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Influence of nanoconfinement on structure and phase transitions
in RbNOs/porous glass composites
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This study aims at clarifying the structure, thermal and dielectric properties of a
nanocomposite consisting of rubidium nitrate embedded in a porous borosilicate glass
matrix (15.3 nm). Experimental data were obtained using X-ray diffraction, Fourier-
transform infrared spectroscopy, differential thermal analysis and dielectric measurements,
enabling the identification of the effects of nanoconfinement on the phase transitions. It
was found that the temperature of phase transition from the trigonal to cubic phase in the
filled rubidium nitrate was significantly reduced from 439 K to 422 K. This finding was
corroborated by both differential thermal analysis, X-ray diffraction methods and Landau's
phenomenological theory.
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1. Introduction

One of the priority areas in modern materials science with high practical relevance is the
physics of heterogeneous materials and systems [1, 2]. The growing interest in such structures
arises from their ability to exhibit atypical properties that differ significantly from those of
homogeneous ones. These unique characteristics stem from the complex interactions between
distinct phases, which vary in chemical composition, crystal structure, and physico-chemical
parameters. Additionally, interfacial boundaries make a significant contribution to the overall
properties of the system, influencing transport, dielectric, and mechanical characteristics.

Composite materials, particularly ferroelectric composites composed of components with
differing functional and structural parameters, are of particular interest. These composites typically
consist of a ferroelectric matrix modified by inclusions of metallic, polymeric, or carbon-based
nature. Such structural design enables the deliberate tuning of parameters such as dielectric
permittivity, coercive field, phase transition temperature, and piezoelectric activity. As a result,
these materials are highly attractive for a wide range of technological applications — from
microelectronics to sensor systems and energy-saving technologies [3].

One of the promising directions in materials science is the use of borosilicate porous
glasses as nanomatrices for the development of functional nanocomposites [4—6]. Filled porous
glasses represent unique nanostructures in which the pore space is either partially or completely
filled with various substances — ranging from simple compounds to chemically complex materials.
The wide selection of possible fillers enables fine-tuning of the material’s properties according to
the specific application. For instance, numerous studies have investigated porous matrices filled
with various ferroelectric compounds such as TGS, NaNO;, NaNO;, and KNO; [7-9]. The
impregnation of a magnetic porous matrix with ferroelectric materials offers a route to the creation
of multiferroic materials [10]. The structure and physical properties — particularly dielectric and
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magnetic properties — of porous matrices and glass-based nanocomposites are closely related to the
characteristics of the original glasses.

Rubidium nitrate (RbNO3) is known with a few applications in magneto hydrodynamic
power generation and catalysis. RbNOs exhibits four thermodynamically stable crystalline phases
over a wide temperature range — from room temperature up to its melting point (~ 587 K). At room
temperature, RbNO; crystallizes in a trigonal symmetry corresponding to phase IV, which
possesses spontaneous polarization with the formation of 180-degree domain structures that are
characteristic for ferroelectrics [11]. This phase is stable up to approximately 437 K, where a
transition to a paraelectric phase III occurs with a cubic structure. In a range of 437 —492 K,
RbNO; exists in this highly symmetric, non-polar phase [12]. Between 492 K and 558 K,
transitions to a rhombohedral modification (phase II) are detected [13]. Upon further heating
above 558 K, another phase transition takes place, reverting RbNOs to a cubic structure (phase I)
which remains stable up to the melting point around 587 K.

The current applications of RbNO3 have reached saturation, so a new approach is needed
to control its inherent properties. In this regard, the present work is devoted to exploring anomalies
of the structure, thermal and dielectric properties of nanocomposites based on RbNOs embedded in
porous glass, aiming at expanding the applications of the current RbNOs, as well as contributing to
a deeper understanding of the processes in nanostructured systems.

2. Materials and methods

The procedures for materials preparation and the experimental measurements are briefly
diagrammed in Figure 1. For the synthesis of the nanocomposite, RbNOs supplied by Sigma-
Aldrich and porous borosilicate glasses with an average pore diameter of approximately 15.3 nm
were used as starting materials. Incorporation of RbNOs into the porous glass was carried out by
melt infiltration under a pressure of 2-10° Pa. The filling degree was determined gravimetrically
based on the change in sample mass, using high-precision analytical balances (BM-252), and was
found to be 72%, indicating a substantial volume of infiltrated material relative to the total pore
volume. Pressed disks of RbNO; powder with a diameter of 10 mm and a thickness of 1.5 mm,
obtained under a pressure of 8000 kg/cm?, were used as reference samples.

