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In-situ Tracing of Transformation Dynamics and
Molecular Imaging of Crystalline 1,1'-Binaphthyl

by Low-Frequency Raman Microspectroscopy

Student: Chun-Fu Chang Advisor: Dr. Shinsuke Shigeto

M. S. Program, Department of Applied Chemistry
National Chiao Tung University

Abstract (in English)

How can we understand crystal structure besides employing X-ray diffraction analysis?
Low-frequency (LF) Raman spectra provide a wealth of precious information on crystal
structure and orientation and can potentially be a complementary approach to the
conventional X-ray diffraction method. However; observation of LF Raman spectra is very
challenging due to severe interference of gigantic Rayleigh scattering. In this study, the author
uses a laboratory-built LF Raman spectrometer that has the ability to observe Raman signals
down to 9.8 cm™. Because this apparatus’is combined with a confocal microscope, it has
become feasible to perform space-resolved measurements of crystals under the microscope for
in-situ crystal structure analysis. Here, the author demonstrates this novel approach by
studying crystal polymorphs of 1,1’-binaphthyl. This biaryl compound occurs as two crystal
polymorphs with different dihedral angles between the two naphthyl groups: namely, the
cisoid (C) and transoid (T) forms. As the C form is heated up, it gradually transforms to the T
form via sublimation and subsequent recrystallization. In this thesis, the author presents
tracing of this transformation dynamics and LF Raman imaging that visualizes the spatial

distribution of the C and T forms after the transformation takes place.

The only effective way to distinguish between the C and T forms by high-frequency
Raman bands would be to calculate the intensity ratio for a pair of marker bands (510/532
cm™). However, the two forms show much more distinct spectral patterns in the LF region.
For example, the C form shows the strongest band at 100 cm'l, whereas the T form shows the
most intense band at 26 cm™. Thus, these two LF bands were chosen as markers to selectively
probe different crystal polymorphs that coexist in proximity. In sharp contrast with the
intensity-ratio image, the LF Raman images at 100 and 26 cm™ show markedly high contrast
and clearly discriminate one crystal form from the other. Moreover, we observed

inhomogeneous distribution patterns in the LF Raman images, suggesting different crystal

ii



orientations within an apparent single crystal. Our results show that LF Raman spectroscopy
and imaging should be a facile yet powerful addition to the toolbox for crystal structure

analysis.
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Chapter 1.

General Introduction



I-1. Motivation of This Study

There are many beautiful crystals exist in Mother Nature. Some are perfect single crystals,
and some are polycrystals. How do molecules align in those crystals? How do the molecular
interactions change during phase transitions such as melting? Investigating these interesting
fundamental physical properties is enormously helpful for both materials and biological sciences.
Although X-ray diffraction analysis can precisely determine the crystal structure, long data
acquisition time makes real-time monitoring of phase transitions impossible. In this study, the
author aims at tracing dynamic changes in intermolecular interactions with a short acquisition
time (<1 s) as well as visualizing molecular orientations within organic crystals at the molecular

level.

I-2. Raman Measurements of Low-Frequency Motions

Intermolecular forces of molecules in the condensed phase are reflected in intermolecular
or collective motions. The collective motions of molecular ensembles move very slowly and are
therefore usually observed in the low-frequency region (< 200 cm™) of an optical spectrum.
Measurements of Raman scattering in the low-frequency region have been utilized to discuss the
optically active lattice vibration of crystals based on the important theory of the first-order lattice
vibration Raman effect [1-3]. Likewise, the phonon modes of organic crystals, which are related
to librational lattice vibrations, are observed below 150 cm™ [4-6]. Recently, low-frequency

Raman spectroscopy has been applied to estimate the diameter of single-wall carbon nanotube
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(SWNT) from the size-dependent ring breathing modes (RBM) in the range of 100-500 cm™
[7-9].

In the past decades, low-frequency Raman spectra were measured with a scanning
Raman spectrometer, which is composed of two or three monochromators and a single-channel
detector such as photomultiplier tube (PMT) [10]. This kind of setup takes a long time to slowly
rotate the grating in order to acquire a Raman spectrum and it can record only one side of
anti-Stokes or Stokes Raman signals. Nowadays, thanks to the improvement of laser technology
and development of ultra-narrow band rejection filters as well as multi-channel detector,
low-frequency Raman measurements can be realized with a short exposure time (< 0.1 s) and a
wide spectral coverage [11]. Thus, it is now possible to monitor dynamic behaviors of
vibrational motions associated with phase transitions in the condensed phase by low-frequency
Raman spectroscopy [12].

The great advantage of the ability to measure both Stokes and anti-Stokes Raman spectra
simultaneously is that the intensity ratio of the Stokes and anti-Stokes Raman bands of a given

mode, /as/ls, can be used to determine “molecular temperature” as follows [13]:

[(anti-Stokes) _ (Fo = m)* oo, sir (1)
I(Stokes) (Vo + V)3

where 7, is the wavenumber of the laser line, ¥, is the vibrational frequency of a band of the
sample, 4 is Planck’s constant, c¢ is the speed of light, kg is the Boltzmann constant, and T is
absolute temperature of the sample (or more specifically molecules). This equation stems from
the fact that Stokes Raman scattering comes from the excitation of molecules in the vibrational

ground state (v = 0 — 1), while anti-Stokes Raman scattering comes from the vibrational excited



state (v = 1 — 0), as shown in Figure I-1. Therefore, I5s/ls is proportional to the population
difference between vibrational excited and ground states by assuming Boltzmann distribution. It
is worth noting that around room temperature (~300 K), the /xs/ls can be barely detected for
Raman bands above 800 cm™ due to the weak anti-Stokes Raman signals (Table I-1). However,
the Ixs/ls has a large enough value in the low-frequency region (< 200 cm™) for temperature

estimation using Equation I-1, which makes Stokes/anti-Stokes ratio work as a “molecular

thermometer”. Virtual
Energy
States
4
Pl 1
Vibrational
Energy
States « o o o &
0
Stokes anti-Stokes
Raman Scattering Raman Scattering

Figure I-1. Origin of Stokes and anti-Stokes Raman scattering.

N Temperature (K)
Shift (cm™)
300 500 700 900
200 0.056 0383 0562 0663 0.726 0.769 0.801 0.825
400 0.003 0.147 0.316 0439 0528 0593 0642 0.681
800 0.000 0.022 0.100 0.193 0.278 0.351 0.413 0.464
1600 0.000 0.000 0.010 0.037 0.077 0.123 0.170 0.216
3200 0.000 0.000 0.000 0.001 0.006 0.015 0.029 0.046

Table I-1. Intensity ratios of anti-Stokes and Stokes Raman bands. [14]



I-3. Importance of Detecting of Molecular Orientation

Molecular orientation represents how constituent molecules align three-dimensionally. It
is a very important physical property that affects the packing of molecules in crysyals,
mechanical properties of polymers [15, 16], device performance of organic light-emitting diodes
(OLEDs) [17], membrance bio-physics [18, 19], etc. X-ray diffraction has been commonly used
to precisely determine the molecular alignment in a single crystal. However, X-ray diffraction is
not a panacea for crystal orientation when the target crystal has domain structures or twinning as
well as when high-quality singles crystals are unavailable. Some fluorescent dyes help to
visualize molecular orientaitons in biological samples, but they are applicable only to certain
functional groups [18]. Coherent anti-Stokes:Raman scattering (CARS) [20] and polarized
Raman measurements [21] have been employed for studying molecular orientation as well.
Unfortunately, intramolecular vibrations are not informative enough toward molecular ensemble
structures. Thus, there has been an increasing demand for an alternative method for detecting
molecular orientation and the method we present in this thesis, low-frequency Raman

spectroscopy, is one of the promising candidates.

I-4. Organization of This Thesis

The rest of this thesis is organized as follow. In Chapter II, the author introduces a
laboratory-built low-frequency Raman microspectromester, including its working principles and

performance. In Chapter III, the laboratory-built low-frequency Raman spectromester is applied

5



to in-situ study of the transformation of crystal polymorphs of 1,1’-binaphthyl. By discussing the
low-frequency Raman bands together with high-frequency Raman bands, the information about
crystal structures is obtained. In Chapter IV, the author demonstrates low-frequency Raman
microspectroscopy as a novel approach to crystal structure analysis by using 1,1'-binaphthyl
crystals. Constructing Raman images of low-frquency bands can selectively visualize the crystal
polymorphs. Moreover, detection of molecular orientation distributions within the crystal by

calculating intensity ratio of low-frequency Raman bands will be discussed as well.
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Chapter II.

