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We discuss in this article the experimental measurements of the molecules in liquid crystal (LC) phase using the time-resolved infrared (IR)
vibrational spectroscopy and time-resolved electron diffraction. Liquid crystal phase is an important state of matter that exists between the solid
and liquid phases and it is common in natural systems as well as in organic electronics. Liquid crystals are orientationally ordered but loosely
packed, and therefore, the internal conformations and alignments of the molecular components of LCs can be modified by external stimuli.
Although advanced time-resolved diffraction techniques have revealed picosecond-scale molecular dynamics of single crystals and polycrystals,
direct observations of packing structures and ultrafast dynamics of soft materials have been hampered by blurry diffraction patterns. Here, we
report time-resolved IR vibrational spectroscopy and electron diffractometry to acquire ultrafast snapshots of a columnar LC material bearing a
photoactive core moiety. Differential-detection analyses of the combination of time-resolved IR vibrational spectroscopy and electron diffraction
are powerful tools for characterizing structures and photoinduced dynamics of soft materials.

Video Link

The video component of this article can be found at https://www.jove.com/video/57612/

Introduction

Liquid crystals (LCs) have a variety of functions and are widely used in scientific and technological applications1’2'3’4'5’6. The behavior of

LCs can be attributed to their orientational ordering as well as to the high mobility of their molecules. A molecular structure of LC materials

is typicallg characterized by a mesogen core and long flexible carbon chains that ensure high mobility of the LC molecules. Under external
stimuli”® ’10’“’12’13'14’15, such as light, electric fields, temperature changes, or mechanical pressure, small intra- and intermolecular motions

of the LC molecules cause drastic structural reordering in the system, leading to its functional behavior. To understand the functions of LC
materials, it is important to determine the molecular scale structure in the LC phase and identify the key motions of the molecular conformations
and packing deformations.

X-ray diffraction (XRD) is commonly employed as a powerful tool for determining structures of LC materials'®"""®, However, the diffraction

pattern originating from a functional stimuli-responsive core is often concealed by a broad halo pattern from the long carbon chains. An effective
solution to this problem is provided by time-resolved diffraction analysis, which enables direct observations of molecular dynamics using
photoexcitation. This technique extracts structural information about the photoresponsive aromatic moiety using the differences between the
diffraction patterns obtained before and after photoexcitation. These differences provide the means both to remove the background noise and

to directly observe the structural changes of interest. Analyses of the differential diffraction patterns reveal the modulated signals from the
photoactive moiety alone, thereby excluding the deleterious diffraction from the non-photoresponsive carbon chains. A description of this method
of differential diffraction analysis is provided in Hada, M. et al®.

Time-resolved diffraction measurements can provide structural information about the atomic rearrangements that occur during the phase
transition in materials?%2!22:23.24.25.26.21.28.29 54 chemical reactions among molecules®3"323334 ith these ap(g)lications in mind, remarkable
progress has been made in the development of ultrabright and ultrashort-pulsed X-ray35’36 and electron®" %94 goyrces. However, time-resolved
diffraction has only been applied to simple, isolated molecules or to single- or poly-crystals, in which highly ordered inorganic lattice or organic
molecules produce well-resolved diffraction patterns providing structural information. In contrast, ultrafast structural analyses of more complex
soft materials have been hampered because of their less ordered phases. In this study, we demonstrate the use of time-resolved electron
diffraction as well as transient absorption spectroscopy and time-resolved infrared gIR) vibrational spectroscopy to characterize the structural
dynamics of photoactive LC materials using this diffraction-extracted methodology1 .
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1.Time-Resolved Infrared Vibrational Spectroscopy

1. Sample preparation
1. Solution: Dissolve the -extended cyclooctatetraene (1-COT) molecules into dichloromethane with proper concentration (1 mmol/L).
2. LC phase: Melt the -COT powder on a calcium fluoride (CaF,) substrate using hot plate at the temperature of 100 °C. Cool the
sample at a room temperature.
Note: We need to choose a material (CaF, or barium fluoride (BaF5)) that is transparent in mid-IR range.

2. Apparatus setting-up
Switch on the titanium sapphire (Ti:sapphire) laser and the chirped pulse amplifier. Thermally stabilize them for several hours.

