Orientation of Thin Polyamide Layer-by-Layer Films on Non-Porous Substrates
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ABSTRACT
The orientation of polyamide thin films on non-porous substrates was investigated using Fourier transform infrared (FTIR) spectroscopy and corroborated by near edge X-ray absorption fine structure (NEXAFS) measurements. Polyamide films comprised of m-phenylene diamine and trimesoyl chloride were synthesized via a layer-by-layer deposition process on both gold and silicon substrates, where the number of sequential monomer deposition steps (cycles) determines the overall polyamide film thickness. These films represent model materials for metrology development that can be applied to understand the selective polyamide layers in reverse osmosis (RO) membranes. Using the fingerprint region in the infrared spectrum for the m-phenylene diamine-trimesoyl chloride (MPD-TMC) system, peaks were identified that could be used as diagnostic modes for molecular orientation analysis.  At extremely low cycle numbers, FTIR measurements suggest the MPD-derived aromatic rings exhibited a tilt angle of ≈6° from the surface parallel while the carbonyl group of the amide was similarly oriented with an average tilt angle of ≈17°. The FTIR insights are in agreement with NEXAFS results, which indicate that the aromatic rings in the first half layer-by-layer cycle are oriented parallel to the surface. Both FTIR and NEXAFS measurements further show high anisotropy in the materials at low cycle numbers.  As the films approach 60 cycles (≈13 nm films), the films become isotropic and no orientation was detected.


