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ABSTRACT 

A material for chromatographic separations, processes for its 
preparation, and separation devices containing the chro 
matographic material. In particular, porous inorganic/or 
ganic hybrid materials are provided with a decreased con 
centration of Surface organic groups. These materials may be 
surface modified and have enhanced stability at low pH. 
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POROUSHYBRD MATERAL WITH ORGANIC 
GROUPS REMOVED FROM THE SURFACE 

0001. This application is a continuation of application 
Ser. No. 10/352,582, filed Jan. 28, 2003, issued as U.S. Pat. 
No. 7,175,913, which is a continuation of application Ser. 
No. 09/774,533, filed Jan. 31, 2001, issued as U.S. Pat. No. 
6,528,167. The disclosures of each of the aforementioned 
patent applications and patents are expressly incorporated 
herein in their entireties by this reference. 

BACKGROUND OF THE INVENTION 

0002 Packing materials for liquid chromatography (LC) 
are generally classified into two types: those having organic 
or polymeric carriers, e.g., polystyrene polymers; and those 
having inorganic carriers typified by silica gel. The poly 
meric materials are chemically stable against alkaline and 
acidic mobile phases; therefore, the pH range of the eluent 
used with polymeric chromatographic materials is wide, 
compared with the silica carriers. However, polymeric chro 
matographic materials generally result in columns having 
low efficiency, leading to inadequate separation perfor 
mance, particularly with low molecular-weight analytes. 
Furthermore, polymeric chromatographic materials shrink 
and Swell upon solvent changeover in the eluting Solution. 

0003. On the other hand, silica gel-based chromato 
graphic devices, e.g., HPLC columns, are most commonly 
used. The most common applications employ a silica which 
has been Surface-derivatized with an organic functional 
group Such as octadecyl (Cs), octyl (Cs), phenyl, amino, 
cyano group, etc. As a stationary phase for HPLC, these 
packing materials result in columns with high theoretical 
plate number/high efficiency, and do not evidence shrinking 
or Swelling. Silica gel is characterized by the presence of 
silanol groups on its Surface. During a typical derivatization 
process such as reaction with octadecyldimethylchlorosi 
lane, at least 50% of the surface silanol groups remain 
unreacted. 

0004. A drawback with silica-based columns is their 
limited hydrolytic stability. First, the incomplete derivatiza 
tion of the silica gel leaves a bare silica Surface which can 
be readily dissolved under alkaline conditions, generally 
pH>8.0, leading to the subsequent collapse of the chromato 
graphic bed. Secondly, the bonded phase can be stripped off 
of the Surface under acidic conditions, generally pH-2.0, 
and eluted off the column by the mobile phase, causing loss 
of analyte retention, and an increase in the concentration of 
surface silanol groups. These problems have been attributed 
to free silanol group activity and hydrolytic instability of 
silica-based stationary phases. To address to these problem, 
many methods have been tried including use of ultrapure 
silica, carbonized silica, coating of the silica Surface with 
polymeric materials, endcapping free silanol groups with a 
short-chain reagent Such as trimethylchlorosilane, and the 
addition of Suppressors such as amines to the eluent. These 
approaches have not proven to be completely satisfactory in 
practice. 

0005) Hybrid columns which combine organic and silica 
systems are known (XTerraTM MSCs (Waters Corp., Mil 
ford, Mass. USA) and offer, potentially, the benefits of both 
silica and organic based materials. Hybrid particles have the 
advantages of both silica and polymer packing materials. In 
particular, hybrid particles offer mechanical strength, high 
efficiency, ability to separate a wide range of compounds, 
high chemical and temperature stability with little to no peak 
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tailing, and improved peak shape for basic compounds. 
However, these materials have certain limitations, also. 
0006. Many of the limitations of hybrid silica-based 
columns can be attributed to Surface organic (i.e., methyl 
groups). In particular, the presence of surface organic groups 
lead to lower bonded phase surface concentrations after 
bonding with silanes, e.g., Cs and Cs silanes, in comparison 
to silica phases, presumably because the methyl groups on 
the surface are unreactive to bonding. Further, in Cs bonded 
phases, Surface organic groups may decrease the level of 
cross-bonding between adjacent Cls ligands. This results in 
reduced low pH stability since the Cs ligand has fewer 
covalent bonds to the surface of the particle. Ultimately, 
reduced retention times and peak compression can result 
from the reduced low pH stability caused by surface organic 
groups. 

0007 or 2, provided that p--q=1 or 2, and that when 
p+q=1, t=1.5, and when p+q=2, t=1; r is 0 or 1, provided that 
when r=0, t=1.5, and when r=1, t=1; m is an integer greater 
than or equal to 2; and n is a number from 0.01 to 100. B is 
represented by: 

SiO2/(R', SiO,), (Formula IV) 
where R may be hydroxyl, fluorine, alkoxy (e.g., methoxy), 
aryloxy, Substituted siloxane, protein, peptide, carbohydrate, 
nucleic acid, and combinations thereof, and R is not R. R. 
or R. v is 1 or 2, provided that when v=1, t=1.5, and when 
v=2, t=1; and n is a number from 0.01 to 100. The interior 
of the material has a composition of A, the exterior Surface 
of the material has a composition represented by A and B, 
and the exterior composition is between about 1 and about 
99% of the composition of Band the remainder including A. 
In these materials, R may be represented by: 

–OSi(R) R' (Formula V) 
where R may be a C, to C straight, cyclic, or branched 
alkyl, aryl, or alkoxy group, a hydroxyl group or a siloxane 
group, and R may be a C to Cs straight, cyclic, or 
branched alkyl (e.g., Cs, cyanopropyl), aryl, or alkoxy 
group, where the groups of R are unsubstituted or substi 
tuted with one or more moieties such as halogen, cyano, 
amino, diol, nitro, ether, carbonyl, epoxide, Sulfonyl, cation 
exchanger, anion exchanger, carbamate, amide, urea, pep 
tide, protein, carbohydrate, and nucleic acid functionalities. 
0008. In another embodiment, R may greater than about 
2.5 umol/m, more preferably greater than about 3.0 umol/ 
m, and still more preferably greater than about 3.5umol/ 
m. In a preferred embodiment, the surface concentration of 
R is between about 2.5 and about 3.7 mol/m. 
0009. This invention further provides a method of prepa 
ration of materials for performing separations or for partici 
pating in chemical reactions, including: prepolymerizing a 
mixture of an organoalkoxysilane and a tetraalkoxysilane 
(e.g., tetramethoxysilane and tetraethoxysilane) in the pres 
ence of an acid catalyst to produce a polyalkoxysiloxane: 
preparing an aqueous Surfactant containing Suspension of 
the polyalkoxysiloxane, and gelling in the presence of a base 
catalyst so as to produce porous materials having silicon C 
to C, alkyl groups, Substituted or unsubstituted aryl groups, 
substituted or unsubstituted C to C, alkylene, alkenylene, 
alkynylene, or arylene groups; modifying the pore structure 
of the porous materials by hydrothermal treatment; and 
replacing one or more surface C to C, alkyl groups, Sub 
stituted or unsubstituted aryl groups, Substituted or unsub 
stituted C to C, alkylene, alkenylene, alkynylene, or arylene 
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groups of the material with hydroxyl, fluorine, alkoxy, 
aryloxy, or Substituted siloxane groups. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0010. The present invention will be more fully under 
stood by reference to the definitions set forth below. 
0011 “Hybrid', e.g., as in “porous inorganic/organic 
hybrid materials” includes inorganic-based structures 
wherein an organic functionality is integral to both the 
internal or “skeletal' inorganic structure as well as the 
hybrid material surface. The inorganic portion of the hybrid 
material may be, e.g., alumina, silica, titanium or Zirconium 
oxides, or ceramic material; in a preferred embodiment, the 
inorganic portion is silica. As noted before, exemplary 
hybrid materials are shown in U.S. Pat. No. 4.017.528. In a 
preferred embodiment where the inorganic portion is silica, 
“hybrid silica” refers to a material having the formula 
SiO/(R'R'SiO), or SiO./IR (R', SiO.),), wherein R' 
and Rare independently a substituted or unsubstituted C to 

g alkyl group, or a Substituted or unsubstituted aryl group, 
R is a substituted or unsubstituted C to C, alkylene, 
alkenylene, alkynylene, or arylene group bridging two or 
more silicon atoms, p and q are 0, 1, or 2, provided that 
p+q=1 or 2, and that when p+q=1, t=1.5, and when p+q=2. 
t=1; r is 0 or 1, provided that when r=0, t=1.5, and when r=1, 
t=1; m is an integer greater than or equal to 2; and n is a 
number from 0.01 to 100. 

0012. A “bonded phase” can be formed by adding func 
tional groups to the surface of hybrid silica. The surface of 
hybrid silica contains silanol groups, which can be reacted 
with a reactive organosilane to form a “bonded phase'. 
Bonding involves the reaction of silanol groups at the 
surface of the hybrid materials with halo or alkoxy substi 
tuted silanes, thus producing a Si-O-Si-C linkage. 
0013 Generally, only a maximum of 50% of the Si-OH 
groups on heat treated silica can react with the trimethylsilyl 
entity, and less with larger entities Such as the octadecylsilyl 
groups. Factors tending to increase bonding coverage 
include: silanizing twice, using a large excess of silanizing 
reagent, using a trifunctional reagent, silanizing in the 
presence of acid scavenger, performing secondary hydroxy 
lation of the Surface to be silanized, using a chlorinated 
Solvent in preference to a hydrocarbon, and capping of the 
Surface. 

0014 Some adjacent vicinal hydroxyls on the silica sur 
face are at a distance such that difunctional reactions can 
occur between the silica Surface and a difunctional or 
trifunctional reagent. When the adjacent hydroxyls on the 
silica Surface are not suitably spaced for a difunctional 
reaction, then only a monofunctional reaction takes place. 
0.015 Silanes for producing bonded silica include, in 
decreasing order of reactivity: RSiX. RSiX, and RSiX. 
where X is halo (e.g., chloro) or alkoxy. Specific silanes for 
producing bonded silica, in order of decreasing reactivity, 
include Cs N(CH), n-octyldimethyl(trifluoroac 
etoxy)silane (Cs OCOCF), n-octyldimethylchlorosilane 
(Cs Cl), n-octyldimethylmethoxysilane (Cs—OCH), 
n-octyldimethylethoxysilane (Cs—OCHs), and bis-(n-oc 
tyldimethylsiloxane) (Cs O—Cs). Monochlorosilane is the 
cheapest and most commonly used silane. 
0016 Other monochlorosilanes that can be used in pro 
ducing bonded silica include: Cl—Si(CH) (CH), X. 
where X is H, CN, fluorine, chlorine, bromine, iodine, 
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phenyl, cyclohexyl, dimethylamine, or vinyl, and n is 1 to 30 
(preferably 2 to 20, more preferably 8 to 18); 
Cl—Si(CH)—(CH2)s H (n-octyldimethylsilyl); 
Cl–Si(CH(CH)) (CH), X, where X is H. CN, fluo 
rine, chlorine, bromine, iodine, phenyl, cyclohexyl, dim 
ethylamine, or vinyl; and C1-Si(CH(Phenyl))— 
(CH), X where X is H. CN, fluorine, chlorine, bromine, 
iodine, phenyl, cyclohexyl, dimethylamine, or vinyl. 
0017 Dimethylmonochlorosilane (C1 Si(CH) R) 
can be synthesized by a 2-step process such as shown below. 

