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SPECTROSCOPIC AND THERMAL
ANALYSES OF ORTHO-BENZYLPHENOL
CRYSTALLINE POLYMORPHISM

In situ, we present the experimental spectroscopic proof of the existence of polymorphism in
ortho-benzylphenol. Infrared spectroscopy was used for the first time to investigate the struc-
tural changes during the crystallization of a metastable phase, which is transformed, in the
course of time, into a stable one. The results show that, in the stable and metastable phases,
different conformers of ortho-benzylphenol molecule predominate, which differ in the orienta-
tion of the aromatic rings relative to the connecting methylene bridge. Namely, it is shown
that the transformation of the metastable phase into a stable one is accompanied by the ro-
tation of the OH-substituted aromatic ring relative to the connecting methylene bridge from
59.9° to 180.0° in the molecule of ortho-benzylphenol. The DSC experiment has shown that
the process of nucleation of a metastable phase preferentially develops below ~1.1 Tg (243 K),
the crystallization occurs at ~272 K, and the melting happens at 290.2 K. The difference in
the temperature regions of nucleation and crystallization explains a good glass-forming status

of ortho-benzylphenol.
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1. Introduction

Ortho-benzylphenol (o-benzylphenol) is an or-
ganic material with the formula (C;3H;120,
CeH5CHyCsH4OH) that undergoes a glass tran-
sition and different polymorphic transitions. For
this reason, it has been the subject of a number of
experimental studies and theoretical considerations
[1-5]. The molecule of o-benzylphenol consists of
two phenol rings that are connected by methylene
bridge (-CHs-) and a hydroxyl group (-OH) attached
to an ortho position of the ring. As well as the
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other OH-substituted benzene ring compounds (2-
biphenylmethanol, 2-bromobenzophenone and salol)
studied by us earlier [6-8], o-benzylphenol exhibits a
strong tendency to supercooling. At present, there is
a long list of evidences that some qualitative changes
occur in the dynamics of supercooled liquid phases
of glass forming systems in a particular temperature
range 1.1-1.2 Tg [9]. The main question asked was
about possible reasons for such universality. For
2-biphenylmethanol [6], salol [§], and benzophenone
[8], we have shown that, at ~1.2 Tg, the generation
of fluctuating crystal nuclei of the metastable phase
begins. Thus, it is the fluctuating nuclei that are
responsible for dynamical heterogeneities in these
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compounds. In our opinion, the formation of crys-
talline nuclei in a supercooled liquid state near Tg
should not be unique only for 2-biphenylmethanol,
benzophenone, and salol. To test this suggestion, we
chose o-benzylphenol.

O-benzylphenol is an interesting material not only
in connection with its glass-former status and the ex-
istence of polymorphism, but also in connection with
the available information about the geometric struc-
ture of stable conformations of the molecule. It was
established that the o-benzylphenol molecule can ex-
ist in four stable conformations, as shown in Fig. 1
of Ref. [1]. These conformers are defined by the two
dihedral angles, which differ in the orientation of the
aromatic rings respective to the connecting methylene
bridge [1]. Calculations indicate that ¥CHj stretching
vibrations are not especially liable to intermolecular
interactions; however, they are conformationally sen-
sitive and, therefore, could be used as a probe for
conformational changes. This allows the changes in
the IR spectra in the v CHy stretching vibration re-
gion to be associated with changes in the geometry
of an o-benzylphenol molecule in different phases. Ho-
wever, to our knowledge, such studies of o-benzylphe-
nol have not been performed. This provides a stim-
ulus to the detailed spectroscopic study, which can
give interesting information about the different crys-
tal polymorphs of o-benzylphenol, as well as their
conformational compositions.

As for the study of the different crystalline poly-
morphs of o-benzylphenol within the method of differ-
ential scanning calorimetry (DSC), only three works
are known [3-5]. The old paper by McMaster and
Bruner [3] reported the existence of two crystalline
forms of o-benzylphenol: the metastable and stable
phases that melt at T = 294 K and T' = 345 K, re-
spectively. In work [4] several metastable polymorphs
were observed, with melting temperatures near 288,
290, and 294 K. It was shown that the most stable
form is not easily recovered after the melting. The
unusual crystallization of the metastable polymorph
in o-benzylphenol with a melting temperature of
290 K was reported in Ref. [5]. In this context, we
performed DSC measurements to determine, which
of the metastable polymorphs crystallizes in super-
cooled liquid o-benzylphenol.

