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A B S T R A C T   

Molecular layer-by-layer (mLbL) deposition of highly crosslinked polyamide-based membranes affords flexibility 
and control over membrane properties such as thickness, roughness, and chemistry of the selective membrane 
layer. Of particular interest is the ability to non-destructively tailor the surface chemistry of the membrane for a 
particular purpose, such as enhancing hydrophilicity or minimizing membrane fouling. Here, we show that the 
surface chemistry of the mLbL membrane can be tuned via termination reactions to render the surface rich in 
–COOH, −NH2, −polyethylene glycol (−PEG), or −fluorinated groups. We systematically characterize the 
resulting surfaces with X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM) to validate 
successful modification and to ensure the low surface roughness is maintained, respectively. We then use pH- 
dependent contact angle and carboxylate-modified colloidal probe AFM to measure the surface wettability 
and adhesion of the modified surfaces. The measured adhesion force follows the ranking –NH2 ≫ −fluorinated >
–COOH ≈ −PEG, where the –COOH and −PEG are repulsive due to charge interactions and hydration state, 
respectively. Combined with the low surface roughness afforded by mLbL deposition, surface functionalization 
through termination reactions as shown here will allow researchers to disentangle contributions of surface 
chemistry from surface roughness to the overall performance and fouling of polyamide-based membranes for 
water purification and advanced chemical separations.   

1. Introduction 

To tackle the grand challenge of water scarcity, membrane-based 
reverse osmosis (RO) technology plays an important role in harvesting 
freshwater from unconventional water sources such as brackish water, 
seawater, and wastewater [1–4]. The state-of-the-art commercial RO 
membranes are thin-film composite polyamide membranes first inven
ted by Cadotte and co-workers in the late 1970s [5,6]. These membranes 
are prepared via interfacial polymerization (IP) of an acid chloride (e.g., 
trimesoyl chloride, TMC, dissolved in an organic solvent) and a diamine 
(e.g., m-phenylenediamine, MPD, dissolved in water) atop a polymeric 
porous support (e.g., a polysulfone membrane) [7]. Despite their 
excellent water permeability and salt rejection [7], the IP membranes 
have a ridge-and-valley structure with a high roughness as well as a 

non-uniform distribution of polar functional groups [8,9], because of the 
rapid, uncontrolled polymerization reaction at the organic-water inter
face. The high roughness and heterogeneity of IP polyamide membranes 
not only contribute to a high propensity to undergo organic and 
colloidal fouling [10,11], but also impede fundamental understandings 
of structure-property relationships of the membranes [12]. 

To overcome the limitations of IP polyamide, molecular layer-by- 
layer (mLbL) deposition has been developed to enable the fabrication 
of polyamide membranes in a well-controlled manner [12–15]. In mLbL 
deposition, the polyamide films are built one monomer layer at a time by 
sequential reaction of an acid chloride and a diamine, both dissolved in 
an organic solvent [12,13]. The mLbL deposited polyamide membranes 
have shown improved water permeability and salt rejection than the 
commercial IP polyamide membranes [14,15]. In addition, the mLbL 
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polyamide membranes possess additional advantages of minimum 
roughness, precisely controlled thickness, and well-defined polymer 
chemistry [14]. Thus, mLbL synthesis of polyamides has proven to be a 
unique platform that allows elucidation of the fundamental relation
ships between polymer network structure, membrane thickness, and 
separation performance [16–19]. 

Another important attribute of the mLbL technique is the ability to 
precisely control the terminating functional groups on the deposited 
polyamide film [20]. Surface properties of membranes dictate their 
interaction with foulants, which, in turn, determine the fouling behav
iors of the membranes in complex waters [21]. For example, the density 
of carboxyl groups on polyamide has been related to the propensity for 
the membrane to undergo alginate fouling in the presence of calcium 
ions [22]. In addition, while increasing hydrophilicity of membranes is 
generally effective for reducing the adhesion of foulants, the inclusion of 
low-surface-energy hydrophobic perfluoroalkyl groups can lead to 
enhanced fouling release [23]. An intriguing research question emerges: 
is it possible to use the mLbL technique to fabricate polyamide films with 
a wide range of terminating functional groups, including those that have 
varied hydrophilicity? 

