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ABSTRACT: Polyimides are interesting polymer materials for organic Spectroscopic| Broadband T e ooy
solvent nanofiltration (OSN) applications because of their high excess free ellipsometry | dielectric spectroscopy
volume and high chemical and temperature resistance. However, an open spect;gzzcopy

challenge that remains for glassy polymer materials (i.e., polyimides) is their [P"Y b,y <\ —_
tendency to swell in organic solvents which can lead to a loss of performance. T ”eg“e":‘“z’

An understanding on how swelling influences the polymer properties and |n-Hexane| h,, ;| A —
performance is then of crucial importance for assessing polyimide suitability in P Sy

OSN applications. Here, the combination of in situ spectroscopic ellipsometry |1ouene | | ENCS I
(iSE), broadband dielectric spectroscopy (BDS), and diffuse reflectance ™ Frequency (Ha)

Fourier transform infrared spectroscopy (DRIFT-FTIR) is applied to study

the molecular interaction of two organic penetrants, toluene and n-hexane, with Matrimid 5218 in detail. iSE shows that slightly
cross-linked Matrimid 5218 swells approximately seven times more in toluene (swelling degree &~ 28%) compared to in n-
hexane (swelling degree &~ 4%). Combined BDS and DRIFT-FTIR results indicate that toluene interacts with the benzene ring
present in the diamine via 7— interactions, while n-hexane likely fills up the excess free volume and interacts via local van der
Waals interactions. This work highlights the insights into the exact nature of the molecular interactions between the penetrant
and polymer that can be gained from a combination of BDS and other techniques and how these insights can be used to
estimate or understand solvent-induced swelling of polymers used in OSN applications.

B INTRODUCTION the plasticization and swelling in polyimides such as matrimid
that is induced by organic solvents.

Typically in plasticization studies, the penetrant mass
uptake, swelling, or performance of the polyimide are studied
as a function of penetrant exposure. Generally, these
techniques measure the consequences of the penetrant—
polymer interactions but provide no direct insight into the
underlying physical phenomena and the specific changes in the
dynamics of the penetrant and the polymer. By studying the
penetrant-induced relaxation dynamics, information on the
site-specific interactions of the penetrant with the molecular
groups inside the polymer can potentially be provided. For
example, Neubauer et al” studied in situ the influence of
swelling on the molecular dynamics of poly(2-vinyl-pyridine)
with broadband dielectric spectroscopy (BDS) utilizing
nanostructured electrodes. These molecular insights will

High-performance materials such as polyimides are known for
their rigid structure, high temperature resistance, and high
chemical resistance. Polyimides are for this reason interesting
candidates when requiring a high chemical and temperature
resistance in applications such as coatings or membranes.'
Because of their rigid structure and their tendency to
crystallize, many polyimides are nearly insoluble after the
imidization treatment. However by incorporating a copolymer
structure or steric hindrance by introducing a bulky molecular
group, the linearization of the rigid backbone is disrupted and
the solubility of the polyimide can be increased which has
advantages for processing but also a cost in terms of
susceptibility to plasticization.”® An example of such a
nonhomogenous polyimide is Matrimid 5218, from here
onward referred to as matrimid. In the field of membrane
technology, plasticization is a common problem that causes a
lower selectivity of the membrane and therefore the origin of _ : ¢
plasticization in polyimides such as matrimid is a well- resee}rch on the penetrant-induced relaxation dynamics for
researched topic.””” Because polyimides are considered to polyimides has been presented to date: .

have a high potential as gas separation membranes, most of The temperature-dependent relaxation dynamics of poly-
these studies to date have focused on CO,-induced imides and influence of its two monomers, dianhydride and

L 47,10-13 e :
plasticization. However, because of their high chemical

15—19

allow for selecting new materials and tailoring the chemistries
to specific applications. To the best of our knowledge, no

resistance, polyimides are also considered either as a support Received: January 23, 2019
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(OSN) applications.'* This stresses the importance in studying Published: April 1, 2019
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diamine, have already been studied in the literature.”>*'~**

