Coherent acoustic phonon dynamics in chiral
copolymers

Cite as: Struct. Dyn. 6, 064502 (2019); doi: 10.1063/1.5124438
Submitted: 14 August 2019 - Accepted: 4 December 2019 -
Published Online: 23 December 2019

© o

View Online

®

Export Citatior CrossMark

Mirko Scholz,' (%) Marius Morgenroth,' Min Ju Cho (%% 5),> Dong Hoon Choi (3 % %),> Thomas Lenzer,"

and Kawon Oum (& 7}1)"2

AFFILIATIONS

'Physical Chemistry, University of Siegen, Adolf-Reichwein-Str. 2, 57076 Siegen, Germany

?Department of Chemistry, Research Institute for Natural Sciences, Korea University, 5 Anam-dong, Sungbuk-gu, Seoul 136-701,
South Korea

@ Authors to whom correspondence should be addressed: lenzer@chemie.uni-siegen.de and oum@chemie.uni-siegen.de

ABSTRACT

Coherent phonon oscillations in the UV-Vis transient absorption and circular dichroism response of two chiral polyfluorene-based copolymer
thin films are investigated. A slow oscillation in the hundred picosecond regime indicates the propagation of a longitudinal acoustic phonon with a
frequency in the gigahertz range through cholesteric films of PFPh and PFBT, which allow for the optical determination of the longitudinal sound
velocity in these polymers, with values of (2550 = 140) and (2490 * 150) m s ', respectively. The oscillation is induced by a strain wave, resulting
in a pressure-induced periodic shift of the electronic absorption bands, as extracted from a Fourier analysis of the transient spectra. The acoustic
phonon oscillation is also clearly detected in the transient circular dichroism (TrCD) response of PFPh, indicating a transient pressure-induced
shift of the CD spectrum and possibly also phonon-induced chirality changes via pitch length modulation of the cholesteric helical polymer stack.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5124438

I. INTRODUCTION

Picosecond ultrasonics' has become a powerful tool for the laser-
based, contactless investigation of thin films and nanostructures cover-
ing the frequency range from a few to several hundred gigahertz.” '’
In a system of interest, e.g., a metal, semiconductor, or polymer thin
film, acoustic phonons are generated either directly by an ultrashort
laser pulse'' " or by exciting an attached transducer layer,"* '” which
launches an acoustic pulse in the adjacent film structure. Such all-
optical nanoultrasonics” has found widespread applications, and recent
examples include buried nanointerfaces, multiple quantum wells, or
organic-inorganic heterostructures.'”'*'*"” Previous optical investiga-
tions largely employed detection at a single or a few probe wavelengths
in order to extract information regarding longitudinal and transversal
(shear) acoustic waves in various thin film materials, and many of these
measurements have been performed in reflective geometry. "' 720

In this contribution, we investigate the viscoelastic response of
thin nanolayers of two previously unstudied chiral polyfluorene
copolymers denoted as PFPh and PFBT (see top of Fig. 1 for their
chemical structures) using ultrafast coherent acoustic phonon spec-
troscopy in transmission mode. Based on the evaluation of the com-
plete spectrotemporal datasets from broadband transient absorption,
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we aim at determining accurate values for the previously unknown
longitudinal speed of sound inside these polymer compounds and
obtaining a clear picture of the physical processes responsible for the
oscillatory optical response.

Moreover, further technical developments in the field of picosec-
ond ultrasonics are highly desirable to obtain additional information
regarding the structural dynamics in such films. As a new step in this
direction, we apply time-resolved circular dichroism spectroscopy to
detect changes in chirality induced by the coherent acoustic phonons.
We indeed find indications for such transient structural modifications
of the chiral polymer arrangement.

Il. METHODS
A. Sample preparation and characterization

The synthesis and characterization of the chiral PFPh and PFBT
were described recently.”’ Cholesteric copolymer thin films were pro-
duced by spin-coating a filtered 7.5 mg ml™" solution of each polymer
in a chlorobenzene-chloroform mixture (1:9 by volume) on thor-
oughly cleaned and ozonized Duran glass slides (thickness 1 mm) for
one minute at 1000 or 500 rpm, respectively. Films were subsequently
annealed between 90 and 120 °C for 15 min. The thickness of the films
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FIG. 1. Contour maps of UV-Vis broadband transient absorption spectra for (a)
PFPh and (b) PFBT thin films. The chemical structures of the two polyfluorene-
based copolymers are shown on top.

was determined by AFM using a PSIA XE-100 atomic force micro-
scope. The measurements were carried out in “no contact mode” using
a silicon tip. Films were scratched by a pair of fine-tipped stainless steel
tweezers. Over a length of 64 and 80 um, 64 data points were recorded
at a scan rate of 0.05 Hz for PFPh and PFBT, respectively.

