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Construction of a Fast Low-Frequency Raman
Spectrometer and Its Application to Real-Time Tracing

of the Melting Process of Crystalline 1,1’-binaphthyl

Student: Szu-Cheng Wang Advisor: Dr. Shinsuke Shigeto

M. S. Program, Department of Applied Chemistry
National Chiao Tung University
Abstract (in English)

Low-frequency (<200 cm ') Raman spectroscopy enables us to investigate
intermolecular vibrations and lattice vibrations in condensed phase materials. However,
low-frequency Raman signals can be almost completely buried under vast Rayleigh scattering.
Typical commercial notch filters are not effective enough to eliminate Rayleigh scattering and
do not allow us to reach the frequency region below 200 cm '. Moreover, in order to keep
track of dynamic processes such as phase transitions, multichannel detection rather than
single-channel detection with a double/triple monochromator is required. In this work, by
combining an I, vapor-containing cell as a Rayleigh rejection filter with a multichannel
Raman spectrometer, we have successfully recorded Raman spectra down to ~10 cm™' in both
Stokes and anti-Stokes sides simultaneously. The constructed Raman spectrometer has then
been applied to crystalline 1,1’-binaphthyl, which has two different crystal polymorphs, that is,
the cisoid and transoid forms. They show quite distinct spectral features in the low-frequency
region (—200—+200 cm ). Real-time tracing of the melting process of two crystalline forms
have also been conducted with rapid heating. A series of Raman spectra have been recorded
every 0.2 sec, in which spectral changes of low-frequency bands are clearly observed. In
addition, the sample temperature has been accurately estimated from the Stokes/anti-Stokes
intensity ratio of the Raman bands. Base on the temperature-dependent Raman spectra and
theoretical calculations, the 26 cm | band of the transoid form and the 100 cm ' band of the
cisoid form are assigned to the torsional vibration and out-of-plane deformation of the C—C
single bond, respectively. Moreover, the peak position of each low-frequency band has been
determined from the fitting. We found that peak shifts due to thermal expansion for the
transoid form are smaller than those for the cisoid form. Thus, intermolecular interactions in
the transoid form are stronger compared with those in the cisoid form. This finding is

consistent with their X-ray crystal structures.
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Chapter 1

General Introduction



I-1. Motivation of this study

How can we understand crystal structural changes upon heating from the molecular
viewpoint? Differential scanning calorimetry (DSC), which is a widely used technique in
thermodynamic studies, can trace the free energy changes of materials and provides us with
macroscopic understandings of phase transitions such as melting or crystallization processes
[1, 2]. For further understanding of dynamical and microscopic aspects of these phase
transitions, elucidation of the loss of a crystal structure and associated changes in
intermolecular interactions during the melting process is deemed necessary. The purpose of
the present study is to construct a spectroscopic apparatus that enables us to rapidly (<1 sec)
monitor changes in intermolecular interactions and thereby deepens our understanding of

phase transition at the molecular level.

I-2. Raman measurements of low-frequency motions

Intermolecular forces in molecular assemblies are reflected in intermolecular and/or
collective motions. The frequency of these motions is usually smaller than 200 cm ' (6 THz
or 20 meV) and is observed in the low-frequency region of an optical spectrum.
Measurements of Raman scattering in the frequency region below 200 cm ' have been used
for investigating the intermolecular and/or collective motions of materials in the condensed
phase. For example, the optically active lattice vibrations, which correspond to the optical
phonon modes at k = 0 [3, 4], are observed below 500 cm™ ' for alkali halides [5]. Similarly,
the phonon modes of aromatic hydrocarbon crystals are observed below 150 cm ',
corresponding to librational lattice vibrations. The intermolecular vibrations of water are

detected at 780, 450, 175, and 60 cm ' due to hydrogen bonding interactions [6].



These low-frequency motions were conventionally studied with a scanning Raman
spectrometer, which is composed of a large multiple monochromator and a single-channel
detector such as a photomultiplier tube (PMT) [7]. More recently, the progress in ultrafast
lasers has enabled the measurement of low-frequency Raman spectra in the time-domain by
using the optical Kerr effect (OKE) [8, 9]. Both these spectroscopic techniques employ the
single-channel detection for obtaining a spectrum. It needs to scan the grating of a
monochromator or to change the time delay in a step-by-step fashion. The single-channel
detection is not suitable for measuring a rapidly changing substance, because it cannot
simultaneously detect a wide range (>1000 cm ') of a spectrum and requires a long time for

obtaining the whole spectrum.

The low-frequency motions, especially phonon modes in crystals, are also measured by
far-IR (or THz) spectroscopy [10, 11], hyper-Raman spectroscopy [12-15], and neutron
inelastic scattering [16]. Far-IR spectroscopy, both in the frequency-domain and the
time-domain, employs the single-channel detection. Although hyper-Raman and neutron
scattering can be detected by a multichannel detector, they need a very long acquisition time
due to the small scattering cross sections. Thus, it is not easy to apply these techniques to the

fast tracing of low-frequency motions.

I-3. Multichannel detection in Raman spectroscopy

There is no doubt that the use of an optical multichannel detector such as a charge
coupled device (CCD) camera is one of the greatest innovations in Raman spectroscopy [17].
Multichannel detectors have more advantages compared with single-channel detectors in
Raman spectroscopic measurements. They enable us to detect spatially dispersed signals
simultaneously without scanning the grating of a spectrograph. A wide range of Raman

3



spectrum can be recorded in a short exposure time (<0.1 sec) with high spectral
reproducibility. Furthermore, because the fluctuation of the excitation laser does not affect the
observed spectra, the relative band intensities in the Raman spectra are highly reliable. If one
can fully utilize the advantages of multichannel detection, Raman spectra of a short-lived

transient species may be obtained.

In order to apply the multichannel detection technique to low-frequency Raman
spectroscopy, immense Rayleigh scattered light should be selectively reduced. Typically
commercial notch filters have a broad Rayleigh band rejection of >200 cm™' (figure I-1). It

rejects not only Rayleigh scattering but also low-frequency Raman scattered signals.

A number of studies related to multichannel low-frequency Raman measurements with
the use of narrow bandwidth or sharp cutoff Rayleigh scattering elimination filters have been
reported recently. Using multiple holographic notch filters [18] and a chevron-type dielectric

filter [19] enable Raman measurements down to 28 cm ' and 20 cm ', respectively. A

Wavelength (nm)
0 510

StopLine® single-notch filter for 514 nm laser

0.8
0.6

0.4 —

Transmittance

0.2 5

0'0 |IIII|IIII|IIIIIIIII|IIIIIIIII|III|||II|||IIIIIIII

19000 19200 19400 19600 19800
-1
Wavenumber (cm )

Figure I-1. Transmittance spectrum of a commercially available notch filter
(StopLine single-notch filter for 514.5nm excitation purchased from Semrock)
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multichannel Raman spectrometer with a zero-dispersion double grating filter could measured
a Raman spectrum down to 5 cm ' [20], but only the Stokes side of the spectrum was

recorded.

I1-4. Vapor filters for Rayleigh scattering elimination

Absorption bands of atomic or molecular vapor have been used for eliminating strong
Rayleigh scattering (table I-1). The Rayleigh scattering elimination efficiency of these bands
is as high as 10 O.D. with Doppler-limited narrow bandwidth. If a certain vapor absorption
band has exactly the same wavelength as that of the excitation light, it can be regarded as an
ultra “notch” filter. The use of a vapor filter was first reported by Rasetti in 1930 [21]. The
author used mercury vapor for eliminating the Raman excitation light, which was the 253.7
nm resonance line of a mercury arc lamp. After the development of laser Raman spectroscopy,

many other vapor filters were combined with various lasers for this purpose.

