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Abstract 

The sorption behavior of metalorganic species into polymers is important in various gas-phase 
processes including vapor phase infiltration (VPI) which is used to transform organic polymers 
into organic-inorganic hybrid materials and area-selective deposition where various organic 
layers are used to prevent vapor deposition. In this work, we use in situ quartz crystal 
microbalance (QCM) gravimetry to measure the long-term mass uptake of TMA into polystyrene 
(PS) and compare it with that of poly(methyl methacrylate) [PMMA]. While TMA infiltration into 
PMMA, PS, and PMMA-PS copolymers is widely studied, a direct investigation of TMA’s long term 
sorption behavior into pure PS has not previously been reported. During a 17.5 hour TMA 
exposure step, PMMA is found to sorb 0.67-0.83 nanograms of TMA per nanogram of polymer 
while PS is found to sorb only 0.02 nanograms per nanogram polymer. These results clarify that 
mechanism for low TMA infiltration into PS is a lack of sorption rather than rapid out-diffusion of 
the precursor. This result has implications ranging from designing impermeable layers for 
selective area deposition to predicting mass transport in ordered block copolymers.  Here, the 
poor sorption of TMA into PS is utilized in a demonstration to pattern inorganic infiltration into 
PET films. 

Keywords: vapor phase infiltration, quartz crystal microbalance gravimetry, vapor sorption in 
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1. Introduction: 

Vapor phase infiltration (VPI) creates hybrid organic-inorganic materials by incorporating 
inorganic constituents within polymers via exposure to metalorganic vapor phase precursors and 
co-reactants. These hybrid materials possess properties distinct from the parent polymer 
including enhanced mechanical properties, 1-6 increased electrical conductivity, 7-10 solvent 
stability, 11,12 catalytic capabilities, 13 and photoluminescence. 13-15 VPI forms these hybrid 
materials across numerous length scales and without significantly modifying the original 
polymer’s macroscale form factor. As a result, VPI has been used in applications spanning 
chemical separations12,16-19 to photovoltaics20,21 and more. The capabilities of VPI are the subject 
of several comprehensive review articles. 22-25 

While hybrid organic-inorganic materials created via VPI demonstrate utility for a range of 
applications, different precursor / polymer systems exhibit vastly different infiltration behaviors. 
Variations are frequently observed in hybrid material inorganic loadings, inorganic distributions, 
and chemical states. These behaviors reflect a complex (and often competing) dependence upon 



precursor sorption and reaction thermodynamics as well as kinetics. 26 The combination of well 
infiltrating and poorly infiltrating systems within one structure leads to applications in hybrid 
material patterning and characterization. When well infiltrating and poorly infiltrating polymers 
exhibit phase separation within a material (block copolymers, 27-34 polymer blends, polymer / 
small molecule blends35), preferential infiltration into one phase over the other can lead to phase 
contrast for imaging or inorganic templating applications. For example, block copolymer 
nanopatterning is utilized to create metal oxide nanostructures from block copolymer templates 
of generally poorly infiltrating polymers (polystyrene) with well infiltrating polymers (PMMA, 
19,30,31,36 poly(2-vinylpyridine), 34 etc.). These templated structures have been studied for 
applications in catalysis, 32 photovoltaics, 37 filtration, 19,38 optoelectric nanomeshes, 34 
lithography and pattern transfer, 39-42 and to improve fundamental understanding of block 
copolymer three dimensional structure by providing phase contrast in electron microscopy. 43 
Beyond phase-separation induced templating, area-selective grafting of poorly infiltrating PS 
brushes has been effective in deactivating surfaces for area-selective vapor deposition of metal 
oxides. 44 All of these application spaces hinge on the poor infiltration of a specific precursor / 
polymer system with one of the most common being trimethylaluminum and polystyrene (PS). 

