545 % 5 5 1 BT AR Vol. 45 No. 5
2026 4F5 F FENXI CESHI XUEBAO (Journal of Instrumental Analysis) 940~950

X 2 & A BR/Fa R A Sem H 2 IR R K EER B i
[ % 18 1Y il & 5 Rz

Jud P IR, sk, ReekC, BT, x4E4EC H 40

(1. HEBHERY S PRSI, AR HH 2600455 2. HEFER S SRR S5 FEF5TAT,
WWE FH5 266101)

BOE. ZSCRAN, N, 3P RS KHS60 B ER TR RN, s T B 3-( =B AR B P i
B MBGRURREREA IR, A5 HAS MR A SR s B4 S A et i iR — 5 5 1, 3-INBEER N
il 52 87 5 381 W01 6 B T £ il ] S AH (Sil-SAL) o ZLAMERE 50 E W RIE LR R, Sil-SA LRI #H 3
TS BB G SR T 25 T A RE . 42T Sil-SATEREREM 43 B AL . JREh A h R A pHAE
of €0 1% O B4 PR B AR S5 M) L R [ 2 A I K e e 1, 2SRRI . Sil-SAL B WA SEK A AR FVEOAH 0%
(HILIC) - AL, B THREH > 75 Sil-SAT W @A 2 8] BAT 32K VE A . (AR BARVE R . S ER1E AN Bk
ML EMEAER, B Sil-SAT R E AR AR LIRS - S R Znpd:
WA pHAEM AR, e FH it . BRTERIR MY B R I A S AR TERE s TR B 45H
Sil-SAI [l & A A T AP K EFRE P o K Sil-SAT I AH 140 55 6 FBiE AN 7 Fhpi R A 54, YR
T 43 B PERE R A3 B I

R AEES; BRI AHSRHIThEER A, HILIC Gk, MMk &Y, MREMbE

FESES: 0657.7 MEEARIRED: A XEHS: 1004-4957(2026)05-0940-11

Preparation and Application of a Hydrophilic Silica Chromatographic
Stationary Phase Co-modified with Bidentate-bonded Tertiary
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Abstract: In this study, a tertiary amine silane coupling agent bearing bis [ 3- (trimethoxysilyl ) pro-
pyl] groups was first synthesized via the nucleophilic ring-opening reaction of N, N’-dimethyl-1, 3-
propanediamine with KH560 (7 -glycidoxypropyltrimethoxysilane ) , which was then grafted onto the
surface of silica gel. Subsequently, the silane coupling agent-bonded silica microspheres were fur-
ther reacted with 1, 3-propanesultone to afford a bidentate-bonded silica chromatographic stationary
phase (denoted as Sil-SAI). Fourier transform infrared spectroscopy (FT-IR) and elemental analysis
(EA) confirmed that the Sil-SAI stationary phase was successfully modified with sulfobetaine zwitter-
ionic and tertiary amine bifunctional groups. Furthermore, the separation mechanism of the Sil-SAl
column, the effects of buffer salt concentration and pH value of the mobile phase on chromatographic
retention behavior, as well as the hydrolytic stability of the stationary phase were systematically in-
vestigated. The results indicated that: Sil-SAI exhibits a typical hydrophilic interaction liquid chro-
matography (HILIC) separation mechanism. Owing to the multiple interactions (including hydrophilic
interaction, electrostatic interaction, hydrogen bonding, and dipole—dipole interactions) between

probe molecules and the Sil-SAT stationary phase, this stationary phase presents a mixed separation
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mechanism involving both partition and adsorption processes; With variations in the concentration
and pH of the buffer salt in the mobile phase, the neutral, acidic, and basic probe molecules dis-
play distinct chromatographic retention behaviors; Benefiting from its bidentate bonding structure,
the Sil-SAI stationary phase possesses superior hydrolytic stability. The application of Sil-SAlI station-
ary phase for the separation of six sugars and seven sugar alcohols demonstrated excellent separation
efficiency and satisfactory separation reproducibility for all analytes.

