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High-pressure Dielectric Measurements and Glass Transition Dynamics
of Highly Concentrated Aqueous Glycerol Solution

Kaito Sasaki'”, Yoshiharu Suzuki', Naoki Shinyashiki'?

Dielectric relaxation measurements were performed at 198 K on a highly concentrated aqueous glycerol solution
(60 wt.%) under high pressure, in order to investigate the pressure dependence of cooperative and local molecular
dynamics. With increasing pressure, a single relaxation peak observed in the dielectric loss spectrum gradually
separated into two distinct components, which were assigned to a-relaxation (cooperative motion) and v-relaxation
(local motion), respectively. The pressure dependence of the a-relaxation time indicated that the glass transition occurs
near 1.1 GPa. The overall behavior of the relaxation strength and relaxation time closely resembles previous results
reported for aqueous diethylene glycol solutions at ambient pressure, where the separation of motional modes and
glass transition were induced by decreasing temperature. The similarity of glass dynamics between aqueous glycerol
solution and aqueous diethylene glycol solution suggests that both temperature and pressure act as effective and
interchangeable control parameters, governing the dynamic landscape of supercooled aqueous systems.
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2011) TN F TOREBED AT AfFIZ BT 5 JGAT0IZED
%<1E, RAETICBIT2iELbEZ@E LT, BABL
OMMBEIRAAEZHS 2T 5 2 EICERPEINTE .
(Shinyashiki et al., 2008; Sudo et al., 2002, 2004) Z D1 C, %
5T ORI 75 T 8B IG T el L, FITK
DI 7% 55 F BB RIS T BVEERIO 38R, 2o D
BRI B 2 im0 BIAE T H v T b, (Sasaki and
Suzuki, 2024; Ngai et al., 2025)

BRI, K-ZV tu— ok il [T & 5 KE
TR, BWEHIREICB W OLWIRERP CRAREE
HMFFCTE 2720, FEEMUWEZEL TKRB L OBEES
T OBZE 2 FFEICARD L CENRZZETLVRTH S L
&N T &7 (Hayashi et al., 2005, 2006; Puzenko et al., 2005;
Sudo et al., 2004) Z D L) BRIZBVTHELNIZFEAN
7 PV, IREZE U TOFE-EE— FAED X 912
GEE - FEEL TOL DRI L TR Y, KEEOK
F AR R MG H RO BRI BV TE L DR E B 725
LT&7.

—J5C, &) BT B K S R R
MCAEAES 2D 55 T EENC 5 2 5 BICOWTIE, &
I AEBIZHBRT AR ORIIEH T, I & iR
LCHaIcRRNBHEI AR ENTW S LIZFV AT,
(Grzybowska et al., 2010; Sasaki and Suzuki, 2024) [+ 1% 51
MK ER A A Y T — 7 ORBICEBEEH L, ik
OREEREIVEICEALZ L2 TLEZOLNLIZL 0 b
5, ENOFEISEIN T 2B O TUI AR 2 01
LRI TV S,

AWFZETIZ, IR wt.% 027 1) 1 — LV KIER %
v, EDRERE LzEIET]Z 085 mgE e = 17
AT ET, KBIOZY v —VO5FEERENICL
TEDIHITEAT 2 hama Lz, RS, BENTTO
Toh IF) S Bl & = T SE B 0 WHRfE 70 53 HEAL & 0l S 7220 3
BE— FOEIKAEEOENCHEH L, REIZETHW
72 60 wt.% 7)1 — VKIEHIE,  Z DUEEOE 7
ETFNRTH Y, IKEHTHZ IZIZEEITHIH LoD JE i
EHH TR RIREE M TE I 2 LML TY
5. HEOHIZE,S, TOX) LERERICBITHEHK
DFAF 37 AFMEEAGHL T L EEERBOMAK
B HERE T 5 & & SR 2T D (Sasaki and Suzuki,
2024), 1 FES & RFES O 58 S A L THEM R
ETNRENEITENL.

