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Understanding the phase transitions and structural dynamics of monomers is essential for designing advanced
materials. In this study, the phase transitions of two phosphorus-containing monomers with methoxycarbonyl
functional end groups were investigated. Polarized light optical microscopy, differential scanning calorimetry,
and UV-vis absorption and fluorescence spectroscopy were used to examine microstructural changes and
molecular conformational rearrangements during temperature variations. Additionally, attenuated total reflec-
tance Fourier-transform infrared spectroscopy was used to explore these changes with high sensitivity. The
specific sensitive absorption bands offered significant information regarding the phase transition, even within a

Received 22nd April 2024, narrow transition temperature range, demonstrating the efficiency of such a method in the investigation of

Accepted 3rd June 2024 polymorphic and liquid crystalline materials. Interestingly, although both molecules absorb light at similar
DOI: 10.1039/d4nj01844c wavelengths regardless of the solvent, their emission properties are different, suggesting that the presence of

an extra oxygen atom linked to the central phosphorus atom influences the movement of electrons in the
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Introduction

Fourier transform infrared (FTIR) spectroscopy is a powerful
tool frequently used to investigate conformational changes,
polymorphisms, and phase transitions in crystals and liquid
crystal compounds.’™ In the supramolecular organization of
organic compounds, the vibrations of the functional groups are
closely related to the molecular geometry, molecular packing,
and intermolecular or intramolecular interactions.*® Liquid
crystals have become a significant area of focus in supramole-
cular chemistry, presenting intensive research in the fields of
organic electronics, optoelectronics, semiconductors, photovol-
taic materials, and medicine.””

Throughout the years, interest in the structure-property
relationships of liquid crystals has been constantly observed.
Minor changes to the structural segments that form the mole-
cular structure generate drastic changes in the physical proper-
ties of liquid crystal materials."® Owing to their outstanding
fluidity, translational, orientational, and conformational order
within the mesophase, liquid crystal materials can be easily
manipulated by light, temperature, and electric fields."*™* This
tunability allows their use in various applications such as liquid
crystal displays (LCDs), where an electric field reorients the
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liquid crystals, altering light transmission and creating the
image. The most intensely studied liquid crystals are calamitic
ones, which generally contain a rigid core, flexible chains, and
linkage units such as ester, ether, azo, and azomethine."”™°
The ester linkage unit is widely used in liquid crystals due to its
stability and easy synthesis pathways. On the other hand, the
reversible direction of the polar ester linking group influences
the polarizability of the molecule and gives rise to significant
changes in thermotropic behavior.”" A considerable change in
the polarizability can be caused by the introduction of heteroa-
toms in the molecular structure.

Phosphorus, a key element in biological processes and
industrial applications, offers a rich array of reactivity and
functionality, facilitating the design of monomers with diverse
properties and applications.***® Of particular interest are
phosphorus-containing diesters, a subclass of organic com-
pounds notable for their diverse chemical reactivities and
significant roles in biological and synthetic processes.?”°
Therefore, phosphorus-containing monomers with methoxy-
carbonyl end functional groups represent a compelling area
of research at the intersection of organic chemistry, polymer
science, and materials engineering. These monomers are dis-
tinguished by their unique molecular architecture, which com-
bines the chemical versatility of phosphorus with the tunability
afforded by methoxycarbonyl end groups.** The incorpo-
ration of phosphorus within the diester structure introduces
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enhanced thermal stability and flame-retardant capabilities,
which are attributed to the ability of phosphorus to undergo
coordination reactions and form intumescent char layers under
fire conditions. Phosphorus-containing LCs, especially those
based on phosphonates or phosphates, are relatively under-
explored in liquid crystal research. The incorporation of phos-
phorus atoms can introduce unique properties, leading to novel
mesophases and enhanced functionalities. Despite their potential,
there is a significant gap in the synthesis and characterization of
organophosphorus-based LCs. This research addresses this issue
by synthesizing new P-containing LC molecules and characterizing
their phase behavior. Additionally, ATR-FTIR spectroscopy has
been used to study the phase transitions in these materials, a
technique that has not been previously applied to organophos-
phorus-based LCs. This dual approach advances liquid crystal
science and broadens its application potential in advanced tech-
nologies. Through careful molecular design and manipulation,
phosphorus-containing diesters can be tailored to display liquid
crystal properties, offering opportunities for innovative applications
in fields such as display technologies, optical materials, and
biomedical devices. Moreover, liquid crystalline dimers bridged
with a phosphonic group may serve as promising vertical align-
ment agents and develop functionalized liquid crystalline materials
with a twist-bend nematic phase.*® Ongoing research in this field
aims to expand the scope of phosphorus-containing monomers
with methoxycarbonyl end functional groups, explore new synthetic
methodologies, elucidate structure-property relationships, and
advance their practical utility in emerging technologies.

