
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Lab on a Chip

www.rsc.org/loc

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


!
A!microfluidic!device!is!designed!and!used!to!investigate!interfacial!
polymerization!film!formation!in!situ.!
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We present a microfluidic platform to visualize the formation of free-standing films by interfacial polymerization. A microfluidic
device is fabricated, with an array of micropillars to stabilize an aqueous-organic interface that allows a direct observation of the
films formation process via optical microscopy. Three different amines are selected to react with trimesoyl chloride: piperazine,
JEFFAMINE R©D-230, and an ammonium functionalized polyhedral oligomeric silsesquioxane. Tracking the formation of the
free-standing films in time reveals strong effects of the characteristics of the amine precursor on the morphological evolution of
the films. Piperazine exhibits a rapid reaction with trimesoyl chloride, forming a film up to 20 µm thick within half a minute.
JEFFAMINE R©D-230 displays much slower film formation kinetics. The location of the polymerization reaction was initially in
the aqueous phase and then shifted into the organic phase. Our in-situ real-time observations provide information on the kinetics
and the changing location of the polymerization. This provides insights with important implications for fine-tuning of interfacial
polymerizations for various applications.

1 Introduction

Interfacial polymerization (IP) is widely employed for the
rapid production of high-selective polyamine (PA) films, and
it finds intensive application in the fabrication of membranes
for molecular separation.1,2 In IP the polymerization and the
film formation occur simultaneously at the interface between
two immiscible solvents. Typically, an amine is dissolved in
an aqueous phase and an acyl chloride is dissolved in an or-
ganic phase. The increases in thickness and density of the film
that is forming inhibit the diffusion of the monomers through,
and force the polymerization reaction to be self-limiting. The
IP film is generally fabricated atop a porous support, by im-
pregnating this support with an aqueous amine solution fol-
lowed by immersion in an organic phase. Film thicknesses
range from a few nanometer to several micrometer, depend-
ing on the monomer types and concentrations, combination of
solvents, additives, and reaction times.3–6

The extensive application of IP films has commenced
many attempts to correlate the formation kinetics to the film
properties, in particular to the molecular separation perfor-
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mance.3,7–10 However, the extremely rapid kinetics, and po-
tentially changing characteristics of the film formation pro-
cess in time, complicate both computational and experimen-
tal studies. Enkelmann and Wegner8 developed the very first
model considering film formation to be dictated by concur-
rent diffusion and reaction limitations. Since then many other
studies have been focused on interfacial polymerization, aim-
ing at finding relations between film formation kinetics and
film properties such as the film thickness, polymer weight and
charge distribution.11–16 An extensive review of such models
is given by Berezkin.17 The various models range from simple
phenomenological approaches to detailed molecular dynam-
ics. In the most recognized models the film formation is con-
sidered to be a multistage processes: firstly incipient film for-
mation occurs, followed by a slow-down of the polymerization
reaction to a fully diffusion limited film growth. These models
are referred to as ‘double-layer model’, as the film formed by
the multi-stage process consists of a selective dense layer atop
by a more loose layer.

Experimental studies also have revealed that the physic-
chemical properties of IP films vary with location inside the
films.4,7,8,18 Quantitative prediction of these variations has
proven to be complicated, and also generic film property-
performance relations have not yet been established. Despite
that the occurrence of dual regions in IP films has also been
observed frequently in experimental studies, a generic quanti-
tative prediction of the properties of these regions remains to
be challenging.

Several reviews can be found on experimental IP stud-

1–6 | 1

Page 2 of 7Lab on a Chip

La
b

on
a

C
hi

p
A

cc
ep

te
d

M
an

us
cr

ip
t



ies.1,2,19,20 These studies have not included in-situ analysis
techniques that allow direct visualization of the film formation
process, for validating the modeling work. Most film forma-
tion kinetics have been investigated by monitoring the reac-
tant consumption and/or the film thickness in time, for vari-
ous preparation conditions. Real-time IP film formation has
mostly been investigated within the context of microencap-
sulation formation.4,14,21–23 Yadav et al.21 has succeeded in
accessing the monomer consumption in the aqueous phase by
employing an on-line pH probe. Chai et al.4 has tracked the
film thickness in time by using light reflection and pendant-
drop tensiometry. They have confirmed that the kinetics of
their process were diffusion-controlled. These techniques
have limitations in the assessment of the formation process
of supported and/or free-standing IP films.