Typically, for temperatures at room temperature or higher, a §-
relaxation and a-relaxation have been observed. Li et al
(1999)>*° observed for the first time three relaxations above
room temperature for a polyimide. They appointed the lower
temperature relaxations as f#; and f3,, and the third process was
the a-relaxation corresponding with the glass transition. The
P-relaxation was attributed to the local motion of the diamine
constituents, while the f3,-relaxation is considered to be caused
by local motion of the dianhydride constituents. They showed
by using the Starkweather theory that the f,-relaxation can
transform from a noncooperative process to a cooperative
process upon increasing the size and anisotropic shape of the
substituted groups on the dianhydride. The two f-relaxations
were also experimentally confirmed later by Qu et al.” The
observed cooperative characteristics of the f-relaxation have
also been observed for other polyimides.”"****%¢

In the case of matrimid, the dynamic polymer chain
relaxations of matrimid have been studied by Comer et al.”’
and Konnertz et al.”® as a function of temperature. Both studies
utilized BDS, and the f-relaxation was characterized to be local
in nature but cooperative in origin because of the rigid
backbone of the matrimid structure. Konnertz et al. proposed
that the cooperativity of the f-relaxation was the result of the
7—n stacking of the phenyl rings. In their work, a temperature
history-dependent relaxation behavior of matrimid was
observed. Currently, the temperature dependence of the
dynamic polymer chain relaxations of matrimid is reasonably
understood. However, it is unknown to what extent the
introduction of a penetrant will influence the dynamic polymer
chain relaxations in which interactions between the penetrant
and polymer dominate the swelling behavior and how this
couples to the temperature-dependent behavior.

In this work, the interaction of toluene and n-hexane with
matrimid was studied using a combination of techniques to
provide a deeper insight into how common organic solvents
influence the relaxation dynamics of matrimid. In situ
spectroscopic ellipsometry (iSE) was used to study the
swelling upon exposure to the two different penetrants. BDS
was applied in situ to probe the dynamic polymer chain
relaxations on matrimid while being exposed to the penetrants.
In situ diffuse reflectance Fourier transform infrared spectros-
copy (DRIFT-FTIR) was used to obtain a molecular
interpretation of the different chain relaxations observed
upon penetrant exposure. The combination of the three in
situ characterization techniques allowed for an interpretation
of the exact nature of the molecular interaction between the
penetrant, toluene and n-hexane, and the polymer, matrimid.
The obtained insights can be used to estimate or to understand
solvent-induced swelling of polymers used in OSN applica-
tions.

B EXPERIMENTAL SECTION

Materials. Matrimid 5218 US (Huntsman) (Figure 1),
Cyclopentanone (ReagentPlus, >99%, Sigma-Aldrich), toluene
(EMPLURA, >99%, Merck), n-hexane (EMPLURA, >95%,
Merck), toluene anhydrous (99.8%, Sigma-Aldrich), and n-
hexane anhydrous (95%, Sigma-Aldrich) for the BDS experi-
ments were used as received.

Silicon wafers (100, front side polished, CZ test grade,
Silchem) were used as a substrate for the spin-coated layer.
The wafers were stored under clean-room conditions until
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Figure 1. Molecular structure of Matrimid 5218.

being cut. Prior to use, the wafers were cleaned with acetone
(Chromasolv plus, for HPLC 99.9%, Sigma-Aldrich).

Sample Preparation. Cyclopentanone was used as a
solvent to prepare S and 20 wt % solutions of matrimid. The
solutions were spin-coated (Laurell WS-400B-6NPP-Lite spin-
coater) on a silicon wafer with a native oxide. For the
preparation of the spectroscopic ellipsometry and dielectric
samples, a two-step spin-coating program was used. During the
first step, a 0.1 mL S wt % solution was deposited on the wafer
for 10 s at 500 rpm. The second step involved an acceleration
of 1710 rpm s~' to 3000 rpm followed by a constant rotation
spinning step of 1 min. The samples for BDS were prepared
inside a dust-free room (ISO Class 6) to prevent
contamination of the polymer film. For infrared spectroscopy,
a spin-coating program of S min at 3000 rpm with an
acceleration of 1710 rpm s™' was used. Solutions (20 wt %)
were deposited prior to spin-coating because of the high
solution viscosity.

