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ARTICLE INFO ABSTRACT

Keywords: The dynamic behavior of polycarbonate and poly(methyl methacrylate) upon water immersion
Polymers at temperatures of 40°C and 70°C was studied by gravimetric measurements and by terahertz
Fickian water diffusion time-domain spectroscopy. Time-resolved measurements of the terahertz refractive index and
THz spectroscopy absorption coefficient show a good agreement to the gravimetric measurements. Assuming a

Fickian diffusion mechanic the diffusion coefficients were extracted from both methods. It was
found that the terahertz measurements provide a reliable non-contact way to study the water
diffusion in polymers. Especially, the THz absorption coefficient seems to be a robust method to
determine the diffusion coefficients.

1. Introduction

Today polymeric materials are widely used in numerous fields of application, ranging from simple packaging
materials, to protective coatings or even ballistic protective devices due to their relatively low cost, a high mechanical
strength and a low weight. However, the exposure to environmental conditions (temperature, humidity, or ultraviolet
radiation) can have a significant effect on their durability and longevity. Extensive studies on the influence of the
environmental parameters on the properties of polymeric materials can be found in the literature [1, 2]. For example,
it was shown that a thermal pretreatment can have a strong influence on the impact strength [3], while humidity can
impact the fracture strain or glass transition temperatures [4], as well as the scratch resistance [5] and transparency
[6]. Even ductile-brittle transitions with a decrease of the tensile strength were observed when subjected to humidity
and temperatures [7]. In addition to the pure polymers, studies with composites have also been made[8—10]. In
laminated glass, the moisture and temperature can cause delaminations [11, 12]. These studies showed the importance
of water/polymer interaction. In order to make a lifetime prediction for application relevant polymers a good knowledge
about the water diffusion coefficients is therefore important, as they will give the temporal frame in which the water
absorption will occur. This, however, has been classically determined using gravimetric or capacitive measurements
[13]. The water diffusion in general can be classified into three regimes [14]: (1) Case I (Fickian diffusion) in which
the polymer relaxation is much faster than the water diffusion, (2) Case II where the diffusion is much faster than that
of the relaxation and (3) Super Case II in which the diffusion rate is equal to the relaxation. This paper will focus on
the Fickian diffusion, which was shown to be the main type of diffusion in the studied polymers [15, 16].

The recent years have seen the maturity of novel techniques like terahertz time-domain spectroscopy (THz-
TDS). The technique proved to be especially useful for the characterization of polymers due to their semi-transparent
properties at these frequencies [17]. As such, it was shown that it can be used to measure glass transition temperatures
[18], determine the content of additives in thermoplastics [19] and elastomers [20], study the fiber orientation
in compounds [21, 22] or analyze the quality of glued or welded plastic joints [23-25]. THz-TDS also provides
information on the crystallization [26, 27], crystalline structure [28, 29] or crystallization dynamics [30]. Moroever, it
also has a unique sensitivity to water in plants [31, 32], papers [33], or epoxy-resins [34] and is able to distinguish the
diffusion type in porous media [35].

In this manuscript, THz-TDS is used to study the water absorption dynamics in Polycarbonate (PC) and Poly(methyl
methacrylate) (PMMA) at different temperatures upon water immersion. In particular, we extract the Fickian diffusion

b4 sebastian. engelbrecht@isl.eu (S. Engelbrecht)
ORCID(s): 0000-0002-7980-7514 (S. Engelbrecht); 0000-0002-3327-1371 (H. Lin)

Engelbrecht et.al.: Preprint submitted to Elsevier Page 1 of 9



Extraction of Fickian water diffusion in polymers using terahertz time-domain spectroscopy

Table 1
Polymer properties: number average molecular weight (M,) and weight average molecular weight (M,,) were determined
by gel permeation chromatography and glass transition temperatures by differential scanning calorimetry.

n

Polymer Density (g/cm?) M, (g/mol) M,, (g/mol) T, (°C)
PC 1.2 36631 1.4x10° 148
PMMA 1.2 187896 77.1x108 111

coefficients non-destructively and contact-free for comparisons against conventional gravimetric measurements, where
a good agreement is found.

2. Materials and Methods

THz-TDS allows the coherent measurement of the refractive index and absorption coefficient over a broad
frequency range. The spectroscopic measurements were carried out using a commercially spectrometer based on a
1550 nm laser (TOPTICA Teraflash, Germany) [36]. In this system the THz radiation is generated and detected using
antennas based on InGaAs photoconductive switches. A system of four off-axis parabolic mirrors was used to focus the
THz beam onto the sample and the detector, respectively [37]. All measurements were done under nitrogen atmosphere
to prevent additional absorption caused by water vapor.

