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High Contrast Ratio and Rapid Switching Organic Scheme 1. Electrochromic Polyanions P1-P4
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Revised Manuscript Rece@d October 19, 2006  (solution-dipping variant). The process is simple and inex-
pensive and allows the incorporation of many different
functional materials within a single film without the phase
separation. Moreover, typical LBL films consist of highly
interpenetrated polymer layers that are regarded as homo-
geneous composite films, and this technique can create high-
quality electrochromic thin films. For the fabrication of thin
electrchromic films, the spin-coating variant of the LBL
method looks even more promising as it works faster and
the films are smoothérSo far, electrochromism has been
explored on thin films of classical conductive redox-active
polymers, like PEDOT:SPS/PXV, polyaniline/Prussian blue

polymer films have also received attention, and conducting nanocomposite, PEDOT-S/PAH and polyoxometalate cluster

polymers have several advantages such as outstandinfergﬁr?red el‘;lll-:lio tzeefoéu;;r;_gpfc'ﬂgn V?I;:aent e(I)Ifbter;ce) LlBlg
coloration efficiency (CE), long lifetime, faster switching Ique- WEVe, witching time w W

) L . : : 0
time > multiple colors with the same material while switching in combination with a high contrast ratie-60%) has been

between their different redox stateand fine-tuning of the 2:2§$§C;?O$?2'8\$’r::rd fitlrr:wes tépl_;;;l Ssl\(/)\,/:ILthI:]rlr?eg Sgnee Offor
band gap (and the color) through chemical structure modi- . oLy . : . o
fication? e!ectroagtlve multllaygrs yvlth hllgh carrier mob!llty . like
Concerning the synthesis of electrochromic films, mostly meaorqug?msqz agg athceol:]c(:r?etfilr: ?(?\/rleozt\j\fillihit:lnti::ren
conventional electropolymerization or spin-casting of soluble 9 ] y may P P . ) 9 T
derivatives have been used. An interesting alternative is the " this paper, we present electroactive organic polymeric

layer-by-layer (LBL) method developed by Decher and co- thin films prepared by the LBL method, in which the
workers® It is an effective and convenient method for polyanion species are incorporated in triarylamine polymers.
The electroactive triarylamine polymem81—P4 (Scheme

t University of Mainz. 1), are newly synthesized, and they are anodically coloring

¥ Seoul National University. electrochromic species within the LBL film. Anodically
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Organic semiconductors and conjugated polymers are
currently of wide interest for applications in electronic and
optoelectronic devices including light-emitting diodehjn
film transistors? and photovoltaic celld.However, these
systems often require expensive and specifically designed
organic or polymeric systems to achieve good performance
and stability. The desire for cheap and simple displays with
reasonable contrast in multiple colors has led to the
investigation of an electrochromic device, which can provide
reasonable contrast without angle dependence, backlights
or extensive synthetic efforfMore recently thin conducting
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Figure 1. Cyclic voltammograms of triarylamine polymers measured on a
Pt working electrode (with 0.1 M TBAB at 20 mV/s. (a) Unsubstituted
triarylamine polymerP1, and (b)p-substituted triarylamine polymePR3.

metry (CV). The chemical structures of these four electro-
chromic polymers are shown below. (The polymers were
synthesized using the route illustrated in Supporting Informa-
tion.)

As an electrochromic functional moiety, triarylamine has
unique properties. Two basic properties of the triarylamine
unit are the easy oxidizability of the nitrogen center and its
ability to transport positive charges via the radical cation
species. Under the influence of an electric field, positive
charge is transported by a hopping mechanism, and drift
mobility of holes is up to 10° cm?/(V-s)? Unsubstituted
triarylamine undergoes dimerization to tetraarylbenzidine,
generally called triaryldiamine, after the formation of the
primary monocation radical and the dimer is more easily
oxidized than triarylamine. In addition, this dimer forms a
more stable radical cation or dication and shows further
increased charge carrier mobili#§/A proof for the formation
of the dimer can be observed clearly through the additional
oxidation peak of thé1 or P2 monolayer films, as seen in
Figure 1a. The?1 monolayer films were simply deposited
on a Pt working electrode. Cyclic voltammograms show a
clear peak of the monomer at about 855 mV, while the dimer
formed during the first oxidation cycle undergoes reversible
oxidation at a lower potential of about 685 mV. However,
bulky triarylaminesp-substituted derivatives of triarylamine,
and its higher homologues do not exhibit this dimerizatfon.
Therefore, monolayer films from thgsubstituted polymer,
P3, or polymer,P4, with bulky amine substituents do not
show the additional oxidation peak originated from the
formation of the dimer, as seen in Figure 1b. In addition,
monolayers ofP3 and P4 are unstable under the applied
potential and start to dissolve from the electrode.