Table I-1. Absorbing atom/molecule and excitation source combinations

Atom or Wavelength Excitation source
Molecule (nm)
Hg 253.7 Mercury arc [25], Frequency-doubled dye laser [36]
Pb 283.3 Frequency-doubled dye laser [22]
Cs 388.9 Frequency-doubled Alexandrite laser [22]
852.0 Diode laser [23]
I, 514.5 Argon ion laser [24-31]
532.0 Frequency-doubled Nd:YAG laser[32-34]
Ba 553.7 Dye laser [22]
Na* 589.0 Dye laser [35]
K 769.9 Ti: sapphire laser [36]
Rb 780.0 Alexandrite laser, Ti: sapphire laser [37-39]
Ce 894.4 Ti: sapphire laser [38]

*Sodium-seeded flame is used for elimination



Devlin and co-workers used iodine vapor absorption bands for eliminating an Ar-ion
laser line (A = 514.5 nm) in 1971 [24]. Two electronic vibrational-rotational absorption lines
of iodine vapor were selected [40]. One is the transition from the 12th rotation level of the
zeroth vibrational level of the ground electronic state (X IZ; ) to the 11throtational level of
the 43rd vibrational level of the (B’[[}) electronic excited state, i.e. 0-43 P(12). The other is
0-43 R(14) between the same electronic levels. For iodine vapor to work as a filter for the
Rayleigh scattered argon-ion laser light, the laser must be single moded and the frequency of
the single mode need to be accurately adjusted to 19429.82 cm '. Single moding of the laser
is necessary because of the extreme narrow width of the iodine rotational line (250-300 MHz

or about 0.01 cm ).

In the 1970s and 1980s, the iodine vapor filter was frequently used for low-frequency
Raman or Brillouin scattering measurements, combined with a single-channel spectrometer
such as a single/double monochromator or a Fabry-Pérot interferometer [28-34]. Wall and
co-workers reported the use of an iodine vapor filter with multichannel detection [28-30].
They used a double monochromator converted to a polychromator and an intensified
photodiode array for investigating surface enhanced Raman scattering from —60 to +60 cm .
The iodine vapor filter has not been used frequently after the 1990s, because the vibrational
and rotational structure of the I, vapor absorption causes spiky artifacts appearing on the
observed spectrum. The elimination of these artifacts was troublesome when the filter was
used with a scanning spectrometer [25]. In 2009, Okajima and Hamaguchi revived the iodine
vapor filter and developed a novel low-frequency Raman spectrometer by combining the filter
with a multichannel detector [31]. Before this revival, the I, vapor filter has been used mainly
for measurements of filtered Rayleigh scattering in flow field imaging [32, 33] and airborne

lidar [34] instead of low-frequency Raman measurements.



The use of alkali metal vapor was reported in the 1990s [35-39]. Unlike iodine vapor,
metal vapor has no vibrational and rotational structures in the absorption lines and does not
give extra spiky artifacts in the spectra. Thus, intensity correction of the observed spectrum
became quite easy. The only but most serious experimental problem in using metal vapor
filters is the existence of strong resonance fluorescence at the absorption wavelength.
Quenching gas such as Ar or N, should be added into the filter; otherwise the fluorescence
interferes with the low-frequency Raman spectrum to a great extent. However, the quenching
gas makes the absorption lines broader, so elimination bandwidth of the metal vapor filters is

typically larger than a few cm ' [38].

I-5. Content of this thesis

The rest of this thesis is organized as follows. In Chapter 11, I describe the multichannel
low-frequency Raman spectrometer constructed in the present study. The working principle of
this technique is mentioned in detail. In addition, the major components of the apparatus such
as the iodine vapor filter, single-mode Ar-ion laser, and multichannel detector are described.
The performance and advantages of the apparatus are also discussed in comparison with
single-channel detection. In Chapter III, the application of the constructed low-frequency
Raman system to the crystal polymorphs and melting process of 1,1'-binaphthyl is presented.
The Raman spectra of the two crystal forms are compared especially for the spectral range
below 200 cm ', which provide useful information about intermolecular interactions between
1,1'-binaphthyl molecules in the crystal structure. We also discuss the relationship between
the Raman spectra of the two crystal forms and their crystal structures. Finally, I conclude my
master work in Chapter IV and discuss the future perspective of low-frequency Raman
spectroscopy in order to improve the spectral quality for better elucidation of low-frequency

Raman spectra.



Chapter 11

Construction of a Fast Multichannel

Low-Frequency Raman Spectrometer



I1-1. Introduction

The low-frequency region (<200 cm ') of Raman spectra contains a wealth of
information on intermolecular vibrations and lattice vibrations of molecular and ionic
compounds in the condensed phase. In order to investigate the change of the crystal structure
during the melting process, it is important to record a low-frequency Raman spectrum in a
short measurement time (<1 sec). By using a multichannel detector such as a charge coupled
device (CCD) camera, fast Raman measurements become possible. In the present study, we
have constructed a fast multichannel Raman spectrometer, which can cover a wide spectral
region (—200—-1100 cm™"). An absorption band of iodine vapor, having as narrow as 0.03 cm '
bandwidth, is selected to eliminate gigantic Rayleigh scattering.

As mentioned in Chapter I, the iodine vapor had been used with a single-mode Ar-ion

~500 MHz

(~0.02 cm™)
—»| |« Two of the I, vapor

\ absorption bands

Laser gain profile

Laser intensity

-8 -6 -4 -2 0
Frequency from the gain center (GHz)

Figure II-1. Laser gain curve and cavity modes of an Ar-ion laser.
One of the absorption bands of iodine vapor is extremely close to the
laser gain maximum (1.5 GHz higher).



laser in the 1970-80s for eliminating strong Rayleigh scattering [25-30]. Two of the iodine
vapor absorption bands lie very close (1.5 GHz higher) to the gain maximum of an Ar-ion
laser (figure II-1). These two absorption bands have a broader bandwidth (~500 MHz) than
one laser cavity mode (40 MHz). Hence, The Rayleigh scattered light can be removed by this
I, absorption band with high efficiency. Unfortunately, this excellent ability of I, vapor to get
rid of Rayleigh scattering has rarely been used for Raman measurements because the
superfluous artifacts caused by I,-vapor absorption structure appear in the observed Raman
spectra.

Not only the Argon ion laser but other single-mode laser can be combined with the I,
vapor filter, because the iodine vapor has many vibronic transitions in the visible region [41,
42]. For the measurements of filtered Rayleigh scattering in flow field imaging [32, 33] or
airborne lidar [34], a single longitudinal mode frequency-doubled Nd:YAG laser is combined
with the iodine vapor filter (figure II-2). Also, a large number of the iodine vapor absorption
bands are used as the spectral standard. Some of these absorption bands are used for
stabilizing the frequency of various single-mode lasers; both gas lasers such as Ar-ion (514.5
nm) [43], Kr-ion (568.2, 530.9, 520.8 nm) [44], He-Ne (632.8 nm) laser [45-47], and
solid-state lasers such as a frequency-doubled Nd:YAG (532.0 nm) [48, 49]. The versatility of
the iodine vapor filter has been revealed above.

In what follows, the constructed low-frequency Raman spectrometer, which is
composed of a single-mode Ar-ion laser, an iodine vapor filter, a polychromator and a CCD
camera, is fully discussed. In addition, the advantages of the multichannel detection,
especially high wavenmber reproducibility (<1 ¢cm') and short measurement time (<1 sec),

are also shown.
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I1I-2. Multichannel low-frequency Raman spectrometer using a

single-mode Ar-ion laser (514.5 nm) and I, vapor filter

The fast multichannel low-frequency Raman system used in the present study was originally
developed by Okajima and Hamaguchi [31] and subsequently constructed as a new setup at
NCTU by us. In this section, the combination of a multichannel Raman spectrometer and an I,
vapor filter is described. A single-mode Argon ion laser is used as the excitation source, which
is the same as the previous low-frequency Raman studies [25-30] with an I, vapor filter. The

advantages of this technique are also discussed.