2. Make sure the alignments are correct. Check the power and stability of the ultraviolet (UV) pump and the mid-IR probe and re-align the
optical path if necessary. The optical setup of the time-resolved infrared spectroscopy is provided in Figure 5.

3. Cool the HgCdTe IR detector array using liquid nitrogen. Make sure that the spectrometer is properly located so that reasonable
amount of light is detected in the range of interest. Calibrate the spectrometer using absorption spectra of well-known materials such as
polystyrene or polyethylene terephthalate.

4. Mount a sample which shows large photo-induced transient response (Si wafer (1 mm) or Re(bpy)(CO);CI/CH3CN solution) on the
sample holder. Locate the pump-probe delay to a positive value and optimize the amount of the transient signal by stirring the pump
beam to ensure the pump-probe overlap.

5. Find the time origin setting by taking long-range scan on the pump-probe delay using the home-built program (Figure 6). Check the
position where the transient signal start to emerge.

6. Check the dynamics of symmetric and anti-symmetric vibration of CO stretching in Re(bpy)(CO)3;Cl whose dipole moments are
orthogonal. Note that both should show exactly same dynamics when the magic angle condition is properly met.

3. Measurement and data acquisition
1. Solution: Mount the home-built flow cell. Setup the bubbling device with inert gas (nitrogen (N,) or Argon (Ar)) if necessary. LC phase:
Mount the spin-coated T-COT sample with the substrate on the motorized stage to continuously move the laser spots on the sample to
minimize the laser-induced damage.
Doublecheck the time zero position with the sample.
Set the scan range of the pump-probe delay properly (start, end, and step).
Choose a directory to save data.
Start the data collection with the home-built program.
NOTE: The data are recorded automatically in the directory.

arwn

2. Time-Resolved Electron Diffraction

1. Fabrication of sample substrate

1. Purchase a silicon (001) wafer (200 um thick), both sides of which are pre- covered with 30-nm-thick silicon-rich silicon nitride (SizNg4, or
simply SiN) film (Figure 11A). Cut the SiN/Si/SiN wafer in square (15 x 15 mm )

2. Irradiate with Ar cluster ion beams®' at the fluence of 2.5 x 10" ions/cm? onto one of the sides of the SiN/Si/SiN wafer though a metal
mask (Figure 12), which is sufficient to remove the 30-nm-thick SiN film (Figure 11B,C).
NOTE: An alternative method to remove SiN film is plasma etching or ion beams etching.

3. Prepare potassium hydroxide (KOH)aqueous solution at a concentration of 28%.

4. Put the wafer into KOH solutlon at a temperature of 60-70 °C for 1-2 days (Figure 11D), which perform further etching of the Si wafer
via isotropic chemical etchlng
NOTE: The etching rate for Si by KOH solution is much faster than that for SiN, so the SiN thin film remains as self-supporting
membranes (Figure 11E).

5. Clean the wafer with SiIN membranes in deionized water and dry it with nitrogen gas.

2. Sample preparation

Dissolve the m-COT molecules in chloroform at a concentration of 10 mg/mL.

2. Program the spin-coater: accelerate to 2000 rpm in 5 s, keep the rotation for 30 s, and stop the rotation. Spin-coat the -COT solution
onto the SiN membrane substrate as shown in Figure 11F.
NOTE: A proper wafer size for spin-coating must be more than 10 x 10 mm? , since the surface tension sometimes interferes with spin-
coating of materials on smaller wafers, for example, a SiN membrane grid for transmission electron microscopy.

3. Put the sample coated on the SiN membrane substrate on a hotplate at a temperature of 100 °C, melt it, and cool it gradually to room
temperature (Figure 11G).

3. Measurements
1. Mount the sample on the sample holder with a screw and put the sample holder in the vacuum chamber (sample chamber).
2. Seal the vacuum chamber with a lid and switch on a rotary pump to evacuate the chamber until a vacuum level of less than 1000 Pa.
Then, switch on the molecular turbo pumps until the electron-gun chamber is at the vacuum level of ~ 10° Pa (typically for more than 12
h).
3. Switch on the Ti:sapphire laser and the chirp pulse amplifier, and thermally stabilize them for more than 1 h. The experimental setup of
the time-resolved electron diffraction is provided in Figure 9. Set the repetition rate to 500 Hz.
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4. Switch on the thriller of the charge-coupled device (CCD) camera and cool it to 10 °C.

