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Influence of different ester side groups in
polymers on the vapor phase infiltration with
trimethyl aluminum†

Lukas Mai, a Dina Maniar, b Frederik Zysk,c Judith Schöbel,b Thomas D. Kühne,c

Katja Loos b and Anjana Devi *a

The vapor phase infiltration (VPI) process of trimethyl aluminum (TMA) into poly(4-acetoxystyrene)

(POAcSt), poly(nonyl methacrylate) (PNMA) and poly(tert-butyl methacrylate) (PtBMA) is reported. Depth-

profiling X-ray photoelectron spectroscopy (XPS) measurements are used for the first time for VPI based

hybrid materials to determine the aluminum content over the polymer film thickness. An understanding

of the reaction mechanism on the interaction of TMA infiltrating into the different polymers was obtained

through infrared (IR) spectroscopy supported by density functional theory (DFT) studies. It is shown that

the loading with aluminum is highly dependent on the respective ester side group of the used polymer,

which is observed to be the reactive site for TMA during the infiltration. IR spectroscopy hints that the

infiltration is incomplete for POAcSt and PNMA, as indicated by the characteristic vibration bands of the

aluminum coordination to the carbonyl groups within the polymers. In this context, two different reaction

pathways are discussed. One deals with the formation of an acetal, the other is characterized by the

release of a leaving group. Both were found to be in direct concurrence dependent on the polymer side

group as revealed by DFT calculations of the IR spectra, as well as the reaction energies of two possible

reaction paths. From this study, one can infer that the degree of infiltration in a VPI process strongly

depends on the polymer side groups, which facilitates the choice of the polymer for targeted

applications.

Introduction

In times of an enormous demand on highly efficient computer
chips, flexible electronics and other nanotechnology products,
the interest in inorganic–organic hybrid materials is rapidly
increasing. This derives from the advantageous fusion of pro-
perties of inorganic materials with those of organic materials.
For example, a high mechanical resistance as found in cer-
amics or tunable electrical conductivity, known from semi-
conductors or metals may be combined with the flexibility and
light weight of an organic polymer.1–5

Typically, different thin film architectures or nanolaminates
are used for the functionalization of surfaces in nanotechno-
logy devices. Hence, atomic layer deposition (ALD),6,7 is com-
bined with molecular layer deposition (MLD),8 for the fabrica-
tion of hybrid materials. In this atomic/molecular layer depo-
sition (ALD/MLD) technique,1,5,8 an inorganic precursor, com-
monly a metalorganic complex, is brought to reaction with a
substrate surface and subsequently with an organic precursor,
separated by inert gas purges, to form the hybrid
material, layer by layer with an atomic level precision.
However, since the reactions in ALD/MLD need a certain acti-
vation energy, and some organic molecules can only be vapor-
ized at elevated temperatures, the deposition temperature of
such processes is often above the glass transition temperature
of most polymers,9,10 which is limiting the use in flexible
applications.

Based on the ALD technique, vapor phase infiltration (VPI)
was developed in which the inorganic precursor infiltrates an
organic polymer substrate, thereby directly transforming it
into a hybrid material, without the need of a volatile organic
co-reactant.1,3,11 This approach is known since 2009, when
Knez et al. reported an increased toughness of spider silk
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which was achieved by infiltrating it with Al, Zn or Ti precur-
sors.12 Furthermore, in a recent study it was found that VPI is
also contributing to ALD processes when polymeric substrates
are used.13 The VPI mechanism consists of three steps: dis-
solution of the precursor in the polymer, diffusion of the pre-
cursor and by-products through the polymer structure and
entrapment of the precursor by reaction with the polymer
chains.11 Thus, from a precursor point of view, apart from the
typical ALD criteria volatility, thermal stability and
reactivity,14–16 especially shape, size and polarity of the mole-
cule play a major role for dissolution and diffusion processes
and can be tuned for the desired hybrid properties.17,18

However, as substrate in VPI, the physico-chemical properties
of the organic polymer play a crucial role as well, as its free
volume and tortuosity majorly contribute to the dissolution
and diffusion processes and the functional groups not only
determine the reactivity but also may release by-products that
need to diffuse off the polymer.9,19,20 Logically, the infiltration
temperature is influencing all three parameters, i.e. dis-
solution, diffusion and reactivity drastically.21,22

Varying just one of these parameters, can change the infil-
tration behavior and the resulting hybrid properties, which
opens a versatile playground for different applications. For
example, hybrid-polymers from VPI were used as gas barrier
layers23 or in membranes24 because of a changed diffusivity of
gases through the hybrid material as compared to the bare
polymer. Additionally, by controlling the amount of metal that
is infiltrated into the polymer, the conductivity can be tuned,
which for example is used in solar cells.25,26 Furthermore,
many transformed hybrid-polymers are known to have an
increased mechanical strength12,21,27–29 and chemical resis-
tance,30 which enables, among other applications, a new pat-
terning procedure in lithography processes.31–33