2. RERFE

7 ka— b (F+ 7 4V AHERE) 1ZHEK (Milli-Quk)
A, BEEIREC wt%D 7 ) o — VKER 2L,
AREBIZH Wz, FEBOWEIIES Y E—F AT+
A4 4 (Solartron 1260) % >, {22 JE P K PH 1% 10 mHz 2
51MHzE L7z, BIZIES mm x 7 mmO AT EAER %
AL, ZOMEIEH mmicieE L7z,

AL 7K AT P & & B2, EAELS mm,
WEN mmD A > T ARAERESICH AL Baak
BERA M) UV —RORELVIZRES R, X+
YENLTET»OMELZMZSZ L TMNEERITo 7. JE
J1E v OFERNZ DV TiL, 3CHK (Sasaki and Suzuki, 2024) @
Supporting Information % i X 172\,

EIET COFBERAEZ, UTOMRE - JENEMTE
MiL7z. £9, ABEZIRETTINKE THHIL#E, T
Nz BREMIC A 38, fiyiZl4 GPaE THE S 7.
FIEHI B TIRE LTI T3 0% L2 2 & % hifaR
L729 2T, FERARY PVOREZRITV, MEICX 5
IRTE D & 7 T AIRTE~DOZAL & <7z

3. BRBKLUER

3.1 FBEEHNARINNVEA—T T4 v FSKIUHE
NS A=

HUZHEEN T TO60 wt.% 7 ) £ 0 — L RKBEE D198 K
TOBEEFERDOARY PVERT. () A (),
1 (b) AEEIE (7)) DANRZ FVTH L. RHILVES
(0.08 GPa) D ARz MLVTIE, EHIIZIDODAT v 7,
BEHCI>OE = FFllE N TORTy TLE—
ZIIME L & S IARERMA~E 7 L, 0.88 GPall Lo
FETIEWREI2OD AT v 7L =7 38, 2212458
L72E 9 IR 5. BEOMNT 2 X WV HEIORT 20, 1§
BEBDOANRT PV EBFTNALEICT O L7 T 7 2 IX2
IRL72. 1 GPak D BWENTIE, 22108l —2
D9 B DAL WA O B3 LB R W B B 0 B % 8 2 TR
JABM~EE L7z, ZD5EEL 20D =7 BLU2DOD R
7 v TOAEE, KB O S FE B DAL T B
CERERLTWA. BEOWHRE, S, 0.88 GPall LT
JICTHBIN S N7220 D5 FEENE, AR W B D 153 Ak
SFEZ) =V FOmENZERTH ), EEBEK
B OBST ALK F DR 8B T 5 2 Ehbho
7=, (Sasaki and Suzuki, 2024) Z D729, WFE DM,
AR BN BN 7205 FE ) % oo 1, BN BN
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B1 1 198 KIZH T A4 RIETIDO D & TD60 wt% 7 ) L1 —
VIR OBFHFE LR D (a) FHF, (o) BHE D B PEBARAE. 7
Oy POEEKHIEECHIE L TWS, fithlig, mEeLvo
FATAE R 2 BRI ICPUE LT e W 72 dilise AL I I3RS L T
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Figure 1: Frequency dependence of the (a) real part (¢') and (b)
imaginary part (¢") of the complex dielectric permittivity of a 60 wt.%
glycerol-water solution at 198 K, measured at different pressures.
Curve colors indicate the applied pressure. Vertical axes are shown in
a common arbitrary scale, because the absolute dielectric permittivity
could not be determined due to uncertainties in the cell geometry (see
text).

7 FREE) R VR LA Z EI2T 5.

220 FEBE LD ERWICERT 2720,
Kohlrausch- Williams- Watts (KWW) 3. (Kohlrausch, 1854;
Williams and Watts, 1970) & Cole-Cole &, (Cole and Cole,
1941), WEIRERLENS & BREBFER () 2RLA
bELRRLD =TT 49 FEARZ FVITH LT
1To7z. KWWRKiZafEfl %, Cole-ColexiviEMl % FBL3
72D ENENH .

