Circularly Polarized Light Induced Microwave
Conductivity Measurement: Rapid Screening
Technique of Electronic Conductivity in Chiral

Molecular Materials

Yun Hee Koo', Yusuke Tsutsui'>*, Mikito Omoto’, Yohei Yomogida®*, Kazuhiro Yanagi>>",

Yuichiro K. Kato®’, M. Alejandra Hermosilla-Palacios®, Jeffrey L. Blackburn®*, and Shu Seki'*"

"Department of Molecular Engineering, Kyoto University, Kyoto University Katsura, Nishikyo-
ku, Kyoto 615-8510, JAPAN

2JST-PRESTO, Honcho 4-1-8, Kawaguchi, Saitama 332-0012, Japan

3Department of Physics, Graduate School of Science, Tokyo Metropolitan University, 1-1
Minami-Osawa, Hachioji-shi, Tokyo 192-0397, JAPAN

4 Research Institute for Electronic Science, Hokkaido University, Sapporo,

Hokkaido 001-0021, Japan

SJST-CREST, Honcho 4-1-8, Kawaguchi, Saitama 332-0012, Japan

®Nanoscale Quantum Photonics Laboratory, RIKEN Cluster for Pioneering Research, Saitama
351-0198, JAPAN

’Quantum Optoelectronics Research Team, RIKEN Center for Advanced Photonics, Saitama

351-0198, JAPAN

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher. 1



$National Renewable Energy Laboratory, 15013 Denver West Parkway Golden, CO 80401, USA

AUTHOR INFORMATION

Corresponding Author

tsutsui@moleng.kyoto-u.ac.jp; yanagi-kazuhiro@tmu.ac.jp; Jeffrey.Blackburn@nrel.gov;

seki@moleng.kyoto-u.ac.jp

ABSTRACT

We developed CPL-TRMC (Circularly Polarized Light-Time Resolved Microwave Conductivity)
for investigation of the CPL-dependent photo-induced charge carrier dynamics in chiral materials
with chiroptical properties. Chiral R- or S-perylenediimide (PDI) molecular thin films were paired
with handedness-sorted (6,5) and (11,-5) single-walled carbon nanotube (SWCNT) films to
compose donor(D)-acceptor(A) system for spin-dependent charge separation process, and the D-
A system was examined through linear and circular polarization dependent steady-state and time-
resolved measurements. The R-PDI-(6,5) film exhibited strong enhancement in circular dichroism
(CD), and revealed a reversed transient conductivity signal, relative to the polarity of CD, in CPL-
TRMC measurement upon excitation of the £11 state, which is interpreted as arising from a spin-
dependent initial charge separation process. Through linear polarization dependent flash
photolysis TRMC and circular polarization resolved femtosecond transient absorption, we could
deduce that sub-ps inter-tubular charge separation upon E1; excitation in SWCNT was responsible

for the spin-dependent photoconductivity transients observed in CPL-TRMC measurements.
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Recent developments in spintronics shed light on chiral materials for the application of electron
spins as well as the spin-dependent charge transport. Various types of chiral materials
encompassing biological systems, synthetic organic and inorganic chemistry have been suggested,
and their charge/spin transport properties were examined through several different spin injection
methods.!** Spin injection by ferromagnetic electrodes is a primary choice in spintronic device
operation, and a variety of structures have been designed to enable efficient and quantitative spin
injection into target materials.’ Adopting ferromagnetic electrodes for spin injection requires
device fabrication processes, and interfacial issues between ferromagnets and target materials are
often critical for optimizing device operation.®”’

Photoionization by circularly polarized light (CPL) can be utilized for contact-free spin injection
into target materials through spin-dependent excitation of the electrons.®® Spin-polarized
photoelectron spectroscopy (PES) under CPL illumination has been used to evaluate the spin

selectivity of electrons transmitted through chiral materials, and photo-current measurement under
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CPL illumination has been often the choice for spin-selective transport and spin-selective charge
transfer in chiral organic and inorganic materials.! 1! In both of the techniques the contact issues
are critical to the quantitative assessment of spin selectivity and transport, leading to strong
demand for alternative methods utilizing non-contact modes.