Especially for the latter application, the infiltration of poly
(methyl methacrylate) (PMMA) and the block copolymer of
PMMA and polystyrene (PS) with trimethylaluminum (TMA)
was investigated, as PMMA exhibits a large free volume which
enables a fast and easy infiltration.30,34–39 Hence, the VPI
process could be of high interest for the semiconductor indus-
try as it can easily be performed in existing ALD equipment.
However, to understand which material is formed during the
infiltration and how this changes the properties for a desired
application, knowledge about the interaction of the precursor
with the polymer is needed. Elam et al.38 as well as Parsons
and co-workers39 have postulated a reaction mechanism of
TMA with PMMA which results in two different reaction pro-
ducts. While both groups observed an initial coordination
complex of TMA to the carbonyl group of the polymer, Elam
et al. postulated a rearrangement of that complex to form an
acetal structure. Parsons et al. observed a cleavage of the
methylated side group of the ester by reaction of a methyl
group of TMA with the ester function. In this context, the aim
of this study is to investigate the influence of the side group of
the ester function in different polymers, structurally related to
PMMA, on the VPI of TMA and to gain insight into the under-
lying mechanism.

Here, we present the development of a VPI process of TMA
into spin-coated poly(4-acetoxystyrene) (POAcSt), poly(nonyl
methacrylate) (PNMA) and poly(tert-butyl methacrylate)
(PtBMA) on Si(100) at 85 °C and varied pulse times of TMA.
The infiltration is evaluated by depth profiling of the 40 nm
thick polymer samples via X-ray photoelectron spectroscopy
(XPS) in combination with Ar+ sputtering, which is a new
approach for VPI processes that directly delivers a depth
dependent composition of the thin films. Furthermore, the
transformed hybrid polymers are investigated by infrared (IR)
spectroscopy accompanied by density-functional-theory (DFT)
calculations to determine the more probable reaction products
and attain deeper insight into the mechanism and reaction
products.

Results and discussion

The solutions of the three targeted polymers (i) POAcSt, (ii)
PNMA and (iii) PtBMA were synthesized and spin coated on
Si(100) substrates. The thickness was determined by ellipso-
metry. Subsequently, they were loaded on a heated substrate
holder (85 °C) in an ALD reactor under a vacuum (10−5 mbar).
In the next step, the infiltration process was performed, the
details of which are provided in the Experimental section. For
the VPI process, the precursor must dissolve in the polymer,
diffuse through it and finally react with the functional groups
of the polymer.11 Afterwards, the reaction products must be
able to leave the polymer. Therefore, the reactor was used in a
static vacuum condition (i.e., the valve between pump and
reaction chamber was closed after the base pressure was
reached) during the precursor pulse to ensure a sufficient TMA
pressure around the substrate during the soaking time.
Furthermore, in a static vacuum a high concentration gradient
is generated which accelerates the diffusion processes. Finally,
after the precursor pulse and a vacuum purge, one water pulse
was used to fix all unreacted Al–CH3 groups as Al–OH within
the sample.

The XPS depth profiles of all infiltrated polymers are
depicted in the ESI (Fig. S1†). The contents of the elements Al
(red squares), C (blue circles), O (green triangles) and Si (black
stars) are given in dependence of the etching time into the
polymer which is directly correlated to the depth. As evident,
the time to etch through an approximately 40 nm thick infil-
trated polymer layer is strongly dependent on the polymer
material. Here, PNMA is etched already after ∼200 s, PtBMA
after ∼250 s and POAcSt after ∼550 s which is indicated by an
increased Si signal from the underlying substrate. Thus, the
supposed small changes in the molecular structure of the poly-
mers, as depicted in Fig. 2, have a huge influence on the
polymer properties already.

The infiltration of TMA into the polymers can be tracked by
the aluminum content which is depicted in Fig. 1 for the
different polymers and TMA pulse times. As depicted, the suc-
cessful VPI of aluminum into the three polymers investigated
in this study with TMA can be confirmed. The completeness of
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the infiltration process is indicated by a nearly constant alumi-
num content over the whole 40 nm thick polymer layer.

In case of POAcSt (Fig. 1a), the aluminum content saturates
with a concentration of around 15 at.%, which is already
reached for the shortest TMA pulse time of one 10 s pulse.
Interestingly, with a 40 s pulse, the aluminum seems to
accumulate at the surface. This trend is even stronger for two
20 s pulses of TMA in between of which vacuum was applied
and could be attributed to the different reactions that TMA
can undergo with POAcSt as depicted in Fig. 2a.