The multilayer buildup from the anione1—P4 polymers
solution and cationic poly(choline methacrylate) (PCM)
solution was done by the solution-dipping and the spin-
coating method®® The spin-coating method proved, how-
ever, to be advantageous, as it can be done faster (multilaye
film with 12 bilayers in 24 min). In addition, it needs a fewer
number of bilayers to achieve the desired film thickness, as
the thickness per bilayer is increagethe multilayer buildup
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Figure 2. Multilayer buildup from aP/PCM film. (a) The growth of the
multilayer films assembled by the spin-coating method at 308 nm. (b) Cyclic
voltammograms of sequential bilayer deposition, from 2 to 10 bilayers, at
a scan rate of 20 mV/s, betwe® V and+1.6 V (inset: the peak current
vs the number of bilayers deposited on ITO-coated glass).
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Figure 3. Spectroelectrochemistry of ti2/PCM film on the ITO-coated
glass substrate at applied potential levels: at neutral (0 V) and oxidized
(+2.0 V) states.

from layer to layer. A film of five bilayers has thereby
usually a thickness between 100 and 130 nm (10 mg/mL
concentration), which is not typical for spin-coated LBL
layers from less polar polyaniod%Alternatively, the multi-
layer buildup was also performed on an indium tin oxide
(ITO)-coated glass substrate with the polyanion and poly-
cation solutions. Monitoring the redox reaction of th#&/
PCM film by CV as a function of film thickness for up to
10 bilayers reveals the electroactivityt, as seen in Figure
2b. The films exhibited a redox response despite the
insulating nature of the interstitial PCM layer. This supports
models suggesting the presence of an interpenetrating
polymer network as opposed to discrete bilayers within the
film.

Following the electrochemical tests, the optical properties
of the electrochromic films were evaluated by using spec-
troelectrochemistry. For these investigations, five bilayer
P1-P4/PCM films were assembled on an ITO-coated glass
substrate, as described earfieithe result of theP2/PCM
film is presented in Figure 3 as a series of UV/vis absorbance
curves correlated to film potentials. Upon oxidation of the

was investigated by UV/vis spectroscopy as shown for the P2/PCM film, a second band appears at 350 nm besides a
PY/PCM film in Figure 2a using quartz as a substrate. It band at 303 nm, which is characteristic for triarylamine. We
shows the increase of the maximum of thez* absorbance  attribute this band to the dimerization of triarylamine, after
at 308 nm of the spin-coated conjugated triarylamine film. the formation of an unstable monocation radical. As the
The deposition process is linear, indicating that the amount potentials became more positive, the absorption bands of the
of material deposited per bilayer is completely reproducible triarylamine and triaryldiamine decreased gradually, with the
formation of two new bands at 480 and 710 nm. The lower
energy intra-band transitions are assigned to charged species

(13) Choi, K.; Zentel, RMacromol. Chem. Phy2006 207, 1870.
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tance was introduced as measured previotfsBigure 4b

wh o~ — o~ fw shows the normalized transmittance during the coloring/
A | bleaching processes of tiR/PCM film. P1/PCM andP2/
3 o R 5 oot PCM films showed very rapid switching times on the order
fely U U Y g wf of 0.30-0.55 s, which is faster than the typical switching
LI E 7 time of 1-2 s for electrochromic polymer film$.This is a
of - : e result of both the high charge carrier mobitttynd the thin
0w W W W s e 00 05 10 1550 95 100105 110 15 120 nanoscale film structure.