5. Switch on the electrical power supply and adjust the voltage to 75 kV.

NOTE: The leak current of the power supply should not fluctuate out of the 0.1 pA range.

6. Special overlap. Open the laboratory-coded automatic program (Figure 10A) and set the exposure time (50 ms). Find the electron
beam position with a pinhole equipped in the sample holder using the program by setting Start type to Z_overlap for the overlap of Z-
axis and Y_overlap and pressing Start button.

7. Set the electron beam at the pinhole position and align the pump laser with the reflected pump light by the pinhole.

8. Measure the time-zero position with an inorganic material (Bi,Te3) on the sample holder using a laboratory-coded automatic program
(Figure 10B) by setting Start type to Time-resolved and pressing Start button. For this process, adjust the pump fluence to 2 mJfcm?,

9. Insert the Faraday cup to the pass of the electron beam and measure the fluence of the electron beam with a laboratory-built
picoammeter and adjust it by rotating the adjustable ND filter on the probe line. Adjust thefluence of the pump pulse by rotating the
waveplate on the pump line.

10. Move to the sample position and set the exposure time of the CCD camera. Obtain the electron diffraction image using the laboratory-
coded automatic program (Figure 10B) by setting Start type to Single and pressing Start button.

11. Switch on the Peltier element of the CCD camera and cool it down to the temperature of -20 °C.

12. Set the time-step and number of steps for the time-resolved measurements. Obtain the time-resolved electron diffraction images using
the laboratory-coded automatic program (Figure 10B) by setting Start type to Time-resolved and pressing Start button.

13. Obtain the time-resolved background image with the electron acceleration power supply switching off using the laboratory-coded
automatic program (Figure 10B) by setting Start type to Time-resolved and pressing Start button.

Representative Results

We chose a saddle-shaped m-COT skeleton®** as a photoactive core unit of the LC molecule, because it forms a well-defined columnar

stacking structure and because the central eight-membered COT ring is expected to show a photoinduced conformational change into a flat form
owing to the excited-state aromaticity19'45. Synthetic process of this material is Erovided in previous publicationw. The synthesized LC molecule
is composed of a T-COT core unit and a typical dendritic carbon chain moiety4 '47, with the molecular formula of Cy4H324N401,S4 (Figure 1).
The material exhibits a columnar LC phase at room temperature, which enabled the structural analysis of the LC phase to be performed without
controlling the temperature. Figure 2 shows the XRD pattern of the LC phase obtained using Cu Ka radiation. In the spectrum, several peaks
show up at low diffraction angles (20 < 10°; d > 8.8 A), along with a broad peak at a wide diffraction angle (26 = 20°; d = 4.4 A). The LC structure
is characterized as a rectangular columnar form, in which saddle molecules align on top of one another. The XRD analysis yielded the lattice
parameters of a = 62 A and b = 42 A. The intermolecular distance in the stacked column along the c-axis was obscured by a broad diffraction
peak originating from the dendritic carbon chain moiety. This situation is quite common for typical columnar LC materials.

The photoinduced dynamics of the columnar LC material consist of a sequence of structural motions on different timescale. First, a
conformational change occurs at the molecular level. This is followed by deformations of the local packing structure that take place around

the photoexcited molecules in the tr-stacked columns. We first performed transient transmission spectroscopy with various pump and probe
energies on thin films of the m-COT molecule, to confirm the optical excitation and associated photoinduced dynamics. Transient absorption
spectroscopy is the conventional type of time-resolved spectroscopy, which is commercially available these days. A 100 fs optical pulse from

a chirped-pulse amplifier is separated into pump and probe beams. The pulse in the pump beam (pump pulse) at a wavelength of 800 nm is
converted into photons of 266 nm wavelength by two beta barium borate (BBO) crystals. The pulse in the probe beam (probe pulse) is focused
through a sapphire window to generate white light (500-700 nm). The two optical pulses are focused onto the sample using fused-silica lenses,
and the transmitted white probe beam is dispersed by the spectrometer and detected with a Si photodiode. The incident fluence of the pump
beam used in our experiments was 1 mJ/cm?. The sample was spread onto a substrate of bulk CaF,, melted at 100°C on a hot plate, and then
cooled gradually to room temperature. The bulk BaF, and CaF, substrates are transparent over the wavelength range from 150 nm to 12 ym and
130 nm to 10 ym, respectively. The measurable wavelength range of these materials depends on the thickness of sample and substrate as well
as the intensity of IR light.

