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Effects of polymer network flexibility on the
kinetics of DEZ vapor phase infiltration into
photo-polymerized polyacrylates†

Lisanne Demelius, ab Anna Maria Coclite a and Mark D. Losego *b

Vapor phase infiltration (VPI) enables the fabrication of novel organic–inorganic hybrid materials

with distinctive properties by infiltrating polymers with inorganic species through a top-down

approach. However, understanding the process kinetics is challenging due to the complex interplay

of sorption, diffusion and reaction processes. This study examines how polymer network flexibility

affects the kinetics of diethylzinc (DEZ) infiltration into a highly crosslinked polyacrylate copolymer

system composed of two monomers: trimethylolpropane triacrylate (TMPTA) and ethoxylated

trimethylolpropane triacrylate (ETPTA). The findings show that increasing the ratio of ETPTA, which

enhances network flexibility, facilitates precursor diffusion, resulting in deeper infiltration and faster

saturation. A reaction–diffusion transport model is employed to qualitatively interpret the experimental

results and gain insights into the underlying process mechanisms, thus contributing to a better under-

standing of VPI kinetics.

Introduction

Due to their unique synergistic and customizable properties,
organic–inorganic hybrid materials have applications across
various fields,1 including catalysis,2 electronics,3 sensors,4

energy storage5,6 and biomaterials.7,8 Vapor phase infiltration
(VPI), also known as atomic layer infiltration (ALI) and sequen-
tial infiltration synthesis (SIS), is an emerging technique
enabling the creation of hybrid materials by infiltrating poly-
mers with gas-phase inorganic precursors. VPI has demon-
strated great potential in altering material characteristics
such as solvent stability,9–11 mechanical strength,12–14 optical
emission15,16 and triboelectric response.17 An interesting area
of application includes the synergy of VPI processes with
existing photopatterning techniques to produce hybrid 2D or
3D structures.16,18–20

During VPI, polymers are exposed to gaseous metalorganic
precursors that sorb and diffuse throughout the polymer matrix
until they become immobilized by either a chemical reaction
with the polymer or loss of volatility, often induced by reaction
with a subsequently delivered co-reactant. VPI infiltration
kinetics are complex because they include a convolution of

precursor sorption, diffusion, and reaction with a polymer,
which all depend on a wide range of operational factors (such
as vapor pressure of the precursor and process temperature)
and intrinsic properties (such as precursor size, density of
reactive groups of the polymer, precursor-polymer reaction
rates, and free volume of the polymer). Moreover, diffusivity
can be time-dependent because as a precursor reacts with a
polymer, the immobilized species can hinder subsequent
diffusion.

The complex interplay of sorption, diffusion, and reaction
makes it difficult to understand and predict how different
process and material parameters affect the infiltration process
kinetics and the resulting hybrid material structures. A thor-
ough understanding of VPI kinetics and process characteristics
is crucial to enable efficient and successful process design for
commercialized applications.

Several experimental studies have focused on analyzing
VPI process kinetics, identifying trends and extracting kinetic
parameters, such as diffusion coefficients.11,21–24 The most
extensively researched precursor-polymer systems include tri-
methylaluminum (TMA) and titanium tetrachloride (TiCl4) in
polymethyl methacrylate (PMMA). Nevertheless, a handful of
studies have also explored alternative precursor and polymer
combinations. It has been shown that in the presence of
precursor-polymer reactions, out-diffusion of the precursor is
generally much slower (by a factor of 10–100) than in-
diffusion.25,26 While precursor diffusion follows Fick’s 2nd
law in certain cases,21,25 deviations from Fickian diffusion have

a Institute of Solid State Physics, Graz University of Technology, Graz, Austria
b School of Materials Science and Engineering, Georgia Institute of Technology,

Atlanta, GA, USA. E-mail: losego@gatech.edu

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4cp02864c

Received 19th July 2024,
Accepted 23rd November 2024

DOI: 10.1039/d4cp02864c

rsc.li/pccp

PCCP

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

8:
11

:1
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0002-3013-2229
https://orcid.org/0000-0001-5562-9744
https://orcid.org/0000-0002-9810-9834
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp02864c&domain=pdf&date_stamp=2024-12-09
https://doi.org/10.1039/d4cp02864c
https://doi.org/10.1039/d4cp02864c
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp02864c
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP027001


This journal is © the Owner Societies 2025 Phys. Chem. Chem. Phys., 2025, 27, 498–512 |  499

been observed for other precursor-polymer systems.21,22

Furthermore, the coordination energy of precursor-polymer
interactions has been found to affect the measured diffusion
rate.27,28 VPI process temperature influences both diffusion
and reaction processes, and depending on which effect dom-
inates, temperature increase has been observed to increase
reactivity resulting in more surface growth and limited
diffusion,29,30 to change the reaction mechanism,31–34 to
enhance diffusion,30,31 and to promote desorption resulting
in an overall lower loading of inorganics.35 Two studies have
explored the impact of polymer microstructure on transport
kinetics. Cianci et al.23 demonstrated a dependence of
the diffusivity of TMA on the molecular weight of PMMA with
faster diffusion in the lower weight polymer. Padbury and Jur36

showed that larger pendant groups in poly n-methacrylates
result in faster diffusion of TMA.

In order to successfully model VPI kinetics and accurately
predict both process behavior and final distribution of infil-
trated inorganic species, the sorption, diffusion and reaction
contributions, as well as their convolution, need to be captured
mathematically. A first approach towards modelling the
kinetics of VPI was undertaken by Leng and Losego31 who
included a second-order reaction term to Fick’s 2nd law to
account for the immobilization of precursor molecules through
interaction with the polymer functional groups. Building upon
this model, Ren, McGuinness, et al.37 developed a reaction–
diffusion transport model that also includes the decrease in
precursor diffusivity due to hindering caused by immobilized
precursor molecules and has been demonstrated to both qua-
litatively and quantitatively capture VPI behaviors in an experi-
mental case study of TMA infiltration in PMMA. It was further
used to qualitatively explain infiltration behaviors observed
during VPI of TMA in a polymer with intrinsic microporosity
(PIM-1)38 and VPI of TMA and TiCl4 in PMMA.39

The present work describes an in-depth study of VPI kinetics
of diethylzinc (DEZ) into a highly crosslinked polyacrylate
copolymer system whose mechanical flexibility can be varied
by modifying the ratio of its two comonomers, trimethylolpro-
pane triacrylate (TMPTA) and its ethoxylated and thus more
flexible counterpart, ethoxylated trimethylolpropane triacrylate
(ETPTA). This type of crosslinked polyacrylate system is parti-
cularly interesting for future applications due to its processa-
bility and patternability by photolithography and 2-photon
polymerization. The results demonstrate how changing the
composition, and thus the flexibility of the polymer network,
can be used to control precursor diffusion rates. The reaction–
diffusion transport model described above is then used to
qualitatively explain the experimental observations and gain
insights into the underlying process mechanisms.

Experimental methods
Preparation of polyacrylate thin films

Polyacrylate thin films were synthesized from the monomers
trimethylolpropane triacrylate (TMPTA, Mn = 296.32, Sigma Aldrich)

and ethoxylated trimethylolpropane triacrylate (ETPTA, average
Mn B 428, Sigma Aldrich). For the UV polymerization, 2-(dimethy-
lamino)-2-(4-methylbenzyl)-1-(4-morpholinophenyl)butan-1-one
(495.0%, TCI) served as the photoinitiator with main absorp-
tion at 233 and 320 nm.