After spin-coating, the samples have been annealed in a low-
temperature furnace (Carbolite HTMA 5/28) under a
nitrogen atmosphere at a temperature of 250 °C for 1 h,
followed by a relaxation step at 350 °C for 6 h using a ramp
rate of 5 °C min~". To enable a controlled cooldown of the
samples, the samples were cooled down to 25 °C with a rate of
0.1 °C min™".

In Situ Spectroscopic Ellipsometry. Temperature-
dependent and penetrant-dependent thickness and refractive
index measurements of the spin-coated matrimid films were
performed with spectroscopic ellipsometry. The data were
modeled in the CompleteEase software package (J.A. Woollam
Co.) in the wavelength range of 400—1000 nm. The substrate
was modeled using the built-in temperature-dependent optical
properties of silicon, on top of which a 2 nm native oxide layer
was modeled. The matrimid films were modeled using an
anisotropic Cauchy dispersion [fit parameters: AzA (aniso-
tropy) to describe the difference between the ordinary and
extraordinary Cauchy dispersion, A, B, C, k (of the ordinary
Cauchy dispersion) and thickness]. In case of penetrant-
induced swelling, an ambient with the optical constants of the
penetrant was added to the model. Additional modeling details
are provided in the Supporting Information.

Temperature-dependent measurements were performed
with a M2000XI spectroscopic ellipsometer (J.A. Woollam
Co.) equipped with a Linkam heating stage with quartz
windows at an incident angle of 70°. The temperature
measurements were performed under ultra-pure nitrogen at a
flow rate of 100 mL min~'. Temperature correction for the
actual temperature of the sample was applied according to the
procedure described previous by Kappert et al.>’ The optical
retardance of the windows of the measurement cell was
included using calibrated delta off-sets. The freshly spin-coated
matrimid films were heated to 250 °C at a ramp of 5 °C min™"'
and held at 250 °C for 1 h, followed by another temperature
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ramp of 5 °C min™" to 350 °C at which the sample was held
for another 6 h. Finally, the sample was cooled down to 25 °C
at a rate of 0.1 °C min~".

Penetrant-induced swelling measurements were performed
with an Alpha-SE ellipsometer (J.A. Woollam Co.) and a 500
UL liquid cell at a 70° angle of incidence. Measurements were
performed in liquid n-hexane and toluene” at room temper-
ature for approximately 24 h. The liquid cell was filled with the
penetrant using a 20 mL glass syringe. In situ data were
recorded once every ~15 s. The optical retardance of the
windows of the measurement cell was included using calibrated
delta off-sets (see the Supporting Information).

For each penetrant-induced swelling measurement, the
swelling degree (SD) (eq 1) and the normalized refractive
index (eq 2) were determined.

d
swollen 11-100%
dry

SD =
(1)

where SD is the swelling degree and dy,, and dq., are the dry
and swollen thickness of the film, respectively.
n

norm
!

swollen — Msolvent

n

)

where #1,o,, is the normalized refractive index, ng, is the
refractive index of the nonswollen polymer film, ng,., is the
refractive index of the swollen polymer film in a solvent, and
Ngolvent 1S the refractive index of the pure solvent.

In Situ Broadband Dielectric Spectroscopy. BDS
experiments were performed using a high-resolution Novocon-
trol Alpha-A analyzer with a ZG#4 test interface (Novocontrol
Technologies). A homemade sample cell from Leipzig
University was used and could be immersed in the liquid
penetrants. For the measurements, a parallel plate config-
uration was used where the bottom electrode was an 8 X 8
mm? silicon wafer (30 nm oxide on top) with a 200 nm
sputtered aluminum layer on the backside and the spin-coated
matrimid film on the top side. The 1 X 1 mm® top counter
electrode was also a 30 nm SiO, on a silicon wafer with a 200
nm sputtered aluminum layer on the backside (see Figure 2).

