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Freezing Behavior of Polymer Gels

Norio Murase

Freezing behavior of cross-linked polymer gels was studied mainly by differential
scanning calorimetry. Heat evolution during warming, due to ice crystaﬂization, was some-
times observed below 0°C foHowing precedent cooling to —50°C. It was found, further, that
water compartmentalized by the crosslinked network structure remains unfrozen during
cooling when the size of the compartments is appropriately small, and that it is the unfrozen
compartmentalized water which crystallizes during subsequent warming. The mechanism of
anomalous ice crystallization observed during warming was, then, investigated relating to
change of the polymer network structure. In this process, it became clear that not only the
size of the compartments but also continuity of water between adjacent compartments and
flexibility of polymer chains affect freezing behavior of gels. These three factors seem,
however, to be interrelated with each other via the density of cross-links of polymers.
Therefore, it seems to be necessary to analyse characteristic of compartmentalized water
more closely for the clarification of the freezing mechanism of gels. Moreover, the importance
of the concept of compartmentalized water in gels, which may form a phase intermediate

between continuous and discrete phases, was pointed out in this paper.

L L&

RE—RICBT BT, ZOEERRNAEEICED
57304, BEEAERT 27K & NEGHE LR 57K
oS hE e FIAIRRO/ WRIwLY 5 v (O/WiE
oil in waterZB%KT 2) HFEDH, wW/ORz <L
VardHboRdy Y hEOMARNOKRIREICET S
WA B,

UL LD S, @aFr L 0BT+ O hig o
HAbD27KkE LT, compartmentalized water DIEE%
EHETNETHELEEHLNS ™Y (Table 1)s compart-
mentalized water (3 &4 FABHEE IC & -» TXELS
NFKECHERTEH . B~ D compartment P DK
I3BEE T 3 compartment WDKK ERNESFIC, BlL, 52

¥ B T LA | SRR L RIS LIRT
AR T 350-03
Laboratory of Chemistry, Faculty of Science
and Engineering, Tokyo Denki University,
Hatoyama, Hiki-gun, Saitama, 350-03.

Netsu Sokutei 14(4) 1987

Table 1

Water in heterogeneous systems.

continuous (O/W emulsions)

compartmentalized (polymer gels)

discrete
trapped
dispersed(reversed micelles, W/0 emulsions)
in pores (inorganic/organic matters)
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Fig. 1 Partial structure of Sephadex. Ref. 5.
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Fig. 2 DSC cooling and warming curves observed
with a Sephadex G-25 gel. Cooling and
warming rate: 5°C/min. Ref. 4.
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Fig. 3 DSC warming curves of Sephadex gels

changing pore size. Water content: 5.7mg
of water for 6.0mg of G-15, 5.8mg of
water for 6.0mg of G-25 and G-100. Cool-
ing and warming rate: 5°C/min. Ref. 4.
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Fig. 4 DSC warming curves of Bio-Gel gels chang-
ing pore size. Water content: 5.0mg of
water for 6.0mg of each Bio-Gel. Warming
and cooling rate: 5°C/min. Ref. 2.
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Residual amount of ice during warming.
The amount was calculated by the integra-
tion of DSC curves shown in Fig. 3. Ref. 4.
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Fig. 6 Amount of crystallizable water during
warming. Amount of Sephadex G-25 and
Bio-Gel P-6: 6.0mg. Ref. 3.
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Fig. 7 DSC warming curves of Sephadex G-25 gels
changing cooling rate. Water content: 70
wt%. Rapid freezing: dipped directly into
lig. N, (103 °C/min), slow freezing: 5°C/
min. Warming rate: 5°C/min. Ref. 1.
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Fig. 8 DSC warming curves of Sephadex G-25 gels
changing cooling rate. Water content: ca.50
wt%. Cooling rate: (a) 0.5°C/min, (b)
103 °C/min. Warming rate: 5°C/min.
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Fig. 9 Temperature dependence of ESR spectra
obtained with a Sephadex G-25 gel. Water
content: 50 wt%. Nitroxide radical used:
2,2,6,6—tetramethylpiperidonyl-1-oxy. The
signal in the lowest magnetic field of each
spectrum is due to Mn?* used as an external
standard. Intensity of a spectrum obtained
at —18°C is reduced to 1/10. Ref. 4.
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Fig. 10 DSC cooling and warming curves observed
with a Sephadex G-25 gel. See text.
Ref. 4.
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Fig. 11 Effect of freezing and thawing on the
second DSC curve of a Sephadex G-25 gel:
(a) warming curve following first rapid
cooling, (b) warming curve following
second rapid cooling. Warming rate: 5°C/
min. Ref. 4.
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Fig. 12 DSC warming curves following rapid cool-

ing. Water content: 5.7mg of water for
6.0mg of G-15, 5.8mg of water for 6.0mg

of G-25 and 5.5mg of water for 6.0mg

of G-100. Cooling rate: ~10% °C/min.

