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ABSTRACT: We have used Liquid-Phase Transmission Electron Microscopy (LPTEM) to
directly image the fundamental processes occurring at the electrode-solution interface during
electrochemical deposition of poly(3,4-ethylenedioxythiophene) (PEDOT) from an isotropic 3,4-
ethylenedioxythiophene (EDOT) monomer solution. We clearly observed the various stages of
the electrodeposition process including the initial nucleation of liquid-like EDOT oligomer
droplets onto the glassy carbon working electrode and then the merging, coalesce and growth in
size and thickness of these droplets into solid, stable, and dark PEDOT conjugated polymer films.
We also used correlative transmitted light optical microscopy to study this process, revealing the
change in color of the translucent clusters to the dark polymer film caused by the increase in
conjugation length. From our studies we have been able to correlate specific observations of local
structure and dynamics to the liquid-like (EDOT oligomer) droplets and solid-like (PEDOT
polymer) films including their mobility, mass thickness, edge roughness, size, circularity, and

optical absorption.



Introduction
Conjugated polymers like poly(3,4-ethylenedioxythiophene) (PEDOT) and its derivatives

have received widespread recent interest due to their high chemical stability, biocompatibility,
low oxidation potential and high conductivity '-3. Their use in biomedical device-tissue
interfaces have been of particular interest due to their ability to provide a mechanically compliant
interface and transport charge both ionically and electronically *. PEDOT-coated electrodes
typically have impedances around two to three orders of magnitude lower than uncoated flat
metal electrodes in the low-frequency region (<1 kHz) of particular interest for biological signals
5. Recent studies have also shown that using substituted EDOT monomers can have significant
effects on the adhesion of the polymer film on inorganic substrates 7. Copolymers of PEDOT
and a more hydrophilic comonomer (EDOTacid) have also been investigated to make PEDOT

more biocompatible 3.



A variety of methods can be employed to polymerize PEDOT, namely chemical
oxidation, electrochemical deposition, radiation-induced polymerization, or chemical vapor
deposition %14, Among these methods, chemical oxidation (followed by spin-coating onto the
electrode) and electrochemical Reference electrode  Working electrode
deposition have been extensively

used for modifying substrates and

electrodes. In a typical three-

electrode electrochemical

polymerization system (Figure 1), the

working, the counter, and the Counter electrode

reference electrodes are immersed in Figure 1: Schematic of a typical 3 - electrode system

4 monomer solution. The utilized for electrodeposition) conjugated polymers.

polymerization reaction takes place
when the applied potential is higher than the oxidation potential of the monomer. The polymer is
then deposited onto the working electrode (anode). An added advantage of this method is that it
can also be useful for coating selected areas or coating patterned surfaces !°. Recent studies have
also shown that electrodeposition can also be used to locally deposit PEDOT into the brain of
living animals or around individual peripheral nerves 1618,

Electrodeposition or electroplating of inorganic metals has been employed for a variety of
purposes. In electrodeposition of inorganic metals, there is usually an immediate first-order
transition from an isotropic liquid electrolyte to the dense, solid, crystalline product'®?°. There

are also studies describing a multi-step pathway in these electrodeposition reactions?'?2, In these

cases, it is relatively straightforward to estimate or control the thicknesses of the materials



deposited. However, during the electrochemical polymerization of conjugated polymers, the
monomers first oxidize to form reactive radical cation species >3 that then react with each other to
form dimers, trimers and higher order oligomers (Figure 2). As the average molecular weight
increases the film becomes insoluble in the solvent, leading to deposition of a conjugated

polymer film on the working electrode.

Electrochemically deposited conjugated polymer films can show dramatic variations in
morphology. Typically, PEDOT films have a somewhat lumpy surface structure, with details
that depend on the deposition conditions and choice of solvent!. They can also form relatively
fibrillar, low density, open structures. They can also deposit around dissolvable templates, or
onto gels or even living tissues if they are present in the reaction medium. Another complication
is that the films are typically doped during the process, resulting in a residual positive charge on
the molecule backbone that is balanced with a counter anion or dopant. Typical dopants include
both macromolecular polyanions such as poly(styrene sulfonate) (PSS), or small molecules like

perchlorate or toluene sulfonate (pTS). Therefore, there is a critical need to look at the early
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Figure 2: The 3,4-ethylenedioxythiophene (EDOT) monomers first oxidize to
form reactive radical cation species which then react to form dimers, trimers and
higher order EDOT oligomers before finally depositing as the solid PEDOT
polymer product on the anode. There are two hydrogens removed from either
side of the thiophene ring for every monomer reacted.



stages of the electrodeposition reaction to be able to better predict and tune the structure and the
properties of the conjugated polymer films.