B. Broadband transient absorption and time-resolved
CD spectroscopy

Broadband transient absorption spectroscopy of the PFPh and
PEBT thin films was performed using the pump-supercontinuum
probe (PSCP) method”” and carried out on a setup covering the UV-
Vis (260-700nm) range employing single-shot referencing.”’ The
time resolution was ca. 60 fs. Ultrafast transient circular dichroism
(TrCD) spectra of PFPh were obtained on a setup, which was
described in detail previously.”* Briefly, a multifilament supercontin-
uum was generated using 400 nm seed pulses of either left-handed or
right-handed circular polarization. The polarization state was switched
by a BBO Pockels cell. The TrCD signal was obtained from four con-
secutive measurements as ACD=AAOD=AOD; - AODg, where
AODy, and AODx, are the difference optical densities with and without
pump beam for left-handed and right-handed circular polarization.
The time resolution of this TrCD setup was ca. 170 fs. The excitation
wavelength for both types of experiments was 370 nm. The pump flu-
ence was 230 uJ cm ™~ for PFPh and 700 pJ cm ™2 for PEBT. Thin-film
steady-state absorption spectra were measured using a Varian Cary
5000 dual-beam spectrophotometer.
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The transient absorption spectra of PFPh and PFBT were sub-
jected to a Fourier transformation analysis as previously described.”*
Briefly, the pure oscillatory contribution to the experimental spectrum
was obtained by subtracting a global monoexponential fit from the
experimental data. All time traces in the respective dataset were then
zero-padded to four times their original length and multiplied with an
exponential-decay apodization function. Fourier transformation of the
modified experimental time trace provided the frequency magnitude.
Frequency spectra were obtained by averaging over selected wave-
length intervals.

lll. RESULTS AND DISCUSSION

A. Overview of UV-Vis transient absorption spectra for
PFPh and PFBT

Figure 1 shows contour plots of the UV-Vis transient absorption
spectra for PFPh and PFBT thin films in panels (a) and (b), respectively.
Violet and blue regions indicate ground state bleach (GSB) or stimu-
lated emission (SE), whereas yellow to red colors are due to excited state
absorption (ESA). Green areas correspond to spectral regions with only
weak transient changes. Briefly, the 370 nm pump pulse excites both
copolymers to the S, state. As a result, PFPh shows a single GSB/SE fea-
ture centered at 380 nm (So — S;). PFBT exhibits a stronger GSB (S —
S1) plus SE (S; — Sp) feature at 460 nm and a weaker band (GSB, Sy —
Sn) at 320nm, respectively. S; ESA bands are observed at 410 and
620 nm for PFPh and at 360 and 590 nm in the case of PFBT.

The subsequent dynamics in both polymers involves intrachain
and interchain exciton migration as well as exciton recombination, but
this is not in the center of the current investigation. Instead, we focus
on slow oscillatory features present in both datasets. These slow
damped oscillations are clearly visible for PFPh in terms of periodically
modulated GSB and ESA in the 390-420 nm range and modulated
GSB in the 320-360 nm region. In the case of PFBT, four regions show-
ing oscillations are apparent: the GSB/SE/ESA region at 480-520 nm as
well as the GSB region at 400-440 nm, both connected with the Sy
— §; band, and the GSB/ESA range 290-360 nm in the region of the S,
— S, band. A complete analysis will be provided in the following.

B. Coherent acoustic phonon oscillations in transient
absorption spectra

Figure 2(a) shows selected kinetics for PFPh, averaged over the
wavelength ranges 338-348 (red line, low-wavelength shoulder of the
So — S; absorption band) and 395-405nm (black line, high-
wavelength shoulder of the Sy — S; absorption band). The period of
the oscillation is 7, = 143 ps. The two kinetic traces exhibit a phase shift
of 7. For a detailed interpretation of the features, the complete set of
transient absorption spectra was analyzed by Fourier transformation
in order to extract the wavelength-dependent oscillatory contributions.
The resulting contour map of the Fourier amplitudes is presented in
Fig. 2(b), including spectral slices for the wavelength intervals indi-
cated. We observe two strong peaks centered at 343 and 400 nm. The
corresponding oscillation has a frequency of 7.0 GHz. The low fre-
quency clearly identifies this mode as a coherent acoustic phonon. It is
induced by the ultrashort 370 nm pump pulse, which launches a longi-
tudinal sound wave inside the PFPh polymer thin film, i.e., a strain
wave packet propagating ballistically through the polymer.™””
Contributions of intra- and interchain vibrations of the polymers can
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FIG. 2. (a) Kinetics of a PFPh thin film averaged over the wavelength ranges
395-405 nm (black line) and 338-348 nm (red line) showing damped oscillations aris-
ing from a coherent longitudinal acoustic phonon. Note the phase shift of = for the
two kinetics. (b) Contour map of Fourier amplitudes extracted from the complete
spectral dataset (top) and representative averaged spectral slices from the contour
map for the wavelength ranges indicated (bottom). The slices are vertically shifted to
avoid overlap of the traces. The noise of the slice for 365-375nm is slightly
increased due to pump-beam stray light. The slices show the pronounced contribu-
tion of a coherent acoustic phonon at 7.0 GHz particularly in the wavelength ranges
300-365 and 390-430nm. (c) Wavelength-dependent Fourier amplitude averaged
over the frequency interval (7.0 = 0.9) GHz (black line), steady-state absorption
spectrum of PFPh (green line) and absolute value of the first derivative of the steady-
state absorption spectrum (red line).

