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1. Transmission line theory

(a) signal wire (b) I(x,t) 1(x+dx,t)
—_—
o H T H T H h—oeeedrHi—o ©
© oo o © o
—

return wire

Figure S1. Electrical transmission lines. (a) Circuital representation of a transmission line.
Propagating voltages are applied between the “signal” wire (labelled with a “+” sign) and the
“return” wire (labelled with a “-” sign) constituting the line. The electrical properties of the system
are modelled using repeated transmission line elements (b). The entire transmission line can be
treated as the result of infinite subsequent transmission line elements.

The propagation of electrical signals along a transmission line is typically described using the
telegrapher’s equation.! In this approach, the transmission line is assumed to be composed of an
infinite series of elementary components specified per unit length (Figure S1a), each representing
an infinitesimally short segment of the line (Figure S1b):

o The distributed resistance » of the line is represented by a series resistor (expressed
in ohms per unit length).

e The distributed inductance / (due to the magnetic field around the wires, self-inductance,
etc.) is represented by a series inductor (henries per unit length).

e The capacitance ¢ between the “signal” wire and the “return” wire constituting the line in
Figure S1 is represented by a shunt capacitor (farads per unit length).

e The conductance g of the material separating the two wires is represented by a shunt
resistor (siemens per unit length). rsmune = 1/g accounts for current leakage processes
occurring at the interface between the two wires (also known as dielectric losses if the
conductors constituting the line are separated by a dielectric material).

Under these assumption, the variation of current /(x,¢) and voltage V(x,#) on time and space can

be modeled using the Telegrapher’s equations !

aV(x,t) _ . _ I (x,t)
— = TG - — (S1)
oI(x,t) oV (x,t)

ox —g-Vix,t)—c- . (S2)
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Eq. S1 and S2 can be turned into single-variable differential equations in the frequency domain,
considering V(x,t) = Re{ V(x)e/*t} and I(x,t) = Re{l(x)e/®t} (with V(x) and I(x) voltage and

current phasors)

d*v _
ax(zx) —y2V(x) =0 (S3)
dzal;(;c) —vi(x) =0 (S4)

which are solved by

V(x)= Vie "™ +V;er*  (S5)
I(x) = Ife"* —I;e?™  (S6)

where the "+" and "-" superscripts label respectively forward and backward travelling waves, and

y 1s introduced as propagation constant

Zline

y=a+jB= = +jol)(g +jwc) (87)

Z transversal

The coefficients a and f in Eq. S7 represent respectively the attenuation coefficient and the phase
constant coefficient indicating how much the signal amplitude gets attenuated and the phase
changes with distance. The determination of f at different frequencies provides the dispersion
relation of the material. An analytical expression for the dispersion relation provides knowledge
on the signal propagation velocity inside of the material and of its dependence on frequency. In

fact, the phase velocity of a travelling wave is given by
)
Uphase = E (S8)
while the propagation velocity of a wave packet can be calculated as

Vgroup = ﬁ (S9)
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2. Cable equation for OMIEC materials

The cable equation S3 can be solved for the transmission line presented in Figure 2a describing
the OMIEC/electrolyte interface. When a sinusoidal signal Vis(?) = Re{Vin e/®t} = Re{ V,,} is
injected in the OMIEC electrode from a metallic contact (see Figure 2a), the solution S5 becomes
V(x,t) = (Ae ™ + Be"™)e/t  (S10)
or, in the phasor formalism
V(x) = Ae™"* + Be"* (S11)

where the phase of the propagating wave is determined by 4 and B coefficients. These can be
calculated by imposing boundary conditions. If the propagated potential in x = 0 is equal to the
input signal Vin(?), and the potential is constant at the end of the channel (x = L), we write

Vix=0) =1V, (§12)

d—V =0 (813)
dx vel
We obtain
7 7 —2yL
- e G
and
Vo

V(x) = T [e77* + 2] (S15)

1 + e 2L
which is the equivalent of Eq. 4 in the complex plane. The total current flowing from the OMIEC

channel into the surrounding electrolyte is given by

() = f LVZ(:) dx = Ir/‘_"z tanh(yL)  (S16)
0 040

Finally, considering that the impedance is defined as the transfer function correlating the input
voltage V,,, and the output current I(L), we obtain for the vertical ionic transport
%
Z(L) = % = Jrozocoth(yL)  (S17)

corresponding to the De Levie impedance originally derived for “porous” electrodes.? Ultimately,

as both faradaic processes and inductive effects are negligible in our experiments, we can set g=/=0
in Eq. S7. The propagation constant can be thus defined as in Eq. 3 where we only consider

electronic transport along the OMIEC channel and capacitive ionic charging of the material bulk.
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3. Signal propagation spectroscopies at different doping level

Signal propagation spectroscopies acquired at different DC offset voltages demonstrate that lower
doping levels induce signal attenuation at lower frequencies (Fig. S3a), and cause a larger
dispersion (Fig. S3b) in the travelling potential. Data (indicated with small squares) can be fitted
with Eq. 4 (continuous lines) to obtain the electronic conductivity, the ionic conductivity, and the
volumetric capacitance ¢v of PEDOT:PSS at different electrochemical potentials. Results are

reported in Figure 3g

(@) 10

V offset
« 200 mV
100 mV

+ 0mv
-100 mVv
« 200 mV

V] (mV)

10} 10? 10° 10* 10° 10! le lbl lb-i 105
Frequency (Hz) Frequency (Hz)

Figure S3. Signal propagation spectroscopies at different doping levels. a) Amplitude and
phase (b) spectra of propagating AC signals collected at a distance L=640 pm from the injecting
contact, showing increased dissipation for lower doping levels.
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4. Determination of PEDOT:PSS electronic conductivity from OECT measurements

The electronic conductivity of PEDOT:PSS was calculated from the DC transfer characteristics of

an organic electrochemical transistor (OECT) (Figure S4) using the equation

ID DCL
== S18

where Ip,pc is the drain current and Vp,pc the applied drain voltage.