Laboratory-Built

Fast Low-Frequency Raman Spectrometer



I1-1. General Introduction

To observe low-frequency Raman signals with the conventional Raman spectrometer is
not an easy task because the excitation laser output is often very broad and low-frequency
Raman signals are buried under immense Rayleigh scattering. In addition, commercial notch
filters usually have a broad band-rejection width, which eliminates not only Rayleigh scattering
but low-frequency Raman signals. A fast multichannel low-frequency Raman spectrometer using
an iodine (I,) vapor filter was first developed by Okajima and Hamaguchi at Tokyo [1] and
reconstructed by us at National Chiao Tung University [2]. The principle of this apparatus is to
use a single-mode laser which has a very narrow bandwidth of output wavelength (<0.001 cm™)
coupled with an iodine vapor filter [3] as.an ultra-narrow notch filter. Thus, it does not block the
low-frequency Raman signals. Iodine vapor has a numerous number of absorption bands due to
electronic transitions [4] and their bandwidths are as narrow as 0.03 cm™. If one of these narrow
and intense absorption bands of iodine can efficiently absorb light happens to absorb light
exactly at the Raman excitation wavelength work, then the absorption band can function as a
high-performance notch filter that removes elastic Rayleigh scattering with minimum blocking
of inelastic Raman scattered light (see Figure II-1). Figure II-2 shows the two absorption lines of

iodine vapor that are suitable for 514.5 and 532 nm excitation lasers.

Stokes Stokes

Raman Scattering o @ ® 2 Raman Scattering
Rayleigh ) @
Scattering =--_> ® @ o
anti-Stokes ® @ e anti-Stokes
Raman Scattering Raman Scattering

Iodine Vapor Filter

Figure II-1. Gaseous iodine molecules can efficiently absorb unwanted Rayleigh scattering and

only the wavelength-shifted Raman signals pass through it.
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Figure I1-2. Calculated absorption lines of I, in the visible frequency region accessible
by (a) Ar'-ion (514.5 nm), (b) Nd:YAG (532.0 nm) lasers [5]. The 19429.82 cm ™' and
1889.90 cm ' absorption lines (marked by stars) are used for laser line elimination of

the single-mode Ar'-ion laser and Nd:YAG laser, respectively.
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Recently, OptiGrate launched a new line of optical notch filters based on Bragg’s
diffraction law, named BragGrate'™ notch filters (BNFs) [4]. By precisely calculating the angle
between the incident light and filter surface, BNFs is capable of reflecting a certain wavelength
of light with a bandwidth as narrow as 10 cm™. We used either a home-built iodine vapor filter

or BNFs with single-mode lasers and achieved observation of Raman signals down to 9.8 cm.

Stokes Stokes
Raman Scattering Raman Scattering
Rayleigh e
Scattering
anti-Stokes > anti-Stokes
) )
Raman Scattering Raman Scattering

BragGrate™ Notch Filter

Figure II-3. The BragGrate ™ notch filtet can teflect a given wavelength of light (Rayleigh

scattering) and other wavelengths (Raman scattering) pass through it.

The iodine vapor filter and BNFs have both pros and cons. For example, the iodine vapor
filter can more efficiently eliminate Rayleigh scattering (OD>6) and has a larger aperture
(diameter = 5 cm) than BNFs. The larger aperture has a practical advantage because it is easier
for alignment and suitable for use in both conventional 90° scattering setup and confocal Raman
microscope system. Despite these advantages, the Raman spectra acquired with the iodine vapor
filter are suffered from the artifacts due to the rotational and vibrational absorption of iodine
molecules. Correction of the artifacts is required every time after experiments. In contrast with
the iodine vapor filter, the BNFs are free from the annoying artifacts and have higher
transmittance for Raman signals. However, the optical density of one BNF is three orders of

magnitude smaller (OD=3), so at least two BNFs is required to reach the same Rayleigh
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scattering elimination efficiency as the iodine vapor filter. Moreover, the elimination efficiency
of BNF is very sensitive to the incident angle. Therefore, the alignment of the BNFs is critical
and at present only compatible with the confocal Raman system. Figure 1I-4 shows typical
transmittance spectra of the iodine vapor filter and BNFs. The absorption band of the iodine
vapor filter used to eliminate Rayleigh scattering cannot be observed in this spectrum because
the bandwidth (0.03 cm™) is too narrow to be distinguished compared with the spectral

resolution (2.7 cm™).
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Figure I1-4. Transmittance spectra of the iodine vapor filter operated at 60 °C (solid line) and

combination of two BragGrate™ notch filters (dotted line).

In this study, we used two fast low-frequency Raman spectrometers equipped with
different lasers, that is, a single-mode Ar -ion gas laser (514.5 nm) and a single-mode Nd-YVO,

solid-state laser (532 nm), and details of the two spectrometers are described below.
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I1-2. Fast Low-Frequency Raman Spectrometer Using a

Single-Mode Ar'-ion Laser (514.5 nm)

I1-2-1. Apparatus

CCD
Camera lens . lodine vapor detector
Sample 1.2 Flipper filter Q
mirror Polarizer
5mm  Depolarizer
aperture
lens !V
f=100 mm
Spectrometer
M2 plate Camera lens
;@: Tungsten lamp
Polarizer '-‘?

L —

Laser line filter  Single-mode Ar ion laser (514.5 nm)

Figure II-5. Schematic diagram of the low-frequency Raman spectrometer with 514.5 nm

excitation.

A schematic diagram of the 514.5 nm apparatus is shown in Figure II-5. An argon ion
laser (BeamLok 2060, Spectra Physics) with a 514.5 nm output wavelength was used as the
excitation source and focused on the sample cell. The scattered light was collected at 90° by a
camera lens (f= 50 mm, f/1.2, Nikon), then focused on a 5 mm aperture to block strong reflected
light from the sample cell. The collimated light passed through the iodine vapor filter operating
at 95 °C, which filtered out almost all Rayleigh scattering. The transmitted light was further
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focused onto the entrance slit (50 um) of a spectrometer (f = 500 mm, f/6.5, SP-2558, Princeton
Instruments) and dispersed by a 1200 g/mm grating, which covers a wide spectral range (>1300
cm™) with a high spectral resolution of 2.7 cm™. The dispersed light was finally detected by a
back-illuminated, liquid-N; cooled CCD detector (Spec 10:100 B, Princeton Instruments) with
100x1340 pixels operating at =120 °C.

White light from a tungsten lamp was monitored before and after each measurement to
correct the rotational-vibrational absorption of the iodine vapor. In order to direct the white light
into the filter with good position reproducibility, a motorized flipper mirror and an aperture

needed to be placed in front of the iodine vapor filter.

I1-2-2. Low-Frequency Raman Measurement of L-Cystine

In this section, we demonstrate the ability of the apparatus to clearly detect the Raman
bands at 9.8 cm™ in both Stokes and anti-Stokes region. L-Cystine was chosen to be a standard
sample due to its many low-frequency Raman bands. The Raman spectrum of micro-crystalline
powder L-cystine is shown in Figure II-6. L-Cystine was purchased from Wako Pure Chemical
Industries (99% pure) and used without further purification. As can be seen from the inset of
Figure II-5(c), the lowest Raman band of L-cystine at 9.8 cm™ is clearly observed. Moreover, the
most intense Raman band of L-cystine located at 498 cm™ has nearly the same area intensity as
that of the remaining Rayleigh scattering band at 0 cm™, which can help us to check the Rayleigh

elimination efficiency of the iodine vapor filter.
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(a)

Observed spectrum

Raman Intensity

(b) Filter transmittance

(c) Corrected spectrum

50 0 -50

Raman Shift

Raman Intensity
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Figure I1-6. Raman spectra of L-cystine.
(a) Observed Raman spectrum of L-cystine.
(b) Transmittance spectrum of the iodine vapor filter.
(c) Intensity corrected Raman spectrum of L-cystine (= a/b).
The measurement was done with 2.7 cm™ spectral resolution, 1 s exposure time, and

68 mW laser power.
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I1-3. Fast Low-Frequency Raman Spectrometer Using a

Single-Mode Solid-State Laser (532 nm)

Nowadays, diode-pumped solid-state (DPSS) lasers have been widely used in Raman
measurements to replace gas lasers because they have higher output power, better stability and
smaller size. Here, we used a DPSS laser with 532 nm output wavelength. The iodine vapor filter
can eliminate a laser line at 532 nm more efficiently than the argon ion laser line (514.5 nm).
This high elimination efficiency at 532 nm allows us to decrease the operation temperature of the
1odine vapor filter and increase the transmittance of the Raman signals. In addition, the operating
frequency of the DPSS laser is monitored by a wavelength meter, and fixed exactly to the
absorption band of the iodine vapor filter. Together, the system with the DPSS laser (532 nm)
has better stability and higher efficiency than that with the argon ion laser (514.5 nm).

In this system, besides the conventional 90° scattering setup discussed in the last section,
an optical microscope and a 2-axis motorized stage were introduced to construct a confocal
low-frequency Raman microspectrometer, which enables us to investigate the sample under the
microscope and acquire its Raman images. For the confocal Raman microscope system, both

iodine vapor filter and BragGrate'" notch filters can be utilized.
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I1-3-1. Apparatus
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Figure II-7. Schematic diagram of the low-frequency Raman spectrometer (532 nm excitation)

with 90° scattering setup.