Figure 3A shows the transient visible transmittance at pump and probe energies of 4.7 eV and approximately 2.1 eV (wavelengths of 266 and
500-700 nm), respectively. A molecule that absorbs UV light is immediately excited to a far-from-equilibrium state (S,)) and transfers to the S,
state within 2 ps, as shown in Figure 3B. Once in the S; or T, state, the molecule returns to the Sy state in 20 or 150 ps (Figure 4). However, a
small proportion of the molecules remains in the excited state for over 1 ns. We fitted the transient transmittance with the following equation:

ATIT=Aexp(-t/ 1)+ Asexp (- t/1,) +As, (1)

where the first and second terms indicate exponential decay with the time-constants of 14 = 20 ps and 1, = 150 ps. The third term suggests the
decay of even longer timescale (>500 ps).
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To confirm the photoinduced conformational change, we performed time-resolved IR vibrational spectroscopy on the -COT thin film in the LC
phase.The experimental setup of UV Eumg at the wavelength of 266 nm and mid-infrared (IR) probe at the wavelength of 1050-1700 cm™ time-
resolved IR vibrational spectroscopy4 495051 is shown in Figure 5. The graphical user interface of the laboratory-coded automatic program is
shown in Figure 6. The measurements were performed in the transmission mode for T-COT molecules in solution (1 mmol/L in CH,Cl, solvent)
and for the LC phase coated on a CaF, substrate. A near-IR optical pulse (800 nm), with a pulse duration of 120 fs, was separated into pump
and probe beams with a beam splitter. The pump pulse was converted into a UV (266 nm) pulse by means of two BBO crystals and a calcite
crystal. One beam of the probe pulse was converted to mid-IR wavelength (1000-4000 cm’1) by using an optical parametric amplifier equipped
with a difference-frequency-generation crystal, AgGaS,. The UV pump and mid-IR probe pulses were focused on the sample with lenses. The
angle of incidence of the pump and probe beams were set to be approximately perpendicular to the surface of the sample. The repetition rate
and the incident fluence of the UV pump pulse were 500 Hz and 1 mJ/cmz, respectively. The broad-bandwidth probe pulse was dispersed by a
gratinsg and then acquired by a 64-channel, HgCdTe IR detector array. The ultrafast electronic response of silicon was used to determine "time-
zero" when the pump and probe pulses arrive simultaneously at the sample position. Different types of sample holders were used to measure
the samples in solution and in the LC phase. The LC coated on CaF, substrate was held by a clamp on a simple optical holder mounted on a
motorized state. The motorized stage moved the sample relative to the laser focusing spot incoherently with the pump-probe measurements to
minimize the laser-induced damage. In contrast, the sample in solution was introduced into a laboratory-built liquid-flow cell equipped with two
BaF, windows, with an optical path length of 100 um through the sample. The liquid-flow cell is a closed-loop system supplied by a diaphragm
pump.