I1-2-1. Experimental setup
Iodine vapor filter

Figure I1-3 shows the cylindrical cell (purchased from Sacher Lasertechnik) we used.
It is made of glass with a diameter of 2.5 cm and a length of 10 cm, and contains iodine solids.
Few milligrams of iodine are placed inside the cell and sealed at a high vacuum level (<10~
torr). The purity level of the natural elements used in manufacturing I, vapor cell is higher

than 98%.

10 cm

Figure I1-3. Todine vapor filter used in the present study.
(Purchased from Sacher Lasertechnik )
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The iodine inside the cell is in the gas-solid equilibrium, and its vapor pressure
depends on the temperature. Figure I1-4 shows the pressure of iodine vapor under the

gas—solid equilibrium estimated from the following equation [50].

log (P) = 3.36429 — (———) (311.8< T=456) (11-1)

— 146.589

where P is the vapor pressure of the I, vapor filter (bar), 7T is the temperature inside the cell
(K). The vapor pressure increases almost exponentially with the temperature. A small
fluctuation in the filter temperature causes a large change in the vapor pressure, which is
proportional to the transmittance of the vapor filter. Therefore, the cell temperature should be
highly stabilized during the experiment. In our I, vapor filter, we used a rubber heater, which
wraps the whole glass cylinder in order to elevate the filter temperature (figure 1I-5). A
chromel-alumel thermocouple placed between the rubber heater and filter is used to monitor
the cell temperature. In each experiment, the cell temperature is kept at 95 °C and regulated

within =1 °C during the measurement.

700 —
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320 340 360 380 400 420 440 460
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Figure II-4. Temperature dependent of iodine vapor pressure in the gas—solid equilibrium.

13



I, solids

e

Figure II-5. Photographs of the I, vapor filter were taken at different filter temperatures
(a) 24 °C (room temperature)
(b) 95 °C

Single-mode Ar-ion laser

A water-cooled Ar-ion laser is used as the excitation source (Beam Lok 2060 with
Z-Lok option, Spectra Physics). Figure II-6 shows a schematic diagram of this laser. An
etalon consists solely of two partial reflecting surfaces with parallel alignment to each other.
When it is inserted within a laser cavity, the partial reflectors create multiple, overlapping
beams, which are directed out of the cavity by an intentional small tilt of the etalon with
respect to the laser beam. Because of the “destructive interference” of the reflected beams at
particular frequencies, almost no light actually comes out from the cavity. However, once the

off-peak mode beams are reflected out of the cavity, the single-mode laser line is generated.

Because the cavity length of the laser is 1.1 meters, the mode spacing of each adjacent cavity
modes is about 136 MHz. The full width at half maximum (FWHM) of the single-mode laser
line is less than 40 MHz, which is much narrower than that of the iodine vapor absorption (~1
GHz). In order to fine tune the single-mode laser line to the I, vapor absorption band, the
single cavity longitudinal mode located at the etalon loss minimum is selectively operated
(figure II-1). By slightly changing the etalon temperature, the etalon loss minimum can be
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tuned, and one longitudinal mode hops to next mode (mode-hopping). Also, the cavity length
can be changed by slightly adjusting the piezoelectric (PZT) stage of the output coupler, a
minor shift of the laser frequency (<100 MHz). In the experiments, both the etalon
temperature and the PZT stage of the output coupler are controlled so that the observed

Rayleigh scattering of the sample is maximally reduced.

Rear
Beaml .ok mirror
PZT
Laser tube |:|
/
beam \
Qutput Solid etalon
coupler Heater
housing
Beam Lok | Z-axis input Etalon
: Z-L.ok controller temperature
Electronics ontroller

Figure I1-6. Schematic diagram of a single longitudinal mode Ar-ion laser.

Apparatus

The constructed apparatus is schematically shown in figure II-7. The above-mentioned argon
ion laser (514.5 nm) is used as the excitation source and the scattered light is collected at
90-degree by a camera lens (f = 50 mm, f/1.2, Nikon). The collimated light is passed through
the I, vapor filter, which filters out most of the elastically scattered light. The transmittance is
then focused onto the entrance slit of a polychromator (f= 500 mm, f76.5, SP-2558, Princeton
Instruments), and detected by a back-illuminated, deep-depletion, liquild-N, cooled CCD
detector (Spec-10:100, Princeton Instruments) with 100x1340 pixels operating at —120 °C.
The entrance slit width was typically set to 50 um. A 1200 grooves/mm grating was used to

cover a wide spectral range (>1300 cm™ ') with a high spectral resolution of 2.7 cm .
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The white light from a tungsten lamp is monitored before and after each measurement
to correct the intensity profile of observed Raman spectra. Furthermore, the transmittance of
the white light spectrum can be used to remove the superfluous I,-vapor absorption structure.
In order to introduce the white light into the filter with good position reproducibility, a flipper

mirror and an aperture need to be placed in front of the I, vapor filter.

Camera . CCD detector
Sample lens F“Pper .
mirror l Polarizer
D O ‘_,..-:".'_,':'__.?' I N D I, vapor filter Q N
5mm
aperture
Polychromator
Camera
lens ©
g Tungsten
® lamp
<
oy
wn

Single-mode Ar-ion laser

Laser-line
filter

Polarizer

Figure II-7. Schematic diagram of the multichannel low-frequency Raman spectrometer.

I1-2-2. Results and Discussion
The intensity correction of the observed Raman spectra

To demonstrate how the intensity correction works, the Raman spectrum of carbon
tetrachloride has been measured by using the apparatus in the present study. The observed and
the intensity corrected Raman spectra are shown in figure I1-8. The observed spectrum shows
some superfluous artifacts due to I,-vapor absorption structure. The peak positions and
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intensities of these artifacts precisely reproduce, indicating that they are not random noises
but artifacts inherent to the I, vapor filter. These unwanted artifacts can be removed simply

through dividing the observed spectrum by the white light spectrum.

It 1s noteworthy that the intensity and artifacts correction with scanning spectrometers is
much more difficult than that with multichannel spectrometers because the wavenumber
reproducibility of a scanning spectrometer is only about 1 cm . The sharp spikes caused by I,
vapor absorption appearing in the Raman spectrum and the white light spectrum require high
spectral reproducibility for a rigorous correction. Thus, simultaneously detecting a wide
spectral range (>1300 cm ") of spectrum without scanning the grating of the spectrometer is
desirable [25]. In the case of using multichannel spectrometers, which have high wavenumber
reproducibility, the intensity and artifacts correction is simply done as mentioned above. The
real power of the combination of I, vapor filter and multichannel spectrometer is now

demonstrated.
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Figure II-8. Intensity correction of the Raman spectrum of CCls.
(a) White light transmitted through the I, vapor filter.
(b) Observed Raman spectrum.
(c) Corrected Raman spectrum (The inset is the fitting result for estimating the
temperature, 7= 302 K).
Laser power at the sample point was 4.5 mW, the spectral resolution was 2.7
cm ', and the exposure time was (a) 50 sec and (b) 60 sec
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It is possible to determine the sample temperature by measuring both the anti-Stokes
and Stokes Raman spectra. The temperature at the sample point is estimated from the intensity
ratio of the anti-Stokes and Stokes Raman lines using the equation [51] :

I (anti-Stokes) _ Vo - Vm)4 e—hc17m/kBT
I(Stokes) Vo + Vm)*

(11-2)

where v, is the wavenumber of the laser line, V,, is the vibrational frequency of a band of
the solvent or sample, /# is Planck’s constant, ¢ is the speed of light, kz is Boltzmann
constant, and 7 is absolute temperature of the sample. This equation is based on the canonical
distribution; hence it is not applicable when anti-Stokes lines are very weak. It should be
noted that this equation is valid only for the spectra obtained under off-resonance conditions.
The temperature of CCly is estimated to be 302 K (the inset of figure II-8(c)), which is close
to room temperature (298 K). Such temperature estimation is quite reliable if and only if
multichannel detection is employed because both anti-Stokes and Stokes regions are measured
simultaneously and the resulting anti-Stokes/Stokes intensity ratio is not affected by the

intensity fluctuation of the laser.

