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Abstract
Ionic coupling of bacterial poly(-glutamic acid) (PGGA) with alkyltrimethylphosphonium surfactants has been reported to render comb-like PGGA complexes with a biphasic layered structure displaying periodicity at nanoscopic scale. In this work, nanocomposites made of PGGA and montmorillonite, and covering a wide variety of compositions, were prepared by using either dodecyl- or eicosyl-trimethylphosphonium surfactant as a third component with a double purpose, i.e. ionic complexation of PGGA and organo-modification of the nanoclay. TGA analysis ascertained the compositions of these three-component nanocomposites and evidenced their excellent thermal stability. The nanocomposite structure with PGGA and clay more or less intercalated according to composition and thermal history was evidenced by both XRD and TEM. Simultaneous thermal SAXS/WAXS analysis at real time revealed extensive intermixing of the two phases that became notably enhanced by heating treatment. Thermal transitions characteristic of the surfactant-PGGA complex were not significantly altered in the nanocomposites, but elastic moduli and strength to yield were found to increase proportionally to the content of clay. 
Introduction
	Poly(-glutamic acid) (PGGA or -PGA) (Scheme 1) is an emerging biopolymer of great interest because its multiple potential applications in the food, biomedical, healthcare and water-treatment fields.[1,2] PGGA has been subjected to diverse chemical modifications with the main purpose of obtaining materials with better processing properties.[3] Coupling  of PGGA with quaternary alkylammonium or alkylphosphonium surfactants leading to stoichiometric or nearly stoichiometric ionic complexes with a comb-like molecular architecture has been the approach chosen reiteratively by us for such purpose.[4-6] These complexes are well stable to heat, water-resistant, and soluble in organic compounds, but their mechanical properties need to be improved if they are intended to be used in active packaging or coating applications.[7] Addition of small amounts of nanoclays to a polymer is an attractive way of doing to improve its physical properties.[8,9] The efficacy of this technique is critically determined by the compatibility of the two components.[10,11]   Modification of either the polymer or the clay is the strategy commonly applied to improve compatibility and attaining therefore successful results.[12,13] Ion-exchange of pristine clays with quaternary tetraalkylammonium salts is the method commonly preferred to render organoclays suitable for extensive intercalation with relatively hydrophobic polymers.[14,15] 





Scheme 1. Chemical structure of poly(-glutamic acid) and the trimethylalkylphosphonium bromides (nATMP·Br) used in this work.

	Several polyglutamic-based nanocomposites of different nature and prepared by different techniques have been reported in the recent literature. PGGA/silica nanocomposite with interest for bone regeneration[16] as well as POSS/gelatin-PGGA hydrogel with mechanical properties suitable for soft tissue engineering[17]   are  examples of hybrid materials made of PGGA that have been examined for their potential as biomaterials. Layered double hydroxides based nanocomposites of PGGA[18] were successfully prepared by the anion exchange method. It has been demonstrated that the layered structure was preserved in these nanocomposites with barely changes concerning dehydration and contraction of the interlayer distances.[19] However, nanocomposites made of polyglutamic acid and laminar nanoclays are scarce. To our knowledge, nanocomposites made of PGGA and Cloisite 30B  is the only case of nanocomposites based on laminar silicates that is found in the accessible literature.[20,21]  These nanocomposites were made of PGGA and Cloisite 30B with the polyacid previously coupled with alkyltrimethylammonium surfactants (nATMA).[20,21] nATMA·PGGA·CL30B nanocomposites displayed improved mechanical properties, in particular for certain specific compositions at which an exfoliated structure seemed to be formed. The detailed structural study of these compounds carried out by combining XRD and TEM revealed that the polymer and the clay were homogeneously mixed for a wide range of compositions, and brought into evidence the successful role played by the nATMA surfactant as compatibilizing agent. 
	In the present work we wish to report a study similar to that made of nATMA·PGGA·CL30B but using montmorillonite instead of cloisite and alkyltrimethylphosphonium surfactants (nATMP) (Scheme 1) for modification of both the polyacid and the nanoclay. The strategy followed for the preparation of these nanocomposites (nATMP·PGGA·X(%)PMMT is schemed in Figure 1. By applying this strategy, two series of nanocomposites differing in the length of the long alkyl group of ATMP, namely dodecyl and eicosyl, have been prepared for the full range of compositions and systematically examined with regard to their structure, thermal properties and mechanical behavior.  Organophosphonium compounds are particularly convenient for building nanocomposites because, in addition to show noticeable biocide activity,[22]   their thermal stability is significantly higher than that of their ammonium analogues.[23]     To our knowledge no study entailing the modification of the two components of the nanocomposite, the polymer and the clay, with a common agent has been reported so far.















