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9 ABSTRACT: Electropolymerization is an important technique for surface functionalization owing to its convenient and controlled
10 synthetic pathways. The in-situ synthesis of metallo-supramolecular polymers (MSPs) utilizing coordination-driven metal ions and
1 coordinating ligands as well as studying their potential applications using electropolymerization have been less explored. Herein, we
12 demonstrated the formation of MSPs on a pre-terpyridine-functionalized indium tin oxide (ITO) glass substrate by using Fe(lll) ions
13 and 4',4""-(1,4-phenylene)-bis(2,2":6',2"-terpyridine) ligand. By providing an anodic potential, polymer growth occurred due to the
14 strong coordination between the reduced metal ions (Fe(11)) and the bis-terpyridine ligand. The formation of the polymer was evident
from the growth of the corresponding peaks in the cyclic voltammogram and UV-vis spectral profile. The surface morphology was
15 characterized using atomic force microscopy (AFM). The electrochromic (EC) properties of the electropolymerized MSP (EP-MSP)
16 were studied by utilizing the metal-to-ligand charge-transfer color band of the redox-active Fe(ll)-(terpyridine), unit present in the
17 MSP backbone. It was observed that the film exhibited an optical switching coloring time of 2.1 s and 5.7 s for bleaching, a transmit-
18 tance change of 54%, and a coloration efficiency of 142.6 cm?C ™.
19
20 KEYWORDS: Electropolymerization, Metallo-supramolecular polymers, Electrochromic, Coloration efficiency, Switching
;; time, Optical contrast.
23 1. INTRODUCTION on the LbL deposition method. Pan et al. used terpyridine-mod-
24 ified multiwalled carbon nanotubes and ruthenium(lIl) ions to
25 Surface functionalization is of immense importance in the field form an LbL structure. Liu etﬁl' used viologen thiol-function-
26 of materials science because of its potential applications. There all_zed_carbon nanqtqbe and Cu™ to obtain an LbL-depo_snesch) hy-
27 is high demand for surface-based controlled synthesis of func- brid film that exhibited novel electrochemlcal properties. O_n
28 tional conductive polymers because these polymers exhibit ;he other T(antd’ Ztacherfet al. dals_o sLukr)nLn:jarlzec_jt_the Qg?}ﬂ'orga”'c
29 strong electron mobility inside the macrocyclic architecture, ramework structures rormed via L eposition. Owever,
30 quick electrochemical switching, and superior thermal and LbL deposmon tec_hnl_ques ﬁre typl_callr)]/ culmbersorlne anql time-
31 chemical durability.! Several methods have been implemented ;:onhsu_mmg, ;\_icessnatlrg changes in the ebectrolpo yn_wer:jzatlon
32 to functionalize conductive surfaces; however, electropolymer- ceocn dnl:gfi\e/se' sur?aggrﬂsir?x ;10;22%;:?{\]/ e € (§)|o %?r?;;tfle 32i ta
33 ization is the oldest, quickest, and most convenient technique. such as vinvl. thio henge rene. tri henplaﬁwine or carba-’
34 It has many advantages over conventional polymerization tech- e® S Y I | phene, t?ly t P It'y £ ' idati
niques, including the ability to control the thickness and prop- zole.™ Several polymerizable units resulting irom oxidative
35 erties of the polymer film, as well as single-step synthetic pro- electropolymerization via the forsr?at'lor'l of radu_:al cations have
36 cedures.? This technique is especially suitable for the prepara- been explored t_)y Schube_rt et aI_. S_|m|IarIy,_N|e et al. showed
37 tion of conductive polymers, including poly(3,4-ethylenediox- that the form'atlo'n of radl_cal anion mtermed!ates led to reo!uc-
38 ythiophene), polyaniline,# polypyrrol,® and polythiophene,® as tive polymtsesrlzatlon of different vmyl-substlt_uted pol_ypyrldyl
39 well as for the synthesis of transition metal complex materials complexes. Han’z?lbuslg et al._e_lectropozl+ymer|.zed a bis[2-(hy-
40 (e.g., Prussian blue).” The active unit of the polymer backbone droxyphenyl)-2,2°:6,2"-terpyridinyll(M*) (M: Fe and Ru) se-
41 allows the functionalized surface to be used for various appli- res, Wh;fh showed special elec';]roc_:hro_mllccz and photocf:urrent re-
i caloms?sch s o ghtemitng dies OLEDS) s e e e el e o 2P
43 ing, ™ enerqy storage devices (such s batteries and supercapac- merization are rare. Tomaetal. re ortegd tge re ;/ration ofpco-
44 itors),21%13 organic solar cells,* chemical separations, electro- y dinai | by el : Ip dhep 37p H d
chromic devices,® electrocatalysts,'® and biomedical applica- ordinative polymers by € esc+tr_opo ymerization. €y used a
45 tions.17 trlruthenlum clust_er anc_i Fe®** ions to form a stable surface_ on
46 Fluorine-doped Tin Oxide (FTO) glass. However, the applica-
47 . . tions of such electropolymerized MSP (EP-MSP)-thin films
e oo e oy T oL e ben s 1 he eraure, e, epr
. N - - the in-situ synthesis of an EP-MSP-thin film on a transparent
49 strate: coordinative assembly of metal ions to an organic poly- conductive substrate (Indium Tin Oxide (ITO) glass) using Fe®*
>0 mer film, 1% Iayer-_t)y-l_aye2r4(2I;bL) electro_stat@c deposition, > ions and a bis-terpyridine ligand. Additiona?ly, the elgctro-
51 gnd elgctropc_)lymer_lzatloq. > This coordmatl;/(ggssembl_y was chromic properties, including optical contrast, response time,
52 |nvest|ga_ted n dEtfa'I b_y Tle_ke and co-\_/vor_kers. . Organic pol- and coloration efficiency, of EP-MSP were investigated.
53 ymers;c .\INI'[h coordllor;ajuor:j thes on tgﬁlr S|det clh_alns (vgerze L:j-ezd'
MSP films were obtained by assembling metal ions (Co®*, Ni?*,
>4 and Zn?) into organic polymer films through complexation 2. EXPERIMENTAL SECTION
55 . A . S
with the coordination sites. The resulting polymer thin films ex- . . .
56 hibited multicolor electrochromic (EC) properties and a special 2.1. Materials and analytical techniques
g; redox reaction mechanism. Several researchers have reported
59
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All the chemicals were purchased from Sigma-Aldrich Pvt. Ltd.
and Tokyo Chemical Industry Co., Ltd. and used without fur-
ther purification. Acetonitrile (ACN) and dimethyl sulfoxide
(DMSO) were used as analytical grade electropolymerization
solvents. UV-vis spectra were obtained using an ocean optical
light source (DH-2000) and a spectrophotometer (USB4000).
4’ 4""-(1,4-Phenylene)bis(2,2":6',2"-terpyridine) (L1) was pur-
chased from Sigma-Aldrich Pvt. Ltd. (97% purity) and used di-
rectly without further purification. L2 was synthesized accord-
ing to a previously reported method.*” Cyclic voltammetry (CV)
and chronoamperometry experiments were performed in an ar-
gon-saturated anhydrous ACN solution containing 0.1 M
LiClO, as the supporting electrolyte using an electrochemical
analyzer (ALS/CH instruments). Atomic force microscopy
(AFM) measurements were conducted using a Seiko Instru-
ments Inc. (SII) atomic force microscope (NanoNavi 1) in the
dynamic force mode (DFM) at a scan rate of 1.0 Hz in air at
room temperature(25 °C).