C.H. Br+Mg C.H. MgBr 

1Si(CH3)2Cl 

0018. Alternatively, dimethylmonochlorosilane (Cl– 
Si(CH) R) can be synthesized by a one-step catalytic 
hydrosilylation of terminal olefins. This reaction favors 
formation of the anti-Markovnikov addition product. The 
catalyst used may be hexachloroplatinic acid-hexahydrate 
(HPtCl-6HO). 

catalyst 
(CH3)2CISH - R(CH)-CH=CH + 

0019. The surface derivatization of the hybrid silica is 
conducted according to standard methods, for example by 
reaction with octadecyldimethylchlorosilane in an organic 
Solvent under reflux conditions. An organic solvent such as 
toluene is typically used for this reaction. An organic base 
Such as pyridine or imidazole is added to the reaction 
mixture to catalyze the reaction. The thus-obtained product 
is then washed with water, toluene and acetone and dried at 
100° C. under reduced pressure for 16 h. 
0020 “Functionalizing group” includes (typically) 
organic functional groups which impart a certain chromato 
graphic functionality to a chromatographic stationary phase, 
including, e.g., octadecyl (Cs), phenyl, ion exchange, etc. 
Such functionalizing groups are present in, e.g., Surface 
modifiers such as disclosed herein which are attached to the 
base material, e.g., via derivatization or coating and later 
crosslinking, imparting the chemical character of the Surface 
modifier to the base material. In an embodiment, such 
surface modifiers have the formula Z (R) Si R, where 
Z=Cl, Br, I, C-C alkoxy, dialkylamino, e.g., dimethy 
lamino or trifluoromethanesulfonate; a and b are each an 
integer from 0 to 3 provided that a+b=3; R is a C-C, 
straight, cyclic or branched alkyl group, and R is a func 
tionalizing group. R may be methyl, ethyl, propyl, isopro 
pyl, butyl, t-butyl, sec-butyl, pentyl, isopentyl, hexyl or 
cyclohexyl; preferably, R' is methyl. 
0021. The functionalizing group R may include alkyl, 
aryl, cyano, amino, diol, nitro, cation or anion exchange 
groups, or embedded polar functionalities. Examples of 
suitable R functionalizing groups include C-C alkyl such 
as octyl (Cs) and octadecyl (Cs); alkaryl, e.g., C1-C4 
phenyl, cyanoalkyl groups, e.g., cyanopropyl, diol groups, 
e.g., propyldiol, amino groups, e.g., aminopropyl; and 
embedded polar functionalities, e.g., carbamate functional 
ities such as disclosed in U.S. Pat. No. 5,374,755. In a 
preferred embodiment, the surface modifier may be a haloor 
ganosilane. Such as octyldimethylchlorosilane or octade 
cyldimethylchlorosilane. Embedded polar functionalities 
include carbamate functionalities Such as disclosed in U.S. 
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Pat. No. 5,374,755. Such groups include those of the general 
formula 

H H H 

(CH2) (CH2). O (CH2) 
I 

Z R-Si-CH-CH-CH-i-o-c---(CH-R, 
(CH2)m (CH2)(CH2). 
H H H 

wherein l, m, o, r, and s are 0 or 1, n is 0, 1, 2 or 3 p is 0. 
1, 2, 3 or 4 and q is an integer from 0 to 19; R is selected 
from the group consisting of hydrogen, alkyl, cyano and 
phenyl; and Z. R', a and b are defined as above. Preferably, 
the carbamate functionality has the general structure indi 
cated below: 

O 

| ti -O-C-N-R 

wherein R may be, e.g., cyanoalkyl, t-butyl, butyl, octyl, 
dqdecyl, tetradecyl, octadecyl, or benzyl. Advantageously, 
R is octyl or octadecyl. In a preferred embodiment, the 
Surface modifier may be a haloorganosilane, such as 
octyldimethylchlorosilane or octadecyldimethylchlorosi 
lane. In another embodiment, the materials are surface 
modified by polymer coating. 

0022. A chromatographic stationary phase is said to be 
“endcapped when a small silylating agent, such as trim 
ethylchlorosilane, is used to bond residual silanol groups on 
a packing Surface. It is most often used with reversed-phase 
packings and may cut down on undesirable adsorption of 
basic or ionic compounds. For example, end capping occurs 
when bonded hybrid silica is further reacted with a short 
chain silane Such as trimethylchlorosilane to endcap the 
remaining silanol groups. The goal of end capping is to 
remove as many residual silanols as possible. In order of 
decreasing reactivity, agents that can be used as trimethyl 
silyl donors for end capping include trimethylsilylimidazole 
(TMSIM), bis-NO-trimethylsilyltrifluoroacetamide 
(BSTFA), bis-NO-trimethylsilylacetamide (BSA), trimeth 
ylsilyldimethylamine (TMSDMA), trimethylchlorosilane 
(TMS), and hexamethyldisilane (HMDS). Preferred end 
capping reagents include trimethylchlorosilane (TMS), tri 
methylchlorosilane (TMS) with pyridine, and trimethylsi 
lylimidazole (TMSIM). 

0023 “Porogens' are described in Small et al., U.S. Pat. 
No. 6,027,643. A porogen is an added material which, when 
removed after the polymerization is complete, increases the 
porosity of a hybrid material. The porosity should be such 
that it provides for a ready flow of liquids through the 
polymer phase while at the same time providing adequate 
areas of contact between the polymer and liquid phase. The 
porogen can be a finely divided solid which can be easily 
removed by dissolution in acid or base (e.g., calcium car 
bonate or silica), or it can be a solvent which is rejected by 
the polymer as it forms and is Subsequently displaced by 
another solvent or water. Suitable liquid porogens include an 
alcohol, e.g., used in the manner described in Analytical 
Chemistry, Vol. 68, No. 2, pp. 315-321, Jan. 15, 1996. 
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Reverse micellular systems obtained by adding water and 
suitable surfactant to a polymerizable monomer have been 
described as porogens by Menger et al., J. An Chem Soc 
(1990) 112:1263-1264. Other examples of porogens can be 
founds in Li et al., U.S. Pat. No. 5,168,104 and Mikes et al., 
U.S. Pat. No. 4,104,209. 

0024 “Porosity' is the ratio of the volume of a materials 
interstices to the volume of the materials mass. 

0.025 “Pore volume” is the total volume of the pores in 
a porous packing, and is usually expressed in mL/g. It can 
be measured by the BET method of nitrogen adsorption or 
by mercury intrusion, where Hg is pumped into the pores 
under high pressure. As described in Quinn et al. U.S. Pat. 
No. 5,919,368, "pore volume” can be measured by injecting 
acetone into beds as a total permeating probe, and Subse 
quently a solution of 6x10" molecular weight polystyrene as 
a totally excluded probe. The transit or elution time through 
the bed for each standard can be measured by ultra-violet 
detection at 254 nm. Percent intrusion can be calculated as 
the elution volume of each probe less the elution volume of 
the excluded probe, divided by the pore volume. Alterna 
tively, pore volume can be determined as described in 
Perego et al. U.S. Pat. No. 5,888,466 by N. adsorption/ 
desorption cycles at 77 K, using a Carlo Erba Sorptomatic 
1900 apparatus. 

0026. As described in Chieng et al. U.S. Pat. No. 5,861, 
110, “pore diameter” can be calculated from 4V/S BET, 
from pore Volume, or from pore surface area. The pore 
diameter is important because it allows free diffusion of 
Solute molecules so they can interact with the stationary 
phase. 60 A and 100 A pore diameters are most popular. For 
packings used for the separation of biomolecules, pore 
diameters>300 A are used. 

0027. As also described by Chieng et al. in the 110 
Patent, “material surface area' can be determined by single 
point or multiple point BET. For example, multipoint nitro 
gen sorption measurements can be made on a Micromeritics 
ASAP 2400 instrument. The specific surface area is then 
calculated using the multipoint BET method, and the aver 
age pore diameter is the most frequent diameter from the log 
differential pore volume distribution (dV/dlog(D) vs. D 
Plot). The pore volume is calculated as the single point total 
pore volume of pores with diameters less than ca. 3000 A. 
0028 “Particle size' may be measured, e.g., using a 
Beckman Coulter Multisizer 3 instrument as follows. Par 
ticles are Suspended homogeneously in a 5% lithium chlo 
ride methanol solution. A greater than 70,000 particle count 
may be run using a 30 um aperture in the Volume mode for 
each sample. Using the Coulter principle, Volumes of par 
ticles are converted to diameter, where a particle diameter is 
the equivalent spherical diameter, which is the diameter of 
a sphere whose volume is identical to that of the particle. 
Particle size can also be determined by light microscopy. 
0029. The term “aliphatic group” includes organic com 
pounds characterized by Straight or branched chains, typi 
cally having between 1 and 22 carbon atoms. Aliphatic 
groups include alkyl groups, alkenyl groups and alkynyl 
groups. In complex structures, the chains can be branched or 
cross-linked. Alkyl groups include Saturated hydrocarbons 
having one or more carbon atoms, including straight-chain 
alkyl groups and branched-chain alkyl groups. Such hydro 
carbon moieties may be substituted on one or more carbons 
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with, for example, a halogen, a hydroxyl, a thiol, an amino, 
an alkoxy, an alkylcarboxy, an alkylthio, or a nitro group. 
Unless the number of carbons is otherwise specified, “lower 
aliphatic” as used herein means an aliphatic group, as 
defined above (e.g., lower alkyl, lower alkenyl, lower alky 
nyl), but having from one to six carbon atoms. Representa 
tive of Such lower aliphatic groups, e.g., lower alkyl groups, 
are methyl, ethyl, n-propyl, isopropyl, 2-chloropropyl. n-bu 
tyl, sec-butyl, 2-aminobutyl, isobutyl, tert-butyl, 3-thiopen 
tyl, and the like. 
0030. As used herein, the term "nitro” means —NO; the 
term "halogen designates —F. —Cl. —Br or —I; the term 
“thiol means SH; and the term “hydroxyl means —OH. 
0031. The term “alicyclic group' includes closed ring 
structures of three or more carbon atoms. Alicyclic groups 
include cycloparaffins which are saturated cyclic hydrocar 
bons, cycloolefins and naphthalenes which are unsaturated 
with two or more double bonds, and cycloacetylenes which 
have a triple bond. They do not include aromatic groups. 
Examples of cycloparaffins include cyclopropane, cyclohex 
ane, and cyclopentane. Examples of cycloolefins include 
cyclopentadiene and cyclooctatetraene. Alicyclic groups 
also include fused ring structures and Substituted alicyclic 
groups such as alkyl Substituted alicyclic groups. In the 
instance of the alicyclics Such substituents can further com 
prise a lower alkyl, a lower alkenyl, a lower alkoxy, a lower 
alkylthio, a lower alkylamino, a lower alkylcarboxyl, a nitro, 
a hydroxyl, —CF, —CN, or the like. 
0032. The term "heterocyclic group' includes closed ring 
structures in which one or more of the atoms in the ring is 
an element other than carbon, for example, nitrogen, Sulfur, 
or oxygen. Heterocyclic groups can be saturated or unsat 
urated and heterocyclic groups such as pyrrole and furan can 
have aromatic character. They include fused ring structures 
Such as quinoline and isoquinoline. Other examples of 
heterocyclic groups include pyridine and purine. Heterocy 
clic groups can also be substituted at one or more constituent 
atoms with, for example, a halogen, a lower alkyl, a lower 
alkenyl, a lower alkoxy, a lower alkylthio, a lower alky 
lamino, a lower alkylcarboxyl, a nitro, a hydroxyl, -CF, 
—CN, or the like. Suitable heteroaromatic and heteroalicy 
clic groups generally will have 1 to 3 separate or fused rings 
with 3 to about 8 members per ring and one or more N, O 
or S atoms, e.g. coumarinyl, quinolinyl, pyridyl, pyrazinyl, 
pyrimidyl, furyl, pyrrolyl, thienyl, thiazolyl, oxazolyl, imi 
dazolyl, indolyl, benzofuranyl, benzothiazolyl, tetrahydro 
furanyl, tetrahydropyranyl, piperidinyl, morpholino and pyr 
rolidinyl. 

0033. The term “aromatic group' includes unsaturated 
cyclic hydrocarbons containing one or more rings. Aromatic 
groups include 5- and 6-membered single-ring groups which 
may include from Zero to four heteroatoms, for example, 
benzene, pyrrole, furan, thiophene, imidazole, oxazole, thia 
Zole, triazole, pyrazole, pyridine, pyrazine, pyridazine and 
pyrimidine, and the like. The aromatic ring may be substi 
tuted at one or more ring positions with, for example, a 
halogen, a lower alkyl, a lower alkenyl, a lower alkoxy, a 
lower alkylthio, a lower alkylamino, a lower alkylcarboxyl, 
a nitro, a hydroxyl, —CF, —CN, or the like. 
0034. The term “alkyl includes saturated aliphatic 
groups, including straight-chain alkyl groups, branched 
chain alkyl groups, cycloalkyl (alicyclic) groups, alkyl Sub 
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stituted cycloalkyl groups, and cycloalkyl Substituted alkyl 
groups. In preferred embodiments, a straight chain or 
branched chain alkyl has 20 or fewer carbon atoms in its 
backbone (e.g., C-C for straight chain, C-C for 
branched chain), and more preferably 12 or fewer. Likewise, 
preferred cycloalkyls have from 4-10 carbon atoms in their 
ring structure, and more preferably have 4-7 carbon atoms in 
the ring structure. The term “lower alkyl refers to alkyl 
groups having from 1 to 6 carbons in the chain, and to 
cycloalkyls having from 3 to 6 carbons in the ring structure. 
0035) Moreover, the term “alkyl” (including “lower 
alkyl) as used throughout the specification and claims 
includes both “unsubstituted alkyls' and “substituted 
alkyls', the latter of which refers to alkyl moieties having 
Substituents replacing a hydrogen on one or more carbons of 
the hydrocarbon backbone. Such substituents can include, 
for example, halogen, hydroxyl, alkylcarbonyloxy, arylcar 
bonyloxy, alkoxycarbonyloxy, aryloxycarbonyloxy, car 
boxylate, alkylcarbonyl, alkoxycarbonyl, aminocarbonyl, 
alkylthiocarbonyl, alkoxyl, phosphate, phosphonato, phos 
phinato, cyano, amino (including alkylamino, dialkylamino, 
arylamino, diarylamino, and alkylarylamino), acylamino 
(including alkylcarbonylamino, arylcarbonylamino, car 
bamoyl and ureido), amidino, imino, Sulfhydryl, alkylthio. 
arylthio, thiocarboxylate, Sulfate, Sulfonato, Sulfamoyl, Sul 
fonamido, nitro, trifluoromethyl, cyano, azido, heterocyclyl, 
aralkyl, or an aromatic or heteroaromatic moiety. It will be 
understood by those skilled in the art that the moieties 
substituted on the hydrocarbon chain can themselves be 
substituted, if appropriate. Cycloalkyls can be further sub 
stituted, e.g., with the substituents described above. An 
“aralkyl moiety is an alkyl Substituted with an aryl, e.g., 
having 1 to 3 separate or fused rings and from 6 to about 18 
carbon ring atoms, (e.g., phenylmethyl (benzyl)). 