Performance check: Low-frequency Raman measurement of L-cystine

In this section, we demonstrate the ability of our apparatus to measure low-frequency
Raman spectra with a sufficiently exposure time by using L-cystine, which shows a Raman
band at ~10 cm'. The Raman spectrum of micro-crystalline powder L-cystine is shown in
figure II-9. L-cystine was purchased from Wako Pure Chemical Industries (99.0% pure) and
used without further purification. In order to obtain the corrected Raman spectrum of
L-cystine, the intensity correction procedure mentioned previously was used. Due to high
Rayleigh scattering elimination efficiency of the 1, vapor filter, both the Stokes and

anti-Stokes Raman spectra in the low-frequency region can be recorded with a small Rayleigh
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gap (-5 to +5 cm '). The most intense Raman band of L-cystine at 498 cm ' has nearly the

same area intensity as that of the remaining Rayleigh scattering band at 0 cm .

The constructed spectrometer enables us to record a wide spectral range (1300 cm™),
including not only lattice vibrational modes but also intramolecular vibrational modes
simultaneously. The low-frequency region of the Raman spectra of the L-cystine is shown in
figure I1-10. The +9.8 cm ' band, which is usually used as a test of the performance of a
low-frequency spectrometer, can be clearly observed. Because the present spectrometer
employs a multichannel detection, it is not necessary to scan the spectrograph during the
Raman measurement. Hence, the measurement time is, in principle, determined only by the
exposure and read-out times of the CCD camera. The CCD read-out time in our case is 0.14
sec. As shown in figure 1I-10, a 0.2-sec exposure time is enough to measure a high S/N
low-frequency Raman spectrum of L-cystine. Thus, it is possible to record a Raman spectrum

with a sub-second time resolution.
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Figure II-9. Raman spectra of L-cystine.
(a) Observed Raman spectrum of L-cystine.
(b) Transmittance spectrum of I, vapor filter.
(c) Intensity corrected Raman spectrum of L-cystine (= a/b).
The measurement was done with 2.7 cm ' spectral resolution, 10 sec

exposure, and 70 mW laser power.
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Figure II-10. L-cystine Raman spectra in the low-frequency region.
The measurement was done with different exposure times:
(a) 0.2 sec
(b) 1.0 sec
(c) 10 sec

Laser power was 70 mW, and the spectral resolution was 2.7 ¢ '
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Comparison of I, vapor filter with commercial notch filters

The Raman spectra of L-cystine measured with three different filters are compared in
figure II-11. As mentioned in Chapter I, typical notch filters having a broad Rayleigh rejection
band (>200 cm ') can be seen in the blue line spectrum. Though the green line spectrum
detects Raman bands below 100 cm™, the Raman bands at 67 and 78 cm ' give incorrect
relative intensity. A possible reason is that these two Raman bands were detected at the edge
of the Rayleigh rejection bandwidth. The red line spectrum measured with the iodine vapor
filter showing £9.8 cm™' bands of L-cystine has already been discussed before. The excellent

Rayleigh scattering elimination efficiency of the iodine vapor filter has been demonstrated

here.
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Figure II-11. Comparison of the Raman spectra of L-cystine measured with three

different filters. Laser power at the sample point was 20 mW, the

. -1 .
spectral resolution was 2.7 cm , and the exposure time was 1 sec.



Artifacts due to the resonant fluorescence of iodine vapor

Although no fluorescence quencher is added into the I, vapor filter, resonant
fluorescence of I, vapor makes no appreciable interference in the Raman spectrum of
L-cystine as shown in figure 1I-9. This result contrasts with metal vapor filters such as
potassium vapor-containing cell, in which resonant fluorescence is so strong that the addition

of a quenching gas is necessary [36].

Fluorescence of iodine vapor is observed in the spectrum only when the strong laser
light directly comes into the I, vapor filter. It occasionally happens when the laser light is
reflected by the wall of a glass capillary and enters the collecting optics. Figure 11-12(a)
shows the Raman spectrum of L-cystine measured under such conditions. Extra bands other
than the Raman bands of L-cystine are observed in this spectrum. The band at —13 cm ',
which is close to the Rayleigh light, is due to spontaneous emission of the Ar-ion laser. Other
bands (212, 424, 637, and 844 cmﬁl) result from the resonant fluorescence of the iodine vapor
[52]. To reduce these annoying signals, the strong reflected laser light should be blocked. In a
90-degree scattering system, the removal of the reflected light is not so difficult. By placing
an aperture in front of the I, vapor filter (figure 11-7), the removal of the reflected light can be
achieved easily. If a back or forward scattering geometry is employed for the measurement,
quenching the fluorescence of the iodine vapor becomes much important. As a result, the
fluorescence quencher may be required to be added to the filter similarly to the case of the

metal vapor filters.
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Figure II-12. Raman spectra of L-cystine obtained in the following two situations:
(a) The laser light reflected by the glass capillary came into the I, vapor
filter.
(b) The reflected laser light was blocked by the 5 mm aperture.
The mark “Ar” stands for spontancous emission of the Ar-ion laser, “I,”

means the resonant fluorescence of I, vapor.
Raman spectral change caused by mode-hopping

During a long hour measurement, the selected laser cavity mode sometimes hops to
another cavity mode (mode-hopping), because of the slight change of the etalon temperature.
Once the mode-hopping occurs, the laser-line elimination of the iodine vapor filter become
inefficient, and the observed spectrum drastically change in the low-frequency region. Figure
II-13 shows the L-cystine Raman spectra using different cavity modes for measurement.
When the mode-hopping occurs by only 0.3 GHz away from the optimum cavity mode, the

observation of low-frequency Raman bands below 30 cm ' is found to be very difficult.
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Hence, in order to avoid mode-hopping, it is crucial to keep the environmental temperature

stable.

In particular, when the laser is operated for over five hour, it is necessary to confirm
that the selected cavity mode exactly coincides with the iodine absorption band before starting
the measurement. It can be easily confirmed by examining whether the Rayleigh scattering

intensity still remains minimum or not.

n (a) 1.91 GHz higher than
the gain maximum

(b) 1.77 GHz higher

(c) 1.64 GHz higher
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Figure II-13. Raman spectra of L-cystine measured by tuning the frequency of the
single-mode Ar-ion laser.
(a)1.91 GHz, (b) 1.77 GHz, (c¢) 1.64 GHz, and (d) 1.50 GHz higher

than the laser gain maximum.
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Chapter I11

Real-Time Tracing of the Melting Process
of the Two Distinct Polymorphs of

Crystalline 1,1'-Binaphthyl
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I11-1. Introduction

1,1’-binaphthyl and its derivatives represent a special class of biaryl molecules. It is
well-known for their application as chiral recognition receptors and chiral catalysts such as
2,2'-bis(diphenylphosphino)-1,1'-binaphthyl (BINAP) [53-55]. Biphenyl is the simplest biaryl
molecule, in which two aromatic rings are linked via a C—C single bond. Its rotation barrier
around the phenyl - phenyl bond in the gas phase was found to be ~1.4 kcal/mol [56].
1,1"-binaphthyl, in which two naphthalene moieties are linked via a C—C single bond, has a
substantially large increased rotation barrier of 23.5 kcal/mol (A G*) [57]. The large rotation
barrier is attributed mainly to the repulsion of the hydrogen atoms at the 8 and 8’ positions.
Besides, 1,1’-binaphthyl no longer possesses a plane of symmetry that biphenyl has in its
perpendicular conformation. This fact allows the isolation of the optically active
1,1'-binaphthyl enantiomers. The dissymmetry of 1,1'-binaphthyl is molecular in nature, and

enantiomeric interconversion is made possible simply by rotation about the interannular bond

View along
this direction

Interconversion

(S)-(+)-1, 1-binaphthyl (R):(—) 1, 1"-binaphthyl
(b)
H H
H H
Sa configuration Ra configuration

Figure I11-1. Axial chirality of 1,1'-binaphthyl.
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instead of by any bond-breaking process (figure I1I-1 (a)). The racemization half-life of the
enantiomers was found to be 14.5 min at 50 °C. Chiral 1,1'-binaphthyl was discovered by
Pincock et al. in 1971 [58]. He found that racemic 1,1'-binaphthyl underwent spontaneous
resolution to generate the optically active R or S enantiomer when this compound crystallized

from the melt.

