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Pyrrolophthalazine
Acceptor  Polymers
Electrochromic Materials

(PPD)-based Donor-
High  Performance

Qun Ye, " Wei Teng Neo, ™" Tingting Lin," Jlng Song, Hong Yan,” Hui Zhou,"
Kwok Wei Shah,* Soo Jin Chua,* and Jianwei Xu**"

A novel pyrrolophthalazine dione (PPD) acceptor was sophisticatedly designed and
synthesized via inverse electron demand Diels-Alder reaction, followed by aromatization with
N-bromosuccinimide. The PPD moiety was incorporated into donor-acceptor type conjugated
polymers through Stille coupling polymerization to yield a series of polymers P1-P3 with
different linking groups, namely, thiophene, thieno[3,2-A]thiophene and bithiophene. The
polymers reveal excellent solubility in common organic solvents. Due to their low band gaps
of around 1.72-1.78 eV, the polymers show broad absorption that covers most of the visible
region. All the polymers reveal electrochromism, switching between dark blue and
transmissive sky blue states. In particular, P2 exhibits exceptional electrochromic properties
with high optical contrasts of up to 34 and 71 % in the visible and NIR regions, high
coloration efficiencies of 471 and 651 cm?/C respectively, as well as reasonable switching

speeds and good long-term stability.

Introduction

Polymer-based electrochromic materials'> are promising
candidates for the next-generation color-changing technologies,
owing to their numerous advantages. Compared to their
crystal
conjugated polymers possess properties such as
color-tunability,*” low cost, lightweight,® thin-film flexibility,”

low power consumption'® and wide-viewing angles.'!

inorganic counterparts and conventional liquid

materials,

Electrochromic conjugated polymers can be largely categorized
into two major groups based on the nature of the constituting
monomer(s) — all-donor and donor-acceptor (DA) type. The
former is made up of solely electron-rich units, and popular
examples include homopolymers of ethylenedioxythiophene
(EDOT),"?  propylenedioxythiophene  (ProDOT)'*'®  and
dialkoxythiophene (DalkOT).'*'® In the latter, the polymer
chain consists of alternating electron-donating and electron-
accepting groups.'” Between the two approaches, the DA
approach has gained more popularity within the scientific
community. One of the most fundamental functions of the DA
approach is to create low band-gap polymers,?’ through the
tuning of the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) energy
levels. Moreover, dual absorption peaks4 characteristic of DA
polymers have also been ingeniously utilized by researchers for

This journal is © The Royal Society of Chemistry 2013

color-tuning, especially for the creation of neutral-state green?'”
26 and black'* 27 polymers. Besides, it is well documented by
many groups that DA type conjugated polymers give high
electrochromic performance in terms of optical contrasts,
switching speeds, coloration efficiencies and stabilities. Such
favourable parameters can largely be attributed to the strong
intramolecular interactions for efficient charge transport and
low-lying HOMO levels for ambient stability.*'

Much attention has been focused on pushing electrochromic
polymers towards a state of commercial viability.*> As such, an
area of extensive research has been on the exploration and
development of novel materials and building blocks. As
thiophene-based EDOT and ProDOT have established
themselves as efficient donor building blocks, much emphasis
has been placed on the investigation of newer and more
effective acceptor units. Extensive investigations have been
carried out on benzothiadiazole*" **-3 and benzotriazole,>*>® as
well as quinoxaline®” * 4. 42 and considerable
success has been attained. We are particularly interested in the
design and development of new electron-deficient acceptor
monomers for DA type conjugated polymers. Recently we have
discovered that inverse electron demand Diels-Alder reaction
between tetrazine and dienophiles can be adopted as a reliable
methodology to prepare pyridazine based acceptors.”” By

and imidazole
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extending the chemical strategy that we have developed, herein,
we would like to report a novel acceptor moiety 7-alkyl-6H-
pyrrolo[3,4-g]phthalazine-6,8(7H)-dione ~ (PPD)

application as This
monomer is designed to have strong electron deficiency owing

and its
electrochromic  materials. acceptor
to the presence of electron withdrawing imide and pyridazine
moieties. Moreover, as the imide group is open to easy side
chain engineering, the prepared polymers are thus envisaged to
have sufficient solubility to make solution-based processing
techniques viable. To prove this, a series of PPD-containing
conjugated polymers with electron-donating thiophene based
monomers and ProDOT moieties have been synthesized and
characterized. The potential of PPD as an effective building
block for electrochromic conjugated polymers has also been
demonstrated.