Key words: bidentate-bonded; sulfobetaine functional group; HILIC chromatographic column;

sugar compounds; sugar alcohols
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P TR RNE . =W SRR A S BI040 & SRR B 4, 45 R RIWX L2 /e TENS A8t
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P E A, (HEERCEE T e AR E B R BRAE T et PEESIREE SR Sk, S E TSR
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1.1 KK 5N

BRIE 2 FL AL CFERIAE S wm, FIFLEE 100 A, HEREF 336 mYg, HFLZFO0.82ml/g), H
AFUIL 2w R . WK, W, =2k, W, ¥ haotral, B2 LS50 E R
1, 3-NEEERNER . N, N -Z“HZE-1, 3-)N %, e, LigEwiAEitbmmRA s, KHS60, Liff
P AR AR A ) . TS . HRERIPI M2 4A 25 T i bRk AR, S50 F 7K A Milli-Q 4l
K(18.2 MQ-cm),

Vario EL T #4502 430 H14%¢, %[ Elementar 23 %) ; Nicolet 6700 FTIR Spectormeter T {1 A 7
JEREATAL, 32 Thermo 23 H) 5 Nexera LC—40 ZY @ SURAH (G REAC (HPLC) , Bl SPD-M40 R4 451
REgs, HAEHZA]; Vabquish Core UHPLC B PR AH G HE(L, BLAT VE-D20-A HLSEURGM S, 5
Thermo 23 i) ; P10SNXP1 B i FE344E 245, 22 LabAlliance 237 ; AVANCE [ 600 BUA% i He 45 i
{C(NMR), 78 Bruker 2],

1.2 BIEREHEN&E

(DREBEAIFN A R 7650 mL B AR KM 28 (25. 0 mL) . KH560(6 mL), 13215
AN, N -ZTHE-1, 355175 mL), 75 “CIR 24 h, 1531 3-( = B 43k R e 2% ) - SURUIR 209 1k
Rk (SA) BT A

(2) BT Bt e /88 T T S e A A e £ 05 1 8 A ) 5 i B 20. 0 g BEAEE, N 20. 0% Eh 1R
(100 mL), ZPidE10h )5, HAERKREBEEZ LIER pHE P, 80 CEE T 12h, HBEE
AR (Bare silica) ; BUELEERE (5.0 ¢), TETFREH 2R (25, 0 mL) Wi orfic$E 8, K b — 5 SA Gk
FEABIBEIR SR AR, THRESIEE T 105 ClIJ R 24 h, SRJ5 HIH2ERIHIEPRS, 80 °C
B TS B XA B S R (Sil-SA ) 5 BLS. 0 g il #5589 Sil-SA 8-S RERE, NI 30 mL N ATEFE =R 2),
SRIGIETMIN 1, 3-PNRETR G (3. 02 g) FIPI (10 mL) BIR SW, 50 min TR MISEEE, 55 ‘CRMW
20 h, HIPIERFNH BT B, 80 "CH.ZS At B AU B A5 AUk T i i il A i e e £ 3% ] e AH
(Sil-SAI).

1.3 @i EaEnR

H4 582 TR Sil-SATRE EARS 2 )/ BAE g, DIHEEA TR, 50 MPa 5&F TS 250 mmx
4. 6 mm AEEIR A REREH

S EPEREVENY . TN A L HE-0. 1% H,PO, /KR (90 = 10, FRBIEL), WA 1.5 mL/min, FEEA
45 °C, RZEFRINEREE A 40 °C, FEHEEN 20 pl.

HILICHUHIEAY . R AR FE B8 2 H5 1 50 mmol/L R B T EAH, Hi#E M 1. 0 mL/min, #E
WA 30 °C, KEE A 254 nm, FEHEES pl.
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IK AR PRI B iS4 JE H 40 REAE R TR I SR A A . 38 FH R WEREVE AR pH B 5544 T
KR HEMR PR E 73 7, MRS TR A CHE-1% TFA KR (75 = 25, 8, pH=1.45),
WA 1.0 mL/min, R K40 °C, KoM 254 nm, SEFEEA 10 L 3% HOREREVE e pHAE S
TR R E PEMNA R ER o> -, MNRASRAE: T3 S -50 mmol/L = MKW (75 = 25, R
pH=10.75), W#EHA 1.0 mL/min, #0440 °C, KK 4254 nm, SEFEE K10 pl,