Understanding the mechanism behind this lack of infiltration is key to developing advances in the 
templating of nanostructures (new polymers, thinner materials, etc.) as well as advancing 
application spaces such as masking and selective area deposition. As a result, several studies have 
explored the lack of infiltration of various precursors into pure PS films, contrasting this response 
with well infiltrating polymers. In situ spectroscopic ellipsometry experiments by multiple groups 
revealed limited swelling (<2%) of PS films during relatively short TMA exposures (1-5 min) at 80, 
90, and 120 ˚C. This in situ data further indicated the infiltration of PS was minimal and did not 
extend throughout the entire film thickness but was limited to a small portion of the polymer 
sub-surface. 45,46 Ex situ ellipsometry and SEM characterization of the alumina remaining after 
removal of PS via plasma revealed a highly porous structure pointing to nucleation and growth 
of the inorganic at defect sites (such as chain ends) rather than amongst the polymer chains. In 
this study, it also was found that the introduction of varying quantities of MMA functional groups 
led to a proportional increase in film swelling and a denser alumina morphology upon the 
removal of the polymer. 45 In situ FTIR and XPS characterization of PS films infiltrated with TMA 
for 5 min show no evidence of chemical interactions between TMA and PS and further support a 
lack of overall TMA uptake. 46 Additional ex situ ellipsometric studies have similarly reported 
minimal PS film swelling following infiltration with TMA and by TOF-SIMS found VPI treated PS 
films did not possess strong aluminum signal throughout the ~200 nm of the polymer film. 47  

From the current body of work, two mechanisms (illustrated in Figure 1) have been proposed for 
the minimal infiltration of PS. In the first mechanism, TMA sorbs significantly within PS, but 
diffuses out rapidly during a subsequent pumping or purging step (common to most VPI 
processes). In this mechanism, the lack of strong interactions between precursor and polymer 
leads to failure in entrapping the precursor within the polymer film29,43,45,48 In the second 
mechanism, the precursor fails to significantly enter the bulk of the polymer during a reasonable 
timeframe leading to poor infiltration. 45,46 The lack of sorption in this mechanism may be due to 
either slow kinetics or a lack of solubility. 



 

 

Figure 1. Proposed mechanisms for the poor infiltration of PS with TMA including 1) a lack of 
precursor entrapment and rapid out-diffusion and 2) a lack of precursor sorption. 

In this work, we use QCM gravimetry to explore the mechanism for the low infiltration of TMA 
into PS at temperatures both above and below the glass transition. The infiltration behavior of 
PS is compared with that of PMMA under the same infiltration conditions. Using this knowledge, 
a simple demonstration of area-selective vapor phase infiltration is performed under long TMA 
exposure infiltration conditions by patterning poly(ethylene terephthalate) [PET] films with a PS 
coating. 

2. Materials and Methods 

2.1 Synthesis of Polystyrene and Preparation of Thin Films:  

Polystyrene was synthesized via thermally induced free radical polymerization as described in 
Bamford et al. 47 and thin films of PS and PMMA (Polysciences, Inc, 75K molecular weight) were 
spun cast and annealed on Inficon patterned polished gold coated RC cut quartz crystals (Phillip 
Technologies) as described in McGuinness et al. 26 Film thicknesses were measured directly with 
a J.A. Woollam Alpha-SE spectroscopic ellipsometry employing a Cauchy model. 

2.2 In situ Quartz Crystal Microbalance Measurements: 

QCM experiments were conducted in a hot-walled custom-built VPI reactor described elsewhere. 
26 The wall temperatures and temperature of the sensor holder were set to the same 
temperature for each experiment (either 70 or 130 ˚C). Initial polymer masses were measured 
directly via changes in frequency before and after spin coating via the Sauebrey equation. 26 

The PS and PMMA films were then infiltrated at 70 and 130 ˚C with trimethylaluminum (TMA, 
DANGER: Pyrophoric, Strem Chemicals, 98%, dosed from room temperature) and co-reacted 
with water vapor dosed from a glass container (DI Water, dosed from room temperature). 
Chamber pressures were recorded during the infiltrations with a Baratron capacitance 
manometer and pressure profiles provided in Figure S1. 26  



Similar to infiltration procedures outlined in Ren et al., 26 the chamber first underwent a one-hour 
nitrogen purge followed by 17.5 hours of active pumping at rough vacuum (~30 mTorr) to remove 
sorbed water and residual solvents. The reactor was then isolated and TMA was dosed into this 
static environment to pressures between 7 and 14 Torr. The reactor was left in this state for 17.5 
hours and then underwent another 17.5 hours of active pumping. The reactor was isolated once 
more and water vapor introduced at approximately 17.8 Torr of pressure. The reactor was left in 
this state for 17.5 hours and then a 17.5 hour active pumping step was performed. The final step 
before removal was a 2-3 hour nitrogen purge. 

