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moieties. Also, such compounds bound to substrates for use as chromatography.packing.



WO 2005/047886 A1 1IN0 NDVYH0 AT 000 0RO

EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, HR, HU, ID, IT, LU, MC, NL, PL, PT, RO, SE, SI, SK, TR), OAPI patent
IL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, (BE, BJ, CE, CG, CI, CM, GA, GN, GQ, GW, ML, MR, NE,
LV, MA, MD, MG, MK, MN, MW, MX, MZ, NA, NI, NO, NZ, SN, TD, TG)

OM, PG, PH, PL, PT, RO, RU, SC, SD, SE, SG, SK, SL, SY, —  of inventorship (Rule 4.17(iv)) for US only

TJ,TM, TN, TR, TT, TZ, UA, UG, UZ, VC, VN, YU, ZA, ZM,

ZW, ARIPO patent (BW, GH, GM, KE, LS, MW, MZ, NA,

SD, SL, 87, TZ, UG, ZM, ZW), Eurasian patent (AM, AZ,

BY, KG, KZ, MD, RU, TJ, TM), European patent (AT, BE,  For two-letter codes and other abbreviations, refer to the "Guid-

BG, CH, CY, CZ, DE, DK, EE, ES, FI, FR, GB, GR, HU, IE,  ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

Published:
—  with international search report



WO 2005/047886 PCT/US2004/032655

POLAR SILANES FOR BINDING TO SUBSTRATES AND USE OF THE BOUND SUBSTRATES IN CHROM
ATOGRAPHY

BACKGROUND OF THE INVENTION

poo1;  This invention relates to polyfunctional silicon compounds and to binding
such compounds to substrates for uses such as a separation media. Conventional C18
(ODS) silica columns are widely accepted as general-purpose stationary phases.
However, some drawbacks impede the use of these columns for certain applications,
including the peak tailing of basic analytes and “phase collapse” (or “de-wetting”) in
a highly aqueous environment. Recent advances in silica synthesis and bonding
technology provide solutions to minimize the base tailing using high-density bonding
followed by exhaustive end-capping of high purity silica. Densely bonded and highly
hydrophobic ODS columns cannot be used in 100% water, since the “phase collapse”

usually occurs, causing greatly reduced or irreproducible retention.

- ooz} Polar-embedded phases were introduced in order to improve the peak shape of
basic analytes and to make RP columns fully operational in highly aqueous
environment. These phases are primarily hydrophobic but have hydrophilic groups
incorporated near the silica surface. The commonly used polar groups are amide,
urea, ether and carbamate functionalities. In general, the polar-embedded phases have
the following benefits in comparison to conventional C18 packings: they provide
good peak shapes of basic analytes, good compatibility with highly aqueous mobile
phases, and selectivities that differ from those exhibited by general purpose C18
columns. On the other hand, the polar-embedded phases have their own drawbacks

such as significantly decreased retention of basic and non-polar compounds and
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inferior hydrolytic stability, as compared to conventional C18 columns. Therefore,

they are often complementary to C18 columns and operated in a narrower pH range.

o3}  Several processes have been developed to produce the hydrolytically stable
silica based stationary phases. R. P. Fisk et al. (WO 00/45951) discloses a process for
preparing the porous inorganic/organic hybrid silica particles as base solid support for
further modifications. Afier reacting with the silylating agents, such as dimethyl
octadecy! chlorosilane, the packing material is stated to demonstrate an enhanced
hydrolytic stability within the 1-12 pH range. Another method for making stable
silica packings for the HPLC applications, was developed by J. L. Glajch et al. (US
Patent 4,705,725). It describes the stable support structures covalently modified by a
mono-functional silane, containing two sterically hindered groups bound to a silicon
atom. The columns packed with these materials are stated to show enhanced
hydrolytic stability at low pHs. However, the use of bulky silylating agents could be
disadvantageous, since bonded phases often have lower surface coverage, which may
result in the decreased phase stability at elevated pHs. J. J. Kirkland et al. reported
the preparation of bidentate silane stationary phases for reversed-phase HPLC (J. J.
Kirkland; J. B. Adams, Jr.; M. A. van Straten; H. A. Claessens, Analytic Chemistry,
70: 4344-4352 (1998)). This packing material is stated to provide good hydrolytic
stability within a broad range of pH levels (1.5-11.5) and to results in satisfactory
column efficiency. G. MaGall (US Patent 6,262,216 B1) described the synthesis and
use of polyfunctional silanes with tertiary amine groups containing one derivatizable
functionality such as hydroxyl, amino, carboxyl, thio, halo and sulfonate, and two

reactive silyl moieties.