1.4 MAMRHRHEEESEG

6 FhBERAL S B 4t WA A G-k (83.5 1 16.5, KRREL), HElA35°C, WEHI1.0
mL/min, FFAER 10 pL, K0EABEARNE (CAD), ZREEIREHR35 C,

TROBERESS M T B AR SIS A, K ATBIA B, BREEVERSIE A 0~36 min, 90% A
36~46 min, 90%~80% A, 46~66 min, 80% A, 66~71 min, 80%~90% A, 71~80 min, 90% A; i &k
1.0 mL/min, #FEFER 10 puL, fHR35 °C, fgs bR (CAD),, #8EERE N 35 °C,

2 GRS
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T_‘g)':Si\/\/O\/Q L WU —’-75;?’ s $
N _0 \g'\/\/O\A/ >
—0,
05" N OH OjSi/\/\O/Y\N/
—o /\(g\% + QOH 105 °C, 24 h @/’,%/ OH g
Toluene ~0 OH
—0, OH 0N
—00—: Si\/\/0\)\/ B o 0=Sine N0 N
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/00—,51/\/\0 N~ 05”0 N7
0" OH o_p 55,20 h - o
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=0 o 0 0 O )
0 Si\/\,O\)\/N\ 0= S‘\/\/O\A/lf\ WO
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Fig. 1 The synthesis route of Sil-SAI
2.1.1 W3- (ZREERERE)-IRRE ERL T 25 : A
o T e e oy . e — 9
HIRAE R AL LR S8 A5 e i XL 3-( = H AU H - 1(%51/\3/\()/\/8\1\1/10
TEREEL ) SO EIRESE AL IR (SA) BEATRAE, 45 R LI 1 ; [:;: o
2. 83.56. 3.53 %N SA HREA L L CHER, 83.62,  Fisq SN U2
3. 38 KHR SN S AL HER AR, 83, TS XBI6FIG S D
B S RHAET LI A, 63, 35 AR 4 RI4 BT £ ] oo 2
HIZRH SR, 82. 37 R 8 I8 S HUEEH &%, 82. 25
R 99 AL IR AR E AR S H B B EAL, 82, 43 %5

1041110 547 7 B S8, 81, 59 K B 11571

FE N, 60. 66 %M 2 Fl1 2’ SR IE I EAZE, 61. 69 %} 40 35 30 25 5 20 15 10 05
> ’ AN (2 > —1 2 VAR ppm
J873 40 37 S5 A0 R B B A% . SRR T AA AR A 0 0

\ . . T B2 SAMERE A
REBEA ﬁﬂf"%ﬁ-ﬁﬁ%@ﬁ‘ﬁ, *&%tﬁ?ﬁ?\%lﬁjﬁ Fig.2 '"H NMR spectrum of SA

ERE L = A dlivg, S807 S0 R IE AR E IS 2 35
Wi e T IR DL 2 A A P R A 3- (= W AR B b L ) - SURUI R R b Ak R
2.1.2 BEEHBLLIIINRIE RAMENLAMDEEXTARAEER . Sil-SA I Sil-SAT T EAE . fEEI3H,



944 SR AR (http://www.fxesxb.com) 545 35
1643, 3 446 cm™ ZEAYWZ WSO ATk R TR G A TR AL 10 25

W R SR AR 3%, 1 087 em™ b M fEER I Si—0 [ 725
HhPRENIE . SEREEERAHEL, Sil-SA ZLAMEEIA 1 485 cm™

Bare silica

iy

L
S35

Sil-SA
AL BT N—CH, B9 25 B IR ShI6 , 7E2 952, 2 882 em™ b S N
HIBL T —CH B R BRI aie , 0 3-(= ST A

I R B ) - WU TR ) L 20 4 R R BR A T - ol UL v
5Sil-SA M., Sil-SATFE 731 em™ Ak HBL S—O B4R TR MO s 1485