All the MSP films for electrochemical analysis were prepared
via electropolymerization using an indium tin oxide (ITO)-
coated glass slide as the working electrode (slide area of 1 X 4
cm?).

2.2. Electroplating solution

The electroplating solution was composed of two solvents:
ACN and DMSO in a volume ratio of 10:1. FeCl; (1 mM) was
dissolved in ACN, and the solution was labelled as solution [A].
L1 (10 mM) was dissolved in DMSO and labelled as solution
[B]. Solution [A] was light orange, and solution [B] was white

A
% >

@ :Fe*

Reduction of
Fe’* to Fe?*

O‘L" Hd

polymer growth

and milk-like. Before electropolymerization, a volume ratio of
10:1 of [A]:[B] was added to the electrochemical reactor. The
electroplating solution contained equal molar amounts of Fe*
and L1.

2.3. Electropolymerization process

Initially, the ITO substrate was functionalized with 0.001 M L2
solution. A three-electrode setup consisting of the pre-function-
alized ITO glass was used as the working electrode with a work-
ing area of 1 X 1 cm?; a platinum wire was used as the counter
electrode; and a homemade Ag/Ag* in ACN with 0.1 M tetrabu-
tylammonium perchlorate (TBAP) and 0.01 M AgNO; was
used as the reference electrode. By mixing the calculated
amounts of solutions [A] and [B] into the electrochemical reac-
tor, we used CV and chronoamperometry techniques to deposit
EP-MSP films on ITO glass. After electropolymerization, a dry
ACN solution was used to wash the ITO surface, and the elec-
trode was stored in air.

