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Electrochromic films undergo optical changes when exposed to
an electric field.1-3 This is an intriguing phenomenon for which
there might be a wide range of applications, including color displays,
smart windows, sensors, and memory elements. These materials
can be prepared by various methods: spin coating, electropolymer-
ization, Langmuir-Blodgett technology, and polyelectrolyte layer-
by-layer assembly, just to name a few. Polymeric materials
possessing a combination of very high coloration efficiency, contrast
ratio, low-switching voltage (∼1 V), stability, and processability
have generated much interest. Despite the great strides in this
field,4,5 the design of suitable electrochromic materials (e.g., metal
oxide films, conductive polymers, and liquid crystals) remains a
challenging task. Here we introduce an alternative approach for
the preparation of highly effective electrochromic films by self-
propagating molecular-based assembly. The recently reported
molecular-based structure consists of polypyridyl osmium com-
plexes (1) cross-linked via PdCl2 (Figure 1).6 The short linkage
ensures a high chromophore density. Formation of this porous
metal-organic network involves in- and outward diffusion of PdCl2.
This reservoir of PdCl2 is used by the system to bind layers of
complex 1 from solution to the film surface in an exponential
manner.6,7

The electrochromic properties are reported here for ∼25 nm thick
structures assembled on indium-tin oxide (ITO)-coated glass.
Cyclic voltammetry (CV) measurements showed a reversible redox
process characteristic of an Os2+/3+ couple with a half-wave redox
potential, E1/2, of 0.89 V (vs Ag/AgCl) and a peak splitting of 130
mV at a scan rate of 50 mV s-1 (Figure 2A).8 UV-vis spectroscopy
in the transmission mode revealed the characteristic singlet and
triplet metal-to-ligand-charge-transfer (MLCT) bands of the Os2+

structure at λ ) 510 and 680 nm, respectively (Figure 2B). Applying
a potential step between 0.4 and 1.2 V resulted in a significant
reduction of the absorption intensities of both MLCT bands, along
with the concurrent appearance of the Ligand-to-Metal-Charge-
Transfer (LMCT) band at λ ) 385 nm. Subsequent electrochemical
reduction of the assembly regenerates the original spectrum.
Complex 1 exhibits similar optical behavior in solution upon
changing the metal oxidation state.

Monitoring the intense MLCT band of the multilayer at λ )
510 nm while applying different double-potential steps as a function
of time revealed the following interesting properties (Figure 2C,D):
(i) a low-switching voltage (1.2 V) resulting in fast modulation of
the absorbance (0.5 and 0.35 s for 95% oxidation and reduction,
respectively), (ii) stepwise control over the transmission by the
formation of intermediate assemblies having both Os2+ and Os3+

complexes, and (iii) a contrast ratio, ∆T, of 35% between the
transmittance of the colored (Os2+) and bleached (Os3+) states. The
contrast ratio is relatively low in comparison with other systems.9-12

For instance, poly(3,4-ethylenedioxythiophene), PEDOT, has a
contrast ratio of 54%.12 However, the electric field-induced
modulation between the two metal oxidation states (Os2+/3+) is
clearly visible by the naked eye as the redox-active film reversibly

changes color from bordeaux red (Os2+) to light yellow (Os3+) (inset
Figure 2B). The oxidized structure is transparent and also being
reduced under open circuit conditions () no electric field) at a much
slower rate, as judged by UV spectroscopy. Full reduction was
observed after 6 min under ambient conditions, whereas under
nitrogen this process takes about twice as long to go to completion.
The overall process is more than 3 orders of magnitude slower than
the electrochemically induced reduction and might be caused by
adventitious water. Indeed, washing an oxidized assembly with
water for several minutes also restores the initial UV-vis spectrum
oftheOs2+system.Monolayersofsurface-confinedosmium-polypyridyl
complexes can be used to detect and quantify ppm levels of water
in organic solvents.13 Our self-propagating assembly can be
oxidized chemically with a solution of (NH4)2[Ce(NO3)6] (1 mM,
3 min) in dry acetonitrile, as observed by UV-vis spectroscopy.
The possibility of reversibly addressing the optical output of this
system, both chemically and electrochemically, might be of much
value for molecular Boolean logic operations.14

The long-term stability of the film was determined by measuring
the contrast ratio as a function of the number of switching cycles. The
assembly was subjected to repetitive double-potential step chrono-
amperometry (0.4-1.2 V) with intervals of 3 s (Figure 3A). The
transmittance changes of the assembly at λ ) 510 nm were recorded
simultaneously as a function of time (Figure 3B; black). Only 5% loss
was observed in the contrast ratio after 1000 redox cycles (Figure 3B;
red). UV-vis analysis and mass spectrometry of the electrolyte solution
showed some desorption of complex 1, but no decomposition. This
suggests that the material stability might be enhanced by applying a
different linker between the chromophores.