Crystal frequency was recorded every half second during this time and was exported and 
converted to mass via the Sauerbrey equation ensuring the change in mass for the entire process 
(including polymer mass) was less than 5% of the bare crystal frequency. Frequencies had to be 
corrected during the pumping stages because the low pressure regime impacted the sensor 
heating and thus crystal frequency, giving artifacts during the active pumping step vs. purging 
step. To determine this constant value mismatch, the frequency differences between initial 
purging and pumping (polymer only) and final pumping and purging (hybrid material only) are 
averaged. This constant value is then added to all pumping regions to correct for the low-pressure 
artifact. The artifact originates from heating issues in a vacuum environment. Mass changes 
during infiltration were then divided by the total polymer mass to normalize the data. 

2.3 Scanning Electron Microscopy/ Energy Dispersive X-Ray Analysis (SEM/EDX):  

Elemental analysis of the post-infiltration films on QCM crystals as well as PS patterned PET films 
was conducted using a Phenom ProX benchtop scanning electron microscope. For the QCM films, 
EDX maps were obtained for areas of approximately 0.2 mm2 under 5 keV in imaging mode with 
the backscatter detector.  

2.4 Preparation and Infiltration of PS Patterned PET Films: 

PET films approximately 0.15 mm in width (McMaster-Carr) were cut into approximately 0.5 inch 
x 0.5 inch pieces and wiped with isopropanol and then dried with nitrogen prior to patterning 
with PS. PS as described in Section 2.1 was dissolved in toluene (anhydrous, 99.8%, Sigma-Aldrich) 
to create a 10 weight percent solution. A piece of Kapton tape was placed on one side of the PET 
film prior to dip coating in the PS solution. The PET film was placed in the solution for 
approximately 30 seconds while manually agitated (swirled). The coated PET film was then 
removed with tweezers and allowed to air dry for one minute (drops at the bottom of the film 
were gently removed via a wipe). Films were then placed in a watch glass and allowed to dry at 
least overnight prior to infiltration. The Kapton tape was removed immediately prior to 
infiltration. 

Using a large volume (1 cubic foot) custom-built reactor described in Pyronneau et al49 and 
McGuinness et al, 12 infiltration was performed using the metalorganic trimethylaluminum (room 
temperature, Strem Chemicals, 98%, DANGER: pyrophoric) and co-reactant deionized water 
vapor (room temperature). Similar to procedures outlined in Pyronneau et al, 12 films were placed 
within the heated reactor (either 70 or 130 ˚C) and actively pumped under rough vacuum (~30 
mTorr) for five hours. The chamber environment was then isolated, and the TMA precursor valve 



was opened for 5 s which introduced a TMA pressure of approximately 1 Torr. This static TMA 
atmosphere was then held constant for five hours. The chamber was pumped again for 5 hours 
to remove excess TMA and any potential byproducts. 2 to 2.5 Torr of water vapor was then 
introduced (depending on room temperature) to co-react with the TMA and form the final metal 
oxide. The chamber was held static with water vapor for 5 hours. The chamber was then pumped 
for 30 minutes prior to opening the chamber. Pressure profiles for these experiments are 
provided in Figure S2. 

2.5 Computational Methods: 

In this work, we used the Vienna Ab Initio Simulation Package (VASP) 50,51 for DFT calculations, 
and the ion-electron interaction was modeled using the project-augmented wave (PAW) 
potentials. 52 The Perdew-Burke-Ernzerh of (PBE) 53 exchange-correlation (XC) function was used 
to treat the quantum mechanical part of the electron-electron interactions. DF2 dispersion 
corrections54-56 were included to adequately handle hydrogen bonding and intermolecular 
interactions which are critical to this study. 