INTRODUCTION
The formation of stable thin films with well-defined and predictable water transport properties has long been of interest for water purification and reverse osmosis applications.1  The inextricable tie between structure and properties in these materials makes it imperative to first understand the molecular structure of these thin films before any strides can be made in improving their transport properties for large scale applications. Currently, thin film composite reverse osmosis (RO) membranes are built on polyamide (PA) thin films fabricated by interfacial polymerization of an aromatic polyamine, e.g., m-phenylenediamine (MPD) with an aromatic polyacyl halide, e.g., trimesoyl chloride (TMC). Interfacially polymerized films suffer from chemical inhomogeneity and high surface roughness making the characterization of structure-property relationships difficult in most cases.2 To this end, molecular layer-by-layer (mLbL) synthesized RO membranes have been developed with controllable chemical composition and significantly lower surface roughness, and the performance of such membranes have begun to be characterized.3–8 The development of mLbL films with controlled thicknesses opens new possibilities to employ high-fidelity characterization methods to elucidate the structure of these materials. We recently demonstrated that Fourier transform infrared (FTIR) spectroscopy is a practical and accessible way to quantify the carboxylic acid content in extremely thin (< 60 nm) mLbL polyamide films to help quantify network formation in these materials.9 The most widely used RO membrane characterization methods include X-ray photoelectron spectroscopy (XPS), attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR), near edge X-ray absorption fine structure (NEXAFS) spectromicroscopy, atomic force microscopy (AFM), and ellipsometry.10,11 While methods such as XPS, AFM, and ellipsometry can give information about film thickness and chemical composition, these methods cannot provide the direct determination of molecular orientation required to fully understand film properties.
FTIR can provide detailed molecular orientation information and is routinely employed to determine orientation parameters, such as dichroic ratios, in films and adsorbed layers on ATR crystals. For thin films or molecules adsorbed on planar substrates, it has been well-established that infrared spectroscopy can be used to calculate the angle between surface normal and the dynamic dipole of a given function group when provided with a measurement of an isotropic sample with the same chemical composition, thickness, and on the same substrate material.12 Unemara, et al. proposed an approach where the isotropic sample spectrum is obtained from a film deposited on an IR element, such as a ZnSe crystal.13 Unfortunately, the Unemara, et al. method is not always practical because it is often impossible to experimentally eliminate all substrate effects and obtain an isotropic sample spectrum. Iida, et al. developed a strategy that eliminated the need for an isotropic spectrum, provided it is possible to observe three peaks whose transition moments are mutually perpendicular.14 These three peaks would essentially define the x, y, and z axes that are needed in determining molecular orientation. Allara, et al. reported a method to obtain quantitative orientation information from reflection absorption infrared spectroscopy (RAIRS) spectra combined with spectral simulations.15 This approach involves comparing the RAIRS spectrum of the sample to that of the calculated isotropic film, of identical thickness on the same substrate.12 The isotropic spectrum is calculated as a parallel-layer multi-slab system, where the optical properties and thickness of each layer is defined by the experimental geometry and sample thickness.15  The most widely accepted method of deriving optical constants from an isotropic bulk film is to use transmission measurements on a sample with a known thickness to obtain the imaginary component of the refractive index (k) and a Kramers-Kronig transform to obtain the real component of the refractive index (n).16,17 For this analysis to be successful, it must be applied to the diagnostic modes, which are vibrational modes with clearly resolvable peaks and clearly definable transition dipole moment directions. For the case of aromatic polyamides, the diagnostic modes correlate to the peaks in the amide region, referred to as amide I. The ensuing discussion describes optical constants derived for the mLbL system and used to simulate isotropic film spectra on gold and silicon substrates. Orientation was calculated by taking the obtained experimental spectra and dividing this by three times the theoretical spectra prior to calculating the tilt angle. The diagnostic peaks identified were used to calculate the tilt angle of the C=O and MPD derived aromatic rings.
 Similarly, NEXAFS provides information about orientation and electronic structure by probing electronic transitions from occupied to unoccupied molecular orbitals of the bonds to neighboring atoms in a particular atomic species selected by x-ray wavelength.18 Distinct peaks are observed in the electron yield at energies that can be assigned to particular bond systems in the material being probed.  When polarized X-rays are used in a NEXAFS experiment, the orientation of the X-ray excitation couples with the orientation of the underlying bond system to allow determination of molecular/bond orientation by rotating the sample in what is known as the “search light effect”; in short, the intensity of an observed peak scales with the number of bonds meeting the orientation condition. For example, for aromatic systems like the polyamides presented here, the C=C 1s -> π* transitions are oriented out of the plane of the ring, causing an increase in the observed intensity of that transition peak when the ring normal and beam polarization are aligned. NEXAFS was used in this fashion by Peng, et al. to measure the orientation of alkyl-aromatic polyamide films formed via molecular layer deposition.19