The samples were cut into plates at a size of 35x35 mm? and a thickness of 2 mm (PC: Technoplast Kunststoffe,
Germany, PMMA: S-Polytec Polymertechnologie, Germany). In Tab. 1 some physical parameters of the used polymers
are given. Before the measurements took place, the samples were dried in a furnace at 50°C for 72 h to remove any
residual water. Preliminary experiments found that after 72 h drying was sufficient to remove any residual water as
there was no observable mass change. After the initial characterization, the samples were placed in a water bath filled
with DI water at a temperature of 40°C and 70°C. In the beginning of the measurements, the samples were withdrawn
each 30 min from the water bath, any excess water removed by careful wiping with tissues, their weight be measured
by a fine scale (Mettler Toledo NewClassic MF ML54, USA) and their thickness determined by a micrometer screw
(Mitutoyo No0.293-340, Japan). Afterwards the THz response has been measured under N, purge (humidity in purge
chamber was below 2%). Before placing them back in the water bath, the weight and thickness have been measured
once again to check for a possible water loss while being in the N, purged box during the THZ measurement. Within
the accuracy of the used scale, no significant change in mass nor thickness was observed. Overall, the duration out of
water for each sample/time step was between 4 and 5 min. However, here it should be emphasized that the time out
of water indeed is crucial as preliminary experiments found that if this took longer than 10 min, this would result in a
significant change in mass. For each polymer, there were three repeats. Once the initial fast water uptake slowed down,
the time steps of measurements were consecutively increased.

3. Results and Discussion

Figure 1 shows the refractive index and absorption coefficent for both polymers once in dry state (solid line) and
once after water saturation has been reached (dashed lines). In both cases the spectra show a featureless response which
can be described by a Debye model (not shown) [38, 39] and agree well with previously published data [40]. As can be
expected from previous experiments studying the influence of water on the THz response [34] an increase of both the
refractive index and the absorption coefficient can be observed with increasing water content. Overall, the differences
between dry and saturated state are larger in PMMA than in PC, which can be explained by the higher amount of water
incorporated into the samples. While the saturation concentration was around 0.34% at 40°C and 0.49% at 70°C for
PC, for PMMA the values were significantly higher with 1.98% at 40°C and 2.19% at 70°C. In all cases the saturation
concentration was slightly higher for the higher temperature. Overall the obtained values are in good agreement with
values published in the literature [41-44].

Figure 2 shows the thickness variation over the water immersion time. In PMMA a significant increase with
increasing water content can be observed. At saturation a change of around 14 ym at 40°C and 22 ym at 70°C compared
to the dry values is seen. In PC in opposite the changes are much smaller. If the accuracy/repeatability of the used
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Figure 1: (a) Refractive index and (b) absorption coefficient of PC and PMMA in dried and water saturated state for the
water immersion at 40°C.
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Figure 2: Thickness variation in PMMA (a) and PC(b) for water absorption experiments at 40°C and 70°C.

micrometer screw is considered (+3 um), the measured changes are probably negligable for PC. Besides the accuracy
of the used device, the accurate thickness determination is additionally hindered by two factors: 1) since the samples are
not perfectly flat, it is difficult to repeatedly measure the exact same spot in the different measurements already causing
some variation in the results and 2) the samples inherently soften as part of the ageing process making the accurate
thickness determination notably more difficult. All factors combined lead to the relatively large variation observed
between the three samples for each polymer/temperature causing the large error bars observed in Fig. 2. Nevertheless,
a clear trend can be observed for the PMMA samples, which might give some insights into the mechanisms how
the water is included in the polymers. In general, there can be two mechanisms describing how the water molecules
can be incorporated in the polymers [5, 16]. The first being that the water molecules can fill up the free volume
between the polymer molecules which increases the density (i.e. increase of the mass without changing the polymer
dimensions). Secondly, the water molecules can build a polar bond to the polymer chains modifying the dimensions
of the sample . Considering the strucural formulas (inset of Fig. 3 of PMMA and PC) both polymers show a strongly
polar carbonyl group (C=0). However, in PC this group has oxygen atoms on both sides, suppressing the ability to
bind water molecules [4]. Therefore, in PC the water just can fill up the free volume of the polymer, while in PMMA
the polar water molecules also can additionally build a polar bond to the carbonyl group in addition to filling the free
volume. As a result, this leads to a swelling of the PMMA, while the thickness in PC more or less remains constant
during the water intake.
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Figure 3: Mass fraction of water in PMMA (a) and PC(b) for water absorption experiments at 40°C and 70°C determined
from gravimetric measurements. Insets show the structural formulas for PMMA and PC, respectively.

