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ABSTRACT: Extremely low-frequency (LF) Raman spec-
troscopy that allows for fast access to lattice vibrations with
little hindrance of immense Rayleigh scattering was used to
track in situ thermally induced polymorphic transformation of
crystalline 1,1’-binaphthyl (BN), a fundamental structural unit
of specific chiral ligands. BN occurs in two conformational
polymorphs, cisoid and transoid forms, with the former being a
racemate and the latter being a conglomerate of chiral crystals.
Observed LF Raman spectra (from 200 cm™' down to ~§
cm™!, equivalent to 0.15 THz), which arise predominantly
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from lattice vibrations, show markedly different features between the cisoid and transoid forms, making it possible to study their
phase transition. A series of LF Raman spectra measured with slow heating of microcrystalline BN reveal that, in contrast to
previous studies, the monoclinic cisoid form transforms directly to the tetragonal transoid form in the solid state without
formation of any intermediate phase. The present approach is applicable to various phase transition systems, including
pharmaceutical compounds, liquid crystals, and polymer films, which conventional X-ray diffraction analysis may not be able to

investigate.

B INTRODUCTION

Molecular crystals often exhibit more than one structure that
has different three-dimensional arrangements and/or con-
formations of the constituent molecules in the crystal lattice.
This phenomenon termed crystal polymorphism has been
arousing keen interest in medicinal chemistry” as well as in
materials science and crystal engineering.’ > Because the
physical and chemical properties of crystal polymorphs can
vary drastically from one form to another, it is imperative in the
pharmaceutical industry, for example, to understand and
ultimately control the polymorphism of a given active
pharmaceutical ingredient. Polymorphism is also relevant to
the chemistry of allotropes, perhaps the most important of
which are those of carbons® (carbon nanotubes, fullerenes, and
graphene).

One of the challenges in crystal polymorph control is
transformations between different crystal forms. Polymorphic
transformation is a type of phase transition occurring in
response to various external physical stresses, such as heating,
milling, and so on.' Many molecular crystals, particularly those
that are composed of conformationally flexible molecules (i.e.,
conformational polymorphs”), are known to undergo trans-
formations, which tend to substantially affect their physico-
chemical properties. The molecular mechanisms for poly-
morphic transformations are therefore of great importance for a
better understanding of these dynamic processes. Commonly
employed X-ray diffraction can obtain precise atomic arrange-
ments in crystals but suffers from many restrictions in its wide
application to the transformation dynamics.
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Here we use ultralow-frequency Raman spectroscopy to track
the polymorphic transformation of crystalline 1,1’-binaphthyl
(BN) in situ. Our apparatus that combines an iodine vapor
cell®™™ as an ultranarrow notch filter with a state-of-the-art
multichannel detector can measure Raman spectra in the
extremely low-frequency (LF) region (~S to 200 cm™"), which
is not accessible with the ordinary Raman spectrometer.
Because LF Raman spectra convey a wealth of information
on collective lattice vibrations of crystals, they are far more
sensitive to differences in crystal structure than normally
recorded high-frequency (HF) Raman spectra,'® thus making
feasible in situ molecular-level tracking of polymorphic
transformations.

BN is a typical biaryl compound that has been the subject of
extensive studies in the condensed phase'*>'
gas phase.’” It occurs as two distinct crystal forms. This
polymorphism is conformational in nature, and the primary
difference between the two polymorphs lies in the dihedral
angle, 0, between the two naphthyl rings linked by a C—C
single bond. A number of X-ray crystallographic studies® >
have established that one form has 6 = 68.6° (Figure la),
whereas the other form has 6 = 103.1° (Figure 1b). The former
“cisoid” form, also previously called a low-melting form (mp
145 °C), is a monoclinic (space group C2/c) crystal and the

as well as in the
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transparent, flake-like crystalsj

white, needle-like crystals

Figure 1. Molecular structures and photographs of typical crystals of
the cisoid (a) and transoid (b) forms of BN.

