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SILYLATION OF THE SILICA SURFACE 
A REVIEW

P. Van Der Voort* and E. F. Vansant

University of Antwerpen (U.I.A.)
Department of Chemistry 

Laboratory of Inorganic Chemistry 
Universiteitsplein 1 

B-2610 Wilrijk (Antwerpen), Belgium

ABSTRACT

Silylated silica surfaces have found many applications in the field 
of analytical chemistry (HPLC, Ion Exchange Chromatography, Size 
Exclusion Chromatography, GC). synthetic chemistry (heterogeneous 
catalysts, phase transfer catalysts), biochemistry' (enzyme 
immobilization, affinity chromatography) and industries (composites, 
high-tech materials, semiconductor devices).

In all cases, the knowledge of their chemical composition and 
surface characteristics is of great importance for tire understanding 
and eventual improvement of their performance.

This review presents a general description of the silica surface 
and a summary of the different modification techniques that have 
been developped to silylate oxide surfaces. The chlorosrlylation of 
the silica surface (in liquid and gaseous phase) and the modification 
with aminosilanes are discussed in more detail, emphasizing the 
analysis techniques and skills that enable researchers to get a more 
profound insight into the reaction mechanisms and the nature and 
concentration of the created surface groups.

2723
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Table 1

Surface Silanol Types with their 29Si CP MAS NMR and I I IR 
Peak Positions and Names

Si-NMR

FTIR

HO OH
\  /

OH
!

OH---- OH
1 1

__—Si— ---Si--- - -------
/  \ /  1 N. /  1 \  /  1 \o  o O o  o O O O O (

Geminal Isolated Vicinal

Q2 Q3 Q3
-94 ppm - 1 0 0  ppm - 1 0 0  ppm

3743 cm ' 1 3743 cm ' 1 3660 cm 1

free free bridged

1. The Surface of Silica - Quantification of the Silanol Types as a Function of 
Temperature

The ultimate particles which make up the silicas can be regarded as polymers 
of silicic acid, consisting of interlinked Si04 tetrahedra. At the surface, the structure 
terminates in either a s ilo x a n e  g r o u p  (sSi-O-Sis) with the oxygen on the surface, or 
one of several forms of s i la n o l  g r o u p s  (=Si-OH). The silanols can be divided into 
i s o la te d  groups (or f r e e  s i la n o ls ) , where the surface silicon atom has three bonds 
into the bulk structure and the fourth bond attached to a single OH group, and 
v ic in a l s i la n o ls  (or b r id g e d  s i la n o ls ) , where two single silanol groups, attached to 
different silicon atoms, are close enough to hydrogen bond.

A third type of silanols, g e m in a l  s i la n o ls , consist of two hydroxyl groups, that 
are attached to one silicon atom. The geminal silanols are too close to hydrogen 
bond to each other,2 whereas the free hydroxyl groups are too far separated. These 
different silanol types, together with their infrared and 29Si NMR attributes are 
shown in Table 1.

Since silanols play an important role in all surface modifications, a thorough 
understanding of the absolute number of silanols and the relative distribution of the 
silanol types is very important. A very large number of publications has appeared on 
the distribution of these various silanol types as a function of pretreatment 
temperature of the silica. We have recently evaluated the most important of these 
models1 and have come to an average distribution of silanol types, shown in Figure
1 .
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Silanol number (OH/nm2)

Substrate

Figure 1. Silanol type distribution as a function of pretreatment temperature. In vacuo.

2. Sihdation of the Silica Surface: Modification Procedures

In the selection of a chemical modification procedure, two criteria have to be 
considered.

(i) the aimed coating morphology ; and

(ii) the scale on which the modification has to be performed.

The coating morphology includes layer thickness (mono- or multi-layer), the 
modification density' (molecules/nm2), the orientations of the surface molecules, and 
the type of interaction of the coating layer with the surface (relative amount 
physisorption/chcmisorption).

The procedures used for the chemical modification of silica will be discussed 
using these criteria. This survey is restricted to the preparation of chemically 
modified silicas, used as a base material in the above-cited applications. Procedures 
are ordered according to the possibility to control the ultimately formed layer.
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R S i(O M e),

3 H 2 0

RSi(OH)

H y d ro ly s is

3M eO H
3

2 R S i(O H ),

^  2 H 9 0

C o n d e n s a tio n  

2 C

H y d ro g e n  b o n d in g

R

R R R
I I I

HO — S i —  O —  Si —  O —  S i —  OH

OH
I
OH OH

I
HO ------Si —  O ------- S i ------- O ------  S i ------ OH

I I I
o o o_

H H H H H H
\  /  \  /  \  /O O O

Substrate

A NB o n d  fo rm a tio n

R R R

i I i
HO S i -  O  S i —  o —  S i —  OH

OH OH O H

Substrate

0  - H
1 I
H -------  O

Substrate

Figure 2. Mechanism of silane deposition in aqueous solvent.

Sol-gel

The incorporation of organofiinctional groups on the silica surface may be effected 
during tire synthesis of the silica material. The addition of organofiinctional 
alkoxysilanes to the TEOS (tetraethoxysilane) solution in the sol-gel process, 
produces functionalized silica gels. This procedure does not allow a careful control 
of the resultant surface morphology. Since the relative amounts of silane and TEOS 
are die only variable parameters, neither layer thickness, nor modification density 
can be precisely tuned. This results in an irreproducible functionalization of the 
surface.

Aqueous Solvent

The preparation of organofiinctional silica gels on an industrial scale is 
performed by liquid phase reaction. As a solvent, water, a water/ethanol or 
water/acetone mixture is used. Chlorosilanes or alkoxysilanes are used for this type 
of modification.
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In the aqueous solvent, the silanes undergo hydrolysis and condensation before 
deposition on the surface3 (Figure 2). In contact with water, halogen or alkoxy 
groups are hydrolyzed. The as-formed silanol groups go into hydrogen-bonding 
interactions with neighbouring hydrolyzed silane molecules and with surface silanol 
groups. Siloxane bonds are formed, with release of water. The coating molecules 
are polymerized horizontally as well as vertically. Thus, a three-dimensional 
polymeric silane network is formed on the silica surface.

The polymerization reactions are hard to control and a layer of unreproducible 
thickness results. The control is ameliorated with the addition of a variable amount 
of a polar organic solvent such as ethanol or acetone. Ethanol/water mixtures in a 
70%/30% ratio are commonly used.

Covalent bond formation is not an immediate process. Silane coating layers 
consist of phvsisorbed as well as chemisorbed molecules. Physisorbed molecules go 
into condensation only slowly and chemical stabilization of the coating layer 
requires a post-reaction curing step. In this step, the modified substrate is thermally 
treated at temperatures generally in the 353 - 473 °K range.

O r g a n ic  so lv e n t

If modification with chlorosilanes or alkoxysilanes is performed in completely 
dry conditions (dry organic solvent, dehydrated surface), hydrolysis is prevented. 
Chemical bonding with the substrate should result from the direct condensation of 
the chloro- or alkoxy groups with the surface silanols. From experiments using 
methoxymethylsilanes, Blitz2 concluded that this direct condensation does not take 
place. Post-reaction curing only results in evaporation of the adsorbed molecules. 
Alkoxysilanes may only bond chemically to the silica surface if water is present at 
the interface. Thus adsorbed silane molecules are hydrolyzed before reaction with 
the surface. Hydrolysis, however also causes polymerization and, therefore, non
monolayer coverages are obtained.

Another way to realize the direct condensation is by using ammonia as a 
catalyst. Blitz and coworkers5 studied the reactions of methoxymethylsilanes with 
silica in a dry toluene medium in the presence of ammonia. They found that high- 
temperature post-reaction curing is unnecessary for silylation to occur on the silica 
surfaces (either wet or dry ) in the presence of ammonia. Monolayer or greater than 
monolayer surface coverage is obtained when ammonia is present and is about 12 
times the surface coverage obtained in the absence of ammonia. In Figures 3 a and 
b. two possible mechanisms of ammonia catalysis are proposed.6
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Figure 3. (a) Amine catalysis of silylation reaction, mechanism # 1; (b) Amine catalysis of
silylation reaction, mechanism #2 .

A P T S

F igu re 4. Modifcation of silica gel with APTS.
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In the first mechanism (Figure 3a) the transition state involves the formation 
of a low-energetic six-membered ring. The second mechanism (Figure 3b) proceeds 
by the formation of a pentacoordinate intermediate, after nucleophilic attack of the 
ammonia at the silicon atom.

Aminosilanes contain the catalyzing amine function in the organic chain. The 
reaction of aminosilanes with silica gel in dry conditions is therefore self-catalyzed. 
They show direct condensation, even in completely dry conditions. Upon addition of 
tire aminosilane to the silica substrate, the amine group may form hydrogen bonds or 
proton transfer complexes with the surface silanols. This results in a very fast 
adsorption, followed by direct condensation. This reaction mechanism of APTS (y- 
aminopropyltriethoxysilane) with silica gel in dry conditions, is shown in Figure 4. 
After liquid phase reaction, the filtered substrate is cured in order to consolidate the 
modification layer.

S e lf -A s s e m b le d  M o n o la y e r s

Among the liquid phase adsorption procedures. Self-Assembled Monolayers 
(SAMs) take a special place. This type of monolayer originated as an extension of 
Langmuir-Blodgett film technology. In this latter technique, highly ordered films of 
large polar molecules are deposited on flat surfaces. Being obtained as insoluble 
ordered floating films on the surface of a liquid. Langmuir-Blodgett monolayer films 
are transferred onto solid supports, from the water-gas interface, by dipping or 
immersion of the substrate (Figure 5).

In the formation of SAMs, the film-forming molecules order themselves by 
chemical interaction with neighbouring molecules and with the substrate surface. 
This technique Iras been applied for a large variety of modifier/substrate 
combinations. Various sulphur compounds, such as alkanethiols and (di)sulfides 
have been deposited on metals such as silver, copper and gold; isocyanides on 
platinum and carboxylic acids on aluminum oxide and silver oxide.8 
Alkyltrichlorosilanes have been deposited on gold, mica, aluminum, tin oxide and 
silicon oxide. The latter combination is of interest here.

The main feature of the technique is the deposition of the coating molecules 
from organic solvent onto a cleaned hydrated surface. As a solvent dicyclohexyl, 
ethanol, n-hexadecane and n-heptane are used. In a typical synthesis procedure, the 
silica is first cleaned to remove all trace organic compounds. This cleaning step 
appears to be crucial in the formation of smooth, complete monolayers, especially on 
metal surfaces. Cleaning is performed by boiling in nitric acid or 
hydrogenperoxide/sulphuric acid ('piranha') solution. The cleaning step is followed 
by a careful rinse with distilled water and drying in a stream of diy nitrogen.
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F igu re 5. Langmuir-Blodgett film formation on a solid support by transfer of a film at liquid- 
gas interface (a) to solid-gas (b) interface.

F igu re 6. Schematic drawings of self-assembled monolayer (upper) and conventional 
monolayer. Taken from ref 11, with permission.
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The silica may be rehydrated by exposure to air, with controlled humidity, 
shortly before use. Whereas the modification of flat solid substrates involves an 
immersion/retraction procedure, this is not possible for powdered substrates such as 
silica gel. Therefore, these are stirred in the reagent solution, filtered or decanted 
and rinsed with the pure solvent. Detailed descriptions of the reaction conditions 
may be found in the literature.7,9,10

The SAM is formed by using only the monolayer of surface water on the silica 
gel. Since no excess water is present the polymerization reaction is strictly under 
control. Additionally, the water is present at the place where the surface bond has to 
be formed.

Thus-formed SAM's are densely packed, ordered films, attached to the surface 
with chemical bonds. Alkyl chains are aligned paralel in a densely packed fashion. 
T he surface is fully covered, irrespective of the number of hydroxyl groups. Not all 
silane molecules are covalently linked to the surface. Le Grange et al.9 evidenced 
that on a dehydrated surface that was exposed to moisture, 1 in 5 
octadecylchlorosilane molecules is bonded to the surface. Due to this dense structure 
and full surface coverage, this type of layer is clearly different from other wet 
modification methods. In Figure 6 the structure of a self-assembled monolayer is 
compared to that of a conventional polymeric layer.

Wirth and Fatunmbi11 defined the bonding of trifunctional silanes as self- 
assembly, when the bonding density of functional groups is made to be close-packed, 
approximately 8 pmol/m2 (2.2 nm2/chain). Conventional polymeric phases are no 
more than 5 umol/m2. Because of their close packing, these phases are very well 
suited for chromatographic separations, since all interference of surface hydroxyls is 
excluded. In order to avoid over-crowding of the alkyl chains, but to retain the 
advantages of molecular self-assembly, mixed phases of long and short chain alkyls 
have been prepared. As one of such possible combinations, C3 chains have been 
mixed with C]8.12

V a p o u r -P h a s e  R e a c t io n s

Modification of silica gel with volatile or gaseous compounds is performed in 
the vapour phase. Industrial-scale reactors and laboratory scale gas adsorption 
apparatus have been used. In the industrial field, fluidized bed and fluid mill 
reactors are of main importance.

For laboratory-scale modification, distinction lias to be made between static 
and dynamic adsorption procedures. In a static procedur e, the substrate is contacted 
with a known volume of gas at a well-defined pressure. The modifying gas may be



2732 VAN DER VOORT AND VANSANT

stationary or circulating in a closed loop. Modification in a static gas adsorption 
apparatus allows tire careiul control of all reaction parameters. Temperature and 
pressure can be controlled and easily measured. Adsorption kinetics may be 
determined by following the pressure as a function of the reaction time.

In the dynamic gas modification procedure, the reacting gas is passed through 
the substrate and dissipated. Temperature and gas flow may be controlled, with the 
limitation of pressure build-up at the substrate site. Relatively large amounts of gas 
may be passed through the sample.

The main difference between the two procedures is the type of control of the 
reaction mechanism. For static reactions, the reaction velocity is controlled 
thermodynamically. In this case, the velocity' is mainly controlled by the equilibrium 
constants for the reactions at a given pressure. In the dynamic regime, on the other 
hand, a more intimate contact between reagent and substrate occurs. Moreover, 
gaseous reaction products are captured constantly and the overall process is under 
kinetic control. Detailed experiments on the difference in kinetics between the two 
processes have been performed by Yongan.13

Hydrolysis and condensation behaviour are analogous to modification 
procedures in dry organic solvent. However, controlled gas phase procedures allow 
a better control of reaction conditions, leading to a more reproducible coating layer. 
While the possibility to form true monolayered coatings from solution has been 
doubted,14,13 gas phase modification is generally agreed to give monolayer 
modification.

3 . M o d if ic a t io n  o f  th e  S i l ic a  S u r fa c e  w ith  (A lk y l)C h lo r o s i la n e s

Strangely enough, a unified approach to the reactions of chlorosilanes with the 
silica surface is lacking in the international literature. This is probably due to the 
different reaction procedures that have been used and the different applications of 
the modified silica surfaces.

The high vapour pressure of the (methyl)chlorosilanes allows for a vapour- 
phase reaction. Moreover, these reactions are usually performed on amorphous 
silica with a high surface area, which is very suitable for a detailed study of the 
surface species by means of FTIR XPS and NMR

The higher order alkylchlorosilanes (C8 and C18) have historically been treated 
in the same way as organosilanes. The reaction inevitably occurs in the liquid phase 
and is usually followed by a curing step. The extremely low surface of the silicon 
wafers and the deposited Si02 layers used for self-assembled-monolayers does not
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F igu re  7. Effectiveness, surface coverage and stoichiometry factor for the reaction of silica gel 
with TCS. Reactions occured at 623 K for lh.

allow a spectroscopic quantification of the surface species. A completely different 
type of analysis technique is used here mainly to determine the quality (roughness 
and uniformity), the adherence (parallel or at random) and the hydrophobicity of the 
coated layer. Often used techniques are AFM (Atomic Force Microscopy), 
ellipsometry and chromatography.

3 .1 . V a p o u r -P h a s e  R e a c t io n s  w ith  (M e th y l)C h lo r o s i la n e s

The reactions between (methyl)chlorosilanes and the surface of silica have 
been investigated by many researchers, primarily because of the utility of these 
reagents as coupling agents in polymer chemistry and as surface deactivating agents 
in chromatography.

Few studies are devoted to the reaction of silica with trichlorosilane (TCS). 
The earliest report, dealing specifically with the TCS modification of silica, is the 
one of Chuiko et al.16 A silica, pretreated at 673 °K, was reacted with TCS vapour at 
room temperature. The authors observed a complete disappearance of the free 
hydroxyl groups, due to reaction (A).
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Cl
\

H /C l
OH + Si (i III Cn O a;

a xci x ci
• HCl (A)

They claimed that under these conditions, a bimolecular reaction with two silanols 
is not possible, due to steric reasons. The distance between 2 Cl groups in 
trichlorosilane is 0.33 nm, whereas the mean distance between 2 OH groups on a 
silica surface, annealed at 673 °K. is considerably larger.

Low17 refined Chuiko's findings in 1981. He confirmed the statement that 
bimolecular reactions are not likely to occur at high pretreatment temperatures, but 
he suggested a secondary, (consecutive) reaction (B):

s t  - o  H
X.

S i ' + HCl (B)
/ -  \

Si - 0  Cl
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; s i - o - S i - H

XC1

r s i - O H

He also suggested a side reaction (C) with so-called strained siloxane bridges.

= Si a  h Jil cn Q

0
/

Vxs i ;  , / C l
E S f Q / Q E S i  - O - S i - H

a

In the meantime, many articles were published on the reaction of 
methylchlorosilanes with silica. Especially the publications of Hair and co- 
workers18 22 have gained widespread attention. Using infrared band integration of 
the hydroxyl region, and putting the normalized data into the integrated form of the 
rate equation, they found that all polyfunctional methylchlorosilanes followed a 
reaction order of 1.6 at a reaction temperature of 573 °K. This means that 60% of 
the silane reacts bifunctionally. The bimolecular reaction of trichlorosilane with 
silica is presented as reactio:

S Si - OH a  H
\  /

+ Si

H S i -O H  a  Cl

n (D):

H S i - 0  H
\

Si + 2  H a  (D)

Si -  O " C!
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In addition to this reaction, they noticed a positive intercept in the fitting of the 
experimental data by the rate equation, and ascribed this effect to an initial fast 
reaction (E):

c i  a
\  /

E Si - OH + Si

Cl ' H

OH Cl

— - * - : r S i - C l  + s i  OB)

o '  H

In his kinetic plots. Hair only considered a monomolecular reaction (A), and a 
bimolecular reaction (D). He never mentioned the secondary reaction (B) or the side 
reaction (C). Although his general conclusions on the stoichiometry of the reaction 
may be correct, it is not excluded that other reactions than the two he mentioned are 
involved.

Summarizing, the study of the chlorosilylation of the silica surface has given 
rise to five possible reaction mechanisms, that are believed to occur simultaneously 
or consecutively. In order to quantify all five mechanisms, the researcher needs at 
least five independently measurable and quantifyable parameters. However, there 
are often fewer independently measurable parameters than unknowns. In these 
cases, only semi-quantitative data can be obtained.

One possible way to optimize such a chemical modification, is to express the 
experimental data in terms of effectiveness, surface coverage and stoichiometry.

2 .1 .2 . E ffe c t iv e n e s s ,  S u r fa c e  C o v e r a g e  a n d  S to ic h io m e tr y 23

In the case of a chemical modification of silica, the ratio of the number of 
hydroxyl groups tmdergoing reaction (n ,Hln) to the total number of initial hydroxyl 
groups (nouai) reflects the effectiveness factor r\. If the specific surface area ( S b e t )  of 
the silica sample does not change during the reaction, the effectiveness factor can 
also be expressed as a ratio of the number of silanols per nnf ( o q h ).

nOH(rj [mmol / g] a OH(r) #/nm2

nOH(t) [mmol/g] a OHa) #/nm2

However, using q as the only parameter in the optimization can often be 
misleading, since the maximum degree of conversion is not only determined by the 
number of reacting hydroxyl groups, but also by the mean cross-sectional area (Am)
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of the reacted group (steric hindrance effects). The surface coverage (9) is defined as 
the ratio of the actual bonded species on the surface to the maximum number of 
bonded species that is sterically possible.

9 = — = A m . a exp (2)
max

Effectiveness and surface coverage are only indices for the amount of silanols 
that have reacted. Depending on the functionality of the modifier, various reaction 
mechanisms can take place.

A third parameter has to be introduced, yielding information on the different 
kinds of surface species. A factor f  reflecting the stoichiometry of the reaction, can 
be defined as:

n O H fr1 a O H m
f  = -------- (3)

n modifiei(r ) a modifier(r )

For a monomolecular reaction, f  is 1. For a completely bimolecular reaction, where 
2 silanol molecules react with one molecule of modifier, f  = 2.

Let us now apply these general formulae to the chemisorption of 
trichlorosilane on silica. Assuming that the reaction of trichlorosilane with silica gel 
only causes monodentate (reaction (A)) and bidentate (reactions (B) and (D)) 
species, the general formulae for effectiveness, surface coverage and stoichiometry 
can be rewritten in function of OH<r) (number of reacted silanols, quantified by FTIR 
spectroscopy23'25 and Cl on the surface.

Since in the reaction (A), 1 silane linkage includes 2 Cl groups and for a 
bidentate species, 2 silane links include 1 Cl group, one can write:

Cl 2MS + BS 2 -B S
OH(r) ~ MS + 2BS “  1 + BS (4)

where BS stands for the percentage of bidentate species and MS for the percentage 
of monodentate species. The monodentate species can be substituted in Equation
(4), following the initial assumption that MS + BS = 1.
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Rewriting Equation (4) as a function of BS, one obtains:

BS - OH(r)

l + - ° -
OH(r)

(5 )

Formula (3) for the stoichiometiy factor can then be actualized for the TCS 
chemisorption as:

OH(r)

1 00 • o X +

r 0 H (r) 1
BS« W 

2

(6)

When optimizing the surface modification, the first important factor to 
consider is the effectiveness. The pretreatment temperature of the silica, the reaction 
temperature and reaction time must be controlled to yield an effectiveness of 1. 
Remaining hydroxyl groups on the surface of silica gel are highly undesirable, since 
they would cause uncontrollable side-effects in the following reaction steps.

Of all conditions, yielding an O of 1, those must be chosen which produce the 
highest amount of reactive chlorine groups. This means that the surface coverage 
must be as high as possible, and that the stoichiometry must approach unity.

Figure 7 shows the three parameters as a function of the pretreatment 
temperature of the silica. All reactions occurred at 623 °K for 1 h. The surface 
coverage curve is decreasing as a function of pretreatment temperature. A maximal 
surface coverage is only possible at pretreatment temperatures below 673 °K. 
However, as can be inferred from the figure, this situation is never achieved. 
Therefore, it is recommendable to study the effectiveness curve. An effectiveness of
1. a very important condition to avoid unreacted silanol groups, only occurs at 
pretreatment temperatures of 973 °K or higher. Based on these two curves, a 
pretreatment temperature of 973 °K seems to be the best choice: it is the lowest 
temperature (highest amount of readable silanols) at which complete silylation 
occurs.

The stoichiometry curve can be subdivided into three regions. In the 
temperature region between 473 °K and 673 °K. bimolecular and/or secondary 
reactions are stoically possible. The stoichiometry factor of 1.6, found by Hair21 for 
the reaction of silica, pretreated at 573 °K, with methyltrichlorosilane. is reflected in
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Figure 8. The ratio C l over O H  (reacted) for the reaction of Kieselgel 60 (pretreated at 973 K ) 
with T C S (at 623 K ) as a function of reaction time.

these experiments. Equation (6) proves to be a very useful formula for a relatively 
fast evaluation of the stoichiometry factor, provided that the initial condition (MS + 
BS = 1) is fulfilled. The question whether these secondary' species originate front 
bintolecular or secondary reactions, cannot be solved by this curve. In the 
temperature region 673 °K-873 °K. the silanols are too far separated to be involved 
in secondary or bimolecular reactions. In this region the stoichiometry factor is 
obviously 1.

In the pretreatment region above 873 °K, the silanol loading on the surface is 
very low (cfr. Figure 1) and the formation,of bidentate species is excluded for steric 
reasons.23 In this temperature region, f  has no longer a physical meaning, since the 
condition MS+BS=1 is no longer fulfilled, and side reactions (C) and (E) have to be 
considered.

Figure 8 shows the ratio Cl/OH, for the reaction on Kieselgel 60 (pretreated at 
973 °K) with TCS at 623 °K at different reaction times. During the first 5 minutes 
of the reaction, this ratio is close to 1, meaning that 1 OH is replaced by 1 Cl group. 
It seems very unlikely that this value is due to a combination of primary and
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secondary reactions.”3 Therefore, this value is most probably caused by the reaction 
(E). This reaction indeed yields a Cl/OH value of 1. So, Figure 8 confirms Hair's 
statement that reaction (E) should be considered as a fast initial reaction.

R e a c t io n  w ith  S tr a in e d  S ilo x a n e  B r id g e s

The above does not mean that reaction (C) with the siloxane bridges does not 
occur. On the contrary, it is possible to present a number of arguments that suggest 
a reaction with strained siloxane bridges at high pretreatment temperature of the 
silica. Not only the concentration of the siloxane bridges increases with rising 
pretreatment temperatures, they also show an enhanced reactivity. It is assumed 
that with higher degassing temperatures, the remaining isolated hydroxyls are 
progressively removed and that various types of structural changes must occur, 
giving rise to the so-called strained siloxane bridges, which exhibit an enhanced 
activity. Morrow26 stated that site is assumed to be an unsymmetrical siloxane 
bridge, containing an electron deficient silicon atom, which can act as a Lewis acid 
centre.

A relatively easy way to check the existence of a reaction with strained 
siloxane bridges is to replace and/or block all surface hydroxyl groups by a reaction 
with hexamethyldisilazane. In this way, we were able to prove that reaction with 
strained siloxane bridges occurs at reaction temperatures > 623 °K and pretreatment 
temperatures > 973 °K.23

3 .2  L iq u id -P h a s e  R e a c t io n  w ith  A lk y lc h lo r o s ila n e s  (C 8 -  C is)

The formation of monolayers by self-assembly of organochlorosilanes on 
various surfaces27'30 and organosullur compounds on gold31,32 is well established. 
The durability of the self-assembled monolayer is highly dependent on the 
effectiveness of the anchoring to the surface. On gold, the attachment to the surface 
is due to an interaction of sulphur end groups with the gold surface. However, the 
nature of the attachment of the organochlorosilane with the surface is ill-defined.3”'35

Octadecyltrichlorosilane (Ci8H37SiCl3, henceforth denoted OTS) is the most 
common organosilane used for the formation of self-assembled monolayers and, 
when reacted with silica surface, finds extensive use as a bonded phase in liquid 
chromatography applications.36 A common mechanism proposed for attachment of 
the chlorosilane to the surface33,37 involves the hydrolysis of the chlorosilane groups 
with water which is already on the surface of the substrate.
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The silanols which are formed then condense with the surface hydroxyls 
groups to form stable linkages to the substrate. In practice, a curing process is 
usually required to condense adjacent silanols attached to the organosilane to form a 
cross-linked 'mat' on the surface. Part of the difficulty in determining the nature of 
the attachment to the surface arises from the lack of direct spectral evidence, due to 
the low surface areas of the substrates.

In 1992 Tripp and Hair’8 unified the two chlorosilane approaches by reacting 
OTS with a high surface area amorphous silica gel, in order to probe 
spectroscopically the different surface species. Using a home-made in situ liquid 
infrared cell, they derived following conclusions:

1. OTS does not react with degassed silica at room temperature. The
infrared band of the free hydroxyls shifts to 3690 cm'1 but does not 
change in intensity. This indicates that the chlorosilane is
physisorbed (H-bridged) on the silica surface. Subsequent degassing 
removes all adsorbed species.

This conclusion is not surprising. Also, (methyl)chlorosilanes do not 
react with the silica surface at room temperature. Reaction 
temperatures > 473 °K are required to achieve noticeable reaction.
The boiling point of octadecyltrichlorosilane is 433 °K. It would be 
very interesting to see what happens at reflux temperature.

2. OTS does react slightly with 'wet' silica at room temperature, 
containing multilayers of water on the surface. The broad band at 
3650 cm'1 decreases slightly, and a band at 3350 cm'1 arises, 
attributed to trisilanols.39,40 Tripp and Hair38 state that the first layer 
of water is strongly bonded to the surface and does not participate in 
the hydrolysis of the chlorosilane headgroup of the OTS molecule.

Subsequent layers wuuld be less strongly bonded to the surface and 
would be able to participate in direct hydrolysis of the OTS.

Since the hydrolysis and adsorption of the OTS occurs with the subsequent 
layers of water, an optimum level is necessary to form robust films: too little water 
results in the formation of an incomplete monolayer, whereas a thick water layer 
causes a polymerization of the OTS with the water, resulting in a very poor 
adherence to the silica surface.
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Not only octadecyltrichlorosilane is unreactive towards dry silica at room 
temperature. This is also the case for the chlorosilanes and the methylchlorosilanes. 
It was stated earlier that the vapour phase reaction occurs at elevated temperatures 
(> 473 °K). This high-temperature constraint limits potential gas phase silanizing 
agents to those which have a high thermal stability and sufficient vapour pressure.

In practice, the common method for silanization of silica is to mix a 
chlorosilane Math a hydrated silica in a suitable organic solvent. A common 
mechanism reported for this reaction is that the chlorosilane is first hydrolyzed by 
the water and this is followed by the condensation with the surface hydroxyl groups 
to form a strong Si-O-Si surface bond.37

If the starting silane contains a trichlorosilyl headgroup, then further 
condensation between adjacent silanes can occur, yielding a two-dimensional 
polysiloxane network. The occurrence of the first step, the hydrolysis of the 
chlorosilane to a silanol by the surface water is amply supported by the
literature.33-34'38'41

At either the solid/gas or solid/liquid interface the chlorosilane does not adsorb 
onto a completely dehydrated silica and is hydrolyzed to the silanol with the surface 
water of a hydrated silica.

However, Tripp and Hair42 have shown that the second critical step (i.e. 
condensation of the silanol with the surface hydroxyls groups) does not occur. At 
the solid/gas interface, the silanol adsorbs on the surface but does not undergo 
condensation or polymerization, whereas at the solid/liquid interface, the silanol 
polymerizes in solution and adsorbs on the surface.

In neither case there is a strong Sis-0-Si bond formed with the substrate. It is 
the absence of Sis-0-Si surface linkages that is responsible for the general lack of 
robustness of silanized surfaces prepared from solution.

In a subsequent publication, Tripp and Hair43 describe a new method to 
chemically bind chlorosilanes to the surface under mild reaction conditions. In fact, 
there are two possible ways for a base-catalyzed chemisorption of chlorosilanes on 
silica.

One possible strategy is to use a base to promote the reaction of chlorosilanes 
with the surface silanols.

In essence, this reaction proceeds by a one-stage nucleophilic mechanism 
through the formation of a pentacoordinate silicon intermediate (reaction (F)).
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RjSiCl + Nu
R Q

' ¿ . R (F)

The Si-Cl bond is lengthened in the intermediate and is susceptible to attack by a 
second nucleophile:"14

R C1 
\  1
x S i- R  

^  Nu

+ =Si-OH *Si - OSiR3 + HC1 + Nu (G)

An alternative mechanism for the base-promoted reaction of silanes with silica 
has been described by Blitz et al.45 In this mechanism, the base attacks directly to 
the surface silanols. The bonded amine renders the silanol more nucleophilic winch 
then attacks the silicon atom of an approaching silane, giving rise to a 
pentacoordinate intermediate.

- - V -

H
N (E t).

H'/ 4* 
'6 -

N(Et),

(H)

N(Et) Cl
H3C ? Cl

+ a 3siCH3 Su H
N(Et), 

/6 +  3
Cl^ CH3 HC1

Si N(Et) 
a  Cl 3

In both mechanisms a pentacoordinate intermediate is postulated. The main 
difference is that the pentacoordinate intermediate is formed by attachment of the 
amine to the chlorosilane in one case and by attachment to a surface Si-O group in 
the other. The main problem associated with base-catalized silanization is that it is 
very difficult to prevent polymerization of the silane in solution. Rapid 
polymerization of the chlorosilane occurs in solution unless extreme precautions are 
taken to exclude contact with residual water.
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Thus, in a typical base-promoted silanization on silica, it is more likely that 
both polymerization and surface reaction occur to some extent. Both mechanisms 
can account for polymerization. The intermediate formed by attachment of the 
amine to the chlorosilane could react with nucleophiles (i.e.. molecular water) other 
than the surface silanols. In the mechanism described by Blitz et al., the 
chlorosilane (either attached or in solution) could be hydrolyzed to the trisilanol by 
molecular water and the trisilanol offers an additional source of silanols for base 
attachment and subsequent polymerization. Polymerization often results in a thick 
silane layer on the surface that in many cases, is undesirable.

Polymerization is not possible in the complete absence of water or when 
reactions are carried out using monochlorosilanes. However, trichlorosilanes are 
attractive because it is possible to increase the strength of the adsorbed silane layer 
through cross-linking between adjacent molecules. The other approach, the 
exclusion of trace quantities of water, especially in solution, is extremely difficult 
and cost!}’.

In 1993. Tripp and Hair43 described a method to promote the direct reaction of 
the chlorosilyl headgroup with the surface hydroxyls groups, using a nitrogen- 
containing base (triethylamine). In this method, polymerization is avoided because 
the base and chlorosilane are not added simultaneously but subsequentially in a two- 
step process.

4 . M o d if ic a t io n  o f  th e  s i l ic a  s u r fa c e  w ith  A m in o s ila n e s

For a fundamental understanding of the processes occurring dining the 
modification, a distinction has to be made between processes taking place in the 
reaction step and in the post-reaction curing.

In the reaction phase, three types of interaction of the aminosilane molecule (in 
this case APTS, y-aminopropyltriethoxysilane; (CHsCftOfiSi-CHoCHiQUNH.) 
with the silica surface have been reported46,47 (Figure 9). The amine may enter into a 
hydrogen bonding interaction with a surface hydroxyl group. The basic amine may 
abstract a proton from a silanol group and form an ionic bond. This type of 
interaction is much more stable than the first one. The hydrogen-bonded molecules 
may self-catalyze the condensation of the silicon side of the silane molecule. Thus, a 
covalent siloxane bond is formed.

In order to determine the extent of all three of the interaction types in the reaction 
phase, a leaching test was performed on a non-cured sample.48 49 Upon stirring 
in ethanol, the weakly bonded silane molecules desorb and the amount is
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Figure 9. Surface - aminosilane interactions in the loading step, (a) hydrogen bonding, (b) 
proton transfer, (c) condensation to siloxane.

Figure 10. Ethanol leaching curves of uncured modified silica; (a) APTS, (b) n-butylamine.
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Figure 11. Silane loading on dried mesoporous silica gel as a function of reaction time.
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Figure 12. Total surface coverage of APTS modified silica gel, with variable pretreatment 
temperature.
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measured quantitatively by means of a colour reaction with salicylic aldehyde.51 
Phvsisorbed molecules desorb, while ionic and covalently bound molecules are stable 
towards tills ethanol leaching. In Figure 10, the relative percentages of silane lost 
from the surface is displayed as a function of leaching time.

From the APTS leaching curve (curve a), we obtain a relative amount of about 
10% of the coating which is only physically bonded to the surface before curing.

In order to distinguish the ionic bonding from the covalent attachment, the 
same test was performed using n-butylamine (curve b). The amine group interaction 
of butylamine is similar to APTS, but there is no silicon atom present to form 
covalent linkages. 22% of the butylamine appears to be stable towards the ethanol 
leaching. Therefore, it was concluded that 22% of the coating is in ionic interaction 
with the surface, 10% is hydrogen bonded and 68% is covalently bonded after 2h of 
reaction at room temperature.

The course of the aminosilanc deposition during the reaction phase was 
measured using free sampling analysis. After certain reaction times, samples are 
taken from the reaction mixture, which are then frozen to stop the reaction. After 
melting and separation, the amount of reacted silane is measured.

