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A B S T R A C T

Unravelling synthesis-morphology-performance relations of thin-film polyamide (PA) selective layers prepared 
via interfacial polymerization (IP) is essential for tailor-made membrane design. Here, an approach is outlined, 
which links synthesis and morphology in terms of the interfacial stability of a system undergoing IP, with the 
notion that a transition from a stable to an unstable state corresponds to a morphological shift of the resultant 
film, e.g., from smooth to crumpled. Within the proposed framework, physical parameters related to a variety of 
synthesis conditions are identified and classified based on their effect on two defined criteria: the polymer 
formation rate and/or the system susceptibility to instability. A conceptual phase diagram maps the morpho-
logical regimes with respect to the relevant parameter space. Our analysis, based on available literature data, 
illustrates how PA morphology, as observed in published SEM images, transitions from smooth to crumpled, 
exhibits a remarkable correlation with the defined parameter space, and hereby the stability of the system. Re- 
thinking experimental results in this manner highlights not only the underlying physics, but also identifies po-
tential pitfalls when variations of synthesis conditions result in conflicting effects. Our motivation is to encourage 
experimental design based on the developed framework supplemented by theoretical quantification, which will 
strengthen the fundamental understanding of IP for a given chemistry, with the goal of providing a clear physical 
toolbox for IP-based membrane design.   

1. Introduction

Membrane-based desalination via reverse osmosis (RO) has become
the prevalent technology for producing high quality water from a variety 
of feed streams, ranging from seawater to wastewater [1–6]. Fully aro-
matic polyamide thin film composite (TFC) membranes, fabricated by 
interfacial polymerization (IP), have become the state-of-the-art for RO 
due to their unrivaled performance, with NaCl rejection >98% and 
water permeance of ~4 Lm− 2h− 1bar− 1 and 1 Lm− 2h− 1bar− 1 for brackish 
water and seawater RO respectively [1,7–10]. However, much can still 
be improved, as these membranes have high propensity to foul [11,12], 
are sensitive to oxidation [13,14], have insufficient rejection of chem-
icals of concern for human health and agriculture such as boric acid and 
micropollutants [15,16] and show a trade-off between permeability and 

selectivity [17,18]. Improvements will also further push the applica-
bility of these TFC-membranes in other fields, such as gas separation 
[19], solvent resistant nanofiltration [20–22] and flow batteries [23, 
24]. Understanding the intricacies of the IP process and its impact on the 
resultant synthesis-morphology-performance relations is essential in the 
quest for improved membrane design for specific applications as well as 
facilitating replacement of currently used hazardous chemicals with 
alternative, green materials [1,14,25–29]. 

1.1. Interfacial polymerization 

Polyamide TFC membranes generally comprise a thin, selective 
polyamide layer (overall thickness <250 nm) on top of a porous poly-
meric support. The dense, cross-linked selective layer is synthesized via 
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The above-mentioned mechanisms are driven by temperature and/or 

compositional changes of the system, in response to IP, and can be 
considered as subsets of a more generalized concept – instability - 
defined as the inability of a system to sustain itself against small per-
turbations. Such perturbations exist naturally, e.g., due to temperature 
fluctuations. In a stable system, these perturbations are dampened and 
decay in time; conversely, when these perturbations are amplified 
(usually due to some positive feedback in the system) and continue to 
grow, the system becomes unstable [88]. Karan et al. [22] were the first 
to mention interfacial instabilities, Rayleigh-Bénard convection, as a 
possible cause for crumpling of the PA film. Recently, Freger and Ramon 
[71] outlined a set of instability mechanisms that can be linked to IP,
such as thermo– and soluto-capillarity, bubble formation, elastic
crumpling and fluid shear. Thermo- and soluto-capillary instabilities
arise due to gradients in temperature and solute concentration along a
liquid-liquid interface, respectively, that act as perturbations. Both
result, in turn, in gradients of interfacial tension at the liquid-liquid
interface that induce capillary flow from lower to higher interfacial
tension regions, known as Marangoni flow. Such hydrodynamic in-
stabilities may result in interfacial deformation when the shear exerted
by the flow exceeds the surface tension, which may cause crumpling of
the forming film. Fluid shear, due to relative motion of the phases in a
roll-to-roll process, may also result in an instability leading to a
deformed film [89]. Elastic crumpling of the formed film may occur
when the film experiences gradients in temperature and therefore ex-
pands in a non-uniform way, resulting in a crumpled morphology.
Finally, differential thermal expansion of the polyamide film and the
polymeric support due to temperature gradients can induce local
detachment of the polyamide film followed by crumpling.

Despite the mentioned efforts, a physics-based framework linking 
synthesis conditions and film morphology has not yet been established. 
The present work is therefore aimed at laying the foundations of such a 
framework, by classifying synthesis conditions according to their un-
derlying physical effects affecting the stability of an IP system. This 
proposed framework draws on well-established concepts of hydrody-
namic stability theory, to show how a chosen set of synthesis conditions 
determines the final film morphology. The validity of the framework is 
illustrated via analysis of compiled literature data. Overall, this work 
aims at establishing an improved, unified picture of the synthesis- 
morphology relationship of polyamide TFC membranes. 

2. The proposed framework

2.1. Transition from smooth to crumpled

When observing the top-layer morphologies of polyamide TFC 
membranes reported in literature, a clear evolution of the morphology is 
seen, from almost completely smooth to multilayered. Here, five defined 
categories are applied: smooth – nodular - nodules and leaves – ridge 
and valley – multilayered, as illustrated in Fig. 1. 