Bice, TR P R O 2RI R A 1, T BRIR RS -
2.1.3 ERMEMEEMREE N 7SR E L
HEA AT R ES AR, SR SEM X Si0,, Sil-SATHY 1087
%ﬁ%%ﬂﬂfﬁi@ﬁ 5 Zél: %ﬁﬂ 4 Fﬁi—\‘ o *H I:I:A ?*E&‘Tﬁ E"J 4 000 3 d()O W 2})()'0/0 ; 1 (I)()()
Si0, (B 4A) , SOt 5 B TR K /N RITE 25 39 5 S B s o "
RESR I L W) RO S Ryl T S B
4B), [ R IFRBRIE SRR BOESS, Sil-SAI

1R T S B ASE I R 2 ) B e

Transmittance

4 PREEER(A)FISII-SAI(B) ) SEM &£
Fig. 4 SEM of bare silicon spheres(A) and Sil-SAI(B)
2.1.4 BEEHEMTESTRE RATCESNT BIGEREEER . Sil-SA | Sil-SAT [ & HIEf T RAE (F
TTER3K, BCF¥ME) . BEMER RS EARNRmESEE AR 31 K(2):

Total bonded amount of individual element = %a)o x 10* (1)
. T o B ) 4
Bonding density = VX XS x 10 (2)

Hb o, Filw, 70 50 A ik A 7EE A S RREEER P O 2508, MO EFIE, n hi A 1 A 4 o
FEFAE, S oMRERS L R R,

AEXTTF Sil-SA, Sil-SATRZE ) G BUREE A 5 1, 3-PIBETR P R i S8 A% BN 5 | BT K [ (S ot
), KT Dl E b Sil-SA B N T2 S A Sil-SAT ) S 7o R HE G SR e 245 21 10 [ 2 A 4G
WA THARE , RN S TE A Sil-SAT [ E M 003 B, THESE R K 1, SRR AL, Sil-
SA [ EAHMY CTCE . NITEMHITHE YW BIGNN, R 3-( = H S R 5L ) SURUE R ] L 2 B
BTN R . Sil-SAIRYET T E S BAHL T Sil-SA B S0, LB & A £ T A 7ERE R BE [T 5 Sil-SA
HP) N TE 2 Sil-SAL 1 S TEZE MY BE/R LA T2 ¢ 1, il Sil-SA i A — SRR R 5 1, 3-PiEmR
PTG S A i T TR R SR, PR Sil-SAT H— AN UK 254 b S — AN BUSE BRI — A TR T S i 2
Ml TERGZASS FREAIOTREIRIR A . (1) PSSR A1 v ) () o 2 B 77 A A 23 T S BELAS A2 DL SR AN IR
WEFE RIS 5 1, 3-PIRERR PN EE RO, , S A il AR R s G S i 56 A A 2 1) (2 BB RS 1 1, 3-PI s IR
PR 1) A SR BRGS0 5 (2) PRI AR A HL 5 40 5 SO TR 72 o i 2 A i P T T8 St P AR VEE
HAFAH ABA SN 0 AU A e [l - 23 BT i, P s B e VR FBELRS TS A 1, 3-INREIR N
Pt S5 AU ) SR
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F1 BREEERAI SIl-SAL I TCZE T4 R (n=3)

Table 1 Results of elemental analysis of bare silica and Sil-SAI(n=3)

Average elemental content/%(w, n=3)

Sample C N n Bonding amount/(pmol+g™)  Bonding density/(pmol - m™)
Bare silica 0. 866 0 0.733 0

Sil-SA 13.208 1.832 2.577 1308. 8(N)

Sil-SAI 15.178 1. 682 3.200 2.332 728.9(S) 1.960(S)

2.2 EERS BTN

ZH IR 5008 1) Sequant ZIC-HILIC H: (ANEEAHAE, WA PEEK P4, HUA% 250 mmx4. 6 mm, EDEPRL
23 wm) 7 L ALRERH ZEREA N R, FEAH R S0 T 6 AR SO #5019 Sil-SAT ] g AH 2 3E ik a1
FE, R TS X AP EERER) 7 S PERE AT IR, A SR . BR5E Sequant ZIC-HILIC A1 Sil-SAl
FEXT P RIBERE 2R S 3 T SE R RO &5, 43 BB R 43R 4. 82 F14. 63, B T ik ZIC-HILIC f13H
BRI 3 um, AR ST 2 00 Sil-SAT A B A ECRPRIAR A S um, R ZIC-HILIC AT HAG B i 4 43 25
FRERL . BRIZ A, WK AR BB Y H OGN P 4 B R AR AH R