Low-Frequency Raman Spectrometer with 90° Scattering Setup (532 nm)

A schematic diagram of the “532-nm -apparatus is shown in Figure II-7. A
frequency-doubled Nd:YVOy laser (532 nm) based on a ring cavity (Verdi-V5, Coherent) was
used as the excitation light source. A small portion (<5%) of the output was reflected to a
high-resolution wavelength meter (WS-7, HighFinesse). The frequency of the laser line was
monitored by the wavelength meter with 60-MHz accuracy and maintained at 18789.902 cm™,
which coincides with the frequency of an absorption line of iodine vapor (Figure II-2 (b)). This
apparatus is similar to the low-frequency Raman spectrometer with the argon ion laser
introduced in section II-2. An advantage of the low-frequency Raman spectrometer described
here is that the iodine vapor has better Rayleigh elimination efficiency at 532 nm than at 514.5

nm. As a result, the operation temperature of the iodine vapor filter can be decreased to 67 °C,
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and the transmittance of the Raman signals increases accordingly. The scattered light from the
sample was collected by a camera lens (f = 50 mm, f/1.2, Nikon). The collimated light was
passed through the iodine vapor filter, which filtered out almost all Rayleigh scattering. The
transmitted light was dispersed by the spectrometer (f = 500 mm, f76.5, SP-2558, Princeton
Instruments) and detected by a back-illuminated, liquid-N; cooled CCD detector (Spec 10:400 B,

Princeton Instruments) with 400x1340 pixels operating at —110 °C.

CCD
BragGrate™ Lens
Notch Filter f=100 mm
Movable mirror % / [
Y i F o —
& | |8 j
lodine vapor
filter
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Pinhole ' Spectrometer
Eoh T ee——

Halogen lamp :@:
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Nd-YVO, (532 nm) f=180 mm
Single-mode laser Beam ) Pinhole ¢ Motorized
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4\ ] | —— -
Fd I = - Objective
/ Isolator Objective Lens 20X, NA=0.45, air
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~

Figure II-8. Schematic diagram of the low-frequency confocal Raman spectrometer

Confocal Low-Frequency Raman Microspectrometer (532 nm)
The system is schematically shown in Figure 1I-8. The same laser as in the 90° scattering
setup was used. In order to make full use of the numeric aperture of the objective lens, the
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diameter of the laser beam was magnified from 2.25 mm to 10.87 mm by a pair of lenses. The
expanded laser beam was directed to an inverted optical microscope (ix71, Olympus) and
focused onto the sample by a long working distance objective (20X, NA=0.45). The sample was
placed on a 2-axis motorized stage (Sigma Koki) with a minimum of 0.1 wm step of movement.
The back-scattered light was collected by the same objective, and then focused by a second
objective (f=180 mm) onto a pinhole (diameter = 75 um). With this confocal configuration, the
axial resolution at the sample point was increased. The well-collimated light was passed though
the iodine vapor filter or BragGrate'™' notch filters to reject almost all Rayleigh scattering. The
transmitted light was dispersed and detected by the same spectrometer and CCD detector as in

the 90° scattering setup.

I1-3-2. Comparison of the Filter Transmittance and Examination of

Low-Frequency Measurement Capability Using L-Cystine

In the confocal Raman spectrometer system, both the iodine vapor filter and BragGrate™
notch filters (BNFs) can be utilized as Rayleigh rejection filters. Compared to the iodine vapor
filter, the advantage of using BNFs is not only that they can be free from the artifacts but also
that the higher transmittance allows more Raman signals to pass through. The transmittance
spectra of different filter sets are shown in Figure 1I-9. Which kind of filter set should be used
during the measurement depends on the exposure time. Generally speaking, if the exposure time
is short (<1 s), two BNFs can reach the best S/N ratio because of the high transmittance (>60 %).

If a long exposure time (>1 min) is needed, the combination of one BNF and iodine vapor filter
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can reach the best Rayleigh elimination efficiency.
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Figure I1-9. Transmittance spectra of (a) two BNFs, (b) three BNFs, (¢) iodine vapor filter
(at 60 °C), and (d) one BNF + iodine vapor filter (at 60 °C).

As described in section 11-2-2, L-cystine was employed as a standard sample to check the
low-frequency measurement capability of the system. Figure II-10 shows the observed Raman
spectra. In both spectra taken with either iodine vapor filter or BNFs, the £9.8 cm™ Raman band
can be seen, indicating a similar low-frequency measurement capability of the BNFs to the
iodine vapor filter. It is noteworthy that the observed spectrum taken with the iodine vapor filter
was interfered with artifacts on the background. The band intensities are also incorrect due to the
absorption of the iodine molecules. In contrast, the observed spectrum taken with three BNFs
does not have these problems, so we can directly look at the spectrum without any background

correction.
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Figure II-10. Observed Raman spectra of L-cystine taken with (a) three BNFs and
(b) a combination of one BNF and the iodine vapor filter.
The measurement was done with 2.7 cm™ spectral resolution, 10 s exposure, time

and 1 mW laser power.

I1-3-3. Evaluation of the Spatial Resolution of the Confocal Raman

Microspectrometer

The spatial resolution of the confocal system is governed by an objective lens and the

confocal pinhole. The lateral (XY) resolution was determined by scanning the focused laser

beam horizontally with a step of 0.2 um across a spherical polystyrene bead with 1 um diameter.

The Raman band intensity of polystyrene at 1003 cm™ was used to estimate the lateral resolution.

Figure II-11 (a) displays the band intensity of polystyrene at 1003 cm™ versus the stage-scanned

distance. The beam profile was assumed to be a Gaussian function and its width obtained by

fitting was 0.925 um. The lateral resolution is defined as the full-width at half-maximum

(FWHM) of the Gaussian width, which is equal to 2vIn2xGaussian width. Therefore, the
calculated lateral resolution was 1.5 + 0.1 um.
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Likewise, the axial resolution was evaluated by scanning the focused laser beam
vertically with a step of 5 um across interfaces between air and glass and between glass and
tetrachloroethylene. The Raman band intensity of tetrachloroethylene at 236 cm™ was employed
for evaluation of the axial resolution. The Raman intensity change at the two interfaces can be

fitted by a Heaviside step function H(x) convoluted with a Gaussian function G(x) (Equation

1-1) [7].

f(x,N,c,B) = Nf_O:oH(a’)G(a’ —a)da' = %[1 +erf (Ji/;Ba)] +c (Im-1)

where N is a normalization constant, a is the onset of the step function, B is the width of the
Gaussian function, ¢ represents a constant offset, and erf denotes the error function. The
fitting result is shown in Figure II-11 (b). The ‘obtained Gaussian width was 19.2 um. The axial

resolution is defined as the FWHM of the Gaussian width. Consequently, the calculated axial

resolution was 32 £+ 1.3 um.

(a) . Fitting Coefficients (b) Fitting Coefficients
y0 =25.613+34.4 N =16374 £ 150 AL
A =2237.6 £103 a =121.02 +£0.566 °
x0  =4.5689 + 0.0337 B =19.217 £ 0.768
width =0.92516 + 0.0517 c =263.88+107

Raman Intensity
Raman Intensity

0 1 2 3 4 5 6 7 8 9 50 100 150 200 250
X Distance (um) Depth (um)

Figure II-11. Evaluation of lateral (a) and axial (b) resolution of the low-frequency confocal
Raman microspectrometer. Red dots represent observed Raman intensities and blue

curves represent fitted lines.
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I1-3-4. Development of the Low-frequency Raman Mapping

Program

Since the low-frequency confocal Raman microspectrometer system is equipped with a
2-axis motorized stage and an optical microscope, it is possible to control the movement of the
stage by a computer and acquire spectra synchronously (Figure I1-12).

Our low-frequency Raman mapping program was developed on LabVIEW 2012
(National Instruments). This program sends commands to the stage controller (SHOT-702,
Sigma Koki) then moves the motorized stage with a minimum of 0.1 um step. The stage was
programmed to move in a zigzag way, as depicted in Figure II-13 (b). After moving each step,
the stage stops for a while to wait for:CCD exposure. At this moment, the program sends a
transistor-transistor-logic (TTL) signal to .the CCD controller (ST-133, Princeton Instruments)
and triggers CCD exposure. Acquisition of Raman spectra is done with Winspec/32 software
provided by Princeton Instruments. Consequently, it is necessary to run the LabVIEW program

and Winspec/32 software simultaneously when doing Raman mapping.

. (P

Motorized Stage Stage Controller CCD Controller CCD Detector

Figure I1-12. Schematic layout of the Raman imaging system.
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Figure I1-13. (a) Developed user interface of the mapping program in LabVIEW 2012.

(b) Stage movement during mapping.
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Chapter III.

