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To study the freezing/melting behavior of a confined CH,OH, we performed x-ray diffraction
measurements of CH,OH confined inside the cylindrical pores of seven kinds of regular mesoporous
adsorbents (MCM-41 and SBA-15) with different pore radii (r=1.2, 2.1, 2.5, 3.9, 4.5, 5.3, and 7.0 nm) as
a function of temperature. The freezing/melting behavior depends markedly upon the pore size. Within
the pores of r<3.9 nm, the confined CH,OH vitrifies on freezing. On the other hand, cooling of the
CH,OH confined to the pores of r>4.5 nm results in crystallization of the liquid. Within the pores of
r=5.3 nm, the crystallization proceeds in two steps: prefreezing first occurs and then it transforms into a
crystalline solid with the same structure as that of the bulk a phase. The prefreezing temperature seems
to lower steeply with decreasing pore-size and to approach the freezing temperature for the pores of
r=4.5 nm. Cooling of the CH,0H confined to the pores of r=7.0 nm results in formation of a crystalline
solid with the same structure as that of the bulk B phase and it does not transform into the low
temperature o, phase on further cooling down to 30 K. A large hysteresis effect between freezing and
melting is observed. A mechanism of the vitrification is discussed.

1. INTRODUCTION

Recently, the liquid-solid phase transitions of a confined phase within the mesopores of porous silicas
have been extensively investigated[1], in order to elucidate the long-standing problems of these phase
transitions such as the place of nucleation inside pores, the mechanism of phase-transition-temperature
lowering, the nature of the phase transition (first order vs continuous), the origin of hysteresis between
freezing and melting, and the effects of finite size and surface interactions on the structure of a confined
solid and so on. It is well known that its freezing and melting temperature is always depressed compared
to the bulk and a large hysteresis effect is often observed between freezing and melting. The structure of
the frozen solid phase within pores is sometimes different from that of the bulk and ultimately become
amorphous in smaller pores.

In this report, we examine the freezing/melting behavior of methanol confined to the cylindrical
mesopores of MCM-41 and SBA-15 mesoporous adsorbents by means of x-ray diffraction, in order to
address some of the above-mentioned problems. The pores of both adsorbents are of cylindrical-like
nature and arranged parallel in a honeycomb-type lattice. The absence of pore channel intersections in
MCM-41 and SBA-15 guarantees that pore-networking effetcs are negligibly small.

2. EXPERIMENT

Three kinds of siliceous MCM-41 materials were prepared according to a synthesis procedure similar to
those reported by Beck et al.[2]. Four kinds of siliceous SBA-15 (hexagonal phase) materials were
prepared using mesitylene as a solubilizing agent and C,(EO,, or Pluronic P123 surfactant, according to
the synthesis procedure of Zhao et al.[3]. Template organics of as-synthesized materials were removed by
calcnation at 813 K (MCM-41) or 773 K (SBA-15) for 8 h in flowing air.

All the adsorption isotherms of N, on MCM-41 and SBA-15 at a liquid nitrogen temperature
exhibited distinct steps due to capillary condensation, which suggests uniformity of pore size in each
adsorbent. The BET surface area, Sg.;, was calculated by taking the cross-sectional area of a nitrogen
molecule as 0.162 nm’. The total mesoporous volume, V,, wa obtained by assuming that complete pore
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filling by the liquid condensate had occurred at p/p,=0.95. For ideal cylindrical pores the pore radius, 1, is
related to the pore volume and the surface area by r=2V /Sy, The characterization data of MCM-41 and
SBA-15 are summarized in Table 1.

