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INFLUENCE OF OPEN-POROUS
SYSTEM ON THE SOLID-STATE PHASE
TRANSITION IN 1-OCTADECENE

The solid-state phase transition in the silica gel-1-octadecene system has been studied at
various temperatures with the help of differential scanning calorimetry and FTIR spec-
troscopy. Silica gels KSK-2.5, KSS-4, and Silica Gel 60 with different surface parameters are
used. The temperature of the solid-state phase transition in the silica gel-1-octadecene system
s shown to linearly depend on the ratio between the pore surface area and the pore volume. The
energy characteristics of 1-octadecene nanocrystals in the surface layer are calculated in the
framework of a thermodynamical model of crystal melting in pores.
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1. Introduction

The properties of substances located in nano-sized
pores play an essential role in the phenomena associ-
ated with clay swelling, soil frost heaving, oil produc-
tion, colloidal stability, and drug transport through
biomembranes [1]. The configuration of nanopores
has a significant effect on the physical properties of
solids in them [2—4]. In particular, the melting tem-
perature and the temperature of solid-state phase
transition are changed in nanocomposite materials
[5]. The reduction of the melting temperature was
considered in many works [1-5].
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The solid-state phase transition in systems of ali-
phatic molecules is a transition from the crystalline
phase to the rotational one. The understanding of the
mechanism of this phase transition has a large prac-
tical importance to the physics of condensed systems
and materials science. The solid-state phase transi-
tion in such systems occurs at temperatures that are
only a few degrees lower than the melting ones. This
circumstance complicates its experimental research.
Therefore, the number of publications where this
transition was studied under confinement conditions
is much less than the number of works dealing with
the melting under the same conditions [6].

The microscopic mechanism of solid-state transi-
tions in alkanes — both in bulk systems and in pores —
is not understood yet in full and requires to be studied
further [7, 8]. The influence of a nanopore morphol-
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ogy on this solid-state transition has to be analyzed
as well.

In this work, the influence of the silica gel ma-
trix morphology on the solid-state phase transition
in 1-octadecene, CH3(CH,),,CH = CH; (Fig. 1), has
been studied. 1-octadecene belongs to the class of a-
olefins (they have an aliphatic chain), in which there
is a methyl group (—CHj) at one end and a vinyl one
(—=CH = CHs) at another one. The vinyl group can
serve as a marker, when studying the thermal motion
of an aliphatic molecule. A 1-octadecene molecule has
18 carbon atoms. When being cooled down, the sub-
stance concerned forms crystals created by straight-
ened molecular chains, whose axes are oriented per-
pendicularly to the crystalline plane [9].

In our previous work [10], it was shown that,
when being heated, bulk crystalline 1-octadecene un-
dergoes the transition from the orthorhombic crys-
talline phase, Orcys, to the orthorhombic rotational-
crystalline one, Oryo. This is a phase transition of
the first kind in the solid phase. At a further heating,
the melting of the substance takes place.

Some researches concerning the influence of the
pore morphology in silica gel on the melting of 1-
octadecene crystals were carried out in our previous
works [11, 12]. Owing to a small difference between
the temperatures of indicated phase transitions, there
arose a necessity to apply other experimental meth-
ods in order to correctly separate the contributions of
those processes. In particular, IR spectra of SiOs—1-
octadecene systems were registered in a wide temper-
ature interval that included the indicated phase tran-
sitions [11]. The available structurally sensitive ab-
sorption bands allowed the temperature of each phase
transition to be determined separately and more ac-
curately.

The aim of this work is to study the phase tran-
sition in l-octadecene in the solid state located in
a porous silica gel matrix and experimentally deter-
mine the corresponding energy (the difference be-
tween the surface tensions of the crystalline and ro-
tational phases) and entropy (the difference between
the surface entropies of the crystalline and rotational
phases) characteristics.