be excluded because these frequencies are typically larger than 1 THz,
as determined from neutron inelastic scattering,””

The acoustic pulse bounces back and forth at the film boundaries,
which induces a periodic modulation of the transient optical
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1,4,5,9,29 . .
response. " Our measurement provides an elegant and simple

means to determine the longitudinal speed of sound ¢ inside the
copolymer film, which is given by

oL = 4d/7,. (1)

Here, d is the thickness of the film, which was determined as
(91.2 = 3.6) nm from AFM experiments. Using 7, = (143 * 2) ps for
the period of the oscillation, we arrive at ¢;, = (2550 = 140) m s! for
the longitudinal speed of sound in PFPh at 296 K.

The value for this polyfluorene-based copolymer may be com-
pared with sound velocities determined previously for other polymers,
such as polyethylene (2430 m s~ "), polypropylene (2650 m s™*), poly-
methylmethacrylate (2690 m s™'), and polystyrene (2400 m s ).”’ We
note that by knowing this value for ¢;, metrology of PFPh thin films
with nanometer resolution in a noninvasive manner is now possible
by simply measuring the oscillation period in the transient PSCP
kinetics and applying Eq. (1).

Furthermore, in Fig. 2(a), we observe a characteristic damping of
the oscillations. A global fit to the data provides a damping time con-
stant of tq4= 154 ps, which is very similar to the oscillation period of
7, =143 ps. For normal incidence and ideal mechanical contact, the
intensity reflection coefficient R;, of an acoustic wave at an interface
can be determined from the acoustic impedances Z; and Z, of the two
media as

Zi— 2\ * .
Ry = th Z =p;cpi. 2
12 (Zl +ZZ) ) w1 i PicCLi ( )

Here, p; and ¢ ; are the density and the speed of sound in the two
media, respectively. Using typical values for a polymer/nitrogen inter-
face [Pniwogen = 1.138 kg m™ (ideal €a8), CLnitrogen = 350.8 m s
Ppolymer = 880 kg m> (polyfluorene PF8),” and €L polymer = 2550 m st
(PFPh)], one obtains the reflectivity R;,(polymer/nitrogen)=100%,
which is the “zero-stress boundary condition” for a free surface.”
Therefore, significant attenuation of the sound wave only occurs at the
glass/polymer interface, having an “approximately zero displacement
boundary condition.”* Because the measured damping time constant is
close to the measured oscillation period, i.e., Tq & 7,, the “experimentally
determined reflectivity” is about 1/e (= 37%). This value may be com-
pared with an estimate based on Eq. (2) employing values for a typical
Duran borosilicate glass (0g1ass = 2220 kg m>, CLglass = 5252 m s,
providing R;,(polymer/glass) =45.8%, which is slightly larger, but in
reasonable agreement. In addition, a minor contribution of acoustic
attenuation by the polymer material could account for the difference
between the measured and calculated value.”””

Next, we would like to comment on the mechanism responsible
for the modulation of the optical response. Figure 2(c) shows the
wavelength-dependent Fourier amplitude averaged over the frequency
interval (7.0 = 0.9) GHz (black line). This Fourier spectrum closely
resembles the absolute value of the first derivative (red line) of the
steady-state absorption spectrum (green line). Therefore, the largest
amplitude of the oscillation is found on the wings of the Sy — §,
absorption band, whereas this oscillation vanishes at the band maxi-
mum. Recognizing that the kinetics on the low-wavelength and high-
wavelength wings exhibit a phase shift of = [Fig. 2(a)], the observed
spectral behavior is consistent with a transient periodic shift of the S,
— §; absorption band. From the amplitude of the oscillation on the
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red wing of the band (ca. 6 x 107 at 3.082¢V) and the slope of the
absorption spectrum of 3.5eV ™" we estimate a maximum red shift of
1.7meV. The following generation mechanism of the periodic band
shift is suggested: photoexcitation of PFPh occurs near the polymer/
glass interface. In the present case, 50% of the pump photons are
already absorbed within the first 40 nm of the film. Because the lateral
dimension of the pump pulse (300 #m) is much larger than the film
thickness (91.2nm), this propagation can be treated as a one-
dimensional problem. Photoexcitation to S; has the following effects:
the electronic excitation leads to changes in the bond lengths and the
electron distribution of the polymer. This “deformation” leads to the
emission of an acoustic phonon (“deformation potential mecha-
nism”).” In addition, fast exciton relaxation and recombination quickly
releases a substantial amount of energy into the polymer film,"" which
induces fast thermal heating on the picosecond time scale and expan-
sion of the polymer, again launching an acoustic phonon.””® These
two mechanisms result in a rapid “pressure increase” due to the for-
mation of a pump-beam-induced strain pulse, leading to an initial
ultrafast red shift of the absorption band. Pressure-induced red shifts
of polymer steady-state absorption spectra are well known.””” Also, a
transient analog of this “pressure effect” has been observed previously
in dynamic Stokes shift measurements for small organic molecules.”®
In that case, this process was linked to an ultrafast shrinkage of the
“solute cavity.” For a thin film, this is equivalent to an increase in the
repulsive forces between the excited chromophore and the surround-
ing polymer chains upon photoexcitation, inducing strain in the poly-
mer. The length of the acoustic pulse can be approximated as the ratio
of the depth d of the “stressed region” and the longitudinal sound
velocity ¢;.” Assuming typical values of 40 nm and 2500 m s one
obtains an acoustic pulse length of 16 ps. This acoustic sound wave
then propagates through the polymer and bounces back and forth
between the two interfaces, and damping occurs at the polymer/glass
interface, as described above. We also note that there could be addi-
tional contributions to the periodic shift of the absorption band due to
a dynamic Stark shift.”” Photoexcitation produces electrons and holes,
which generate an electric field in the polymers. The strain induced by
the propagating acoustic phonon could then modulate the field
strength and thus the band positions in the absorption spectra.