The chiral 1,1’-binaphthyl molecule contains a chiral axis other than a chiral center. The
enantiomers of axially chiral compounds are usually given the stereochemical labels R, and S,
as shown in figure III-1 (b). The designations are based on the same Cahn-Ingold—Prelog
priority rules used for tetrahedral stereocenters. In the crystalline state, 1,1'-binaphthyl is
known to exist as at least two forms [59]: the cisoid configuration or lower melting point
(148 °C) form and the transoid configuration or higher melting point (161 °C) form. Brown et
al. [60] were the first to recognize the fundamental difference between the two forms. They
found that the molecules of the lower melting point form take a cisoid configuration. X-ray
diffraction [61] confirmed the dihedral angle @ to be 68.6° (figure I1I-2). Badar et al. [59]
suggested, on the evidence of infrared spectroscopy, that the high melting point form adopts a
transoid configuration, which was later confirmed by X-ray analysis [62] to have a dihedral
angle of 103.1°, The cisoid form, whose structure was determined by Kerr and Robertson [61],

consists of racemic monoclinic crystals (space group C2/c). The lattice unit (Z = 4) of this

o9
6=68.6

&‘q
R S — 8‘[‘«“'
mp.148°C 4 < @
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29
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Figure II1-2. Schematic diagram of the two crystal forms of 1,1’-binaphthyl.
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achiral crystal is comprised of two R enantiomers and two S enantiomers. On the other hand,
Kress et al. [62] reported the crystal structure of the transoid form as an optical active
compound which belongs to the tetragonal system of space group P42,2; with either R or S

enantiomer in a unit cell (Z = 4).

The molecular structural change of the ground and excited states of 1,1'-binaphthyl in
the solution phase has also been studied by absorption spectroscopy [63, 64], fluorescence
spectroscopy [65, 66], and Raman spectroscopy [66-68]. The molecule has also been the
subject of many theoretical studies which have provided a wide range of estimates of the
dihedral angle adopted by the 1,1'-binaphthyl molecule in its most stable conformations

[69-75].

Raman spectroscopic studies on the two crystal forms of 1,1'-binaphthyl was first
reported by Lacey et al [67] in 1986. However, their Raman spectra in the low-frequency
region (<150 cm ') have not been reported yet. They showed a wealth of information about
lattice vibrations of the crystal polymorphs. In addition, low-frequency Raman spectroscopy
1s sensitive to some intramolecular vibrations which have large amplitude, such as the C—C
torsional motion of crystalline biphenyl [76]. Since the Raman intensity is proportional to the
thermal average of the vibrational amplitude, large vibrational amplitudes will lead to large
Raman intensities. Therefore, in the present study we applied the constructed low-frequency
Raman spectrometer to 1,1’-binaphthyl, which has C-C torsional vibrations as well. The
melting process of its two crystal forms has also been studied. We aim to understand the
interplay between the intermolecular interactions and crystal structures of the two distinct
polymorphs of 1,1'-binaphthyl (i.e., the cisoid and transoid forms) based on time-resolved

low-frequency Raman spectra.
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II1-2. Experimental
Sample preparation

Solid 1,1'-binaphthyl of 98% purity, which turned out to be dominated by the cisoid
form, was purchased from Tokyo Chemistry Industry Co., LTD. It contains unknown impurity
which causes fluorescence appearing in the Raman spectrum with 514.5 nm excitation. We
carried out crystallization with a procedure similar to that previously reported [58, 77, 78]. A
schematic diagram of the crystallization procedure for obtaining two crystal forms of
1,1"-binaphthyl is shown in figure I1I-3. We placed a container with 500 mg of the sample in a
bath of silicone oil and heated it to 180 °C. The melt was kept in this temperature for 20 min,
ensuring that the whole sample had racemized completely. We then cooled the melt to 153 °C

and allowed it to crystallize. In the first round (figure I1I-3 (a)), the transoid form was found

(a) . . C
A Liquid B
phase
Heatin Coolin
/ 9/ 180°cC 9/ 153°C
A (" D)

-4

-‘?‘\.-'
98% pLjre' sample j Transoid + impurity Transoid
b C
(b) C \\» D
—> /Stir —> Stir
/ Heatlng/ 180 °C Cooling 153 °C

Figure I11-3. Purification of commercially obtained 1,1-binaphthyl and preparation of
(a) cisoid form and (b) transoid form.
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to be contaminated by the unknown impurity at the bottom of the container (marked as B in
the figure). It was confirmed by our Raman apparatus that the product at the bottom gives
stronger fluorescence compared with the sample before purification. Additionally, the pure
cisoid form was observed as a result of the evaporation and recrystallization of
1,1’-binaphthyl from the vapor in the top part of the reactor (marked as C). This behavior is
consistent with the wvapor-solid process reported previously, where a polymorph
transformation was observed in this compound [62]. In the second round (figure III-3 (b)), we
used the pure cisoid form of 1,1'-binaphthyl obtained in the first round as the starting material
to prepare the pure transoid form. The prepartion method was the same as in the first round
except for using a magnetic stir-bar in the container. Sainz-Diaz et al. reported that more
transoid form formed if the reaction went under the condition of stirring [77]. They found that
chiral symmetry breaking can be induced by stirring the melt as it crystallizes. For each
crystal form, a small (~1 mm) piece of the pure crystal was sealed in a 1.2-mm glass capillary

for rapid heating Raman measurement discussed below.

Heating apparatus

As shown in figure 11I-4, the hot air rework system
(No.FR-802, HAKKO) with the power of 570 W was
used for heating the samples from room temperature to
the melting points rapidly. Its set temperature can be
changed from 100 °C to 500 °C with an accuracy of 14

°C. In the case of 1,1"-binaphthyl, the melting points of its

cisoid form and tranoid form are 148 °C and 161 °C, ; !
Figure I11-4.

Photograph of the
each crystalline form within 10 sec. Low-frequency heating apparatus.

respectively. The heating apparatus enables us to melt
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Raman spectral change during the melting was continuously measured every 0.2 sec.

III-3. Results
Raman spectra of the two distinct polymorphs of 1,1’-binaphthyl

The Raman spectra of two purified crystals were measured at room temperature as
shown in figure III-5. For a comparison sake, the Raman spectrum of the commercially

obtained 1,1’-binaphthyl was also recorded (the inset of figure) clearly seen from figure I1I-5

98% pure sample

1000 800 600 400 ) 200 0 -200
Raman shift (cm )

=@ Transoid form I Ub
1 Cisoid form l H Mw

1000 800 600 400 200 0 -200
Raman shift (cm'1)

Raman intensity

Raman intensity

Figure II1-5. Raman spectra of the two forms of crystalline 1,1’-binaphthyl.
The inset is the Raman spectrum of commercially obtained 1,1'-binaphthyl.
The spectra were measured with 30 mW laser power, 2.7 cm ' spectral

resolution, and 0.2 sec exposure.
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that strong fluorescence is observed for the commercial crystal with the spectral pattern being
almost the same as the cisoid form, whereas no appreciable fluorescence is detected for both
cisoid and transoid forms after purification. In addition, the spectral pattern in the region of
>150 cm ' of the two crystal forms is consistent with the literature [67, 68]. The Raman
intensities in this region appear to be similar. It should be noted that the bands in the
higher-frequency region is much weaker in intensity than the bands in the low-frequency
region <150 cm ', which indicates that these low-frequency vibrational motions accompany

large polarizability changes than the intramolecular vibrations.