In this context, the phase transitions and structural changes
of two phosphorus-containing monomers, bearing methoxycar-
bonyl functional end groups, namely bis(4-(methoxycarbonyl)
phenyl)phenylphosphonate and bis(4-(methoxycarbonyl)phe-
nyl)phenylphosphate, denoted as 3a and 3b, under thermal
treatment were studied. Moreover, the investigation of the
sensitive absorption bands during the phase transition pro-
vides valuable information regarding the sequential order
change in the molecular structure. This research focused on
using ATR-FTIR spectroscopy as an important and complemen-
tary tool to investigate and improve the understanding of the
phase transitions of these phosphorus-containing monomers,
and how structural changes at the molecular level influence
their optical properties.

Experimental section
A. Materials

Phenyl phosphonic dichloride, phenyl dichlorophosphate,
p-hydroxybenzoic acid, triethylamine, acetic acid, sulfuric acid
(HpSO,4 98%), tetrahydrofuran, ethanol, diethyl ether, methy-
lene chloride, cyclohexane, methanol, 2-propanol, acetonitrile,
and 1,4-dioxane were commercially available and used as
received without further purification (Sigma-Aldrich). CuCl
(Sigma-Aldrich) was purified by washing successively with
acetic acid, ethanol, and diethyl ether, followed by drying under
vacuum at 60 °C before use. Methyl 4-hydroxybenzoate was
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prepared using p-hydroxybenzoic acid, methanol, and sul-
furic acid. The reaction yield: 68%; m.p.: 125-128 °C. 'H
NMR (DMSO-d6, ppm): 10.33 (s, 1H, ~OH); 8.03-8.01 (d, 2H);
6.87-6.81 (d, 2H); 3.79 (s, 3H, -CHj,).

B. Methods

The melting points of the monomers and intermediates were
measured using Melt-Temp II (Laboratory Devices).

Infrared spectra were recorded on an FTIR Bruker Vertex 70
spectrophotometer in the transmission mode at wavenumbers
ranging from 400 cm™" to 4000 cm~'. The samples were then
mixed with KBr and pressed into pellets.

Proton nuclear magnetic resonance spectra were recorded
using a Bruker Advance DRX 400 MHz spectrometer, equipped
with a 5 mm, direct detection, multinuclear probe, operating at
400.1, 161.9, and 100.6 MHz for 'H, *'P and '3C nuclei,
respectively. "H and **C chemical shifts were reported in
0 units (ppm) relative to the residual peak of the solvent (ref.
'H: DMSO-d6: 2.51 ppm, “C: DMSO-d6: 39.47 ppm). *'P
chemical shifts are electronically referred to as 85% H;PO,
(0 ppm).

Polarized light optical microscopy (PLM) was performed
using a Zeiss Axio Imager M2 microscope (Carl Zeiss AG).
A 10x, 20x or 40x objective lens was used for all measure-
ments. The samples were prepared by casting a small amount
of the compound on a glass plate, which was subjected to
two heating-cooling cycles. For 3a, the temperature regime
was as follows: from room temperature at a heating rate of
10 °C min™" up to 110 °C and with 1 °C min™" up to 150 °C,
then cooled to 25 °C at a cooling rate of 1 °C min~"; for t 3b, a
heating/cooling rate of 10 °C min~ ' was used; xC - cooling scan
and xH - heating scan (x - number of the thermic treatment
cycle).