latter “transoid”
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The most striking characteristic of BN is that the molecule
possesses axial chirality due to restricted rotation around the
interannular bond. BN has therefore attracted much attention
of chemists as a fundamental structural unit of specific chiral
ligands used in asymmetric synthesis,”® including BINAP*
(2,2'-bis(diphenylphosphino)-1,1’-binaphthyl). This axial chir-
ality is manifested in a different manner in the polymorphs of
BN. The cisoid form is a racemate with a unit cell consisting of
two R-(—)-enantiomers and two S—(+)—enantiomers.25 In
contrast, the transoid form is a conglomerate of optically active
single crystals with either R-(—)- or S-(+)-enantiomers in a unit
cell.***” Pincock and co-workers®>*" found that upon heating,
the racemic cisoid form transforms to the chiral transoid form,
and described the process as a solid-state resolution. Following
their work, Kress et al.”” re-examined this thermally induced
transformation of BN single crystals and concluded that the
dominant reaction pathway, at least under their experimental
conditions, is a solid—vapor—solid process (involving sub-
limation) rather than a solid—solid process. Yet another study
was conducted by Sainz-Diaz and co-workers,* which favored a
solid—solid transformation mechanism as had been proposed
by Wilson and Pincock.>" Furthermore, they hypothesized that
the cisoid form became a disordered or glassy state before
transforming to the transoid form.

In the present work, we shed new light on this controversial
mechanism of the polymorphic transformation of BN by
looking into LF Raman spectra of microcrystalline BN
measured with increasing temperature. We found that the
cisoid and transoid forms have markedly different LF Raman
spectral profiles that arise predominantly from lattice vibrations.
Changes in those spectra during the transformation allow us to
gain a molecular picture of the process and infer its mechanism.
We demonstrate that the ultralow-frequency Raman spectros-
copy presented here offers a fast, molecular-specific tool for
tracking phase transitions in various molecular crystals in situ

)ogs_}ggh—melting form (mp 160 °C) is

2703

that should be complementary to X-ray diffraction and
calorimetry approaches.*

B EXPERIMENTAL SECTION

Sample Preparation. Powder 1,1’-binaphthyl (98% pure),
which was dominated by the cisoid form, was purchased from
Tokyo Chemical Industry. To remove impurities and suppress
fluorescence that possibly interferes with Raman measurements,
the powder sample was first subjected to silica gel column
chromatography with n-hexane as the eluent. The sample so
purified was then used for preparation of cisoid and transoid
crystals (Supporting Information, SI, Figure S1) according to a
procedure similar to previous reports.'** A 0.35-g portion of
the column chromatographically purified BN was placed in a
flask and heated up to 180 °C. The melt was kept at this
temperature for 15 min, ensuring complete racemization of the
sample. After the racemization process, the melt was slowly
cooled down to room temperature over 4 h and allowed to
recrystallize. Transparent, flake-like cisoid crystals were found
at the top of the flask, which formed via evaporation and
subsequent recrystallization.”” White, needle-like transoid
crystals were found at the bottom of the container.

Thermal Analysis. To measure the melting points of the
two crystal forms, differential scanning calorimetry (DSC) was
performed with a DuPont 910 DSC-9000 controller with
heating rates of 5, 20, and 45 °C/min for the cisoid form and 5
and 45 °C/min for the transoid form.

Ultralow-Frequency Raman Spectroscopy. A labora-
tory-built Raman spectrometer equipped with a heating
apparatus (SI Figure S2) was used to measure LF (~$ to
200 cm™!) as well as HF (200—1100 cm™') Raman spectra at
elevated temperatures. The key component in our apparatus to
making LF Raman measurements possible is an iodine vapor
cell. Because one of the vibronic absorption lines of iodine
vapor (~1 GHz width) coincides with the 514.5 nm line of an
Ar*-ion laser (<40 MHz width), the iodine absorption line can
selectively eliminate the laser line. Therefore, the iodine vapor
cell works as an extremely narrowband and highly efficient
Rayleigh rejection filter.>”"" The cell used in this study was a
cylindrical glass cell (Sacher Lasertechnik) with a 2.5 cm
diameter and a 10 cm length in which a few milligrams of solid
iodine were contained at a high vacuum level (<107 Torr).
The cell was heated to 95 °C and kept at this temperature
within +1 °C by using a rubber heater that wrapped the cell
and a thermocouple inserted between the rubber heater and the
cell. At 95 °C, the iodine sealed in the cell sublimated to
produce iodine vapor. The cell’s operating temIperature in this
work was much lower than the previous work, ' resulting in a
higher transmittance of the cell (>20% in the 0—200 cm™'
region with 514.5 nm excitation).