The expected MSP structure consists of Fe?* ions, the connect-
ing ligand between the metal ions:4',4""-(1,4-phenylene)-
bis(2,2":6',2"-terpyridine) (L1), and the "bridging ligand with
the metal ion and ITO surface":4’-(4-(2-(triethoxysilyl)vi-
nyl)phenyl)-2,2":6’,2"-terpyridine (L2). The electropolymeriza-
tion mechanism is illustrated in Figure 1. When Fe** was elec-
trochemically reduced to Fe?* by applying a negative potential
to the working ITO electrode, we expected that an MSP film
would be formed owing to the strong binding affinity of the ter-
pyridine moiety to the reduced Fe?* ion.
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Figure 1. Schematic of the synthesis of electropolymerized MSP (EP-MSP)-thin film containing Fe?* ions, a "connecting ligand" (L1), and

a "bridging ligand" (L2) on an ITO glass
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3. RESULTS AND DISCUSSION

3.1. Electropolymerization of MSP

CV and chronoamperometry were used for electrochemical
polymerization. (Figure 1). The ITO substrate was first treated
with L2 and then subjected to deposition using a three-electrode
setup. The scanning potential was 0 to —1.5 V, increased to +1.5
V, and then finally decreased to 0 V for a complete cycle.

Electropolymerization was performed for 20 cycles at a scan
rate of 100 mV s, In the first cycle, two redox pairs were ob-
served at a peak potential (Ep) of —0.49 V and +0.86 V. The
anodic redox pair was due to the redox reaction of Fe**/Fe?* ions
on the ITO glass. Although the ITO surface was treated with L2
in advance, the surface area may not have been fully covered by
L2, thus providing a reaction point for the Fe3*/Fe?* ions. The
cathodic redox pair was due to the Fe?*(tpy), redox center of
EP-MSP thin film, which exhibited a narrow peak separation of
0.27 V at the first cycle. The anodic redox wave began to
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disappear as the cycle number increased (1 to 20), whereas the
cathodic wave intensified. The saturation of the Fe**/Fe?* ion
redox pair might be attributed to the reduction in ion diffusion
from the bulk to the electrode surface owing to the formation of
the MSP chain.®”*® This phenomenon demonstrated the effec-
tiveness of electropolymerization for polymer growth. Owing
to the consistent growth of the EP-MSP thin film throughout the
cycles, the CV area of the cathodic potential redox waves grad-
ually increased at the same time. The electropolymerization CV
profile of the bare ITO glass without L2 modification is pre-
sented in the inset of Figure 1. The results demonstrated that
only a small CV area increased in the positive potential range,
and the redox pair of Fe®*/Fe?* ions was seldom altered in the
negative potential range. Although some EP-MSP thin films
were still deposited on the ITO surfaces, their poor adherence
caused them to collapse into the solution.

3.2. UV-vis and cyclic voltammogram analysis

The electropolymerization of the EP-MSP thin film was also
confirmed by chronoamperometry. The potential was setat —1.5
V for different deposition times (100-2500 s). The in-situ ab-
sorbance changes during electropolymerization are shown in
Figure 2b. The electroplating solution was initially transparent
and light purple (0 s), exhibiting an absorption maximum (Amax)

at 578 nm. The absorbance peak at 0 s may result from a weak
binding force between the relatively rare Fe?* and L1 in the
electroplating solution, which could be triggered by the sponta-
neous conversion of Fe** to Fe?*. The increased absorbance at
578 nm, which was proportional to the deposition time, con-
firmed that the EP-MSP coating had formed on the ITO glass.
The absorbance peak at 578 nm was attributed to metal-to-lig-
and charge transfer (MLCT) from the coordination of Fe?* ions
with the terpyridine unit of L1. The increase in absorbance was
due to the growth of MSP chains on the ITO surface. CV profile
of the EP-MSP film exhibited a clear redox peak potential (Ep)
at +0.76 mV (vs. Ag/Ag™) in 0.1 M LiCIO4#/ACN electrolyte so-
lution with a scan rate of 20 mV s (Figure 2C). The peak sep-
aration (AE,) between the oxidation and reduction peaks was of
140 mV, which was higher than that reported in our previous
study, in which a chemically polymerized MSP (CP-MSP) ex-
hibited a AE, of 27 mV.* This larger separation may be due to
the longer electron-transfer length of bridging ligand L2.%° Fur-
thermore, the inflexible linear structure of EP-MSP hindered
electron transfer by the inter-polymer chains. A linear relation-
ship between the peak current and scan rate was observed in the
CV plots of the EP-MSP film at various scan rates (Figure 2D
and S1). This outcome indicates a kinetically controlled reac-
tion for the surface-bound EP-MSP thin film but not a diffusion-
controlled reaction, probably due to the low conductivity of the
rigid polymer film.
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Figure 2. (A) Cyclic voltammograms (CVs) of the L2-modified ITO glass during electropolymerization for the first 20 cycles at a scan rate
of 100 mV s%. Inset: CVs of an EP-MSP film obtained on an ITO glass without the treatment with L2. (B) UV-vis spectral monitoring for
in-situ EP-MSP film growth by setting a potential at -1.5 V at different deposition times (100-2500 s). (C) CV of the polymer film (electro-
lyte: 0.1 M LiClOa/acetonitrile; scan rate: 20 mV s™1). (D) Relationship between the cathodic peak current (lpc; black) and anodic peak current

(Ipc; red) with scan rate.