feoo4)  An objective of this invention is to provide polyfunctional silylating agents
with built-in polar fragments, which provide bonded silica phases with the benefits of
the polar-embedded packings, and enhance their longevity. There is a need to provide
improved polyfunctional silica compounds which can be used for HPLC stationary

phase development.
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SUMMARY OF THE INVENTION

poos; One embodiment of the invention is a polyfunctional silicon compound having

one of the following structures:

R1 R2R3Si“L1 (CHQ

RgRoR1S1_

L1 N [i] -PG 1 "'E1

N-PG-E

L2/ La

R3R2R1Si/ N"PGQ“EZ
R1 R2R3Si— L2 '{CHQ
m

Formula I Formula II
[0006) wherein at least one of Ry, R, and R is a leaving group which, after

leaving, permits the Si in one of said structures to form a Si-O-Si or Si-O-Zr bond,

[0007] wherein L;, L, and L3 comprise alkyl or substituted alkyl chains from

1 to 100 carbons in length,

{0008] whereinm =1 — 100;

[0009] wherein N - PG, N — PGy and N — PG, are nitrogen-contaiﬁing polar
groups; and

{0010} wherein each of E, E;, and E; comprise alkyl, substituted alkyl, aryl, or

substituted aryl groups, comprising 1-50 carbon atoms, and exclude functional groups
- selected from the group consisting of hydroxyl, carboxyl, amino, thio, halo and

sulfonate moieties.
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po11]  Another embodiment of the invention is a composition comprising a silicon

compound covalently bound to a substrate having one of the following structures:

I I ~
—0-S;j o [-O—Si—L {CHz~ N-PG-E;
2 ™ s
2 Re 1\N PG-E A R v
5 -PG- D
& Ry & T
.._O_S|I/ ‘ _.O._...Sim—-]_z (CHZ‘“ N'PGz"Ez
m
R2 RZ
Formula 111 Formula IV

o12) wherein at least one of R; and R; are independently an alkyl or substituted
alkyl group or a leaving group which, after leaving, permits the Si in one of said
structures to form a Si-O-Si or Si-O-Zr bond,

[0013] wherein Ly, L, and L3 comprise alkyl or substituted atkyl chains from
1 to 100 carbons in length,

[0014] whereinm =1 — 100,

[0015] . wherein N - PG, N — PG, and N — PG, are nitrogen-containing polar
groups,

[0016] wherein each of E, E;, and E, comprise alkyl, substitute alkyl or aryl or

substituted aryl groups, comprising 1-50 carbon atoms, and exclude functional groups
selected from the group consisting of hydroxyl, carboxyl, amino, thio, halo and

sulfonate moieties.

00177 In another embodiment, analytes in a liquid sample are separated by flowing

through medium comprising the composition of the previous paragtaph.
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BRIEF DESCRIPTION OF THE DRAWINGS

o8] FIG. 1 illustrates the polar selectivity test comparison using conventional C18

phase and newly developed amide-embedded C18 phase.

po19) FIG. 2 illustrates the amitriptyline test using newly developed amide-
embedded C18 phase.

po20; FIG. 3 illustrates the polarity test using newly developed amide-embedded
'C18 phase.

o211 FIG. 4 illustrates the phase collapse test using newly developed amide-

embedded C18 phase in comparison to a conventional C18 column.

o221 FIG. 5 illustrates the hydrolytic stability test at pH1 and 50 °C using newly
developed amide-embedded C18 column and a well-known polar-embedded

commercial phase (brand B).

0023] FIG. 6 illustrates the hydrolytic stability test at pH 11.5 and 30 °C using newly
developed amide-embedded C18 column and high-density conventional C18 phase
(brand C).

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

0024 A variety of silicon compounds, which are commercially available, or which
can be synthesized as disclosed herein, can be used in the methods disclosed herein to
react with the surfaces of substrates to form functionalized substrates for a wide range
of applications. In one embodiment, the silicon compounds are covalently attached to
the surfaces of the substrates in order to modify those substrates with various
functional groups. For example, the silicon compounds may be attached to the
surface of silica gel to provide the functionalized silica particles for chromatographic

packings.
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025)  As used herein, the term “silicon compound” refers to a compound comprising
at least two silicon atoms and a polar-embedded functionality, such as amide,
carbamate, sulfonamide, or urea. In a preferred embodiment, the silicon compound is
a silylating agent comprising at least two activated silicon groups, such as hydroxy,
alkoxy, halo, or aminosilane. These groups are capable of reacting with a functional
group, for example, on a surface of a substrate, to form a covalent bond with a
surface. The activated silicon groups of silicon compound can react with the surface
of a substrate such as silica or zirconia, comprising the Si-OH or Zr-OH groups,
respectively, to create the Si-O-Si or Si-O-Zr bonds between the silicon compound
and a substrate. Exemplary activated silicon groups include but are not limited to — -
Si(OMe)s; —SiMe(OMe),; —SiMex(OMe); —Si(OEt)s; —SiMe(OELt),; —SiMe,(OEt) and
—SiCl;, —SiMe,N(Me),.

