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Developments of Separation and Analytical Methodologies
with Ice as Functional Material

Satsuki Takahashi', Yuiko Tasaki? Tetsuo Okada!

We have developed a variety of analytical methods with ice as a functional material, which include ice
chromatography, chiral ice chromatography, optical measurement with an ice-cladding liquid-core waveguide,
microreactors, etc. These methods developed with ice are briefly reviewed. Also, the measurements with ice
have allowed the exploration of interesting phenomena related to ice, involving quasi-liquid later formation at
the interface between ice and an organic solvent, facilitation of some chemical reactions in the liquid phase

coexistent with ice, specific ion hydration at the temperature below the eutectic point of the system etc. This

clearly suggests that the measurements with ice lead to the understanding of ice.
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et al, 2007) . WHTOSEEPLFRZEET 2 &, H—
WHATRIGZE Z L TREIC oDy 7 e L
TEDORIGOWELFHERZHET 2855 &, BHNICHE
MR T, D THEEERR EORE—HEERL, 0
RECHHET 258 %2RAT2 2 ENTES . BEDX
HWCHHEEBAT 550, sHANCEREENEL 2 2 &k
BHonThs 5. BEOS LY, sHiMbFAEZ0 LS
BRIES, DS L COREICE S ARIL Tw B .
Kix, HOSNIWETH 2D, FREHICERCHS 72K
TRWETHH 5. = DKWY S i H o i
FINTWEY, KROKHELMAH & OFHEIC DWW TIER
fRRF, RER 2 LM%\, ok 213, IKREHEER
By, WHRDEERBOE S 1ZEDND, Z DIRERTE
Wi EDORED, & EDOFINICEZ 5 N L DEE
By, BEERAPIZENRAONTE 2. ZOFE, Pkl
LRI CREWBNITAT 2 Z LITHLITD B &
2215 TCWBED, WHDE X% OREMREE X
BRI TR L 2K E W, /e, HIBREREICE
2 WBETEBRIOK LS BIG L Twa 2 eI T



30 o SO, H O ORKF, M OB ' R

B (Sodeau and O’Sallivan, 2008), KFEmK &3t
FT 2WHBKIEE E L T—EDERE =R b0 L%
Z56NTWEY, KIGHORFELYE AT L LS
T,

FHAIS T BEORETIC I A E Z © £ {FIHAT 2 0E N D
52k, —AHTKBEZOYEKINCES L Tnws Z
&, ThoEHT 2 &, KOFHEZ KGPFHENC AW
eV FRNEEND . R, KEFFHIOWNR T
boleH, FtHlOY—NV TR Aol Lo T,
[PKTIENS ] EWIBUETITONIHEIIZITEA L
. DRKTE»S] ey RkeEms e, 34b

H [KkEEND], DkEEBEST L] ZricbOokn5
KFX T, %%675&“15"&@?3?‘?0“Cw%ﬂk’i*ff%ﬁuli
MEtE LB e HIOBH, LUz no 2@ U TR
2 BIKROIEEEIC DOV TIRR S |

2. PAROOVNIST14—

KeFEFEMHE L THw2BIEZ u~ b 777 4 —DFE
Bl HmE SN TS, KOWEBRREL THWS LD
£, EBRZOFEHCLIHDOTHL. LrL, Wind
SERCIZESTES T, WHEICL > OKEDHAERI
L2ENRDVZIREZTZHBEDLDTHS (Das-
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and Okada, 2006; Tasaki and Okada, 2008B; Tasaki
and Okada, 2009B; Okada and Tasaki, 2010). %7z,
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MLTWaZEZRWL TWw3 (Tasaki and Okada,
2009B) .
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Fig.1 : Ice chromatographic separation of estrogen.
Mobile phase, 5% DEE in hexane. Detection, UV (275
nm). Temperature, -10°C.

Column, 7.5 mm i.dX150 mm packed with ~75 um ice
particles as a stationary phase. Taken from Tasaki and
Okada (2009B) with permission of the American Chemical
Society.
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(HQ) vy iy /—) (RS) IZ2oWT, £¥55 47
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ANDOLT—T VEOEED/NESL, n=1.5~2.6ThH5Z
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Table 1. Number of interacting points (7)

compounds n DEE conc .range / % (v/v)
hydroquinone 2.06 4-11
POE(4)-NPE 1.56 5-12
POE(6)-NPE 2.37 6-13

resorcinol 2.17 4-11

B18C6 1.77 4-11
DB24C8 2.61 7-14

The #n values were determined based on 6-8 measurements.
Abbreviation: POE(p)-NPE, polyoxyethylene(p)nonylphenyleth-
er (p is the number of repeating oxyethylene units); B18C6,
benzo-18-crown-6; DB24C8, dibenzo-24-crown-8.
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Fig.2 . Three-dimensional representation of ice chromatographic separation of
ingredients in green tea leaves with gradient elution.