Elam et al.38 as well as Parsons and co-workers39 postulated
two different reaction mechanisms that ester groups can
undergo with TMA during VPI (R1 and R2 in Fig. 2). Both
mechanisms are starting with an intermediate adduct of TMA
with the carbonyl function of the ester. The first one is an
addition of one methyl group of TMA to the carbon atom of
the ester function to form an acetal in which one oxygen is
bonded to dimethylaluminum (R1 in Fig. 2). In case of
POAcSt, the second mechanism would result in cleavage of di-
methylaluminum acetate from the polymeric chain (R2 in
Fig. 2), which is a relatively small and volatile compound.
Thus, for the longer TMA pulse time, an increased diffusion of
dimethylaluminum acetate along the concentration gradient,
i.e., toward the surface might result in an accumulation of
aluminum near the surface. This is supported by the fact, that
this effect is stronger for the 2 × 20 s pulses when a turbopump
vacuum is applied in between the pulses which elongates the
total time of the sample in vacuum and increases the speed of
diffusion. Another explanation could be that once all reactive
sites of the polymer chains have taken part in the reaction
with TMA, the infiltrated polymer has different properties and
diffusion of TMA into the hybrid-polymer is hindered. This
will also result in an accumulation of aluminum near the
surface which is trapped in the polymer by a reaction with
unreacted polymer chains or with water in the last step.

For PNMA the situation is different as illustrated in Fig. 1b.
For the longer exposure times of one 40 s pulse or two 20 s
pulses, the aluminum content is saturating at around ∼20 at.

%, while two times 20 s seem to result in a more homogeneous
distribution of the aluminum over the polymer depth profile.
Furthermore, for the shortest one time 10 s pulse, the infiltra-
tion is not complete with an aluminum concentration of
∼15 at.%. These results seem to be surprising considering the
glass transition temperature (Tg, cf. Fig. S2†) of PNMA. While
POAcSt and PtBMA show Tg’s of 123 °C and 117 °C, respect-
ively, which is well above the applied infiltration temperature
of 85 °C, PNMA exhibits a considerably lower Tg of −28 °C.
Since the glass transition temperature of polymers is defined
as the temperature, above which the chain segment mobility of
the amorphous chains is enabled, the amorphous PNMA
chains are expected to be mobile at the given infiltration temp-
erature. The chain mobility should lead to an enhanced infil-
tration process of TMA through the polymer chains. However,
the contrary behavior is observed, which can be explained by
the structure of the polymer as outlined in Fig. 2b. In PNMA, a
long nonyl-group is attached to the ester function, which sig-
nificantly increases the diffusion paths of TMA toward reaction
sites. Thus, the tortuosity is increased for PNMA. Furthermore,
considering the two reaction mechanisms, the reaction
product of PNMA and TMA will result either in an even more
bulky acetal or releases an n-decane (C10H22) molecule that is
hindered in diffusion from the polymer due to its large size
and the high boiling point (174 °C at 1 atm). This might
explain the more homogenous distribution of aluminum for
the two 20 s TMA pulses, as the additional vacuum step leads
to a decrease in the boiling point and therefore enhances the
diffusion of the large C10H22 molecules through the polymer.

The highest amount of aluminum with a homogeneous dis-
tribution for the whole polymer depth can be found for PtBMA
as depicted in Fig. 1c. Here, all TMA pulse times, including
the shortest 10 s pulse, result in a high aluminum concen-
tration of ∼23 at.%. This finding is explainable by the size of a
PtBMA unit which is the smallest of all polymers (cf. Fig. 2c).
Combined with the small but bulky tert-butyl (tBu) group at
the ester function, this increases the free volume of the
polymer, which enhances the diffusion. Furthermore, the reac-

Fig. 1 Aluminum content of the polymers POAcSt (a), PNMA (b) and PtBMA (c) after VPI with TMA doses of 1 × 10 s (blue squares), 2 × 20 s (red
circles) and 1 × 40 s (green triangles).
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tion with TMA might release a neopentane (H3C-
tBu) molecule

which is gaseous at process conditions and therefore more
likely to diffuse from the polymer as compared to the n-decane
of the previously described PNMA. Thus, the diffusion rate is
the highest for PtBMA which results in a complete reaction of
TMA even for very short pulses.

For both polymethacrylates (PNMA and PtBMA) no accumu-
lation of aluminum near the surface could be observed. In
POAcSt, however, the aluminum is part of a potential leaving
group and cannot be attached to the polymeric chain
anymore. As this accumulation is not the case for the other

two polymers, it is indicating that the leaving group plays a
major role in the reaction of TMA with polymers.

Interestingly, the detected amount of Al in all polymers
seems to be higher than theoretically expected from the reac-
tions R1 or R2. For example, in POAcSt the ratio between
carbon and aluminum, as evident from Fig. S1,† should be
C/Al = 12 in case of R1 and R2 if the leaving group remains
within the polymer. However, the detected values range
between C/Al∼ 3–4. For PNMA, C/Al ratios between 14 and 4
should be expected depending on the reaction path R1 or R2,
respectively, but values between 2.5 and 3.5 are detected.