It is worth mentioning that o-benzylphenol is an ef-
ficient selective extractant for cesium [2], so the trans-
formation of its structure under different conditions
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can be of interest for chemists studying the process-
ing of radioactive wastes. Considering the importance
of o-benzylphenol for industrial applications, such in-
vestigation is of a certain interest.

2. Experimental

O-benzylphenol was purchased from Aldrich and used
after the purification by the sublimation at room tem-
perature.

Infrared measurements were done on a Fourier-
transform infrared (FT-IR) spectrometer (Bruker
model IFS-88) with a resolution of 2 cm™!, and
32 scans were typically co-added for an individual
spectrum in the frequency range of 400-4000 cm ™.
The data processing was performed with software
OPUS. For the FT-IR transmittance measurements,
a sample of a powder of o-benzylphenol was inserted
in a cell with two KBr pellets at room tempera-
ture and then melted into a thin film. The thick-
ness of such a cell was approximately a few microm-
eters. Such a sample was then fixed in an Oxford
Duplex closed-cycle cryostat that can operate in the
temperature range of 330-12 K with an accuracy of
roughly 1 K.

Raman measurements were done at room tem-
perature on a Fourier-transform infrared spectrom-
eter equipped with a FRA-106 over a range of 100—
3600 cm ™!, with a spectral resolution of 4 cm™1!, us-
ing a backscattering configuration. The wavelength of
the excitation laser Nd:YAG was 1064 nm. The data
processing was performed with software OPUS.

Calorimetric measurements were made by a differ-
ential scanning calorimeter (Perkin-Elmer DSC8000)
equipped with a CCA low-temperature accessory. A
small amount of the sample was enclosed in aluminum
pans hermetically sealed with the use of a sample
encapsulating press. Liquid nitrogen was used as a
coolant, and the measurements were carried out in
the temperature interval 104-348 K. Before the mea-
surements, the calorimeter was calibrated, by using
Indium.

3. Results and Discussion
3.1. Differential scanning calorimetry

Figure 1 shows calorimetric curves of o-benzylphenol
measured at a scanning rate of 10 K/min. At first,
the crystalline sample with a mass of 7.44 mg was
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melted (curve ). It melts at Topget = 323.14 K (max-
imum intensity is at Tax = 324.7 K), which gives
rise to an endothermic peak (Fig. 1, dashed curve
1). The melting enthalpy of this crystalline form,
which is the most stable polymorph of o-benzylphe-
nol, is AH = 115.66 J/g. When this melted sample
is cooled down to 213 K (at 10 K/min) the crystal-
lization is avoided (absence of an exothermal peak on
the DSC cooling curve 2), only a distinct glass transi-
tion at T'gonset = 224.2 K can be clearly seen (a step-
like peak). Under the subsequent heating at 10 K /min
from 213 K to 333 K (curve 3), the compound goes
through the glass transition at 223.8 K (onset), crys-
tallizes (exothermic peak around 272 K), and then
melts (endothermic peak) at Tiax = 290.2 K (onset
is at 287.4 K). The melting enthalpy of this crystalline
form is AH = 74.8 J/g. It should be noted that we
have obtained only one metastable crystalline phase
with the melting temperature at 290.2 K. This result
is in accord with the DSC results reported by Pal-
adi et al. [5]. The authors of Ref. [5] reported that
o-benzylphenol samples were purified by the subli-
mation and repurified in the same way every half a
month. We also purified our samples by the subli-
mation. Ramos et al. [4] indicated that they used the
samples without preliminary purification. We think
that this is the cause for that the authors of Ref. [4]
observed three metastable polymorphs with melting
temperatures at 288, 290, and 294 K.