3. Results and Discussion  

3.1 Investigating the Sorption of TMA into PMMA and PS 

To investigate the infiltration behavior of TMA into PMMA and PS, quartz crystal microbalance 
(QCM) measurements featuring long TMA exposure times and desorption times (17.5 hours) 
were employed at 70 and 130 ˚C (below and above the glass transition temperatures of both 
polymers). Figure 2a plots the normalized mass uptake (mass uptake / mass polymer) under 
these conditions (pressure profiles and full QCM measurements with water dose provided in 
Figure S1). TMA readily sorbs and diffuses into PMMA followed by a gradual continuous increase 
in mass uptake until the point of desorption. Under these conditions, a larger mass uptake is 
observed for PMMA at 70 ˚C than 130 ˚C (~0.84 and ~0.69 nanograms / nanogram polymer 
respectively) which is consistent with other QCM literature reports of this infiltration system. 57 
In stark contrast to the results for PMMA, much less TMA sorbs into the PS films at either 70 or 
130 ˚C (~0.014 and ~0.027 nanograms / nanogram polymer respectively). The mass uptake of 
TMA within PS (as seen best in the inset of Figure 2a) demonstrates an initial rapid increase for 
both temperatures. At 70 ˚C, the uptake reaches a pseudo-steady state within the first hour 
(periodic increases following this point likely can be attributed to QCM electrical noise). At 130 
˚C, a slight, but continuous increase is observed over the TMA exposure step with a rate of 
approximately 0.0006 ng TMA / ng polymer per hour.  

During the desorption step (facilitated by actively pumping the chamber), free diffusing species 
exit the polymer. For PMMA, 0.69 and 0.32 nanograms / nanogram polymer desorb at 70 and 
130 ˚C respectively, leaving behind 0.15 and 0.37 nanograms / nanogram polymer of TMA that is 
chemically interacting with the polymer. For PS, the small amount of mass uptake that does 
occur, is seen to remain during the desorption step indicating its permanent residence, likely at 
defect sites such as chain ends. 



 

Figure 2. a) Mass uptake versus time plots as generated by in situ quartz crystal microbalance 
measurements during the sorption of TMA into poly(methyl methacrylate) and polystyrene thin 
films at 70 and 130 ˚C and subsequent desorption. Inset graph features magnified view of TMA 
sorption into PS b) Ex situ energy dispersive X-Ray spectra for the films in (a). 

To verify the lack of infiltration within the PS thin films as compared with PMMA, EDX analysis 
was performed ex situ on the infiltrated polymers via plan-view SEM images approximately 600 
by 200 microns in area. The resulting EDX profiles are shown in Figure 2b. The profiles of hybrid 
thin films created via the infiltration of TMA into PMMA demonstrate strong aluminum signal 
with a greater number of counts of aluminum with respect to carbon for the hybrid thin film 
created at 130 ˚C (indicating a larger quantity of inorganic). The profiles of the PS thin films 
exposed to TMA and water vapor show no identifiable aluminum signal at either 70 or 130 ˚C, 
supporting the low infiltration into this system under these conditions.  

3.2 Mechanistic Understanding and Insight into the Poor TMA Infiltration into PS 

In the literature, two different mechanisms are cited for the poor infiltration of TMA into PS: 1) 
a lack of reactive functional groups to entrap the precursor within the polymer film29,43,45,48 2) a 
lack of significant sorption of the precursor into the polymer. 45,46 Mechanism 1 supposes that 
the TMA precursor does sorb and diffuse into the PS, but because PS has no functional groups 
that react or adduct with TMA, nearly all of the TMA diffuses back out upon removal of the TMA 
overpressure. However, the QCM measurements in Figure 2a reveal little to no mass uptake upon 
PS exposure to TMA overpressure, strongly refuting mechanism 1. Instead, these QCM results 
support mechanism 2, that TMA has poor sorption into PS or that TMA is not quickly transported 
through PS, which has implications ranging from designing impermeable layers for selective area 
deposition to predicting mass transport in ordered block copolymers. 

The low sorption of TMA into PS could have either thermodynamic or kinetic origins. 
Thermodynamically, solubility depends upon several different chemical and physical factors of 
both TMA and the polymer including 1) polymer free volume size and connectivity/tortuosity as 



compared to precursor size and shape and 2) attractive forces between the precursor and 
polymer. 