The reaction profiles of APTS and AEAPTS (N-p-aminoethyl-y-aininopropyl- 
trimethoxysilane; (CFl3 0 )3SiCH2CH2CH2NHCFl2CH2NH2) are displayed in Figure
11. Both compounds reach an equilibrium adsorption within 1 min of reaction. This 
reflects the quick adsorption of the amine group, forming hydrogen bonds with the 
surface silanol groups.

For the AEAPTS, earning two amine groups, a two-step adsorption is found. 
This indicates that an amine group of the organic chain remains free in the first step 
and is able to adsorb an additional layer of silane molecules. Since secondary amines 
are better acceptors for hydrogen bonds, it will be the primary amine function at the 
end of the organic chain that remains free. Upon adsorption of the secondary layer, 
an equilibrium situation is again reached.

For the monofunctional silane, the first equilibrium is followed by an 
additional adsorption, which does not have a step-wise profile. The equilibrium 
situation is related to the localized adsorption of silane molecules on tire surface 
hydroxyl groups, thus forming a monolayer coating on the surface.

In order to study the effect of substrate related parameters, the pretreatment 
temperature of the silica substrate may be varied. In Figure 12, the total coverage, 
expressed as number of APTS molecules per nm2, is displayed as a function of the 
pretreatment temperature.
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The total coverage is a measure for both chemically and physically adsorbed 
silane species. The degree of surface hydration and hydroxylation, as well as the 
specific surface of the silica, varies with varying pretreatment temperature. In the 
low temperature region (< 473 °K) a decrease of surface loading with increasing 
temperature is observed. If surface water is present, surface adsorbed molecules 
hydrolyze and condense with other silane molecules. Thus, a multilayer coating is 
obtained.

At higher pretreatment temperatures, a constant loading is observed. While the 
degree of hydroxylation decreases in this temperature region, the specific surface 
area remains constant. Therefore, the total coverage is controlled by the specific 
surface area of the silica, rather than by the hydroxyl group content. Silane 
molecules are deposited on the silica surface with each molecule covering 0.5 ran2. 
The prev iously mentioned course of APTS deposition, may be interpreted as a 
silanol group specific initial deposition, reaching equilibrium, followed by a filling 
of the free space on the silica surface. Non-specifically adsorbed molecules will 
desorb quickly in the curing phase.

For silica pretreated at 1073 °K, an increased surface coverage is observed. 
This may be due either to the structure of the coating layer, involving multilayer 
formation or to a change in the molecular orientation at the surface, or to the 
different porous structure of the 1073 °K pretreated silica. None of these hypotheses 
can be excluded on the basis of these data. The participation of strained siloxane 
groups51 is another possible explanation. It has been previously reported that those 
siloxanes may enter into physical and chemical interactions with silanes52'53 and 
ammonia.54,55 Here it appears that aminosilanes are also able to react with strained 
siloxane bridges.56 It has been generally accepted that the majority of the silane-to- 
surface siloxane bonds are formed in the curing phase. Above, we have 
demonstrated that already in the reaction phase 68% of the APTS molecules have 
formed at least one chemical bond with the surface. The formation of covalent 
bonds in the curing phase has been probed by a similar ethanol leaching test.

In Figure 13 the stability towards ethanol leaching is plotted as a function of 
curing time. Curves for both APTS and APDMS (y-aminopropyl- 
diethoxymethylsilane; (CHjCHaOjiC^SIC^C^CTTM-L) are displayed. It can be 
seen that the APTS reaches its maximal stability within 3h of curing. Only 2% of 
the coating remains merely physisorbed. For the APDMS. maximal stability is 
reached after a much longer time. APDMS needs 20h of curing before maximal 
stability is reached. The difference in condensation behaviour is clearly due to the 
different number of ethoxy groups in the silane molecule. The higher number of 
ethoxy groups of the APTS molecule causes a much faster stabilization.
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Figure 13. Amount of physisorbed silane molecules per g of modified silica as a function of 
curing time in vacuum.

Figure 14. Flip mechanism for APTS reaction in dry conditions, (a) physisorption, (b) 
condensation, (c) main structure after curing.

Concerning the amine side of the molecule, valuable information can be drawn 
from 13C solid state NMR spectra. The results have been reported elsewhere,56 but it 
is worthwhile to recapitulate the conclusions. From the position of the peak due to 
the p*C atom of the propyl chain, information on the mobility of the aminopropyl 
chain may be obtained. It appeared that upon curing, the amine group relinquishes 
its interaction with the silica surface.

Therefore, the aminosilane molecule turns from the original amine-down 
position in the reaction phase towards an amine-up position after condensation. This 
is called the flip-mechanism (Figure 14).
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S U M M A R Y

In this review, we have discussed the silylation of silica with various silanes, 
including chlorosilanes, organosilanes and aminosilanes, both in the liquid phase 
and in the gas phase. In every case, the reaction mechanism involved is more 
complex than is often believed. Many reactions can occur simultaneously and the 
resulting surface layer depends largely on the synthesis conditions.

Special attention should be given to the role of water in the synthesis 
procedure. Water can occur as physisorbed molecules on the substrate prior to 
modification, but it may be involved in the reaction mixture itself or even as 
humidity during the post-reaction curing step. In every case, the water molecules 
have an enormous impact on the modification reactions, causing a polymerization of 
the silane molecules, resulting in a thick but irreproducible and irregular surface 
layer.

Since in these modification reactions, there are often more unknowns than 
independently measurable values, the parameters that facilitate the optimization of a 
modification, such as effectiveness, surface coverage and stoichiometry, have been 
introduced and exemplified.
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A B S T R A C T

Ethoxysilanes are of growing interest in the fields of 
immobilized catalysts and chromatography. In spite of this, the 
reactions of ethoxysilanes with silica surfaces are still not fully 
explored. This contribution demonstrates that besides the 
reaction temperature and the degree of dryness of the silica 
surface, the solvent plays a crucial role during the silanization 
step: Optimal surface coverage can, for example, be obtained 
either without solvent or with hydrocarbons like iso-octane or 
pentane under mild reaction conditions. Hereby, 13C and 29Si 
solid-state NMR spectroscopy serves as a powerful analytical 
method. The modified silica can be successfully applied for the 
purification of bifunctional phosphines and their carbonylnickel 
complexes.

IN T R O D U C T IO N

Alkoxvsilane reagents are important for a variety of chemical 
applications: In the form of bifunctional phosphine linkers they can be used in 
order to immobilize catalysts on inorganic supports,1’' most often on silica.8 
The other application lies in the field of silanized silica for chromatography.9’24
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The most powerful method in order to characterize silane modified 
silica is solid-state NMR spectroscopy.3'711'29 Using Magic Angle Spinning 
(MAS,25'29) and Cross Polarization (CP,25'29) the surface species can be detected 
without any difficulties arising from the bulk material.

The advantages of alkoxysilanes as compared to chlorosilanes, are that no 
acidic byproducts are formed upon reaction with silica, which could destroy 
sensitive transition metal complexes when they are immobilized on silica or 
chromatographed. Furthermore, due to addition reactions of alkoxysilanes to 
surface siloxane groups, there is no need for "endcapping" in a further step.31

However, in contrast to the reactions of chlorosilanes, comparatively few 
studies deal with the reactions of ethoxysilanes with silica
surfaces.4’5’1113’15'22'2,1'31 Triethoxysilanes are most interesting, because they 
should provide a strong bonding to the support via up to three siloxane bonds.

Up to now, the dependence of the number of siloxane bonds formed on the 
reaction temperature and the degree of dryness of the silica used has been 
primarily studied. In the following, we want to shed some light on the 
influence of the solvent used for the silanization procedure.

E X P E R I M E N T A L  S E C T I O N

a ) S o l id - S t a te  N M R  S p e c t r o s c o p y

All the spectra were recorded on a BRUKER MSL 300 NMR 
spectrometer, equipped with a 7 mm broadband double bearing MAS 
probehead and Z r02 rotors. The modified silica was loosely filled into the 
rotors under air. Cross polarization (CP) and Magic Angle Spinning (MAS) 
with a rotational speed of 4 kHz was applied for all the spectra shown. The 
contact times were 5 ms (13C), 1 ms (31P) or 6 ms (29Si), if not stated otherwise, 
and the relaxation delays 4 s (''C , 31P), and 10 s (29Si).

For all measurements, 500 to 1000 transients gave satisfactory signal to 
noise ratios. All spectra were recorded at room temperature (298 K). The 13C, 
29Si, and 31P NMR spectra were referenced with respect to external solid 
adamantane, [(CH3)3Si]4Si. and NH4H2P 0 4, respectively. For the exponential 
multiplication, line broadening factors of 40 Hz (13C) and 60 Hz (29Si, 31P) 
were applied.
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b ) P r e p a r a t io n  o f  t h e  S i l ic a

The silica was dried in a vacuum of about 10'2 Pa for 12 h either at 600 °C 
(SiO2(600)) or 25 °C (Si02(25)) prior to use. All the experiments were carried 
out with Merck silica 40 (specific surface area: 750 nr/g; average pore size: 40 
A; particle size 0.063 - 0.2 mm). All solvents used were rigorously dried by 
standard procedures.

c )  S i la n iz a t io n  P r o c e d u r e s

All the silanization reactions were carried out following this scheme: 1 g 
of silica was suspended in about 50 mL of the indicated solvent. Then 1 mL of 
the ethoxysilane was added and the reaction mixture stirred for 12 h at the 
temperature given in the text. Finally the supernatant solution was decanted 
and the silica was washed three times with pentane, before it was dried in 
vacuo for about 4 h.

R E S U L T S

1. 13C  C P /M A S  S p e c t r a

All the studies presented here were carried out with trimethylethoxysilane
(1), vinyltriethoxysilane (2), and 3-chloropropyltriethoxysilane (3). The silica 
was dried in vacuo at 600 °C (SiO2(600)) or at 25 °C (Si02(25)), in order to 
condense surface silanol groups or to remove adsorbed water.8 When pure 
(CH2=CH)Si(OEt)3 (2) is reacted with both types of silica, the 13C CP/MAS 
spectra of the materials shown in Fig. 1 result

The 13C NMR signals at 16.6 ppm and 58.4 ppm stem from the methyl 
and methylene groups of residual silane- or surface-bound ethoxy groups.31 
The resonances at 129.7 and 135.1 ppm, with their rotational sidebands and. 
therefore, larger CSA (Chemical Shift Anisotropy,25'29) can be attributed to the 
CH2 and CH carbon atoms, respectively.32 This assignment is in accord with 
the halfwidths of the vinyl carbon signals. The CH group gives a broader 13C 
resonance, because it is less mobile than the CH2 group, which can rotate about 
the Si-CH axis.

While, in the case of rigorously dried silica (Fig. 1 B), a large amount of 
ethoxy groups is retained on the surface, silicas containing more Si-OH groups 
lead to a lower ratio of EtO groups to vinyl groups (Fig. 1 A). The analogous 
observation is made, when Cl(CH2)3Si(OEt)3 (3) is reacted with silica. Again.
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Figure I. 75.5 MHz. 13C CP/MAS spectra of vinyltriethoxysilane (2) after reaction with 
Si02(25) (A) and SiO2(600) (B). Details see text and Experimental Section.

the resonances of ethoxy groups (17.0 and 58.3 ppm) are visible besides those 
of the C1CH2 (45.8 ppm). CH2Si (8.8 ppm), and CH2CH2CH2 (25.8 ppm) 
signals.

2. The Influence of Reaction Time

When SiO2(600) is treated with an excess of pure 2 for 12 h at 60 °C, after 
washing and drying, a material results, whose 29Si CP/MAS spectrum is 
displayed in Fig. 2 A. Adding again an excess of 2 and stirring the slurry for 
three more days at 60 °C, leads to the 29Si CP/MAS spectrum shown in Fig. 2
B. While the signal intensities of the H 0-S i03 and S i04 29Si resonances at 
-102 and -110 ppm are somewhat sensitive to changes of the contact time, as 
described in ref.,13 the signal intensities within the silane region were not
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Figure 2. 59.6 MHz 29Si CP/MAS spectra of SiO2(600) after reaction with
vmyltriethoxysilane (2) for 12 h (A) and for 3 days (B). a, b, and c denote silane species 
with 1,2, and 3 siloxane bonds. Details see text and Experimental Section.

altered within the range of contact times from 5 to 12 ms. Both spectra of Fig. 
2 are recorded with a contact time of 6 ms and the same batch of silica is 
employed. Therefore, a rough estimate of quantities should be feasible. While 
the silanol signal is shrinking somewhat with prolonged heating of the 
material, the overall signal intensity in the silane region remains roughly 
unchanged. The assignment of the resonances a, b, and c (Fig. 2) at -65.7, 
-71.6, and -79.8 ppm is made in analogy for example to refs.:12,13,22,25 The more 
siloxane bridges to the support are formed, the lower is the resonance 
frequency. The resonance at -65.7 ppm corresponds to (CH2=CH)Si(0Et)2-0- 
{SiO; } exclusively, while cross-linking might take place in the case of the other 
two resonances with more than one siloxane group.

When silica S i02(25) is applied for the same reactions, the intensities of 
the silane signals b and c are greater, while the sum of the silane signal 
intensities is somewhat lower than in the case of SiO2(600). The analogous 
trends are observed in all the above reactions, when the chloropropylsilane 3 is 
used instead of 2. The silane signals corresponding to a, b, and c have the 
chemical shifts -51.5, -58.7, and -65.7 ppm. When all the materials described 
in this paragraph are treated with an excess of Me3Si(OEt) at 80 °C in toluene 
for 12 h, the 29Si CP/MAS spectra do not even show traces of surface bound 1.
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Figure 3. 59.6 MHz 29Si CP/MAS spectra of SiC>2(600) after reaction with
vinyltriethoxysilane (2) in the solvents indicated. Details see text and Experimental 
Section.

3 . T h e  I n f lu e n c e  o f  t h e  S o lv e n t

In order to study the influence of the solvent, silica SiO2(600) can be 
reacted with 2 and 3 under identical reaction conditions (80 °C, 12 h) but using 
different solvents, namely CC14, /.so-octane, toluene, and triglyme In analogous 
runs at 25 °C, ether, acetone, and pentane is applied.

Three representative 29Si CP/MAS spectra of the materials are displayed 
in Fig. 3. Since the silane signal intensities are not very sensitive to the CP 
parameters used, a rough quantitative judgment might be allowed. In the case
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of the solvents ether, acetone, and triglyme, no silane signals could be detected 
in the 29 Si CP/MAS spectra (Fig. 3, top trace). CC14 gave a spectrum 
analogous to the one when toluene was applied (Fig. 3, middle spectrum), while 
pentane resulted in comparable silane signal intensity, but with a ratio of about 
1 : 1 of species a and b. z.w-Octane leads to maximal silane signal intensity 
and the nearly exclusive presence of species a bound by one siloxane bridge to 
the support. The surface coverage, however, does not reach the one found 
when silica is treated with 2 without any solvent (Fig. 2). The results of the 
reactions of 3 with SiO2(600) parallel closely the ones found for 2. When the 
materials described in this and the previous paragraph are treated with triglyme 
at 80 °C or with acetone at 25 °C for 12 h, the overall surface coverage with 
silanes does not change.

4. Chromatographic Purification of Phosphines and their Nickel 
Complexes

Bifunctional phosphines, like Ph2P(C6H 4)SiMe2SiOEt (4) and 
Ph2P(C6H4)Si(OEt)3 (5) and their carbonylnickel complexes,33 are difficult to 
purify. Most often they do not crystallize and due to their weight, they cannot 
be sublimed. Ordinary chromatography does not help here, because 4 and 5 are 
immobilized on silica. Silane modified silica, however, is suitable for the 
purification of these species. While commercial Me2SiCl2- modified silica 
leads to major loss of phosphines, optimal results have been obtained with the 
silica modified with 1 and described in Ref. 31.

For example, when 4 is applied to a column packed with Me3Si-0- 
(S i0 2}/pentane. all pentane-soluble impurities can be removed by elution with 
this solvent. Due to strong adsorption of 4 on the stationary phase, it does not 
migrate with pentane. The adsorption can be seen in the 31P CP/MAS spectrum 
after drying the column material.

The narrow linewidth and the NMR behavior are indicative of merely 
adsorbed phosphine.3,34 The phosphines and nickel complexes can be eluted as 
a narrow band by applying a solvent mixture of pentane and THF in the ratio 8 
: 2. The purity of the nickel complexes can. for example, be checked by 61 Ni 
NMR spectroscopy.35 Strongly colored orange-brown impurities stay on the 
column, while the phosphines and their complexes are eluted as colorless oils. 
There is usually only minimal loss of the substrates and the absence of 
phosphine species on the stationary phase can again be checked by 31P CP/MAS 
spectroscopy.
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DISCUSSION

1. Addition or Condensation Reactions?

Figure 1 shows that in the case of rigorously dried silica SiO2(600), more 
ethoxy groups are retained than with S i0 2(25). This rough quantitative 
interpretation should be allowed regarding the high mobility of all the groups 
present20,21,24 and, keeping in mind, that both spectra have been recorded under 
identical conditions and they display the same species. Therefore, these results 
with the triethoxysilanes 2 and 3 follow the trend already observed for the 
monoethoxysilane l .31 However, the results for 2 and 3 are not that clearcut. 
For example, the ratio of vinyl to ethoxy groups as found in spectrum 1 B is 
about 1 : 2 which means that on average one ethoxy group of originally three is 
lost during the immobilization. Therefore, the addition reaction of the 
triethoxysilane group to surface siloxane groups31,33 is not the only reaction 
taking place here. There must be either a condensation reaction with residual 
surface silanol groups or some cross-linking between adjacent surface bound 
silanes.

On the other hand, in the case of S i0 2(25), there are more OEt- groups 
present than there should be, according to the corresponding 29Si CP/MAS 
spectrum. This again, corroborates the assumption of addition reactions taking
place.31,36

These results, however, mean that there is always a variable amount of 
ethoxy groups present and, that determinations of surface coverages by 
elemental analysis are not very reliable without the knowledge of the ethoxy- 
group ratio, as determined by 13C CP/MAS spectroscopy.

2. The Reaction Time and Temperature

When silane modified silica is heated for a prolonged period of time with 
additional ethoxysilane present, the surface coverage with silane does not 
increase substantially, which can be seen in Fig. 2. This means that the 
ethoxysilanes already cover the silica surface with maximal density, even if 
they are bound by only one siloxane bond to silica. The already surface-bound 
vinylsilane groups, due to sterical reasons, prevent the attack of further silane 
reagent. This assumption is further corroborated by the finding, that no traces 
of Me3Si groups can be found on the surface, when the material of spectrum 2 
A is treated with 1. This means that a) no endcapping is necessary or possible 
when alkoxysilane reagents are used to modify silica and b) that
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monoethoxysilanes should lead to the same dense surface coverage as 
triethoxysilanes. However, prolonged heating in the case of the latter leads to 
the formation of additional siloxane bonds, which might make the bonding to 
the support stronger and enhance the lifetime of chromatographic materials or 
immobilized catalysts.

The formation of more than one siloxane bond to the support is facilitated 
when the amount of surface silanol groups is increased. This means that in 
contrast to the formation of the first siloxane bond, where the addition reaction 
to surface siloxane groups seems to be preferred,31'33 the formation of one or 
two more siloxane bridges needs - probably due to steric reasons - adjacent 
silanol groups. This assumption is corroborated, for example, by the signal 
intensity of the surface silanol signals, which diminishes on going from 
spectrum 2A to 2B.

3. Which solvent should be chosen?

The above results and Fig. 3 show, that given one type of silica, the 
solvent applied plays a crucial role regarding the surface coverage with silanes 
and the number of siloxane bonds formed. While polar solvents lead to 
minimal coverages, if  at all, the unpolar solvents pentane and iso-octane give 
large signals in the silane regions of the 29Si CP/MAS spectra (Fig. 3). 
However, maximal signal intensities are obtained without any solvent (Fig. 2). 
We interpret these findings as being the results of strong adsorption of the 
solvents on the silica surface.37 The stronger the adsorption on the surface, the 
denser is the shielding towards attacking ethoxysilane reagents. However, once 
siloxane bridges are formed, they are not broken by polar solvents, since the 
surface coverage stays the same after treatment with polar solvents (results, 3.).

This assumption of strong adsorption of polar solvents on the silica 
surface is corroborated by the linewidth reduction of suspension NMR signals, 
when phosphine moieties are detached from the support by polar solvents.38

The above results also demonstrate, that regarding the surface coverages, 
aromatic solvents like toluene, which are commonly used for the silanization 
procedures, are not optimal. The surface coverages are greater when 
hydrocarbons like ;.so-octane or pentane are used. These two solvents are 
indicative of an influence of solvent viscosity on the number of siloxane bridges 
formed. The less viscous pentane probably allows greater mobility of the 
surface-bound silane and. therefore, sterically facilitates the formation of 
further siloxane bonds.
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4. Chromatography of Bifunctional Phosphines

Chapter 4 of the Results section shows, that silica modified with 
alkoxysilane reagents can be applied for the successful chromatographic 
purification of bifunctional phosphines and their complexes. Although the 
procedure described is not a real reverse phase chromatography, it is still very 
useful, simple and effective.

As in the case of 1, the ethoxysilane groups of 4 and 5 do not remove the 
silanes already bound to the support via siloxane bonds. Since no acidic 
byproducts are formed during the silanization step with ethoxysilane reagents, 
no phosphonium salts are formed on the stationary phase.

CONCLUSIONS

In this contribution, it is demonstrated by solid-state NMR spectroscopy, 
that during the silanization of silica with ethoxysilanes a) the solvent applied 
determines the surface coverage and number of siloxane bonds formed, and b) 
that the number of siloxane bonds formed is further dependent on the reaction 
time and temperature, and of the degree of dryness of the silica. Silica 
modified with trimethylethoxysilane can be applied for the purification of 
bifunctional phosphines and their nickel complexes.
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ABSTRACT

Adsorption-desorption isotherms were measured for selected 
chromatographic silica gels with chemically bonded octyl groups. 
The standard sorption characterization of these packings 
provided the BET specific surface area, the total pore volume and 
the pore size distribution. Advanced numerical methods based 
on the density functional theory and the regularization method 
were used to calculate the pore volume and the adsorption energy 
distributions. The surface and structural properties of the silicas 
with chemically bonded octyl phases were compared to those of 
the original silica gels. The surface coverage of octyl groups 
occurred to be similar for all samples studied After the octyl 
groups were bonded, the porous structure of the silica gels was 
not altered significantly, resulting in similar adsorption behavior 
of both unmodified and modified silica gels at pressures close to
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the saturation pressure. However, the adsorption properties in 
low pressure region were changed significantly. Namely, all 
modified silicas exhibited very low adsorption and similar shape 
of adsorption isotherms at low pressures. Therefore, their 
adsorption energy distributions resembled each other and did not 
feature the higher energy sites present on the surface of 
unmodified silicas. The low pressure adsorption behavior 
indicates that essentially all higher energy sites on the silica 
surface reacted in the course of the chemical modification.

INTRODUCTION

Porous silicas are widely applied in liquid chromatography due to their 
remarkable surface properties and high mechanical, thermal and chemical 
stability.13 The surface of unmodified silica is polar and therefore bare silica 
is suitable for normal phase (NP) liquid chromatography (LC) separations. 
However, the presence of surface silanol groups allows us to chemically bond 
organic ligands, which change the polarity of the surface. Chemically bonded 
stationary phases (CBP) found wide application in reverse phase (RP) liquid 
chromatography.2"4 The introduction of specific interaction sites in 
hydrophobic ligands allows us to obtain CBP useful in separations of polar 
compounds, such as drugs, antibiotics and peptides." 8 Chirally selective CBPs, 
for example immobilized cyclodextrines, proteins or Pirkle-type phases,2 911 
were also applied. However, many RP LC separations can be performed using 
standard C8 or C]8 alkyl bonded stationary phases, which are much easier to 
synthesize and usually more thermally and chemically stable.

The chromatographic properties of CBPs depend not only on the type of 
ligands attached to the surface, but also on the properties of the silica used for 
their synthesis.2 Hence, the surface and structural properties of the silica need 
to be known in order to obtain well-defined CBPs in a reproducible way. Our 
recent paper12 reported extensive sorption studies of several commercially 
available chromatographic silica gels. Adsorption-desorption measurements in 
a wide pressure range were used to evaluate the specific surface area, the pore 
size distribution and the adsorption energy distribution for the silicas under 
study. The specific surface area is required to meaningfully compare different 
stationary phases with the same bonded groups on the basis of the surface 
coverage of the ligands.4 The knowledge of the pore width and the pore size 
distribution for silica gels allows one to choose a brand of silica best suited for a 
given application as CBP support for chemically bonded phases.
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Table 1

Surface Coverage of Octyl Groups

Silica Manufacturer Percentage of 
Carbon

Surface Coverage 
(pmol/m2)

Hypersil Alltech, IL, USA 2.52 3.9
LiChrospher EM Science, NJ, USA 2.68 4.1
Partisphere Whatman, Inc., NJ, USA 3.21 3.5

SG-7/G Polymer Institute 
Bratislava, Slovakia

14.84 3.4

Silasorb Lachema. Brno, Czech 
Republic

8.76 3.6

Vydac Supelco, PA, USA 3.98 4.1

The current paper is a continuation of the previous work,1” Several
commercially available silica gels were modified by the chemical bonding of 
octyl (C8) ligands. Subsequently, the properties of the octyl CBPs and the 
original silica gels were studied by means of nitrogen adsorption, elemental 
analysis and high resolution thermal gravimetry.

The obtained data were used to compare the surface and structural 
properties of the synthesized CBPs with one another and with the original silica
gels.

M ATERIALS

The silica gels used in the current study are listed in Table 1. The octyl 
phases were synthesized according to the following procedure. The silica gel 
was dried in a glass reactor for 12 hours under vacuum (0.01 Pa) at 458 K. 
Then, octvldimethylchlorosilane and dry morpholine were added and the 
reaction mixture was kept at 388 K for 12 hours.

Subsequently, the silica with bonded stationary phases was washed with 
toluene, methanol and hexane , and dried under vacuum at ambient 
temperature. The octyldimethylchlorosilane was purchased from Pertrach 
System (Levitton, PA. USA) and morpholine was obtained from E. Merck.
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METHODS

Sorption and Thermogravimetric Measurements

Nitrogen adsorption-desorption isotherms were measured on an ASAP 
2010 volumetric sorption instrument from Micromeritics (Norcross, GA, USA). 
The purity of nitrogen was 99.99 %. Before the measurements, samples were 

degassed for 2 hours in the degas port of the adsorption apparatus at 473 K 
under the vacuum of about 10'4 Torr. The measurements were performed for a 
wide range of relative pressures, usually from 10'5 in the case of bare silicas 
and 1O'3 for octyl stationary phases.

Thermogravimetric measurements were performed under quasi-isothermal 
conditions in a nitrogen atmosphere on a high resolution thermogravimetric 
analyzer TGA 2950 from TA Instruments, Inc. (New Castle, DE, USA). The 
elemental analysis was carried out by Huffman Laboratories (Golden, CO, 
USA).

Characterization Methods

Most of the characterization methods used in the study were described in 
details elsewhere.12 Several standard methods13'14 were employed in order to 
calculate the specific surface area, the total pore volume and the pore size 
distribution for the samples studied. The specific surface area of the samples 
was evaluated from the standard BET method. The micropore volume was 
calculated from the t-plot method. The Barrett-Joynder-Halendra (BJH) 
method was employed to obtain the pore size distributions, total pore volumes 
and average pore sizes from adsorption and desorption data. Advanced 
numerical procedures based on the regularization method15 were used to 
calculate the adsorption energy and the pore volume distributions. The local 
isotherms for pores of different sizes were obtained on the basis of the density' 
functional theory.16,17 In order to evaluate the adsorption energy distributions, 
the Fowler-Guggenheim adsorption isotherm was used as a local isotherm in 
the integral equation for the total amount adsorbed. The number of nearest 
neighbors and their interaction energy (divided by the Boltzmann constant) 
were set to 4 and 95 K, respectively. In most of our calculations, the 
regularization parameter y was set to 0.1 for silicas and 0.01 for bonded 
stationary phases. Further details of the methods employed in the study can be 
found in our previous paper12 and references therein.
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Figure 1. Thermogravimetric weight loss curves for unmodified Vydac and Vydac with 
chemically bonded octyl phase.

RESULTS AND DISCUSSION

Shown in Table 1, are percentages of carbon in octyl CBPs and the surface 
coverages of octyl groups. The latter were calculated on the basis of the BET 
specific surface area and the percentage of carbon in the samples18 The octyl 
group surface coverage for the samples was in the range from 3.4 to 4.1 
mmol/m2 and tended to be higher for the samples of low surface areas. The 
above values of the surface coverage indicate that an appreciable amount of 
unreacted silanol groups is still present on the surface.19

In order to obtain information about thermal stability of the synthesized 
CBPs. high resolution thermoanalytical measurements were carried out. The 
samples were heated up to 1273 K in nitrogen atmosphere and the weight loss 
was recorded. As it is shown in Figure I, after physically sorbed water was 
removed, there was a small step on the weight loss curves for unmodified 
silicas related to decomposition of surface silanols. In the case of silicas with 
bonded octyl groups, the physically adsorbed water and solvents left from the 
synthetic procedure were removed at the temperature below 373 K and the 
weight loss curve leveled. Then, in the temperature interval from 573 to 1023 
K, there appeared a considerable weight loss, which can be attributed to the 
degradation of the chemically bonded stationary phase. The percentage of the 
weight loss for this step is in a good agreement with a weight percentage of the
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Figure 2. Adsorption-desorption isotherms for the chemically bonded phases and
unmodified silicas.
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Figure 3. Low pressure parts of adsorption isotherms for the chemically bonded phase
and unmodified silicas.
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Table 2

BET Specific Surface Area and BJH Desorption Total Pore Volume
(1.7 to 300 nm)

Silica BET Surface Area
(m2/g)

BJH Total Pore Volume
(cc/g)

Original C8 Phase Original C8 Phase

Hypersil 56 47 0.42 0.50
LiChrospher 57 67 0.61 0.71
Partisphere 81 58 0.72 0.59

SG-7/G 464 268 1.86 1.24
Silasorb 234 162 0.86 0.57
Vydac 86 64 0.49 0.47

bonded octyl groups in the samples. It can be seen in Figure 1, that the 
temperature of 473 K is suitable for the outgassing procedure before adsorption 
measurements, since it is high enough to remove physically adsorbed species, 
but yet below the temperature of the degradation of the CBP.

Shown in Figures 2 and 3, are adsorption isotherms for the silicas with 
CBP and the unmodified silicas. It can be noticed that the adsorption behavior 
at high relative pressure (in the range from about 0.5 to 1 p/p0) does not change 
significantly after the octyl groups were introduced, which indicates that the 
porous structures of the samples were not altered appreciably in the course of 
the modification. All isotherms are of the type IV (or intermediate between II 
and IV) according to the IUPAC classification2021 and exhibit adsorption- 
desorption hysteresis loops . In the case of Hypersil, LiChrospher, Partisphere 
and Vydac (both modified and unmodified), the hysteresis loop occurs at 
relative pressures from about 0.85 to 0.95 and most closely resembles type HI 
according to the IUPAC classification.20' 21 SG-7/G and Silasorb exhibit 
hysteresis loops intermediate between type H I and H2 for pressures from 0.75 
to 0.95. The low pressure parts of the adsorption isotherms are shown in 
Figure 3. For all Cx bonded phases, the adsorption at relative pressures up to 
about 0.002 was very small, which was not the case for the original silica 
samples. Moreover, the shape of low pressure parts of the isotherms for CBPs 
was almost identical, which indicates, that their surface properties are similar. 
The values of the BET specific surface area and the BJH pore volume 
(calculated from the desorption data) are listed in Table 2. The average pore 
size data obtained from the BJH method (adsorption and desorption) are shown
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Table 3

BJH Adsorption and Desorption Pore Diameter

Silica BJH Adsorption Average BJH Desorption Average
Pore Diameter (nm) Pore Diameter (nm)

Original C8 Phase Original C8 Phase

Hypersil 33 38 29 32
LiChrospher 57 36 39 32
Partisphere 37 34 30 31

SG-7/G 16 14 16 13
Silasorb 14 11 12 9
Vydac 26 23 23 21

in Table 3. It needs to be remarked, that the samples of the CBPs used for the 
sorption measurements were very small and one might expect an error in 
weighing the samples. Moreover, in the range of pressures very close to the 
saturation pressure (above 0.95 relative pressure), the adsorption on the walls of 
the glass tube with adsorbent may noticeably increase the gas uptake, which 
introduces some error, especially for very small samples. However, the errors 
are not expected to influence the shape of the isotherms (except for pressures 
very close to the saturation pressure), the pore size distribution functions and 
the adsorption energy distribution functions.

It can be expected, that the introduction of the octyl groups on the silica 
surface would decrease the total pore volume, the average pore diameter and 
the specific surface area of the samples, provided the only process in the course 
of the modification is just chemical bonding between the surface silanol groups 
and ligands. The reason is that the bonded groups would occupy some space in 
the porous structure, decreasing the pore diameter and hence the volume of 
pores, or maybe even block some of them and make them inaccessible to 
nitrogen adsorption. Moreover, the presence of CBP increases the mass of the 
sample, so even if the surface area or the pore volume are not altered, the 
specific surface area and the specific pore volume will decrease. Our 
measurements show that indeed such trends can be observed, especially for 
samples of higher surface area (SG-7/G. Silasorb). where the decrease in the 
specific surface area and the pore volume was quite pronounced. However, in 
the case of the samples of the lowest surface area, the opposite tendency could 
be noticed. The specific surface, the average pore diameter, the pore volume of 
Hypersil and the pore volume of LiChrospher increased after the octyl groups
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10 100
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Figure 4. Comparison of the differential pore volume distributions obtained by means 
of the BJH method (from adsorption and desorption data) and the DFT software.

were bonded. It is not clear if these results arise from the experimental error 
or they are caused by minor structural changes of the silica samples in the 
course of their modification. Further studies are required in order to find out 
the reason of these unexpected findings.

The pore size distributions (PSD) for the samples under study were 
calculated by using BJH method (adsorption and desorption) and the DFT 
software supplied by Micromeritics, Inc. Shown in Figure 4, are differential 
PSD for Silasorb and Silasorb-based octyl stationary phase obtained by means 
of these methods. The overall shape of the PSD functions for a given sample
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is similar, but there is a difference in the location of the peak corresponding to 
the maximum on PSDs. Namely, the peaks from the DFT calculations lie 
between these from the BJH adsorption and the BJH desorption. However, all 
three methods consistently show no considerable differences between PSDs for 
the original silica gel and the octyl CBP. It can be seen that in order to trace 
the changes of porous structures of the samples, the results from one of these 
methods need to be compared between one another.

In the current paper, the DFT software was used to provide the PSDs for 
the samples under study. The DFT program is best suited to slitlike pores with 
graphite type surfaces. The pores in silica gels are rather irregular in shape and 
their surface has different properties than the surface of graphite. However, 
PSDs are calculated from high pressure parts of isotherms, for which the 
surface is covered by at least a monolayer of the adsorbate and the surface 
properties are not that important, as in the submonolayer region. Secondly, the 
studied silicas have fairly wide pores, for which the effect of the geometry 
should be somewhat smaller. Finally, the comparative analysis of the 
unmodified and the modified samples is performed. Therefore, the DFT 
software was used to carry out the required PSD calculations, since it is 
numerically the most advanced method available now.

The incremental pore size distribution functions are shown in Figure 5. 
The PSDs for both octyl CBPs and the corresponding original silicas are of the 
same shape and lie in the same pore size range, which indicates that the porous 
structures of the samples were essentially unchanged in the course of the 
modification. All samples are mostly mesoporous (mesopores are pores with 
the widths between 2 and 50 nm according to the IUPAC 
recommendations20,21), but some of them (Hypersil, LiChrospher, Partisphere 
and Vydac) also possess appreciable fractions of small macropores (the widths 
above 50 nm). The PSDs show little or no evidence of the presence of 
micropores, which is in agreement with the micropore volumes obtained from 
the t-plot method.