Figure III-6 shows the Raman spectra of the two polymorphs of crystalline
1,1'-binaphthyl in the —200—+200 c¢m ' region. The Raman bands below 200 cm ' both in

Stokes and anti-Stokes sides have been recorded simultaneously. For the transoid form, the

@ Transoid form 66 28
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@ Cisoid form

Raman intensity

200 100 0 -100 -200
Raman shift (cm'1)

Figure I11-6. Low-frequency Raman spectra of two crystalline 1,1'-binaphthy]l.
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426 cm ' bands, which are very close to the Rayleigh scattered peak, give the strongest
intensity in the whole spectrum. On the other hand, the most intense band for the cisoid form
is the doublet around 105 cm™, which may arise from a splitting of one band into two peaked
at 100 and 110 cm . The three Raman signals in the range of 46 to 90 cm™' appearing in both
crystal forms give similar peak positions. However, their band intensity in the transoid form is
quite strong compared with that of the cisoid form. Such detailed information on the
low-frequency Raman spectra of the crystal polymorphs of 1,1’-binaphthyl has been obtained

for the first time.

It is noteworthy that there are two small peak shoulders in the transoid form near 20
cm ' and 44 cm ', which may be due to the lattice symmetry. These shoulders are so small
that they can hardly be separately recorded. Thus, in order to investigate these shoulders
appearing in the present data, high spectral resolution or polarized Raman measurements

might be required in the future.

Raman spectral change during the rapid heating

Figure 11I-7 shows the low-frequency Raman spectra of a rapidly heated crystal of the
transoid 1,1’-binaphthyl. Although each spectrum was recorded with as short as 0.2 sec
exposure time, a high signal to noise ratio has been achieved. One of the intramolecular
vibrations located at 295 cm™' has been used for normalizing all the spectra. The spectral
resolution for this measurement (~2.7 c¢m ') is not high enough to separate the 20 cm’’
shoulder band from the band at 26 cm '. As the temperature goes up, the low-frequency
Raman bands gradually lose their band shape and are hardly distinguishable 8 second after
heating. Moreover, the central band at 0 cm ' gets broad enedand the S/N ratio of the spectra
become lower at 7.6 sec. It may indicate that the liquid phase of 1,1'-binaphthyl appears at

this moment. If we take a closer look at the two bands at 55 cm ' and 66 cm ', they are
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getting closer to each other as the temperature increases. However, the spectral pattern
remains the same for the 79 cm ' band before 7.4 sec. It is likely that these two bands are

associated with quite similar vibrational motions and hence coupled to one another.

Tracing of the melting process of the cisoid form of 1,1’-binaphthyl has also been done
and the result is shown in figure I11-8. Normalization procedure was applied to all the spectra
as mentioned before. Similarly to the previous experiment, the crystals melt at 6 sec judging
from the 0 cm ' band broadening and the reduced S/N ratio. We observe that the relative
intensity of the two peaks at 100 and 110 cm ' (strong doublet band) varies with increasing
the temperature. It seems that the 100 cm ' band intensity decreases upon melting. It is also
clear that the 75 cm ' band disappears soon while the bands at 57 and 65 cm ' remain nearly

unchanged. It is in contrast with the result in the transoid form.
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Figure I11-7. Low-frequency Raman spectra of the transoid form with rapid heating.

Each spectrum was measured with an exposure time of 0.2 sec, and the

laser power and spectral resolution were 36 mW and 2.7 cm ', respectively.
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Figure I11-8. Low-frequency Raman spectra of the cisoid form with rapid heating.
Each spectrum was measured with an exposure time of 0.2 sec, and the

laser power and spectral resolution were 31 mW and 2.7 cm ', respectively.
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II1-4. Fitting analysis

Although there are a number of low-frequency Raman bands below 200 cm™' in both
crystal forms of 1,1'-binaphthyl, both the Stokes and anti-Stokes sides can be fitted well
assuming Lorentzian band shapes. The sample temperature as well as the peak position of
each low-frequency Raman band was estimated by means of the fitting. Details of the

procedure are described below.

Lorentz function was used for fitting each low-frequency band including the two peak
shoulders for the transoid form. Since the Stokes and anti-Stokes sides of each Raman band
have the same peak position and band shape, the Lorentz function used for the fitting should
be symmetrical with respect to the 0 cm ™' Raman shift, like the following function.

Aj Aj
@ -7))?%+ Aiz @V +7)%2+ Aiz

(I1-1)

where Vv is the Raman shift, V; is the peak position, A; is the band intensity, and A; is the
bandwidth. This function has two peak positions at +7¥; (Stokes side) and —7V; (anti-Stokes
side). If ¥; is zero, equation III-1 reduces to one single Lorentz function located at 0 cm™,

representing the Rayleigh scattering.

The intensities of the Stokes and anti-Stokes bands are not the same, hence an
important factor must be included in equation III-1. As we mentioned in Chapter II, the
anti-Stokes/Stokes intensity ratio is related to the Boltzmann distribution in the vibrational
energy levels (equation II-2). Considering the Stoke and anti-Stokes intensity difference
results from the thermal effect, it can be compensated by multiplying the symmetrized

Lorentz function (equation III-1) and the Bose-Einstein factor (n(v)) [79] :
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n(v) = (1 + exp [—% )_1 (111-2)

Where c is the light velocity, 4 is the Planck’s constant, k3 is the Boltzmann constant, and 7 is
the sample temperature. Note that the extra fitting parameter required is only the temperature
(7). In the fitting, the temperature parameter of all the low-frequency Raman bands is

assumed to be the same.

Table III-1 summarizes the fitting parameters.
Table I1I-1.

Symmetrized Lorentz function convoluted with the
Baseline Yo

Bose-Einstein factor was applied to fit the seven
Peak position V; (i=1-7)

low-frequency Raman bands of the cisoid form as well as . )
Bandwidth A (i=1-7)

those of the transoid form in both Stokes and anti-Stokes ) .
Intensity A; (i=1-7)

sides. Twenty-three independent parameters are determined

Temperature T

simultaneously for each fitting.

The fitted results of the Raman spectra of the two crystalline forms of 1,1’-binaphthyl
are shown in figures III-9 and III-10, they were done under the unnormalized condition.
Whether the spectra are normalized or not would not affect the determination of the sample
temperature because it is obtained from the relative intensities of the Stokes and anti-Stokes
bands rather than from their absolute intensities. The fitting was done in the spectral region
below 200 cm ' except for the Rayleigh gap region (—15—+15 cm '), but was not possible for
the spectra recorded after 7 sec in both cases of the two crystal forms. Judging from the
results as shown in figures I11-9 and 11I-10, the low-frequency Raman bands were fitted well
in both crystal forms before 7 sec. Though we observe that the Raman band intensity dropped
a lot at 6 sec for the cisoid form, the line intensity as well as line shape of these low-frequency

bands still can be reproduced fairly well by the fitting. In addition, it is noteworthy that the
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shoulder peaks at 20 and 44 cm™' in the Raman spectra of the transoid form can also be fitted

well.

