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We study coherent phonons in polymer-carbon nanotubes composites by sub-10-fs pump-probe spectros-
copy. We find that coherent phonons in the polymer network modulate the exciton resonance of the wrapped
nanotube. We propose a model of dynamic environmental coupling in which the polymer vibration affects the
carbon nanotubes exciton energy by virtue of the modulation of its dielectric screening. Carbon nanotubes act
as antenna for the local environment and highlight small changes in the dielectric constant. This shows the
extreme sensitivity of carbon nanotubes to their surrounding, a property essential for sensing applications and

crucial for understanding composite materials.
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Carbon nanotubes (CNTs) are thin, hollow cylinders of
carbon atoms in sp® hybridization with 7 electrons distrib-
uted over their surface.! This leads to the quasi-one-
dimensional electronic properties and also to their high sen-
sitivity to the surrounding. In particular, the sharp resonances
of the one-dimensional excitons are strongly affected by the
dielectric properties of the medium which modify Coulomb
screening and consequently the self energy, the binding
energy® and the Sommerfeld factor.> CNTs come in a variety
of forms and properties. In order to improve handling and
separation, chemical functionalization has been pursued
rather extensively.*> This has advantages, such as the control
and the huge potential of the organic chemistry, but also
drawbacks. Chemical functionalization introduces defects, is
a complicated process and may lead to undesired selectivity
in diameters. Alternatively a much simpler approach is that
of the noncovalent “functionalization.” Here aromatic inter-
actions lead to complex architectures where the conjugated
system wraps around the tube.% The interaction is driven by
chemical or topological affinity and turns out to be selective
in chirality. The physics of such hybrid heterojunctions
brings about the concept of the van der Waals interface.’
Besides charge and energy transfer’ between the conjugated
polymer and the CNT, anomalous charge transport and car-
rier thermalization, quenching of the emission, and reso-
nance smearing are attributed to such interfaces.

It is common sense that near future applications of CNT
are in networks or composite materials. As a practical advan-
tage, composites do not require fancy nanoprobes for testing
or exploitation and their preparation is suitable for large
scale industrial production. A proper engineering of these
composites requires however a deep understanding of the
environmental influence on CNT properties which is at
present still missing.

Here we report a study on CoMoCat CNT wrapped into
two kinds of conjugated polymers with largely different
optical gap and phonon energy, namely, poly(9,9-
dioctylfluorenyl-2,7-diyl) (“PFO,” optical gap approximately
3.0 eV and main C=C stretching frequency of 1600 cm™)
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and regioregular poly-(3-hexylthiophene-2,5 diyl) (“P3HT,”
optical gap approximately 1.9 eV and C=C stretching fre-
quency about 1450 cm™'). Such conjugated polymers form
an ordered arrangement around some tubes of proper chiral-
ity, according to patterns not fully known yet. We use steady
state and transient absorption spectroscopy for investigating
our samples and detect coherent phonon spectra which bring
a wealth of information about the vibronic dynamics.'%-'3 We
find that the effect of polymer wrapping can be clearly seen
in the optical resonances. In particular, the nanotubes influ-
ence the polymer network morphology while the polymer
affects the excitonic resonances of the nanotubes. Dielectric
screening however is not just a static effect but can be modu-
lated at terahertz frequency by coherent phonons which rep-
resents collective, in-phase vibration of the carbon atoms in
the polymer chains.

Samples of PFO:CNT and P3HT:CNT have been prepared
according to a procedure adopted by Chen et al.'* for the
preparation of the PFO adduct. Briefly, PFO (purchased from
American Dye Source) or P3HT (purchased from Sigma-
Aldrich) and CoMoCat were dispersed in toluene in the first
case and in chloroform in the second case by ultrasonication.
Then a centrifugation at 10 000g allowed to separate
strongly bundled nanotubes. The supernatant was separated
and used to obtain thin films on cover slips by air spraying
the solutions.

We perform pump-probe spectroscopy with 7 fs broad-
band pulses that span the wavelength region from 500 to 700
nm in a single-shot detection scheme, allowing us to obtain
probe wavelength profiles of vibrational amplitudes and
phases in the frequency range of 20-2200 cm™'. Details
about our setup and the working principle of our technique
can be found in Ref. 15.