The bonding of octyl groups to the silica surface is likely to decrease the 
pore size diameter. However, taking into account the size of the bonded 
ligand, the decrease is not expected to exceed 1 nm. The sizes of most pores 
present in the samples are above 10 nm, which is much higher than the 
expected decrease. Therefore, the latter decrease may be difficult to infer from 
the pore size distribution functions. This actually seems to be the case, since 
the distributions for some of the CBPs (Hypersil, LiChrospher, Silasorb) are 
slightly shifted towards small pore sizes with respect to the distributions for the 
unmodified silica gels, but this tendency is not well pronounced.
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Figure 5. Incremental pore volume distributions for the chemically bonded phases and
unmodified silicas.
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Figure 6. Adsorption energy distributions for the chemically bonded phases and
unmodified silicas.



2780 BEREZNITSKI ET AL.

The adsorption energy distributions (AEDs) for both the CBPs and the 
unmodified silicas are shown in Figure 6. In order to obtain the AED 
functions, the inversion of the integral equation for the total amount adsorbed 
needs to be performed.12 In the case of the CBPs, the inversion procedure 
occurred to be stable even for small values of the regularization parameter (y). 
The latter parameter indicates the degree of smoothing of the input data, which 
is introduced in order to obtain numerically stable solution for the AED. In 
Figure 7, shown are adsorption energy distributions for Silasorb and Silasorb- 
based CBP, calculated for different values of y. The distribution for the CBP 
does not exhibit negative (nonphysical) solutions for y as low as 10'4. In the 
case of the silica gel, the negative solutions are present to some extent even for 
the regularization parameter equal to 10"1. The numerical stability of the 
solutions for the octyl CBPs allows obtaining physically meaningful adsorption 
energy distribution functions, with several (two to four; three in case of the 
Silasorb-based CBP) coalesced but yet distinct peaks, appearing for similar 
adsorption energy values for most CBP under study. However, their presence 
or absence seems to be dependent on the number of points on the isotherms in 
the submonolayer range of pressures. Further studies are needed to assess, if 
these peaks correspond to some adsorption sites on the surface of CBPs or are 
just the computational artefact. Because of the reasons mentioned above, the 
values of the regularization parameter used in the current study were chosen to 
be rather high and equal to 0.1 for the unmodified silicas and 0.01 for the octyl 
CBPs. For some unmodified silicas, their AEDs exhibit small negative parts 
(see Figure 7), which are nonphysical and therefore not shown in Figure 6.

The AED functions for unmodified silica gels cover the range from about 
4 to 15 kJ/mol. The presence of small populations of higher energy sites (15- 
20 kJ/mol) is evidenced for Hypersil and LiChrospher. Previous 
thermogravimetric studies22 showed that these gels contain relatively high 
amount of physically adsorbed water. The latter finding can be caused by the 
presence of these higher adsorption energy sites. However, these high energy 
tails may just be artefacts arising from the fact that too few isotherm data points 
were available for the calculations. Hence, the definite solution of that 
problem requires further studies. The distributions for bare silicas show the 
presence of two or more broad peaks. One of them is well pronounced and 
appears for about 6 kJ/mol, whereas the other peak, which corresponds to the 
adsorption energy of about 11-13 kJ/mol, is broader and maybe coalesced with 
other peaks. Because of that, the distributions show no considerable decrease 
in the range of 10-12 kJ/mol and then decline rapidly in the energy interval of 
about 13 to 15 kJ/mol. The adsorption energy distribution for SG-7/G is 
somewhat distinct from the others, as it exhibits a rather steep decrease in 
population of the adsorption energy sites in the range from 10 to 16 kJ/ mol.
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Figure 7. Comparison of the adsorption energy distributions calculated for different 
values of the regularization parameter.

The adsorption energy distributions for the octyl CBPs differ significantly 
from those for the unmodified silicas. The former are essentially the same for 
all CBPs samples studied and lie in the adsorption energy range from 3 to 10 
kJ/mol. They exhibit two more or less distinct peaks corresponding to energies 
of 5 and about 8 kJ/mol. There is no evidence of the high energy sites (10-15 
kJ/mol), which are present on the surface of the unmodified silicas. The 
distributions for both unmodified and modified samples show low energy peaks 
for very similar values of adsorption energies, that is 5-6 kJ/mol. It can be best 
seen in Figure 7, where the same regularization parameters were applied for 
both compared samples.
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In Figure 6, the lowest energy peaks for silicas and the corresponding 
CBPs are somewhat shifted with respect to one another, most likely because of 
the different values of the regularization parameter used in the calculations.

As it was mentioned before, the surface coverages of octyl groups indicate 
that a considerable amount of unreacted silanol groups is still present on the 
surface of the CBPs. It is not likely that the octyl groups are able to shield the 
remaining silanols so effectively that the latter are not exposed to the nitrogen 
adsorption. Moreover, the similar shape of the low energy parts of the AEDs 
for both modified and unmodified silicas suggests that the low energy peaks 
may correspond to the adsorption sites on the unshielded silica surface. 
Therefore, the absence of the high energy sites on the surface of the CBPs 
arises presumably from the fact that these sites reacted in the course of the 
derivatization. The high energy sites can probably be identified with isolated 
silanols, as other silanols can be involved with hydrogen bonding between one 
another or with water molecules, which is likely to lower their accessibility 
and/or their interaction energy with nitrogen molecules used for the adsorption 
study. Other groups present on the surface of silica , such as siloxanes, are not 
expected to interact strongly with the adsorbate.

Since low energy peaks on the adsorption energy distributions for the 
CBPs seem to correspond to the peaks present on the AEDs for the unmodified 
silicas, the same groups on the silica surface may be responsible for their 
presence. But, adsorption energies of interactions of nitrogen molecules with 
octyl ligands are still unidentified. However, they may just be similar to the 
energy of one or even both of the low energy peaks, which seem to have their 
counterparts in the distribution functions for unmodified silicas. This is 
another problem, which would need to be addressed in further studies.

CONCLUSIONS

Samples of silicas with octyl bonded phases were analyzed by sorption 
measurements, high resolution thermogravimetry and elemental analysis. The 
latter technique allowed us to obtain the percentage of carbon in octyl bonded 
phases. High resolution thermogravimetry was employed to assess the thermal 
stability of the silicas and the CBPs studied. Nitrogen adsorption 
measurements provided the specific surface area, the pore volume distribution 
and the adsorption energy distribution for the samples. The surface and 
structural properties of octyl CBPs were compared with each other and with 
properties of corresponding unmodified silica gels. It was shown that although 
the coverage of C8 groups varied by about 15% from one sample to another, 
the surface properties of the octyl CBPs were quite similar, which can be seen
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from the low pressure adsorption behavior and the adsorption energy 
distributions. Unmodified silicas possess considerable fraction of adsorption 
sites of the adsorption energy between 10 and 15 kJ/mol. After octyl groups 
were bonded, these sites were no longer evidenced, which can be explained by 
assuming that most of them reacted in the course of the octyl group bonding. 
Owing to the absence of high energy adsorption sites, the adsorbed amount for 
octyl CBPs in low pressure region is much lower than in the case of unmodified 
silicas. However, the high pressure behavior of both modified and unmodified 
gels of the same type is similar, which indicates, that the porous structure of 
gels is not altered significantly in the course of the chemical bonding of octyl 
ligands.
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ABSTRACT

The purity of alkylnitrile compounds has been investigated 
using gas chromatography (GC), gas chromatography-mass 
spectrometry (GC-MS) and high performance liquid 
chromatography (HPLC). The investigation was carried out to 
supplement earlier reported work using the alkylnitrile 
compounds, hexanenitrile and valeronitrile, as mobile phase 
additives in HPLC. GC impurity profiling and GC-MS 
experiments showed the presence of low level nitrogenous 
impurities in the alkylnitrile compounds. Analytical 
interrogation and chemical isolation were employed to identify 
the impurities as alkylamines. Tri-n-butylamine (TBA) and di-n- 
pentylamine (DPA) impurities were found in batches of 
hexanenitrile and valeronitrile respectively and it was found that 
it was the amine impurities, at very low levels, which caused the 
observed chromatographic improvements for basic solutes when
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using the alkylnitrile compounds as mobile phase additives in 
reversed-phase HPLC. The amines themselves were 
subsequently used at extremely low levels (ppm) in the mobile 
phase and were found to be very effective in their action.

INTRODUCTION

The chromatography of basic solutes has always presented problems on 
silica-based reverse phase columns because of the residual silanol groups 
resident on the silica substrate.15 It is well known that silanol groups cause 
undesired secondary retention processes and distorted peak shapes.2,6'8 Many 
techniques are employed to overcome these problems e g. use of specialised 
base-deactivated column packings and polymer coated phases.9'11 amine 
additives12'14 and ion suppression.2

In an earlier investigation using aliphatic compounds as mobile phase 
additives to influence the retention characteristics of solutes on reverse phase 
media, we reported the successful use of alkylnitrile compounds to improve the 
chromatography of basic solutes.15,16 Our recent studies have shed further light 
on this area and the results are reported here. Di-n-pentylamine (DPA) 
impurities were found in batches of valeronitrile at very low levels using a 
chemical isolation procedure and GC-MS analysis. Similarily, tri-n-butylamine 
(TBA) was found in batches of hexanenitrile. Both DPA and TBA were shown 
to be effective mobile phase additives in that only very low quantities (ppm) 
were required to bring about good chromatography for some basic solutes.

This paper describes these recent findings which show that our initial 
explanation for the observed chromatographic effects needs to be revised.

EXPERIMENTAL

Materials

HPLC

A Hewlett-Packard 1090M HPLC system (Stockport, UK) was used. Data 
were collected and reduced using the Waters 860 Expert Ease data system 
(Millipore, Watford, UK). HPLC grade solvents (Romil Chemicals, 
Loughborough, UK) and purified water were used for the investigations. All
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chemicals were of analytical grade (Aldrich, Gillingham, UK). 
Chromatographic separations were performed on Spherisorb C8, 3 pm, 3 cm x
4.6 mm I D. columns (Phase Separations, Deeside, UK) thermostatted at 40°C. 
The flow-rate was 1.0 m L m m 1 and UV detection set at 254 nm. The injection 
volume was 1.0 pL.

Mobile phases were prepared from methanol-water (50:50 w/w) and the 
additive and degassed with helium before use. The test solutes aniline, N- 
methylaniline, and N, N-dimethylaniline were prepared in methanol at 0.5 
mgem"3 concentration. All separations were carried out in isocratic mode.

GC and GC-MS

A Hewlett-Packard 5890 gas chromatograph (Stockport, UK) was used for 
the GC experiments. A DB-624, 30m x 0.32mm, 1.8 pm film capillary column 
(J&W Scientific. Folsom, USA) was used. Dichloromethane was used as the
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Figure 2. GC Impurity profile chromatograms of two hexanenitrile batches. 
Conditions as in Figure 1, except program: 10°Cmin 1 from 50° to 200°C]

sample diluent. GC-MS was performed using a Hewlett-Packard 5890 GC 
coupled to a VG Trio-2 single quadrupole mass spectrometer (Altringham, 
UK).

METHODS

Isolation of Impurities from and Purification of Alkylnitrile Compounds

Hexanenitrile and valeronitrile were purified individually by washing the 
compound with 2M HC1 three times. The organic phase was then washed with 
aq. N aH C03 three times to neutralise residual acid followed by three washings 
of aq. NaCl until neutral. The organic phase was dried over anhydrous M gS04 
and filtered to give the purified compound. The acidic aqueous washings from 
the purification procedure were then adjusted to pH 12 with aq. NaOH and then 
another extraction with dichloromethane performed. This dichloromethane 
extract was analysed by GC.
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Figure 3. GC Chromatograms showing the presence of Impurity C in 
hexanenitrile and its dichloromethane extract. [Conditions as in Figure 1],

RESULTS AND DISCUSSION

The chromatography of basic solutes has always been problematical on 
silica-based reverse phase columns because of the residual silanol groups 
resident on the silica substrate.1"5 It is well known that silanol groups cause 
undesired secondary retention processes and give rise to distorted peak
shapes.2,6"8

Many techniques are employed to overcome these problems e.g. use of 
specialised base-deactivated column packings and polymer coated phases,9'11 
amine additives1214 and ion suppression.2 In our earlier work we suggested the 
use of the alkylnitrile additives, hexanenitrile and valeronitrile, for use as 
mobile phase additives as an additional approach for the reverse phase 
chromatography of basic solutes.1516

Our subsequent investigations have revealed that the chemical purity of 
the alkylnitrile additives employed is in question. Impurities, in some cases at 
trace levels, in the additives have been found to be responsible for our initial 
findings as described in the following sections.
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Figure 4. GC Chromatograms comparing parent and purified hexanenitrile. [Conditions 
as in Figure 1],

GC and GC-MS Investigation of Alkylnitrile Compounds

In the course of our earlier investigations into the use of valeronitrile as a 
mobile phase additive the chemical purity of the valeronitrile was determined to 
supplement the study. Valeronitrile was found to have high chemical purity 
(> 99.8% by area) using GC impurity profiling. Figure 1 shows the impurity 
profiles of two valeronitrile batches.

In our subsequent investigations into the use of hexanenitrile, its purity 
was determined similarly by GC impurity profiling. Hexanenitrile was found to 
be considerably less pure (98.0% by area for two batches) than valeronitrile as 
shown by the GC chromatograms in Figure 2. Some impurities (A, B and C) 
in hexanenitrile were deemed significant. To identify the impurities GC-MS 
was employed. Results showed that Impurities A and B had molecular masses 
of 114 and 128 respectively but were not identified. More importantly, MS 
data for Impurity C showed that its molecular mass was 185 and its molecular 
formula to be C12H27N. It was likely that Impurity C could be an amine, 
possibly di-n-hexvlamine (DHA) or more probably tri-n-butylamine (TBA). 
Impurity C was found in both batches (1.2% by area). The presence of a
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Figure 5. GC Chromatograms comparing valeronitrile with its dichloromethane extract, 
[conditions as in Figure 1],

nitrogen containing compound prompted further investigation. Work was 
performed to isolate any possible nitrogen impurities from the hexanenitrile 
and to purify it using an acid washing and extraction procedure (see Methods). 
Using the acid washing procedure any nitrogen containing impurities were 
converted to their respective HC1 salts and could be removed from the 
hexanenitrile. The acid washings were neutralised, rendered basic and 
extracted with dichloromethane. The nitrogenous impurities (in their non- 
protonated form) were isolated in the dichloromethane extract. The extract was 
subsequently analysed by GC and GC-MS. The GC chromatogram of the 
extract was compared with the hexanenitrile impurity profile (Figure 3). The 
main component of the extract was found to correspond to Impurity' C. 
Impurity C was confirmed as tri-n-butylamine from its mass spectrum and by 
use of an authentic specimen as a GC retention marker. No other significant 
impurities found in the extract were identified as amines. Figure 4 shows a 
comparison of the parent and the purified hexanenitrile. The level of TBA was 
found to be 0.03% (by area) in the purified material thus showing that the 
purity of the hexanenitrile had been upgraded significantly.
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M i n u t e s

Figure 6. HPLC Chromatograms showing tire effect of purified valeronitrile in the 
clrromatography of aniline solutes in a methanol-water mobile phase.
1 = Aniline, 2 = N-methylaniline, 3 = N, N-dimethylaniline [conditions: Column: 3p 
Spherisorb Cs, 30mm x 4.6mm ID, thermostatted at 40°C, Flow rate: 1cm3 min'1 
methanol-water (50:50 ww) plus additive].

The presence of amine in hexanenitrile was a cause for concern in light of 
the HPLC mobile phase additive investigations so the purity of valeronitrile was 
re-examined. Valeronitrile was subjected to the same acid washing and 
extraction procedure as hexanenitrile. The extract was analysed using GC and 
GC-MS with chemical ionization (ammonia gas) employed to maximise 
detection of nitrogen compounds. Three significant components (D, E and F) 
were identified in the extract using GC analysis (Figure 5). Using GC-MS 
components D, E and F  were found to have the same molecular mass (157) and 
molecular formula, C]0 H23 N. The components were isomers and had identical 
fragmentation patterns. MS could not distinguish the isomers but they were 
tentatively assigned as di-n-pentylamine isomers. Using an authentic mixture 
of di-n-pentylamines the components (impurities) D, E and F  were identified as 
bis-2-methylbutylamine, pentyl-2-methylbutylamine and di-N-n-pentylamine 
respectively. The retention of these compounds was compared with the GC 
chromatogram of the parent valeronitrile from which the extract was derived. 
The presence of di-n-pentylamines could not be detected in the parent
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2 3

Figure !.. HPLC Chromatograms showing the effect of purified hexanenitrile on the 
chromatography of aniline solutes in a methanol-water mobile phase. [Peak 
identification and conditions as in Figure 6].

valeronitrile under the method conditions used. The levels o f di-n- 
pentylamines in the parent valeronitrile were thus exceedingly small (limit of 
detection ( 0.02% by area), however, a trace of impurity D (0.04% by area) 
could be determined in one valeronitrile batch.

HPLC - Use of Purified Valeronitrile and Hexanenitrile

HPLC chromatograms were obtained using purified and untreated 
valeronitrile and hexanenitrile as mobile phase additives and the results 
compared. It was found that substantial quantities of the valeronitrile (> 4% 
w/w) and hexanenitrile (2.0% w/w) were required to bring about the 
chromatographic improvements (Figures 6 and 7 respectively). Previous 
work15,16 had indicated that only small quantities of valeronitrile (ca. 0.2% 
w/w) and hexanenitrile (ca. 0.05% w/w) were needed to improve the peak 
shapes of basic materials. It is clear that the purified additives are very much 
less effective at reducing peak tailing and that the previously observed 
chromatographic improvements should be attributed to the presence o f amines
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Figure 8. HPLC Chromatograms showing the use of tri-n-butylamine (TBA) as an 
additive in a methanol-water mobile phase. [Peak identification and condiitons as in 
Figure 6].

in the mobile phase. In our previous work, the action of the alkylnitrile 
compounds was attributed to the possible adsorption of the alkylnitrile 
molecules effectively covering the surface of the reverse phase preventing 
solute-silanol interactions.16 Since it was not possible to totally eliminate TBA 
from hexanenitrile the observed chromatographic improvements in Figure 7 are 
probably due to the presence of this small quantity of amine in hexanenitrile 
rather than from the effect of hexanenitrile itself.

HPLC - Use of Amines as Additives

TBA and DPA were used separately as mobile phase additives for the 
reverse phase chromatography of the aniline test solutes. DPA was used as a 
mixture of three isomeric di-pentylamines (available commercially). It was 
found that only very low levels (ppm) of TBA and DPA in the mobile phase 
were required to bring about good peak shapes for aniline solutes (Figures 8 
and 9 respectively). Removal of the amine from the mobile phase returned the 
chromatography to its previous state.
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Figure 9. HPLC Chromatograms showing the use of di-n-pentylamines (DPA) as 
additives in a methanol-water mobile phase. [Peak identification and conditions as in 
Figure 6]

The efficacy of both DPA and TBA is high because of the properties of the 
compounds i.e. high basicity and low aqueous solubility. Literature pKa 
\alues for DPA (water) and TBA (in aqueous ethanol) are 11.2 and 9.9 
respectively.17 These values are in reasonable agreement with calculated pKa 
data of 12.0 for DPA and 10.1 for TBA (programme: PALLAS v. 1.1, 
Compudrug Chem. Ltd). Both amines are strongly basic and depending on the 
apparent pH of the mobile phase (approximate neutrality) could be ionized i.e. 
will have a high affinity for silanol groups on the silica substrate. Owing to the 
lipophilicity of the compounds, molecules of DPA and TBA will also have a 
strong affinity for the reverse phase which will augment their retention and 
contribute to their efficacy as additives. Wehrli et al. showed in a study on the 
effect of amines on the dissolution of silica that there was an order of 
"aggressivity" of the amine toward silica.18 It was shown that the type of alkyl 
substituent on the amine affected the rate of column deterioration i.e. propyl 
substitution was found to be less aggressive than ethyl substitution and so forth. 
It follows that TBA and DPA should be even less severe towards silica-based 
packings and because of the low concentration required may offer an advantage 
over other commonly employed amines.
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Origin of Impurities

The origin of the impurities is not clear, but it is possible that the 
impurities could be formed from large-scale production of nitrile compounds 
from an ammoxidation reaction using ammonia in the presence of an alkyl 
reagent such as an alcohol.19,20 Proprietary information regarding the synthesis 
for both valeronitrile or hexanenitrile could not be obtained. Information on 
potential impurities in valeronitrile was obtained but no details were given for 
expected amine contamination. No information could be obtained regarding 
potential impurities in hexanenitrile. The work reported here and previously 
reported work, was undertaken using the highest quality chemicals that could 
be commercially purchased and accepted in good faith. This work has shown 
that for some studies it may be necessary to further purify chemicals in-house or 
consider the effect of impurities (if known) on study results.

CONCLUSION

It has been shown that the observed chromatographic improvements in the 
peak shapes for aniline solutes, when using valeronitrile and hexanenitrile as 
mobile phase additives, can be attributed to the presence of low level amine 
impurities in the additives and not to the adsorption of the alkylnitrile 
compounds on to the reverse phase. DP A impurities were found in batches of 
valeronitrile at very low levels using a chemical isolation procedure and GC- 
MS analysis. TBA was found in batches of hexanenitrile using GC-MS 
analysis. Both DPA and TBA were shown to be effective mobile phase 
additives in that very low quantities were required to bring about good 
chromatography for some basic solutes.
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ABSTRACT

The horizontal polymerization of trichlorosilanes on silica is 
discussed with regard to its use in chromatographic separations 
to reduce silanol activity and improve hydrolytic stability. It is 
shown that the use of C, spacers, which were previously 
demonstrated to provide very low silanol activity, are resistant to 
a pH 10 solution for at least 36 hr. It is also shown that the 
adsorptivity of water by silica gel is an important factor in 
achieving dense horizontal polymerization.

INTRODUCTION

Two imposing problems exist for presently available silica-based reversed 
phase chromatographic columns. First, unreacted surface silanols can 
deprotonate to form a negatively charged surface, causing strong adsorption of 
organic cations. This strong adsorption gives rise to peak tailing. Mobile 
phase additives, such as trifluoroacetic acid, amines, or phosphate ions, can 
reduce adsorption to these negatively charged sites on the surface.1
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A better way to minimize such adsorption has been to use silica gel that 
has a high initial concentration of hydroxyl groups because the resulting 
hydrogen bonding among the silanols reduces their acidity.2'3 Peak tailing is 
especially a problem in pharmaceutical applications because the pervasive 
amine functionality is positively charged at neutral pH. The second problem 
with available columns is that organosilane monolayers hydrolyze at pH 
extremes. Low pH, often needed to achieve efficient separations, causes 
degradation of commercial columns, which leads to added costs and down
time. The stability of silica-based columns is even worse at high pH, limiting 
typical applications to pH 8 and below.4 At high pH, the silica substrate is 
attacked rather than the organosilane monolayer, ultimately resulting in bed 
collapse. Peak tailing is exacerbated by hydrolytic instability because 
hydrolysis exposes more surface silanols. There is a great demand for 
hydrolytically stable stationary phases having minimal silanol activity.

The majority of bonded chromatographic phases are “monomeric” phases, 
where a chlorodimethylorganosilane is covalently bonded to silica with 1:1 
attachment of reagent to surface silanol. The straightforwardness of the reaction 
makes for a reproducible phase. However, most of the surface silanols remain 
unreacted, and some of these deprotonate to cause tailing. A technique called end
capping is often used to react some of the remaining silanols with a stoically 
smaller reagent, such as chlorotrimethylsilane. Endcapping reduces tailing of 
organic cations, but the improvement is temporary because the trimethylsiloxane 
groups hydrolyze readily. One variation has been devised to improve hydrolytic 
stability: larger sidegroups, such as isopropyl and isobutyl, replace the two methyl 
groups in the chlorodimethyloctadecylsilane reagent.5 6

Two factors might contribute to the higher stability. First, the bulky groups 
could stoically hinder attack at the siloxane bond. Second, the bulky groups could 
impede diffusion of the silicon moiety away from the site, allowing the siloxane 
bond to form again. These “stoically protected” phases are commercially available 
and are bonded to Zorbax-RX-sil, providing not only high stability but inherently 
lower silanol activity due to the lower acidity of Zorbax-RX-sil. As with any silica- 
based stationary phase, these cannot be used at excessively high pH.

If the use of silica could be avoided, high pH could be used routinely in liquid 
chromatography. This would allow separation of species that are only soluble or 
only separable at high pH, and would also open up a new area for HPLC: 
biotechnology. Presendy, polymeric resins are used for purification in biotechnology 
because a base wash is required to remove irreversibly adsorbed proteins or cellular 
materials from the column. Copolymers of polystyrene and divinylbenzene provide 
hydrophobicity comparable to that of Cj8 monolayers, but offer virtually unlimited 
stability at high pH. However, polymeric resins are quite compressible, degrading
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analytical separation efficiency and compromising resolution. A much less 
compressible stationary phase for use at high pH employs zirconia in place of 
silica.7 Unlike silica, zirconia is not attacked by strong base. A thin polymer 
film, such as butadiene, provides a stable stationary phase covering the stable 
substrate. The one difficulty with zirconia is that its high surface charge gives 
rise to strong peak tailing of charged analytes such as proteins.8

There is not yet another substrate that satisfactorily replaces silica gel, and 
many research efforts are underway, using a variety of bonding schemes, to 
improve the performance of silica-based stationary phases. One alternative 
approach is the ''polymeric” phase, where trichlorosilanes are mixed with a small 
amoimt of water and allowed to bond to the silica gel.9 These polymeric phases are 
made of pure Qg, and have a bonding density of typically 5 pmol/mf.

Analysis of a polymeric CJ8 phase using quantitative 29Si NMR dispelled the 
notion of “vertical polymerization”: there is an average 1:1 attachment between 
reagent and surface silanol.10 These still differ from the monomeric phases, despite 
their common 1:1 attachment because there is frequent covalent bonding to near est 
neighbors. The resulting nearest neighbor spacing is much closer than that for 
monomeric phases, offering unique shape selectivity that can be especially 
valuable for PAH analysis, distinguishing species based on nonplanarity.11

Polymeric phases have improved hydrolytic stability, presumably owing to the 
multiple bonding. The procedure for synthesis is likely to cause significant 
oligomerization before attachment to the surface, making the organization on the 
molecular scale unknown. These phases have been commercially available for years 
but are believed to be less reproducible than monomeric phases, possibly a 
consequence of oligomerization before bonding.

A newer innovation that also uses trifimctional reagents is made by reacting a 
triiunctional hydrosilane, such as HSi(OCH2CH3)3, with silica gel to form a 
hydrosilane surface. The desired functional group is subsequently linked to theSi-H 
surface through a reagent having a terminal carbon-carbon double bond.12 The 
functional group is attached by a direct Si-C bond, which is much more 
hydrolytically stable than the Si-O-Si bond formed in the conventional monomeric 
phases. The initial layer of Si-H groups forms a dense monolayer, thus protecting 
the silica substrate and lowering the silanol activity.13

The absence of sidegroups on the ligand allows the same denser bonding that 
is believed to give the polymeric phases their unique selectivity. One would expect 
these hydrosilane phases to be more reproducible than the polymeric phases because 
the olefin reaction involves no danger of oligomerization before bonding.
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silica substrate

Figure 1. Space-filling model of a cross-section of the horizontally polymerized Cig/C3 
monolayer. The dense polymerization of trifunctional silanes in two-dimensions is 
designed to form a solid barrier immediately above the silica substrate, with little 
covalent attachment to the silica substrate. The mixing of C|g groups and short spacers 
gives a liquid-like density of functional groups to perform cliromatographically as 
monomeric phases. The Cis chains are drawn in their all-trans conformations only for 
artistic convenience.

We have devised a bonding scheme for organosilanes on silica that also 
uses trifunctional silanes.111141' The bonding scheme is illustrated in Figure 1, 
where the process of “horizontal polymerization” , or "self-assembly” is used to 
make mixed monolayers. 29Si NMR spectroscopy has revealed that the
trifunctional reagents are bonded to one another, with only an occasional 
covalent bond to the surface.10 The oriented copolymer covering the surface is 
intended to provide a steric barrier between the mobile phase and the silica 
substrate. This dense barrier would reduce surface charge by impeding the 
exchange of protons between the unreacted silanols and the mobile phase. The 
surface concentration of octadecyl (C]8) or other functional groups is adjustable 
by varying the reagent ratio.

There are two features that distinguish horizontally polymerized phases from 
the polymeric phase described earlier. First, the synthesis of the horizontally 
polymerized phase uses the water intrinsically adsorbed to silica gel, as illustrated in 
Figure 2. Consequently, no oligomerization occurs until the reagents have reached 
the surface. The use of a reproducible amount of adsorbed water provides a 
reproducible stationary phase. Second, a mixture of trifunctional silanes is used, 
providing a steric barrier with controllable coverage of the functional group .
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Figure 2. The oriented polymerization reaction. A monolayer of water adsorbed to the 
silica gel rapidly hydrolyzes the trichlorosilanes. The resulting trisilanols are adsorbed 
and oriented at the heptane/silica interface, and subsequently polymerize to form the 
dense monolayer.

The self-assembly of pure trichlorosilanes on silica surfaces has been 
studied by other groups with the goals of controlling the wetting properties of 
surfaces,1617 enhancing resolution in lithography,18'19 electrochemical 
sensing,20 27 molecular electronics,23,24 preparing membrane mimetics25 and 
biocompatible surfaces.26 Our work represents the first use of the concept of 
applying the solid bonding density of self-assembly to make chromatographic 
stationary phases.

Previous Studies

Trifimctional silanes tend to be more susceptible to base hydrolysis than are 
monomeric silanes. This is because the silicon atom is a better electrophile when 
bonded to three oxygens compared to one, accelerating reaction with the bases, 
which are nucleophilic. This is the same reason that silica gel itself dissolves at 
high pH. Analogously, at low pH, trifimctional silanes are expected to be less 
susceptible to hydrolysis (per S i-0  bond) because acids are electrophilic.

In stability studies of the Ci8/C3 horizontally polymerized phase, the 
retention time of benzo(a)pyrene was found to be constant at pH 2 over an 
observation period of one week.15 This was not surprising given that the functional 
groups are the inherently acid-stable trifunctional silanes. However, the phase was 
also stable to a mobile phase at pH 10 over the observation period of 36 horns, again 
using benzo(a)pyrene as the probe.15 The hydrolytic stability of a monomeric Ci8, 
made on the same silica gel, Whatman Partisil, was poorer at both pH extremes.



2804 WIRTH AND FAIRBANK

Figure 3. Chromatogram of aniline after 36 hr. exposure of stationary phase to pH 10 
solution. The retention time is 0.75 min. and the asymmetry factor is only 1.2. A 
column length of 15 cm and flow rate of 2 mL/min. were used.

Separation Performance

The horizontally polymerized C)8/C3 phase gave a chromatogram similar to 
that of a conventional Qg phase for a mixture of benzo(a)pyrene, 
hexanophenone and uracil; however, aniline was retained inordinately long . 15 

The phase thus improved the hydrolytic stability but increased the silanol 
activity. This behavior indicates that the C3 spacers did not form an adequately 
dense barrier over the silica substrate. A careful consideration of the steric 
interactions involved in creating an oriented, two-dimensional polymerization 
reveal that the C3 spacers cannot be accommodated by the short Si-O-Si 
distances linking the reagents together. However, a network of Q  groups is 
capable of forming a dense, two-dimensional methylsiloxane polymer. 27 

Experimental measurements confirm this expectation. 29Si NMR spectra 
revealed that a Cig/Ci monolayer is comprised primarily of the alkylsiloxane 
groups covalently bonded to other reagent groups through all three oxygen 
atoms, with little attachment to the silica surface, while the C18/C 3 monolayer is
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Figure 4. 29Si NMR spectra and chromatograms of aniline for horizontally polymerized 
C’is/C 'i phase obtained upon pretreatment with a) 5 5 %  humidity and b) 9 0 %  humidity.

comprised primarily of the alkylsiloxanc groups covalently bonded through 
only two oxygen atoms, with occasional attachment to the silica surface.2' The 
NMR spectra thus reveal that the Ci8/C] monolayer is a two-dimensional 
network while the Ci8/C3 monolayer is comprised of long chains packed close 
to one another. Since the reagents are bonded to one another, it would be 
possible for the small methyl groups to be oriented toward the surface.

Contact angle studies of Ci monolayers on flat plates indicate that the 
methyl groups are oriented away from the surface: the contact angle is 78° for 
both the methylsiloxane monolayer on silica21 and the methylthiol monolayer
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on gold,25 where the latter is known to have the methyl groups point away from 
the surface. The research thus shows that Q  is a significantly better spacer 
group than C^ for achieving maximum bonding density.

Finally, for the chromatographic test, aniline elutes early with little 
tailing, and a baseline separation of a mixture of cytochrome c genetic variants 
(bovine, equine, canine), was demonstrated using the Cis/Ci p h ase /' These 
studies indicate exceptionally low silanol activity for the CiX/C ; phase.

Stability Of The C18/C, Phase

While the hydrolytic stability of the C]8/C3 phase is excellent, the 
hydrolytic stability of the Cjg/Ci phase has not previously been tested. 
Hydrolytic stability of the Ci8/C] phase is a concern because the shorter spacer 
group might be more prone to hydrolysis, particularly at defects, due to less 
steric hindrance. On the other hand, one might argue that the C18/Ci phase 
should be more stable due to its denser bonding. Over the course of our studies, 
we have not observed any unusual degradation of the Ci8/Ci phases.

For a freshly prepared C]8/Ci phase, we reported a short retention time 
and a low asymmetry value for the zone profile of aniline at neutral pH.21 If 
this phase degraded, the exposed silica would partially deprotonate, retaining 
aniline more strongly and giving rise to tailing. We exposed this stationary 
phase to a solution of triethylamine in 85% acetonitrile/water at 30°C for 36 
hours, the same harsh conditions and exposure time applied to the C]8/C3 
horizontally polymerized phase

Figure 3 shows the chromatogram for aniline, where its zone maintains its 
short retention time and low asymmetry. These data alleviate concerns about 
the stability of methyl spacers.

Applicability to other Silica Gels

While impressively low silanol activity was demonstrated for the Ci8/C] 
horizontally polymerized phase, this phase was made on Zorbax-300RX-sil, 
and it is not been established that horizontal polymerization works well with 
other silica gels. Initial experiments with a variety of other silica gels did not 
yield acceptable stationary phases. It is possible that these early problems were 
caused by different water adsorptivities of different silica gels.
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The Zorbax-RX-sil had been exposed to 55% humidity for depositing the 
reagent water on the surface because this was the humidity reported to work 
well for self-assembled monolayers of C]8 on silicon wafers.29

Recently it is has been shown that the density of self-assembled C]8 
monolayers on flat silica surfaces varies with the amount of reagent water 
available for the trichlorosilanes.30,31 For chromatographic surfaces, we varied 
the amount of adsorbed water by varying the relative humidity to which the 
bare silica was exposed, then measured the 29Si NMR spectra and the 
chromatographic behavior. The same conditions for cross-polarization were 
used as previously reported.10

The spectral intensities for the resonances due to the reagent silicon atoms 
can be compared to one another because their relaxation times are 
comparable.1" Figure 4 shows the 29Si NMR spectra of a Qg/Ci phase on SMR22, 
a silica gel available from Davison, Inc., where a) 55% humidity was used, and b) 
90% humidity was used.