Porous glass

Pressure

Composite

Fig. 1. Scheme for materials preparation and experimental measurements.

X-ray phase analysis of composite samples during heating and subsequent cooling was
carried out using a Rigaku Ultima IV at temperatures selected at 300, 373, 413, 433, and 438 K,
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allowing for the tracking of phase transitions. Functional groups were figured out by an IR
spectrometer (IR 6000, Japan). Dielectric properties of the samples were conducted from 300 to
450 K using a digital impedance meter E7-25 with a heating rate of 1 K/min. Electrical contact
was established using an indium-gallium paste. Temperature control was ensured by an electronic
thermometer (TC-6621).

3. Experimental results

The temperature dependence of the dielectric permittivity &'(7) was studied for
polycrystalline RbNOs and the RbNOs/porous glass nanocomposite (Figure 2). The phase
transition in bulk RbNO; (determined from the maximum of the derivative of ¢'(7)) was observed
at 439 K during heating and at 436 K during cooling. For the nanocomposite, the curves &'(7) did
not show pronounced anomalies like those observed in the bulk (polycrystalline) samples. The
absence of sharp peaks or jumps in ¢'(7) indicates a smooth change in dielectric properties, which
might be attributed to the inhomogeneity of the nanostructured medium, as well as the influence of
interfacial boundaries and surface states that dominated in nanocomposites. Nevertheless, weak
anomalies were observed at approximately 422 K during heating and around 393 K during
cooling, which was likely related to the phase transitions.
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Fig. 2. Temperature dependencies of the dielectric permittivity &' for RbNO3 (left axis) and RbNOj3 in porous
glass (right axis). The inset shows the €'(T) dependence in the temperature range of 375 — 430 K for porous
glass filled with RbNO:3.

First-order phase transitions, characteristic of both bulk and nanostructured RbNOs, were
reliably recorded using differential thermal analysis (DTA) (Figure 3). For the bulk form, distinct
endothermic and exothermic effects were observed at 437 K (during heating) and 423 K (during
cooling), which were consistent with previously published data [11]. In the case of the
nanocomposite, the phase transitions were shifted to lower temperatures. In the heating process, a
DTA signal peak was observed at 422 K, while upon cooling - at approximately 391 K.
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Fig. 3. Temperature dependencies of the DTA signal for RbNOj3 (left axis) and RbNO3
in porous glass (right axis).

Regarding the adjustment of crystalline structure during phase transition, let us analyze the
temperature — dependent XRD pattern of the composite (Figure 4). Obviously, except for the
diffraction peaks of Cu (possibly, due to X-ray tube source (Cu Ka)) and Pt of sample holder,
other peaks are characteristic for RbNOs according to reference data JCPDS 36-1257 (Figure 4a).
For example, at 300 K (Table 1), the diffraction peaks of RbNOs correspond to the most prominent
reflections identified at 20 positions of 19.9°, 26.2°, 29.6°, 32.4°, 36.1°, 38.5°, 47.6°, 56.2°, 58.0°,
61.6°, 63.3°, and 72.7°, which are indexed to the (012), (104), (110), (024), (116), (202), (122),
(214), (208), (300), (220), and (119) planes, respectively. These peaks confirm the presence of
well-defined crystalline RbNOs within the nanocomposite. In addition to the RbNO; peaks,
diffraction signals attributed to platinum (Pt) and copper (Cu) were also observed. The Pt
reflections appear at 20 values of 39.7°, 46.2°, 67.5°, and 81.2°, corresponding to the (111), (200),
(220), and (311) planes. A single Cu peak is present at 43.3°, assigned to the (111) plane. These Pt
and Cu peaks do not originate from the composite material itself but rather from the sample holder
(Pt) and X-ray tube target (Cu), which are commonly encountered artifacts in XRD analysis. The
main phase at 300 K is the trigonal modification of RbNO; with the space group P31, and lattice
parameters a = 10.474 A, c=7.443 A, V'=707.137 A3, which is consistent with the published data
[14]. However, upon heating, there was the shift in peak positions detected with changes in peak
shapes (Figure 4b).
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Fig. 4. Diffractogram for the RbNOs/porous glass composite at different temperatures (a) and its fragment
illustrating the phase transition region of rubidium nitrate (trigonal — cubic) between temperatures of
413 —-433 K (b).
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This represents a polymorphic transition from the triclinic to the cubic modification in the
temperature range of 413 — 433 K. The space group of the cubic phase at 438 K is Pm-3m, with
parameters a = 4.37 A and V = 83.45 A’. Regarding the borosilicate glass phase, it is an
amorphous phase i.e. there is no sharp peaks appeared the XRD pattern.