In addition to the kinetics of film formation, the film prop-
erties are expected to be affected by the location of the reac-
tion. Generally the reaction is thought to occur in the organic
phase, due to the rapid hydrolysis of acid chloride in water
and the asymmetric solubility of the reactants between both
phases.7,23,24 Scanty experimental real-time observations of
the location of film formation have been revealed due to the
lack of in-situ techniques. Observations of penetration of the
IP film into the porous support imply that the reaction can oc-
cur in the aqueous phase.25,26

Here we attempt to establish a system that enables to track
the kinetics of free-standing IP film formation, and to visual-
ize the reaction location. Such a system can be used to ad-
dress these questions by employing a microfluidic platform.
The design of the microchips comprises an array of pillars in-
side the microchannels, allowing adequate stabilization of the
aqueous-organic interface. The controlled stabilization of the
liquid-liquid interface at designated position enables visualiz-
ing the film formation process in-situ, providing information
on the evolution of the kinetics and the location of the poly-
merization reaction.

2 Experiments

2.1 Microchips

The microchannels were fabricated on a silicon wafer by stan-
dard photolithography followed with deep reactive ion etch-
ing. The silicon wafer was anodically bonded to a glass wafer
(Figure 1 (A)). The bonded chip was enclosed to a tailor-made
chip holder and connected (Upchurch connections) to elevated
reservoirs for flow control.

2.2 Interfacial polymerization membrane formation

Before the interfacial polymerization reaction, the inner walls
of the microchannels were chemically hydrophobized by sil-

Fig. 1 (A) Silicon-Glass bonded microchip for IP membrane
formation. (B) White light interferometer image of a 3D
microfluidic configuration 1 with hexagon-shaped subchannel. (C)
Optical microscopy image of a stable gas-aqueous interface control
by configuration 1. (D) Optical microscopy image of a stable
organic-aqueous interface control at a zigzag-shaped subchannel in
configuration 2.

icon oil (20 cSt, Sigma-Aldrich).27 Three amine solutions
were prepared at 0.5 wt% in deionized water: piperazine
(PIP, Sigma-Aldrich), JEFFAMINE R©D-230 (JEFF, Hunts-
man), and a hybrid polyhedral oligomeric silsesquioxane
(POSS, Hybrid Plastics). Sodium hydroxide (Sigma-Aldrich)
was added to the ammonium functionalized POSS solution.28

An amine solution was introduced into one of the main chan-
nels by providing a hydrostatic pressure of 2400 Pa (∆h=240
mm). The micropillars provided adequate pinning sites to sta-
bilize the G-L interface (Fig. 1 (C)). After the G-L interface
was stable, the outlet of the aqueous solution was blocked to
equalize the pressure in the microchannel and create a sta-
tionary aqueous-G interface. Upon that, a trimesoyl chlo-
ride (TMC, Sigma-Aldrich) in hexane solution (0.25 wt%,
Sigma-Aldrich) was flowed into the adjacent channel by an-
other hydrostatic head. The offered pressure (∆h=100 mm)
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Fig. 2 IP film morphologies from the top-view of the microchannel formed by different aliphatic amines reacted with TMC. The left column
shows the reaction schemes and the molecular weights (MW) of the corresponding monomers. The middle column are the microscopy images
of the formed IP films in configuration 2. The right column are the SEM images of the corresponding micro-IP films.

was just sufficient to drive in the organic solution to minimize
the caused instability on the formed L-L interface. Once the
interface was formed, the reaction was ensured to occur under
a free-pressure-driven condition by opening all the connec-
tions to the air. The IP film formation was recorded using a
high-speed camera (AxioCam MRc 5, Carl-Zeiss) connected
to the optical microscope (Axiovert 40, Carl-Zeiss). Pure wa-
ter and hexane were flowed into the corresponding channels to
remove unreacted monomers after the formation process was
completed.

2.3 Scanning Electron Microscope (SEM) samples
preparation

We employed two methods to prepare SEM samples regarding
the film properties. Samples of PIP and JEFF films were pre-
pared by dissolving the covered glass slide in 50% HF acid for
70 min under an etching rate of 7 µm min-1. Thermal bonded
devices (see SI.1) could be separated by mechanical force, af-
ter the POSS film formation.

2.4 Water permeation measurements

The water permeability of the POSS-TMC film was analyzed
by providing a constant feed pressure using hydrostatic heads.

Hexane and DI water were firstly flowed into the main chan-
nel synchronously. The outlet of the water stream was blocked
to equalize the pressure in the water-filled channel. The in-
let and outlet of the hexane filled channel were opened to
the atmosphere. A hydrostatic pressure difference of 3500
Pa (∆h=350 mm) was applied to the water stream. Perme-
ating water droplets in the hexane phase were recorded by a
camera. The droplet sizes were analyzed using the program
ImageJ (Version 1.46). The water permeability was calculated
from the change in droplet dimensions.