Time (s) Time (s)

Figure 4. (a) In situ transmittance curves during the continuous cycling To quantitatively deter_mme the eleCtrO_ChromIC _propertles
test of applied potential #2/PCM film. (b) Normalized transmittance curve ~ Of P/PCM andP2/PCM films, the transmittance difference
during the first pulse potential cycling. (AT%) during the coloring/bleaching processes, CE, and
. L ) ) o response time were calculated as shown in Supporting
such as cation and dication radicals, which exhibit strong Information. CE values were calculated for A&#PCM and
absorption in the near-infrared regishConsequently, the P2/PCM films and the average CE value of the two samples
spectroelectrochemical studies confirm the findings using CV ¢, 0aq approximately 63 &C. This value is already good
regarding the dimer formation and prove the formation of enough for electrochromic films; however, the performance

highly colored radical c.at|ons. and dlcatlons.. ) would increase further if a solid electrolyte is used as in
For the electrochromic studies, the potential of multilayer .j . orcial electrochromic devices. The stability of the

films on ITO-cogt_ed glass was cycled b_etween_ the neutral electrochromic films was tested by performing continuously
(0 V) and the oxidized+1.6 V) states. While the films were 500 cycle numbers in the same experimental setup under

switched, the percentage transmittance (at 633 nm) wWasy,o same conditions as described above. After 500 potential

simulta_neously monitored. Fig_“’e 4a_ shows th_e in_situ cycles, theP1/PCM film had degraded slightly whereas the
transmittance of theP2/PCM film during a continuous  5opeM film did not change (it is able to retain ap-

cycling test of applied potentiqP]JPCM andP2/PCM films proximately 93% of its optical response after 500 cycles;
S.hO_WGd .stable pu]se pote_ntlal cycling performances andsee Supporting Information). This gives an indication of the
similar high transmittance differences %) of ,45'83% and relatively high environmental and redox stability of thg/
50.01% at 633 nm. In qontrast, URVPCM film showed PCM film compared to th®1/PCM film. It can be explained
poor pulse potential cycl_lng performanczle‘l(“/o_z 26_'12_%)’ by the fact that th&1/PCM film showed 24% of conversion
wher_eas the_ _polymer film of th@3/_PCM film did im- .. from triarylamine monomer to dimer based on the quatitative
mediately disintegrate after switching under the applied analysis of the UV/vis spectra. Interestingly, tR&/PCM

potential. The res?‘“ for thES’IPCM film can be e>_<p|ainec_j film showed 63% of conversion, suggesting that a relatively
by the fact that it consists of p-substituted triarylamine high amount of dimer can be the origin of the stablity.

polymers. As a result of the lack of dimerization, it does In summary, we have presented thin organic electro-
not form stable thin films after oxidation (the positive charges ., omic films from newly synthesized anionic triarylamine

of the radical cation compensate the negatiye charges ,Of thepolymers. The thin polymer films were fabricated using LBL
carboxylate groups). As a result, the formation of the dimer assembly, which is the ideal processing technique to prepare

V|ah'the radlclal catu;]rj speCIes C°“",’ bT the khey fa}ct;?lr 10 glectroactive polymer thin film composites with fine control
achieve stable and high contrast ratio electrochromic films, over morphology and composition. As a result of the

both with respect to mechanical stability (no dissolution due dimerization of the triaylamine in multilayers 8fL andP2

todt_hel cro_ss—llnkflnﬁ) :_nd chemm?FIe;tablllt);_l(m%r_e stable fabricated thin films were electrochemically and mechani-
radical cations of the dimer). For tH/PCM film, dimer- cally stable. Electrochemical and electrochromic character-

ization is also limited (it was ot ob;erved in the CV' i, ations of assembled films revealed that the newly synthe-
measurements), but generally is possible. Here the bUIkysized polymers give rise to high contrast ratio and fast

bisstilbene side group may hinder the hopping process of g iiching electrochromic films. This is a result of the thin
the charge carriers because they have a larger band gap thagynoscqle film formed by the spin-coating variant of the LBL

the FrI?ryIalmlne monomers. Thel njosth|mp0rtant figure of technigue in combination with the high charge carrier
merit for electrochromic materials is the contrast between mobility of triarylamine dimers.

oxidation and reductiolPl/PCM andP2/PCM films showed
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