The 514.5 nm line of a single-mode Ar*-ion laser (BeamLok
2060 with Z-Lok option, Spectra Physics) was used as the
excitation light. The beam was focused onto the sample sealed
in a cylindrical glass capillary with a 1.1—1.2 mm inner diameter
and the scattered light was collected at 90° with a camera lens
(f = 50 mm, f/1.2; Nikon). The laser power at the sample point
was 55 mW throughout the present study. The collected light
was focused on a S-mm aperture so as to block strong reflection
from the capillary walls. The collimated light was then passed
through the iodine vapor cell operating at 95 °C, which filtered
out virtually all Rayleigh scattering. The transmitted light was
analyzed by a spectrograph (f = 500 mm, f/6.5; SP-2558,
Princeton Instruments) and detected by a back-illuminated,
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liquid N,-cooled charge-coupled device (CCD) camera (Spec-
10:100B, Princeton Instruments) with 100 X 1340 pixels
operating at —120 °C. The entrance slit of the spectrograph
was typically set to 50 ym. A 1200 grooves/mm grating was
used to cover a broad spectral range from —200 to 1100 cm ™
with a spectral resolution of 2.7 cm™". A 1 s exposure time was
used.

To correct spiky artifacts in the raw spectrum that are
inevitably caused by the iodine-vapor absorption structures,>*
the transmission spectrum of the white light from a tungsten
lamp was measured before and after each Raman measurement.
The white light was introduced into the iodine vapor cell with
high reproducibility by a motorized flipper mirror. The
observed Raman spectrum was divided by the white light
spectrum, yielding the intensity-corrected spectrum that is free
from the iodine-vapor artifacts. All Raman spectra shown below
were subjected to this correction.

The heating apparatus used in the present study was
specifically designed for a 90° scattering geometry (SI Figure
S2). The sample temperature was raised by heating coils placed
inside the box. The sample sealed in a capillary was inserted
from a side hole and a thermocouple was placed in the close
vicinity of the capillary to monitor the surrounding temper-
ature. The laser beam was incident from the bottom. The
scattered light was collected through a large optical window on
a side wall of the heating apparatus.

B RESULTS AND DISCUSSION

Raman Spectra of the Two Polymorphs of BN. We first
measured the Raman spectra in the —200—1100 cm ™" region of
the cisoid and transoid forms of the purified microcrystalline
BN at room temperature (Figure 2). The 98% pure sample
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Figure 2. Room-temperature Raman spectra in the —200—1100 cm™"

region of the cisoid (a) and transoid (b) forms of purified
microcrystalline BN. Insets enlarge the LF part of the spectra.

showed strong fluorescence background, but the purified
samples did not. The HF region (200—1100 cm™), in which
intramolecular (internal) vibrations are usually observed, is
much alike between the cisoid (Figure 2a) and transoid (Figure
2b) forms. The most notable difference can be found in a pair
of the Raman bands at 510 and 532 cm™". The intensity ratio of
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the 510 cm™ band to the 532 cm™ band, I5;/Iss,, is ~2 for the
cisoid form and ~1 for the transoid form. This difference in the
intensity ratio has been interpreted in terms of a coupling
between the two naphthyl groups of BN.? Due to the weak
coupling, a Raman band at around 520 cm™ in naphthalene
splits into a doublet, whose intensity ratio depends on 6.

In comparison with the HF region, the LF region of the
Raman spectra exhibits markedly distinct patterns with many
intense peaks, which arise predominantly from lattice
vibrations. The decent LF Raman spectra in both Stokes and
anti-Stokes regions (—200—200 cm™') were simultaneously
obtained in as short as 1 s. This is the first observation, to our
knowledge, of thorough LF Raman spectra of the two
polymorphs of crystalline BN. The importance of simulta-
neously measuring not only the Stokes side, but also the anti-
Stokes side cannot be overemphasized because it allows us to
determine the absolute temperature of the molecule from the
Stokes/anti-Stokes intensity ratio of a given Raman band. It
also helps to confirm whether a marginal LF signature that is
observed in the Stokes region is an artifact (e.g., one caused by
iodine vapor) or a real Raman band; if that peak is an artifact, it
would not accompany its counterpart in the anti-Stokes region.

The LF Raman spectrum of the cisoid form (the inset in
Figure 2a) is dominated by Raman bands at 100 and 110 cm™
These bands are about an order of magnitude more intense
than the HF Raman bands. In addition to the two prominent
peaks, we see several minor (but comparable to HF) bands at
37, 56, 65,75, and 175 cm ™! in the cisoid spectrum. In contrast,
the transoid form (the inset in Figure 2b) shows almost equally
intense Raman bands peaking at 26, S5, 66, 79, and 95 cm™, By
using these Raman bands characteristic of each polymorph, we
are able to track the polymorphic transformation of BN with
high chemical specificity.

