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Polyamide nanomembranes are at the heart of water desalination, a process which plays a crit-
ical role in clean water production. Improving their efficiency requires a better understanding of
the relationship between chemistry, network structure and performance but few techniques afford
compositional information in ultrathin films (<100 nm). Here we leverage resonant soft X-ray re-
flectivity, a measurement that is sensitive to the specific chemical bonds in organic materials, to
quantify functional group concentration in these polyamides. We first employ reference materi-
als to establish quantitative relationships between changes in the optical constants and functional
group density, and then use the results to evaluate the functional group concentrations of polyamide
nanomembranes. We demonstrate that the difference in the amide carbonyl and carboxylic acid
group concentrations can be used to calculate the crosslink density, which is shown to vary signifi-
cantly across three different polyamide chemistries. A clear relationship is established between the
functional group density and the permselectivity (α), indicating that more densely crosslinked mate-
rials result in higher α of the nanomembranes. Finally, measurements on a polyamide/poly(acrylic
acid) bilayer demonstrate the ability of this approach to quantify depth-dependent functional group
concentrations in thin films.

PACS numbers: Valid PACS appear here

Current desalination membranes are hierarchi-
cally structured materials consisting of an ultrathin
crosslinked polyamide permselective layer on a porous
support. This polyamide permselective layer is critical
to the separation of ions (i.e. salt) from water and is
produced by reacting a triacid chloride (TMC) with an
aromatic diamine, either via interfacial polymerization or
the recently developed molecular layer-by-layer (mLbL)
method [1, 2]. The resulting polyamide contains several
defining chemical moieties: amide groups (NHCO)
that represent crosslink junctions, and free carboxylic
acids (COOH) and amines (NH2) (Fig. 1). These
unreacted COOH and NH2 groups are viewed as defects
in the network structure; however, some amount of free
COOH is desirable to enhance solubility of water in the
membrane as prior studies suggest that the desalination
performance is determined by concentration of these
chemical moieties [3]. Swelling measurements show that
the polyamides produced using diethylene diamine swells
almost 1.4× more than a membrane synthesized with
aromatic diamines [4]. This difference in the swelling
behavior implies a difference in the crosslinking density,
which should correspond to differences in [NHCO].

Despite the widespread use of these materials [5], there
remains a knowledge gap in the relationships between
membrane chemistry, network structure and the extrin-
sic membrane properties that define membrane perfor-
mance. Characterizing the chemistry of a bulk polyamide
sample is straightforward but characterizing these chem-
ical moieties for ultrathin polyamide films is nontrivial as
they are ≈100 nm thick. Additionally, the degree of com-
positional homogeneity in these films is unclear, and it
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FIG. 1: The four functional groups of poly(m-phenylene di-
amine trisamide) (PmPDTA).

would be significantly beneficial to quantify the potential
depth-dependent heterogeneity [6, 7].

There is a critical need for quantitative depth profil-
ing of the functional group densities for ultrathin poly-
meric materials, but the current approaches that address
this metrology gap have limited depth resolution, require
layer-by-layer analysis, or are often destructive (e.g., near
edge X-ray absorption for fine structure (NEXAFS) [8, 9],
X-ray photoelectron spectroscopy (XPS) [10, 11], sec-
ondary ion mass spectrometry (SIMS) [12]). Alterna-
tively, X-ray reflectivity is non-destructive and is capa-
ble of characterizing the depth profile of the refractive
index, which for hard X-rays corresponds to the elec-
tron density profile [13–15]. In the soft X-ray region
(≈ 100 eV - 3000 eV), there are a significant number
of atomic absorption edges where the refractive index of
a material changes based on the bonding state, atomic
concentration and the proximity of the beam energy to
the absorption edge, providing a unique sensitivity to the
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chemical composition of the film. Studies utilizing this
sensitivity have focused on determining phase distribu-
tion and interface behavior (for soft materials) [16–21]
or the atomic composition depth profile (for hard mate-
rials) [22–25]. In this work, we apply resonant soft X-
ray reflectivity (RSoXR) to determine the concentration
of specific functional groups within three representative
types of polyamide nanomembranes used in water desali-
nation, as well as provide a quantitative evaluation of
their network structure in order to relate these results to
their separation performance.
Our approach to quantifying the functional group con-