For simplicity, the categories nodular, nodules and leaves and ridge 
and valley are merged in this study into one overarching category 
termed ‘crumpled’, whenever the more specific differentiation is not 
required. In what follows, the three categories are represented by sym-
bols: a green circle (smooth), a yellow diamond (crumpled) and a red 
triangle (multilayered). The characterization is based on visual inspec-
tion: smooth films have little or no protuberances, with an RMS 
roughness <40 nm [9,30,62,83], crumpled films are defined by surface 
morphological features that are spread relatively homogeneously and 
with an RMS roughness of 30–100 nm [9,83], while multilayered mor-
phologies are characterized by relatively low RMS values, due to 
‘bent-over’ leaves covering the underlaying morphological features. 
These films can be clearly distinguished from smooth films by visual 
inspection of SEM and TEM images. The morphological discussion in 
this work is based on SEM images of membrane surfaces, not 
cross-sections, since surface images are more generally available. 
Whenever available, cross-sectional SEM/TEM images of the examples 

a fast and exothermic Schotten-Baumann polycondensation reaction of 
two polyfunctional monomers, separately dissolved in immiscible sol-
vents. The reaction occurs at the interface, hence the name IP (Fig. S1) 
[30,31]. The most common monomers and solvents involved in the re-
action are the trifunctional acyl chloride, trimesoylchloride (TMC), 
dissolved in hexane, while in the aqueous phase either m-phenylene 
diamine (MPD) is used for RO membranes, or piperazine (PIP) for NF 
membrane preparation [29,32–34]. Owing to the better solubility of the 
amine monomer in the organic phase and the high intrinsic reaction 
rate, the reaction usually occurs on the organic side, near the interface, 
and is therefore diffusion limited. During the reaction, the pH of the 
aqueous solution decreases as MPD is consumed and HCl, a by-product 
of the reaction, is released. Some of the MPD becomes protonated as it 
reacts with HCl. This protonated form is no longer reactive towards the 
acyl chloride, so IP cannot be performed [33,35]. IP can be executed 
using a wide variation of synthesis parameters that affect the film 
morphology (geometry, void size and interconnectivity, intrinsic thick-
ness, surface area) and chemical characteristics (size of aggregate, 
network pores, and charge) which are intrinsically linked with mem-
brane performance [25–29,77–82]. Literature that explores these re-
lations is extensive, with commonly altered synthesis parameters being: 
monomer type [36–40] and concentration [22,30,41], reaction time 
[42,43], solvents used [44] and - perhaps the most varied – additives of 
various kinds: surfactants [45–48], co-solvents [47,49,50], and pH 
regulators [47,51,52]. Further alterations consist of different types of 
support layers [33,53–57] as well as recently explored inventive IP 
configurations [9,22,41,58–63]. 

These altered synthesis conditions have different and sometimes 
multiple physical effects on IP that are not well understood yet, since a 
thorough physical/mechanistic explanation for the synthesis- 
morphology-performance relationship is lacking [29,64]. As a result, 
most studies are empirical in nature and contradicting observations 
concerning membrane morphology and performance sometimes appear 
[58,65–69]. This knowledge gap is a direct consequence of the nature of 
IP, which is very challenging when seeking detailed (in-situ) charac-
terization, i.e. due to its high polymer formation rate, the small spatial 
scale of the reaction, and the rough and heterogeneous nature of the 
resultant film [29,70–76]. 

1.2. The link between synthesis conditions and morphology – the stability 
concept in IP 

In search of a theoretical description for the synthesis-morphology 
relationship, multiple pathways have been proposed that ascribe the 
origin of morphological features to the heat release and acid production 
throughout the IP reaction, as well as the fact that the polymer forma-
tion is never completely homogeneous over the interface [71]. Ukrain-
sky and Ramon directly measured the temperature increase at the 
interface during IP, and suggested that the observed temperatures are 
sufficiently high so as to cause solvent vaporization, particularly of the 
organic phase, as well as release of dissolved gasses, which may result in 
trapped bubbles within the forming polyamide film [29]. This was 
corroborated experimentally in a series of papers examining the ‘nano-
foaming’ theory [30,83–85] that attributes the nanosized voids in the 
rough PA morphology to nanobubbles formed by dissolved gasses in the 
aqueous phase, due to temperature increase and/or pH decrease during 
the reaction [30]. More recently, Peng et al. [86] showed that employing 
organic solvents with higher vapor pressures resulted in larger nano-
voids within the polyamide top-layer. Song et al. [87] further refined the 
ridge and valley formation mechanism by suggesting that confinement 
by a support plays an important role. However, since using higher 
monomer concentrations or longer reaction times can also induce rough 
surface morphologies in the case of SFIP, as seen in the papers of Karan 
et al. [9] and Cui et al. [58], the strict requirement of confinement by a 
support is questionable. 



used in the text are provided in the SI. 

2.2. From synthesis conditions to film morphology 

Within the framework outlined hereinafter, the IP reaction is 
considered as a system, defined by the various aspects of the set-up used 
to execute IP, including variables such as: monomer concentrations, 
solvents, temperature, support characteristics, coating method, etc. All 
these variables, also referred to as synthesis conditions, are reduced to 
their physical meaning/attributes relevant to IP (Fig. 2). Together, these 
physical attributes define the parameter space in which the IP system is 
executed, which is then classified into two categories used to define the 
system’s stability, namely the polymer formation rate and the system’s 
susceptibility to instability (section 2.2.2). The hypothesis is that these two 
categories may be used to describe the transition from a smooth film, 
reflective of a stable state, to a crumpled/multilayered structure, 
reflective of an unstable state – governed by different instability mech-
anisms (section 1.2 and 2.2.1) triggered during film formation. 

2.2.1. Instability mechanisms causing film crumpling during IP 
Soluto- and thermo-capillarity, as well as bubble formation, are 

probable mechanisms that can destabilize an IP system and deform the 
interface, resulting in the film’s morphological features, due to the 
evolution of interfacial temperature and/or concentration gradients or 
pH decrease (see Fig. 3 and section 1.2). Destabilizing properties of IP 

within this respect are the high reaction rate, exothermic nature, acid 
formation and spatial heterogeneous growth (section 1.2). System 
properties such as thermal conductivity and diffusivity, on the other 
hand, act as stabilizers as they reduce gradient formation. Using the 
terminology of stability theory, the spatial distribution of the different 
gradients can be considered as a set of ‘wavelengths’ of hydrodynamic 
disturbances. 

In the case of soluto- and thermo-capillarity, Marangoni flow could 
be generated in either or both the aqueous and organic phase (where the 
reaction usually takes place) of the interface. Key physical attributes 
with respect to soluto- and thermo-capillarity are thus: the solvent vis-
cosities, solvent mass and thermal diffusivities and the interfacial ten-
sion between both liquid phases (see definition of Marangoni number 
[91], equation S(1) in SI). Furthermore, key physical attributes with 
respect to bubble formation are the concentration of dissolved gases and 
the solvents’ boiling points/vapor pressures. 

