














	 Home
	 Add Document
	 Sign In
	 Register





























Influence of Hydrophobicity on Polyelectrolyte ... - ACS Publications 

	Home 
	Influence of Hydrophobicity on Polyelectrolyte ... - ACS Publications


















Oct 31, 2017 - ... Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, United States. â€¡ .... required to obtain accurate viscoela... 






 0 downloads
 0 Views
2MB Size







 Download PDF 










































Recommend Documents














Influence of Hydrophobicity on Polyelectrolyte ... - ACS Publications 


Nov 16, 2017 - be thought of as a bridge between a completely viscous dash- pot (Î± = 1) and ... referred to by Jaishankar and McKinley.30 The Maxwell model.










 









Influence of Hydrophobicity on Polyelectrolyte Complexation 


Nov 16, 2017 - Polyelectrolyte complexes are a fascinating class of soft materials that can span the full spectrum of mechanical properties from low-viscosity fluids to glassy solids. This spectrum can be accessed by modulating the extent of electros










 









Influence of Hydrophobicity on Polyelectrolyte Complexation 


Nov 16, 2017 - Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, United States ... of the complex remain contingent on the overall swelling ratio of the complex itself, following near univers










 









Influence of Hydrophobicity on Polyelectrolyte Complexation 


Nov 16, 2017 - Polyelectrolyte complexes are a fascinating class of soft materials that can span the full spectrum of mechanical properties from low-viscosity fluids to glassy solids. This spectrum can be accessed by modulating the extent of electros










 









Influence of Hydrophobicity on Polyelectrolyte Complexation 


Nov 16, 2017 - ... Photon Source, Argonne National Laboratory, Lemont, Illinois 60439, United States ... Northwestern University, Evanston, Illinois 60208, United States ..... Chemical engineer Paula T. Hammond on discovery and diversity.










 









Influence of Surface Hydrophobicity on the Layer ... - ACS Publications 


Lachlan M. Grant,â€  Thomas Ederth,â€ ,â€¡ and Fredrik Tiberg*,â€ . Institute for Surface Chemistry, Box 5607, S-11486 Stockholm, Sweden, and Department of.










 









Effect of Hydrophilicity or Hydrophobicity of Polyelectrolyte on the 


Apr 23, 2012 - The hydrophobic nature of the surfactant tails induces the surfactant's .... head bead tethered to a tail with some tethering hard spheres.










 









Influence of Polyelectrolyte Film Stiffness on ... - ACS Publications 


Jan 6, 2013 - Influence of Polyelectrolyte Film Stiffness on Bacterial Growth ... de Rouen, Bd Maurice de Broglie, F-76821 Mont Saint Aignan, France ... For a more comprehensive list of citations to this article, users are encouraged to perform a sea










 









Investigation of Bituminous Coal Hydrophobicity and its Influence on 


Oct 27, 2009 - They applied the captive-bubble method for contact angle .... This machine was connected with a regulated air supply where the air flow rate ...










 









Influence of Pore Wall Hydrophobicity on Freezing and Melting of 


7 days ago - To examine the influence of pore-wall hydrophobicity on freezing and melting behavior of a confined water, we measured the X-ray diffraction pattern of water in the nearly cylindrical pores of ordered mesoporous carbons during cooling an










 


















Article Cite This: Macromolecules XXXX, XXX, XXX-XXX
 
 pubs.acs.org/Macromolecules
 
 Inﬂuence of Hydrophobicity on Polyelectrolyte Complexation Kazi Sadman,§ Qifeng Wang,§ Yaoyao Chen,§ Bavand Keshavarz,† Zhang Jiang,‡ and Kenneth R. Shull*,§ †
 
 Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, United States X-ray Science Division, Advanced Photon Source, Argonne National Laboratory, Lemont, Illinois 60439, United States § Department of Materials Science & Engineering, Northwestern University, Evanston, Illinois 60208, United States ‡
 
