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Abstract

:

This paper uses a very effective way for surface modification of thermoplastic polymers during moulding. It is based on a grafting reaction between a thin layer of a functional polymer, deposited on a substrate in advance, and a polymer melt. In this paper, a glycol-modified polyethylene terephthalate (PETG) that was brought in contact with a polyethyleneimine layer during fused filament fabrication is investigated. The focus of this paper is the investigation of the reaction product. Grafting was realised by the formation of stable amide bonds by amidation of ester groups in the main chain of a PETG. XPS investigations revealed that the conversion of amino groups was very high, the distribution was even, and the quantity of amino groups per polyester surface area was still very high. The surface properties of the produced polyester part were mainly characterised by polyethyleneimine. The grafting was able to resist several cycles of extraction in alkaline solutions. The stability was only limited by saponification of the polyester. The degree of surface modification was dependent on the molar mass of polyethyleneimine. This could be rationalised, because grafting only occurred with the one polyethyleneimine molecule that is in close vicinity to the polyester surface when both components come in contact. Fused deposition modelling was chosen as the model process with control over each processing step. However, any other moulding process may be applied, particularly injection moulding for mass production.
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1. Introduction


Polymer surfaces often need a chemical surface modification. Appropriate methods are widely described in the literature [1,2,3,4,5,6]. This is carried out in industry as well as in research facilities by several methods, e.g., those using any kind of plasma [7,8,9,10,11,12,13,14,15] and plasma deposition [16,17], or any layer deposition, like deposition of polyelectrolyte multilayers [18,19,20,21]. However, the most robust modifications are based on any type of grafting procedure, where a functional polymer is attached to the polymer substrate surface by chemical bonding. There are two ways of grafting on polymer surface: the grafting-from [22,23,24,25,26,27,28] and the grafting-to procedures [29,30,31]. The first step of the grafting-from procedure is the chemical bonding of a precursor molecule on the polymer surface. This is typically a polymerization initiator. In a second step, a polymerization is started from this precursor, resulting in formation of a polymer layer where every molecule is chemically bound to the polymer surface by exactly one bond. In contrast, the grafting-to approach starts from a functional polymer with reactive groups that can undergo a chemical coupling reaction with the polymer substrate. This coupling can be achieved by radical reactions or by specific coupling reactions with end groups of the polymer chain or groups within the polymer chain. Activation of these reactions can be realised by u. v. radiation [32,33,34,35,36], infrared laser radiation [37], or other [38].



However, all the mentioned approaches need a separate processing step for the grafting reaction. We have developed a method that carries out grafting during moulding of a thermoplastic part [39,40,41]. The method of process-integrated surface modification starts with the deposition of a thin layer of a functional polymer on a substrate. This substrate can be a steel plate, a silicon wafer for fundamental research, or the mould of an injection moulding machine in case of mass production. Spray coating, dip coating, spin coating, and inkjet printing were used for the deposition of thin films of functional polymers. The high temperature necessary for initiating the grafting reaction is only available for a short time because the melt cools down very fast on contact with the colder substrate. The reaction time is typically limited to approximately a micro second [42]. Consequently, only those polymer segments can react that are in close contact, as was found out by molecular simulations using the bond fluctuation model [43,44]. Nevertheless, grafting was achieved experimentally within the short time at high temperatures available during injection moulding [42].



In this contribution, 3D printing by Fused Filament Fabrication (FFF) was used for preparation of parts. During the process, the hot melt is exposed to the functional polymer at high temperature. The material system was used recently for micro structured functionalisation of a polyester surface, where first proofs of a reaction were established [45]. The system was chosen as a model because the amidation reaction between a polyester and a polyamine has been well investigated [46]. PETG is a material frequently used for FFF. The foci of this paper are (i) the investigation and quantification of the grafting reaction under the special processing conditions and (ii) the stability of the grafted functional polymer on the PETG surface. Hyper-branched Polyethyleneimine (PEI) was used as the functional polymer because it bears a high number of amino groups, particularly primary amino groups, which are more reactive that other amino groups. The idea was to use this highly functional PETG surface as a precursor, because amino groups are accessible for many reactive coupling reactions under mild conditions, e.g., for chemical bonding or metal plating. A requirement is that the amino groups withstand the thermal and oxidative processes. PEI is available in a broad range of molar masses. We have chosen the lowest molar mass as 2 kg mol−1 because PEI with a lower molar mass could evaporate during printing. The highest molar mass was 750 kg mol−1. This material is easily available and affordable for later technical use. The conversion of amino groups to amide groups was investigated for the first time by extensive XPS experiments. The functionalisation effect was evaluated by the adsorption behaviour of the anionic dye pyranine, which was used as a model for anionic compounds. Technical interesting anionic molecules could be proteins, inorganic and organic acids, or surfactants. Moreover, the amino-modified surface underwent typical reactions of amino groups, i.e., the amino groups were still active. The adsorption and complex formation with Pd ions is shown here as an example.