Other investigators have studied the nature of the PEDOT electrodeposition process using
more indirect methods. For example, del Valle used current-time (i-t) transients to estimate the
diffusion coefficients of EDOT in the presence of different supporting electrolytes. They argued
that the changes were associated with the formation of a viscous oligomeric phase before the
final solid product, but did not image the process locally. 2* Another study by Ranriamahazaka
et al., of the early stage nucleation of PEDOT in acetonitrile on platinum discussed the effect of
monomer concentration and polymerization potential on a theoretical model for film nucleation
and growth model (current density as a function of time) 2°. Although both these studies
proposed mechanisms for the nucleation and growth of PEDOT films, they did not confirm what
the actual mechanisms of film formation actually were. To do this it is necessary to have
imaging techniques with the time and spatial resolution to monitor these events directly.

Atomic Force Microscopy (AFM) was used by Ventosa et.al to image the early stage
nucleation and growth mechanisms of PEDOT 2°. Their system consisted of water as the solvent,
LiClOs4 as the counter-ion and Highly Oriented Pyrolytic Graphite (HOPG) as the substrate. They
concluded that at low driving force, 2D layer-by-layer growth governs electrodeposition.
However, these AFM studies only examine surface structure, and had a relatively limited field of
view. They did not reveal information about the formation of droplets or their interactions with
one another. They also did not provide insight about relatively thick films of interest for most
applications. They were also unable to distinguish differences between the liquid-like and solid-

like components of the film.



In the past two decades, the use of LPTEM has grown tremendously with applications
ranging from observing polymerization induced self-assembly, micellar fragmentation, batteries,
electrodeposition of metals, and catalysis?’ . While dealing with any type of material it is
important to use controlled amounts of electron doses particularly while imaging in liquid
because liquids are known to incur partial damage or decompose upon interaction with an
electron beam. These interactions often lead to formation of reactive radicals and molecular
species, change in the ionic strength or pH of the feed solution thus altering the conditions of the
experiments giving rise to skewed results. These effects have been discussed in great detail by
Woehl et al., Schneider et al., and Grogan et al.*#'=*346 For LPTEM of organic materials, it is
particularly critical to carefully monitor and control the total electron dose used during imaging
to limit the potential for structural damage of these beam-sensitive materials in addition to the
liquid*’#8, Beam-sensitivity of organic crystalline solids can be obtained by measuring the doses
required for the Bragg spots to fade away 84°°°, Previously published studies on TEM of PEDOT
in the solid-state have given an estimate of 60 e/A? for the total end point dose ! It is also
possible to get an estimate of the solid-state beam-sensitivity of organic polymers from their

melting points>%°!,

Previously, J. Liu et al. showed that it was possible to observe the oligomeric clusters
nucleating and growing from glassy carbon working electrodes during the electrochemical
polymerization of poly(3,4-ethylenedioxythiophene) (PEDOT). However, the earliest stages of
the process, particularly the evolution of the mobile oligomeric clusters, required a much more
careful and detailed analysis to better understand the detailed polymerization mechanisms. This

work primarily focuses on bridging those knowledge gaps by quantifying and understanding the



evolution of nucleation densities, thicknesses and shapes and sizes in detail during the
electrochemical polymerization reaction. In particular, we focused on the nature of the transition
from liquid-like EDOT droplets to the solid-like PEDOT film. We were able to obtain
information about the changes in droplet dynamics, surface roughness, and absorption during the
process. However, because of the fact that the oligomers did not crystallize during our
experiments, the traditional method of measuring beam sensitivity by fading of Bragg reflections
was not possible. As shown by Guo et al., an alternative method might be to use quantitative
electron energy loss spectroscopy (EELS), which has been used to estimate beam damage of

polymers by TEM>?,

Materials and Methods

Monomer solution:
(3,4-ethylenedioxythiophene) (EDOT monomer), lithium perchlorate, and poly(acrylic
acid) (PAA) (Mw~1800 g/mol) were purchased from Sigma Aldrich. The aqueous solutions used

were 0.01M (3,4-ethylenedioxythiophene) and 0.1 M lithium perchlorate.