Based on these high quality fitting results, the sample temperature can be estimated to a
high accuracy. Moreover, the peak position of each low-frequency Raman band has also been
determined by the fitting. Thus, the sample temperature change and peak position shift of the
low-frequency Rama bands will be the main topic in the following sections. And the spectral
differences between the cisoid and transoid forms during the heating and their possible

explanations will be discussed as well.
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Figure I11-9. Experimental data (red closed circles) of the transoid form and their
fitted results (blue solid lines).
The sample temperature at each time was estimated from the fitting.
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Figure I11-10. Experimental data (red closed circles) of the cisoid form and their fitted
results (blue solid lines).
The sample temperature at each time was estimated from the fitting.
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III-S. Discussion: Temperature change during the melting
Temperature change of the cisoid form upon heating

How the temperature changes with the heating time in the case of the cisoid conformer
of 1,1'-binaphthyl is shown in Figure III-11. Each temperature was estimated from the Raman
spectra shown in figure III-8. The estimated temperature before starting heating (<0 sec) is
about 315 K with a fluctuation of 6 K. It is 17 °C higher than the room temperature (298 K)
because of the high laser power used. After the heating starts, the sample temperature
increases rapidly to over 486 K in 7 sec. By differential scanning calorimetry (DSC)

measurement, the melting point of the crystalline 1,1'-binaphthyl can be obtained (figure

500 —

1 |Cisoid form
480

460

X . Melting point

o 440 (421 K)

3 - v d

© u [RURURRURURU SEURUA ] DD S A

S 420 -

Q. ]

£ 4004
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3 380

© :

£ 360

w .

L 340 = Initial temperature
. (315 K)
IIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

-4 -3 -2 -1 0 1 2 3 4 5 6 7
Heating time (sec)
Figure III-11. Plot of the estimated temperature versus heating time for the cisoid form.
The estimation error is about +6 K, which i1s evaluated from the

fluctuation before heating (<0 sec).
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[I-12). Figure II-12 clearly demonstrates that the DSC band (146 °C) shifts to higher
temperature as the heating rate used increases. Because our heating apparatus is capable of
increasing the temperature to 700 K within 30 sec, the crystal may melt at the temperature

which is higher than the reported in the literature (421 K).

In the DSC result, not only the 146 °C band but also a much stronger band at 160 °C is
observed when a heating rate of 5 °C/min is used. In order to confirm that our cisoid form of
crystalline 1,1’-binaphthyl is pure, we performed the DSC measurement with different heating
rates. We found that the relative intensity of these two bands was changed if we increase the
heating rate. This means that the melting of the cisoid form takes place concomitantly with its
transformation into the transoid form. This phenomenon was also reported in the literature as
a solid-state process [77]. It may be related to the temperature drop around 5.6 to 6 sec shown
in figure III-10. The central peak became broaden exactly at the same moment as already
described in figure I1I-8. It is due to the fact that a rapid transformation from the melting

cisoid to the transoid crystal results in an exothermic recrystalization process.

0 160 °C
-5 et
. 146 °
< -10 -
S -
— 04 Heating rate /
c_% 2 —— 5°C/min 148°
- —— 20 °C/min
g 4- —— 45 °C/min
T 0 —
-5
-10 152 °C
II]II|IIII|IIII]IlIIIIlII]IIII]IlII]IlIIIIIII]II]IIII]I[IIIII
80 100 120 140 160 180 200

Temperature (°C)

Figure II1-12. Differential scanning calorimetry (DSC) measurements of cisoid form
crystal with different heating rates.
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Temperature change of transoid form upon heating

Figure III-13 shows a plot of the estimated temperature versus the heating time for the
transoid form. The estimated temperature before heating is about 325 K, which is 10 °C
higher than that of the cisoid form. The difference may be caused by different laser power (5
mW) and/or focal point of the laser on the sample. The same tendency as shown in the cisoid

form is observed, the sample temperature increases rapidly to over 482 K within 7 sec

heating.
500 —
1 [Transoid form
480
460 Melting point
< ] (434 K)
O 440
5 {-------1. Y- =
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5 420 5
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& 400 -
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w 380
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& 360 -
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320 -W@’%@‘ --------------------------- Do

4 3 2 1 0 1 2 3 4 5 6 7
Heating time (sec)

Figure II1-13. Plot of the estimated temperature versus heating time for the transoid form.
The estimation error is about +£8 K, which is evaluated from the
fluctuation before heating (<0 sec).
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The transoid form of 1,1’-binaphthyl, which was prepared by the procedure as described
before, are highly pure. Only one DSC band is observed (figure I11-14), and the DSC band
(161 °C) also shifts to higher temperature as the heating rate increases. Hence, the melting
point of the transoid form observed in the Raman experiment should be higher than 161 °C
(434 K). However, unlike the case of the cisoid form, there is no obvious temperature drop for
the transoid form (figure 11I-13). And the transoid conformer will not transform back to the
cisoid form during heating. It is confirmed by the DSC measurement as shown in figure

[II-14.

0
— Heating rate
< -9 ——  5°C/min 161 °C
£ —— 45 °C/min N
E -10 -
g 07
(]
I

5

167 °C
-10 | [ | I I |
80 100 120 140 160 180 200

Temperature (DC)

Figure I11-14. Differential scanning calorimetry (DSC) measurements of transoid form
crystal with different heating rates.
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I11-6. Discussion:

Changes in Low-frequency Raman bands change during heating

Peak position shift caused by the temperature

Figure I11-15 display the changes in peak position of the low-frequency bands for the
cisoid and transoid forms. The peak shifts of intramolecular vibrations such as 510 cm ' and
683 cm ' bands are no more than 1 cm '. Therefore, the shifts of the low-frequency Raman

bands, which are larger than 1 cm' should give some special physical meanings.

A plot of peak position of low-frequency Raman bands versus temperature is shown in
figure 11I-16. The selected range of the data points is from 0 sec to the point before melting,
which are 7.4 sec for the transoid form and 5.6 sec for the cisoid form. Thus, the thermal
behavior of the two crystal forms before melting can be compared. The figure seems to show
linear dependence; therefore we can obtain peak positions corresponding to each temperature
by simply fitting the data to a line function. The peak position at room temperature (298 K)
and before melting can be derived based on the fitting function obtained. Table III-2 lists the
peak shift of each low-frequency Raman band upon heating. It is known that the peak shift is

related to thermal expansion of a crystal structure. We found that the Raman bands shift to a

Table III-2. The peak shift of low-frequency bands during heating

Transoid form band (V) 20 26 44 55 66 79 95

Peak shift (cm ™)

[ V(T=489)—-V(T=298) ] -1.1 | =13 | =62 | 29 | 33 | -2.1 | 3.8

Cisoid form band (V) 37 57 65 75 100 110 175

Peak shift (cm™)

(V(T=459)V(T=208)) | +0 | =1 =5 =53 | —68 | =56 4
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Figure I11-15. Plot of the peak positions of the seven low-frequency Raman bands
against heating time.

(a) Transoid form and (b) cisoid form.
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Figure I11-16. Plot of the peak positions of the seven low-frequency Raman bands
against estimated temperature. (a) Transoid form and (b) cisoid form.
The data point and fitted results are shown in red closed circle and
blue solid line, respectively.
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larger extent in the cisoid form. The thermal expansion of a crystal structure makes the
intermolecular interactions weaker. Therefore, the smaller shift of the Raman band found for
the transoid form may imply stronger intermolecular interactions than the cisoid form if the
molecular conformation does not change before melting. The crystal structure obtained from
an X-ray analysis [77] (figure I1I-17) is consistent with this interpretation. In both cases, the
intermolecular interactions are mainly of electrostatic nature, acting between the H atoms and
the & electrons of the aromatic rings. In the transoid form, the molecules stack parallel to each
other via the CH—r interactions, while the CH—r interactions in the cisoid form are expected

to be small within each layer. Thus, the intermolecular interactions within a unit cell of the
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Figure I11-17. The crystal structures of the two forms of 1,1"-binaphthyl.

(Taken from ref 77.)
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transoid form are stronger than those in the cisoid form.