2. Experimental


2.1. Materials


Moulding experiments were carried out using a white PETG filament (Extrudr F3D GmbH, Vorarlberg, Austria) with a diameter of 1.75 mm during FFF printing. Microscopy glass slides with the dimensions of 1 in. × 3 in. and a thickness of 1 mm (Menzel GmbH, Berlin, Germany) served as substrates for printing. Hyper-branched PEI of different molar mass (SigmaAldrich SE, Steinheim, Germany, molar masses given from the supplier) were used as follows: PEI-750k (MW = 750 kg mol−1, MN = 60 kg mol−1, 50 percent by mass), PEI-25k (MW = 25 kg mol−1, MN = 10 kg mol−1), PEI-2k (MW = 2 kg mol−1, 1.8 MN = kg mol−1, solution 50 percent by mass). Pyranine dye as well as other laboratory chemicals (NaOH, HCl solution, ethanol, and borax) were purchased from SigmaAldrich SE (Steinheim, Germany).




2.2. Preparation of Solutions and Substrates


A pyranine solution (10−3 M) was prepared in borate buffer with a pH value of 9. A 1 M NaOH solution was prepared by dissolving the appropriate amount of NaOH in water. Concentrations of 10−1, 10−2, 10-3, 10−4, 10−5, and 10−6 M were prepared by stepwise dilution. The PEI solutions with different molar masses were prepared by mixing the appropriate amount of PEI in a mixture of water and ethanol (40 per cent by volume). The resulting concentrations were 50 g L−1 (PEI-750k) and 100 g L−1 of PEI (PEI-25k), respectively. The solution of PEI-2k was used without further dilution (500 g L−1). Thin films of the different PEI were spin coated from these solutions on the substrates using a Spin 150 Coater (SPS-Europe GmbH, Ingolstadt, Germany).




2.3. Moulding


Moulding was performed using a Raise 3D Pro 2 3D printer (Raise 3D Technologies, Irvine, CA, USA). The print bed was equipped with a recess where the glass slides fit in. A coated glass slide (for reference: a clean glass slide) was mounted in this recess before printing PETG parts on top with the dimensions 20 mm × 40 mm. Three layers were printed, resulting in a thickness of 0.4 mm. The extruder temperature was set to 280 °C and the print bed temperature to 100 °C. More details of the printing process were published recently [45].




2.4. Pyranine Staining and Extraction


All PETG-PEI samples were rinsed in water for 1 h under constant shaking using a lab shaker, changing the water every 20 min. The samples were put in a test tube filled with the pyranine solution and shaken for 10 min. Finally, the samples were rinsed with water to remove any excess pyranine. To measure the adsorbed amount of pyranine, the sample was extracted in alkaline solution. The extractions were performed with varying NaOH concentrations at room temperature by placing the samples in a test tube, filled with the alkaline solution for 1 h. The samples were then rinsed with water, which was added to the extract. The pH value of the extract was adjusted to 9 by adding HCl solution. Finally, the extract was poured into a volumetric flask and filled up with borate buffer. Optical spectra of these solutions were recorded with a Cary 60 Spectrometer (Agilent Technologies, Santa Clara, CA, USA) from 300 to 600 nm with water as reference. The maximum absorption of pyranine was at 455 nm. For quantitative analyses, the extinctions at this wavelength were evaluated. The amount of pyranine per area N′ extracted from a sample was calculated with Equation (1)


N′ = v E/(ε d A),



(1)




where v is the volume, E the measured extinction of the extract solution, d the thickness of the cuvette, and A the area of one surface of the printed part. ε is the extinction coefficient of pyranine, which was measured in advance over a broad concentration range as described in Supplementary S1.