Differential scanning calorimetry (DSC) was carried out
using a NETZSCH DSC 214 instrument for 3a, and a PerkinEl-
mer Pyris Diamond instrument for 3b, using nitrogen as a
carrier gas at a flow rate of 10 mL min~'. For 3a, several
heating/cooling cycles were recorded using a temperature
regime as follows: first heated from room temperature at a
heating rate of 10 °C min~" up to 110 °C and with 0.1 °C min~*
up to 150 °C, then cooled to 25 °C at a cooling rate of
1 °C min~'. 3b was heated up to 110 °C from —20 °C and
cooled to an equal negative temperature at a heating/cooling
rate of 10 °C min~'. The phase transition temperatures of the
diester monomers were taken as the maxima of the endother-
mic and exothermic peaks.

FTIR spectroscopy in attenuated total internal reflectance
(ATR-FTIR) was used to study the phase transitions of the
phosphorus-containing monomers in the temperature range
of 24-150 °C using a Vertex 70 spectrometer equipped with a
Golden Gate®™ ATR accessory (diamond crystal, Specac Ltd) and
a temperature controller. The scans were performed in the
4000-600 cm ™' spectral range at a heating/cooling rate of
1 °C min~', with 128 scans at a resolution of 2 cm™'. A mixed
Gaussian-Lorentzian was used to resolve the peaks of interest.

New J. Chem., 2024, 48, 11864-11873 | 11865
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An Analytic Jena 210+ spectrophotometer was used to mea-
sure the absorption spectra, while the fluorescence spectra were
obtained using a PerkinElmer LS55 fluorescence spectrophot-
ometer. The emission spectra were measured between 250 and
500 nm, with an excitation wavelength of 235 nm. The experi-
ments were carried out at ambient temperature using quartz
cuvettes with a 10 mm optical path length. Spectroscopic grade
solvents, such as cyclohexane (CYHEX), methanol (MeOH), 2-
propanol (IPA), acetonitrile (ACN), and 1,4-dioxane (DIOX),
were used without requiring additional purification.

C. Synthesis and characterization of bis(4-(methoxycarbonyl)
phenyl)phenylphosphonate (3a) and bis(4-(methoxycarbonyl)phenyl)
phenylphosphate (3b)

6.08 g of methyl 4-hydroxybenzoate (1), 33 mL THF (tetrahydro-
furan), 5.56 mL TEA (triethylamine), and 0.10 g of CuCl were
placed in a 100 mL three-necked flask equipped with a magnetic
stirrer and nitrogen inlet and outlet. The mixture was then cooled
to 0 °C in an ice bath. To this mixture, 3 mL of phenyl phosphoric
dichloride (2a) or phenyl dichlorophosphate (2b) was added
dropwise during a 30 min period, and the solution was allowed
to react for 2 h at 0 °C and 48 h at room temperature. Finally, the
mixture was filtered and concentrated under reduced pressure,
and the crude product was purified by silica gel chromatography.
The product was eluted with methylene chloride to give a clear
colorless liquid, which was concentrated in order to obtain the
desired compounds 3a and 3b.*°

3a. Yield: 91%; m.p.: 138-140 °C. FTIR (v, cm '): 3076
(=C-H stretch of aromatic rings); 2948, 2847 (C-H stretch of
aliphatic chains); 1726 (C—O stretch of ester groups); 1603,
1501 (aromatic C—C bands); 1131 (P-C,,y); 1278, 1018 (ester
C-0-C); 962/951 (P-O-Cyyyi); 1195 (P=0). 'H NMR (5, ppm):
3.83 (6H, s, CH,), 7.39 (4H, d, 8.0 Hz, H-2), 7.61-7.66 (2H, m,
H-9), 7.75 (1H, t, 8.0 Hz, H-10), 7.99 (4H, d, 8.0 Hz, H-3),
7.97-8.02 (2H, m, H-8, overlap with H-3). >C NMR (, ppm):
52.1 (CH3), 120.6 (d, 3]J(P, C) = 4.7 Hz, C-2), 125.1 (d, 1J(P, C) =
191 Hz, C-7), 126.8 (C-4), 129.2 (d, 3](P, C) = 20.0 Hz, C-9), 131.4
(C-3), 132.1 (d, 2J(P, C) = 10.0 Hz, C-8), 133.1 (d, 4J(P, C) = 3.0
Hz, C-10), 153.3 (d, 2J(P, C) = 7.0 Hz, C-1), 165.3 (COO). *'P NMR
(6, ppm): 12.1 (t, 13 Hz).