In this work, we demonstrate the use of FTIR, aided by density functional theory (DFT) calculations, to provide a direct measure of orientation as a function of film thickness in model polyamide films prepared the mLbL process. The FTIR results are supported by orientation measurements via NEXAFS on similar mLbL films. In this demonstration, FTIR provided molecular orientational information of both the MPD-derived phenyl rings and the amide carbonyl, while NEXAFS provided a measure of all phenyl rings in the system.
EXPERIMENTAL SECTION
Equipment and materials are identified in the article to adequately specify the experimental details. Such identification does not imply recommendation by the National Institute of Standards and Technology, nor does it imply that the materials are necessarily the best available for the purpose.
The mLbL films were prepared as described by Johnson, et al. on gold and double-sided polished silicon surfaces for orientation analysis.4 Smooth gold substrates were prepared on undoped silicon wafers using a direct line-of-sight approach on a Semicore E-Gun Thermal Evaporator with titanium as an adhesion layer. Silicon wafers were mounted on a planetary holder with Kapton tape and the chamber pumped down to a pressure of 1 × 10−7 Torr (1.33 × 10-5 Pa). A titanium adhesion layer was evaporated at a rate of (0.5 to 1.0) A˚ s−1 at a pressure ≈1 × 10−6 Torr
(1.33 × 10-4 Pa) until a 20 nm layer had been deposited. Gold was evaporated at a rate of (0.1 to 0.3) A˚ s−1 at ≈1 × 10−6 Torr (1.33 × 10-4 Pa) until a 50 nm layer had been deposited. 
Thickness values for mLbL films were measured using a J.A. Woollam Alpha-SE spectroscopic ellipsometer (Lincoln, NE).  The wave amplitude (Ψ) and phase shift (Δ) were measured at 188 wavelengths over a spectral range of 360 nm to 900 nm (1.377 eV to 3.44 eV) at 65°, 70°, and 75° for 30 s at each angle.  The samples were modeled as a stacked multilayer system with the substrate being either gold or silicon, where silicon was modeled to have a native oxide whose thickness was fit prior to thin film deposition.  The polymer thin film was then modeled as a uniform Cauchy layer with no surface roughness, where the thickness (t) and model coefficients (A and B) were fit to the amplitude and phase shift.
All FTIR measurements were conducted on a Bruker Vertex 70 spectrometer (Bruker, Billerica, MA) equipped with liquid nitrogen cooled mercury-cadmium-telluride (MCT) detector under a CO2-free dry air purge. A ZnSe wire grid polarizer was used to maintain p-polarization for all measurements. 
RAIRS measurements were conducted with a VeeMax external reflection accessory (Pike Technology, Madison, WI) at an incident angle of 80° with a 1.5 cm specular mask coated in soot.  Reported spectra represent the average from 300 scans at a resolution of 6 cm-1.
 Substrate overlayer attenuated total reflection (SO-ATR) FTIR measurements were conducted on a VariGATR accessory (Harrick Scientific Products, Inc. NY) at an incident angle of 65°.20 The applied pressure on each sample for ATR measurements was monitored by a force sensor and kept constant at 700 N to ensure reproducible contact.
Optical constants for PA films were determined from transmission experiments using KBr pellets containing interfacially polymerized polyamide harvested from commercial RO membranes. The PA layer was harvested by physically separating the PA/polysulfone layers from the polyester backing. The polysulfone/PA layers (about 25 cm × 25 cm) was immersed in 80 mL of dimethylformamide (DMF). The polysulfone dissolves in DMF, leaving the insoluble crosslinked PA suspended in solution. The solution was pressure filtered through a 47 mm diameter, 1.0 µm pore size Advantec PTFE membrane filter using a KST 47 pressure filter holder (Advantec MFS Inc, Dublin, CA). The residue was washed with 20 mL of methanol. A 1.87 % mass fraction PA in KBr pellet was made by mixing 3.2 mg of PA with 167.8 mg of KBr, which was ground for 400 seconds in a Wig-L-Bug grinding mill (Patterson Dental, St. Paul, MN) to minimize grinding effects on absorption values. The sample mixture was pressed into several 7 mm pellets at a load of 2 tons (1814 kg) in a hydraulic press. The transmission spectra were collected immediately after pellet preparation. IR spectra of blank KBr pellets of similar thickness were collected at humidity conditions identical to PA samples to improve baseline quality.21  After spectra collection, the thickness of each pellet was measured to obtain the path length for Beer-Lambert calculations of the k-spectra.12 The same program used to calculate the isotropic RAIRS and SO-ATR spectra of desired thicknesses was also used to determine orientation.
Polarized NEXAFS spectroscopy measurements were performed at Brookhaven National Laboratory’s National Synchrotron Light Source beamline U7A. Data was collected at the carbon K-edge in Partial Electron Yield (PEY) mode with a grid collection bias of -50 V across five incident angles ranging from 20° to 70° (10 cycles) and at two incident angles of 33° and 70° (0.5 cycle to 5 cycles). The data was pre-edge normalized to an intensity of zero between 275 eV and 280 eV and post-edge normalized to an intensity of 1.0 between 325 eV and 330 eV. Orientation of the 1s→pi* resonance, appearing at ≈285.5 eV, was fit to the vector orbital formalism, as described in Stöhr.22