Liquid flow cell and electrochemistry chips:
A commercially available electrochemical holder and Echips from Protochips, Inc. was
used for performing the in-situ liquid TEM experiments. Details are provided in supplementary

information.



Transmission Electron Microscopy:

The in-situ experiments were performed on a 200 kV ThermoFisher Scientific FEI Talos
F200C in brightfield imaging mode. The total electron doses used for these experiments were
around 6 - 12 ¢/A? which were well below the critical dose for electron damage of the PEDOT
(~60 e/A?).

We did several control experiments to ensure that the electrochemical deposition we
observed in the TEM was associated with current delivered to the microfabricated chip and not
from the electron beam. First, we only ever saw electrodeposition on the working electrode
itself, never on the surrounding silicon nitride membrane. Also, we did not ever see deposition if
no current was delivered to the electrode. We did observe evidence for local bubble formation
when the beam was focused down to a small spot (less than about 10 um). We also correlated
our TEM studies with optical microscopy under similar conditions and found no substantive
differences. Of course we recognize that there may be some damage induced during the
exposure to the beam, but our results are reasonably consistent with what is observed optically
(without the complication of the electron beam). Other investigators have performed
quantitative analyses of the influence of dose and dose rates on the formation of various

activated species in solution during LPTEM, including Woehl et al. and Schneider et al*'3,

Electrochemistry:
The experiments were either conducted galvanostatically at ~150 nA or potentiostatically at a

potential of 1.2 V using a Gamry Reference 600.



Video recording:

The in-situ experiments were recorded using Velox™ and screen recorder software.

Optical Microscopy:
Optical micrographs were acquired with an Olympus BX60 BF microscope using a custom

designed electrochemical stage from ProtoChips.

Image analysis:

Quantitative analysis of the images were done using Fiji (Imagel version 1.53a).

10



Results and discussion
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Figure 3: (a) Brightfield TEM (BFTEM) of the direct imaging of the electrodeposition
of PEDOT on glassy carbon working electrode during 60s, 70s, 80s, 90s of the
electrochemical polymerization reaction (b) Plot of the droplet density (red circles,
#/um?, left axis) and average area per droplet (blue squares, um?, right axis) as a
function of time.

Our low-dose liquid phase Transmission Electron Microscopy (LPTEM) experiments
revealed previously unobserved mechanisms of electrochemical polymerization process of
PEDOT including the nucleation of the liquid-like EDOT oligomer droplets and their subsequent
growth, merging, evaporation, and eventual coalescense into solid, stable and dark PEDOT
conjugated polymer films. Quantitative analysis of the bright field TEM images has provided us
with detailed information about droplet density, droplet areas and film thicknesses as a function
of time (total charge). We saw that the density of droplet nuclei increased with time and then

reached a maximum as they grew, eventually coalescing into a continuous film. The maximum

11



nucleation densities observed on the glass carbon working electrode were reasonably consistent
(~0.3-0.4 nuclei/um?) during the polymerization reaction. We also observed that some of the
oligomeric nuclei dissolved back into the solution, suggesting the existence of some degree of

reversibility to the process which had not been previously appreciated.

Figure 3(a) shows frames from the video of a PEDOT electrochemical deposition
LPTEM experiment taken at various times during the reaction. We clearly saw the various
stages of the electrodeposition where the liquid-like EDOT oligomers (dark in contrast due to
their higher mass thickness) initially nucleated from the glassy carbon working electrode (lighter
shade of grey compared to the oligomers) then merged, coalesced and increased in size and
thickness before finally covering the working electrode with a solid, stable and dark PEDOT
conjugated polymer film. Plotting the droplet droplet density (#/um?) with time (Figure 3(b)),
we observed that the deposition occurred in two regimes. The first regime corresponded to an
increase in droplet density (the nucleation regime), while in the second regime the clusters
started to merge together and increase in size, thus causing a decrease in the droplet density.