In this study, we employed the mLbL deposition technique to fabri
cate polyamide films on silicon substrates. We reacted the as-cast 
polyamide with different terminating functional groups, including 
TMC, MPD, hydrophilic polyethylene glycol (PEG)-amine, and hydro
phobic perfluoroalkyl amine. We systematically characterized the 
thickness, surface functionality, and roughness of the polyamide films 
using ellipsometry, X-ray photoelectron spectroscopy (XPS), and atomic 
force microscopy (AFM) imaging, respectively. We further characterized 
the surface wetting property and ionization behaviors of the polyamide 
surfaces using buffered contact angle titration. Finally, we employed 
AFM to determine the interaction forces between the polyamide surfaces 
and a carboxylate-modified latex colloid probe. Our results demonstrate 
that reacting the as-cast polyamide surface with different monomers 
allows control over the surface functionality and hydrophilicity of the 
polyamide, as well as the interaction with the colloid probe. Our work 
highlights the versatility of the mLbL technique in fabricating polyamide 
membranes with well-controlled surface chemistry and paves the way 
for further investigations into the structure-property relationships of 
polyamide membranes. 

2. Experimental 

2.1. Materials 

Equipment and materials are identified in the article to adequately 
specify the experimental details. Such identification does not imply 
recommendation by the National Institute of Standards and Technology, 
nor does it imply that the materials are necessarily the best available for 
the purpose. 

Trimesoyl chloride (TMC), m-phenylenediamine (MPD), and poly 
(ethylene glycol) bis(amine) (PEG-NH2, number average relative mo
lecular mass of 3400) were purchased from Sigma Aldrich and used as 
received. 1H,1H-Perfluorooctylamine was purchased from Alfa Aesar 
and used as received. 3-Aminopropyldimethylethoxysilane (APDES) was 
purchased from Gelest and used as received. Toluene, ethanol, and 
acetone were purchased from Fisher Scientific. Toluene was dried over 
3 Å molecular sieves and had a water content of less than 10 ppm (10 
mg/kg) as measured on a Karl Fischer CS20X coulometric titrator 
(Mettler Toledo). Acetone was dried and purified via vacuum distillation 
into a sealed Schlenk round bottom flask and kept under constant ni
trogen purge. Prior to vacuum distillation, acetone (700 mL) was stirred 
over potassium carbonate (300 g) overnight. 

Silicon wafers (orientation <100>, University Wafers, 1.5 cm × 1.5 
cm) were cleaned by rinsing with toluene and ethanol, dried with ni
trogen, then treated with ultraviolet-ozone (Model 342, Jelight) for 20 
min. To ensure covalent attachment of the mLbL polyamide films to the 

substrate, the silicon wafers were treated with an aminosilane prior to 
mLbL deposition. The cleaned silicon wafers were submerged in a so
lution of 1% by mass fraction of APDES in dry toluene and gently heated 
at 50 ◦C for 12 h. The APDES-modified silicon wafers were then rinsed 
with toluene, ethanol, deionized water (18 MΩ/cm, Barnstead Nano
pure) and dried in a vacuum oven for 24 h. 

2.2. mLbL polyamide film preparation 

mLbL polyamide films were prepared according to previous litera
ture [16,24]. Monomer solutions were prepared at 0.4% by mass frac
tion of TMC in toluene and 0.4% by mass fraction of MPD in toluene. The 
rinse solvent following TMC deposition was toluene, and the rinse sol
vent following MPD deposition was acetone. Solutions/rinse solvents 
were loaded into gas-tight syringes and deposited through 0.45 μm sy
ringe filters onto the APDES-modified silicon substrate inside an envi
ronmental spin coater (Laurell Technologies) purged with clean, dry air 
to minimize exposure to water [24]. One deposition cycle consisted of 
the sequential deposition and spinning of TMC (0.4 mL), toluene rinse 
(0.8 mL), MPD (0.4 mL), and acetone rinse (0.8 mL) at room tempera
ture. The thickness of the mLbL polyamide was controlled by the number 
of deposition cycles, which in all cases presented here was 45.5 cycles. 
The final half cycle ensured that the mLbL polyamide film presented 
predominantly acid chloride groups at the surface for subsequent reac
tion with the amine reagents. The samples were prepared in triplicate for 
each surface functionalization. 

2.3. mLbL surface functionalization 

After mLbL deposition, each sample was cleaved such that a section 
of the sample was retained for measurements of “before” functionali
zation (control), and the remainder of the sample was functionalized 
with the specific reagent and measured “after” functionalization. For 
functionalization, the reagent of choice was dissolved at a concentration 
of 1% mass fraction in dry toluene and heated to 75 ◦C. The mLbL 
polyamide film was then immersed in the solution and the reaction was 
allowed to proceed for 48 h to ensure maximum functionalization. It 
should be noted that we chose a difunctional PEG-amine (amine groups 
on either end of the PEG chain) to ensure the PEG chains adequately 
react to the surface and form loops of PEG chains rather than a brush-like 
PEG structure. The samples were then rinsed twice each with toluene, 
ethanol, water, and finally with ethanol again, then dried with nitrogen. 
The control samples were immersed in dry toluene (no reagent), heated 
to 75 ◦C for 48 h, and rinsed using the same protocols as above. 