3b. Yield: 80%; m.p.: 92-95 °C. FTIR (v, cm ™ %): 3063 (—C-H
stretch of aromatic rings); 2955, 2853 (C-H stretch of aliphatic
chains); 1726 (C—O stretch of ester groups); 1603, 1504 (aromatic
C—C bands); 1279, 1013 (ester C-O-C); 962/951 (P-O-Cqpy); 1197
(P—0). 'H NMR (0, ppm): 3.86 (6H, s, CH3), 7.31-7.34 (3H, m, H-8
and H-10), 7.47 (4H, d, 8.0 Hz, H-2), 7.46-7.50 (2H, m, H-9), 8.06 (4H,
d, 8.0 Hz, H-3). *C NMR (9, ppm): 52.2 (CH3), 119.9 (d, 3](P, C) = 4.8
Hz, C-8), 120.2 (d, 3](P, C) = 5.3 Hz, C-2), 126.2 (C-10), 127.3 (C-4),
130.3 (C-9), 131.6 (C-3), 149.5 (d, 2J(P, C) = 7.5 Hz, C-7), 153.1 (d, 2J
(P, C) = 6.8 Hz, C-1), 165.2 (COO). *'P NMR (5, ppm): 18.5 (s).

Results and discussion

Two phosphorus-containing monomers 3a and 3b were pre-
pared via an O-acylation reaction of methyl 4-hydroxybenzoate
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with phenyl phosphonic dichloride or phenyl dichloropho-
sphate, respectively, in the presence of CuCl, as shown in
Scheme 1. In our previous study, the crystal structures of 3a
and 3b were evidenced as belonging to a monoclinic system
and a triclinic system, respectively.*®

The phase transition behavior of phosphorus-containing
monomers were thoroughly examined by PLM in several heat-
ing and cooling scans. The PLM observations correlated with
DSC measurements. The transition temperatures recorded
using both methods with similar heating/cooling rates are
presented in Table 1.

Under PLM, 3a presented small birefringent areas at room
temperature, which became more pronounced in the whole
mass during the first heating cycle due to different crystal-
lization arrangements (Fig. 1a). The transition to a liquid
crystalline state appeared as a typical nematic marble texture
at around 133 °C (Fig. 1b), followed by the isotropic phase at
138 °C. At a cooling rate of 1 °C min ", the crystallization of 3a
appeared in the isotropic state at 56 °C (Fig. 1c). During the
second heating-cooling cycle, a similar behavior was observed
with the appearance of a liquid crystalline phase at 134 °C,
which demonstrates the reversible thermotropic behavior of 3a
(Fig. 1d). DSC measurements of 3a showed two endothermic
peaks at 135 °C due to the crystalline-liquid crystalline phase
transition, and at 140 °C, corresponding to the liquid crystal-
line-isotropic phase transition (Fig. 2). Upon cooling, only a
strong exothermic peak appeared at 70 °C, followed by multiple
small exothermic peaks associated with different crystalline-crystal-
line transitions. As expected, the enthalpy of the nematic-isotropic
transition compared to the crystalline-nematic and crystalline-iso-
tropic transition is lower, in line with the lower energy requirements
of the transition between two states with closer ordering degrees.*
Due to the change of the heating rate, a drop in the curve and a
change of the baseline appeared at 110 °C in the DSC thermogram.