Fig. 2 Chemical structure of the polymers poly(4-acetoxystyrene) (POAcSt) (a), poly(nonyl methacrylate) (PNMA) (b) and poly(tert-butyl methacry-
late) (PtBMA) (c), and possible reactions that the polymers can undergo during the VPI experiments according to Elam et al.38 (R1) and Parsons
et al.39 (R2).
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Lastly, in PtBMA the C/Al ratios should be within 9 and 4, for
R1 and R2, but values around 2 were measured. This indicates
that either during sputtering in the XPS experiment the carbon
is preferentially removed, or a second reaction of TMA with the
polymer chain takes place which might be indicated by investi-
gations of reactions of TMA with ester containing lubricants in
toluene solution.57,58 A third option would be that the time for
excess TMA within the polymer was too short to diffuse off the
polymer before it was trapped by reaction with water to form
aluminum oxide during the water pulse. Of course, all three
phenomena may occur at the same time.

To gain further insights into the infiltration process,
Fourier-Transform Infrared (FT-IR) spectroscopy was per-
formed of the untreated polymers as well as the polymers after
infiltration with TMA employing two 20 s pulses. For a com-
parison, the spectra are merged in Fig. 3 and the prominent IR
modes have been assigned to their respective vibrations within
the molecular structure based on the IR modes identified by
Parsons and co-workers.39 Prior to the infiltration, typical IR
modes of the polymers are arising such as the C–H stretch
vibrations between wavenumbers of 2800 cm−1 and 3000 cm−1

for all three polymers as well as the aromatic CvC vibration at
1506 cm−1 in case of POAcSt.40 Furthermore, the carbonyl
vibration at 1763 cm−1, 1728 cm−1 and 1718 cm−1 for POAcSt,
PNMA and PtBMA respectively is a prominent vibration mode
in all three spectra. Additionally, the O–C vibration of the ester
side group can be found at 1023 cm−1 and 1128 cm−1 for
PNMA and PtBMA, respectively,37,41 while for POAcSt this
specific IR mode is not arising but the characteristic acetyl
C–O vibration at 1223 cm−1 is visible.40

After infiltration with TMA and subsequent reaction with
water, distinct differences in the spectra as compared to the
bare polymers can be observed. First, an IR mode between
3500 cm−1 and 3750 cm−1 assignable to O–H vibrations can be
found in every infiltrated sample.40 This could explained by
water that did not diffuse off the polymer after the infiltration
which becomes possible due to a more polar hybrid polymer
due to the introduction of aluminum into the polymer films.
Furthermore, after the reaction of TMA with the polymer
chains, the aluminum alkyl compounds will still react with
water or air to form aluminum hydroxide species within the
films that also can contribute to the O–H vibrations.

In addition to the XPS results, indicating a significant
amount of Al in the films, the existence of aluminum within
the films is further proven by the Al–O vibration mode at
882 cm−1, 878 cm−1 and 880 cm−1 in POAcSt, PNMA and
PtBMA, respectively, after the infiltration process.38,42

Interestingly, a sharp peak arises around 700 cm−1 in all poly-
mers after TMA infiltration which might be an indication of
remaining, unreacted Al–C bonds.37,43

Further changes in the IR spectra after the VPI with TMA
can be observed in the O–C vibration of the ester side groups,
which are disappearing or at least diminishing after infiltra-
tion for PNMA and PtBMA. In the case of POAcSt, the vibration
of the acetyl C–O group is slightly decreased in intensity. This
might be ascribed to a predominant reaction path R2 (Fig. 2)

where the O–C bond is exchanged by an O–Al bond in PNMA
and PtBMA, while for POAcSt the acetyl group is completely
transferred to the leaving group and thus, might partly diffuse
off the polymer.

The last significant change in the IR spectra can be
observed within the CvO vibration. Here, a shift can be
observed that was described by Parsons et al.39 as a reason of a
bridging Al center to two different carboxylic groups after reac-
tion path R2 (Fig. 2). In POAcSt, the peak is shifted to
1611 cm−1 while a small contribution is not shifted, indicating

Fig. 3 FT-IR spectra with assigned IR modes of POAcSt (top), PNMA
(middle) and PtBMA (bottom) before (red) and after infiltration (blue)
with TMA using two 20 s pulses.
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some unreacted ester groups, which is similar for PNMA where
the CvO vibration caused a broader peak with a center at
1611 cm−1. In PNMA the unreacted ester groups show the
most intense signals as compared to the other polymers, indi-
cating that the large side groups are drastically hindering
diffusion of TMA and reaction products within the polymer
due to the high tortuosity. Probably, with longer pulsing and
purge times a higher amount of aluminum can be achieved in
PNMA. A complete hybrid transformation can be observed for
PtBMA where the initial peak completely disappears and is
shifted to 1589 cm−1. This finding is also in line with the XPS
results which show the highest amount of aluminum in the
PtBMA films for the investigated polymers. In general,
especially the CvO vibration is indicating that reaction path
R2 from Fig. 2 is the dominant, as a formation of an acetal
would result in a diminished or disappeared signal for that IR
mode.