 S Supporting Information *
 
 ABSTRACT: Polyelectrolyte complexes are a fascinating class of soft materials that can span the full spectrum of mechanical properties from low-viscosity ﬂuids to glassy solids. This spectrum can be accessed by modulating the extent of electrostatic association in these complexes. However, to realize the full potential of polyelectrolyte complexes as functional materials, their molecular level details need to be clearly correlated with their mechanical response. The present work demonstrates that by making simple amendments to the chain architecture, it is possible to aﬀect the salt responsiveness of polyelectrolyte complexes in a systematic manner. This is achieved by quaternizing poly(4vinylpyridine) (QVP) with methyl, ethyl, and propyl substituentsthereby increasing the hydrophobicity with increasing side chain lengthand complexing them with a common anionic polyelectrolyte, poly(styrenesulfonate). The mechanical behavior of these complexes is compared to the more hydrophilic system of poly(styrenesulfonate) and poly(diallyldimethylammonium) by quantifying the swelling behavior in response to salt stimuli. More hydrophobic complexes are found to be more resistant to doping by salt, yet the mechanical properties of the complex remain contingent on the overall swelling ratio of the complex itself, following near universal swelling−modulus master curves that are quantiﬁed in this work. The rheological behaviors of QVP complex coacervates are found to be approximately the same, only requiring higher salt concentrations to overcome strong hydrophobic interactions, demonstrating that hydrophobicity can be used as an important parameter for tuning the stability of polyelectrolyte complexes in general, while still preserving the ability to be processed “saloplastically”.
 
 ■
 
 INTRODUCTION The associative behavior of oppositely charged polyelectrolytes is a phenomenon relevant to many biological processes as well as many synthetic applications. In complex biomacromolecules, the details of the charge distribution, hydrophobic moieties, and steric eﬀects dictate the shape, conformation, and ultimately the function of those molecules.1,2 In synthetic applications, the polyelectrolyte complexes can be engineered to form micelles,3 gels,4,5 and coatings.6 In all of these contexts, the dynamic ionic bonds formed between oppositely charged ions help dictate the responsiveness and properties of the ﬁnal material. These dynamic bonds impart a continuum of properties to polyelectrolyte complexes (PECs), which can be accessed by controlling the extent of electrostatic association in the system.7 While the eﬀects of pH and salt on the responsiveness of PECs are becoming better understood, the eﬀects of hydrophobicity and chain architecture remain more open questions.8 In the present work, we utilize a series of quaternized poly(4vinylpyridines) (QVPs) to build a spectrum of hydrophobic polyelectrolytes and study their mechanical properties in terms of their salt responsiveness. The addition of methylene groups © XXXX American Chemical Society
 
 to the side chain of QVP tunes its hydrophobicity and therefore the salt responsiveness of the materials.9 However, it is unclear how dif ferential changes in hydrophobicity, which is often nebulously deﬁned, would aﬀect the dif ferential mechanical response of PECs, both in the low salt regime where doped solid-like complexes form and in the high salt regime where coacervate phases form. Further complications arise from the fact that the methods of determining mechanical responses for the solid complexes and coacervates are often quite diﬀerent. For example, when complexes are formed in the thin ﬁlm format such as in layer-by-layer assemblies, nano/microindentation and dynamic mechanical analysis may be the choice of mechanical analysis.10,11 When complex coacervates are concerned, the mechanical analysis of choice is almost always traditional cone−plate rheology.12−14 Each of these techniques has its own advantages and disadvantages, and the data obtained from these separate techniques must be Received: September 21, 2017 Revised: October 31, 2017
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 methylene groupusing a chaotropic anion that disrupts the hydrogen-bonding network of water.
 