RESULTS AND DISCUSSION
IR Peak Assignments and Orientation Analysis
Peak assignments for this system were made in agreement with the previously published work5 by the authors on polyamide thin films.23–39 DFT calculations were used to confirm some peak assignments and identify vibrational modes, which were considered diagnostic peaks and could be used for orientation analysis. The aromatic ring tangential carbon-carbon stretching vibrations, known as ring breathing modes 8 and 19 in the Varsanyi nomenclature30, are prominent in the 1000 cm-1 to 1800 cm-1 frequency range where amide I vibrations occur, as seen in the RAIRS spectrum of a mLbL film on gold (60 mLbL cycles, Figure 1). 


Figure 1.  RAIRS spectrum of mLbL PA film on gold (60 cycles), showing the fingerprint region from 1000 cm-1 to 1800 cm-1, with Varsanyi nomenclature vibrations 8 and 19 labeled.
The dipole changes seen from ring breathing modes 8 and 19 are sensitive to the symmetry of the ring, hence these distinct peaks are obtained for both a 1,3,5-substituted ring and a meta-substituted ring, regardless of the identity of the substituents.28,29 This allows us to distinguish between MPD and TMC as free monomers or when incorporated in the polymer network. Both ring breathing modes 8 and 19 are split to give rise to distinct vibrational modes, depending on the symmetry of the substituent on the benzene ring. The ring breathing modes 8 and 19 in MPD are split into degenerate vibrations, labeled as A and B in Figure 2, creating four distinct vibration modes for MPD.
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Figure 2. Breathing modes 8 and 19 of MPD rings, occurring between 1350 cm-1 and 1650 cm-1, split into two degenerate vibrations.

Fitting these four modes into the experimental MPD monomer spectrum produced a good fit and provided a fifth peak, attributed to the N-H bend (N-H), to ensure the accuracy of the fit (Figure 3). Details pertaining to the measurement and fitting of the MPD spectrum are provided in the supporting information.  As the wavenumber position of these bands is largely governed by the number and position of substituents and does not change after polymerization, we believe it is a fair assumption that the assigned band positions are valid for the mLbL system.


Figure 3. Fit of the MPD spectrum between 1350 cm-1 and 1800 cm-1 showing the positions of the major peaks of breathing modes 8 and 19.

From the MPD spectrum in Figure 3, it is clear that the peak at 1492 cm-1 is due to the combination of the degenerate ring breathing modes 19a and 19b. There is minimal overlap from the N-H mode at 1500 cm-1, so this band can be used for orientation/quantitative analysis of MPD rings, provided it is clearly resolvable in the polymer spectrum.  When the di-substituted MPD is replaced with a tri-substituted monomer, 1,3-diaminobenzoic acid (1,3-DABA), the resultant polymer contains only tri-substituted rings. This results in the complete disappearance of the 1492 cm-1 peak in the tri-substituted monomer spectrum, as shown in Fig 4.  The 1492 cm-1 peak is clearly resolvable in the MPD-TMC system and can be ascribed solely to vibrations 19a and 19b of a meta-disubstituted benzene ring. The dipole change of the 19a vibration is perpendicular to  the plane of the aromatic ring, and was used to as a diagnostic peak to determine the orientation of MPD rings in the system.   It should be noted that the dipole change of the 19b vibration which contributes 11 % of the peak area under isotropic conditions orthogonal to the 19a dipole change which introduces some error to the quantitative angle reported, as summarized in the supporting information.
  
                                                                a)
b)

Figure 4. a) Chemical structures of di-substituted monomer, MPD, and tri-substituted monomer, 1,3 DABA and (b) Spectra of TMC-1,3 DABA and TMC-MPD, showing the presence of the peak at 1492 cm-1 in the TMC-MPD spectrum.

The diagnostic peak selected for the carbonyl, C=O, bond orientation analysis was the amide I peak, which consists primarily of the amide C=O stretch at 1672 cm-1. The amide I peak has routinely been used to determine secondary structures in proteins by the deconvolution of the various vibrational modes that overlap within the peak.40  In the mLbL system, there is a minor contribution from the C-N stretch, which is coupled to the C=O stretch, resulting in the shifting of the orientation of the dipole of the C=O bond plane (Fig 5). This shift has been demonstrated to be approximately 18° to 20° out of the double bond plane31 and is consistent with reported dipole orientation found in some aromatic amide systems. In the ensuing discussion the molecular orientation is described as the angle between the surface and molecular plane i.e, ring plane in case of MPD and C=O plane in the case of amide I (Fig 5).
[image: ]
[bookmark: _Toc457425951]Figure 5. The orientation of the dipole changes for a) the di-substituted MPD aromatic ring and b) the amide I vibration of the aromatic polyamide membranes; c) the orientation of the aromatic ring described by the angle between the surface and ring plane.
Orientation
The intrinsic scalar optical constants were obtained by analyzing the material’s optical response in the bulk phase where, on average, molecules assume random orientations. This was accomplished by generating a random dispersion of small polyamide flakes in an inert KBr matrix. The KBr sample provided the basis for determining isotropic scalar optical functions from the analysis of a normal incidence transmission IR spectrum, using a pressed pellet of known thickness and concentration of dispersed material. The transmission experiment provided a good first approximation of the absorption constants of the polyamide from a Beer-Lambert type of relationship (Equation 1). 
                                                            		                           	       (1)  
Here, the set of wavelength dependent k values, termed a “k spectrum”, appears identical to an absorbance spectrum. Each value of the k spectrum was used in the Kramers-Kronig transformation to generate a corresponding set of n values. After choosing an initial guess for the k spectrum, the n and k values were refined through an iterative process until the absorbance spectrum obtained from the final n and k set matched the original experimental spectrum.  As a final check, two additional KBr samples of different thicknesses were generated, analyzed, and compared to the spectra simulated from the final set of n and k values. The optical constants for polyamide determined by this method are shown in Fig 6. 