Table 1. Interpretation of diffraction peaks obtained for RbNO3z/nanoporous glass composite at 300 K.

Phase 20 Position (°) Assigned Plane (hkl)
19.9 (012)
26.2 (104)
29.6 (110)
324 (024)
36.1 (116)
38.5 (202)
RbNO; 47.6 (122)
56.2 (214)
58.0 (208)
61.6 (300)
63.3 (220)
72.7 (119)
39.7 (111)
46.2 (200)
Pt 67.5 (220)
81.2 (311)
Cu 433 (111)

The influence of nanoconfinement on the functional groups of RbNOs; embedded in glass
nanopores was also investigated. Comparing the IR spectra of RbNOs; (Figure 5a) and the
composite (Figure 5b) along with the absorption peaks exported from these spectra (Table 2)
indicated a slight shift of the filled-RbNO; peaks positions. This might be attributed to the
nanoconfinement effect and weak interactions between RbNOs and the pore surfaces. In other
words, strong chemical bonding between RbNO; and the pores were absent and thus, these
interactions did not influence the phase transitions. Consequently, under nanoconfinement, only a
modification of the crystalline structure occurred, as confirmed above by the diffraction analysis.
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Fig. 5. FTIR spectra for RbNO3 and RbNO: filled in porous glass.
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Table 2. Peaks and functional groups exported from thr FTIR spectra for the bulk RbDNO; (Fig. 5a) and
RbNOs/manoporous glass composite (Fig. 5b).

Peaks Bulk RbNOs/Borosilicate Interpretation
positions RbNQOs3 glass
1488 — 1417 Present Present Asymmetric stretching (vs) of NOs~
1386 — 1330 Present Present Symmetric stretching (vi) of NOs~
1284 - 1214 Present Present In-plane bending (v4) of NOs~
830 — 740 Present Present Out-of-plane bending (v2) of NOs~
1300 — 1000 Absent Present Si—O-Si asymmetric stretching (borosilicate

network)
B-O vibrations (from BOs or BOs units of

1100 — 950 Absent Present o
borosilicate glass)
3900 — 3300 Absent Present Broad —OH stretching vibrations
2314 Absent Present Weak CO: peak (likely from ambient

contamination)

4. Theoretical models and discussions

When analyzing the temperature shifts of phase transitions in nanostructured systems with
confined geometry, theoretical models that account for size effects are typically employed. The
most widely used approaches are based on Landau's phenomenological theory and the Ising model,
developed for individual isolated nanoparticles [15, 16]. These models predict that as the
characteristic dimensions of the system decrease, the temperature of the structural phase transition
should decrease and can be described as follows:

»_ A
LR)=1"—— @

where T.(R) and T.” are the phase transition temperatures for a particle with radius R and the bulk
material, respectively; 4 is a parameter depending on the material properties and the influence of
surface effects. These predictions have been confirmed by many experimental studies on
nanoparticles of ferroelectrics, such as barium titanate [17].

However, in the case of nanoparticles placed in a nanoporous matrix, additional factors
related to specific interactions may influence the phase transition temperature, both with the
internal surface of the porous structure and between nanoparticles localized in adjacent pores [18].
These effects can significantly modify the behavior of the system compared to isolated particles.
For example, in the work [19], the increase in the temperature of the upper phase transition in
ferroelectric nanoparticles synthesized inside porous Al,Os; was explained by the effect of
polarization induced by the pore walls. According to Landau's phenomenological theory, this
effect can be interpreted as an increase in the spontancous polarization at the surface of the
particles, which, in turn, contributes to the shift of the phase transition temperature to higher
temperatures.