Figure 1 shows the ground-state absorption spectra of
PFO:CNT and P3HT:CNT, compared to the spectra of the
respective pure polymer films (panels a and b, respectively).
The presence of the carbon nanotubes is evidenced by a
series of sharp excitonic transitions E;; around 1.2 eV. In
PFO:CNT, the E,, region around 2.1 eV can be observed as
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FIG. 1. (Color online) Ground-state absorption spectra of

PFO:CNT and P3HT:CNT samples compared to the pure polymer
spectra (panels a and b, respectively). In Fig. 1(a), the scattering
contribution introduced by the nanotubes has been subtracted by a
polynomial. The pump spectrum is given as dashed line.

well while in P3HT:CNT, it is superposed with the strong
optical transition of polythiophene. Comparing the total os-
cillator strengths of the nanotubes and the polymer gives an
order of magnitude estimate for their relative abundances,
important for subsequent modeling. In polymers, the cross
section per sp* carbon atom'® is on the order of oc posymer
~10""7 cm?, similar to the one of (6,5) carbon nanotubes.!”
Considering the uncertainty in this evaluation we estimate
that sp? carbon atoms in CNT account for a minimum of 5%
to a maximum of 20% of the total amount. A complete
“monolayer” of polymer wrapped around a CNT should have
a C(sp?) atom ratio of C,yjyer/ Conr<1 due to the presence
of hydrogens and aliphatic (nonconjugated) side groups.
Therefore, we conclude that there is a large fraction of the
polymer segments that are not in direct contact with the
CNT. This causes a heterogeneous morphology in the poly-
mer phase; consequently, in the photophysical description,
polymer-polymer interactions (bulklike behavior) will be as
important as polymer-CNT interactions.

The embedded CNTs induce small, yet detectable changes
in the absorption spectrum of the polymer. The pristine PFO
is characterized by a structureless absorption band with an
absorption edge at 3.0 eV. In the PFO:CNT sample, the op-
tical band gap is reduced by 0.2 eV and a vibronic structure
appears in the line shape. We assign these changes to the
planarization of the polymer chain near the tube. The driving
force is probably the aromatic -7 interaction between the
fluorene units in the PFO and the graphenelike CNT surface
which favors the face to face adjustment and causes a reduc-
tion in the inter-ring torsional angles. The effect will repli-
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cate itself also in the second PFO shell, leading overall to a
significant redshift of the optical spectra. We highlight that in
the case of PFO:CNT, there is no sharp onset of absorption
as in the case of pure PFO; instead, a tailing is observed that
extends well into the range of the broadband pulses that we
use for transient spectroscopy [given as dashed lines in Fig.
1(a)]. Tt follows that even though a large fraction of the PFO
segments is not in close contact with CNT, we will selec-
tively excite only those segments that are structurally modi-
fied due to the vicinity of CNT.

The absorption spectrum of pure regioregular P3HT films
is a superposition of the contribution of highly ordered re-
gions, two-dimensional stacked lamellae with vibronic
maxima at 2.09 and 2.18 eV, and of amorphous regions peak-
ing at 2.39 eV and without vibronic structure.'® Here the
introduction of CNT has the opposite effect compared to
PFO:CNT: it leads to a loss of ordering, as suggested by the
reduced vibronic structure and the blueshift. A multipeak
analysis shows that this blueshift is not caused by the elec-
tronic gap change but rather by the higher weight of the
amorphous against the ordered contribution.

In summary, in spite of their relatively small fraction in
weight, CNTs affect the surrounding polymer environment:
the amorphous PFO undergoes a planarization of the chain
conformation upon wrapping around the tube; the highly or-
dered P3HT is “disturbed” by the tube, and loses some inter-
chain correlation.

In Fig. 2 we present a zoom of the absorption spectra
into the region of the E,, transition for pure CoMoCat,"
PFO:CNT, and P3HT:CNT samples (panels a—c, respec-
tively). A series of excitonic resonances are observed in the
region from 0.8 to 1.5 eV. By fitting of the most prominent
features we obtain nine Voigt bands, which can be assigned
to respective chiralities via comparison with previously char-
acterized samples. The fit also includes the first vibronic rep-
lica of the CNT absorption. For the pure CoMoCat sample,
we obtain a good fit if we apply a global energy shift of
AE,=-22.5 meV to all nine chiralities. This global shift
reflects the difference in the “stationary” environmental di-
electric constant between our sample in sodium cholate and
the reference sample, in sodium dodecyl sulfate.”® For the
“wrapped” samples PFO:CNT and P3HT:CNT, we obtained
a good fit if we applied a global shift of —12 meV and
—43 meV, respectively, to all nine chiralites and an addi-
tional specific redshift to two of the 9 chiralities (for details,
see caption of Fig. 2).