. Ag, @ do . 4
& = &p +m+AEGL (—E)EXP(—lwt)dt‘Fm (1)
t \ Brww
722, ¢>=exp[—(r—) ]

S TEIEEAREER, AdTEARE, (BN, o
AR, AIEAIER, XY — 2 ORI &£
FTRNT A=, BT =7 DI IR IE DY & KF 8
T A =%, dIFH, olXEER, fIHZOFERTH 5.
T DL vIZokE i, viEEMZERT 5. 72720, REJIH
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H2: 198 KIZHBITBHA RIETIDH &L TD60 wt% 7 ) Lo —
VKSR O ERFER O BBOFWEARAYE. Ty Fohid
FMEEINTHIE LT 5. HEBNEBI & AARIS, #ok BALIC
ST, RFENT—H LB Ar — W CFRIR LTV 5.
Y — 7 G WIEIR§ 7200, AR MVIZHEL I Y 7 b
EETWD, MHFoA—TEMEICE D FEHL T E—=2 %
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Figure 2: Frequency dependence of the imaginary part (¢”) of the
complex dielectric permittivity of a 60 wt.% glycerol-water solution
at 198 K measured at different pressures. Symbol colors indicate the
applied pressures. The vertical axis is plotted in the same common
arbitrary scale as in Fig. 1, without conversion to absolute units. Each
spectrum is vertically shifted for clarity. For clarity, each spectrum
is vertically shifted to emphasize the peak separation. The curves
illustrate how the peaks split with increasing pressure.

TE2ODY =7 2 HEL TIRNT S 2 2 ESNEETH - 72
2o, h—T774 v FF0.6 GPak Y BHWEHTH SN
ANRT VI L THr o7z, A—=T7714 v bopflE LT,
198K, 1GPaTOERBID AT M vE 1 ((1) &X) T
ENT=T 4 v T4 7R E & B ICEBITRT.

=TT 4 MIL DL NTZ198 KIZBIT 52005 F
BN OMEAIREE, FFINERE, S 510, BEEO LIRS
AR T. T IT, MRANEE L SEROMMIL, T
AR HAIZ I LT v, EE IV TIRIEEN
AR WA IR 7 &V OB S 2 W EIZIES B
LS, EMORMARZEBEICRD LI L8
TERWVIOTHD., 7272, ETOWEIRFR—LL - [H
—EWEE TIT>TBY, FIRNOET—51, L@
WHIEEE G —2DAr — )V EIZFORLTWwWAS., L
B35 T, FEHBREOARBER L ORI, ZOLBER 7 —
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B3 : 198K, 1GPaTD60 wt.% 2 V) & 0 — VKEMDEHE S
RO RO R BRAFENO A =T 7 4 v M. Tav
MIFEHETH 5. HEENIPILE BRI, #X AT IR
T, ABIENT—H L@ RAr — VTHERL TS, =7
T4 v FORRE LT, BERIIME L72TXTORG ORF
(1), AU E L 7ovilefll, T ORI ROE L 7z oA, J2 87w
2 MHARGE L 72 I ASAEE I T 5.

Figure 3: Example of curve fitting to the imaginary part (¢”) of
the complex dielectric permittivity of a 60 wt.% glycerol-water
solution at 198 K under 1 GPa. The vertical axis is plotted in the same
common arbitrary scale as in Fig. 1, without conversion to absolute
units. Symbols denote the experimental data. The black solid curve
represents the total fit (Eq. 1), while the green dotted, blue dotted, and
black dashed curves correspond to the assumed v-relaxation process,
a-relaxation process, and dc conductivity contributions, respectively.

W ECHAZEILICE B LT To T b, &, BEHEIID
WTIRZ I 7ORPT SO0 % logok L, #IED
HOT— % il —E®m72F 7 P LTFRLL.