An 8 wt%-solution of monomer was prepared in ethyl
acetate (Z99.5%, Sigma Aldrich) with 6 wt% photoinitiator
with respect to the monomer. For better spin-coating results,
the resulting solution was diluted with 10 wt% 1-butanol
(Z99.4%, Sigma Aldrich). Thin films of the acrylate monomers
were achieved by spin-coating 30 ml of the solution on single-
side polished h100i silicon wafers (p-type, GlobiTech Inc.) at
6000 rpm for 10 s with dynamic dispensing. Copolymer films of
p(TMTPA-c-ETPTA) were prepared by mixing the two monomers
in solution using different weight ratios of TMPTA and ETPTA.

UV polymerization was performed under a Dymax 2000-EC
UV lamp with a 400 W metal halide flood bulb, exposing the as-
spun acrylate films for 10 minutes under ambient conditions.
Details on the polymerization process can be found in a
previous publication.19 The resulting crosslinked polyacrylate
films were between 150 and 250 nm thick, depending on the
acrylate ratio (see Fig. S1f in the ESI†).

Vapor phase infiltration of DEZ

Vapor phase infiltration (VPI) of the crosslinked polyacrylate
thin films was carried out in a custom-built system described
elsewhere.40,41 Nitrogen (99.995% purified from air) served as
the purging gas at a flowrate of 250 slpm, diethylzinc (DEZ, 95%
purity from STREM Chemicals) as the metalorganic precursor,
and deionized water as the oxidizing co-reactant. The polymer
thin films were subjected to 1 cycle of VPI (detailed VPI recipe
can be found here19) at a process temperature of 120 1C, with
DEZ hold times ranging from 30 min to 50 h.

Characterization methods

FTIR spectra of the polymer films on silicon were recorded in
transmittance using a Thermo Scientific Nicolet iS5 spectro-
meter. A bare silicon wafer served as background reference, and
each measurement comprised 200 scans over a wavelength
range from 400 to 4000 cm�1 with a resolution of 4 cm�1.
During post-processing, all spectra underwent baseline correc-
tion. A fitting routine presented by Tazreiter et al.42 was
employed to estimate the volume fraction of TMPTA and ETPTA
in the copolymer films from their FTIR absorption spectra,
using the absorption spectra of the homopolymer thin films
and their respective thickness (measured by ellipsometry) as a
reference.

The thickness of the polymer films before and after VPI was
determined via spectroscopic ellipsometry (SE) using a J. A.
Woollam Alpha-SE instrument. Spectra were acquired in a
wavelength range from 380 to 900 nm at an angle of incidence
of 701. Fitting was performed with the CompleteEASE software
(J. A. Woollam, Version 5.19) using a model consisting of a
silicon substrate, a 1.7 nm native oxide layer, and a Cauchy
layer. To achieve better fit results, thickness non-uniformity
was included.
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Thermal expansion and swelling of the polymer films
in isopropyl alcohol (IPA, Z99.7%, VWR Chemicals) were
measured with a M-2000 V spectroscopic ellipsometer
(J. A. Woollam) in a wavelength range between 370 and
1000 nm. For the thermal expansion experiments, the ellips-
ometer was equipped with a THMS600 heating stage (Linkam)
whose temperature was controlled by a T95 system controller
(Linkam). Prior to the measurement, the samples were equili-
brated at 120 1C on a hot plate for 1 h. Film thickness was
monitored in a temperature range from 30 1C to 120 1C with a
heating/cooling rate of 9 1C min�1 and the samples were held at the
maximum temperature for 5 min. Ellipsometry scans were taken
continuously during heating, hold and cooling at an angle of
incidence of 701. For the swelling experiments, a 5 mL heated
liquid cell attachment was used and measurements were per-
formed in air and in IPA at an angle of 751. Fitting was performed
using the same model described above, except for the thermal
expansion data, for which the room temperature Si model was
replaced by a temperature dependent one. The linear coefficients of
thermal expansion az were calculated from a linear fit of the
thickness expansion in the temperature range from 80 to 120 1C.

The zinc loading of polymer films after VPI was analyzed by
several analytical methods. Firstly, X-ray fluorescence spectro-
scopy (XRF) was conducted using a Thermo Scientific Niton
FXL FM-XRF instrument, featuring an Ag anode operating at
50 kV voltage and 200 mA current. Spectra were acquired in
general metals mode over a 90-s measurement period. To
obtain a measure of the relative zinc content with respect
to the amount of polymer, the area under the Zn Ka peak at
8.637 keV, determined by integrating the spectrum from 8.35 to
8.9 keV using a linear background, was divided by the polymer
film thickness measured by SE prior to VPI.

Secondly, energy-dispersive X-ray spectroscopy (EDX) was
employed, using a Phenom XL G2 scanning electron micro-
scope (SEM) operating at 5 kV electron energy and a chamber
pressure of 0.1 Pa in imaging mode. The EDX signal was
averaged over an approximately 250 � 250 mm2 region, and
atomic concentrations were determined using the Phenom
software. The Zn atomic concentrations are given with respect
to the C and O concentrations, neglecting the Si signal originat-
ing from the substrate.

Further, X-ray photoelectron spectroscopy (XPS) was per-
formed with a Thermo Scientific K-Alpha system equipped with
a monochromatic Al-Ka X-ray source (1486.6 eV). For survey
scans, a pass energy of 200 eV, a dwell time of 50 ms, and a step
size of 1 eV were employed, while high-resolution scans utilized
a pass energy of 50 eV, a dwell time of 50 ms, and a step size of
0.1 eV. The samples were analyzed without additional surface
treatment, and charge compensation was achieved using an in-
built flood gun. The spot size was 400 mm. Depth profiles were
generated using a 2000 eV mid-current Ar ion beam with etch
steps ranging from 35 to 45 s and a 5 s pause between etching
and measurement. Data analysis and component fitting were
conducted using the CasaXPS software (Casa Software Ltd,
Teignmouth, UK). All spectra were calibrated with respect to
the C–C adventitious carbon peak at 284.8 eV. For the XPS

depth profiles, etch time was calibrated to etch depth using the
film thickness determined by ellipsometry. The polymer–Si
interface was assumed to be at the position where the Si 2p
peak reached 50 at%.

Results and discussion
Preparation of p(TMPTA–ETPTA) thin films

A range of p(TMPTA–ETPTA) copolymers of varying composi-
tions have been developed to create a set of highly crosslinked
polymer networks with a systematic variation in free volume
and flexibility, with the goal of investigating how these changes
in polymer structure affect VPI processing kinetics and inor-
ganic loading. Scheme 1 shows the chemical structures of the
two polyfunctional acrylate monomers, trimethylolpropane
triacrylate (TMPTA) and ethoxylated trimethylolpropane tria-
crylate (ETPTA), as well as the photoinitiator 2-(dimethyla-
mino)-2-(4-methylbenzyl)-1-(4-morpholinophenyl)butan-1-one
(Omnirad 379) used to synthesize these copolymer networks.
The two monomers differ in the length of their functional side
chains. Compared to TMPTA, ETPTA features additional ethoxy
groups, on average one in each of the three side chains. To
confirm that the mixing ratio of the two monomers in solution
translates to a similar copolymer ratio in the spun-cast and UV
polymerized thin films, p(TMPTA–ETPTA) films of different
compositions were analyzed by FTIR and XPS. Fig. 1a displays
the FTIR spectra averaged over 6–12 identically prepared sam-
ples for each composition. The spectra all exhibit a carbonyl
peak at approximately 1720 cm�1 and a series of peaks related
to C–O bonding in the range 1010–1320 cm�1.43,44 The ethoxy
groups in ETPTA show up as an additional peak in the ether
region at around 1110 cm�1 that is not present for TMPTA. A
difference is also observable in the C–H stretch region between
2800 and 3000 cm�1, where an increasing ETPTA content