0036) The term “alkylamino” as used herein means an 
alkyl group, as defined herein, having an amino group, 
preferably 1 to about 3 or 4, attached thereto. Suitable 
alkylamino groups include groups having 1 to about 12 
carbon atoms, preferably from 1 to about 6 carbon atoms. 
The term “alkylthio’ refers to an alkyl group, as defined 
above, having a sulfhydryl group, preferably 1 to about 5 or 
6, attached thereto. Suitable alkylthio groups include groups 
having 1 to about 12 carbon atoms, preferably from 1 to 
about 6 carbon atoms. The term “alkylcarboxyl as used 
herein means an alkyl group, as defined above, having a 
carboxyl group attached thereto. The term “alkoxy” as used 
herein means an alkyl group, as defined above, having an 
oxygen atom, preferably 1 to 5, attached thereto. Represen 
tative alkoxy groups include groups having 1 to about 12 
carbon atoms, preferably 1 to about 6 carbon atoms, e.g., 
methoxy, ethoxy, propoxy, tert-butoxy and the like. The 
terms “alkenyl' and “alkynyl refer to unsaturated aliphatic 
groups analogous to alkyls, but which contain at least one 
double or triple bond respectively. Suitable alkenyl and 
alkynyl groups desirably have 1 to about 3 or 4 double or 
triple bonds and include groups having 2 to about 12 carbon 
atoms, preferably from 1 to about 6 carbon atoms. 
0037. The term “aryl” includes 5- and 6-membered 
single-ring aromatic groups that may include from Zero to 
four heteroatoms, for example, unsubstituted or substituted 
benzene, pyrrole, furan, thiophene, imidazole, oxazole, thia 
Zole, triazole, pyrazole, pyridine, pyrazine, pyridazine and 
pyrimidine, and the like. Aryl groups also include polycyclic 
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fused aromatic groups such as naphthyl, quinolyl, indolyl, 
and the like. The aromatic ring can be substituted at one or 
more ring positions with Such substituents, e.g., as described 
above for alkyl groups. Suitable aryl groups include unsub 
stituted and substituted phenyl groups. The term “aryloxy” 
as used herein means an aryl group, as defined above, having 
an oxygen atom, preferably 1 to 5, attached thereto. The term 
“aralkoxy” as used herein means an aralkyl group, as defined 
above, having an oxygen atom, preferably 1 to 5, attached 
thereto. Suitable aralkoxy groups have 1 to 3 separate or 
fused rings and from 6 to about 18 carbon ring atoms, e.g., 
O-benzyl. 

0038. The term "amino,” as used herein, refers to an 
unsubstituted or substituted moiety of the formula—NRR, 
in which R and R are each independently hydrogen, alkyl, 
aryl, or heterocyclyl, or R and R taken together with the 
nitrogen atom to which they are attached, form a cyclic 
moiety having from 3 to 8 atoms in the ring. Thus, the term 
“amino' includes cyclic amino moieties such as piperidinyl 
or pyrrolidinyl groups, unless otherwise stated. An "amino 
Substituted amino group' refers to an amino group in which 
at least one of RandR is further Substituted with an amino 
group. 

0039. This invention provides a material for performing 
separations or for participating in chemical reactions, said 
material having an interior area and an exterior Surface, said 
material having a composition represented by Formula I as 
set forth below: 

AIB). 
where X and y are whole number integers and A is repre 
sented by Formula II and/or Formula III below: 

(Formula I) 

SiO/(R'RSiO.), 
and/or SiO/IR (R', SiO,), 

(Formula II), 
(Formula III); 

where R' and Rare independently a substituted or unsub 
stituted C to C, alkyl group or a Substituted or unsubstituted 
aryl group, R is a substituted or unsubstituted C to C, 
alkylene, alkenylene, alkynylene, or arylene group bridging 
two or more silicon atoms, p and q are 0, 1, or 2, provided 
that p--q=1 or 2, and that when p+q=1, t=1.5, and when 
p+q=2, t=1; r is 0 or 1, provided that when r=0, t=1.5, and 
when r=1, t=1; m is an integer greater than or equal to 2; and 
n is a number from 0.01 to 100; B is represented by Formula 
IV below: 

SiO2/(R', SiO,), (Formula IV) 
where R is selected from the group consisting of hydroxyl, 
fluorine, alkoxy (e.g. methoxy), aryloxy, Substituted silox 
ane, protein, peptide, carbohydrate, nucleic acid, and com 
binations thereof, and R is nor R', R, or R. v is 1 or 2, 
provided that when V=1, t=1.5, and when V=2, t=1; and n is 
a number from 0.01 to 100; said interior of said material 
having a composition of A, said exterior Surface of said 
material having a composition represented by A and B, and 
where said exterior composition is between about 1 and 
about 99% of the composition of B and the remainder 
including A. In the above materials, R* may be represented 
by: 

–OSi(R)-R (Formula V) 

where R is selected from a group consisting of a C to C. 
straight, cyclic, or branched alkyl, aryl, or alkoxy group, a 
hydroxyl group or a siloxane group, and R is selected from 
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a group consisting of a C to C straight, cyclic, or branched 
alkyl (e.g. Cls, cyanopropyl), aryl, or alkoxy group, where 
the said groups of R are unsubstituted or substituted with 
one or more moieties selected from the group consisting of 
halogen, cyano, amino, diol, nitro, ether, carbonyl, epoxide, 
Sulfonyl, cation exchanger, anion exchanger, carbamate, 
amide, urea, peptide, protein, carbohydrate, and nucleic acid 
functionalities. 

0040 For attaching proteins or peptides to the surface of 
a silica material, the material may be treated with an 
aldehyde-containing silane reagent. MacBeath, et al. (2000) 
Science 289:1760-1763. Aldehydes react readily with pri 
mary amines on the proteins to form a Schiffbase linkage. 
The aldehydes may further react with lysines. Alternatively, 
proteins, peptides, and other target molecules may be 
attached to the Surface of the silica material by using 
N-m-3-(trifluoromethyl)diazirin-3-yl)phenyl-4-male 
imidobutyramide which carries a maleimide function for 
thermochemical modification of cysteine thiols and an aryl 
diazirine function for light-dependent, carbene mediated 
binding to silica materials. Collioud, et al. (1993) Biocon 
jugate 4:528-536. Activation of a carbene-generating aryl 
diazirine with a 350-nm light source has been shown to lead 
to covalent coupling of proteins, enzymes, immunoreagents, 
carbohydrates, and nucleic acids under conditions such that 
biological activity is not impaired. Proteins or peptides can 
also be attached to the surface of a silica material by 
derivatizing the Surface silanol groups of the silica material 
with 3-aminopropyl-triethoxysilane (APTS), 
3-NH. (CH), Si(OCHCH). Han, et al. (1999) J. Am. 
Chen. Soc. 121:9897-9898. 

0041. In an example of binding a carbohydrate to the 
Surface of a silica material, an octagalactose derivative of 
calix {4}resorcarene is obtained by the reaction of lactono 
lactone with octaamine. Fujimoto, et al. (1997).J. Am. Chem. 
Soc. 119:6676-6677. When a silica material is dipped into an 
aqueous solution of the octagalactose derivative, the result 
ing octagalactose derivative is readily adsorbed on the 
surface of the silica material. The interaction between the 
octagalactose derivative and the silica material involves 
hydrogen bonds. Ho Chang, et al., U.S. Pat. No. 4,029.583 
describes the use of a silane coupling agent that is an 
organosilane with a silicon functional group capable of 
bonding to a silica material and an organic functional group 
capable of bonding to a carbohydrate moiety. 

0042. For bonding oligonucleotides to the surface of a 
silica material, the silica material may be treated with 
Y-aminopropyl-triethoxysilane (APTES) to generate ami 
nosilane-modified materials. The aminosilane-modified 
materials were then treated with p-nitrophenylchloroformate 
(NPC) (Fluka), glutaraldehyde (GA) (Sigma), maleic anhy 
dride (MA) (Aldrich) and then treated with 5'-NH-labeled 
DNA or 5'-5H-labeled DNA. Yang, et al. (1998) Chemistry 
Letters, pp. 257–258. Alternatively, oligonucleotides can be 
added to the Surface of a silica material by reacting 3-gly 
coiodoxypropyltrimethoxysilane with a silica material bear 
ing silanol groups and then cleaving the resulting epoxide 
with a diol or water under acidic conditions. Maskos, et al. 
(1992) Nucleic Acids Research 20(7): 1679-1684. 
0043 Oligonucleotides can also bind to the surface of a 
silica material via a phosphoramidate linkage to a silica 
material containing amine functionalities. For example, 
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silica material containing an amine functionality was reacted 
with a 5'-phorimidazolide derivative. Ghosh, et al. (1987) 
Nucleic Acids Research 15(13):5353-5373. A 5'-phosphory 
lated oligonucleotide was reacted with the amine groups in 
the presence of water soluble 1-ethyl-3-(3-dimethylamino 
propyl)-carbodiimide (EDC) in N-methylimidazole buffer. 
Light directed chemical synthesis can be used to attach 
oligonucleotides to the Surface of a silica material. To begin 
the process, linkers modified with photochemically remov 
able protecting groups are attached to a solid Substrate. Light 
is directed through a photolithographic mask to specific 
areas of the Surface, activating those areas for chemical 
coupling. Lipshutz, et al. (1993) BioTechniques 19(3):442 
447. 

0044) In an embodiment, R may be greater than about 
2.5 mol/m, more preferably greater than about 3.0 umol/ 
m, and still more preferably greater than about 3.5umol/ 
m. In a preferred embodiment, the surface concentration of 
R is between about 2.5 and about 3.7 umol/m. 
0045. This invention also provides a bulk material includ 
ing a population of particles where the particles have a mean 
particle size of about 0.5 to 100 um, more preferably a mean 
particle size of about 1 to 20 Jum. In an example, the particles 
may have a specific surface area of about 50 to 800 m/g, 
more preferably about 100 to 200 m/g. In an embodiment, 
the particles have specific pore volumes of about 0.25 to 1.5 
cm/g, more preferably about 0.5 to 1.0 cm/g. In an 
example, the particles of the invention may have an average 
pore diameter of about 50 to 500 A, more preferably about 
100 to 300 A. 

0046) Within the scope of the invention are separation 
devices (e.g., chromatographic columns, filtration mem 
branes, sample clean up devices, and microtiter plates) 
including the above materials. For example, a chromato 
graphic separation may be performed by running a sample 
through a column containing materials of the invention. 
0047 A method of preparing chromatographic materials 
for performing separations or for participating in chemical 
reactions, including: (a) prepolymerizing a mixture of an 
organoalkoxysilane and a tetraalkoxysilane (e.g., tet 
ramethoxysilane and tetraethoxysilane) in the presence of an 
acid catalyst to produce a polyalkoxysiloxane; (b) preparing 
an aqueous Suspension of said polyalkoxy siloxane, said 
Suspension further comprising a surfactant, and gelling in 
the presence of a base catalyst So as to produce porous 
materials having silicon C to C, alkyl groups, Substituted or 
unsubstituted aryl groups, substituted or unsubstituted C to 
C, alkylene, alkenylene, alkynylene, or arylene groups; (c) 
modifying the pore structure of said porous materials by 
hydrothermal treatment; and (d) replacing one or more 
Surface C to C, alkyl groups, Substituted or unsubstituted 
aryl groups, Substituted or unsubstituted C to C, alkylene, 
alkenylene, alkynylene, or arylene groups of the material 
with hydroxyl, fluorine, alkoxy, aryloxy, or substituted silox 
ane groups. 

