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Thermodynamic Study on Phase Transitions of
Phospholipid Bilayer Membranes

Hitoshi Matsuki

Graduate School of Technology, Industrial and Social Sciences, Tokushima University
(Received Jan. 27, 2020; Accepted Mar. 31, 2020)

Phospholipid bilayer membranes undergo structural changes called phase transitions in response to various
external environmental factors. They exhibit markedly complicated phase behavior due to the nonhomogeneous
structures. We have investigated the bilayer phase transitions of various phospholipids with different molecular structures
to elucidate the environmental adaptation of biological membranes. The constructed thermodynamic phase diagrams of
the phospholipid bilayer membranes have revealed the correlation between the lipid molecular structures and the
thermotropic and barotropic bilayer phase behavior. In this review, several types of bilayer phase behavior of
representative glycerophospholipids contained in biological membranes, saturated diacyl-posphatidylcholines (PCs), -
phosphatidylethanolamines (PEs) and -phosphatidylglycerols (PGs), are explained, and subsequently our lipid membrane
studies based on the bilayer phase diagrams, formation of nonbilayer phases (chain interdigitation for saturated diacyl-
PCs and inverted hexagonal transformation for unsaturated diacyl-PEs) and fluorescence imaging of bilayer packing for
saturated diacyl-PCs, are introduced.

Keywords: calorimetry, fluorescence imaging, high pressure, phospholipid bilayer membrane, phase diagram, phase
transition.
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Fig.2 DSC thermograms, enthalpy diagrams and 7-p phase diagrams of saturated phospholipid bilayer membranes: (a) and (b)
DMPE, (c) and (d) DPPE, (e) and (f) DMPC, (g) and (h) DPPC, (i) and (j) DMPG, (k) and (1) DPPG. The results of the PG bilayer
membranes were obtained in 1.0 mol kg™ aqueous NaCl solutions. Phase transitions: ([J) Lc/Le transition and subtransition, (A)
pretransition and transitions between gel phases, (@) main transition. Solid and dotted lines in the 7-p phase diagrams indicate
transitions between stable phases and those between metastable phases, respectively. Metastable phases are shown in parentheses. Solid
and broken lines in figures (j) and (1) correspond to transitions for the rod-like and spherical aggregates, respectively.
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Table 1 Thermodynamic properties for the phase transitions EHB L, HPAEMRE T EKAMR T 2 oD T

of saturated phospholipid bilayer membranes at 0.1 MPa DIFERACK BN AVIEWVITHAB A LTz Ll B LW

SHOSEMRIRRE TREE 70 T 08K B B2 L C MR E A TR L,

Lpid  pT A As a7 Z0 P%ﬁzﬁ?:/k;n@/\ T FARICTEI L i34 =151

(C) (KMPah) (Jmol) (K'mol) (om’mol™ (Ho) i, Wik - EEOMEFRERAEL TE/, 22T

DMPE LyL, 498 025 25.1 78 19.5 1%, BAFITT SV PC IS Lyl K & REAFIY T 2L PE
L/l 569 022 808 245 54.5 B Hu M OTE R & B 2 FRIFRIC SV Tk~ %,

DPPE  LyL. 635 025 347 103 26.0 Fig.2(f),(h)»> 5, DMPC 35 X O DPPC &L &L F

L/Le 653 021 91.2 269 56.6 T Ll AZFHET 5D, TORMTEBKEREFHITH D

DMPC LJ/Py  17.1 0.08 25.7 39 71 ZENRTEND, #HE 1405 22 FTOEMR—>DT

Lp/Py 14.9 0.13 45 16 2.0 ‘.‘//I/ﬁ‘é:%fﬁj_%) 9 @iﬁ@ﬁ’ﬁ]ﬂl :)77 vV PC (CI’!PC ‘n=14 -

Pyl 240 021 257 g7 183 22) ~HIRO Tp fARE BREDET GO % Fig.3(a),(b),(c)