In the presence of a support, polymer growth will be more spatially 
heterogeneous due to the distribution of pore location and sizes, as well 
as surface roughness, manifesting itself as inherent geometrical distur-
bances in the system (much like a rough wall of a pipe can trigger the 
transition from laminar to unstable flow). Consequently, larger inter-
facial gradients and higher differences in the bubbling rates will evolve 
along the interface, resulting in a higher probability to form morpho-
logical features (see Fig. 3). 

In conclusion, the more intense and spatially heterogeneous the 

Fig. 1. Different morphological features of polyamide thin films, shown as transition from smooth to multilayered. TOP: top-view SEM images of smooth [30], 
nodules [44], nodules and leaves [44], ridge and valley [44] and multilayered [90] morphologies. BOTTOM: cross-sectional TEM images of nodules, nodules and 
leaves, ridge and valley and multilayered morphologies [44]. In all images, the scale bar is 1 μm. Smooth morphology is represented in the figures below by a green 
circle, crumpled morphology includes the categories: nodules, nodules and leaves, and ridge and valley, and is represented by a yellow diamond. Multilayered 
morphology is represented by a red triangle. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 2. Schematic overview of the framework for the synthesis-morphology relationship introduced in this work.  



reaction is, the more probable that one of the instability mechanisms 
will be triggered, forming morphological features. Essentially, the gen-
eration of gradients (as a result of heterogeneous polymer growth) relies 
on the relative magnitudes of the reaction rate, the mass transfer rate 
within the system and rate of heat dissipation. 

2.2.2. A conceptual phase diagram: linking system stability to resultant film 
morphology 

In order to link the system stability to the resultant film morphology, 
a conceptual phase diagram is used (Fig. 4). The axes are the polymer 
formation rate and the system susceptibility to instability, defining the 
state of the system. The phase diagram is a useful way to visualize a two- 
dimensional parameter space, dividing it into regions (or regimes) that 
represent distinct states of the described system. In our case, a third 
dimension is added to the diagram by linking the different states to a 
morphological regime (smooth, crumpled, multilayered). The system 
states defined within the diagram are not necessarily thermodynamic 
equilibrium states, as several publications have shown that long reaction 
times (say hours) evoke a transition to rough surfaces even if the surface 
was smooth after 1 min of reaction time [58,92]. The motivation for this 
type of phase diagram was taken from physics, for example in fluid 
dynamics, where the critical Reynolds number is plotted versus the 
wavelength of the disturbance, mapping transitions between laminar 

and transitional flow [93]. 
The system susceptibility to instability is the tendency of the system 

to become unstable. It defines how close the system is to its instability 
threshold. Thus, as the system’s susceptibility to instability is higher, a 
lower energy input (or a weaker perturbation) is required to shift the 
system from a stable into an unstable state. The energy input required 
corresponds, in this case, with the polymer formation rate. The interplay 
between the two properties: ‘polymer formation rate’ and ‘system sus-
ceptibility to instability’ thus defines whether the system will become 
unstable and to what extent. The degree of instability then dictates the 
resultant film morphology, expressed qualitatively by the symbols 
defined in section 2.1. A smooth film is formed if the system remains 
stable throughout the reaction. A progressively more unstable state 
throughout the reaction corresponds to the different subdivisions of the 
crumpled morphology (Fig. 1) and finally, the most unstable state results 
in the multilayered morphology. The transition from smooth to crum-
pled morphology requires crossing the instability threshold, illustrated 
by a red line on the phase diagram. The formation rate and the system 
susceptibility were selected as the main determinants for the system 
stability as they both fuel the instability mechanisms described in sec-
tion 2.2.1. 

2.2.2.1. Polymer formation rate. The y-axis of the phase diagram is 

Fig. 3. Schematic representation of interfacial destabilization during IP due to thermo- and soluto-capillarity and bubble formation for a supported and unsupported 
system. Thermo- and solute capillarity are illustrated by flow on the organic side and aqueous side of the interface (as a result of a gradient in interfacial tension, σ). 
Bubble formation is illustrated in the aqueous phase by means of degassing of dissolved gases (e.g. CO2). Bubble formation could, however, also occur in the organic 
phase as a result of vaporization of the organic solvent, molding the film like foam. The magnitudes of temperature, concentration and pH gradients are larger in the 
case of a heterogeneity such as the presence of a support. Interface deformation will be more intense in this situation. 

Fig. 4. Stability-morphology relationship in IP. A 
conceptual phase diagram linking the polymer for-
mation rate and the system’s susceptibility to insta-
bility of the IP system that corresponds with 
morphological features of the film (for simplicity 
categorized as ‘smooth’, ‘crumpled’, and ‘multi- 
layered’). If the system crosses its instability 
threshold, a crumpled morphology evolves. The 
different morphological states are represented by the 
following symbols: green circles for smooth films, 
yellow diamonds for crumpled films, and red tri-
angles for multilayered films. SEM images are taken 
from: Ma et al. [30], Hermans et al. [52], Xu et al. 
[65]. Scale bar is 1 μm. (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the Web version of this article.)   



J0 = K[MPD]0
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√

, (1)  

in which K is the partition coefficient of MPD, [TMC]0 and [MPD]0 
denote initial bulk concentrations of the monomers in the organic and 
aqueous phases, respectively, D is the diffusivity of MPD in the organic 
phase, and k is the reaction rate constant. The initial amine flux is based 
on the actual concentrations of the monomers in the reaction zone. It 

thus largely depends on the affinity of the amine for the organic phase, 
the reactive monomer bulk concentrations and monomer diffusion in the 
organic phase, which are directly affected by the following physical 
attributes (see Fig. 5A). First, the amine affinity for the organic phase 
will increase as the interfacial tension decreases (with the exception of 
interfacial tension variations induced by surfactants), manifested by a 
higher equilibrium partition coefficient of MPD in the organic phase. 
Second, the diffusive flux is a parameter affecting both initial amine flux 
and sustainment of the reaction. It is affected by the solvent viscosities of 
both phases as well as the size of the monomer. Solvent viscosity, on the 
other hand, also affects the susceptibility to instability (see further dis-
cussion in the next section). Finally, it should be noted that the MPD 
concentration in the aqueous phase, used to calculate the initial amine 
flux, is the unprotonated fraction of MPD, which is the pH-depending 
reactive MPD concentration. This distinction is particularly important 
when the initial pH is adjusted (see details in SI). 