3.3. Surface morphology of the EP-MSP film

The AFM images of the EP-MSP films were obtained by per-
forming chronoamperometry at different times (Figure 3).
Compared to the CP-MSP film (Figure S2), the EP-MSP film
(Figure 3A,B) exhibited a much more fiber-like structure, and

each branch was constructed with many spherical polymers.
These small round polymers had an average diameter of 100 nm.
We proposed that polymer chains were formed by sequentially
connecting these spherical polymers and extending their chain
lengths from the ITO surface. Many empty areas were observed
between the polymer chains (dark areas in Figure 3B). The
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images further indicated that the growth mechanism was con-
sistent with our mechanistic illustration, which showed that the
polymer chains grew from the bottom surface to the top. The
thicker EP-MSP film was obtained at a constant voltage of —1.5
V applied for 2000 s (Figure 3C,D). Some polymers appeared
to partially agglomerate at the surface, and all the distances be-
tween the polymeric chains were estimated. The change in the
morphology could result from the overexpanded polymer
chains becoming heavily entangled, which causes an accumu-
lation of electropolymerized polymers on the surface.

3.4. Electrochromic and electrochemical properties of the EP-
MSP film

The EP-MSP cathodically colored the EC material, because the
absorbance decreased with increased oxidative potentials. In the
absorbance spectra of the EP-MSP film at different potentials,
the absorption peak at 578 nm started to decrease at +0.6 V due

to the oxidation of Fe?* to Fe** and the MLCT. The peak com-
pletely vanished at +1.0 V (Figure 4A). The change in transmit-
tance (AT%) at 578 nm in the EP-MSP film that switched be-
tween 0 and +1.2 V with an interval time of 10 s was 54.4%.
The coloring time (t;) was calculated to be 2.1 s, whereas the
bleaching time (t,) was 5.7 s (switching time was the time
needed for 95% change of AT) (Figure 4B). This implies that
the bleached state was more unstable than the colored state in
the EP-MSP film, as the oxidized states lacked electrons be-
cause tc was lesser than t,. Using the chronoamperometry plot
(Figure 4C), the total charge consumed by the EP-MSP film was
calculated by integrating the current area. It showed the charge
consumed at oxidation was 1.83 mC cm2 while the charge re-
leased during reduction was 2.79 mC cm2. A good EC material
consumes less charge with high optical change, and the rela-
tionship is described as "coloration efficiency." The coloration
efficiency (n) of EP-MSP thin film was calculated to be 142.6
cm? C* at 578 nm. The photographic color changes are shown
in Figure 4D.

Figure 3. (A, B) AFM images of the EP-MSP film obtained at a constant voltage of —1.5 V for 300 s. (C, D) The surface morphology of the
EP-MSP film obtained at a constant voltage of —1.5 V for 2000 s. All the scale bars were equal to 500 nm.
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Figure 4. (A) In-situ UV-vis spectra of EP-MSP film in a 0.1 M LiCIO4/ACN solution at different applied potentials. (B) Transmittance
change (AT, %) at 578 nm of EP-MSP film switched between 0 and +1.2 V in 0.1 M LiCIO4/ACN with an interval time of 10 s. (C) In-situ
current response in the EP-MSP film when switching between 0 and 1.2 V.(D) Digital pictures of EP-MSP film color switching.

4. CONCLUSION

In this study, we demonstrated the synthesis of (EP-MSP) thin
films on ITO glass by in-situ electropolymerization. The elec-
trochemical properties, surface morphologies, and EC conduc-
tivity of the EC films were also investigated. To the best of our
knowledge, this is the first report on the application of in-situ-
synthesized EP-MSP thin films for EC applications. The growth
of the EP-MSP film was clearly observed via CV and UV-vis.
The polymers exhibited a stable growth by applying a constant
voltage of —1.5 V from 300 s to 2000 s. The EP-MSP film ex-
hibited a color transition from blue to transparent for the voltage
range of 0 V to 1.2 V, respectively. The t; (2.1 s) was shorter
than the t, (5.7 s) because of the formation of an unstable Fe(l11)
state during bleaching. In addition, the film exhibited a high AT
(54.4% at 578 nm), high coloration efficiency (142.6 cm? C* at
578 nm), and unique surface morphologies. We believe that in-
situ fast electropolymerized synthesis techniques will pave the
way for investigating several other material chemistry applica-
tions.
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