 compared with caution, even when the same material system is being investigated. In a series in insightful works, Schlenoﬀ and co-workers have demonstrated that salt-induced breakage of ion pairs in PECs can be used for “saloplastic” processing15 and that coacervation spans a continuous bridge between doped solids and singlephase solutions.7 It is desirable to quantify this spectrum of mechanical properties of PECs on a single characterization platform so that changes in viscoelasticity between the coacervate and solid complex of the same material may be directly comparable. We have recently developed the analysis required to obtain accurate viscoelastic information using the quartz crystal microbalance (QCM) and have demonstrated its versatility as a high-frequency rheometer in several contexts such as electrodeposition,16 corrosion,17 and curing of thermosets.18 The great utility of the QCM lies in its ability to quantify the ﬁxed frequency (15 MHz in the present work) mechanical response of both thin ﬁlms deposited on the quartz crystal surface as well as of any viscous medium in which the crystal is immersed. This versatility makes the QCM a unique platform capable of quantifying the mechanical spectrum associated with the continuous transitions of PECs. Additionally, QCM experiments with a complete viscoelastic analysis of the frequency and dissipation shifts allow the most accurate measure of swelling behavior of homogeneous thin ﬁlms. However, the QCM provides only the single high-frequency response of the material, and so the low-frequency (0.1−300 rads s−1) tests of more traditional cone−plate rheology are needed to build a picture of the dynamic mechanical behavior.12,13 In this work we aim to develop a unifying mechanical picture of PECs spanning the entire spectrum of their mechanical response, from solid-like complexes to low-viscosity coacervates, and encompassing polyelectrolyte hydrophobicity and salt hydration eﬀects. We ﬁrst quantify the swelling and mechanical behavior of PSS:PDADMA, which is the most hydrophilic pair in Figure 1. The mechanical response is
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 RESULTS AND DISCUSSION When two oppositely charged polyelectrolytes are mixed, the driving force for complexation is almost purely entropy driven due to counterion release.19 These complexes remain stable until addition of externally added salt breaks ion pairs, increasing the screening between polyelectrolyte chains. Spruijt et al. drew the analogy between salt and temperature, arguing that addition of salt increases the mobility of chains inside a complex.20 This concept was further used to introduce “saloplastic” processing of PECs,15 analogous to thermoplastic processing of glassy homopolymers. While thermal transformations in PECs can be distinct,21 the saloplastic transition from solid complex to coacervate to single phase solution is a spectrum where a continuous change in physical properties is observed as the salt concentration is increased.7 Many phase diagrams from turbidity type experiments delineate a sharp boundary between these complex “phases” but are slightly misleading in the sense that these “phase boundaries” are smeared out in actuality.14,22 The question then naturally arises about what the associated change in physical properties is of the polyelectrolyte complex continuum. As indicated earlier, the QCM is uniquely suited for quantifying mechanical properties of solutions and solids, as schematically shown in Figure 2. We begin with a brief discussion of the bulk and thin ﬁlm QCM limits.
 
 Figure 2. (a) Thin ﬁlm limit of the QCM allows measurement of the areal mass (ρd), density−shear modulus product (ρ|G3*|), and the phase angle (ϕ) of a deposited ﬁlm from the experimentally measured frequency (Δf) and dissipation shifts (ΔΓ). (b) Bulk limit provides the ρ|G*3 | and ϕ of the viscous medium in which the crystal is immersed. The subscript 3 refers to the third crystal harmonic corresponding to a frequency of 15 MHz.
 
 Figure 1. Structures and designations of the polyelectrolytes in this work.
 
 characterized in terms of the eﬀectiveness of salt identity in swelling thin ﬁlms of PSS:PDADMA, resulting in well-deﬁned swelling−modulus master curves that appear to be universal for the speciﬁc set of cationic and anionic polyelectrolyte of interest. Next we complex QVP with varying alkyl side chain lengths with PSS and measure their swelling, modulus, and viscoelastic phase angle in response to added KBr and draw a comparison to PSS:PDADMA. We explore the dynamic response of PSS:QVP coacervates using cone−plate rheology and quantify their power-law frequency response and relaxation spectra. Finally, hydrophobicity of the polyelectrolytes described in Figure 1 is quantiﬁed using interfacial tension measurements, and a procedure is introduced to measure subtle changes in hydrophobicitysuch as addition of a single
 
 Bulk Limit. When the quartz crystal is exposed to a semiinﬁnite medium, such as immersion in water or applying a viscous liquid (coacervate) to the crystal surface, the density− shear modulus product (ρ|G*|) and the phase angle (ϕ) of the medium can be determined from eqs 1 and 2 by measuring frequency (Δf n) and dissipation (ΔΓn) shifts with respect to the bare crystal in air. Δfn =
 
 ΔΓn = B
 
 −f1 πZq
 
 f1 πZq
 
 (ρ|Gn*|)1/2 sin(ϕ/2) (1)
 
 (ρ|Gn*|)1/2 cos(ϕ/2)
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 Macromolecules Here n is the harmonic being measured (we use n = 3, i.e., 15 MHz, for bulk calculations), Zq is the acoustic shear impedance (8.84 × 106 kg/(m2 s) for AT-cut quartz), and f1 is the fundamental frequency (5 MHz in our case). Note that ϕ = 0° for perfectly elastic solids and 90° for Newtonian liquids. Thin Film Limit. For thin rigid ﬁlms, the well-known Sauerbrey equation provides a very accurate measurement of the areal mass, dρ, where d is the ﬁlm thickness and ρ is its density.17 For thin viscoelastic ﬁlms applied at the crystal surface, a measurable deviation from the Sauerbrey equation occurs which can be used to quantify the ﬁlm’s ρ|G*| and ϕ in addition to its dρ. While the full mathematical description of the thin ﬁlm limit is not as simple as that of the bulk limit, we have detailed this approach in our previous work.16,17 If the ﬁlm is immersed in water, the physical properties of the layer can be observed as a function of external stimuli such as ionic strength, pH, temperature, etc. Therefore, the thin ﬁlm limit proves to be exceptionally valuable for studying the salt responsive mechanics of PEC ﬁlms as their swelling behavior can be directly quantiﬁed along with the modulus and phase angle. We deﬁne the percent swelling in terms of dρ using eq 3: swelling (%) =
 