Warming rate: 5°C/min. Ref. 4.
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Fig. 13 Residual amount of ice during warming.
The amount was calculated by the integra-
tion of DSC curves shown in Fig. 12.
Ref. 4.
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Fig. 14 DSC warming curves of Sephadex G-10
gels.  Cooling rate: (a) 5°C/min, (b)
~103 °C/min. Warming rate: 5°C/min.
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Fig. 15 Residual amount of ice during warming.

The amount was calculated by the in-
tegration of DSC curves of G-15 gels.
Cooling rate: 5°C/min (O), ~10°°C/min
(@). Warming rate: 5°C/min.
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Fig. 16 Residual amount of dextran aqueous solu-
tions. Water content: 50 wt%. Cooling
rate: 5°C/min (O), ~10°°C/min (@).
Warming rate: 5°C/min.
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compartmentalized water 3K&E &LV A Fic= b Y
v 7 REHRRAFAEENDHT LKL Do

G-100 7 D & Hicfx O compartment D44 X3
RENE, REVIDHDICEEFDBERBBLDPTNT
L ofthic, BEFEHIENC EIKXD compartment [
DKDEEEDZ VIO, 2Ny OIK & B EHES -
BEEEI A LB EEZ OSNL, G-100 5 v DEKEL
A KEZ T DSC BERITIE ~Thicds, Rigka(b
BERISNE DT, TDIEFTHEHLE, KERIXL
T L, G-254 v &EEETS compartment 14 X
72 »Th, compartment D EHIE HSE O I DICHE]
BWRETOKRBERLTLEICEAERT 20THS D0

FNTIEG-10, G-15 47 L DFAICid compartment
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DY 4 XHYNE O S RIC, BEEESS OO com-
partment I DEEEWGIBOONTHEDIT, RGLICE
X AIAREKEE ST, FEERLLEAEZNTVO
59 Fid compartmentalized water ASZAEL
HOMPSEBIDTREL, BEEENS O THAN
s U BB REIER Licdvicod Ty
72559 DR, compartmentalized water 2374
5 24t E N B EZIC, compartment [8 T K&ED KL
TLEHDISE D, S -7 compartment 55 BT BT
LCHEAET AEAMEO D, ZRENDcompartment
THBICEERAE U, KRR 2 bE X o
3, ABOBAICE, BEBENEE LTS,
compartment ® 4 4 XH/N X Fodic ARp-FOERE
EFHE N TEYD, #7AMLEhvFToTHEREL
& Ebi b,

CLE, SEfERERLE L TERBESF DK
DS B A H =R LEBRLTE D, THERK
RO A TTOE0, EiKEE LOEBRMBISLET
BB, 1217, THETOBRET, BRENFrafo
compartmentalized water DE#EICEET HK-FHE
HENTX, #1513 ({) compartment D% 14 X,
(ii ) compartment Ok DEGEE, RO (IDBEBED
EREOLPTETHS, £ LT, KT D=FTIE Table
2R & D ICEBEE AN LT HICEERT 5 L BN
LOTH b, Hlh, BEEENST L compartment
DA ZI3/NEL 15D, compartment 8 O KD EiFEHE
Wighh, SEEERIER LIS EHEA D, i
BEESE L, HTHNL, compartment D ¥4 X3
K=< 1D, compartment IDKOEGFERIIEHED,
HEBEEEE LT HEIEASETHENLDST
BB, HICHBHEDER LPT S (ERIBINET
EBLTIUD-LRFTHOY, SEREICEELOR
DBUIETH Bo

BEEN T N OEEICRERELEET 5, SKE

Table 2 Factors determining freezing behavior of

biopolymer gels.

1. Compartment size

ADensity of

cross-links
{junction zones)

2. Continuity of neighboring
compartments

3, Flexibility of polymer chains
4. Water content

5. Cooling rate

Density of

cross-links dense intermediate rough

@ ® O
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