Instead, 3b showed only a melting process at 94 °C (Fig. 1e),
while under cooling, the isotropic state persisted at room
temperature even for several days. This behavior was confirmed
by the DSC curves, which showed one endothermic peak at
93 °C, corresponding to the melting temperature, and no
exothermic peak in the DSC cooling scan (Fig. 2). Even if
crystallization was not observed in the DSC traces, PLM
revealed a crystallization process that occurred when the
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Scheme 1 Synthesis of bis(4-(methoxycarbonyl)phenyl) phenylphospho-
nate (3a) and bis(4-(methoxycarbonyl)phenyl) phenylphosphate (3b).
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Table 1 Transition temperatures (°C) of phosphorus-containing monomers
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DSC

H C

PLM
Code H C
3a Cr 134 LC 1381 165 Cr
3b Cros51 —

Cr135LC 1401

170 Cr; 68 Cr, 67 Cr3 65 Cry
Cro31 —b

H - heating scan; C - cooling scan; Cr - crystalline; LC - liquid crystalline; I - isotropic. “ Frozen isotropic state, which gradually crystallized

overnight at 5 °C.  Frozen isotropic state.

> ‘\
’\
Gt g &
Fig. 1 Polarized optical light microscopy photographs of phosphorus-

containing monomers: (a) 1H, 114 °C, 10x; (b) 1H, 134 °C, 40x; (c) 1C,
25 °C, 20x; (d) 2H, 136 °C, 20x; (e) 1H, 25 °C, 10x; and (f) 1C, 25 °C, 10x.

sample was maintained at 5 °C overnight (Fig. 1f). The second
heating—cooling run confirmed the crystalline-isotropic transi-
tion and the frozen isotropic state of 3b.

ATR-FTIR spectroscopy is a powerful tool for investigat-
ing the microstructural changes and molecular dynamics
of phosphorus-containing monomers with highly sensitive
methoxycarbonyl end functional groups. By monitoring the
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Fig. 2 DSC charts of phosphorus-containing diesters.
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intensity distribution and positions of specific absorption
bands during temperature changes, ATR-FTIR spectroscopy
provides unique insights into the molecular conformational
rearrangements associated with phase transitions.*® The dis-
tinctive signatures of phase transitions revealed by ATR-FTIR
spectroscopy offer valuable information regarding the struc-
tural transformations and thermodynamic properties of the
monomers. Thus, the structural changes during phase transi-
tions of the studied compounds at the molecular level were
investigated by ATR-FTIR spectroscopy in order to obtain sup-
port information on the modification around the chemical
groups and the order-disorder transitions. Fig. 3 shows the
thermal variation of some selected regions of the FTIR spectra
of 3a and 3b, with appropriate designations of the phases and
the relevant absorption bands. As a general feature, the spec-
trum intensities of both compounds 3a and 3b increased as the
temperature increased to 60 °C. This behavior can be seen as a
type of reorganization and stabilization of the ATR crystal to
accommodate the temperature change. One could then con-
sider that the real thermal transformation begins after 50 °C.
The introduction of an oxygen atom between phosphorus and
phenyl led to differences in the FTIR spectra. The breaking of
electron delocalization by the oxygen atom increases the flexi-
bility of the phosphonate unit, allowing free rotation around
the O-P-O bonds. This high degree of freedom has been
expanded throughout the molecular structure and affect the
vibration frequencies of the most fundamental modes.

The vibrations representative of the central unit are v(P—0)
(1195 cm ™" in 3a) and Vagym(P-O-Cary1) (1172/1160 cm '), which

o 4
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Fig. 3 Relevant fragments of the FTIR spectra showing the spectral evolution from the crystalline state to the isotropic liquid state of various chemical
groups in 3a: (a) CH stretching region, connected to the methoxy extremities; (b) and (c) significant bands of the central phosphorus group; and in 3b:
(d) aromatic stretching vibrations and (e) symmetric stretching vibration of the phosphorus group.