Mgolvent

y ~

Top electrode

1xXTmm

~260 nm matrimid

Si wafer + 30 nm SiO,
200 nm Al

Bottom electrode
8x8 mm

Figure 2. Schematic representation of the parallel plate electrode
configuration used for the BDS measurements.

For each sample, the complex dielectric function was
measured in a frequency range of 8 X 107> to 10° Hz at
room temperature, and the alternating current voltage was set
at 1.0 V. Prior to each measurement, the sample was purged
with dry nitrogen for 1 h. For the penetrant-induced swelling
measurements, the BDS sample cell was completely immersed
into the liquid penetrant, and continuous frequency sweeps
over a range of 24 h were performed. To dry the sample, a
continuous dried nitrogen flow over the sample was used to
evaporate the residual penetrant. All measurements were
performed in an environmental controlled dust-free room with
a temperature of 20 °C and humidity variations between 45
and 50%.
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To determine for the specific relaxation times, 7, the
dielectric loss peaks were fitted with the Havrilliak—Negami
relation®”*" (eq 3) using WinFit (Novocontrol Technologies).

Ae

ef=g + ———
® 1+ (i(o’c)“)ﬂ

)

Kramers—Kronig consistency checks were performed with
the Lin-KK tool.>*

In Situ FTIR Diffuse Reflectance Spectroscopy.
DRIFT-FTIR spectra of ~3 um thick matrimid films were
obtained with a Tensor 27 FTIR spectrometer (Bruker optics)
equipped with a high-temperature reaction chamber used in
conjunction with the Praying Mantis accessory (Harrick).
Absorption measurements were performed in the range of
400—4000 cm™" with a resolution of 2 cm™, and the sample
scan time was 1 min. A background measurement was
performed prior to each measurement using a clean silicon
wafer with a native oxide.

For the temperature-dependent measurements, an annealed
3 pm thick matrimid sample was heated as with the annealing
of the thin film samples. An additional temperature-dependent
measurement was performed with a ramp of 1 °C min~" from
25 to 350 °C with steps of 25 °C. At each temperature step,
the sample was held for 30 min. The sample was then cooled
down again at a rate of 1 °C min™, and a 30 min isothermal
plateau was set at 325, 300, 250, 150, 125, 75, and 25 °C.

For the penetrant-induced swelling measurement, the cell
was kept at constant temperature of 25 °C. Prior to the
exposure of the penetrant, a dry measurement of the matrimid
was taken. Next, the sample cell was filled with the liquid
penetrant, with care taken to not cover the sample. After this,
by using two bubblers in series, saturated penetrant vapor was
flowed through the cell at a rate of 200 mL min~, and over a
period of 24 h, a spectrum was recorded every 10 min. To
account for the signal of the penetrant vapor during the
penetrant-induced swelling measurement, a reference measure-
ment on a bare silicon wafer was performed using the same
settings.

B RESULTS AND DISCUSSION

Thermal History Effects. Matrimid is a glassy polymer,
consequently the thermal history of the polymer will influence
the physical properties. Upon heating a polyimide above its
glass transition temperature, both crystallization®™* and
cross-linking™*™** phenomena have been reported. When
considering matrimid, a polyimide with steric hindrance to
linearization, reports of cross-linking can be found in the
literature.””~* To determine whether cross-linking took place
and to gain more information on the thermal properties of the
sample after the thermal annealing, the annealing was followed
in situ with temperature-dependent spectroscopic ellipsometry.
In Figure 3, the thickness and optical properties of a freshly
spin-coated 290 nm matrimid film as function of temperature
and time are shown. On the basis of the optical modeling of
the matrimid film, anisotropy was observed in the freshly spin-
coated film (see the Supporting Information for modeling
details), which can be the result of stress induced during the
spin-coating process. Upon heating, the decrease in thickness
caused by the removal of the spin-coating solvent competes
with the thermal expansion induced by the increase in
temperature as is shown in Figure 3. Isothermal annealing of
the matrimid above 350 °C removed the anisotropy within the
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Figure 3. Thickness (left axis), ordinary refractive index (n, at 632.8 nm), and extraordinary refractive index (1, at 632.8 nm) (right axis) as
function of the annealing temperature and time. Upon heating to 250 °C (left), during 6 h isothermal stage at 350 °C (middle) and upon cooling to