Our interest is in the determination of the tem-
perature, at which the process of nucleation starts. It
should be noted that, by the DSC method, we could
observe directly the macroscopic processes of crys-
tallization and melting, while the nucleation, being
a relatively microscopic process, is unobservable di-
rectly by any of the methods. However, the crystal-
lization or melting peaks on DSC heating curves can
be used as a detector to examine whether or not the
nucleation process occurs, because the crystal growth
presupposes the presence of crystal nuclei.

Figure 1 shows the DSC curves 3-7 obtained at a
heating rate of 10 Kmin~!. Each liquid sample for
DSC measurements was previously quenched (pre-
cooled) at a cooling rate of 200 Kmin~! from 333 K
to the temperature Tn (precooling temperature) in-
dicated in the figure and then measured on heating
to examine if the crystallization (exothermic peak) or
the melting (endothermic peak) appears on the DSC
scans. Due to the fact that the crystallization begins
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Fig. 1. DSC curves for o-benzylphenol obtained at a heat-

ing/cooling rate of 10 Kmin—!. Curve 1, melting of a crys-

talline sample. Curve 2, cooling of a liquid sample from 345 to
200 K. Heating curves 3-7. Each sample was previously cooled
at 200 Kmin~! from 345 K to the temperature indicated in
the figure and, after that, immediately reheated. Temperature
is given in K. The DSC curves are vertically shifted for the sake
of clarity

with the formation of crystal nuclei, their formation
can be judged from the appearance of corresponding
peaks on a DSC curve. Upon the heating from the
precooled temperature 253 K, no anomaly was ob-
served on the DSC curve (Fig. 1, curve 4). The next
curves, 5 and 6, for the samples precooled to tem-
peratures 243 K and 233 K show tiny endothermal
peaks at ~ 290 K with a very small enthalpy 1.1 Jg~!
and 2.9 Jg~!, correspondingly. Curve 7 for the sam-
ple precooled to Tn = 225 K close to Tg shows a
large endothermal peak at 290.2 K with an enthalpy
of 50.19 Jg~1.

In view of the fact that the crystal growth proceeds
only in the presence of crystal nuclei, it follows from
the above results that the nucleation temperature of
the metastable phase lies in the interval 243-253 K,
which corresponds to ~1.1 Tg. Below this tempera-
ture, a dynamic heterogeneity should appear in o-
benzylphenol. It should be noted that the metastable
phase tends to nucleate in preference to the stable
phase in a supercooled liquid.

It can be seen in Fig. 1 that the intensity of the
melting peak of the metastable phase at 290.2 K
strongly depends on the precooling temperatures
Tn. Namely, a partial quantity of the metastable
phase in the supercooled liquid increases sharply
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Fig. 2. Fragments of the FT-IR (top) and FT-Raman spectra
of the stable crystalline phase of o-benzylphenol in the -CHz-
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vibration region recorded at room temperature

as Tn approaches the glass transition temperature
Tg. Another point, to which we pay attention, is that
the crystal growth occurs at the temperature ~270 K,
while the crystal nucleation occurs below 243 K. The-
refore, when we cool a liquid sample through the tem-
perature range at the maximum crystallization rate
(270 K), the crystal nuclei are absent, so the crystal-
lization is impossible (Fig. 1, curve 2). When we ap-
proach the temperatures below 243 K, where the nu-
cleation process starts, the viscosity is too high to al-
low nuclei to grow, so there is no crystallization. Only
when the supercooled liquid sample is heated from
243 K through the crystallization temperature, these
nuclei have the possibility to grow via molecular col-
lisions. This explains the fact that the supercooled
liquid sample is more stable in respect to the crys-
tallization, when we cool the liquid phase, than when
we reheated the glassy or deeply supercooled phase.

3.2. Infrared spectra

We have studied the FT-IR transmission spectra
of o-benzylphenol in the wide spectral range (400—
4000 cm™1). However, in this study, we will analyze
only the methylene bridge vibrations of CHs in the
spectral interval 2800-3000 cm™!, which depend on
the dihedral angles between the plane of the aro-
matic rings and the plane of the connecting methy-
lene bridge. Such a study will give an answer to the
question of which conformers are realized in different
condensed states.