The ratio of the number of scattered electrons to the number of incident electrons and the
product of the density p and the thickness t (mass thickness) follows the relationship I = I, exp (-
Sppt) = loexp (-t / Ar), where I, is the incident electron intensity, Sp is the mass scattering cross-
section, p is the density of the specimen, A: is the total mean free path and t is its thickness 3.
We determined the mass scattering cross-section (Sp) for our TEM using polystyrene spheres of
known diameters taken under similar brightfield imaging conditions with the same aperture size
(Figure S1(a) and Figure S1(b)). Then, we estimated the thicknesses of individual clusters using

the calculated value of mass scattering cross section (Sp = 0.05 cm?/ug ; assuming density of

12



polystyrene spheres ~ 1 g/cm?®, A¢=200 nm). We then related the thicknesses to the applied

charge density of these clusters.

Role of nucleation in determining the thicknesses
Assuming a uniform film of constant thickness with a known density, this makes it

possible to estimate or control the expected film thickness deposited on an electrode using

Faraday’s law : t = (%) (%) (piA) where t is the thickness of the material deposited, Q is the charge

used for the reaction, F is Faraday’s constant (96,485 C/mol), M is the molar mass of the

material, n is the number of electrons transferred per ion, p is the density of the material and A is
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Figure 4: Plot of film thickness (t in um) as a function of total charge density (c in
C/cm?) showing that the nominally dense PEDOT films follow an empirical
relationship (t=6.8¢%7%). While some of the values of thicknesses are lesser than the
expected values in the nucleation and growth regime presumably due to their
discontinuous nature, the thicknesses of electrodeposited films onto gels or tissue
scaffolds are much higher than expected.
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the area of the electrode °°. However, the electro-polymerization of conjugated polymers is a
much more complicated process than a simple first order phase transition from liquid to solid as
observed by in-situ TEM and other techniques 23437,

The times during early-stage nucleation and growth are particularly interesting and
important periods to monitor. However, there are only few studies have been done in the
nucleation and growth regime during the electrodeposition of PEDOT due to the complexity of
the experiments. Terzi et.al studied the early-stage growth of the electrodeposited thin films of
thiophene derivatives on gold substrates. They found that EDOT molecules first get adsorbed
onto the gold substrate before starting to polymerize 8. Other nucleation and growth studies
discussed the discontinuous nature of the films during the initial stages and the instantaneous and
diffusion-controlled pathways 2%°. Our in-situ TEM studies (Figure 3(a)) have confirmed the
discontinuous nature of these films at the early stages the deposition thus corroborating the
findings of other groups. Presumably, the reported values of thicknesses in these studies show
some amount of variation in the thicknesses for the same charge density due to the discontinuous

nature of the deposited films during the earliest stages of deposition.

Figure 4 provides a compilation of the thicknesses of electrodeposited films of PEDOT as
a function of charge density (C/cm?), with thicknesses ranging from about 1 nm to 1000 um and
charge densities from 10> C/cm? to 10 C/cm? as shown in Figure 4. The data shown here was
compiled from the literature and previous work from our own laboratory?%3860-68 - The plot
shows that the thicknesses of the films increase with increasing charge density as expected. The
variation in the thickness values at low charge densities, i.e. during the nucleation and growth

regime is evidently due to the discontinuous nature of the film as stated earlier. During

14



deposition onto gels or tissue scaffolds, the thicknesses obtained are significantly larger than
nominally dense PEDOT films for similar charge densities °°.

From the plot, we can relate the nominal thicknesses (t in pum) of these films to the total
charge density (c in C/cm?) transferred during the reaction using the empirical equation
t=6.8¢"7°. The fact that the scaling exponent between charge density ¢ and thickness t is
somewhat less than one is presumably due to the fact that typically deposited films are not flat,
but have somewhat rough surfaces, as has been seen in by SEM, AFM, and Electrochemical
Impedance Spectroscopy (EIS)%. The electrodeposition of conjugated polymers clearly depends

on variety of factors like the type of solvent, monomer, counter-ion and current efficiency.
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Optical Microscopy
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Figure 5: Transmitted light optical microscopy images showing that
with increasing time, the deposited material goes through a transition
from an initially translucent phase (EDOT oligomers) to a final dark,
solid product (PEDOT polymer). White arrow shows some of the
precipitated dark solid-like polymer product, while the black arrow
shows the edge of the glassy carbon working electrode.

