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Harvesting Infrared Photons with Tricarbocyanine Dye Clusters
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The absorption of 4,5-benzoindotricarbocyanine dye (IR125) in the infrared can be tuned by controlling the
type of aggregation in different media. Molecular clusters of this dye formed in a mixed solvent show broad
absorption in the 556950 nm region as compared to the absorption bands of J- and H-type aggregates. The
molecular clusters of the carbocyanine dye are electrophoretically deposited as thin film on optically transparent
electrodes using a dc electric field. These tricarbocyanine dye cluster films are photoactive in the infrared
region and produce cathodic current when employed as photocathode in a photoelectrochemical cell. Transient
absorption spectroscopy of the molecular clusters show short-lived singlet state in the picosecond time scale
(lifetime 6 ps) and a charge separated state in the nanosecond time scale. Implication of such dye cluster

films for harvesting infrared photons in a photoelectrochemical cell is discussed.

Introduction SCHEME 1: Using an Electron Mediator to Shuttle
] o . Electrons for Sensitizer Regeneration
Many research groups are currently involved in improving :

the efficiency of dye sensitized solar cells and organic photo-
voltaic cellst~> Although such cells produce power conversion e,
efficiency in the range of~11%, efforts are underway to further |3.' '
improve their performance. Most of these cells respond mostly :
in the visible, a limitation imposed by the sensitizing dye or _
the polymer. This scenario leaves a major fraction of incident '-'I-
infrared light untapped. Relatively few attempts have been made :
to employ light harvesting sensitizers that absorb in the
infrared®~9 In a recent study we have shown that charge-transfer
interaction between an excited sensitizer and redox molecule
can be used to broaden the spectral response of the photoelec-
trochemical cell° For example, the charge-transfer interaction
between free base porphyrin and fullerene is effective in
harvesting photons both in the visible and infrared region.
Carbocyanine dyes have the potential of harvesting photons I
in the red-infrared region. A commonly employed laser dye ' :
(IR125) in its monomeric form exhibits a sharp absorption and
emission in the infrared region. These properties have found
applications in lasing? photography? and photodynamic
therapy:* Some attempts have been made to understand \ye have now made use of the self-assembling property of
photochemical properties and photoinduced electron-transfery 5_penzoindotricarbocyanine dye to obtain molecular clusters
process of tricarbocyanine dyEsi® An interesting aspect of  ang assemble them on a conducting glass electrode. The
th|S dye |S |tS ab|||ty to Undergo intermolecular interaction.and pnnC'ple Of photo|nduced Charge Separatlon |n SUCh Organ|c
produce H-type and J-type aggregafeSuch a property is  clyster film is illustrated in Scheme 1. Preliminary results that
convenient to tune the absorptive range of a photoelectrochemi-gescribe the photoelectrochemical and transient absorption
cal cell. behavior of carbocyanine dye cluster films are presented.

Dye Clusters
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50 biospectrophotometer. A glass sheet with deposited indium
tin-oxide (obtained from Pilkington) cleaned ultrasonically in r (A) H
2-propanol was used as an optically transparent electrode (OTE).
All solutions used in absorption measurement containegd\.0

of monomeric TCC dye. AFM measurements were carried out 1.0
with a Nanoscope llla (Digital Instruments, Veeco) at room -
temperature and in air with tapping mode.
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Deposition of Dye Clusters.The procedure was similar to

the one described earlier fogg£and porphyrin clusters:18Dye

clusters were prepared by injecting 20of TCC dye solution

in methylene chloride (1.5 mM) into 1 mL of mixed solvent of 1.5

toluene and acetonitrile (25:2, v/v). These clusters were then F (B)

electrophoretically deposited on the electrodes by applying a [ d { -

dc electric field.