DPPC  LosLy 215 0.8 263 89 16.1 (R, 920 7?i/fvﬁéf%0)ﬂ§§?¥:€#b\’ CnPC —BIRO T-
Ly M3 013 a6 s 20 pWH¢®W%%@%HL®%ﬁ'ﬁEﬁﬁ“&%@M

' ) ’ ' Lpl FHOREIROMEIEREIR A~ & B PR S5, Tp MK E

Polle 42002 364 16 24 ICBWTHBLT 5 3TEOLZIE 7 A Ly, Ppifids LY
DMPG® LgPy 195 013 33 12 18 Lel #7) o= GfFER) 2 R/NMEHEE R L EE

Pplla 247 023 240 80 18.1 D&, EFHIE Ll #HERIE, S/ MERLAAEIE (LR O E

L2Le 425 015 69.0 219 334 (MIT) B EZWES) (MIP) DIEIZ XY FEST b D, &5

DPPG® Ly 320  0.14 282 92 129 CnPC D T—p FAXH CUIE S 47z MIP fED T T VK

Lg/Py 407 0.15 5.4 17 26 FIFE%E Fig3d)I2Rd, MIP EIXZT I AHOME &3k

Py/Le 424 022 35.4 112 25.1 &:}XE{E%&E@ T L, BOKSHIE OBEE T DR T 5 LRV

LoLe 481 017 96.9 302 513 JEJT Ll MAREEE S D, £z, C22PC “HREIZIHVT

2The values in 1.0 mol kg™' aqueous NaCl solution.
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3. VURRBE-ERDIFE-EREEMK

bHEOV UNREI, BEND S WITEY RN,
EFECIERIET ﬁﬂ%i‘%a_mmk Ex LD, 1 Z DI
EEHEE T, NEEIRANICIT D5 A AR RArZEIC T L
THRAIFOEM L 7201585, U VIBENERKT DI - EFE
LBONDOEENNONTWNDER, FxldT LILEHDIREEIC

DEHEKFHTIIRONEHEL TS, i, 2o .
/ hEAELCTHD L, CI3PC “EREIIBWTEN 0 & 72
5, ZOFEEL, CI3PC _EETIX Ll ML, 2D
BN EEREBLTEY, Ll BEERICIET Y VHED
HHEBROLGAETHZ L 2FHRT D, 2D XD, CriPC —
EED Ll AHERICIZT S EE O LR & FERATFEEL,
CI4PC 75 C21PC £ T 8 FHD CnPC MIELT 5 _H

90 90 90 350

(d)

80
80 300

70
250

70
60 |

MIT/MIP /K MPa’!
[ R N ]