centration of polyamides using RSoXR is a two-part pro-
cess [26]. We first generate calibration curves for the
specific functional groups of interests (related to the os-
cillator strength and functional group density), which are
CO, OH, NHCO and NH2, by conducting RSoXR mea-
surements on polymers that we refer to as reference ma-
terials as they have known concentrations of the specific
chemical moiety. Poly(acrylic acid) (PAA), poly(vinyl
benzoic acid) PVBA, and poly(styrene-co-vinyl benzoic
acid) having a mole fraction of 0.44 VBA (PVBA50),
with known [COOH] are used to generate the calibrations
for CO and OH functional groups. Several compositions
of poly(styrene-co-n-phenylacrylamide) (PPHAM), with
known [NHCO], are used to generate the calibrations for
NHCO and NH2 functional groups. We then conduct
RSoXR measurements on the three polyamides to quan-
tify their functional group concentrations by using the
calibration curves obtained from the reference materials.
The underlying physics of using RSoXR for quanti-

fying functional group concentration is that the optical
constants of a material (δ and β, which are related to the
complex refractive index, n = 1 − δ − iβ) is a function
of the complex atomic scattering factor (f(E)). Quan-
titative relationships of δ and β with E determine the
oscillator strength (gs) and functional group density (ρs)
for a given bond since they are defined by the functions,

n = 1− δ + iβ = 1−
λ2re

2π

∑

s

ρsfs(E), (1)

fs(E) =
gsE

2

E2
− Es

2 + iγE
, (2)

where λ is the X-ray wavelength, re is the classic elec-
tron radius. The additive nature of fs(E) to n allows
the contributions from resonant and non-resonant com-
ponents in a material to be evaluated separately. fs(E)
for a given bond is calculated by modeling the behavior
of the bond as a harmonic oscillator (Eq. (2)), where Es

is the energy at the absorption peak and γ is the width
of the transition. We note that δ and β at a single energy
near an absorption edge cannot be directly used to deter-
mine ρs because the overall electron density of the film
also impacts the absolute value of the optical constants.
Instead, δ and β at the absorption edge are rescaled rel-
ative to a non-resonant energy. Specifically, we use ∆δ

and ∆β relative to this non-resonant energy rather than
δ and β in order to isolate the resonant contributions and
quantify the ρs irrespective of the film’s mass density,

∆δ = δnr − δr, (3)

∆β = βr − βnr, (4)

where the nr subscript indicates a non-resonant reference
energy. The conventions are defined such that ∆δ and
∆β are generally positive.
Representative RSoXR curves for PSVBA50 for inci-

dent energies E = 500 eV to E = 540 eV are shown in
Fig. 2a. At 500 eV, E is far enough from the absorption
edge to be considered non-resonant. As E increases, the
critical edge of the film begins to shift to lower scatter-
ing vector (Q) (Fig. 2a), corresponding to a decrease in
electron density, i.e., δ (Fig. 2b). A minimum in β is ob-
served at 531.75 eV, as E increases β increases rapidly as
the peak in the 1s→ π∗ transition for CO is approached
(532.25 eV) (Fig. 2c). The 1s→ σ∗ transition for OH oc-
curs at higher energies, with the δ minima and β maxima
occurring at 534 eV and 534.5 eV, respectively. The op-
tical constants for each film were evaluated by fitting the
RSoXR curves to a three-layer reflectivity model, which
included the silicon substrate, a thin layer of silicon oxide
and the polymer. The optical constants for the substrate
and oxide were estimated based on reference values [27]
whereas the optical constants, thickness and roughness
of the polymer layer were allowed to vary.
Fits to ∆δ and ∆β for all three references are shown

in Fig. 2e and Fig. 2f, respectively. Details of the fitting
procedure is provided in the Supplementary Information
section. The PVBA and PAA films are qualitatively sim-
ilar to the PSVBA50 curve, and the magnitude of ∆δ and
∆β scale with [COOH]. Fig. 2g shows the calibration
curves (ρsgs vs. ρs) obtained from the RSoXR fitting
routine using the PAA, PVBA and PSVBA50 references
with known [COOH]. These curves provide a means for
evaluating [CO] and [OH] of the polyamides.
Besides constructing calibration curves for CO and