Experimental
Materials

All reagents and starting materials were obtained from
commercial sources and used without further purification. ITO-
coated glass substrates (15 Q/sq, 35x30x1.lmm) were
purchased from Xinyan Technology Ltd.

Monomer synthesis

1,4-Bis(5-bromothiophen-2-yl)-7-(2-octyldodecyl)-5,5a,8a,9-
tetrahydro-6 H-pyrrolo[3,4-g]phthalazine-6,8(7H)-dione (2). To a
dry round bottom flask was added 3,6-bis(5-bromothiophen-2-yl)-
1,2,4,5-tetrazine (3g, 7.43mmol), 2-(2-octyldodecyl)-3a,4,7,7a-
tetrahydro-1H-isoindole-1,3(2H)-dione  (3.19g, 7.43mmol) and
diphenyl ether (20ml). The mixture was purged with argon for 15
min and then heated to 160 °C for 16h. After cooling to room
temperature, the mixture was directly subjected to silica gel column
chromatography. Hexane was first used to flush away the diphenyl
ether. The target compound was then collected as yellow oil using
mixture solvent (Hex:CHCl; =1:1) then CHCI; as eluent (3.40g,
57%). Due to the oily nature of the product, it was contaminated by
ca. 5% of starting material. The crude product was used for the next
step without further purification. HR-APCI-MS: m/z = 804.1870,
calculated exact mass: 804.1862, error: 0.9 ppm.

1,4-Bis(5-bromothiophen-2-yl)-7-(2-octyldodecyl)-6 H-
pyrrolo[3,4-g]phthalazine-6,8(7H)-dione (3). To a dry round
bottom flask was added 1,4-bis(5-bromothiophen-2-yl)-7-(2-
octyldodecyl)-5,5a,8a,9-tetrahydro-6 H-pyrrolo[3,4-g]phthalazine-
6,8(7H)-dione (1g, 1.25 mmol), NBS (2.2 equiv. 490mg, 2.75mmol),
benzoyl peroxide (0.1 equiv, 0.125mmol, 30mg) and dichloroethane
(20ml). The mixture was purged with argon for 15 min and then
heated to 120 °C for 2 days. After cooling to room temperature, the
solvent was removed by rotary evaporation. The residue was directly
subjected to silica gel column chromatography to afford the target
molecule as a yellow powder ( 720mg, 72%). "H NMR (400 MHz,
CDCl;): 6 ppm = 8.93 (s, 2H), 7.52-7.51 (d, 2H, J =4 Hz), 7.28-7.27
(d, 2H, J =4 Hz), 3.71-3.69 (d, 2H, ] = 7.2 Hz), 1.94 (m, 1H), 1.29-
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1.23 (m, 32H), 0.88-0.84 (m, 6H). °*C NMR (100MHz, CDCly): &
ppm = 166.84, 152.67, 140.05, 134.21, 131.63, 131.41, 127.56,
122.31, 119.06, 43.60, 37.41, 32.28, 31.89, 30.33, 30.02, 29.69,
26.66, 23.06, 14.50. HR-EI-MS: m/z = 801.1470, calculated exact
mass: 801.1456, error: 1.81 ppm.