[bookmark: _Toc457425950]Figure 6. The n and k spectra in the mid-infrared region from the spectral simulation which are used as accepted optical constants.  
  For surface-oriented molecules in an external reflection geometry, there is electric field amplitude at infrared frequencies normal only to the surface of the substrate. As a result, the absorbance for a vibrational band is proportional to the square of the electric field amplitude at the surface, the magnitude of the transition dipole moment (μ), and the tilt angle (θ) of the transition dipole moment from surface normal, as given by Equation 2:
   	                                                          (2)
Due to the anisotropy of the surface electric field amplitude, the absorbance of any mode with a transition dipole moment oriented along surface normal will be three times as large as the integrated absorbance of the same vibrational band of identical molecules in a thin film of equivalent thickness and molecular density. Thus, the tilt angle of a given transition dipole moment is calculated using Equation 3:
                                                          				             	   (3)
where Iobs is the experimental absorbance of the diagnostic mode, Ical is the simulated absorbance of the same mode, and θ is the tilt angle between the dipole change of the mode and the electric field vector.
 In both SO-ATR and RAIRS experiments, the electric field is surface normal, hence θ is the tilt angle between the dipole change and the substrate normal. Experimental spectra were obtained using a SO-ATR geometry on silicon substrates, as it provided superior sensitivity compared to Brewster’s angle experiments and the electric field is exclusively z-polarized in the thickness regime of the mLbL samples analyzed. RAIRS experimental geometry was used for all samples on gold. 


Figure 7. The tilt angle of the C=O bond of the amide group, with respect to surface normal on gold and silicon surfaces, as a function of the number of mLbL cycles the polyamide film. The error bar represents one standard deviation of the data (n = 3), which is taken as the experimental uncertainty of the measurement.

[bookmark: _Hlk33371377][bookmark: _Hlk44069134][bookmark: _Hlk33370324]The tilt angles obtained for the C=O group per number of mLbL cycles used to form the polyamide thin film are presented in Fig 7. From cycle numbers 5 to 15, the average angle, with respect to surface normal, was approximately 16° to 18° with little deviation in the measured angle. However, larger variations in average tilt angle were observed for higher cycle numbers. For 60 mLbL cycles of films on silicon, the average tilt angle was 44± 5° while at 10 cycles it was 17° ± 1°, where the error represents one standard deviation of the data (n = 3). We attribute this difference to an increase in local sample heterogeneity as the cycle number increases and to an increase in the isotropy of the film. While the amide C=O peak provides a reasonable approximation of the molecular order of the film, the overlap of the free acid band and its sensitivity to hydrogen bonding increases the uncertainty in the values obtained.  These sources of uncertainty do not exist, however, for the peak at 1492 cm-1, which we ascribed solely to the ring breathing mode of the meta di-substituted benzene ring.35,38 Hence, this vibration was used to determine a more accurate measure of the orientation for the rings in the polyamide system.  The dipole change for this vibration is in-plane of the aromatic ring, thus it can be used to directly obtain the tilt angle of the aromatic rings with respect to surface normal. As with the C=O group, there was little deviation in the tilt angle for the (5, 10, and 15) cycle films but a large deviation in cycle numbers above 15. Since some of the calculated tilt angles for the film at 60 cycles were close to the magic angle of 54.73°, we believe that these films contain very little order. The calculated tilt angle for (5, 10, and 15) cycle films was 84°, with respect to surface normal. Figure 8 shows the average tilt angle for the MPD ring, with respect to the surface, and also demonstrates that at low cycle numbers the aromatic ring is close to surface parallel with an average tilt angle close to 6° which gradually becomes more perpendicular as the film grows and becomes more isotropic. 