2.4. mLbL polyamide film characterization 

Each polyamide sample was characterized both before and after 
functionalization. The thickness of the mLbL polyamide films was 
characterized via variable angle spectroscopic ellipsometry (M-2000XI, 
J.A. Woollam). Spectra were obtained at incidence angles in the range of 
50◦–70◦ in discrete increments of 10◦ and over a wavelength range of 
(210–1700) nm. The film thickness was modelled assuming a Cauchy 
dispersion relation using the CompleteEASE software provided by J.A. 
Woollam. Chemical functionalization was confirmed by X-ray photo
electron spectroscopy (XPS, AXIS Ultra DLD Spectrometer, Kratos 
Analytical). XPS measurements were performed using a monochromatic 
Al Kα source (1486.6 eV) operating at 140 W. The base pressure of the 
sample analysis chamber was ≈1.0 × 109 Torr (or 1.33 × 107 Pa), and 
spectra were collected from a nominal spot size of 300 μm × 700 μm and 
a take-off angle of 90◦ (normal to the surface). Measurements were 
performed in hybrid mode using electrostatic and magnetic lenses, and 
the pass energy of the analyzer was set at 160 eV for survey scans and 20 
eV for high resolution scans, with energy resolutions of 0.5 eV and 0.1 
eV, respectively. All XPS data analysis and peak fitting were performed 
using the CasaXPS software package. 
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2.5. Buffered contact angle titration 

Buffered contact angle titration was performed on a goniometer 
(ramé-hart 260-U4) via the sessile drop method. The sample films 
(control, MPD, TMC, PEG-NH2, and perfluorooctyl amine) were rinsed 
with ethanol and ultrapure water, and dried with ultrapure N2 gas prior 
to the contact angle measurement and in between different measure
ments. A 1-μL droplet of buffered aqueous solution was placed on the 
sample using a pipette. For all film types, the droplet was allowed to stay 
on the surface for between a few seconds and 1 min, in order to reach a 
steady solution-surface interface and also to avoid complete water 
evaporation from the droplet. Buffer solutions of pH ranging from 2 to 
10 that contain 1 mol/L of buffer chemicals [20,25] (see Table S1) were 
used for the measurement. The static contact angle was determined by 
measuring the tangent angle of the liquid drop at the point of contact 
after the liquid-surface interface came to equilibrium. Three contact 
angle measurements were performed at each pH. 

2.6. AFM imaging and interaction force measurement 

We conducted AFM imaging of the polyamide films on a Multimode 8 
AFM (Bruker). Prior to the imaging, the samples were rinsed with 
ethanol to remove possible contaminants and dried with ultrapure N2. A 
ScanAsyst-Air probe (Bruker) was used for the imaging. The root-mean- 
square (rms) roughness of the films was determined from three mea
surements at different locations. 

We conducted force measurement between a carboxylate-modified 
latex (CML) probe and the polyamide films in aqueous solutions. The 
CML particle serves as a surrogate for organic foulants that are rich in 
carboxylic acid groups (such as humic acid and proteins) and has been 
used extensively for characterizing foulant-surface interactions [26,27]. 
A CML sphere with a diameter of 10 μm (Molecular Probes Latex Beads, 
4% w/v) was glued to the D cantilever of an NP-O10 probe (Bruker). The 
CML-modified probe was cleaned using ultrapure water and subjected to 
UV/Ozone treatment (UV-Ozone ProCleaner Plus, Nanosciences) for 10 
min to remove possible organic contaminants on the probe. The spring 
constant of the cantilever after CML modification was measured using 
the thermal noise method [28]. Before force measurement, the probe 
was rinsed with a buffer (1 mmol/L NaCl and 0.2 mmol/L NaHCO3, pH 
7.5). During force measurement, a droplet of buffer solution (1 mmol/L 
NaCl and 0.2 mmol/L NaHCO3, pH 7.5) was placed in a fluid cell and 
allowed to equilibrate with the polyamide films for at least 30 min. With 
the buffer, the Debye length is 8.8 nm which accentuates the differences 
in electrical double layer forces with regard to the different surface 
chemistries. The probe was brought to the sample surface at a constant 
approach velocity of 500 nm/s, with a trigger threshold of 200 nm and 1 
s dwell time at the surface. The probe was then retracted from the 
sample surface at a velocity of 500 nm/s. The ramp size was 1000 nm. 
For each sample, force curves were measured at 256 locations in an area 
with a scan size of 10 μm. In between force measurements on different 
surfaces, the probe was rinsed with ethanol and DI water, but not sub
jected to UV-ozone cleaning to avoid further change in the probe surface 
chemistry. 