2. Experimental Part
2.1. Research methods

For the research of phase transformations, a differ-
ential scanning calorimeter DSC Q200 (TA Instru-
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Fig. 1. Molecule of 1-octadecene

ments, USA) was used. The temperature calibration
was carried out with the help of sapphire disks (sup-
plied by TA Instruments) in standard aluminum cru-
cibles. The studies were performed in the tempera-
ture interval from —90 °C to 120 °C at a heating rate
of 5°C/min in a nitrogen flux of 50 ml/min. Infrared
transmission spectra were registered on a Nicolet-
Nexus Fourier Infrared Spectrometer in the spectral
interval 625-4000 cm™! with a spectral resolution of
1 cm™!. The registration was carried out in the trans-
mission mode immediately from the “free layer”. In
order to compare the intensities of absorption bands
in the spectra, the following conditions were obeyed:
(i) the size of the aperture, with respect to which the
background spectrum was recorded, corresponded to
the size of the specimen, so that the specimen com-
pletely covered the aperture, and (ii) the sensitivity
intervals of the device were identical, when record-
ing the background and specimen spectra. The spec-
tra were recorded in the temperature interval from
—150 °C to 50°C with the increment AT = 5 °C
in the transmission mode with the help of a Vari-
able Temperature Cell P/N 21525 (Specac company)
with the windows from sodium chloride. In the course
of spectrum registration, the cell was pumped out
by means of a backing pump. The specimens were
first cooled down in liquid nitrogen. Then they were
heated up at a rate of 2 °C/min, and the spectra were
registered.

2.2. Raw materials
and specimen preparation

Silica gels with various pore sizes were used. The
specimen characteristics were determined by analyz-
ing the nitrogen adsorption isotherms measured at
—196 °C on a high-vacuum adsorption device Sorp-
tomatic 1990 (see Table 1).

To fill the silica gel pores with 1-octadecene, the
silica gel specimens were embedded into the 20% so-
lution of 1-octadecene in hexane. The indicated silica
gel-to-solution ratio was so selected that 1-octadecene
should fill 75-80% of the silica gel pore volume in
the resulting composite. The mixtures of silica gel
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Fig. 2. Temperature dependences of the heat flux for exam-
ined specimens. Torot is the temperature of the phase tran-
sition from the orthorhombic crystalline phase Orcrys into the
orthorhombic rotational-crystalline phase Oryot, T, the melt-
ing temperature of bulk 1-octadecene, and Ty the melting tem-
perature of 1-octadecene in silica gel pores

with 1-octadecene hexane solutions were irradiated
with ultrasound in order to remove air remnants from
the pores and then dried in air at a temperature of
90 °C. The resulting specimens were loose powders,
whose particles did not stick together. The latter fact
confirmed that the total amount of 1-octadecene was
absorbed into the pores of silica gel particles.

To determine the content of 1-octadecene in porous
matrices, the thermogravimetric researches using a
Derivatograph Q1500D device were performed. The
results of those studies are quoted in Table 2. One can

Table 1. Parameters of porous silica gels

Silica gels |V, cm3g=! | S, m?g~! | D, nm | S/V, nm~!
KSK 2.5 0.926 311 11.93 0.33
Silica Gel 60 0.755 426 7.10 0.56
KSS 4 0.260 229 4.54 0.88

Table 2. Contents of adsorbed
water, 1-octadecene, and surface —OH groups
in specimens (in percent)

Silica gels m(H20) | m(1-octadecene) | m(-OH)
KSK 2.5/C18Has 2.3 32.3 5
Silica Gel 60/C1gHsg 3.3 32.1 3.4
KSS 4/C18Hse 4.7 224 4.3
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see that silica gel pores contained adsorbed moisture
(H20), 1-octadecene, and surface groups —OH.

2.3. Calorimetry

We measured the temperature dependences of the
thermal flux in bulk 1-octadecene and 1-octadecene in
silica gel pores in a temperature interval from —80 °C
to 120 °C at a heating rate of 5 °C/min (Fig. 2). In
our previous research of bulk 1-octadecene, it was
shown that if 1-octadecene polycrystals are heated,
then, starting from a temperature of about Ty,0r0; =
—30 °C, they undergo the phase transition from the
orthorhombic crystalline phase, Orcys, into the or-
thorhombic rotational-crystalline one, Oryot, with a
maximum at To.o; = —6 °C. This is a solid-phase
transition of the first kind. When reaching the tem-
perature Ty,, = 0 °C, l-octadecene polycrystals be-
gin to melt with a maximum at T,, = 20 °C. At
T = 35 °C, the melting process comes to an end.