In addition to our experiments with LPTEM, we also used transmitted light optical
microscopy to study this process under similar experimental conditions. These studies revealed
similar details like the EDOT-oligomer droplet nuclei forming, merging and finally forming a
stable solid film on the glassy carbon working electrode. The additional information that we
could extract was the change in color of the translucent clusters to the dark polymer film caused
due to the increase in conjugation length. Optical microscopy has helped us observe the dramatic
change in light absorption that occurs as the conjugation length increased during the transition
from translucent EDOT monomer, through EDOT oligomers, to the final dark solid-PEDOT

polymer product (Figure 5). As the reaction progressed and the molecular weight of the polymer

16



increased (inferred from the change in color of the deposited product), we observed that the
initially mobile liquid monomer solution went through a transition to viscoelastic EDOT
oligomers, and then to a solid PEDOT polymer product.

While the merging events (small -> large) happened slowly (~ 10 s), break-up (large ->
small) was relatively fast (~ 1-2 s). Additionally, as discussed previously we also observed
evidence for dissolution, where a single droplet completely went back into solution. However,
these events were only seen for liquid-like EDOT oligomer droplets. The solid-like PEDOT
films were stable, sessile and remained either constant or consistently increased in mass
thickness. Further, the liquid-like EDOT oligomeric droplets had smoother edges, and were more
circular compared to their solid-like PEDOT counterparts. In the following section, we have

discussed the most commonly observed differentiating factors between the two components.

Transitions from liquid-like oligomers to solid-like polymers

Here, we describe some of the specific differences we have observed between the liquid-
like EDOT oligomeric droplets and solid-like PEDOT polymer films:

Mobility: The liquid-like EDOT oligomer droplets were mobile, fluctuating and dynamic
domains which changed in shapes and sizes frequently before merging and depositing onto the
working electrode. In stark contrast, the solid-like PEDOT polymer films were sessile, stable
regions, initially observed predominantly on the edges of the electrode that only increased in
mass thickness with increasing charge density. The tendency for polymerization to proceed more
rapidly near the electrode edge has been previously discussed by J. Liu et.al, Cui et.al and Wei

et.al, and is presumably due to the locally higher electric field 36470, Frames in Figure 6 show

17



the typical differences seen between the fluctuating EDOT oligomer domains (red) and the stable
PEDOT polymer solid-like films that constantly increased in thickness (blue) (sometimes would
remain constant). We could see how the shapes and sizes of the liquid-like EDOT oligomer
clusters evolved during the reaction. Towards the later stages, the shapes of the liquid-like EDOT
oligomers would remain constant for a while before transitioning onto becoming a PEDOT solid
followed by depositing onto the working electrode as a stable film. Specifically, we saw that
liquid-like EDOT oligomer droplets had values of circularity that remained closer to one,
representing their ability to minimize their surface free energy by locally reorganizing and

rearranging the more mobile molecules within the droplet. The solid-like PEDOT polymer
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droplets had circularities that became low, in some cases by having more than one droplet merge

together and then solidify before significant subsequent molecular rearrangements could occur.

Circularity (C): Circularity is a dimensionless quantity which is defined as 4n (area) /
(perimeter)? 7!, C is defined so that perfectly circular droplets have a value of C = 1, and as they

become more highly elongated the value of C drops accordingly.

@) (e) 7

Figure 6: Sequential Bright-field TEM images showing liquid-like clusters transitioning
into solid-like films observed during the electrodeposition of PEDOT on glassy carbon
working electrode taken at (a)180s (b) 190s (c) 200s (d) 210s (e) 220s (f) 230s

L - Liquid-like; S - Solid-like.
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Usually, the EDOT oligomer liquid-like fluctuating domains were initially quite circular,
with values of C ~ 0.9. As the reaction proceeded, they started to change in size and shape, with
particularly dramatic changes occurring due to merging and coalescing of smaller oligomeric
clusters to form larger ones. High C values (closer to 1) corresponded to liquid-like, fluctuating,
mobile domains while clusters with lower C values (C<0.5-0.6) were predominantly solid-like,
stable and sessile.