Scheme 1 Chemical structures of the monomers (a) trimethylolpropane
triacrylate (TMPTA), (b) ethoxylated trimethylolpropane triacrylate (ETPTA)
and (c) the photoinitiator 2-(dimethylamino)-2-(4-methylbenzyl)-1-(4-
morpholinophenyl)butan-1-one (Omnirad 379). The average molecular
weight of ETPTA is 428, which corresponds to an average m, n, o = 1.
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results in the emergence of a shoulder peak at 2875 cm�1. A
broad absorption in the O–H region at around 3500 cm�1 is
probably due to hydroxyl groups generated by some degree of
photooxidation during the UV exposure.45–48 The lack of
absorption peaks at 1625 cm�1 (CQC stretching), and 1405
and 810 cm�1 (QC–H bending) confirm the high degree of
vinyl bond conversion and hence polymerization of the thin
films.43,44 Using the absorption spectra of the homopolymer
thin films and their respective average thickness measured by
ellipsometry (see Fig. S1, ESI†), the volume fraction of TMPTA
and ETPTA in the copolymer films were determined by a simple
fitting routine described by Tazreiter et al.42 The results
depicted in Fig. 1b show a very good correspondence of the
monomer mixing ratio in wt% to the fitted comonomer
volume fraction. According to the supplier, the density of the
monomers TMPTA and ETPTA is almost identical (1.1 and
1.11 g ml�1 respectively), making a direct comparison of weight
and volume fraction reasonable. Fig. 1c displays the XPS C 1s
peaks for the different p(TMPTA–ETPTA) films. The spectra can
be deconvoluted into four component peaks. The peaks at
approximately 288.9 eV, 286.5 eV and 284.8 eV correspond to

CQO, C–O and C–C bonds. A fourth component peak at
285.5 eV, often referred to as b-shifted C, is generated by the
next-nearest-neighbor effect for the carbon that is bonded to
the ester carbon (B0.7 eV shift).49–51 Ideally, the ratio of the
C–O and CQO components for pure pTMPTA should be 1. As
the ETPTA content increases, the intensity of the C–O peak
should increase relative to the CQO peak since each ethoxy
group adds two additional carbon atoms with a single bond to
oxygen. The ETPTA used in this study has an average molecular
weight of Mn B 428, which corresponds to three ethoxy groups
per monomer unit and therefore a theoretical C–O : CQO ratio
of 3. Fig. 1d indeed shows a linear relationship between the
ETPTA ratio and the peak area ratio C–O : CQO with values that
are comparable to the theoretical ones.

The impact of ETPTA incorporation on the thermomecha-
nical properties of the resulting films was studied by measuring
their thermal expansion behavior using spectroscopic ellipso-
metry (Fig. S2a, ESI†). Additionally, the swelling of the copoly-
mer thin films upon immersion into IPA was measured to
evaluate the polymer network’s capability to expand upon
solvent absorption. Fig. 2 displays the resulting linear thermal

Fig. 1 Chemical analysis of p(TMTPA–ETPTA) thin films of various compositions from 0 to 100 wt% ETPTA. (a) Averaged FTIR spectra and (b) fitted ETPTA
fractions in the polymerized films as a function of monomer ratio. The spectra in (a) have been averaged over 6–12 samples per composition. Relevant
absorption bands have been highlighted in gray. The two vertical lines indicate the peaks that are attributed to the ethoxy groups. The black line in (b)
corresponds to an ideal 1 : 1 correspondence of wt% in the monomer solution to ETPTA fraction in the resulting copolymer. (c) XPS C 1s spectra and (b)
area ratios of the C–O to the CQO component as a function of monomer ratio. In (c), the dashed lines correspond to the fitted background and the
component peaks. The dotted gray line to the resulting envelope. The black line in (d) corresponds to a linear fit of the data points.
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expansion coefficient az in the temperature range from 80 to
120 1C and the thickness swelling in IPA as a function of ETPTA
ratio. Both parameters increase linearly with increasing ETPTA
fraction, indicating that the incorporation of a comonomer
with longer side chains indeed results in a higher free volume
and a more flexible polymer network. The measured values for
az are of a similar order of magnitude as those reported for
other polymer films of a comparable thickness.52,53

Because VPI is performed at an elevated temperature
(120 1C), the thermal stability of the p(TMPTA–ETPTA) films
was also evaluated. Films of all compositions were placed into
the heated reactor in vacuum for 24 h, which corresponds to
the length of a VPI process with a 15-hour DEZ hold. Before and
after the procedure, FTIR spectra were collected. Overall, the

polymers demonstrate good stability at 120 1C (see Fig. S2b,
ESI†), with only minor intensity losses observed in the ether
region between 1200–1100 cm�1. However, copolymers contain-
ing more than 50 wt% of ETPTA do exhibit a decrease in the
CQO peak intensity (1735 cm�1) with the simultaneous emer-
gence of an additional shoulder peak at higher wavenumbers,
around 1785 cm�1. This peak could indicate the formation
of g-lactones, characterized by their primary absorption at
1780 cm�1, or anhydrides, which typically absorb around
1800 cm�1. Both structures have been frequently observed
during the photodegradation of aliphatic polymers.45,47,54 It
should be noted that for this study, VPI processes with up to
50 h DEZ hold time were performed. This extended exposure of the
polymers to 120 1C may lead to stronger degradation. However, the
results presented in the following sections show no evidence of
such degradation. For example, constant Zn loading were observed
for hold times from 15 to 50 h, indicating that the prolonged
exposures did not adversely affect the polymers.

DEZ infiltration into p(TMPTA–ETPTA) thin films

To study the effect of polymer network flexibility on the DEZ
infiltration behavior, the p(TMTPA–ETPTA) films were sub-
jected to one cycle of VPI at 120 1C with DEZ hold times ranging
from 30 min to 50 h. Fig. 3 displays the XRF-derived, thickness-
normalized Zn loading of the p(TMPTA–ETPTA) films as a
function of DEZ hold time (Fig. 3a), and as a function of ETPTA
ratio (Fig. 3b). Both plots show a general trend towards higher
Zn loading with higher ETPTA ratios and longer DEZ hold
times. A saturation behavior with respect to DEZ hold time is
evident in Fig. 3a. For all polymers with an ETPTA ratio Z10 wt%,
the Zn loading increases with DEZ hold time until it reaches a
plateau and saturates at a maximum value of approximately 1.26�
0.08. While samples with an ETPTA ratio 450 wt% reach satura-
tion loading very quickly (after o15 h), the copolymer with 10 wt%

Fig. 2 Linear thermal expansion coefficient in z-direction az in the tem-
perature range 80–120 1C and thickness swelling in IPA for p(TMPTA–
ETPTA) thin films as a function of ETPTA mixing ratio. The black line
corresponds to the linear fit of the thermal expansion coefficient.