200

50 60

MIP / MPa

150

12 13 14 15 16 17 18 19
Acyl chain length / n

Temperature / °C
Temperature / °C
Temperature / °C

sl g4

& 50
pb 100
30 g» 0

40 o

20| ,4& 50

10 n L s 30 1 1 I 40 L s '
0 100 200 300 400 0 50 100 150 200 0 25 50 75 100

Pressure / MPa Pressure / MPa

0 P S R
13 14 15 16 17 18 19 20 21 22 23

Pressure / MPa Acyl chain length / n

Fig.3 (a), (b) and (c) Superposed temperature-pressure phase diagrams of CnPC bilayer membranes: (1) C14PC, (2) C15PC, (3)
CI16PC, (4) C17PC, (5) C18PC, (6) C19PC, (7) C20PC, (8) C21PC, (9) C22PC. Phase transitions: (A) pretransition and transitions
between gel phases, (@) main transition. (d) Minimum interdigitation pressure of CnPC bilayer membranes as a function of acyl chain
length. The inset in figure (d) shows linear correlation between the ratio MIT/MIP and acyl chain length. Closed circles in figure (d)
indicate the limitation of chain lengths for the pressure-induced interdigitation.
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Fig.4 (a) DSC thermograms of unsaturated PE bilayer membranes: (1) DPOPE, (2) DOPE, (3) DEPE, (4) POPE. Here the part of an
ice-melting peak in the thermogram 2 is deleted. 7-p phase diagrams of unsaturated PE bilayer membranes: (b) DPOPE, (c) DOPE,
(d) (1) DEPE, (2) POPE. Phase transitions: ((J) Lc/Lq transition, (@) main transition, (V') Le/Hn transition.
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Fig.5 (a) T-p phase diagram of C17PC bilayer membrane: (O, A) LMV, (@, A) GMV. Dotted arrows indicate the process of
temperature elevation: (1) LMV, (2) GMV. (b) Fluorescence spectra of Prodan for LMV of C17PC bilayer membrane at 105.6 MPa as
a function of temperature. Here the spectrum is depicted every 1°C from 20.0°C to 84.5°C. (c) Second-derivative spectra of figure (b).

Wavelengths at the minimum, characteristic of each phase, are shown in figure (c).
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Fig.6 (a) 3-D imaging of C17PC bilayer membrane: (a) LMV at
105.6 MPa in the temperature range 20.0 — 84.5 °C, (b) GMV at
119.9 MPa in the temperature range 20.0 — 87.7 °C.
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Crystallization Kinetics of Semi-Crystalline Polymer
Studied with Fast Scanning Calorimetry

Yoshitomo Furushima

Materials Characterization Lab., Toray Research Center Inc.
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Fast scanning chip calorimetry (FSC) experiments were carried out in a wide range of rates of temperature for
semi-crystalline polymers (i.e poly(butylene terephthalate (PBT), polyphenylene sulfide, and isotactic polypropylene) to
investigate the kinetics of non-isothermal crystallization, isothermal crystallization, and melting. First, the heat of fusion
after cooling was discussed for the quantitative understanding of melt-crystallization on cooling. Despite polymer species,
crystallinity decreases with increasing cooling rate. The cooling rate dependence of crystallinity showed two distinctive
areas. The scanning rate dependence of enthalpy of melt crystallization, cold crystallization and recrystallization obtained
from FSC are quantitatively explained on the basis of Ozawa's method. For isothermal kinetics, FSC allows to obtain the
annealing-temperature dependence of crystallization half-time in a wide range of the supercooling without any unwanted
nucleation or crystallization during cooling. A bimodal curve with two minima was observed for PBT and PBT with 0.1

wt% talc.

Keywords: fast scanning calorimetry, differential scanning calorimetry, crystallization, superheating, melting.
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Fig.2 FSC heating curves for talc-PBT. Samples are prepared at
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Lines represent the result of fitting using eq.(14).'¥
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The nanometer-sized space formed in the porous material gives rise to a significant effect on the physicochemical
properties of the condensed matter confined therein. It is well-known as the “confinement effect”, and it has been
extensively interested in the relation between the size of the space and the structure and physical properties of the
confined molecular assembly. We found that the adsorbed benzene molecules show two phase transitions in an
isoreticular metal-organic framework-1 (IRMOF-1). Solid-state NMR and molecular dynamics simulation revealed that
the molecular reorientation and intra-cavity migration of benzene take place in the two kinds of cavity in IRMOF-1 in
the low and intermediate temperature phases. In the intermediate temperature phase, dynamic disorder of benzene occurs
in the smaller cavities, accompanying partial melting of benzene in the smaller cavities. In contrast, in the high
temperature phase the translational diffusion of benzene takes place over all the cavities. This fact suggests the phase
transition is closely concerned with melting of the confined benzene. In this review, we describe the unique structure and
physical properties of molecular assembly adsorbed into IRMOF-1 through the molecular motion and phase transition

of benzene.