Time-resolved spectroscopy techniques with CPL excitation have been demonstrated as
complete non-contact assessments of spin-dependent charge transport chiral materials and
heterostructures. Dependence of charge transfer rate on spin-selective excitation was clearly
observed using a time-resolved fluorescence (TR-FL).!? The spin polarization of radical pairs
formed by electron transfer could be calculated using the time-resolved electron paramagnetic
resonance (TR-EPR) spectroscopic system in donor-acceptor dyad systems with chiral
components.'® These recently developed spectroscopic approaches can reveal mechanistic insights
into the spin-dependent charge transfer processes. For comprehensive understanding of the total
landscape of spin-dependent charge transfer processes, direct methods for tracking the local
motion of the electrons with high sensitivity are highly desirable.'*

Electronic conductivity can be measured not only by conventional direct current (DC)
techniques, but also as optical conductivity in terms of a material’s complex permittivity. One of
the representative optical conductivity techniques is the time resolved microwave conductivity
(TRMC) technique, based on Drude-Zhener modeling of the frequency dependent dielectric
constant.'> Flash photolysis (FP)-TRMC is a completely contactless technique, both in the photo-
carrier injection step and for monitoring the resulting electrical conductivity with the microwave

16-18 Herein, we employ CPL as an excitation light source to design a novel contactless

probe.
technique for assessing inherent spin-dependent electron transport, which we term CPL-induced

time-resolved microwave conductivity (CPL-TRMC).
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Donor-acceptor heterojunctions featuring single-walled carbon nanotubes (SWCNTs) with
single chirality and handedness were chosen for demonstration of the CPL-TRMC system, owing
to their high conductivity, well-defined handedness, and concomitant distinct optical anisotropy in
their electronic transitions. Electronic transitions of chirality sorted SWCNT can be predicted from
the chirality indices (n,m) of the SWCNTSs and pure enantiomers show, both theoretically and
experimentally, alternating CD signs upon progression of Ej transitions which are optically
allowed transitions for the electric field of the light parallel to the axis of the nanotube.!®-2
SWCNTs can give strong TRMC signals upon photoexcitation via the direct band-gap excitation,
the prerequisite for CPL-TRMC in the present work, due to the relatively large Onsager distance
for the initial electron-hole pairs in SWCNT and a high free charge carrier yield of ~6% in isolated
semiconducting SWCNTSs.2! The high carrier mobilities in SWCNTs should allow us to detect
evident signatures of CPL excitation in the differential transient conductivity.?>?* Successful
demonstration of spin-dependent charge separation upon CPL illumination of a
SWCNT/perovskite bilayer further suggests the possibility of detecting spin-dependent charge
separation with CPL-TRMC.!!

In this work, we demonstrate the successful establishment of the CPL-TRMC measurement
system with SWCNT as a material platform, showing spin-dependent charge transfer in the
SWCNTs. The total landscape of charge-spin relationship in SWCNT film upon charge injection

through CP photoexcitation has been elucidated by the combination of CPL-TRMC and

femtosecond transient absorption.
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Figure 1. The steady-state (a) absorption and (b) circular dichroism (CD) spectra of R-PDI-(6,5)
SWCNT film. 50 pL of R-PDI 1 mg/mL tetrahydrofuran solution was drop-casted to pristine

(6,5) film to produce R-PDI-(6,5) film. (c) structures of (6,5) and (11,-5) SWCNT and R/S-PDL.

Design of a photo-induced charge transfer system is the key for the measurements where the
electrons are unidirectionally transferred under the electrochemical potentials with no external
electric field, allowing pure spectroscopic assessment of chirality-induced spin selectivity.'* To
facilitate the charge transfer, we chose perylenediimide (PDI) as the electron acceptor which is
expected to form type-II heterojunction with (6,5) and (11,-5) SWCNTs ((6,5)- and (6,5)+ or left-
and right-handed (6,5)).2* We also adopted chiral R/S-PDI to examine their interaction with
handedness-sorted SWCNT films, with an exemplary heterojunction referred to as R-PDI-(6,5).
The chirality of both the donor (SWCNT) and acceptor (PDI) allows us to investigate how their
structural and electronic interactions, and the resulting photoexcited interfacial charge transfer,
depend on their chirality combination.