The sustainment of the reaction represents the ability of the system to 
maintain polymer formation over time. For example, this can be ach-
ieved, in principle, as long as reactive monomers are supplied [29,92]. 
The sustainment depends on mass transfer of both monomers, in the 
liquid phases as well as through the forming film, and also on the total 
amount of reactive monomers available in the system (i.e. unprotonated 
MPD and unhydrolyzed TMC). 

2.2.2.2. Susceptibility to instability. The x-axis of the phase diagram 
represents the system’s susceptibility to instability. This is primarily 
defined by three factors (Fig. 5b): 1. the system’s intrinsic heterogeneity, 
2. the ease of interfacial deformation and 3. the potential for degassing
and/or solvent vaporization. The first is solely related to the system’s
initial state (designated blue in Fig. 5b), while the latter two affect the
susceptibility both initially as well as dynamically (designated as a blue- 
green gradient in Fig. 5b), that is, during the evolution of the reaction.

System heterogeneity is defined by the spatially heterogeneous 

Fig. 5. Properties that impact the polymer formation rate (A.) and susceptibility to instability (B.). The polymer formation rate depends on physical parameters 
(yellow and white boxes) that mainly affect the initial amine flux and sustainment of the reaction, being: pH, interfacial tension, equilibrium partitioning coefficient, 
viscosity of both aqueous and organic phase, diffusion coefficient of amine in the organic phase and the total amount of monomers present in the system. The 
susceptibility to instability is reflected by physical parameters that mainly affect the system heterogeneity, ease of interface deformation and degassing and/or 
solvent vaporization, such as: interfacial tension, the distribution of monomers and local material properties, gas solubility and boiling point. Blue colored boxes 
indicate characteristics of the initial state of the system. Green colored boxes indicate characteristics that are altered once the reaction is started (dynamic). Pa-
rameters can be either initial and/or dynamic, if they are both initial and dynamic the box is colored in a blue-green gradient. This schematic is not meant to be 
inclusive of all physical parameters that might affect the polymer formation rate, but rather emphasizes the parameters that are considered of primary importance. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

represented by the polymer formation rate - the speed of the reaction. 
Higher rates imply higher concentrations and higher generated amounts 
of heat and acid, manifested in larger gradients of concentration, tem-
perature and pH. Hence, as the polymer formation rate increases, 
destabilization of the interface becomes more probable as is the for-
mation of morphological features (illustrated in Fig. 4). 

The polymer formation rate can be simplified and lumped into two 
factors: the ‘initial amine flux’ and the ‘sustainment of the reaction’, as 
shown in Fig. 5A. The former is an ‘initial’ parameter, in that it is defined 
by the initial state of the system, while the latter is a ‘dynamic’ 
parameter, that changes during the reaction due to acid and heat release 
(as a consequence of monomer consumption). It was chosen to distinct 
between the initial state and dynamic character of IP since it was 
experimentally shown that IP systems will result in rough morphologies 
over time if the system is left to react and monomers remain supplied, 
irrespective of the extent of the initial amine flux [29,58,92,94]. 
Therefore, even a stable system, say a film which remains smooth after 1 
min of reaction time, will evolve into a rough film over longer reaction 
time (i.e. if the sustainment of the reaction is increased). 

The initial amine flux, J0 (mol/m2.s), may be derived, approxi-
mately, from a mass balance considering the diffusive flux and the re-
action (see, e.g., Freger [95] and Nowbahar et al. [70]). As such, it may 
serve as a quantitative proxy for the initial polymer formation rate, since 
it scales with the monomer consumption during the initial stage of the 
reaction [70]. Under these conditions, it may be estimated as [70,95]: 



The ease of interfacial deformation depends primarily on the inter-
facial tension, which tends to minimize the interfacial area or, in the 
case considered, keep it flat. Low interfacial tension is less effective in 
dampening an induced disturbance of the system, making the interface 
easier to deform. However, the interfacial tension is also a dynamic 
property, since its quantitative value may deviate from its initial value 
over the course of the reaction (due to temperature and/or composi-
tional changes). Since, in the case of a hydrodynamic instability, it is the 
flow that will drive the deformation, the solvents’ dynamic viscosities 
can affect the deformation via their resistance to the flow. As with the 
interfacial tension, solvent viscosity is a dynamic property. 

Finally, the potential of a system to undergo bubble formation via 
degassing and/or solvent vaporization enters the definition of a system 
susceptibility to instability. The potential for degassing is defined by the 
solubility limit of the relevant gas (e.g. CO2) and the amount of soluble 
gas initially dissolved in the aqueous phase, while the choice of solvent 
dictates whether its boiling temperature would be higher or lower. 

The utility of the phase diagram may be described as follows: 
depending on the synthesis conditions, the system is located either in the 
stable region, closer to or away from the instability threshold, or it may 
be in a region already marked as unstable, to varying extents. Whether a 
system is unstable and to what extent, depends on the interplay between 
both initial and dynamic properties of the reaction (blue and green 
boxes in Fig. 5), expressed as the increase on the x-and/or y-axes of the 
phase diagram (Fig. 4). So, if one has either a physical model capable of 
making the stability analysis, or experimental data that covers the 

Fig. 6. The ‘feed-back’ loop of the polymer formation rate through the evolution of IP, and its link to instability that ultimately leads to a crumpled film morphology. 
(A.) The chosen synthesis conditions define the system initial susceptibility to instability (blue) as well as the initial polymer formation rate (grey). (B.) The system 
heterogeneity, part of the system initial susceptibility to instability, will dictate how heterogeneous in space the polymer formation will occur initially (yellow). Once 
the reaction is initiated, heat release (red) and HCl formation (dark green) will occur in a spatially heterogeneous fashion in continuation of the system initial state. 
(C.) Consequently, physical characteristics within the system will vary accordingly: enhanced degassing, decreased interfacial tension (σ) and viscosity (μ) (light 
green boxes) will increase the susceptibility to instability leading to various instability mechanisms and to the formation of (D.) a crumpled film. (E.) The polymer 
formation rate will be affected in two ways: increasing due to decreased σ, increased monomers’ diffusion coefficients (D), decreased solvent viscosity (μ), increased 
MPD partitioning coefficient (KD), (orange boxes) and decreasing due to decreased concentration of reactive monomers (yellow box). (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 

distribution of monomer concentrations and material’s thermal prop-
erties, relevant when comparing different synthesis configurations such 
as supported and unsupported systems. The spatial monomer distribu-
tion refers to the pore size, porosity and pore distribution in case of a 
supported system. These characteristics can be further refined based on 
the notion that the porous morphology of the support serves as a 
‘wavelength’ of the disturbance made to the initial state of the system. 