Figure 1. Strategy applied for the preparation of PGGA/MMT nanocomposites compatibilized by alkyltrimethylphosphonium surfactants.  nATMP: alkyltrimethyl phosphonium with number of carbon atoms n in the long alkyl chain being 12 or 20; PGGA: poly(-glutamic acid); MMT: pristine montmorillonite; PMMT: organophosphonium modified montmorillonite; X%: weight percent of PMMT in the nanocomposite.


Experimental Section 
2.1. Materials
The sample of poly(-glutamic acid) in form of sodium salt (Na·PGGA) used in this work was kindly supplied by Dr. Kubota of Meiji. Co. (Japan). It was obtained by biosynthesis with a weight-average molecular weight of ~300,000 Da and a D:L enantiomeric ratio of 59:41. Alkyltrimethylphosphonium surfactants (nATMP·Br)  with n =12 and 20, were synthesized by reaction of the corresponding 1-bromoalkane with trimethylphosphine in toluene solution following the procedure described  previously by us.[24]  Unmodified montmorillonite clay Na·MMT with a Cation Exchange Capacity (CEC) of 1.35 % (meq·g-1) was supplied by Southern Clay Products Inc. Solvents were supplied from Panreac and used without further purification.   
2.2. Modification of montmorillonite 
300 mg of dried montmorillonite (Na·MMT) were placed into 30 mL of a water-ethanol mixture (4:1 v/v) and stirred overnight at room temperature to attain a fine dispersion. Then a 0.04 M solution of the nATMP·Br in water-ethanol (4:1 v/v) was added to the dispersion to have a CEC:surfactant ratio of 1:1. After stirring for 24 h at 70 ºC, the mixture was filtered and the solid repeatedly washed with a hot solution of water-ethanol (1:1 v/v) until no bromide ion traces were detected in the filtrate upon addition of 0.1 M silver nitrate solution. The collected organoclay (PMMT) was dried overnight at room temperature and then at 120 ºC for 24 h, and finally finely grounded in a mortar and stored in a desiccator.
 2.3. Preparation of nanocomposites
The preparation of nanocomposites was carried out in two steps. Firstly, the nATMP·PGGA complexes with n = 12 and 20, were synthetized by adding dropwise an aqueous solution of the corresponding nATMP·Br salt to an aqueous solution of Na·PGGA according to the procedure previously described by us.[6]  Secondly, the nanocomposites were prepared by mixing a 5 g·L-1dispersion of PMMT in chloroform with a 0.05 M solution of the complex in the same solvent. The mixture was stirred at room temperature until no sedimentation was detected upon standing. The suspension was then concentrated by partial evaporation of the solvent and casted to render consistent films of 12 and 20ATMP·PGGA·X%PMMT composites with PMMT contents of 3, 10, 20, 30, 50, 70 and 90%. 
2.4. Measurements          
          FTIR spectra were recorded from films within the 4000-600 cm-1 interval on a FTIR Perkin Elmer Frontier spectrophotometer provided with a universal ATR sampling accessory. Thermogravimetric analyses were carried out on a Mettler-Toledo TGA/DSC 1 Star System under a nitrogen flow of 20 mL·min-1 at a heating rate of 10 ºC·min-1 using sample weights of 10-15 mg. Calorimetric measurements were performed with a Perkin-Elmer DSC 8000 instrument calibrated with indium and zinc. Sample weights of about 2-5 mg were subjected to heating-cooling cycles at a rate of 10 ºC·min-1 within the temperature range of -30 to 120 ºC under a nitrogen atmosphere. Mechanical properties were measured at a stretching rate of 10 m·min-1 on a Zwick 2.5/TN1S testing machine. Real time X-ray diffraction was carried out using synchrotron radiation at the BL11 beamline (NCD, Non-Crystalline Diffraction) of ALBA facilities (Cerdanyola del Vallès, Barcelona). Both SAXS and WAXS were taken simultaneously from isotropic films subjected to heating-cooling cycles at a rate of 10 ºC·min-1. The radiation energy employed corresponded to a 0.10 nm wavelength, and spectra were calibrated with silver behenate and Cr2O3 for SAXS and WAXS, respectively. 
	For TEM observation nanocomposite samples in form of films were sectioned either at room temperature (utramicrotom LEICA EM FDC7) or at -80 ºC. Ultrathin sections either unstained or stained with uranyl acetate were examined with Tecnai F20 (200 kV) or Zeiss Libra 120 electron microscope instruments. 