Figure 1a shows steady-state UV-vis-IR absorption for the R-PDI-(6,5) film. The allowed optical
transitions from electric field parallel to the SWCNT axis: Eji were observed at 1030, 580, 350 nm

for E11, Ex, and E33, respectively. The former two peaks showed bathochromic shifts in relation
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to those observed in the isolated (6,5) SWCNT with E1; and E»; transitions at 975 and 567 nm.?
These shifts could be attributed to the bundling of the carbon nanotubes in the film.2® The circular
dichroism (CD) spectra (Figure 1b) showed three negative peaks at similar peak positions to the
absorption spectrum, where the maximum value reached ca. 4x103 mdeg. The difference in the
absorption between left-handed circularly polarized light (LCPL) and right-handed circularly
polarized light (RCPL) of R-PDI-(6,5) film was calculated to be 12% at E1; transition, which is
significantly higher than the 0.33% difference in the pristine (11,-5) film (Figure S1c). Only this
specific R-PDI-(6,5) film shows strong enhancement in the CD peaks at Eii, E2, and E33
transitions compared to the corresponding pristine SWCNT film, while other R-PDI or S-PDI
deposited SWCNT films did not show such a strong CD enhancement (Figure S1d, S3c,d). The
possibility of apparent CD effect, which is an extrinsic CD effect from sample morphology was
examined in pristine (6,5) and (11,-5) film. (Figure S4)>’ Apparent CD effect was not observed,
yielding identical CD spectra for front and back side of the pristine (6,5) and (11,-5) film. This
lack of the apparent CD effect can be explained by randomness of the orientation of SWCNTSs on
the film and enhancement of the CD observed in R-PDI-(6,5) film is also expected to be not from

apparent CD effect owing to the randomness of the SWCNT orientation in this film.
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Figure 2. FP-TRMC traces of R-PDI-(6,5) SWCNT under (a) 355 (£33) and (b) 1020 nm (E11)
excitation. (c) Differential conductivity transients normalized at the peak value. Linear
polarization state of the excitation pulse was adjusted to S- (red) and P- (blue) polarization. The
excitation pulse was tuned to 0.5 mJ pulse! cm™ at 355 nm and 1 mJ pulse™! cm™ at 1020 nm,
respectively. The relative orientation of the electric field for microwave (Emw) and pump pulse

(Epump) 1s depicted in Figure 2d.

First, anisotropic photoconductivity in FP-TRMC was studied to clarify the charge carrier
dynamics in the R-PDI-(6,5) film with linearly polarized excitation light sources and represented
in Figure 2. Polarization of the excitation pulse was adjusted to be linear, and S- and P-
polarizations of the pump pulse are defined as perpendicular and parallel polarization in relation
to the optical table surface, respectively. The microwave electric field (Emw) is perpendicular to

the optical table surface, hence, S- and P- polarization of the pump is parallel and perpendicular to
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the Emw, respectively (Figure 2d). Both excitation wavelengths clearly showed a prompt
enhancement in photoconductivity due to photo-carrier injection within the pump pulse (3-5 ns),
followed by a decay in the ps range reflecting the recombination of the free charge carriers (Figure
2a, b). In the case of 355 nm excitation (£33, Figure 2a), S-polarization pump resulted in slightly
higher photoconductivity for the short time regime (<l ps) and converged into equivalent
photoconductivity at the later regime, indicating the decay of conductivity anisotropy (Figure 3a,
c). The conductivity anisotropy reversed upon Ei1 (1020 nm) excitation of R-PDI-(6,5) with
reduced anisotropy signals relative to E33 pumping. It should be noted that the conductivity
anisotropy lasted over 3 ps regime (Figure 2b, c).

The conductivity anisotropy is impacted by the following relative alignments of Epump, Emw, and
SWCNT axes: 1) The parallel alignment of SWCNT axes and Epump enhances conductivity from
selective excitation of SWCNT, 2) Photo-injected carriers confined in the SWCNT give the higher
conductivity under the parallel alignment of Emw and SWCNT axes. (Figure 2d) Since our
SWCNT film is oriented randomly, the number of carbon nanotubes in the excited states can be
presumed to be identical upon S- or P- polarization of light, cancelling the above factor 1) allowing
us to consider only the relative alignments of Epump against Emw.