3 Results and discussion

The design of our microfluidic devices features two parallel
channels, allowing the simultaneous flows of an aqueous and
an organic stream. An array of micropillars (Fig. 1 (A) and
(B)) stabilizes the interface between the liquids, and provides
mechanical support for the film that is formed at this inter-
face. We have designed various pillar structures to optimize
the L-L interface control and investigate their influences on
the film formation process (see SI.2). The hexagon-shaped
pillar (configuration 1, Fig. 1(C)) and the zigzag-located pillar
(Configuration 2, Fig. 1(D)) provide well-stabilized interfaces
and have been selected for this study. All the IP formation
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experiments were performed in configuration 2. This configu-
ration offers the largest interfacial areas, which facilitates the
microscopic observation. Configuration 1 was utilized for wa-
ter permeation measurements as this configuration reduces the
coalescence of growing water droplets.

We selected three different amines to react with TMC: PIP,
JEFF and POSS. PIP is one of the most widely used aliphatic
amines for the fabrication of nanofiltration and reverse osmo-
sis membranes by IP. Its derived IP films typically exhibit
a large free volume and pore size, enabling a high perme-
ability.10,29 JEFF is a polyetheramine with long and flexible
aliphatic chains. It has been scarcely selected as an amine
candidate for IP film formation, due to the long flexible alkyl
chains that result in an even larger free volume as compared
to PIP. Films with a very open structure generally exhibit low
salt retentions. POSS has recently drawn tremendous atten-
tion due to its unique hybrid structure. Supported POSS mem-
branes exhibit an extremely dense morphology and thin thick-
ness (<300 nm) providing extraordinary performance for gas
and liquid permeation applications.30,31

Figure 2 (A) and (B) reveal the morphologies of films pre-
pared with the two aliphatic amines. The reaction between
PIP and TMC is fast, resulting in the formation of a ∼ 20 µm
film in the hexane phase, within 30 s (Fig. 2 (A2)). The di-
rection of film growth implies that the reaction predominantly
takes place in the organic phase. The optical microscopy im-
age shows that the cross sectional morphology of the film does
not vary strongly with axial position. The SEM micrograph of
the film surface at the hexane side (Fig. 2 (A3)) reveals some
roughness. Such roughness has also been typically reported
for IP formation of supported PIP films.10,18 Figure 2 (B2)
depicts a film obtained with JEFF as amine source. The film
consists of a stack of two regions: a ∼ 5 µm dense region in
between the pillars, and a more loose and irregular region up
to 25 µm towards the organic phase. The SEM image (Fig. 2
(B3)) confirms that surface of the film on the organic side is
rougher as compared to the PIP derived film.

It is noted that the thicknesses of the free-standing PIP and
JEFF films are up to ten times thicker than those of sup-
ported films. Similar differences between supported and free-
standing films have also been reported by others.4,8 The dif-
ferences can be related to a more limited amount of amines
available for the reaction in the case of an impregnated sup-
port, and mechanical stabilization of the liquid-liquid interface
by the porous support.

Exploiting our microfluidic platform, the film formation
process can be traced in time. Figure 3 reveals the evolution
of film formation for the polymerization of JEFF with TMC.
Initially, a thin JEFF film is formed instantly as the interface
is generated (Fig. 3 (A)). The positions of the initial inter-
face and its adjacent three pillars are highlighted in red (Fig. 3
(A1)-(E2)). The growth direction and thickness in time can be

Jeffamine Water 

B TMC Hexane 

C TMC Hexane 

1 

JEFF Water 

D TMCHexane 

E Air 

\ 

, Densl! .. fayer , ___ _ 

JEFF Water 

t=Os 

t = 35 s ... ... 

t = 112 s 
... ... 

t = 893 s 

... 

t = 1586s 

Fig. 3 Optical microscopy images of JEFF-TMC film formation
process. (A) (E) JEFF IP film formation at different time steps. (E)
The JEFF IP film morphologies after drying the hexane phase.
(A1)-(E1) Highlighted initial film position and adjacent pillars.
(B2)-(E2) Highlighted film-liquid interface in different time steps
(Yellow: film/aqueous interface at t=35 s. Blue: film/organic
interface at t=112s. Black: film/aqueous interface after the reaction
is complete).