Table 1. Glass transition temperatures, fractional free volumes, and oxygen gas permeabilities as 
predicted by the Polymer Genome Initiative58-60 as well as free volume element radii (measured 
by PALS61 and calculated via ROAM62) and Hildebrand Solubility windows from literature and the 
Polymer Genome Initiative. 58,63 

Polymer 
Glass Transition 
Temperature 

(˚C) 

Fractional 
Free 

Volume 

FVE 
Radius 
from 

PALS (Å) 

FVE 
Radius 
from 

ROAM (Å) 

Oxygen Gas 
Permeability 

(Barrer) 

Hildebrand 
Solubility 
Window 
(MPa1/2) 

PMMA 90 ± 26 K < 0.18 2.6-2.8 2.6-3.4 0.09 17.4 - 26.7 

PS 115 ± 29 K 0.22 ± 
0.05 2.8-2.9 2.8-4.0 2.7 17.4 - 21.7 

 
To determine if features of PS free volume are responsible for low TMA solubility, the fractional 
free volumes, free volume element (FVE) sizes, and oxygen gas permeability coefficients for PS 
and PMMA are compared in Table 1 and the Van der Waals volume and minimal projection radius 
for TMA in both monomeric and dimeric forms are provided in Table 2. While many polymer free 
volume features vary with molecular weight and processing, PS generally contains FVE’s similar 
(if not larger) in size and quantity to PMMA. As both PMMA and PS have FVE’s similar in size to 
the minimal projection radius of monomeric TMA (3.4 Å), the physical structure of PS is unlikely 
to be the primary reason for low TMA sorption. Further, in terms of gas permeability, PS 
demonstrates a higher permeability for most gases (O2, CO2, He, H2, N2, CH4 as noted on the 
Polymer Genome Initiative58) as compared to PMMA indicating that of the two polymers, PS 
should be more likely to sorb TMA. The observed change in infiltration behavior for PS above its 
Tg as compared to its glassy state may indicate a slight dependency on free volume elements and 
polymer chain mobility. Yet, this change in infiltration behavior for PS above and below Tg is still 
far from the behaviors observed for PMMA indicating that the initial free volume is not largely 
responsible for the difference in these systems. We also observe that in terms of the precursor 
geometry, the slightly larger minimal projection radius of the dimeric form (3.7 Å) may make 
sorption of the TMA dimer more challenging for both polymers. 

Table 2. Precursor Hildebrand solubility parameters calculated via DFT and from literature64 
along with minimal projection radius and Van der Waals volumes calculated from MarvinSketch. 

Precursor 

Hildebrand 
Solubility 

Parameter from 
DFT (MPa1/2) 

Literature 
Hildebrand Solubility 

Parameter 
(MPa1/2) 

Minimal 
Projection 
Radius (Å) 

Van der Waals 
Volume (Å3) 
[dimer] 

TMA Monomer 30.23 
20.8 

3.4 84.4 

TMA Dimer - 3.7 152.2 



With the physical structure of the polymer an unlikely source of the low TMA sorption into PS, 
we now explore the role chemical functional groups may play in promoting or preventing 
precursor sorption. In addition to the experimental results in this work, short-term exposure 
experimental evidence for the mechanism of TMA sorption into PS, can be found in the in situ 
spectroscopic ellipsometry works of Caligore et. al. and Cianci et. al. where significant swelling of 
PMMA films was observed during TMA exposure along with minimal swelling for PS films (both 
below their Tg). 45,65 The swelling of PMMA films indicates that TMA may plasticize the polymer 
chains providing flexibility to create additional free volume elements during the infiltration 
process. The lack of swelling of PS supports the converse. Interestingly, even a small quantity of 
interacting functional groups (such as MMA or HEMA) when randomly integrated into a PS 
backbone can dramatically alter sorption behavior. For example, PS-r-PHEMA copolymers with 
only 3.0% HEMA content result in an almost three-fold increase in inorganic within the film as 
compared to neat PS films (measured ex situ via spectroscopic ellipsometry following organic 
removal). 47 As a function of interacting functional group content, both HEMA and MMA content 
have been found to proportionally increase inorganic quantity following VPI with TMA 
(consistently for MMA and up to 20.2% HEMA). 45,47  