The material’s thermal properties refer to heat dissipation during IP 
executed on top of a support, which is more heterogeneous compared to 
an unsupported system (see Fig. S2). A thin water layer creates the 
interface with the organic phase on top of a support, connected with the 
aqueous phase within the support pores. Heat will be dissipated through 
the aqueous phase and the solid support matrix at different rates, 
facilitating the formation of temperature gradients in the supported case 
(Fig. S2). The thermal conductivity of water (0.60 Wm−  1K−  1) [96] is 
higher than that of polymers such as polysulfone (0.26 Wm−  1K−  1) [97] 
(and higher than the thermal conductivity of common organic solvents 
(hexane 0.12 Wm−  1K−  1) [98], however this does not alter the spatial 
heterogeneity of heat dissipation). We note that comparing thermal 
conductivities may not provide an accurate assessment of relative heat 
dissipation through different materials, if the system is in a transient 
state (rather than a steady-state) during IP. In a transient situation, 
which would arise if the conduction time-scale is on the order of, or 
smaller than, the heat production rate, the materials’ heat capacities and 
densities should be taken into account by comparing thermal diffusiv-
ities instead of thermal conductivities. 



interfacial tension, monomer partitioning coefficient, pH, viscosity, 
diffusion coefficient, reactive monomer concentrations, distribution of 
monomers, distribution of material’s thermal properties, gas solubility 
and solvent boiling point (cfr. Fig. 5). Commonly used synthesis pa-
rameters may thus affect a single or, in some cases, several aspects of the 
reaction (following the tree structure of Fig. 5). The link between syn-
thesis conditions and their effect on polymer formation rate and system 
susceptibility to instability is summarized in Fig. 7. Here, the term 
‘coating technique’ refers to the different preparation methodologies. 
Along with the conventional, supported system, are added unsupported, 
spray-assisted IP and layer-by-layer deposition, which are coating 
techniques that have been gaining ground in recent years. These tech-
niques affect the distribution of monomers and material thermal prop-
erties as well as the total amount of reactive monomers present in the 
system (cfr. Section 2.2.2). Side reactions typically refer to the hydro-
lysis of TMC but can also include any other reactions that are initiated 
alongside the reaction between MPD and TMC. One example is the 
addition of chlorosilanes to the organic phase as demonstrated by Zhang 
et al.(2020) [51]. Once in contact with water, chlorosilanes hydrolyze in 
a highly exothermic and acid generating reaction. This specific example 
affects both pH and temperature (and, therefore, interfacial tension, 
partitioning coefficient, viscosity, diffusion coefficient, pH and gas 
solubility). 

3. Analysis of literature results

3.1. Controlled increase of polymer formation rate or susceptibility to 
instability 

After establishing the proposed theoretical framework describing the 
synthesis-morphology relationship of PA TFC membranes, the frame-
work was applied to literature data. Studies were selected that varied 
specific synthesis conditions while keeping other variables constant. The 
synthesis conditions were first reduced to their physical attributes 
relevant to IP (cfr.Fig. 5). The magnitudes of the physical attributes were 
then translated to their effect on polymer formation rate and suscepti-
bility to instability. Subsequently, the resultant film morphologies were 
examined. Together with the predicted effect on polymer formation rate 
and susceptibility to instability, the series of morphologies were inter-
preted in terms of degrees of the system stability (cfr.Fig. 4). As intro-
duced in section 2.2.3, synthesis conditions can affect multiple physical 
attributes that can both affect polymer formation rate and system sus-
ceptibility to instability which makes a representation on the phase 

Fig. 7. Classification of synthesis conditions ac-
cording to their effect on the polymer formation rate 
(expressed by initial amine flux and sustainment of 
the reaction) and the susceptibility to instability 
(expressed by system heterogeneity, ease of interfa-
cial deformation, and degassing and/or vapor-
ization). The classification and color codes are based 
on the physical parameters that affect the synthesis 
conditions, as defined in Fig. 5 (blue – initial char-
acteristics, green-dynamic characteristics, and blue- 
green gradient - both initial and dynamic charac-
teristics). (For interpretation of the references to 
color in this figure legend, the reader is referred to 
the Web version of this article.)   

various regimes, a prediction may be made whether a given system 
would yield a given morphology – the ultimate goal of this framework. 

The relation between IP reaction, the instability mechanisms and 
resultant film morphology can also be represented graphically from a 
mechanistic point of view (Fig. 6). The chosen synthesis conditions 
dictate the initial susceptibility to instability of the system as well as the 
initial polymer formation rate (Fig. 6A). Once the reaction is started, the 
system heterogeneity, part of the initial susceptibility to instability 
(Fig. 5b) enhances the spatial heterogeneity of the polymer formation 
rate (Fig. 6B) which results in perturbations of the system by means of 
temperature, concentration and pH gradients. Changes of the latter 
three parameters alter the dynamic susceptibility to instability of the 
system as interfacial tension and viscosities decrease and degassing and 
solvent vaporization are favored. These effects make the system more 
prone to be destabilized by several instability mechanisms (Fig. 6C) and 
form a crumpled morphology (Fig. 6D). The induced perturbations may 
grow or decay over time due to both positive (self-sustaining) and 
negative (self-inhibiting) feedbacks owing to the exothermic and acid 
releasing nature of IP (Fig. 6E) and further alter the dynamic suscepti-
bility to instability. Indeed, heat release during IP, leading to a tem-
perature increase, enhances mass transport of both monomers into the 
reaction zone since diffusion rate and partitioning coefficient of the 
amine increase and solvent viscosity and interfacial tension decrease. 
Enhanced mass transport will further increase the polymer formation 
rate, thus further intensifying temperature and pH gradients, feeding the 
instability mechanisms. The opposite is true for the decreasing pH 
during IP since amine monomers in the bulk aqueous solution become 
protonated, hence reducing the overall MPD reactivity and polymer 
formation rate. 