Fig. 3 Zn loading of p(TMPTA–ETPTA) films after VPI at 120 1C as a function of (a) ETPTA ratio in the copolymer and (b) DEZ hold time determined by the
polymer thickness-normalized area of the XRF Zn Ka peak. The error bars for the 15-hour DEZ data set in (b) derive from averaging over several samples
from different VPI runs. The horizontal black line and the gray area indicate the average saturation loading and its standard deviation.
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ETPTA takes 50 hours of DEZ exposure to reach a comparable
loading. The pTMPTA homopolymer (0 wt% ETPTA) differs from
this trend, with its Zn loading saturating at a much lower value of
approximately 0.7. The initial Zn uptake during the first 30 min is
highest for the pETPTA homopolymer (100 wt% ETPTA, i.e., the
most flexible polymer network) and decreases with decreasing
ETPTA ratio, a trend that will be discussed in more detail in the
next section.

Fig. 3b displays the same data as Fig. 3a but visualized in a
way that highlights the effect of ETPTA ratio on Zn loading.
This plot shows that for a given DEZ hold time, higher Zn
loading is generally achieved for higher ETPTA ratios. Increas-
ing the DEZ hold time from 30 min to 50 h leads to an overall
increase in Zn loading for all copolymer compositions until the
films at the ETPTA-rich end of the series begin to hit saturation
loading. After 2 h of DEZ exposure, copolymer films with Z75 wt%
ETPTA appear to be saturated. After 5 h, all films with Z50 wt%
ETPTA reach saturation loading. After 15 h, this threshold
decreases to Z25 wt% ETPTA, and after 50 h, all copolymer films
with ETPTA ratios larger or equal to 10 wt% appear to have reached
saturated Zn loading. It should be noted that the saturation loading
after 50 hours is highest for 50 wt% ETPTA and exhibits a
decreasing trend when going from 50 to 100 wt% ETPTA. A
possible reason might be a lower volume density of reactive
polymer sites in ETPTA compared to TMPTA, resulting in a lower
saturation Zn loading for ETPTA-rich copolymers. In addition to
XRF, the Zn loading has also been estimated by EDX. The
corresponding plots of EDX atomic Zn concentration as a function
of DEZ hold time and ETPTA ratio reproduce the trends observed
by XRF and can be found in Fig. S3 (ESI†).

The XRF and EDX results presented in Fig. 3 and S3 are
supplemented by XPS depth profiles conducted on a selected
set of copolymer compositions (0, 10, 75 and 100 wt% ETPTA)
after different DEZ hold times. It should be noted that the Ar
ion beam used during depth profiling can induce chemical
changes to the organic material as well as cause compositional
mixing due to faster etching of oxygen compared to carbon, or
organics compared to inorganics.55,56 As a result, the measured
atomic concentrations may deviate from the actual composi-
tion of the undamaged zinc–polyacrylate complex, and sharp
interfaces may appear as more gradual transitions. Despite
these limitations, the qualitative comparison of zinc depth
distributions is still meaningful and has been previously used
to investigate VPI processes.12,27,39

Fig. 4a displays the atomic Zn concentration, determined by
the area of the Zn 2p peak, in the pTMPTA homopolymer
network (0 wt% ETPTA) as a function of the relative polymer
film thickness. After a 30-minute DEZ hold, the Zn concen-
tration is nonzero at the surface but rapidly decreases to zero
with increasing distance from the surface. After 15 h, the
concentration profile extends significantly deeper into the bulk.
Increasing the DEZ hold time further to 50 h only results in a
slight increase in infiltration depth. The pTMPTA homopoly-
mer layer remains partially infiltrated. Adding 10 wt% ETPTA
(Fig. 4b) does not alter the shape of the depth profiles but
appears to enhance the diffusion rate. After the same DEZ hold

time, Zn penetrates further into the bulk for the copolymer with
10 wt% ETPTA compared to the pTMPTA homopolymer. The
largest difference can be observed after 50 h of DEZ exposure.
In contrast to the homopolymer, which exhibited Zn infiltration
down to less than 50% of the polymer thickness (Fig. 4a), the Zn
concentration in the copolymer with 10 wt% ETPTA is nonzero
throughout the entire layer (Fig. 4b). Further increasing the
ratio of ETPTA seems to continue this trend towards faster
diffusion. Fig. 4c reports the Zn concentration profiles for a
75 wt% ETPTA copolymer film. After only 30 min of DEZ
exposure, the Zn concentration is nonzero down to 50% of
the polymer film thickness. After 2 h, full infiltration is
achieved with a nearly uniform Zn concentration throughout
the entire polymer layer. Further increasing DEZ hold time
leaves the depth profiles unchanged. The system appears to be
saturated, i.e., all accessible reactive sites of the polymer have
been reacted to the precursor.

The depth profiles in Fig. 4a–c are exemplary of a diffusion-
limited VPI process, which characteristically produces a
sigmoidal-type profile that moves deeper into the polymer
with time, as previously reported by Balogun et al.39 The
temporal evolution of depth profiles for the pETPTA

Fig. 4 Zn concentration as a function of relative polymer film thickness
derived from XPS depth profiling for p(TMPTA–ETPTA) thin films with
(a) 0 wt%, (b) 10 wt%, (c) 75 wt%, and (d) 100 wt% ETPTA after VPI at
120 1C with different DEZ hold times.
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homopolymer (100 wt% ETPTA) in Fig. 4d, however, show a very
different behavior. After 30 min DEZ exposure, the polymer
layer appears uniformly infiltrated by Zn, but at a lower atomic
concentration compared to the saturated polymers in Fig. 4b–c.
Increasing the DEZ exposure time to 15 h results in an overall
increase of the Zn concentration to a level comparable to that of
the saturated polymers in Fig. 4b–c. Such a behavior is exemp-
lary of a reaction-limited process (see again Balogun et al.39).
These results indicate that increasing the ETPTA ratio does not
only enhance the precursor diffusion into the polymer, result-
ing in a faster saturation, but also changes the rate-controlling
mechanism from diffusion-limited to reaction-limited. These
observations will be discussed in more detail in the next section
in conjunction with a comparison to theoretical results calcu-
lated using the reaction–diffusion transport model developed
by Ren, McGuinness et al.37 Finally, it should be noted that the
fluctuations in Zn concentration observed at the surface of the
polymers, which occasionally yield values that are significantly
higher or lower than the saturation values deeper in the
polymer layer, are believed to result from experimental limita-
tions rather than representing a relevant feature of the VPI
process. It is believed that, depending on the reactor leak rate,
trace amounts of water vapor present during the DEZ hold step
may co-react with DEZ at the surface, forming a metal oxide
skin layer. Such a surface layer could influence the infiltration
kinetics, e.g. by slowing down diffusion, which should be
considered when extracting diffusivity values from the experi-
mental data later. However, the consistent trends in Fig. 3 and
4 as a function of DEZ hold time and ETPTA ratio suggest that
any surface layer formation does not drastically impact the VPI
process.

The trends observable in the XPS depth profiles show
excellent consistency with the XRF data in Fig. 3a. A complete
and uniform infiltration of the polymer layer in XPS corre-
sponds to maximum (saturated) Zn loading in XRF, while
partial infiltration yields lower XRF values. The observation
that the system exhibits a saturation behavior, whereby once
saturation is reached, prolonging the DEZ exposure does not
result in a further increase in inorganic loading, indicates that
the VPI process is self-limiting, analogous to the site-limited
surface saturation in an ALD process.