A corresponding investigation was carried out for PFBT thin
films. The results are presented in Fig. 3. The peak of the Sy — §;
absorption band of PFBT is located at 458 nm (2.705eV). As in the
case of PFPh, the averaged kinetics in panel (a) for the red wing
(485-495 nm, black line) and the blue wing of the band (424-434 nm,
red line) show a pronounced oscillation with a phase shift of 7. The
period of the oscillation is 7,=215 ps. The complete set of transient
absorption spectra in the range 260-700 nm was again subjected to a
Fourier transform analysis. The resulting contour map of Fourier
amplitudes including selected spectral slices is presented in panel (b).
We observe strong peaks at 429 and 492 nm and weak peaks at 296
and 350nm. The corresponding oscillation has a frequency of
4.6 GHz. As in the case of PFPh, we assign it to a low-frequency coher-
ent acoustic phonon induced by the ultrashort 370 nm pump pulse.
Figure 3(c) shows the wavelength-dependent Fourier amplitude aver-
aged over the frequency interval (4.6 = 0.9) GHz (black line). As in
PFPh, this Fourier spectrum is very similar in shape to the absolute
value of the first derivative (red line) of the steady-state absorption
spectrum (green line). We also note that the peak pairs 429/492 nm

Struct. Dyn. 6, 064502 (2019); doi: 10.1063/1.5124438
© Author(s) 2019

o ————1 )
@) ] I
2 5] :
g ] I
'10 T T T T T T T T T

0 200 400 600 800 1000

Time / ps (b)

g mpide
=
o5
&
o 4
&
= 30

1/ NN A~ 653-692 nm [

525-653 nm [

|/ NN\ A A NAN NS
o 1 ] L
© _N’/\««WWM_
5 L
1S —/\/\’/\—V‘AMNWMM'
S /“‘/\\ 390-430 nm |-
(0]
= i PR N 375-390 nm [~
S
(@] 4 365-375 nm |
L A AANANMANAANAAA VANV
_MN\JWWWM_
| ~ 260-330 nm |
_IIIIII|I|IIIIIIIIIIIIIIIIIIIIIIIIII_
0 5 10 15 20 25 30 35

Frequency / GHz

1(c)

T 1
300 350 400 450 500 550 600
Wavelength / nm

Av. Fourier ampl.,
Abs. and 1%t deriv.
1
1

FIG. 3. (a) Kinetics of a PFBT thin film averaged over the wavelength ranges
485-495nm (black line) and 424-434 nm (red line) showing damped oscillations
arising from a coherent longitudinal acoustic phonon. A phase shift of 7 is observed
as for PFPh. (b) Contour map of Fourier amplitudes extracted from the complete
spectral dataset (top) and representative averaged spectral slices from the contour
map for the wavelength ranges indicated (bottom). The slices are vertically shifted
to avoid overlap of the traces. The noise of the slice for 365-375nm is slightly
increased due to pump-beam stray light. The slices show the pronounced contribu-
tion of a coherent acoustic phonon at 4.6 GHz particularly in the wavelength ranges
390-450 and 472-525nm. (c) Wavelength-dependent Fourier amplitude averaged
over the frequency interval (4.6 == 0.9) GHz (black line), steady-state absorption
spectrum of PFBT (green line) and absolute value of the first derivative of the
steady-state absorption spectrum (red line).

and 296/350 nm both show a phase shift of 7, indicating the same type
of periodic shift on both absorption bands. The oscillation on the red
wing of the Sp — S; band (ca. 5 x 107 at 2.494eV) and the slope of
the absorption spectrum of 2.2eV ™" lead to a maximum red shift of
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2.3meV. As for PFPh, the mechanism therefore appears to a transient
“pressure increase” due to the pump-beam-induced strain pulse.