Apart from the experimental IR analysis, computational IR
calculations were performed to analyze which reaction
pathway is more likely to occur. For that, the IR spectrum of
the bare polymer POAcSt, PNMA and PtBMA was calculated
and subtracted from the calculated IR spectrum from one
repeating unit of the polymer chain according to path R1 or
R2. That means in case of R2, the leaving group was assumed
to completely be diffused off the polymer and was not part of
the calculation anymore. The resulting relative IR spectra are
shown in Fig. 4 and compared to the relative experimental
spectra (calculated from the data depicted in Fig. 3 in a range
from 700 cm−1 to 2000 cm−1).

A positive value of the relative IR spectrum (greater than
the gray dotted zero-line) means, the corresponding IR peak at
that wavenumber increases after infiltration, while a negative
deviation would mean a diminishing intensity. This is true for
both, the theoretical and experimental spectra in Fig. 4.
Absolute values should not be compared, as for these calcu-
lations several simplifications, such as the calculation of
repeating units instead of polymers and the neglection of
diffusion and steric phenomena were made. Therefore, theore-
tical calculations commonly show a variance in wavenumbers
of normal modes which is often combated with frequency
scale factors depending on the system and used exchange–cor-
relation functional.44 Here, no correction factor was used and
thus, only the qualitative trend can be compared.

First, in all polymers the described shift of the CvO bond
due to a bridging Al center between two carboxylic acid
groups, as reported by Parsons et al.,39 is not observed in the
simulation since this effect is not possible due to the location
of the functional groups in our theoretical model.

For the theoretical and experimental relative IR spectra of
POAcSt, it is striking that the experimental trend is following
well that of the theoretical curve of R1 in the range from
1000 cm−1 to 1500 cm−1. Especially between 1100 cm−1 and
1300 cm−1 (marked in blue) it is matching well with the spec-
trum of the reaction products of pathway R1 showing a positive
experimental deviation at ∼1250 cm−1, negative at ∼1200 cm−1

and positive again at ∼1100 cm−1. The frequency range from

Fig. 4 Difference of the calculated IR spectra of one monomer of the
polymeric chain of pathway R1 (blue) or R2 (red) and the pure polymer
POAcSt (top), PNMA (middle) and PtBMA (bottom), respectively. For
comparison, the difference of the experimental IR spectrum after
infiltration with TMA and the respective bare polymer are shown at the
bottom of each panel (black). Note: for pathway R2 the leaving group
was not used for the IR calculations as a complete diffusion off the
polymer was assumed. The frequency ranges of interest are highlighted
in colors.
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1100 cm−1 to 900 cm−1 (highlighted in red) also aligns well
with the calculated IR spectrum of the reaction products of
pathway R1, showing two positive peaks and a positive absol-
ute differential. Differences for the Al–O vibration at
∼880 cm−1 between the experimental and theoretical trend
could be explained by the fact that in POAcSt for R2 no Al is
present after infiltration, as it was assumed to diffuse off the
polymer as part of the leaving group. In total, the good match
of the trends in the range between 1000 cm−1 and 1500 cm−1

is indicating that R1 is occurring for POAcSt, which is in agree-
ment with the high amount of around ∼15 at% Al found
within the infiltrated samples. However, the found gradient
toward a higher Al content on the polymer surface is indicat-
ing that pathway R2 is also present, which is not considered in
the IR calculations due to the complete removal of aluminum
acetate. Thus, most likely both reaction pathways are in direct
competition, occurring at the same time. Therefore, the
leaving group from R2 can still be fixed near the surface due to
a second or even third reaction of the Al–CH3 groups and
polymer chains during the diffusion of the dimethyl alumi-
num acetate, maybe also creating some crosslinking.

For PNMA, within the range from 1000 cm−1 to 1500 cm−1

the qualitative course of the spectra cannot be assigned to just
one of the reaction paths. Marked in green, the positive peak at
1400 cm−1 and 1450 cm−1 is following more the trend of the
spectrum from the products of pathway R2. Furthermore, the
overall negative deviation between 1000 cm−1 and 1100 cm−1

(highlighted in red) fits to the spectrum of path R2 to a higher
extent and is not aligning with R1 in absolute value or trend.
However, in the area marked in blue between 1100 cm−1 and
1350 cm−1, the course of the relative IR spectra cannot align to
any specific peak from the experimental data, indicating that
again both reaction pathways are present during the infiltration
with TMA even though pathway R2 seem to be more dominant.