are slightly displaced towards lower energies for 3b. In addi-
tion, (P-Cy,yi) in 3a was observed at 1131 cm ™!, while the
corresponding vgm(P-O-C,yy) of the phenoxy unit in 3b was
detected as an intense doublet at 962/951 cm™'. Apparently
decoupled from the motion of the molecular skeleton, the
stretching vibrations of the CH; terminal groups were dis-
placed to higher frequencies in bis(4-(methoxycarbonyl)phe-
nyl)phenyl phosphate (3b) than in bis(4-(methoxycarbonyl)
phenyl)phenylphosphonate (3a). This is due to the less-
ordered arrangement of the bis(4-(methoxycarbonyl)phenyl)-
phenyl phosphate molecules in the crystalline state. The methyl
ester moiety, which is common to both compounds, shows a
doublet structure for 1(O-CHj;) (1111/1098 cm™ ') and 1(COO)
(1277/1265 cm™ ). Some of the singlet absorption bands in the
spectrum of 3a were replaced by doublets in the spectrum of 3b, as
observed by the aromatic 1{C—C) vibrations, y,{(O-CH,) (1015 vs.
1017/1010 €m™ ") OF Veyp(P-O-Cayy) (853 vs. 868/858 ecm ™ Y).

Inspection of the FTIR spectra revealed bands whose parameters
are sensitive to the crystalline-to-liquid crystal state transition.
Spectral changes were observed for some bands in the heating
run, while other groups showed a lack of change. In the case of 3a,
the sharp aspect of the absorption bands in the crystalline state was
preserved in the mesophase, indicating a similar molecular
environment and conformational order. The absorption modes
followed during the temperature variation for both compounds
provided different views of the phase transitions, as experienced by
specific parts of the molecule. Thus, the chemical group dynamics
can be separated into those belonging to the molecular core and
those belonging to the flexible methyl ester moiety.

11868 | New J. Chem., 2024, 48, 11864-11873

Although the whole spectrum of 3a changes according to the
thermal variations induced by the temperature increase, a few
bands were sensitive enough to mark the crystalline-liquid
crystal transition. The most dynamic bands were found in
those given by (P-O-Cqyy), ¥(COO) and 1(O-CHj,), indicating
variations in the P-O-Cgy and P-C,py angles and some con-
formational changes in the methyl ester segment. Surprisingly,
two vibrational modes connected to the aromatic ester moiety,
i.e. (COO) and (C—=O0), were found to be highly coupled with
liquid crystalline ordering. As seen in Fig. 3, with increasing
temperature, (COO) of 3a gradually loses its high-frequency
component. Then, an abrupt frequency shift of 6 cm™" in the
band maximum occurred at the melting point, and the band
achieved a symmetric contour. The continuous decrease of the
high-frequency peak with temperature and the growth in the
cooling run may suggest its involvement in a highly ordered
structure. The thermally induced torsional motions partly
destroy this ordering and affect the planarity of this group.
The 3b spectrum shows the (COO) vibration as a single and
sharp band, which slowly decreases in intensity during heating
and with no change in frequency. The Vagym(P-0-Cayy) vibration
(1172/1160 cm™") in 3a abruptly transforms from a doublet at
room temperature into a single band at the liquid crystal-
isotropic phase transition. The persistence of the peak at
1171 ecm™ ' in both crystalline and liquid crystal states, although
constantly diminishing during heating, shows the existence of
the same molecular environment and almost the same P-O-
C—C dihedral angle. Except for the constant variations in the
contour of the »(COO) and »(P-O-C,) bands, the spectral

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 4 The dynamics as a function of temperature of the integrated intensity of the signals in 3a for the flexible methoxy moiety — vg,m(CHs) (2840 cm™
and ¥(O-CHys) (1098 cm™); aromatic ester group — (COO) (1277 cm™3) and the central unit — ¥(P=0) (1195 cm™?), Vasym(P=0O—=Cypy) (1160 cm™) and

UP=Cary) (1131 cm ™).

signature of the liquid crystal phase is not different from that of
the crystalline state, as the band shape persists until the
isotropic state.

The variation in the integrated intensity and frequency of
the absorption bands as a function of temperature reveals the
dynamics of various parts of the molecule. The plots presented
in Fig. 4 show the thermotropic response of the main vibration
modes and allow the detection of the beginning of the meso-
phase and the final transition to the isotropic phase. For the
phosphate group, the spectral variation in v,em(P-O-Cary) and
y(P—=0) defines two regions: the first one ends at the melting
temperature (144 °C), showing a continuous decrease in inte-
grated intensity. The second region consists of an abrupt
decrease of intensity as a result of compound melting (144 °C
to 152 °C). Only a small hump is detected at the onset of the
mesophase, especially for v/,em(P-O-Cary), and the progression
of the LC ordering brings no additional change.