Keywords: MOF, Solid-state NMR, Molecular Motion, Phase transition, Confinement effect
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Fig.2 Differential thermal analysis (DTA) heating diagrams for
IRMOF-1 (a), molecular sieve 13X being adsorbed with benzene
(b), and IRMOF-1 being adsorbed with benzene (c).
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Fig.3 Temperature dependence of 'H spin-lattice relaxation rate
(1/T1) for benzene adsorbed by IRMOF-1. The phase transition
points are represented by vertical dotted lines at 150 K and 216 K.
The solid lines are results of the data optimization using eq. (1).
1/T1 shows two components below 216 K; fast (0) and slow (e),
whereas above 216 K it shows a unique value (A). T and Tu2
correspond to transition temperatures observed in DTA
measurements.
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Table 1 Motional mode and activation parameters determined
from temperature dependence of 1/71.

comp. region mode Ea/kJ mol™ T0/s
Fast 1/Th LI Reorient. 35 5.5x107M
(cavity 1) (isotropic)
Slow 1/T1 1 Reorient. 4.5 7.0x10°12
(cavity II) (Cs axis)
1 Reorient. 10 -
(isotropic)
II Reorient. 6.5 -
(isotropic)
Il Trans. 20 2.0x10°14
(intra-cavity)
(cavity L11) 1III Reorient. 7.0 -
(isotropic)
Trans.

(inter-cavity)
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Fig.4 Temperature dependence of diffusion coefficient of
benzene in IRMOF-1. Reproduced from Ref.9 with permission
from the PCCP Owner Societies.
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Fig.5 Temperature dependence of root mean square distance, 4,
of benzene in IRMOF-1. The dotted lines represent a pore
diameter of cavity II and cavity I, and the dashed line represents
a lattice constant of IRMOF-1.
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Fig.6 Trajectory of the centers of mass for benzene in IRMOF-
1. Diffusion pathway of a benzene molecule over 1 ns. Below 160
K, the pathways in cavity I (pink) and II (blue) are shown
separately. Reproduced from Ref.9 with permission from the
PCCP Owner Societies.
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Fig.7 Snapshot of the local structure of adsorbed benzene in
cavity I (a) and cavity II (b) at 100 K. For cavity I, cyan-colored
molecule is located at a center of the cavity, orange ones occupies
4 corner sites in the cavity, and purple ones are located at center
of windows. For cavity II, blue-colored molecules occupy 8
corner sites on the cavity.
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Fig.8 Summary of relation between phase transition points and
molecular motion of benzene adsorbed in the micropores of
IRMOF-1.
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Redefinition of the Kelvin and Thermodynamic Temperature Measurement
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The unit for thermodynamic temperature in the International System of Units (SI), kelvin, was redefined in May 2019. In this
article, an overview is given of the redefinition, its background and implications to future thermometry. The redefinition has no
immediate impact: the temperature that we measure daily is on the International Temperature Scale of 1990 (ITS-90), which has its
own definition independent from the definition of the unit kelvin. The efforts within the international metrology community towards
the redefinition led to improvement in primary thermometry, and the difference between thermodynamic temperature 7" and ITS-90
temperature 790 has become available with improved accuracy. This will enable converting 7o, obtained by secondary thermometers,
to 7. In Japan, traceability for radiation thermometers in high-temperature range has already been implemented utilizing primary
standards of high-temperature fixed points with assigned thermodynamic temperature, and the industry now has access to
thermodynamic temperature above 1000 °C.

Keywords: kelvin, thermodynamic temperature, Boltzmann constant, International Temperature Scale of 1990, high-temperature fixed

points, International System of Units
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Fig.1 Triple point of water cell (Photo and schematic by AIST).
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The temperatures shown are approximate only. (Reproduced with permission.)
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Fig.5 Constant volume gas thermometer. (Photo by AIST)
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critical cooling rate of crystallization
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confinement effect
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primary thermometer and secondary thermometer
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Evaluation of Polymer Yellowing Using
Real Time Observation Thermal Analysis
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Nobuaki Okubo

Hitachi High-Tech Science Corporation
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Fig2 L*, a* b* and TG curves for PMMA at 200 °C.
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Fig.3 b* TG and temperature curves for PMMA and PC at 200 °C.
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