Table 1. Characterization of MCM-41 and SBA-15 adsorbents

Saz(0’/g) | V,(mlg) | r(um)
MCM-41 |985 0.599 1.22
MCM-41 | 865 0.896 2.07
MCM-41 | 834 1.05 2.52
SBA-15 554 1.07 3.87
SBA-15 577 1.28 4.45
SBA-15 393 1.03 5.26
SBA-15 305 1.07 6.99

The experimental apparatus of x-ray diffraction for freezing/melting measurements has been
described in detail elsewhere[4]. The measurements were carried out with MoK, radiation in a
symmetrical transmission geometry. A MCM-41 or SBA-15 self-supporting disk (~0.02 g) of 12-mm
diameter was attached to a cold head of a He closed-cycle refrigerator. After prolonged evacuation at
room temperature, the substrate was cooled and then the background spectra were measured. Adsorption
isotherms of methanol on the substrates inside the x-ray cryostat were measured at 240 K. All the
isotherms showed clear steps due to capillary condensation. In x-ray measurements, the adsorbed
amounts were kept slightly below the saturation to avoid contamination in diffraction pattern from the
bulk phase formed outside the mesopores. The substrate was then cooled to a desired temperature, and
the spectrum was remeasured. After correction for attenuation due to substrate and adsorbed gas, the
diffraction pattern of a confined phase was obtained by subtraction of data for charged and empty
substrates.

3. RESULTS

All the adsorption isotherms of methanol on MCM-41 and SBA-15 were of type IV. The step due to
capillary condensation shifted into higher pressure with increasing pore-radius. Figure 1 shows some of
the diffraction patterns from the methanol confined to the cylindrical pores of SBA-15 with radius of 5.3
nm when the temperature was successively lowered. On cooling, one obtains still pure liquid scattering at
160 K, well below the bulk melting point of 175.4 K[5]. Freezing proceeds in two steps. Prefreezing
begins at 158 K, as indicated by the appearance of two peaks at 26=12.2 and 17.5° in the diffraction
pattern. On further cooling below 140 K, the main peak at 26=12.2°, as well as the subpeaks at 26=17.5,
20.0, and 21.7°, grow rapidly. The transformation was almost completed around 120 K. The
asymmetrical shape of the main peak during the prefreezing clearly indicates that a liquid and a solid
coexist and thus the phase transition is first order. When the substrate was warmed, a profound hysteresis
in freezing and melting temperatures was observed. At 158 K, the diffraction pattern still preserves the
solid form. The melting proceeds in one step from the solid into the liquid.

To obtain accurate peak parameters, the observed peak profile was fitted to a Lorentzian line shape
with a linearly changing background in a limited 20 range. The solid lines in Figure 1 are fits to a
Lorentzian line shape. Figure 2 shows the peak positions and widths (full width at half-maximum
(fwhm)) obtained from Lorentzian fits to the main peaks as a function of temperature for the CH,OH
confined to the mesopores of radius 5.3 nm. The variation of the peak width and position as a function of
temperature shows that the prefreezing (T,) and freezing temperature (T are ~155 and ~135 K,
respectively. The melting point is ~158 K. When the substrate was cooled, the peak position shifted
steeply into a higher scattering angle, which suggests a rapid increase in density of the CH,OH confined
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to the mesopores. The freezing of the CH,OH results in the rapid increase in peak position, which
corresponds to the formation of a crystalline solid.

The prefreezing temperature lowers steeply with decreasing pore-size and approaches the freezing
temperature for the pores of =4.5 nm. On the other hand, cooling of the CH,OH confined to the pores of
r=7.0 nm results in formation of a different solid phase.

Figure 3 shows some of the diffraction patterns from the CH,OH confined to the cylindrical pores
of SBA-15 with radius of 3.9 nm when the temperature was successively lowered. A slight reduction of
pore radius from 4.5 to 3.9 nm led to the appearance of a glassy phase. The diffraction pattern remains to
be amorphous even when the temperature was lowered up to 40 K, although on cooling the diffraction
peak becomes slightly sharp and shifts into a higher scattering angle. Change of the diffraction pattern
during the processes of cooling and warming was completely reversible. The diffraction patterns from the
CH,OH confined to the cylindrical pores of other MCM-41 and SBA-15 adsorbents with radius<3.9 nm
showed similar temperature-dependence. Figure 4 shows the peak positions obtained from Lorentzian fits
to the main peaks as a function of temperature for the CH,OH confined to the mesopores of radii 3.9, 2.5,
2.1, and 1.2 nm. For all the CH,OH confined to the mesopores of radius<3.9 nm, the temperature
dependence of the peak position changes around 100 K, regardless of the processes of cooling and
warming. This strongly suggests that the glass-transition temperaures of the CH,OH confined to the
mesopores of radius<3.9 nm are ~100 K, close to the bulk value of 102 K.