The observed IR-active modes in the saddle and flat structures were assigned according to density-functional-theory (DFT) frequency
calculations. Details of the DFT calculations are provided in the main text and in the supplementary materials of a previous publicationw. The
resulting time-resolved spectra display the evolution of the molecular vibrational modes of the planar T-COT unit. Figure 7 shows the differential
vibrational spectrum at a delay time of 100 ps, along with the calculated T4-Sy differential vibrational spectrum, which was obtained by subtracting
the spectrum of the saddle form in Sy from the spectrum at the flat form in T4. The figure shows that the experimental data and the calculations
are broadly in agreement with each other. Better agreement was obtained with the T4-S; spectrum than with the S-Sy spectrum, although both
the S; and T4 optimized structures exhibited similar flat conformations. After the photoexcitation, we observed several peaks in the vibrational
spectra. The characteristic peaks at the wavenumbers of 1183, 1338 and 1489 cm’’ correspond to the stretching modes of the COT and thiazole
rings or of the biphenyl moieties, which are weakly or non-IR-active in the saddle form in Sy but strongly-IR-active in the flat form in T4. The
time-dependent evolution of the peak intensity at 1338 cm reveals dynamics identical to those observed using transient visible transmission
spectroscopy. Thus, the photoinduced dynamics at the molecular level are characterized by a saddle-to-flat conformational change of the -
COT unit within 2 ps, followed by relaxation back to the initial saddle form in 10-20 ps or 150 ps (Figure 8A). The time-resolved IR spectra were
also fitted with Eq. (1). According to the time-evolution of the IR peak intensity (1335 cm'1) from the 7-COT in solution (Figure 8B), only the fast
time-constant (10-20 ps) was observed. Therefore, the fast time-constant observed in Figure 3B and Figure 8B corresponds to the relaxation
dynamics of isolated molecules, which are generally located at the surface or the interface of LC materials.

To examine packing deformation at the locations of the photoexcited molecules in the condensed LC phase, we performed time-resolved
electron diffraction measurements.The experimental setup employed for compact, direct-current (DC) accelerated electron diffraction
measurements®>** is shown in Figure 9. The graphical user interfaces of the laboratory-coded automatic programs are shown in Figure 10. The
process of the sample preparation is summarized in Figure 11, and the sample film thickness was determined with single-wavelength (635 nm)
ellipsometer to be ~100 nm, where the methodology is provided in Hada, M. et al.%®. The detail of the metal mask used for the cluster ion beam
irradiation is provided in Figure 12.

A near-IR optical pulse (800 nm) with the pulse duration of 120 fs was separated with a beam splitter into two beams: pump beam and probe
beam. The near-IR pulse in the pump beam was converted into UV (266 nm) pulse using second-harmonic generation (SHG) in a BBO crystal
followed by a calcite crystal, and by another BBO crystal for third-harmonic generation (THG). The calcite crystal is used to adjust the arrival time
of the fundamental light and the SHG light so that they arrive simultaneously at the second BBO crystal for THG. The pump pulse is focused

by a fused silica lens to photoexcite the ~100 nm thick film of T-COT molecule in the LC phase. The near-IR pulse in the probe beam was
likewise converted into a UV pulse and was focused onto a gold photocathode to generate an electron pulse. The UV pulse used to generate
electrons was stretched by a 25 mm thick fused-silica plate to a duration of >500 fs. The vacuum chamber used for time-resolved electron
diffraction was separated in two parts, i.e., the gun chamber and sample chamber. The photocathode and electrode were Placed in the electron-
gun chamber at a vacuum level of ~10° Pa, and the sample was placed in the sample chamber at a vacuum level of ~10™ Pa. The electron
pulse was accelerated to an energy of 75 keV by a DC field. The electrons that were diffracted and directly transmitted through the sample
were focused with a magnetic lens onto a 1:2 fiber-coupled CCD camera coated with a P43 (Gd,0,S:Tb) phosphor scintillator. The time delay
between the pump and probe pulses was varied by an optical state in the pump beam.

The spot sizes of the pump UV pulse and probe electron pulse was measured to be 210 and 100 um, respectively, using a knife edge. The
incident laser fluence was 1.2 mJ/cm?. From the transmission and reflectivity of the sample-measured to be 40% and 30%, respectively, the
absorption fluence was determined to be 0.36 mJ/cm?. Photoinduced structural changes inside the material were investigated with electron
pulses containing 2 x 10* electrons (3 fC). The time-zero was determined from the ultrafast-atomic response of an inorganic material (Bi2Te3)56.
The pulse duration of the electron beam was determined to be on the order of 1 ps by a plasma method®’. The relation between the Q-value and
the pixel size in the CCD camera was also calibrated using the (110) and (300) diffraction spots from Bi,Te;. To acquire one electron-diffraction
image, 1 x 10* electron pulses were collected at a repetition rate of 500 Hz. The quality of the SiIN membrane is determined by its electron
diffraction pattern, i.e., the electron diffraction pattern cannot be observed from the SiN membrane because it is amorphous (Figure 13A).
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The two-dimensional electron diffraction patterns from the LC thin film showed an ill-defined, broad halo ring originating from the long carbon
chains (Figure 13B), similar to the wide XRD peak observed at the diffraction angle 26 = 20°. This broad halo, which is typically observed in