There are 9 (= 6 X 2 — 3) and 21 (= 6 X 4 — 3) optical
lattice modes in the cisoid and transoid crystals, respectively.
The crystallographic unit cell of both forms contains four BN
molecules (i.e., Z = 4).>*~*” However, the number of molecules
per Bravais cell3 37 for the cisoid form having a base-centered
lattice is two and not four, so that the cisoid form has only 9
lattice modes. Out of 9 and 21 optical lattice modes, group
theoretical ana1y51s predicts 6 (3A + 3B ) and 11 (24, + 4B,
+ 2B, + 3E) Raman-active v1brat10ns, respectlvely The former
agrees well with the number of peaks observed in the cisoid
Raman spectrum below 200 cm™' (Figure 2a). The apparent
discrepancy between theory and experiment in the number of
lattice Raman bands for the transoid form is likely to result
from the fact that some of the 11 modes are only of weak
intensity and are not fully resolved under the present
polarization and temperature conditions. The Raman spectrum
of the transoid form below 100 cm™" indeed exhibits a higher
baseline and more overlapping bands (Figure 2b) than that of
the cisoid form.

It will be interesting to compare the LF Raman spectrum of
the cisoid form of BN with that of biphenyl, the simplest biaryl
compound. Like the cisoid form of BN, crystalline biphenyl is
also monoclinic (space group P2,/a) with unit cell consisting of
two biphenyl molecules (Z = 2).** But crystalline biphenyl at
room temperature shows quite a different LF Raman spectrum
from the cisoid form of BN, with peaks at 42 (B), 54 (4,), and
88 (4,) cm™'*” One possible reason for the spectral
dlss1m11ar1ty is the distinct molecular conformations in the
respective crystals; the biphenyl molecule is planar, whereas the
BN molecule is twisted. The comparison between BN and
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Figure 3. In situ Raman tracking of the cisoid — transoid transformation of microcrystalline BN. (a,b) LF (a) and HF (b) regions of the
representative Raman spectra recorded at probe (thermocouple) temperatures of 24, 68, 88, 98, 110, 120, 124, 126, 128, 131, 133, 134, 135, 136,
137, 138, 139, 140, 141, 142, 143, 144, 145, 146, 147, 148, 149, 150, 151, 152, 153, 154, and 156 °C (from bottom to top). The spectra at 68, 110,
131, 135, 140, 148, and 156 °C are highlighted by different colors and they are discussed in detail in text. Note that although only the Stokes region
is shown in part a for clarity, the anti-Stokes region was also recorded in our experiment. (c) Illustration of the molecular packing in unit cells of the

cisoid and transoid forms of BN.

biphenyl provides more significant insight in relation to the
transformation mechanism, as discussed later in this section.

In Situ Tracking of the Transformation Process. Prior
to temperature-dependent Raman studies, we performed DSC
measurements of the cisoid and transoid crystals with different
heating rates (SI Figure S3). The DSC profile of the cisoid
form obtained with a sufficiently small heating rate of 5 °C/min
(blue trace in SI Figure S3a) shows two endothermic peaks at
146 and 160 °C. The former corresponds to the melting point
of the cisoid form and the latter to that of the transoid form.
The melting points determined here agree with the
literature.”**”*" A small exothermic peak observed at 149 °C
appears to overlap with the endothermic peak at 146 °C. This
profile indicates that the melting of the cisoid form occurs
concomitantly with its transformation to the transoid form.**
As the heating rate increases, the peak at 146 °C gets
broadened and shifts to 148 °C with a 20 °C/min heating rate
(green trace in SI Figure S3a) and to 152 °C with a 45 °C/min
heating rate (red trace in SI Figure S3a). It follows from this
finding that, to be able to observe the transformation process,
slow heating must be employed. In the DSC curve of the
transoid form (SI Figure S3b), only one peak representing its
melting is observed and shows a similar trend to the cisoid form
as the heating rate is increased.