If charge generation occurs predominantly within a nanotube (intra-tubular), the charge
movement and associated microwave mobility of photo-generated charge carriers confined
within SWCNTs will remain aligned with Epump, yielding a microwave conductivity anisotropy
signal corresponding to S-polarization (Epump//Emw configuration). On the other hand, if inter-
tubular charge separation and/or charge transfer to PDI dominate, conductivity anisotropy is
expected to be lower than that of intra-tubular charge separation due to the randomization of the

charged SWCNT axes. Exciton diffusion, prior to charge separation, and charge diffusion will
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also suppress the anisotropy by transferring excitons and charges onto randomly oriented
SWCNTs. In this manner, stronger S-polarization photoconductivity observed upon £33
excitation, compared to £ excitation, can be interpreted as 1) a decrease in the exciton diffusion
for E33 excitation, or 2) more efficient charge transfer to adjacent SWCNTs and/or PDI in the

film for E1; excitation.

The photoconductivity anisotropies observed in Figure 2 imply that different CS pathways can
be activated for different excitation wavelengths. From the ultrafast charge separation observed
in fs-TA of SWCNT films (presented in a later section), we expect the above 1) process (exciton
diffusion prior to charge separation) is not the dominant mechanism impacting the observed
polarization anisotropies. Thus, the decrease in linear polarization conductivity anisotropy
observed at FP-TRMC measurement in R-PDI-(6,5) film can be interpreted as activation of the
inter-tubular CS or CS to PDI upon E1; excitation. The difference between E33 and E11 excitation
in this film can be interpreted by the exciton dissociation process in SWCNT depending on E:
the intra-tubular CS process dominates via the higher energy (£33 and E2) excited state, making
contrast to both of inter-tubular CS and CS to PDI contributing to the photo-carrier generation
via the lower (£11) excited state. Existence of spontaneous dissociation process from the higher
excited state is expected to be contributing to the excitation wavelength dependence in the carrier
yield and the CS pathway change.?®% This is also supported by the linear dependence of the
observed conductivity upon fluence of pumping pulses (Figure S10), suggesting the nature of

single photon process of CS in this fluence regime.
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Figure 3. CPL-TRMC photoconductivity traces of the R-PDI-(6,5) film at (a) 355 nm: £33 (b)
580 nm: E» (¢) 1020 nm: E; excitation. The excitation pulse was tuned to 0.5 mJ pulse™! cm™ at
355 nm and 1 mJ pulse’! cm? at 580 and 1020 nm. Circular polarization state of the excitation
pulse was adjusted to left-handed circular polarization (blue, LCP) and right-handed circular
polarization (red, RCP). (d) Differential conductivity measured at the excitation wavelength

range from 450 to 1200 nm.

In order to assess photo-generated electron spin-dependency upon CPL excitation of the R-
PDI-(6,5) film, photoconductivity transients in the R-PDI-(6,5) film were observed by the newly
developed CPL-TRMC measurement setup. The film was photo-excited at 355, 580, and 1020
nm which correspond to the £33, E2; and E1; transitions of the (6,5)-SWCNT, where the PDI is
transparent against 1020 nm, but presumed to have some overlapped absorption at 355 and 580

nm (Figure S2).
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Upon £33 and Ex excitation, photoconductivity under RCPL excitation was higher than LCPL,
and the difference in the LCPL and RCPL excitation at the peak was estimated to be 5% as
represented by Figures 3a and 3b. This sign difference agrees with the difference in the relative
absorption change of LCPL and RCPL estimated from CD (~5%). On the other hand, upon E1;
excitation at 1020 nm (Figure 3c¢), remarkably higher photoconductivity of ca. 15% was
observed with LCPL excitation, which showed striking contrast to the higher absorption of
RCPL suggested by CD. Decay analysis of the photoconductivity traces was also conducted by
fitting with double exponential decay curves to evaluate the time constant as summarized in
Table 1. Regardless of the excitation wavelength and polarization, calculated time constants were
estimated to be almost identical among all traces, with 11 and 12 of approximately 0.20 and 1.2
us, implying the recombination rates unchanged for different wavelengths and circular

polarization (CP) states of pumping pulses.