0.048. In the above method, the replacing may involve 
reacting the hybrid material with aqueous H2O, KF, and 
KHCO, in an organic solution. In an embodiment, the molar 
ratio of organotrialkoxysilane to tetraalkoxysilane is about 
100:1 to 0.01:1. Alkylphenoxypolyethoxyethanol may be 
used as Surfactant in the above method. The above Suspen 
sion may further include a porogen. 
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0049. The porous inorganic/organic hybrid materials of 
the invention may have a Surface concentration of silicon 
methyl groups that is less than about 0.5 umol/m, and a 
concentration of internal silicon-methyl groups such that 
over 10% of the internal silicons are silicon-methyl. 
0050. The porous inorganic/organic hybrid materials of 
the invention may have a surface concentration of the 
bonded phase allyl groups that is greater than about 2.5 
umol/m, and a concentration of internal silicon-methyl 
groups such that over 10% of the internal silicons are 
silicon-methyl. 
0051. The surface concentration of silicon-methyl groups 
may be less than about 0.5 umol/m, preferably between 
about 0.1 and about 0.5umol/m, more preferably between 
about 0.25 and about 0.5umol/m. The hybrid material may 
have a Surface concentration of silanol groups greater than 
about 5.5 umol/m, more preferably between about 5.5 and 
6.8 umol/m. The surface concentration of the bonded phase 
alkyl groups is generally greater than about 3.0 Limol/m. 
more preferably greater than about 3.5 umol/m, still more 
preferably between about 2.5 and about 3.7 umol/mi. In an 
embodiment, the hybrid material has a concentration of 
internal silicon-methyl groups such that over 25% of the 
internal silicons are silicon-methyl 
0052 The hybrid material may have a bonded phase such 
as Cs, Cs, cyanopropyl, or 3-cyanopropyl. 
0053. In an embodiment, the hybrid materials have an 
average pore diameter of between about 130 and about 200 
A, more preferably between about 160 and about 200A. The 
average material size is generally between about 5 and 6 um, 
more preferably about 5.4 to about 5.9 m. 
0054 The above hybrid materials have increased stability 
at low pH (e.g., below 4, below 3, below 2). In a method of 
performing high performance liquid chromatography a 
sample at a pH below 3, below 4, or below 5 may be run 
through a column containing one of the above hybrid 
materials. 

0055. In another alternative embodiment, this invention 
pertains to a method of forming a porous inorganic/organic 
hybrid material comprising: (a) forming a porous inorganic/ 
organic hybrid material having Surface silicon-methyl 
groups; (b) replacing one or more surface silicon-methyl 
groups of the hybrid material with hydroxyl groups (e.g. by 
reacting the hybrid material with H2O, KF, and KHCO in 
an organic solution); (c) bonding one or more alkyl groups 
to the Surface of the porous inorganic/organic hybrid mate 
rial; (d) replacing one or more surface silicon-methyl groups 
with fluorine groups (e.g. by reacting the hybrid material 
with H2O, KF, and KHCOs in an organic solution); and (e) 
capping the surface of the hybrid material with trimethyl 
chlorosilane. 

0056 Porous inorganic/organic hybrid materials may be 
made as described below and in the specific instances 
illustrated in the Examples. Porous spherical materials of 
hybrid silica may, in a preferred embodiment, be prepared by 
a four-step process. In the first step, an organotrialkoxysilane 
Such as methyltriethoxysilane, and a tetraalkoxysilane Such 
as tetraethoxysilane (TEOS) are prepolymerized to form 
polyalkylalkoxysiloxane (PAS) by co-hydrolyzing a mixture 
of the two components in the presence of an acid catalyst. In 
the second step, the PAS is Suspended in an aqueous medium 
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in the presence of a surfactant and gelled into porous 
spherical materials of hybrid silica using a base catalyst. In 
the third step, the pore structure of the hybrid silica materials 
is modified by hydrothermal treatment, producing an inter 
mediate hybrid silica product which may be used for par 
ticular purposes itself, or desirably may be further processed 
below. The above three steps of the process allow much 
better control of the material morphology, pore Volume and 
pore sizes than those described in the prior art, and thus 
provide the chromatographically-enhancing pore geometry. 

0057. In the fourth step, the remaining surface silanol 
groups of the hybrid silica are derivatized into organic 
functional groups, such as by reacting with a halopolyorga 
nosilane Such as octadecyldimethylchlorosilane. The Surface 
of the thus-prepared material is then covered by the alkyl 
groups embedded during the gelation and the organic groups 
added during the derivatization process. The Surface cover 
age by the overall organic groups is higher than in conven 
tional silica-based packing materials, and Subsequently the 
Surface concentration of the remaining silanol groups in the 
hybrid silica is Smaller. The resulting material, used as a 
stationary phase for LC, shows excellent peak shape for base 
analytes, and better hydrolytic stability than other silica 
based packing materials. 

0.058 Where the prepolymerization step involves co 
hydrolyzing a mixture of the two components in the pres 
ence of an acid catalyst, the content of the organotrialkox 
ysilane can be varied, e.g., from 0.2 to 0.5 mole 
organotrialkoxysilane per mole of tetraalkoxysilane. The 
amount of the water used for the hydrolysis can be varied, 
e.g., from 1.10 to 1.35 mole water per mole of the silane. The 
silane, water and the ethanol mixture, in the form of a 
homogeneous Solution, is stirred and heated to reflux under 
a flow of argon. After refluxing for a time sufficient to 
prepolymerize and form polyalkylalkoxysiloxane, the Sol 
vent and the side product, mainly ethanol, is distilled off 
from the reaction mixture. Thereafter, the residue is heated 
at an elevated temperature, e.g., in the range of 120 to 140° 
C. under an atmosphere of argon for a period of time, e.g., 
1.5 to 16 h. The residue is further heated at this temperature, 
e.g., for 1 to 3 hunder reduced pressure, e.g., 10°-10 torr, 
to remove any volatile species. 

0059. In the second step, the PAS is suspended into fine 
beads in a solution containing water and ethanol at 55°C. by 
agitation. The Volume percent of ethanol in the Solution is 
varied from 10 to 20%. A non-ionic surfactant such as 
TRITON X-100 or TRITON X-45 is added into the suspen 
sion as the Suspending agent. The Surfactant, having a 
structure of alkylphenoxypolyethoxyethanol, is believed to 
be able to orient at the hydrophobic/hydrophilic interface 
between the PAS beads and the aqueous phase to stabilize 
the PAS beads. The surfactant is also believed to enhance the 
concentration of water and the base catalyst on the Surface 
of the PAS beads during the gelation step, through its 
hydrophilic groups, which induces the gelling of the PAS 
beads from the surface towards the center. Use of the 
surfactant to modulate the surface structure of the PAS beads 
stabilizes the shape of the PAS beads throughout the gelling 
process, and minimizes or Suppresses formation of materials 
having “shell-shaped morphology. A “shell-shaped mor 
phology is undesirable because it reduces mass transfer 
rates, leading to lower efficiencies. 
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0060. The gelation step is initiated by adding the basic 
catalyst, e.g., ammonium hydroxide into the PAS Suspension 
agitated at 55° C. Thereafter, the reaction mixture is agitated 
at the same temperature to drive the reaction to completion. 
Ammonium hydroxide is preferred because bases Such as 
Sodium hydroxide are a source of unwanted cations, and 
ammonium hydroxide is easier to remove in the washing 
step. The thus-prepared hybrid silica is filtered and washed 
with water and methanol free of ammonium ions, then dried. 

0061. In an embodiment, the pore structure of the as 
prepared hybrid material is modified by hydrothermal treat 
ment, which enlarges the openings of the pores as well as the 
pore diameters, as confirmed by BET nitrogen (N) sorption 
analysis. The hydrothermal treatment is performed by pre 
paring a slurry containing the as-prepared hybrid material 
and a solution of organic base in water, heating the slurry in 
an autoclave at an elevated temperature, e.g., about 143 to 
168° C., for a period of about 6 to 28 h. The pH of the slurry 
is adjusted to be in the range of about 8.0 to 9.0 using 
concentrated acetic acid. The concentration of the slurry is 
in the range of 1 g hybrid material per 4 to 10 ml of the base 
solution. The thus-treated hybrid material is filtered, and 
washed with water and acetone until the pH of the filtrate 
reaches 7, then dried at 100° C. under reduced pressure for 
16 h. The resultant hybrid materials show average pore 
diameters in the range of about 100-300 A. 
0062) The surface of hybrid silica prepared so far still 
contains silanol groups, which can be derivatized by react 
ing with a reactive organosilane. The Surface derivatization 
of the hybrid silica is conducted according to standard 
methods, for example by reaction with octadecyldimethyl 
chlorosilane in an organic solvent under reflux conditions. 
An organic solvent Such as toluene is typically used for this 
reaction. An organic base such as pyridine or imidazole is 
added to the reaction mixture to catalyze the reaction. The 
thus-obtained product is then washed with water, toluene 
and acetone and dried at 100° C. under reduced pressure for 
16 h. The resultant hybrid silica can be further reacted with 
a short-chain silane Such as trimethylchlorosilane to endcap 
the remaining silanol groups, by using a similar procedure 
described above. 

0063. The surface of the hybrid silica materials may also 
be surface modified with a Surface modifier, e.g., 
Z(R') Si R, where Z=Cl, Br, I, C-C alkoxy, dialky 
lamino, e.g., dimethylamino or trifluoromethanesulfonate; a 
and b are each an integer from 0 to 3 provided that a+b=3; 
R" is a C-C straight, cyclic or branched alkyl group, and R 
is a functionalizing group, and by polymer coating. R' may 
be, e.g., methyl, ethyl, propyl, isopropyl, butyl, t-butyl, 
sec-butyl, pentyl, isopentyl, hexyl or cyclohexyl, preferably, 
R" is methyl. 

0064. The functionalizing group R may include alkyl, 
aryl, cyano, amino, diol, nitro, cation or anion exchange 
groups, or embedded polar functionalities. Examples of 
Suitable R functionalizing groups include C-Co alkyl Such 
as octyl (Cs) and octadecyl (Cs); alkaryl, e.g., C-C- 
phenyl, cyanoalkyl groups, e.g., cyanopropyl, diol groups, 
e.g., propyldiol, amino groups, e.g., aminopropyl; and 
embedded polar functionalities, e.g., carbamate functional 
ities such as disclosed in U.S. Pat. No. 5,374,755 and as 
detailed hereinabove. In a preferred embodiment, the surface 
modifier may be a haloorganosilane. Such as octyldimeth 
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ylchlorosilane or octadecyldimethylchlorosilane. Advanta 
geously, R is octyl or octadecyl. 

0065 Polymer coatings are known in the literature and 
may be provided generally by polymerization or polycon 
densation of physisorbed monomers onto the Surface with 
out chemical bonding of the polymer layer to the Support 
(type I), polymerization or polycondensation of physisorbed 
monomers onto the Surface with chemical bonding of the 
polymer layer to the Support (type II), immobilization of 
physisorbed prepolymers to the Support (type III), and 
chemisorption of presynthesized polymers onto the Surface 
of the Support (type IV). See, e.g., Hanson et al., J. Chromat. 
A656 (1993) 369-380. 
0.066 The current state of the art hybrid organic/inor 
ganic based RP HPLC column packing is prepared by 
bonding chlorosilanes to a hybrid material. The hybrid 
material has a methyl-silicon group incorporated throughout 
the materials structure, that is, the methyl group is found in 
both the internal framework of the hybrid silicate backbone 
as well as on the material's external surface. Both the 
internal and external methyl groups have been shown to 
contribute to the hybrids improved stability in high pH 
mobile phases when compared to purely silica based mate 
rials. However, the surface methyl groups also lead to lower 
bonded phase Surface concentrations after bonding with 
silanes, e.g., Cls and Cs silanes, in comparison to silica 
phases, presumably because the methyl groups on the Sur 
face are unreactive to bonding. For example, when using 
low pH (e.g., about pH 5) mobile phases, a hybrid product 
such as XTerraTM MSCs, which has a trifunctional Cs 
bonded phase, is less stable compared to conventional silica 
based trifunctional Cs bonded phases. The surface methyl 
groups of the hybrid material may decrease the level of 
cross-bonding between adjacent Cls ligands, essentially the 

OH OH CH3 OH OH 
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0067. The present invention provides a procedure to 
selectively convert Surface silicon-methyl groups with sil 
anol groups. Depending on the reaction conditions, the 
materials internal framework is not disturbed or is only 
slightly disturbed leaving the internal methyl groups unaf 
fected. This then results in a material different from the 
original hybrid material, where the surface now more 
resembles that of a pure silica material. The material's new 
composition is Supported by standard analytical analysis 
(CHN, BET, NMR) as well as the finding that a neutral 
analyte, acenaphthene, is less retained under reversed-phase 
conditions in comparison to the unmodified hybrid material. 
Presently, the modified material is also found to be less 
stable under basic pH conditions, a result due to the surface 
methyl groups no longer being present to protect the Surface. 
At the same time, these modified materials have been found 
to afford a high Cs surface concentration after bonding with 
chlorosilanes, arguably due to the newly formed Surface 
silanols being converted to ligand siloxanes. These bonded 
materials were found to give a 2.7 fold increase in low pH 
stability. The result is attributed to the high surface concen 
tration of Cs ligand, which then permits a higher degree of 
cross-bonding between adjacent Cls ligands and hence more 
covalent bonds between the ligand and material Surface. 
Consistent with this model, peak tailing for basic analytes 
increased, and high pH stability decreased for the modified 
Cs phase versus the standard hybrid Cls bonded phase. 
Both can be attributed to the increased silanol population in 
the modified materials surface. 