We now turn to the results of LF Raman measurements.
Figure 3 displays representative LF Raman spectra of the cisoid
crystals (Figure 3a) measured with increasing the temperature
from ambient to 156 °C, together with the corresponding HF
spectra (Figure 3b). Also shown in this figure is the molecular
packing in unit cells of the two crystal forms of BN (Figure 3c).
As confirmed by the DSC experiment discussed above, the
sample was heated very slowly with a 3 °C/min heating rate.
When the temperature reached the desired value, we waited for
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1 min before starting Raman spectral acquisition so that
thermal equilibrium was reached. The temperatures shown in
Figure 3a,b are those indicated by the thermocouple. Note that
each spectrum in Figure 3 was taken with a 1 s exposure time.
This is more than just a time-saving advantage compared to
previous LF Raman work;'® it is a quantum leap in
methodology because it will extend the applicability of the
Raman method to studies of fast phase transitions.

It is clear from Figure 3a that as the temperature increases,
the LF Raman spectral pattern varies from the cisoid-form
spectrum to the transoid-form spectrum. At 68 and 110 °C, for
example, the spectrum exhibits only Raman bands that are
ascribed to the cisoid form. However, at 131 °C, a weak band at
26 cm™!, which is a marker band of the transoid form, is already
recognizable. In the 135 °C spectrum, the 26 cm™! band
becomes more prominent, but the cisoid Raman bands still
remain. They completely decay away by 140 °C and the
transoid bands dominate the spectrum. The spectrum at 156
°C represents the melt of BN, which no longer shows intense
lattice vibrations. It also has a very broad Rayleigh wing typical
of liquids. Such a drastic change in spectral pattern is not
observed in the HF region (Figure 3b). As described above,
only the relative intensity of the 510 and 532 cm™' bands
changes significantly with increasing temperature. From these
results, we can conclude that the LF Raman bands more sharply
reflect the structural change associated with the transformation
from the cisoid to the transoid form (see Figure 3c for the unit-
cell structures of the two polymorphs) than the HF bands.

Temperature Dependence of Peak Positions and
Intensities. To extract quantitative information on the
temperature dependence of peak positions and intensities of
several cisoid and transoid marker bands, we carried out fitting
analysis of the LF Raman spectra (—200 to 200 cm™') and of
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the pair of the 510 and 532 cm™! bands. To take into account
intensity fluctuations due to volume changes associated with
the melting, we normalized all of the spectra by using the most
intense intramolecular vibrational band at 683 cm™' before
fitting.

The fitting function used for the LF spectra has the following

form:

@) =3+ 2 [(N AL AL
0

+
p-g)’+T7 (G4 +17
X [1 + exp(—hei/kzT)]™ % (5, — )’

where y, is a constant offset of the spectrum, c is the speed of
light, h is Planck’s constant, kg is the Boltzmann constant, T is
absolute temperature, #, is the absolute wavenumber of the
excitation laser, and 7 is the Raman shift. The function in the
square brackets in eq 1 represents a sum of two Lorentzian
functions for the Stokes and anti-Stokes bands, which are
symmetric with respect to 7 = 0. Parameters A, [, and 7; (>0)
denote peak area, bandwidth, and peak position, respectively, of
the ith band. Here we assume that the Stokes spectrum below
200 cm™! is composed of a maximum of 9 bands, so the
summation over i runs from 1 to 9. We also assume
temperature T to be independent of the vibrational mode;
that is, we used a common value of T for all of the 9 bands at a
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given temperature. In fitting the 510 and 532 cm™! bands, we
used a sum of two Voigt functions instead of Lorentzian
functions, solely for better estimation of the integrated area.

Typical fitted results are shown in Figure 4a for the LF
region and in Figure 4b for the 510/532 cm ™! band pair. The
region between —15 and 15 cm™ (see the shaded area in
Figure 4a) is so severely interfered with Rayleigh scattering that
it was masked during the fitting. In both cases, the experimental
spectra are well reproduced by the fitted curves. The most
important parameters that have been determined through the
above fitting analysis are temperature, peak position, and peak
intensity.