Table 1. Decay fitting coefficients of CPL-TRMC traces
Aexc / nm T us Y us  yo(%) A (%) A2 (%)
355 LCP 0.20 1.22 13.0 56.4 30.6
RCP 0.20 1.20 12.8 56.6 30.6
580 LCP 0.20 1.18 10.4 61.5 28.0
RCP 0.20 1.21 10.2 62.0 27.8
1020 LCP 0.20 1.23 10.2 64.5 25.2
RCP 0.22 1.34 11.5 61.3 27.2
“Photoconductivity traces were fitted with the function @(t) Y u = A,;et/™ + A,et/™ + y,

Unlike direct injection of the spin-polarized charges through ferromagnetic electrodes, the
spin-dependent CS process mediates the spin polarization of charge carriers that are photo-

injected into a system. The yield and spin polarization of the charges are the major factors for the
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CS processes, which can be determined by the rates of CS for up- (kcst) and down-spins (kcs)),
spin-flip (knip), and exciton relaxation to the ground state (kr and kn) as shown in Figure S9. The
yield and spin-polarization of the photo-injected free charges thus depend strongly on the relative
rate of competing processes. If the spin-flip process has a competitive rate with charge separation
processes (i.e., kfip ~ kcst or kcsy), the CS process with low rate constants can be impacted by the
spin flipping, leading to the observable single CS. This also causes the final CS state to be
condensed with the spin with the higher CS rate, and thus the spin polarization would not be
identical to that in the primary excited states. This spin-flip process is widely observed in
systems with chirality-induced spin selectivity (CISS); PES experiments with DNA embedded
on gold show spin polarization almost identical from RCPL and LCPL excitation.! The primary

photophysical process will be discussed in the later fs-TA section.

Since charge separation in the PDI-SWCNT composites is expected to be faster than the
excitation pulse duration, we can only probe the impact of the pump-prepared spin polarization
on CS by quantifying the total carrier yield and the recombination rate upon CPL excitation. The
dependence of recombination rate, however, may not be significant because the spin polarization
in the final CS states can be mitigated by spin-flipping at the primary excited states and by the

spin relaxation after CS.

The values of end-of-pulse conductivity (¢2umax) depend clearly on the CPL states of the
excitation pulse in all three wavelengths (Figure 3a-c). The ¢2umax values can be also impacted
by 1) the number of the photons absorbed by the film with LCPL and RCPL excitation, and by 2)
the spin-dependent CS processes via spin-selective excitation by LCPL and RCPL represented
by kcst, kcsy, kr, kn and/or knip. If this dependence solely comes from 1), photoconductivity traces

should be proportional to the absorption of the LCPL and RCPL. This is well represented by the
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cases of excitations at £33 and E»; supporting scenario 1). On the other hand, reversed polarity
observed in E£1; excitation opens the possibility of 2). This is also suggestive of the values of
#2umax being more likely to convey the dependence of CS efficiency on the handedness of CPL

excitation.

From the linear polarization experiment, we deduced that in R-PDI-(6,5) film, inter-tubular or
charge separation to the PDI is promoted upon £11 compared to £33 excitation. Thus, the
difference in CPL dependency upon excitation wavelength change in R-PDI-(6,5) film can be
explained by the switching of CS pathways from the higher (£33 and E22) to lower (E11) excited
state, and this change in CS pathway is expected to be responsible for the spin-dependent CS

processes observed in CPL-TRMC.

(a) 0.012 (b) 0.012
0.010 E,, GSB (1035 nm) 1 0010 Trion 1A (1200 nm)
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Figure 4. Dynamics from femtosecond transient absorption spectroscopy of the R-PDI-(6,5) film,
pumped at 1000 nm to excited the (6,5) E11 with either a LCP (blue) or RCP pump (red) beam and
probed with a linear probe beam. (a) Dynamics probed at 1035 nm to probe the E11 ground-state

bleach (GSB). (b) Dynamics probed at 1200 nm to probe the trion induced absorbance (IA).
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In order to elucidate the early photophysics of the R-PDI-(6,5) film, circular polarization
resolved femtosecond transient absorption (fs-TA) measurements were conducted (Figure 4). In
these measurements, pump and probe beams were circularly polarized and linearly polarized,
respectively. Upon 1000 nm (E11) excitation, the R-PDI-(6,5) film showed a sub-ps rise of
SWCNT trion induced absorption (IA) at 1200 nm (Figure 4b), which can be attributed to the
fast charge separation process in SWCNTSs.3% 3! Strong anisotropy to the circular polarization
state of the pump beam was observed for both the £11 ground-state bleaching (GSB) peak
(Figure 4a) and trion A (Figure 4b). The TA anisotropy favors LCP excitation of the (6,5) E11,
which is in line with the CPL conductivity anisotropy observed in the CPL-TRMC
measurements (Figure 3c). IA peaks from PDI anion around 700 nm are not pronounced
significantly, indicating spin-dependent CS process is occurring solely in/between SWCNTs and

PDI is not likely to be involved in the initial CS process.>?

