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Validity of the Fickian diffusion model

Moisture absorption in polymers has been extensively described by different models, among
which the Fickian model, which is considered to be the simplest one. Fick’s second law for

a thin unidirectional sample exposed to a constant temperature and relative humidity can
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where x is the spatial coordinate, ¢ the time, w (mol m™3) the concentration of diffusing

be written as:!

molecules, and D (m? s™!) the diffusion coefficient of molecules diffusing into the polymer
network. This equation is derived from mass conservation, neglecting volume variation, and
Fick’s first law. Fick’s first law claims that the water molecules will move from the region of

high concentration to the region of low concentration, across a concentration gradient.! For



the unidirectional case:

) ow
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where j (mol m~2 s71) is the mass flux, which measures the number of water molecules
passing through a unit area per second.

For a domain €2, at every point M, Eq. 1 can be solved with the given initial condition,
assuming that there is no diffusing solute for the whole domain at the beginning of the
absorption process:

w=0 VMeQ at t=0 (3)

The surface 02 of the domain exposed to the relative humidity and the boundary condition

can be written as:

w=wyg VMed Vit (4)

The concentration at the boundary is prescribed (Dirichlet-type boundary condition) using
Henry’s law:

Wy = Saepsat (5)

e

S (mol m™3 Pa™') is the solubility of water. a® is the water activity in the environment

which is related to the relative humidity as

_ %RH

e — 6
“ = 100 (6)

Psat 18 the saturation vapor pressure given by Rankin’s law:
Poat = 1.01325210° - 13777 )

where 7T is in Kelvin.
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Figure S1: The unidirectional geometry used in numerical simulation

Numerical implementation

The Fickian model was solved using a COMSOL Multiphysics 5.2 Software. Acknowledging
that the thickness of the polymer film is much less than its in-plane dimensions, the simu-
lation was conducted assuming a unidirectional continuum (see Figure S1). Considering the
symmetry, half of the thickness (L) was analyzed. The values for the activity of water were
taken directly from the results file of the DVS chamber for all configurations.

In total, 36 configurations (three thicknesses, three %RH, and four temperatures) were
simulated to calculate the concentration field w. Afterwards, using the average of w in the

whole domain 2, the mass was derived as follows:

Am  Mp,o [qw
myg PoVo

(8)

Mgim =

where M,0=0.018 kg/mol is the molar mass of water, py=1350 kg m =3 is the initial density
and Vj is the initial volume of the sample.

The mass uptake found in Eq. 8 was compared with the experimental mass uptake to
identify the Fickian model parameters: diffusion coefficient, D, and solubility value, S. A
MATLAB’s Optimization Toolbox was used to find optimal values through nonlinear least-

squares solver “Isqnonlin”.
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Results

Figure S2 shows a comparison between experimental results (solid line) of the moisture up-
take for 50 pm film at 60 %RH (a) 26°C and (b) 50°C and the corresponding simulations
using the Fickian model (dashed line). It can be seen that simulations results match with
the experimental data for the absorption part, but fails to describe the desorption part. Re-
sults from all other configurations (thickness, %RH, temperature) were consistent with this
finding. The Fickian model is the common model for the absorption of diffusing molecules
that do not interact with the polymer network.? Therefore, the absorption kinetics should be
identical to desorption kinetics in case of Fickian diffusion. However, after approximately 10
minutes of the drying process (enough for a full saturation of the film during the absorption),
PEDOT:PSS films still retained some water: 50um film at 60 %RH had a) 11% at 26°C and
b) 7% at 50°C of water content. An explanation might be that some water molecules were
strongly bounded to sulfonate groups. Our comparison proves the inability of the Fickian
model to describe both absorption and desorption mechanisms of a hydrophilic PEDOT:PSS

film with a unique set of parameters.
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Figure S2: Comparison between simulated results using the Fickian model and experimental

results: a) 50um-26°C-60 %RH and b) 50pm-50°C-60 %RH
Diffusion-Reaction model

In addition to classical diffusion, we take into account the fact that the water can react with
the substrate, which results in a global diffusion-reaction mechanism.® This approach can
reproduce both sorption and desorption behaviors of polymer films, for different configura-
tions (thickness, %RH, temperature). Free water molecules in the polymer network, w, form

a complex Y with the reactive site of the polymer, R:

R+weY (9)

Figure S3 gives a schematic illustration of the water sorption mechanism for the diffusion-
reaction model, where w, R and Y coexist in the domain (2.