The measured mass data dependent on the water immersion time can be used to extract the Fickian diffusion
coefficient by [45]

s 2.2
@zl 8 - [—D(2n+1)7rt]’ n

Cs 2 = 2n + 1) 412

where D is the Fickian diffusion coefficient, t the time in s, 1 half the thickness of the film, Cg the saturation
concentration and C(t) the time dependent water concentration determined by

O M’ )
mg

where m(t) is the mass at time t and m, the dry mass at t=0. Figure 3 shows the experimentally obtained relative mass
fraction of water C(t)/C g averaged over the three studied samples (symbols) for PMMA (a) and PC (b) for both studied
temperatures. As can be seen, in all cases an increase in the mass and hence in the water concentration was observed.
Since the water diffusion coefficient follows an Arrhenius law [6], the higher the temperature the faster is the water
absorption. Moreover, in Fig. 3 it can be seen that the water absorption in PC goes much faster than in PMMA. While in
PC the saturation is reached after 20 h at 70°C (66 h at 40°C), PMMA needs 126 h at 70°C (536 h at 40°C). Using Eq.
1 the data can now be fitted to extract the Fickian diffusion coefficients. The fits are shown as solid lines in Fig. 3, while
the dashed lines are calculated assuming a 15% variation of the diffusion coefficient. As can be seen Eq. 1 describes
the experimental data pretty well. The obtained diffusion coefficients are summarized in Tab. 2. The obtained values
are in good agreement with previously published values for PC and PMMA using gravimetric methods [15, 16, 44].
However, we observe a small deviation from the ideal Fickian behavior for relative mass fractions larger than 0.9 C¢
in PMMA. In particular, once the mass fraction is close to saturation, the Fickian description slightly overestimates the
water intake, meaning the water absorption process happens slightly slower than is expected by the theory. We note
that this effect is present at both studied temperatures, with the deviation being slightly smaller at 70°C. A possible
reason to this might be related to the mechanism how the water molecules are being incorporated into the polymer. For
example, water molecules can hydrogen bond to the carbonyl group in PMMA and once a relative high concentration
of water is reached where all available places are occupied, this could result in a slow down of water absorption. This
effect is smaller at high temperatures where additional heat induces the reorganisation of the mobile polymer molecules
resulting in more places available for hydrogen bonding.

Figure 4 shows the dependence of the refractive index (a) and absorption coefficient (b) at 1 THz on the water
concentration. First of all, it can be noticed, that there are some small variations in the absolute values of the refractive
index and absorption coefficients between the samples used for the 40°C and 70°C measurements in the dry state,
probably caused by some minor variations in the samples used for the different runs. Nevertheless, the behavior of
the different samples upon water intake is pretty similar. In all cases and temperatures, a linear increase of the optical
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Figure 4: (a) Refractive index and (b) absorption coefficient at 1 THz in dependence of the water concentration. Solid
lines show the linear regression of the experimental data.

constants with increasing water content is observed, which is in agreement with which was found in the investigation
of water absorption in papers [33]. The behavior of the absorption coefficient shows the same slope independent of
temperature for each polymer, which is expected, since the higher temperature should just impact the time-scale of
the water absorption. Between the PMMA and the PC a small difference can be observed, with PC having around
18% higher values. For the refractive index the situation is more complex. Here, the differences between the different
samples and temperatures are larger. However, also the scattering of the experimental data is much larger compared
to the absorption coefficient. This is probably caused by the inaccuracies of the thickness determination. Since the
refractive index is much more sensitive to an inaccurate thickness determination than the absorption coefficient [34], the
imprecision in thickness is the probable reason for the differences observed in Fig. 4 (a) and the absorption coefficient
seems to be the more robust parameter.

As it was found that there is a linear relationship between the water concentration and the optical constants at THz
frequencies, it should be possible to use an adapted version of Eq. 1 to also describe the THz results. In order to do
so, the normalized water concentration C(t)/Cg in Eq. 1 was replaced by the refractive index/absorption coefficient
normalized to their respective saturation value. Figure 5 shows the respective data for both polymers at 1 THz. The
experimental values are averaged over the three studied samples. As in Fig. 3 the solid line shows the fit according
to the adapted Eq. 1 and dashed lines are plotted for a variation of 15% of the extracted diffusion coefficients. The
absorption coefficient data is almost perfectly described by the adapted Eq. 1, while the scattering of the data is much
larger for the refractive indices. Here, the variation between the three samples was much larger than for the absorption
coefficient, as can be seen on the error bars in the figure. The reason for the larger scattering in the refractive index is,
as previously discussed, the inaccuracy of the thickness determination. In addition, the absorption coefficient data for
PMMA closely follows the gravimetric measurements showing the same deviation from the ideal Fickian behavior.