98

The presence of several conformers in o-benzylphe-
nol [1] should lead to the observation of a correspond-
ing number of bands in the vibrational spectra related
to symmetric v;CHs and antisymmetric v,sCHy vi-
brations, whose wavenumbers are determined by di-
hedral angles. Figure 2 shows fragments of the FT-
IR and FT-Raman spectra in the vCHy spectral re-
gion of crystalline o-benzylphenol recorded at room
temperature. It can be seen that the spectroscopi-
cally detected bands are quite distinct from one an-
other, which facilitates the assignment of the bands
to conformers I, IT and, III, by using the results of
work [1].

In the FT-IR spectrum in the spectral interval
28882950 cm™!, where antisymmetric v,sCHy vi-
brations manifest themselves (Fig. 2, top), two dis-
tinct bands at 2901 and 2918 cm ™! are seen. In the
FT-Raman spectrum in this region (Fig. 2, bottom),
three bands at 2900, 2917, and 2942 cm ! are seen. In
the spectral interval 2800-2888 cm™!, where sym-
metric v,CHy vibrations manifest themselves in the
IR spectrum (Fig. 2, top), two bands at 2842 and
2886 cm~! are observed. In the Raman spectrum
(Fig. 2, bottom), two bands at 2840 and 2885 cm~!
are present. According to the assignment of Ref. [1],
the bands around 2840 and 2900 cm ™! correspond to
conformer I; the bands around 2857 and 2918 cm™!
correspond to conformer II, and the bands at 2885
and 2942 cm~! to conformer III. The dihedral an-
gles between the plane of the substituted aromatic
ring and the plane of the methylene bridge for con-
formers I, II, and III are equal to 180.0°, 59.9°, and
94.5°, and the dihedral angles between the plane of
the unsubstituted aromatic ring and the plane of the
methylene bridge for conformers I, II, and III are
equal to 89.9°, —132.1°, and —73.6°, correspondingly
[1]. Using this information, it is possible to relate the
changes in the CHy stretching vibration region in the
FT-IR spectra to changes in the geometry of an o-
benzylphenol molecule during phase transitions. At
first, we study the temperature dependence of the
FT-IR spectra of a crystalline sample from 12 K to
295 K (Fig. 3). No major evolution of the FT-IR
spectra is observed in this temperature range. Only
a small temperature shift of the frequency of the
most intense band r,;CHs, which does not exceed
2 cm™!, is seen. This band corresponds to antisym-
metric stretching vibrations of the methylene bridge
in conformer 1.

ISSN 2071-0194. Ukr. J. Phys. 2018. Vol. 63, No. 2



Spectroscopic and Thermal Analyses of Ortho-Benzylphenol Crystalline Polymorphism

The melting temperature of the crystal is 324.7 K.
So, as the temperature increases up to 330 K, the
sample must melt. The dashed curve in Fig. 3 corre-
sponds to the spectrum of the liquid phase recorded
at 330 K. In the liquid phase, the most intense wide
band at 2924 cm~! is associated with antisymmetric
stretching vibrations v,sCHs in conformer II. Ana-
lyzing the spectra of the liquid and stable crystal
phases, we can say that, in the stable crystal, con-
formers I predominate, whereas conformers II do in
the liquid phase.

According to the DSC data, the metastable phase
of o-benzylphenol could be obtained by heating a
supercooled liquid sample, which was precooled to
a temperature close to Tg. So, we first cooled the
liquid sample to 225 K. Curve 1 in Fig. 4 shows
the spectrum of the supercooled liquid recorded at
225 K. Thereafter, the temperature was raised to
285 K, which is close to the temperature range of the
crystallization. At this temperature, we followed the
evolution of the FT-IR spectra as a function of the
time. The dashed curve 2 in Fig. 4 shows the spec-
trum of the supercooled liquid phase recorded imme-
diately after reaching 285 K. No major changes be-
tween these two spectra can be seen. In both spec-
tra, the strongest is the wide band at 2919 cm™!,
which is associated with antisymmetric vibrations of
the methylene bridge in conformer II. Curve & shows
the spectrum recorded in 20 min after the record-
ing of spectrum 2. It is seen that the FT-IR spec-
trum drastically changes with the time. In 20 min,
the most intense wide band v,sCHy at 2919 cm™! is
transformed into a narrow band at 2917 cm™'. The
band vsCH, at 2850 cm™! is split into two bands at
2839 and 2855 cm ™! corresponding to symmetric vi-
brations of the bridge in conformers I and II. Such
transformation of the spectra is the evidence of the
crystallization of the metastable phase, in which con-
formers I predominate.