In-situ Tracing of the Transformation Dynamics

between Crystal Polymorphs of 1,1’-Binaphthyls
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III-1. Introduction to 1,1’-binaphthyls

1,1'-Binaphthyl is composed of two naphthyl groups linked via a C-C single bond at
1,1'-positions, which represents a special class of biaryl molecules. The molecule is well known
for 1its applications as chiral recognition receptors and chiral catalysts such as
2,2'-bis(diphenylphosphino)-1,1'-binaphthyl (BINAP) [1-3]. The rotational barrier along the C-C
single bond is 23.5 kcal/mol (A G*) [4], which is much larger than the rotational barrier of
biphenyl around the phenyl-phenyl bond in the gas phase (~1.4 kcal/mol) [5]. The large
rotational barrier is attributed mainly to the repulsion of the hydrogen atoms at the 8 and &’
positions. Besides, 1,1'-binaphthyl no longer possesses a plane of symmetry that biphenyl has in
its perpendicular conformation, resulting in axial chirality of the molecule. This fact allows the

isolation of the optically active 1,1’-binaphthyl enantiomers.

View along
(a) this direction
. g
.
Interconversion y
—
(S):(+)-1, 1"-binaphthyl (R):(—)-1, 1"-binaphthyl
(b)
H H
H H

S, configuration R, configuration

Figure III-1. Axial chirality of 1,1"-binaphthyl.
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The asymmetry of 1,1'-binaphthyl is molecular in nature, and enantiomeric
interconversion is made possible simply by rotation about the interannular bond 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
[6]. He found that racemic 1,1’-binaphthyl undergoes spontaneous resolution to generate the
optically active R or S enantiomer when this compound crystallizes from the melt. The chiral
1,1'-binaphthyl molecule contains a chiral axis instead of a chiral center. The enantiomers of
axially chiral compounds are usually given the stereochemical labels R, and S, as shown in

Figure II1-1 (b).

In the crystalline state, 1,1'-binaphthyl is-known to occur as two polymorphs [7]: the
cisoid configuration or lower melting point (148 °C) form and the transoid configuration or
higher melting point (161 °C) form. Brown et al. [8] 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 [9] confirmed the dihedral angle 6 to be 68.6°
(Figure I11I-2). Badar et al. [7] suggested, on the basis of their infrared spectroscopic results, that
the high melting point form adopts a transoid configuration, which was later confirmed by X-ray
analysis [10] to have a dihedral angle of 103.1°, The cisoid form, whose structure was
determined by Kerr and Robertson [9], consists of racemic monoclinic crystals (space group
C2/c). A unit cell of this achiral crystal is comprised of two R enantiomers and two S

enantiomers, i.e., Z = 4. On the other hand, Kress et al. [10] reported the crystal structure of the
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transoid form as an optically 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).

9
0= 68.6 @ 6 =103.1
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A— %‘q“, _ 8%
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wz 9
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Figure I1I-2. Schematic diagram of the two crystal forms of 1,1’-binaphthyl.

Extensive studies on the structural change of the ground and excited states of
1,1'-binaphthyl in the solution phase have been done by absorption spectroscopy [11, 12],
fluorescence spectroscopy [13, 14], and Raman spectroscopy [14-16]. Also there are some
theoretical studies, in which the dihedral angle adopted by the 1,1'-binaphthyl molecule in its

most stable conformation was estimated [17-23].

The first report on the two crystal forms of 1,1’-binaphthyl in the viewpoint of Raman
spectroscopy was provided by Lacey et al. [15]. However, the Raman spectra of the cisoid and
transoid form in the low-frequency region (< 150 cm™) have not been reported yet. In this study,
we are interested to see how different are the spectral patterns in the low-frequency region of the
different crystal structures of 1,1'-binaphthyl. Then we can use these differences to monitor the
transformation dynamics between the cisoid and transoid forms. Moreover, the low-frequency

Raman imaging technique can be applied to differentiate the two crystal forms on a molecular
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basis and to reveal spatial distributions of molecular orientations inside the crystal, both of which

can hardly be realized with any other existing methods.
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III-2. Preparation of the Cisoid and Transoid Form

1,1'-Binaphthyl powder with 98% purity, which is dominated by the cisoid form, was
purchased from Tokyo Chemistry Industry Co., LTD. Unknown impurities may cause strong
fluorescence in the Raman spectrum measured with 514.5 and 532 nm excitations. In order to get
rid of possible fluorescent impurities, column chromatography was used to purify the

commercially obtained 1,1'-binaphthyl (Figure I1I-3).

—= 98% 1,1-binaphthyl |
| Impurities
—= Stationary phase: silica gel

Mobile phase: 99.5% n-hexane

in benzene

~= Pure 1,1'-binaphthyl

Figure III-3. Column chromatography purification of 1,1'-binaphthyl.

Pure Liquid Cisoid ~
1,1°-binaphthyl /phase ansoid

ety 180°c /
180°C

p‘u b S
1,1%binaphthyl

Figure I1I-4. Preparation of the cisoid and transoid forms.
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Preparation of the cisoid and transoid crystal was followed the similar procedure reported
previously [6, 24, 25, 26], figure I11-4 visually describe how we prepared them. A small amount
of the pure 1,1°-binaphthyl (0.35 g) was placed in a 10 ml round-bottom flask and heated up to
180 °C in an oil bath. The melt was kept in the temperature for 15 minutes to completely
racemize the sample, then we cooled down the melt to 150 °C and allowed it to crystallize. After
4 hours, the sample was cooled down to room temperature. The transparent, flake-shaped cisoid
crystals was found at the top of the reactor, as the result of evaporation and recrystallization of
1,1’-binaphthyl. This process is consistent with the previous literature, which claimed the
transformation of these polymorphs follows vapor-solid transformation [10]. On the other hand,
the white transoid solids were observed to stay at the bottom of the reactor.

To examine the purity of the :cisoid -and . transoid crystals so obtained, differential
scanning calorimetry (DSC) was applied to measure the melting point of the two crystal forms.
Figure I11I-5 shows the DSC curves of the cisoid crystal obtained with different heating rates. The
146 °C band was observed, which represents the melting point of the cisoid form. In addition,
the 160 °C band was also observed, which indicates the melting point of the transoid form. With
a faster heating rate (45 °C/min), the cisoid form predominates. However, with a slower heating
rate (5 °C/min), the DSC curve is dominated by the transoid form. This result implies that to
observe the transformation between the cisoid and transoid forms, a slower heating rate should
be used. The DSC curves of the transoid form measured with different heating rates are shown in
Figure III-6. This time, the transoid form dominates in all the cases. Thus we would be unable to

observe the transformation from the transoid crystal.
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Figure III-5. Differential scanning calorimetry (DSC) measurements of cisoid form crystal with

different heating rates [26].
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Figure I1I-6. Differential scanning calorimetry (DSC) measurements of transoid form crystal

with different heating rates [26].
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I1I-3. Raman Spectra of the Two Polymorphs of 1,1’-Binaphthyl

The Raman spectra of the two purified crystal powder samples measured at room
temperature with 514.5 nm laser excitation and 1 second exposure time are shown in Figures
I1-7 and III-8. The most notable difference in the high-frequency region (200 — 1100 cm™)
between the two spectra is concerned with different intensity ratios of pairs of Raman bands
centered at 460, 520, 1025, and 1588 cm™ [15]. The difference in the intensity ratio of a pair of
the bands can be explained in terms of the weakly coupled model of the two naphthyl groups
[27]. Due to the coupling, each of the bands splits into a doublet in 1,1’-binaphthyl by ~21 cm™,
and the intensity ratios can reflect how these two naphthyl groups interact with each other with
different dihedral angles (68.6° and 103:1°). Among those pairs of bands, the 510/532 cm™ pair
shows the strongest intensity; thus they are selected to be the pair of marker bands to distinguish
the cisoid and transoid forms in the high-frequency region. Compared with the high-frequency
region, the low-frequency region (<200 cm™) shows significantly strong signal intensities. The
reason for this is that the low-frequency motions usually originate from collected motions or
lattice vibrations, which give large polarizability changes that result in strong Raman signals.

Figure I1I-9 shows the low-frequency (—200 to +200 cm™') Raman spectra of the two
polymorphs of crystalline 1,1'-binaphthyl. Decent low-frequency Raman spectra in both Stokes
and anti-Stokes regions have been obtained simultaneously within 1 s. This is the first
observation, to our knowledge, of the low-frequency Raman spectra of the crystal polymorphs of
1,1'-binaphthyl. In the transoid form, the 26 cm™ band gives the strongest intensity in the whole

spectrum. On the other hand, the cisoid form shows the most intense bands at 100 and 110 cm™,
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which may arise from a symmetry splitting of one band into a doublet at 100 and 110 cm.
Detailed band assignments are yet to be done, and high resolution polarized Raman

measurements are required in the future.
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Figure III-7. Raman spectrum of the cisoid powder at room temperature.
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Figure I1I-8. Raman spectrum of the transoid powder at room temperature.
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Figure I11-9. Low-frequency Raman spectra of the two crystalline 1,1'-binaphthyl.
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II1-4. In-situ Tracing the Transformation between Polymorphs

Heating Apparatus

As demonstrated by the DSC measurements of the cisoid crystal (Figure II1-5), we now
know that when the cisoid form is heated, it transforms to the transoid form. In order to measure
the Raman spectra during the transformation, we designed a heating cell.