Similarly, Kamcev et al. found that when the chemical structure of PS-b-PMMA copolymers was 
altered by UV induced photo-oxidation to produce carbonyl groups within the PS regions 
(ketones, aldehydes, carboxyl),  the infiltration of TMA into PS increased (although not to the 
level of typical infiltration of TMA within PMMA). Additionally, the PS domains then became 
selective to infiltration with additional precursors, DEZ and titanium isopropoxide. 29 In the 
context of these literature results, it is evident that a small quantity of interactive functional 
groups significantly alters the sorption characteristics of PS highlighting the imperative role that 
interactive functional groups play in not only the entrapment processes of VPI, but also in the 
sorption of the precursor. Additionally, once a precursor infiltrates within a polymer and even 
possibly reacts, the presence of the entrapped precursor may facilitate additional sorption. 

These literature results in addition to the experiments in this work highlight the importance of 
chemical functionality which controls both thermodynamic principles such as precursor / 
polymer solubility and kinetic principles such as facilitated transport mechanisms.  

Thermodynamically, good solubility represents a low enthalpy of mixing between the sorbing 
molecule and the polymer which results from similar cohesive energies (“like dissolves like”). 
Frameworks for quantifying these interactions and predicting polymer solubilities are an ongoing 
area of study. 66 One frequently used framework for understanding solubility is the Hildebrand 
solubility parameter. The Hildebrand solubility parameter (d) represents a material’s total 
cohesive interactions and is related to the enthalpy of vaporization (Hv) and molar volume (V) of 
the molecule through Equation 2. 

𝛿 = #!!"#$
%

$
&.(
                                                                                                                        (Equation 2) 

For solvents and other small molecules with observable boiling points, these values can be 
calculated; however, polymers generally degrade before reaching the point of vaporization. 
Therefore, their Hildebrand solubility parameters are estimated by evaluating polymer solubility 



in a range of solvents with known solubility parameters and approximating the parameter from 
the results. Additional methods for determining the solubility of a polymer include group 
contribution theory, 67 density functional theory, and machine learning based on available 
experimental datasets. 66 The Hildebrand solubility windows of PMMA and PS as computed in the 
Polymer Genome Initiative58 and experimentally determined in literature63 are presented in 
Table 1. The Hildebrand solubility windows of PMMA and PS are 17.4 - 26.7 and 17.4 - 21.7 
respectively. While these solubility parameters are different enough to cause phase separation 
of block copolymers made of these two polymers, they are similar enough in value that PMMA 
and PS share many common solvents. The Hildebrand solubility parameter for TMA from 
literature and as computed through DFT is presented in Table 2. In literature64 the experimentally 
reported Hildebrand solubility parameter for TMA is 20.8 MPa1/2, which differs significantly from 
the Hildebrand solubility parameter that we computed from DFT using cohesion energies (30.2 
MPa1/2). The difference between the computed value and the experimental may be due to TMA 
frequently existing in a dimeric form rather than the monomer form used for DFT or that the 
cohesion energy calculated relies upon starting in crystallographic form rather than liquid form 
(which TMA exists as at the experimental temperature). 

While the experimental solubility parameter of TMA is within the Hildebrand solubility window 
of both polymers and the DFT computed parameter is outside of both, we speculate that the 
significantly wider solubility window of PMMA leads to improved solubility of TMA into PMMA. 
Taking this solubility window approach, we hypothesize that differences in solubility driven by 
cohesive energy differences may explain the different TMA sorption behavior for these two 
polymers. Additionally, DFT results from literature support significantly different interactions 
between the polymers and TMA with the stabilization energy of TMA with PMMA found to be -
14.17 kcal/mol and TMA with PS as -2.66 kcal/mol. 68 

In addition to modifying the thermodynamic solubility behavior, functional groups may also 
facilitate faster transport mechanisms for the precursor within the polymer. The 17.5 h exposure 
time utilized herein does not constitute an infinite hold time and the uptake of TMA into PS, 
especially at 130 ̊ C, may continue to increase over longer times. In polymer membrane literature, 
the presence of functional groups that bind and debind with a diffusing molecule can improve 
the rate of diffusion through a facilitated transport mechanism. 69 In fact, this mechanism has 
been proposed and both experimentally and computationally supported for VPI in work by Sasao 
et al. 68,70 Therefore, a lack of facilitated transport may also play a role in the behavior of TMA 
sorption into PS. 