2.5. Characterisation


Optical spectra of the solutions in cuvettes with a light path of 1 cm were performed with a Cary 60 spectrometer (Agilent, Santa Clara, CA, USA).



EDX mappings were recorded with a Phenom XL Workstation (Thermo Scientific, Waltham, MA, USA) equipped with a thermoelectrically cooled Silicon Drift Detector SDD with 25 mm2 detector area. Measurements were carried out using the beam intensity mapping, an accelerating voltage of 15 kV, and low vacuum mode (60 Pa). Mappings were recorded with a resolution of 480 pixels with 10 ms per pixel.



XPS has been measured using an Escalab 250Xi (Thermo Fisher, Waltham, MA, USA) equipped with a monochromatic Alkα source (1486.7 eV, 650 µm analysis spot). Neutralisation of the surface was carried out using a combination of low-energy electrons and Ar+ ions. The spectra were acquired in electrostatic mode at 150 eV constant analyser pass energy (CEA) for survey, and at 20 eV CAE for high-resolution spectra, at which a spectral resolution of 0.45 eV can be achieved. The source and analyser were installed at the magic angle. The angle of emission was 0° with respect to the surface normal. The data were evaluated using CasaXPS v2.3.25 using Scofield sensitivity factors. The uncertainties in the elemental concentrations was estimated using the Monte Carlo method as implemented in the latest CasaXPS versions for the region quantification (see the button “Calculate error bars” in the region quantification property page). The binding energy scale was referenced to the main C1s line at 285.0 eV. Mixed Gaussian/Lorentzian line shapes (70/30) were employed for fitting the high-resolution spectra.



Sputtering was performed by gas cluster ion bombardment (GCIB) using Ar clusters with 500 atoms at an energy of 8000 eV. The beam was scanned across 2.5 mm × 2.5 mm at a cycle time of 3 s. The sputter rate was 1.8 nm s−1 as determined by sputtering a spin-coated PMMA reference.





3. Results and Discussion


PEI of three different molar masses were grafted to PETG: PEI-750k (750 kg mol−1), PEI-25k (25 kg mol−1), and PEI-2k (2 kg mol−1). Investigations started with the largest molecule PEI-750k. The PEI-coated glass slides were placed in the recess of the print bed. A PETG part was then printed on top of that coated area as shown in Figure 1A. We had investigated those coupling reactions in advance by molecular simulations, model reactions, and injection moulding experiments [41,42]. We know from previous research that only the chemical groups on the outermost surface layer of the functional polymer layer can react with the ester groups on the surface of the polymer melt. There is no mixing within the very small time until the interphase cools down and the materials freeze. That is why the thickness of the functional polymer layer is not crucial, as long as a complete coverage is realised. Excess PEI was removed after printing by rinsing the PETG parts in water, which is a good and selective solvent for PEI, for 1 h. This procedure ensured that no unbound PEI dissolved from the PETG surface during further treatment of the part. After drying, the surfaces were very hydrophilic and could be wetted by water. However, contact angles could not be measured due to structure formation on the surface as a result of the preparation method.



3.1. Grafting Reaction


The surface chemistry of the PETG parts after printing on different PEI coatings and washing with water was investigated by XPS. Table 1 shows the XPS elemental composition observed on these surfaces. The data were complemented by a sputtered cleaned sample of PEI-2k using an Ar cluster ion gun (Thermo Fisher, Waltham, MA, USA), which was assumed to resemble the surface of the unmodified PETG. This approach was chosen over the direct analysis of unmodified PETG, because artefacts of potential additive segregates may be thereby avoided.



All analysed surfaces were characterized by the presence of C, O, N, and Cl, which was basically in line with the composition of the PETG parts and the PEI used. The observed Cl, which was present especially after using PEI-25k, was believed to relate to adsorbed HCl contaminations in view of the absence of other heteroatoms.