pooz6]  As used herein, the term “polyfunctional silicon compound” refers to a
compound comprising at least two activated silyl groups and a polar-embedded
functionality, such as amide, carbamate, sulfonamide, or urea. The general structures

of these silicon compounds are the following:

R1 RzRgSi"L-] '(CHZ

R3R-R4Si
32 \L1 N'PG1"E1
N |
PG L
N-PG-E 3
L '
~ 2 N‘PGQ'EQ
RaRoR1Si

R»] R2R3Si_L2 {CHZ
m

Formula I Formula II



WO 2005/047886 PCT/US2004/032655
-7

o271 wherein at least one of Ry, R, and Rj is a leaving group which, after leaving,

permits the Si in one of said structures to form a Si-O-Si or Si-O-Zr bond,

[0028] wherein L, 1, and L3 comprise alkyl or substituted alkyl chains from

1 to 100 carbons in length,

[0029] whereinm =1 — 100;

[0030] wherein N — PG, N — PG, and N — PG; are nitrogen-containing polar
groups; and

[0031] wherein each of E, E;, and E; comprise alkyl, substituted alkyl, aryl,

and substituted aryl groups and exclude functional groups selected from the group
consisting of hydroxyl, carboxyl, amino, thio, halo and sulfonate moieties. E, E; and
E, comprise 1 to 50 carbon atoms, preferably 1 to 30 carbon atoms, and more

preferably 1 to 20 carbon atoms.

0321 In Formulas I and I, at least one of Ry, Ry, and R; is a leaving group which,
after leaving, permits the Si in one of said structures to form a Si-O-Si or Si-O-Zr
bond. Suitable leaving groups include hydroxy, alkoxy, halide, or amino group, for
example, -OMe, or OEt. In one embodiment, R;, R,, R3 are all -OMe. In another
embodiment, R; and R, are independently a reactive group, such as hydroxy, alkoxy,
halide, or amino group. For example, -OMe, or OEt, and R3 may be an alkyl group,
such as Me, or substituted alkyl group. In another embodiment, R, may be a reactive
group, such as hydroxy, alkoxy, halide, or amino group. For example, -OMe, and R,
and R3; may be independently alkyl group, such as Me, or substituted alkyl group.

0033) In Formulas I and II, L;, L, and L3, are independently alkyl or substituted
alkyl chains, preferably -(CH,),., of a carbon chain length of 1 to 100, preferably 1 to
50 in length. Groups L;, L, and L; may contain heteroatoms such as nitrogen,
oxygen, silicon, and sulfur. L3 may contain aromatic and heteroaromatic fragments

such as phenyl and pyridyl, respectively.
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0034 In Formulas I and II, in one embodiment, =N-PG is a nitrogen-containing
polar-embedded functionality, also referred to as a polar group. Suitable polar groups

include amide, carbamate, sulfonamide, or urea groups.

035y In Formulas I and II, E, E; and E, comprise a non-derivatizable functional
group, specifically alkyl, substituted alkyl, aryl, substituted aryl groups, excluding
functional groups selected from the group consisting of hydroxyl, carboxyl, amino,

thio, halo, and sulfonate moieties.

(0036 - In one embodiment, E, E; and E, comprise a cyano terminal moiety. E, E; and
E, may comprise an alkyl chain of sufficient length so that when said silicon
compound is bound to a substrate, it is capable of use as a reverse phase
chromatography medium. E, E; and E; are molecular fragments consisting of 1 to 50 |
carbon atoms, preferably of 1 to 30 carbon atoms, and more preferably of 1 to 20

carbon atoms.