OH, we attempted to construct calibrations for NHCO
and NH2 via RoSXR measurements at the nitrogen edge
using the same experimental and fitting approaches. The
results of these measurements are shown in the Supple-
mental Information (Fig. S5). While there are clearly
qualitative differences between the aromatic and non-
aromatic films, the individual transitions are more dif-
ficult to distinguish in this region. Thus quantifying the
functional group concentration is not possible without
explicitly modeling the transitions [28–30].
Next, model polyamide films, identical in chemistry

to commercial desalination membranes, were prepared
via mLbL by reacting TMC and one of three di-
amines (diethylene diamine (DD), p-phenylene diamine
(pPD) and m-phenylene diamine (mPD)) to produce
poly(diethylene diamine trisamide) (PDDTA), poly(p-
phenylene diamine trisamide) (PpPDTA) and poly(m-
phenylene diamine trisamide) PmPDTA, respectively.
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FIG. 2: a) RSoXR curves for PSVBA50 from E = 500 eV to E = 540 eV. b) δ and β extracted from the curves at each E.
The red background highlights the region sensitive to the CO bond and the blue background highlights the region sensitive
to the OH bond. c) ∆δ and d) ∆β relative to 500 eV (calculated with Eq. (1) and Eq. (2)) for the experimental data (error
bars represent 95% confidence intervals using a directed evolution Monte Carlo Markov Chain algorithm (DREAM)) [31] and
simulated fits for the individual transitions (dashed line, CO red, OH blue, additional transitions grey). The black line is the
sum contributions from the individual bonds calculated with Eq. (1). e) ∆δ and f) ∆β for PAA, PVBA and PSVBA50 as a
function of E. Experimental data is shown by the open symbols, simulated fits are shown with the dashed line. g) gsρs vs. ρs
for the references along with the chemical formulas. Dashed lines are linear fits to the data.

Details of mLbL are provided in the Supplemental In-
formation section.
∆δ and ∆β curves for the three polyamides illustrate

a qualitative view of the differences in functional group
densities (Fig. 3(a,c,e) and Fig. 3(b,d,f)). Specifically,
PmPDTA and PpPDTA have similar ∆δ at 531.75 (CO
1s→ π∗), which indicates a similar concentration of CO
groups, whereas PDDTA has a higher density of CO
groups, as indicated by the larger ∆δ at that energy.
Similar trends in ∆β between the three materials are ob-
served at 532.25 eV. The magnitude of the shifts for ∆δ
and ∆β near the OH transition are smaller than any of
the reference materials, indicating lower [COOH]. After
fitting these curves using the same approach for the ref-
erence materials, ρsgs was determined and referenced to
the calibration curve as shown in Fig. 3g. [CO] and [OH]
of the polyamides are shown in Table I.
ρs at the oxygen edge can provide insight into the

structure-performance relationships for water desalina-
tion membranes. The ratio between [OH] and [CO] for
each polyamide can be used to determine the average
crosslink density of the material, and we use these ra-
tios to construct representative network structures for
PDDTA, PpPDTA and PmPDTA (Fig. 4a). These struc-
tures illustrate that the three different chemistries lead
to changes in pore size, PDDTA has the largest aver-

age pore, formed between crosslinked junctions, whereas
PmPDTA has the smallest pore and PpPDTA is inter-
mediate to these two materials. It also shows agree-
ment with the trends observed via swelling measure-
ments, where the swelling is inversely proportional to the
crosslink density seen here. In all three polyamides, the
crosslink density is approximately two times lower than
the reported values of similar polyamide films measured
via vapor swelling [4]. We attribute the slight discrepan-
cies to either the thickness dependent crosslink density
or the presence of network defects. Chan et al. have re-
cently reported the thickness-dependent crosslink density
of PmPDTA thin films to show that the crosslink den-
sity increases with increasing film thickness up to ≈ 72
nm [7]. Network defects such as dangling bonds will
affect the swelling behavior, and thus the pore size, of
a polymer network. Traditional network swelling mod-
els will account for these defects by underestimating the
crosslink density. As an upper limit estimation of the
crosslink density, we assumed that the polyamides pre-
sented in Fig. 4a are defect-free. The discrepancy be-
tween the current study and the prior one suggests that
network defects consisting of NH2 are present in all three
polyamides. The quantification of the NHCO and NH2

would provide a complete picture of the network struc-
ture by accounting for these defects. Given current limi-
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TABLE I: Fits for CO and OH bonds for the polyamide films.