4. DISCUSSION

Methanol is the simplest alcohol and has two crystalline phases[5]. The o phase is stable below 156 K,
and the [ phase exists between 159 K and the melting point at 175.4 K. On rapid cooling of the liquid
below 100 K, methanol freezes into a glass. The glass transition temperature of methanol is 102 K.

_3_



240K
160K 11.9
L O r=3.9nm
18 [ e é 8 6 é é I Ar=25nm
)>.'. ~ nrr ® § Iy or=2.1nm
7] d 116 | o 8 A Or=1.2nm
i ) o°% a4
|.z_ = 100K § 115 f O [¢] o 4 8
= 5 114 | Boobaog °5b g
b= O g o
|~ & 12t 0 g4 o
11} O o
40K : o
1 F
10.9 ! 'S A A A
|~ 30 60 90 120 150 180 210 240
4 . . Temperature(K)
5 10 15 20 25
26 (dep) Figure 4. Peak position as a function of temperature for
Figure 3. Change of x-ray diffraction pattern of CH,OH CH,OH confined to the pores of r=1.2, 2.1, 2.5, and 3.9 nm.
confined to the pores of r=3.9 nm upon cooling. Solid In order to improve clarity, only the data upon cooling are
lines are Lorentzian fits to the data. given.

We investigated the crystal structure of the confined solid CH,OH by comparing the observed
diffraction pattern with that simulated using the Debye formula appropriate to the calculation of the
powder diffraction pattern of small partilces. The bulk crystal structure of § phase belong to the space
group Cmc2,. Four molecules are present in the orthorhombic unit cell of dimensions a=6.40, b=7.20,
and ¢c=4.65 A at 168 K. The crystal structure of o phase is orthorhombic with cell dimensions a=4.90,
b=4.64, and c=8.94 A at 60 K and belongs to the space group P2,2,2,. The unit cell contains four
molecules related to one another by twofold screw axes. Both structures consist of infinite hydrogen-
bonded zig-zag chains. Comparisons between the observed and calculated patterns show that the CH,OH
confined to the pores of r=4.5 and 5.3 nm solidifies directly into the o phase without via the high
temperature 3 phase. On the other hand, within the pores of r=7.0 nm, the confined CH,OH solidifies
into the 3 phase and it does not transform into the o phase on further cooling down to 30 K.

The relative freezing-point-depressions and the hysteresis between freezing and melting are
surprisingly large. This proves that the freezing behavior of the confined CH,OH is dominated by the
dynamical supercooling. Furthermore, a large pore-size dependence of the freezing and prefreezing
points strongly suggests that a kinetic barrier to crystallization increases rapidly with decreasing pore-
size. Evidently, vitrification of the confined CH,OH results from a large freezing-point-depression due to
the dynamical supercooling rather than the thermodynamical supercooling.
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The structural optimizations of neutral molecules and cation radicals of cyclobutene,
bicyclo[3.2.0]hept-6-ene, and their phenyl-substituted derivatives were performed by using hybrid
DFT method (B3LYP/6-31G*). In the case of the cation radicals, the phenyl groups substituted on
the C-C o-bond, which is cleaved in the course of the cycloreversion to the corresponding 1,3-diene,
elongate the C-C bond significantly, and decrease the energy barrier for the cycloreversion.
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Table 1. Calculated atomic distances in 1 and 2 by B3LYP/6-31G*

cation radical (1%, 2") neutral (1, 2)

C1=C2 C3-C4 C1=C2 C3-C4
la 1.4277 1.5730 1.3403 1.5729
1b 1.3337 2.5840 1.3382 1.6212
1c 1.4182 1.6059 1.3392 1.5907
1c’ 1.3559 1.9759 — —
2a 1.4073 1.5987 1.3398 1.5878
2a’ 1.3457 2.1725 — —
2b 1.3334 2.5883 1.3351 1.6497
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Figure 1. Relative energies of the species, which appear during the cycloreversion.