1,4-Bis(5-(3,3-bis((dodecyloxy)methy)-3,4-dihydro-2 H-
theino[3,4-b][1,4]dioxepin-6-yl)thiophene-2-yl)-7-(2-
octyldodecyl)-6 H-pyrrolo[3,4-g]phthalazine-6,8(7H)-dione  (4).
To a dry round Dbottom flask was added (3,3-
bis((dodecyloxy)methyl-3,4-dihydro-2H-thieno[ 3,4-b][ 1,4]dioxepin-
6-yl)trimethylstannane (2 g,50% purity), 1,4-bis(5-bromothophen-2-
yl)-7-(2-octyldodecyl)-6 H-pyrrolo[ 3,4-g]phthalazine-6,8(7H)-dione
(370mg, 0.47 mmol), Pd(PPh;), ( 0.1 equiv, 0.047 mmol, 54 mg)
and dry toluene (15ml). The mixture was degassed by purging with
argon and then heated to 110 °C for 16h. After cooling to room
temperature, the solvent was removed by rotary evaporation. The
collected residue was dissolved in minimum amount of chloroform
and directly subjected to silica gel column chromatography. The
target compound was then collected as red waxy solid using mixture
solvent (Hex:CHCl; =1:1) (510mg, 62%). The target compound was
found to be unstable at ambient condition. It was stored in the fridge
after preparation. "H NMR (400 MHz, CDCls): 8 ppm = 9.00 (s,
2H), 7.68 (d, 2H, J = 3.6 Hz),7.38-7.37 (d, 2H, J = 4 Hz), 6.45 (s,
2H), 4.22 (s, 4H), 4.10 (s, 4H), 3.71-3.69 (d, 2H., J = 7.2 Hz), 3.55
(m, 8H), 3.44-3.41 (m, 8H), 1.94 (m, 1H), 1.68 (m, 4H), 1.56-1.54
(m, 8H), 1.30-1.24 (m, 100H), 0.88-0.85 (m, 18H). *C NMR
(100MHz, CDCl;): 8 ppm = 167.06, 152.76, 150.41, 147.06, 141.15,
136.18, 134.00, 131.31, 127.99, 123.98, 122.81, 116.59, 103.85,
74.41, 72.20, 70.00, 48.25, 43.53, 37.41, 32.33, 31.89, 30.36, 30.08,
29.97, 29.77, 26.58, 23.09, 14.52. HR-APCI-MS: m/z = 1744.1423,
calculated exact mass: 1744.1411, error: 0.67 ppm.

1,4-Bis(5-(8-bromo-3,3-bis((dodecyloxy)methyl)-3,4-dihydro-2H-
thieno[3,4-b][1,4] dioxepin-6-yl)-7-(2-octyldodecyl)-6H-
pyrrolo[3,4-g|-phthalazine-6,8(7H)-dione (5). To a dry round
bottom flask was added 1,4-Bis(5-(3,3-bis((dodecyloxy)methy)-3,4-
dihydro-2H-theino[3,4-b][1,4]dioxepin-6-yl)thiophene-2-yl)-7-(2-
octyldodecyl)-6H-pyrrolo[3,4-g] phthalazine-6,8(7H)-dione (1 g,
0.573 mmol), NBS (2.2 equiv., 1.26mmol, 225mg) and chloroform
(10ml). The mixture was stirred at room temperature overnight. The
solvent was removed by rotary evaporation and the residue was
directly subjected to silica gel chromatography using hexane:
chloroform (1:1) to get the target product as a red waxy solid (0.92g,
85%). '"H NMR (400 MHz, CDCLy): & ppm = 8.98 (s, 2H), 7.66-7.65
(d, J=4 Hz, 2H), 7.30-7.29 (d, J = 4 Hz, 2H), 4.22 (s, 4H), 4.17 (s,
4H), 3.71-3.69 (d, J= 7.2 Hz, 2H), 3.55 (s, 8H), 3.44-3.41 (t, /= 6.4
Hz, 8H), 1.91 (m, 1H), 1.55-1.24 (m, 112H), 0.88-0.85 (m, 18H).
BC NMR (100MHz, CDCly): 3 ppm = 167.02, 152.76, 148.45,
145.93, 139.98, 133.99, 131.14, 127.78, 124.09, 123.11, 122.72,
116.27, 92.92, 74.67, 72.19, 69.90, 48.31, 43.53, 37.43, 32.31,
31.89, 30.35, 30.09, 26.60, 23.11, 14.54. HR-APCI-MS: m/z =
1901.9589, calculated exact mass: 1901.9568, error: 1.17 ppm.