The raw AFM force data of deflection vs displacement were analyzed 
using a published software [29] (https://github.com/spacocha/fdafm). 
In short, the deflection-displacement raw data were converted into 
interaction force-separation distance curves using previously reported 
methods [30,31], from which maximum adhesive force, adhesive 
interaction energy (i.e., area above the force-distance curve and under 
the x-axis), and repulsive interaction energy (i.e., area under the 
force-distance curve and above the x-axis) were calculated. This method 
of obtaining interaction energy via integration of force curves has been 
extensively used in previous publications [26,27,32,33]. For each 
retract force curve, we also calculated the total interaction energy, by 
adding up the repulsive and attractive interaction energies, based on 
previously reported approach [27,32]. The total interaction energy here 

represents the work required to pull the probe away from the surface 
after contact [27,34]. To stay consistent with the sign convention of 
interaction force and aid data interpretation, we denote adhesive and 
repulsive total interaction energy as negative and positive, respectively. 
To further compare the interaction characteristics between CML probe 
and the polyamide films, we analyzed repulsive distance (i.e., the dis
tance between contact point and the location where repulsive force 
becomes zero) and rupture length (i.e., the distance between contact 
point and the location where adhesive force becomes zero) of the cor
responding retract force curves. We randomly select 50 force curves out 
of 256 curves after removing the outliers using the Grubbs’ test (sig
nificance level 0.05, https://www.graphpad.com/quickcalcs/grubbs1/ 
), and present the descriptive statistics of the data (e.g., adhesive 
force, total interaction energy) in Figs. 5–7. 

3. Results and discussion 

3.1. Surface chemistry of polyamide tuned by termination reactions 

Using mLbL, we prepared three replicate films on silicon substrates 
for subsequent functionalization reactions. Each sample was diced into 
two pieces: one piece labeled as “as-cast” and one piece that would be 
subsequently functionalized with the selected reagent. Each “as-cast” 
piece was subjected to the same reaction conditions (solvent + mild 
heating) as the functionalized piece but without the functionalization 
reagent. The mLbL process and subsequent functionalization reactions 
are shown in Fig. 1. 

We measured the thickness of each sample series before and after the 
functionalization reaction using variable angle spectroscopic ellipsom
etry (VASE), and the results of these measurements are shown in Table 1. 

Fig. 1. Process for creating mLbL films via repetitive reaction of the substrate 
with TMC and MPD, rinsing away unreacted monomers between each reaction 
step. The thickness of the film is determined by the total number of repetition 
cycles performed (here, 45.5 cycles). The surface of the mLbL film is then 
reacted with various reagents to create the desired surface functionality. 

Table 1 
Thickness data for each sample series before and after functionalization with the 
specific reagent. The error bars represent one standard deviation of the data (n 
= 9, measurements at three random locations on each of the three replicate 
samples), which is taken as the experimental uncertainty of the measurement.  

Reagent thickness (nm) 

as-cast after reaction p-value (paired t-test) 

TMC 17.9 ± 3.0 16.1 ± 1.1 0.09 
MPD 20.3 ± 2.5 18.2 ± 3.0 0.07 
PEG-NH2 26.0 ± 3.3 26.9 ± 2.0 0.06 
perfluorooctyl amine 19.4 ± 2.1 18.0 ± 2.0 0.03  
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For the small molecule reagents used for functionalization (TMC, MPD, 
perfluorooctyl amine), the films exhibited a decrease in film thickness 
(≈10%), likely due to either removal of unreacted monomers or further 
condensation reaction occurring between TMC and MPD at elevated 
temperature. Recall that the mLbL deposition occurs in the same solvent 
as the functionalization reaction (toluene) but at room temperature 
during the spin process. Furthermore, the functionalization reaction 
occurs at 75 ◦C for 48 h, compared with 30 s at room temperature for 
each mLbL step; thus, there is considerably more opportunity for the 
functionalization reagents to find unreacted groups at the near surface of 
the film. Conversely, the PEG-NH2 functionalization led to a net increase 
in thickness (≈3%) as expected, due to the tethering of a short polymer 
chain onto the surface. This increase in thickness might be greater if we 
consider the possible decrease in thickness observed for the small mo
lecular reagents (≈10%). Therefore, the increase in thickness for PEG- 
NH2 functionalization might be closer to ≈13%. 