LC materials, is composed of a number of diffraction peaks produced by the long carbon chains and a few peaks originating from the functional
core moiety (Figure 14). Under external stimuli, such as photoirradiation, structural deformations are induced around the stimuli-responsive core
moieties, and modulation of the peak in the diffraction pattern occurs subsequently. By subtracting the initial diffraction pattern from that obtained
500 ps after UV pulse irradiation, we can extract the modulated diffraction pattern induced by the UV irradiation. The resulting differential
diffraction pattern is well defined, with clearly observable negative and positive rings (Figure 13C), in spite of small amounts of peak modulation.
The negative peaks from the original structure disappear upon photoirradiation, while the positive peaks indicate the formation of the new
ordered structure.

The radial averages of the differential diffraction patterns at -50 and 500 ps after the UV pulse irradiation are presented in Figure 15A. Negative
peaks are observed to develop at Q-values of 0.245 A'and 0.270 A™. Using molecular dynamics (MD) simulations, we calculated the differential
electron diffraction pattern shown in Figure 15B. The details of the MD calculations are provided in the main text and supplementary materials of
reference 19. Fitting of the experimental data to the MD simulations suggests that, before photoexcitation, the structure had periodic lengths of
4.55 A and 3.7 A corresponding to the periodicity of the T-COT molecules along the c-axis and to the distance between the 1r-stacked biphenyl
units, respectively. It is also worth mentioning that the corresponding dynamics is observed using time-resolved electron diffraction. The time-
evolution of the intensities of the negative and positive diffraction peaks is shown in Figure 16. The destruction of the -1 stacking order occurs
on a timescale of 300 ps and is slower than the saddle-to-flat conformational change of the molecular framework. The positive peak (at 0.37 A'1)
starts to increase 200 ps after the photoexcitation.

For further interpretation of the time-resolved spectroscopy and diffraction, the photoexcitation level of the sample must be addressed. Using

the number of incident photons (1.2 mJ/cmz) and the number of molecules per unit area, we calculated that approximately 25% of the molecules
absorb UV light and potentially undergo the saddle-to-flat conformational change. As shown by transient transmission spectroscopy and time-
resolved IR vibrational spectroscopy, most photoexcited molecules relaxed to the initial state in 150 ps, but some molecules exhibited rather slow
dynamics in the LC phase. In particular, 7-8% of the photoexcited molecules, at most 2% of all the molecules in the material, remained in the flat
conformation for 300-1000 ps. Thus, these photoexcited flattened molecules were sandwiched between unexcited saddle-shaped molecules. To
explore the subsequent packing deformations in the stacked column, we performed further MD calculations, considering five stacked molecules
arranged with the order of saddle-saddle-flat-saddle-saddle conformers. In the columnar structure, the saddle-to-flat conformational change of

a photoexcited molecule induces significant steric repulsion against the rigid biphenyl parts of the neighboring molecules. To avoid the steric
hindrance, local structural deformations triggered twisting motions in the stacked molecules on a timescale of ~300 ps.

In Figure 17, we summarize our findings for the photoinduced dynamics of the m-COT molecules. The UV-photoexcitation triggers a saddle-to-
flat conformational change within a few picoseconds into T4 or Sy of the photoresponsive core. Most of the flat-shaped, electronically excited
molecules relax to their original forms within 20 ps (for isolated molecules) or 150 ps (for stacked molecules). However, a small percentage
remain in the LC phase, sandwiched between the saddle-shaped molecules. Owing to the steric effects among the differently shaped molecules
in the columnar packing structure, twisting motions occur within 300 ps, destroying the local stacking structure and constructing a new periodicity.