The NMR spectrum in part a) shows weak cross-linking for the lower 
humidity: the predominant peak, at -58 ppm. owes to reagent silicon atoms having a 
terminal OH group. The spectrum in part b) reveals extensive cross-linking for the 
higher humidity: the predominant peak, at -68 ppm, owes to reagent silicon atoms 
bonded through all three oxygens to other silicon atoms. A fully cross-linked 
network would have a peak only at -68 ppm, so room still remains for improvement 
in the synthesis of horizontally polymerized monolayers. The stronger overall signal 
in the silicon NMR spectrum for case b also indicates a higher coverage of reagent 
silicon atoms, consistent with the denser monolayer.

The chromatograms, shown to the right of the NMR spectra, reflect these 
stmctural differences: for case b, aniline elutes earlier and with a much narrower 
peak. The humidity required for good horizontal polymerization on SMR22 thus 
differs markedly from that for Zorbax-RX: 55% vs. 90%. The likely reason Zorbax- 
RX is so adsorptive toward water is that it has a very high concentration of surface 
hydroxyl groups.2

The ability to vary surface water concentration to control the quality of 
horizontal polymerization suggests that horizontal polymerization can be used 
with virtually any silica gel, provided that the humidity is appropriately 
adjusted to obtain the appropriate water coverage. We are currently 
investigating the quantitative amount of water needed for different silicas to 
determine whether or not there is a requisite amount of water that is a constant.
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Application to Capillary Electrophoresis

Strong adsorption due to surface silanol activity is also a major problem in 
capillary electrophoresis, particularly for proteins that are strongly positively 
charged. Horizontal polymerization has been shown to provide a surface coating 
that has virtually no charge, as indicated by the absence of detectable electro-osmotic 
flow and the elution of very surface-active proteins.32 A mixture of allyl groups and 
Ci groups were used in the horizontal polymerization, followed by copolymerization 
of the allyl groups with polyacrylamide to make the surface hydrophilic. This 
demonstrates the use of functional groups other than Qg in horizontal 
polymerization, as well as applicability of horizontal polymerization to another 
area of separation science.

Future Studies

Horizontal polymerization has thus far been demonstrated for C18 and allyl 
functional groups. The bonding scheme may find valuable application for 
separations requiring shorter alkyl chains, such as C4, to minimize the 
denaturing of proteins. Other reactions of allyl groups for controlling the 
chemical functionality of the monolayer are also attractive, such as amino and 
other ion exchanging groups. Also, hydrophilic groups such as diols can be 
dispersed among the spacers to moderate the hydrophobicity of the surface. Finally, 
there is much more to be learn about the process of two-dimensional polymerization, 
and physical studies of this process may ultimately lead to chromatographic 
stationary phases stable toward very high pH.
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A B S T R A C T

A thermodynamic equation is used to analyze the retention 
behavior of phenolic solutes at low modifier concentrations on 
alkenyl and diol chemically modified silica packings. These 
materials were prepared by attaching alkenyl and diol ligands 
with four, six, eight and ten carbon atoms to the surface of 
LiChrosorb Si-60 silica. The thermodynamic analysis of the 
capacity ratios of various phenolic solutes measured at different 
concentrations of simple aliphatic alkohols (used as modifiers) in 
n-hexane have provided information about solute and solvent 
interactions with the alkenyl and diol modified silicas. This 
analysis shows that the solute-alcohol competitive interaction for 
the alkenyl bonded phases changes significantly with chain 
length, whereas this effect is not observed for the diol phases. 
Also, the influence of polarity and geometric structure of 
functional groups on solute retention have been examined.
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INTRODUCTION

For many years chromatography has been used successfully to study 
molecular interactions at both gas-solid and liquid-solid interfaces. Knowledge 
of these interactions is necessary not only for developing retention theory but 
first of all it is needed for understanding the mechanisms of chromatographic 
separations and for designing and optimizing these separations. Fundamental 
studies of the role of molecular interactions in tsolute retention accelerated 
considerably development of optimization methods for chromatographic 
separations (e.g., see works1'3 and references therein).

While retention mechanisms at the gas-solid interfaces are relatively 
simple because they are controlled almost solely by solute-solid interactions, 
they are much more complex at liquid-solid interfaces.4,5 Even in the simplest 
case of liquid chromatography, where a single component mobile phase is used, 
a solute's retention is controlled by at least four different types of interactions,
i.e., solute-solvent, solvent-solvent, solute-solid and solvent-solid interactions. 
The molecular picture is even more complex for binary solvent mixtures, which 
are frequently used in carrying out liquid chromatography separations.6’' In 
this latter case, the number of types of interactions controlling a solute retention 
increases at least up to eight. This number is higher for LC with chemically 
bonded phases, where the solute and solvent molecules can interact with 
bonded ligands and with unreacted surface groups of the solid support. In 
addition, one should consider that solute-solvent and solvent-solvent 
interactions in the stationary phase differ from those in the mobile phase 
because they are under the influence of the forces acting between solid and 
surface molecules.8 Although the unified statistico-thermodvnamical 
description of LC with mixed-mobile phases9,10 automatically incorporates all 
types of molecular interactions, the final expressions resulting from this 
description are complicated and their practical utility is limited. Therefore, 
simple models are frequently used to represent solute retention in LSC systems 
(see papers1116 and references therein). Usually, solute retention in normal- 
phase systems is represented by the displacement (competitive sorption) 
models,1112 whereas for reversed phase systems, it is represented by the 
partition models.8,13,14,17,18

In the current paper, a simple thermodynamic equation, which is based on 
a displacement model, is employed to analyze the dependencies of the capacity 
ratios of phenolic derivatives on the modifier concentration. These 
dependencies were measured at low concentrations of simple aliphatic alcohols 
(used as modifier’s) on alkenyl and diol modified silica surfaces and. at present, 
they are unique in the chromatographic literature. Up to now, these types of 
measurements have been reported only for selected alcohol-hydrocarbon mobile
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phases on unmodified silicas.19,20 Analysis of the measured capacity ratios by 
means of the above mentioned thermodynamic equation provides information 
about solute-alcohol competitive interactions for alkenyl and diol bonded 
phases and permits comparison of chromatographic properties of these phases.

EXPERIMENTAL

Reagents

The HPLC grade solvents were obtained from the Fisher Scientific 
Company (Fairlawn, N.J.) and the reagent grade compounds used as test 
substances were from the Aldrich Chemical Company (Milwaukee, WI). Water 
used for preparation of chromatographic packings was purified using a Milli-Q 
reagent water system from Millipore Model Continental Water Systems (El 
Paso, TX). The 1,3-butadiene, 1,5-hexadiene, 1,7-octadiene, 1,9-decadiene and 
triethoxysilane, also purchased from Aldrich, were used without further 
purification. The synthesis of alkenyltriethoxysilane was carried out as follows: 
about 20 mL of a given diene was placed in a 52cm x 11mm i.d. stainless steel 

reactor tube which was flushed with a stream of diy nitrogen gas and placed in 
a dewar containing dry ice and acetone. Next, 10 mL of triethoxysilane were 
added to the reactor, followed by 10 drops of a 1% solution of H2PtCl6 in 2- 
propanol. The reactor was sealed, removed from the dry ice-acetone,and 
allowed to warm. The reactor was placed in an oven and heated for 12 hours at 
383K. After the reaction was completed, the tube was again placed in dry ice- 
acetone and allowed to cool for 1 hr. The reactor was opened and its contents 
were transferred to a 50mL round bottom flask and vacuum distilled. The 
identity of the silane product was verified by FTIR.

Chromatographic Packings

The chromatographic packings were prepared in-house by the following 
procedures. Four grams of LiChrosorb Si-60 silica (E. Merck, Cherry Hill,
N.J.; specific surface area 550 m2/g) were preconditioned with dionized water 
and dried overnight in an oven at 383K. The dry silica was placed in a reaction 
vessel with 100 mL of 1-propanol and allowed to stand for 6 hours. Half of the 
1-propanol was removed and 10 mL of a given alkenyltriethoxysilane and 10 
drops of n-butylamine were added to the reaction vessel. The mixture was 
refluxed for 24 hr using a stream of dry nitrogen for stirring. Excess solvent 
was removed using a sintered glass filter under vacuum.
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The modified silica was washed several times with methanol and 
diethylether, and dried overnight in an oven at 383K. This procedure was used 
to attach 3-butenyl. 5-hexenyl, 7-octenyl and 9-decenyl ligands to silica.

Two grams of a given alkenyl modified silica were stirred with 75 mL of 
persuccinic acid for 24 hr at 323K; this acid was prepared by reacting succinic 
anhydride with hydrogen peroxide according to literature procedures.21,22 The 
modified silica was washed several times with methanol and then diethylether 
and dried overnight in an oven at 383K. By stirring alkenyl modified silica 
with persuccinic acid, the terminal double bond in the alkenyl ligand was 
converted to a diol group; this conversion was confirmed using diffusive 
reflectance FTIR and CP/MAS13C solid state NMR.21 By this procedure, the 
alkenyl bonded phases were converted to suitable phases with dihydroxyalkyl 
(diol) ligands, i.e., the 3-butenyl, 5-hexenyl, 7-octenyl and 9-decenyl ligands on 
the silica surface gave, respectively, 3,4-dihydroxybutyl, 5,6-dihydroxyhexyl, 
7,8-dihvdroxyoctyl and 9,10-dihydroxydecyl bonded ligands.

The alkenyl and diol modified silicas were packed into 25cm x 1.8mm i.d. 
stainless steel columns by using a dynamic packing procedure. One gram of 
each packing material was stirred with 30mL of isopropanol in the solvent 
reservoir and was pressurized into the empty column using methanol as the 
delivery solvent. The packing procedure was continued for an hour using a 
Haskel (Burbank, CA) Model DSTV-52C air-driven fluid pump.

Characterization of Modified Silicas

Summmarized in Table 1 are the surface coverages (i.e., % carbon) for 
the alkenyl and diol bonded phases determined by combustion analysis using a 
Leco Corporation (St. Joseph, MI) Model CS-244 Carbon Analyzer. The 
levels of coverage for the alkenyl bonded phases are greater than those for the 
corresponding diol phases. In addition, the alkenyl and diol phases were 
characterized by diffuse reflectance infrared spectroscopy and solid state 
CP/MAS13C NMR spectrometry.21 The diffusive reflectance infrared spectra 
for the modified silicas with alkenyl bonded ligands had the 3080 cm '1 band 
(also present in the IR spectra for synthesized alkenyltriethoxysilanes), which 
results from the =C-H stretch. When the double bond in alkenyl bonded 
ligands was converted to the diol group, this band disappeared. However, the 
-OH stretch band was not observed because of the background interferences. 
The unreacted surface silanol groups gave a broad -OH stretch band, which 
obscured the band for the ligand hydroxyls.
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Table 1

Surface Coverages of Chemically Modified Lichrosorb Si-60 Silicas

Bonded Ligand Code Total % C

3-butenyl A4C 4.99
3,4-dihydroxybutyl D4C 1.89
5-hexenyl A6C 6.07
5,6 -di hydroxy hexyl D6C 4.39
7-octenyl A8C 8.39
7,8-dihydroxy octyl D8C 6.60
9-decenyl A10C 9.59
9 .10-dihydroxydecyl D10C 8.06

The solid state CP/MAS 13C NMR spectra for alkenyl modified silicas had 
resonances at 112 PPM and 138 PPM, which are characteristic for =C-H and 
=CFL groups. Two additional resonances at 125 and 132 PPM were observed 
because of migration of the double bond from the terminal to the 2nd and 3rd 
positions. A similar effect has been observed during isomerization of 1-pentene 
adsorbed on silica.23 After conversion of the alkenyl ligands to dihydroxyalkyl 
(diol) bonded ligands the above mentioned resonances either disappeared 
completely or their intensities were reduced significantly. Appearance of two 
new resonances between 68 and 78 PPM confirmed the presence of -C-OH 
groups24 and showed that hydrolysis of the epoxy groups to diols took place 
during the chemical conversion of the alkenyl ligands. Other experimental 
details including the IR and NMR spectra with band assignments for alkenyl 
and diol modified silicas are reported elsewhere.21

Chromatographic Measurements

All retention data were recorded and processed on an IBM Instruments 
Model 9000 data system. Column temperature was maintained at 298K in a 
water bath using a Fisher Model 730 controller (Pittsburgh, PA). All columns 
were preconditioned using the procedure reported by Gilpin and Sisco."5 Before 
each change in the mobile phase composition, each chromatographic column 
was conditioned with 500mL of n-hexane and 200mL of the weakest mobile 
phase and, before the first solute injection, it was additionally equilibrated with 
at least lOOmL of the mobile phase of a selected composition. The retention 
measurements were performed for the mobile phase compositions changing 
from low to higher concentrations of the polar modifier. Simple
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aliphatic alcohols, i.e., methanol, ethanol, 1-propanol, 2-propanol, 2-butanol 
and t-butanol. were used as modifiers. The capacity factors of phenol and its
o-. m- and p-derivatives with fluoro, chloro, bromo. iodo. hydroxy, nitro and 
cyano groups were measured at different concentrations of a given aliphatic 
alcohol in n-hexane. i.e.. 0 8. 1.2, 1.6, 2.0, 2.5 and 3.0 v/v% of the modifier in 
n-hexane. In the case of the methanol-hexane mobile phase the highest 
concentration was equal to 2.0% modifier because of the low solubility of 
methanol in n-hexane. The flow rate of the mobile phase was equal lmL/min. 
The void volume for each column was evaluated using n-pentane. Each solute 
was injected separately. The reported values of the capacity ratio, k's, are 
averages from at least duplicate injections.

The chromatographic systems studied in this paper can be considered to 
be normal-phase because the modified silica surfaces contained polar groups 
(unreacted silanols and alkenyl or diol ligands) and the hexane-based mobile 
phases contained only small amounts of aliphatic alcohols used as modifiers. In 
these systems, the competitive interactions between solute and modifier 
molecules for active surface groups should dominate over the non-specific 
interactions characteristic for solute retention on alkyl bonded phases.8 The 
competitive interactions of solute (s) and alcohol (a) molecules with the specific 
surface groups can be represented by a displacement mechanism,11,12 which is 
described quantitatively by the following equilibrium constant, Ksa :26

where a “  and a “ ( a = a . l )  are respectively activities of solute and alcohol

(modifier) in the a-phase. the superscripts a  and 1 refer, respectively, to the 
stationary' (surface) and mobile (bulk) phases, and r is the ratio of molecular 
areas occupied by the solute and alcohol molecules in the surface phase. Since 
the solute concentrations in both phases are infinitely dilute and the modifier 
concentrations are low', the activity' coefficients can be approximated by 
concentration-independent constants and included in the Ksa-constant; then 
equation (1) can be rewritten as follows:

RESULTS AND DISCUSSION

(1)

(2)
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Here K*a is the modified constant Ksa, which includes the solute and modifier

activity coefficients, x“  and x “ (a  = a , 1) are. respectively, the solute and
modifier mole fractions in the ot-phase. The solute capacity factor can be 
defined as follows:6

where (Ji is the phase ratio. Combination of equations (2) and (3) allows to 
express k's by means of the mole fractions of modifier in both phases:

Since, in the systems studied here, the specific interactions of solute and 
modifier molecules with the active surface groups are similar, the solute- 
modifier ratio r of molecular areas can be approximated by unity. Then 
equation (4) simplifies as follows:

While the mole fraction of modifier (in the current case, alcohol) in the

If chromatographic measurements are carried out at sufficiently high

surface phase can be approximated by unity and then equation (4) reduces to 
the well-known Snyder-Soczewinski relationship:11,12,2'

Since the retention measurements presented in the experimental section 
were carried out at low concentrations of modifier, equation (6) cannot be used

for analyzing these data. In this region the surface composition xa changes
with the mobile phase composition. Low concentrations of modifier in the 
mobile phase permit the modifier-solvent composition in the surface phase to

f o r  x l---- » O
s (3)

(4)

(5)

mobile phase. xa . is known, its mole fraction in the surface phase is unknown.

concentrations of the polar solvent (e.g., xa >0.1-0.2), its mole fraction in the

(6)

be represented by an ideal displacement model;1*’28 then

x °  =  K  \  x l l ( x [  + K  * X 1 )  
a  ah  a y h ah  a '

(7)
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where K*h is the modifier-solvent equilibrium constant (K *h denotes the 

constant for the alcohol-hexane liquid mixture). Replacing x” in equation (5) 
by equation (7). one can obtain:

= (<|) K * K  *•) ' (x ?  + K  * x l ) (8)* sa  ah ' ' h ah  a '

Since xj, is small (below 0.03), the mole fraction xj, can be replaced by unity 

because xj, + xj, = 1 for xj. -> 0 . Then, equation (8) simplifies as follows:

v i -  -  »  * »  O "  Xa  W

where K*h =K *aK*h . Equation (9) shows that, in the region of low 
concentrations of modifier, the reciprocal of the capacity ratio is linearly 
dependent on the modifier’s concentration.

It is noteworthy that the same type of dependence of the capacity ratio on 
the modifier concentration has been predicted by Scott and Kucera,19 who 
defined ks as the ratio of total forces acting on the solute in thé stationary phase 
to the total forces acting on the solute in the mobile phase. In contrast to their 
probabilistic description, equation (9) is based on a displacement model, which 
assumes competitive interactions between solute, modifier and solvent 
molecules for active sites on the solid surface. This model is commonly 
accepted for describing the physical adsorption of multicomponent non- 
electrolytic liquid mixtures on solid surfaces.5 In the current paper equation (9) 
will be used to analyze the measured dependences of the capacity ratio on the 
modifier concentration.

Capacity ratios were measured for 22 phenolic solutes (i.e.. phenol, o-. m- 
and p-fluorophenols, o-. m- and p-chlorophenols. o-. m- and p-bromophenols.
o-. m- and p-iodophenols, o-, m- and p-cresols, o-, m- and p-nitrophcnols. and
o- m- and p-cyanophenols). in six alcohol/n-hcxanc mobile phases (i.e.. 
methanol, ethanol. 1-propanol, 2-propanol, 2-butanol and t-butanol) and nine 
silicas (i.e.. unmodified Lichrosorb Si-60, four modified silicas with C4. C6, 
and C8 and CIO alkenyl ligands and four modified silicas with C4. C6, C8. 
CIO dihvdroxyalkyl ligands). For each chromatographic system, the capacity 
ratio was measured as a function of the modifier’s concentration up to 3 v/v% 
in the mobile phase. These data were plotted according to equation (9) (i.e., the 
reciprocal of the capacity factor against the mole fraction of modifier in the 
mobile phase) giving 1188 linear plots. Analysis of these plots showed that 
equation (9) is a good representation for the capacity ratios measured at the
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Figure 1. R eciprocal o f  the capacity ratio plotted as a function o f  the m ole fraction o f  
m odifier in the m obile phase for phenol chrom atographed in 2-butanol/n-hexane on 
various a lkenyl and diol bonded phases.

low modifier concentrations. For the majority of the systems studied the values 
of the correlation coefficient were at least 0.99 or better. For the purpose of

illustration Figure 1 contains the linear plots o f 1 / ks' vs. x ! f°r phenol 
chromatographed in the 2-butanol/n-hexane mobile phase on the columns 
packed with modified silicas.

According to Snyder6 the phase ratio <j>, to a first approximation, is a 
fundamental property of the solid phase and is independent of the nature of the 
solvent. Thus, the intercept and the slope of the linear relationship given by 
equation (9) are respectively proportional to the equilibrium constants
K*is = l /K * h and K*s = l /K * a . These constants are proportional to the
differences in the sorption energies of solute, solvent and modifier as follows:

exp (10)

and

exp
RT

(U )
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Here eh. s s and ea denote, respectively, the sorption energies of n-hexane, 
solute and modifier molecules, R and T have their usual meaning. Since es is 
considerably greater than Sh , the difference eh - s s is a relatively large

negative number and the constant K^s is very small. Thus, the quantity 

1 / <|>K*h [cf., equation (9)] is succeptable to a large error; in some cases even a 

negative value of 1 /  <j>K*h is obtained, which has no physical meaning 
according to equation (9). It is noteworthy that negative values of the intercept 
also have been reported by Scott and Kucera,19 who tried to interpret them in

terms of their retention model. The constant Khs characterizes competitive 
interactions between molecules of solute and nonpolar solvent (in the current 
case, n-hexane) for active surface groups but the solvent plays a less significant 
role in the retention mechanism in comparison to the modifier, which 
influences strongly the solute-surface interactions. Therefore, the values of

l/(j)K*h are not discussed in this paper, whereas the analy sis of the values of

1 / cj>K*a . which characterize the competitive interactions between solute and 
modifier molecules for active surface groups, is emphasized. These interactions 
control the solute retention in the chromatographic systems studied. As

mentioned above, the slope, 1 / 4>K*a , is proportional to the equilibrium 

constant K as which, through equation (11), is associated with the solute and 
modifier sorption energies. While the difference between the sorption 
energies of n-hexane and solute is a large negative number, the difference 
between the sorption energies of alcohol and solute is considerably smaller but 
still negative. If s a - es tends to zero, the exponential energy term (<1) tends

to unity. The observed values of K*s / <j> are greater than unity because (j> is a 

small number and the pre-exponential entropy factor in the K as / <j> - constant 
can be greater than unity.

The quantity K as / <j> characterizes the competitive interactions of solute 
and modifier molecules with the active surface groups and ligands. Analysis of 

the values of K as / <j> obtained for all systems studied has provided information 
about the influence of the solute, modifier and ligand on the retention process. 
Based on these values it was possible to distinguish two groups of solutes: the 

first group contains halophenols and cresols, the other one contains nitro- and

cyanophenols. The values of K a s /c(> for halophenols and cresols 
chromatographed in the same system usually varied up to 10%; higher
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Figure 2. Dependencies of Kas on the number of carbon atoms in the modifier for
halophenols chromatographed in various alcohol/n-hexane mobile phases on the diol 
bonded phases. Modifiers: methanol, ethanol, 1-propanol and 2-butanol.

variations were observed for the ortho-derivatives of phenol phases 
chromatographed in the methanol/n-hexane and ethanol/n-hexane mobile 
phases. These variations show a regular tendency and can be associated with 
the size and position of the halogen atom in phenol (this problem will be 
discussed later).

In order to study the effect of the mobile phase on solute retention, the 
average value ^ as = KaS / <t> was calculated by taking into account the values

of K as/4* for halophenols and cresols. Figures 2 and 3 show, respectively, the 
dependencies of Kas on the number of carbon atoms in the modifier (alcohol) 

for the dihydroxyalkyl and alkenyl bonded phases. In both cases an increase in 
the Kas _value denotes an increase in the adsorption energy of the alcohol since

the solute is fixed. Thus, for all bonded phases, the interaction energy between 
modifier and surface groups and ligands increased in direction from methanol 
to butanol. In the case of the alkenyl bonded phases this energy increase was 
about 2.5 times stronger than that observed for the dihydroxyalkyl phases. For 
the alkenyl phases, the increase in the Kas -values associated with addition of

the methylene group to the alcohol molecule are not additive and decrease with 
increasing number of carbon atoms. However, these increases are more regular 
for the dihydroxyalkyl phases. The increasing dependencies of Kas vs. nc 

shown in Figures 2 and 3 are expected because the adsorption energies of



2822 GILPIN ET AL.

Figure 3. Dependencies as in Figure 2 for the alkenyl bonded phases

organics usually increase with their molecular weights. It is more difficult to 
explain the differences in these dependencies for alkenyl and dihydroxyalkyl 
bonded phases. For example, the difference in ^ as for methanol and 2-butanol

on the decenyl phase is about 35, whereas this difference for the dihydroxydecyl 
phase is about 15. The higher values of kss for alcohols on the alkenyl phases

in comparison to those on the dihydroxyalkyl phases may be due to additional 
interactions from polar and nonpolar parts of the alcohol molecule with the 
bonded phase, i.e.. specific interaction of the hydroxyl group of an alcohol with 
the unreacted silanol group and additional nonspecific interactions of the 
alcohol nonpolar chain with the alkenyl ligand.

In the case of the dihydroxyalkyl bonded phases, these additional 
interactions are small because of the polar terminal diol groups. Thus, the 
alcohol chain effect for diol phases is smaller in comparison to that for alkenyl 
phases and therefore the differences between the Kas vs- nc -curves for the 
DC4. DC8 and DC 10 phases are not significant. These curves can be 
approximated by one line because the Kas -values representing averages for

various halophenols and cresols contain about 10% error. Because the Kas -

values for alkenyl phases are considerably greater than those for diol phases, 
the Kas -curves shown in Figure 3 for these phases change systematically from 
the AC4 to AC 10 columns.
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Figure 4. Dependencies of Kas on the number of carbon atoms in the dihydroxyalkyl 
(diol) bonded ligands for halophenols chromatographed in various alcohol/n-hexane 
mobile phases. Points at nc = 0 denote the Kas -values for unmodified silica

Figures 4 and 5 are interesting because they illustrate the effect of the 
surface ligand length on the kss -value. These figures show distinctly different

behavior of the alkenyl and diol phases. For all modifiers the values of ^ as did

not change significantly with increasing length of the diol ligands (see Figure 
4). Generally, the values of Kas on unmodified silica! were greater than those

on the diol phases. A comparison of the kss -values for the diol phases shows

that they are similar for all phases studied except for the DC6 phase, where a 
small minimum was observed. The similar values of Kas indicate that the
differences between the modifier and solute adsorption energies were similar 
for the diol bonded phases, which is not surprising if one considers that, for 
these systems, the hydrogen bonding between the hydroxyls of the modifier and 
solute, and the diol groups is relatively strong. It is more difficult to explain 
why the DC6 phase was significantly different compared to the other diol 
phases. In contrast to the effect shown in Figure 4, the Kas vs- nc -curves

presented in Figure 5 for the alkenyl phases increases with increasing length of 
the alkenyl ligands. The values of Kas f°r unmodified silica and the AC4

phase are analogous and a rapid increase in kss was observed for the AC6 

phase. For the AC8 and AC 10 phases, an increase in k3S was observed, but it 

was significantly smaller than that for the AC6 phase. An increase in the Kas -
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Figure 5. Dependencies as in Figure 4 for the alkenyl bonded ligands

value with increasing length of the alkenyl ligand shows that the absolute 
difference in the modifier and solute adsorption energies decrease. For longer 
ligands, the solute-ligand interaction can be weakened by the presence of other 
groups in the solute (e.g., halogen atom) which create an unfavorable steric 
situation. This weakening of solute-ligand interactions can explain a decrease 
of the absolute difference in the modifier and solute adsorption energies with 
increasing length of alkenyl ligands.

For both types of bonded phases, the C6-ligands showed a special 
behavior. The interactions of modifier molecules with the C6-diol ligands were 
weakest in comparison to the other diol phases, whereas these interactions with 
the hexenyl ligands were greater and comparable to those with octenyl and 
decenyl ligands. Perhaps the steric and orientational effects for solute and 
modifier molecules in the C6 phases are optimal.

In the case of the nitro- and cyanophenols, the retention was more 
complex because physicochemical properties of nitro and cyano groups differ 
considerably from those for halogens.6 These groups are composed, 
respectively, from three and two atoms, and are capable of strong interactions 
with the surface groups and ligands. According to Snyder,6 the solute 
localization on silica surfaces is considerably stronger for solutes with a cyano 
group than for solutes with a nitro group. Also, for these solutes, the isomeric 
effects associated with the o-, m- and p- positions of functional groups are 
strong. Thus, for nitro- and cyanophenols, the values of Kas cannot be 
averaged because they show a strong dependence on chemical nature of the
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functional group and dependence on its position in the solute. Generally, the 
values of k3S for cyano- and nitrophenols were up to twice time smaller than 
the corresponding values for halophenols. For a given chromatographic sy stem, 
the adsorption energies of nitro- and cyanophenols are higher than those for 
halophenols. However, their Kas -dependencies on the number of carbon
atoms in the modifiers and the surface ligands are analogous to those observed 
for halophenols.

It is noteworthy that the values of k3s f°r p-cyanophenol on various 
modified silicas were lower than the corresponding values of Kas f°r m- and o- 
derivatives. This result means that, for these systems, the adsorption energies 
of p-cyanophenol are greater than those for o- and m- cyanophenols. This is 
not surprising because the para-position of hydroxy and cyano groups in a 
solute facilitates interactions of both these groups with the modified silica 
surface. The para-effect seems to be characteristic for bi-functional solutes with 
relatively polar groups. However, the isomeric effect for halophenols is smaller 
because the difference is the Kas -values for 0 -, m- and p- derivatives do not
exceed 10-15%. For these solutes this effect seems to be controlled by steric 
factors.

CONCLUSIONS

Analysis of the retention data for phenolic solutes which contain halo, 
hydroxy, nitro and cyano groups chromatographed at low concentrations of an 
aliphatic alcohol (methanol, ethanol, propanol or butanol) in n-hexane on the 
alkenyl and dihydroxyalkyl (diol) bonded phases have shown that the molecular 
interactions in these phases are different. This analysis, performed on the basis 
of a displacement model for solute retention, which takes additionally into 
account the alcohol composition in the stationary phase, has shown that the 
differences in the alcohol and solute adsorption energies are analogous 
betweem the unmodified silica and diol bonded phases. However, for alkenyl 
phases the difference decreases with increasing length of the bonded ligands. 
Although, for both types of bonded phases, the adsorption energies of alcohols 
increase with the number of carbon atoms in their chain, this effect is stronger 
for alkenyl ligands. The structure and polarity of functional groups in the solute 
mainly affect the magnitude of the interaction energies of solute and modifier 
with the bonded phase. For example, these energies are greater for phenol 
solutes with cyano and nitro groups than for halophenols. For cyano and 
nitrophenols. the positional isomeric effect is stronger than for halophenols.
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TO SEPARATE COMPOUNDS 

OF DIFFERENT POLARITY UNDER 
REVERSED PHASE CONDITIONS

T. Czajkowska

American Cyanamid Company 
Agricultural Products Research Division 

Princeton, New Jersey 08543

M. Jaroniec*

Separation and Surface Science Center 
Department of Chemistry 

Kent State University 
Kent, Ohio 44242

ABSTRACT

The effects of pH and ionic strength of the mobile phase, as 
well as the concentration of organic modifiers, on the retention 
and elution order of zwitterionic and neutral compounds related 
to imidazolinone herbicides was studied by using polymeric 
alkylamide stationary phases. It is shown that retention of these 
compounds on alkylamide phases is governed by a mixed lon- 
exchange and partition-displacement mechanism. After 
adjusting pH, ionic strength and composition of the eluent, these 
phases allow a simultaneous separation of nonpolar and ionic 
compounds.
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5-M ethylp yridinedicarboxylic  A cid  
(M PD C )

5-M elhylp yrid ined icarboxylic  A cid  
D im eth y l E ster (M P D C .D M E )

5-E th ylpyrid in ed icarb oxy lic  A cid  
(E PD C )

5-E th y l-2 -(4 -isop rop y!-4 -m eth y l-5 -oxo -2 -  
im id azo lin -2 -y l) n ico tin ic  ac id  

(Im azetaphyr)

Figure 1. Structures o f  the solutes studied.

INTRODUCTION

Chemically bonded phases, containing a ligand with an internal polar 
group, appeared to be promising for separation of basic compounds under 
reversed phase conditions. 1 2 Among this type of packing materials the 
alkylamide phases, which contain an internal amide functional group, become 
very popular because they exhibit a combination of specific and non-specific 
interactions with respect to the solutes of various polarities . 3,4

These phases are usually synthesized by a two-step process, in which 
initial aminopropyl phase is prepared and subsequently reacted with a suitable 
alkanoyl chloride . 2' 10 This synthesis pathway gives phases which, in addition 
to alkylamide ligands and residual silanols, contain unreacted aminopropyl 
ligands. It is suspected that unreacted aminopropyl ligands increase the 
structural stability of the stationary phase and change significantly its sorption 
affinity to solvent molecules.5,6

O ’Gara et a l . 11 synthesized an octylcarbamate phase by using
monofunctional bonding chemistry. The carbamate functional group was 
incorporated into an octyldimethylchlorosilane compound and than the entire 
ligand was directly attached to the silica surface. This synthesis pathway gives 
bonded phases without residual aminogroups. A comparative study of
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M o n o m e r T y p e :

c h 3 O

P o ly m e r T y p e :

Figure 2. Schem atic representation o f  a lkylam id e ligands in m onom eric and polym eric 
bonded phases.

alkylamide phases prepared, according to both pathways, would allow the 
estimation of the effect of residual aminopropyl groups on the retention 
mechanism of basic solutes.

The current work is focused on the effects of pH and ionic strength of 
the mobile phase, as well as the role of organic modifiers, on the retention of 
zwitterionic and neutral compounds related to imidazolinone herbicides. This 
work is a continuation of the studies reported previously .3,4

EX PERIM EN TA L

The retention measurements at different pH, ionic strength (concentration 
of phosphate buffer) and various compositions of the hydro-organic eluent 
were carried out at 35°C by using flow rate of 1 mL/min. Acetonitrile and 
methanol were used as organic modifiers. Chromatographic measurements 
were performed by using the 15 cm, 4.6 mm I D. column packed with 
polymeric dodecylamide phase bonded to 5 p. Eka Nobel Kromasil silica. This 
column denoted as AA-PC-12 was described previously. 4 For the comparative 
purposes, the following 15 cm x 4.6 mm columns packed with the 
conventional alkyl phase were also used: Kromasil C- 8  from Eka Nobel and 
Inertsil C - 8  prepared at Kent State University .3,4 Organic solvents were 
obtained from Baxter.
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Figure 3. A  com parison o f  the capacity factor k ’ vs pH and %  acetonitrile for 5- 
ethylpyrid inedicarboxylic acid  on conventional alkyl and alkylam ide colum ns.

Deionized water was purified using a Millipore Milli-Q system. Aldrich 
and American Cyanamid were sources of the chromatographic solutes (see 
Figure 1).

The Hewlett-Packard HP 1050 and a modular liquid chromatograph with 
a Spectra Physics SP8800 pump, a LKB Model 2125 column oven, a variable 
wavelength UV detector (ABI 785A) and a Hewlett-Packard 1050 autosampler 
were used in the current study. Data were acquired and processed using a 
Hewlett Packard 3350 Laboratory Data System.
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% Acetonitrile (at pH 2.3)

Figure 4. A com parison o f  the capacity factor k’ vs pH  and %  acetonitrile for 5- 
m ethylpyridinedicarboxylic acid and its dim ethyl ester on the AA-PC-12 column.

RESULTS AND DISCUSSION

Separation of the imidazolinones and their very polar impurities, such as 
pyridine based acids under reversed phase conditions, is difficult since these 
zwitterionic compounds tend to interact strongly with the uncovered surface of 
silica. Organic acids, especially those with the carboxylic group in the a  

position to the ring nitrogen, are substances difficult to analyze due to their 
poor peak shape, irreversible adsorption or complete lack of retention. Even 
when an ion pairing reagent is added, in order to improve their peak shape 
and to modify the retention mechanism, the pyridine diacids are practically 
unretained under conditions suitable for separation of imidazolinones ( - 2 0 %
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12  column.

of organic modifier). The monomeric and polymeric alkylamide packings are 
chemically bonded phases in which alkyl chains contain an internal amide 
group (see Figure 2). The retention of polar, ionic and zwitterionic compounds 
on alkylamide phases occurs according to a mixed ion-exchange and partition- 
displacement mechanism . 3,4 The dependencies of the capacity ratio on pH and 
the acetonitrile concentration for a very polar compound EPDC on the 
conventional alkyl bonded columns and a polymeric dodecylamide column are 
compared in Figure 3. As can be seen in this figure, the ionic type of 
interactions plays a substantial role in the retention mechanism.

50 100 150 200

m M  o f  P h o s p h o r ic  B u f f e r

50% MeOH

-MPDC
-MPDC.DME

30% MeOH
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raM  o f  P h o sp h o r ic  B u ffe r

Figure 6 . Dependence of k ’ v ersu s  phosphate buffer concentration (pH = 2.8) for 
M P D C  and M P D C .D M E  at two different concentrations of acetonitrile on theA A -PC - 
12 column.