The impact of probe pulse polarization dependence was also examined, by controlling the
polarization of the probe pulse to be the same as the pump pulse.(Figure S13) Upon 1020 nm
excitation, quenching of the difference between the signal intensity in the CP excitation of the
E» GSB signal was observed upon this configuration, and this could be attributed to the
cancellation between the difference in the absorbance and the evolution of the GSB signal upon
CPL excitation, which strongly suggests that the origin of signal difference observed in
polarization-uncontrolled probe measurements were not simply originated anisotropy in the

absorbance of CP light.

Apart from the initial assumption that charge separation occurs between PDI and SWCNT, fs-
TA results suggest that initial charge separation takes place within SWCNTs. Involvement of

PDI in photophysical process in R-PDI-(6,5) was further investigated by washing R-PDI-(6,5)
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samples by solvents. The removal of PDI from the surface of SWCNT was confirmed by Raman
spectroscopy before/after the immersion processes into CHCIz. The PDI showed specific
vibrational peaks at 1297, 1377, and 1570 cm™! (Figure S5a). Although R-PDI-(6,5) film showed
peaks of both R-PDI and pristine SWCNT, the peaks from PDI (especially 1377 cm™) totally
disappeared after the washing process at the boiling point of CHCI; for 2h, clearly suggesting the
negligible residue of PDI in the washed film. CPL-TRMC results of the washed R-PDI-(6,5) film
suggest that PDI does not contribute to the carrier dynamics measured by the 9 GHz probe, since
E11 CPL excitation of the washed film yielded almost identical photoconductivity traces to those
of the film before washing (Figure S8a). We also tried deposition of S-PDI which has opposite
chirality to initially deposited R-PDI after washing, however, it did not induce any change in the
photoconductivity traces (Figure S8b), still giving the inverted polarity in CPL-TRMC to the CD
spectra. Addition of the R-PDI onto pristine (6,5) films with vapor deposition and drop-casting
did not induce enhancement of CD of the E11 peak, which indicates the enhancement of this peak
shown in Figure 1b is likely to be coming from the SWCNT film itself (Figure S3). Thus, we
conclude that the spin-selectivity observed in CPL-TRMC upon E1; excitation of R-PDI-(6,5)
film is originating from the charge separation within a SWCNT or in between adjacent SWCNT,

but not from CS between SWCNT and PDI.

CPL dependency in CPL-TRMC and CPL resolved fs-TA was only observed in R-PDI-(6,5)
upon E1; excitation, whereas pristine (11,-5) and S-PDI-(11,-5) did not show similar CPL
dependence (Figure S7d-f). We may attribute the lack of CPL dependence observed in pristine
(11,-5) and S-PDI-(11,-5) to the difference in CS pathways, where the inter-tubular CS is not
activated in these films upon £11 excitation (Figure S6a-d). The linear polarization conductivity

anisotropy in FP-TRMC in these films was estimated to be rather higher in 1020 nm (£11)
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compared to 355 (£33) excitations for both films, with the anisotropy of ¢2uumax estimated as
7.1% and 18.3% for the pristine (11,-5) and 13.1% and 22.2% for S-PDI-(11,-5) film upon £33
and E1; excitations, respectively. The inversion of the polarity with attenuation was not observed
for both of the pristine (11,-5) and S-PDI-(11,-5) films, indicating intra-tubular charge separation
is predominant in these films upon E1 excitations. From these results, we conclude that
facilitation of inter-tubular charge separation is the key in spin-selective CS behavior observed in
R-PDI-(6,5) films upon E1; excitation. Since this behavior holds for films where the R-PDI has
been removed from the heterojunction, this spin-selective CS behavior appears to be an inherent

property of the (6,5) SWCNT film.

