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I HL TS RE A8 X 2 e AT B B m) St TR (] R B 15 43
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Je ALK 53 1 B B 17 32 e Atk 7K 53 7 5% W B8 B2 )
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AR MBI AE. e, SEKSFE
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B IR ST HIRAk, Ko+ BB 2 Sk 2
3.0 Debye 101102 g LK f) Ja 38030 AR 45 ¥4 5N &
AR, BUE S G /KRR Y E A T O IR A, R
g B 7, XFARMK, g = 2.7, X T Nat F&54
K, g =16, X T CsT &G K, g =1. ZHTE
A4 PR A B2 AE T A0 T X 43 B8 10T 48 45 5 7K DR B )
HAVERS WA WA, EFERI SR KE
BT3B SR AN EL 3 R R 4 K o B AR
F B ) 1031 R Ae B0 45 A 7K B 5 1% R R th 4
T, (HEE DD UH AR R
BRI T, 567K B HKR 2T B R0 H B
AN[E] B RN TR B2 (N TR 2 HOA ML 1K
IR, GG /KA LS4l A2 0 R I H R
ARIE I E Rl s IR ARRAE . [RIES, 256 /KAA HL 114
SHRE A& B AR 2 IR AL

27 B &

TR 4 2 O T B T UK 4 R A
HI7K 7> 7 a5 K. AR B B K ¥ R S 3 A
# 1, 18I Laplace 23 703 H 7K I A0 268 44 T 45 2R
B 00T p T S B0 AR R 45 S KR B 4 110,
TR AN AR K s 446 2 B LE 4B AT B R T
AL B HK, B R E R A KB e

g ik 2 A AE TR 4 G K S UK R M Y T
i Z BTN BB A K AN AT R 4 1 G EE
figd, tban Nat, FEH A0 0.1 nm AR 3758 EEZ) N
13.8 x 101 V/m. sEHIZH ) Na® 55— /K& EK
TN T 4113 GPaIIE 1, W E4H &
B B R 7 14 DR T kN ) AR T LA oK
TR, VR 48 R AR AT 2%, T, Yasunaga
2 [108,109) o J 7 —ANE R O i, 1% TR, X
T AN T KA ARSI ik &, L
WO WE KA R, i R B IRIR B A AFAE K
1B, M RAE BT AE (R FE 2= B A I As I AL 43 1T
BEEAIS. AR AR MR 0 PR AR A8 U B8 3 A o A 00
IR G — DK T Ol - KA RN H KR & &,
FRBRYELE Tz ik L BE A T Ol K1k &R
AR AR AL
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%5 VAR I B ) B B — R T O K
FrAsEK WMEKBBRFEMNE T 8 R
., A H Stokes-Einstein 2 33§ H K &5 1 3
& 02,1000 oK & RARFR 5 K 53 PR R B A T
B GK. ZITEFEE T B T XY S R
IR =1L S A g A K B RS B A T
SR TR R P R IR AR RS B Ak 1B,

2.9 XH&ESHTITH, X GTERIEEmE

SRR B TR E U ALK SR A K
TOREEGIK. AT AT L I S5 4 K 545 242 1)
oA R A, BETAS K > IS B A S
D72 B K 5378, DA RAR R F e Aoz B g (114118,
TS Rk B &5 & /KR B K PI & otk 2T
LA TN, BT X K A5 R K R A oA D SR R T
Iy BIAI00] i 2 — R B F BN 735 43 8
ANTR G 5 RC AL B 120 B R R ke
7K 25 R AR R T AU Rt e P T A P R K
2 I AR IR WA ) SR RTE, B i R R
Mg 100 32 34, 6 58 7K o A S I 7 T, 5 R R 7
ST VIR I ISR AL K SR AL 1K EIANE 2
P U2 ST A5, 1R AL 3R B AR R AT A R A
7520 grrp () D 18 20 A B8 8, BAT HoAt VA e vl L
WIS, 2017468 H, LT AR AR SE ) [E R
IR AT BRI IR RS R T RO, RRZT B
Rl R At 2 [ P IKRE 22 A RIE .
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XS 2 R SORE A R 7 v SR EUOTE 7 M &R 3 4R
SERIISRA SR B U222 i R AR R —
IKEENIIIK T, FERl2 K579 O LA 3.
B A2 B B LL & Debye-Waller K1