Conversion of Surface Si CH Groups into Si-OH and 
Si F Groups 

0068 Si-CH groups at the surface of the hybrid mate 
rial can be converted into Si-OH and Si-F groups by the 
following reaction 

CH, OH OH 

Si Si Si Si Si Si Si Si Si 

O1 no- No- no- no- no- no- no- No- No 
O O O O O 

Si Si Si Si Si Si Si Si S 
O1 No- No- No- No- No- No- No- No- No 

O CH, O O CH 

Surface CH3 Groups Converted 
to X, where X = OH and F X 

O 

O 

Internal Framework CH3 
Groups are Unaffected 

methyl groups block the connection. This effect would be 
expected to reduce low pH stability, since the Cs ligand has 
fewer covalent bonds to the surface. 

O 

O 

OH 

Si Si Si Si Si Si Si Si Si 

O1 no- No1 no- No- no- No- no- No- No 
O 

Si Si Si Si Si Si Si Si Si 

O1 no- No- No- No- No- No- No- No- No 
CH 

i 

O O O H2O, KF, KHCO3 
--- 

MeOHITHF/HO 

O CH O 

OH X OH OH X OH OH 

O O O O O O O 

O O CH, O O CH, O 

0069. The above reaction is run in methanol/THF/water, 
so full wetting and total pore access should be possible. The 
mechanism of cleavage appears to be a modified Baeyer 
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Villager oxidation, which should have a minimal transition 
state requirement. Methyl loss may be measured by e.g. 
CHN combustion analysis of the reacted product, where the 
reduction in % C of reacted versus untreated is taken as a 
measure of Surface methyl groups lost and hence present on 
the surface. IR and NMR analysis could also be used to 
measure this change as well as look for any other Surface 
changes. 
0070. Other fluorinating reagents can be used in place of 
KF. For example, potassium hydrogen fluoride (KHF), 
tetrabutylammonium fluoride (CHCHCHCHNF), 
boron trifluoride-acetic acid complex (BF-2 {CHCO2H}), 
or boron hydrogen tetrafluoride diethyl etherate (HBF 
O(CH2CH)) can be used in place of KF. 
0071 Other carbonate reagents, such as sodium hydro 
gencarbonate, for example, can be used in place of potas 
sium hydrogencarbonate. 
0072 Other reagents can be used in place of hydrogen 
peroxide (H2O). For example, 3-chloroperoxybenzoic acid 
(CICHCOH) and peracetic acid (CHCOH) can be used 
in place of hydrogen peroxide (H2O). 
0.073 Alternatively, silicon-carbon bonds can be cleaved 
by reacting the silicon compound with m-chloroperbenzoic 
acid (MCPBA) as shown below. A description of this 
synthesis can be found in Tamao, et al. (1982) Tetrahedron 
39(6):983-990. 

DMF 
R-S + MCPBA -- ROH + SiOH 

0074 Similarly, silicon-carbon bonds can be cleaved by 
reacting the silicon compound with hydrogen peroxide as 
shown below. A description of this synthesis can be found in 
Tamao, et al. (1983) Organometallics 2:1694-1696. 

30% HO 
R-S -- ROH + SiOH 

0075. The porous inorganic/organic hybrid materials 
have a wide variety of end uses in the separation sciences, 
Such as packing materials for chromatographic columns 
(wherein such columns will have extended lives), thin layer 
chromatographic (TLC) plates, filtration membranes, micro 
titer plates, and the like having a stationary phase which 
includes porous inorganic/organic hybrid materials having a 
chromatographically-enhancing pore geometry. The station 
ary phase may be introduced by packing, coating, impreg 
nation, etc., depending on the requirements of the particular 
device. In a particularly advantageous embodiment, the 
chromatographic device is a packed chromatographic col 
umn, e.g., HPLC. 
0.076 The present invention may be further illustrated by 
the following non-limiting examples describing the prepa 
ration of porous inorganic/organic hybrid materials, and 
their use. 

FIRST SERIES OF EXPERIMENTS 

Example 1 
0077 802 g of tetraethoxysilane (3.87 mol) is mixed with 
137.2 g of methyltriethoxysilane (0.774 mol), 400 mol of 
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ethanol and 108.6 of 0.1 N hydrochloric acid (-6.03 mol of 
water) in a flask. The resulting solution is agitated and 
refluxed for 16 h in an atmosphere of argon. After the 
ethanol in the solution is distilled off the distillation residue 
is heated at 140°C. for 1.5 h in the atmosphere of argon and 
further heated at the same temperature under reduced pres 
sure for another 1.5 h to remove any volatile species. The 
thus-prepared polymethylethoxysiloxane is a colorless vis 
cous liquid. By using a similar procedure, other polyalky 
lethoxysiloxanes are prepared. The contents of the starting 
materials used to prepare these products are summarized in 
Table 1. 

TABLE 1. 

Molar ratio of Molar ratio of H2O to the 
RSi(OEt) to Si(OEt) sum of RSi(OEt) to Si(OEt) 

Product R. in starting mixture in starting mixture 

a methyl O.20 1.30 
b methyl O.20 1.25 
c methyl O.35 1.25 
d methyl O.SO 1.25 
e ethyl O.25 1.2O 
f phenyl O.25 1.25 

0078. A mixture of 20 g of TRITON X-100 surfactant, 
240 ml of ethanol and 960 mL of deionized water is heated 
at 55° C. for 0.5 h, leading to a solution. Under rapid 
agitation, 240 g of polymethylethoxysiloxane (product a in 
Table 1) is added into the above solution and emulsified in 
it. Thereafter, 150 ml of 30% NH-OH is added into the 
emulsion to gel the emulsion beads. Suspended in the 
solution, the gelled product is stirred at 55° C. for 16 h, then 
filtered and washed with water and methanol repeatedly, and 
finally dried at 100° C. under reduced pressure for 16 h. 
SiO/IRSiO, ), materials derived from other polyalky 
lethoxysiloxanes are prepared using a similar procedure 
described above. The specific Surface areas, specific pure 
Volumes and the average pore diameters of these materials 
are measured using the multi-point N sorption method and 
the data are listed in Table 2. 

TABLE 2 

Molar ratio of Avg. Pore 
RSiOs to Specific Pore Diameter 
SiO2 in Surface Volume (APD) 

Product R. products area (m?g) (cc/g) (A) 

8. methyl O.2 325 O.45 49 
b methyl O.S 502 O.43 36 
C ethyl O.25 743 O.98 56 
d methyl O.25 616 O.S2 43 

Example 2 

0079 A mixture of 24 g of TRITON X-45 surfactant, 285 
ml of ethanol and 1200 ml of deionized water is heated at 
55° C. for 0.5 h, leading to a white liquid. Under rapid 
agitation, a solution containing 60 ml of toluene in 249 g of 
polymethylethoxysiloxane (product d in Table 1) is added 
into the ethanol/water/TRITON X-45 mixture, and emulsi 
fied in the aqueous phase. Thereafter, 190 ml of 30% 
NH-OH is added into the emulsion to gel the emulsion 
beads. Suspended in the Solution, the gelled product is 
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stirred at 55° C. for 16 h. SiO/RSiOs materials derived 
from other polymethylethoxysiloxanes are also prepared 
using a similar procedure described above. The specific 
Surface areas, specific pore Volumes and the average pore 
diameters of these materials are measured using the multi 
point N sorption method and the data are presented in Table 
3. 

10 

TABLE 3 

Molar ratio Specific 
of RSiOs Ratio of toluene to surface Pore 
to SiO2 in Polymethylethoxysilane area Volume 

Product R. products (ml/g) (m/g) (cc/g) 

8. methyl O.S O.24 689 O.93 
b methyl O.S O.12 644 0.73 
C methyl O.35 O.12 466 O.81 
d methyl O.2 O.12 358 0.72 

Example 3 
0080 13 g of product a from Table 2 is mixed with 130 
mL of 0.1 M tris(hydroxymethyl)aminomethane in water, 
yielding a slurry. The pH of the slurry is adjusted to 8 by 
adding concentrated acetic acid. The resultant slurry is then 
enclosed in a stainless autoclave and heated at 143° C. for 
20 h. After the autoclave cools down to room temperature 
the product is filtered and washed repeatedly using water 
and acetone, and then dried at 100° C. under reduced 
pressure for 16 h. Hydrothermal treatment of other hybrid 
silica materials is also carried out using a similar procedure 
described above. The specific Surface areas, specific pore 
Volumes and the average pore diameters of these materials 
are measured using the multi-point N sorption method and 
the data are listed in Table 4. 
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Example 4 
0081. The particles of hybrid silica prepared according to 
Example 3 are sized to -5 um. The surfaces of the particles 
are modified with octadecyldimethylchlorosilane (ODS) and 
trimethylchlorosilane as follows, 4.5 g ODS and 1.32 g 
imidazole are added to a mixture of 8 g of hybrid silica 
(product al in Table 4) in 90 ml of toluene and the resultant 

Avg. Pore 
Diameter 

(A) 
43 
39 
60 
72 

mixture is refluxed for 2 h. The modified hybrid silica 
particles are filtered and washed successively with water, 
toluene, 1:1 acetone/water and acetone, and then dried at 
100° C. under reduced pressure for 16 h. The surface 
coverage of octadecyl groups is determined to be 2.74 
umol/m based on elemental analyses. 
0082 Trimethylchlorosilane (1.65 g) and imidazole (1.32 
g) are added to a mixture of the above ODS-modified hybrid 
silica in 65 ml of toluene and the resultant mixture is 
refluxed for 4 h. The thus-modified hybrid silica particles are 
filtered and washed successively with water, toluene, 1:1 
acetonefwater and acetone, and then dried at 100° C. under 
pressure for 16 h. Surface modification of other hybrid silica 
is also carried out using a similar procedure described above. 
The specific surface area, specific pore volume, ODS surface 
coverage and average pore diameter data for these materials 
are listed in Table 5. 

TABLE 4 

N2 sorption N2 sorption Data Conditions of 
Data (after hydrothermal Hydrothermal 

(as-prepared) treatment) Treatment 

Composition of the SSA SPV APD SSA SPV APD T t 
Product Hybrid Materials (m’/g) (cc/g) (A) (m’/g) (cc/g) (A) pH (C.) (h) 

8. SiO2)(CH3SiO5).o.2 325 O45 49 
8. 130 O41 O3 8.0 43 20 

b SiO2;(CH3SiO5).o.2 358 0.72 72 
b 151 O.71 S9 8.1 43 20 
b2 135 O.67 73 8.4 55 20 

C SiO2)(CH3SiO5)os 466 O.81 60 
C 160 0.72 39 8.0 43 20 

d SiO2;(CH3SiO5)os 689 O.93 43 
d 225 O.90 23 8.30 43 20 

d SiO2;(CH3SiO5)os 729 O.76 38 
d 188 O.70 2S 8.30 43 20 
d2 155 O.69 48 8.75 48. 20 
d3 125 O.62 68 9.0 63 20 

e SiO2)(C2H5SiO5).o.2s 743 O.98 S6 
e 267 O.94 39 8.28 43 20 

f SiO2/(C6H5SiO5).o.2s 616 O.S2 43 
327 O.S2 80 8.43 43 20 
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TABLE 5 

Specific Pore Avg. Pore 
Composition of the Surface area Volume Diameter Surface coverage 

Product base hybrid silica (m?g) (cc/g) (A) of ODS (mol/m2) 

A SiO2;(CH3SiO5).o. 130 O41 103 2.73 
b SiO2;(CH3SiO5)os 173 0.73 140 2.50 
c SiO2;(CH3SiO5)os 177 O.61 113 2.18 
d SiO2/(CH3SiO5)os 225 O.90 123 2.15 

0083) The above derivatized hybrid silica is used for 
separation of a mixture of neutral, polar and basic com- TABLE 8-continued 
pounds listed in Table 6. The chromatographic columns are -w 
packed using a slurry packing technique, and the analysis Column Lifetime (h) 
conditions are shown in Table 7. Commercial Column F (Cs type) 34 

Packing Material of Product c in Table 5 48 
TABLE 6 Packing Material of Product d in Table 5 50 

Packing Material of Product a in Table 5 51 
Product b in Product c in Product d in 

Table 5 Table 5 Table 5 

k' of Acenaphthene 10.02 11.35 1340 0087. It can be seen that the durability of the packing 
Relative Retention (r) materials based on the hybrid silica is greatly improved over 

the commercial silica gels. Propranolol/Acenaphthene 0.157 O.149 O.139 
Butyl paraben Acenaphthene O.226 O.216 O.223 
Dipropyl O411 O4OS O403 SECOND SERIES OF EXPERIMENTS 
Phthalate? Acenaphthene 
Naphthalene? Acenaphthene O437 O436 O437 
Amitriptyline Acenaphthene 1483 1.525 1.395 Example 5 
USP Tailing Factor 
Amitriptyline 1.06 1.41 1.41 Removal of a Trifunctional Bonded Phase from a 
Propranolol O.98 O.98 O.98 Silica Surface as a Model Study for the Impact of 

the Reaction Conditions on Particle Framework 

0088. The Tamao-Kumada conditions used to cleave 
0084) bonded phases from silica particles as described by Yang and 

Li (Anal. Chem. 1998, 70,2827-2830) gave high recoveries 
TABLE 7 of the cleaved alkyl ligand, but they did not describe any 

Temperature 23° C. effects on the silica particles framework and surface. A 
Mobile phase 35% viv 20.0 mM. KHPOpH 7.00/65% methanol trifunctional butyl bonded phase was reacted following the 
Flow rate 1.4 ml/min 

0085. The hydrolytic stability of the columns packed by 
the hybrid silica shown in Table 5, as well as some com 
mercial columns based on silica gel bonded with octadecyl 
groups are evaluated using the following procedure. The 
columns are placed in a 50° C. water bath and flushed with 
a solution of 50 mM triethylamine buffer (pH 10) in water. 
Acenaphthene is injected at a flow rate of 1 ml/min at 
predetermined intervals and the theoretical plate numbers 
are recorded. 