Photoelectrochemical Measurements$?hotoelectrochemical
measurements were performed using a standard three-electrod g 1or L‘ i
cell consisting of a dye deposited OTE working electrode, SCE E [ ;
reference electrode, and Pt wire gauze counter electrode. Unles.-a
otherwise specified, all photoelectrochemical measurements @
were carried out in acetonitrile containing 0.3 M Lil and 0.05 < 0.5 _
M |, at 298 K. ’

Photocurrents at different applied potentials were measured
using a Princeton Applied Research model PARSTAT 2263
potentiostat. A collimated light beam from an Oriel 100 W
halogen lamp with a 500 nm (in the 76@000 nm region) or 0.0 z ] . ] . ] . ] r
a 370 nm (in the 4006700 nm region) cutoff filter was used 500 600 700 800 900 1000
for excitation of the electrodes. A Bausch and Lomb high- Wavelength, nm

intensity grating monochromator was introduced into the path _ )

of the excitation beam for selecting appropriate wavelength. The Figure 1. Absorption spectra of (A) dye monomer and aggregates

S ) . formed in (a) methanol, (b) water, (c) methylene chloride, and (d)

'“C'Qer?t photon-to-photocurrent efflc_lency (IPCE) at Var'o_us toluene/acetonitrile solution and (B) (e) TCC dye cluster film cast on

excitation wavelengths was determined from the following conducting glass using electrophoretic deposition of clusters (spectrum

expression: d) from solution. The inset shows the dye cluster film on a conducting
glass electrode.

g 1240
IPCE(%)= T 100 @) passing through the samples, the probe is focused onto a 200

inc um core fiber connected to a CCD spectrograph (Ocean Optics,
whereis. is the short-circuit photocurrent (A/@0 lin is the S2000 UV-vis (425-800 nm), or Sensors Unlimited, SU-LDV-

incident light intensity (W/c®), and 1 is the excitaton  212LDB (750-1200 nm)), enabling time-resolved spectra to
wavelengthl—V characteristics were recorded by same mea- be recorded. Typically, 5000 excitation pulses are averaged to
surement system under irradiation of white light (100 m\Wjcm obtain the transient spectrum at a set delay time. Kinetic traces

without the monochromator and SCE reference electrode. A at appropriate wavelengths are assembled from the time-resolved
400 nm cutoff filter was introduced in the path of the light data. All measurements were conducted at room temperature.

beam.

Femtosecond Transient Absorption Spectroscopyltrafast
transient absorption experiments were conducted using a Clark- Absorption Properties of TCC Dye Aggregates. The
MXR 2010 laser system and an optical detection system tricarbocyanine dye (TCC) in its monomeric form exhibits sharp
provided by Ultrafast Systems (Helios). The source for the pump absorption band at 800 nm. The aggregation of the dye can be
and probe pulses is the fundamental of the Clark laser systeminduced in an orderly fashion by carefully tuning the medium
(775 nm, 1 mJ/pulse, fwhm 130 fs, 1 kHz repetition rate). 5% conditions. The absorption spectra of monomer and aggregate
of the output is used to generate white light continuum probe forms of the dye in different solvents are shown in Figure 1A.
pulses. Prior to creating the white light probe, the fundamental When kept stirred in water at 68C for 32 h, one can obtain
is fed through a delay line providing an experimental time J-aggregates with an absorption maximum at 900 nm (spectrum
window of 1.6 ns with a maximum step resolution of 7 fs. The b in Figure 1A)!° On the other hand H-aggregates are produced
pump beam is attenuated to/8/pulse with a spot size of 2 in methylene chloride medium. The observed shift in the
mm (diameter) at the sample where it is merged with the white absorption maximum is in agreement with the allowed transition
light incident on the sample cell with an angtel0°. After for J- and H- type aggregatés.

Results and Discussion
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Figure 3. Incident photon to charge carrier generation efficiency
(IPCE) of TCC cluster film electrode (OTE/(TC)n contact with I
and k- electrolyte in acetonitrile. The absorption spectrum of the
electrode is also displayed.