Instead, the thermal profiles of the 1(COO), 1(O-CH3) and
(P-Cary1) bands exhibit a clearly defined LC regime but span
their temperature domains for every vibration mode moni-
tored. The transition into the liquid crystal phase started at
110 °C for the methoxy and phenyl groups, and at 106 °C for the
ester group. These features indicate the presence of different
degrees of flexibility for every chemical group, in close connec-
tion with the electronic and structural effects. Although elec-
tronically coupled with the central phosphonate group, the
phenyl ring has a certain degree of freedom to rotate around
the P-C=—C bond. Its coupling with the LC phase organization
is evident from the evolution of the integrated intensity of the
Y(P-Cqyy1) vibration (Fig. 4), which indicates a variation in the
P-C=C angle induced by torsional motion. The temperature
range over which the pendant phenyl ring adjusted itself to
attain conformation in the LC phase was ~ 6 °C. For the O-CH;
linkage, the crystalline-liquid crystal transition occurred within
a ~12 °C interval. At the COO group level, the phase transition
was even faster, in a ~4 °C range. The motion of the terminal

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

methyl groups is decoupled from the rest of the molecule and is
not sensitive to LC ordering because the integrated intensity of
the symmetric and asymmetric stretching vibrations shows a
constant evolution with temperature (Fig. 4) until they finally
drop at the melting point.

The frequency representation as a function of temperature
in Fig. 5 displays another perspective on how liquid crystal
ordering influences the chemical group dynamics in 3a. The
position of P-C= stretching (1131 cm ') is gradually displaced
to lower frequencies, with the same small hump around the
Cr — LC temperature and showing a 3.2 cm ™' decrease until
complete melting. A similar change in frequency is shown by
the 1(P-O-C—) band (1160 cm "), where the transition into the
mesophase is very smooth.

The motion of the molecule core, monitored through
Vasym(P-0-Cary1) and »(P==0) vibrations, whose monotonous
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Fig. 5 Frequency shiftin various signals during the heating run: vg,m(CHs)
(2840 cm™), ¥(COO) (1720 cm™), YP-O-C=) (1160 cm™), YP-C=)
(1131 cm™) and ¥(O-CHs) (1095 cm™), indicating the variation in inter-
molecular interaction strength with increasing temperature for 3a.
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evolution with temperature ultimately shows the rigidity of the
phosphonate moiety and its strongly coupled vibrations. There
is no clear indication of some conformational changes in the
liquid crystal phase.

Understanding the relationship between the structure of a
material, its optical properties, and its phase transitions is
critical for the design of advanced devices. Phosphorus-
containing diesters (3a and 3b) possess specific molecular
structures that influence their optical properties. 3a contains
a phosphonate group (P—O) as the central atom, while 3b
contains a phosphate group (PO, ); this small difference in the
chemical structure has significant effects on the overall mole-
cular behavior. Phosphonate groups typically exhibit stronger
electron-withdrawing properties than phosphate groups due to
the presence of a double bond between the phosphorus and
oxygen atoms. This difference in electron density distribution
can affect the molecular interactions and packing arrange-
ments within the material. Additionally, the nature of the
substituents attached to the central phosphorus atom may also
play a role. In 3a, the methoxycarbonyl groups may contribute
to the increased molecular asymmetry and flexibility, which are
favorable for liquid crystal formation. Moreover, the overall
molecular shape and size of 3a may be more conducive to
liquid crystal formation than those of 3b. Subtle differences in
molecular geometry can have profound effects on the ability of
molecules to self-organize into liquid crystalline phases.
Although both groups contain oxygen atoms and are potentially
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polar, the phosphonate group in 3a is generally considered to
be more hydrophobic and less polar than the phosphate group
in 3b. By monitoring the changes in these characteristics, we
can gain insight into the structural modifications that occur at
the molecular level during the phase transitions. These materi-
als are crucial for various applications like LCDs,** OLEDs,**
imaging,®> and sensors.***” To design and optimize such
devices, it is crucial to comprehend the relationships between
their optical properties, phase transitions, and structural
changes. Fig. 6 shows the UV-Vis absorption and fluorescence
spectra of 3a and 3b in the selected solvents. All spectra show
an absorption band maximum of around 235 nm, which is
expected to correspond to n-n* transitions within the aromatic
backbone of the molecule and n-n* transitions of the free
electron pairs.