T IRRABRE O IRAEE (K4 (a)) I2OWTHHT 5
aAERIOREAREE (FeF) FEND EFHITHE > TR L.
75, vEEFIORERIGREE (kkeFl) 130.6 GPa 205 B X Z1.1
GPaF TIZRA L, 1.1 GPalETiEH T WL L %L o
7z, X4 (a) \ZI3 0B & VIR OREFIRIE 2 ] LA b8 72 il
(Ae,=Ae, + Ag,, +F) HRLTHH, ZIUIEH OB
WA L CHFICEM L7z, &3, 0.5 GPall F O£ 77 5%
T, offfl & vBERIAS 2R3, R ZhoEHig
FOBHRE L KDL L DVPHETH 722 L0 5, Ag,,
WA 54 E LT, 0.5GPall T OF Jy 5 THEHH A
R7 MVIZBNA AT v 7OEE %KD, K4(a) 1270y
FL72 GEXED. ZofEild, 0.5 GPallF OF Jj4HIET#Hl
WENT2—HDATF Yy T — 2 2 H—DFEBRBNTH S
LA L7256 O 2 OFEFBFE ORI IS T 5. &
DAT v TS FAe,, LSO PICERLTBY, KEIIH
THN S M- B—ofEM#fEss, L0 &R Cldaffl &
VIREFINZ S 5 2 L 2 ERMICEMITE 2 2R L Tw
5.
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K4 :Hh—=774 MZEDESNT60 wt.2% 7 1) £ 1 — VK
D198 KT Dol & vkl D (a) MEAIREE S & OF (b) AR
DIETEAFNE. BRIIRELE, B ORMIBRIERK 2 KD
Rz ECRERAr— VTR L. Ft, fkaosay
MEIZNZNofEAM, vEFICHIE L TWb. (@D 78R Villda
FA EVIRFI ORANIRIE 2 R L AbE/2fl (Ae,,) Z+D 7T
MCRL7:. £72, 05GPal T CldARox 7y MILD
FEHHTHMEINDE AT Y TORE S 2 A JIRIET 50 E LT
Ty hL7z. O)DSRNDOREOXENL, 0.5 GPall T DES
BB WT, BEEANT PVIZBIN Y =7 0¥ — 2 ik
B 5RO IZBARH ZR LTS, (b)D/SA IV OBREDOXD
Tuy MITGRETO60 wt.% 27 ) £ 0 — L IKER D198 KTD
FEANEER o SCHk(Sudo et al., 2002)% 70 v + L7=. Haoh —
TIXoAER OMEMBERN T 2VFRIC K 20 —T 7 4 v MiCk
DS N BIERIIER T SO0 wiz, EEIZTI2 N
7o — KRR ol R D AR KR 25100 s & 22 B E 7 & LTS L
7eh T AR RER LTz ()OSR VKRS [ 7z sl
FEMIFEI100 s R L7z, O)D 283 W I21%, [ U327 — v
FICEBRE ROV LIEOTO Yy hTEHATRLE 22T
FEEROMIEZ DD D TIE AR L, EINTH T 2001 %%
fLIZEALTw%.

Figure 4: Pressure dependence of (a) relaxation strength and (b)
relaxation time for the a- and v-relaxation processes obtained by
curve fitting to the spectra of a 60 wt.% glycerol-water solution at
198 K. Relaxation strength is plotted in a common arbitrary scale
that includes an unknown proportionality constant arising from
uncertainties in the cell geometry (see text). Blue and green symbols
represent the a- and v-relaxation processes, respectively. In the top
panel, the sum of the a- and v-relaxation strengths is shown as '+'
symbols. In the panel (a), light blue x symbols indicate the step height
of the real part spectra at pressures below 0.5 GPa. In the panel (b),

light blue % symbols indicate relaxation times estimated from the
peak frequencies of the imaginary part spectra at pressures below 0.5
GPa, and black x symbols denote literature values (Sudo et al., 2002)
at 198 K and 1 atm for a 60 wt.% glycerol-water solution. The blue
curve represents the VF fit to the a-relaxation time. For clarity, a black
solid lines are added to guide. The vertical dot-dashed line indicates
the glass transition point, defined as the pressure at which the
a-relaxation time reaches 100 s. The horizontal dotted line indicates
100 s. Red diamonds show the electrical conductivity plotted on the
same normalized vertical scale for comparison; here we focus on the
relative pressure dependence rather than the absolute magnitude of c.



7)) tka—)v /KD

kMl OREARFENIE O LAWK ES o7 20
FEIIRAF M % R TAT L7z

T = Ty exp [Poli P] 2

Z 2 Trld198 K, 0 GPaTO#REFKER, PIXET], Pk
BiZ74 v 747085 2=5ThHsb LXig7L="2
70y MIZBUF 5 Vogel-Fulcher (VF) I FRF1EE K] O EE
DM BARAEYE (Fulcher 1925; Vogel 1921) #{B1E$ 5 2 & T
7z ABROENT ASHKE 22 77 ) & 1 — v O A8 B 0 %
I ] o E R AR L TfT T b, (Pronin et al.,
2010)

HSAOWHOSETIX, FERSGMEEHDE L
Tili 2 DY 72 53 FEB OWEZ BT, Toh [F]E B O AEFNIRE
HIA3100 s 51000 siZ 7 BB, & L IFEH & A7 Ak
B EFRL TS, (Donth, 2001) Z D X H IZPiE L7z
H T AR REIIBMICRESNE T Al a L L —%
FTLIEPMONTWES, 22T, AR TIIAT T AR
H, aEMOBMERICN TR QL —T7 4 v
FOFERE T, BARERH 23100 siZAMT§ 5 2 & TR
7z, ZOKEWIE, 198 KTIZ1.1 GPaffitll 77 Afsfe
B2 b L PREINT.