Figure 2. AFM image of TCC dye clusters deposited on a conducting
glass electrode.

The absorption features presented in Figure 1 show thewavelength. The mismatch between the absorption and IPCE
possibility of manipulating photon harvest over a wide region spectra is indicative of the fact that different forms of aggregates
in the infrared. Specifically, molecular clusters of TCC dye contribute to photocurrent generation with different photocon-
prepared in mixed solvents provide a wide IR-window for light version efficiency. As shown in the Supporting Information,
absorption. The clusters were prepared by adding a knownthe J-aggregates have relatively lower efficiency. Thus, H-
amount of H-aggregated TCC dye solution of methylene aggregates are the predominant species in the cluster film that
chloride to a mixed solvent of toluene and acetonitrile. The are responsible for the photocurrent generation. Variation in the
absorption spectrum of the TCC dye clusters exhibit strong photosensitizing properties of merocyanine aggregates has also
absorption in the 556950 nm region (spectrum d in Figure been observed earliét.
1A). This broad absorption band covers the absorption range The photocurrent generation in these films is dependent on
beyond the typical H-type aggregate form. This is indicative the exciton diffusion and charge separation following the
of the fact that higher aggregates other than dimers con-infrared excitation. The mechanism is similar to the one
tribute to the absorption spectra. A detailed account of dimer observed for organic semiconducté/.In the present case,
and trimer forms of thionine was discussed in our earlier the photocurrent generation is facilitated by the hole transport
studies?? to the collecting electrode surface and scavenging of electrons

For TCC clusters the electrophoretic deposition was an by the redox couple §/I7) at the electrolyte interface. The
effective method to cast a robust film on optically transparent domination of the hole transport in the TCC cluster film is
electrode (OTE). The absorption spectrum of the film (Figure evident from the cathodic photocurrent seen during the operation
1B) cast on glass electrode reflects the solution spectra of theof the photoelectrochemical cell. To confirm the organic
dye. Electrophoretically deposited cluster films show broad semiconductor behavior of TCC cluster film, we probed the
absorption in the infrared region. This is indicative of the fact photovoltage generation in the absence of a redox couple. A
that we are able to retain the respective cluster or aggregatephotovoltage of the order of 100 mV was observed even when
forms in the film. The cluster films were further characterized a redox couple was excluded from the electrolyte (namely in
using atomic force microscopy (Figure 2). The AFM image neat acetonitrile containing 0.1 M tetrabutylammonium per-
shows that the film consists of close packed spherical clusterschlorate). Based on this observation we can rule out the electron-
of diameter~100 nm. The porous morphology of the dye cluster transfer process between excited dye and iodide redox couple
films provides a large surface area for undergoing charge transferas the contributing factor to the observed photoelectrochemical
across the interface. For comparison, aggregate forms of theeffect. This is in contrast to the photogalvanic mechanism of
TCC dye were drop cast on a glass slide to obtain thin films photocurrent generation at asdluster film17 Thus, we can
(see Supporting Information). conclude that the semiconducting property of the TCC cluster

Photocurrent Generation at a TCC Dye Modified Elec- film is responsible for the photocurrent generation in TCC
trode. The cluster films cast on conducting glass electrode cluster films.