Mass thickness: As seen in Figure 7 the droplets would increase or decrease in bright
field TEM intensity during the course of the reaction. The intensities of most of the droplets
decreased (meaning an increase in mass thickness) initially and then increased (meaning a

decrease in mass thickness due to dissolution of lower molecular weight species) before

—e— Droplet 1
—e— Droplet 2
—e— Droplet 3
—e— Droplet 4
—e— Droplet 5
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Figure 7: (a) Intensities of typical droplets and solid areas with time. As seen in the graph, the
intensities of the liquid-like EDOT oligomer droplets could increase or decrease during the
reaction whereas the solid-like PEDOT films constantly decreased in intensity, meaning they
increased in mass thickness (b) Schematic of rough edges in the solid-like components as seen
during the electrochemical polymerization.

solidification. In some cases, the liquid-like EDOT oligomer clusters completely dissolved back

into the solution. In stark contrast, the solid-like PEDOT polymer films either remained constant

20



or steadily decreased in intensity (meaning they increased in mass thickness) during the course of

the reaction.

Roughness: As seen from the changes in shape from Figure 6 the liquid-like EDOT
oligomer droplets underwent significant variations due to events like merging and coalescence
before they transitioned into solid-like PEDOT polymer films. A schematic of the rough edges of
a solid-like PEDOT polymer region is shown in Figure 7(b). Initially, the liquid-like EDOT
oligomer droplets had smooth edges and were circular. However, due to these merging events,
the solid-like droplets became less circular and had rough edges. On a length scale (L) of ~2 —

3 um we saw variations (a) of ~ 150-250 nm (~ 7-8 %) along the edges for the solid-like PEDOT
polymer regions with rough edges, whereas the edges in the liquid-like EDOT oligomer droplets
did not show as much variations (50-100 nm ~ 1-2% ) as the solid-like regions.

Optical Absorbance: The mobile, liquid-like EDOT oligomeric droplets were optically
translucent or light blue in color. On the other hand, solid-like PEDOT films (dark regions in
TEM due to mass-thickness) near the edge of the electrode in the optical micrograph (transmitted
light) in Figure 5 were dark blue in color due to the characteristic absorption of PEDOT.

To summarize, the liquid-like EDOT oligomer clusters (usually from about 50 nm to 2-

3 um in size; although larger droplets could also be observed in rare cases) would fluctuate and
subsequently rearrange themselves by merging and coalescing within a span of 50 s — 100 s
whereas the solid-like PEDOT polymer regions (usually towards the edge of the electrode and
typically > 4-5 um) had predominantly stable shapes over similar time frames. A specific
example within a ~ 100 um? area is shown in Figure 6. Next, merging events caused the liquid-

like droplets (with circularities usually > 0.5-0.6) to become less circular with time as they
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become solid-like regions with rough edges (with circularities usually < 0.5-0.6). On length
scales of L ~ 2 - 3 um along the droplet edge we saw variations of ~ 150-250 nm (~ 7-8 %) along
the edges for the solid-like regions with rough edges, whereas the edges in the liquid-like
droplets did not show as much variation (only 50-100 nm or 1-2% ). Also, we saw that the
liquid-like droplets could decrease in thicknesses (up to ~ 50 nm- 70 nm in ~ 50 s) and in some

cases even completely dissolve back into the solution. In
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Figure 8: (a)Bright-field TEM images of liquid-like droplets and solid-like
films observed during the deposition (b) Liquid-like droplets are shaded in
red (horizontal lines); solid-like films are shaded in blue (tilted lines).

Table 1: Specific metrics that can be used to differentiate between liquid-like droplets

and solid-like regions:

merging and coalescing
within a span of
50s-100s

Metric Liquid-like Solid-like
EDOT oligomer PEDOT polymer
Mobility/fluctuations Rearrange themselves by | Predominantly stable

within similar time
frames

Mass thickness differences

Certain droplets decrease
up to ~ 50 - 70 nm in ~
50 s, and sometimes
dissolved back into
solution

Consistently increased in
mass thickness

Roughness along the edges

~1-2 % (50 nm - 100
nm variations over

Variations up to ~ 7-8 %
(150 nm - 250 nm over

3 -4 um) 3 -4 um)
Optical absorbances Translucent Dark Blue
Size distribution ~50nm - 2-3 um larger | ~>4 -5 pum