Polymer synthesis

This journal is © The Royal Society of Chemistry 2012
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General procedure for Stille cross-coupling polymerization. 1,4-
Bis(5-(8-bromo-3,3-bis((dodecyloxy)methyl)-3,4-dihydro-2 H-
thieno[3,4-b][1,4] dioxepin-6-yl)-7-(2-octyldodecyl)-6 H-
pyrrolo[3,4-g]-phthalazine-6,8(7H)-dione (300mg, 0.158 mmol) and
bis(trimethylstannyl) compounds (0.158 mmol) were dissolved in 10
ml of toluene. The mixture was stirred and purged with argon for
about 15 min, and then Pd(PPh;), (6% equiv., 0.00948mmol, 11mg)
was added. The flask was purged with argon for another 15 min
before the mixture was heated to 110 °C for 2 days. Excess solvent
was removed under reduced pressure and the polymer was
precipitated with methanol. The suspension was filtered to give the
crude product, which was then purified by Soxhlet extraction with
acetone and chloroform. The chloroform fraction was evaporated to
dryness to afford the target polymer materials.

Polymer P1. Yield 74%. '"H NMR (main signals) (CDCls): & 9.09
(br), 7.92 (br), 4.31 (br, m), 3.72-3.45 (br, m), 1.68-1.58 (br, m),
1.24 (m), 0.87 (m).

Polymer P2. Yield 72%. '"H NMR (main signals) (CDCl3): & 8.99
(br), 7.65 (br), 4.33 (br), 3.62-3.48 (br, m), 1.24 (br, m), 0.86 (br, m).
Polymer P3. Yield 55%. '"H NMR (main signals) (CDCly): & 9.08
(br), 7.82 (br), 6.97 (br), 4.31(br), 3.70-3.48 (br, m), 1.79-1.68 (br),
1.24 (br), 0.86(br).

Electrochromic device fabrication

Prior to use, ITO/glass substrates were cleaned by successive
ultrasonication in acetone, isopropy!l alcohol and distilled water,
and blown dry with N,. Polymer solutions of P1-P3 were
prepared at a concentration of 15 mg/mL in 6:4 (v/v)
chloroform:chlorobenzene mixed solvent. Warm polymer
solution (50 °C) was filtered and spin-coated onto the heated
ITO substrates (50 °C) at 1200 rpm for 60 s to yield film
thickness of around 100 nm. For drop-cast films, the polymer
solutions are dispensed, spread onto the ITO substrates and left
to dry. Film thickness of approximately 150-200 nm was
obtained. Excessive polymer edges were removed by swabbing
with chloroform using a cotton bud to obtain an active area of
2x2 c¢cm®. On a second piece of ITO substrate, an area of 2x2
cm? was blocked out using parafilm. The total thickness of the
parafilm spacer and barrier was kept constant at 0.01”. 250 uL
of the gel electrolyte (0.512 g of lithium perchlorate and 2.8 g
of poly(methyl methacrylate) (MW = 120,000 g/mol) in 6.65
ml of propylene carbonate and 28 ml of dry acetonitrile) was
pipetted within the 2x2 cm? area. The device was fabricated by
assembling the two ITO/glass substrates together with the
polymer film and gel electrolyte in contact.

Instrumentation

'H and '*C NMR spectra were recorded using Avance 400 MHz
Bruker spectrometer in CDCl;. All chemical shifts are quoted in
ppm, relative to tetramethylsilane, using the residual solvent
peak as a reference standard. Molecular weights were
model 2690 Gel

Permeation Chromatography system calibrated with PMMA as

determined wusing an Alliance Waters

This journal is © The Royal Society of Chemistry 2012
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the standard and THF as the eluent. HR-EI-MS was carried out
on Finnigan TSQ 7000
spectrometer. HR-APCI-MS was carried out on AmaZon X
with Dionex Ultimate 3000 RSLC system and Kd Science
Syringe pump infusion system. A Shimadzu UV-3600 UV-vis-

triple stage quadrupole mass

NIR spectrophotometer was used to record all absorption
spectra. Cyclic voltammetry was carried out using an Autolab
PGSTATI128N potentiostat. Measurements were done in a
MBraun LABmaster 130 glove box, in a three-electrode cell
configuration with polymer-coated glassy carbon, Pt and Ag
wires as the working, counter and pseudo-reference electrodes
respectively, at a scan rate of 50 mV/s. A 0.1 M LiClIO4/ACN
electrolyte/solvent couple was used. The pseudo-reference
electrode was calibrated against the ferrocene/ferrocenium
redox couple. All electrochromic studies were performed in-
situ, using both the potentiostat and spectrophotometer. AFM
images were obtained under tapping mode, using Bruker
Dimension Icon™ atomic force microscope.