The temperature dependences of the heat flux
obtained for nanostructured l-octadecene in vari-
ous porous silica gel matrices (Fig. 2) demonstrate
the same phase transitions as in bulk Il-octade-
cene. One can see that the phase transition tem-
perature decreases together with the pore size. Cha-
racteristic temperatures of the solid-phase transition
Torot can be determined from the temperature de-
pendences of the heat flux, but only with a low
accuracy. Therefore, the method of infrared spec-
troscopy of specimens was additionally applied at var-
ious temperatures.

2.4. IR spectroscopy

The infrared transmission spectra of 1-octadecene
were registered at various temperatures (see Fig. 3).
When 1-octadecene polycrystals are heated up, the
band changes can be observed (i) in a region of
720 cm~! corresponding to pendulum vibrations of
CHa groups (A 2), (ii) in a region of 908 cm~! cor-
responding to deformation vibrations of the double
bond —CH = CHy (¥(=cH,)), and (iii) in regions of
2845 and 2929 cm~! (Fig. 3) corresponding to sym-
metric (V5—cH,)) and antisymmetric (Vqs(—cH,)) Va-
lence vibrations of C-H groups [13].

One of the structurally sensitive bands in the IR
spectrum of molecules with aliphatic chains is the
band in a vicinity of v = 720 cm~! stemming from
pendulum vibrations of CH; groups. At tempera-
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tures below the phase transition ones, this band is
split by Awy o(T) (this is inherent only to the or-
thorhombic subcell of the Oreys crystal [14]). Fi-
gure 3 demonstrates fragments of the IR spectra
of bulk 1-octadecene registered at various tempera-
tures. In the region of v = 720 cm ™1, a splitting of the
band is observed at the temperature 7' = —80 °C. As
the temperature grows, two peaks approach each
other, and, in a vicinity of the phase transition, they
merge into a single peak. To resolve the two maxima
and determine the value of Avy o(T) in the region of
v =720 cm~!, we approximated the peak profiles by
the Voigt distribution.

The temperature dependences of the splitting mag-
nitude Awyo(T) for the band of pendulum vibra-
tions of CHy groups in a vicinity of v = 720 cm™!
are shown in Fig. 4 for bulk l-octadecene and 1-
octadecene in various matrices. In order to determine
the temperatures of the phase transitions more ac-
curately, we plotted the temperature dependences of
the splitting derivative with respect to the temper-
ature, dv/dT. A typical dependence of dv/dT on T
obtained for KSS4/CigH3g is shown in Fig. 4. One
can see that the splitting Ay o(T) is practically con-
stant in the temperature interval from —100 °C to
Thorot- When the beginning of the phase transition
in the solid state (Thorot) is reached, the splitting
magnitude drastically decreases in two stages: from
Thorot 10 Tym, and from Ty, to T;,. A conclusion can
be drawn that, when being cooled down to —150 °C,
both bulk 1-octadecene and 1l-octadecene in various
matrices crystallize with the orthorhombic symme-
try of the Oreys cells. When the commencing tem-
perature of the phase transition Ty,op0t is attained,
the phase transition into the orthorhombic rotational-
crystalline phase Oryo; takes place. This transition
is accompanied by a partial decrease of the Davy-
dov splitting magnitude Awy o(T'), because the az-
imuthal correlation between 1-octadecene molecules
becomes partially lost. When the temperature Ty,
is reached, the splitting magnitude Awvy o(T") sharply
vanishes. This behavior testifies that the azimuthal
correlation between the molecules becomes com-
pletely lost, i.e., the specimen undergoes the melting.