For PtBMA there are three highlighted areas within the
spectrum as well. Even though the peak at around 1725 cm−1

(highlighted in green) agrees with the spectrum of the pro-
ducts of pathway R2, the results in that area must be taken
with care because of the model used in the calculation as
described above. In the frequency range between 1200 cm−1

and 1400 cm−1 (highlighted in blue), it is not possible to align
the experimental differential with the spectra of pathway R2 or
R1, considering the inaccuracy of absolute values. Only the dis-
tinct peak at 1200 cm−1 could indicate dominance of pathway
R2. The strongest indication can be found in the area high-
lighted in red, where the experimental differential shows a
strong negative peak at 1125 cm−1. As this was already attribu-
ted to the O–C vibration of the ester, we would expect this devi-
ation to be negative (diminishing peak intensity) for pathway
R2, but positive for path R1, which is in well alignment with
our findings. Concluding, this indicates that reaction pathway
R2 is probable to be the dominant reaction path for PtBMA.
However, pathway R1 cannot ruled out completely due to the
given simplifications necessary for the theoretical calculations.

To identify which of the illustrated reaction pathways
(Fig. 2) is more likely and to strengthen the mentioned hypoth-

eses with respect to the reaction mechanisms, the reaction
energies were calculated from geometry optimized structures
of one monomer of the polymers before infiltration, TMA and
the possible monomeric product of the reactions. The found
values are given in Table 1 and pictures of the optimized struc-
tures are shown in Fig. S3 in the ESI.† First, all the potential
energy differences are negative indicating that all reactions are
energetically favored. Second, if only reaction pathway R1
would occur, it is most favorable for PNMA with ER1 = −1.418
eV, followed by POAcSt (ER1 = −1.170 eV) and PtBMA (ER1 =
−0.656 eV). Furthermore, reaction path R2 is most likely for
PNMA with ER2 = −2.454 eV in a row with PtBMA (ER2 = −2.153
eV) and POAcSt (ER2 = −1.626 eV). The finding, that for PNMA
both reactions are most favorable is in line with the finding of
competing reaction from our theoretical IR analysis.
Interestingly, from the experimental IR analysis there is evi-
dence that the infiltration with TMA is not complete to the
highest extent compared to all investigated polymers, even
though the reactions are most favored. However, at this point
it needs to be noted that the theoretical calculation is only
giving the reaction energy of TMA and one monomer which
are already in proximity and thus not including diffusion
phenomena and the high tortuosity of PNMA. From the absol-
ute energy values, it is striking that pathway R2 is for all three
polymers the more favored one as indicated by more negative
energy values. This is in line with the XPS results, as well as
the experimental IR analysis and explains the accumulation of
Al near the surface of the POAcSt samples which is possible
because of an Al containing leaving group. To create an idea to
what extent the two reactions occur within the polymers, the
energy difference ER2 − ER1 = ΔER21 can be used. The largest
difference can be found for PtBMA with ΔER21 = −1.497 eV, fol-
lowed by PNMA with a difference of ΔER21 = −1.036 eV and
POAcSt with ΔER21 = −0.456 eV. In other words, this finding
means that R2 is highly favored for PtBMA, while a mixture of
both reaction paths is most probable for POAcSt. This could
explain the complete and fast transformation of the PtBMA
samples into its Al-hybrid which is possible due to the fast
diffusion of the neo-pentyl leaving group compared to the
other polymers. On the other hand, for PNMA diffusion
phenomena are playing a more significant role due to a higher
tortuosity because of the large side groups. For POAcSt, cross
linking may need to be considered due to a reactive leaving
group that can diffuse within the polymer, which is further
decreasing the diffusion speed due to a reduced free volume of
the hybrid as well as a higher tortuosity.

Table 1 Calculated energies for the reactions following pathways R1
and R2 shown in Fig. 2

POAcSt PNMA PtBMA

ER1 (eV) −1.170 −1.418 −0.656
ER2 (eV) −1.626 −2.454 −2.153
ER2 − ER1 (eV) −0.456 −1.036 −1.497
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While this study is a step to understand the mechanism
behind VPI processes, further studies about the application of
these infiltrated polymers in photolithography, membranes or
gas barriers should be performed.

Conclusions

New VPI processes of TMA into POAcSt, PNMA and PtBMA
were successfully developed. The amount of Al was determined
by XPS depth profiling, indicating that for smaller side groups
at the ester function, the infiltration amount of TMA is
increasing from 15 at.% over 20 at.% to 23 at.% for two 20 s
TMA pulses in POAcSt, PNMA and PtBMA, respectively. This
may be explained by the increased tortuosity for larger side
groups, which is furthermore confirmed by IR spectroscopy
experiments. Here, a shift of the CvO vibration to lower wave-
numbers is indicating that only for PtBMA the infiltration is
completed while for POAcSt and especially in PNMA, with the
highest tortuosity, unreacted CvO groups can be detected.
Theoretically calculated IR spectra indicate that two different
reaction mechanisms are possible which are competing during
infiltration. While POAcSt is mainly showing functions of a
pathway that results in a crosslinked acetal polymer, in PtBMA
the cleavage of the ester side group as a leaving group is predo-
minant. However, even for POAcSt, this leaving group is
created as an accumulation of Al near the polymer surface that
would be in line with an aluminum acetate leaving group. This
is also confirmed by the calculated reaction energies which
indicate that the cleavage of a leaving group is preferred over
the formation of an acetal by a lower reaction enthalpy.