In the case of the alkyl column, the retention of EPDC decreases with the 
degree of acid ionization, while on the polymeric alkylamide column EPDC is 
retained longer at higher pH values. Also, the effect of the acetonitrile 
concentration on the retention of EPDC on alkyl and alkylamide columns is 
different. Over the entrie region of acetonitrile concentrations, EPDC is 
retained longer on the alkylamide column and after an initial significant 
decrease, the retention volume remains practically unchanged up to 2 0 % 
acetonitrile.
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Figure 7. Dependence of k ’ v ersu s  phosphate buffer concentration (pH = 2.8) for 
E P D C  and Imazethapyr at two different concentrations of methanol on the AA -PC-12 
column.

Retention behavior of two compounds of different polarity on the 
polymeric dodecvlamide phase AA-PC-12 is compared in Figure 4. The 
capacity factors of ionic 5-methylpyridine dicarboxylic acid (MPDC) and its 
analogue, i.e., neutral dimethyl ester (MPDC.DME), are plotted versus pH of 
the mobile phase and acetonitrile content. As can be seen, the retention of a 
neutral compound does not depend on pH and decreases faster with increasing 
acetonitrile concentration than the retention of the ionic component.

In Figures 5-8 the capacity factors of MPDC-MPDC.DME and EPDC- 
Imazethapyr pairs on the AA-PC-12 column are plotted against the 
concentration of phosphate buffer for different kinds and levels of organic
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Figure 8. Dependence of k ’ v e r su s  phosphate buffer concentration (pH =  2.8) for 
EPD C , Triacid and Imazethapyr at two different concentrations of acetonitrile on the 
AA -PC-12  column.

modifiers in the mobile phase. These plots demonstrate that the retention of 
diacids is controlled by the ionic strength of the mobile phase, whereas the 
retention of neutral (MPDC.DME) or a less polar (Imazethapyr) compound is 
controlled by the nature and level of the organic solvent. For both solvents 
(acetonitrile and methanol) used, each combination of solvent and phosphoric 
acid concentrations may lead to an inverted elution order of polar and non
polar compounds. In addition, shown in Figure 8  is the dependence of the 
capacity factor k ’ on the concentration of phosphoric acid for 2,3,5-pyridine- 
tricarboxylic acid.
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50 mM 100 mM 200 mM

Figure 9. A  comparison of the elution order and peak shape for 5-ethyl- 
pyridmedicarboxylic acid (EP D C ) and Imazethapyr at different concentrations of 
phosphate buffer (pH = 2.8) and 3 0 %  acetonitrile on the AA-PC-12 column. 
Conditions: 35 °C, 1 mL/min, 254 nm. Small peak in each panel refers to EPDC.

Methanol Acetonitrile 2-Propanol

EPDC- small peak Imazethapyr - big peak

Figure 10. A  comparison of the elution order and peak shape for 5-ethyl- 
pyridinedicarboxylic acid (EP D C ) and Imazethapyr chromatographed in the mobile 
phase containing 100 m M  of phosphate buffer (pH = 2.8) and 3 0 %  organic modifier 
on the AA -PC-12  column. Conditions: 35 °C, 1 mL/min, 254 nm. Small peak in each 
panel refers to EPDC.
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K rom asil C - 8

AA-PC-12

O.DO B .GO

A - M P D C , B - M P D C .D M E , C  - EPDC , D  - Imazethapyr

Figure 11. A  comparison of separation of the M P D C  (A ) - M P D C .D M E  (B ) and E P D C  
(C) - Imazethapyr (D ) pairs on the 15 cm Kromasil C-8 and AA -PC-12  columns with 
3 0 %  acetonitrile and 7 0 %  100 m M  phosphate buffer at pH  = 2.8. Conditions: 35 °C, 1 
ml,/min. 254 nm.

As can be seen, this very polar compound shows the highest retention on 
the AA-PC-12 column. However, it was eluted at the dead time on the 
conventional alkyl column with 40% acetonitrile. Exemplary chromatograms, 
shown in Figures 9 and 10, illustrate the reversed elution order where pyridine 
diacids elute after their nonpolar derivatives (methyl esters and/or pyridine 
imidazolinones). A comparison of selected chromatograms obtained on the 
AA-PC-12 column with those on the conventional RP Kromasil C - 8  column is 
presented in Figure 11.
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For 30% of acetonitrile in the mobile phase both diacids are virtually 
unretained, whereas their retention on the AA-PC-12 column is comparable to 
that of neutral components.

CONCLUSIONS

Comparative studies of retention of ionic and neutral compounds on the 
polymeric dodecylamide phase have shown that the specific interactions sites in 
this phase have a significant influence on the solute retention and selectivity . 
Since the retention of multifunctional organic acids is governed by a mixed ion- 
exchange and partition-displacement mechanism, while the retention of 
neutral compounds is governed by the latter mechanism only, the effective 
optimization of chromatographic conditions for simultaneous separation of 
ionic and non-polar compounds is possible.
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ABSTRACT

The chemical modification method based on the silanization 
of an oxide surface to a hydride intermediate followed by 
hydrosilation with an organic molecule containing a terminal 
olefin is reviewed. The resulting bonded organic moiety is 
attached to the surface via a direct Si-C bond which leads to high 
stability. The method has been more extensively applied to silica 
surfaces for the production of stationary phases in HPLC but it 
can also be used on other oxides such as alumina, zirconia, 
titania and thoria. More recent applications have been in the 
modification of the inner wall of fused silica capillaries for 
HPCE. The bonded moieties possess high stability and useful 
applications have been developed for the separation of proteins 
and peptides under a variety of buffer conditions. The same 
procedure for modifying the inner wall of a fused silica capillary

2843
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has also been extended to etched surfaces for use in 
electrochromatography (CEC). This type of CEC has been 
shown to be applicable to the separation of macromolecules as 
well as small solutes.

INTRODUCTION

Chemically bonded stationary phases for high performance liquid 
chromatography have been an essential component of this method for nearly 
twenty-five years. Since the majority of phases for HPLC consist of silica as the 
support material, the bonding of various organic moieties to the substrate is 
based on the chemistry of the silanols at the surface.' A number of possible 
reactions can and have been used for the attachment of organic ligands to 
silica, which ultimately lead to a range of surface properties varying from 
hydrophobic to hydrophilic and ionic. A summary of these reaction schemes is 
given in Figure 1.

The first reaction, generally referred to as esterification, involves bonding 
of an alcohol to the silanol. Because of its simplicity, it was the first method 
used for making chemically bonded stationary phases for HPLC .2 However, the
Si-O-C linkage which is formed in this reaction is hydrolytically unstable and 
therefore not suitable for any aqueous mobile phases. This bonding method 
was quickly supplanted by the second reaction type usually referred to as 
organosilanization. It is still today the method of choice for producing a wide 
variety of silica-based chemically bonded stationary phases for HPLC.

As shown in Figure 1 there are two general approaches to 
organosilanization. The first (a) involves the use of an organosilane reagent 
with a single reactive group (X). X is usually chlorine, methoxy or ethoxy. 
This process results in a monomeric stationary phase, i.e. one where each 
organic moiety is bonded to a single silanol on the surface. The second 
approach (b) involves the use of an organosilane with three reactive groups. In 
this case, bonding not only occurs to the surface of silica but there is extensive 
cross-linking between adjacent organosilane moieties resulting in what is 
usually referred to as a polymeric phase. It should be noted that the so-called 
“self-assembled monolayer phases” also are based on the principle of 
organosilanization .3

The third approach is a two-step process which involves chlorination of 
the silica surface with thionyl chloride followed by attachment of the organic 
moiety through either a Grignard reagent or organolithium compound.4 The 
main advantage to this method is that the product is bonded to the surface
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REACTION TYPE REACTION SURFACE

LINKAGES

ESTERIFICATION Si - OH ♦ R - OH Si - OR + H20 Si - o - c

ORGANO
SILANIZATION a).Si - OH + X - SiR’2R > Si - O - SiR’2R + HX 

OY
Si-O-Si-C

b).Si - OH + X3
1

- Si - R —» Si - O - Si - R ♦ 3HX
Y = Si or H OY

CHLORINATION Toluene
FOLLOWED BY Si - OH + SOCI -> Si - Cl ♦ S02 + HCI
REACTION OF a). Si - Cl + BrMgR —> Si - R + MgCIBr Si-C
GRIGNARD REAGENTS or
AND ORGANOLITHIUM 
COMPOUNDS b). Si - Cl + Li - R -> Si - R + MCI

1
o

1 1 
0 o

- Si - OH - Si - 0 - Si - H

a). TES
1

a). O
i i

o  o a). Si - H
SILANIZATION i

- Si - OH -
1 1 

- S i - O - S i -H
monolayer

0 o  o

- Si - OH - Si - 0  - Si - H

0
1

0 0
1 1

Catalyst
b). HYDROSILATION b).Si - H + CH2 = CH-R -> Si - CH2 - CH2 - R b). Si-C

Figure 1. Chemical reactions used to modify silica surfaces

through a direct silicon-carbon linkage which is hydrolytically more stable than 
the Si-O-Si-C structure which is formed during organosilanization. The 
principal drawback to this approach is the scrupulously dry conditions which 
must be maintained during the synthesis. The chlorinated surface can be easily 
hydrolyzed back to silanols.

An alternative procedure for achieving the same or similar material to that 
produced by the chlorination/organometallic process is shown by the last 
reaction type cited in Figure 1. In this method, the silanols on the surface are
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C o l u m n  V o l u m e s

Figure 2. Relative loss of retention for C8 columns as a function of column volumes of 
mobile phase. A = hydrosilation product; B = high coverage conventional 
organosilanization product; C = low coverage conventional organosilanization product. 
(Reprinted with permission from ref. 9)

first converted to hydrides and these sites are then reacted with a terminal 
olefin in the presence of a suitable catalyst to produce the final bonded material. 
There are two ways in which the silanols can be replaced by hydrides. One 
approach involves reducing the silanols with lithium aluminum hydride .5 This 
process can be visualized as a direct replacement for surface silanols since each 
hydride that is formed requires an Si-OH group. The second approach involves 
silanization of the surface6 with an appropriate reagent such as triethoxysilane 
(TES) as shown in Figure 1.

Under carefully controlled conditions a monolayer is formed on the 
surface so that the final result should be complete replacement of hydroxide 
groups by hydrides. This appears to be the case since the physical properties 
such as pore size and surface area of the hydride intermediate are the same as 
the starting silica .6 After the hydride surface is formed, the organic moiety is
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-icm

PPM

Figure 3. Spectral characterization of hydride intermediate on silica. A = DRIFT 
spectrum; B = 29Si CP-MAS NMR spectrum.

attached via hydrosilation7 8 as shown in the second step of this sequence in 
Figure 1. Because there is a single point of attachment for the organic moiety, 
it should more closely resemble the monomeric phases produced in 
organosilanization reaction “a)” , or those produced by the two-step 
chlorination/organometallic reaction sequence. In fact, chromatographic tests 
with a standard polycyclic aromatic hydrocarbon mixture show that these 
phases behave like densely coated monomeric materials .9 The stability of the 
material produced by this process is significantly greater than similar phases
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| - o - A G E ( w h l t e )  - * - 7 - O D  -» - lit e r a t u r e

Figure 5. Comparison of retention data for phenols on various diol columns. AGE = 
diol from hydrosilation of ally] glycidyl ether on hydride intermediate; 7-OD = diol from 
hydrosilation of 7-octene~l,2-diol on hydride intermediate; literature = Merck diol. 
Solutes: 23; 4-bromophenol, 24; 3-chlorophenol, 25; 4-chlorophenol, 26; 4-fluorophenol, 
27; 2-napthol, 28; 3-nitrophenol, 29; 4-nitrophenol, 30; phenol, 31; 4-phenylphenol. 
(Reprinted with permission from ref. 19)

which are made by conventional organosilanization .9 Figure 2 shows the log k ’ 
value of a test probe as a function of columns volumes of an aggressive mobile 
phase containing trifluoroacetic acid for the hydride-based material (A) and

Figure 4 (left). Spectral characterization of diol product made by hydrosilation of 7- 
octene-1,2-diol on hydride intermediate. A = DRIFT spectrum; B = 29Si CP-MAS NMR 
spectrum; C = 13C CP-MAS NMR spectrum.
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3

Figure 6. Gradient separation of typical commercial tetracycline mixture on mono-ol 
column made from hydrosilation of l-octene-8-ol on hydride intermediate. Solvent A - 
10:90 MeCN/0.02M NaClCX, (pH=2.5) and solvent B 50:50 MeCN/0.02M NaC104 
(pH=2.5). Gradient: 0-1 min, 100% A; 1-5 min, linear increase to 100% B. Solutes: a) 
4-epitetracycline; b) 4-epianhydrotetracycline; c) anhydrotetracycline; 3) tetracycline; 5) 
chlorotetracycline.

conventional phases with high (B) and low (C) surface coverage. Clearly, the 
hydride-based material exhibits less of a decrease in k ’ than either of the 
conventional phases. Similar results are obtained at high pH so that it can be 
concluded the silicon-carbon linkage leads to the higher stability observed.

POROUS OXIDE M ATERIALS

Silica

The synthetic scheme for the silanization/hydrosilation process described 
in Figure 1 can be readily monitored by spectroscopic means. Two of the most 
useful methods for the evaluation of chemically bonded stationary phases have
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d

Figure 7. Gradient separation of steroid mixture on diol column made from 
hydrosilation of allyl glycidyl ether on hydride intermediate. Gradient: 2-propanol in 
methylene chloride from 2.5% to 15% between 1 and 2.5 min in the chromatographic 
run. Solutes: a) 4-androstene-3,17-dione; b) adrenosterone; c) corticosterone; d) 
prednisone. (Reprinted with permission from ref. 19)

been diffuse reflectance infrared Fourier transform (DRIFT) and solid-state 
cross-polarization magic-angle spinning (CP-MAS) NMR spectroscopy . 10 

Their utility in the silanization step with TES is documented in Figure 3. The 
partial DRIFT spectrum for a typical hydride intermediate is shown in Figure 
3 A. The most essential feature is the strong Si-H stretching frequency which is 
observed near 2250 cm4 . The appearance of this band is accompanied by a 
significant decrease in the free silanol stretching near 3750 cm4 . In addition, 
the 29Si CP-MAS NMR spectrum (Figure 3B) confirms the presence of the Si-H 
moiety on the surface. Two peaks in the spectrum (Q3 and Q4) are the result of 
the base silica material, with Q4 representing the silicon atoms in the siloxane 
backbone and Q3 representing silicon atoms that have a surface silanol attached 
to them. The other two peaks are the result of the silanization process. Peak g 
at -85 ppm is due to silicon atoms with three siloxane linkages and a hydride, 
while Peak i at -75 ppm represents silicon atoms with two siloxane linkages, a 
hydroxide and a hydride. These observations which confirm the formation of
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PPM

Figure 8 . MSi CP-MAS NMR spectra of zirconia support material. A. Zirconia after 
reaction with TES. B. Zirconia after material in A is reacted with 1-octene by 
hydrosilation. (Reprinted with permission from ref. 25)

the hydride intermediate are independent of the commercial source (Vydac, 
Partisil, Kromasil, Nucleosil, YMC, Porasil) of the silica. In addition, 29Si CP- 
MAS NMR data indicate that greater than 90% efficiency is achieved in the 
silanization reaction .6

Similar spectroscopic characterization of the final product can be done 
after the hydrosilation step as shown in Figure 4. In this step any compound 
containing a terminal olefin should react with the hydride intermediate in the 
presence of a suitable catalyst such as hexachloroplatinic acid.”  The specific



HYDRIDE-BASED SURFACE MATERIALS 2853

Figure 9. Chromatogram of test mixture for reversed-phase behavior on alumina 
modified by hydrosilation of 1-octadecene on a hydride intermediate. Mobile phase: 
MeCN-water (50:50). Solutes: 1) theophylline; 2) p-nitroaniline; 3) methylbenzoate; 4) 
phenetol; 5) o-xylene. (Reprinted with permission from ref. 24)

olefin used for the material which is spectroscopically characterized in Figure 4 
is 7-octene-l,2-diol (7-OD). The partial DRIFT spectrum (A) reveals two 
important features of the surface. First, the presence of the organic moiety is 
confirmed by the strong C-H stretching bands between 2800 and 3000 cm '1. 
Second, the surface below the bonded organic ligand consist mainly of hydride 
groups as seen by the strong Si-H band at 2250 cm ' 1 and the absence of any 
isolated silanol groups with no evidence of a peak at 3750 cm '1. A more 
definitive answer concerning bonding can be obtained from the i9Si CP-MAS 
NMR spectrum (B). In addition to the peaks observed for the hydride 
intermediate described in Figure 3B, a new peak is observed near -65 ppm. 
This is due to a silicon atom with three siloxane linkages and a carbon atom. 
This spectnim is used to prove the success of the hydrosilation reaction since 
the presence of the peak at -65 ppm confirms reaction of the hydride to form an 
Si-C bond at the surface. The presence of the Q 3 peak indicates that there are 
still silanols as part of the overall composition of the material. However, the 
absence of the 3750 cm ' 1 peak in the DRIFT suggests that most of the silanols 
are associated and not isolated. Because of the mesopores that exist in all 
particulate silica material, it is not surprising that some silanols remain since 
they are probably inaccessible to the TES silanization reagent. Further 
confirmation of the surface structure can be obtained from the 13C CP-MAS
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NMR spectrum which is shown in Figure 4C. Peaks for each of the carbons in 
the bonded moiety can be easily assigned according to the expected structure. 
O f particular interest is the peak at 12 ppm, which is due to the methylene 
carbon attached to the silica surface. In addition, for this molecule with two 
hydroxide groups, it appears that some bonding of 7-OD has occurred through 
one of the OH groups because two peaks in the olefmic portion of the spectrum 
can be seen between 120 and 140 ppm. In combination, the three spectra 
shown in Figure 4 give a relatively complete picture of the surface and the 
bonded moiety.

One of the advantages of the silanization/hydrosilation bonding scheme is 
the lack of interferences in the reaction from other functional groups which 
might be present on the organic ligand being attached to the hydride.”  It 
would be expected that normal hydrocarbons with a terminal olefin should 
present the fewest problems in bonding. This has been observed for the 
bonding of 1 -octene and 1 -octadecene with surface coverages that are 
comparable to or better than those obtained by conventional organosilanization 
to form monomeric phases . 7,9 Since the majority of separations done by HPLC 
are done in the reverse phase mode, this result along with the high stability 
cited earlier9 make this process a viable alternative for producing bonded 
phases suitable to a wide range of applications.

However the versatility advantages of this method facilitate the synthesis 
of a wide variety of specialty phases including some that might be difficult or 
impossible to make by other reaction schemes. One such possibility has been 
cited above which is a diol phase based on the bonding of 7-OD . 12 This 
material is different than the usual diol phases which are based on a propyl 
glycidyl ether moiety. The 7-OD phase has an alkyl chain of six methylene 
groups in addition to the diol functionality, while the current commercial 
phases consist of two methylene groups, an ether linkage (-CH2-0-C H 2-) and 
the diol group. However, a phase identical to those now available can be made 
by bonding allvl glycidyl ether (AGE) to the hydride intermediate . 12 These two 
phases, as well as others that might be synthesized with different alkyl chain 
lengths and the diol group, lead to a range of hydrophobic/hydrophilic

Figure 10 (left). Protein separations on chemically modified capillaries. A) 
poly(AAEE) capillary modified by silanization/hydrosilation method after 1st, 260th and 
300th runs and B) polyacrylamide capillary modified by organosilanization after 1st, 
139th and 150th runs. Conditions: V = 20kV, buffer is 25 mM bicine-Tris (pH=8.5). 
Four largest peaks in order of increasing migration time: trypsin inhibitor, P- 
lactoglobulin A, P-lactoglobulm B, and a-lactalbumin. (Reprinted with permission 
from ref 26)
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properties which can be utilized in either reverse phase or normal phase 
chromatography. Some other examples of bonded materials synthesized by the 
silanization/ hydrosilation method with a terminal olefin, include a mono-ol 
phase based on a C8 moiety, a butyl phenyl phase and a perfluorinated C8 

phase . 13 Current testing of these bonded materials involve normal phase, 
hydrophobic mode and reverse phase applications.

Perhaps one of the more unique moieties bonded to the hydride surface for 
use in HPLC are two liquid crystals, which also contain terminal olefins. Their 
structures are shown below'. Bonded liquid crystals have been shown to possess 
properties which are different from other organic groups attached to silica 
surfaces and in particular, they exhibit a high selectivity' based on molecular 
shape . 1416 It appears that there is a high degree of association between 
adjacent ligands. This has been shown through variable temperature solid-state 
NMR studies. The spin-spin relaxation time measured from the line width 
(T2*) can be used to determine the molecular motion of the bonded moiety. 17 

In a typical C ]8 bonded phase, T2* decreases regularly as the temperature is 
lowered indicating a restriction of the molecular motion . 17 However, for liquid 
crystal phases an increase in T2* over a restricted range is observed as the 
temperature is lowered . 18 This observation has been attributed to

A.

CHi = CH - CHj -  0  C -  O 0  “ CH>

4-M ethoxyphenyt-4-al!yloxy benzoate

Cholesteryl 10-undecenoate
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Figure 11. Retention time as a function of injection number for two proteins on an 
etched C ¡8 modified capillary.

phase transitions where the bonded moieties change their degree of association 
similar to the molecular reorientations which occur for pure liquid crystalline 
materials. In the pure state, liquid crystals exhibit physical properties 
intermediate between those of a solid and an isotropic liquid over a well- 
defined temperature range. A similar phenomena in the bonded state could be 
responsible for the high shape selectivity exhibited in the chromatographic 
data.

Chromatographic characterization and testing potential applications 
provides further information about the nature of the hydride-based materials. 
For example, the effects of the hydride surface and the differences in diol 
phases have been tested in the normal phase with a heptane-chloroform mobile 
phase using a series of substituted phenols as solutes. ' 9 The results are shown 
in Figure 5 where the log k ’ values are plotted for each compound. The relative 
order of retention is the same for the three columns: commercial diol > diol 
from AGE > diol from 7-OD. In this case, the degree of retention changes as a 
function of the hydrophilic nature of the bonded material. The highest 
retention is for the commercial phase since it has a shorter alkyl chain, an ether 
linkage and residual silanols on the surface. When the residual silanols are 
mostly removed in the hydride material, retention decreases for the same 
bonded organic moiety as shown by the AGE phase. Retention decreases 
further as the alkyl chain length increases, the ether linkage is removed and the 
hydride surface is present in the case of the 7-OD phase.
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With respect to practical applications, the hydride-based material has been 
tested in both normal and reverse phase. An example in reverse phase involves 
the separation of various tetracycline mixtures at low pH on the mono-ol 
column .20 The analysis of a typical commercial tetracycline sample is shown in 
Figure 6 . The separation shown here is considerably better than previous 
reports involving polymeric stationary phases, which cannot separate the first 
two components well (a & 3) and retention of the last two components (b & c) 
is too long to be practical. In addition, the low pH conditions (2.0-2.5) did not 
result in any deterioration of the column after long exposure to the mobile 
phase. An example in normal phase is the separation of a steroid mixture 
shown in Figure 7 . 19 The diol column with the hydride surface, is well-suited 
to the broad range of polarities present in this mixture. The use of a gradient is 
still necessary to resolve the low' polarity components which elute first, as w'ell 
as the more polar species which are more strongly retained. However, the 
excellent selectivity observed in these examples and for other hvdride-based 
bonded materials in both normal and reverse phase modes, as well as their 
stability, indicates their potential for a wide variety of practical applications.

While terminal olefins have been almost exclusively used for the 
attachment of organic moieties to hydride-based supports, hydrosilation is also 
possible for double bonds at other points on an alkyl chain . 11 An interesting 
example is the attachment of squalene to a silica hydride intermediate .21 

Squalene contains six double bonds, none being in a terminal position. The l3C 
CP-MAS NMR spectrum of the bonded materials contains olefinic peaks 
indicating that not every double bond has reacted.

However, the 29Si CP-MAS NMR spectrum has a peak at -65 ppm which 
confirms the formation of an Si-C bond, proving that at least one olefin per 
squalene molecule has reacted with the hydride surface to provide attachment 
of the organic moiety. This result opens up the possibility of synthesizing other 
useful bonded phases from molecules with a double bond in other than the 
terminal position. The squalene phase was prepared for use in gas 
chromatographic analysis of low molecular weight hydrocarbons.

Another example of a gas chromatographic phase22,23 utilized a hydride 
intermediate prepared from a cyclic siloxane (pent-amethylcvclopentasiloxane). 
Subsequent attachment of 1-octadecene or 1-octene indicates that this approach 
can also provide a hydride surface suitable for hydrosilation. HPLC testing of 
bonded phases, based on the cyclic siloxane and TES intermediates, would be 
useful in determining whether one of the approaches produces a material with 
any specific chromatographic advantages.
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Other Oxides

In principle, the silanization/hydrosilation reaction scheme can apply to 
any oxide surface where hydroxides are present. While silica is the most 
common support material due to its availability with a wide range cf physical 
properties such as particle size, pore size and surface area, it is limited mainly 
by its hydrolytic stability, generally from pH 2-8. Other oxides which have the 
necessary hydroxide groups and are stable over a broader pH range include 
alumina, zirconia, titania and thoria. It has already been demonstrated that 
formation of hydride surfaces on each of these four oxides is possible.24,25

Once the hydride intermediate is formed, then hydrosilation should 
proceed in the same manner as on silica. These processes can be readily 
monitored spectroscopically by DRIFT and solid-state CP-MAS NMR. An 
example of the spectroscopic evaluation by 29Si CP-MAS NMR of a modified 
zirconia material is shown in Figure 8. The spectrum of the hydride 
intermediate (A) has a large peak at -85 ppm which represents the Si-H moiety 
on the surface. In addition, there also is a peak near -75 ppm indicating there 
are some silicon atoms with both a hydride and a hydroxide.

An interesting feature are the peaks at -110 and -100 ppm. These peaks 
indicate that some polymerization of the TES has occurred during formation of 
the hydride layer. This is the only explanation for the presence of a silicon 
with four siloxane bonds. The spectrum of the octyl bonded phase (B) contains 
the same four peaks which are found in the hydride intermediate (the peak at - 
75 ppm is not resolved) as well as two additional peaks which are characteristic 
of attached organic moiety. The peak at -65 ppm represents a silicon atom with 
a carbon attached to it, while the peak at -55 ppm is due to a silicon atom with 
a carbon and a hydroxyl group. The presence of these two peaks are 
confirmation that bonding of the 1-octene to the hydride intermediate was 
successful. Similar spectroscopic evidence has been used to confirm both the 
formation of the hydride intermediate and the bonded product on alumina, 
titania and thoria.

For other supports to be competitive with silica, they must also possess 
good chromatographic properties in addition to their potential for use under 
conditions which are not compatible with current stationary phases. Figure 9 
shows the separation of a reverse phase test mixture run on a column with an 
octadecyl moiety bonded via a hydride intermediate on an alumina support.24 
The chromatogram has good peak shape with the most polar component eluting 
first and the least polar component eluting last.
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FUSED SILICA CAPILLARIES

The same reactions which are used to modify porous silica surfaces can be 
applied to the modification of fused silica capillary walls. As a consequence, 
organosilanization has been the most popular method for modifying capillaries 
in high performance capillary electrophoresis (HPCE). However, the same 
advantages that the silanization/hydrosilation reaction scheme has for porous 
silica should be present for fused silica capillaries because the reactive site is 
the same, i.e. silanols.

The first reported application of this method to HPCE involved the 
attachment of a linear polymer, poly(acryloylaminoethoxyethanol), to a 
capillary' wall for the separation of proteins.26 This particular polymer, 
poly(AAEE), was selected because it is hydrolytically more stable than 
polyacrylamide. Therefore, the combined effect of having a more stable 
attachment of the organic moiety to the capillary wall via an Si-C linkage, and 
the resistance to hydrolysis of the substituted amide, results in a separation 
media that can function under buffer conditions which cause the rapid 
deterioration of conventionally bonded polymers such as polyacrylamide. This 
improvement in performance is documented in a series of electropherograms 
shown in Figure 10. The comparison was run on a series of acidic proteins so 
that a basic pH buffer was selected with the separation taking place using 
reverse polarity and cathodic injection. Panel A shows selected runs of these 
four proteins on the poly(AAEE) capillary. It is clear that no significant 
change in the electropherogram has occurred between the 1st and the 300th 
injection. However, for polyacrylamide (Panel B), little if any analytical 
information is available from the electropherogram by the 150th injection. 
Similar high efficiencies and stability were achieved when basic proteins were 
separated under acidic or neutral conditions. Electroosmosis was low and 
stable with the poly(AAEE) capillary at pH 8.5, while the polyacrylamide 
capillary showed a rapid increase in a relatively short time under identical 
buffer conditions. Since the stability observed in HPCE parallels that obtained 
in HPLC, the attachment of other organic moieties to capillary surfaces should 
also result in continued high performance after many injections.

While additional examples of capillaries modified by the 
silanization/hydrosilation reaction method for HPCE are not yet available, there 
is further confirmation of the utility of this bonding scheme in capillary electro
chromatography (CEC). However, the approach to CEC is somewhat different 
than the normal one where the capillary is packed with particulate silica 
identical to material used in HPLC. In this method the capillary' is first 
extensively etched with an aggressive reagent, ammonium hydrogen 
difluoride,2' which increases the surface area by up to a factor of 1000. Then
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Table 1

Separation Factors for Various Pairs of Proteins and Peptides

Solute Pair Bare Capillary Etched Ci* Capillary

Angiotensin III/lysozyme 1.12 1.15
Bradykinin/angiotensin III 1.02 1.28
Ribonucléase A/bradykinin 0.97 1.16
Angiotensin I/ribonuclease A 1.11 1.15
Angiotensin I/lysozyme 1.22 1.97

the surface is modified by the silanization/hydrosilation method in a manner 
similar to that reported for HPCE.26 The increase in surface area and the 
presence of radial extensions from the inner capillary wall leads to an increase 
in solute/bonded phase interactions (k’). Therefore, electromigration and/or 
electroosmosis is the driving force which moves the solute through the column, 
while separation is achieved by differences in electrophoretic mobility and/or k’ 
interactions, depending on whether the solute is charged or neutral. The 
presence of solute/bonded phase interactions can be verified in several ways. 
For several charged solutes, the peak width in a bare, etched or hydride- 
modified capillary is narrow, with efficiencies between 300,000 and 500,000. 
For a C-18 modified etched capillary, peaks become noticeably broader leading 
to efficiencies between 30,000 and 70,00027 due to resistance to mass transfer 
effects. This result is certainly a strong indication of solute/bonded phase 
interactions. Measurable differences in retention are also found for small 
neutral molecules such as 1- and 2-napthol. Finally, a comparison of migration 
times for various proteins and polypeptides leads to significant differences in 
separation factors between bare and etched C-18 modified capillaries, as shown 
in Table 1. These results indicate that k ’ interactions are present in the etched 
modified capillary since the separation factors clearly change from the bare 
capillary where migration is determined only by electrophoretic mobility. 
There are increases in separation factors, a reversal of the order of migration 
for one pair and a much greater range in the difference of migration times, 
which can be seen by comparing the a  values for the first and last eluted 
compounds on both columns. This system requires no packing or frits and 
there is no bubble formation as a consequence of these two factors.

The question of stability is also important in CEC just as it is in HPLC and 
HPCE. Because the modification is based on the silanization/hydrosilation 
reaction scheme, the branded moiety should possess the same high stability that 
was demonstrated for porous silica and ordinary modified capillaries for CE.
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Table 2

Separation Factors for Component Pairs in Commercial Tetracycline*

Solute Pair a

4-epi-anjydrotetracycline/4-epitetracycline 1.08
Tetracycline/4-epi-anhydrotetracycline 1.05

Chlorotetracycline/tetracycline 1.20
anhydroetracycline/chlorotetracycline 1.10

^Conditions: electrolyte, 30mM citric acid + 24.5 mM p-alanine (pH=3.0),
V .30 kV. 1=25 cm.

Table 3

Separation Factors for Component Pairs in Commercial Oxytetracyline*

Solute Pair a

Oxytetracycline/tetracycline 1.10
4-epioxytetracycline/oxytetracycline 1.08

(x-apo-oxytetracycline/4-epioxytetracycline 1.25

* Conditions: electrolyte, 30 mM phosphate and 19 mM Tris (pH=2.14). 
60:40 buffer/MeOH, V=30 kV, 1=35 cm.

Figure 11 shows the results of 31 consecutive injections of lysozyme 
followed by 31 consecutive injections of ribonucléase A. No discernible 
increase or decrease in retention times is observed for either protein. The 
reproducibility for each series of 31 injections was +1.5%. The test was not 
conducted on a new capillary, but one that had been mounted and demounted 
several times, washed several times with methanol followed by dry storage and 
had more than 100 injections of other samples under a variety of buffer 
conditions.

A more practical example of the usefulness that this mode of CEC might 
develop involves the separation of various tetracycline mixtures.28 Table 2 
shows the separation factors obtained for a typical commercial tetracycline
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mixture with the etched C]S modified capillary. Resolution of the various 
components and analysis time are comparable to the best separations reported 
in HPLC.20 An even better result can be obtained for the analysis of 
commercial oxytetracycline as shown in Table 3. In particular, oxytetracycline 
and 4-epioxytetracycline were easily separated on the etched Qg modified 
capillary but are not resolved on a polymeric column and only partially resolved 
on the mono-ol column cited above.20 In addition, the analysis time for the 
CEC method is less than 6 min.

CONCLUSIONS

The silanization/hydrosilation method has proven to be a viable method 
for the modification of oxide supports for HPLC and capillary surfaces for 
HPLC and CEC. Further development to expand the range of applications in 
each of these techniques is still necessary. It is likely that other functional 
groups and other modes of catalysis can be used to attach the organic moiety to 
the hydride surface during the hydrosilation reaction. Further improvement in 
the formation of the hydride intermediate and the final bonded product will 
lead to a wide variety of bonded surfaces and increased stability.
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ABSTRACT

The application of a column packing material, 3-(1.8- 
naphthalimido)propyl-modified silyl silica gel (NAIP) developed 
by us, for high performance liquid chromatography (HPLC) of 
barbiturates and diastereomeric compounds is described. The 
separation of barbiturates by using an NAIP column as a 
stationary phase was at first investigated. Six commercially 
available barbiturates (Barbital, Phénobarbital, Amobarbital, 
Pentobarbital, Secobarbital and Thiopental) were well separated 
on an NAIP column by an isocratic elution with borate buffer (pH 
7.0)-acetonitrile (9:1, v/v). Further, the applicability of the 
HPLC system including an NAIP column to the determination of 
barbiturates in human blood plasma was examined. Barbiturates 
extracted from plasma sample using a solvent extraction (hexane- 
diethyl ether, 3:7, v/v) were subjected to the HPLC system and
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determined by an internal standard method with UV detection at 
220 nm. The recoveries of barbiturates spiked to human plasma 
were obtained in the range of 88.6 to 100.0%. The lower 
detection limits of barbiturates spiked ranged from 0.05 to 0.33 
ug/mL, and the within-day and day-to-day precisions for plasma 
sample (n=5) gave relative standard deviations of less than 
9.07% and 18.68%, respectively.

Next, the applicability of an NAIP column to the separation 
of diastereomeric derivatives was studied. Epinephrine (EP), 
norephedrine (NE) and a-phenylethylamine (PA) carrying an 
aromatic ring were used as representative targets for 
derivatization with three kinds of chiral reagents. Resolution 
behavior on NAIP was compared with that on a conventional 
reverse phase ODS column. Diastereomeric derivatives of targets 
were satisfactorily separated by an NAIP column as well as an 
ODS column. The best separation of S(+)-l-(l-naphthyl)ethyl 
isocyanate derivatives with PA was obtained on an NAIP column 
and the calibration curves showed good linearity in the 
concentration range examined.