Results and discussion
Synthesis and characterization

The synthesis of PPD embedded EC polymers P1-P3 is
outlined in Scheme 1. Starting from compound 1, inverse
electron demand Diels-Alder reaction between 1 and 2-(2-
octyldodecyl)-4,7-dihydro-1H-isoindole-1,3(2H)-dione

occurred smoothly at 160 °C in diphenyl ether to afford the
adduct product 2 in 57% yield. Aromatization of 2 with N-
bromosuccinimide in refluxing 1,2-dichloroethane directly
afforded the aromatized species 3 in 72% yield. This is rather
unexpected as generally a dibrominated intermediate is
generated and aromatization is assisted with treatment of
base.** This could be

dehydrobromination

rationalized by heat assisted
the
bromination. The following Stille coupling on 3 introduced two
alkylated thieno[3,4-b][1,4]dioxepine units onto the backbone

to afford compound 4 in 62% yield. The purposes to introduce

which happened after radical

these two alkylated thieno[3,4-b][1,4]dioxepine units are to
improve the solubility and stability of the final polymers.
Bromination of 4 under mild condition (NBS, CHCls;, rt.) gave
the dibrominated monomer 5 in 85% yield. The dibrominated
then Stille coupling
polymerization with 2,5-bis(trimethylstannyl)thiophene, 2,5-

and 5,5’-
afford P1-P3,
respectively in 55-75% yield. All three polymers exhibited

monomer S5 was subjected to
bis(trimethylstannyl)thieno[3,2-b]thiophene

bis(trimethylstannyl)-2,2’-bithiophene  to
comparable M,, of around 20,000 Da and good thermal stability
with T4 > 270 °C (Table 1). No observable phase transition was
observed for these three polymers due to the presence of
branched alkyl chains.*’

Optical properties

The normalized UV-vis absorption spectra of the polymers in
chlorobenzene and as thin films are shown in Fig. la and the

J. Name., 2012, 00, 1-3 | 3
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spectroscopic data are summarized in Table 2. All the polymers
reveal broad absorptions that cover the 400-700 nm range, with
noticeable dual absorptions characteristic of donor-acceptor
type polymers. Going from the solution to film states, all the
polymers exhibit spectra broadening with bathochromic shifts
suggesting
aggregation in the solid state. From the absorption onsets of the
of P1-P3 were
approximated to be 1.72, 1.78 and 1.72 eV respectively. The

in the absorption maxima, the presence of

polymer films, the optical band gaps
identity of the linkers used here, i.e., thiophene, thieno[3,2-
b]thiophene and bithiophene, does not significantly influence
the optical properties of the final polymers. This can be
rationalized by the very similar frontier orbital distributions for
three polymers as revealed by TD-DFT calculations (vide

infra).
Electrochemical properties

Cyclic voltammetry was employed to investigate the redox
behaviour and frontier orbital energy levels of the polymers.
The cyclic voltammograms of the polymer thin films are shown
in Fig. 1b and the electrochemical data are tabulated in Table 2.
All the polymers exhibit quasi-reversible redox properties, with
P2 revealing the highest reversibility and electroactivity. Based
on the oxidation onset potentials, the HOMO energy levels of
P1-P3 were very close to one another and estimated to -5.27, -
5.29 and -5.28 eV respectively. With deep HOMO positions,
the polymers are expected to display good ambient stability.
Upon n-doping at negative applied potentials no distinct redox
peaks were observed and hence the LUMO energy levels could
only be approximated from the optical band gaps all three
polymers P1-P3 exhibited similar LUMO energy levels at -3.51
~-3.56¢V.