We note that in Fig. 3(c), there are differences between the
Fourier amplitude spectrum (black line) and the absolute value of the
first derivative of the steady-state absorption spectrum (red line), e.g.,
for the “red-edge features” at 492 and 350 nm. According to a theoreti-
cal study of the closely related polymer F8BT, the absorption band at
458 nm has substantial charge-transfer (CT) character, whereas the
band rising toward 300 nm is assigned to a -7* transition.”” Because
of the different electronic character, different pressure-induced spec-
tral shifts are expected for the two bands, which easily explains the
amplitude differences observed in Fig. 3(c). Obviously, the pressure-
induced band shift is smaller for the UV absorption band.

Furthermore, we determined the longitudinal sound velocity ¢,
for a series of PFBT polymer thin films having different thickness
employing PSCP and AFM experiments. The thickness was varied by
a systematic variation of the rotational speed during the spin-coating
process, using values in the range of 500-4000 rpm. This resulted in a
systematic decrease in the film thickness with increasing rotational
speed as confirmed by AFM measurements. Representative results of
these experiments are shown in Fig. 4. Panel (a) shows transient
absorption kinetics of the four films, which were averaged over the
wavelength range of 458-527 nm. We observe a systematic decrease
in the oscillation period 7, with decreasing film thickness d. This pro-
portionality between 7, and the thickness d of the polymer film is
expected, according to Eq. (1). The four transient absorption datasets
were then subjected to a Fourier-transform analysis. This provided the
Fourier amplitude spectra in Fig. 4(b). The main peak in each spec-
trum corresponds to the frequency of the longitudinal acoustic pho-
non. The frequency of the acoustic phonon increases with the
decreasing thickness of the polymer films.

In panel (c), we provide a plot of the oscillation period 7, vs the
film thickness, as determined by AFM. Error bars for 7, were derived
from the lognormal fits of the Fourier amplitudes in panel (b). The
error bars for the thickness were extracted from the AFM measure-
ments. Typically, several lines were scratched into the polymer films.
For each of these lines, several measurements were performed and
averaged. It turned out that the variation in thickness along one line
was smaller than between different lines. In particular, one of the films
with the slowest rotation speed of 500 rpm showed significant varia-
tion in the thickness, whereas the films spin-coated at higher speeds
were uniform [see panel (c)]. According to Eq. (1), we fitted the data
by linear regression with a forced intercept of zero. This resulted in a
reasonable fit (black line) with a slope of (1.608 = 0.097) ps nm ™.
From that slope, we obtain a value of ¢;, = (2490 = 150) m s7! for the
longitudinal speed of sound in PFBT at 296 K, in good agreement with
the result for PFPh (red point in Fig. 4(c)). Obviously, the replacement
of the phenyl by a benzo[c][1,2,5]thiadiazole unit has only a minor
impact on the sound velocity in the copolymer. The damping con-
stants 74 for the oscillations of PFBT are again similar to the oscillation
periods 7,. This suggests that the experimental reflectivity is approxi-
mately 1/e (37%) as for PFPh. Using our measured value ¢ =2490 m
s™" and the aforementioned material properties for polymer and glass,
we obtain Rj, =46.8% from Eq. (2), again in satisfactory agreement
with the estimate based on the time constants from the PSCP experi-
ment. Table I provides a summary of the characteristic properties for
the polymers employed in this study.
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FIG. 4. (a) Transient absorption kinetics for PFBT polymer thin films of different
thickness averaged over the wavelength range 458-527 nm showing damped oscil-
lations with different period. From bottom to top: spin-coating at 500 rpm (black),
1000 rpm (red), 2000 rpm (blue) and 4000 rpm (green). (b) Fourier amplitude spec-
tra obtained from the transient absorption datasets of the four polymer films. The
lines represent lognormal fits to the data for extracting the frequencies of the acous-
tic phonon. Same color coding as in panel (a). (c) Plot of the oscillation period 7, vs
the film thickness including error bars. The thickness was determined by AFM
experiments. Blue points: results for PFBT, red point: result for PFPh. The black
line is a linear fit to the data for PFBT (blue points) with a forced intercept of zero.
The resulting slope is (1.608 = 0.097) ps nm™".

We would like to address a few additional points relevant to the
coherent phonon dynamics of PFPh and PFBT. First, the coherent
phonon oscillations observed here are insensitive to the pump wave-
length. This was confirmed by experiments employing excitation at
400 nm, which provided the same oscillation period. In addition, the
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TABLE I. Properties of PFPh and PFBT copolymer thin films prepared in this study.

v Ry,
Polymer (rpm)” d(m)® 1, (ps) v(GHz) ¢ (m s (%)

PFPh 500 91.2%*36 143*+2 7.0*x0.1 2550 140 45.8
PFBT 500 152.8 2.9 215*2 4.6+ 0.1 2490 + 150" 46.8
500 130 £21 240*=3 42=*0.1
1000  92.0%*27 1622 6.2*0.1
2000 752%*33 1263 8.0x0.2
4000 65.7*£27 120x2 83*0.1

"Rotational speed employed for spin-coating of the polymer films.

"Thickness of polymer thin films determined from AFM measurements.

“Intensity reflection coefficient for the interface between the polymer and borosilicate
(Duran) glass.