The efficient color changes in response to applied charge were
calculated according to a standard equation from the ratio between

Figure 1. Solution-based self-propagating assembly. The films were formed
on ITO-coated glass by iterative deposition of complex 1 (inset) and
(PhCN)2PdCl2 using identical procedures described in ref 6.
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the optical contrast and the charge density used for coloration/
bleaching of the assembly.15 For our film, a maximum CE of 350
cm2/C was obtained at λ ) 510 nm with a charge density of 1.4
mC/cm2. Interestingly, this CE is higher than the efficiencies
observed for inorganic materials (e.g., IrO2, WO3)

16 and for
conjugated polymers such as PEDOT (183 cm2/C).12 It is compa-
rable to the CE of other polythiophene systems.10 The electrochro-
mic properties of the multilayer assembly are highly dependent on
the film thickness. For instance, the response time, contrast ratio,
and CE values for a much thinner structure (9 vs 25 nm) at λ )

510 nm are 0.3 s, 17%, and 260 cm2/C, respectively. Apparently,
redox-active assemblies can be generated with designed and
controllable electrochromic behavior as a function of the number
of deposition cycles.

We have introduced here a new molecular-based material that
exhibits a better CE than many inorganic films and a CE and
switching time comparable to those of industrially important
conducting polymers such as PEDOT and derivatives.10,12 Recently,
thiophene- and selenophene-based polymers have been reported
with CE values as high as 680 and 773 cm2/C by Wudl and
Bendikov,10,11 respectively. Nevertheless, the combination of a
redox-active and stable film prepared via a self-propagating process
might provide a useful new entry into this rapidly evolving area.
The large variety of chromophores that might be used will offer
ample opportunities to generate new electrochromic materials.
Furthermore, the charge-storage capability of the assembly may
make it an interesting candidate for battery, memory, and related
technologies with an optical readout.4,5,14,17

Acknowledgment. This research was supported by the Helen and
Martin Kimmel Centers for Molecular Design and Nanoscale Sciences,
the Schmidt Minerva Center, and the Weizmann-UK collaboration
program.

Supporting Information Available: A movie showing the real-time
electrochemical switching of the multilayer assembly. This material is
available free of charge via the Internet at http://pubs.acs.org.

References

(1) For recent examples, see: (a) Beaujuge, P. M.; Ellinger, S.; Reynolds, J. R.
Nat. Mater. 2008, 7, 795–799. (b) Yazaki, S.; Funahashi, M.; Kato, T.
J. Am. Chem. Soc. 2008, 130, 13206–13207. (c) Areephong, J.; Kudernac,
T.; de Jong, J. J. D.; Carroll, G. T.; Pantorott, D.; Hjelm, J.; Browne, W. R.;
Feringa, B. L. J. Am. Chem. Soc. 2008, 130, 12850–12851. (d) Han, F. S.;
Higuchi, M.; Kurth, D. G. AdV. Mater. 2007, 19, 3928–3931.

(2) For an electrochromic monolayer, see: Sortino, S.; Di Bella, S.; Conoci,
S.; Petralia, S.; Tomasulo, M.; Pacsial, E. J.; Raymo, F. M. AdV. Mater.
2005, 17, 1390–1393.

(3) For an example of an electroluminescent material, see: Welter, S.; Brunner,
K.; Hofstraat, J. W.; De Cola, L. Nature 2003, 421, 54–57.

(4) (a) Niklasson, G. A.; Granqvist, C. G. J. Mater. Chem. 2007, 17, 127–
156. (b) Sonmez, G. Chem. Commun. 2005, 5251–5259. (c) Hammond,
P. T. AdV. Mater. 2004, 16, 1271–1293. (d) Argun, A. A.; Aubert, P.-H.;
Thompson, B. C.; Schwendeman, I.; Gaupp, C. L.; Hwang, J.; Pinto, N. J.;
Tanner, D. B.; MacDiarmid, A. G.; Reynolds, J. R. Chem. Mater. 2004,
16, 4401–4412. (e) Lampert, C. M. Mater. Today 2004, 3, 28–35.