In Figs. 5 and 6, the temperature dependences of
the shifts of the symmetric (vy_cn,), Fig. 5) and
antisymmetric (v,s(—cH,), Fig. 6) valence vibration
bands with respect to their positions at —150 °C
are exhibited for all examined specimens. The de-
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Fig. 3. Infrared transmission spectra of 1-octadecene at vari-
ous temperatures
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Fig. 4. Temperature dependences of the splitting Avq 2(T) of
the band of pendulum vibrations of CH2 groups in a vicinity
of v = 720 cm~! for bulk l-octadecene and 1l-octadecene in
various matrices. The indicated temperature dependence for
KSS4/C18H3s6 and the temperature dependence of its deriva-
tive with respect to the temperature are shown in the inset

pendences demonstrate a few inflection points that
coincide with the phase transition temperatures. To
analyze the temperature behavior of the band posi-
tion for symmetric and antisymmetric valence vibra-
tions, we plotted the temperature dependences of the
derivative dv/dT. The corresponding plots are shown
for the specimens SilicaGel60/CigHsg (Fig. 5) and
KSK2.5/C15Hse (Fig. 6). Two maxima are observed
in those dependences. One of them is associated with
the phase transition in the solid state, and the other

343



O.M. Alekseev, S.O. Alekseev, Yu.F. Zabashta et al.

cm’”

Vecnzy Visee -
4 JUVON Vi o
Vaierz Vs CM v ~ -
6
31—+ silica Gel 60/C H,,  ..<*1)
44 ol
24
Bulk C H
——KSK25/C H,
04 —— Silica Gel 60/C H,
——KSS4/C H,
T T T T T
-150 -100 -50 0 o 50

Fig. 5. Temperature dependences of the shift vs(—CHz) of
the band of symmetric valence vibrations with respect to its
position at —150 °C for bulk l-octadecene and 1l-octadecene
in various matrices. The indicated temperature dependence
for SilicaGel60/C18H3¢ and the temperature dependence of its
derivative with respect to the temperature are shown in the
inset

cm’

Vas(CHZ)_v15O°C’
81 favidT
8 1 -—
4
* KSK2.5/C H,, .
4 NI Toort [t
ot SRt
-lbO 0 Bulk Clezs
——KSK25/C H,
—— SilicaGel60/C;g Hy4
0 =7 — ——KSS4/C H,
T T T T T T T T T
-150 -100 -50 0 50 T,OC

Fig. 6. Temperature dependences of the shift v,s(—CHz) of
the band of antisymmetric valence vibrations with respect to
its position at —150 °C for bulk 1-octadecene and 1-octadecene
in various matrices. The indicated temperature dependence
for KSK2.5/C18H3ss and the temperature dependence of its
derivative with respect to the temperature are shown in the
inset

with the melting. All other specimens also demon-
strated two phase transitions, whose temperatures de-
creased together with the pore size.

The band at 912 em~! (Fig. 3) is associated with
deformational atomic vibrations of the end vinyl
group. It is known [13] to be one of the most suitable
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Fig. 7. Temperature dependences of the shift of the band
of deformational vibrations of the double bond —CH = CH>
with respect to its position at —150 °C for bulk 1-octadecene
and l-octadecene in various matrices. The indicated tempera-
ture dependence for KSK2.5/C1gH3g and the temperature de-
pendence of its derivative with respect to the temperature are
shown in the inset

bands for studying the character of molecular motion
in olefins. We plotted the temperature dependences
of the shift of the band of deformation vibrations of
the double bond —CH = CHy (v,(=cH,)) with re-
spect to its position at —150 °C for bulk 1-octadecene
and 1l-octadecene in various matrices. In order to ex-
actly determine the phase transition temperatures
for 1-octadecene and l-octadecene in various matri-
ces, we also plotted the temperature dependences of
the temperature derivative dv/dT of the shift of the
band of deformation vibrations of the double bond
—CH = CH;. For KSK2.5/C15Hsg, this dependence
is shown in Fig. 7. One can see that the band po-
sition practically is not changed within the temper-
ature interval from —100 °C to Thor0t. When reach-
ing the beginning of the phase transition (Th,orot),
the band position drastically decreases in two stages:
from Thorot t0 Tpm, and from Ty, to T},. In the same
intervals, two minima are also observed in the depen-
dences of the temperature derivative of the band po-
sition for deformational vibrations of the double bond
—CH = CH,. All other specimens also demonstrated
two phase transitions, whose temperatures decreased
together with the pore size.