However, the results clearly show increasing N concentrations with the use of increasingly higher molar mass of PEI. The N concentrations range from around 6.4 (PEI-2k) up to 23.5 at% (PEI-750k). This shows that PEI residues are immobilized on the surface of the PETG. The loading of these deposits is primarily determined by their molar mass.



The PEI layer thicknesses on PETG surfaces were estimated by different approaches for a basic characterization of the coverage. First, the layer thickness of the PEI was estimated using the experimental N concentrations and Hill’s equation. This approach was based on the assumption of a homogeneous PEI layer covering the PETG. Given an effective attenuation length of 3 nm, the layer thicknesses were in the range of around 0.6, 2.0 and 3.7 nm (see Table 1).



For comparison, the expected thickness of completely closed PEI monolayers was also calculated using their number average molar mass (1.8, 10, 60 kg mol−1) combined with the density of the material, which was 1.03 g cm−3. This resulted in thickness values of around 1.4, 3.4, and 4.6 nm for the different molar masses employed.



The comparison of all the estimated thickness values shows that the surface modification yields more or less monolayer deposits of PEI on the PETG surfaces, while there may be a tendency for a sub-monolayer coverage.



The high-resolution core level spectra and peak fits are shown in Figure 2.



Sputter cleaned PEI-2k sample: The C1s spectrum of the sputter cleaned PETG surface made from a PEI-2k sample showed a line shape that compares well with data in the literature on PET type polymers [47]. The chemical components of the spectral fit were assigned accordingly, based on their binding energies to aliphatic/aromatic CC and CH at 285.0 eV, to alcohols C-O and amines C-N at 286.5 eV, to ester COO at 299.0 eV, and to the π-shake up at around 291.6 eV.



The O1s spectrum was characterized by the presence of two components at 531.9 (C=O) and 533.2 eV (C-O), which were ascribed to the ester and alcohol groups in the material.



The analysis also revealed still the presence of a low amount of a single N1s component at 399.6 eV. This was ascribed to organic N components within the material and potentially also to PEI residues, because the surface was slightly corrugated, so some regions may have been shadowed during sputtering.



PEI-2k: The PETG surface after modification with PEI-2k showed spectra quite similar to what was observed for the sputter cleaned PETG. However, another component was identified in the C1s at 287.5 eV (5%) and was ascribed to newly formed amide groups. This assignment is based on the XPS analysis of aramide fibres by de Lange et al. [48], who observed this component at 288.0 eV. The shift of 0.5 eV in our case may be the consequence of differences in the binding energy scale reference. This is because a mixed aromatic/aliphatic main component was expected in the present case, while the aramide fibres showed up a basically clean aromatic C1s main component so that a higher chemical shift was expected there (around 0.2–0.5 eV is reasonable according to the data provided by Beamson and Briggs [47]). Consequently, a grafting reaction as shown in Figure 1B was carried out.



The interpretation of the spectral data in terms of newly formed amide groups is also consistent with the other core level spectra. The N1s component shifted to 400.0 eV, which is typical for a variety of organic N compounds including aromatic amides [48]. However, the O1s showed a slight decrease in the C-O signal and thereby indicated decreased concentrations of alcohol and ester groups. This highlighted that the alcohols released by the amidation were mostly removed from the surface within the subsequent washing step. A stoichiometric calculation supported this hypothesis: taking the intensity fraction of the C1s amide signal (5%) and the total C concentration, one ended up at 3.5 at% of amide bound carbon. Similarly, the intensity of the O1s C-O signal decreased by 11%, which corresponds to 2.8 at% of alcohol bound oxygen. That is, the amide concentration increased nearly quantitatively with the loss of C-O groups, which would be expected for an amidation reaction.



PEI-750k: The C1s line shape after modification with PEI-750k was totally changed and simplified to basically three chemical components at 285.0 eV (CC, CH) and 287.4 eV (aromatic amide). The third component was observed at 285.8 eV and only barely separated from the main peak. Owing to the low chemical shift, a range of assignments was possible including not only the amides C-N groups, but also vibrational shake-ups of C-H groups, the secondary carbon to the amide groups C*CON, and the CH2 groups of PEI. It was noted that the binding energies of the C1s and N1s signals of PEI are rather exotic and commonly found at 285.5 and 399.0 eV. However, the C1s clearly showed a quantitative transformation of all ester groups into amides within the complete depth of information, which was around 10 nm.