Ar Ar
i S N=
N. 7 NS OC5Hzs
(3 & JrN Ar= 0C|2H25
N 5 0C15Hos
Ar Ar

Figure 1: Chemical structure of the m-COT-based LC molecule. The molecular formula of the m-COT-based LC molecule is Cp4H324N4012S4
with a molecular weight of 3153.03. Please click here to view a larger version of this figure.
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Figure 2: The static XRD spectrum. The X-ray diffraction pattern displays several peaks, as indicated by the red arrows. The peak assignment
of those indicated by red arrows are shown in the supplementary materials of Hada, M. et al."®. The blue blanket indicates the (001) peak of the
m-COT molecule. Please click here to view a larger version of this figure.
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Figure 3: Time evolution of the transient transmission spectrum. (A) The rising signal component has a time-constant of 2 ps, and (B) the
relaxation time-constants are 20 and 150 ps. This figure has been adapted from Hada, M. et al.'®. Please click here to view a larger version of
this figure.
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Figure 4: Schematic energy diagram of the conformational change of the m-COT core unit. The dynamical transition from a saddle (Sy) to
a flat (S4 or T,) structure is determined from the transient transmission spectrum. Please click here to view a larger version of this figure.
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Figure 5: Schematic diagram showing the experimental setup for time-resolved IR vibrational spectroscopy. A Ti:sapphire oscillator
generates an IR pulse with a wavelength of 800 nm, pulse duration of 120 fs, power of ~10 nJ and repetition rate of 80 MHz. A chirped pulse
amplifier amplifies this pulse to a power of ~4 mJ and with a repetition rate of 1 kHz. The symbols BS, A/2, BBOs and calcite, and ODL represent
the beam splitter, A/’2 waveplate, BBO and calcite crystals and optical delay line, respectively. Please click here to view a larger version of this
figure.
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Figure 6: Graphic user interface of the laboratory-built program for time-resolved IR vibrational spectroscopy. (A) Setting units for the
delay. (B) Control panels for the HgCdTe infrared spectrometer. Please click here to view a larger version of this figure.
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Figure 7: Time-resolved IR spectroscopy of a m-COT-based LC thin film. (A, B) Differential IR vibrational spectrum measured with a time
delay of 100 ps compared to the calculated differential vibrational spectrum (T4-Sg). The scaling factor for the calculated spectrum is 0.97. (C)
Vibrational peak assignment for the T, spectrum. The peaks are classified as vibrational modes of the COT and thiazole rings, the alkoxy group
or the biphenyl group. This figure has been adapted from Hada, M. et al.’®. Please click here to view a larger version of this figure.
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Figure 8: Time evolution of the IR peak intensity. (A) The representative wavenumbers are 1338 cm™in the LC phase and (B) 1335 cm’’

in the solution phase. The fast (20 ps) and slow (150 ps) time-constants are identical to the dynamics observed in isolated molecules and in
molecules in the LC phase. The black dots and red solid lines represent the experimental data and the fitted exponential curves given by the Eq.
(1), respectivel}l. The inset of the figures represent the enlarged views of each figure withlogarithmic display. This figure has been adapted from
Hada, M. et al.’. Please click here to view a larger version of this figure.
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Figure 9: Schematic illustration of the experimental setup for time-resolved electron diffraction. A chirped pulse amplifier generates an
optical pulse with a wavelength of 800 nm, pulse duration of 120 fs, power of ~2.5 mJ, and repetition rate of 1 kHz. The symbols BBOs and
calcite, FS, and FC represent BBO and calcite crystals, fused silica, and faraday cap, respectively. Please click here to view a larger version of
this figure.
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Figure 10: Graphic user interface of the programs for the time-resolved electron diffraction. (A) GUI for the special overlap. The image
area shows the electron beam passed through the pinhole. The graphic area shows the electron beam intensity with a function of the pinhole
positions. The Z-axis and Y-axis stages equipped by the sample holder (and pinhole) automatically move and the intensity of the electron beam
is plotted when one selects the Start type as Z_overlap and Y_overlap, and then presses the Start button. (B) GUI for the time-resolved
electron diffraction measurements. The image area shows electron diffraction patterns. The stage of the optical delay line automatically moves,
and the electron diffraction patterns are obtained when one selects the Start type as Time-resolved, and then presses the Start button. Static
diffraction is also obtained with selecting the Start type as Single and pressing the Start button. Please click here to view a larger version of this
figure.
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Figure 11: Protocol to make a SiN membrane. (A)Si wafer is coated with a SiN thin film on both sides. (B, C) Irradiation using an Ar cluster ion
beam removes the SiN thin film on one side of the wafer. (D) Si etching with a KOH solution. (E) The SiN membrane for the sample substrate. (F)
The sample solution is spin-coated onto the front side of the substrate. (G) The sample on the substrate is heated up to 100 °C and cooled down
to room temperature. Please click here to view a larger version of this figure.
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Figure 12: Design of the metal mask. The metal mask is made from stainless steel. The size of the holes (d: 1.1 mm) is determined by the size
of the window (w: 0.5 mm) and the thickness of the wafer (/: 0.3 mm) following the equation of d = w + 2/. The square-shape windows can be
created from the round-shape holes due to the isotropic etching of Si wafer. Please click here to view a larger version of this figure.
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Figure 13: Electron diffraction patterns from a w-COT-based LC thin film. (A) The electron diffraction pattern from SiN membrane substrate.
(B) The electron diffraction pattern from m-COT-based LC thin film without photoexcitation. (C) Differential diffraction pattern fromm-COT-based