2.2.3. Physical attributes of synthesis conditions 
The final part of the puzzle is to link synthesis conditions with their 

physical attributes relevant to IP. The common way to think about 
adjusting the reaction conditions when performing IP is to classify the 
so-called ‘synthesis parameters’ into categories such as: monomer con-
centration(s), temperature, pH, buffer capacity, additives (e.g., (co- 
)/solvents, surfactants), coating technique, support properties, dissolved 
gases and side reactions. While this is a popular way of grouping the 
synthesis parameters, as it communicates directly with the ‘recipe’ to be 
used in membrane preparation, it does not completely relate to the 
physical effects these parameters have on the actual process. Here, we 
suggest to shift the emphasis towards categorization of synthesis pa-
rameters based on their physical effects, namely the changes imparted to 



highest initial amine flux in the supported case, which was prepared 
using Isopar E (Fig. 8). 

As may clearly be seen, presenting the data in this fashion lends 
strong support to the suggested framework: moving up along the y-axis, 
in the direction of increased formation rate, the system transitions from 
smooth to crumpled morphology. Furthermore, under conditions cor-
responding with similar formation rates, moving to the right on the x- 
axis from the unsupported to the supported system, the morphology also 
transitions from smooth to crumpled. The comparison of unsupported vs 
supported systems provides a strong support to the notion that the 
support impacts IP via the inherent heterogeneity it imparts to the sys-
tem. The transitions between a smooth, crumpled and multi-layered 
morphology occur at higher values of initial amine flux for the unsup-
ported system, which was defined as being inherently more stable than 
the supported system. This trend is schematically represented on the 
phase diagram by two arrows, each showing the transition for one of the 
systems. It is noted that Isopar E has a higher viscosity and higher 
interfacial tension with water compared to hexane, leading to lower 
partitioning and diffusion of MPD. Both would lead to a less pronounced 
morphology compared to what is expected if hexane would have been 
used. Consequently, the more crumpled (multi-layered) morphology 
seen here is an outcome of the increased monomer concentration and 
not the solvent change. 

Previous conclusions appear to be also valid when comparing sup-
ported systems with varying pore sizes and pore densities (Fig. 9). The 
supports compared here are: an inorganic Al2O3 support with pore size 
of 2000 nm [56], a polycarbonate track-etched support with pore size of 
50 nm [85], sacrificial nanostrand layer with pore size of 2 nm [22] and 
typical supports fabricated via phase inversion, with pore sizes varying 
between 2 and 100 nm [30,52,65]. The pore densities of phase inversion 
supports were estimated to be > 109 cm2, based on pore sizes of 5–30 nm 
and surface porosities of 0.5–5% [53,82,87,99–101]. 

Positioning of the supports along the x-axis once again follows the 
logic of the phase diagram, with the notion that the porous morphology 

Fig. 8. Comparison of supported vs unsupported PA films prepared at increasing initial amine flux. The location of the symbols (triangle, diamond, and circle) is in 
accordance with the calculated initial amine flux. Inset: representation of evolution of morphology of both systems on the phase diagram as introduced by the 
framework in this paper. SEM images are taken from: (I) Jiang et al. [9] and (II) Ma et al. [30], Hermans et al. [52], Xu et al. [65]. Scale bar is 1 μm. 

diagram impossible as the relative importance of both effects on the 
system stability is currently unknown. Therefore, the first examples that 
are discussed affect a limited amount of physical attributes and their 
effects on polymer formation rate and system susceptibility to instability 
can be clearly distinguished. When moving to subsequent examples, the 
treated synthesis conditions affect progressively more physical attri-
butes and the effects on both polymer formation rate and system sus-
ceptibility to instability become more convoluted. However, the 
overarching concept remains valid - the higher the positive effect pre-
dicted effect on (both) polymer formation rate and system susceptibility 
to instability, the greater the probability to form morphological features. 

3.1.1. Supported vs unsupported 
Conventional, supported IP vs an unsupported configuration is a 

relatively simple starting point, where both cases are performed under 
identical conditions except for variations of monomer concentrations. As 
a quantitative proxy to the polymer formation rate, the initial amine flux 
(Eq. (1)) is calculated using the reported values of monomer concen-
trations varied during IP and compared for experiments split into two 
cases – supported and unsupported. In these calculations, the diffusion 
coefficient for MPD in hexane, D0, was estimated by multiplying its value 
in decane, as reported by Nowbahar et al. [70], with the viscosity ratio 
between hexane and decane. The partitioning coefficient, K, was taken 
from Behera et al. [32]. Details can be found in SI. 

As shown in Fig. 8, the initial amine flux data are placed in the phase 
diagram, sorted into two columns, with the points calculated for the 
supported IP placed on the right, corresponding with the hypothesized 
increased susceptibility to instability (see sections 2.2.1, 2.2.2, the 
support acts as a ‘disturbance’). Next to each point is an SEM image 
taken from the relevant paper. Finally, the data points are categorized by 
marker color/shape as introduced earlier in the phase diagram (Fig. 4), 
corresponding with the morphology seen in the SEM image. It is noted 
that all cases considered consist of MPD and TMC as monomers, in water 
and hexane, respectively, with the exception of the point shown for the 



of the support serves as a ‘wavelength’ of the disturbance made to the 
initial state of the system. Here, it is hypothesized that small-scale het-
erogeneity (smaller pore size and/or higher pore density) makes the 
system more prone to become crumpled, manifested in a high-frequency 
disturbance (short wavelength cfr. section 2.2.2). As a result, at a similar 
initial amine flux, the PA layer becomes progressively rougher with 
decreasing pore size and increasing pore density (corresponding to 
moving from left to right in Fig. 9), being progressively less stable sys-
tems. The PCTE supports are characterized by a relatively low porosity, 
too low to produce a fully formed PA film [85]. The resulting film is 
rough but spatially heterogeneous, clearly indicating hotspots of reac-
tion near pore sites [85]. The inorganic support contains 
micrometer-sized pores which makes the system locally similar to un-
supported conditions, explaining the smooth morphology of the PA film. 
Both the sacrificial nanostrand layer and the phase inversion supports 
are characterized by small pores and higher porosity, and both systems 
result in similar film morphologies. It should be noted that, here, wetting 
is not accounted for (which could affect MPD supply due to different 
interactions with the support material) and neither is the thickness of the 
supports (thicker supports increase the sustainment of the reaction) 
since these data are lacking in the original references. Other differences 
in synthesis protocols between the selected membranes consist of 
different types of post-heat treatment (which is expected to alter per-
formance rather than morphology) and different reaction times ranging 
from 60 to 120 s (which are the conventional reaction times and are 
considered to not significantly impact the morphology) and 10 min for 
the sacrificial nanostrand case with the lowest initial amine flux (which 
shows that these extremely low concentrations would need even longer 
reaction times to possibly become unstable) (Table S2). 