droplets were also

observed in rare cases
Circularity ~>0.5-0.6 ~<0.5-0.6
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contrast, the solid-like PEDOT polymer regions consistently increased in mass thicknesses.
Finally, corresponding experiments by optical microscopy revealed that the liquid-like EDOT
oligomer clusters were optically translucent (meaning the oligomers were not yet conjugated
enough to efficiently absorb light), whereas the solid-like clusters were the dark blue color
known to be characteristic of the PEDOT polymer. We have included these differences in
Table 1. Furthermore, in Figure 8, we present an example where we have coded the liquid-like
droplets in red (horizontal lines) and solid-like films in blue (tilted lines) by making qualitative

and quantitative observations at different time frames in the video recording.
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Mechanistic details involved in the evolution of shapes and sizes during the formation of

solid-like films and liquid-like clusters

Circularity of liquid-like clusters
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Figure 9: Plot of the transition in circularity with time of the droplets in
Figure 6: while they transition from liquid to solid.

The change in the shapes and sizes with time of the clusters are important clues for
understanding the electropolymerization mechanisms. Further, it is important to have

quantitative estimates for the variations in the sizes and shapes. The majority of the liquid-like

fluctuating domains of EDOT oligomer were initially highly circular, with values of C ~ 0.8-0.9.

During the electrochemical polymerization reaction, the liquid-like domains start out with

changing sizes and shapes and as the reaction proceeds, they coalesce and start to become sessile
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and stable and become less and less circular as the films are more or less arbitrary in shape. As a
result, their circularity decreases due to merging of smaller oligomeric clusters to form larger
ones. Higher C values (closer to 1) usually corresponded to fluctuating domains while shapes
with lower C values were predominantly solid-like, sessile and stable. We have chosen specific
frames as representatives of the process as a whole to explain some of the mechanistic details
involved in the process.

Figure 9 shows how the circularity of the oligomeric clusters from Figure 6 changed
during the electrochemical polymerization. During early times of the reaction, we observed a
larger number of more liquid-like smaller EDOT oligomer droplets with high circularity.
Simultaneously, the values of circularity started to decrease as the reaction proceeded, indicating
the merging and coalescing of the oligomeric droplets into bigger clusters that became less

circular (and more solid-like).

“Pinned-edge” mechanism of liquid-like droplets transforming into solid-like films

We can use the plot in Figure 9 to discuss the change in the mass thicknesses while the
phase transformations occur. The circularity values of the droplets transitioning from liquid to
solid do not vary for a brief period of time in Figure 10. As the molecular weight increases the
driving force to precipitate out of the solution increases, and the lower molecular weight species
slowly start to dissolve back into the solution, as shown in Figure 10(a). The dissolution occurs
simultaneously with the merging, coalescence, and solidification of PEDOT onto the glassy
carbon working electrode. This phenomenon of lower molecular weight species dissolving back
into solution can in some cases proceed so far as to have the entire droplet go back into the
solution. This process has some similarities to Ostwald ripening in metallic nanoparticles’?.

However, here the physics involved in electrodeposition of PEDOT is somewhat more
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complicated, since the ongoing polymerization reaction causes local increases in the

concentration of species with a variety of molecular weights including short-chain EDOT

oligomers, longer-chain EDOT oligomers, and finally the PEDOT polymer product.
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Figure 10: (a) Plot of circularity and thickness of the transitioning droplets as a function
of time (b) Schematic explaining the pinned-edge mechanism.
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Consider the evaporation of a droplet of liquid containing solid particulates dissolved in
it. In general, during the evaporation process, the liquid evaporates, while the solid particulates
deposit on the surface. In this case there is a liquid-solid interface, a solid-air interface and a
triple boundary interface. While the solid particulates deposit, either coffee ring effects are
observed where there is deposition largely on the edges of the droplet 737> or the solid uniformly

deposits on the surface.

Although the phenomena we are concerned with for our electrochemical polymerization
system are predominantly phase-transitions and dissolution of lower molecular weight species,
our deposition reactions bear some similarities to the evaporation process. In our case, we see
more of a uniform deposition throughout the shape of the droplet instead of just on the edges.
This suppression of coffee ring effect eventually leading to a disc-like films rather than a ring-
like film has also been discussed 7°. Yunker et al. showed that particles with anisotropic shapes
tend to suppress this effect and form a disc-like, uniform film. This phenomenon, they argued,
was predominantly due to the loose packing of the anisotropic particles and as a result the
capillary flow does not push them to deposit on the pinned edges. Comparing these phenomena
to our case, our liquid-like droplets do not have isotropic shapes which presumably might be
leading to deposition of uniform disc-like films instead of exhibiting a coffee ring effect. As a
matter of fact, droplets containing motile bacteria have also been observed to form more uniform
(disc-like) films as compared to nonmotile bacteria which follow the coffee ring effect 7’.