Figure I1I-10 draws the design of the laboratory-built heating cell for the 90° scattering
setup Raman spectrometer. It is a closed system and can be raised its temperature by heating
coils inside the cell. The sample sealed in a capillary is inserted from the side port, and a
thermocouple is placed beside the capillary to-monitor the surrounding temperature. The laser
beam is introduced from the bottom window and focused on the sample. The scattered Raman

signals can be collected from the large optical window.

Optical Window

Y
Sampl -
- >ample Thermocouple |6 &=
(in capillary) v v
Heating
Incident Laser Controller

Figure I1I-10. Laboratory-built heating cell.
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Raman Spectral Change Observed When the Cisoid Powder Was Heated

Figure I1I-11 shows the low-frequency (—200 to +200 cm™) Raman spectra of slowly
heated cisoid powder at different temperatures. The measurement was started from room
temperature, and the sample was heated up with a rate of 3 °C/min. When the temperature
reached to the desired value, we waited another 1 minute to ensure that thermal equilibrium was
reached and then acquired the Raman spectrum. As the temperature increases, all Raman bands
shift to lower frequencies. At 126 °C, the Raman band located at 26 cm'l, which is a
low-frequency marker band for the transoid form starts to appear. In other words, the
transformation from the cisoid to transoid form takes place at this temperature. After 138 °C, the
cisoid was totally transformed into the transoid form. The transoid form melts at 156 °C, which
is in agreement with the literature [7].

Compared to the low-frequency region, the spectral pattern in the higher frequency
region (Figure III-12) does not change significantly. The only difference is the intensity ratios of
three pairs of Raman bands: 450/468 cm™, 510/532 cm™ and 1010/1035 cm™. From these results,
we can conclude that the low-frequency Raman bands are more sensitive to the structural change,

exhibiting much more notable differences than the high-frequency Raman bands do.
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Figure III-11. Low-frequency Raman spectra at different temperatures recorded by heating the
cisoid powder. Laser power, 55 mW (514.5 nm excitation); exposure time, 1 s;
spectral resolution, 2.7 cm™; and heating rate, 3 °C/min. The temperatures shown

on the right are those indicated by the thermocouple.
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Figure I1I-12. Raman spectra in the fingerprint region at different temperatures recorded by
heating the cisoid powder. Laser power, 55 mW (514.5 nm excitation); exposure
time, 1 s; spectral resolution, 2.7 cm']; and heating rate, 3 °C/min. The

temperatures shown on the right are those indicated by the thermocouple.

42



Raman Spectral Change Observed When the Transoid Powder Is Heated

To examine the reversibility of the transformation between the cisoid and transoid forms,
similar heating measurements were performed on the transoid powder. However, we did not
observe any transformation of the transoid form. The low-frequency Raman spectra at different
temperatures displayed in Figure III-13 show no spectral pattern change. The low-frequency
Raman bands just keep showing a decrease in intensity and a slight shift to lower frequency upon
heating. After 154 °C, almost all low-frequency Raman bands disappear, indicating the transoid
form melts. Also the Raman spectra in the higher frequency region (Figure 11I-14) do not show
any significant change, including the three pairs of Raman bands.

This result suggests that the transformation is irreversible. It only happens with slower
heating of the cisoid form. Our result also indicates that the transoid form is a more thermally
stable structure. This interpretation is consistent with the X-ray diffraction analysis of the cisoid
and transoid single crystals [24]. Figure III-15 depicts the crystal structure inside a unit cell of
the cisoid and transoid crystals. In both cases, the intermolecular interactions are mainly from
van der Waals force, acting between the H atoms and m electrons of the aromatic ring. In the
transoid form, the molecules stack parallel to each other via the CH- s interactions, while the
CH- &t interactions in the cisoid form are expected to be small within each layer. Thus, the
intermolecular interactions within a unit cell of the transoid form are stronger than those in the

cisoid form.
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Figure I1I-13. Low-frequency Raman spectra at different temperatures recorded by heating the
transoid powder. Laser power, 55 mW (514.5 nm excitation); exposure time, 1 s;
spectral resolution, 2.7 cm™'; and heating rate, 3 °C/min. The temperatures shown

on the right are those indicated by the thermocouple.
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Figure I1I-14. Raman spectra of the fingerprint region at different temperatures recorded by
heating the transoid powder. Laser power, 55 mW (514.5 nm excitation);
exposure time, 1 s; spectral resolution, 2.7 cm'l; and heating rate, 3 °C/min. The

temperatures shown on the right are those indicated by the thermocouple.
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Figure III-15. The crystal structure of (ZWM and (b) the transoid form. [24]

46



Raman Spectra of Melted 1,1’-Binaphthyl

We kept recording the Raman spectra after the melting point of the transoid form (158 °C)
was reached. The observed Raman spectra after melting are shown in Figure I1I-16 (a). To get
rid of the broad Rayleigh wing, the following reduce equation (Equation III-1) was employed

[28].

hevy —1

L, 0] = (1 + e_kTT) X (T — 0) 73X, [0] (I11-1)

where c is the speed of light, /4 is Planck’s constant, kp is the Boltzmann constant, 7 is the sample
temperature, v, is the absolute wavenumber of the incident laser, ¥ is the Raman shift, and
1,45[0] is the observed Raman intensity.

The reduced Raman spectra at different temperatures (Figure II11-16 (b)) clearly show that
the 20 and 26 cm™ bands of the transoid form disappear upon melting. The absence of these
bands in the liquid state suggests that they are most likely assigned to lattice vibrations. In
contrast, a broad feature from 40 to 140 cm™ still remains even at 173 °C, which is much higher
than the melting point. Based on this observation, the three low-frequency Raman bands at 55,
66, and 79 cm™ may be due to intramolecular vibrations. With the present data alone, it is hard to
tell whether the other two shoulders located at 43 and 95 cm™ are lattice vibrations or
intramolecular vibrations. Accurate calculations of Raman spectra of molecular crystals, which
are highly challenging at the present stage of theoretical development, will help clarify the band

assignments.
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Figure I11-16. (a) Observed low-frequency Raman spectra of melted 1,1'-binaphthyl and (b) the
corresponding reduced Raman ‘spectra at different temperatures.
Laser power, 55 mW (514.5 nm excitation); exposure time, 1 s; spectral resolution,
2.7 cm™; and heating rate, 3 °C/min. The temperatures shown on the right are

those indicated by the thermocouple.

48



III-S. Fitting Analysis

We have evidently observed spectral pattern changes associated with the transformation
from the cisoid form into the transoid form. To extract quantitative information on peak shift and
intensity change, band fitting analysis was applied. In this section, we mainly focus on the
spectral change at different temperatures (24—154 °C) in the low-frequency spectra (Figure
II-11), and compare with the changes in 510/532 cm’” intensity ratios in the fingerprint region.
All Raman spectra were normalized with the strongest intramolecular vibrational band located at

683 cm™ before fitting.

Band Fitting in Low-Frequency Raman Spectra (—200 to +200 cm™)

Raman bands can generally be fitted well by assuming Lorentzian band shape. Here too,
Lorentz function was used for fitting each low-frequency band including the shoulder-like peaks
in the transoid form. Because the Raman bands at Stokes and anti-Stokes sides must be

symmetric with respect to 0 cm™, the fitting function should have the form

Aj Aj
€ —?i)z + Aiz € +T/i)2 + Aiz (I1-2)

where ¥ is the Raman shift, ¥; is the peak position, A; is the band intensity, and A; is the
bandwidth. This function has two peak positions at +¥; (Stokes side) and —7V; (anti-Stokes
side). If ¥; is zero, Equation III-2 reduces to one single Lorentz function located at 0 cm™,

representing Rayleigh scattering.
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The intensities of the Stokes and anti-Stokes bands are not the same due to two important
factors. First, the anti-Stokes/Stokes intensity ratio is related to the Boltzmann distribution of the
vibrational energy levels. Considering that 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) with the Bose-Einstein factor (n(¥)) [29]:

n(¥) = (1 + exp [—ZZ% )_1 (I11-3)

Note that this factor requires only one parameter to be included in the fitting, that is, temperature
(7). In the fitting, the temperature parameter is assumed to be common for all the low-frequency

Raman bands.

One more factor that affects the anti-Stokes/Stokes intensity ratio is called the “frequency
factor”, which is due to variation of Raman'transition rate of different frequencies. The
frequency factor is written as

(U, — D)3 (111-4)

where ¥, is the absolute wavenumber of the incident laser.