Computational calculations

To better understand the minimum-energy conformation and
frontier molecular orbitals distribution of the polymers, time-
dependent density functional theory (TD-DFT) calculations at
B3LYP/6-31G(d) theory level was carried out for the simplified
monomeric model compounds of M1-M3 (Fig. 2). All the
substitution —R groups are replaced with methyl groups for
simplicity. In general, model compounds M1-M3 display
relatively high molecular planarity. The torsional angle between
the PPD acceptor and neighbouring thiophene units is ca. 30°,
hence rendering good conjugation between donor and acceptor
moieties along the n-backbone (see supporting information). It
is observed that for all the model compounds, the HOMO is
well-delocalized over the entire m-backbone with a typical
alternating phase changing pattern which is routinely observed
for conjugated polymers.***® On the other hand, the LUMO is
mainly localized on the PPD acceptor moiety and slightly
extended to the neighbouring thiophene units. The linker
moieties are found to have minor influence over the whole
electron distribution on the frontier orbitals.

4| J. Name., 2012, 00, 1-3

Electrochromic properties and performance

The spectroelectrochemical behaviour of P1-P3 were analysed
(ECDs)
represent their functional capabilities in real-life applications.

in fabricated electrochromic devices to closely
Common liquid electrolytes employed for electrochromic thin
film studies may be unpractical and infeasible.*’ Due to the
limited film-forming ability of P1 and P3, polymer thin films
were obtained from drop-casting. For P2, spin-coating was
employed and a drop-casted device was also fabricated for
comparison. The spectroelectrochemical graphs for polymers
P1-P3 are illustrated in Figs. 3, S1 and S2. In general, all three
polymers reveal electrochromism, switching between a dark
blue state and a tranmissive sky blue hue (Fig. 4). As observed
for P2, spectra differences between the spin-coated and drop-
cast devices are apparent. For the spin-coated device, the
absorption
oxidation, with concomitant formation of the polaron and

in the wvisible region depletes upon gradual

bipolaron bands in the NIR region. The polaron absorption
occurs at around 800 nm and peaks at 1.5 V. Upon further bias,
the polarons are fully converted into the bipolarons, as evident
from the increase in absorption intensity at 1220 nm. Distinct
isosbestic points at 660 and 884 nm confirm the presence of the
interconverting species.’® On the other hand, the drop-cast
device reveals a reduced propensity towards oxidation, as
evident from the higher bias required and smaller decrease in
intensity of the visible absorption. Moreover, only one
isosbestic point was observed. This proves that the polymer is
saturated with polaronic states that are unable to further convert
to bipolarons even at increased bias. The reduction in
electroactivity of the drop-cast device compared to the spin-
coated device is most likely due to the non-uniform, compact
and thicker surface which inhibits the movement of charges and

counter ions.

The electrochromic properties of P2 (spin-coated), P1 and P3
(drop-cast) devices were characterized using in-situ square-
wave potential step absorptiometry. Transmittance changes of
the polymers at A, and 1400 nm were measured while the
devices were subjected to repeated redox cycles between +1.6
and -1.6 V at a residence time of 30 s. The electrochromic
response data is shown in Figs. 5, S3 and S4, and summarized
in Table 3. For P2, the optical contrasts are remarkable at 34
and 71
Switching times were subsequently calculated as the time

% in the visible and NIR regions respectively.

required to reach 95 % of the full switch. An asymmetry in the
bleaching and coloration times is observed, with switching
speeds in the range of 1.8 to 23 s. For P1 and P3, despite the
lack of electroactivity in the drop-cast films, respectable
contrasts of up to 62 % and switching times of 4 s were
With  better
electrochromic performance can be expected for all the

attained. device optimization, enhanced
polymers. Moreover, high coloration efficiencies (CE) were
measured for P1-P3 devices. In particular, P2 reveals values of

471 and 651 cm?/C in the visible and NIR regions respectively,

This journal is © The Royal Society of Chemistry 2012
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which are drastically higher than the standard blue-to-
transmissive switching PEDOT (183 cm*/C).”!

Stability studies for P2 device was carried out by monitoring
the optical contrast as a function of number of cycles. Potentials
of +1.6 and -1.6 V were applied with a residence time of 15 s.
good switching stability, and an
illustration of 10 repeated cycles is given in Fig. 6. After
reaching a state of equilibrium, the device was further cycled
for 1000 cycles. Over the entire duration, approximately 75 %
of the optical contrast was retained (Fig. S5).