In the case of the “wrapped” samples in Figs. 2(b) and
2(c), the global shift can be either due to a change in the
stationary dielectric constant of the polymer phase (and its
concomitant effect on the exciton resonance) or due to me-
chanical strain exerted by the polymer. Among the three
samples under study, the P3HT has the highest dielectric
constant due to the high polarizability of the sulfur atoms.
Since the highest global shift occurs for P3HT:CNT, this
suggests that the effect is dominated by a change in the di-
electric constant. Mechanical strain, on the other hand, is
exerted when binding motifs and/or sterical requirements
force the polymer:CNT system into a minimum-energy ge-
ometry in which the CNT has reduced radial/translational
symmetry. Mechanical strain—and in consequence its effect
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FIG. 2. (Color online) Ground-state absorption spectra of pure
CNT, PFO:CNT, and P3HT:CNT samples (panels a-c, respec-
tively). Black (full curves): experimental curves; red (dotted
curves): fitted curves using a multi-Voigt band approach with the
following parameters; Gaussian width: 0.04 eV except for panel c
(0.045 eV), Lorentzian width 0.02 eV, intensity ratio I(Ey;
+G)/I(E;;)=0.14. The E ; energies are taken from Ref. 20. In order
to fit our different environments, global energy shifts have been
introduced: (a) —22.5 meV, (b) =12 meV, and (c) —43 meV. In the
wrapped samples [(b) and (c)], some chiralities were additionally
shifted to fit the data: panel b, =8 meV for both (7,5) and (9,1)
tubes and panel ¢, -8 meV for (6,5) tube and —10 meV for (7,5)
tube. The insets of panels (a) and (b) show a zoom into the E,,
region of the respective absorption spectra, after proper subtraction
of the scattering background. The onset of the absorption of the
CNT:PFO CT state is marked by an arrow.

on the excitonic resonances—should therefore depend on
chirality and diameter of the CNT, as well as on the polymer
under consideration. Moreover, the symmetry reduction on
the CNT would lead to a broadening of the excitonic reso-
nances, which we do not observe. In summary, we conclude
that the global shift derives predominantly from a change in
the dielectric constant while the effect of mechanical strain
appears of secondary importance with respect to the CNT
excitonic resonance. Note that which dielectric function has
to be used, if g, or e, depends on the exciton properties,
particularly on its extension in space. The e-h correlation
distance has been estimated to be around 2 nm (Ref. 21) and
this, together with the one-dimensional character, is enough
for justifying the use of the stationary dielectric function.
The specific—chirality and diameter dependent—
energetic shift has been described in Ref. 9 for the cases
of PFO and P3HT. The authors explained the effect by a
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matching between the “width” (lateral extension perpendicu-
lar to long molecular axis) of the polymer and the perimeter
of the CNT, allowing complete coverage of the latter and
thus maximum stabilization energy. They observed a specific
stabilization?? of the (7,5) tube, which is the one showing an
additional redshift also in our case. This can be explained by
the close contact of many strongly polarizable sulfur atoms
on CNT with “matching” perimeter.

In the insets of Figs. 2(a) and 2(b), we show a zoom into
the E,, region of the CNT absorption. In both cases, the
absorption spectrum is dominated by the E,, resonance of
the (6,5) tube at 2.15 eV. The onset of PFO absorption in the
PFO:CNT sample becomes visible for energies around 2.5
eV. This shows that in this sample, the wrapped PFO can be
resonantly excited with our broadband pulses that extend
from 1.7 to 2.5 eV.

In the following we show transient absorbance spectra
and the coherent phonon analysis. The later is achieved after
subtraction of the “slow” time-dependent contribution in or-
der to single out the high-frequency oscillating component.
For each modulation frequency (Raman mode), we extract
the amplitude of such modulation at each probe energy (co-
herent phonon spectra) and its phase. Such data are well
understood in the molecular picture for the coherent
phonon?*2 and resemble the first derivative of Raman exci-
tation profiles. There is a minimum in the amplitude at the
0-0 electronic transition and a corresponding sharp 7 flip in
the phase spectrum, which describes the wave-packet travel-
ing across the minimum of the potential-energy surface. Am-
plitude minimum and phase flip are then characteristic fin-
gerprints of the vibronic transition modulated by the
coherent state.