The resulting overall fitting function is the product of Equations I1I-2, III-3 and III-4 as

follows:

N A; A; hey -t
@)=y {Z l(ﬁ —0;)% + AF * (U +0,)% + A?l} - (1 vew > X = (M=5)
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Table III-1 summarizes the fitting parameters. This Table ITI-1.

fitting function can fit nine low-frequency bands of the cisoid  g,celine Yo

and transoid form in both Stokes and anti-Stokes sides. Peak position ¥; (i=1-9)

Bandwidth A; (i=1-9)
Twenty-nine  independent  parameters are determined
Intensity A; (i=1-9)

simultaneously for each fitting. Temperature T

Figure III-17 shows the fitted results of the heating measurement on the cisoid form. All
Raman spectra are well reproduced by the assumed fitting function (Equation III-5). Based on
these high-quality fitting results, the temperature at the sample point can be estimated. Moreover,
changes in the peak position change as well as in intensity can also been determined by the

fitting. These results will be discussed independently in the next section.
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Figure I1I-17. Experimental data in the low-frequency region (red dots) and their fitted results
(blue lines). The temperatures shown on the right are those indicated by the

thermocouple.
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Band Fitting of a Pair of Raman Bands at 510/532 cm™

As mentioned in Chapter III-3, the intensity ratios of three pairs of Raman bands at
450/468 cm'l, 510/532 ecm™ and 1010/1035 cm™ are found to differ between the cisoid and
transoid forms. Among these three pairs, the 510/532 cm™ pair has the strongest intensities, so
we analyze this pair. The determined intensity ratios are compared with the intensity change of

the low-frequency bands at different temperatures.

Trial fitting shows that neither Gaussian function nor Lorentz function can perfectly fit
the pair of Raman bands. Therefore, the Voigt function, whose line shape is in between Gaussian
and Lorentzian profiles, was used to fit:the pair of Raman bands. Equation III-6 describes the

fitting function.

f@) =y, + X1, xVoigt[(§ — ;) XA;, B;] (I11-6)

where Y, determines the baseline, I, is the band intensity, U is the Raman shift, U; is the

peak position, and A; is the bandwidth. B; is used to adjust the band shape.

Some representative fitting results are shown in Figure III-18, from which the intensity

ratios can be easily calculated.
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Figure III-18. Experimental data in the fingerprint region (red hatched curves) and their fitted
results (blue curves). The temperatures shown on the right are those indicated by the

thermocouple.
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I1I-6. Discussion:
Changes in Low-frequency Raman Bands Change During

Transformation

Peak Position Shift Caused by Temperature Elevation

Figure III-19 displays the changes in peak positions of the low-frequency bands obtained
from band fitting. Because the measurement started from the cisoid form and the cisoid form
transformed into the transoid form at high temperatures, the temperature ranges in Figures I11-19
(a) and (b) are different from each other. “All the bands shift to lower frequency linearly when
increasing temperature. It is noteworthy that the cisoid associated bands have more prominent
peak shifts (larger slopes) than those of the transoid associated bands. It is known that the peak
shift is related to thermal expansion of the crystal structure. Consequently, the smaller peak shift
of the Raman bands found for the transoid form may imply stronger intermolecular interaction
than the cisoid form. This result also supports the argument that the transoid form has a more

stable crystal structure.
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Band Intensity Change During the Transformation

The cisoid and the transoid forms have some distinct Raman bands in the low-frequency
region, such as 175, 110, and 100 cm’ for the cisoid form and 26 cm™ for the transoid form. By
tracing the change of these band intensities, we can understand the transformation progress.
Figure III-20 exhibits the band intensity change during the transformation until melting takes
place. At 128 °C, the 26 cm™ band of the transoid form appears, indicating the onset of
transformation. At temperatures higher than 128 °C, the intensities of the transoid Raman bands
keep increasing, whereas the cisoid Raman bands keep decreasing. At temperatures higher than
138 °C, all the cisoid form related bands disappears, indicating that the cisoid form has been
transformed into the transoid form completely. It is worth noting that the most intense cisoid
Raman band at 100 cm™ becomes as a shoulder band of the transoid form at 95 cm™, so it still

possesses some intensity even after the transformation.

The change of the 510/532 cm™ intensity ratio is also compared with the intensity change
of the low-frequency bands in Figure I1I-20. At room temperature, the cisoid form has a larger
510/532 cm’" intensity ratio (~2) than the transoid form (~1). Upon the transformation, due to the
appearance of the transoid form, the 510/532 cm™ intensity ratio decreases. It is noteworthy that
the intensities of an intramolecular vibration band at 300 cm™ maintained almost unity for all

temperatures, indicating normalization of the spectra by the 683 cm™ band worked well.
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I11-7. Discussion:

Which Low-Frequency Band Is Attributed to the Torsional Motion?

Low-frequency Raman spectroscopy is sensitive to some intramolecular vibrations,
which have large amplitude, such as the C—C torsional motion of the crystalline biphenyl [30].
Since 1,1'-binaphthyl is a similar biaryl compound, we expect to observe the C—C torsional
motion in crystalline 1,1’-binaphthyl as well. In Wang’s Master thesis, he regarded the 26 cm™ as
the most likely candidate for the torsional motion on the basis of DFT calculation results [26].
However, according to the melted 1,1'-binaphthylspectra (Figure III-21 (a)), the 26 cm™ band is
assigned to a lattice vibration rather than to the torsional motion. In contrast, a broad band
ranging from 40 to 140 cm™ with the peak located-at 75 cm™ remains even after melting. Thus,
we attribute the three bands at 56, 65, and 75 cm™ for the cisoid form (Figure III-21 (b)) and 55,
66, and 79 cm™ for the transoid form to the torsional motion. The transoid form, which has a
larger dihedral angle (103.1°) than the cisoid form (68.6°), would have a smaller barrier for the
torsional motion due to smaller repulsion force between the two H atoms at 8 and 8’ positions.
The smaller barrier for the torsional motion may result in a larger change of polarizability, so the

transoid form shows stronger Raman intensity of the torsional motion than the cisoid form.

The Raman spectrum of 1,1'-binaphthyl in carbon tetrachloride was also measured to
confirm the intramolecular vibrations in the low-frequency region and is shown in Figure I11-21

(d). Solvent bands have been subtracted and subsequently, the difference spectrum was reduced
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by using Equation III-1. The spectrum displays a similar pattern to the melted 1,1’-binaphthyl
spectrum. Both of them show a broad band centered at 75 cm™. This result further supports that

the composite band around 75 cm™ arises from the torsional motion along the C-C single bond.
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Figure III-21. (a) Reduced spectrum of the melted 1,1’-binaphthyl. (b) Raman spectrum of the
cisoid form. (c¢) Raman spectrum of the transoid form. (d) Raman spectrum of

1,1’-binaphthyl dissolved in CCly (0.6 M) at room temperature.

The solution spectrum was measured with 532 nm excitation and 50 mW power.

The exposure time was 3 min. The spectral resolution was 2.7 cm™.
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II1-8. Summary

In this chapter, we have demonstrated that low-frequency Raman spectroscopy can
effectively discriminate molecules that have the same chemical formula but different crystal
structures. The cisoid form and the transoid form of 1,1’-binaphthyl show distinct low-frequency
spectral patterns. This is the first observation of the low-frequency (<150 cm™) Raman spectra of
1,1"-binaphthyl. The 100 and 110 cm™ bands can be used as the marker bands for the cisoid form,

while the 20 and 26 cm™ bands for the transoid form.

In the slow heating experiments, we.found: that the cisoid form gradually transforms into
the transoid form from 128 °C. At temperatures higher than 138 °C, it totally transforms into the
transoid form. On the other hand, the transoid form cannot transform back into the cisoid form
while heating. By analyzing the temperature dependent change of peak position, the transoid
form shows less peak shift than the cisoid form, indicating that the transoid form undergoes less
thermal expansion of the crystal structure. These results imply that the transoid form has a more

stable structure than the cisoid form.

In the Raman spectra of melted 1,1'-binaphthyl and of 1,1’-binaphthyl in solution, almost
all low-frequency Raman bands are absent. Only a broad band centered at 75 cm™ remains
because it possibly comes from an intramolecular vibration. Thus, we conclude that the 56, 65,
and 75 cm™' bands of the cisoid form, and the 55, 66, and 79 cm”' bands of the transoid form are

associated with this broad band, which is most probably assigned to the torsional motion.
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Chapter 1V.

Low-Frequency Raman Imaging of 1,1’-Binaphthyl

Crystals
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IV-1. Purpose of This Study

In Chapter III, we studied the transformation dynamics of polycrystalline powder
1,1'-binaphthyl samples macroscopically. Here, we are interested in investigating 1,1'-binaphthyl
crystals microscopically, that is, under an optical microscope. The confocal microspectroscopy
described in section II-3 is applied to the cisoid and transoid crystals of 1,1'-binaphthyl in this
study.