Mobile phase, gradient from hexane (0-8.7min) to 6.095 DEE in hexane (49.0 min).
Temperature, -10°C.
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HIIKTCHEE 2 £ U S ¢ 2HEE% & DY, WHE DR
TS TH DA F > O MNERENS 2 3R
W, —77, BEEER L OWBEOKBEREEET 5L, 0
HEREDSOK ECHIE I NS Z LW TE % . JKIZH HiEk
e 27012, KICF I NVEHBRER(ET B &
BEZI. FINRVIZIDOKBKREEOES E, ¥
N2V 7 ZEKECEET S ENTESL. BEDOF T
VASEEE, BRRRIGEEEL T ) A7 s E O E
KCF TNV I Y REATL. BiRTIE 723tz k b
FINEV I IDFINVRBEBIKONDZ ZENDHY,
ZOERICIFITIT LR, B EEEATPEES I KD S
7% (Ward and Baker, 2008) . D78, HHRDF Z
WVEENIZKREEMTH L. LizBo>T, FrexFon
L7y EFINVEEME L TFRICAL CALZED
TERV. KEROBERE CEE LcF Iy 75 28
AT zencEnl, GcLic, #iBEL2TTCT—
77— XA N OF Z)VEEMEFTAMNATREIC RS, 2D XD
BREZRXHESWTCFINVTARAIZU NI T T 4 —%F
KL,

Figd 3R, R)-N,N-Y A4 Y 7u Va7 $ F
DKEREFRE L RSN FINT 4 ABEEHICL S
FINIEEEITH L. FEERER D Z D EL BVDT, [
Rt EEmRHic X3 —27 %217 . IEAAEEAHAD
E—7 BN TEBY FINVGHEPRE TS Z E3bh

10 T T
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Fig.3 : Changes in % for hydroquione (HQ) and resorcinol (RS) with the NaCl concentration at -10 °C (left)
and with temperature at the constant NaCl or KCI concentration (40 mM) (right). Mobile phase, 20 %
(V/V) butyl ether in hexane. Curves were calculated from the liquid phase volumes and the partition
coefficients. Taken from Tasaki and Okada (2011) with permission of the American Chemical Society.
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Fig.4 : Chiral ice chromatographic separation of 1,1’-bis-2-naphthol (upper) and hexobarbital (lower)
with diisopropyl-tartamide (DIPTA) doped ice stationary phase.

Left, expected separation mechanism.

Chiral separation of binaphthol; 5 mM DIPTA-doped ice stationary phase with hexane as the mobile

phase at -5 °C.

Separation of hexobarbital; 10 mM DIPTA-doped ice stationary phase with 0.5 % THF in hexane as the

mobile phase at -10 °C.

% . Figd FicEAKzRL7zL 51, (R,R-N,N-¥
AV Z7aCVBEAEET 2 Rk, KEFESGICED * 711/%
#%9 % (Dobashi et al., 1991). L7eo T, @aiE~
FY RIS T LB L TGRS T3,
2% Dk EBEHOREIZ(R, R-N, N-¥ 4 Y 7ot
MEARRT S FHFET 5 2 L 2RRLTWS. ZD&X
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X5 LW MAE IR T Z ENTEL.

—77, ¥FINVERERFRETEI T Z L LTARETH
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FIRFIC ¥ — 7 U 7OKEER 2 v iz + 2 v B0 f % =
9 (Shamoto et al., 2010). BCD i N7 YV #D453F T
BV, FTFHOFLOKRE LM » S 7 A T a0 A
&, BEEYETK T 5. SCD ZKDOFRHEICEE T
% &, BCD BER L HAZEHWTLEW, F 7 ViR
IR DT 2 & 5 2 ENTERY. ZORE, +
TINVRFETE 5 BCD A TFIRIRES NS, FEEwz sCD
% R—=7L7%KTIEFigh D & 5 2tk Tx
Motz —F, HEEEC N —77 2% L SHERESEC
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HTEE 5. ZO%E, WEITBEIME, S RIS
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FINHBEERKE L B TWB I ENbroT. 20D
e o bIERHAE NV KBEROERE L H2 52 L
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5. FREHRUEEDRL

TAAZA~Y NI T 7 4—i%, #HLWOEE ZRH
L, ¥72kECOMBEER%E2 70 —79 2% ETEMTH
BT EMNbroltz. 8512, T OHERKOFEEINE
FHOFHM I T & 72 (Tasaki and Okada, 2008A) .
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52 EE—T 5. —F, KOBSET OIRE TR
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Fig.5 . Chiral ice chromatographic separation of hexobarbital (A) and 1,1’-bis-2-naphthol (B) with
UV detection (upper) and circular dichroism detection (lower).

(A) Stationary phase: ice doped with 0.5mM A-CD and 75mM KCl, Mobile phase, 0.5% (v/v) THF
in hexane. Temperature, -8 °C. Detection at 230 nm. (B) Stationary phase: ice doped with 10
mM B-CD and 100 mM KCl. Mobile phase, 0.1% (v/v) THF in hexane. Temperature, -8 °C.
Detection at 280 nm. Taken from Shamoto et al. (2010) with permission of the American

20 25

Chemical Society.