In Figs. 3(a) and 3(b), we show time-resolved absorption
spectra of P3HT and P3HT:CNT, respectively, after pumping
with 7 fs broadband pulses. In both cases, the pump-probe
spectra show a transient bleach extending from 2.0 to 2.5 eV
and a photoinduced absorption (PA) below 2.0 eV. The
bleach spectrum is similar to the ground-state absorption
spectrum, but with a different amorphous to crystalline ratio,
due to the pump pulse resonance condition favoring the later.
The PA band at 1.8—1.9 eV can be assigned to charged states
in P3HT.2® When normalized to same bleach, PA is clearly
larger in P3HT:CNT than in P3HT, see Fig. 3(c). This may
be due to a change in interchain interactions or to direct
polymer-CNT charge transfer. We note that in the later case
CNT spectral features (exciton bleaching) should appear but
are not detected, being probably too weak and overwhelmed
by the much stronger polymer contribution.

Fourier-transform (FT) spectra of pump-probe time traces
are shown in Figs. 4(a) and 4(b) (for PBHT:CNT and P3HT,
respectively). Both samples show a dominant band at
1440 cm™', which is assigned to the symmetrical C=C
stretch vibration in the thiophene rings.?” A weaker band, at
1370 cm™ is also assigned to P3HT. According to this ob-
servation, coherent phonons are preferentially excited in
P3HT.

Figures 4(c) and 4(d) show the FT amplitude and phase
profiles as a function of probe energy for P3HT and
P3HT:CNT, respectively, and for the main oscillation fre-
quency at 1440 cm™!. In pristine P3HT there is a clear am-
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FIG. 3. (Color online) Time-resolved pump-probe spectra in (a)
P3HT and (b) P3HT:CNT after pumping with 7 fs broadband pulses
extending from 1.7-2.5 eV. (c) Single pump-probe spectra at 50 fs
pump-probe delay for P3HT and P3HT:CNT (red and black curves,
respectively). Thin black lines are multi-Gaussian fits to the data.

plitude minimum and sharp 7 phase jump at 2.09 eV. By
inspection of the absorption spectrum one sees that this en-
ergy corresponds to the maximum of the (00) transition of
the ordered region, which is the one where coherent phonons
are generated. The amplitude and phase profile in the
P3HT:CNT sample is different [Fig. 4(d)]. Here the ampli-
tude minimum and the phase jump occur at 2.16 eV, however
there is no corresponding feature in the P3HT absorption
spectrum. Surprisingly, 2.16 eV is precisely the maximum of
the second excitonic resonance, E,,, in the (6,5) carbon
nanotubes. We find the puzzling phenomenon that the pho-
non of P3HT apparently modulates the exciton resonance of
the (most abundant) CNT. We propose that coherent phonons
in the polymer matrix modulate the medium and that the
CNT optical resonances, mediated by their environmental
sensitivity, oscillate accordingly. Analogously to the analysis
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FIG. 4. (Color online) (a) Fourier-transform spectra of time
traces at 1.85 eV for P3HT:CNT, after subtraction of population
contribution using a global fit. (b) Same as (a) for pure P3HT. (c)
FT amplitude (black) and phase (red) as a function of probing en-
ergy for P3HT. (d) Same as (c) for PBHT:CNT. Dashed blue lines
are guides to the eye to evidence where the amplitude minimum of
the P3HT phase in P3BHT:CNT is expected.

of the environmental effect on the cw absorption spectra (see
Fig. 2), the effect on both the exciton binding energy and the
self-energy contributes to the modulation of the exciton reso-
nance energy. Note that due to the narrow linewidth of the
CNT excitonic resonance, even a minor modulation of the
resonance energy translates into a large coherent oscillation.
It is important to add that in the wrapped sample P3HT:CNT,
disorder reduces the vibronic structure compared to pure
P3HT by increasing the linewidth and smears out the 00
resonance at 2.09 eV. The effect can be observed in absorp-
tion as well as transient absorption spectra, see Figs. 1(b) and
3(c), respectively. This reduces the visibility of coherent
phonons. In consequence, only a broad minimum can be ob-
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FIG. 5. (Color online) (a) FT spectrum at a probe energy of 2.16
eV. Left inset: FT map in the G mode and PFO CC stretch region.
Right inset: horizontal cuts through left inset at two specific probe
energies. (b) Pump-probe spectrum of PFO:CNT at t=500 fs after
broadband pumping with 7 fs broadband pulses extending from 1.7
to 2.5 eV. The dashed line is minus the ground-state absorption
spectrum. (c) Amplitude (black, lower curve) and phase (red, upper
curve) profile at 1605 cm™'. Please note that under our experimen-
tal conditions, the pure PFO sample is not excited and hence does
not show CP.

served in the CP amplitude spectrum around 2.09 eV [see
Fig. 4(d)]. The (6,5) tubes embedded in P3HT, however,
highlight the modulation and behave like local antenna for
the nonstationary state in the polymer.