The O1s line shape also showed a drastic change and the formation of basically a single peak at 530.8 eV. This low binding energy is rare for organic compounds, but agreed well with the O1s of aramide fibres at 530.8 eV [48].



The N1s instead was characterized by the presence of two components at 399.6 eV (31%) and 398.5 eV (69%). According to their binding energies, the latter was ascribed to PEI and the former to aromatic amides. Consequently, about 31% of the amino groups were converted to amide bonds to PETG. Again, slight deviations of around 0.4 eV were observed when comparing with the literature. This may again be a consequence of an inaccurate definition of the binding energy scale, because the main C1s component was not related to typical aliphatic groups, but rather to a mixture of aromatic signals combined with the PEI backbone signals, which were both shifted. That is, if one would reference the main line to 285.5 eV, which was the binding energy found for PEI, all discrepancies would be resolved. However, this procedure would be as artificial as the conventional procedure and was therefore omitted.



The observed intensity fractions of the N1s components can be well rationalized when considering the quantitative nature of the amidation reaction. The amount of reactive primary amines of hyper-branched PEI is typically around 30%, and this matches the fractional amount of amides found.



However, the complete amidation of the uppermost 10 nm was surprising, because the nominal layer thickness of the PEI deposits was lower. Apparently, a new amide-containing phase was formed at the near-surface region. Considering that high molar mass polymer combinations are usually immiscible, it is suggested that the chemical reaction between the polyester and polyamine leads to a reactive interdiffusion of the materials at the nanoscale. This does not require a complete dissolution and intermingling of the different polymers within another but rather results in a dispersion of PEI molecules within a modified PETG matrix. Similar results were found by Monte-Carlo simulations of the interface between two reactive immiscible polymers using the bond fluctuation model [44].




3.2. Adsorption of PdCl2


A PETG part prepared with grafted PEI-750k that was rinsed in PdCl2 solution in 0.1 M hydrochloride acid, exhibited the typical elements C and O of the PETG filament, see Table 2. Ti stems from the TiO2 pigment used for white pigmentation. The method is not sensitive for N. The Pd ions were, obviously, attached to the PEI layer by coordinative bonds to the amino groups [49,50]. The stability constant of the Pd-Amine chelate is exceptionally high, so that a formation occurs also in high acidic medium.



The chlorine ions were probably the counter ions of Pd ions in this complex, but adding of HCl to amino groups under the formation of an organic ammonium chloride may also be possible. Nevertheless, the adsorption of Pd and Cl pointed to a grafted PEI layer on the PETG surface that still exhibited the function of amino groups. The elemental mappings in Table 2 show smooth distributions of C and O over the surface of a printed strand. Moreover, the distributions of Cl and Pd were smooth, pointing to a flat film of PEI grafted to the PETG surface.




3.3. Adsorption and Desorption of Anionic Dye


Staining was performed by dipping PETG parts in an alkaline pyranine solution. The parts were then rinsed in water to remove unbound pyranine. The photographs in Figure 3A, top row, show deep and uniform pyranine staining over all the PETG surfaces. Reference parts printed on clean glass slides (without PEI) did not stain, i.e., staining with pyranine was selective for PETG parts modified with PEI. The adsorption of pyranine on the PETG surfaces grafted with PEI-750k was strong, and pyranine did not desorb in water, which is actually a good solvent for pyranine. Tests revealed that desorption had not occurred even after several days. A probable reason for that was electrostatic attraction between the high number of partly positively charged amino groups of PEI and the three negatively charged sulfonate groups per pyranine molecule.




3.4. Behaviour in Alkaline Medium


3.4.1. Extraction in Alkaline Medium


The stained PETG parts were rinsed in NaOH solutions of different concentrations for 1 h. The pH values of the resulting extracts were adjusted to 9. Finally, the volumes of the extracts were equalled with buffer (pH value of 9) solution to 50 mL. The solution of the extract with 1 M NaOH was diluted to 100 mL, but its extinctions were normalised to 50 mL for comparison with the other spectra. Optical spectra of the extract solutions were recorded from 300 to 600 nm to quantify the extracted amount of pyranine. If necessary, a baseline correction was performed. Raw data are included in Table S2-1.