00377 In Formula II, m = 1 to 100, preferably 1 to 10. For example, whenm =1, L;
=1, =Ls = (-CHz-),, the Formula II results in compounds 10 or 11 containing

specific substituents.
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[0038] Exemplary cdmpounds of Formula I are as follows:

l\‘Ae I\‘Ae (i)Me
EtO—Si o EtO—Si o) MeO—Si
AYANR! LN I\
OEt N—C—Cy7 Me N—C——Cy7 OMe  N—C—Cy7
= e s
EtO—-Si EtO-—Si MeO-—Si
Me , Me OMe
1 2 3
(‘DMe OMe OMe

I
MeO—Si o MeO—Si o MeO—Si 0
A\ § I N § I N
OMe  N—S OMe  N—C—O—1Bu OMe  N—C—N
el e~ el
MeO—Si MeO—S{ MeO—Si

OMe OMe OMe
4 5 6
(')Me
MeO-—S; MeO—Sl 0 MeO—Si- o
l
OMe ie/\/ g \ OMe
MeO-Sl MeO-—Sl Meo-—s.
OMe Me Me
9

7 8
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[0039] Exemplary compounds of Formula II are as follows:

Cl)Me, ?Me
MeO—Si o MeO—Si o
I \ N\ i : I_\/\ I
OMe N—C——Cy7 OMe N_ﬁ.®
o)
i, W
OMe —Lv—Ly OMe —S
I
I |
MeO—Si-—/\/ MeO-—Sli—/\/ O
OMe OMe
10 ' 11

o040 One method for synthesizing polyfunctional silicon compounds of Formula I
is as follows: Diallyl amine is first allowed to react with a reagent, such as acyl
chloride, carbamoyl chloride, sulfonyl chloride, or isocyanate, containing a proper
functionality. The resulting polar-embedded diallyl compound is then subjected to a
hydrosilylation in presence of the silicon compound of formula SiHR;R,R3 and a Pt

catalyst to generate a polyfunctional silicon compound of Formula 1.

(00411  Scheme 1 below provides an example of synthesizing the polyfunctional
silicon compound of Formula 1. Scheme 1 shows the synthesis of silicon compound

1.

‘00427 SCHEME 1

I\l/le Me
0 i '
i o EtO—Si-H EtO—Si 0
\/\NH Cl—C—Cyy \/\N—-—g——C (l)Et (l);t\/\N—g——-C
7 — OFt o 17

/\/ /\/ Pt catalyst Cl)i/\/
/ 4 EtO—Si

: Me
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[0043] An alternative method for making polyfunctional silicon compounds is based
on the commercially» available aminosilanes, such as bis(trimethoxysilylpropyl)amine

(Scheme 2). Scheme 2 shows the synthesis of silicon compound 3.

- po44) SCHEME 2

OMe OMe
MeO SI ﬁ MeO S|i
e0—Si - o)

[ cl—C—cC l-\/\ I

Ol\;e\/\NH _____1?_.* OMe N—C—Cy7
MeO—Si MeO—Si

OMe OMe

3

jposs;  The synthesis of silicon compounds of Formula II can be carried out similarly,

in accordance with the methods of Schemes 1 and 2.

pods) In one embodiment, the silicon compounds of Formulas I or II are bound to a
substrate, preferably for use as a chromatography separation medium as in a packed

bed form.

[0047) In a particular embodiment, the substrate comprises a silica surface.
The hydrolytic stability of functional layer bound to a silica surface can be enhanced
by increasing the number of covalent bonds between the silica surface and a deposited
functional layer. General structures of novel functional layers with more than one
point of attachment to a silica substrate, are illustrated by Formula III and Formula TV

below:
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Formula ITI Formula IV
) )
. —O—Sli\ " —-O-—Si—L 1(CH2“ N-PG4~E4
c L
g R2 1\ § R2 L3
& N-PG-E 0
& Ry ® i
—o-s” -0—Si—L {CH;~ N-PG,E;
I | m
Rs Ro
[0048] wherein R; and R, are independently an alkyl or substituted alkyl

group or a leaving group which, after leaving, permits the Si in one of said structures
to form a Si-O-Si or Si-O-Zr bond,

[0049] wherein L1, L,, and L3 comprise alkyl or substituted alkyl chains from
1 to 100 carbons in length,

[0050] whereinm =1 - 100,

[0051] wherein N — PG, N — PG and N — PG; are nitrogen-containing polar
groups,

[0052] wherein each of E, E;, and E; comprise alkyl, substituted alkyl, aryl,

substituted aryl groups and exclude functional groups selected from the group
consisting of hydroxyl, carboxyl, amino, thio, halo and sulfonate moieties. E, E;, and

E, are molecular fragments comprising 1 to 50 carbon atoms.