% 2 BRAI . RABIOKAHOWEHRED A TH 5
ZEeWbnd. Lich->7T, EEHOERRE, S HED
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RIBE S W HIEHETWETH 525, % ORERIEE IR
HE & D il ic K 2 (Sadtchenko and Ewing, 2003;
Ewing, 2004). 2O Z kX, 74 AZu~v 777 4 —
MWK EBEHORE Zk>Tnw5b 2 &, BEIMHES D
THF 255 L THEREOFEEZR L Tnws I ekE

Retention factor, k&
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Fig.6 : Temperature dependence of ice chromatographic
retention factors for hydroquinone and resorcinol.
Mobile phase, 3 % THF in hexane.

kb eFzons., LVERBED THF 2505
TRBHOFET 2EEH T THF N1 N L — b DR
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(Muro et al,, 2012). 74 Aza~< 2777 4 —DHIE
RN NS Py — ORI TCE 2 L F 2 o6
208, SRR ANA N v — b OFRICEL G L Tw
52 %xRLTCWS. Figims, 7o—7IC LV EH
SNIBEODESI CETOEN DL Z EDbrD. I
W E 2 Vv 2K ERI U R RO b D L LTS
ZEOMES, BIOBWH%ET 5 & FIEkE O HlE:
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= i
2 8- i
- 1
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o 64 4
kS i
£ 4 gt
=1 {
2 f i
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Fig.7 . Temperature dependence of the quasi liquid layer
(QLL) developed at the interface between ice and 3 % THF
in hexane as determined by ice chromatography. Taken
from Tasaki and Okada (2008A) with permission of the
American Chemical Society.
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Fig.8 : Confocal fluorescence image of KCl-doped ice.
The concentration of KCI in an unfrozen solution was 10
mM. Concentration of fluorescein, 0.6 xM. Tempera-

ture, -8 °C.
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AHETE B Hb2=—7TH 5. **@&M%&F%
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Fig.9 . Size of a liquid phase developed in salt-doped ice as functions of temperature and salt concentra-

tion.

Taken from Hashimoto et al. (2011) with permission of the American Chemical Society.
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Fig.10 . Fluorescence intensity from a liquid phase disolv-
ing Mg?** and HQS.

Taken from Hashimoto et al. (2011) with permission of the
American Chemical Society.
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Fig.11 : Ice-cladding liquid-core waveguide.

Left, empty tunnel in ice plate. Right, the tunnel filled with aqueous NaCl solution.
We can see laser light scattering at the inlet of the empty tunnel, whereas the scattering
occurs at the entire inner wall of a liquid-filled tunnel and can also be seen at the outlet
of the tunnel, suggesting the successful waveguiding of the latter.



K& BEREMERTRL & 3 2 4B & 2RI 0 EBH 37

7T R, AFYVUEIATETLHEEES LV E
ERIL, 5em BEOEN KLV E L CFIHARAEETH S
Z %R L7: (Sugiya et al., 2009) . & SIEKEZE
T 2K ERIEDTE %W 5023 5 TENBLET
b5,

8. R=KPDEFEEDIRE

Fig.9 OWMHOERE» &, — D OWHIHEREL T3
EBREOVEREZ RO 2 2 LB TE 5. HEAEKT O
EBFERENREWIEZE, WEEESEEML Tk D, Wi
DR > T A BMEOYERLIRE k> Twb L
FzoNb. —DOOWHNEREDEFELPSEL S &
WET 2 &, HEELUT OKPICEE T 2 BFE RSO
AES1F 1 mM KCl T3 0.2 gm, 10 mM Tix7 0.8
um ERBED B 2 e TE 5. —F, INAXEREE 2
WCR UBE N — 7k 2 HIET % &, BFERLOK
EXFH2nm THY, BEKEEIZIZEAERVWI L
Norolz. iz, BELRE FEMREREICHAIL TK
EL{ kB2 ns, UTOFGRNPEZ oD . HiERIC
SRS AE DY A R 2 nm B O/ & 22 S L D
AL, KOFERAEE S TSRO 7V A o
) —ICEBEND . INSET BB, NS BRI
ETRLETH 570 HHRBEOBPEE L, FmiC
VT A7u A= —FREOWRMHEELCS. ZOWMED
BB IEOBEREBE LS TIRIE—ETho7. O
E0, WHNTELTOHFTNIOKEROEETHRE S Z
&, ZO XL BHHMOBEL I —ETHD I hlbhro
7z.

B N — 7ok 25k e LT, #Ei AT 2duiizX
IR GRS (XAFS) I & 2 REET 217572,
B 72l ERE R 2 Figl2 I0Rd. a &£ g1, ThEFh
RbBr 1@ Br- 8 X U/AM Br- O#&E2ET. a 2
0.2FEOMEND L7201, atp N1 2z T3
BES H5H, ST CEMY (RbBr) 2B L

va & X
,_V_---—V——-—-;Wg 5

, B
o
W

Or i‘ -

-18 -16 -14 -12 -10
temperature / °C

Fig.12 : Temperature dependence of the ratios of hydrated

Br~ (blue) and that in the RbBr crystal (red) in 1 mM RbBr

ice as determined by X-ray absorption fine structure at the
Br-K edge.
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