For a system containing RbNO; incorporated into porous glass, a different picture is
observed. Apparently, the polarizability of the walls has a negligible effect on the behavior of the
embedded particles. Instead, the observed decrease in the phase transition temperature might likely
be related to the size effects observed for isolated nanoparticles with no significant interaction with
the surrounding environment as proved by the above FTIR analysis. Let us calculate the decrease
in phase transition temperature of RbNO; part. Firstly, the difference in thermal expansion
coefficients between RbNO; and porous glass might lead to temperature-dependent elastic
compressive or tensile deformations, which are expected to influence the phase transition
temperature of the ferroelectric component. The thermal expansion coefficient of RbNO; is
approximately 50 x 10 K [20], whereas that of porous glass is about 5 x 10 K' [20]. The baric
coefficient d7./dp of rubidium nitrate has been determined in [21] and is approximately 89 K/GPa.
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To estimate the baric effect, we use the formula for calculating the hydrostatic pressure P [22]
experienced by RbNO:s particles located within the glass pores:

Pt _AoAT 2)
3(1-p)

where E is the Young's modulus, u is the Poisson's ratio, 4a is the difference in the linear thermal
expansion coefficients of the materials, and AT is the temperature difference between the stress-
free and stressed states of the filler. The differences in £ and u of the contacting materials are
neglected, as accounting for them would not significantly affect the order of magnitude of the
effect. The calculated values of the defined quantities are listed in Table 3.

Table 3. Values of the quantities defined in Equation (2) for RbNOj3 in glass pores.

dT/dp,KIGPa | E,GPa u Aa.105, K AT, K P, GPa AT, K
89 15 0.25 60 200 -0.08 -7.12

As observed in Table 3, the baric coefficient of rubidium nitrate is positive. Therefore, in
the case of tensile stress, an increase in hydrostatic pressure should result in a decrease in the
phase transition temperature by an amount A7 = 7.12 K. This indicates that, for RbNOs in porous
glass, mechanical stress may be one of the factors contributing to the lowering of the phase
transition temperature. These estimates are valid under the assumption of complete pore filling by
rubidium nitrate and good adhesion between the materials. In our case, the pore-filling coefficient
of rubidium nitrate is less than unity; hence, the reduction in the phase transition temperature due
to the baric effect should be less than 7 K. Note that in a previously reported study [23], RbNO;
embedded in porous AlLO; films also showed a shift in the phase transition towards lower
temperatures.

A particular scientific interest is the observed increase in the temperature hysteresis in the
RbNOs/porous glass nanocomposite system. For bulk ferroelectrics, a change in the nature (order)
of the structural phase transition, or its deviation from the tricritical point, is usually associated
with the influence of external pressure. In nanostructured composites containing RbNO;
nanoparticles, the enhancement of first-order phase transition features can apparently be attributed
to internal mechanical stresses that arise under the nanoconfienment conditions of the porous
glass.

4. Conclusions

In summary, the incorporation of RbNOj; into the confined space of nanoporous glass led
to a significant reduction in the phase transition temperature, which was attributed to size effects.
Differential thermal analysis data confirmed that temperature-dependent phase transitions in the
nanocomposite occurred with more pronounced thermal hysteresis, which might indicate an
enhancement of first-order phase transition features induced by internal mechanical stresses in the
conditions of nanoconfinement. Exploring the structure of RbNOs; embedded in porous glass
during the phase transition has also demonstrated changes from the trigonal to the cubic phase
without significant changes in the lattice parameters. Besides, the theoretical predictions based on
Landau's phenomenological theory and the Ising model confirm the applicability of these models
to describe the behavior of this type of nanostructured ferroelectrics. Thus, the use of porous glass
as a nanomatrix for the creation of composites with RbNOs opens opportunities for targeted
control of phase transitions and dielectric properties of the material, making such systems
promising for the development of functional electronic components, sensors, and energy-active
devices.
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