(00s3]  Suitably, the silicon compound is covalently bound to a substrate, wherein the
Si groups attached to L; and L, are covalently bound to the substrate by reaction of
Ry, Rz or R; of Si of said I; — Si or L, — Si linkages with reactive groups on said
substrate selected from the group consisting of silanol, alkoxysilane, halosilane and

aminosilane moieties.
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j0os4)  The polyfunctional silicon compounds can be covalently attached to a variety
of substrates. Exemplary substrates include materials that comprise a functional
group that is capable of reacting with the polyfunctional silicon compounds
containing activated silyl groups. Thus, the polyfunctional silicon compounds can be
attached, for example, to the silica based materials such as glass surfaces, or the
surfaces of other silicon oxide, titanium oxide, germanium oxide, zirconium oxide,
and aluminum oxide based materials; and also to the surfaces of various carbonized
materials, metals, crosslinked and non-crosslinked polymers, which contain suitable
functional groups for reacting with the invented silicon compounds. The examples of
the above mentioned suitable functional groups are silanols, alkoxysilanes, titanium
hydroxides, zirconium hydroxides, etc. Developed silicon compounds can also be
incorporated into the polymeric or sol-gel networks by utilizing the reactive silicon
functionalities. Compounds of formulas I and II, containing polymerizable groups or
groups that can be converted into radicals and/or ion-radicals, and/or ions, can be used
for making polymeric materials and for surface grafting, by utilizing those groups
and/or reactive silicon functionalities. The resulting materials can be applied for a
development of adsorbents, membranes, filters, microfluidic devices, microchips, and
functionalized surfaces for various types of separation, detection, and analysis. This
invention will be particularly applied to a development of new stationary phases for

various chromatographic separations, and reversed phase separations , in particular.

poss] In one embodiment, the mono- and multi-layered surfaces are prepared by
treating silica substrates with the polyfunctional silicon compounds of Formulas I and
II. Such silicon compounds can be covalently attached to a variety of substrates, such
as silica gel, zirconia, hybrid sol-gel/polymers or glass plates. Suitable silica gels
comprise non-porous, ot porous silica particles of different pore sizes, preferably from
20 A to 3000 A, and more preferably from 60 A to 2000 A; and of different particle
sizes, preferably from 0.2um to1000 um, and more preferably from 2um to 50um.

The treatment reaction can be carried out in a slurry of silica gel in an inert solvent,

such as toluene, at elevated temperature. Water, acid or base catalyst can be applied
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to enhance the surface coverage, depending on the type of properties desired for the

separation media.

oss]  Alternatively, an aminosilane compound, such as
bis(trimethoxysilylpropyl)amine can be used for modifying the underivatized silica
gel by incorporating the reactive amino group onto a surface. Then, a reagent, such as
acyl chloride, carbamyl chloride, sulfonyl chloride, or isocyanate, containing a proper
functional group, can be reacted with the aminated silica gel to form the
corresponding bonded phase. The synthetic route for this transformation is illustrated
in Scheme 3. Scheme 3 illustrates an alternative procedure (two-step synthesis) for

modification of silica support with new polar-embedded ligands.

pos77  SCHEME 3

(I)H ?H ?H (I)H (i)H (I)H (I)H (I)H

[ silica gel

1. aminosilane such as
bis(trimethoxysilylpropyl)amine

' 2. acyl chloride, carbamoyl chloride, sulfonyl chloride
or isocyanate contaning group E

Z—"T0—m

I
G TG
N
/ \ / \
L1 Lo /L1 Ly
R1—?i-R2 Ri—Si-R, Ri=$I—R; Ri—Si—R,

O OH O OH O OH O OH
S N T IS | |

L silica gel l

(oss)  This invention provides a simple and versatile approach to produce a variety

of novel solid supports with excellent hydrolytic stability. The method of synthesis
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allows for efficient incorporation of different functionalities onto the surfaces of the
substrates and silica substrates, in particular. The resulting materials can be applied
for development of adsorbents, membranes, filters, microfluidic devices, microchips,
and functionalized surfaces for various types of separation, detection and analysis.
This invention can be applied to a development of new stationary phases for various

chromatographic separations and reversed phase chromatography, in particular.

[0o59) The following examples are offered solely for the purpose of illustration, and

are intended neither to limit nor to define the invention.

woso} EXAMPLE 1
This example illustrates a process for the synthesis of novel polyfunctional silicon

compounds.
os1)  Synthesis of N,N-Bis(allyl) polar-embedded precursors:

o062} Diallyl amine was mixed with the excess of Et3N (2.0 equiv.) in CH,Cl, and
kept at 0°C for 20 min. Then, a solution of acyl chloride, sulfonyl chloride or
isocyanate (1.0 equiv) in CH,Cl, was slowly added and the reaction mixture was
stirred at ambient temperature for 12 hours. The reaction mixture was washed with
water and dried over Na,SOy4. After removal of all volatiles under reduced pressure,
the corresponding N, N-bis(allyl) polar-embedded precursor was obtained. In the case
When an isocyanate was used, the corresponding N, N-bis(allyl) urea-embedded
precursor was obtained by mixing an isocyanate with diallyl amine in toluene. The
structures of synthesized compounds were confirmed by "H NMR spectroscopy and

mass spectrometry
o063}  Synthesis of N,N-Bis(propylsilyl) polyfunctional silicon compound:

064}  An N,N-bis(allyl) polar-embedded precursor was added to a mono-, di- or
triethoxysilane ( 2 to 20 molar excess of silane). Then a catalyst (0.1 mol %), such as
hexachloroplatinic acid in a minimum amount of ethanol was introduced into the

reaction mixture. After stirring at 50°C for 24 hours, the excess of volatiles was
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removed under reduced pressure to yield corresponding N, N-bis(propylsilyl)
polyfunctional silicon compound.. The structures of synthesized compounds were

confirmed by "H NMR spectroscopy and mass spectrometry

oes; EXAMPLE 2

This example illustrates an alternative process for the synthesis of novel
polyfunctional silicon compounds when N,N-bis(silyl)amines, such as
bis(trimethoxysilylpropyl)amine or bis[(3-trimethoxysilyl)propyl]ethylene diamine

were used as starting materials.
066 An alternative synthesis of polyfunctional silicon compounds.

00677 An N,N-bis(silyl)amine, such as bis(trimethoxysilylpropyl)amine or bis[(3-
trimethoxysilyl)propyl]ethylene diamine was mixed with the excess of Et;N (2.0
equiv.) in CH,Cl, and was kept at 0°C for 20 min. Then, a solution of acyl chloride,
sulfonyl chloride or isocyanate (1.0 equiv) in CH,Cl; was slowly added and the
reaction mixture was stirred at ambient temperature for 4 hours. The reaction
mixture was washed with water and dried over Na;SOy4. After removal of all
volatiles under reduced pressure, the corresponding polyfunctional silicon compound
was obtained. Inthe case when an isocyanate was used, the corresponding urea-
embedded silane ligand was obtained by mixing an isocyanate with N, N-
Bis(silyl)amine in toluene. The structures of synthesized compounds were confirmed

by "H NMR spectroscopy and mass spectrometry.

io068) EXAMPLE 3
This example illustrates a process for silica functionalization using novel

polyfunctional silicon compounds.
0069] General procedure for silica functionalization:

0070) The reaction was carried out in the slurry of selected silica gel and a
polyfunctional silicon compound in the inert solvent such as toluene, at elevated

temperature. Water, acid or base catalyst can be applied to control the surface
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coverage of the functionalized silica gel, depending on a particular application. In
order to produce a packing material for chromatographic separation, an appropriate

end-capping or other type of post-derivatization reaction can be used if necessary.

po71; EXAMPLE 4

This example describes the chromatographic evaluation of octadecylamide
functionalized silica produced from the polyfunctional silicon compound 3.
Synthesized samples were prepared from high-purity raw silica gel with the following
physical properties: average particle size, 5.0 pm; specific surface area, 295 m*/g;
‘mean pore sizp, 136 A; pore volume, 1.00 mL/g; Bonded silica was packed into 4.6 x

150 mm stainless steel columns using traditional high-pressure slurry techniques.
‘0721  Polar selectivity test:

00731 The test standard was a mixture of uracil, dimethylphthalate, butylparaben,
toluene and phenanthrene. The test conditions were: eh\,lent, CH;CN/H,0 (70:30 v/v);
flow rate, 1 mL/min; injection volume, 5 pL; temperature, 30°C; and detection, 254
nm. FIG. 1 shows that the new phase has different selectivity as compared to
conventional RP C18 materials, displaying different elution order for toluene and

butylparaben analytes.
0074  Amitriptyline test:

(0075} The test mix contained uracil, toluene, ethylbenzene, amitriptyline and
quinizarin. The test conditions were: eluent, MeOH/20 mM K,HPO4/KH,PO4 (80:20
v/v); flow rate, 1 mL/min; injection volume, 5 pL; temperature, 30°C; and detection,

254 nm.