25 °C (right). A glass transition temperature was observed at 309 °C.
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Figure 4. Temperature-dependent DRIFT-FTIR absorbance spectra of matrimid during the annealing of a freshly spin-coated film at 25—350 °C.
At 250 °C, all cyclopentanone is removed (left and right figure). For the C—N—C axial stretch (middle), a strong shift to the lower wavelengths was

observed upon heating to 350 °C, which was reversed on cooling.

sample, and a small decrease in thickness (~1 nm) was
observed. Upon cooling down to 25 °C, a glass transition
temperature was observed at 309 °C and the anisotropy
increased. The complete thickness and refractive index
dependence as function of the annealing process is provided
in the Supporting Information.

After the thermal heat treatment, the matrimid films were
found to be insoluble in cyclopentanone. In Figure 4, the in
situ temperature-dependent DRIFT-FTIR absorbance as
measured at various stages of the annealing treatment is
shown. Upon the evaporation of the spin-coating solvent,
cyclopentanone, strong changes in the absorbance spectra for
each specific vibration were observed. Cyclopentanone has a
broad and strong absorbance peak at 1750 cm™’, and a strong
absorbance peak at 1150 cm™', which are both visible in the
fresh spin-coated sample but disappear after the first heating
ramp to 250 °C, showing that the cyclopentanone was
removed. Upon subsequent heating to 350 °C, the strongest
change was observed for the C—N—C axial stretch, which
shifts to the lower wavenumbers. This can indicate that
polymer chains are brought in closer proximity to each other
and a more conjugated system was obtained. This is in
agreement with literature, where it is suggested slight cross-
linking occurs via the formation of charge-transfer complexes
between the benzene rings and the imide rings, allowing the
transfer of 7-electrons.®”**™**

Penetrant-Induced Swelling. In Situ Spectroscopic
Ellipsometry. The SD and normalized ordinary and extra-
ordinary refractive indices as measured with iSE are shown in
Figure 5. Matrimid swells about seven times more in toluene
(SD = 28%) versus n-hexane (SD = 4%), which is comparable
to what has been observed before.”” The absolute observed
SDs are lower compared with previous literature results
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Figure S. SD (left) and the normalized refractive indices at 632.8 nm
(right) as function of time in a ~260 nm matrimid film. The filled
black symbols represent the swelling data in toluene, while the open
symbols represent the swelling data in n-hexane. The gray area refers
to the removal of the solvent from the matrimid film by applying a
nitrogen flow over the sample. It can be observed that upon drying
that SD > 0, meaning the penetrant is not removed completely.

because of the difference in annealing temperatures used (250
°C in the literature vs 350 °C in this study). Interestingly, the
anisotropy within the matrimid film remained and even
increased upon exposure to the penetrant. This observed
strengthening of the degree of anisotropy within the matrimid
film upon swelling is likely the result of the cross-linking of the
matrimid film during the annealing treatment, allowing for a
stronger swelling effect in the direction of the optical axis (n,)
compared with the swelling perpendicular to the optical axis
(n,). This indicates that the matrimid chain structure is
different in the z-direction as compared to the x—y direction of
the substrate. After subsequent drying of the swollen samples
with a nitrogen flow, the matrimid samples remained swollen
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up to ~5—6%, indicating that the last traces of the penetrant
are harder to remove from the polymer.

Broadband Dielectric Spectroscopy. To understand the
difference in SD of matrimid in n-hexane and in toluene, BDS
was applied in situ to probe the interactions of the polymer
chains with the two different penetrants. In the literature, for
matrimid 5218, Comer et al. observed a y-relaxation, f-
relaxation, and a-relaxation. Konnertz et al. observed a broad
P*-relaxation and an additional conductivity term. Further
mechanical measurements showed that the observed broad f*-
relaxation consisted of two processes which merge together at
higher frequencies or temperatures. Both Comer et al. and
Konnertz et al. studied non-crosslinked matrimid, and thus, the
behavior they observed is strongly dependent on the thermal
history of the matrimid, which explains the differences in the
relaxation behavior between these two studies.