We propose that this “pinned edge” mechanism is one of the more prevalent ways the
solidification can take place, in that the shapes, as seen from the snapshots of the process, the

circularity plots, and the boundaries of the droplets are more or less fixed during the
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solidification process. With fixed boundaries, their mass thicknesses decrease, indicative of the
decrease in thicknesses as the lower molecular weight species from the interface dissolve back
into solution and finally we have the polymerized product deposited onto the working electrode.
As more and more EDOT oligomeric droplets nucleate, grow, coalesce and finally deposit we
find a relatively uniform film of PEDOT deposited onto the working electrode.

Liquid to solid transitions have been of interest to researchers focusing on a diverse
aspects of materials ranging from proteins and polymers to polyelectrolytes 32, Other phase
transitions like evaporation of liquid droplets have also been studied in detail in the recent past
83858586 The mechanisms of dissolution of sessile and dynamic droplets have been examined
extensively by a wide variety of researchers 809991 Herein, we have discussed some
mechanistic details of liquid to solid transitions that we observed during the electrodeposition of
PEDOT, and identified and quantified several metrics that can be used to differentiate liquid-like
oligomers from solid-like polymer product. These include mobility, mass thickness, roughness,
optical absorption, size distributions, and circularity. In the future we hope to continue to fine-
tune our understanding by systematically varying processing conditions and the composition of
the reaction mixture (by changing solvent, counterion, and the composition of the monomer) and

comparing these results to PEDOT itself.
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Conclusions

We have investigated the phase-transformations involved during the electrochemical
deposition of EDOT oligomers into PEDOT conjugated polymer film. The schematic in
Figure 11 describes the mechanism through which we understand the reaction to proceed, based

on our observations. The electro-polymerization reaction, mainly driven by insolubility of the

Mechanism of the electrochemical polymerization of PEDOT

Nuclei originating
from the working
electrode

Nuclei merge to form higher
molecular weight oligomeric
clusters

Figure 11: Schematic relating the in-sitt BFTEM images to the mechanism showing the
nucleation and growth of liquid-like clusters transforming into solid-like films through
coalescence.

higher molecular weight EDOT oligomers proceeds from an initially highly mobile, isotropic
liquid EDOT monomer precursor solution through viscoelastic EDOT oligomer intermediate
states to a final solid PEDOT polymer film product. The local mechanistic insights we have
obtained by LPTEM have provided us with details about the electro-polymerization induced
liquid EDOT monomer to solid PEDOT polymer phase transition. From detailed analyses from
our in-situ TEM experiments, we have been able to associate specific observations with the local
structural state and dynamics of the sample. For instance, we have observed that the initially
liquid-like, mobile clusters of EDOT oligomers nucleate from the electrode surface which then

further coalesce to form relatively more sessile, stable and solid-like polymer PEDOT films.
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Additionally, we found that the typically rough and bumpy morphology of electrodeposited
PEDOT is due to the phase transformations of these clusters of anisotropic shapes and sizes
increasing and decreasing in thickness which then merge with each other and then grow onto
each other. We have quantified the differences between the mobile liquid-like clusters and the
relatively sessile solid-like polymers as these oligomeric clusters rearrange themselves to deposit
on the electrode (Table 1). These quantifications using metrics like mobility, circularity, and
roughness will eventually help us in resorting to machine learning to differentiate different
components and thus optimize different chemistries and processing conditions. Thus, to
eventually have a better control over the final structure and properties of the PEDOT solid
polymer film, these initial studies will be of great significance.

Furthermore, we have also examined the influence of high molecular weight additives for
producing nanofibrillar morphologies of PEDOT, as was previously reported by Yang et al using
LPTEM®, and will report on these studies elsewhere. We are interested in future studies of
functionalized versions of EDOT with side groups that would promote the formation of
molecular orientation and crystallization during deposition. To date, the droplets of EDOT
oligomer or PEDOT polymer formed during the early stages of electrodeposition in LPTEM
have proven to be essentially amorphous, with little to no evidence for diffraction contrast seen

in bright field, dark field, or electron diffraction modes.
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