INTRODUCTION

In recent years, we synthesized a series of 3-(A;-substitutcd)ami nopropyl - 
modified silyl silica gels immobilizing organic dyes or aromatic dicarboxylic 
anhydrides as new column packing materials with an expectation of a n-n 
interaction. Their ability to separate biologically important compounds related 
to nucleic acids, i.e., adenine derivatives,1'3 was examined in HPLC. Among 
them, 3-(l,8-naphthalimido)propyl-modified silyl silica gel (NAIP. Figure 1) 
was found to be useful for the separation of purine derivatives, i.e., xanthine, 
hypoxanthine, uric acid, theobromine, theophylline and caffeine. The 
resolution behavior obtained with the gel suggested that an NAIP column had a 
reverse phase-like mode with some n-n interaction. By using this column, 
caffeine concentrations in commercially available medicinal drinks and 
pharmaceutical preparations were successfully determined. Furthermore, time 
curves of plasma caffeine and its demethylated metabolite, 1,7- 
dimethylxanthine, concentrations after an oral ingestion of caffeine could be 
also determined.4

In this work, we at first examined the separation of barbiturates carry ing a 
pyrimidine skeleton with a view to extend the applicability of the NAIP 
column. Barbiturates are widely used as sedative, hypnotic and anticonvulsant
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Figure 1. Proposed structure of NAIP.

drugs. Therefore, accurate, simple and rapid method for determining of these 
is important in pharmaceutical, clinical and toxicological studies. For this 
purpose, several methods including gas-liquid chromatography (GLC),5,6 gas 
chromatography/mass spectrometry (GC/MS)7 and HPLC8""' have been 
reported. In HPLC methods, a reverse phase ODS column is exclusively 
employed as a separation column. This paper describes an HPLC separation of 
barbiturates using an NAIP column and its preliminary application to the 
determination of these in human blood plasma. Furthermore, to evaluate the 
scope and limitations of an NAIP column, we examined the separation of 
diastereomeric compounds carrying an aromatic ring and compared the 
resolution behavior on an NAIP column with that on an ODS column. 
Epinephrine (EP), norephedrine (NE) and a-phenylethylamine (PA) were 
chosen as tentative targets for the labelling with three kinds of chiral reagents.

EXPERIMENTAL

Chemicals

NAIP prepared from 3-aminopropylsilyl silica gel (particle size, 5 pm; 
pore diameter, 1,2 pm) and 1,8-naphthalic anhydride was packed by a slurry 
method in a stainless-steel column (150x6 mm ID .) as described previously.2

The sources of barbiturates employed were as follows: Barbital and 
Phenobarbital from Astra Japan (Osaka, Japan), Amobarbital from Nippon 
Sinyaku (Kyoto, Japan), Pentobarbital calcium and Thiopental sodium from 
Tanabe Seiyaku (Osaka, Japan) and Secobarbital sodium from Yoshitomi 
Pharmaceutical Industries (Osaka, Japan). 5-(2-Cyclohexen-l-yl)-l-phenyl
barbituric acid and 5-(2-cyclohexen-l-yl)-5-propenyl barbituric acid as 
candidates for internal standards (I.S.) were prepared in our laboratory.
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D-(+)-Norephedrine, L-(-)-norephedrine, 2,3,4-tri-O-acetyl-a-D-arabino- 
pyranosyl isothiocyanate (AITC) and 2,3,4,6-tetra-<9-acetyl-|3-D-glucopyranosyl 
isothiocyanate (GITC) were purchased from Aldrich (Milwaukee, WI, USA). 
D-(+)-a-Phenylethylamine and L-(-)-a-phenylethylamine were obtained from 
Nacalai Tesque (Kyoto, Japan). D-(+)-Epinephrine from Sigma (St. Louis, 
MO. USA), L-(-)-epinephrine from Merck (Darmstadt, Germany), and S(+)-l- 
(l-naphthvl)ethyl isocyanate (NEIC) from Fluka (Buchs, Switzerland) were 
employed. An ODS column used was Hibar LiChrosorb 100 RP-18 (7 pm, 
250x4.0 mm I D., Kanto Chemical, Tokyo, Japan).

Borate buffer (Palitzsch buffer) was prepared as follows: H3B 04 (6.183 g) 
and NaCl (1.461 g) were dissolved in 500 mL water. The solution was brought 
to the appropriate pH by adding of Na2B4O7/10 H20  (4.767 g) in 250 mL water.

Water was deionized and passed through a water purification system (Pure 
Line WL21P, Yamato Kagaku, Tokyo, Japan). Other reagents and solvents 
used were of analytical reagent grade.

HPLC Apparatus and Conditions

The HPLC system for the separation of barbiturates consisted of a Tosoh 
CCPD pump (Tokyo, Japan), a Tosoh UV-8011 UV monitor (220 nm), a 
Rheodyne 7125 injector (Cotati, CA, USA) with a 20-pL sample loop, an NAIP 
column (5 pm, 150x6 mm I D.) in a Tosoh CO 8010 column oven, and a 
Rikadenki R-01 recorder (Tokyo, Japan).

The column temperature was maintained at 30 °C. The elution was 
performed with borate buffer (pH 7.0)-acetonitrile (9:1, v/v) at a flow rate of 1.0 
mL/min.

The HPLC system for the separation of diastereomeric compounds was 
consisted of two HPLC pumps (LC-9A) with a system controller (SCL-6B, 
Shimadzu, Kyoto, Japan), a 7125 injector with a 20-pL loop (Rheodyne, Cotati, 
CA, USA) and a Shimadzu SPD-6A UV-VIS detector (290 nm) for absorbance 
measurement.

The mobile phases for HPLC separation were as follows: acetonitrile- 
water for NEIC derivatives, and acetonitrile-10 mM phosphate buffer (pH 3.0) 
for AITC and GITC derivatives. The flow rate was set at 1 mL/min at an 
ambient temperature.
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Extraction of Barbiturates from Human Plasma

To 100 pL of plasma were added 500 pL of 0.1 M phosphate buffer (pH 
7.0) and 10 pL of ethanolic solution of barbiturates. After addition of 5.0 rnL 
of hexane-diethyl ether (3:7, v/v), the mixture was vortex-mixed for 10 s and 
allowed to stand for 3 min. The organic layer (4.5 mL) was evaporated to 
dryness under a stream of nitrogen gas, and the resultant residue was dissolved 
in 100 pL of methanol. The solution was passed through a membrane filter 
(0.45 pm) and injected onto the HPLC system.

Procedure for Diastereomeric Derivatization

NEIC derivatives: to 200 pL of 5 mM PA or NE in chloroform, or EP in 
A-, ,V-di methylformamide (DMF) was added 200 pL of 5 mM NEIC in 
chloroform. After mixing, the mixture was evaporated to dryness under a 
stream of nitrogen gas and the resultant residue was dissolved in 2 mL of 
methanol. The solution was passed through a membrane filter (0.45 pm) and 
injected onto the HPLC system. For the preparation of calibration curves, 25 
mM NEIC was used.

AITC and GITC derivatives were prepared according to the previously 
reported method11 with minor modifications: 500 pL of 0.2 mM PA, NE or EP 
in 0.25 M acetic acid was evaporated by a centrifugal evaporator (Yainato 
Kagaku) and to the resultant residue was added 500 pL of 1 mM AITC or 
GITC in DMF. After standing at room temperature for 30 min, the solution 
was passed through a membrane filter and injected onto the HPLC system.

RESULTS AND DISCUSSION

HPLC Separation of Barbiturates by an NAIP Column

In this study, six commercially available barbiturates (Barbital, 
Phénobarbital, Amobarbital, Pentobarbital, Secobarbital and Thiopental) and 
two barbiturates as candidates for I.S., 5-(2-cyclohexen-l-yl)-l-phenyl and 5- 
(2-cyclohexen-l-yl)-5-propenyl barbituric acids, were tested.

Separation of barbiturates by an NAIP column was examined using the 
borate buffer and 10 mM phosphate buffer with various pHs as mobile phases, 
and the former providing better results was selected for further experiments.
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PH

F ig u re  2. Effect of pH of borate buffer used in a mobile phase on separation of 
barbiturates by an NAIF column.
Sample (0.1 mM): 1 = Barbital, 2 = 5-(2-cyclohexen-l-yl)-l-phenyl barbituric acid, 
3 = Phénobarbital, 4 = Amobarbital, 5 = Pentobarbital, 6 = Secobarbital, 7 = 5- 
(2-cyclohexen-l-yl)-5-propenyl barbituric acid, 8 = Thiopental.

As shown in Figure 2, the best separation was observed at pH 7.0 of the 
borate buffer, and thus was selected in this study. The content of acetonitrile in 
the mobile phase also affected the separation of barbiturates.

The capacity factor (k) for each barbiturate decreased with an increase in 
acetonitrile contents from 5 to 10%. The best peak separation with a proper 
retention time was obtained with 10 % acetonitrile.

Figure 3 shows a typical chromatogram of eight barbiturates. Under the 
experimental conditions, all barbiturates were separated from each other within 
30 min.
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F ig u re  3  A typical chromatogram of barbiturates by an NAIP column 
Sample (0.1 mM): 1 = Barbital, 2 = 5-(2-cyclohexene-l-yl)-l-phenyl barbituric acid, 3 
= Phénobarbital, 4 = Amobarbital, 5 = Pentobarbital, 6 = Secobarbital, 7 = 5-(2- 
cvclohexen-l-yl)-5-propenyl barbituric acid, 8 = Thiopental.

Preliminary Study on the HPLC Analysis of Barbiturates in Human 
Plasma

A solvent extraction method was examined for the sample pretreatment 
using plasma spiked with six commercially available barbiturates. Recoveries 
of barbiturates spiked to plasma were affected by the pH of 0.1 M phosphate 
buffer added to the plasma sample before extraction. The ratio of hexane and 
diethyl ether in a solvent for extraction of barbiturates also affected the 
recoveries. As shown in Figure 4, the combination of the buffer of pH 7.0 and 
the extraction with hexane-diethyl ether (3:7, v/v) gave the best results; the 
recoveries obtained for six barbiturates were in the ranged of 88.6 to 100.0 %.
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Figure 4. Recoveries of barbiturates spiked to human plasma by extraction with 
solvent (A) hexane-diethyl ether (3:7, v/v) and (B) hexane-diethyl ether (5:5, v/v). 
Spiked sample (pg/mL): 1 = Barbital (18.4), 2 =Phenobarbital (23.2), 3 = Amobarbital 
(22.6), 4 = Pentobarbital (22.5), 5 = Secobarbital (23.7), 6 = Thiopental (24.1).

The calibration curves, in which 5-(2-cyclohexen-l-yl)-5-propenyl 
barbituric acid was used as an I.S., were linear over the range of 1.11-27.63 
pg/mL for Barbital, 1.39-34.84 pg/mL for Phenobarbital, 1.36-33.94 pg/mL for 
Amobarbital, 1.35-33.79 pg/mL for Pentobarbital, 1.42-35.59 pg/mL for 
Secobarbital and 1.45-36.20 pg/mL for Thiopental (r=0.982-1.000). The lower 
limits of detection obtained ranged from 0.05 to 0.33 pg/mL at a signal-to- 
noise ratio of 3, which are comparable with those of the HPLC method using an 
ODS column with UV detection8 (Table 1). These values suggest that the 
proposed method can be applied to the blood monitoring of barbiturates, 
because the blood levels of most barbiturates after an oral ingestion of 
therapeutic doses are generally more than 1 pg/mL.8
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Table 1

Precision Data and Detection Limits with the Proposed Method

Compound Spiked
(pg/mL)

Precision (R.S.D., %) Detection Limit 
Within-day Day-to-day (pg/mL)

Barbital 5.53 3.48 6.83 0.10
Phénobarbital 6.97 3.87 4.72 0.05
Amobarbital 6.97 4.82 4.68 0.12
Pentobarbital 6.76 4.60 4.99 0.05
Secobarbital 7.12 4.61 6.55 0.13
Thiopental 7.24 9.07 18.68 0.33

The precision of the proposed method was examined using plasma
samples spiked with known concentrations of barbiturates (5.53-7.24 pg/mL). 
The within-day and day-to-day precision with five replicate determinations 
gave relative standard deviations (R.S.D.) of 3.48-9.07% and 4.72-18.68%, 
respectively (Table 1). A typical chromatogram of a plasma spiked with six 
commercially available barbiturates and I.S. is presented in Figure 5.

Resolution Behavior for Diastereomeric Derivatives

Since an NAIP column behaved like a reverse phase column with some 7t- 
7i interaction as reported previously,4 it was expected to separate diastereomeric 
compounds carrying an aromatic ring. Consequently, we examined a separation 
of these compounds. EP, NE and PA were selected as targets for the labelling 
with chiral reagents.

N E IC  Derivatives

The separation properties of NEIC derivatives of PA, NE and EP on an 
NAIP packed column were examined using acetonitrile-water as a mobile 
phase. As shown in Figure 6, the capacity factor (£') and separation factor a ) 
of NEIC derivatives of PA decreased with increasing acetonitrile contents in 
the mobile phase; it seemed to be a reverse phase-like separation. NE showed 
the similar tendency, but in the case of EP, diastereomeric derivatives could not 
be well separated by a peak tailing. This might be caused by a strong 
interaction between a catechol moiety of EP derivatives and the stationary 
phase under the conditions tested.



2876 KURODA ET AL.

F ig u re  5. A typical chromatogram of plasma sample spiked with barbiturates by an 
NAIP column. Spiked sample (pg/mL): 1 = Barbital (5.53), 2 =Phenobarbital (6.97), 3 = 
Amobarbital (6.79), 4 = Pentobarbital (6.76), 5 = Secobarbital (7.12), 6 = 5-(2- 
cyclohexen-l-yl)-5-propenyl barbituric acid (7.41), 7 = Thiopental (7.24).

A comparison of diastereomeric separation data for NE and PA on NAIP 
and ODS columns are given in Table 2. The ratio of acetonitrile and water in 
the mobile phase was individually optimized for each derivative. The values 
for a  and resolution (Rs) were calculated by the following equations:

a  = k'2 / k'l
Rs = 2 (tR2 - tR)) / 1.70 (W1+W2) 

where tR = retention time and W = peak width.
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F ig u re  6. Effect of acetonitrile contents in the mobile phase on separation of NEIC 
derivatives of PA by an NAIP column.
Sample (2.5 mM): O  = D-PA, •  = L-PA, ■ = a  value.

Table 2

Comparison of Separation Properties of NAIP and ODS Column 
for NEIC Diastereomers

Compound

Column NAIP
CH3CN/Water* 30/70

First eluent D
k' 17.99
a 1.05
Rs 1.14

PA

ODS NAIP ODS
33/67 35/65 40/60

D L D
22.55 16.51 20.30
1.06 1.07 1.05
0.94 1.59 1.06

* The ratio of acetonitrile and water in the mobile phase.



2878 KURODA ET AL.

Table 3

Comparison of Separation Properties of NAIP and ODS Column 
for AITC Diastereomers

Compound NE PA EP

Column NAEP ODS NAIP ODS NAIP ODS
CHjCN/Buffer* 15/85 30/70 20/80 30/70 10/90 15/85

First eluent D D L L D D
k' 15.73 9.09 10.76 16.65 13.61 18.00
a 1.10 1.20 1.10 1.06 1.08 1.22
Rs 1.43 3.46 1.25 1.25 1.02 3.22

* The ratio of acetonitrile and 10 mM phosphate buffer (pH 3.0) in the mobile 
phase.

Table 4

Comparison of Separation Properties of NAIP and ODS Column 
for GITC Diastereomers

Compound NE PA EP

Column NAIP ODS NAIP ODS NAIP ODS
CH3CN/Buffer* 20/80 33/67 20/80 33/67 15/85 20/80

First Eluent L L D D L L
k' 10.10 18.68 12.08 18.46 17.20 17.98
a 1.05 1.19 1.10 1.07 1.09 1.22
Rs 0.74 3.85 1.38 1.39 1.40 3.46

* The ratio of acetonitrile and lOmM phosphate buffer (pH 3.0) in the 
mobile phase.

As shown in Table 2, the Rs values obtained from NE and PA derivatives 
on an NAIP column was found to be even or relatively better than those on an 
ODS column. The elution order for PA derivatives on an NAIP column was 
observed to be reversed on an ODS column.
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Figure 7. A typical chromatogram of NEIC derivatives of L- and D-PA by an NAIP 
column.
Sample (2.5 mM): 1 = Blank, 2 = L-PA, 3 = D-PA; mobile phase, CFbCN-water (30:70, 
v/v).

A IT C  and G IT C  Derivatives

The separation data for AITC and GITC derivatives are given in Table 3 
and 4, respectively. Acetonitrile-10 mM phosphate buffer (pH 3.0) system was 
used as a mobile phase. AITC and GITC derivatives of NE, PA and EP on an 
NAIP column behaved like those on a reverse phase column; the retention time 
for each derivative was shortened with an increase in acetonitrile contents in 
the mobile phase. AITC and GITC diastereomers were satisfactorily separated 
on both columns. However, the Rs values for NE and EP derivatives on an 
ODS column w'ere better than those on an NAIP column for both AITC and 
GITC diastereomers.

As a preliminary study on the quantitation of the diastereomers, the 
linearity of the calibration curves obtained by an NAIP column was examined 
by using NEIC derivatives of L -and D-PA, which showed the best separation in 
the derivatives examined on this column (a typical chromatogram was shown in 
Figure 7). The linear relationships were obtained between the peak-heights and 
the concentrations of each derivative over the range of 3.14 pM to 0.25 mM 
(r= 1.000 for both derivatives). The lower limits of detection were 0.83 pM for 
NEIC-L-PA and 1.07 pM for NEIC-D-PA at a signal-to-noise ratio of 3.
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CONCLUSION

An NAIP column was found to be very useful for the separation of 
pyrimidine derivatives e.g., barbiturates as well as purine derivatives.2'4 The 
sensitivity for barbiturates obtained by an NAIP column with UV detection was 
comparable with that by an ODS column. Thus, an NAIP column should be 
useful for the determination of barbiturates in human blood plasma.

In addition, it has become apparent that an NAIP column was also 
applicable to the separation of diastereomeric derivatives of NE, AP and EP 
like an ODS column. An NAIP column might be usable for the separation and 
determination of these compounds in pharmaceutical preparations and 
biological materials. It will be worthwhile to study further on the separation of 
other diastereomeric derivatives.
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ABSTRACT

Retention behaviors of various planar and non-planar 
polycyclic aromatic hydrocarbons (PAHs), and all carbon 
compounds so-called fullerenes with 2,4,6-(tri-tert-
butylphenoxy)dimethyl (TBP) silica phase and benzyldimethyl 
(Benzyl) silica phase have been investigated using microcolumn 
liquid chromatography system. The results clearly indicate that 
these phases possess a "non-planarity" recognition capability of 
PAHs. Non-planar solutes were retained longer than planar ones 
with these phases under certain separation conditions, although 
the opposite trend where the planar solutes are retained longer 
than the non-planar ones was observed with typical 
octadecylsilica (ODS) phases. This unique behavior can be
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explained by the specific molecular-molecular interaction 
between non-planar solutes and the stationary phase moiety 
having a cavity like structure made by the three tert-butyls and 
phenyl ring of the moiety. The separation of C6o and C70 were 
also examined and the difference of the structural uniqueness 
between TBP phase and Benzyl phase showed interesting results 
for such bulky fullerenes separation.

INTRODUCTION

The analysis of PAHs based on molecular shape and planarity is very 
important because the molecular shape and planarity are directly related to its 
physicochemical properties and biological activities.1,2 Therefore, it is 
important to separate PAHs based on the small difference of their molecular 
shapes and to accomplish this target the separation mechanism should be 
studied in detail.

As the most powerful method of separating PAHs reverse phase liquid 
chromatography (RPLC) has been known. The chemically bonded octadecyl 
silica (ODS) phases have been used as the stationary phase for the separation of 
PAHs. Generally, ODS phases can be devided into two types; i.e. polymeric 
and monomeric phases. Polymeric ODS phases have a higher molecular 
planarity recognition capability than monomeric ones. Non-planar molecules 
are eluted faster than planar ones with polymeric phases because these phases 
have a "slot-like" structure on the silica surface as proposed by Wise et al.3'9 
The development of new stationary phases which can accomplish more 
selective and unique separation has been necessary, because of difficulty to 
completely separate PAHs by the small difference of their molecular shapes and 
planarities using polymeric and monomeric ODS phases.

In our previous studies,1011 multidentate phenyl bonded phases were 
synthesized and evaluated for their molecular shape recognition power for 
various PAHs molecules. The planar solutes were eluted faster than non-planar 
ones with one of those, l,3,5-tris(dimethyl phenyl) (TP) phase. The TP phase 
has a very unique structure of which moiety covers the silica surface 
horizontally, whereas common phenyl and ODS phases are attached vertically 
to silica surface by siloxane bonding. These results clearly have indicated that 
the retention behaviors of PAHs with these newly synthesized chemically 
bonded phases are very different from each other based on the steric structures 
of the bonded phase ligand on silica surfaces.10,11
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Fullerenes are unique compounds made by all carbons in their structures 
and the purification of such compounds from carbon soot is the important task 
for separation chemistry because only LC can realize this goal. A number of 
works have been reported to use different types of stationary phases in LC to get 
better selectivity for fullerenes especially the most popular C6o and C701218 The 
authors have also been investigating to find the most suitable stationary phase 
for such target and the latest conclusion we got from our basic investigations 
are that the phenyl group in the stationary phase structure is the first key and 
the shape of the bonded phase moiety is the second key to enhance the 
separation selectivity for C6o and C70.

As an extension of these studies, we synthesized two new chemical 
bonded stationary phases which are a 2,4,6-(tri-tert-butylphenoxy)dimethyl 
(TBP) phase and benzyldimethyl (Benzyl) phase (Figure 1). The TBP phase 
has a specific structure formed by the phenyl ring and three bulky tert-butyl 
groups. The benzyl phase has a framework similar to the TBP phase, but no 
tert-butyl groups.

In this study, we examined the basic retention mechanism for PAHs and 
fullerenes with TBP and Benzyl phases and the influence of three bulky tert- 
butyl groups to the selectivity for PAHs and fullerenes.

EXPERIMENTAL

Reagent

Hexamethyldisilazane (FIMDS), 2,4,6-(tri-tert-butylphenoxy)chlorosilane 
and benzyldimethylchlorosilane were purchased from Petrarch Systems 
(Bristol, PA, USA). Base silicas were obtained from Nomura Chemicals (Seto, 
Japan). The particle diameter is ca. 5 pm, the pore diameter is 150 Â and the 
specific surface area is ca. 280 m2/g. Develosil ODS-5 packing (Nomura 
Chemicals ) as a monomeric ODS phase was used as the reference. Other 
reagents and organic solvents were of analytical-reagent grade.

Bonded Phase Synthesis

As described previously,19"21 7 g of dried silica were added to 70 mL of 3.4 
% solution of 2,4,6-(tri-tert-butylphenoxy)chlorosilane cr benzyldi
methylchlorosilane in dry toluene containing 3 mL, triethylamine.
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(a)

front view side view

(b)

front view side view

F ig u r e  1. Two and three dimensional chemical structures of bonded phases 
investigated, (a) TBP phase and (b) Benzyl phase. The characteristics of these bonded 
phases are summarized in Table 1.

The silica suspension was refluxed for 5 h, filtered with a glass filter (Ipm), 
washed several times with toluene, chloroform, methanol, and acetone and 
then dried in vacuo at 70 °C for 2 days. Furthermore, in accordance with the 
Buszewski method.22 a TBP phase or Benzyl phase was added to 70 mL of 
toluene and 4 mL of HMDS for end capping. The basic characteristics of these
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Basic C haracteristics of New Chemically Bonded Phases and 
Com m ercially Available ODS Phase as the Reference

Table 1

Stationary  Phase
Pore Size

(Â)
C arbon Content

(%)
Surface Coverage 

(pmol/m2)

TBP 150 3.33 0.49
Benzyl 150 7.04 2.58

TP 120 7.46 2.27
Develosil ODS-5 100 20 3.31

phases are given in Table 1, and one of the commercially available ODS phase, 
Develosil ODS-5 is also listed in Table 1. The carbon contents of the treated 
silicas were determined by elemental analysis using an MT-3 CHN 
elemental analyzer (Yanagimoto, Kyoto, Japan). The specific surface areas and 
pore diameters of the silicas were determined with an MOD-220 porosimeter 
(Carlo Erba, Milan, Italy), SA-1000 surface area pore-volume analyzer 
(Shibata, Tokyo, Japan), and FT-IR 1640 (Perkin-Elmer, Yokohama, Japan) 
and then the surface coverages N (pmol/m2) were calculated.

C hrom atographic M easurem ents

The bonded phases were packed using a slurry method into a fused-silica 
capillary (Tokyo Kasei, Tokyo, Japan) of 0.53 mm i.d. x 150 mm length.

The microcolumn LC system consisted of a microfeeder MF-2 pump 
(Azuma Electric, Tokyo, Japan), a Rheodyne 7520 injector (Cotati, CA, USA) 
with a 0.2 pL injection volume and a Shodex M-315 UV detector (Showa 
Denko, Tokyo, Japan) set at 254, 275 or 300 nm.

The mobile phases were prepared from guaranteed reagent grade 
methanol (Kishida Chemical, Osaka, Japan) and deionized water purified by 
using Milli-Q water purification system (Millipore, Bedford, MA, USA). The 
typical flow-rate was 2 pL/min. The chromatographic measurements were 
done at least three times. For the column dead-volume measurements, Uracil 
was used.
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Figure 2. Relative retention plots of three PAHs to triphenylene with various phases.

Sample Solutes

PAHs used for evaluation in this study were commercially available 
(Tokyo Kasei, Tokyo, Japan) except phenanthro[3,4-c]phenanthrene (PhPh) 
which were obtained from Dr. W. Schmidt (Greifenberg am Ammersee, 
Germany) via. Dr. J.C.Fetzer (Chevron Research and Technology, Richmond, 
CA, USA) and Aldrich Chemical Co., Milwaukee, WI. Fullerenes of Cti0 and 
C7o were isolated from the carbon soot produced by using Ar-discharge in 
Toyohashi Science Core, Toyohashi, Japan and the mixture of C6o and C70 were 
obtained by toluene extraction from the soot.

M olecular M odeling

Molecular modeling was carried out using Chem 3D Plus software 
(Cambridge Scientific Computing Inc., MA, USA).
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Retention Factors of V arious PAHs with T hree Phases 

F Sample Retention Factor(k ')

TBP Benzyl Develosil ODS-5

Table 2

.3 benzene 0.12 0.20 0.77
5 naphthalene 0.17 0.32 1.64

6.5 fluorene 0.22 0.53 3.34
7 diphenyl methane 0.24 0.50 2.43
7 anthracene 0.23 0.58 4.25
7 phenanthrene 0.21 0.55 3.74
7 cis-stilbene 0.26 0.62 3.52
7 trans-stilbene 0.26 0.64 3.35
8 pyrene 0.25 0.68 5.48

8.5 benzo[ghi]fluoranthene 0.30 0.85 10.2
9 benzo [c] phenanthrene 0.31 0.92 9.49
9 triphenylene 0.27 0.80 6.99
9 o-terphenyl 0.33 0.88 4.50
9 m-terphenyl 0.33 0.99 6.82
9 p-terphenyl 0.36 1.02 8.10
9 benzo [a] anthracene 0.31 0.87 9.10
9 chrysene 0.30 0.88 9.78
9 naphthacene 0.33 0.93 13.2
10 bnezo|a]pyrene 0.35 1.11 17.2
10 benzo[e]pyrene 0.33 1.04 12.9
12 coronene 0.53 1.58 46.2
13 PhPh 0.40 1.53 12.6

Mobile phase; methanolAvater = 80/20.

RESULTS AND DISCUSSION

M olecular L inearity  Recognition for PAHs

To evaluate the chromatographic characteristics of the synthesized 
materials, the retention time of various PAHs samples were measured. The 
retention factors (k1) were summarized in Table 2. The mobile phase was 
methanol/water = (80/20) for all stationary phases evaluation. In general, the
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Figure 3. Relative retention plots of three PAHs to o-terphenyl with various phases.

retention values of PAHs in RPLC have a high correlation with the F number 
proposed by Schabron et al.,23 where F is defined as the number of double 
bonds plus the number of primary or secondary carbons minus 0.5 times the 
number of non-aromatic rings.

As shown in Table 2, the elution orders of some planar and non-planar 
PAHs pairs with these synthesized bonded phases were different from that of 
ordinary ODS phases.5’9 Figure 2 shows the plots of relative retention of 
benz|a|anthracene. chrysene and naphthacene compared to triphenylene. 
These PAHs have the same F number (F=9), but they have different L/B 
ratio."4 25 L/B ratio is one of the molecular shape parameters which indicates 
molecular linearity of PAHs molecules. Therefore, more linear shape molecule 
has a larger L/B ratio.

Generally, it is known that in the case of isomeric PAHs which have the 
same F value the LC retention increases with increasing L/B ratio. The 
retention of linear molecule on these synthesized phases increases slightly
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Figure 4. Typical chromatograms for the separation of o-terphenyl (a) and triphenylene 
(b). Mobile phase composition are as follows: (A) TBP phase, methanol/water=60/40; 
(B) Benzyl phase, methanol/water=60/40; and (C) ODS phase, methanol/water=80/20.

compared to that on the ODS phase. Therefore, it is found that these 
synthesized phases have a smaller linear molecular recognition power than the 
monomeric ODS.

M olecular P lanarity  Recognition fo r PAHs

Figure 3 shows the plots of relative retention of triphenylene, 
benz[a]anthracene and chrysene compared to o-terphenyl. where o-terphenyl is 
a non-planar molecule and others are planar molecules. The non-planar 
molecule was retained longer than planar ones with these synthesized phases 
although the opposite trend was observed with the ODS phase.

From these results, it was found that TBP and Benzyl phases have a non
planarity recognition capability. The chromatograms for the separation of 
triphenylene and o-terphenyl are shown in Figure 4. The mobile phases are
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Table 3

Retention Factors fk ') forTriphenylene and o-Terphenyl and the 
Separation Factors (a) w ith Three S tationary Phases Using Different 

M obile Phase Compositions

k ' CC k tri/h o ter

Stationary Triphenylene o-Terphenyl
Phase

80/20 70/30 60/40 80/20 70/30 60/40 80/20 70/30 60/40

TP 0.92 3.36 14.8 1.08 4.55 22.9 0.85 0.74 0.65
TBP 0.27 0.60 1.78 0.33 0.80 2.38 0.82 0.78 0.75

Benzyl 0.80 2.23 7.11 0.88 2.56 8.42 0.91 0.87 0.84

Mobile phase; methanol/water.

methanolAvater=(60/40) for TBP (A) and Benzyl (B), and
methanolAvater=(80/20) for Develosil ODS phase (C). These separation factors 
are 0.75, 0.84 and 1.55 with TBP, Benzyl and Develosil ODS phase, 
respectively.

The experimental data obtained with TBP, Benzyl and TP phase are 
summarized in Table 3, where the retention factors of triphenylene and o- 
terphenyl and the separation factors with three different compositions of 
methanol/water mobile phase are shown. The elution order of triphenylene and
o-terphenyl with TBP and Benzyl phase is the same as with TP phase. The 
reason for this trend with these phases can be explained by the similarity of 
these chemical structures on silica support.

Figure 5 shows three dimensional structures of PAHs pairs which have 
similar molecular size and different planarity, e.g., a pair of o-terphenyl and 
triphenylene. These separation factors are summarized in Table 4. As shown 
in Table 4, for these planar and non-planar PAHs pairs except the pair of 
coronene and PhPh, the two phases provided different elution order from the 
ODS phase, that means, that they provided different selectivity from the ODS 
phase, i.e., non-planar ones retained longer than planar ones. Due to the large 
molecular size of coronene and PhPh toward the phenyl-ring of TBP and 
Benzyl phase and to the relatively smaller distortion of PhPh molecule than 
other non-planar PAHs such as o-terphenyl, the pair of coronene and PhPh 
showed different retention behavior from other pairs with two new phases.
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Figure 5. Three dimensional structures of planar and non-planar PAHs.
A: (a) triphenylene, (b) o-terphenyl; B: (a) phenanthrene, (b) cis-stilbene; C: (a) 
fluorene, (b) diphenylmethane; D: (a) benzo[c]phenanthrene, (b)
benzo[ghi]fluoranthene; and E: (a) coronene, (b) PhPh.

Front the data obtained above and these PAHs structures, it can be 
concluded that TBP and Benzyl phases have the non-planarity recognition 
capability for only small size PAHs.
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Table 4

Separation Factors (a) for Planar and Non-planar Solute Pairs

Separation Factor a  (k' Planar / k' Non-planar)

Zo
C O .

Stationary Phase

Develosil ODS-5

TBP
Benzyl

0.71
0.73
1.06

0.89
0.91
1.37* *

0.87
0.85
1.08*

1.33*
1.03*
3.67*

mobile phase: methanol/water = 60/40.
*mobile phase: methanol/water = 80/20.

Figure 6 shows the molecular-molecular interaction model between two 
solutes and TBP phase. Figure 6 (a) shows these three bulky tert-butyl groups 
disturb the interaction between TBP phase and planer solute such as 
triphenylene, because these tert-butyl groups covered the phenyl ring in the 
cavity-like structure and then the n -n  interaction between planar PAHs and the 
phenyl ring in TBP moiety is prevented. However, as shown in Figure 6 (b), 
TBP phase having three bulky tert-butyl groups can produce more effective 
interaction between non-planar molecules such as o-terphenyl and the phenyl 
group than planar ones such as triphenylene. As the result, TBP phase retained 
non-planar solutes longer than planar ones.

Benzyl phase which has no tert-groups, can retain the solutes by n -n  

interaction without the interference caused from tert-butyl groups in TBP 
phase. For small size PAHs Benzyl phase has also a non-planarity recognition 
capability.

The phase retains the solutes by n -n  interaction between the solute 
molecule and the stationary phase without the solute molecular planarity 
recognition. However if PAHs size is becoming larger, the moiety size is not 
enough to catch the solute molecules and therefore the non-planarity 
recognition power is decreased as in the case of coronene and PhPh.
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(a)

(b)

Figure 6. Three dimensional models of the interaction between solutes and TBP 
phase.
(a) triphenylene with TBP phase and (b) o-terphenyl with TBP phase.
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Retention Factors (k') for C60 and C70 and the Separation Factors (a ) with 
three Stationary Phases

Table 5

Retention Factor (k') Separation Factor (a)
C ìo C7o k 'C 70/k 'C 6o

TBP 0.37 0.69 1.86
Benzyl 0.90 1.37 1.50

Develosil ODS-5 47.8 170 3.55

Mobile phase: acetonitrile/toluene = 70/30.

Selectivity for C60 and C70

In addition, we also examined the separation of fullerenes with these 
stationary phases. The retention factors (k') for C60 and C7o and these 
separation factors (a) with TBP and Benzyl phases are shown in Table 5.

As shown in Table 5, it seems that these stationary phases are less useful 
than ODS phase for the separation of fullerenes using acetonitrile/toluene 
mobile phase. The fullerenes provided small retention and separation factor on 
two new stationary phases, because of low surface coverage and selectivity 
comparing to ODS phase. The reason of low selectivity is that molecular sizes 
of fullerenes are too large for these stationary phases to be recognized the shape 
difference between C6o and C70.

CONCLUSION

In this study, it is found that TBP phase has a non-planarity recognition 
for relatively small size PAHs. The planar-nonplanar selectivity on Benzyl 
phase is not so pronounced as obtained with TBP phase.