Confocal Raman microspectroscopy has been widely used in bioscience. Our group has
been applying this technique to perform in-vivo Raman imaging of living cells and investigate
the distributions of proteins, lipids and polysaccharide inside the cell [1, 2]. Also, there are some
studies on crystal growth based on high-frequency Raman signals [3-5]. However,
high-frequency Raman signals are relatively weak compared with low-frequency signals. Since
the laboratory-built confocal Raman system can easily observe Raman signals down to 9.8 cm™,
we make full use of the information derived from low-frequency Raman spectra to investiate

crystal structures and molecular orientations.
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IV-2. Sample Preparation

The ciosid form single crystal was recrystallized by the gas diffusion method (Figure
IV-1 (a)). Pure 1,1’-binaphthyl powder in a small vial was dissolved in ethyl acetate, then it was
put in a larger vial containing n-pentane. Because n-pentane has a lower boiling point than ethyl
acetate, it would diffuse into the small vial and slowly decrease the solubility of 1,1’-binaphthyl
in ethyl acetate, eventually resulting in recrystallization of 1,1'-binaphthyl. The cisoid form
single crystals can be found in the bottom of the small vial after one day. A typical cisoid single
crystal obtained with this protocol is shown in Figure IV-1 (b). Note that the cisoid crystal

belongs to monoclinic (C2/c) space group [6].

“"Uﬁ w

1,I’-binaphthyl

ethyl acetate n-pentane Cisoid
(soluble) (insoluble)  single crystal
bp.=77°C  bp.=361°C

Figure I'V-1. (a) Preparation of the cisoid form single crystal. [Picture from Wikipedia].
(b) Bright-field optical image of a typical cisoid form single crystal obtained with

the gas diffusion method.

Then the cisoid form single crystal was transfered from the vial to a slide glass by a sharp
needle made from a glass capillary. The glass needle is an insulator which is easily coverd by
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static electricity on the surface. Therefore, we can use the interaction between static electricity
on the sharp needle and van der Waals force of the cisoid molecules to transfer the tiny sample
without damaging. The cisoid form single crystal was sandwiched by slide glass, sealed by high
temperature tape and kept at 130 °C on a hot plate for three days. After cooling down to room
temperature, the transoid crystals were observed under the optical microscope. Some transoid
crystals were isolated from the cisoid mother crystal, but some were attached to the ciosid
mother crystal. This observation supports that the transformation mechanism is sublimation of
the cisoid form followed by recrystalization to the transoid form [6, 7]. To demonstrate the
power of low-frequency Raman microspectroscopy, we focus especially on the sample in which

a transoid crystal is found in the vicinity of a cisoid crystal (Figure IV-2).

Figure IV-2. Bright-field optical image of a composite of the cisoid and transoid

microcrystals.
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IV-3. Low-Frequency Raman Imaging of the Cisoid Form Crystal

The prepared cisoid form single crystal (Figure IV-3 (a)) was analyzed by multi-mode
Raman images constructed from the low-frequency Raman bands to check the molecular
alignment inside the crystal. Space-resolved Raman spectra were recorded by moving with a 3
um step the sample mounted on the motarized stage. Each Raman spectrum was taken with 0.2
second exposure under the conditions of 532 nm excitation, 5 mW laser power and 2.7 cm™
spectral resolution. Ultimately, an area of 600 x 300 um” was scanned to cover the whole cisoid
form single crystal with 1.5 um lateral resolution and 32 um axial resolution.

The obtained Raman spectra were analyzed by the band fitting as mentioned in Chapter
[II-5. Equation III-5 was still used as the fitting function to fit the seven low-frequency Raman
bands (Figure IV-3 (b)). During fitting, each peak position and bandwidth were fixed, so the
band amplitude of each band was the only adjustable parameter. Then the low-frequency Raman
images were constructed from the band intensities of each vibrational mode and displayed in

Figure [V-4.

Figure IV-3. (a) Optical image of
the cisoid form single crystal. ® v

(b) The fitting curve (blue line) can 110
well reproduce the observed g
Raman spectrum. %

CY) E;

174 756556
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200 150 100 50 O  -50 100 -150 -200

Raman Shift (cm71)
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As can be seen from Figure [V-4, the intensities of the Raman bands at 110, 100, 75, 56
and 37 cm™ are homogeneously distributed in the cisoid form single crystal. The stronger band
intensites on the lower left corner of the crystal most likely indicates that the crystal is thicker
there. Apart from these bands, we found that the 174 and 65 cm™ band only apears on the edge
of the crystal. This finding impies that the molecular orientation on the crystal edge may differ

from that of the inner part of the crystal.
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Figure IV-4. Low-frequency Raman imaging of the cisoid form single crystal and the optical

image (orange picture).
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IV-3-1. Structure of the Cisoid Form Crystal

According to the low-frequency Raman images shown in Figure 1V-4, the 174 and 65
cm™ bands appear only on the edge of the crystal. To examine the spectral difference in detail,
we average the spectra around the center (inner) and the left corner (edge) of the crystal (Figure
IV-5). Surprisingly, we found that the averaged Raman spectrum of the crystal edge is very
similar to the spectrum of the cisoid powder sample, which is considered to consist of
microcrystals with random orientations. Similarity of the edge spectrum to the powder spectrum
suggests that the edge of the cisoid form single crystal is polycrystalline. This result may
challenge the naive assumption that a crystal like what is shown in Figure IV-4 is spatially
uniform everywhere. Although we call the measured crystal a “single cisoid form crystal”, there
is some heterogeneity of crystal structure that possibly results in the different low-frequency
spectral patterns (Figure IV-5). The inner spectrum is considerably different from the edge
spectrum. In addition to the intensities of the weak 174 and 65 cm™ bands, the intensity ratio of
100/110 cm™ is also different between the inner and edge regions of the cisoid crystal. Therefore,
the intensity ratio of 100/110 cm™ can be used to investigate the homogeneity of the cisoid

molecular alignment.
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Figure IV-5. Averaged low-frequency Raman spectra of the cisoid crystal around the center (red

curve) and the left corner (blue curve) compared with the cisoid powder spectrum

(green curve).

Figure IV-6 shows the Raman images constructed from the intensity ratio of 100/110
cm”' bands. The ratio is homogeneously distributed inside the crystal but decreases on the edge.
Based on this result, a schematic illustration of crystal orientations in the cisoid form crystal
(Figure IV-7) can be drawn. The width of the polycrystalline edge was estimated to about 9 um
(corresponding to ~3 pixels in the image). Finally, we conclude that the intensity ratios of the
low-frequency Raman bands are useful to examine crystal orientation. Thus it is applicable to

check the quality of crystal growth.
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Figure IV-6. Raman imaging with the intensity ratio of the 100/110 cm™ bands.
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Figure I'V-7. Proposed heterogeneous crystal structure of the cisoid form crystal.
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IV-4. Low-Frequency Raman Imaging of the Transoid Form

Crystal Adjacent to Cisoid Form Crystal

Next we investigated transoid and cisoid microcrystals that are in close proximity (Figure
IV-8 (a)) by low-frequency Raman imaging. In the present study, we demonstrate the ability of
low-frequency Raman bands to easily distinguish microcrystals with different crystal structures.
Space-resolved Raman spectra were recorded by moving with a 1 wm step the sample mounted
on the motarized stage. Each Raman spectrum was taken with 0.2 second exposure under the
conditions of 532 nm excitation, 5 mW laser power and 2.7 cm™ spectral resolution. Finally, an
area of 160 x 160 um® was scanned to cover the whole transoid crystal and part of the cisoid
crystal.

Five marker bands (20 and 26 cm’' for the transoid form and 100, 110, and 174 cm™ for
the ciosid form) are selected for band fitting. The fitting function is assumed to be a

superposition of five Lorentz functions, like equation I'V-1.

5
f(x)=yo+;m (IV—-1)
where y, determines the baseline, A; is the band amplitude, x; is the peak position and B; is
square of the bandwidth. During fitting, each peak position and bandwidth were fixed and the
band amplitude was the only adjustable parameter. Representative fitting results of the Raman
spectra measured at three locations indicated in Figure IV-8 (a) are displayed in Figure IV-8 (b).
In addition, the intensity ratio of the pair of high-frequency Raman bands 510/532 cm’

was also calculated to distinguish the cisoid and transoid forms on a molecular basis. The fitting
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procedure is the same as described in Chapter III-5. Representative fitting results are shown in

Figure IV-8 (c).
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Figure IV-8. (a) Optical image of cisoid/transoid crystal mixture.
(b)(c) Representative Raman spectra selected from the points labeled in panel

(a) (red curves) and the fitting curves (blue curves).
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Raman images have been constructed from the band amplitudes at 20, 26, 100, 110, and
174 cm™ and intensity ratios of 510/532 cm™ (Figure IV-9 (b)~(g)). The images of the
low-frequency bands (Figures IV-9(b)—(f)) can selectively see either the cisoid or transoid crystal
depending on which crystal marker band is used, and provide the information on the
heterogeneity of the crystals. Although the Raman image of the 510/532 c¢m™ intensity ratio
(Figure IV-9(g)) is capable of distinguishing between the cisoid and transoid forms, it does not
contain the information on detailed crystal orientations. Moreover, due to the weaker intensity of
these bands, the image is easily interfered with the noise from background. Unlike the cisoid
crystal discussed in section IV-3, the Raman images of the cisoid bands at 100, 110, and 174
cm™ (Figures IV-9 (d)—(f)) look quite heterogeneous presumably due to sublimation involved in
the sample preparation. It should be noted that crystal morphology also affects the Raman
images constructed from intensities; if the focal volume probes a large part of the crystal, the
observed Raman intensity would be greater. Figure IV-10 compares the band intensity of 26 and
530 cm™ along the axis of the transoid crystal. The 26 cm™ low-frequency band show markedly

high contrast to the background compare with the high-frequency band.
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IV-4-1. Domain Structures in the Transoid Crystal