3. Results and discussion
3.1. Alkyltrimethylphosphonium modified montmorillonites (PMMT)
The replacement of sodium ions present in Na·MMT clay by alkyltrimethylphosphonium ions was successfully attained for the two surfactants used, i.e. 12ATMP and 20ATMP. The replacement was clearly evidenced by well perceivable changes taking place in the FTIR spectra, in particular those implying intensity variations of the characteristic C-H and C-P stretching bands at 2850-2950 cm-1 and 715 cm-1, respectively. These spectra are provided in the supporting information file (SI, Figure S1) linked to this paper.
The insertion of the organophosphonium ions in the clay galleries is expected to produce an enlargement of the interlayer spacing of the clay more or less proportional to the length of the alkyl group of the surfactant.[25]   The effect of such modification is clearly reflected in the X-ray diffraction profiles depicted in Figure 2.  In fact the peak originally seen at 1.19 nm attributed to the layer periodicity of the clay moved up to 1.55 nm and 2.05 nm upon modification with 12ATMP and 20ATMP, respectively. It is worth noting that this peak not only increased in spacing but also in intensity and sharpness indicating that a greater electronic density fluctuation and interlayer spacing uniformity were attained in the nanoclay upon modification.  On the other hand, the sharp 0.45 and 0.41 nm peaks arising from the clay crystal lattice remained unchanged in the modified montmorillonite indicating that the crystal structure of the aluminosilicate layer has been fully preserved.



 








Figure 2. Powder XRD profiles of PMMT modified with 12ATMP and 20ATMP surfactants compared to that arising from the unmodified clay (Na·MMT). 

The thermogravimetry analysis (TGA) of the PMMT not only provided information about the effect of modification on thermal stability but also allowed making an approximate estimation of the amount of surfactant incorporated in the clay. The TGA traces recorded under inert atmosphere from the montmorillonites before and after modification are depicted in Figure 3a where the traces for the 12ATMP·Br and 20ATMP·Br have been also included for comparison. The weight remaining after heating 12ATMP·MMT and 20ATMP·MMT at 800 ºC was 77% and 72% of the initial sample weight, respectively, whereas the weight lost by Na·MMT was only about 5%. The weight left by the surfactants subjected to the same treatment was almost negligible (about 1-2%). It can be inferred from these data that the loss of organic material in the pyrolysis of 12ATMP·MMT and 20ATMP·MMT was around 30% and 25%, respectively, in acceptable correspondence with which could be expected taking into account the difference in molecular weight of the two surfactants. According to these values, the molar contents of surfactant incorporated in the PMMT were calculated to be about 0.85·10-3 and 0.77·10-3 mol·g-1 for 12ATMP and 20ATMP respectively, which correspond to a replacement of sodium ions of about 60-70%.