Sample ρsgs CO [CO]* ρsgs OH [OH]* [CO]/[OH]
(×104) mmol/cm3 (×104) mmol/cm3

PDDTA 1.75 10.2 ± 0.8 0.156 2.1 ± 0.5 4.8
PpPDTA 1.5 8.7 ± 0.7 0.06 0.8 ± 0.4 10.8
PmPDTA 1.47 8.6 ± 0.7 0.037 0.5 ± 0.3 17.2
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polyamides (open symbols), solid dots indicate reference samples, dashed line is the reference curve.

tations, this will be the focus of future works.

We use these results to improve our understanding of
the factors impacting membrane performance by compar-
ing the functional group concentrations with the perms-
electivity (α), which is a dimensionless ratio between
the water permeability and sodium chloride permeability.
Fig. 4b is a plot of α from literature values, as a function
of [OH] and [CO] of the polyamides [32]. The plot sug-
gests that α is strongly dependent on [OH] but has a weak
dependence with [CO]. The relationship between α and
[CO] is not surprising given that monomer dimensions
for the three polyamides are quite similar, which implies
that [CO] would be similar as well. However, the strong
correlation between α and [OH] is an interesting one be-
cause prior attempts to develop such a correlation has
been limited to oxygen-to-nitrogen atomic composition
of the polyamide surface via XPS as opposed to specific
functional groups [1, 4]. We can gain further insight into
these results by expressing Fig. 4b as a plot of α versus
[OH]/[CO], which serves as a measure of the number of
OH groups per monomer unit (Fig. 4c). From this fig-
ure, we find that the selectivity increases with decreasing
[OH]/[CO], which is consistent with the molecular pic-
ture of smaller pores enhancing sieving ability as illus-
trated schematically in Fig. 4a. The water permeability,
which can be viewed as the inverse of the selectivity based
on performance tradeoff relationship [33], increases with
[OH]/[CO], which again is consistent with the notion that
larger pores lead to higher water permeation.

To demonstrate the ability of this approach to clearly

differentiate between layers with different functional
group densities, we prepared a bilayer consisting of
PmPDTA layer on top of a PAA film. The RSoXR curves
are shown in Fig. S6. At 500 eV, the modulations in the
fringes indicates the presence of the bilayer structure,
but as the energy is increased towards 530 eV the magni-
tude of the modulation increases, driven by the diverging
change in optical constants for the two layers. These

curves were fitted with an additional PAA layer

to the reflectivity model. This four layer model

consists of the silicon substrate, a thin layer of

silicon oxide, the PAA and the PmPDTA. ∆δ and
∆β for both layers are shown as a function of energy
in Fig. 5a and Fig. 5b, respectively, along with the sim-
ulated fits used to quantify the functional group den-
sity. [CO] and [OH] as a function of depth is shown in
Fig. 5c. The width of the interface layer between the
PAA and PmPDTA is considerably thinner than the
individual layers, and demonstrates the feasibility of this
approach for the quantitative depth profiling of the func-
tional group density in thin films.

In conclusion, we have developed a new measurement
approach that utilizes soft X-ray reflectivity to charac-
terize the functional group concentrations in thin films.
Using calibration samples with known functional group
densities, the relationship between the change in the
optical constants and functional group concentration
was determined. This calibration curve was then used
to quantify the CO and OH group concentration in
a series of polyamide nanomembranes with different
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The dashed line represents the best fit to the data points.

chemistries. From this result direct correlations between
the densities of these functional groups, and therefore
the crosslinking densities with the intrinsic membrane
parameters were observed. These results suggest that
the optimum membrane system would have both dense
crosslinks and a high concentration of COOH. In addi-
tion to determining the functional group concentration
in these films measurements on a PAA, PmPDTA
bilayer demonstrated the ability of this approach to
depth profile the concentration of functional groups
in a film. While the demonstration of this technique

focused on oxygen containing functional groups, this
approach is generalizable to a wide range of different
chemistries. Finally, this technique could be adapted to
the transmission-based scattering measurements to in-
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FIG. 5: a) ∆δ for the PAA layer (experimental, simulated)
and PmPDTA layer (experimental, simulated). b) ∆β for
the PAA layer (experimental, simulated) and PmPDTA layer
(experimental, simulated). c) Concentration profile of the CO
and OH groups in the film.

terrogate problems that aren’t well suited for reflectivity
measurements.
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