[0076) Aminotriptyline (pKa = 9.3) test conducted with pH 7 mobile phase, is a
sensitive method for monitoring silanol activity. At this pH, many of the residual
silanols are negatively charged, and the basic probes are completely protonated. The
protonated base molecules interact with the ionized silanols via ion-exchange

mechanism, thus the degree of tailing is a direct measure of silanol activity. As
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shown in FIG. 2, the new phase provides excellent peak shape and low asymmetry
for amitriptyline (ASamitiptytine < 1.2), which indicates that the polar moiety
incorporated into the new phase reduces the interaction between bases and residual

silanols quite effectively.
o777  Polarity test:

00781 The test mixture contained uracil (void marker), pyridine (basic), phenol
(acidic), N,N-dimethy! aniline (basic), p-butylbenzoic acid (acidic), and toluene (non-
polar). The test conditions were: eluent, CH;CN/50 mM K,HPO4/KH;PO, (60:40
v/v); flow rate, 1 mL/min; injection volume, 5 uL; temperature, 30°C; and detection,
254 nm. The test results are shown in FIG. 3. It was shown that excellent peak
shapes for all acid, basic, and non-polar analytes, can be achieved on the new amide-

embedded phase, suggesting good overall column performance.
0o79] Phase collapse test:

jooso; The bondéd phase was tested in a 10 mM H3POy, pH 2.4 mobile phase at
30°C. A freshly packed column was washed with 50 column volumes of CH3;CN, and
then equilibrated with 100 column volumes of a mobile phase. The sample solution
contained cytosine, uracil and thymine. In the stop-flow experiment, each test cycle
consisted of two steps. Step one: the column was equilibrated with a mobile phase
for 20 min, then the sample was injected and the data acquisition was conducted for
another 10 min. Step two: flow was stopped for 30 min before starting the next

cycle. Fifty cycles were performed for each bonded phase.

0811 A newly developed amide-embedded phase was compared against a fresh
commercial high-density C18 phase ( Brand A) using the “stop-flow” test in a 100%
aqueous eluent (FIG. 4). It was found that the high-density C18 column suffered a
sudden loss of retention for cytosine, uracil and thymine after the first stop-flow cycle
(FIG. 4). Further gradual decrease of retention was observed in the following cycles.
In comparison, the newly developed amide-embedded phase performed consistently

well under the same conditions. The only negligible loss of retention was observed
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after fifty stop-flow cycles for all three analytes (less than 1.0, 1.0, and 5.0 %

retention drops for cytosine, uracil, and thymine, respectively).
wos2)  Hydrolytic stability test

0083) The bonded silica columns were tested with CH;CN/1% TFA, pH1 (50:50 v/v)
mobile phase at 50°C and CH;CN/20 mM Et;N pH 11.5 (50:50 v/v) eluent at 30°C.
_First, a freshly packed or purchased column was washed with 50 column volumes of
CH;CN, then equilibrated with 50 column volumes of a mobile phase. The sample
solution contained uracil and toluene. The & value for toluene was measured using the
average of two injections. The column was purged with a mobile phase at a flow rate

of 1 mL/min and periodically re-tested during 10 to 30 days.

0084y The new amide phase and a well-known polar-embedded commercial phase
(brand B) were subjected to low pH stability test at pH 1 and 50°C. During a 30-day
testing period, less than 1% drop of toluene % was observed for a new phase, while
nearly 20% drop of k value occurred when brand B column was tested under the same
conditions (FIG. 5). The increased number of covalent bonds between the functional
silicon compound and a silica surface is believed to be fhe main reason for an

excellent stability of the new amide polar-embedded phase described in this invention.

0oss] A new amide polar-embedded phase was compared against a high-density C18
phase prepared on a base of the same raw silica gel, using high pH stability test at pH
11.5, 30°C (FIG. 6). It was found that the high-density C18 phase failed after ten
days of continuous purging, due to column bed collapse. In comparison, the new
amide phase was stable for sixteen days under the same conditions, which is
translated into approximately 60% increase of stability. Since multiple bonds were
formed between each ligand molecule and the silica surface, and because certain
degree of crosslinking was most likely achieved, the functional layer of the developed
amide-embedded phase had a stabilizing effect, preventing a rapid dissolution of the

silica backbone at elevated pHs.
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The methods described in this invention serve as a platform for the

development of various stationary phases with enhanced hydrolytic stability and

complimentary chromatographic characteristics including the following.

[0087)

[0088)

{0089}

[0090]

[0091]

4.

5.