Figure 3.  a) TGA traces of PMMT modified with 12ATMP·Br and 20ATMP·Br surfactants recorded under inert atmosphere. b) Derivative curves indicating temperatures at which decomposition takes place at maximum rate. Data for the nATMP·Br surfactants with n = 12 and 20, and unmodified Na·MMT have been included for comparison.

The traces shown in Figure 3a also reveal that modification with alkyltrimethylphosphonium causes a decreasing of the resistance to heat of the montmorillonite with the onset decomposition temperature falling from above 600 ºC for Na·MMT to below 400 ºC for the PMMT. Such decay in thermal stability is obviously due to the sensitivity to heating of the organic counterpart which usually is unable to bear temperatures above 350 ºC.  On the other hand, derivative TGA curves (Figure 3b) show that, at difference with Na·MMT, the mechanism operating in the decomposition of the modified montmorillonites consists of several steps with the lowest temperature one taking place at 450 ºC, which is coincident with the temperature recorded for maximum rate decomposition of the surfactants. It should be remarked however that the depressing effect on the thermal resistance of the montmorillonite observed here is much less pronounced than in the case of modification made with analogue alkyltrimethylammonium compounds.[26] The higher thermal resistance displayed by organophosphonium modified montmorillonites is a well-recognized merit of these systems that has been mentioned in several occasions.[27]
3.2. Nanocomposites of PGGA and MMT compatibilized by nATMP 
According to the scheme depicted in Figure 1, firstly nATMP·PGGA complexes were prepared by coupling of Na·PGGA with the corresponding nATMP·Br. These complexes have been previously studied by us and characterized in great detail.[6] The nanocomposites were prepared by mixing the chloroform solution of the complex with the corresponding PMMT suspended in the same solvent. Intercalation of PGGA and MMT is thus favored because the alkyltrimethylphosphonium cations not only neutralize the negative charges of both the polypeptide and the silicate, but also create hydrophobic interactions between the two phases. By this way, two series of nanocomposites, abbreviated nATMP·PGGA·X%PMMT, with n = 12 and 20, and covering a full range of PGGA/MMT compositions, were successfully prepared.
3.2.1. Thermal analysis of nATMP·PGGA·X%PMMT nanocomposites
The TGA traces recorded for the two nanocomposite series (n = 12 and 20), including the two PMMT modified clays (X= 100%) as well as the two nATMP·PGGA complexes (X = 0%), are compared in Figure 4, and the more relevant thermal decomposition parameters afforded by this analysis are listed in Table 1. TGA results indicated that decomposition of these nanocomposites induced by heating was found to proceed along two steps following a pattern similar to that displayed by the nATMP·PGGA complexes.[6]











Figure 4. Compared TGA traces of the 12ATMP·PGGA·X%PMMT series (a) and 20ATMP·PGGA·X%PMMT series (b) recorded under inert atmosphere.


The onset temperature oTd (5% of weight loss) and the two maximum rate decomposition temperatures maxTd1 and maxTd2 recorded for 12ATMP·PGGA·X%PMMT and 20ATMP·PGGA·X%PMMT are plotted against the content in PMMT in Figure 5a over the whole range of compositions. The three temperatures were observed to increase with the content in PMMT, very slightly for oTd and maxTd1 but much more noticeable for maxTd2.  It is worthy to compare these results with those found in the TGA analysis of the nanocomposites made of PGGA and Cloisite 30B with added alkyltrimethylammonium surfactants.[20]  Both oTd and maxTd1 follow a similar trend in the two systems although values for the organophosphonium-based ones are about 100 ºC higher. Conversely, the evolution observed for maxTd2 is opposite since it decreased with the increase of clay content in the organoammonium-based PGGA nanocomposites. 