As mentioned in Chapter I1I-3-1, the intensity ratio of low-frequency bands can be
utilized to monitor the homogeneity of crystals. Here, we calculated the intensity ratio of 26/20
cm™ and constructed the Raman image, as displayed in Figure IV-11 (a). In the Raman image,
we can find many micro-domains (white and red-colored regions) with different crystal
orientations. A red-colored domain indicates that the 26 cm™ band is stronger than the 20 cm™
band, whereas a blue-colored domain indicates that the 26 cm™ band is weaker. From Figure
IV-11 (b), the relative intensity difference at 26 and 20 cm™ within different micro-domains is
clearly seen. This kind of micro-domains with different crystal orientations is hardly possible to

be solved in X-ray diffraction analysis, but is evident from low-frequency Raman imaging.
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IV-5. Polarized Low-Frequency Raman Imaging of the Transoid

Form Crystal Adjacent to Cisoid Form Crystal

Because the low-frequency Raman spectrum (<150 cm™) of crystalline 1,1'-binaphthyl
has yet to be reported, the assignment of the low-frequency Raman bands is crucial to understand
the profound physical meaning of intermolecular interactions. Therefore, we have performed
polarized low-frequency Raman imaging measurements with a view to understand the symmetry
of molecular polarizabilities responsible for those low-frequency Raman bands. Here, the same
cisoid/transoid crystal mixture as discussed in the last section was studied. Space-resolved
Raman spectra were recorded by moving with a 1 um step the sample mounted on the motarized
stage. Each Raman spectrum was taken with 0.5 second exposure under the conditions of 532
nm excitation, 1 mW laser power and 2.7 cm™ spectral resolution. Finally, an area of 160 x 160
um® was scanned to cover the whole transoid crystal and part of the cisoid crystal. These
experimental conditions were fixed throughout the measurements of four polarization

configurations.

IV-5-1. Definition of Four Polarization Configurations

In this section, Raman imaging was performed with four different polarization
configurations: namely, Z(XX)Z', Z(XY)Z', Z(YX)Z' and Z(YY)Z', where the four characters
are defined as “direction of the incident laser, (incident laser polarization, analyzer/signal

polarization), direction of the Raman signal” in the laboratory-fixed coordinates system. A
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schematic layout of the X, Y, and Z axes is displayed in Figure IV-12. All Raman spectra were

normalized by the white light spectra taken with X or Y analyzer polarization.
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Figure IV-12. Schematic layout of the polarization configurations employed in the

low-frequency confocal Raman microspectrometer.

IV-5-2. Singular Value Decomposition and Band Fitting

Due to the weak laser power (1 mW) and low transmittance of the thin-film analyzer (<
40%), the signal-to-noise ratio (S/N) of the Raman spectra was much lower compared with the
former measurements. Thus, singular value decomposition (SVD) has been performed to
improve the S/N, which has been successfully applied to many other studies [8-13]. SVD is a
mathematical procedure that decomposes an arbitrary m X n matrix A into the product of
three matrices as A = UWVT [14], where U is a m X n column-orthonormal matrix, W is a
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n X n diagonal matrix of non-negative singular values, and VT isa n X n orthonormal matrix.
In our experiments, matrix A contains m spectra with n pixels (corresponding to
wavenumbers) in each spectrum. Matrix U contains the information on spectral components.
The diagonal elements of matrix W, i.e., singular values, represent the contributions of the
spectral components. Matrix VT contains the spatial information in the present case. Figure
IV-13 shows the singular values of the first 100 components for four different polarization
configurations. The components in the shaded region have significantly large singular values, so
they were retained to reproduce matrix A. Representative spectra after SVD denoising are
compared with the original spectra before SVD in Figure IV-14, which clearly illustrates that the

S/N of the spectra has been substantially improved without distorting the spectral shape.
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Figure I'V-13. Singular value of the first 100 spectral components (red dots). The dots in the

shaded region were retained to reproduce the matrix.
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Figure IV-14. Low-frequency Raman spectra of the transoid crystal before (red curves) and after

SVD (blue curves).

The SVD-denoised Raman spectra were subsequently analyzed with band fitting. The

band fitting was performed on the low-frequency region (—200 to +200 cm™), following the

same procedure as mentioned in Chapter III-5. Representative fitting results are shown in Figure

IV-15. The 20, 26, 100, and 110 cm™ bands can be fitted well by the assumed function, while the

Raman bands within 40-95 cm™ cannot particularly for the Raman spectra of the cisoid/transoid

interface.
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Figure I'V-15. Representative fitting results (blue curves) of the cisoid (yellow curve), transoid

(red curve) and cisoid/transoid interface (green curves) spectra.

IV-5-3. Polarized Raman Imaging of the Selected Low-Frequency

Bands

The 20, 26, 100, and 110 cm™ bands are the most important low-frequency bands that can
discriminate the cisoid and transoid forms. Therefore, we focus on the polarization dependence
of these four bands. Fortunately, they can be fitted well by the assumed fitting function
(Equation III-5). The Raman images of the 20, 26, 100, and 110 cm™ bands for the four
polarization configurations were constructed from the band amplitude and are shown in Figure

IV-16. The same color scale is used for each vibrational mode. We can clearly see the molecular
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polarizability components that dominate the 20 and 26 cm™ bands are perpendicular to other; the
20 cm™' band would seem to be associated with the X direction, whereas the 26 cm”! band the Y
direction. In contrast, the 100 and 110 cm™ bands would have a very similar polarizability
component. As briefly demonstrated here, polarized Raman imaging helps us understand the
symmetry of the molecular polarizability of the low-frequency modes. If we are able to define
the crystal axis accurately, then this technique can be applied to obtain the absolute orientation of

micro-domains in the transoid crystal.

Z(XY)Z’

Z(YX)Z’

z(yY)Z'

Figure IV-16. Low-frequency Raman imaging of the cisoid/transoid crystal mixture performed
with four polarization configurations.
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IV-6. Summary

In this chapter, we have demonstrated that low-frequency Raman imaging can effectively
distinguish different crystal structures even if they have the same chemical formula. In addition,
the intensity ratios of the low-frequency bands provide otherwise inaccessible information on
microscopic heterogeneity (e.g., domain structure and crystal twinning) of apparent single
crystals. Our study is the first to show that low-frequency Raman imaging can be a powerful
addition to the crystallography toolbox.

The Raman imaging of the cisoid form crystal has shown that the inner part of the crystal
1s homogeneous as expected. However, we have revealed that the edges of the crystal are
polycrystalline and exhibit a quite similar spectral pattern to the cisoid powder sample. The
polycrystalline edge region has been estimated to be about 9 um.

Using a composite of the cisoid and transoid microcrystals, we have demonstrated the
ability of low-frequency Raman imaging to selectively visualize the cisoid and transoid crystals
with markedly high contrast. Although the intensity ratio of some high-frequency bands (e.g.,
510/532 cm™) can also discriminate the cisoid and transoid forms, the relatively low intensity
levels increase errors in analysis and hence decrease the detection limit. Moreover, the precious
information on crystal heterogeneity is lost. From the Raman imaging of the 26/20 cm™ intensity
ratio in the transoid crystal, we observed many micro-domains with different crystal orientations.
The boundary of each micro-domain can be clearly seen by our method, but this kind of
boundary is extremely hard to be solved by X-ray diffraction analysis. The polarized

low-frequency Raman imaging further confirms the presence of micro-domains in the transoid
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crystal.
In conclusion, we think low-frequency Raman imaging technique will be a novel tool for

advanced crystallography.
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Chapter V.

Future Perspectives
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Although the transformation from the ciosid to transoid form is commonly known via
sublimaiton followed by recrystallization, we still do not understand how molecules manner in
microscopic view. For example, the sublimation starts from a single molecule or cluster of
molecules? And how does the transoid crystal grow? To solve these questions, syncronously heat
up the cisoid form crystal under a microscope and acquire Raman images in a short time are
required. An electron multiplying charge coupled device (EMCCD) can reach the detection time
as short as 10 us per spectrum, and if we scan an area of 100 x 100 um” by 1 um step, then each
Raman image can be acquired within 5 minutes. Keep tracing the transformation by taking
Raman images each 5 minutes help us understand how the cisoid form disappears and how the
transoid crystal grows. In addition, three-dimensional Raman mapping with a piezo stage of the
cisoid and transoid form crystals are essential to fully understand the distribution of domain

structures and their orientations.
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