No pyranine desorption took place in neutral water, according to an optical evaluation of the samples and the extracts. Figure 3A, bottom row, shows the stained PETG part surfaces after extraction in NaOH solutions of different concentrations. The photographs of the parts extracted in 10−6 to 10−4 M NaOH solution exhibited a yellow colour similar to the images of the PETG parts after staining on the top row. The PETG sample extracted in 10−3 M NaOH showed a decreased staining intensity. A higher concentration of NaOH extraction solution resulted in completely decolourised samples.



Figure 3B shows the optical spectra of the extract solutions. All spectra are qualitatively similar to that of the freshly prepared solution of pyranine (dashed line) at the same pH value as in the extracts. This proves that pyranine did not undergo chemical transformation during the extraction procedure. However, the absorption maxima of the solutions were different. The amount of pyranine per sample area in Figure 3C was calculated according to Lambert–Beers law and the volume of the extract solution. The amount was normalised to the surface area of the sample and related to the NaOH concentration in the extract solution. The results confirmed the conclusions drawn from the photographs: No optical absorptions were observed in the solutions extracted with NaOH in the concentration range from 10−6 to 10−4, i.e., no desorption of pyranine took place here. A partial desorption of pyranine took place at 10−3 M NaOH. Pyranine completely desorbed from the PETG parts at higher NaOH concentrations in accordance with the photographs in Figure 3A. The maximum amount of adsorbed pyranine was about 7 × 10−4 mol m−2. From steric considerations, this corresponds to more than one pyranine molecule per molecular area, i.e., several molecules must have been adsorbed on top of each other within the PEI layer. This finding demonstrates the large modification effect of the grafting procedure.



It is known that the zeta potential of PEI becomes negative at high pH values [51]. The desorption of the negatively charged pyranine is, consequently, a result of reversing the surface charge of the PEI-modified PETG surface and of electrostatic repulsion between PEI and pyranine. However, the data cannot exclude completely any desorption of PEI at this stage.




3.4.2. Stability of Grafting


The previous experiments revealed that PEI-750k was grafted onto the PETG surface, and the grafting layer withstood an extraction in water and the different staining procedures. The PEI layer was quite thick, as it adsorbed a large amount of pyranine. This chapter investigates the adsorption capacity of PEI of different molar masses for several extraction cycles in 0.01 M NaOH solution. In a second investigation, several extraction cycles were carried out with NaOH solutions of different concentrations. Raw data are included in Tables S3-1–S3-3, S4-1 and S4-2.



The grafting procedure was carried out with PEI-750k, PEI-25k, and PEI-2k. The amount of adsorbed pyranine was measured by extraction in 10−2 M NaOH solution, as described in the previous section. However, samples were re-stained after pyranine extraction here, and the amount of adsorbed pyranine in the next cycle was measured again in the extract. Those staining-extraction cycles (see Figure 4A) were repeated several times.



The high molar mass PEI-750k exhibited an adsorbed amount of pyranine of about 8 × 10−4 mol∙m−2. It was somewhat reduced in the second cycle, pointing to the removal of PEI during the extraction in alkaline solution. Increasing the cycle number decreased the adsorbed amount almost linearly, as the trend line shows in the Figure 4B. However, the adsorbed amount after 5 cycles is still high, pointing to a robust grafting of PEI onto the PETG surface.



The adsorbed amount of pyranine for PEI-25k was about 4 × 10−4 mol m−2. This is about half the value of that of the high molar mass PEI-750k. The relation fits well with the ratio of the thickness of both PEI types found in the XPS investigation, see Figure 2A. With increasing cycle number, the adsorbed amount of pyranine decreased significantly, too. This trend continued with the low molar mass PEI-2k. Again, the adsorbed amount of pyranine in the first cycle was lower with a value of about 2 × 10−4 mol m−2. Even for PEI with the lowest molar mass, the amount of adsorbed pyranine and, thus, the amount of grafted PEI on the PETG surface, was still high. Remarkably, the trend lines of all three molar masses of PEI showed approximately the same rise. This suggests that the loss of adsorption capacity is not a function of the average molar mass.