It is also apparent that tert-butyl groups of TBP phase contribute to the 
non-planarity recognition capability toward small PAH molecules. In view of 
the separation science, the results obtained are very useful to reveal the sight of 
the interactions between solutes and surface structures of the stationary phase in 
LC.
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ABSTRACT

The preparation, characterization and potential liquid 
chromatographic applications of various porphyrin-silica 
stationary phases are reviewed. These new phases are 
synthesized by covalently linking unsymmetrical
tetraphenvlporphyrin (TPP) derivatives (monocarboxyl- or 
monohydroxyl-), as well as native protoporphyrin IX (ProP) to 
appropriately derivatized silica support matrices. The porphyrin- 
silicas may be further modified by metallation with a wide range 
of central metal ions (e.g., Cu2+, Zn2+, Ni2+, Fe"3, In3+, Sn4+, etc.) 
by refluxing in the presence of metal ion salts. Columns packed 
with either metallated or unmetallated materials exhibit 
exceptionally high shape selectivity in the separation of 
polycyclic aromatic hydrocarbons (PAHs) and fullerenes owing to
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strong 7i-7i interactions between such solutes and the immobilized 
porphyrin structures. Columns packed with metallated 
porphyrins, particularly In(III) and Sn(IV), may also be used for 
separation of anions, including aromatic carboxylates and 
sulfonates, via selective ligation reactions with the metal centers. 
Similar coordination chemistry can be exploited to achieve 
selective peptide separations through a combination of specific 
metal ion affinity reactions of certain amino acids (histidine, 
tryptophan) with given metal ion centers (i.e., Fe+3, Cu+2) and 
concomitant n - i t  interactions of aromatic amino acids with the 
immobilized conjugated macrocycle. In the area of 
peptide/protein separations, the metalloporphyrin-silicas may 
offer an attractive alternative to current immobilized metal ion 
affinity phases (IMAC), because of their exceptionally strong 
metal ion binding constants. This allows the columns to provide 
reproducible analytical and preparative separations without 
potential for metal ion contamination of the purified materials.

INTRODUCTION

The development of new stationary phases that offer unique selectivities 
above and beyond those afforded by conventional ODS, phenyl, ion-exchange 
and size-exclusion columns, represents a challenging yet very important avenue 
in liquid chromatography research. For example, significant effort has been 
placed on creating phases that can be used to preferentially retain planar 
polycyclic aromatic hydrocarbons (PAHs) over their less toxic non-planar 
homologues1'6 so that greater resolution and hence better quantitation of these 
species can be achieved. In the area of anion-exchange chromatography, 
researchers have explored the use of different quaternary ammonium structures, 
varying lengths of spacer groups, and the principles of ligand exchange as a 
means of developing columns that offer greater selectivity.'11 The use of 
immobilized metal ions as stationary phases has also been examined with 
respect to selective separation of peptides and proteins, where the content of 
certain amino acids within the peptide/protein structure that interact strongly 
with the immobilized metal ion (e.g., histidine) dictates retention behavior. 
More recently, a number of researchers have synthesized novel stationary 
phases (e.g., pyrenyl(ethyl)-silica, tri(dinitrophenyl)-silica, etc.) for the specific 
purpose of purifying closely related fullerene structures, a rather difficult task, 
especially when attempting to purify large quantities of these species using 
mobile phases in which the fullerenes are most soluble.12 30
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In the examples cited above, columns with radically different immobilized 
chemical structures have been required to achieve some level of selectivity (for 
the solutes mentioned) above and beyond that provided by conventional "off the 
shelf' stationary phases. Hence, packings designed for fullerene separations 
(e.g., tri(dinitrophenyl)-silica) are not likely to be useful for anion 
chromatography. Similarly, it is improbable that metal ion affinity columns 
previously reported for peptide and protein separations (metal ions tethered on 
immobilized iminodiacetate ligands)31,32 could also be employed for PAH or 
fullerene separations. An interesting question then is whether specific 
chemical structures exist that when immobilized on LC supports (notably 
silica) could offer practical selectivities for a wide range of solute types simply 
by varying the operating mobile phase conditions.

One class of chemical structures that would appear to offer many possible 
modes of potential solute interaction for separation science is the porphyrins. 
Indeed, immobilized metalloporphyrins have been used previously in the 
development of gas and anion selective sensors, where selective coordination of 
the target gas/ion with a given central metal ion can result in changes in 
membrane potentials or optical properties of polymer films containing the 
immobilized porphyrin species.33 35 The application of immobilized 
metalloporphyrins for batch separations has also been explored. Kokufuta e t  a l. 

demonstrated that polystyrene particles possessing immobilized molybdenum 
porphyrins can be used for selective extraction of phosphate ions.36 However, 
until recently, there have been no reports describing the use of immobilized 
porphyrins as stationary phases in HPLC systems. Herein, we summarize 
recently published,37’42 as well as unpublished results regarding the preparation, 
characterization, and performance of various porphyrin and metalloporphyrin- 
silica phases. It will be shown that such phases offer unique versatility and 
selectivity for a wide range of liquid chromatography separations, ranging from 
highly shape selective separations of PAHs to reproducible separations of 
peptides via metal-affinity and 7t-7t interactions.

EXPERIMENTAL

Equipment

The primary HPLC system used in these studies was composed of a 
Spectra Physics (San Jose, CA) SP 8700 solvent delivery system, a Spectra 
Physics SP 4290 computing integrator, a Kratos (Ramsey, NJ) Spectroflow 773 
variable-wavelength UV-Vis detector, and a Rheodyne (Cotati, CA) Model 
7010 sample valve equipped with a 20 pL sample loop. Columns were
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Figure 1. Synthetic scheme used to prepare metallated pCPTPP-silica.

(C2H50)3S I ' ^ ^ ' 0 ^ ^

DMF, heat

Figure 2. Synthetic scheme used to prepare metallated pHPTPP-silica.
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thermostated using a Fisher Scientific water jacket (Pittsburgh. PA) connected 
to a Fisher Scientific Model 80 Isotemp constant temperature circulator. A 
second HPLC system consisting of a LKB Bromma (Piscataway, NJ) Model 
2150 pump, a Hewlett Packard (Avondale, PA) 3396A computing integrator, a 
Rheodyne model 7125 injection valve with a 20 pL loop, and either a LKB 
Bromma Model 2238 Uvicord SII detector or an Anspec (Ann Arbor, MI) 
SM95 UV-Vis detector was also used for a portion of these studies.

Preparation of the Porphyrin-Silica Stationary Phases

Tetraphenylporphyrin (TPP) and protoporphyrin (ProP) structures were 
immobilized onto silica particles (10 pm) using the reaction schemes illustrated 
in Figures 1-3. The [5-(p-carboxyphenyl)-10,15,20-triphenyl] porphyrin 
(pCPTPP) based stationary phase (Figure 1) was prepared by first synthesizing 
the unsymmetrical monocarboxyltetraphenylporphyrin via a mixed 
aldehyde/pyrrole condensation reaction and then immobilizing this species 
covalently on aminopropyl silica gel using a carbonyldiimidazole reaction to 
yield a relatively stable amide linkage.38 Briefly, the method consists of 
preparing amine derivatized silica gel by refluxing the silica in an 
aminopropyltriethoxysilane/toluene solution for 4h. The pCPTPP is then 
attached by activating the carboxylic acid with 1,1'-carbonyldiimidazole in 
dimethylformamide (DMF). The washed and dried aminated silica gel is then 
added with coupling being completed after 24 h. Residual amine sites on the 
silica gel are then acetylated by refluxing in acetic anhydride for 1.5 h.

A second route to preparation of a tetraphenylporphyrin-silica phase, and 
one still under study, is based on first reacting an unsymmetrical monohvdroxy- 
TPP species (5-(p-hydroxyphenyl)-10.15,20-triphenyl] porphyrin (pHPTPP) 
with glycidoxypropyltrimethoxysilane (GPTS) to form a covalent ether
linkage, followed by reaction of the trimethoxysilane terminal group with the 
surface silanols of the silica gel (Figure 2). Approximately 1.80 g of pHPTPP 
was added to 50 mL of anhydrous N.N-dimethylformamide (DMF). The phenol 
group of the porphyrin was reacted with 500 pL of GPTS in the presence of 50 
pL of the catalyst43 tri-n-butylamine by refluxing for 4 h. Porphyrin 
immobilization was carried out by the addition of 2 g of 10 pm, 100A silica 
(Machery-Nagel, Diiren, Germany) and refluxing for 4 h. followed by shaking 
for 16 h. The pHPTPP-silica solution was then filtered through a 10-15 ASTM 
sintered glass funnel and washed with subsequent aliquots of 50 mL dry 
chloroform, acetone, 10% acetic acid in acetone (v/v) and 50 additional mL of 
acetone.
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+  (C2H50 )3SÌCH2CH2CH2NH2
Toluene

0

DMF, heat
MCIn +

o

Figure 3, Synthetic scheme used to prepare MProP-silica.

The ProP-silica phase was prepared by simply activating the native 
carboxyl groups of protoporphyrin IX with carbonyldiimidazole, and then 
allowing the activated species to react with aminopropyl silica to form amide 
bonds at either one or both original carboxyl groups of the porphyrin structure 
(Figure 3). The specific conditions for this reaction are summarized in detail 
elsewhere.44

in general, metallation of all porphyrin-silicas structures can be 
accomplished by refluxing the porphyrin silica gel with the chloride salt of the 
metal in DMF for 4 h. Metallation can be confirmed by taking the UV-Vis 
spectra of the silica phase after dissolution in concentrated NaOH.38

All porphyrin-silica phases were packed by the downfall slurry method43 
under a pressure of 6000 psi into either 100 mm x 4.6 mm or 250 mm x 4.6 
mm stainless steel columns using 70% 2-propanol/ 30% methanol (v/v) as the 
packing solvent.

The dead volume (V0) for all columns was measured by injection of a 
approximately 0.5% (v/v) carbon disulfide (CS2) solution prepared in the 
mobile phase.
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Materials

HPLC grade toluene, p - xylene, and carbon disulfide as well as analytical 
grade chlorobenzene were obtained from Aldrich (Milwaukee, WI). Various 
amino acids and peptides tested as solutes were products of Sigma Chemical 
(St. Louis, MO). The PAHs studied were reagent grade or better and purchased 
from Aldrich with the exception of a , a '  -binapthyl which was obtained from 
ICN (Irvine, CA). The fullerene samples were produced via a carbon arc 
method as described elsewhere.46,47

RESULTS AND DISCUSSION

Preparation and Characterization of Porphyrin-Silica Phases

As illustrated in Figures 1-3, stationary phases consisting of covalently 
bound metalloporphyrins are prepared in essentially a two step process. The 
first step involves covalent attachment of the given porphyrin structure to a 
porous silica. The second step consists of inserting the metal ion of choice into 
the center of the immobilized porphyrin via refluxing in dimethylformamide 
containing high concentrations (e.g., 0.1 M) of metal ion salts. Immobilization 
of TPP structures based on either an amide (Figure 1) or ether (Figure 2) 
linkage have been developed. The ether linkage method, developed to simplify 
preparation and improve column stability, relies upon reaction of an epoxide 
with an monohydroxy-TPP derivative. The immobilization of ProP on silica 
(Figure 3) provides a means to readily assess the influence of the four phenyl 
groups orthogonal to the porphine ring of TPP on the observed retention 
behavior of given solutes (by comparison of retention on TPP- vs. ProP-silicas). 
At the same time, the ProP-silicas offer their own unique selectivities with 
respect to PAH and peptide retention (see below).

Preparation of all the porphyrin-silicas must be performed under rigorous 
anhydrous conditions in order to achieve reasonable yields of porphyrin surface 
coverage. Typically, elemental analysis (CHN) of resulting silica packings 
yields coverages for the TPP-silica stationary phases of around 0.4 pmol/m2, 
which is approximately 10% of the total available amine sites. Preliminaiy 
experiments suggest that a significant increase in TPP coverage can be 
achieved (to about 0.8 pmol/m2) using the synthetic route (Figure 2) that 
involves coupling the monohydroxy-TPP directly to the silica support via the 
glycidoxypropyltrimethoxysilane reagent. In the case of less sterically hindered 
ProP. coverages are much higher, generally about 2 pmol/m2, approximately 
50% of the available amine sites.
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Figure 4. Typical separation of five PAHs on three different 100 mm x 4.6 mm 
columns packed with (A) PTTPP-silica, (B) InTPP-silica, and (C) SnTPP-silica. Peak 
identity: (1) naphthalene, (2) phenanthrene, (3) anthracene, (4) pyrene, (5) chrysene. 
Conditions: mobile phase: 70% MeOH/30% H2 O; flow rate: 1.0 mL/min; column 
temperature: 25°C; detection: 254 nm (0.100 AUFS). (Adapted from Ref. 37 with 
permission)
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Table 1

Selectivity Factors of PAH Pairs on Various Porphyrin Stationary Phases 

Selectivity Factors Stationary Phase
H2TPPa InTPP“ SnTPP“ HjProP1

Of triphenylene/O-terphenyl 3.1 4.3 3.0 39.2

Of perylene/a,a'-binapthyl 3.9 6.4 3.4 36.5

Of chrysene/pyrene 1-6 1.8 1.6 2.1

a Conditions shown in Figure 5 legend. 
b Conditions shown in Figure 6 legend.

Separation of Polycyclic Aromatic Hydrocarbons

The presence of a large planar aromatic system within the immobilized 
porphyrin structures (in the form of the porphine ring) suggests the potential 
application of such phases for the separation of PAHs. The ability to separate 
PAHs with shape selectivity for planar over non-planar forms has attracted 
considerable attention over recent years owing the obvious environmental 
significance of these compounds.1'6 At present, polymeric ODS type phases 
offer a much higher degree of shape selectivity when compared to conventional 
monomeric ODS reversed phase columns.1

Figure 4 shows the typical separation of a mixture of PAHs on 10 cm 
columns packed with H2TPP-, InTPP- and SnTPP-silica phases. Figure 5 
summarizes the capacity factors (k') observed for a wide range of PAHs on the 
same three TPP-silica columns (H2TPP-, InTPP- and SnTPP-silica). Several 
aromatic pairs, i.e. triphenylene/o-terphenyl, perylene/a,a'-binapthyl and 
chrysene/pyrene have been suggested previously as probes for assessing shape 
selectivity of new stationary phases.4 Table 1 summarizes the selectivity factors 
for these pairs on the three TPP-silica columns. On a typical monomeric ODS 
stationary phase the selectivity factor (cxtnphenyiene/o-teiphenyi) ranges from TO to
1.7,6 while the value of a polymeric ODS phase lies between 2.0 and 2.7." 
However, on the various TPP-silica phases, these values are all above 3.0. 
Furthermore, when the number of double bonds of the unsubstituted PAHs are 
plotted vs. log k' on the columns packed with TPP-silicas, a linear relationship
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(not shown here) is observed suggesting that retention of the PAHs on these 
new columns is due primarily to a n -n  interaction between immobilized TPP 
and the PAHs.

As shown in Figure 6 and Table 1, the retention behavior of various PAHs 
on columns packed with the ProP-silica phase reveals an even higher degree of 
shape selectivity. Indeed, the retention of PAHs on unmetallated ProP-silica 
columns is so strong that 100% acetonitrile must be used as the mobile phase to 
elute these solutes in a reasonable time frame (compared to 60% 
acetonitrile/40% w'ater used for the TPP-silica work described above). There 
appears to be at least two factors responsible for this greatly enhanced 
interaction strength: first is the much greater surface coverage of porphyrin on 
the silica of the ProP-silicas v,v. TPP-silicas (2-3 v s . 0.4 pmol/m j: second is 
the potential for less steric hindrance for the interaction of PAHs with 
immobilized ProP compared to immobilized TPP. Indeed, for TPP, larger 
planar PAHs may be precluded from forming tight n -n  complexes with the 
planar porphine ring due to the steric hindrance of the four phenyl rings 
perpendicular to the porphine plane. Preliminary fluorescence titration 
experiments (not shown here) do in fact reveal that ProP forms a charge 
transfer complex with perylene in acetone, while TPP does not.48 As shown in 
Table 1. the much stronger interaction of the larger planar PAHs with 
immobilized ProP yields extraordinary shape selectivity for the three solute 
pairs examined.

It should be noted that retention behavior of PAHs on TPP- and ProP- 
silicas is not particularly sensitive to whether there is a metal ion in the center 
of the immobilized porphyrin or not (see Figure 4). Indeed, when the metal ion 
center is either in the +2 or +3 oxidation state, at least one side of the metal 
ion-porphine ring complex is accessible for direct interaction with neutral 
PAHs via n - n  interaction. However, as shown in Figure 4, even when the 
metal ion is in the +4 oxidation state, such as Sn(IV), there is still significant 
interaction with the PAH solutes. Since the PAH separations are carried out 
under reversed phase conditions, it is likely that relatively small hydroxide 
anions serve as the ligands for the metal centers, and these are not large enough 
to block PAH n -n  interactions with the planar portion of the porphyrin 
structure.

Separation of Fullerenes on TPP-Silicas

Since Kratschmer et al. published a method to produce fullerenes in 
macroscopic quantities in 1990,49 there have been numerous reports describing 
new approaches to efficiently separate these novel allotropes of carbon via
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Figure 5. Capacity factors (k’) of various PAHs on 100 mm x 4.6 mm columns packed 
with H2TPP-silica, InTPP-silica, and SnTPP-silica columns. Conditions: mobile phase: 
80% MeOH/20% H2O; flowrate: 1.0 mL/min.; column temperature: 25°C; detection: 
254 nm (0.100 AUFS).

HPLC methods. While separation of the various fullerenes using relatively 
weak mobile phases (e.g., hexane) is not particularly difficult on conventional 
columns, such as ODS phases, efforts to isolate much larger quantities of 
fullerenes for fundamental and applied studies requires purification with much 
stronger solvents. For example, the solubility of C6o is only 0.043 mg/mL in 
hexane, but 2.8 mg/mL in toluene, and 7.9 mg/mL in carbon disulfide.“8 
Hence, columns that can operate using toluene or even CS2 as mobile phases 
w'ould provide the most efficient means of separating individual fullerenes on a 
preparative scale.

Supports with 71-acidic character have shown to be well-suited for the 
separation of fullerenes. The tri(dinitrophenyl)-silica or "Buckyclutcher" phase 
developed by Welch and Pirkle,13 in particular, was one of the first LC 
stationary phases to demonstrate reasonable selectivity for C6o and C70 
separations (cLcno/cm = 1.5 in toluene). Kimata et al. have further demonstrated 
good selectivity in the separation of a variety of fullerene isomers with columns
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Figure 6 . Capacity factors (k’) of PAHs on a 100 mm x 4.6 mm column packed with 
HjProP-silica. Conditions: mobile phase: 100% acetonitrile; flow rate: 1.0 mL/min; 
column temperature: 25°C; detection: 254 nm (0.100 AUFS).

packed with 2-(l-pyrenyl)ethyl-silica (PYE)21 and more recently with a 3- 
[(pentabrombenzyl)oxy]propylsilyl-silica (PBB) phase50 (a C7o/ceo = 18  and 2.5 
in toluene, respectively). However, these and other stationary phases51"63 
exhibit only modest selectivity for the separation of C60 and C70 when using 
stronger solvents as the mobile phase.

The new TPP-silica phases described here have been shown to offer 
dramatically enhanced retention and selectivities for the separation of 
fullerenes.39'41 As shown in Figure 7, C60 and C70 can be completely resolved 
using mobile phases ranging from 100% toluene to 100% CS2 (with a  values 
ranging from 4.3 to 1.8). Again, as in the case of PAHs, a C70/c6o values do not 
change appreciably whether or not the TPP structure is metallated (either with 
+3 or +2 metal ions). However, when Sn(IV) is the central metal ion, much 
poorer selectivity for the separation of C60 and C70 has been observed.42 Since 
fullerene separations are performed in aprotic solvents, it is likely that the 
presence of larger anionic ligands (Cl ) on both axial sites of the central metal
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ion partially block n -n  interactions between the fullerenes and the immobilized 
TPP species (behavior that is significantly different from the case of PAH 
separations in methanol/water mobile phases, see above).

Beyond C6o and C70, higher molecular weight fullerenes and endohedral 
metallofullerenes can also be separated on columns packed with TPP-silicas. 
Figure 8 shows the chromatogram obtained for the separation of a fullerene 
mixture obtained from the Soxhlet extraction of raw fullerenes with pyridine 
using soot that had been produced from graphite rods containing yttrium. As 
shown, a fairly clean separation of Y@C82 can be achieved in one pass through 
a 25 cm column packed with ZnTPP-silica. Similar results have been 
published previously for the separation of La@C82.4° As with the separation of 
empty fullerenes, operation of the column with a mobile phase of 25% CS2 and 
75% toluene enables purification of much larger quantities of the endohedral 
metallofullerenes on the TPP-silica phases than on conventional columns.

The results presented above were obtained on columns packed with TPP- 
silicas prepared using the monocarboxyl-TPP derivative and aminopropyl silica 
as the starting materials (Figure 1). Very recent results obtained with packings 
prepared by coupling 5-(p-hydroxyphenyl)-10,15,20-triphenyl] porphyrin to 
glycido.xypropyltrimethoxysilane through an ether linkage, followed by 
immobilization on the silica surface (Figure 2) suggest that such phases exhibit 
both greater selectivities and efficiencies for the separation of fullerenes. 
Indeed a C7o,c6o values of > 6.0 in 100% toluene and > 3.0 in 100% CS2 have 
been observed on these new porphyrin-silica phases.64 Moreover, the number 
of theoretical plates (N) is also considerably higher for columns packed with 
this new type of TPP-silica phase. Since the preparation of these materials does 
not require use of aminopropyl-silica, it is possible that much more 
homogeneous stationary phases may result (i.e., for TPP-silicas prepared with 
monocarboxyl-TPP, incomplete acetylation of the residual amine sites could 
yield rather heterogeneous phases).

Regardless of which method is used to prepare the TPP-silicas, it is clear 
that such phases interact very strongly with fullerenes. The strength of the 
fullerene-porphyrin interaction can be attributed to the similar diameter o f the 
fullerene and the TPP cavity (see Figure 9). thereby providing the opportunity 
for 7t-7i interactions to occur in three dimensions. Indeed, it is likely that the 
fullerene 7i-clectrons enjoy not only face to face n -n  interactions with the 
porphyrin macrocycle, but face to edge n -n  interactions with the meso phenyl 
rings of the porphyrin. The importance of the meso phenyl groups on the 
immobilized porphyrin has been confirmed by efforts to separate C6o and C70 on 
ProP-silicas. where only minimal selectivity for C 10/ C 60 has been observed.41
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Figure 7. Typical separation of Cio and C70 on a 250 mm x 4.6 min column packed 
with ZnTPP)-silica using four different mobile phases: (I) toluene, (II) p-xylene, (HI) 
chlorobenzene and (IV) carbon disulfide. Conditions: flow rate: 2 ml,/min; detection: 
UV@430 nm (0.100 AUFS); injection: 20 pL of fullerene solution in toluene; 
temperature: 30°C.

In general, fullerene retention on porphyrin-silica columns increases with 
increasing fullerene molecular weight, due to the fact that as fullerene size 
increases both the surface interaction area and the 71-basicity of the fullerene 
increases. The importance of 7t-basicity in the retention mechanism is further 
supported by the evidence that La@C82 and Y@C82 are retained longer than 
C82 or C84. Indeed, in such endohedral metallofullerenes, the central metal 
donates electrons to the fullerene 71-orbitals, thereby making M@C82 species a 
stronger base than non-metallo C82. Hence, although both species are exactly 
the same size, the metallofullerene is retained longer on the TPP-silica support.

One interesting aspect of fullerene separations on TPP-silica phases is the 
observed dependence of selectivity on the pore size of the silica.42 For example, 
the selectivity factor for C 60 and C70 was found to decrease from a  = 5.6 for a 
6()A pore size silica to a  = 2.6 for a 300A pore size silica using pure toluene as 
the mobile phase (with similar surface coverage of immobilized TPP).
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F ig u re  8. Chromatogram for sample of fullerene soot containing Y@C?2 on a 250 mm 
x 4.6 mm column packed with ZnTPP-silica. Conditions: flow rate: 2 mL/min;
detection: UV®482 nm (0.100 AUFS); injection: 100 pL of fullerene solution in 
toluene; temperature: 25°C; mobile phase: 75% toluene/25% CS2

It is thought that the three dimensional size and shape of the fullerenes 
may allow a single fullerene solute to enjoy simultaneous interactions with 
more than one immobilized TPP species. Hence, the small diameter and high 
pore curvature of 60A silica is likely to enhance the possibility for such 
simultaneous interactions compared to 30()A silica. Further studies to fully 
discern the role of pore size on fullerene separations are currently in progress 
in this laboratory.

Anion Separations on Metalloporphyrin-Based Stationary Phases

Metalloporphvrin-silica phases also exhibit unique properties as anion- 
exchange materials. The basis for the potential application of these phases in 
anion exchange chromatography can be found in previous literature reports 
regarding the technique termed ligand exchange chromatography.1 '
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Zn(II) Tetraphenylporphyrin

Silica Support

Figure 9. Molecular model of proposed it-n  interaction between immobilized MTPP 
and Cm.

Ligand exchange chromatography has been defined by Davankov as a 
process in which complex-forming species are separated through the formation 
and breaking of labile coordinate bonds to a central metal ion. Anion retention 
in ligand exchange chromatography may occur by either an inner-sphere or 
outer-sphere coordination mechanism. Inner-sphere coordination involves 
direct interaction between the anionic ligand and the metal center of the 
exchanger while outer sphere mechanisms require initial tight inner sphere 
coordination of a solvent or other neutral ligand molecule and subsequent 
hydrogen bonding with anions not directly in contact with the metal center. 
Further, the metallic cations used in ligand exchange chromatography may be 
classified as “hard” or “soft.”

Hard acid cations (e g., Sn+4 and In+3) have a large charge:radius ratio and 
preferentially associate with ligands containing oxygen, while soft acid cations 
(e.g., Zn+2 and Cu+2) coordinate preferentially with ligands having sulfur or 
nitrogen electron donors. Hence, using the newly developed porphyrin-silicas 
with different metal ion centers that are in their +3 or +4 oxidation state, it 
should be possible to separate anions based on specific coordination reactions 
with a given metal center cation.
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F ig u r e  10. Typical separation of anions on 100 mm x 4.6 column packed with InTPP- 
silica. Peak identity: (1) iodide, (2) thiocyanate, (3) p-toluenesulfonate, (4) benzoate, 
(5) p-hydroxybenzoate, (6) salicylate. Conditions: mobile phase: 15% methanol/85% 10 
mM acetate buffer, pH 4.5; column temperature: 25°C; detection: 220 nm (0.100 
AUFS). (Adapted from Ref. 38 with permission).

Initial evaluation of the anion-exchange selectivities of columns packed 
with SnTPP- and InTPP-silica supports (Figure 10) was performed using

inorganic (e.g., I and SCN ) and organic anions (e.g., benzoate, p- 
hydroxy benzoate, salicylate and p-toluenesulfonate) as test solutes. Figure 10 
shows the typical separation of these test anions achieved using a InTPP-silica 
column, and Figure 11 compares the capacity factors for these anions on both 
InTPP- and SnTPP-silica phases, as well as a conventional quaternary 
ammonium-based anion exchange column (Hamilton PRP X-100).

Figure 11 clearly illustrates that significant differences in selectivity 
among the three stationary phases are observed. The quaternary ammonium- 
based support shows little retention preference between the lipophilic inorganic 
anions and the aromatic anions. In contrast, the SnTPP- and InTPP-silica 
supports display markedly enhanced selectivity towards aromatic anions (e.g., 
salicylate) over the lipophilic inorganic anions, and this correlates well with the
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potentiometric anion selectivities found when Sn(IV) or In(III)-based 
metallotetra- phenylporphyrins are incorporated in polymer membranes for the 
purpose of developing new anion selective electrodes.65,66

Differences in the chromatographic selectivity between SnTPP- and 
InTPP-silica phases towards aromatic carboxylates are also suggested by the 
data shown in Figure 11. The capacity factor of p-hydroxybenzoate on the 
SnTPP support is greater than that of salicylate or benzoate, while on the 
InTPP support, salicylate is the preferentially retained anion. The aromatic 
carboxylates elute as reasonably sharp symmetric peaks on the column packed 
with InTPP-silica, but on the SnTPP-silica column these solutes elute as broad 
tailing bands. The difference in peak shape on the two metalloporphyrin 
supports suggests slow kinetics for the dissociation of an inner sphere metal- 
carboxylate complex with the Sn(IV) metalloporphyrin stationary phase 
Indeed, significant improvement in peak symmetry for salicylate on the SnTPP- 
silica support can be realized when separations are carried out at elevated 
temperatures (e.g.. 60°C).

The InTPP-silica phase has been applied to separate a number of 
benzene- and naphthalene-based sulfonates.38 While both solvophobic and/or 
7i-7i interactions between the aromatic anions and the immobilized metallo-TPP 
may play a role in solute retention, comparison of the capacity factors of 
aromatic carboxylates and sulfonates on metallated and non-metallated TPP- 
silica stationary phases clearly indicates that metal-ligand exchange is the 
primary retention mechanism for these aromatic anionic solutes on both the 
SnTPP- and InTPP-silica supports.38

Mobile phase pH has a significant impact on the retention of anionic 
compounds on the metalloporphyrin-silica supports. The capacity factors for a 
series of ten aromatic sulfonates on columns packed with SnTPP- and InTPP- 
silicas as a function of mobile phase pH (from pH 4.0-6.0) are tabulated in 
Table 2. Both metalloporphyrin supports exhibit decreased selectivity for the 
aromatic sulfonates with increasing pH of a 15% methanol/85% 10 rnM 
succinate eluent. This decrease in retention occurs as a result of the very strong 
ligation reaction between hydroxide ions and the metal ion centers.65 Thus, 
mobile phase pH, either using isocratic or gradients, can be used to optimize 
the separation of aromatic carboxylates and sulfonates, using higher pH values 
to decrease the retention of solutes that coordinate strongly with the metal ion 
centers.

The separation of anions on MProP-silica phases has not yet been 
explored, nor has there been any detailed examination of the anion exchange 
properties of TPP-silica phases containing metal ions other than In(III) and
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Figure 11. Capacity factors (k') of inorganic and organic anions on 100 mm x 4.6 mm 
columns packed with SnTPP-silica, InTPP-silica, and a Hamilton PRP X-100 support. 
Separations on the SnTPP and InTPP columns were carried out using a 10 mM sodium 
succinate, pH 5.5, eluent at a flow rate of 1.0 mL/min. These solutes were eluted from 
the Hamilton PRP X-100 column with 8 mM sodium carbonate, pH 11, containing 1 
mM p-cyanophenol at a flow rate of 1.0 mL/min.

Sn(IV). In principle, it should be possible to use a wide range of other metal 
ions to achieve novel ligand exchange anion selectivities (e.g., Co(III) for 
selective nitrite retention67). O f course, only metal ions that form stable 
complexes with the porphyrin macrocycle in their +3 or +4 state can be used, 
since +2 metal centers will not require counter anions to satisfy 
electroneutrality conditions.
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Table 2

influence of Mobile Phase pH on the Capacity Factors of Aromatic 
Sulfonates on the In(III)TPP- and Sn(IV)TPP-silicas“

Capacity Factor (k')

p H  4 .0  p H  4 .5  p H  5 .0  p H  5 .5  p H  6 .0
A r o m a tic  I n (I II )  S n (IV ) In (I I I )  S n (IV ) I n (I II )  S n (IV ) I n (I II )  S n (IV ) I n (I I I )S n (I V )  
S u lfo n a te

Sulfanilic Acid
1.2 1.2 0.6 0.6 0.4 0.4 0.2 0.2 0.2 0,1

Benzenesu donate
2.1 2.1 0.9 0.8 0.6 0.6 0.4 0.3 0.2 0.2

p-Toluenesulfonate
3.7 3.7 1.5 1.8 1.1 1.0 0.6 0.6 0.4 0.4

1 -N aphthaleneulfonate
18.8 19.0 7.6 9.4 5.6 5.1 3.1 2.9 2.1 2.0

2-Naphthalenesulfonate
25.2 23.6 10.1 11.7 7.6 6.2 4.2 3.7 2.8 2.6

4-Amino-1 -Naphthalenesulfonate 
7.9 7.8 3.5 3.8 2.4 2.1 1.4 1.2 0.9 0.8

6-Arnino-4-Hydroxy-2-Naphthalenesulfonate
11.5 >26.0 5.4 8.1 4.2 5.4 2.4 3.7 1.7 3.1

7-Amino-4-Hydroxy-2-Napthalenesulfonate 
11.5 >26.0 5.6 12.5 4.3 8.2 2.4 8.0 1.7 5.6

1,5-Napthalenedisulfonate
9.8 10.0 2.1 2.0 0.8 0.7 0.2 0.2 0.1 >0.1

2.6-Naphthalenedisulfonate
13.1 12.4 2.7 2.5 1.2 0.9 0.4 0.3 0.2 0.1

11 Column: 100 mm x 4.6 mm stainless steel column; mobile phase: 15%
methanol/85% 10 mM succinate; flow rate: 1.0 mL/min; column temperature: 
25°C: detection: 220 nm (0.100 AUFS).

Separation of Amino Acids/Peptides on Metalloporphyrin-Silicas

The concept of ligand exchange chromatography with immobilized metal 
ions has also been applied previously for the separation of amino acids, 
peptides and proteins, where given amino acid side chains (e.g., histidine, 
tyrosine, tryptophan)31,32 can form coordination complexes with certain metal 
ions (e.g.. Zn+2, Ni+2, Fe+3). The technique, more often termed immobilized 
metal ion affinity chromatography (IMAC), normally utilizes supports 
composed of iminodiacetate ligands tethered to soft gels or silica supports.31,32 
Using the existing phases, however, IMAC has several shortcomings, 
particularly when it comes to performing reproducible analytical separations of 
peptides and proteins. Indeed, continuous metal ion leaching from current
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support materials makes analytical IMAC virtually impossible (i.e., retention 
times change as metal is depleted from support). Since the affinity of metal 
ions to porphyrin structures is known to be on the order of 1030 M '1. some 15 
orders of magnitude greater than most metals bind diacetate type ligands,68'74 it 
seems reasonable to expect that metalloporphyrin phases may be especially 
useful for reproducibly separating peptides and proteins by ligand exchange 
type reactions.

To examine this prospect in detail, preliminary experiments have been 
carried out using MProP-silicas rather than MTPP-silicas as stationary phases. 
The immobilized ProP structure is somewhat less hydrophobic than TPP and it 
also provides a phase that should have less steric hindrance for potential 
ligation reactions of larger peptides and protein structures. A test group of 9 
amino acids was selected to be representative of the various classes of the 20 
natural amino acids, i.e., L-glycine (Gly) and L-leucine (Leu) as hydrophobic 
amino acids; L-glutamate (Glu). L-lysine (Lys), L-serine (Ser) and L-cysteine 
(Cys) as charged/polar amino acids, and L-histidine (His), L-phenylalanine 
(Phe) and L-tryptophan (Trp) as aromatic amino acids. Table 3 summarizes 
the absolute capacity factors (k') measured on each of the six columns (10 cm) 
for each test amino acid using a 50 mM phosphate buffer, pH 7.0, as the mobile 
phase. As tabulated, Gly, Glu, Ser, Lys and Cys exhibit the least retention on 
any of the ProP-silica columns indicating that ionic interactions, in comparison 
to other retention mechanisms (see below), are minimal and make only a small 
contribution to the overall retention behavior of amino acids on the MProP- 
silica phases. Further, the more hydrophobic Leu and polar Ser amino acids 
are also not retained to any significant degree (relative to His and Trp) on any 
of the ProP-silica columns examined; these results suggest that the ProP-silica 
stationary phases do not exhibit substantial hydrophobic or hydrogen-binding 
character.