From these findings, the mechanism of low TMA infiltration into PS is specified to one of low 
sorption arising from chemical rather than physical aspects of the polymer. However, the exact 
role of chemical functionality in this infiltration process is still unclear and may be 
thermodynamic, kinetic, or a combination as functional groups control both solubility and 
transport mechanisms. 

3.3 Utilizing PS as an Infiltration Blocking Layer or For Area Selective Infiltration 

As a final demonstration of PS’s ability to block TMA mass transport, poly(ethylene terephthalate) 
[PET] films were spatially coated with PS and then infiltrated with TMA and water vapor at 70 



and 130 ˚C. PET is known to infiltrate rapidly and to a large extent with TMA at both of these 
temperatures with a known color change above 100 ˚C. 13,14,49 As shown in Figure 3a, 
approximately 0.15 mm thick PET films were coated with PS by dip coating in a 10 weight percent 
solution of PS in toluene. Patterned films were created by attaching Kapton tape to one side of 
the film prior to dip coating which was removed immediately prior to infiltration featuring a five 
h TMA exposure step as described in Section 2.4. 

 

Figure 3. Vapor phase infiltration of PS patterned PET films. a) Preparation of ~0.15 mm thick PET 
patterned with a coating of ~ 2-4 micron thick PS by masking with Kapton tape and dip coating in 
10 weight percent PS in toluene. b) Photographs of patterned PS / PET films after infiltration with 
trimethylaluminum and water vapor at 70 and 130 ˚C accompanied by SEM / EDX at higher 
magnifications. 

Figure 3b shows photographs taken of the PS patterned PET films following infiltration. For both 
infiltration temperatures, the portion of the film that was not coated with PS turns hazy and is 
white at 70 ˚C and yellow at 130 ˚C while the portions that are coated with PS remain colorless 
and clear. To confirm selective infiltration with aluminum, SEM images with EDX maps were taken 
(in plan view) of the edges of the patterned regions which reveal significant aluminum presences 
in the patterned regions alone. Cross section SEM images with EDX maps in Figure S3 
demonstrate aluminum signal into the bulk of uncoated PET films and no aluminum signal within 
the bulk of PS coated PET.  

These results emphasize experimentally the utility of non-infiltrating for patterning applications 
even through simple methods such as selective polymer coating from solution. Further, the 
patterning behavior highlights how PS coatings under these conditions can serve as an effective 
blocking layer even during long exposure times by preventing TMA from reaching the underlying 
substrate. Ultimately, this patterning is possible because the poor infiltration of TMA into PS is 
the result of minimal sorption rather than significant sorption with no entrapment.  

Conclusions 

QCM gravimetry has been used to study the sorption of TMA into PS and PMMA above and below 
their glass transition temperatures. As expected, PMMA sorbs a large amount of TMA.  
Interestingly, though, PS sorbs near zero TMA precursor. The low sorption of TMA into PS reveals 
that the lack of TMA infiltration into PS is a result of poor sorption and not just a lack of binding 



interactions within the bulk of the polymer.  This lack of sorption does not appear to be the result 
of differences in free volume of the polymers but rather likely related to a lack of chemically 
interacting functional groups that minimize overall thermodynamic sorption and/or facilitated 
transport. This highlights the significant role that functional groups play in VPI beyond 
mechanisms for chemical entrapment. Polystyrene’s effective blocking of TMA sorption has 
significant implications for area-selective patterning. Here we conduct a proof-of-concept 
demonstration of area-selective infiltration using simple selective PS coatings on PET films during 
long TMA exposures. An improved understanding of the chemical mechanisms that limit and/or 
enhance sorption of inorganic precursors into a polymer will advance new pathways to area-
selective deposition. Moreover, this understanding will have direct implications to the kinetics of 
vapor infiltration into self-assembled block-copolymer structures; if precursors do not enter 
certain polymer blocks, this will increase tortuosity and reduce overall transport kinetics.  
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