“From the fit to the five data points for PEBT.

modulation of the kinetic traces is more pronounced at higher pump
laser fluence. These results suggest that it is mainly important that a
sufficient number of photons is absorbed in the sample. This way a
sufficient local strain in the polymer can be built up to launch the
acoustic phonon. In that respect, it is also advantageous if the absorp-
tion length in the polymer is short (ie., that the absorption coefficient
is high), so that the laser power is absorbed in a relatively small volume
of the polymer close to the glass-polymer interface.

In addition, we would like to comment on low-frequency features
observed for both polymers at about 1.5 GHz. In the case of PFPh [Fig. 2
(b)], the strongest part of this low-frequency feature is located at 370 nm
(peak of the Sy — S; absorption band). However, there is also substantial
noise from pump-light scatter, as can be seen over the whole frequency
range at that wavelength. A weaker feature having about the same fre-
quency is seen in the wavelength range of 600-700 nm. In the case of
PEBT [Fig. 3(b)], there are similar weak features at 450 nm (Sq — S,
peak absorption) and above 680 nm, in that case both not disturbed by
scattered pump light. The frequency of 1.5 GHz is, by a factor of 3-5,
lower than the longitudinal acoustic phonon frequency. Such a value
would be consistent with a transversal (shear) wave.””"" The shear wave
could be excited by the 370 nm pump beam, which is entering the poly-
mer surface at an angle of about 10° relative to the surface normal.
However, one should be cautious with such an interpretation. This low
frequency corresponds to a period of 600-700 ps, i.e., only two full cycles
are covered within the 1500 ps time window of our experiments. For
instance, a weak up-and-down drift in pump laser power could lead to a
similar but spurious low-frequency peak after Fourier transformation.

C. Coherent acoustic phonon oscillation in transient
circular dichroism kinetics

In addition, we carried out transient circular dichroism measure-
ments on the cholesteric PFPh thin film. TrCD and transient absorption
kinetics averaged over the wavelength range of 395-405nm are com-
pared in Fig. 5. Interestingly, the same oscillation already observed in
the transient absorption measurements also persists in the TrCD experi-
ments. The large absolute amplitude of the steady-state CD signal of the
PFPh polymer thin film (ca. 1000 mdeg, see the black line in the inset of
Fig. 5)°"" arises from the cholesteric arrangement of the polymer
chains.” ** The CD spectrum of the polymer will also experience a
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FIG. 5. Transient circular dichroism kinetics (red line) and pump-supercontinuum
probe transient absorption kinetics (black line) of the PFPh thin film averaged over
the wavelength range 395-405 nm. The steady-state CD spectrum of PFPh (black
line) and its scaled smoothed first derivative (red line) are shown in the inset. Note
that clear oscillatory contributions to the TrCD response are found at wavelengths
close to the maximum signal of the first derivative of the CD spectrum.

pressure-induced periodic shift because of the propagation of the acous-
tic phonon inside the film. This explains why the same type of oscilla-
tion is observed in the transient CD spectrum. Clear oscillations are
found in the wavelength range close to the maximum of the first deriva-
tive of the steady-state CD spectrum (red line in the inset of Fig. 5). In
addition, it is known, that steady-state CD signals of such cholesteric
systems are very sensitive to the pitch length of the helical stack.”
Therefore, the transient CD response in Fig. 5 might also contain a sub-
stantial contribution from the periodic compression/extension of the
helical stacks in the film, which is induced by the propagating acoustic
phonon.

IV. CONCLUSIONS

Our investigation using coherent phonon spectroscopy has pro-
vided a clear picture of the propagation of photoinduced acoustic pho-
nons through two polyfluorene-based copolymer thin films. Coherent
oscillations in the transient absorption spectra are assigned to a peri-
odic shift of the ground state absorption bands of the polymers due to
a propagating strain pulse. The longitudinal speed of sound for the two
polymers is about 2500 m s ! at 296K, based on a detailed Fourier
transformation analysis of the complete set of transient spectra. It
therefore appears to be very robust regarding changes in the repeating
unit. Knowing this value, contactless determination of the polyfluorene
film thickness has become possible by measuring the oscillation period
in the transient spectra after photoexcitation. The transient circular
dichroism kinetics shows the same type of periodic oscillation. This
observation suggests that the CD spectrum also exhibits a pressure-
induced shift, which is induced by the acoustic phonon. In addition,
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chirality changes in the cholesteric polymer through periodic modula-
tion of the pitch length of the helical thin film stack might occur.

ACKNOWLEDGMENTS

We are very thankful to T. Staedler, Y. Guo, and J. Fan
(Institute of Materials Engineering, University of Siegen) for
carrying out the AFM measurements on the thin films. Financial
support for K.O. and T.L. was provided by the Deutsche
Forschungsgemeinschaft (DFG) through Grant Nos. OU 58/11-1
and LE 926/12-1. D.H.C. and M.]J.C. are thankful to the National
Research Foundation of Korea (NRF) for the support through
research Grant No. NRF 2019R1A6A1A11044070.

REFERENCES

'H. T. Grahn, H. J. Maris, and J. Tauc, [EEE J. Quantum Electron. 25, 2562
(1989).

