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Direct evidence of photoinduced electron transfer in conducting-polymer—Cg, composites
by infrared photoexcitation spectroscopy
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We report direct spectral evidence of photoinduced electron transfer from the excited state of poly(3-
octylthiophene), P30T, onto Cg, by infrared photoexcitation spectroscopy, 0.01 eV (100 cm™') to 1.3 eV
(11000 cm™!). The photoinduced absorption spectrum of P30T, characterized by subgap electronic ab-
sorptions and associated infrared-active vibrational modes, is significantly enhanced in magnitude upon
adding a few percent of Cg. Two new peaks are found in the photoexcited spectrum of the P30T/Cg
composite and assigned to the allowed HOMO (T, )-LUMO (T',,) transitions of C¢,~ with energies, 1.15
and 1.25 eV, in good agreement with calculated values. The photoinduced charge transfer from P30T
onto Cy, enhances the quantum efficiency for photogeneration of charge carriers resulting in charge sep-
aration in the excited state. As a result, the lifetime of the excited-state configuration, (P30T)* and
Ceo , is extended; thereby leading to both the enhanced photoinduced response of P30T and the appear-
ance of the 1.15- and 1.25-eV signatures associated with C¢, ™.

In conducting polymers, the quasi-one-dimensional
electronic structure is strongly coupled to the chemical
(geometrical) structure. As a result, the nonlinear excita-
tions (solitons, polarons, and bipolarons) are self-localized
around local structural distortions with electronic states
within the energy gap.! Therefore, when such excitations
are created, the symmetrical (Raman-active) modes be-
come infrared-active vibrational (IRAV) modes. These
nonlinear excitations can be studied spectroscopically
(excitation spectroscopy) either by injecting charges into
the system through chemical (or electrochemical) doping
or by direct optical pumping above the energy gap with
an intense external light source.?

Photoinduced electron transfer from the excited state
of conducting polymers onto C4, has been recently re-
ported.>~® The quenching of the photoluminescence®*
and the subpicosecond time-resolved photoinduced ab-
sorption® demonstrate that electron transfer from the ex-
cited state of the conducting polymer to C¢, occurs
within 107 '? s after photoexcitation with #w greater than
the 7-m* gap. Since charge transfer occurs nearly 10°
times faster than any competing process, the quantum
efficiency for photoinduced electron transfer is of order
unity. Early time recombination is inhibited by the spa-
tial separation of the electron and hole on the C¢, accep-
tor (A) and the conducting polymer donor (D), respec-
tively. The high quantum efficiency for charge transfer
and charge separation stimulated the fabrication of D- A
thin-film heterojunction diodes and photovoltaic cells.”®

Charge separation in the excited state, facilitated (and
stabilized) by carrier delocalization and by structural re-
laxation, leads to enhanced efficiency for photogeneration
of free charge carriers and to enhanced lifetimes for those
carriers.* % As a result, the magnitude of the steady-
state photoinduced absorption signals in conducting
polymer/Cg, composites is expected to be enhanced over
those observed in the conducting polymer alone. Fur-
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thermore, although the signatures of photoinduced elec-
tron transfer from conducting polymers onto Cg, are
unambiguous, direct spectral evidence of Cg,~ was not
observed in previous excitation spectroscopy (photomo-
dulation) measurements.>»* We have, therefore, initiated
photoinduced absorption measurements using Fourier-
transform infrared (FTIR) interferometry on P30T/Cg,
composites.

We have obtained direct spectral evidence of photoin-
duced electron transfer from the excited state of the con-
ducting polymer, poly(3-octylthiophene), P30T, onto Cg,
through infrared (IR) photoexcitation spectroscopy in the
spectral range from 0.01 eV (100 cm™!) to 1.3 eV (11 000
cm™!). The photoinduced absorption spectrum of P30T,
characterized by subgap electronic absorptions and asso-
ciated IRAV modes, is significantly enhanced in magni-
tude upon adding a few percent of C¢,. Moreover, two
new peaks are found in the excitation spectrum of
P30T/Cq, at 1.15 and 1.25 eV, which correspond to the
allowed HOMO (T}, )-LUMO (T,) transitions of Cg,~
(HOMO is the highest occupied molecular orbital,
LUMO is the lowest unoccupied molecular orbital). The
results indicate long-lived photoinduced electron transfer
between the two systems.

The poly(3-octylthiophene) and the P30T/Cg, samples
were cast from solution as described previously.® The
solutions were drop cast onto sapphire substrates for
photoinduced absorption in the near-IR, onto cadmium
telluride (CdTe) substrates for the mid-IR, and onto sil-
icon wafer substrates for the far-IR. Since all these
single-crystal substrates are good thermal conductors, ex-
perimental artifacts arising from sample heating do not
contaminate the spectra. Films with 5% Cg; in the con-
ducting polymer appear uniform and without segregation
of the less soluble Cy, component.