For this model, the mass conservation Eq.1 is modified by adding a global reactive term
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Figure S3: Schematic of water sorption mechanism for Diffusion-Reaction model?
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5% e + 7w (10)
The Fickian law (presented in the previous section) assumes constant diffusion and solubility
parameters. However, during the diffusion and reaction processes, the polymer undergoes
local microstructural changes, resulting in non-spatially uniform diffusion and solubility pa-
rameters. At a macroscopic level, this dependance of the diffusion coefficient to the mi-
crostructure can be modeled by assuming D is a function of the local product of reaction

Y. If we assume an Arrhenius-type law for the change with temperature of the diffusion

coefficient, we have:
D(T,Y) = D(Y) - eEY)/ET (11)

where D is the pre-exponential coefficient, E is the activation energy, R is the gas constant,

and T is the absolute temperature. The most simple assumption is to consider that D and

S- 6



E depend linearly on the product of reaction, Y:

D(Y)=Dy+DyY ; EY)=E+E Y (12)
Therefore, Eq.11 becomes

D(T,Y) = (Do + Dy - Y)elo/RT FrY /BT
Assuming that the perturbation is small, we can write:

o~

=~ — o E
D(T,Y) = (Dy - eP/FT 4 Dy .y . /BTy (1 4 ZLy)

RT
By rearranging and neglecting higher orders of Y, we obtain:
_ 7 _Eo/RT 7 _Eo/RT l/)\OE\l Ey/RT
D(T, Y) = Do - € + (Dl - € + ﬁ )Y (13)
So, for a specific temperature T, D can be written:
D(Y)=Dy+ Dy Y (14)

Solubility dependence on temperature is represented by van’'t Hoff’s law:?

S(T) = Sy - eAH(YV)/RT (15)

where Sy is a pre-exponential parameter, and AH, is the heat of sorption. Similar to the
diffusion coefficient, we assume a linear relation between the solubility and the concentration

of the products of reaction:

S(Y)=So+ 5 Y (16)
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Figure S3 shows that water molecules can exist in two forms: free water, w, or as a product
of reaction with sulfonate groups, Y. Assuming that the reaction is reversible (Eq. 9) and
in a constant volume, the global reactive term r,, can be written in the form of the rate law

(first-order reaction):

o = —kn(T)wR + k,(T)Y (17)

where kj, and k, are rate constants as a function of temperature. It should be noted that

this relationship is a simplified approximation, that globalizes the whole reaction mechanism.

In summary, the diffusion-reaction model includes the following governing equations:

Conservation equations:

88_15 —% + T (18)
% oy (19)
L. (20)
Constitutive equations:
j=—D(Y)(Vuw - ﬁm(y» (21)
D(Y)=Dy+D;-Y (22)
ws(Y) = (So + 51 - Y)apsar (23)
Tw = —kp(T)wR + k. (T)Y (24)
rr = —kp(T)wR + k,(T)Y (25)
ry = kp(T)wR — k.(T)Y (26)
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Initial conditions:

[w,Y]=0 VMeQ t=0

R=Ry YMeQ t=0 (27)
Boundary condition:
w = (So + Sl . Y)Clepsat VM c o) Vi (28)

Ry in Eq. 27 is the accessible amount of sulfonate groups in the polymer film that
are available for reaction. The molecular weight of the PSS monomer is 184; therefore an

approximate theoretical value of Ry is 3000 mol m 3.

Numerical implementation

Equations 18-28 were solved using a COMSOL Software in the same way as that described
for the Fickian model. The mass derivation was modified due to the reaction product Y,

which has a direct influence on mass change.

My poVo

(29)

Msim =

Seven parameters have to be identified. The diffusion of water molecules into the polymer
network is defined by four parameters Dy, Dy, .Sy and S;. The reaction kinetics is described
by three parameters: ky, k, and the concentration of accessible sulfonate groups Rj.

Parameters were identified through the MATLAB Optimization Toolbox using input
data from COMSOL. The identification process was split into three main steps to identify
unknown parameters in an iterative manner. For the initial guess, all parameters, except Dy
and Sy, were set to be equal to 0. Then, we proceed as described below:

1) Dy, Sy were optimized over the time frame [0, ¢;] while keeping the other five parameters
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constant. t; is the time when the concentration reaches a plateau. At the end of this step,
we optimized values for Dy, .Sp.

2) S1, kpn, Ry were optimized over the time frame [0, ;] while keeping the other four
parameters constant. t is the time before the desorption starts. Here, values of Dy and Sy
found in step 1 were used as an input. At the end of this step, optimized values for Si, kj,, Ro
were found.

3) Dy and k, were optimized over the time frame [0, 3] while keeping the other five
parameters constant . t3 is the time for the whole experiment including both sorption and
desorption processes. At the end of this step, optimized values for Dy, k, were found.

This process was repeated until a satisfactory agreement between the simulated results
and the experimental observations was reached. Simulated and experimental curves were
compared using the “Isqnonlin” function of MATLAB, which solves the non-linear least-
squares data fitting problems. It minimizes the sum of squares of the vector-valued function,
which is the difference between experimental and simulation data. Initial values, lower and
upper bounds were specified individually for each parameter. Each curve was optimized
separately, and parameters found for the first simulation curve were used as initial values for

the next curves.