(OTE/(TCC),)) were photoactive and generated photocurrentin ~ The low IPCE of TCC cluster film shows that the charge
a photoelectrochemical cell when irradiated with infrared light. separation is relatively poor. The zero current potential or flat
Figure 3 shows the incident photon to charge carrier generationband potential condition is observed-80.085 V. The charge
efficiency (IPCE) of OTE electrodes modified with TCC separation at this potential becomes negligible. Upon application
clusters. The experiments were carried out in a two-arm flat of an external bias it is possible to improve the charge
cell and the illumination area was limited to 0.32%ifihe TCC separation. Thé—V characteristics shown in Figure 4 shows
cluster-modified OTE electrode shows photocurrent responseincreased cathodic photocurrent at negative applied potentials.
in the infrared with a maximum IPCE around 2%. The Even application of~0.1 V versus SCE is sufficient to boost
absorption spectrum of the cluster film shows a close match of the photocurrent generation. The cathodic photocurrent genera-
the spectral response in the 55860 nm region. However, it  tion at TCC film electrode suggests the domination of hole
is interesting to note that the IPCE at longer wavelengths (  transport to the working electrode, a behavior commonly
700 nm) is relatively lower compared to the response at shorterobserved with p-type semiconductors.
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Figure 4. |-V characteristics of the OTE/(TCgC¢lectrode in dark
and under IR illumination A > 550 nm) (electrolyte: /15~ redox
couple in acetonitrile).
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Femtosecond Spectroscopy of Ultrafast Events during the
Photoexcitation of TCC Clusters.The time-resolved absorp-
tion spectra of the transients formed following 775 nm laser
pulse excitation of TCC clusters in solution and films were
recorded using femtosecond purgrobe spectroscopy (Figure
5A).

Because of its absorption in the infrared, TCC clusters are
excited to their singlet state during 775 nm laser pulse excitation.
The formation of the singlet excited state is evident from the 1
transient absorption spectrum recorded immediately after 130
fs laser pulse excitation. The decay of this absorption band in
the visible parallels the bleaching recovery in the infrared region 5
for clusters in solution and film. For TCC clusters in solution, o
the decay of the singlet excited state and the recovery of the g
bleached absorption are completed within 600 ps. The lifetime
of the singlet excited state as determined from the first-order
kinetic fit is 6 ps. An excited singlet of H-aggregate usually o
decays into excited triplet state via an allowed intersystem S T T T
crossing proces®:24 For TCC clusters in solution, we do not 0 200 400 600 800 1000
observe any long-lived transients, thus ruling out accumulation Time, ps
of triplet or charge separated states. It is likely that the excitation Figure 5. (A) Difference absorption spectra of TCC cluster film cast
of TCC clusters in solution is dominated by the formation of ©n conducting glass electrode (OTE/(TGjecorded after 775 nm

P ; ; ; laser pulse excitation at probe wavelengths at (a) 0 and (b) 600
an excitonic state which quickly recombines to generate the picoseconds. Absorptieftime profiles recorded at 560 nm for the (B)

ground-state m0|eCl_J|eS' . short time and (C) long time scales for (c) OTE/(T@&hd (d) (TCC)
The TCC cluster films on the other hand show the formation ¢|yster suspension in toluene.

of a long-lived transient. A residual absorption is seen in the

transient spectrum recorded 600 ps after laser pulse excitation.

The broad absorption of this long-lived spectrum is different on a conducting glass electrode facilitates harvesting of infrared
from the one recorded at early times. The dye cation and anionphotons in a photoelectrochemical cell. Presence of long-lived
generated via pulse radiolysis show absorption in the-42% transient species confirms the charge separation in these films
nm. These observations indicate that charge separated productllowing IR excitation. Further improvement in the charge
accumulate following the initial singlet/exciton decay. Com- separation efficiency is necessary to optimize the performance
parison of the kinetic traces at 560 nm in Figure 5B and C of these infrared sensitive dye films.

confirms the presence of a long-lived product only in the cluster

film. Such a long-lived product supports the argument for the  Acknowledgment. We thank Istvan Robel for his assistance
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Conclusions

Molecular clusters of a carbocyanine dye, IR125, exhibit ~ Supporting Information Available: Absorption spectrum
broad absorption in the infrared. Deposition of these clusters and IPCE response of J-aggregates of TCC dye, Figure S1. This



Letters

J. Phys. Chem. B, Vol. 110, No. 33, 20085173

material is available free of charge via the Internet at http:// Chem. B2005 109, 19.

pubs.acs.org.

References and Notes

(1) Xue, J. G.; Rand, B. P.; Uchida, S.; Forrest, SJRAppl. Phys.
2005 98.