LC thin film obtained with and without photoexcitation. The scale bars are the inset in the figure. Please click here to view a larger version of this
figure.

I Carbon chain Al
f
ﬂ n Photoresponsive core II| Q
||| J I\_
I |
e |
0 "

Figure 14: A schematic of the differential diffraction method. (A) The peaks from the photoresponsive moieties are buried in a broad halo

pattern from the long carbon chains. (B) The differential diffraction method can detect the peaks from photoresponsive moieties. Please click
here to view a larger version of this figure.
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Figure 15: Ultrafast time-resolved electron diffraction from a w-COT-based LC thin film. (A) Differential electron diffraction pattern at -50
and 500 ps. The red and blue arrows indicate positive and negative peaks, respectively. (B) Simulated differential electron diffraction pattern

based on an MD calculation of a columnar m-stacked structure. This figure has been adapted from Hada, M. et al."®. Please click here to view a
larger version of this figure.
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Figure 16: Time evolution of the electron diffraction peaks. (A) The Q-values of 0.245 A" and (B) 0.37 A" Here, the Q-value is defined
as the reciprocal number of the lattice distance (d). The error bars present the standard deviation of 20 measurements. This figure has been
adapted from Hada, M. et al."®. Please click here to view a larger version of this figure.
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Figure 17: Structural dynamics of the photoexcited columnar LC. The dynamics of the columnar LC structure were observed using time-
resolved IR vibrational spectroscopy and time-resolved electron diffraction. Please click here to view a larger version of this figure.

The crucial step of the process during the time-resolved electron diffraction measurements is maintaining the high voltage (75 keV) without
current fluctuation since the distance between the photocathode and anode plate is only ~10 mm. If the current fluctuates above the range of 0.1
JA before or during the experiments, increase the acceleration voltage up to 90 keV to discharge and set it again to 75 keV. This conditioning
process has to be done until the current fluctuates in the range of 0.1 pA. The proper design of the electron source with enough dielectric
strength is the most important point to develop this kind of machine.

In general, time-resolved IR vibrational spectroscopy and time-resolved electron diffraction techniques can be applied for only the materials
that undergo photoinduced structural changes. However, these techniques have great advantages to observe the structural dynamics on soft
materials because the electron probe is more sensitive to the positions of light elements (carbon, oxygen, nitrogen, hydrogen, etc.) than the X-

ray probes, and because the mid-IR probe is more sensitive to the vibrational mode of the bonds between the light elements than the light with
other range of wavelength.

In summary, differential-detection analyses of the combination of time-resolved IR vibrational spectroscopy and electron diffractometry can
provide direct observations of the structures and the dynamics of LC materials. This approach can be applied more generally to determine

the local structural motions of stimuli-responsive units in complicated soft matter systems, such as cell-membrane proteins, suggesting a new
direction for the science of ultrafast structural dynamics.
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