In the previous section, we demonstrated the grafting of PEI of different molar masses and its robust bonding on the PETG surface. However, repeated extraction cycles obviously removed some of the grafted PEI. This section deals with investigations on the reasons for the decreasing adsorbed amount of pyranine.



Three reasons for this are discussed in the following. First, it might be possible that the first extraction in water after the moulding procedure did not remove the entire unbound PEI. One would assume that this is independent of the NaOH concentration. Second, the amide bond formed during grafting may be decomposed. This decomposition is not very likely, because the amide bond is usually resistant against alkali. The third reason could be a decomposition of PETG. PETG, like any polyester, undergoes a saponification reaction in an alkaline medium. Hydrolysis of an ester bond adjacent or in vicinity to an amide bond could fragment the PETG chain. Saponification in vicinity of a high number of amide bonds per PEI molecule could result in releasing and dissolution of the PEI molecule with residues of PETG attached to the amide bonds.



In the following experiments, the staining-extraction experiments were carried out with alkali solutions of different extraction concentrations. Since desorption of pyranine was only effective above a NaOH concentration of 10−2 M, only the concentrations of 10−2, 10−1, and 1 M were used.



The adsorbed amount of pyranine in the first extract with 10−2 M NaOH was again about 8 × 10−4 mol m−2. The value decreased approximately linear during the first extractions (see Figure 4C), as already shown in the previous experiment. However, after cycle number 5, the adsorbed amount of pyranine declined. A constant amount was established after cycle number 8. Desorption of PEI was, probably, a result of decomposition of PETG by saponification.



The grafting of PEI was also stable against 10−1 M NaOH, at least up to cycle number 3, followed by continuous decrease in the adsorbed amount of pyranine to almost zero, i.e., the amount of bonded PEI decreased during the procedure, and finally all PEI was removed from the PETG surface. The decrease in adsorbed amount of pyranine was even higher at an NaOH concentration of 1 M, pointing to fast and effective saponification of PETG.






4. Conclusions


In this work, a surface-grafting approach was investigated to graft a functional polymer layer onto thermoplastics during moulding. PEI of different molar masses were successfully transferred onto surfaces of PETG parts using an FFF process. XPS investigations showed that the polyamine was grafted on the surface of the polyester with a very high density of amino groups per area and an even distribution over the surface. Chemical bonding was achieved by amide bonds, formed by reactions between the amino groups of the PEI and ester groups of the PETG. The thickness of the grafted polyamine and, thus, the grafting effect, were very high and depended on the molar mass of the functional molecule. The highest effect was established with the highest molar mass of PEI (750 kg mol−1). The thickness of the grafted PEI was 3.7 nm. The distribution over the surface was even. The adsorption capacity for pyranine was 7 × 10−4 mol m−2.



This type of reaction requires typically a catalyst. However, the reaction conditions at the surface of a melt during moulding supplied a high temperature, which enables grafting without an external catalyst. Despite the absence of a catalyst and the very short reaction time, the conversion of amino groups to amide bonds was about 30%. That is optimal, because it ensures a stable grafting as well as remaining of many amino groups for surface functionalisation.



Robustness of the PEI grafting was verified by staining the PETG parts with a pyranine dye followed by extraction in alkaline solutions of various concentrations. Grafting was stable in neutral water and also in an alkaline medium as long as the concentration of NaOH did not exceed 10−3 M. At higher alkaline concentrations, the formed amide bonds were usually still stable, but saponification of ester groups within the polyester chain segments on the surface occurred. This resulted in releasing of PETG fragments together with previously grafted polyamine. This decomposition of the PETG surface in alkaline medium is usually not visible macroscopically. Thus, the grafting and staining procedure may also be used for assessment of the stability of a polyester surface in a certain environment.



The grafting procedure using FFF is suitable for producing low numbers of polymer samples with selective surface functionalization by amino groups. Manufacturing could be conducted in any chemical or bio-chemical laboratory to produce aminated polyester surfaces on demand. For large-scale production, industrial processes such as injection moulding can be applied.