In Figure 6A,B, the dielectric behavior of dry matrimid and
of matrimid exposed to toluene at room temperature is shown.
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Figure 6. ¢” (A) and &’ (B) for a ~260 nm dry matrimid film (closed
black squares), exposed to toluene for 1 h (blue open circles), 22.5 h
(orange open circles), and after 2 h of drying in a nitrogen flow after
toluene exposure (open square). (C) Relaxation times of the two f-
relaxations were determined for each frequency sweep time step and
shown as a function of exposure time. The gray margin above the
symbols represents the standard error of the fit (for visualization
purposes in positive direction only).

For a dry matrimid sample after annealing, two overlapping /-
relaxations were observed. Upon exposure to toluene, the two
P-relaxations separated with f, shifting to higher frequencies.
As shown during the ellipsometry measurements, at room
temperature both toluene and n-hexane could not completely
be removed upon drying with a dried nitrogen flow. For this
reason, for toluene, upon drying with a continuous dried
nitrogen flow, /3, shifts back to a lower frequency, but not to
the original frequency. In Figure 6C, the relaxation times as
obtained by the Havrilliak—Negami fits of the f,- and f,-
relaxation are shown as function of the exposure time to
toluene. Within the first few hours of penetrant exposure, a
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continuous shift of the f,-relaxation to the higher frequencies
was observed, but after ~5 h, the dielectric behavior of
matrimid in toluene was stable. The shift of the f,-relaxation to
the higher frequencies was shown to be consistent over two
different experiments as shown in the Supporting Information.
Furthermore, upon exposure to toluene, at the lower
frequencies, an increase in the dielectric loss was observed.
This increase may be a conductivity effect because of the
presence of traces of contaminants in the toluene solution,
which diffused into the matrimid because of the high SD of
matrimid in toluene.

In Figure 7A,B, the dielectric behavior of dry matrimid and
of matrimid exposed to n-hexane at room temperature is
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Figure 7. ¢” (A) and &’ (B) for a ~260 nm dry matrimid film (closed
black squares), exposed to n-hexane for 1 h (blue open circles), 22.5 h
(orange open circles), and after 2 h of drying in a nitrogen flow after
n-hexane exposure (open square). (C) Relaxation times of the two /-
relaxations were determined for each frequency sweep time step and
shown as function of exposure time. The gray margin above the
symbols represents the standard error of the fit (for visualization
purposes in positive direction only).

shown. The dielectric changes observed for matrimid exposed
to n-hexane are not repeatable for each measured sample,
unlike the case for toluene exposure. However, it is shown that
in the case of n-hexane, both f,- and p,-relaxations are
influenced by the presence of n-hexane, and this behavior is
not reversible as shown by the removal of n-hexane by a
nitrogen flow. Also, in the case of n-hexane exposure, no
additional increase in the dielectric loss at the low frequencies
was observed. The difference for n-hexane compared with
toluene is that the SD of matrimid in n-hexane is much lower
compared with that in toluene, possibly inhibiting diffusion of
contaminants into the matrimid.

The fact that toluene only affects the f,-relaxation, namely,
through speeding up the relaxation time, while in n-hexane
both f, and f, are affected and both can be slowed down or
can speed up, shows that both penetrant molecules have
different interactions with matrimid.
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Diffuse Reflectance Fourier Transform Infrared Spectros-
copy (DRIFT-FTIR). DRIFT-FTIR was used to gain a better
understanding on the molecular origin of the f-relaxations as
observed in matrimid.’>*' In Figure 8, the C—N—C axial

B: toluene

1389 cm™, t=0 min
1388 cm™, t=24 hrs

1386.5 cm™, t=26 hrs
(add. toluene)

A: n-hexane

1388 cm™, t=0 min
1388 cm™', t=30 hrs

1389 cm™, t=3 days

Intensity (a.u.)
Intensity (a.u.)