Let us first consider the temperature parameter. The
estimated temperature of BN molecules, T, is found to
systematically deviate by ~20 K from the temperature probed
with a thermocouple (SI Figure S4). Various factors can
contribute to making this deviation. The probe temperature
may intrinsically be different from the molecular temperature,
because the thermocouple only detects the environment
temperature outside, although very near, the capillary.
Furthermore, accurate temperature determination using the
Stokes/anti-Stokes Raman intensity ratio is practically very
difficult due to an exponential dependence of the ratio on
temperature (o exp(— hcl;/kzT)). Unless some special
technique for sensitivity calibration of the spectrometer is
employed, such as using the pure rotational Raman spectrum of

dx.doi.org/10.1021/jp410941t | J. Phys. Chem. C 2014, 118, 2702—2709
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D, as intensity standards,*® the temperature estimated from the
Stokes/anti-Stokes Raman intensity ratio would contain large
errors. However, these factors all ought to be systematic.
Therefore, we can at least say that the present fitting is valid in
the sense that the discrepancy between the estimated and probe
temperatures is nearly constant (~20 K) over the wide
temperature range studied.

The temperature dependence of the peak positions of the
cisoid and transoid Raman bands (Figure S) provides
qualitative insight into intermolecular interactions in the two
polymorphs. All of the bands are found to red-shift almost
linearly. The cisoid bands (Figure Sa)b) show larger peak shifts
(ie,, larger negative slopes obtained with linear fitting) than the
transoid bands (Figure Sc,d). It is generally accepted that the
peak shift is related to thermal expansion of crystal lattices, so
the smaller peak shift observed for the transoid bands suggests
stronger intermolecular interactions in the transoid form than
in the cisoid form. The molecular arrangements in unit cells of
the two polymorphs determined by X-ray diffraction*>~>"> are
consistent with this interpretation. In both forms, the dominant
intermolecular interaction is thought to be the CH/x
interaction.”' In the transoid lattice, BN molecules stack in a
parallel manner via the CH/7 interaction, whereas in the cisoid
lattice they form a kind of layer structure and the CH/zx
interaction between adjacent layers would be relatively weak,
resulting in the greater peak shifts.

We finally look into the peak intensity changes with
temperature, which reveal molecular details of the trans-
formation process. Figure 6 compares the temperature
dependence of the peak (area) intensity plotted against
temperature, of the cisoid Raman bands at 175 and 110 cm™
and transoid bands at 66 and 26 cm™), together with the
temperature dependence of the intramolecular band intensity
ratio I5o/Is3, and the intensity of another intramolecular band
at 300 cm™" (see Figure 2). Here we focus on the behaviors of
these bands in the temperature range where the cisoid —
transoid transformation occurs (i.e., 120—152 °C). The cisoid
bands (Figure 6ab) start to decline around 133 °C, which
represents the onset of the transformation under the present
experimental conditions, and virtually simultaneously the
transoid bands (Figure 6¢c,d) emerge and keep growing. At
temperatures higher than 140 °C, the cisoid bands disappear,
and the intensities of the transoid bands reach a plateau,
indicating complete transformation of the cisoid form into the
transoid form.

A similar behavior can be seen in the temperature
dependence of I o/Is;, (Figure 6e) because the ratio is
associated with the dihedral angle 6 (ref 35) and hence the
relative abundance of the two polymorphs. However, other
than specific pairs of Raman bands like the 510 and 532 cm™
bands, intramolecular vibrational bands are generally silent on
crystal structure changes. As shown in Figure 6f, the intensity of
the intramolecular Raman band at 300 cm™ remains constant
over the whole temperature range of interest within
experimental uncertainties. This result also confirms the validity
of the normalization procedure we adopted, which uses another
intramolecular band at 683 cm™'.

Transformation Mechanism. We infer from the presented
LF Raman results (Figures 3 and 6) that the polymorphic
transformation of BN occurs predominantly in the solid state
under the present conditions. As shown in Figure 6a—d, the
transoid bands show up concomitantly with the decrease of the
cisoid bands. In addition, the resulting transoid bands are as
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Figure 6. Temperature-dependent changes in LF and HF Raman band
intensity during the polymorphic transformation of BN. (a,b) Cisoid
bands at 175 (a) and 110 (b) cm™. (c,d) Transoid bands at 66 and 26
cm™. (e) Intensity ratio of the intramolecular Raman bands at 510 and
532 cm™'. (f) Intramolecular Raman band at 300 cm™. Error bars
represent fitting errors.

intense as the cisoid bands (see Figure 3a). It is therefore
unlikely that the major channel for the transformation involves
sublimation of BN and subsequent recrystallization, which
would require many hours to produce an amount of transoid
crystals comparable to the original cisoid crystals. Althou_gh this
solid—vapor—solid process argued by Kress et al*’ may
contribute to some extent to the transformation observed in
the present study, it is a direct conversion that the majority of
BN microcrystals undergoes. In our experiment, the trans-
formation commenced at a much lower temperature (~133
°C) than the reported melting point of the cisoid form. This
observation is in line with the phase diagram of BN proposed
by Wilson and Pincock.>" They showed that an equilibrium
solid—solid phase transition point exists at ~76 °C in the phase
diagram and that above this temperature, the transoid form is
more stable relative to the cisoid form, thus leading to the
transformation.