— T, VR OREHREE & R IRE R O FE AR ARV 12T
H¥ 5% &, 1.1 GPaf it T % O O ZAL 3B & hu 7z
T FRAREICOWTIE, B X211 GPa% B2 E HIKAE
P2 L7z, S SITRAIER ORI BT,
U< 1.1 GPaf i THH & A2 L, 1.1 GPall L))
WTlX, FNLT ORI & ATEINSH 3 521k
LRI o T2, v OIS V- OEALA, W
FTNDH BRI OMH 25 D SN/h T AEBIET (B
1.1 GPa) LW UEIFHETHELE TS Z b, viEAlD
FZDOROT T AWK EBURIIKEL TW5 2 &L
Mo 7z,

B, BEDRD, Kaoxo7say M2ED, 06
GPall T OEJHIHIC BT 2, BEEFOANRT P VoY —
7 B SR L 2R 2R L7z, A—T7 74 v b
2 & DS N7ZafB ORI & FIE L 7 Wi A 5
N7z, 72, 15KETIFb R UREED198 KTOFE
FEFIERY (Sudo etal., 2002) ZHEoOx O 7y ML YR
L7z, SoOBRBoxo7ay MIktaoxoTay b & X
DB o7z,

3.2 A[ETTODEREREDLES
Sudo 5 DFETIX, KRHFETICBIFLZZFL V7)) a—
W) T — D EEEKERICOWT, LR O FHERA

HIEBES K v
TC Tg
: T T T T T M T

r bt ]
100 ;(a) / ‘P:.MH++ } ]

oo (1]
< ]
- 4
$ i
LEJ i
. |
= i
2 i

1000/T (K

B5 : IKED D L TO6S wt% Y TF L ¥ 7Y I— VKER Do
KD & BRI D (a) KFIBEREE & (b) FRFIE ] D EE D 3 B ATk
SCHk (Sudoetal., 2004) kY F—& 2L, Yoy FLA %
DORLOT Ty Mlafifl, HkKEO 71y MAFHERMTH 5.
+ 070y MIoEH & BREM DOEHIRIEZ )& L& hEfiTh
5. IEIG]I DN e O RRFNE 23100 s & 7 B In %
ELTER LA T ABBILE (T) 27RLTW5. TH O
Faikfl 2> 5RO 2 T AEBIE (T,), FEEO ML 72
FN—iREE (T.) AR LTS, (b) O ORI
100 s%, MBFEMILaBRMOBRAFEH I § B VFRZ LB 7 —7
74y FERLTWS. TUUT OBREHIOEAIRFEI LT,
RRTE00I Bz ilvi.

Figure 5: Temperature dependence (in inverse temperature) of (a)
relaxation strength and (b) relaxation time for the a- and B-relaxation
processes of a 65 wt.% diethylene glycol-water solution under 1
atm. Data are extracted from Ref. (Sudo et al., 2004). Filled and open
symbols correspond to a- and fB-relaxation processes, respectively,
and '+' symbols represent the sum of their relaxation strengths. The
vertical dashed line indicates the glass transition temperature (7,),
defined as the temperature where the a-relaxation time reaches 100
s, while the vertical dotted line marks the crossover temperature (7).
The horizontal dashed line in panel (b) marks 100 s. The black solid
curve represents the VF fit to the a-relaxation time. For clarity, a black
dotted line is added to guide the B-relaxation times below T,

WEZIT, REOKT I > T—2 MY — 7 525
DTN HES B2 IS BRE L Twb. (Sudo et al.,
2004) AFTIEEFIZ, 65wt% Y TF L ¥ 7 I — LIKIEE
DRERZHAT B, K565 wt% Y T F L v ) a—)b
KM T B S 7220 OFEEM OMEHRE (45 (a))
B LOREAIRR (K5 (b)) DIRE DAL (Sudo et al.,
2004) /R LTV 5