Currently, we are investigating the infiltrated polymers as
gas barrier material, where this study helps to understand the
mechanism of vapor phase infiltration processes of Al into the
polymers to fine tune the materials properties. In future, this
approach can also be extended to other polymers of interest
and this valuable information can be adopted to produce
chemically defined inorganic–organic hybrid materials which
should be tested for further applications such as photolitho-
graphy or membranes.

Experimental
Polymer processing

Materials. Poly(nonyl methacrylate) (PNMA) (Mn ¼ 17 500,
Mw ¼ 24 500, Đ = 1.4) and Poly(tert-butyl methacrylate)
(PtBMA) (Mn ¼ 15 200, Mw ¼ 15 400, Đ = 1.0) were purchased
from Polymer Source (Canada). 4-Acetoxystyrene (OAcSt), RAFT
agent and AIBN were purchased from Sigma-Aldrich. Absolute
methanol (MeOH, AR) was obtained from Biosolve Chemicals.
OAcSt was dried with calcium hydride (CaH2) overnight at
room temperature under argon and distilled before used.

Synthesis of poly(4-acetoxystyrene) (POAcSt). In a dried
Schlenk tube, 3 mL OAcSt (19.61 mmol, 62 eq.), 128 mg S-
(thiobenzoyl)thioglycolic acid (TBTGA, 0.316 mmol, 1 eq.) and

10.5 mg AIBN (0.0632 mmol, 0.2 eq.) were dissolved until a
homogeneous pink solution was observed. Then, the Schlenk
tube was placed in a pre-heated oil bath (70 °C) and the
mixture was stirred for 15 h. To stop the reaction, the Schlenk
tube was placed in liquid nitrogen. The polymer was allowed
to attain room temperature and was dissolved in THF. The
solution was precipitated twice from a tenfold excess of metha-
nol and dried in a vacuum oven (40 °C, 100 mbar). After final
drying, a pink powder was obtained (Mn ¼ 11 600,
Mw ¼ 15 600, Đ = 1.3).

Preparation of polymer solutions and spin coating pro-
cedure. Initially, POAcSt, PtBMA, and PNMA polymer solutions
were prepared by dissolving 1.5–2 wt.% of POAcSt powder in
cyclopentanone, and PtBMA and PNMA powder in toluene,
respectively. Then the solutions were filtered twice through a
syringe filter (0.2 µm PTFE) to avoid dust contamination.
Polymer thin films were formed by spin coating an adequate
amount of each polymer solution at 3000 to 5000 rpm for 60 s
onto Si wafers. Prior to spin coating, the Si wafers were
cleaned by a snow jet, treated with UV/O3 for 10 min, and
finally cleaned again by the snow jet to remove any adsorbed
particles. After spin coating, the polymer-coated Si wafers
were dried in a vacuum oven at 40 °C overnight (100 mbar),
to remove the residual solvent from the polymer films.
Ellipsometry measurements of the polymer films spun
onto Si wafers confirmed average film thicknesses of around
40 nm.

Analytics. Molecular weights (number-average, Mn, and
weight-average, Mw) of POAcSt were determined by size exclu-
sion chromatography (SEC) equipped with a triple detector,
consisting of a Viscotek Ralls detector, Viscotek Viscometer
model H502, and Schambeck RI2912 refractive index detector.
The separation was carried out by utilizing two PLgel 5 µm
MIXED-C, 300 mm columns from Agilent Technologies at
35 °C. THF 99 + %, extra pure, stabilized with BHT was used as
the eluent at a flow rate of 1.0 mL min−1. Data acquisition and
calculations were performed using Viscotek OmniSec software
version 5.0. Molecular weights were determined based on a
conventional calibration curve generated from narrow disper-
sity polystyrene standards (Agilent and Polymer Laboratories,
Mw ¼ 645� 3 001 000 gmol�1). The samples were filtered over
a 0.2 µm PTFE filter prior to injection.

The thickness of the polymer thin films was evaluated
using a V-VASE variable-angle spectroscopic ellipsometer from
J. A. Woollam Co. (Lincoln, NE). The values of ψ and Δ

recorded within a range of wavelength included between 300
and 1700 nm using focusing lenses at 70° to 75° from the
surface normal. Fitting of the raw data was performed based
on a three-layer model (Si/SiO2/Cauchy) using bulk dielectric
functions for Si and SiO2. The copolymer layers were analyzed

on the basis of the Cauchy model: nðλÞ ¼ An þ Bn

λ2
þ Cn

λ4
, where

n is the refractive index, λ is the wavelength, and A, B, and C
were assumed to be 1.55, 0.01, and 0, respectively, as values
for transparent organic films. All measurements were per-
formed under ambient conditions.
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Attenuated total reflection-Fourier transform infrared
(ATR-FTIR) spectra were recorded on a Bruker VERTEX 70
spectrometer equipped with an ATR diamond single reflection
accessory. The measurement resolution was 4 cm−1 and the
spectra were collected in the range of 4000–400 cm−1, with 32
scans for each sample. Atmospheric compensation and base-
line correction were applied to the collected spectra using
OPUS spectroscopy software (v7.0) (Bruker Optics).