The optical band gap of PFO is higher in energy than that
of P3HT; however the wrapping-induced planarization
causes a sizable redshift of the optical band gap, bringing it
down to about 2.5 eV [see inset of Fig. 2(b)] so that it is in
resonance with the 7 fs visible broadband pulses. In Fig.
5(b), we show pump and probe spectra in PFO:CNT 500 fs
after the pump pulse. Sharp bleaching features at 2.16 and
1.89 eV are assigned to the (6,5) and (7,5) tubes, respec-
tively. Under these conditions, the CNTs are resonantly ex-
cited as well. CNT bleaching features however appear super-
posed to a broad PA band. PA in a similar spectral region is
also seen in pure CoMoCat samples,'!” however with relative
strength far below that of the respective bleach features. Fig-
ure 5(b) shows that in our case it is the opposite: the PA band
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overwhelms the bleach band. Consequently, we attribute the
PA band to charged states in PFO.?® Analogously to the case
of P3HT:CNT, charge states can be intrinsic of the PFO net-
work or caused by CNT-polymer charge transfer.

Time traces at fixed probe energies show strong coherent
oscillations. In Fig. 5(a) (left inset) we show an FT map in
the region around 1600 cm™!. Over the whole range of probe
energies, the FT peaks at frequencies around 1605 nm. Only
near the maximum of the E,, resonance of the (6,5) tube we
find an additional weak shoulder at 1590 cm~'. We assign
the 1605 cm™' mode to the C=C double bond stretching of
the polymer and the 1590 ¢cm™! vibration to the G mode of
the (6,5) tube. [As an example, the FT spectrum taken at 2.16
eV displays the strong band at 1605 cm™!, the shoulder at
1590 cm™!, and a weaker peak at 310 cm™! which is consis-
tent with the radial breathing mode of the (6,5) tube.] In Fig.
5(c), we show the amplitude and phase profile for the PFO
phonon at 1605 cm™'. There is a minimum, together with a
phase jump at 2.14 eV. This feature cannot be assigned to
PFO, so again we find that the polymer coherent phonon
spectrum shows an electronic transition of the CNT network.
Here however there is an additional puzzle: the minimum is
near but clearly downshifted in energy with respect to the E,,
resonance for the (6,5) tube. The energetic position of the
phase flip, exactly on top of the amplitude minimum, con-
firms however that what we see is the center frequency of the
oscillating peak. Our speculation here is that we observe a
modulation of the E,, exciton transition energy for a charged
tube, in accordance with data obtained for chemically doped
tubes.?? The facts that the phase jump is slightly less than 7
and that the amplitude minimum does not reach zero but
remains finite and can both be explained by disorder. Minor
features around 1.95 eV can be to other tube types that un-
dergo a similar mechanism when wrapped into the PFO
polymer.

In conclusion, we reported transient CNT exciton reso-
nance modulation in polymer-CNT composite for two quite
different systems. We propose this be due to the transient
modulation of the polymer matrix dielectric function induced
by the coherent phonon (Raman effect). We assume that the
exciton in the CNT follows adiabatically this modulation,
resulting in a nonstationary screening of the e-/ interaction.
A few observations can be made: (i) the one dimensional
character of the CNT exciton leads to a large “sampling” of
the Coulomb field onto the surrounding tube volume, thus
demonstrating the importance of the embedding medium; (ii)
the phonon energy is about 0.2 eV, compared to the exciton
binding energy of about 0.5 eV and an exciton transition
energy for E,, of 2.5 eV. This places our system into the
intermediate dielectric coupling regime. Therefore, the adia-
batic following has to be checked in detail by a specific
calculation and cannot be simply approximated. The experi-
mental facts rest however as an indication that this is indeed
the case.

This work reports an example of stationary and transient
dielectric screening in polymer-CNT composite which cer-
tainly highlights the great sensitivity of CNT to the environ-
ment. In our tentative model, we push forward our specula-
tion to a conjecture on the atomic structure: The polymer
C=0C stretch frequency is so strongly affecting the E,, reso-
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nance energy of the CNT because it affects the bond-length
alternation which in turn acts upon the commensurateness of
the polymer-carbon positions with the ideal hexagonal CNT
“surface,” with significant affects on the CNT exciton stabi-
lization. This model is to be proved by quantum-chemical
calculations on a variety of levels, which is the focus of a
forthcoming study.
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