The band at 1378 cm™! is associated with um-
brella vibrations of the end methyl group. This band
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is known [15, 16] to be also suitable for study-
ing the character of molecular motion in aliphatic
chains. The temperature dependences of the shift of
the band of umbrella vibrations of the final methyl
group —~CH3 (v5(—cH,)) Wwith respect to its posi-
tion at —150 °C were plotted for l-octadecene and
l-octadecene in various matrices (Fig. 8). One can
see that every dependence has a maximum in the
temperature interval from —150 °C to Thorot- At
the temperature when the phase transition begins
(Thorot), the band shift magnitude Avscn,) starts
to drastically increase. This growth continues up to
Tym - After reaching a maximum value at Typ,,, the
value of Avscn,) for the umbrella vibrations of the
final methyl group decreases and has a minimum at
T,,. As the temperature increases further, the mag-
nitude of Avscn,) grows monotonically.

3. Discussion of Results

By studying the infrared spectra of 1-octadecene in
pores of porous silica gel, the temperatures of the
solid-state phase transition, To.ot, are determined. In
our previous works [12, 17], it was shown that it is
expedient to describe the open-porous systems, with
porous silica gels belonging to them, by the ratio S/V
between the silica gel surface area S and the silica gel
pore volume V rather than by the pore radius. The-
refore, the dependences of the solid-phase transition
temperature To.ot on this ratio are plotted for bulk
l-octadecene and 1l-octadecene in various silica gel
matrices (Fig. 9).

To describe the dependence of the solid-phase tran-
sition temperature To.ot on the S/V ratio, we use the
following formula obtained in our previous work [12]:

(TOO) B aA(TOO) S>7 (1)

aB
To =T |1
0 <+ A %

where T is the temperature of the phase transition
in a macroscopic-sized crystal; Ty is the temperature
of the phase transition for the crystalline substance
in pores; aa(Ty) and ap(Ty) are the surface ten-
sion coeflicients at the crystalline phase-matrix and
rotational phase-matrix interfaces, respectively; and
A is the specific heat of the phase transition in a
macroscopic-sized crystal. The experimental depen-
dence To,0t(S/V) in Fig. 9 is approximated by for-
mula (1), which gave us the values

ap(Tw) — aa(Tx)
A
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Fig. 9. Dependence of the temperature To.ot of the solid-
phase transition from the orthorhombic crystalline phase
Orcrys into the orthorhombic rotational crystalline one Orrot
on the ratio S/V for bulk l-octadecene and l-octadecene in
various silica gel matrices

and To, = 267 K. The approximated temperature
Tso coincides with the temperature of the solid-phase
transition in bulk 1-octadecene, i.e., the same 1-
octadecene crystalline structure is formed both in the
bulk substance and in the pores of porous silica gel.

To find the surface tension difference ap(Tw) —
— a4(Ts), we have to know the melting heat of bulk
l-octadecene. Experimentally (see Fig. 2), we ob-
tained the specific heat value A = 159.5 kJ /kg, which
included the heat of the phase transition from the
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Fig. 10. Dependence of the heat go,ot of the phase transition
from the orthorhombic crystalline phase into the orthorhombic
rotational crystalline one of 1-octadecene on the ratio S/V

orthorhombic crystalline phase to the orthorhombic
rotational-crystalline one and the melting heat. Re-
solving the areas under the peaks in the tempera-
ture dependence of a heat flux for bulk 1-octadecene
(Fig. 2), we found that the first peak included about
15% of the total area, whereas the second one about
85%. Then, the specific heat of the solid-phase tran-
sition in bulk 1-octadecene amounts to A = 24 kJ /kg.
In formula (1), A is the phase transition heat
per unit volume. Taking into account that the 1-
octadecene density p = 789 kg/m3, the heat of the
solid-phase transition per unit volume equals Agro; =
=19 MJ/m3, and the solid-phase transition temper-
ature for bulk l-octadecene equals T, = Tort =
= 267 K, we obtain that the difference between the
surface tension coefficients at the crystalline phase—
matrix and rotational phase—matrix interfaces is

ap(To) — aa(To) = —1.8 x 1073 N/m.