3. HERLEER _

MmEW FMEDY 7 075 1a DBEBRRIGZEEREBONTMEPRESI N S 7z DHRIIC
4T L, Z OEM(L T 3 )L ¥ —IZ B3LYP/6-31G* L ~X)UC 35.59 keal/mol & EtHINzo —77,
laOhFALSTh)V (1a*) D5 scis T hFA LT VAN It IiCEHERTH
REED HFMEDMREE I N W = DIEHEIEB O IEEE & "B I N 5 D5, B3LYP/6-31G*L X
JVOEETIE 1a* & D 18.88 keal/mol 72 1T EWVEBREIRAE (TS) ZFTHRHICHIEHEIRT 5 2
L HEE S DT 5 T B[1,2]o S, B LT A, RUF b A OFER & 72 o /= (Figure 1a)o

1a*® SOMO (ZHHED 1a ® HOMO L E UK C1=C2 OIEEMETHETH 5. £DFER,
1a*Cld 1a ICHAR C1=C2 DESHEDNMET LU C1=C2 EAIEE A LT\ 5 (Table 1), C3,
C4 IZAFIVENBHLE 1" THRE Y BLREEEIX Cl=C2rHLENP 5 1 F L LI=E
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Figure 2. Plausible pathway of the cycloreversion of 2a™.

<H 3, LIL, ZhEDDTH 0.73 keal/mol 1= IFEWILEIC C3—C4 FEEEEREDIB AL /=
s (10) BREX M7= (Figure 1b, Table 1), 1¢* Tl C3—C4 o#liEH SOMO & 72
D, AFINVEOBFEHEMDED C3—C40HED TR F—E,MAHB D> EHR, C1=C2
TEHEY C3—CAoHEDZNZNDSDA A U AEEIC T RN F—EDBRIR2I=EHF X
B3, 20D 1 HEETIE C3—C4 DFESHEMET L TWA DI, BROEMEILZRIVF
—iEHTH 1.12 keal/mol TIFL A LWEAKITH 5, 1=, TOHEHFHARIILENITET %
DOBEFTH S (Figure 1b)o

®iz, ZBEOEY ZOB20NT M-6-2 (2) IKDWTHRET Lz, HED 2a DHE
Woodward-Hoffmann BIICH> THERT B2 DIIXIEFICVTADOREN (E2)1,3-7ANTY
ULy (4a) THH, Thit2a kD 22.66 kcal/mol b T RETH 5 7=8, BHEHRIBIRIL
MR\ —F, HFA LI VAT Figure 2 IZRT LI, #iC 4a*id 2a* LD 6.51
keal/mol I RETH Bo 7 LT, HEBOD I EHIC C3—C4 EDHUME (22°7) D
gty L LT 4.50 keal/mol ZIFEWT R IVF—2EF L, 2205 DHEFRROEME(LT %
JU ¥ —IZ 0.36 keal/mol & 3R& 57z, (EZ)K 4a*h> 5 (Z,Z)1% 5a* D cis-trans BIE(LDIEE(L
TR F—3 551 kcal/mol & +ANX L, BHF A2 5 VHIVIRRET 2a™ 3B THOPIT S
DREMEETETEHILID»5,

C3, C4 127 = )VERERLE b, 2672725 & C=C ZERAORIIFMHEAFLIIL

1b* 2b*
(Ph—C-C=C: 112.5°, 111.2°) (Ph—C-C=C: 112.1°, 111.4°)

Figure 3. Optimized structures of the phenyl-substituted cyclobutene cation radicals.



AEBEDSRLR2—T, WHAEBHET S C3—C4 BEBEEZE LS AT S (Table 1)o =7 L,
SEEFRRROY T DL SICFEEEE L > TWEDIFTldRy (Figure 3)o A FIVEDE
B LRI C3—CAOHBD T X)L X —#EMN D FLEH C3—CA RO AZIB VL EZ 50
27,7 2 Z)VEDTHIE & C3—C4 oBE D through-bond FHESERM & W IR TH 278,
C3—CATHEDR S DA A AMEDFEHVERKICR o= L BN 5. REREICERXNE b,
2b"DHRDRVBHRIZ, C3—CA FEREDIER L =Ch S DREDPSEE TV B LEZI BNS,
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