Surface functionalization of the mLbL surface was confirmed by XPS. 
Survey scans of each sample were used to determine the atomic per
centage (at%) of each element (C, O, N) in the sample. The O/N ratio is 
typically taken as a proxy for crosslink density in these polyamide-based 
membranes: a fully crosslinked polyamide membrane would exhibit an 
O/N ratio of 1, while a linear polyamide membrane would exhibit an O/ 
N ratio of 2 (the extra oxygen coming from the unreacted –COOH) [35, 
36]. The O/N ratio data for the mLbL polyamide samples are presented 
in Table 2. For films reacted with an excess of TMC, we observed an 
increase in the O/N ratio as more –COOH groups were added to the 
membrane. This result suggests there are dangling (unreacted) amines at 
or near the surface that can further react with excess TMC (increasing 
oxygen content), thus increasing the observed O/N ratio. Conversely, 
when the film was reacted with an excess of MPD, the O/N decreased 
considerably as more –NH2 groups were added via incorporation of 
more MPD. Surfaces reacted with PEG-NH2 saw a considerable increase 
in the O/N ratio as expected, due to the surface being enriched with PEG 
chains. For the case of surfaces reacted with perfluorooctyl amine, the 
O/N ratio remained unchanged as the incorporation of the fluorinated 
chain did not alter the content of either O or N within the film. 

Further evidence that the surface functionalization reactions were 
successful was attained through XPS measurements of the surfaces 
before and after functionalization. Fig. 2a shows the high-resolution C 1s 
region of the as-cast TMC-MPD 45.5 cycle mLbL film. Peak fitting clearly 
showed the presence of C–C/C––C bonds from the aromatic rings of 
TMC-MPD and/or adventitious carbon (285.0 eV), C–N/C–O bonds from 
the carbons nearest the amide (285.7 eV), C(=O)N from the amide group 
(288.4 eV), and C(=O)OH from unreacted acid chlorides in the mLbL 
film that convert to carboxylic acids upon exposure to moisture (289.4 
eV). There is also a small shake-up peak arising from the π → π* tran
sition of the aromatic rings (291.1 eV). Reacting the surface with an 
excess of TMC led to a relative increase in the C(=O)O signal in the C 1s 
region, as shown in Fig. 2b. This is indicative of TMC reacting with any 
residual –NH2 groups remaining in the system, placing –COOH groups at 
the surface. Reacting the surface with an excess of MPD led to the 
disappearance of the C(=O)O peaks in the C 1s region (Fig. 2c), as any 

unreacted acid chloride groups were converted to amide bonds, leaving 
the surface populated by excess aromatic –NH2 groups. Similarly, when 
reacting the mLbL surface with excess PEG-NH2, the residual acid 
chlorides reacted with the PEG-NH2, which led to the near disappear
ance of C(=O)O peak and a concomitant increase in the C–O peak due to 
the inclusion of PEG, as shown in Fig. 2d. The relatively small C(=O)O 
peak that remained in the C 1s region is likely due to acid chlorides in 
the interior of the film that remain inaccessible to the larger reactant 
PEG-NH2, as compared with MPD. Finally, reacting the surface with 
perfluorooctyl amine led to a near disappearance of the C(=O)O peak 
while giving rise to a C–F peak at 292 eV from the perfluorooctyl group 
(Fig. 2e). These XPS data confirm in more detail the functionalization of 
the mLbL film surface with the various reactants. 

3.2. Effect of terminating monomer on roughness and wetting properties 
of polyamide 

We characterized the surface morphology of the polyamide surfaces 
using AFM imaging (Fig. 3). All surfaces showed smooth surfaces with a 
root-mean-square (RMS) roughness of less than 1 nm. This indicates that 
changing the terminating functional group did not noticeably influence 
the surface morphology of the polyamide films. The smooth surfaces of 
the polyamide films are attributed to the controlled polymerization of 
monomer layers and the stoichiometry-limiting nature of the mLbL 
method [15]. All the mLbL polyamide films were much smoother than 
the interfacially polymerized polyamide in RO membrane, which has 
roughness on the order of 100 nm due to the formation of the “ridge-
and-valley” structures during uncontrolled polymerization [9]. 

We further characterized the surface wetting properties of the 
polyamide films using the contact angle titration technique pioneered by 
Whitesides and co-workers [37,38]. A droplet of buffered aqueous so
lution was placed on the sample surface, and the static contact angle was 
determined after the droplet and the surface came to equilibrium 
(Fig. 4). Across the pH range of 2–10 employed here, the perfluorooctyl 
amine and the PEG-NH2 functionalized surfaces had the highest and 
lowest contact angles, respectively, among all surfaces, clearly demon
strating that the wetting properties of the mLbL polyamide surfaces can 
be readily controlled by using terminating groups with hydrophobic 
(−CF2) or hydrophilic (PEG) groups. Additionally, the MPD reacted 
surface had a lower contact angle than the as-cast polyamide surface, 
consistent with the conversion of residue acid chloride groups to amide 
bonds and excess polar amine groups as observed in XPS characteriza
tion (Fig. 2c). 