 dρ − (dρ)dry (dρ)dry
 
 results in dissolution of the coacervate into a single phase solution with properties very close to that of water itself. KBr is known to be one of the most eﬀective salts in breaking up ion pairs in PECs. Salt identity has a signiﬁcant eﬀect on its PEC doping capacity, with strongly hydrated salts interacting more weakly with PECs. For applications of PECs as membranes, it is of interest to know how the physical properties of the complex changes with respect to salt identity. In other words, what is the stability of PECs against diﬀerent salt solutions? To investigate this question, we exposed PSS:PDADMA ﬁlms to salt solutions with varying ionic strengths and salt identity as shown in Figure 4. The limit of 1 M ionic strength is appropriate here since all data points can be considered to fall in the solid-like regime. Signiﬁcant loss of mechanical function occurs for PEC ﬁlms exposed to KBr concentrations above 0.5 M, while LiCl and CaCl2 only have a marginal eﬀect on the mechanical stability of PSS:PDADMA in this salt range. These trends follow the electronegativity of the salts, which is closely related to their hydration.24 Furthermore, divalent cations can weakly deswell and stiﬀen the material at low concentrations, as seen for CaCl. 25,26 At higher concentrations, all salts weaken PECs. Figure 4 initially suggests that salt identity plays a critical role in determining the mechanics of PECs. However, plotting ρ| G3*| and ϕ against the swelling % of the complex (Figure 5) leads to an insightful conclusion: it is the overall swelling of the complex that determines its mechanical behavior and not the identity of the salt used to swell it. Changing the salt identity only allows movement along the same master curve, for both the modulus and the phase angle. Higher concentrations of strongly hydrated salts are needed to swell the complex to the same degree that can be achieved via a weakly hydrated salt at lower concentrations. The fact that PECs follow well-deﬁned master curves suggests that ultimately it is the amount of water inside the complex that determines the overall mechanical behavior and that the properties of the complex can be further tuned by controlling the hydrophobicity of the polyelectrolytes used to make the complex. Mechanical Behavior of PSS:QVP-C1, -C2, and -C3 Complexes. QVPs are interesting strong cationic polyelectrolytes due to their versatility, chief among which is the ability to easily vary the quaternizing substituent. Poly(4-vinylpyridine) is known to exhibit a strong hydrophobic to hydrophilic transition based on pH, which can be exploited to achieve novel swelling behavior.27 Partial quaternization can be used to precisely control the pH-independent charge density, while preserving some of the hydrophobic and pH responsive pyridine units as additional tuning parameters.28 Yet given such immense versatility and control over structure and function, QVPs have been understudied as components in polyelectrolyte complexes and even in layer-by-layer assemblies. Indeed, QVPs do not appear on a recent list of polyelectrolytes compiled by Liu et al. in their review of PEC rheology.14 In some ways, QVPs may be considered a more natural cationic polyelectrolyte for complexing with PSS than PDADMA, given the similarity of their structure. Additionally, the mismatch of the repeat unit size that exists for PSS:PDADMA is avoided for PSS:QVP complexes. However, PSS:PDADMA remains one of the most easily processable combination of polyelectrolytes and serves as a good model system for many fundamental investigations.7,19 In our work, PSS:PDADMA serves as the hydrophilic pair to which more hydrophobic combinations can be compared. Figure 6 compares the swelling behavior of
 
 × 100 (3)
 
 Here, (dρ)dry is the areal mass of the PEC ﬁlm after equilibration over drierite in an enclosed environment, which extracts almost all water molecules from the ﬁlm. Mechanical Behavior of PSS:PDADMA Complexes. Figure 3 presents the mechanical spectrum associated with
 
 Figure 3. Mechanical spectrum of PSS:PDADMA complex as a function of salt concentration. The QCM was used to elucidate the continuous transition from complex to coacervate to a single phase solution. Note that in this megahertz regime water has a ρ|G*| of 105 Pa·g/cm3 and ϕ of 90°. Purely glassy ﬁlms have ρ|G*| ≈ 109 and ϕ < 10°.
 
 exposing stoichiometric PECs of PSS:PDADMA to KBr. Under low salt (
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