-0.6

00 02 04
VG,DC(V)

Figure S4. OECT transfer characteristics. The PEDOT:PSS channel has dimensions W= L =30
pum. An Ag/AgCl wire was used as gate to modulate the channel conductivity. Electronic
conductivities reported in Figure 3e were calculated from data acquired with Vppc=-0.1 V.
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S. Dispersion relation in OMIEC materials

Eq. 3 allows to calculate an analytical expression for the propagation constant as a function of the

geometrical and electrical properties of the OMIEC thin film

2 2
volpiont volpion

To (")2Csolpelpiont2 . WCyPey T
= |2 = + = JA+jB S19
v \/:0 \/1+w2c2 T T w2 t* J (519)

In the limit of infinite transmission line (L—0), the expression for the propagating potential S15

assumes a simple form:
V(x,w) =V, eV @x =y _e-la@)+jpw)lx (S20)

allowing to identify a=Re(y) as the attenuation coefficient and f=Im(y) as the phase constant of

the OMIEC channel satisfying:

1

o) = ~Lia[I1C)

|Vin|

| ¢
’ ﬁ(w) - = x

(S21)

Under this assumption, we determine an analytical expression for the dispersion relation of the

OMIEC material

(B
B(w) = Im (\/\/AZ + B? eftanl(ﬁ)) AT T Bsin | () (s22)

where 4 and B are defined according to Eq. S19.

Eq. S21 allows to calculate the dispersion relation for the OMIEC material from the phase shift of
the signal propagating in the PEDOT:PSS thin film. Results obtained at different channel sites
from data in Figure 3c are reported in Figure S5. In this plot, the black continuous line represents
the dispersion relation predicted by Eq. S22, and calculated using the experimental values of the
transport parameters pes, pion and ¢, obtained by fitting the potential signal propagation data.
Experimental curves align well with the theoretical predictions, displaying similar curve shapes
and frequencies at which maximum dispersion occurs. At the same time, despite the dispersion
relation in Eq. S22 is independent from the position on the OMIEC channel, the acquired data

traces do not completely overlap. Such a discrepancy occurs because Eq. S22 is only valid for an
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infinite transmission line, while experimental measurements are affected by finite-length effects.
According to this observation, data acquired in the farthest site from the injecting electrode (L =

640 um) show a better agreement with the theoretical predictions.

Channel site

1750 160 um
15001 320 um
1250 = 480 um

640 um

= Beta th

Bphase (rad/m)
S
o

101 102 10° 10° 10°
Frequency (Hz)

Figure SS. Dispersion relation for a PEDOT:PSS channel. Dots represent the experimental data,
while solid lines result by fitting with Eq. 4 the signal propagation spectroscopies in Figure 3b and
3c. The theoretical dispersion relation (black line — valid for an infinite long channel) is calculated
with the averaged parameters p,;, pion and c» resulting from the fits obtained at different channel
positions.
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6. Low and high frequency limit for the propagation constant

The propagation constant in Eq. 3 can be written as

y = r_O — jwcvpel — jwcvpel + wzcgpelpionthz (823)
Zy 1 +j(‘)cvpionth2 1+ wzcgpizonth‘l

If we introduce 7ion = Rion™C as the time constant for the ionic circuit (where Rion = % and

C=cv*L*W*ty, are the total ionic resistance and capacitance of the OMIEC thin film), the (angular)

ionic frequency cutoff is defined as

! ! (S24)
w = =
¢ Tion CyPion thz

Eq. S23 can be rewritten as

: — » ](2) Pel (ﬂ) Pel
y = JWCyPey T WCHPerPionth _ Wc/ Piontn” W/ Piontn” (§25)

1+ (wﬂc)2 1+ (wﬂc)2

2
When o < o, the term (wﬂ) decays more rapidly than its linear counterpart ((%), giving the low-
c c

frequency limit y.r for the propagation constant in Eq. 7:

AW -
v = |i(o) L% = e (526)

Wc piont2 B
It follows
we, 200,
apr(w) = 20 ; vphase,LF(w) = (S27)
O¢l v

considering the ionic and electronic conductivities gion= 1/ pion and ger=1/ pei.

On the other hand, when w > w., we can replace Eq. S25 with

- J (w%) pif,féhz * (w%) pifiéhz _ | P j L _pa (528)
HF (2)2 Piontn? (2)2 Piontn’
W, We

which can be simplified considering the limit



221 lim(,/a +jb) = Clli>r>rllj[(\/z(cos<p + j sin (p)]

a>b

b b
222 = lim \/\/ a® + b? [cos <tan‘1 E) + j sin (tan‘1 E)]

a>b

: b . b _ b
223 = lim {x/a(cos% +]sm%)} = \/E<1 +]Z) (S29)

a>b
224  We obtain
VPe
Pel . (530)

225 YuF = +_]
Piontn chvpig/zth3

226  which gives

[ 2 3
Oion 2we,\/o,c,t
227 ayp(w) = [—; v w)= ———— S31
HF( ) O-eltz phase,HF( ) Jion3/2 ( )
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7. Electrical properties of neural axons

Table S1 reports the electrical properties of neural axons used for the simulations in Figure 5a

and 5b:?

AXon

Myelinated
axon

o (S/m)

3

30

¢ (F/m?)

0.1

0.01

r (mm)

0.5

0.5

254 Table S1: Conductivity, superficial capacitance, and radius of neural axons.
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