The polymer exhibits

Thin film morphology

The surface morphologies of P2 spin-coated and drop-cast
films were also probed using atomic force microscopy over a
5x5 um area and the height images are shown in Fig. 7. The
spin-coated film shows a more uniform and homogenous
surface with a mean surface roughness of 1.94 nm. In contrast,
the drop-cast film reveals larger polymer aggregates of different
sizes. Moreover, the formation of ridges gives rise to an
increased surface roughness of 2.69 nm. Due to the clustering
of the polymer, exposed surface area is reduced and movement
of the counter ions to oxidized sites of the polymer will be
hindered during redox switching. This supports the observation
of the reduced electroactivity of the drop-cast device. Also, this
reinforces the notion that the film morphology plays an

important role in the performance of electrochromic devices.”
53

Conclusions

A series of donor-acceptor type conjugated polymers was
synthesized, by utilizing a novel pyrrolophthalazine dione
(PPD) acceptor monomer. The polymers are dark blue in their
neutral states, and turn transmissive sky blue upon oxidation.
The PPD-embedded
electrochromic properties such as high optical contrasts and

polymers reveal exceptional
coloration efficiencies, as well as respectable switching speeds
and redox stability. As such, the PPD unit presents itself as a
promising building block for conjugated polymers, in particular
for electrochromic applications. Moreover, the PPD monomer
would serve as an efficient acceptor moiety for other D-A type
polymeric organic materials™ such as field-effect transistors
and organic photovoltaic solar cell materials. The viabilities of

these approaches are currently under investigation in our lab.
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Fig. 2 Optimized geometries (top) and charge-density isosurfaces for the HOMO (middle) and LUMO (bottom) levels of (a) M1, (b) M2

and (c) M3 which are monomeric model compounds for P1-P3 respectively.
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Fig. 3 Spectroelectrochemical graphs of (a) spin-coated (b) drop-cast P2 devices at various applied potentials.

Fig. 4 Photos of P2 spin-coated device in its neutral (left) and 2.0 V (right) states.

100

90

80 - —— 1400 nm
=580 nm

704
60

50

Transmittance (%)

40+

.

20

LA I LA B B I BN B ENNLEN L B B
0 5 10 15 20 25 30 35 40 45 50 55 60
Time (s)

Fig. 5 Switching behaviour of P2 device in the visible (Ay,x) and NIR (1400 nm) regions between + 1.6 and -1.6 V.
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Fig. 6 Transmittance-time profile of P2 device at 1400 nm between + 1.6 and -1.6 V for 10 cycles.

Fig. 7 AFM images of (a) spin-coated (b) drop-cast P2 thin films. Scan size: 5x5 um.

Table 1 Synthetic Yields, Molecular Weights, Polydispersity and Thermal Data of P1-P3

Polymer Yield (%) M, M, Polydispersity T4 (in Ny) (°C)
P1 74 18,000 31,000 1.73 276
P2 72 21,000 35,000 1.82 288
P3 55 23,000 41,000 2.01 270

M,: the number-average molecular weight. M,,: the weight-average molecular weight. Ty4: the decomposition temperature at which 5%
weight loss occurs.

Table 2 Summary of Optical and Electrochemical Properties of P1-P3

Amax> Solution (nm) Amax> film (nm) Aonset> film (nm) E,,opt (V) HOMO (eV) LUMO (eV)*

P1 559 576 722 1.72 -5.27 -3.55
P2 577 577 698 1.78 -5.29 -3.51
P3 559 574 719 1.72 -5.28 -3.56

*LUMO = HOMO - E,,opt
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Table 3 Summary of Electrochromic Performance of P1-P3 ECDs

Optical contrast (%) Bleaching time (s) Coloration time (s) CE (cm?’/C)
Amax (ViS) 1400 nm Amax (ViS) 1400 nm Amax (V1S) 1400 nm Amax (ViS) 1400 nm
P1 11 58 232 17.6 4.0 23.6 205 379
P2 34 71 23.0 2.59 1.8 17.7 471 651
P3 14 62 253 17.9 4.5 23.6 274 366

This journal is © The Royal Society of Chemistry 2012
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