Within the 50-hour DEZ exposure investigated in this
study, all copolymers with an ETPTA ratio larger or equal to
10 wt% appear to reach saturation, although at different
speeds. Only the pTMPTA homopolymer (0 wt% ETPTA),
according to the XPS depth profiles, remains partially infil-
trated, an observation that is consistent with the XRF results
that show significantly lower loading for the 0 wt% ETPTA–
polymer compared to all other copolymer compositions after
50 h DEZ. It is also noted that the saturation Zn concentration
measured by XRF (Fig. 3a) and XPS (Fig. 4) is comparable for all
studied copolymer compositions. This indicates that the incor-
poration of the more flexible pETPTA into pTMPTA, though
drastically changing the DEZ diffusivity, does not significantly
affect the overall density of accessible reactive polymer sites
for DEZ.

Integrating the XPS Zn signal over the entire polymer layer
and dividing the result by the polymer thickness yields a value
for the average atomic Zn concentration that can be directly
compared to the Zn loading measured by XRF. The results (see
Fig. S7a in the ESI†) exhibit a high degree of correlation and
good consistency. In addition to XRF and XPS depth profiling,
inorganic loading was also estimated by measuring the swelling
of the polymer thickness upon VPI with spectroscopic ellipso-
metry, by EDX surface analysis, and by quantifying the area of
the FTIR peak associated with a Zn–polymer bond (see para-
graph below). In comparing the results acquired by the differ-
ent characterization techniques, the XRF measurements were
used as reference, since they have been previously shown to
correlate well to the amount of ZnO present after calcination of
infiltrated polymers.11 While polymer swelling does not appear
to be suitable for measuring inorganic loading in the present
polymer-precursor system, both EDX and FTIR estimates align
with the trends observed by XRF and XPS (see Fig. S7b–d, ESI†).
Note that although XPS and EDX results show the same trends,
the reported atomic zinc concentrations are quite different.
While both techniques allow for a meaningful comparison of
relative zinc concentrations, the absolute atomic concentra-
tions are prone to systematic errors, since the quantification of
the EDX spectra was conducted without calibration to
standards57 and the occurrence of preferential etching cannot
be excluded during XPS depth profiling. A reason for the poor
correlation between polymer swelling and inorganic loading
might be that upon heating and interaction with the precursor,
the crosslinked polymer network undergoes a certain degree
relaxation that counteracts the swelling due to precursor
absorption.

To determine whether DEZ chemically binds to the polymer
networks, copolymer thin films were measured with FTIR
spectroscopy before and after VPI. Fig. 5 shows the resulting
spectra before and after VPI with a 15-hour DEZ hold. The
spectra reveal the emergence of two new peaks after VPI, a very

Fig. 5 FTIR spectra of p(TMPTA–ETPTA) films of different compositions
before (light color) and after (dark color) VPI with a 15-hour DEZ hold at
120 1C.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

8:
11

:1
3 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp02864c


This journal is © the Owner Societies 2025 Phys. Chem. Chem. Phys., 2025, 27, 498–512 |  505

broad O–H absorption band around 3500 cm�1 and a peak at
1650–1550 cm�1. The former can be attributed to the water co-
reaction that likely produces a form of zinc hydroxide, while the
latter has been associated with C–O–Zn–R bonds in VPI
literature.11,33,58,59 Regarding the absorption bands of the
polymer after VPI, no change is observed in the C–H range
from 3000–2800 cm�1, which represents the polymer backbone,
but a decrease can be observed in the CQO peak at 1735 cm�1

and in the C–O–C region (B1300–1000 cm�1). While part of
this decrease could be due to thermally induced changes (see
Fig. S2b, ESI†), the intensity loss is significantly stronger than
the loss observed during heat exposure alone and can thus be
assumed to be a result of precursor-polymer reactions. The
emergence of the C–O–Zn–R peak is a clear indication of a
chemical reaction of DEZ with the polymer. The simultaneous
decrease in the CQO and C–O–C absorption bands suggests
that DEZ reacts with the ester moieties. The FTIR spectra do not
show any evidence for the reaction of DEZ with the ethoxy
groups in ETPTA, which are represented by peaks at 2875 and
1110 cm�1. Nevertheless, knowledge of the exact reaction
mechanism is necessary to be able to definitively exclude a
potential participation of the ethoxy groups. In addition, the
FTIR spectra prior to VPI show the presence of a weak O–H
band around 3500 cm�1, which is likely caused by photooxida-
tion during UV polymerization (see previous publication19 for
details). As DEZ is known to strongly react with hydroxyl
groups,60 they can be assumed to represent additional reactive
sites for the diffusing precursor. However, the intensity of the
O–H band in Fig. 5 is comparable for all copolymer composi-
tions, so the O–H groups cannot account for the observed
differences in Zn loading between the different ETPTA ratios.
Photooxidation can also generate other reactive groups45,47,54

(such as carbonyls or anhydrides) that might contribute to the
precursor-polymer reactivity. Further in-depth experiments are
necessary to fully understand which functional groups partici-
pate in the reaction.

The intensity of the C–O–Zn–R peak increases for higher
ETPTA ratios, suggesting that a larger quantity of DEZ is
reacted. This trend correlates well with the increase in Zn
loading with increasing ETPTA ratio observed by XRF
(Fig. 3b), XPS and EDX. Previous studies have reported no or
only weak DEZ infiltration into pMMA,12,19 polybutylene ter-
ephthalate (PBT)12,61 and polyethylene naphthalate (PEN),61

which all have similar functional groups (i.e., esters) as
pTMPTA and pETPTA. Only one study62 observed significant
Zinc loading in PMMA after infiltration with DEZ. However, it
should be noted that while the former studies12,61 exposed
PMMA, PEN and PBT to only 1 cycle of alternating DEZ and
water pulses, the latter used 10 cycles with fairly short (120 s)
purging times, which might have led to incomplete out-
diffusion of unreacted species, thus facilitating ZnO nuclea-
tion. Pilz et al.11 also reported a consumption of CQO peaks
during DEZ VPI into thermally treated cis-polyisoprene. An
in situ FTIR study of the reactivity of TMA to different
polymers63 suggested that the position of the ester group
(and hence the CQO species) in the polymer plays an

important role. They showed that TMA reaction with polyethy-
lene terephthalate (PET), which has the ester group in its main
chain, was much stronger than with pMMA, where the ester
group is in the side chain. Such a dependence on the position
of the functional groups could at least partially explain the
differences in reactivities observed between DEZ and various
ester-containing polymers. Differences in precursor solubility,
accessibility of reactive polymer sites and the respective process
conditions could of course also play a role. Further research is
needed to better understand the reaction mechanisms and
pathways of DEZ with these acrylate polymers.