determined by measuring the deviation of the film/liquid inter-
face from the initial interface (SI.2). At 35 s, a film has been
formed with an average thickness of ∼ 2 µm in the aqueous
phase (the film/aqueous interface is indicated in yellow), and a
thickness of less than 1 µm in the organic phase (Fig. 3 (B2)).
Such growth implies that, initially, the polymerization reaction
predominantly occurs in the aqueous phase, instead of in the
organic phase. This is distinct from observations for PIP (Fig.
SI(2)). The different initial behavior can be rationalized from
the difference in distribution of the amines over the two liquid
phases; the more hydrophilic JEFF has a lower tendency to go
into the organic phase as compared to PIP. For JEFF, after 112
s the thickness of the film grown into the organic phase has
increased to ∼ 3 µm, while no apparent further growth into
the aqueous phase is observed (Fig. 3 (C2)). This indicates
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that the formed film possesses an increased mass transport re-
sistance for TMC that localizes the reaction into the organic
phase. Up to 112 s, the growth of the film has resulted in a
homogenous thickness, and the film only grows perpendicu-
larly from the incipient layer. Upon that, the JEFF film further
grows into the hexane phase in more irregular fashion. After
approximately 900 s no apparent further growth of the film is
observed. Meanwhile, the reaction in the aqueous solution has
proceeded at a low rate, as is manifested by a slight shift of the
interface between films and aqueous solution (Fig. 3 (E2)).

Differently from PIP and JEFF, POSS established a more
homogeneous film in terms of thickness and morphology be-
tween adjacent pillars (Fig. 2 (C2)). The obtained film thick-
ness is thinner than 300 nm, which is approximately twice
thicker that of the supported analogue.28 By tracking the for-
mation of POSS IP film in time, we observed no apparent
growth of film thickness and density after 4 s (4 s was the
minimal time step we used). We presume that the huge POSS
molecule tends to form a dense film (Fig. 2 (C3)), and the
transport of POSS through the forming film is instantly ob-
structed. The reaction is unable to proceed in the water phase
due to the hydrolysis of the acid chloride group of TMC.
Therefore, the film formation is self-limited within such a
short time. The POSS film is not only very thin, on both the
organic and aqueous side of the membrane a very smooth sur-
face is observed in the SEM images in Fig. 4 (B1) and (B2).
In contrast, the JEFF derived film shows a slightly rougher
surface on the aqueous side, and a very much rougher sur-
face on the organic side. A similar correlation between film
thickness and surface morphology, when comparing different
amine monomers, has also been observed for supported mem-
branes.10

Compared to the morphologies of POSS and PIP films, the
JEFF film shows a rougher surface in the hexane phase. The
flexible aliphatic chain of JEFF molecular tends to form a film
with an open, gel-like or high swollen structure. A lower re-
activity of JEFF with TMC compared to that of PIP, can be
assumed by correlating the reaction time to the formed film
thickness (30 min for ∼ 20 µm). The swollen nature and slow
formation process of the JEFF films could explain the rougher
surface compared to PIP and POSS films.3

We conducted a facile test to measure the water permeabil-
ity of the free-standing POSS IP films. After around 1500 s a
series of regular shaped water droplets are formed in the hex-
ane phase (Fig. 5 (A)) that continue to grow in time. The small
variation in the size of the droplets indicates that the perme-
ance of the film is similar at all locations in the array of pillars.
From the change in the projected dimensions of the droplets
their volume is calculated, assuming a spherical shape. The
derivative of the volume with respect to time is converted to
the water permeability, which is on the order of 10 L m-2 h-1

bar-1. This is about 30 times higher than that reported for the

Fig. 4 SEM images of membrane morphologies at both aqueous and
hexane phase. (A) is jeffamine (jeff) - TMC membrane and (B) is
POSS - TMC membrane.

polyacrylonitrile (PAN) supported POSS films.28 A relative
lower water flux of IP films is obtained when a hydropho-
bic support is employed.32 The absence of a hydrophobic
PAN support as well as morphological differences, may cause
the higher water permeability of the free-standing POSS film
compared to those of the supported ones.

4 Conclusion

In conclusion, our microfluidic device allows a direct visual-
ization of the IP film formation process. The amine monomer
is proved to play a decisive role in the resulting film morpholo-
gies. We observe three different scenarios of IP film formation
processes. PIP exhibits a rapid reaction with TMC and the re-
action only occurs in the organic phase. JEFF tends to form
a film in both aqueous and organic phases. The POSS IP film
is approximately 300 nm thin and the reaction is terminated
within seconds. Our in-situ real-time observations of the in-
terfacial film formation generate information on the kinetics
as well as on the evolution of the reaction location. This pro-
vides insights that may have import implications for sensible
fine-tuning of interfacial polymerization for various applica-
tions.
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Fig. 5 Optical images of the POSS membrane for water permeation
at different time steps.
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