SERAE B T VE T R 45 & KB R 2
H5 BhBAT ARV O I AT K o T RIS R 5. L
, Joil XA AT I AT SR 2 XS 2 R OORS
Ytk L RN T 51, 2, S FHES T/
HLAR R KV, PRI Ol B PR — ALK& E N
K5 835 611, HAdnBr— A5 £ 1, SCN™
N1.2—2.1, NO3 N3—4.3, ClO; ~N4—5, CrO7~
N12, WO?2™ g 12064120 bR Es 1 F B 5 € A K
O FARAE, (HIX 8K 3T R B R 8 NS & K,
RT3t — BRIk 3k B 1 20 7K 43 i v s AN
SE 5 i K S AR AR AR L ) S TR s AR . B
H, AEIK )R EE R AL T 12280 HIYE BBl Y (SCRiRTR
TE SR80 268 K 2 50 30 i 4q), Ca?t, Mg?t,
Sr2+, Mn2+, F62+, CO2+, Cu2+, Zn2+, Al3+, CI‘3+,
Fe3 ™, Rh3+ 45 BH B - 1) 5 — /K& JZ % B 1) K BL fr
B¥h6 £ 1, mAFF Ladt, Pr3t, Nd3t, Sm3T,
Eut, Gd3*, Dy3T B 7, HHE—KEWNE
WK T 99+ 1 64125 R R[F B 755 — K&
JE IR TR Z A2 R Bk A ST KT 1A
() H AR LA SR 5SS ), T BB S 512w
JURI AR 06, W ARSI i e BRI 454
IKECK T 26— KEZE WK FH XU 75
IK G FNPE BT () e 2l 2 — K G EALZE. JF
Xof 7K G5 K R T ) s T S R A — B R — E
52 4L

210 KEBFRVEMREREXRENR
ZHEIK

TERZ W EALE GKIIT R, I — K4

I 2 R BI777%, BRI FE K B 5 1) 45 4 s i 5

IR R E IR . EBor i 7t 45 AR B, /K E

2 W) P AR A 2 Tl A B T R R A AR B e s LR

FONA, KV OAR FE & T 1% P UK EE, KIE R
H K R RS AR, 1% SR K S
VA IO P R K LG AR A AR MR P 7K T R Vs T R 25
IKEL.

i 0, 45 £ —EE (polyethylene glycol,
PEG) 7> T 24 8 B B uiiE 7, JRE . B

Y. BEZG. M A Tl SR A A B I N
Rl F 4, ma TR PEG 2 F 02 i 597 & 6
FOAT BT 0 B A A 4 T I B ) 7 1 SRR
PEG 7 T IR AT KA. %1% 7KK
T E L, AR AR SR U2 A BRI 2T A
PRt 7 1481 | o gt o A (280 = s () B R
015 R0 4 2R 5 0200 = 8 T B AR R A T
B PEC /) THIE & /KE. Hh s -k
KA R T, I E A BRATIE R R
WA KT TR BT AR R P T, HOVR BE AR O R
G A KB 7. %07 7 0] LAV I R F A 1 -k
JE SRR s K 4 B 2 B AK PEG 85 A /KU1
REFRPE,

B W S B B Ak 5 O A TE T R & R
BS AN 4 K 2 B SR A L Ar T KA
/Bi [39,4(),121,13()—133]. ﬁﬁﬁﬂj\'ﬂ]%jﬂ%?i 7J({§ /ﬁﬂz
AL AR AT 9, W IT H AL HE 8 I A HE B 1A AH
7K P 35 385 A B AR R AIE 1540 G e U ik v K 11 45 4
A 1950 R B A 8 K A o ) (80— 18]
ATE 5 38 0 7K 25 8 10 AT 5 400 i) R A K
T UK T AZ AN K. I, KV TR 4 6 1
s RT3 A0 AT A B T 9 0 4 G /K ) =
,T)C [121,130,132]'

W 1 (a) BToR, W[ 48 K 2 50 R R Bk
BLor TR, KI5 73 2 Xaqu = 0.47 ) PEG
20000 (43 F & 74 20000 {1 PEG 4> F) 7/KiE M
B i 56 S BEAL U199 Wi T Xaqu = 0.78 I PEG
IRV, PR IR T2 1 2 LK IR R Ak, SR B ik 4
(IR LE 3 — 25 1 BRI AR R s 4k (B 1 (b)), 7
A YR PG P, BT AV T 4R, 0 X g
LRGSR XS, T FE T, KBS 5 B A
W, BT, B8 Xaqu MRS (K11 (c)). X T
Kaqu > X WKV, K0 B8 1 350 P i 6 UK
o BT H . 2, UK R AT S R 46 A 1) B 3
P0HE AR 5 T 5 KT VR G B R AR TE O, BB 1 (c)
B HARCN T, T Xaqu RELEKL S mIKEKE
T Ty Xoqu HIZRAHAE, FLAC SUAL /KT & 7 b 78 X
N X BATEE A, B 1 () HA R R
TR A e AR T R KV R AT R R B2, B [ 7K
JRE AL B, X, AR K T R R LRI
Xaqu > XS WRKER PR S Sk 8. B
FIT 5 S 45 G 7K B0 B 1) s o R e 3L 30 4T 7K
Gy G R RSSO0 A1) AT o A T R I
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HIEE S [121,130,131]

i EE A L S, KO R I3 A e AR U P A B
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Fig. 1. (a) DSC cooling and heating thermograms of the aqueous solution of PEG 20000 with a mass fraction of water
Xaqu = 0.47. The sample becomes totally vitrified upon cooling, and cold-crystallization of water appears upon heating
the devitrified sample. Cooling/heating rate: 20 K/min. (b) Data for the sample with Xaqu = 0.78. Upon cooling, crystal-
lization of water occurs first, which is accompanied by the vitrification of freeze-concentrated solution. In the subsequent
reheating process, the devitrified freeze-concentrated phase undergoes cold-crystallization, and then the crystallized freeze-

concentrated phase and ice melt in turn at higher temperatures. (c) Crystallization of water during cooling process can