Buffered contact angle titration measurements also provide infor
mation on the near-surface ionization behaviors of the mLbL polyamide 
films. For the as-cast and TMC-terminated films, the contact angle 
decreased with increasing pH. This observed trend in contact angle is 
due to the dominance of carboxyl groups on the film and the changing 
ionization of carboxyl at different pH [37,39]. Carboxylic acid groups 
dissociate at low pH. The ionized carboxylate interacts with water more 
strongly than the undissociated carboxylic acid. The apparent pKa, 
which characterizes the overall ionization behavior of a surface, on the 
carboxyl-rich side of interfacially polymerized polyamide was deter
mined to be between 6 and 9 [25], consistent with the pH range of 
contact angle transition observed in Fig. 4. 

For polyamide film terminated with MPD and PEG-NH2, the pH 
buffered contact angles exhibit no clear trends, and many of the contact 
angle values are statistically indistinguishable over the pH range plotted 
(Fig. 4). Both MPD- and PEG–NH2–terminated films were rich in amine 
groups (see Fig. 2 for XPS data), which are more hydrophilic at low pH in 
their ionized, positively charged state. The apparent pKa of the amine- 
rich side of interfacially polymerized polyamide was determined to be 
between 4 and 11, and the exact value varies with charge density [25]. 
The fact that no clear trend of buffered contact angle was observed 
implies that MPD and PEG-NH2 functionalized polyamide films con
tained a mixture of carboxyl and amine groups. We note that the mLbL 

Table 2 
O/N ratio data obtained from XPS survey scans for each sample series before and 
after functionalization with the specific reagent. The error bars represent one 
standard deviation of the data (n = 9, measurements at three random locations 
on each of the three replicate samples), which is taken as the experimental 
uncertainty of the measurement.  

reagent O/N ratio 

as-cast after reaction percent change 

TMC 1.45 ± 0.03 1.80 ± 0.08 +24% 
MPD 1.57 ± 0.18 0.88 ± 0.11 −44% 
PEG-NH2 1.71 ± 0.17 3.05 ± 0.59 +78% 
Perfluorooctyl amine 1.46 ± 0.10 1.46 ± 0.07 0%  
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Fig. 3. Three-dimensional AFM images of polyamide films on silicon wafer. The as-cast mLbL film and the films reacted with TMC, MPD, PEG-NH2, and per
fluorooctyl amine have root-mean-square (RMS) roughness of 0.6 ± 0.1, 0.8 ± 0.1, 0.6 ± 0.1, 0.7 ± 0.1, and 0.6 ± 0.1, respectively. 

Fig. 2. High-resolution XPS scans of the C 1s region for each surface functionalization reaction. Peak fitting the C 1s envelop shows the appearance, disappearance, 
or shift in the various carbons resulting from each reaction. (a) As-cast TMC/MPD 45.5 cycle mLbL film, (b) after reaction with excess TMC, (c) after reaction with 
excess MPD, (d) after reaction with PEG-NH2, and (e) after reaction with perfluorooctyl amine. 
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polyamide films swell in water (roughly 10%) [17,18]; as a result, the 
probe liquid likely encounters not only the terminating functional 
groups, but also functional groups underneath the top layer. 

3.3. Effect of terminating monomer on interaction of polyamide surfaces 
with carboxylate-modified latex (CML) colloidal probe in aqueous 
solutions 

We further conducted AFM force measurements between the poly
amide films and a CML-modified AFM probe in a buffered solution of pH 
7.5 (Fig. 5a). The CML contains carboxyl groups, which are also func
tional groups in organic foulants including humic acid and alginate. 
Previous studies have demonstrated a strong correlation of membrane 
fouling behaviors with the adhesive forces measured between mem
brane and CML colloidal probe [40,41]. Specifically, a strong adhesive 
force between the probe and membrane has been related to a greater 
flux decline in the initial stage of membrane fouling when 
foulant-membrane interactions dominate [41]. As such, measuring the 
interaction forces between the mLbL polyamide surfaces with the CML 
probe can provide insights into the tendency of mLbL polyamide to 
undergo organic fouling under specific solution conditions when they 
are used for water filtration membranes. 