More importantly, the LF Raman spectra between 133 and
140 °C (Figure 3a), where the transformation occurs, do not
show any bands that are attributable to neither the cisoid nor
the transoid BN. In other words, those Raman spectra can be
accounted for solely by the two authentic polymorphs. This
finding strongly suggests that the cisoid form transforms into
the transoid form directly without formation of a disordered or

dx.doi.org/10.1021/jp410941t | J. Phys. Chem. C 2014, 118, 2702—2709


http://pubs.acs.org/action/showImage?doi=10.1021/jp410941t&iName=master.img-006.jpg&w=194&h=341

The Journal of Physical Chemistry C

glassy solid®” that could have a different dihedral angle 6 from
both cisoid (68.6°) and transoid forms (103.1°). Such
information is never obtainable if one focuses only on the
I510/Is3, ratio in the HF region.

How, from the point of view of physics, does the change of
structure occur during the cisoid to transoid transformation, a
kind of structural phase transition? It is customary to
characterize structural phase transitions by two limiting cases:
(i) the displacive transition, where only small displacements in
the lattice positions of atoms or molecules are involved and (ii)
the order—disorder transition, which involves the change in
ordering of atoms or molecules.*” Classification of structural
phase transitions into these two limiting cases can be
understood in terms of double-well intramolecular potentials,
V(Q), for a specific spatial coordinate Q (torsional angle in the
BN case) in the crystal,

V(Q) = aQ* + bQ* (2)

with a < 0 and b > 0. When the energy difference between the
maximum and two minima of the potential, AE, is much
smaller than thermal energy kzT. (where T, is the transition
temperature), i.e., AE < kT, the phase transition would be of
the displacive type. In contrast, when AE > kT, the phase
transition would be attributed to the order—disorder type.

Examples of molecular crystals that show displacive
transitions include biphenyl.*** While biphenyl molecules
are planar in the room-temperature crystal,®® they take a
nonplanar, twisted conformation below ~40 K. This phase
transition has been known to be displacive® because of the
small barrier of the double-well potential of crystalline biphenyl.
Due to the ortho-hydrogen repulsion, the barrier height
increases with increasing the number of phenyl rings, leading
to switching of transition mechanisms from displacive to
order—disorder. As expected, p-terphenyl undergoes the
order—disorder transition at T, = 191 K.*®

In BN, there exists the harsh repulsion of the hydrogen
atoms at the 8 and 8’ positions, in addition to the repulsion of
the 2- and 2'-hydrogen atoms. It is therefore plausible that the
double-well potential barrier in crystalline BN'® (<22.5 kcal
mol™") is much larger than that in biphenyl24 (<4 kcal mol™)
and similar to that in p-terphenyl, thereby suggesting the
order—disorder nature of the polymorphic transformation of
BN. An increase in the entropy of the cisoid form upon heating
(ie., disordering) may well lower the free energy and drive the
transformation toward the transoid form.>* It should be noted,
however, that due to coupling effects, the structural phase
transitions particularly in molecular crystals cannot be
attributed exclusively to either one of the two types,* and
the polymorphic transformation of BN could have a sizable
displacive contribution as well.

B CONCLUSIONS

Using the LF Raman spectra measured with slow heating, we
have clarified the mechanism for the thermally induced
transformation of microcrystalline BN. The cisoid form of
BN has been found to transform in the solid state directly to
the transoid form without forming any intermediate structure
to a measurable extent. All BN molecules in the monoclinic
structure will change their conformation through the dihedral
angle in a cooperative manner and conform to the tetragonal
structure. This mechanism seems to differ from that applying to
single crystals of BN,”” in which sublimation might be the main
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route of the transformation. To further investigate this
interesting issue, we need LF measurements under the
microscope, which are currently in progress in our laboratory.
Our in situ LF Raman tracking is applicable to whatever the
system showing phase transitions, including pharmaceutical

compounds, liquid crystals, and polymer films.
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Scheme of sample preparation (Figure S1); low-frequency
Raman spectrometer (Figure S2); results of differential
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