0.086 The lifetime of the column is defined as the time 
when the plate number drops to 50% of the initial value. The 
results are shown in Table 8. 

TABLE 8 

Column Lifetime (h) 

Commercial Column A (Cs type) 8 
Commercial Column B (Cs type) 11 
Commercial Column C (Cs type) 16 
Commercial Column D (Cs type) 19 
Commercial Column E (Cs type) 30 

conditions of Yang and Li. The cleaved particles were 
recovered, filtered, and then washed four consecutive times 
with water (50 mL/g). The washed particles were then 
stirred in 1.0 M hydrochloric acid (25 mL/g) at 98° C. for 16 
hours to hydrolyze methoxy groups that had condensed with 
silanols during the methyl group cleavage reaction. Upon 
cooling, the acid washed particles were filtered and washed 
four consecutive times with water (10 mL/g) until the wash 
slurry pH was equal to the pH of the deionized water. The 
particles were then washed with acetone (50 mL/g) and then 
dried at 80° C. for 16 hours under reduced pressure. 

0089. The % C, specific surface area, specific pore vol 
ume, average pore diameter, and particle size was compared 
to the original Virgin silica particles before bonding using 
combustion analysis, multipoint N sorption, and Coulter 
counter respectively. Comparative data are listed in Table 9. 
The conditions used by Yang and Li appear to slightly 
increase the particle's pore diameter, but no increase in 
surface area was observed experimentally. As reported by 
Yang and Li, complete ligand cleavage was observed as 
measured by a % C decrease back to a level experimentally 
equivalent to the silica particle before bonding. Particle size 
was unaffected by the process as determined by Coulter 
measurement. 
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TABLE 9 

Specific Avg. Particle 
Surface Pore Pore Size Particle 
Area Volume Diameter 50% Point Size Ratio 

Material % C (m/g) (cc/g) (A) (Lm) (90%/10%) 

Silica Particle A O.10 111 0.72 237 4.82 1.54 
before Bonding 
Silica Particle After 1.88 4.92 1.51 
Bonding 
Silica Particle after O16 113 0.75 258 4.91 1.52 
Bonded Phase Cleavage 

Example 6 tration of reagents used (FF), the particles began to fracture 

Conversion of Surface Methyl Groups on Hybrid 
Inorganic/Organic Particles 

0090 Reagent concentration was studied for its effect on 
hybrid particle methyl group conversion efficiency as well as 
impact on the particle's framework. 
0091 Mixtures of 5 um methyl hybrid particle (Waters 
Corporation, Milford, Mass.), potassium fluoride (Aldrich 
Chemical, Milwaukee, Wis.), potassium hydrogen carbonate 
(Aldrich Chemical, Milwaukee, Wis.), hydrogen peroxide 
solution (30 wt.% in water, Aldrich Chemical, Milwaukee, 
Wis.), and a 1:1 V/v mixture of methanol/tetrahydrofuran 
(HPLC grade, J. T. Baker, Phillipsburgh, N.J.) were heated 
with stirring to 60° C. for 16 hours. Upon cooling the 
modified particles were filtered and washed four consecutive 
times with water (30 mL/g). The specific amounts of 
reagents are listed for each reaction in Table 10 below. The 
washed particles were then stirred in 1.0 M hydrochloric 
acid (25 mL/g) at 98°C. for 16 hours to hydrolyze methoxy 
groups that had condensed with silanols during the methyl 
group cleavage reaction. Upon cooling, the acid washed 
particles were filtered and washed four consecutive times 
with water (10 mL/g) until the wash slurry pH was equal to 
the pH of the deionized water. The particles were then 
washed with acetone (15 mL/g) and then dried at 80°C. for 
16 hours under reduced pressure. The % C and % F, specific 
Surface areas, specific pore Volumes, average pore diam 
eters, and particle sizes for these materials were measured by 
combustion analyses, multipoint N sorption, and Coulter 
counter (volume mode) respectively. Characterization data 
is listed in Table 11. 

as evidenced by the increase in the 90%/10% ratio of the 
product’s particle size. At the intermediate concentrations of 
reagents (CC, DD, EE), the particles appear to be pore 
enlarged as evidenced by an increase in the average pore 
diameter. The concentrations of reagents used in BB appear 
to only have slightly affected the particle's pore diameter, 
but an increase in surface area was observed. For the least 
concentrated reaction, AA, the particle's framework appears 
to be unaffected based on Surface area and pore diameter. 
Carbon loss was measured for all examples. The % C 
appears to level off at ca. 6.15%, despite the increasing 
reagent concentration (AA->DD) and evidence for some 
framework change. As a whole, the data Suggest that 
approximately 0.63% of the particle's total original 6.80% 
(avg. of A+B) carbon content is on the surface where it is 
accessible to the oxidation reagents. Example GG also 
Supports that reagent concentrations used in CC and DD 
may be affecting the particle framework to only a slight 
degree. In this example, the particles used to make CC were 
reacted with a second treatment at the same reagent con 
centration. The % C of the particle dropped to 5.78, but the 
surface area and pore diameter were slightly affected relative 
to CC. As an upper limit, this data point would suggest 
1.00% of the particle's total original 6.80% (avg. of A+B) 
carbon content is on the surface where it is accessible to the 
oxidation reagents. Analysis of all the samples by Si 
CP/MAS NMR spectroscopy show only decreases in the 
methylsilicon peak relative to the silicon oxide peaks. No 
other carbon containing species were identified by 'C 
CP/MAS NMR after acid washing. Prior to acid washing, 
Si OCH, peaks were observed, which are hydrolyzed dur 
ing the acid wash step. Significant amounts of fluorine 

TABLE 10 

Starting Potassium Hydrogen 
Hybrid Starting Potassium Hydrogen- Peroxide Methanol 
Particle Hybrid Fluoride carbonate Solution Tetrahydrofuran 

Product Lot No. Particle (g) (g) (g) (g) (mL) 

AA A. 3O.O 3.28 S.69 9.67 1200 
BB B 3O.O 4.90 8.50 14.5 1200 
CC A. 3O.O 6.57 11.39 19.4 1200 
DD A. 3O.O 6.57 11.39 19.4 1200 
EE A. 3O.O 13.14 22.70 38.7 1200 
FF A. 2.0 1.78 3.10 5.2 100 
GG CC 11.O 2.15 3.75 6.4 440 

0092 At high concentrations of reagents in the methanol/ 
tetrahydrofuran solvent blend, the salts precipitated out of 
Solution, making exact correlations between reagent charge 
and final particle properties inexact. At the highest concen 

incorporation were observed as measured by the combus 
tion/ISE method (Galbraith Laboratories, Inc., Knoxville, 
Tenn.), however, the weight of a fluorine atom (19 g/mol) is 
similar to the weight of a hydroxy group and would not have 
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a significant impact on the '% C combustion measurement. 
While not detected by 'Si NMR, Si-F bonds may be 
formed during the course of the reaction. 

TABLE 11 

Specific 
Starting Surface Avg. Pore Particle 
Particle Fluorine Area Pore Volume Diameter Size 50% 

or Product % C (ppm) (m.g) (cc/g) (A) Point (Im) 

Hybrid A 6.78 &2O 178 O.66 130 5.59 
Hybrid B 6.83 &18 186 O.69 131 5.27 
AA 6.40 900 182 O.65 131 5.53 
BB 6.13 1170 212 O.74 138 S.18 

CC 6.16 159 0.72 162 5.53 

DD 6.14 SOOO 152 O.70 163 5.46 

EE 5.25 1500 222 O.83 149 5.84 

FF 2.22 153 O.S6 200 5.67 

GG 5.78 157 0.72 178 5.39 

Example 7 

Conversion of Surface Methyl Groups on Hybrid 
Inorganic/Organic Particles With Reduced 

Equivalents of Potassium Fluoride in the Reaction 
Solution 

0093 Reviews on the Tamao-Kumada oxidation (i) 
Tamao, K. Advances in Silicon Chemistry 1996, 3, 1–62; ii) 
Jones, G. R.; Landais, Y. Tetrahedron 1996, 52(22), 7599 
7662 that is used here indicated that potassium fluoride 
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Particle 
Size Ratio 

(90%/10%) 

1.49 
1.60 

1.52 
1.59 

1.55 

1.52 

1.61 

3.60 

1.54 

might not be necessary to achieve Surface methyl group 
conversion. Reduced KF equivalents were studied for par 
ticle methyl group cleavage efficiency. Reactions were run 
as described in Example 6. The specific amounts of reagents 
are listed for each reaction in Table 12, and characterization 
data is listed in Table 13. The objective of the experiment 
was to see if lower amounts of potassium fluoride (relative 
to the potassium hydrogencarbonate and hydrogen peroxide) 
would still afford methyl group conversion into hydroxyl 
groups, and if so, with reduced fluorine incorporation into 
the final particle. 

TABLE 12 

Starting Potassium Hydrogen 
Hybrid Starting Hydrogen- Peroxide Methanol 
Particle Hybrid Potassium carbonate Solution Tetrahydrofuran 

Product Lot No. Particle (g) Fluoride (g) (g) (g) (mL) 

HH A. O.33 O.95 1.61 2OO 

II A. O.66 O.95 1.61 2OO 

0094) 

TABLE 13 

Starting Specific Particle 

Particle Surface Pore Avg. Size Particle 

O Fluorine Area Volume Pore 50% Point Size Ratio 

Product % C (ppm) (m/g) (cc/g) Diameter (A) (Lm) (90%/10%) 

Hybrid A 6.78 &2O 178 O.66 130 5.59 1.49 

HH 6.37 338 179 0.73 132 S.49 1.55 

II 6.43 527 215 0.72 133 S.49 1.54 
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0.095 Fluorine incorporation into the particle was 
reduced by using the fewer equivalents (mol/mol) of potas 
sium fluoride relative to potassium hydrogencarbonate. At 
the same time, the reduction in % C was not as great as for 
examples where the molar ratio of the two salts were 
equivalent. 

Example 8 

Chromatographic Evaluation of Surface Methyl 
Converted Hybrid Inorganic/Organic Particles 

0.096 Particles from Example 6 were used to separate a 
mixture of neutral (naphthalene, acenaphthene) and polar 
basic (propranolol, amitriptyline) compounds (void volume 
marker uracil) under reversed-phase (RP) conditions. 
Chromatographic columns were prepared by slurry packing 
the materials into 4.6x150 mm steel columns, and the 
analysis conditions were as follows: temperature 23° C.; 
Mobile Phase: 65/35 V/v methanol/20.0 mM. KHPO/ 
KHPO, pH 7.00; Flow Rate: 1.4 mL/min. Results are 
shown in Table 14. 