Understanding the infiltration kinetics

The infiltration kinetics during VPI can be very complex due to
the convolution of sorption, diffusion and reaction processes,
making it difficult to understand and predict how changing a
certain process parameter affects the overall VPI process. Leng
et al.31 presented a simple physicochemical kinetics model that
accounts for the reduction in the freely diffusing precursor’s
effective concentration due to instantaneous reaction with the
polymer matrix (similar to a heat sink) by adding a first order
reaction term to Fick’s 2nd law. The resulting solution for the
precursor uptake as a function of precursor exposure time has
the same functional form as that of pure diffusion but with a
reduced effective diffusion coefficient Deff:

Mt

M1
¼ 2

l

ffiffiffiffiffiffiffiffi
Deff

p

r ffiffi
t
p

(1)

where Mt represents the precursor uptake after a precursor
exposure time t, MN the total precursor uptake after infinite
time, and l the thickness of the polymer. We note that other
derivations that incorporate the sorption behavior can also lead
to a similar effective diffusivity. Thus, eqn (1) can be used to
extract estimates for an effective diffusivity Deff from the
experimental results. To do so, data for the various infiltrated
copolymer network from both XRF and EDX were renormalized
to the maximum Zn loading (see Fig. S8, ESI†) and the slopes
during the initial phase of precursor exposure were analyzed.
The resulting diffusivity values (Fig. 6) span almost 2 orders of
magnitude ranging from Deff = 10�15 cm2 s�1 for pTMPTA to
Deff = 8 � 10�13 cm2 s�1 for pETPTA. Both XRF and EDX yield
comparable results and reveal a roughly exponential depen-
dence of effective diffusivity on ETPTA ratio.

These values for the effective diffusivity of DEZ in p(TMPTA–
ETPTA) are in a similar range to those published by Pilz et al.11

for DEZ infiltration into thermally treated cis-polyisoprene
(Deff = 0.5–3 � 10�14 cm2 s�1 for temperatures from 60 to
100 1C) using the same approach. Effective diffusivities for TMA
into pMMA have been measured to be significantly higher
(up to 10�12 and 10�11 cm2 s�1 for 90 1C23,24 and 125 1C31,
respectively). Motta et al.64 estimated the effective diffusivity of
TMA into PMMA in the temperature range from 70–110 1C,
reporting values for Deff ranging from around 1.3 � 10�14 to 6 �
10�11 cm2 s�1. Extrapolation of the Arrhenius-like trend with
temperature would give a value of Deff D 7 � 10�10 cm2 s�1 at
120 1C. The higher diffusivities for TMA compared to DEZ are
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reasonable as TMA can be expected to diffuse through a
polymer more easily due to its smaller size. Moreover, the
choice of polymer plays an important role in determining the
precursor diffusivity. In addition to the polymer chemistry,
polymer microstructure has been shown to also impact diffu-
sion behavior during VPI. Cianci et al.,23 for example, demon-
strated that TMA diffusion in PMMA depends on the polymer
molecular weight and proceeds faster in low-weight polymers.
Another study36 showed that increasing the pendant group size
in poly n-methacrylates lowers the glass transition temperature
Tg, thus increasing the polymer free volume and resulting in a
higher diffusivity of TMA. The present work is the first to
demonstrate how increasing the side chain length and flex-
ibility of highly crosslinked polymer networks enhances pre-
cursor diffusion.

Nevertheless, the use of eqn (1) to extract values for the
effective diffusivity is subject to several limitations, some of
which have already been discussed elsewhere.37 First of all, the
model by Leng assumes precursor-polymer reactions to occur
instantaneously, an approximation that is only reasonable if
reactions occur on a much faster time scale than diffusion, i.e.,
if the VPI process is diffusion-limited. Based on the XPS depth
profiles in Fig. 4, this condition can be considered fulfilled for
all copolymers with ETPTA ratios r75 wt%. However, the shape
of the profiles for 100 wt% ETPTA polymers suggests that
reactions occur on a similar or slower time scale than diffusion.
Secondly, the extracted values for Deff depend on whether the
quantity Mt/MN refers to the amount of free precursor, the
amount of reacted precursor or the total precursor uptake, i.e.,
the sum of the two. Since the Zn loading in this study was
measured ex situ, it can be expected that a significant portion of
the unreacted precursor desorbed during the 1-hour pumping
step performed after the precursor exposure and before expo-
sure to the co-reactant, and therefore mainly the amount of
reacted precursor is captured. This can be expected to result in

a deviation of Deff compared to the values reported in literature,
which are based on the total precursor uptake, either by using
in situ measurements21–24 or by keeping pumping and/or pur-
ging times short enough to render precursor desorption
negligible11,31 (it is generally assumed that during co-reactant
exposure, any unreacted precursor still present in the polymer
is oxidized and permanently trapped). Lastly, eqn (1) assumes a
constant diffusivity that is independent of the amount of
reacted precursor. Since the reaction between precursor and
polymer creates a new (hybrid) material, precursor diffusivities
may differ from those of the unreacted system.

Keeping these limitations in mind, the effective diffusivity
values reported in Fig. 6 are still useful as engineering esti-
mates for the process rate and are particularly representative of
the change in diffusivity as a function of the ETPTA ratio.

Building upon the model by Leng, Ren, McGuinness, et al.37

developed a reaction–diffusion transport model that includes a
second-order chemical reaction term to account for finite
reaction rates, and a non-Fickian diffusional hindering term
that describes the change in diffusivity as precursor-polymer
reactions occur. The model can be reduced to a set of dimen-
sionless parameters that capture fundamental aspects of the
VPI process:

Damköhler number: Da ¼ k
l2

D
C0

polymer

Ratio of vapor surface

concentration to polymer functional groups:
CS

C0
polymer

Hindering degree: K 0C0
polymer

where k represents a 2nd order reaction rate constant, l the
polymer thickness, D the unhindered diffusion coefficient,
C0

polymer the reactive polymer functional group density, CS the
concentration of precursor vapor sorbed at the polymer surface,
and K0 a hindering factor. The Damköhler number determines
whether the VPI process is diffusion- or reaction-limited. If
Da c 1, precursor-polymer reactions proceed much faster than
diffusion, resulting in a sigmoidal inorganic depth profile that
moves deeper into the bulk with time (diffusion-limited pro-
cess). If Da o 1, diffusion is much faster than the reaction rate,
resulting in a uniform precursor concentration throughout the
polymer layer that increases with time as reactions take place
(reaction-limited process). Exemplary calculated depth profiles
for these two limiting cases can be found in literature39 and in
the ESI,† in Fig. S9. The ratio of precursor vapor concentration
at the polymer surface CS to the density of reactive polymer
functional groups C0

polymer dictates the availability of free diffus-
ing precursor molecules and the maximum precursor uptake.
The hindering degree K0C0

polymer indicates the extent to which
the diffusion of free precursor molecules is impeded by reacted,
immobilized precursor molecules and depends on several
parameters, such as precursor size, polymer free volume, and
the density of reactive polymer functional groups. If the

Fig. 6 Estimates for the effective diffusion coefficient Deff for the different
p(TMPTA–ETPTA) copolymer compositions at 120 1C calculated by linear
fitting of the normalized temporal Zn uptake measured by XRF and EDX
(Fig. S9, ESI†) according to eqn (1).
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hindering degree is very high, immobilized precursor mole-
cules can form a barrier layer that blocks further infiltration.