	Table 1. Compositions and thermal parameters of nATMP·PGGA·X%PMMT composites.

	nATMP·PGGA·X%PMMT
	
	TGAc
	
	DSCd

	X% a
	n
	MMT% b
	
	oTd
	maxTd
	Wexp (Wcalc)
	
	1Tm ( ΔHm)
	Tc ( ΔHc)
	2Tm ( ΔHm)

	0
	12
20
	0
0
	
	284
286
	331/423
345/427
	9 (9)
5 (5)
	
	-
63 (5.8)
	-
47 (-4.2)
	-
62 (4.1)

	
	
	
	
	
	
	
	
	
	
	

	3
	12
20
	2.3
2.2
	
	286
285
	330/422
333/425
	12 (11.0)
11 (7.1)
	
	-
62 (5.7)
	-
56 (-4.2)
	-
60 (5.4)

	
	
	
	
	
	
	
	
	
	
	

	10
	12
20
	7.7
7.2
	
	286
286
	330/424
333/426
	17 (15.8)
14 (11.7)
	
	-
62 (5.5)
	-
55 (-4.6)
	-
59 (5.3)

	
	
	
	
	
	
	
	
	
	
	

	20
	12
20
	15.4
14.4
	
	286
288
	330/435
333/436
	23 (22.6)
23 (18.4)
	
	-
62 (5.7)
	-
50 (-5.0)
	-
60 (5.3)

	
	
	
	
	
	
	
	
	
	
	

	30
	12
20
	23.1
21.6
	
	286
290
	329/442
333/443
	34 (29.4)
28 (25.1)
	
	-
62 (5.9)
	-
50 (-5.2)
	-
60 (5.0)


	
	
	
	
	
	
	
	
	
	
	

	50
	12
20
	38.5
36.0
	
	287
295
	329/450
333/454
	44 (43.0)
39 (38.5)
	
	-
59 (5.9)
	-
50 (-4.1)
	-
60 (5.0)

	
	
	
	
	
	
	
	
	
	
	

	70
	12
20
	53.9
50.4

	
	290
298
	332/460
334/461
	57 (56.6)
48 (51.9)
	
	-
59 (6.0)
	-
43 (-3.7)
	-
57 (5.0)

	
	
	
	
	
	
	
	
	
	
	

	90
	12
20
	69.3
64.8
	
	295
307
	347/490
357/490
	67 (70.2)
61 (65.3)
	
	-
58 (6.1)
	-
28 (-2.8)
	-
52 (6.8)

	
	
	
	
	
	
	
	
	
	
	

	100
	12
20
	77
72
	
	380
387
	445/560
475/590
	77 (77.0)
72 (72.0) 
	
	-
-
	-
-
	-
-

	a  Nominal content (%) in PMMT according to the used formulation.
b Content in MMT (%) in the nanocomposite calculated on the basis of its content in 12ATMP·MMT and 20ATMP·MMT as determined by TGA.  
c oTd,5% and maxTd: onset for 5% of weight loss and maximum rate decomposition temperatures in ºC. 1 and 2 refer to first and second decomposition step, respectively; W: remaining weight (%) at the end of the decomposition process. In parenthesis, the remaining weight calculated according to the nominal composition.
dTm and Tc: Melting and crystallization temperatures in ºC; Hm and Hc: melting and crystallization enthalpies in kcal·mol-1. 1 and 2 refer to first and second heating, respectively.


The mechanism of the thermal decomposition of nATMA·PGGA complexes happening in the two first steps was studied in some detail and reported to consist of splitting of the ionic complex followed by cyclodepolymerization of PGGA.[28]  Given  the close similarities of the TGA results obtained for the two systems, a similar mechanism could be reasonably assumed to operate not only in nATMP·PGGA complexes but also in nanocomposites in the earlier degradation stages.  On the contrary, the notable divergence found for maxTd2 is not easily explainable since the large number of reactions happening at high temperature makes difficult to rationalize the information collected for this step. On the other hand, the weight lost by nanocomposites after being heated at 800 ºC is plotted in Figure 5b against their PMMT content, and compared to the content of organics calculated for each composition. An excellent correlation between experimental and calculated values was found for the two series.