The advantage of this surface grafting approach is the easy and effective one-step preparation procedure. Any other polyester surface may also be modified using this reaction, e.g., polyethylene terephthalate, polybutylene terephthalate, polylactide, polycarbonate, thermoplastic polyurethanes with polyester segments, or blends with these polyesters. Thus, the approach may be very versatile for surface functionalisation.



Moreover, the aminated polyester surface could be used as a precursor to attach further molecules by selective bonding, e.g., by epoxides or isocyanates. In addition, proteins or metal ions could be immobilized on the surface by coordinative bonds, like Cu2+.
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Figure 1. (A) Scheme of sample preparation by moulding. (B) Proposed grafting reaction of PEI onto PETG, whereby PEI is bound to PETG by an amide group (red circle). P1, P2 = residues of the PETG chain, R = ethyleneglycol and cyclohexene dimethanol. 
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Figure 2. High-resolution XPS core level spectra of the modified and sputter cleaned PETG surfaces of PEI-2k and PEI-750k. C*CON refers to the carbon in alpha-position to the amide group. 
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Figure 3. Results of the pyranine adsorption on PETG surfaces grafted with PEI-750k. (A) Photographs of stained PETG-PEI-750k parts after staining with pyranine and removing of unbound pyranine (top), and after extraction in NaOH solutions of different concentrations from left to right: 10−6 M, 10−5 M, 10−4 M, 10−3 M, 10−2 M, 10−1 M, and 1 M (bottom). Corresponding parts are placed in the same order top and bottom. (B) Optical spectra of the extract solutions with different NaOH concentrations. The spectra are normalised to the same volume of the extract of 50 mL. A spectrum (dotted line) of pyranine in water at pH 9 is added as reference, [Pyranine] = 1.25 × 10−5 M. (C) Amount of pyranine per PETG part surface area, calculated from absorption maxima of the extract solution and the printed area as a function of NaOH concentration in the extract solution. The grey line is a guide to the eyes. 
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Figure 4. Staining-extraction cycles with PEI of different molar masses. (A) Scheme of the experimental procedure. A PETG part, grafted with PEI (different molar masses) is rinsed in pyranine solution, resulting in a stained PETG surface. The part is then rinsed in NaOH solution (different concentrations), resulting in desorption of pyranine. The amount of pyranine in the extract is measured by optical absorption. (B) Absorption maxima of extraction solutions for different molar masses of PEI and for multiple staining-extraction cycles. Extraction solution: [NaOH] = 10−2 M. The lines should merely illustrate a trend for the reader. (C) Adsorbed amount of pyranine after multiple staining-extraction cycles in different alkaline concentrations as an approximation for the amount of PEI-750k bound to the PETG surface. 
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Table 1. Elemental surface compositions by XPS.
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MW(PEI)/

kg mol−1

	
Sputter Time/s

	
C

	
O

	
N

	
Cl

	
d(PEI)/nm




	
at%

	
STD/%

	
at%

	
STD/%

	
at%

	
STD/%

	
at%

	
STD/%






	
2

	
0

	
69.5

	
0.4

	
23.9

	
0.3

	
6.4

	
0.3

	
0.19

	
0.05

	
0.6




	
3

	
71.7

	
0.4

	
24.8

	
0.4

	
3.5

	
0.3

	
0.12

	
0.05

	




	
6

	
72.4

	
0.4

	
24.3

	
0.3

	
3.2

	
0.3

	
0.03

	
0.05

	




	
9

	
71.8

	
0.4

	
25.6

	
0.4

	
2.6

	
0.3

	
0.02

	
0.05

	




	
25

	
0

	
65.7

	
0.2

	
15.1

	
0.2

	
16.3

	
0.2

	
2.92

	
0.05

	
2.0




	
750

	
0

	
65.8

	
0.2

	
10.5

	
0.2

	
23.5

	
0.2

	
0.16

	
0.02

	
3.7











 





Table 2. Elemental composition of the surface layer of a printed PETG sample grafted with PEI-750k, rinsed in PdCl2 solution, by EDX.
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	Name
	Carbon
	Oxygen
	Chlorine
	Palladium
	Titan





	Symbol
	C
	O
	Cl
	Pd
	Ti



	Colour
	
	
	
	
	-



	Atomic Concentration
	73.857
	21.673
	3.022
	1.231
	0.217
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