By comparing this value with the difference be-
tween the surface tension coefficients at the rotational
phase-matrix and melt—-matrix interfaces, which is
equal to [12]

ap(To) — @a(To) = —4.7 x 1073 N/m,

we see that the difference in the latter case is much
larger.

Let us determine the specific heat of the solid-
phase transition for 1-octadecene in various porous
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silica gel matrices. From the experiment, we obtain
the values of the specific heat for 1-octadecene in var-
ious porous silica gel matrices, which include the spe-
cific heat of the phase transition from the orthorhom-
bic crystalline phase to the orthorhombic-rotational-
crystalline one and the specific heat of the melting. To
resolve the contributions from those transitions, we
assume that their relative contribution is the same as
was in the case of bulk 1-octadecene (15% and 85%,
Fig. 2). With regard for the mass of 1-octadecene in
the porous matrix (Table 2), we can plot the depen-
dence of the solid-phase transition heat per unit vol-
ume of 1-octadecene on the ratio S/V (Fig. 10).

To describe the dependence of the solid-phase tran-
sition heat goror on the ratio S/V, we use the follow-
ing formula obtained in our previous work [12]]:
60éA S
g=A-T, oT (Tw) oT (T) Vv (2)
Here, the parameters T,, and A are the same as in
formula (1), and the derivatives 924 and 92Z are the
surface entropies at the crystalline phase-matrix and
rotational phase-matrix interfaces, respectively. By
approximating the temperature dependence of the
heat qorot(S/V) (see Fig. 10) using formula (2), we
obtain the value

6aB

80[3 8aA
o )~
By comparing it with the surface entropy differ-
ence between the rotational phase-matrix and melt—
matrix interfaces,
(90&3 8aA

oT (Tec) oT

one can see that the difference between the surface
entropies of the phases at the melting is much larger
than the corresponding difference at the solid-state
transition.

Therefore, the processing of obtained experimental
data enabled us to calculate both the difference be-
tween the surface energies and the difference between
the surface entropies of the phases, which makes it
possible to determine the energy parameters of the
surface layer, when the pore surface is modified by
various functional groups.

(Ts) = —0.2 x 1073 N/mK.

(Tso) = —0.9 x 1073 N/mK,

4. Conclusions

The structure of 1l-octadecene crystals that are
formed in silica gel pores is the same as in bulk 1-
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octadecene. Both the difference between the surface
tensions and the difference between the surface en-
tropies of the phases at the melting are larger than
the corresponding differences at the phase transition
from the orthorhombic crystalline phase into the or-
thorhombic rotational-crystalline one.
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BIL/IMB BIJIKPUTO-IIOPUCTOI CUCTEMU
HA TBEPIO®A3HNII TIEPEXIJI B 1-OKTAJIELIEHI

Pezmowme

3a 1omoMororo audeperiajabHOCKany04u0l KajopuMerpil Ta IH-
CIIEKTPIB IIPU Pi3HUX TeMIIEpaTypax MPOBOAUIUCH JTOCIIiIXKEH-
Hsl TBepPI0da3HOIO IEPEXOy B CHUCTEMi cuiikarejib — l-oKTa-
neneH. BukopucroBypasuch cuitikaresi mapok KSK 2.5, Silica
Gel 60, KSS 4, saki maroTp pi3Hi XapakKTepHCTHKHU IIOBEPXHI.
ITokazano, 10 TemIlepaTypa TBEPAOMA3HOIO IEPEXOY CUCTEM
curikareb — 1-OKTa ielleH JIHIHHO 3a/Ie’KUTh BiJ BiTHOIIIEHHST
wromi 70 06’eMy mop. 3a JOMOMOTOI0 TEPMOIUHAMITHOI MO-
JeJii IJIAaBJIEHHST KPHUCTAJIIB Y HOpaxX po3paxOBaHi €eHepreTHuYHi
XapaKTEePUCTUKH [IOBEPXHEBOTO MIAPY HAHOKPUCTAJIIB.
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