Figure 5. Plots of TGA data recorded for 12ATMP·PGGA·X%PMMT and 20ATMP·PGGA·X%PMMT series. Evolution of onset and maximum rate decomposition temperatures (a), and remaining weights (b) with nanocomposite composition.


The thermal behavior of nanocomposites regarding melting-crystallization was examined by DSC. It is known that nATMP·PGGA complexes display crystallinity only for n = 16, 18, 20 and 22, which is associated to the ordered close packing adopted by the polymethylene chains.[6] Accordingly, the DSC analysis of 12ATMP·PGGA·X%PMMT nanocomposites did not show melting for whichever composition due to the unability  of dodecyl chains to crystallize. On the contrary, the DSC analysis of the 20ATMP·PGGA·X%PMMT series showed melting peaks indicative of the presence of crystallinity for all compositions. The DSC traces recorded at heating from previously melted samples are depicted in Figure 6a. A well-defined endotherm, which is interpreted to arise from melting of the crystal phase made of eicosyl chains, was observed at temperatures close to ~60 ºC with the peak area steadily decreasing with the content in PMMT. Melting temperatures and enthalpies measured for the whole series are listed in Table 1 and in Figure 6b, the peak enthalpy expressed as both J·g-1 and kcal·mol-1, is plotted against the nominal content in PMMT. H
 








Figure 6. a) Second heating traces of 20ATMP·PGGA·X%PMMT composites for the indicated compositions in PMMT. b) Melting enthalpy measured for the whole series and expressed on both weight-basis and mole-basis. 


decreased almost linearly with composition when referred to sample weight but it stayed almost constant when it was expressed on the molar basis. It can be concluded therefore that the effect of the clay on the genuine crystallinity of the complex was practically negligible, and that the eicosyl chains belonging to the nATMP used for clay modification are non-crystallized in the nanocomposite, i.e. the crystallinity observed in the nanocomposite is exclusively associated to the alkyl chains of the nATMP coupled with PGGA.


3.2.2. Stress-strain behavior

The effect of composition on  the stress-strain behavior of the nATMP·PGGA·X%PMMT nanocomposites is shown in Figure 7, and values measured for the characteristic mechanical parameters are accessible in Table S1 of the SI file. As it should be expected from the non-crystallized state of the dodecyl chains, the tensile behavior displayed by 12ATMP·PGGA complex is typical of a rubber with elastic modulus (E) and stress to yield () showing values about 2 MPa and 0.2 MPa, respectively. These parameters are significantly higher (about 16 MPa and 0.8 MPa) for the 20ATMP·PGGA due to the crystallinity present in this complex provided by the crystallization of the paraffinic phase. In both cases, the material is susceptible to be stretched in a large extension without requiring much additional stress. The effect of the presence of PMMT was found to be essentially the same in the two nanocomposite series. Both E and  increased almost steadily with the content in PMMT to reach finally one or two orders higher when X exceeded 50%. Such changes evidenced the strong positive influence of the clay on the stiffness and strength of the material. On the contrary, the effect on elongation was in overall to diminish the ductility of the original complex as it is known to usually happen in nanoclay-based polymer nanocomposites.[8] This effect was found to be much more apparent in the case of the 20ATMP·PGGA X%PMMT where the elongation to break fell down from about 1500% in the complex to about 2% in the composite containing 70% of PMMT. As a result of such embrittling effect, nanocomposites with contents in PMMT higher than 50% were found to be unsuitable for stress-strain testing. 




Figure 7. Stress–strain plots of 12ATMP·PGGA·X%PMMT (a) and 20ATMP·PGGA·X% PMMT  (b) nanocomposite series. Insets: region of low deformation (up to 10%) showing clearly the steady increasing of the elastic modulus with the content in PMMT.