Differential scanning calorimetry (DSC) measurements were
conducted to measure the thermal transitions of the polymers.
The measurements were performed on a TA-Instruments
Q1000 DSC by heating–cooling-heating scans with heating–
cooling rates of 10 °C min−1.

VPI process development

VPI process parameters. About 40 nm thick spin-coated
POAcSt, PNMA and PtBMA samples on Si(100) were infiltrated
with TMA (Strem, ≥98%) in a custom-built ALD reactor. For
the VPI experiments, the samples were maintained at 85 °C.
The infiltration process was performed as follows: first, the
sample was loaded onto the heated substrate holder and the
chamber was evacuated to reach a base pressure of 10–5 mbar.
Afterwards the chamber valve to the pump was closed and
TMA was pulsed for 10 s, 2 × 20 s or 40 s, respectively. In the
case of 2 × 20 s, the chamber was evacuated to the base pressure
in-between the two TMA pulses. The pressure within the
chamber was constantly rising during the TMA pulse, tracked to
a read-out value of 2 mbar, which was reached after the first 5 s.
However, a maximum chamber pressure of the TMA vapor
pressure of ∼100 mbar would be possible with a reactor wall
temperature of 60 °C.45 Then, the chamber was evacuated
again, and a 1 s water pulse was applied to entrap the infiltrated
TMA, before removing the sample from the reactor.

Analysis of the infiltrated samples. The bare and the infil-
trated samples were analyzed by XPS and IR spectroscopy. XPS
spectra were recorded using a ThermoFisher K-alpha + XPS
Surface Analysis instrument. The instrument uses a monochro-
matic Al Kα X-ray source (1486.6 eV, 1.2 kV). It is equipped
with a monatomic and a gas cluster ion source for etching the
sample, a dual beam flood gun for compensating the possible
charge effects and with the X-ray source. The XPS depth pro-
files to determine the composition of the polymers were
recorded by using defined etching times of Ar sputtering (500
eV for 30 s or 45 s depending on sample thickness). For the
estimation of the element content, the area under the core
level spectrum of the Al 2p peak for the aluminum content,
the C 1s peak for the carbon content, the O 1s peak for the
oxygen content and the Si 2p peak for the silicon content was
determined and correlated using the Avantage software. The
atomic % of each element was calculated by integrating each
individual spectrum after baseline correction.

FT-IR spectra of the thin films were measured using a
Nicolet 6700 FT-IR spectrometer with Attenuated Total
Reflectance (ATR) crystal attachment: at first, a background of
the dry crystal in air is recorded with a resolution of 1.0 cm−1

and 100 scans. This background is subtracted from all

recorded experimental spectra to cancel out backside refection
and eliminate contributions from the tool and the atmo-
sphere. Sampling time is approximatively 6–9 seconds.

DFT calculations

Geometry optimization and energy calculation. The geome-
try optimization for the pure polymers POAcSt, PNMA, PtBMA
and their reaction products R1 and R2 with TMA was done by
density functional theory (DFT) using the Quickstep module46

based on the Gaussian and plane waves method (GPW) as
implemented in cp2k.47 The Perdew–Burke–Ernzerhof (PBE)
exchange–correlation functional48,49 with Grimme’s dispersion
correction D350 was used to calculate IR intensities approxi-
mately while a 16 Å cutoff was applied. A double-zeta basis set
(DZVP-MOLOPT-SR-GTH)51 was used together with the corres-
ponding Goedecker–Teter–Hutter (GTH) pseudopotentials.52

The isolated polymers with two functional groups each in
gas phase were modeled with the molecular builder and visual-
ization tool Avogadro53 and a full geometry optimization and
potential energy calculation was carried out.

The calculated potential energies in eV of the products were
used to calculate the potential energy differences for the
studied reaction paths by subtracting the product energies
(from the two pathways R2 and R1) from the educt energies
(TMA plus polymer).

Computational vibrational analysis. The previously for
minimum energy optimized structures were used to do a
vibrational analysis, where the IR intensities are calculated as
the derivative of the dipole along the normal modes in a static
calculation. This is done using DFT with settings similarly as
have been used for the geometry optimization. The final IR
spectra were computed using the general molecular and elec-
tronic structure processing program (Molden),54,55 estimating
the IR spectrum by applying a Lorentzian distribution to the
intensities of the normal modes. The resulting frequencies
were not adjusted with a multiplication factor as sometimes
done to align them with experimental values.39

For a deeper look into the specifics and different methods to
calculate vibrational spectra from ab initio molecular dynamics
reading this study from B. Kirchner et al.56 is highly advised.
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