Results

The values of optimized parameters are shown in Tables S1-S3. The variation of values can
be explained by a +10% variation of thickness, due to the drop casting method we used to

form the films.
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Table S1: Parameters of the model at different temperatures for a pure film

Param. Unit Optimized Values
26°C 37°C 50°C 80°C

Dy 1072 m? st 1.60 £0.39 1.72+£0.42 1.87+0.16  2.21 £0.39
So mol m™3 Pa™* 11.14+0.89 4.384+0.34 1.16 +£0.13  0.46 £0.04
D, 107 md mol=t s71 | —2424+£1.24 —267+1.05 —4.18+£1.90 —10.141.60
Sy 107% Pa™! —5£0.05 —4.42+0.2 —240.01 —14+0.01
Ry mol m™3 2730 + 21 2460 4+ 149 1500 £+ 94 1000 £+ 13
kp 107" m3 mol™' 57! | 3.834+0.37 5.8 £0.75 7.744+0.38  13.90+0.77
k, 1074 571 2.60+0.66 3.02+£0.29 3.384+0.73 5.04 £2.2

Table S2: Parameters of the model at different temperatures for a pre-treated film

Param. Unit Optimized Values

26°C 37°C 50°C 80°C
Do 102 m? 5! 1.03 £0.06 1.15+007 125+015 1.92+0.18
So mol m~=3 Pa~! 10 +0.91 2924025  0.81+£0.08 0.04+0.006
D, 1071 m® mol=! s71 | —1.134+£048 —3.37£0.21 —4.334+£0.55 —5.740.01
St 10~* Pa~! —5424+044 -3924+0.11 -1.73£+0.07 —-0.240.001
Ry mol m™3 2690 + 18 1910 + 178 1220 4+ 37 700
kn 107" m? mol™' s7t | 0.5340.06 1.38 £0.02 3.9+0.14 32.6
k, 1074 571 1.68 £ 0.14 2.20 3+0.11 5.52 £+ 0.07

Table S3: Parameters of the model at different temperatures for a post-treated film

Param. Unit Optimized Values
26°C 37°C 50°C 80°C
Do 102 m2 s 7 1.76 £0.05 1.80+0.13 1.88+0.10 25
So mol m~=3 Pa™! 839+1.09 231+0.21 0.60 +0.06  0.048 £ 0.009
D, 1071 m® mol™ s71 | —=7.30+£0.24 —8.644+0.69 —9.5+£1.70 -7
S1 10~% Pa~! —2+0.01 —0.844+£0.05 —4.174+0.37 —0.1
Ry mol m=3 1540 + 49 1390 + 64 908 + 45 500
kn, 107" m? mol=t s71 2.44+0.49 5.64 +0.07 16 130
k, 1074 571 1.56 £0.05 2.10+£0.11 2.62+0.12 4.254+0.10

Experimental results

Sorption-desorption curves for all configurations are illustrated on Figures 4-7 for pure films,
on Figure 8-11 for pre-treated and post-treated films. Only 50um thick films were used for

the EG treatment.
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Figure S4: Sorption-desorption curves for (a-b) 15 pum, (c-d) 50 ym and (e-f) 100 pm-thick
pure PEDOT:PSS films exposed to 30 %RH, 60 %RH and 80 %RH at 26°C
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Figure S5: Sorption-desorption curves for (a-b) 15 pum, (c-d) 50 pm and (e-f) 100 pm-thick
pure PEDOT:PSS films exposed to 30 %RH, 60 %RH and 80 %RH at 37°C
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Figure S6: Sorption-desorption curves for (a-b) 15 pum, (c-d) 50 pm and (e-f) 100 pm-thick
pure PEDOT:PSS films exposed to 30 %RH, 60 %RH and 80 %RH at 50°C
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Figure S7: Sorption-desorption curves for (a-b) 15 pum, (c-d) 50 pm and (e-f) 100 pm-thick
pure PEDOT:PSS films exposed to 30 %RH, 60 %RH and 80 %RH at 80°C
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Figure S8: a) Sorption and b) desorption curves for 50 pm EG pre-treated PEDOT:PSS film
exposed to 30 %RH, 60 %RH and 80 %RH at 26°C. ¢) Sorption and d) desorption curves
for 50 um EG post-treated PEDOT:PSS film exposed to 30 %RH, 60 %RH and 80 %RH at

26°C.
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Figure S9: a) Sorption and b) desorption curves for 50 ym EG pre-treated PEDOT:PSS film
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Figure S10: a) Sorption and b) desorption curves for 50 um EG pre-treated PEDOT:PSS

film exposed to 30 %RH, 60 %RH and 80 %RH at 50°C. ¢) Sorption and d) desorption curves
for 50 um EG post-treated PEDOT:PSS film exposed to 30 %RH, 60 %RH and 80 %RH at

50°C
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Figure S11: a) Sorption and b) desorption curves for 50 um EG pre-treated PEDOT:PSS

film exposed to 30 %RH, 60 %RH and 80 %RH at 80°C. ¢) Sorption and d) desorption curves
for 50 pm EG post-treated PEDOT:PSS film exposed to 30 %RH, 60 %RH and 80 %RH at

80°C.
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