3.2.3 . Structural analysis by XRD and TEM
The XRD profiles registered for the whole series of nATMP·PGGA·X%PMMT, including both the pristine complexes and the modified montmorillonites PMMT, for n = 12 and 20, are compared in Figure  8. SAXS providing information on the interlayer distance of the nanocomposites for different compositions are presented in Figure 8a and 8b.  The sharp peak observed at 3.2 nm (n = 12) or 3.9 nm (n = 20) is known to arise from the long spacing characteristic of the complex.[6] The evolution of this peak with the content in PMMT follows a similar pattern in the two series, i.e. it broadens and moves upwards to finally disappears. These changes are consistent with the occurrence of intercalated hybrid structures in which the interlayer distance increases in fluctuation and spacing with increasing content of clay. On the other hand, the peak characteristic  of PMMT observed at 1.6 nm (n = 12) or 2.1 nm (n = 20) became undetectable as soon as the presence of the complex reached 10-20%. The fact that the characteristic peaks of the complex and PMMT were not simultaneously observed in any profile is taken as indicative of the compatibility of the two components over the whole range of compositions. 
















Figure 8. Compared XRD profiles recorded at 25 ºC for 12ATMP·PGGA·X%PMMT series (a, a‘) and 20ATMP·PGGA·X%PMMT series (b,b‘). SAXS (a,b) and WAXS (a‘,b‘). 


The WAXS profiles shown in Figure 8a‘ and 8b‘ are clearly different for the two composite series as it should be expected from the different alkyl length present in each case. No discrete scattering was observed for the 12ATMP·PGGA complex whereas a rather sharp peak at 0.41 nm caracteristic of the crystallized paraffinic phase is conspicuous in the profile of 20ATMP·PGGA. This peak is arising from the crystallized paraffinic phase made of eicosyl chains and is clearly detectable in nanocomposites with contents in PMMT up to around 50%. On the other hand, the 0.45 nm peak arising from the aluminosilicate crystal structure was observed for the two series up to contents in PMMT so low as 10%. These observations are in full agreement with the results obtained by DSC and support the above conclusion stating that the crystallinity of the paraffinic phase initially present in the complex becomes preserved in the nanocomposites.
Samples of 20ATMP·PGGA·X%PMMT were examined by TEM in order to have a direct view of the nanomorphology of these nanocomposites.  Ultrathin sections were cut from thin films at either room temperature or at -80 ºC and observed either unstained or stained with uranyl acetate. Low magnification images showed a good dispersion of the clay in the nanocomposite whereas high magnification images revealed the presence of the layered structure characteristic of these compounds (Figures S2 and S3 in the SI file). However the simultaneous observation of the complex and the clay with good definition is not feasible due to contrast effects and only faint images clearly displaying the presence of the two phases became available after staining with uranyl acetate (Figure S4 in the SI file). The observation of the stratified structure showing the clay layers separated by distances fluctuating between 3 and 5 nm, which is consistent with data collected by XRD are clearly visible in images taken from unstained sections at high magnification (Figure 9). Our previous studies on nATMP·PGGA complexes showed that the orientation of the polymethylene chain is normal or nearly normal to the layers made of polypeptide chains.[6] Since MMT and PGGA layers must be stacking in in the nanocomposite is reasonable to assume that the polymethylene chains are oriented also normal to the MMT layers.









Figure 9. TEM images of 20ATMP·PGGA·50%PMMT (a) and 20ATMP·PGGA·30%PMMT.


3.6. Thermal effects on the nanocomposite structure
nATMP·PGGA complexes are known to display well defined phase transitions that take place reversibly when they are heated at rather low temperatures, i.e. between 30 and 80 ºC depending on n. To see if this behavior is retained in the nATMP·PGGA·X%PMMT nanocomposites, a variable temperature XRD analysis of a selection of these compounds was performed at real time using synchrotron radiation. Both SAXS and WAXS profiles were registered in parallel from samples subjected to heating and cooling over the 10-120 ºC range at a rate of 10 ºC·min-1.  The results obtained from 20ATMP·PGGA·50%PMMT, which can be taken as representative of the whole family, are shown in Figure 10. 
As it is seen in the SAXS plot of Figure 10a,  the characteristic long spacing peak of  20ATMP·PGGA·50%PMMT appearing at 4.1 nm remained unaltered upon heating until temperature reached 50-60 ºC where it broadened and moved up to 4.3 nm. This pattern remained unchanged on further heating up to 120 ºC and after cooling to room temperature. The evolution of the scattering produced by 20ATMP·PGGA·50%PMMT within the wide angle region as a function of temperature is shown in Figure 10b. The 0.41 nm and 0.45 nm peaks present on the initial profile, which arise from the crystalline subphases of the complex and the clay respectively, were fully recovered at the end of the applied heating/cooling cycle. 