TABLE 1.4 

Retention Time (min 

Naph- Propran 
Product Uracil thalene Acenaphthene olol Amitriptyline 

Hybrid 1.36 1.62 1.65 1.67 2.27 
A. 
AA 1.38 1.55 1.54 1.98 2.61 
CC 1.37 1.47 1.47 1.91 2.49 
DD 1.38 1.46 1.46 1.72 2.33 
GG 1.37 1.42 2.05 2.52 

0097. The chromatographic data in Table 14 support the 
conversion of surface Si-CH groups into Si-OH or 
Si F groups. The methyl groups on the surface of Hybrid 
A act as a stationary phase for the retention of all the 
analytes. As the methyl groups are converted, the neutral 
analytes show a reduction in retention, moving to the Void 
Volume. The basic compounds, propranolol and amitrip 
tyline, are in an ionized State at pH 7, and are retained by 
both reversed-phase (RP) (with the methyls) and ion 
exchange (with silanols) modes of Surface interaction. For 
the methyl group converted particles, a higher Surface con 
centration of silanols is present and is expected to give more 
retention for the bases, as is observed. 

0098. The impact of replacing the surface methyl sub 
stituents with hydroxyl or fluorine substituents was also 
studied for stability of the particles towards alkaline mobile 
phases. Chromatographic columns were prepared by slurry 
packing the materials into 4.6x150 mm steel columns, and 
the analysis conditions were as follows: 1) The plate num 
ber, N, (5 sigma method) was measured for a test analyte, 
uracil. Mobile phase conditions were acetonitrile-20 mM 
KHPO/K.HPO, pH 7.00 (40.60, v/v) at a flow of 1.0 
mL/min and a column temperature of 50.0° C. 2) The 
column was purged over to and run for 15 min in a 50 mM 
triethylamine pH 10.00 mobile phase at a flow of 2.0 
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mL/min and a column temperature of 50.0°C. 3) In 15 min 
increments, the column was purged with 100% water (10 
minutes at 2.0 mL/minute) and then purged with 100% 
methanol (10 minutes at 2.0 mL/minute). 4) Next, the 
column was purged over to and equilibrated in the mobile 
phase of step 1 above, and N for uracil was measured. 5) The 
process was then repeated Starting at step 2. Packed columns 
were kept in a 50° C. water bath throughout the test. Column 
lifetime is defined as the time of exposure to the pH 10 
triethylamine solution when the efficiency of the column 
drops to 50% of its initial value. Silica sample A from 
Example 5 is included in the test results of Table 15 for 
comparison. 

TABLE 1.5 

Product Lifetime (h) 

Silica A 3.0 
Hybrid A S.O 
AA 5.8 
CC 3.8 
GG 3.8 

0099. The data show that conversion of the surface 
methyl groups has a moderately negative impact on particle 
stability in an alkaline mobile phase within experimental 
error. The methyl groups located in the hybrid particle's 
framework do appear to contribute towards the high pH 
stability of the hybrid particles, because the surface con 
verted particles still show better stability than a silica 
particle (Silica A). 

Example 9 

Modification of Surface Methyl Group Converted 
Hybrid Inorganic/Organic Particles with 

Octadecyltrichlorosilane (ODS) and 
Chlorotrimethylsilane (TMS) 

0.100 Samples from Example 6 were modified on a 
0.75-20 g scale with octadecyltrichlorosilane (ODS) and 
chlorotrimethylsilane (TMS). As a control, virgin hybrid 
particles A from Example 6 were also bonded. Specific 
reagent amounts are provided in Table 8. The general 
procedure is as follows. Methyl group cleaved hybrid par 
ticle, ODS, and imidazole are refluxed in dry toluene for 
2.75-4.0 hours. The ODS modified particles are filtered and 
washed Successively with toluene, acetone, 1:1 V/v acetone/ 
water, and acetone. The washed particles were then heated 
in a 4.5:1 V/v solution of acetone/0.12 Mammonium acetate 
for 2.0-3.0 hours at 60°C., and subsequently cooled, filtered 
and washed successively with 1:1 V/v acetone/water, and 
acetone, and then dried at 80°C. under reduced pressure for 
16 h. The Surface concentrations of the octadecyl groups 
were determined from elemental analyses. 
0101 TMS end capping of the ODS derivatized samples 
was accomplished as follows. ODS modified particles, 
TMS, and imidazole were refluxed in dry toluene for 4.0 
hours. The end capped particles were filtered and washed 
Successively with toluene, acetone, 1:1 V/v acetone?water, 
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and acetone, and then dried at 80°C. under reduced pressure 
for 16 h. Specific reagent amounts are provided in Table 16. 
ODS surface concentrations and total (ODS+TMS) carbon 
data are listed in Table 17. 

TABLE 16 

Methyl 
Group 
Cleaved Starting End Cap End cap 
Hybrid Particle ODS Imidazole TMS Imidazole 

Product Particle (g) (g) (g) (g) (g) 

JJ Hybrid A. 20.0 14.0 3.1 3.9 3.1 
KK AA 2O.O 14.1 3.0 3.9 3.0 
LL CC 11.O 6.8 1.5 1.9 1.5 
MM GG O.74 O.S O.1 O.1 O.1 

0102) 

TABLE 17 

ODS Surface 
Product Concentration (mol/m) Total %, C 

JJ 2.33 15.5 
KK 2.65 16.0 
LL 2.81 14.7 
MM not determined 15.1 

0103) The higher ODS surface concentrations achieved 
for KK and LL relative to the control, JJ, support that surface 
methyl groups were converted into hydroxyl groups as 

Product 

JJ 

KK 

LL 

Product 

JJ 

KK 

LL 

Mar. 6, 2008 

predicted by the Tamao-Kumada reaction mechanism. These 
results show that surface methyl group converted hybrid 
particles allow for higher surface concentrations or loadings 
of a desired bonded phase ligand compared to existing 
hybrid particles. Higher bonded phase loadings can be 
advantageous, for example, in ion exchange chromatogra 
phy. On a silica particle of similar Surface area, pore Volume, 
and pore diameter, an even higher ODS Surface concentra 
tion would be expected (3.2-3.5 umol/m). The failure to 
achieve these Surface concentrations in the present case can 
be explained by Some methyl groups or silanol groups being 
replaced with fluorine atoms, which are not reactive with 
chlorosilanes. 

Example 10 

Chromatographic Evaluation of ODS/TMS 
Modified Surface Methyl Converted Hybrid 

Inorganic/Organic Particles 

0104 ODS/TMS modified particles from Example 9 
were used to separate a mixture of neutral, polar, and basic 
compounds (void volume marker—uracil) under reversed 
phase (RP) conditions. Chromatographic columns were pre 
pared by slurry packing the materials into 3.9x150 mm steel 
columns, and the analysis conditions were as follows: tem 
perature 23° C.; mobile phase: 65/35 V/v methanol/20.0 mM 
KHPO/KHPO, pH 7.00; flow rate: 1.4 mL/min. Results 
are shown in Tables 18 and 19. 

TABLE 1.8 

Capacity Factor (k) 

Propranolol Butyl Paraben Naphthalene Acenaphthene Amitriptyline 

1.63 2.75 5.47 12.23 16.88 

1.63 2.84 6.OS 13.82 18.98 

1.59 2.45 5.60 13.02 23.99 

01.05 

TABLE 19 

USP Tailing Factor 

Propranolol Naphthalene Acenaphthene Butyl Paraben Amitriptyline 

1.2 1.5 1.4 1.1 1.8 

1.2 1.2 1.2 1.1 2.0 

1.4 1.3 1.3 1.2 2.3 
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0106 Retention and USP tailing factors are generally 
similar to the control hybrid particle bonded phase. How 
ever, the basic analyte, amitriptyline, has larger capacity and 
tailing factors on the surface methyl group converted ODS 
phases. These two changes Support that additional silanol 
groups were introduced onto the hybrid particle Surface via 
oxidative cleavage of the Si-CH groups (McCalley, D. V. 
J Chromatogr: A 1996, 738, 169-179). 

0107 The ODS/TMS modified hybrid samples of 
Example 9 were also studied for hydrolytic stability in both 
alkaline and acidic mobile phases. The alkaline stability 
procedure was the same as described in Example 8, except 
the mobile phase of step 1 was changed to MeOH-20 mM 
KHPO/KHPO, pH 7.00 (6.5/35, v/v), the marker was 
changed to acenaphthene, and 60 min increments were used 
in step 3 of the procedure. Hydrolytic stability in an acidic 
mobile phase at 80° C. was measured using the following 
protocol. 1) The column (3.9x20 or 4.6x75 mm) was equili 
brated to temperature for two hours running at 1.0 mL/min 
with acetonitrile. At the end of the equilibration time, 
acetone was injected to measure the Void volume. 2) The 
column was then equilibrated at 1.0 mL/min in acetonitrile 
:Water (1:1, V/v), and acenaphthene (with uracil as a Void 
volume marker) was injected to obtain a retention factor. 3) 
The column was equilibrated for one hour in 1% trifluoro 
acetic acid in water (pH 1.02) at 1.4 mL/min. An injection 
of ethyl paraben was made with a 90 minute runtime, and 
then an injection of benzene and toluene was made, also 
with a 90 minute runtime. 4) Any hydrolyzed bonded phase 
was then eluted using 1% trifluoroacetic acid in acetonitrile 
at 3.0 mL/min for 24 minutes. 5) Steps 3 and 4 were repeated 
until the retention time for ethyl paraben in step three was 
reduced to less than 50% of its original value. After every ten 
cycles of steps three and four, steps 1 and 2 were repeated. 
The lifetime is defined as the time of exposure to the 1% 
trifluoroacetic acid/water mobile phase when the ethylpara 
ben retention time was reduced to less than 90% of its 
original value. Stability results are shown in Table 20. For 
reference, a number of commercially available silica gel 
based ODS columns are included with the control hybrid 
column, J.J. 

TABLE 20 

Alkaline Lifetime 
Product Acidic Lifetime (h) (h) 

Inertsil ODS3 13 23 
Phenomenex Luna C1s (2) 5 23 
Symmetry Cs 13 17 
YMC ODS AQ 5 8 
Zorbax SB-C1s 117 7 
JJ 5 39 
KK 9 32 
LL 9 26 
MM 65 

0108. In comparison to commercial ODS modified silica 
based column packings, the ODS/TMS bonded hybrid con 
trol column packing (JJ) has a significantly longer lifetime 
under alkaline conditions, but a generally shorter lifetime 
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under acidic mobile phase conditions. The ODS/TMS modi 
fied surface methyl converted particles of the present inven 
tion were found to have significantly improved (1.8 to 13 
fold increase) acidic lifetimes over the control, J.J. 
0.109 Therefore, increased amounts of methyl to 
hydroxyl and/or fluorine group conversion on the unbonded 
particle appear to afford increased acid stability on the 
subsequent ODS/TMS bonded phases. In comparison to 
commercially available ODS modified silica gel based pack 
ings, the ODS/TMS modified surface methyl group con 
verted particles were found to have an intermediate lifetimes 
at low pH. At the same time, the ODS/TMS modified surface 
methyl group converted particles still had similar or better 
alkaline lifetimes compared to the silica gel ODS phases. 
This alkaline stability is unique to these hybrid particles and 
is attributed to the methyl groups remaining in the internal 
framework which inhibit framework hydrolysis at alkaline 
pH. 

Example 11 

Modification of Surface Methyl Group Converted 
Hybrid Inorganic/Organic Particles with 

(3-cyanopropyl)trichlorosilane (CN) 
0110 Samples from Examples 2 were modified on a 
10-50 g scale with (3-cyanopropyl)trichlorosilane (CN). A 
control CN phase (NN) was also prepared on virgin hybrid 
particle A from Example 6. Specific reagent amounts are 
provided in Table 21. The general procedure is as described 
in Example 9. The Surface concentrations of the cyanopropyl 
groups were determined from elemental analyses and are 
shown Table 21. 

TABLE 21 

Methyl 
Group 
Cleaved Starting CN Surface 
Hybrid Particle CN Imidazole Concentration Total 

Product Particle (g) (g) (g) (mol/m) % C 

NN Hybrid A 50.0 18.2 7.7 2.31 8.73 
OO DD 2O.O S.6 2.3 3.10 9.03 
PP BB 2O.O 6.2 2.5 3.70 8.6S 

0111. The higher CN surface concentrations achieved for 
PP and OO relative to the control, NN, support that surface 
methyl groups were cleaved and replaced with silanols as 
predicted by the Tamao-Kumada reaction mechanism. As in 
the case for the ODS results, the CN data shows that surface 
methyl group converted hybrid particles allow for higher 
Surface concentrations or loadings of a desired bonded phase 
ligand compared to the existing hybrid particles. On a purely 
silica particle, a higher CN surface concentration would be 
expected (4.0-4.9 umol/m). The failure to achieve these 
Surface concentrations in the present case may again be 
explained by some methyl or hydroxy groups being replaced 
with fluorine atoms, which are not reactive with (3-cyano 
propyl)trichlorosilane. Note the higher of the two CN sur 
face concentrations was achieved on the unbonded particle 
having the lower fluorine content (1170 ppm vs. 5000 ppm) 
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Example 12 

Chromatographic Evaluation of CN Modified 
Surface Methyl Converted Hybrid 

Inorganic/Organic Particles 
0112 CN modified particles from Example 11 were used 
to separate a mixture of neutral, polar, and basic compounds 
(void volume marker uracil) under reversed-phase (RP) 
conditions. Chromatographic columns were packed and 
tested as described in Example 10. Data for two commer 
cially available CN modified silica columns is included for 
reference. Results are shown in Tables 22 and 23. Silica 
based CN columns typically have long retention times for 
basic analytes in comparison to neutral analytes, as a con 
sequence of the reduced hydrophobic retention and the 
increased accessibility of Surface silanol groups that results 
when a short chain length bonded phase is used. 