The changes in the spectrum do not stop in the
course of the time. In 35 min after the recording
of spectrum 2, the new band at 2902 cm™! associ-
ated with bridge vibrations v,sCHsy in conformer I
appears in the spectrum (Fig. 4, curve 4). Such a
change in the spectrum is the evidence of that the
metastable phase at 285 K is partially transformed
into the stable phase. As a result, the spectrum repre-
sents a mixture of two phases: stable and metastable
ones (curve /). To verify that curve 3 in Fig. 4 repre-
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Fig. 3. Temperature dependence of the FT-IR spectra of the
stable crystal in the -CHa- spectral range. Temperatures are
(top to bottom): 295, 250, 200, 150, 100, 12 K. The dashed
curve is the spectrum of the liquid phase at 330 K
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Fig. 4. Evolution of the FT-IR spectra of o-benzylphenol
from the supercooled liquid through a metastable polymorph
to the stable phase in the -CHa- spectral range. Curve 1 is the
spectrum of the supercooled liquid recorded at 225 K. Curve
2 is the spectrum of the supercooled liquid recorded at 285 K.
Curves 3, 4 were recorded in 20 and 35 min after recording the
spectrum (2). Curve 5 is the spectrum recorded at 300 K

sents the spectrum of the metastable phase, we heat
the sample to 300 K, which is above the melting
point of the metastable phase (The; = 290.2 K),
but below the melting point of the stable phase
(Tmert = 324.7 K). The metastable phase at 300 K
should be absent in the spectrum. Indeed, in the spec-
trum recorded at 300 K, the intensity of the band at
2917 cm ™! corresponding to the antisymmetric bridge
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Crystallization of the stable
phase at 295 K
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Fig. 5. Evolution of the FT-IR spectra at room tempera-
ture from the supercooled liquid to the stable phase in the
-CHz- spectral range. Curve 1 is the spectrum of the liquid
phase recorded at 325 K. Curve 2 is the spectrum recorded at
295 K. Curves 3-5 were recorded in 12, 40, and 60 min after
the recording of spectrum (2)

2800

vibrations in conformer II decreases sharply, and the
spectrum becomes similar to that of the stable phase
(Fig. 4, curve 5). The most distinguishing character-
istic of the stable phase spectrum as opposed to the
spectrum of the metastable phase in the spectral re-
gion of bridge vibrations Ty,); is the existence of the
strong band at 2902 cm~!, which is absent in the
spectrum of the metastable phase. This information
allows us to identify each polymorph of o-benzylphe-
nol by studying their IR spectra.

While the crystallization of the metastable phase
occurs at 285 K when it is heated from 225 K, the
crystallization of the stable phase occurs at room
temperature. In Fig. 5, the crystallization of the sta-
ble phase is presented. The liquid sample was firstly
cooled from 325 K to a temperature of 295 K, at
which we followed the time evolution of the FT-IR
spectra. Curve 1 in Fig. 5 represents the spectrum
of the liquid phase at 325 K. The dashed curve 2
shows the spectrum of the supercooled liquid phase
recorded immediately after reaching 295 K. Curves
3-5 were recorded in 12, 40, and 60 min, respectively,
after the recording of spectrum 2. From Fig. 5, it can
be seen that, in 12 min, the bands corresponding to
the bridge vibrations v,sCHs in conformer I begin to
dominate in the spectrum. Changes in the spectrum
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cease in 60 min (Fig. 5, curve 5). This means that the
crystallization of the stable phase is completed within
60 min.