Sudo 513, WM CTIEFEHEARZ P VIZBWT
KM — 7 3Bl s, Fo@Bdn < IR iR
RE—7 %L, KWW BB TRIFICRIE SIS L
TWwh. E5IT, T OMARERIEIE O TITEWER L,
ZOMBUKAELENX VE KISHED S & 2R LT 5 (Sudo et
al., 2004).
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—7J7, Sudo & DFENTIZ XA, HAHBMEIE (712
F—N—IRET) % TS L, iz AR5 A% w0
WZEI, ofB AL E BAEAIO 2 DO MBS 5 (5 (b)),
ORI /N & 70 R AR ] & RO SRR A 13 STk L B R & 5
BENTVEA, RETIRBICRAT: v R L [ Uk 2
oWy BT 5. D2 En s, BIBRIIBEANZE (V)
KRR & FEaR S 4. Sudo 513, afkAIORAERRH AT 100 siZ
ETLMERT,LERTHE, 65wt% YITF L) a—
VKR TIIAR 185 K MIETH T AR S % Lo
JTws.E7, B (v) RIS HIR S s B
VT % T R O S P 43 F B R K S 5 SRR,
(ST LT CLEARAIRE I A Arrhenius HIICHED & & 2R L7z
(Sudo et al., 2004)

KEAVREE (Ae) DIRERIFTEIZO VT, Sudo & IXWIE
RIOAF—N—%HEL TS (K5 (). EiRETIE
H—OEALBROMEITRER T & & I—B LTy
2705, TAHEZRBIZB (v) EAIDHBLL, Z OB EH
WA H BA5h. M, ofkfIDBREEIT 2 FE S &
L2, UL, WHEOR (Ae, +Agy) IR DOBEU L
TH OPTIINEHET, SR T o -—RAEFE O &
HWHAYICHERET 5. SudoBH i T DREENS, TLAETIZH
—OREABEALILM TH Y, W T Ik TE s
[ Z2 afe Ml & SR 2B (v) BEANC IS % & w9 g %
/R LT\ % (Sudo etal.,, 2004) .

AT T A D60 wt.% 27 ) £ 1 — L AKRER A LT
1T o 72 E A O T T, Sudo S L7z Y = F
L 27 3 — VKRR OIREERAE (Sudo etal,, 2004) & X
SIS BEBAFER SN2 BARMICIE, offflEp (V)
B H & D EIDTH o 12FEBEM»SHHEL, TR
R BT ClEE N BN OB EE S 7 I E LT %
M, BIXOWEOFHMEOMPBNFEH (RED L L
D) OZEAITH U CTHE R 28 2R3 Hos i@ L Tw
5. ELIT, BARHOEIMKEEO T a7 74 Vb, B
2 IREDOWEAN SHETNE SR 727200C, FITHT T A
R R TIIEM LR 2R LTz, ThbHo
WBHIENZZ Y T — VKB (Sudo etal, 2002), 7L
I — Z K3 (Shinyashiki et al., 2008) & % £ L T 5.

SO X9 BREFE ISR, 7Y u— VKBRS E
WTh, MEMKTICLEN I AMLEEND ERIZE B 7
7 LA, KA D 5 F B I F B ——T b b,
W ELER O Hfi & REE OS5 —%FF SR T %
MR LTW5, FRINEZE U722 oBINL, KEHO T
T AR IR HE A I E B ORI A0 & 37 Ikl
OB R ENTVWEZEZRTIDTHY, HI

AEBBEOEEE L, FHESICEIZ X 50T 81O
HPEOHMEZ LD TEHRT LR LE VR DS,

3.3 EXRIGEE v EFIEFIRE

B4 (b) 1RT LI, RRFETHWZI98K, iRk
7 ku— VKR T, BEFOLEIEFED, Pk
< & %0.6-1.0 GPad £ I HEPH I 35\ Tifle Al D R AT ]
JEIMERAEE & X AP RT e Gorz. TD
ZLiE, ZOWE - B - MR SEFO T TR, kTR o
BT FRE DR I 19 22 0 18 B (aiRAll) TldZe <, XD R
197 5588 (vigfl) LR ROV TV B EEMEZ IR L
TWw5h.

— WS, WET ORI BT 5 E R SE I BRSO
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