In the present study, the reaction–diffusion transport model
was used to try to reproduce and understand the experimentally
observed trends. For ex situ data as collected here, the model is
not intended to provide a quantitative fit, but rather to serve as
a tool to understand how changing specific process parameters
affects the shape of temporal precursor uptake curves and
spatiotemporal inorganic distributions. By comparing the mod-
eled and experimental results, insights into the underlying
reaction and diffusion phenomena can be gained. For this
study, the choice of model parameters was partially based on
measured physical quantities. The model was plotted for the
same DEZ exposure times (30 min, 2 h, 5 h, 15 h and 50 h)
studied in experiment, the polymer thickness was chosen as l =
200 nm, similar to the actual average film thickness, and the
density of polymer functional groups C0

polymer was estimated
based on the XPS results (for details see ESI†). The remaining
parameters (CS, K0, k, D) were chosen such that the modeled
results capture the main features and trends of the experi-
mental results, especially the two limiting cases of the homo-
polymer films. For simplicity, it is assumed that the polymer
thickness l, the density of polymer functional groups C0

polymer,
the precursor density at the surface CS, and the reaction rate
constant k are independent of the copolymer composition, and
only the effect of varying the diffusivity D and the degree of
hindering K0C0

polymer on the precursor uptake profiles and
spatiotemporal Zn distributions is explored. Since the diffusiv-
ity D and the degree of hindering K0C0

polymer both depend on the
polymer flexibility and free volume, they are expected to be
most strongly affected by a change in ETPTA ratio. The
assumption that C0

polymer is mostly independent of the copoly-
mer composition is supported by the XRF and XPS results that
show approximately the same Zn loading in saturation for all
ETPTA ratios. Since pTMPTA and pETPTA have a similar
chemical structure and FTIR measurements (Fig. 5) do not
suggest a drastic difference in reaction mechanism, assuming
CS and k to be constant seems a reasonable approximation. For
the comparison to the experimental data, the amount of
reacted, immobilized precursor Cproduct (normalized to the total
concentration of polymer reactive sites C0

polymer) is plotted
based on the assumption that unreacted, free precursor out-
diffuses during the 1-hour pumping step and hence does not
contribute to the amount of inorganic measured ex situ after
completion of the process (e.g., by XRF or XPS). In cases of very
low precursor diffusivity or high hindering, this assumption
might not hold, and the length of the pump/desorption step
might require adjustment to ensure complete desorption of
unreacted precursor molecules (or the remaining unreacted
precursor would need to be taken into account during model-
ing). It should further be noted that the reaction–diffusion
transport model assumes the polymer thickness l to remain
constant throughout precursor infiltration, which for some
cases may not be accurate. For example, TMA infiltration into
PMMA can lead to significant swelling of the polymer by up to
50%,27 and this would essentially create a ‘‘moving boundary

condition’’ for the reaction–diffusion transport model and
could further influence parameters such as the density of
reactive groups C0

polymer, the diffusivity D or the degree of
hindering K0. However, ex situ ellipsometry measurements of
the p(TMPTA–ETPTA) films after VPI reveal only minor swelling
by less than 15% (see Fig. S7b, ESI†), so the impact on the
model’s accuracy can be assumed to be reasonably small to
justify a qualitative comparison between experimental data and
modelled results.

Fig. 7 presents temporal uptake profiles for the normalized
concentration of reacted precursor Cproduct/C

0
polymer calculated

from the reaction–diffusion model for different values of pre-
cursor diffusivity D and hindering. For the sake of completion
and to enable a more comprehensive understanding of the
complex interplay of reaction and diffusion phenomena, the
temporal uptake of the normalized free, unreacted precursor
concentration (Cfree/C0

polymer) is plotted and discussed in
Fig. S10b (ESI†) and Section 2 in the ESI.† For low hindering
(solid lines in Fig. 7), Cproduct/C

0
polymer increases linearly as a

function of the square root of time, a behavior characteristic of
a Fickian diffusion process. The slope increases with increasing
diffusivity D, leading to a faster saturation of the polymer layer
(i.e., Cproduct/C

0
polymer = 1). Note that the dependence of the slope

of Cproduct/C
0
polymer on the diffusivity shown in Fig. 7 is only

present as long as the process is diffusion-limited, i.e., for
Damköhler numbers Da c 1 (i.e., D { 2 � 10�12 cm2 s�1 for
the present choice of model parameters). As diffusivity
increases beyond 2 � 10�12 cm2 s�1, the Damköhler number
Da drops below 1, shifting the system from a diffusion- into a
reaction-limited regime. As precursor-polymer reactions start to
become the rate-limiting process, the slope of Cproduct/C

0
polymer

no longer depends on the diffusivity but is determined by the

Fig. 7 Normalized concentration of reacted precursor as a function of
precursor exposure time calculated using the reaction–diffusion transport
model for different diffusivities D with low hindering K0 �C0

polymer = 0.1 (solid
line) and high hindering K0 �C0

polymer = 4 (dashed line). The ratio Cproduct/
C0

polymer represents the amount of reacted precursor Cproduct normalized
by the density of accessible reactive polymer sites C0

polymer. A ratio of
1 corresponds to 100% of the polymer’s functional groups having
reacted with a precursor. Used model parameters are: k = 0.5 cm3 mol�1,
l = 0.2 mm, C0

polymer = 10�2 mol cm�3, Cs/C
0
polymer = 0.3.
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reaction rate (see Fig. S10a, ESI†). Comparing the experimental
results in Fig. 3a to the calculated normalized temporal uptake
curves in Fig. 7 reveals similar trends. The increase in the slope
of Cproduct/C

0
polymer with increasing ETPTA ratio seen in Fig. 3a

can be qualitatively reproduced by varying the diffusivity from
10�14 to 10�12 cm2 s�1.

When hindering is introduced (dashed lines in Fig. 7), the
formation of Cproduct is slowed down compared to the unhin-
dered system because the re-supply with free precursor mole-
cules from the surface is hampered since diffusing species
move through the reaction-altered polymer layer with a lower
diffusivity. While both unhindered and hindered uptake curves
initially coincide, the hindered curve eventually deviates, exhi-
biting a slower uptake compared to the unhindered case.
Consequently, these more hindered conditions produce mass
uptake curves with two or more slopes apparent in the mass
uptake process. Exactly how hindering affects the shape of the
temporal uptake curves of Cproduct in Fig. 7 is discussed in more
detail in the ESI,† in Section 2 in conjunction with the shapes of
the uptake curves for Cfree. Similar changes in slope are
observed in the experimental results for the cases of 0 and

10 wt% ETPTA (Fig. 3a), indicating that, at least for the
copolymers with low flexibility, hindering plays a significant
role. The uptake curves of some of the copolymers with higher
ETPTA ratios also seem to exhibit two separate slopes, and
hence an influence of hindering. However, more precise in situ
measurements would be needed to clarify this, since the
apparent change in slope could also be due to measurement
errors.

Fig. 8 shows the spatiotemporal distributions calculated for
each of the temporal uptake curves plotted in Fig. 7. For the low
diffusivity (D = 10�14 cm2 s�1, Damköhler number Da = 200)
and low hindering (K0C0

polymer) in Fig. 8a, the depth profiles
exhibit a shape characteristic of a diffusion-limited infiltration
process. As the diffusivity increases and the Damköhler num-
ber decreases (Fig. 8c and e), not only does the speed at which
the sigmoidal depth profile moves into the polymer layer
increase, but the shape of the profile gradually flattens, as
the system is pushed towards a more reaction-limited regime. A
similar trend towards faster diffusion and flattened depth
profiles can also be observed in the XPS data (Fig. 4) with
increasing ETPTA ratios. While the depth profiles for 0, 10 and

Fig. 8 Depth profiles for the normalized concentration of reacted precursor Cproduct at varying precursor exposure times calculated using the reaction–
diffusion transport model for a system with a Damkohler number of (a)and (d) Da = 200, (b) and (e) Da = 20, and (c) and (f) Da = 2, and (a)–(c) low
hindering K0C0

polymer = 0.1 and (d)–(f) high hindering K0C0
polymer = 4. The ratio Cproduct/C

0
polymer represents the amount of reacted precursor Cproduct

normalized by the density of accessible reactive polymer sites C0
polymer. A ratio of 1 corresponds to 100% of the polymer’s functional groups having

reacted with a precursor. Used model parameters are: k = 0.5 cm3 mol�1, l = 0.2 mm, C0
polymer = 10�2 mol cm�3, Cs/C