3.1.2. Coating technique 
Next, comparison of the effects of coating techniques on membrane 

morphology is highlighted. Coating techniques refer to different 
methods used to apply and contact the aqueous and organic phase in 
order to execute IP. Three main effects on system stability are identified. 
(I) Differences in the total amount of reactive monomers that are con-
tacted (e.g. aqueous and organic phase are supplied as layers of several
hundreds of micrometers [59] or nanometers, as bulk solutions [60] or
as fine droplets [62]) which impact the sustainment of the reaction
(Fig. 5). (II) The distance between the reaction interface and the un-
derlying support on one hand and the atmosphere on the other hand (e.
g. when fine droplets or thin liquid layers are used versus bulk solution
and saturated supports). The former determines the initial susceptibility
to instability of the system (Fig. 5, section 3.1.1). The latter might
enhance overall heat dissipation and increase the overall system sta-
bility if, for example, fine droplets are used. (III) The monomer con-
centrations used, affecting the polymer formation rate (Fig. 5). It was
found that the larger the distance between the IP reaction interface and
the underlaying support, the lower the susceptibility to instability. The
smaller the total amount of monomers supplied, the lower the sustain-
ment of the reaction. Both are equivalent to smoother PA films. Again,
for a single coating technique, lower initial amine fluxes resulted in
formation of smoother films. The conclusions align with the framework
proposed in this work. The extensive analysis of this example is included
in the SI since details of the supports (porosity, pore density, wetting,
thickness etc.) are unknown that might complicate a more accurate and
rigorous comparison.

Fig. 9. Comparison of PA films, formed on different supports with increasing initial amine flux. Dataset consists of: an inorganic Al2O3 support with pore size 2000 
μm [56], polycarbonate track-etched support with pore size of 50 nm [85], sacrificial nanostrand layer with pore size of 2 nm [22] and phase inversion supports with 
pore sizes between 2 and 100 nm [30,52,65]. Scale bar is 1 μm. 



Similarly, when the benzene fraction is progressively increased in the 
organic phase (benzene is > 100x more water soluble than hexane, see 
Table S4), the film morphology changes from smooth (0–25 wt% ben-
zene) to crumpled (~50–100 wt% benzene) (Fig. 10B) [104]. Curiously, 
the morphology does not become multilayered, as is seen in Fig. 10A, 
and this may be attributed to several reasons. First, in this example, the 
PA layer was prepared on top of a hydrogel support, which is expected to 
reduce the intensity of the IP reaction by facilitating slower, more ho-
mogeneous interfacial mass transfer, compared with a conventional 
support. Hence, the system’s susceptibility to instability is lower than for 
phase inversion polymeric supports (data in Fig. 10A). Secondly, the 
polymer formation rate is lower (owing to reduced aqueous MPD 
diffusion), which also increases system stability. Finally, we note that 
the miscibility of benzene with water is lower compared to the 
co-solvents used in the data shown in Fig. 10A. 

Besides changing the miscibility of the aqueous and organic phases, 
addition of co-solvents alters the boiling point of the organic phase, 
changing the system’s susceptibility to instability via bubble formation. 
Recently, Peng et al. [86] stated that the reduction in boiling point upon 
addition of a co-solvent could result in interfacial vaporization, which 
then generates the enhanced roughness associated with co-solvent 
addition. The series shown in Fig. 10A, however, does not directly 
support this statement as the boiling point of diethyl ether (Table S4) is 
the lowest within this series but requires the highest concentration to 
form a multilayered film morphology (Fig. S5) [105]. Additionally, ethyl 
acetate is characterized by the highest boiling point (Table S4) but in-
duces a multilayered morphology when added as 2 wt%. All co-solvents 
within this series, however, do show a lower boiling point than pristine 
hexane except for ethyl acetate (Table S4). Therefore, based on the 
presented dataset, reduction of boiling point cannot be the sole deter-
minant for enhancing top-layer morphology for these co-solvent cases. 
Indeed, also addition of benzene to the organic phase induces a transi-
tion from smooth to crumpled morphology (Fig. 10B) despite its higher 
boiling point, compared with that of hexane (Table S4). 

In conclusion, (co-)solvents clearly affect multiple physical attributes 
of the IP system and increase both initial amine flux and system 

Fig. 10. The effect of co-solvent addition on the resultant film morphology. (A.) Addition of 2 wt% of various co-solvents, with varying water solubility, to the 
organic phase. Membranes are prepared via dip-coating on a phase inversion support. (B.) Addition of different concentrations of benzene to the organic phase. 
Membranes are prepared via dip-coating on an agarose hydrogel support [104–106]. Scale bar is 1 μm. 

3.2. Simultaneous enhancement of both polymer formation rate and 
susceptibility to instability 

3.2.1. Co-solvents 
The conventional water-hexane system is characterized by a large 

immiscibility gap over the entire composition range [102]; therefore, 
the IP reaction zone is very narrow [95]. Addition of co-solvents with 
higher water solubility compared to hexane will presumably increase its 
thickness [103] as the interfacial tension between the resulting aqueous 
and organic phase decreases, and the MPD diffusion rate into the reac-
tion zone and equilibrium MPD partitioning increase [50,104]. The in-
crease in MPD concentration in the reaction zone enhances the polymer 
formation rate (Eq. (1)), while the reduced interfacial tension increases 
the system susceptibility to instability (Figs. 5 and 6). The increase in 
both categories would result in a (qualitatively) diagonal line on the 
phase diagram (Fig. 4). However, the slope cannot be quantified at this 
point, since their relative importance is unknown. Still, as the co-solvent 
of interest enhances miscibility between aqueous and non-aqueous 
phase, both phenomena are positively influenced and thus a more pro-
nounced film morphology is expected, up to the emergence of a multi-
layered structure. 