(2) Zukalova, M.; Zukal, A.; Kavan, L.; Nazeeruddin, M. K.; Liska,
P.; Grazel, M. Nano Lett.2005 5, 1789.

(3) Mozer, A. J.; Denk, P.; Scharber, M. C.; Neugebauer, H.; Sariciftci,

(11) Hasobe, T.; Imahori, H.; Kamat, P. V.; Ahn, T. K.; Kim, S. K.;
Kim, D.; Fujimoto, A.; Hirakawa, T.; Fukuzumi, S. Am. Chem. So2005
127, 1216.

(12) Decker, C. DAppl. Phys. Lett1973 27, 907.

(13) Herz, A. H.Adv. Colloid Interface Scil1977, 8, 237.

(14) Gu, Y.; Li, J.; Guo, Z.-HProceedings of SPIE993 1616 266.

(15) Wang, D. L.; Jiang, H. B.; Wu, S. J.; Yang, H.; Gong, Q. H.; Xiang,
J. F.; Xu, G. Z.J. Opt. A: Pure Appl. Opt2003 5, 515.

(16) Wang, D. L.; Xiang, J. F.; Jiang, H. B.; Xu, G. Z.; Gong, Q.H.

N. S.; Wagner, P.; Lutsen, L.; Vanderzande, D.; Kadashchuk, A.; Staneva, Opt. A: Pure Appl. Opt2003 5, 123.

R.; Resel, RSynth. Met2005 153 81.

(4) Takechi, K.; Shiga, T.; Motohiro, T.; Akiyama, T.; Yamada, S.;
Nakayama, H.; Kohama, KSolar Energy Mater. Solar Cell2006 90,
1322.

(5) Hoppe, H.; Sariciftci, N. SJ. Mater. Res2004 19, 1924.

(6) Spitler, M.; Parkinson, B. ALangmuir1986 2, 549.

(7) Wang, X. J.; Perzon, E.; Delgado, J. L.; de la Cruz, P.; Zhang, F.

L.; Langa, F.; Andersson, M.; Inganas, @ppl. Phys. Lett2004 85,
5081.

(8) Altobello, S.; Argazzi, R.; Caramori, S.; Contado, C.; Da Fre, S;
Rubino, P.; Chone, C.; Larramona, G.; Bignozzi, CJAAmM. Chem. Soc.
2005 127, 15342.

(9) Rand, B. P.; Xue, J. G.; Yang, F.; Forrest, SARpl. Phys. Lett.
2005 87.

(10) Hasobe, T.; Kamat, P. V.; Troiani, V.; Solladie, N.; Ahn, T. K.;
Kim, S. K.; Kim, D.; Kongkanand, A.; Kuwabata, S.; FukuzumiJSPhys.

(17) Kamat, P. V.; Barazzouk, S.; Thomas, K. G.; Hotchandani. S.
Phys. Chem. R00Q 104, 4014.

(18) Hasobe, T.; Imahori, H.; Fukuzumi, S.; Kamat, P.J.Mater.
Chem.2003 13, 2515.

(19) Rotermund, F.; Weigand, R.; PenzkoferGhem. Phys1997, 220,
385.

(20) Das, S.; Kamat, P. \. Phys. Chem. B999 103 209.

(21) Khazraji, A. C.; Hotchandani, S.; Das, S.; Kamat, PJVPhys.
Chem. B1999 103 4693.

(22) Licht, S.; Khaselev, O.; Ramakrishnan, P. A.; Faiman, D.; Katz,
E. A.; Shames, A.; Goren, Solar Energy Mater. Solar Cells998 51, 9.

(23) Kasha, M.; Rawls, H. R.; El-Bayoumi, M. Rure Appl. Chem.
1965 11, 371.

(24) Martini, I.; Hartland, G. V.; Kamat, P. \d. Phys. Chem. B997,
101, 4826.