The representative forces during the approach of the CML probe to 
the polyamide surfaces show no appreciable difference between varied 
surface chemistries (Fig. S1). Hence, we focus our discussion on the 
retract (or pull-off) force curves. The representative retraction force 
curves (Fig. 5b) show that the CML particle experienced varied levels of 

attraction when being pulled away from as-cast, MPD-reacted, and 
perfluorooctyl amine-reacted polyamide surfaces. We collected 50 force 
curves on each surface and extracted the maximum adhesive force from 
the force curves. The box plots for the maximum adhesive force are 
presented in Fig. 5c. The maximum adhesive force on the polyamide 
surfaces follows the trend of as-cast > MPD-reacted > perfluorooctyl 
amine-reacted. On TMC- and PEG–NH2–reacted surfaces, the interaction 
between the CML colloid probe and the surfaces was dominated by 
repulsive force (Fig. 5b). We further calculated the total interaction 
energy between the CML colloid probe and the polyamide by integrating 
the area between the force curve and the x-axis. The total interaction 
energy is the sum of both the repulsive and attractive interaction en
ergies in each force curve. The results are shown in Fig. 6a as box plots, 
and in Fig. 6b as histogram plots with positive values indicating repul
sion (red bars) and negative values indicating attraction (black bars). 

The as-cast mLbL surface manifests notable adhesive interaction with 
the CML probe, and 98% of the pull-off events had net attractive inter
action (Fig. 6b). We attribute this adhesive interaction to the binding 
between the carboxyl groups on CML and unreacted residue amine 
groups on the polyamide. After the surface was reacted with MPD, the 
adhesive force was still appreciable, but the magnitude of the adhesion 
decreased (Fig. 6a) and 75% of the pull-off events had net attractive 
interaction (Fig. 6b). This appears to be a puzzle as we expect MPD re
action with the as-cast polyamide to increase the density of the amine 
groups on the surface and thereby increase adhesion with the CML 
probe, which has been observed previously [20]. We note that we used a 
slightly different experimental condition for preparing the mLbL film 
compared with what Tousley et al. reported [20]. We dried our mLbL 
films at 75 ◦C, whereas Tousley et al. annealed the film to 210 ◦C [20] 
which might induce additional crosslinking. The greater adhesion 
observed for the as-cast compared with MPD-reacted polyamide is 
possibly due to a relatively loose polymer structure in the top layer of the 
as-cast film, which allows the CML colloid probe to penetrate further 
into the film and encounter more amine groups. This hypothesis is 
corroborated by the decrease in thickness of the film after MPD func
tionalization (Table 1). We further analyzed the rupture distance during 
the retraction of the CML probe from the as-cast, MPD, and fluorinated 
films. The as-cast film had higher rupture distance than the films reacted 
with MPD or perfluorooctyl amine (Fig. S2), again confirming our hy
pothesis that the as-cast film had a relatively loose structure which al
lows the polymer chains to be pull away further by the CML probe. 

The CML colloid probe experienced attractive interaction when 
pulled off from the perfluorooctyl amine reacted polyamide surface, and 
the attraction was weaker than that on the as-cast and MPD-reacted 

Fig. 5. (a) schematic of AFM force measurement on polyamide surfaces using CML colloid probe. (b) Representative retract forces between the CML colloid probe 
and mLbL polyamide surfaces as a function of separation distance. PFO amine indicates perfluorooctyl amine. (c) Box plots of the maximum adhesive forces between 
the CML colloid probe and mLbL polyamide surfaces. Boxes represent 25%, 50%, and 75% quantiles, whiskers represent 10% and 90% quantiles, and dots represent 
the mean. n = 50. 

Fig. 4. Buffered contact angle titration of mLbL polyamide films. The error bars 
represent one standard deviations of the data (n = 3), which is taken as the 
experimental uncertainty of the measurement. The lines are meant to guide 
the eye. 
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surfaces. We note that functionalizing the as-cast polyamide with per
fluorooctyl amine did not reduce the density of amine groups on the 
surface as evidenced by the unchanged O/N ratio after reaction 
(Table 2). As such, the reduced adhesion is attributed to the introduction 
of perfluoroalkyl groups that interact with the CML colloid probe much 
weaker than the residue amine groups do. Fluorinated materials have 
low surface free energy [42] and have been employed for fouling-release 
surfaces due to their weak interaction with foulants [43,44]. Polyamide 
nanofiltration membranes grafted with perfluoroalkyl groups were re
ported to show enhanced flux recovery in hydraulic washing following 

protein fouling [45]. Our AFM force measurements demonstrate the 
relatively weak interaction between perfluorooctylamine-reacted poly
amide and CML probe, which corroborates the promise of fluorinated 
polyamide in fouling-release filtration membranes. 