I11-7. Discussion:
Possible vibrational mode of 26 cm™! band

in the transoid form and 100 cm ' band in cisoid form

The low-frequency Raman spectra of both conformers of 1,1'-binaphthyl have not been
reported before. Our research goal is to understand why they show such distinct spectral
features, although it is difficult to fully assign each low-frequency Raman bond at the present
stage. The most interesting is probably the fact that the 26 cm™' band is quite strong for the
transoid conformer but not observed for the cisoid form. It is also interesting that the most
intense band of the cisoid form at ~100 cm ' appears as a doublet band (see figure III-6). Base
on the present data and theoretical results, we propose a possible assignment of these quite

strong low frequency vibrational bands.

As shown in figure I1I-7, we found that the band shape of the doublet band at 100 cm™
is still observed at 6.0 sec, while the sample has melted already judging from the central band
broadening. In contrast to this band, the band shape of other low-frequency bands cannot be
clearly seen. We found the same tendency at the 26 cm ' of the transoid form. In principle, a
lattice vibration will lose its band intensity and band shape when the crystal structure no
longer exists. Thus, we attribute the 26 cm ' band of the transoid form to an intramolecular
vibration rather than to a lattice vibration. From density functional theory (DFT) calculation
results, 1,1'-binaphthyl in the gas phase shows three intramolecular vibrational bands at 17, 58,
and 61 cm'. The 17 cm ' band is assigned to be C—C torsional vibration, the other two are
out-of-plane deformations of two naphthyl moieties like twisting and wagging motions as

shown in figure IT1I-18. Therefore, it is highly likely that the 26 cm ' in the transoid form is
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assigned to the torsional motion. The calculated out-of-plane deformations might be the

doublet band in the cisoid conformer.

20 - Torsion Out-of-plane deformations
. 17 cm” 58 cm™ 61 cm’’
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Figure II1-18. The intramolecular vibrations in gas phase 1,1’-binaphthyl molecule
calculated from density functional theory. (Method: DFT/B3LYP; Basis set:
6-311G ++(d, p))

The interatomic distances between H(8) 'H(8'), C(1) "H(2") and C(1) "H(8) of
1,1’-binaphthyl has been determined from X-ray analysis [62], which are closely related to the
spectral feature at 26 cm ' (torsional motion) in the transoid form and the doublet band at 100
cm ' in the cisoid form. The H(8)"H(8’) distances are 2.81 A and 3.03 A for the cisoid and
transoid forms, respectively. Because of the shorter H(8) "H(8') distance, the torsional motion
(in-plane vibration) in the cisoid form may be restricted, possibly resulting in the apparent
absence of the torsional band at 26 cm ' in the cisoid form. On the other hand, the band
intensity of out-of-plane vibrations of 1,1-binaphthyl are related to the distances of
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C(1)"H(2") and C(1)"H(8"), which are 2.67 A and 2.62 A in the cisoid form and 2.65 A and
2.59 A in the transoid form, respectively. Since the distances of C(1)"H(2") and C(1)"H(8")
are slightly longer in the cisoid form, out-of-plane deformations in the cisoid form are

relatively easily achieved and may give rise to a quite strong band.

I11-8. Torsional motions of other crystalline

aromatic compounds

As mentioned in the introduction part of this chapter, large amplitude motions such as
C—C torsional motion in biphenyl give a strong Raman intensity. The transoid 1,1’-binaphthyl
in the present study can also be interpreted by the same reasoning. In the course of our study,
we have found that some other molecules which have two polyaromatic rings connected by a
o-bond (either C—C or C-N single bond) show similar tendency. Their low-frequency Raman
spectra are compared in figure I1I-19. Since these compounds are heavier than 1,1’-binaphthyl,
the frequency of their torsional vibration (indicated in the figure) should be lower than the
value for 1,1’-binaphthyl (26 cm'). This is the case, as can be seen from figure III-19. In
addition, transoid 1,1’-binaphthyl and these four compounds show similar spectral features in
the range of 40-120 cm '. These low-frequency Raman bands couple to each other and
produce a high offset. From their crystal structures [77], we suppose that the coupling and
high offsets might be due to m—m interactions between polyaromatic rings of neighboring
molecules because the adjacent heavy rings stack in parallel to each other. These m—x
interactions are intermolecular van der Waals-like attractive forces. The energy gap due to the
n—7 interactions is typically smaller than that of intramolecular vibrations (200-4000 cm ).
Therefore, the Raman shift of such interactions appears in the low-frequency region (<200
cm '). Furthermore, they split into a few peaks coupling to each other. We suspect that the

Raman bands at 44, 55, 66, 79, and 95 cm ' come from the same intermolecular interactions.
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Figure I11I-19. Raman spectra of aromatic compounds containing the torsional motion.
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Chapter 1V

Conclusion
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The constructed multichannel low-frequency Raman spectrometer with an I,-vapor
containing cell as a Rayleigh rejection filter has been described. The iodine vapor filter has
high Rayleigh scattering elimination efficiency, enabling us to measure Raman spectra down
to £5 cm ' in both Stokes and anti-Stokes sides simultaneously. In addition, a wide spectral
range (—200—+1100 cm') can be recorded without resort to scanning the grating of a
spectrograph. Thanks to the high spectral reproducibility of the multichannel detection, the
superfluous artifacts caused by the I, vapor absorption are reduced to a negligible level just by
using a simple and straightforward intensity correction method. Compared with existing metal
vapor filters, the iodine vapor filter has a much narrower elimination bandwidth, free from

complexity of adding fluorescence quenching gases.

We utilized the constructed Raman spectrometer to investigate the two crystal
polymorphs of 1,1'-binaphthyl, a building block of the chiral catalyst. The Raman spectra of
these two crystal forms showed distinct features in the low-frequency region (<200 cm™ ), but
no apparent difference was observed above 200 cm . Not only lattice vibrations but also
intramolecular vibrations were observed in the low-frequency region. The most intense
intramolecular vibrational band at 26 cm™' of the transoid form was associated with the
torsional motion around the interring C—C single bond, whereas the doublet peak around 100
cm ' was assigned to be out-of-plane deformations. The torsional motion and out-of-plane
vibration of 1,1'-binaphthyl were found to correlate with the interatomic distances between
H(8)"H(8"), C(1)"H(2'), and C(1)"H(8'). With a better spectral resolution and polarized
Raman measurements, it will be possible to assign each low-frequency Raman band of both

forms of crystalline 1,1’-binaphthyl.

Real-time tracing of the melting process of the cisoid and transoid forms was done with
rapid heating. A series of Raman spectra were recorded every 0.2 sec. Crystal structure loss

manifested by spectral changes was seen in the low-frequency region. There remained the 26
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cm ' band of the transoid form and the 100 cm™' band of the cisoid form even after melting.
This observation agrees with our prediction that these two bands arise from intramolecular
vibrations rather than lattice vibrations. In addition, the sample temperature was determined
by the Stokes/anti-Stokes intensity ratio. Seven symmetrized Lorentz functions convoluted
with the Bose—Einstein factor were used to fit the low-frequency Raman spectra in both cisoid
and transoid forms. Base on the high-quality fitted results, the sample temperature was
determined to a high accuracy. The peak position of each low-frequency band was also
determined and their change with temperature was discussed. Peak shifts due to thermal
expansion in the transoid form were found to be smaller than those in the cisoid form. Thus,
intermolecular interactions in the transoid form are supposed to be stronger than those in the

cisoid form. It is consistent with the X-ray crystal structure reported in the literature.

As demonstrated in the present study, real-time tracing of solid samples with fast
multichannel low-frequency Raman spectroscopy is a powerful and informative approach to
phase transitions. A wealth of information on intermolecular interactions can be obtainable by
using this technique. Bearing the advantages of low cost and short measurement time, our
Raman apparatus provides deeper insights into the dynamical aspects of molecules compared
with X-ray crystallography. If a faster read-out time detector is employed such as electron
multiplying charge coupled device (EMCCD), it would be more helpful for understanding

condensed phase dynamics.
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