Fig. 10A shows the resultant film morphology upon addition of 
different co-solvents at equal weight percentage (the molar concentra-
tions range between 2.3 and 2.8 mM) to the hexane phase [105,106]. 
Closely examining the data, it is apparent that the co-solvents used differ 
in their water solubility (Table S4). As seen in Fig. 10A, the top-layer 
morphologies are very different, despite the identical monomer con-
centrations used. When moving from left to right, corresponding with 
increasing co-solvent water solubility, the morphology becomes more 
pronounced. Addition of diethyl ether, with the lowest water solubility, 
results in a crumpled film with larger ridges, whereas acetone, with the 
highest water solubility, results in a multilayered film. The same 
co-solvents as in Fig. 10A were tested separately at increased concen-
trations in hexane. It is clearly seen that the morphology becomes more 
pronounced as the co-solvent concentration increases, increasing the 
water solubility of the organic phase (Fig. S5 (a),(b),(c),(d)). 



(pKa3 = 10.3), increases the initial equilibrium solubility of CO2. 
However, less degassing is expected since the carbonate ion is the 
dominant species and uptake of protons does not directly lead to 
degassing [109]. The series of SEM images of membranes prepared with 
decreasing initial pH (Fig. 12) and, therefore, decreasing initial amine 
flux, show a changing top-layer morphology from a ridge and valley 
type, over nodules and leaves to solely nodular. No significant change in 
top-layer morphology is seen for pH values equal to or higher than 6, 
corresponding to an unprotonated fraction of MPD of at least 90% 
(Table S1). Once the pH is reduced to 5, a significant reduction in 
morphological features is seen, as only 57% of the bulk MPD concen-
tration is in its unprotonated form. Apart from the explanation intro-
duced by Peng et al. [109], based on degassing of CO2, the results also 
correlate with the initial amine flux. Therefore, both the polymer for-
mation rate and system susceptibility to instability are considered to be 
determining factors in the resultant morphology. 

Finally, the dual effect of NaHCO3 attributed to both buffering and 
degassing is discussed in the SI. 

4. Conclusions

The present work outlines a unifying, physics-based framework for
the synthesis-morphology relationship of polyamide TFC membranes. 
Within this framework, IP is considered as a system that may remain 
stable or become unstable during the course of the reaction. It is hy-
pothesized that a stable system results in a smooth PA film, whereas an 
unstable system results in the formation of morphological features, such 
as crumpled or multilayered PA films. The system’s stability is dictated 
by the synthesis conditions chosen for IP. Within the proposed frame-
work, synthesis conditions are translated to their physical attributes 
relevant to IP, and ultimately expressed by two generalized system 
properties: ‘polymer formation rate’ and ‘susceptibility to instability’. 
These two properties together dictate the stability of the system, linked 
to the resultant film morphology via a phase diagram, thereby con-
necting synthesis conditions to film morphology. The transition from a 
stable to unstable state (i.e.from smooth to crumpled/multilayered film) 
is governed by several destabilizing phenomena at the interface, driven 

Fig. 11. The effect of SDS addition to the aqueous phase (plotted as reduced interfacial tension on the x-axis) on the resultant film morphology for both supported 
[67] and unsupported [58] membranes. Interfacial tension values are values between water and hexane upon addition of sodium dodecyl sulfonate (SDS), taken from
Liang et al. [108]. Scale bar is 1 μm.

susceptibility to instability. Consequently, lumping them into a single 
category (co-solvents) can create an incoherent comparison in terms of 
the resultant effect on film properties. In order to understand the effect 
of singular physical attribute on IP and film morphology systematic 
experimental design should be performed. 

3.2.2. Surfactants 
Another class of additives reported in the literature, are surfactants, 

which may be added to IP to decrease the interfacial tension between the 
aqueous and organic phases [107]. Reduced interfacial tension increases 
the system susceptibility to instability as it makes the interface easier to 
deform. It is also speculated that it may facilitate initial partitioning of 
MPD into the organic phase, thus enhancing the polymer formation rate 
(Figs. 5 and 7). According to the suggested framework, increasing either 
or both of these two categories (formation rate and susceptibility) is 
expected to lead to a more crumpled morphology. The data shown in 
Fig. 11 are in agreement with the framework as the morphology of the 
formed PA film shifts with increasing SDS concentration, from smooth 
(for SFIP [58]) or from crumpled (for PE supported [67]) to 
multilayered. 

3.2.3. Initial pH 
As introduced in section 2.2.2 (Table S1), pH affects the fraction of 

unprotonated MPD (i.e. the most reactive form of MPD towards TMC) in 
the aqueous phase. By reducing the initial pH to values near or below the 
first acidity constant (pKa1 = 4.88) of MPD, significantly less unproto-
nated MPD is present (Table S1). Therefore, the actual initial amine flux 
will be lower. Recalling the results shown in Fig. 8, a less pronounced 
morphology is expected if the initial pH of the aqueous solution is 
decreased. A lower initial pH also decreases the initial equilibrium sol-
ubility of CO2 in the aqueous phase [109], therefore reducing the po-
tential of the system for degassing upon initiation of the reaction (initial 
susceptibility to instability) thus leading to less formation of prominent 
morphological features. This is not to be confused by the dynamic effect 
of pH reduction during IP that facilitates CO2 degassing and thus for-
mation of morphological features (dynamic susceptibility to instability). 
On the other hand, a pH higher than the third acidity constant of CO2 



by key characteristics of the reaction, namely: heat release, acid release, 
fast reaction kinetics and spatially heterogeneous polymer growth. 

Our hypothesis, and the proposed framework, were tested using 
literature data. It was clearly shown that stable systems (lower ‘polymer 
formation rate’ and/or ‘susceptibility to instability’) exhibited smoother 
morphologies, whereas for unstable systems (higher ‘polymer formation 
rate’ and/or ‘susceptibility to instability’) the resultant film morphology 
was crumpled/multilayered. Future extensions of this work will require 
refined experimental design to focus on changing specific physical at-
tributes of the IP reaction and study their effect on the system stability 
by the resultant film morphology. These concepts can also be extended 
to other types of IP involving different chemistries, e.g. epoxide-based. 
More detailed morphological characterization (of void size, surface 
area, interconnectivity) by techniques other than SEM, such as electron 
tomography, could help improve our understanding of the link between 
synthesis and morphology and ultimately performance. Furthermore, 
developing theoretical, model-based quantification of IP will provide 
insight into the stability threshold and its sensitivity to various physical 
attributes of IP. A rigorous understanding of the synthesis-morphology 
relationship will provide us with better tools for designing improved, 
tailor-made membranes. 
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