On the polyamide surfaces reacted with TMC or PEG-NH2, the retract 
force-separation curve primarily manifests repulsive interaction. This is 
expected as these reactions convert the amine groups on the polyamide 
to –COOH or PEG which have repulsive interactions with the carboxyl 
groups on the CML colloid probe. The repulsion between TMC-reacted 
polyamide and CML stems from electrical double layer repulsion be
tween the dissociated carboxyl groups. The repulsion between the CML 
colloid probe and the PEG–NH2–reacted polyamide was stronger 
(Fig. 5b) and extended to longer distance, as indicated by the longer 
repulsive distance (Fig. 7). Additionally, 100% of the pull-off events had 
net repulsive interactions (Fig. 6b). This repulsion is likely associated 
with the steric repulsion that arises when the strongly hydrated PEG 
chains are compressed by the CML colloid probe [42,46]. Our results 
show that PEG functionalization of the mLbL polyamide can potentially 
impart excellent resistance to the adhesion of organic foulants. 

It is noteworthy that the buffered contact angles of as-cast and TMC- 
reacted polyamide surfaces were very similar at pH 7.5, but their 
adhesion with the CML colloid probe was drastically different. This 
result suggests that surfaces with similar “apparent” hydrophilicity can 
have very different interactions with organic foulants, and therefore, 
propensities to undergo fouling. While contact angle characterizes the 
hydrophilicity of surface functional groups [37], AFM force measure
ments reveal the chemical interactions between functional groups on the 
surface and on the colloid probe [40]. The integration of contact angle 
measurements and AFM force measurements, therefore, will help gain a 
full understanding of the fouling propensity of surfaces. 

4. Conclusions 

We demonstrated here a robust methodology for functionalizing the 
surface of mLbL polyamide-based membranes. The mLbL process was 
conducted in such a way as to leave the surface rich in reactive acyl 
chlorides, which can readily react with various functional amines. 
Specifically, we reacted the mLbL surface with excess TMC, MPD, amine- 
terminated PEG, and fluoroalkyl amine, rendering surfaces rich in 
–COOH, –NH2, −PEG, and −fluorinated groups. XPS and ellipsometry 
confirmed successful surface modification while AFM imaging verified 
that the low surface roughness of each film was maintained. We then 

Fig. 6. (a) Box plots of the total interaction energy between the CML colloid 
probe and the polyamide surfaces calculated from the force curves. n = 50. 
Boxes represent 25%, 50%, and 75% quantiles, whiskers represent 10% and 
90% quantiles, and dots represent the mean. (b) Frequency distribution of total 
interaction energy. Black bars (negative value) indicate attractive interaction, 
and red bars (positive value) indicate repulsive interaction. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 

Fig. 7. Box plot of the repulsive distance (nm) of the retract force-distance 
curves between the CML colloid probe and mLbL polyamide surfaces func
tionalized by TMC and PEG-NH2. Repulsive distance is defined as the distance 
between contact point and the location where repulsive force becomes zero. 
Boxes represent 25%, 50%, and 75% quantiles, whiskers represent 10% and 
90% quantiles, and dots represent the mean. n = 50. 
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showed that contact angle titration alone cannot adequately capture the 
surface interactions afforded by each termination chemistry, likely due 
to the interaction volume of the water droplet on the surface, especially 
in a system that swells slightly in water. Therefore, AFM colloidal probe 
measurements with a negatively charged carboxylated latex sphere were 
performed to gain a clearer picture of the types of surface interactions 
that might occur during membrane fouling. The measured adhesive in
teractions display a ranking of –NH2 ≫ −fluorinated > –COOH ≈

−PEG. The PEG surface had the strongest repulsive interactions with the 
carboxylated colloid probe among all surfaces. 

Previous studies have shown that polyamide membranes prepared 
via mLbL deposition (similar to the as-cast polyamide in our work) 
exhibit superior antifouling performance compared with the inter
facially polymerized polyamide, due to the reduced surface roughness 
and higher chemical homogeneity of the mLbL polyamide [15]. Our 
work expands the library of the mLbL polyamide surface chemistry by 
reacting the as-cast film with monomers that have specific functional 
groups and opens the door to fabricating mLbL polyamide membranes 
with further enhanced antifouling performance. It also remains to be 
investigated how changing the surface functionalization impacts the 
separation performance of the polyamide membranes in water purifi
cation applications. As researchers embrace alternative membrane 
fabrication techniques (atomic layer deposition [47], 3D printing [48], 
and layered interfacial polymerization [49]), the surface modification 
schemes demonstrated in this study become more feasible in an effort to 
tune the surface properties of the resulting membranes. 

Finally, our work employs an AFM probe with carboxylic acid groups 
to quantitatively measure interfacial interactions between two surfaces 
– the mLbL polyamide and a mimic of model foulants with negative 
charges. Future work will focus on hydrophobic probes (such as poly
ethylene) [50] that will provide additional insights into the interactions 
between polyamide and foulants with hydrophobic domains. 
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