54 A 54 B
4- 44
2
S 31 by E !
= =
2_
21
L 1 |
=
,_YJ o4 =
R 10 20 30 40 0 10 20 30 40
t/min t/min
5 PIRPMATEAER S B HERERT
Fig. 5 Comparison of separation performance of two chromatographic columns
A. commercial column; B. Sil-SAI column; 1. sorbitol; 2. mannitol
2.3 EIEHHILICH$I % B T
N oo N . —a— Uridine
AL HILLC [ AH R H SR K PR RE 2 Ta) 1) 22 55 361 14k k= Cylosine
Gy e, A PR R T SRR HILIC B e AR Sy 207 Lo

~—&— Orotic acid
B AT ARSI, 34 nT 5 [ RE A 2 1) K A A
VERI™ o LURBERE OB ) o RFF () | B E (At ) o
WL (Bt ) FPL i IR (R 1k ) 5 Fp Bk 23 %L, g 1o B o S,

MR 2 S . bR BER B pH L, %
SEPRE 4 TAE Sil-SAT-6 [B E A ERI R T M . " é\.\'\‘
2.3.1 ZBE&EWM& FEHILICESH, Watdh s 04 -
LK 9 L A9 1) S S S ) (RS 15, (R S I i) - T - ™
i 2 £ 8 b T 44 D0 3 1 A ) 5 ARG ACN volume rction®%
TR, BT ZNE S R, ST fReg s 7 10 TR SIS RARE TR T
SN, BOISI-SATIAERLEA HILIC AU, o st et content i e b

FE K 5 AH ) 4388 5 B 43 FC AL AN B AILRE 3 [=) phase on the molecular retention factor of probes
. SYIHUIEAE S BT 6 5 M 2T 4 B K A 3
A CER HAI ) Z 53T, R TL B ol 5370 15 0 2 T A0 D 2 ) 5 U
{0 0~ R VR R e PR 5 T b — 5T Sil-SAT R AB 4 BB, P 43 LB B g
BELEAS RN S 45> -0 (5 B4 DR T RIS oK AR LE 002 P10 56 AT, b 2 AL 5200
LR R A S5 R (3) 2 R(4)),

logk = A+Bg (3)




946 TR AR (http://www.fxesxb.com) 545 %

logk=A —B,log ¢ (4)
ARAFEARER T, o AT B RIS, HARSAE . WR2BIEE R R, FET IR
FRPAZ LA BE 7 K T4 BOAS TR, M Sil-SAT [ i AH W ATLER R T Fl AL
F2 BT SRR LA 2 R

Table 2 Fitting results based on partition and adsorption models

Partition model Adsorption model

Analyte . 2 o 2

Fitting formula r Fitting formula r
Uracil loghk=0. 381-0. 023¢ 0.9711 logk=1. 029-0. 856loge 0.999 7
Uridine logk=0. 730-0. 034¢ 0.9530 loghk=1.735-1. 318loge 0.9930
Cytosine logk=1. 027-0. 038¢ 0.959 8 loghk=2. 159-1. 487logep 0.995 4
Cytidine logk=1. 152-0. 048¢ 0.9423 loghk=2. 682~-1. 871logep 0.988 0
Orotic acid logk=1. 587-0. 027¢ 0.8759 logk=2. 416-1. 075loge 0.947 1

BA Z B R 1 A 2 S D B 2060, 8 AW DL AT o FOA L . S5
HLERAARDOS ] 78 AH A 73 B AL REA TR, BRI (5)
Ink=A,+B,Inp+Cep (5)
H M PREE T, o MBI KA, A, ST o TORFRLL S % 5 ] AN 2l AH - [a)
A EAE HREA G, B, b S BRI & AH 2 ) A AR FARSGH R 8, Cob SIS 160 2 a4 BAE
AR R E UESERIFE S,
3 BT AEN RIS 4R