2p, J. S. van Capel, E. Péronne, and J. I. Dijkhuis, Ultrasonics 56, 36 (2015).

3p. Ruello and V. E. Gusev, Ultrasonics 56, 21 (2015).

“C. Thomsen, J. Strait, Z. Vardeny, H. J. Maris, J. Tauc, and J. J. Hauser, Phys.
Rev. Lett. 53,989 (1984).

5C. Thomsen, H. T. Grahn, H. J. Maris, and J. Tauc, Phys. Rev. B 34, 4129 (1986).

®W. Huang, W. Qian, and M. A. El-Sayed, Nano Lett. 4, 1741 (2004).

7E. Pontecorvo, M. Ortolani, D. Polli, M. Ferretti, G. Ruocco, G. Cerullo, and T.
Scopigno, Appl. Phys. Lett. 98, 011901 (2011).

8Y.-C. Wen, S.-H. Guo, H.-P. Chen, J.-K. Sheu, and C.-K. Sun, Appl. Phys. Lett.
99, 051913 (2011).

L. G. Kaake, G. C. Welch, D. Moses, G. C. Bazan, and A. J. Heeger, J. Phys.
Chem. Lett. 3, 1253 (2012).

191, D. G. Greener, A. V. Akimov, V. E. Gusev, Z. R. Kudrynskyi, P. H. Beton, Z.
D. Kovalyuk, T. Taniguchi, K. Watanabe, A. J. Kent, and A. Patan¢, Phys. Rev.
B 98, 075408 (2018).

M. Nisoli, V. Pruned, S. De Silvestri, V. Magni, A. M. Gallazzi, C. Romanoni, G.
Zerbi, and G. Zotti, Chem. Phys. Lett. 220, 64 (1994).

2W. Huang, W. Qian, and M. A. El-Sayed, J. Phys. Chem. B 109, 18881 (2005).

3B, Liao, A. A. Maznev, K. A. Nelson, and G. Chen, Nat. Commun. 7, 13174 (2016).

A, Devos, M. Foret, S. Ayrinhac, P. Emery, and B. Rufflé, Phys. Rev. B 77,
100201(R) (2008).

50. Matsuda, O. B. Wright, D. H. Hurley, V. Gusev, and K. Shimizu, Phys. Rev.
B 77,224110 (2008).

'6E. S. Pavlenko, M. Sander, S. Mitzscherling, J. Pudell, F. Zamponi, M. Rossle, A.
Bojahr, and M. Bargheer, Nanoscale 8, 13297 (2016).

7E. Alonso-Redondo, L. Belliard, K. Rolle, B. Graczykowski, W. Tremel, B.
Djafari-Rouhani, and G. Fytas, Sci. Rep. 8, 16986 (2018).

Struct. Dyn. 6, 064502 (2019); doi: 10.1063/1.5124438
© Author(s) 2019

80. Matsuda, T. Tachizaki, T. Fukui, J. J. Baumberg, and O. B. Wright, Phys.
Rev. B 71, 115330 (2005).

T9M. Hettich, K. Jacob, O. Ristow, M. Schubert, A. Bruchhausen, V. Gusev, and
T. Dekorsy, Sci. Rep. 6, 33471 (2016).

207 C. Zhu, H. J. Maris, and J. Tauc, Phys. Rev. B 44, 4281 (1991).

2IM. J. Cho, J.-S. Ahn, Y.-U. Kim, H. A. Um, P. N. Prasad, G. J. Lee, and D. H.
Choi, RSC Adv. 6, 23879 (2016).

22A. L. Dobryakov, S. A. Kovalenko, A. Weigel, J. L. Pérez Lustres, J. Lange, A.
Miiller, and N. P. Ernsting, Rev. Sci. Instrum. 81, 113106 (2010).

23K, Oum, T. Lenzer, M. Scholz, D. Y. Jung, O. Sul, B. J. Cho, J. Lange, and A.
Miiller, J. Phys. Chem. C 118, 6454 (2014).

24M. Scholz, M. Morgenroth, M. J. Cho, D. H. Choi, K. Oum, and T. Lenzer,
J. Phys. Chem. Lett. 10, 5160 (2019).

25M. Scholz, K. Oum, and T. Lenzer, Phys. Chem. Chem. Phys. 20, 10677 (2018).

26M. Scholz, M. Morgenroth, K. Oum, and T. Lenzer, ]. Phys. Chem. C 122,
5854 (2018).

27K. Ishioka and O. V. Misochko, Progress in Ultrafast Intense Laser Science
(Springer, Berlin, 2010), Vol. 98, p. 23.

28¢, J. Safford, A. W. Naumann, and F. T. Simon, J. Chem. Phys. 45, 3787
(1966).

29G. s, Kanner, Z. V. Vardeny, and B. C. Hess, Phys. Rev. B 42, 5403 (1990).

3OM. Sinha and D. J. Buckley, in Physical Properties of Polymers Handbook,
edited by J. E. Mark (Springer, New York, NY, 2007), p. 1021.

31G.S. K. Wong and L. Wu, J. Acoust. Soc. Am. 102, 650 (1997).