0
polymer = 0.3.
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75 wt% ETPTA resemble a diffusion-limited process whose
diffusion rate, i.e., the speed at which the depth profile moves
into the polymer, increases with ETPTA ratio, the depth profiles
for 100 wt% ETPTA look flat and more characteristic of a
reaction-limited process. Introducing hindering (right column
in Fig. 8) slows down the infiltration process and pushes it
towards a more diffusion-limited regime with increasing pre-
cursor exposure time. For very high hindering, diffusivity
through reacted polymer regions approaches zero, corres-
ponding to the formation of a barrier layer that prevents the
system from ever reaching saturation, an effect that has also
been demonstrated experimentally.11,19,30,65 Since hindering
takes some time to come into effect, depth profiles at short
exposure times are less influenced by the presence of hinder-
ing. This changes the spacing between the depth profiles
compared to an unhindered case (e.g., compare Fig. 8a
and b). A similar effect can be seen in the XPS depth profiles
for 0 and 10 wt% ETPTA, where differences between the depth
profiles are small up to DEZ exposure times of 15 h, but a large
discrepancy is present in the profiles after 50 h, where the
10 wt% copolymer has almost reached saturation while for the
0 wt% copolymer, the Zn concentration drops to zero at
approximately 50% polymer depth. This might indicate that
hindering is significantly stronger in the 0 wt% polymer
compared to the 10 wt% case.

Overall, these results demonstrate that it is possible to find a
set of model parameters that are able to reproduce the main
features and trends observed in the experimental data by
varying only the diffusivity D and the degree of hindering
K0C0

polymer. The modelled results suggest that in moving from
copolymers with a low fraction of ETPTA to ones with a high
ETPTA ratio, the diffusivity gradually increases while the effect
of hindering decreases. Based on the available data, it is not
possible to fully deconvolute the contributions of diffusivity
and hindering, as both parameters have similar effects, i.e.,
they influence the diffusion rate and the time required for the
system to reach saturation. Based on the results in Fig. 2 that
showed a linear increase of the thermal expansion coefficient
and the film swelling in a solvent with ETPTA ratio, it is
postulated that by incorporating the longer-chained ETPTA,
an increase in polymer network flexibility and free volume is
achieved. Since both the precursor diffusivity and the hindering
degree depend on the polymer free volume, it is reasonable that
the experimentally observed changes in infiltration kinetics
result from changes in both parameters. Considering the time
scales investigated in this study, it can be noted that all
p(TMPTA–ETPTA) copolymers with ETPTA ratios Z10 wt%
reach saturation within the 50 h of DEZ exposure (though at
different speeds), making them well-suited for VPI use. Only for
the pTMPTA homopolymer, diffusivity seems to be so low and
hindering so high that it only reaches partial infiltration after
50 h. The XRF results even suggest that the Zn loading saturates
at a lower value. A reason for this behavior could be that
for pTMPTA, the polymer flexibility and thus its free volume
are so limited that precursor reactions result in the formation
of a barrier layer that inhibits further precursor diffusion.

However, adding only 10 wt% of long-chain ETPTA seems to
be enough to increase the polymer free volume above the
critical threshold that allows complete and uniform infiltration
of the layer.

Note that although the experimentally observed trends can
be consistently explained by a change in precursor diffusivity
and hindering caused by variations in polymer flexibility and
free volume, changes in precursor-polymer solubility (affecting
the surface precursor concentration CS) or reactivity (affecting
the reaction rate constant k) cannot be entirely ruled out as
contributing factors. However, as Jean et al.38 have shown, the
parameter CS mainly affects the speed at which saturation of
the polymer layer is reached but is not able to shift the rate-
controlling mechanism from diffusion- to reaction-limited, a
transition observed with increasing ETPTA ratio in Fig. 4. Such
a transition could be initiated by an increase in reaction rate
(caused by a change in reaction mechanism), but since the FTIR
spectra presented in Fig. 5 do not indicate a difference in
reaction mechanism between the copolymer compositions, it
is considered unlikely that the reaction rate constant varies
strongly with the ETPTA ratio. Based on this reasoning, it is
hypothesized that the observed trends in Fig. 3 and 4 are
mainly effects of changes in precursor diffusivity and hindering
originating from the variation in polymer flexibility and free
volume.

Conclusions

This study explored the kinetics of vapor phase infiltration
(VPI) of DEZ into a highly crosslinked polyacrylate system
whose polymer network flexibility can be tuned by varying the
ratio of the two comonomers trimethylolpropane triacrylate
(TMPTA) and its ethoxylated counterpart, ethoxylated trimethy-
lolpropane triacrylate (ETPTA). Thin films of polyacrylate net-
works with defined TMTPA:ETPTA ratios (150–250 nm thick)
were successfully prepared by spin-coating, followed by UV
polymerization. Both the linear coefficient of thermal expan-
sion and the film swelling in a good solvent increased linearly
with the ETPTA ratio, confirming enhanced flexibility in the
polymer network.

The infiltration behavior of these polyacrylate films was
studied in detail by varying DEZ hold times from 30 min to
50 h and analyzing the Zn loading and chemistry of the
resulting hybrid organic–inorganic materials. Increasing the
ETPTA ratio, and thus enhancing polymer flexibility and free
volume, increased VPI precursor diffusion rates into the poly-
mer. While pTMPTA did not reach full saturation within the
maximum DEZ hold time of 50 h examined within this study,
adding 10 wt% of ETPTA proved enough to fully infiltrate the
polyacrylate film within 50 h DEZ exposure. Further increasing
the ETPTA ratio reduced the time required to achieve saturation
down to approximately 30 min for pure pETPTA but did not
significantly affect the saturation loading. Increasing the
ETPTA ratio above 75 wt% also shifted the infiltration process
from diffusion-limited to reaction-limited.
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FTIR measurements confirmed the formation of Zn-polymer
bonds upon infiltration with simultaneous consumption of
CQO and C–O–C bonds of the polyacrylates, suggesting that
DEZ reacts with the ester groups of p(TMPTA–ETPTA).

Comparison of the experimental results with the reaction–
diffusion transport model by Ren, McGuinness et al.34 showed
that the observed trends with ETPTA ratio can be semi-
qualitatively reproduced by varying only two model parameters:
the precursor diffusion coefficient D and the hindering degree,
both of which depend on the polymer free volume. This further
validates the hypothesis that polymer network flexibility can be
a key factor in designing VPI infiltration kinetics into cross-
linked polyacrylate networks.
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D. Muñoz-Rojas, Hybrid organic–inorganic materials: from
child’s play to energy applications, J. Solid State Electro-
chem., 2010, 14, 1939–1945.

6 Z. Liang, R. Zhao, T. Qiu, R. Zou and Q. Xu, Metal-organic
framework-derived materials for electrochemical energy
applications, EnergyChem, 2019, 1, 100001.

7 W. Park, H. Shin, B. Choi, W.-K. Rhim, K. Na and D. Keun
Han, Advanced hybrid nanomaterials for biomedical appli-
cations, Prog. Mater. Sci., 2020, 114, 100686.

8 S. Marcelja, L. Demelius, T. A. Ali, M. Aghito, F. Muralter,
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