Figure 10.  Evolution of SAXS (a) and WAXS (b) profiles of 20ATMP·PGGA·50%PMMT  at heating (left) and cooling (right) within the indicated range of temperatures. 


Note that the 0.45 nm peak remained unchanged throughout the whole treatment as it is expected from the integrity of the aluminosilicate crystal over the applied temperature range.On the contrary the 0.41 nm peak arising from the paraphinic phase of the complex vanished upon heating at 50-60 ºC to reappear after cooling with the same initial features. It is well known that this peak corresponds to the basic interplanar spacing of the crystal lattice (monoclinic or hexagonal)[29] adopted by the eicosyl chains. The behavior pattern displayed by this peak is in agreement with the occurrence of a melting-crystallization process taking place in the nanocomposite with similar characteristics as that known to occur in the neat complex. Similar analyses of 20ATMP·PGGA·X%PMMT and 12ATMP·PGGA·X%PMMT were carried out for all the other compositions. The behavior observed was in all cases consistent with that described above and in agreement with what could be expected from the values of n and X of each nanocomposite (see Figures  S5 to S10  in the SI file). 
The effect of heating on the structure of nanocomposites can be readily appraised by the changes produced in the SAXS profiles recorded after the heating treatment, which can be readily made by comparing Figure 11 with Figure 8.  












Figure 11. Compared SAXS profiles of the 12ATMP·PGGA·X%PMMT (a) and 20ATMP·PGGA·X%PMMT (b) series recorded at 25 ºC after being subjected to the heating/cooling cycle. 


Noticeable differences concerning both position and width of the peaks located in the ~3-4 nm region are apparent between the plots contained in the two figures for each pair of n and X values. After the heating treatment, peaks moved to lower Bragg angles and spread over a much wider interval to the point that it disappeared completely for contents in PMMT above 70%. The increasing and broadening of the interlayer spacings taking place irreversibly by heating is interpreted to be a consequence of the improved mixing of the polypeptidic and clay phases. The thickening of the layered structure by heating effect could be ascertained by TEM (Figure S11 in the SI file) as an increasing of the  interlayer spacing taking place in sections that were heated at 100 ºC during 2 hours previous to observation. Apparently, the main entropically-driven mixing process is kinetically activated at high temperatures because the alkyl chains surfactant attached to both PGGA and MMT attain greater mobility and are able to improve the compatibility of the two phases with greater efficiency.  

4. Conclusions 
Montmorillonite clay has been successfully modified using alkyltrimethylphosphonium surfactants bearing alkyl chains with n = 12 and 20 carbon atoms.  Organoclays with notably widened galleries and stable up to temperatures near to 300 ºC were prepared. Mixing of the modified montmorillonites with PGGA previously ionically coupled with the same surfactants allowed the preparation of homogeneous nanocomposites over the whole range of compositions. XRD and TEM evidenced the occurrence of extensive intercalation of the two components. The thermal behavior characteristic of the surfactant-PGGA complexes was retained in the nanocomposites which showed increasing of the long interlayer spacing in all cases and only reversible melting-crystallization for n = 20. Furthermore the degree of intercalation could be further increased by heating treatment. Elastic modulus and strength of the PGGA complex were notably enhanced by the presence of the organoclay although their ductility was drastically reduced. It is finally concluded that the efficient mixing of the clay with the polypeptide was feasible due to the compatibilizing effect of the alkyltrimethylphosphonium surfactants used for both complexation of PGGA and modification of the nanoclay.
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