32p 0. Morawska, Y. Wang, A. Ruseckas, C. Orofino-Pena, A. L. Kanibolotsky,
R. Santhanagopal, N. Fréhlich, M. Fritsch, S. Allard, U. Scherf, P. J. Skabara, 1.
D. W. Samuel, and G. A. Turnbull, J. Phys. Chem. C 119, 22102 (2015).

33E, Kerkhof, Glastechn. Ber. 35, 267 (1962).

34G. D. Quinn, Int. ]. Appl. Glass Sci. 10, 7 (2019).

35G. S. Kanner, S. Frolov, and Z. V. Vardeny, Phys. Rev. Lett. 74, 1685 (1995).

36A. C. Tam, Rev. Mod. Phys. 58, 381 (1986).

37M. Hanfland, A. Brillante, K. Syassen, M. Stamm, and J. Fink, J. Chem. Phys.
90, 1930 (1989).

38M. Sajadi and N. P. Ernsting, J. Phys. Chem. B 117, 7675 (2013).

39, Gélinas, A. Rao, A. Kumar, S. L. Smith, A. W. Chin, J. Clark, T. S. van der
Poll, G. C. Bazan, and R. H. Friend, Science 343, 512 (2014).

40K G. Jespersen, W. J. D. Beenken, Y. Zaushitsyn, A. Yartsev, M. Andersson, T.
Pullerits, and V. Sundstrom, J. Chem. Phys. 121, 12613 (2004).

1ML Hesami, A. Gueddida, N. Gomopoulos, H. S. Dehsari, K. Asadi, S. Rudykh,
H.-J. Butt, B. Djafari-Rouhani, and G. Fytas, Nanotechnology 30, 045709
(2019).

“2G. . Lee, E. H. Choi, W. K. Ham, C. K. Hwangbo, M. J. Cho, and D. H. Choi,
Opt. Mater. Express 6, 767 (2016).

“#3C. Kulkarni, D. Di Nuzzo, E. W. Meijer, and S. C. J. Meskers, J. Phys. Chem. B
121, 11520 (2017).

44G. Lakhwani and S. C. J. Meskers, J. Phys. Chem. Lett. 2, 1497 (2011).

“51. Dierking, Symmetry 6, 444 (2014).

6, 064502-7


https://doi.org/10.1109/3.40643
https://doi.org/10.1016/j.ultras.2014.09.021
https://doi.org/10.1016/j.ultras.2014.06.004
https://doi.org/10.1103/PhysRevLett.53.989
https://doi.org/10.1103/PhysRevLett.53.989
https://doi.org/10.1103/PhysRevB.34.4129
https://doi.org/10.1021/nl048875p
https://doi.org/10.1063/1.3532961
https://doi.org/10.1063/1.3620879
https://doi.org/10.1021/jz300365b
https://doi.org/10.1021/jz300365b
https://doi.org/10.1103/PhysRevB.98.075408
https://doi.org/10.1103/PhysRevB.98.075408
https://doi.org/10.1016/0009-2614(94)00143-X
https://doi.org/10.1021/jp0526647
https://doi.org/10.1038/ncomms13174
https://doi.org/10.1103/PhysRevB.77.100201
https://doi.org/10.1103/PhysRevB.77.224110
https://doi.org/10.1103/PhysRevB.77.224110
https://doi.org/10.1039/C6NR01448H
https://doi.org/10.1038/s41598-018-35335-1
https://doi.org/10.1103/PhysRevB.71.115330
https://doi.org/10.1103/PhysRevB.71.115330
https://doi.org/10.1038/srep33471
https://doi.org/10.1103/PhysRevB.44.4281
https://doi.org/10.1039/C5RA26523A
https://doi.org/10.1063/1.3492897
https://doi.org/10.1021/jp4072197
https://doi.org/10.1021/acs.jpclett.9b02061
https://doi.org/10.1039/C7CP07729G
https://doi.org/10.1021/acs.jpcc.7b09609
https://doi.org/10.1063/1.1727401
https://doi.org/10.1103/PhysRevB.42.5403
https://doi.org/10.1121/1.419710
https://doi.org/10.1021/acs.jpcc.5b05526
https://doi.org/10.1111/ijag.13042
https://doi.org/10.1103/PhysRevLett.74.1685
https://doi.org/10.1103/RevModPhys.58.381
https://doi.org/10.1063/1.456035
https://doi.org/10.1021/jp400473n
https://doi.org/10.1126/science.1246249
https://doi.org/10.1063/1.1817873
https://doi.org/10.1088/1361-6528/aaee9b
https://doi.org/10.1364/OME.6.000767
https://doi.org/10.1021/acs.jpcb.7b10236
https://doi.org/10.1021/jz200500a
https://doi.org/10.3390/sym6020444
https://scitation.org/journal/sdy

	s1
	s2
	s2A
	s2B
	s3
	s3A
	s3B
	f1
	d1
	d2
	f2
	f3
	f4
	s3C
	s4
	t1
	t1n1
	t1n2
	t1n3
	t1n4
	f5
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45