Thin films of Cg, (for comparative measurements) were
prepared by evaporating purified Cg powder from a

5781 ©1994 The American Physical Society



RAPID COMMUNICATIONS

5782 LEE, JANSSEN, SARICIFTCI, AND HEEGER 49

quartz crucible, heated to 450°C at a pressure of 5X 107¢
Torr onto KBr substrates. The C¢, was kept oxygen free;
after preparation, the sample was transferred into the
measuring system without exposure to air, and mounted
onto the cold finger of the cryostat in nitrogen atmo-
sphere.

Photoinduced absorption spectra were obtained by
measuring changes (AT) in the IR transmission (7T) in
response to the external pumping source (Ar™ laser) in-
cident on the sample; A(ad)~ —AT /T, where a is the
absorption coefficient and d is the sample thickness.® A
Nicolet Magna 750 FTIR system was used for frequen-
cies from 100 cm ™! (0.01 eV) to 11000 cm ™! (1.35 eV);
AT was measured by recording spectra for 10-s intervals
with the excitation source on and then with the sample in
the dark. This steady-state technique probes spectral
changes due to long-lived photoexcitations. The mea-
surements are carried out at 80 K with samples in vacu-
um (10> Torr).

Direct IR absorption spectra of P30T and P30T/
C40(5%) are compared for frequencies between 400 and
2000 cm ™! in Fig. 1. For P30T, six characteristic IR
modes are found at 721 (C-H deformation of methylene
group of the hexyl chain), 822 (out-of-plane C-H defor-
mation), 1377 (methyl deformation), and 1462, 1512, and
1562 cm ™! (ring-stretching modes). After adding 5% Cq,
by weight into the P30T, we observed all the above
modes, essentially unchanged. The four characteristic IR
modes of Cq, can be observed as weak peaks (526 and 572
cm~!) or shoulders (1182 and 1429 cm™') superimposed
on the vibrational modes of P3OT. Thus, the IR spec-
trum of P30OT/Cg, is a simple superposition of the two
components, implying relatively weak mixing of the
ground-state electronic wave functions.

Figure 2 shows the photoinduced changes in the IR
spectrum of P30T and P30OT/Cy\(5%) for frequencies
from 0.01 to 1.3 eV upon photoexcitation with the 2.41-
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FIG. 1. Infrared absorption spectra of P3OT and
P30T/Cg(5%) films at 80 K. The inset shows the data over the
whole IR range up to 1.0 eV.

eV line of an Ar*-ion laser at 50 mW/cm?. For quantita-
tive comparison (since the thicknesses of the different
films are not identical), the spectra are normalized by the
ratio of the oscillator strengths of the linear absorption of
the samples. The photoinduced absorption spectrum of
pure P30T is characterized by subgap electronic absorp-
tions (a lower-energy feature peaked at 0.3 eV and a
higher-energy feature with onset at 1.1 eV) together with
the prominent IRAV modes superimposed on the lower-
energy electronic absorption peak. These two broad elec-
tronic features share the same physical origin and have
been assigned to the lower and upper energy bipolaron
transitions, respectively.” Notice that there are relatively
strong broad bands at 0.1 eV (with the IRAV modes su-
perimposed) and at 0.21 eV. These two peaks were ob-
served in early work by Kim et al.’ and attributed to a
polaronlike defect having a different physical origin from
two bipolaron electronic transitions (0.3 and 1.3 eV).

In recent photomodulation studies* of P30T, an elec-
tronic absorption was observed in the excitation spec-
trum at 1.05 eV and assigned to a triplet-triplet transi-
tion. Our IR photoinduced absorption measurements
show no indication of this 1.05-eV absorption. Since the
steady-state photoexcitation technique probes the spec-
tral changes due to photocarriers over long times (10 s on
and 10 s off), these spectra are dominated by excitations
with the longest lifetimes; i.e., the long-lived charged po-
larons or bipolarons which remain after separation of the
early neutral singlet or triplet excitations.

Upon photoexcitation of P30OT/Cyy(5%), the photoin-
duced IR spectra change dramatically. First, the overall
strength of the photoinduced absorption spectrum (both
the electron subgap absorptions and the associated IRAV
modes) is increased by almost one order of magnitude, as
shown in Fig. 2. Second, new peaks are observed at 1.15
and 1.25 eV together with a bleaching around 1 eV.

The remarkable increase in oscillator strength of the
IRAV modes and the subgap electronic excitations in
P30T/Cy results from the photoinduced electron
transfer from P3OT onto Cg,. Ultrafast photoinduced
electron transfer®® improves the quantum efficiency for

P30T/Cg,
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FIG. 2. Photoinduced IR absorption spectra of P30T and
P30T/C(5%) at 80 K obtained by pumping with an Ar* laser
at 2.41 eV with 50 mW/cm?.
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charge carrier generation and suppresses recombination;
both effects were demonstrated by photoconductivity
measurements. As a result, more charged excitations
live for longer times, thereby leading to an increase in the
strength of the photoinduced absorption signals by an or-
der of magnitude upon adding only a few percent Cgy.