Both 3a and 3b molecules have similar absorption maxima
(Amax) between 234-238 nm; this domain remains unaffected by
the solvents used. This suggests that the solvent has a minimal
influence on the ground-state electronic transitions. However,
there are differences in their emission maxima and Stokes
shifts (SS, nm), as shown in Fig. 6¢, d and Table 2, indicating
variations in their excited state properties. The emission prop-
erties of both molecules vary depending on the solvent, with
emission maxima ranging from 340-354 nm and Stokes shift
values ranging from 102 nm to 120 nm (Table 2). Stokes shift
values provide information on the relaxation processes that
occur upon excitation, which may be influenced by molecular
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Fig. 6 UV-Vis absorption spectra of compounds 3a (a) and 3b (b) as well as the emission spectra of compounds 3a (c) and 3b (d) in selected solvents.
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Table 2 Photophysical properties of 3a and 3b molecules

Samples CYHEX MeOH IPA ACN DIOX

3a Jmax (M) 235 236 236 235 238
Jem (nNM) 343 340¢ 346 340¢ 348
SS (nm) 108 104 110 105 110

3b Jmax (M) 235 234 234 234 235
Jem (NM) 340 340° 354 340° 345
SS (nm) 105 102 120 102 110

SS - Stokes shift (nm); CYHEX - cyclohexane; MeOH - methanol;
IPA - 2-propanol; ACN - acetonitrile; and DIOX - 1,4-dioxane. “ Very
broad emission band.

conformation, solvent interactions, and electronic transitions.
Larger Stokes shift values indicate lower excited-state energy
loss, potentially due to less interaction with the solvent environ-
ment. The differences in the SS values can be due to solvation
effects or possibly different excited-state processes. The main
difference between 3a (phosphonate) and 3b (phosphate) is in
the central P-O bond. The extra oxygen atom in 3b (phosphate)
can influence the conjugation within the molecule, potentially
affecting the excited-state behavior.

Conclusions

In this study, we investigated the phase transitions of two
monomers using a comprehensive approach, employing PLM
and DSC. These techniques provide valuable insights into the
microstructural changes occurring within the monomers as
they undergo temperature variations, elucidating the molecular
conformational rearrangements associated with phase transi-
tions. Only the bis(4-(methoxycarbonyl)phenyl)phenyl phos-
phonate monomer exhibits a liquid crystalline behavior,
while the other monomer exhibits a crystalline state. Further-
more, ATR-FTIR spectroscopy was employed to investigate the
microstructural changes and molecular dynamics of the mono-
mers with high sensitivity. By monitoring the intensity distri-
bution and positions of specific absorption bands during
temperature changes, we elucidated the distinctive signatures
of phase transitions in these materials. The most dynamic
bands were found in those given by #(P-O-Cqyy), #(COO) and
1(O-CHj), variations in the P-O-C,,y; and P-C,yy angles, and
some conformational changes in the methyl ester segment.
Specific ordering was evidenced by monitoring the vibrational
modes connected to the aromatic ester moiety. The motion of
the molecular core showed an insignificant response to the
conformational changes in the liquid crystal phase due to its
rigidity. Furthermore, although both types of monomers shared
similar absorption maxima around 234-238 nm regardless of
the solvent used, their emission properties differed signifi-
cantly. This suggests that the surrounding solvent molecules
have minimal influence on the ground-state electronic struc-
ture of the monomers but significantly impact their behavior in
the excited state. The main difference between these derivatives
lies in the central P-O bond, which can influence excited-state
behavior. The insights gained from this study are invaluable for

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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the rational design and optimization of these monomers for
application in advanced materials, including flame-retardant
polymers, liquid crystal displays, and biomedical devices.
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