Enhanced hydrolytic stability at both low and high pHs
Compatibility with 100% aqueous eluents

Different selectivity from conventional C18 reversed-phases
Low peak asymmetry for both basic and acidic analytes

High phase capacity that provides the retention of hydrophobic

analytes similar to high-density conventional C18 column.
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WHAT IS CLAIMED IS:
1. A polyfunctional silicon compound having one of the following
structures:
R1 RgRgSi"‘L1 (CHZ
RaR2RsSH
Lq N-PGE;
AN I
_N-PG-E ‘ IL3
Lo
R3R2R1Si/ N-PGo-E5

R1 R2R3Si‘l.2 ‘<CH2
m

wherein at least one of Ry, R; and Rj is a leaving group which, after
leaving, permits the Si in one of said structures to form a Si-O-Si or Si-O-Zr bond,

wherein L,, L, and L3 comprise alkyl or substituted alkyl chains from 1
to 100 in length,

whereinm =1 - 100;

wherein N — PG, N — PGy and N — PG, are nitrogen-containing polar
groups;

vx‘fherein each of E, E;, and E, comprise alkyl, substituted alkyl, aryl, or
substituted aryl groups, comprising 1-50 carbon atoms, and exclude functional groups
selected from the group consisting of hydroxyl, carboxyl, amino, thio, halo and

sulfonate moieties.

2. The silicon compound of Claim 1 wherein E, E;, and E, comprise a

cyano terminal moiety.

3. The silicon compound of Claim 1 wherein, when bound to a substrate,
E, E;, and E; comprise an alkyl chain of sufficient length so that when said silicon
compound is bound to a support, it is capable of use as reverse phase chromatography

medium.
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4. The silicon compound of Claim 1 in which E, E; and E, comprise an
alkyl chain of at least 1 carbon in length.
5. The silicon compound of Claim 1 wherein N — PG is selected from the

group consisting of an amide, a carbamate, a sulfonamide and urea.

6. The silicon compound of Claim 1 in which R;, R, or Rj is selected

from the group consisting of hydroxyl, alkoxy, halide and amino moieties.

7. The silicon compound of Claim 1 covalently bound to a substrate,
wherein the Si groups attached to L; and L, are covalently bound to the substrate by
reaction of Ry, R, or R; of Si of said L; ~ Si or L, — Si linkages with reactive groups
on said substrate selecfed from the group consisting of silanol, alkoxysilane,

halosilane and aminosilane moieties.

8. The silicon compound of Claim 1 in which said substrate comprises
silica gel.

9. The silicon compound of Claim 1 in which said substrate comprises
glass. |

10. The silicon compound of Claim 1 in which said substrate comprises a

sol-gel or hybrid sol-gel/polymer.

11. The silicon compound of Claim 1 having the following structure:

RaRoR1Si
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12. ~ The silicon compound of Claim 1 having the following structure:
R1R2R38i"L1 {CHZ
T‘PG{'E-]
ll-s
/N—PGQ—EQ
R1 RzRgSi”Lz CH2
m
13. A composition comprising a silicon compound covalently bound to
a substrate having one of the following structures:
m Moo
e N » FO—si—L 1(CH2— N-PG~Eq
= l L4 g’
A e “n-pe-E A Re B
2 Ry & R
—o-si” - 0—si—L, {CHy~ N-PG2Ez
| | m
R2 RZ

wherein at least one of R; and R, are independently an alkyl or

substituted alkyl group or a leaving group which, after leaving, permits the Si in one
of said structures to form a Si-O-Si or Si-O-Zr bond,

wherein m=1-100;

wherein N — PG, N — PG, and N — PG, are nitrogen-containing polar
groups;

wherein each E, E;, and E, comprise alkyl, substituted alkyl, aryl or
substituted aryl groups, comprising 1-50 carbon atoms, and exclude functional groups

selected from the group consisting of hydroxyl, carboxyl, amino, thio, halo and

sulfonate moieties.
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14. The composition of Claim 13 wherein N — PG is selected from the

group consisting of an amide, a carbamate, a sulfonamide and urea.

15. The composition of Claim 13 wherein said substrate is a silica
substrate.
16. The composition of Claim 13 wherein said silica substrate comprises a
silica gel.

\
17. The silicon compound of Claim 13 in which said substrate comprises a

sol-gel or hybrid sol-gel/polymer.

18. The composition of Claim 13 in a flow-through bed suitable for use as

reverse phase chromatography separation medium.

19. The composition of Claim 13 having the following structure:
?1
) —O—Sli\
c L1
g R S N-PG-E
= -PG-
) Tl L2/
—O‘Sli
Ro
20. The composition of Claim 13 having the following structure:
Ry
o [FO—Si—L {CH;~ N-PG-E;
5
% Rz Ls
& R4
—0—S8i—L, (CHZ~ N-PG,~E,
m

Ry
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21. A chromatographic method comprising flowing an aqueous liquid

stream through a bed of separation medium comprising the composition of Claim 13.

22. A method for the chromatographic separation of analytes in a liquid '
sample comprising flowing said liquid sample through medium comprising the

composition of Claim 13.
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