The photoinduced electron transfer is complete; charge
is transferred from the excited state of polymer to the Cg,
acceptor, resulting in the formation of both (P30T)" and
Cq : light-induced electron spin resonance (ESR) stud-
ies>* have identified the two separate ESR signals with g
values characteristic of (P30T)" and Cg,~, respectively.
The charge separated excited state is stabilized through a
combination of effects, including delocalization of the
electron on the Cg,, structural relaxation around the hole
to form a positive polaron on the P30T (and subsequent
formation of bipolarons through P+t+P*B2T),
Therefore, the dominant photogenerated charge carriers
on the P30T host in P30OT/C, are positive polarons and
bipolarons, while both positive and negative polarons
(and bipolarons) are photogenerated in pure P3OT. The
identical electronic absorptions and IRAV modes in
P30T and P30T/Cg, demonstrated in Fig. 3, imply
electron-hole symmetry in P30T, as in a number of con-
ducting polymers.!

The enhanced magnitude of the IRAV modes in
P30T/Cg, enables us to analyze the IRAV spectrum with
better definition and better resolution. The photoinduced
IRAY spectra of P30T and P30T/Cgy(5%) are shown in
detail in Fig. 3, and compared with the doping-induced
IRAYV spectrum of P30T. The spectrum obtained from
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FIG. 3. Infrared spectra in the IRAV range. (top) Detailed
photoinduced IR spectrum of P30T/C(5%); (second from top)
detailed photoinduced IR spectrum of P3OT; (second from bot-
tom) IR spectra of P30T doped with FeCl;; (bottom) infrared
spectra of P3OT. For clear comparison, the P3OT spectrum is
multiplied six times.

P30T/C¢(5%) and from P30T are essentially identical,
except for the increased strength of all spectral features
in P30T/Cq due to the enhanced photogeneration
efficiency and the extended lifetime of the photocarriers.
The four localized IRAYV modes at 1047, 1119, 1182, and
1254 cm ™! are associated with the uniform translation of
the bipolaron (7 modes). The ring-bending modes (R)
arising from the weak coupling of the injected charges to
the thiophene ring deformations are observed at 594, 687,
717, and 800 cm~!.° The prominent IRAV mode associ-
ated with the nonuniform translation (shape oscillation)
of the bipolaron'®!! is found at 1393 cm ™! in P3OT. Al-
though all the IRAV modes in P30T/Cq, correspond to
those of P30T without any new features due to Cg;, we
note that the concentration of Cg, is small, only 5%, so
any such signals would be correspondingly weaker.

The one-to-one correspondence between the photoin-
duced and doping-induced spectral changes is evident in
Fig. 3, as is the redshift of the photoinduced IRAV
modes with respect to the doping induced IRAV modes.
These features are typical of conducting polymers and
have been explained in complete detail by the amplitude
mode formalism.!?

The 1.15-eV and 1.25-eV peaks in the photoinduced
absorption spectrum are the only new features that ap-
pear in P30T/C,. Figure 4 shows the 1.15- and 1.25-eV
peaks from P30T/C, together with the photoinduced
absorption spectrum obtained from a pure Cq, film. The
1.15- and 1.25-eV features are not seen in pure Cq,. The
1.15- and 1.25-eV absorption bands are characteristic of
C¢o ; both were observed in spectroelectrochemical ab-
sorption studies!® of C¢,~ and in the absorption spectra
of C¢,~ generated by y-ray irradiation.!* In these earlier
studies, the two absorption peaks were assigned to the al-
lowed HOMO (T',)-LUMO (T,) transitions of Ce
with energies in agreement with calculated values.!> The
explicit appearance of these peaks demonstrates the ap-
pearance of Cg~  subsequent to photoexcitation of
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FIG. 4. Photoinduced absorption spectra of P30T and
P30T/Cg(5%) in the near IR at 80 K obtained by pumping
with an Ar™ laser at 2.41 eV (514 nm) with 50 nW/cm?. For
comparison, the photoinduced absorption spectrum of a pure
Cqo film is shown under the same experimental conditions.
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P30T/Cgy; an independent and unambiguous proof of
photoinduced electron transfer.

The C¢~ in P30T/Cg, does not arise from the pho-
toexcitation of Cgj itself, as shown above, see Fig. 4. We
have extended the IR photoexcitation studies on pure Cg,
films from 0.05 to 1.3 eV. There are no corresponding
photoinduced absorption features in pure Cgy up to 1.3
eV, consistent with the early study by Kim, Li, and
Diederich.'® The absence of photoinduced response in
pure C¢, implies that the photoexcitation lifetime is too
short to enable detection of the excitation spectrum using
the on/off FTIR method.

In conclusion, the increased magnitude of the IR pho-
toinduced response and the spectroscopic evidence of

Cg subsequent to photoexcitation of P30OT/Cg, indi-
cate photoinduced electron transfer from the excited
state of poly(3-octylthiophene) onto C¢,. The results are
consistent with the ultrafast photoinduced charge
transfer observed in time-resolved measurements® and
with the metastability of the charge separated state as in-
ferred from light-induced electron spin resonance® mea-
surements.
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