Table 3 Fitting results based on the multiple interaction model

Multiple interaction model

Analyte Fitting formula I
Uracil Ink=2. 411-0. 879Ing+0. 002¢ 0.999 7
Uridine Ink=5. 405-2. 135In¢+0. 050¢ 0.999 9
Cytosine Ink=5.983-2. 060Ine+0. 034¢ 0.999 4
Cytidine Ink=8. 369-3. 141lng+0. 078¢ 0.999 9
Orotic acid Ink=8. 553-2. 808Inp+0. 107¢ 0.9922

M3 TTLIE], 3 P AL A A LB [l 5 R %R 0. 992 2~0. 999 9, & T4 B AL IR
FUFLFRAIL AR, SRHH Sil-SATIE EAHBA FKVEH . SRS E S S BEERH T, R
HorEHLH
2.3.2 ZMmBREMRSSTFRBITANEM  FKEEHERTH BN, BEHEnSTE 2
BKZ, WS LOIEYETE DT A, ST e ZZ b 3R e, ZZ bk Sy 1a) [ AH R 1 & K
EHy RGeS, WINEKZBEE, D R OEE K ZEHR IR %0, FIIAE HILIC AT
Sy HT e £ B sk 1) 23 26 22 vk v B X 388 i 3 o

TER B I ZRE-/K (85 = 15, 1EFEL) . WIRERZE MG pHAE Ky 6. 3HISRME T, 90 1 W REkZE np
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Fig. 7  Effect of ammonium formate concentration in mobile phase on the retention of five probes

A. base-nucleoside class probe molecules; B. acidic probe molecules

A Cytidine 404 B Orotic acid
4.0 i
Cytosine
304
3.09
~ ~
20
fidi
2.0+ Uridine
Uracil
.\.,__._——l—-/'__‘.‘"—a—. 10
1.0+

T T T T T

T T T T
2.0 4.0 6.0 8.0 10.0 2.0 4.0 6.0 8.0 10.0
pH pH

&8 JiAHH pHAERS 5 FiRER 53 F-OR B AT A B0 52N
Fig. 8 Effect of mobile phase pH on the retention of five probes

A. base-nucleoside class probe molecules; B. acidic probe molecules
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Fig. 9  Hydrolytic stability test of Sil-SAI column
A. low pH test result(pH=1.45); B. high pH test result(pH=10. 75)
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Fig. 10  Separation of six saccharides on Sil-SAI column(A) and separation reproducibility test(B)

1. xylose; 2. fructose; 3. glucose; 4. sucrose; 5.maltose; 6. alginose

2.4.2 MERUEVNLSE WML EYREIE | KT DI . (RIRrERSE A, TEE M.
B2 AL T SEGUE ) 2 BEREVE ML ST, I 2RI Z A, i fE
FE—ERE . SR A Sil-SAT A REFEN FREEHERSE . ACHERTE . PUHAAOBERE . (LALKERS . HEEMERTE . 22200
BN RE AT 0B o 45 SR 11A 7, Sil-SATA ST 7 FRBEREH) 0 B BEY R T 1. 2.0 AE BRI e



5 5 31 FULARAE . WU HE S BUR AR A5 A R € 0 o R AR il 25 15 R 949

FRHETY, HEELIERE S IR 5% Sil-SAT (IS HEXT 7 Mo B2 24k 5 My 7 i B (6 118, (R B B 1) Y
RSD 247 0. 080%-~0. 44%(n=5) »

500 A B
1

400 3

2
3004 6

7
200
100
0 B —
T T T T T T
20 40 60 0 20 40 60
Time/min Time/min

11 Sil-SALEFEFEXT 7 BIBERES AL S0 731 (A) A7 B 52 (B)
Fig. 11  Separation of seven sugar alcohols on Sil-SAI column(A ) and separation reproducibility test(B)
1. erythritol; 2. xylitol; 3. arabitol; 4. sorbitol; 5. mannitol; 6. maltitol; 7. lactitol
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