C

appear in all solutions with Xaqu higher than a critical point defined as Xg,,. This concentration range is called zone III

herein. If the onset temperature of devitrified freeze-concentrated solution is defined as Té, interestingly, it’s value hardly
depends on the initial concentration of solutions. The extension of Tg’;-Xaqu can intersect the fitting curve of Tg-Xaqu for

The molar ratio of water to solute at X!

concentrated solutions at a feature point, defined as X:;qu. aqu just corresponds to

the hydration number of solute in solutions of zone III. Moreover, solutions can then be divided into three concentration

zones based on X

squ and X/,,,. Water in solutions comprises only hydration water for solutions within zone I, hydration

water and confined water among hydrated solute for solutions within zone II, and hydration water and bulk-like free water
and X!

we also observed that the molar ratios of water to solute at X¢ aqu

aqu

strongly correlate with each other. The ratio between these two molar ratios is about 1.7, which in sensitive to the types

for solutions within zone III. Additionally,
of electrolytes and organic molecules with higher molar weights. In other words, the maximum amount of water molecules

occurring cold-crystallization upon heating the devitrified solutions is strongly correlated with the hydration number of

solute. The figures are reproduced from Refs. [131,139].
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Table 1. Comparison of hydration numbers for PEG obtained with different methods(139].
Vi TR 2 SRTTE PR KK n2 KK nd
PEG 2000, 6000, 20000, 200000 NMR T, Ts, 1[68,141,142]
PEG 400 NMR 5 3[143]
PEG 6000, 3000000 RS Aw 3144]
PEG 300, 400, 1500, 3000, 7500 BDS T 3.7[145]
PEG 100, 150, 400, 600 BS Vs, Ks 1.8[146-148]
PEG 200, 400, 600, 1000, 2000, 2300, 6000 QENS D 2-—5[149] 1[150] o 3[151]
PEG 400, 1000, 4000 Vs, Ks, Um 2.2—2.4[152,153]
PEG 2 400, 1 154 9l154] 9[155] g 4[156]
155;}, 2?)(())70?(4)1?)’()0?27002?(;00200’ DSC At (1).3—3.:;[157’15’8], 2.7[15791 4o
PEG 240, 440, 560, 950, 1400, 3700, 5700, 6000 P 3[161,162]
PEG 200, 300, 400, 600, 35000 B,n 2-2gl163.164]
PEGS880 MD PDF 2[165]
PEG 200, 300, 400, 600, 1000, 2000, DSC T L1619 5. 71139]
3000, 4000, 6000, 10000, 20000
PEG 200, 400, 4000, 10000 RS Aw 2.71139]

NMR, #ZHIAR; BS, fi LINEUH; BDS, %A R QENS, #EFIEH 7 #T; RS, R 2#UT; DSC, ZxfAfM&EH; MD, 71
BN IR, Ty, BHE -SRI ) To, B A - B RERIRI ] 6, (LEA0RE; vs, P ke, ZEMEAEREG 7, /BRI, D,
VAREG n, SR B, 1 RIEREG Aw, TL2ABIE; on, WERER; P, WMAITE;, AHm, HE; PDF, fiftlH
TIATEREL T, YOS -URFASTHIRIRIE; ni, KEH, BoAb EC 1A W A BT Bl 770 I R P D AR, He T B /R & T R R S
TR 2B 48 G5B K A A s IR MR R L /K VA VA P « sk 1 b K I B AR AN 2 5 Al K o TR AL; nD, KL, L B KOR

TRER T SR LR 2 A B3 KL
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Abstract

Water molecules in the very proximity to the solute differ a lot from those in the far and the bulk water in both
structure and property, they are usually referred to as hydration water or bound water. There is no doubt about the effect
of hydration water on the property and structure of solute in solution, in particular when biological macromolecules are of
concern. However, by far, there are even significant controversies over the understanding of hydration water, including the
accurate definition and quantification of hydration water, the quantitative evaluation of the difference in the properties
between the hydration water and free water, and how the hydration water is involved in the various biological processes,
etc. For resolving the aforementioned issues, it would be of essential importance to formulate a quantification scheme
for the hydration water on a sound footing. In the present article, the principles of various spectrometric techniques
for determining hydration water are briefly examined, and the main deficiency in quantification of hydration water for
the individual techniques is analyzed. Those techniques based on the inflection point of the concentration dependence
of some physical properties of the solution are also scrutinized. Finally, we present in detail a quantification scheme for
hydration water based on the concentration dependence of glass transition temperature, which leads to quite a universal
categorization of an aqueous solution into three distinct zones. Also the crystallization dynamics thus revealed might be

helpful for understanding the water-involved processes in other circumstances.

Keywords: aqueous solution, hydration water, free water, vitrification
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