In conclusion, we established CPL-TRMC instrument and successfully probed the CP induced
conductivity anisotropy of the R-PDI-(6,5) film. By using CPL-TRMC technique, we could
observe inverted conductivity anisotropy to the CD originating from spin-dependent CS in
SWCNT in R-PDI-(6,5) film upon E1; excitation. The origin of the spin-dependent behavior
observed in CPL-TRMC was explained by activation of inter-tubular CS in SWCNT upon E1;
excitation in contrast to the dominant intra-tubular CS upon E33 and E2> excitation, revealed by
the linear polarization conductivity anisotropy in FP-TRMC and the fs-TA. The CPL-TRMC
developed in the present work is expected to serve as a powerful tool for the ultra-fast screening
of chiral molecular condensates as potential chiral electronic and spintronic materials in the

future.
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(6,5) and (11,-5) SWCNTs were prepared by single-chirality enantiomer separation of
CoMoCAT SWCNT using stepwise elution gel chromatography with triple surfactant system of
sodium cholate, sodium dodecyl sulfate, and sodium lithocholate.*3-3¢ Randomly-oriented
SWCNT films were deposited by vacuum filtration on filter membrane and transferred to quartz
plates for optical measurements.?”-*® R- and S-PDI was synthesized by following a literature
procedure.!” The successful synthesis was confirmed by NMR (JEOL AL-400). Tetrahydrofuran
(THF) was purchased from Nacalai Tesque and used without further purification. R/S-PDI films
and SWCNT/PDI composite films were prepared by drop casting 50 pL. of R/S-PDI 1mg/mL

THF solution onto quartz plates and SWCNT films, respectively.

Oscilloscope

1|
>

Amplifier

Waveplates

N4 ' N2 | NdiyAaG

B

Circulator D D El C D I D_ Laser
B
t

Cavity

& OPO

Sample Circular Linear

Polarization
Isolator

1 L/ Microwave

Source

Figure 5. Schematics of CPL-TRMC setup. Nd/YAG lasers with optical parametric oscillator
(OPO) are used for the excitation light sources at 355, 580 and 1020 nm. A Gunn diode oscillator
or microwave signal generator was employed as a microwave source with the tuning range of

100kHz~43.5GHz at 1-100 mW.

FP-TRMC experiments were carried out as follows. For 355 nm pulsed photoinjection

measurements, pulses were generated by third-harmonic generation with the photon density of
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0.9 x 10" photons cm from Spectra-Physics INDI-HG Nd/YAG laser, operated with the pulse
duration of 5-8 ns and 10 Hz). For 580 and 1020 nm pulsed photoinjection measurements, pulses
were generated by the EKSPLA NT300 Nd/YAG laser, operated with the pulse duration of 3-5
ns and 10 Hz. The laser wavelength was tuned by the OPO to generate pulses with photon
density of 3.0 x 10'° photons cm™ and 5.2 x 10'° photons cm™ for 580 and 1020 nm excitation
pulse, respectively. The SWCNT or SWCNT/PDI sample was inserted to the X-band microwave
cavity resonating with TE102 mode at ca. ~9.1 GHz from a Gunn diode oscillator or from a
signal generator Rhode & Schwarz SMF 100A. The incident power of microwave was typically
set at 3 mW, and the power reflection from the cavity was amplified and recorded with a

MDO3024 oscilloscope and converted directly into the electric conductivity transients.

In both instrumental set-ups, linear polarization dependence was measured by introducing a
cube polarizer and a half-waveplate into the excitation beam path to control the linear
polarization. CPL-TRMC experiments were carried out by introducing a quarter waveplate to the
linear polarization-dependent measurements to generate a circularly polarized beam. For all
polarization-dependent measurements, conductivity transients were recorded as three sets of 512
traces averaging for each polarization by alternating polarization for every measurement and

average values were taken. The schematic diagram of CPL-TRMC is shown in Figure 5.

Circular polarization-resolved femtosecond transient absorption (fs-TA) spectroscopy was
conducted using a Coherent Libra Ti:sapphire laser, operated with an output of 800 nm at 1 kHz.
A TOPAS optical parametric amplifier (OPA) generated 1020 nm pulses with pulse duration of
~150 fs. The pulse train was adjusted at 500 Hz through an optical chopper. White-light
continuous probe pulses with a range of 500—1500 nm were generated via self-phase modulation

by pumping a 1 cm thick sapphire crystal with an 800 nm pulse. Circularly polarized pump
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pulses were generated by introduction of a quarter waveplate into the beam path. A Helios

spectrometer (Ultrafast Systems) was used for collecting fs-TA spectra.!!> 1
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