The analysis of Fig. 5 was done at a frequency of 1 THz, but of course THz-TDS gives the optical constants over a
broad frequency range as can be seen in Fig.1. So the analysis was repeated for the whole measured frequency band and
the results are shown in Fig. 6. Solid lines show the results obtained by the absorption coefficient data, while dashed
lines were extracted using the refractive index one. The diffusion coefficients obtained by the absorption coefficient
show a very flat response, i.e. no frequency dependent behavior is observed. However, at low frequencies as well as very
high frequencies, some oscillations around the actual value can be observed. Similar oscillations can also be observed
at the low frequencies in the spectra in Fig. 1 and arise due to an inaccuracy in the thickness determination, leading to
oscillations at low frequencies [46]. At the high frequencies, the available bandwidth of the system is reached, leading
to a scattering of the data making a proper extraction of the diffusion coefficients difficult. For the diffusion coefficients
retrieved by the refractive indices, the difference to the gravimetric measurements is much larger and also there seems to
be a slight frequency dependence. However, over the different materials and temperatures there is no clear trend in the
frequency dependence and it’s probably caused just by the inaccurate thickness determination, making the scattering
of the data much larger which in consequence leads to an overestimation of the extracted diffusion coefficients.
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Figure 5: Normalized refractive index (a,b) and absorption coefficient (c,d) at 1 THz in dependence of the water immersion
time for PMMA (a,c) and PC (b,d), respectively.

In order to check the quality of the THz fits, a variation of 10%, 15% and 20% of the initially obtained diffusion
coefficient has been assumed and the number of experimental points inside these confidence intervals has been counted
for each frequency. Figure 7 shows an example of this analysis for the PC sample immersed at 40°C. Solid lines show
the results for the absorption coefficient, while the dashed ones for the refractive index. As can be seen, at frequencies
below 0.6 THz and above 1.7 THz the percentage of points inside the intervals quickly decrease for the absorption
coefficients. However, inside this frequency interval the fits according to Eq. 1 describe the experimental data very
well. This frequency range also corresponds to the flat parts in Fig. 6, showing that the method allows to retrieve the
diffusion coefficients with a high accuracy. Since at the lower and higher frequencies the scattering of the experimental
data is larger, the percentage of points inside the confidence intervals decrease rapidly and the extracted values for the
diffusion coefficients start to oscillate around the real value. For the refractive index data the picture is much worse.
Here, the initial data shows a large scattering (Fig. 5 (b)), leading to a small confidence in Fig. 7, which explains the
differences observed in Fig. 6.

Compared to conventional methods of gravimetrics and capacitive measurement, THz-TDS is an emerging
technique that does not require physical contact thus minimising prior preparations. As the technique is point based,
there is the added opportunity to investigate spatial variations of water diffusion across sample area, which is not
possible with existing methods that only provide bulk information. However, for accurate parameter extraction, there
is aneed to determine sample thickness, which becomes practically difficult under prolonged ageing resulting in sample
softening. However, this can potentially be mitigated using iterative processing algorithms to simultaneously extract
thickness and optical constants [47]. Our proposed demonstrations will therefore further motivate developments in
THz-TDS to realise the potential as an interesting complementary technique, opening up opportunities for future rapid
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Figure 6: Extracted diffusion coefficients for (a) PMMA and (b) PC. Red dashed lines show the respective values extracted
from the mass data.
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Figure 7: Percentage of points inside the interval for an uncertainty of 10%, 15% and 20% in the diffusion coefficient. Solid
lines show the results for the absorption coefficients, while dashed lines are for the refractive index.

degradation testing and material understanding especially in multi-component systems [48], where the technique has
already shown sensitivity [49-51].

4. Conclusion

In summary, this paper studied the water diffusion dynamics in polycarbonate and poly(methyl methacrylate) at
temperatures of 40°C and 70°C by gravimetric methods and terahertz time domain spectroscopy. Fickian diffusion
coefficents were extracted from the experimental data, where it was found that the THz measurements open up a
novel way to determine these parameters contact-free. A good agreement to the gravimetric measurements was found.
Moreover, it was seen that the THz absorption coefficient is a more robust parameter to extract these values.
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Table 2
Extracted diffusion coefficients and obtained saturation concentrations. Due to the frequency dependence of Dy, the value
at 1 THz is shown. For comparison values from the literature are also given.

T (°C) D, (m?/s)  Dgi(m?/s) D y(m?*/s) Dy;,(m?/s) C, cy
PC
40 9.9x10712 1.0x10°1"  8.7x10712 2.95x107!1 [41] 0.34% 0.31%[41]
70 3.6x107! 45x107""  3.5x107!! 5.27x107!1 [41] 0.49% 0.3%[41]
PMMA
40 1.1x10-12 20x1072  1.1x107'2  0.67x107'2 (24°C) [44] 1.98% 1.2% (24°C) [44]
70 5.6x10712 7.4x10712  6.7x10712 - 2.19% -
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