(5) Monk, P. M. S.; Mortimer, R. J.; Rosseinsky, D. R. Electrochromism and
Electrochromic DeVices; Cambridge University Press: Cambridge, 2007.

(6) Motiei, L.; Altman, M.; Gupta, T.; Lupo, F.; Gulino, A.; Evmenenko, G.;
Dutta, P.; van der Boom, M. E. J. Am. Chem. Soc. 2008, 130, 8913–8915.

(7) Various polyelectrolyte multilayer films are known to exhibit nonlinear
growth: Decher, G.; Schlenoff, J. B., Eds. Multilayer Thin Films; Wiley-
VCH: Weinheim, 2003.

(8) Gupta, T.; Cohen, R.; Evmenenko, G.; Dutta, P.; van der Boom, M. E. J.
Phys. Chem. C 2007, 111, 4655–4660.

(9) Krishnamoorthy, K.; Ambada, A. V.; Kanungo, M.; Contractor, A. Q.;
Kumar, A. J. J. Mater. Chem. 2001, 11, 2909–2911.

(10) Sonmez, G.; Meng, H.; Wudl, F. Chem. Mater. 2004, 16, 574–580.
(11) (a) Patra, A.; Wijsboom, Y. H.; Zade, S. S.; Li, M.; Sheynin, Y.; Leitus,

G.; Bendikov, M. J. Am. Chem. Soc. 2008, 130, 6734–6735. (b) Li, M.;
Patra, A.; Sheynin, Y.; Bendikov, M. AdV. Mater. 2009, Early View: DOI:
10.1002/adma.200802259.

(12) Gaup, G. L.; Welsh, D. M.; Rauh, R. D.; Reynolds, J. R. Chem. Mater.
2002, 14, 3964–3970.

(13) (a) de Ruiter, G.; Gupta, T.; van der Boom, M. E. J. Am. Chem. Soc. 2008,
130, 2744–2745. (b) Gupta, T.; van der Boom, M. E. J. Am. Chem. Soc.
2006, 128, 8400–8401.

(14) (a) Gupta, T.; van der Boom, M. E. Angew. Chem., Int. Ed. 2008, 47, 5322–
5326. (b) de Silva, A. P.; Uchiyama, S. Nat. Nanotechnol. 2007, 2, 399–
410.

(15) CE(λ) ) log(Tb(λ)/Tc(λ))/Qd, where CE, Tb(λ) and Tc(λ) are the coloration
efficiency, bleached and colored transmittance values, respectively, and Qd
is the total injected/ejected charge as a function of the electrode area.

(16) Bange, K.; Gambke, T. AdV. Mater. 1990, 2, 10–16.
(17) (a) Maspoch, D.; Ruiz-Molina, D.; Veciana, J. Chem. Soc. ReV. 2007, 36,

770–818. (b) Liu, Z.; Yasseri, A. A.; Lindsey, J. S.; Bocian, D. F. Science
2003, 302, 1543–1545.

JA900507C

Figure 2. Electrochemical measurements of 1-based films (23 layers, ∼25
nm thick) on ITO-coated glass (surface area ) 0.7 cm × 3 cm). (A) Cyclic
voltammogram with a scan rate of 50 mV s-1. (B) Spectroelectrochemistry
using double-potential steps between 0.4 and 1.2 V: (a) reduced (Os2+),
(b) oxidized (Os3+), and (c) reduced (Os2+) states. Inset: photographs
showing the colored (Os2+) and the bleached (Os3+) states. (C) Transmittance
changes at λ ) 510 nm vs time as a function of different potential steps.
(D) Simultaneous chronoabsorptometry (top; λ ) 510 nm) and chronocou-
lometry experiment (bottom; 0.4-1.2 V). The dotted lines indicate the
response times at 95% oxidation (left) and reduction (right). All experiments
were carried out at room temperature in 0.1 M TBABF4/CH3CN. ITO-
coated glass, Pt wire, and Ag/AgCl were used as working, counter, and
reference electrodes, respectively.

Figure 3. Multiple double-potential chronoamperometric experiment using
TBABF4 (0.1 M) in propylene carbonate with real-time monitoring of both
(A) switching current (0.4-1.2 V) and (B) in situ transmittance at λ ) 510
nm with 3 s intervals. The red trace is the % transmittance after 1000 redox
cycles.
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