Bi referefite—y ] PR ——

1400 1300 1400

Wavenumber (cm™) Wavenumber (cm™)

Figure 8. C—N—C axial stretch for a ~3 ym matrimid film on top of a
silicon wafer in n-hexane (A) and in toluene (B). The dashed black
line represents the background signal of the penetrant used as
measured using a bare silicon wafer. The indicated time represents the
exposure time to the penetrant. In case of toluene swelling, after ~24
h, additional toluene was added to in the cell, to enhance the
penetrant activity and to enhance the swelling and visualize the trend
in swelling. In case of n-hexane, the hexane was already added in the
beginning to ensure significant swelling for detection. The measure-
ment was therefore continued for 3 days to detect a trend, but this
was not found.

stretch absorbance of matrimid as function of the n-hexane
vapor exposure time (A) and toluene vapor exposure time (B)
is shown. For toluene exposure, with increasing toluene
exposure times, a tendency to shift to lower wavenumbers with
decreasing intensities (see Figure 8) was visible. In the case of
n-hexane, no such trend was observed. For all other matrimid
vibration modes, no significant change or trend was detected as
a function of the penetrant exposure times. Although a similar
change in the C—N—C axial shift was observed during the
temperature-dependent measurement (see Figure 4), the
changes observed during the penetrant-dependent measure-
ment were less strong than as would have been expected based
on the strong changes that were observed in the BDS spectra
and the expected SDs for toluene and n-hexane, respectively.
This is most likely due to the limited swelling that could be
obtained during the penetrant-induced swelling measurement
with DRIFT-FTIR. Unlike for the spectroscopic ellipsometry
and BDS experiments, here, the swelling was induced using
toluene and n-hexane vapor, generated by two bubblers in
series. The design of the in situ cell was not optimal as such
that it was highly likely a solvent activity lower than 1 (where 1
is the solvent activity as a pure liquid), was obtained. As shown
by Favre et al,*” lower solvent activities result in significantly
lower sorption of the penetrant. The lower sorption of the
penetrant can result in smaller changes in the relaxation
behavior of the polymer chains, decreasing the sensitivity of
the DRIFT-FTIR measurement.

Interpretation Penetrant-induced Swelling in Matri-
mid. When exposed to toluene, a strong penetrant-induced
swelling could be observed (~28%) with spectroscopic
ellipsometry, and the relaxation time of f,-relaxation was
decreased as observed with BDS. This decrease in the
relaxation time, indicates a decrease in energy, a trend which
was observed for the C—N—C axial stretch in the DRIFT-
FTIR spectra. Together with the high SD, toluene presumably
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interacts in particular with the benzene group in the diamine
(DAPI) breaking intersegmental interactions. This occurs as
the 7—rn interaction between the toluene molecule and the
benzene ring in the matrimid polymer chain are stronger than
the intersegmental interactions between the benzene rings (see
also Figure 9). The role of the benzene ring and its accessibility

m-7 interaction toluene

Hexane fills up free volume
in Matrimid 5218

Figure 9. Schematic illustration of the different interactions between
toluene and n-hexane with Matrimid 5218.

to the toluene molecule is also confirmed by the reported
lower sorption rates in the literature for toluene in, for
example, P84."”>% P84 is a composite polyimide, where the
diamine group is much less bulky, improving the alignment of
the molecule. As a result, however, the benzene groups are
much more difficult to access. A similar phenomenon based on
polarity strength was suggested for the sorption of CO, in
cellulose acetate and polymethylmethacrylate. Koros®* showed
that with an increasing easily accessible carboxyl concentration
inside the polymer, the sorption of CO, increased. It was
therefore concluded that the interactions of CO, with the polar
groups carboxyl groups in the matrimid chain are stronger than
the intermolecular interactions between the matrimid chain
segments.

