, (B) x = 75%, (C) x = 50%, (D)}*25%, (E) x = 0%. The insert shows a zoom of tve |
angle area (1 to 5°) for curves (A), (C) and (E).
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Table 3 In situ polymerization of-caprolactone initiated by B&n(OMe) in the presence of MMT-
(CH,CH,OH), (3 wt% of inorganics) at room temperature for 24@H]/[Sn] = 300). Effect of the hydroxy
content of the ammonium cations

MMT-(CH,CH,OH), Conversion M, /g mol™ M,/M,
(OH contentx%o) (%)

100 98 15 500 1.8
75 98 16 500 2.0
50 98 18 000 1.9
25 99 16 500 2.2

0 98 18 500 2.0

#Molar mass in PCL equivalent.

Preparation of poly(e-caprolactone)/clay nanocomposites: control of molar mass and molar mass
distribution

Although the experiments reported up to now hawshthat the length of the PCL chains could be rodliet,
the molar mass distribution is rather broktj M, ~ 2) as a result of side transesterification reastidinis
characteristic feature can however be improved&urby converting the surface hydroxy groups ittorénium
trialkoxides. The completely hydroxylated clay (MMTH,CH,OH), with x = 100 %) was derivatized into the
aluminium trialkoxide active species by reactiothslEt; ((OH]/[Al] = 3). Polymerization was carried out in
bulk at room temperature, with 3 wt% of inorgarfims24 h. The monomer conversion was 52%, and an
agreement between the theoretical molar mislgs=(19 800) and the experimental value (21 000y&ra
excellent attesting to the quantitative graftingthfn situformed PCL chains. In addition to this controisit
worthwhile pointing out that the molar mass disitibn is symmetrical and narrow with a polydisprandex
as low as 1.2. This improved control on the PCLeauolar parameters has prompted us to investigeattesfu
this polymerization-grafting reaction (for the dyasis of clay surface-grafted diblock copolyestkmsinstance)
as will be reported elsewhere.



Published in: Journal of Materials Chemistry (20029l. 12, iss. 12, pp. 3528-3535
Status: Postprint (Author’s version)

CONCLUSION

Poly(e-caprolactone)-grafted layered silicate nanohyhiiglge been prepared by intercalative polymerizadfon
g-caprolactone according to a controlled coordimatitsertion mechanism. For this purpose, montnuorite
has been modified by exchange of the constitutimecations by ammonium cations bearing one hydroxy
function, which are the precursors to aluminiuntiofil or Iv) alkoxides, all known to initiate the controlled
polymerization o&-CL. The constitutive silicate sheets have beewmliegly grafted by a predetermined
amount of PCL chains of a predictable molar masissanarrow molar mass distribution (in the casthefAl
trialkoxide species). The surface density of théroyy groups has been modulated by exchanging neixtof
non-functional alkylammonium and monohydroxylated@onium cations of known composition with the Na
cations. For a constant content of inorganics @)wthe molar mass of the PCL chains decreases thieen
actual content of the hydroxy groups is increagedhigh hydroxy content, X-ray diffraction and teanission
electron microscopy show the complete exfoliatibthe silicate sheets in the polyester layeredaid
nanohybrids. The thermal stability of these nanguosites is much higher than unfilled PCL or merely
intercalated montmorillonite (no chain grafting).
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