TABLE 22 

17 
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(here labeled: Ref 1-(3-cyanopropyl)dimethyl-siloxane), 
Ref 2-(3-cyanopropyl)trisiloxane, Ref 4-N-(2-cyanoethyl)- 
N-methyl-carbamate 3-(dimethylsiloxane)propyl, and Ref 5 
(3-cyanopropyl)diisobutylsiloxane described a recent pub 
lication were tested in the same way and are included for 
reference (O'Gara, J. E.; Alden, B. A.; Gendreau, C. A.; 
Iraneta, P. C.; Walter, T. H. J Chromatogr. A 2000, 893, 
245-251). The alkaline stability procedure is the same as 
described in Example 8, except 60 min increments were 
used in step 3 of the procedure. Column lifetime is redefined 
as the time of exposure to the pH 10 triethylamine solution 
when (a) the column pressure exceeded 6000 psi or (b) the 
efficiency of the column drops below 50%. The acid stability 
procedure is the same as described in Example 10 except the 
lifetime is redefined to time of exposure to the 1% trifluo 
roacetic acid/water mobile phase when the ethylparaben 
retention time was reduced to less than 70% of its original 
value. The stability data is shown in Table 24. 

Capacity Factor (k 

Product Propranolol Butyl Paraben Naphthalene Acenaphthene Amitriptyline 

Nova-Pak 2.01 O.11 O.22 O.31 3.42 
CN HP 

Zorbax SB 3.47 0.67 O.80 1.32 7.03 
CN 
NN O.36 O.10 O.42 O.S3 O.94 
OO O.36 O.10 O.36 O46 O.81 
PP O.68 O.09 O.38 O.48 1.35 

0113 

TABLE 23 

USP Tailing Factor 

Product Propranolol Butyl Paraben Naphthalene Acenaphthene Amitriptyline 

Nova-Pak 1.66 1.36 1.45 1.42 1.89 
CN HP 

Zorbax SB 1.74 1.11 2.97 
CN 
NN 1.23 122 1.47 1.49 1.41 
OO 1.99 1.27 1.93 2.00 2.24 
PP 1.32 1.03 1.47 1.47 2.16 

0114. The two commercial columns had longer retention 
times for the two basic analytes, propranolol and amitrip- TABLE 24 
tyline, in comparison to the neutral analytes. For the control 
hybrid particle, CN retention time for the bases was signifi- Acidic Lifetime Alkaline Lifetime 
cantly less in comparison to the neutral markers, due to the Product (h) (h-failure mode) 
lack of silanols on the Surface. For the Surface methyl group Ref1 4 3-a 
converted CN bonded phases, basic analyte retention was Ref2 41 2-a 
increased for one of the materials (PP) relative to the hybrid Ref4 4 6-b 
control, where now the two bases were the most retained, Ref 5 53 4-a 
like the silica CN columns, albeit to a lesser degree. The NN 77 9-b 
other surface methyl group cleaved CN bonded phase (OO) 3. 
did not show a significant difference versus the control. This 
result may be due to the higher fluorine level on this particle, 
thereby resulting in a lower silanol content. 
0115 The CN modified hybrid particles of Example 11 
were also studied for hydrolytic stability in both alkaline and 
acidic mobile phases. Four CN modified silica columns 

0116. All three of the hybrid CN bonded phases showed 
significantly better stability at high and low pH in compari 
son to the silica based CN bonded phases, with the exception 
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of the chain extended silica CN material, Ref 4. Both of the 
surface methyl group converted CN bonded phases had 
approximately a 1.8x increase in low pH stability in com 
parison to the hybrid CN control phase. At high pH, the 
surface methyl group converted CN bonded phases were less 
stable by approximately 11% (OO) and 33% (PP) in com 
parison to the control, again due to less Surface protection 
resulting from the conversion of the Surface methyl groups 
into hydroxyl and fluorine units. As a whole, the surface 
methyl group converted CN phases offer a broader operating 
pH range compared to the silica or hybrid control CN 
phases. 

EQUIVALENTS 
0117 Those skilled in the art will recognize, or be able to 
ascertain using no more than routine experimentation, 
numerous equivalents to the specific procedures described 
herein. Such equivalents are considered to be within the 
scope of this invention and are covered by the following 
claims. The contents of all references, issued patents, and 
published patent applications cited throughout this applica 
tion are hereby incorporated by reference. 

1. A hybrid material for chromatographic separations, said 
material having an interior area and an exterior Surface, said 
material having a composition represented by: 

Al Bl 
wherein X and y are whole number integers and A is 

(Formula I), 

SiO/(R'RSiO.), 
and/or SiO/IR (R', SiO,), 

(Formula II) 
(Formula III); 

wherein R' and R are independently a substituted or 
unsubstituted C to C, alkyl group, or a substituted or 
unsubstituted aryl group, R is a substituted or unsub 
stituted C to C, alkylene, alkenylene, alkynylene, or 
arylene group bridging two or more silicon atoms, p 
and q are 0, 1, or 2, provided that p--q=1 or 2, and 
provided that in Formula II, when p+q=1, t=1.5, and 
when p+q=2, t=1; r is 0 or 1, provided that in Formula 
III, when r=0, t=1.5, and when r=1, t=1; m is an integer 
greater than or equal to 2; and n is a number from 0.01 
to 100; B is: 
SiO/(R', SiO,), (Formula IV) 

wherein R is hydroxyl, fluorine, alkoxy, aryloxy, substi 
tuted siloxane, protein, peptide, carbohydrate, nucleic 
acid, or combinations thereof, R is not R', R, or R: 
V is 1 or 2, provided that in Formula IV, when v=1, 
t=1.5, and when V=2, t=1; and n is a number from 0.01 
to 100, said interior of said material having a compo 
sition of A, said exterior Surface of said material having 
a composition represented by A and B, and wherein 
said exterior composition is between about 1 and about 
99% of the composition of B and the remainder com 
prising A. 

2. The material of claim 1 wherein said exterior surface 
has a composition that is between about 70 and about 90% 
of composition B, with the remainder comprising composi 
tion A. 

3. The material of claim 1 wherein said exterior surface 
has a composition that is between about 80 and about 90% 
of composition B, with the remainder comprising composi 
tion A. 

4. The material of claim 1 wherein R is hydroxyl. 
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5. The material of claim 1 wherein R is fluorine. 
6. The material of claim 1 wherein R is methoxy. 
7. The material of claim 1 wherein R is 

–OSi(R) R' (Formula V) 
wherein R is a C to Castraight, cyclic, or branched alkyl, 

aryl, or alkoxy group, a hydroxyl group or a siloxane 
group, and R is a C, to Cs straight, cyclic, or branched 
alkyl, aryl, or alkoxy group, wherein R is unsubsti 
tuted or substituted with one or more moieties selected 
from the group consisting of halogen, cyano, amino, 
diol, nitro, ether, carbonyl, epoxide, Sulfonyl, cation 
exchanger, anion exchanger, carbamate, amide, urea, 
peptide, protein, carbohydrate, nucleic acid functional 
ities, and combinations thereof. 

8. The material of claim 7 wherein R is a Cls group. 
9. The material of claim 7 wherein R is a cyanopropyl 

group. 
10. (canceled) 
11. (canceled) 
12. The material of claim 1, having a specific Surface area 

of about 50 to 800 m/g. 
13. The material of claim 1, having a specific Surface area 

of about 100 to 200 m/g. 
14. The material of claim 1, having specific pore Volumes 

of about 0.25 to 1.5 cm/g. 
15. The material of claim 1, having specific pore volumes 

of about 0.5 to 1.0 cm/g. 
16. The material of claim 1, having an average pore 

diameter of about 50 to 500 A. 
17. The material of claim 1, having an average pore 

diameter of about 100 to 300 A. 
18. The material of claim 1, having been surface modified 

by polymer coating. 
19. A method of performing a chromatographic separation 

comprising running a sample through a column containing 
the material of claim 1. 

20. The material of claim 7, having a surface concentra 
tion of R greater than about 2.5umol/m. 

21. The material of claim 7, having a surface concentra 
tion of R greater than about 3.0 umol/m. 

22. The material of claim 7, having a surface concentra 
tion of R greater than about 3.5umol/m. 

23. The material of claim 7, having a surface concentra 
tion of R between about 2.5 and 3.7 umol/m. 

24. (canceled) 
25. (canceled) 
26. The material of claim 20, having a specific surface 

area of about 50-800 m/g. 
27. The material of claim 20, having a specific surface 

area of about 100-200 m/g. 
28. The material of claim 20, having specific pore vol 

umes of about 0.25 to 1.5 cm/g. 
29. The material of claim 20, having specific pore vol 

umes of about 0.5 to 1.0 cm/g. 
30. The material of claim 20, having an average pore 

diameter of about 50 to 500 A. 
31. The material of claim 20, having an average pore 

diameter of about 100 to 300 A. 
32. The material of claim 20, which have been surface 

modified by polymer coating. 
33. A method of performing a separation comprising 

running a sample through a column containing the material 
of claim 20. 
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34. A separation device comprising the material of claim 41. The method of claim 36, wherein said tetraalkoxysi 
1. lane is tetramethoxysilane or tetraethoxysilane. 

35. The separation device of claim 34, said device 42. The method of claim 36, wherein said material has a 
selected from the group consisting of chromatographic col- composition represented by: 
umns, filtration membranes, sample clean up devices, and 
microtiter plates. AIB). (Formula I), 

36. A method of preparing a hybrid chromatographic wherein X and y are whole number integers and A is 
material, comprising: 

SiO/(R'RSiO.), (Formula II) 
a) prepolymerizing a mixture of an organoalkoxysilane and/or SiO/IR (R', SiO,), (Formula III); 

and a tetraalkoxysilane in the presence of an acid 
catalyst to produce a polyalkoxysiloxane. wherein R' and R are independently a substituted or 

unsubstituted C to C, alkyl group, or a substituted or 
unsubstituted aryl group, R is a substituted or unsub 
stituted C to C, alkylene, alkenylene, alkynylene, or 
arylene group bridging two or more silicon atoms, p 
and q are 0, 1, or 2, provided that p--q=1 or 2, and that 
when p+q=1, t=1.5, and when p+q=2, t=1; r is 0 or 1, 
provided that when r=0, t=1.5, and when r=1, t=1; m is 
an integer greater than or equal to 2; and n is a number 

c) modifying the pore structure of said porous material by from 0.01 to 100; B is: 
hydrothermal treatment; and 

b) preparing an aqueous Suspension of said polyalkoxysi 
loxane, said Suspension further comprising a surfactant, 
and gelling in the presence of a base catalyst So as to 
produce a porous material having silicon C to C, alkyl 
groups, Substituted or unsubstituted aryl groups, Sub 
stituted or unsubstituted C to C, alkylene, alkenylene, 
alkynylene, or arylene groups. 

SiO2/(R', SiO,), (Formula IV) 
d) replacing one or more surface C to C, alkyl groups, 

Substituted or unsubstituted aryl groups, Substituted or 
unsubstituted C to C, alkylene, alkenylene, alky 
nylene, orarylene groups of the material with hydroxyl, 
fluorine, alkoxy, aryloxy, or Substituted siloxane 
groups. 

37. The method of claim 36, wherein said replacing 
involves reacting the hybrid material with aqueous H2O, 
KF, and KHCO in an organic solution. 

38. The method of claim 36, wherein the molar ratio of 
said organotrialkoxysilane and tetraalkoxysilane is about 

wherein R is hydroxyl, fluorine, alkoxy, aryloxy, substi 
tuted siloxane, protein, peptide, carbohydrate, nucleic 
acid, or combinations thereof, R is not R. R. or R: 
V is 1 or 2, provided that when V=1, t=1.5, and when 
v=2, t=1; and n is a number from 0.01 to 100; said 
interior of said material having a composition of A; Said 
exterior surface of said material having a composition 
represented by A and B, and wherein said exterior 
composition is between about 1 and about 99% of the 
composition of B and the remainder comprising A. 

100:1 to O.O1:1. 43. The material formed by the method of claim 36. 
39. The method of claim 36, wherein said surfactant is an 44. The material of claim 1, wherein n is 0.2 to 0.5, when 

alkylphenoxypolyethoxyethanol. p is 0, q is 1 and t is 1.5. 
40. The method of claim 36, wherein said suspension 

further comprises a porogen. k . . . . 