In the case of n-hexane sorption, the hexane is not able to
interact with the matrimid polymer via either polar interactions
or 7—7 interactions and can only interact with the via Van der
Waals interactions. Other than that, n-hexane will fill up the
excess free volume available as indicated by the slight increase
in the refractive index data in Figure S, providing only for a
limited interaction with the matrimid polymer chains. The fact
that in the BDS spectra of matrimid in n-hexane nonconsistent
changes were observed is possibly related to how locally the n-
hexane molecule can penetrate in-between the matrimid
polymer chain and interact with the methyl groups in the
diamine (DAPI). However, because of the overlapping strong
signal of n-hexane itself, this could not be confirmed via the
DRIFT-FTIR measurements. Also, because van der Waals
interactions are much weaker interactions compared with 7—7x
interactions, the current sensitivity of the DRIFT-FTIR
measurement may be too low to measure noiseless signal
changes as a result of n-hexane interactions with matrimid. To
improve the sensitivity of the DRIFT-FTIR measurement, the
signal intensity ought to be improved by ensuring that the in
situ cell allows for liquid measurements.

To confirm the role of the z—x interaction between the
toluene and matrimid, swelling experiments with a bulky
aromatic solvent such as mesitylene or xylene should be
performed. Bulky aromatic solvents are more prone to steric
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hindrance, reducing the n—r interactions and as a result a
lower swelling should be observed.

B CONCLUSIONS

In this work, the molecular origin of the different penetrant
interactions with matrimid was investigated using a combina-
tion of in situ characterization techniques: SE, BDS, and
DRIFT-FTIR.

The thermal annealing treatment applied to the matrimid
films resulted in a small degree of cross-linking of the matrimid
films, which caused the films to become insoluble in
cyclopentanone. At room temperature, two overlapping f-
relaxations were observed for dried matrimid films. Upon
exposure to a penetrant, a separation of the two different j-
relaxations was observed. In case of toluene exposure, a strong
penetrant-induced swelling was observed (~28%), and the
relaxation time of f,-relaxation was decreased. Toluene is
speculated to break up intersegmental interactions and to form
a m—n interaction with the benzene rings in the diamine,
resulting in a decrease in energy of the C—N—C axial stretch as
observed during the DRIFT-FTIR measurements. When
matrimid was exposed to n-hexane, a SD of ~4% was
observed; however, BDS results show that n-hexane interacts
with multiple molecular moieties in the matrimid chain,
changing both f-relaxations. Unlike toluene, the S-relaxations
were found to inconsistently change (speed up or slow down)
versus toluene where the relaxation time consistently
decreased. n-Hexane therefore likely only fills up the excess
free volume available inside the polymer matrix and the
induced relaxation time changes are likely governed by the
local penetration of n-hexane in-between the matrimid polymer
chains. The exact interaction of the n-hexane molecules with
the different groups in matrimid could not be revealed because
of the limited sensitivity that was obtained during the DRIFT-
FTIR measurement, which motivates further investigation into
the improvement of in situ infrared spectroscopy cells designed
for liquid measurements. To conclude, this work has revealed
the nature of the molecular interactions between an aromatic
and nonaromatic penetrant with matrimid. The obtained
insights can be used to improve the understanding of solvent-
induced swelling of matrimid in OSN applications.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcb.9b00688.

Additional spectroscopic ellipsometry data, additional
DRIFT-FTIR data, and reproducibility BDS measure-
ments (PDF)

B AUTHOR INFORMATION

Corresponding Author

*E-mail: n.e.benes@utwente.nl. Phone: +31534894288.
ORCID

Kristianne Tempelman: 0000-0003-2772-1820

Jeftery A. Wood: 0000-0002-9438-1048

Nieck E. Benes: 0000-0001-9716-069X

Notes

The authors declare no competing financial interest.

4023

B ACKNOWLEDGMENTS

The authors would like to thank Jan van Nieuwkasteele for his
expertise with nanoelectrodes and help with the sample
preparation for BDS, Bert Geerdink and Karin van den
Nieuwenhuijzen for allowing us to measure with the DRIFT-
FTIR set-up and Emmanuel Mapesa for his BDS expertise and
help with starting up the BDS experiments. This work is part of
the research program TA-ISPT Fundamentals with project
number 731.014.203, which is (partly) financed by the
Netherlands Organization for Scientific Research (NWO).

B ADDITIONAL NOTE

“Toluene has a low dipole moment of 0.375 D and a very small
electron donor parameter”” and is therefore considered as a
non-polar molecule.
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