[bookmark: _Toc457425953] 
Figure 8. Tilt angle of the di-substituted MPD aromatic ring with respect to surface parallel on gold and silicon substrates, per number of mLbL cycles of the polyamide film. The error bar represents one standard deviation of the data (n = 3), which is taken as the experimental uncertainty of the measurement.

[bookmark: _Hlk33370469]To further quantify the orientation of the films and corroborate the IR measurements, partial electron yield (PEY-NEXAFS) spectra were collected as a function of tilt angle of the film in the beam (Fig 9a) for mLbL layers on silicon at (0.5, 1, 1.5, 2, 5, and 10) cycles, as shown in Fig 10.  The spectra show clear shifts in the intensity of the C 1s  π* resonance at 285.5 eV in addition to the orthogonal shifts in the intensity of the broad 1s σ* transitions between 300 eV and 325 eV.  The magnitude of these intensity differences was determined by the Gaussian fitting of the spectrum to the vector symmetry formalism22 (Fig 9b). The intensities are consistent with a decrease in tilt angle from aromatic rings nearly coplanar to the substrate in very thin layers to roughly isotropic above 2 cycles.  It should be noted that the penetration depth for soft NEXAFS is substantially smaller than that of FTIR, so these results are consistent with the FTIR observations of a rapid decrease in orientation at higher cycle numbers. 
[bookmark: _Hlk45396067][image: ]
[bookmark: _Hlk87259816]Figure 9: a) Schematic of the NEXAFS geometry of the angle-dependent partial electron yield measurement.  The sample is rotated to align to sample normal in the beam polarization direction.  b)  Fit of the anisotropy from Figure 10 to the vector orbital symmetry formalism (ref. 17, eq. 9.16a), where alpha is the aromatic ring tilt, defined as the angle between the ring normal vector (the 1s → pi* transition dipole of the aromatic system) and the substrate plane, which shows extreme in-plane alignment in the first half-cycle and gradually progresses to a lack of orientation in thicker films.


Figure 10: NEXAFS measurements of thin mLbL polyamide films. Normalized spectra for various cycle numbers ranging from 0.5 cycles to 20 cycles. The difference between the 70° and 33° spectra, particularly in the strong peak near 285.5 eV, is attributed to the orientation of the aromatic components in the film.  The decreasing orientation is seen above a few cycles, suggesting that the strongest orientation is in the first few layers of the polyamide film.

The C=O bond and aromatic rings are not shown to be coplanar; hence more work is required to relate the two observed angles to each other by considering the bond angles and torsion within the polymer molecule. This analysis is hindered by the accuracy of tilt angle obtained for the C=O bond, which was influenced by changes in the free acid in the film and by the difficulty in accurately calculating the bond angles and torsion in these polymer systems.  NEXAFS analysis was unable to distinguish between the tri-substituted and di-substituted rings in the polymer network, while FTIR could only accurately probe the di-substituted rings. A direct quantitative comparison of the tilt angles provided by these two methods is only valid under the assumption that the two rings are co-planar. As it is not possible to experimentally validate this assumption, computational work on the orientation of functional groups, with respect to each other and a surface, would provide interesting complimentary information to the work presented here. 

CONCLUSIONS
Infrared spectroscopy can be used to quantitatively determine the orientation of amide C=O groups and di-substituted aromatic rings in model aromatic polyamide membranes.  The average tilt angle for the MPD ring, with respect to the surface, demonstrates that at low cycle numbers the aromatic ring is close to surface parallel with an average tilt angle close to 6. This tilt angle gradually became more perpendicular to the wafer surface as the film thickness increases and becomes more isotropic. These results are supported by NEXAFS measurements, which show the aromatics rings being nearly coplanar to the substrate in very thin layers and transitioning to nearly isotropic above 2 cycles. The C=O group follows a similar trend where the average angle, with respect to the surface normal, being approximately 16° to 18° with very little deviation in the measured angle below 15 cycles, while exhibiting bigger variations for higher cycle numbers where the film was more isotropic. 
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