As was mentioned above, the conformers are de-
fined by the orientation of the aromatic rings relative
to the connecting methylene bridge. From the results
obtained, it follows that, in the stable phase, con-
formers I predominate, whereas, in the metastable
phase, conformers II do. The dihedral angle between
the plane of the OH-substituted aromatic ring and the
plane of the connecting methylene bridge is equal to
180.0° and 59.9° for conformers I and II, respectively
[1]. Thus, we can conclude that the transformation of
the metastable phase into the stable one is accompa-
nied by the rotation of the OH-substituted aromatic
ring relative to the connecting methylene bridge from
59.9° to 180.0°.

4. Conclusion

The FT-IR spectroscopy gives the possibility to ob-
tain information about changes in the molecular
structure of o-benzylphenol during the transforma-
tion of the metastable phase into the stable one. It
is shown that, in the stable and metastable phases,
different conformers predominate. In molecules being
in the stable phase, the dihedral angle between the
plane of the OH-substituted aromatic ring and the
plane of the connecting methylene bridge is equal to
180.0°. In molecules in the metastable phase, this an-
gle is equal to 59.9°. Thus, the transformation of the
metastable phase into a stable one is accompanied by
a rotation of the OH-substituted aromatic ring rela-
tive to the connecting methylene bridge from 59.9°
to 180°.

The DSC experiments have shown that the nucle-
ation process of the metastable phase in o-benzylphe-
nol preferentially develops below 1.1 Tg. The temper-
ature region of the nucleation is significantly lower
than that of the growth. The melting temperature of
the metastable phase is found to be 290.2 K. The in-
tensity of the melting peak of the metastable phase
strongly depends on the temperature, to which the
sample was cooled before DSC measurements.
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CIIEKTPOCKOIIIYHNN TA TEPMIYHNI
AHAJII3 KPUCTAJITYHOI'O ITOJIIMOP®IZMY
OPTO-BEH3UJI®EHOJIY

Pezmowme

Ha ocHoBi ekcriepuMeHTaIbHUX CIIEKTPOCKOIIITHUX JIOCIIKEHb
JOBEJIEHO iCHYyBaHHs ToMIMOpPdi3My y OpTO-6eH3uIdDEHOITI.
Brepie nnst mocnimkenns cTpyKTypHHX 3MiH y Iporeci Kpu-
craJsizanil meractabiipHOl das3m, sgKa 3 JacoM TpaHchOpMye-
ThCsl B CcTablinpHy a3y, BUKOpHuCTaHa iHdpadepBOHA CIEKTPO-
ckomisi. Pe3ysnpraTn cBiguaTs po Te, 110 B cTablyibHiM 1 MeTa-
crabinbHiil daszax mepeBakaloTh Pi3HI KOHGOPMEPH MOJIEKYIIH
opro-6eH3udeHoa, Kl BiAPI3HAIOTHCA Opi€HTAIEI0 apoMa-
TUYHUAX KUIElb 10 BiJHOIIEHHIO 0 3’€IHYBAJILHOIO METHJIE-
HOBOrO MicTKa. 30KpeMa, OyJI0 IIOKa3aHo, 110 TpaHchopMarlis
MeTacTabiibHOI dhasu B CcTabiIbHY CYIIPOBOKYETHCS 0OepTaH-
M OH-3aMimmeHoro apoMaTuyHOrO KijIblisl B MOJIEKYJI OPTO-
6en3uiipeHosa Mo BiIHOMIEHHIO [0 METUJIEHOBOI'O MICTKa Bijf
kyTa 59,9° no 180,0°. Excnepument JICK nokasas, mo mpo-
nec HyKJeamnil MeTacTabiapHoI ha3u MepeBarkHO PO3BUBAECTHCSI
nmkue ~1,1 Tg (243 K), kpucranizanis — npu ~270 K, a nuias-
nennst — npu 290,2 K. Pisuumg B TeMmmepaTypHEX iHTEpBaIax
HyKJIeallil 1 KpHucTaJli3allil HOsICHIOE XOPOIILYy 3JaTHICTb OpPTO-
6eH3MIPEHOITY IO CKILYyBAHHS.
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