The retention behavior of His and Trp on the MProP columns vs. 
unmetallated ProP-silica clearly demonstrates the inherent amino acid ligand 
exchange selectivity of the new MProP-silica phases (see Table 3). Columns 
packed with FeProP-silica provide the greatest selectivity for retention of His, 
followed by the NiProP, CuProP, ZnProP and CdProP phases. The retention of 
His is due to coordination of the imidazole nitrogen with the central metal ion. 
It is interesting to note that Trp also exhibits extremely high affinity (much 
greater than His) on certain metalloporphyrin phases, e.g., CuProP, FeProP and 
NiProP. relative to that on the unmetallated FFProP-silica phase. The amino 
acid retention patterns shown in Table 3, however, also reveal that Trp is 
highly retained even on the unmetallated H2ProP-silica phase (compared to all 
the other test amino acids). Further. MProP-silica phases that exhibit greatly 
enhanced retention of Trp also display the longest retention times for Phe,
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Table 3

Capacity Factors of Selected Amino Acids on the Six Porphyrin Silical
Columns3

Amino Acids Stationary Phase
H2ProP FeProP CuProp ZnProp NiProp CdProP

Glycine 0.1 0.2 0.1 0.1 0.2 0.1
Histidine 1.0 14.6 4.1 2.1 7.3 1.3
Lysine 1.2 4.0 2.2 1.7 5.3 1.6
Cysteine 0.2 0.7 0.3 0.2 0.2 0.2
Serine 0.1 0.2 0.1 0.1 0.2 0.1
Phenylalanine 1.5 7.2 8.7 2.1 9.7 1.5
Tryptophan 10.5 70.7 109.0 13.9 63.2 11.2
Glutamine Acid 0 0 0 0 0 0

a Mobile phase: 100% 50 mM phosphate buffer, pH 7.0; flow rate: 1 mL/min; 
température: ambient; détection: 214 nm (0.100 AUFS).

although not nearly to the extent observed for Trp. These results suggest that 
there is a substantial contribution from 71-71 interactions between the 
immobilized porphyrin ring and the aromatic amino acids. Therefore, a 
combination of simultaneous metal ion ligation and n -n  interactions are likely 
responsible for the exceptionally high selectivity toward Trp exhibited by 
several of the MProP-silica phases, especially CuProP-silica.

More detailed studies on the effect of organic modifier (acetonitrile) in the 
mobile phase (pH 7.0 phosphate buffer) on the retention of Trp, His, and Phe 
on the CuProP and FeProP silica phases demonstrates that increasing the 
acetonitrile content dramatically reduces the retention time of amino acids on 
both columns. In addition, lowering the pH of the mobile phase (from pH 7.0 
to pH 2.5) also drastically reduces the retention of His on the FeProP-silica 
phase (from k' = 14.3 to k' = 0.0). At low pH, the imidazole nitrogen on His is 
protonated eliminating retention via a metal-ligation reaction with this 
nitrogen. Similar effects are observed for Trp and Lys. Since organic modifier 
dramatically decreases the 7t-7i interaction and lowering pH weakens metal- 
ligation interactions, it is a simple matter to tune these two retention 
mechanisms, by choosing an appropriate pH and organic modifier content for 
the mobile phase (see below), to achieve the retention and selectivity desired.
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Figure 12. Capacity factors of model peptides on 100 mm x 4.6 mm columns packed 
with H2 ProP-silica, FeProP-silica, CuProP-silica and NiProP-silica. Conditions: mobile 
phase: 75% 50 mM phosphate buffer, pH 7.0 / 25% acetonitrile; flow rate: 1 mL/min; 
temperature: ambient; detection: UV@214 nm (0.100 AUFS).

Since the amino acids His, Trp, and Phe are all retained to varying but 
significant degrees on some MProP-silica phases, the retention behavior of 
small peptides containing these and other amino acids was also examined. 
Using a mobile phase of pH 7.0 phosphate modified with 25% acetonitrile (to 
elute all test peptides in a reasonable time while still allowing a practical 
evaluation of the different retention behaviors of the peptides) the capacity 
factors for a group of 10 test peptides on 10 cm H2ProP-, CuProP-, ZnProP- and 
FeProP-silica columns are shown in Figure 12. For the most part, the results of 
these studies are consistent with the observed retention of individual amino 
acids on the same stationary phases (see above). For example, Cys-Gly elutes 
in the void volume on all the porphyrin columns while all peptides containing 
His and Trp are preferentially retained on the FeProP-silica column, 
presumably through metal ligation interactions. Other porphyrin columns 
exhibit only minimal retention of these peptides, except for Trp-Trp on the 
CuProP column. Even with 25% acetonitrile in the mobile phase, n -n  

interactions still contribute to some extent to the retention of the test peptides,
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and this explains why peptides containing both His and Phe are retained longer 
than those with His alone. The Trp-Trp dipeptide is retained the longest on the 
FeProP- and CuProP-silica phases of any of the peptides tested. Overall, these 
results suggest that there is an enhanced cumulative interaction affinity for 
small peptides containing multiple amino acids that individually exhibit strong 
interactions with a given MProP-silica phase. This is analogous to what is 
observed on current IMAC phases. Indeed, polyhistidine sequences are now 
used routinely as N-terminus sequences of recombinant proteins so that such 
proteins can be retained strongly by IMAC supports, greatly simplifying the 
protein purification process.

Beyond unique chemical selectivities, the extremely tight binding of metal 
ions to the ProP-silicas represents a potentially significant advantage over 
conventional IMAC phases.71’74 As stated previously, metal ion leaching from 
current IMAC phases is a major limitation to the use of such phases in routine 
HPLC peptide/protein separations. To demonstrate the inherent metal ion 
stability of the new' MProP-silica stationary phases, the separation of two model 
peptides was conducted before and after extensive column washing (FeProP- 
silica) with 50 mM EDTA (pH 6.0) for about 30 min. As shown in Figures 
13a.b. the chromatograms (using a gradient for elution; see the figure legend 
for exact conditions) for tryptophan-releasing hormone (TRH; pGlu-His-Pro- 
NH2) and His-Phe are essentially the same before and after washing the column 
with EDTA. Any slight differences in retention times (see Figure 13 legend) 
are apparently due to small variations in the gradient profile from run to run. 
In another experiment. EDTA was deliberately added to the same peptide 
mixture at a concentration of 10 mM. Again, as shown in Figure 13c, there is 
no major change in the resulting chromatogram, indicating that no significant 
leaching of the Fe(III) within the ProP structure occurs even when a very strong 
chelator passes through the column (note: retention of TRH and His-Phe is 
largely due to retention of His via metal-ligation interaction). The 
reproducibility of the separation shown in Figure 13 exemplifies one of the 
potential advantage that metalloporphyrin-silica stationary phases may offer for 
peptide and protein separations via metal ion affinity.

Summary and Limitations of Current Porphyrin-Silica Phases

The initial HPLC studies with porphyrin-silica stationary phases 
summarized above demonstrate that very high chemical selectivities can be 
achieved in a variety of applications. It has been further shown that for 
fullerene, PAH and peptide separations, the observed retention relationship is 
highly dependent upon the specific structure (and metal cation) of the 
immobilized porphyrin. However, the superior selectivity exhibited by
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Figure 13 The effect of EDTA on the HPLC separation of TRH (1) and His-Phe (2) 
using a 100 mm x 4.6 mm column packed with FeProP-silica: (a) before 30 min 
washing with 50 mM EDTA (retention times of 1 and 2 were 12.72 min and 19.87 
min); (b) after EDTA washing (retention times of 1 and 2 were 13.76 min and 20.56 
min); (c) sample of peptides with 50 mM EDTA (retention times of 1 and 2 were 13.42 
min and 20.24 min). Conditions: mobile phase: (A) 10% acetonitrile/90% pH 7.0 
phosphate buffer and (B) 25% acetonitrile/75% pH 2.5 phosphate buffer; gradient: 0- 
100% B from 0-15 min and 100% B from 15-30 min; flow rate: 1 mL/min; temperature: 
ambient; detection. UV@214 nm (0.100 AUFS). (Adapted from Ref. 44 with 
permission).

porphyrin-silica stationary phases has not, as of yet, been matched with high 
efficiency. Peak shapes are routinely poor with a high degree of peak tailing. 
Experimental evidence appears to implicate a number of chemical sources for 
the low efficiencies observed, including: a) heterogeneity in the porphyrin 
structure and surface topology; b) incomplete silica surface deactivation; c) 
multiple modes of solute retention; d) and slow dissociation kinetics for solute 
interactions.
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First, in the preparation of porphyrin derivatives, approximately 2-5% of 
the product is the corresponding chlorin (a reduced form of porphyrin with 2 
additional hydrogens on one of the pyrrole rings). To date, no attempt has been 
made to synthesize stationary phases free of chlorin contamination. Although 
the porphyrin and chlorin are very similar in structure, even a slight deviation 
in stationary phase structure is likely to lead to different interaction energies 
with solutes.

Second, heterogeneity in the surface coverage has not been examined in 
detail. Because the surface coverage is much lower than a monolayer it is both 
conceivable and likely that large variations in porphyrin density occur over the 
silica surface. This is supported by the knowledge that porphyrins tend to 
aggregate into stacks'5 and this phenomenon is likely to occur during the 
immobilization procedure where high concentrations of the activated porphyrin 
derivatives are employed.

This stacking behavior would result in a highly varied surface structures 
with regions of densely stacked porphyrins as well as regions of highly spaced 
immobilized porphyrins. The resulting stationary phase can exhibit at least 
two, and likely more, distinct interaction behaviors.

Third, because of the comparatively low porphyrin coverages, compared to 
conventional columns such as ODS, there exist a large number of exposed 
silanols and amine sites. Thus, secondary solute interactions with the silica 
surface can be a significant source of solute retention.

A fourth contributor to band broadening in ligand exchange applications 
(peptide separations and anion exchange) relates to the high association 
constants for metal ion ligation reactions, which are generally much greater 
than those typically found in dynamic chromatographic systems (e.g. ODS, 
amine, phenyl). Hence, the slow kinetics of ligand dissociation can contribute 
significantly to band broadening in such systems. If dynamic chromatographic 
behavior is desired it appears that metal ligation interactions must be mitigated 
either through the addition of a competing complexation agents, judicious 
choice of mobile phase pH, or alteration of the porphyrin structure to sterically 
hinder solute ligation.

Further research into the relationship between each of these factors and 
peak tailing is in progress. As the contribution of each is understood, their 
adverse effect on solute efficiency can hopefully be reduced or eliminated, 
making the porphyrin-silica phases more useful as versatile supports for a 
variety of modern HPLC applications.
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ABSTRACT

This paper deals with studies on the optical resolution of 
glycyl-DL-amino acid dipeptides and diastereomeric dipeptides 
on three different chemically bonded chiral ligand exchange 
chromatography (LEC)-phases. The phases were prepared by 
binding L-proline or L-hydroxyproline to silica gel using 
different silanes as spacer. Using 10'5 M copper(H) sulfate as a 
mobile phase, eleven glycyl-dipeptides were resolved, nearly all 
of them with baseline separations. Several dipeptides containing 
two stereogenic centres were at least partially resolved into the 
four stereoisomers.

INTRO DUCTIO N

Dipeptides are compounds of tremendous biological interest. Since the 
biological activity is mostly restricted to one of the enantiomers, the separation 
of the optical isomers has become increasingly important. Chiral separation of 
dipeptides is also of interest in protein research since certain peptide
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sequencing methods result in cleavage into dipeptide fragments. The optical 
purity control of the building blocks and the check for racemization processes 
in peptide synthesis are other important aspects.

Enantiomer separation of glycyl-DL-amino acid dipeptides (Gly-X-dipep- 
tides) was done by LEC using chiral mobile phase additives1 or chiral stationary 
phases2 and by host-guest complexation using cyclodextrin-3 or crown ether 
phases.4,5 Furthermore, the use of TLC for the resolution of dipeptides has 
been described.6 Several authors report the resolution of dipeptides containing 
two stereogenic centres into the two diastereomers; however, up to now only a 
few papers have described the chiral resolution of diastereomeric dipeptides 
into all four possible stereoisomers, indirect separation of the stereoisomers of 
some dipeptides was carried out by Florence et al. using OPA and N-acetyl-L- 
cystein for chiral derivatization.3 Oi et al. resolved some diastereomeric 
dipeptides by GC in the form of their N-TFA-isopropyl esters.7 Hyun et al. 
resolved dipeptide methyl esters as their 3,5-dinitrobenzoyl derivatives using a 
chiral phase based on (S)-l-(6,7-dimethyl-l-naphthyl)isobutylamine.8 The first 
direct resolution of an underivatized diastereomeric dipeptide into the 4 isomers 
has been reported by Giibitz,2 using a chemically bonded chiral LEC-phase 
Crownpack columns have been employed successfully for the optical resolution 
of a series of diastereomeric dipeptides by Flilton4 and Esquivel et al.5

Recently, we succeeded in obtaining baseline resolutions of the 
stereoisomers of several diastereomeric dipeptides using (+)-18-crown-6- 
tetracarboxylic acid in capillary electrophoresis.9

This paper deals with comparative studies on three chemically bonded 
chiral LEC phases for the optical resolution of dipeptides.

E X P E R I M E N T A L

C h e m ic a ls  A n d  M a t e r ia l s

All reagents were of analytical grade. L-proline , L-hydroxyproline and 
copper(II) sulfate were obtained from Fluka (Buchs, Switzerland). 3- 
Glycidoxypropyltri mcl hoxv silane and 2-(3,4-epoxycyclohexyl)ethyltrimeth- 
oxysilane were purchased from Petrach Systems (Bristol, PA, USA), 
LiChrosorb 100, 5pm was obtained from Merck (Darmstadt, Germany). 
Dipeptides were from Bachem (Bubendorf, Switzerland) and from Sigma 
(Deisenhofen, Germany).
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Figure 1. Chemical structure of the CSPs investigated

Preparation of the CSPs:

CSP la and lb (10): 4 g LiChrosorb 100, 5pm was suspended in 20 mL of 
toluene and after adding 2.4 mL of 3-glycidoxypropyltrimet hoxysi lane. the 
mixture was refluxed at 110°C with stirring for 6 h. The reflux condenser was 
kept at 65°C in order to remove the methanol formed in the reaction. The 
product was washed with toluene, methanol and acetone and dried at 50°C 
overnight. 4.4 g of either sodium prolinate (CSP la) or sodium hydroxy- 
prolinate (CSP lb) dissolved in 40 mL of methanol were shaken with the 
product for 48 h at room temperature. The modified silica was washed with 
methanol and loaded with copper(II) ions by shaking with a 15% solution of 
copper(II) sulfate.

CSP Ha and lib were prepared analogously, but 2-(3,4-epoxycyclohexyl) 
ethyltrimethoxysilane was used instead of 3-glycidoxypropyltrimethoxysiJane.11

Elemental analysis: CSP lb: C 9.2, H 1.4, N 0.7%
CSP Ha: C 9.0, H 1.4, N 0.6%
CSP lib: C 9.5, H 1.6, N 0.6%
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Figure 2. Chiral resolution of Gly-DL-Thr and Gly-DL-Leu on CSP ETb. Experimental 
conditions: Mobile phase: 10'5 M Cu(II), flow: 1 mL/min, Temp.: 50°C, detection: UV, 
223 nm

HPLC Conditions

HPLC was performed using a Merck-Hitachi L-6200A intelligent pump and 
an L 4250 UV/VIS detector. Samples were injected by a Rheodyne Model 7161 
six-port valve equipped with a 20 pi loop. The chiral phases were packed into 
stainless-steel columns (250 x 4.6 mm) by the descending slurry technique in
methanol. As mobile phase a 10"5 M copper(II) sulfate solution was used in all 
cases.
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Table 1

Chiral Resolution of Gly-X-Dipeptides on CSP lb, Ila and CSP lib  

lb Ila lib

k'D k'L a k'D k'L a k'D k'L a

Gly-DL-Ala 1.13 1.50 1.33 1.40 1.60 1.14 2.09 2.76 1.32
Gly-DL-Nval 1.94 3.00 1.55 n.d. n.d. n.d. 4.18 7.41 1.77
Gly-DL-Nleu 2.00 3.13 1.57 3.67 6.00 1.63 5.61 12.25 2.18
Gly-DL-Val 2.63 4.25 1.62 3.83 5.67 1.48 1.74 2.81 1.62
Gly-DL-Leu 3.00 5.00 1.67 5.30 8.17 1.54 5.19 10.32 1.99
Gly-DL-Phe 1.50 4.00 2.67 2.66 5.00 1.87 3.19 7.11 2.23
Gly-DL-Trp 2.19 8.13 3.71 n.d. n.d. n.d. 2.01 4.31 2.40
Gly-DL-Met 1.44 2.19 1.52 2.17 3.17 1.46 3.27 6.25 1.91
Gly-DL-Ser 0.75 1.00 1.33 1.50 1.96 1.31 0.71 0.71 1.00
Gly-DL-Thr 1.25 2.00 1.60 2.00 2.50 1.25 2.03 3.51 1.73
Glv-DL-Asn 0.94 1.25 1.33 1.10 1.10 1.00 1.53 2.12 1.39

Experimental conditions: Mobile phase: 10‘5 M Cu(II), flow: lmL/min, Temp.: 50°C, 
detection: UV, 223 nm, (n.d. = not determined).

RESULTS AND DISCUSSION

The surface coverage was comparable for all the three phases investigated. 
Based on the results of the elemental analysis the surface coverage was found to 
be about 2 pm ol/nr on average for the different phases. Two different 
epoxyfunctional silanes, 3-glycidoxypropyltrimethoxysilane and 2-(3,4- 
epoxycyclohexyl)ethyltrimethoxysilane, were used as spacer (Fig. I). The cyclic 
moiety in the spacer of CSP II represents a more rigid structure element close to 
the chiral centre, which is expected to enhance stereoselectivity. CSP Ila 
containing L-proline as chiral selector ligand, has been shown to exhibit 
improved enantioselectivity for amino acids and hydroxy acids.11 For the 
resolution of dipeptides, L-hydroxyproline as selector ligand was found to be 
superior to L-proline. The proline phase la showed almost no enantioselectivity 
for dipeptides. These results are in agreement with observations of Florence et 
al..3 who did not succeed in resolving dipeptides on Chirapack WH, which has 
identical structure with our CSP la. In the case of the phases containing the 
cyclic spacer, both the L-proline- (Ila) and L-hydroxyproline phase (lib) 
resolved dipeptides; however, CSP lib showed significantly higher ex-values.
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Figure 3 Chiral resolution of DL-Leu-DL-Leu on CSP Ib, Ha and ITb. Experimental 
conditions as in Fig.2
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Figure 4. Chiral resolution of DL-Leu-DL-Val on CSP lb. Experimental conditions as
in Fig. 2

While the pH optimum was found to be 4.5 for the resolution of amino

acids,10"12 resolution of dipeptides occurred only at pH 7. A 10'5 M copper(II) 
sulfate solution without any buffer turned out to be optimal. Raising the 
temperature to 50°C resulted in significant improvement in resolution.

Table 1 shows a comparison of the capacity factors and a-values for Gly-X- 
dipeptides on CSP lb, Ila and lib. CSP lib showed the highest separation 
factors. Gly-X-dipeptides containing bulky and hydrophobic substituents were 
much better resolved than those with polar substituents. Nearly all Gly-X- 
dipeptides investigated showed baseline separation. The elution order was 
found to be D before L in all cases indicating a stronger complexation of the L- 
enantiomer with the chiral selector. The same elution order was observed for 
amino acids.10'12 Fig.2 shows the resolution of Gly-DL-Thr and Gly-DL-Leu 
on CSP lib.
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Partial resolution was also obtained with dipeptides containing 2 stereo- 
genic centres. In this case CSP lb showed the best results (Table 2). Six 
diastereomeric dipeptides were at least partially resolved into the four possible 
stereoisomers. Fig. 3 shows a comparison of the resolution of DL-Leu-DL-Leu 
on the three phases investigated. The elution order was DD, LL, LD and DL 
on all phases. Different elution profiles were observed on the different phases. 
While on CSP lb the enantiomeric pairs DD and LL showed baseline 
resolution, on CSP Ha and lib the enantiomeric pairs LD and DL were baseline 
resolved. The other peaks overlapped partially. The differing peak size of the 
isomers is due to abnormal isomer composition, which varies among different 
commercial products. Similar observations have been reported by Esquivel et 
al.5 The elution order was determined for DL-Leu-DL-Leu only since in the 
case of the other diastereomeric dipeptides the individual stereoisomers were 
not available. Fig.4 shows the resolution of DL-Leu-DL-Val on CSP lb.

Studies on the structure of the mixed complex between the selector ligand 
and the dipeptides are in progress.
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ABSTRACT

Chiral HPLC stationary phases based on immobilized bio
polymers (i.e., proteins, enzymes, antibodies etc.) are of growing 
importance for the separation and purification of enantiomeric 
compounds, especially in the areas of biological, pharmaceutical, 
and clinical chemistry. In the work described in this paper, 
several silica-immobilized serum albumin phases were 
synthesized and characterized by a variety of techniques. Low- 
temperature nitrogen adsorption isotherms were measured and 
employed to evaluate the surface characteristics of the stationary 
phases as a function of both the immobilization matrix and the 
surface modification chemistry. Elemental analysis and high 
resolution thermogravimetry were used to evaluate the surface 
coverages at each stage of modification. Based on these results,
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surface parameters such as the specific surface area, pore size 
distribution, bonding density, etc. were calculated, as well as the 
changes of these parameters as a function of the modification 
chemistry were analyzed. Different silicas of varying mean pore 
diameter from 30 nm to 400 nm were used.

INTRODUCTION

One of the fastest expanding areas of liquid chromatography is the 
separation of enantiomers using direct methods1 (i.e., using chiral selective 
stationary phases). While a large number of applications of protein phases 
have been published, a majority of the work has focused on more practical 
aspects of the separation. On the other hand, mechanistic considerations often 
have not been elucidated fully.

In the field of chiral HPLC a significant improvement in the performance 
of protein based columns was achieved with the introduction of silica as the 
support matrix.2 The advantages of using silica, compared to agarose and 
other commonly employed matrices for biochemical separations, are better 
mechanical stability and highly reproducible geometrical features, such as 
particle shape and diameter as well as pore size distribution. Likewise, the 
modification chemistry for altering the surface of the silica is well established. 
However, pH instability as well as chemical and energetic heterogeneity of 
silica-based stationary phases are potential problems.

It is important for the optimization of a separation , as well as for the 
development of new stationary phases, to fully understand the mechanisms 
which governs the solute’s retention. Such knowledge makes it possible to take 
advantage of, or to exclude, certain forces in order to control the separation 
process. This is particularly true for protein-based chiral stationary phases 
(CSPs) due to the intrinsically higher heterogeneity of this type of packing. 
Thus, the purpose of the current study has been to investigate various 
parameters that influence the physicochemical properties of a specific class of 
CSPs, silica-immobilized serum albumins.

There are a number of protein-based CSPs commercially available. The 
most important ones are silica-based bovine and human serum albumin (BSA 
and HSA, respectively), a ,-acid  glycoprotein (AGP), and ovomucoid (OVM) 
materials. While AGP CSPs have the broadest utility,3 immobilized serum 
albumins are considered to be more important proteins for the separation of 
neutral and acidic chiral species.4 Even though only a few different types of 
protein-based CSPs are commercially available, there are numerous accounts in
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the literature which describe other protein phases, such those based on 
immobilized cellobiohydrolase (CBH-1),5"7 avidin.8 trypsin,9 a -  
chymotrypsin.1011 lysozyme,1213 or ovotransferrin.14 For a general review see 
Ref. 15

Except for cases where the protein exhibits very strong interactions with 
the support matrix, it is necessary to covalently anchor the molecule to the 
surface.16,17 Several different pathways of immobilization have been described 
in the literature. One of the commonly employed techniques involves the use of 
glutaric dialdehyde as bifunctional reagent to link proteins to amino-derivatized 
silica. This technique was used in the current study.

Investigations of parameters influencing the chromatographic 
performance of serum albumin based stationary phases have been reported by 
several groups. A series of studies have been carried out by Allenmark and 
coworkers over the years. While their first approaches utilized agarose- 
immobilized BSA,'6,18 the later work took advantage of the better 
chromatographic performance of silica-based stationary phases19,21 and 
examined various modification techniques and cross-linking agents.22'24 Other 
related investigations include the work of Aubel and Rogers,23,26 who 
examined the influence of column pretreatment on the enantioselectivity of 
silica-immobilized BSA phases and that of Dabulis and Klibanov27 who 
reported an increase in the binding properties of free BSA in non-aqueous 
media. However, Gilpin et al.28 so far have published the only account which 
describes the use of silica-immobilized BSA in the normal-phase mode. They 
also found novel applications of this type of stationary phases for GC.29,30 
Additionally, the same group studied the influence of temperature. pH. solute 
concentration, and other parameters, upon the enantiospecific separation of 
tryptophan via BSA CSPs.31-33

Unlike the above studies which investigated the properties of protein- 
based CSPs under chromatographic conditions, the current work is focused on 
the effect of the immobilization chemistry upon the physicochemical properties 
of the silica matrix via nitrogen adsorption measurements.

MATERIALS

The LiChrospher Si 300 silica (particle diameter 10 pm), which was used 
to prepare most of the albumin phases, was purchased from EM Separations 
(Gibbstown, NJ. USA). The other silica samples tested (LiChrospher Si 500, 
LiChrospher Si 1000, LiChrospher Si 4000, and LiChrospher Si 300 WP). were 
donated by EM Separations . The y-aminopropyl triethoxysilane was from
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Hüls-America (Piscataway, NJ) and the glutaric dialdéhyde (25% solution in 
water) was from the Aldrich Chemical Co. (Milwaukee, WI, USA). The 
different serum albumins (i.e., bovine, human, pig, sheep, and horse; 
essentially fatty acid free), the sodium cyanoborohydride, the sodium phosphate 
(reagent grade) were obtained from the Sigma Chemical Co. (St. Louis, MO). 
The deionized water was purified in-house using either a Milli-Q (Millipore, El 
Paso, TX, USA) or Ionpure Plus 150 (Ionpure, Lowell, MA, USA) reagent 
water system. All HPLC solvents (HPLC grade), the toluene (ACS specified 
grade), and the potassium chloride (reagent grade) were from Fisher Scientific 
(Pittsburgh, PA. USA).

METHODS

Synthesis of Stationary Phases

The silica-immobilized serum albumin stationary phases were prepared 
according to a modification of a previously reported three-step synthesis 33 Each 
step in this procedure was monitored by microcombustion analysis in order to 
measure the carbon and nitrogen loadings. Initially, the silica was derivatized 
with y-aminopropyl triethoxysilane to yield an amino functionality7 at the 
surface. An overview of the modification chemistry is given in Figure 1. For 
steric and probability reasons, most ligands are only anchored to the silica 
surface via one bond. However, cross-polymerization can yield multiple 
covalent linkages. For most cases, batches of five grams of each silica were 
modified at one time. In order to control the amount of physisorbed water at 
the silica surface, the starting silica was carefully hydrated, followed by a 
dry ing step. Specifically designed glass reaction flasks were employed. This 
was followed by the addition of the y-aminopropyl triethoxysilane. In steps two 
and three, the amine surface was first activated, using glutaric dialdehyde as 
bifunctional reagent, and than the protein was anchored to the silica surface 
(see reaction scheme in Figure 1). At each step, the progress w;as monitored by 
taking a small sample for microcombustion analysis.

Column Packing

Stainless steel columns of dimensions of 15 cm x 0.21 cm l.D. were made 
from HPLC tubing purchased from Handy & Harman (Norristown, PA, USA). 
The column blanks were thoroughly cleaned, end fittings were attached and the 
modified silicas were packed into them using a iso-propanol slurry procedure 
described previously.34
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Figure 1. Silica modification chemistry.

The packing system was pressurized to about 6000 psi using a Haskel 
(Burbank. CA, USA) model DST-162-52 air driven fluid pump. Methanol was 
used as the carrier solvent, and the packing was continued for around two 
hours.

Surface Characterization

Each step in the surface modification process was monitored using 
microcombustion analysis that was carried out. first by Huffman Laboratories 
(Golden. CO, USA) and later in-house, using a LECO model CHNS-932 
(LECO Co., St. Joseph. MI, USA) elemental analyzer. In the latter case, 
usually three repeats were performed and the results averaged.

The physicochemical properties of the silica samples were evaluated by 
recording nitrogen adsorption isotherms. The instrument employed was an 
ASAP 2000 adsorption analyzer (Micromeritics Instrument Corporation, 
Norcross, GA, USA). Prior to each analysis, the sample tube was carefully 
washed and dried. About 400 mg of each sample were weighted out and 
degassed under high vacuum (around 2 pm Hg) for four hours at 100 °C. The 
final weight was determined after back-filling with analysis gas (dry nitrogen), 
and then the complete isotherm was recorded at the temperature of liquid 
nitrogen (i.e., 195.8°C).
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Calculations of the BET specific surface area, monolayer capacity, pore 
size distribution, total pore volume and micropore volume were carried out 
using the manufacturer's software package.

High resolution thermogravimetric analysis (TGA), was carried out on 
the stationary phases studied over a range from ambient temperature to 1000 
°C, and the degassing temperature was chosen on the basis of these 
measurements. In doing this, a TA 2950 high resolution analyzer (TA 
Instruments, Inc., New Castle, DE, USA) was used for studying the thermal 
properties of the samples.

C hrom atographic M easurem ents

After the packing procedure was complete and prior to carrying out any 
chromatographic separations, all columns were conditioned overnight at a flow 
rate of 0.1 mL/min with the aqueous mobile phase. Then, before use, each of 
the columns was conditioned at the desired flow rate and temperature for 
another 30 minutes.

Different sets of chromatographic experiments were carried out on either 
one of two different HPLC systems. One of this was a Spectra Physics (San 
Jose, CA, USA) liquid chromatograph consisting of a model 8810 precision 
isocratic pump, a model spectra 100 series variable wavelength UV detector set 
to 254 nm, and a model 4400 Chromjet integrator, connected to a PC for data 
collection. The samples were injected using a Rheodyne (Berkeley, CA, USA) 
model 7125 six-port injection valve, equipped with a 20 pL sample loop and a 
position sensor that automatically started the runs.

The temperature of the column and the injection valve were controlled to 
± 0.1 °C using a Fisher Scientific (Pittsburgh, PA, USA) model 9500 Isotemp 
refrigerated circulator bath, while the flow rate was monitored via a Phase 
Separation (Queensferry, Clwyd., UK) model F I080A digital flowmeter. The 
experiments were carried out by setting the pump to a value corresponding to a 
measured flow of 1.00 mL/min. (± 0.02).

The other system was a Varian (Walnut Creek, CA, USA) HPLC 
consisting of a model 9012 series inert gradient pump, a model 9050 
programmable UV detector, and a model 9100 autosampler. The temperature 
of the column was controlled to 20 °C (± 0.2) using a water bath equipped with 
a Haake (Karlsruhe. Germany) model DC-1 immersion heater/circulator and a 
Neslab (Portsmouth, NH, USA) model EN-350 Flowthru Cooler.
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The flow rate was monitored at the detector outlet, using a Varian 
Optiflow 1000 digital flow meter. The system was connected to a PC for 
system control, data collection and manipulation, using the vendor-provided 
software package.

RESULTS AND DISCUSSION

Elemental Analysis

In order to determine the qualitative and quantitative changes introduced 
during synthesis, elemental analysis for carbon and nitrogen was carried out 
and the resulting data were used to evaluate the degree of the surface coverage 
by using the following relationship:35

1200nc l (MW! - l )

where %C is the experimentally determined value, nc2 is the number of carbon 
atoms per attached ligand, MW] is the molecular weight of the ligand, and N, is 
the number of moles of ligand attached in each step.

In doing this, it was assumed, that on average one ethoxy group remained 
attached to the silane silicon atom after the triethoxysilane reacted. Thus, the 
ligand introduced in the step 1 had the formula -Si(OH)(OC2H5)(CH2)3NH2 . 
The same notation is used for the second step (i.e., see Equation 2):

% C 2N 1(MW1- l ) - 1 2 0 0 N 1n cl 

2 “  1200nc 2 -  % C 2 (MW2 -1 )

On average, the carbon load after the first step was 1.33%. Hence, the 
calculated surface coverage according to equation 1 was about 229 qmol 
ligands per gram sample.

Using the measured 60 m2/g BET specific surface area of the silica and 8 
pmol silanol groups/m2, this value translates into a calculated coverage density 
I of about 47% of the available silanol groups. For mono-functional reagents 
this value is usually lower due to steric reasons.
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Table 1

Physicochemical Properties for Serum Albumins

BSA HSA SSA PSA ESA

# of C-atoms 2926 2908 2933 2981 2909
# of N-atoms 779 786 780 789 776
MW 66,236.6 66,410.6 66,263.1 66.536.2 65,593.0
% carbon 53.06 52.59 53.16 53.81 53.26
% nitrogen 16.47 16.58 16.49 16.61 16.57

For the second step of modification, the initial deposition of the amine 
ligand has to be taken into account. Equation 2 was used to calculate the 
subsequent conversion into the carbonyl intermediate phase. Based on solution 
reactivities, it was assumed that the activation via the aldehyde proceeded with 
almost quantitative yield. The average carbon load for the second step was 
2.85%.

The amount of immobilized serum albumin was calculated using the 
differences between the carbon and nitrogen values prior and following the 
third modification step. These calculations were based on the data shown in 
Table 1 and can be found in Ref.33

Based on the values given in Table 1, the amount of protein immobilized 
in the third step averaged about 1 pmol per gram silica. The total carbon load 
for the silica-immobilized serum albumin stationary phases was between 6 and 
7 %C, which is reasonable based on the relatively low specific surface area. 
Additionally, it was found previously32 that maximizing the amount of protein 
anchored to the surface does not maximize the separation abilities of the 
resulting phase. This effect is shown in Figure 2, where the capacity factors for 
L-kynurenine and L-tryptophan are plotted vs. the normalized surface coverage. 
Clearly, an optimal protein coverage exists. This optimized modification 
procedure was used throughout the work.

Thermogravimetric Analysis

High resolution thermogravimetry (TGA) was employed for monitoring 
the progress of various synthetic steps. This method provides relatively fast 
results with good accuracy. Figure 3 shows a correlation between the weight
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Figure 2. Influence of the BSA coverage on the solute’s retention.

Figure 3. Correlation between the TGA data and elemental analysis.
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Figure 4. Typical thermogram for a silica-immobilized BSA phase, which contains the 
weight curve and its first derivative with respect to temperature.

loss, corrected for initial water loss, and the results from elemental analysis. An 
additional advantage of the TGA-based procedure was that it provides an 
estimate of the physically sorbed water. A typical thermogram is shown in 
Figure 4. Initially, up to 200 °C (under inert atmosphere), the physically 
adsorbed surface water was removed and then, the organic moiety burned off. 
The weight loss of this step was used to determine an approximate surface 
coverage, which needed a small correction for the weight loss due to the partial 
decomposition of residual surface silanols. The oxidation of the ligand was 
completed around 500 °C. The final loss was due to the condensation of the 
remaining surface silanol groups. Although this process overlaps the organic 
oxidation step, the error introduced by it is fairly small.

Influence of the Silica Characteristics on the Surface Coverage

For comparative purposes, four different silicas were used to immobilize 
BSA. In order to minimize size exclusion effects, all silicas had average pore 
diameters larger than 250 nm. All materials were modified using the methods 
described in the experimental section and the surface coverage for each step
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was determined using elemental analysis. Additionally, the samples were 
evaluated via nitrogen adsorption in order to determine the BET specific 
surface areas. Applying the BET equation for the estimation of the specific 
surface area is by far the most widely used method.35,37 By plotting the 
adsorption data for the relative pressure range of 0.05 to 0.30 according to the 
BET equation,3' the monolayer capacity can be determined, which after 
multiplication by the molecular cross section of the probe molecule (i.e., 
nitrogen) and Avogadro’s number gives the BET specific surface area. A 
summary of the resulting surface areas of the starting materials as well as the 
modified silica surfaces is shown in Table 2. All packings investigated were 
LiChrospher silicas. The Si 300, 1000 and 4000 silicas had an average particle 
diameter of 10 pm, and the remaining material was 5 pm. Furthermore, the 
LiChrospher Si 300 WP is a newer type of the 30 nm pore size material, that is 
called w id e  p o r e  silica. Its specific surface area was slightly higher than the 
older materials. This increase may be due to the decrease in particle size and 
other factors.

Except for the Si 300 BSA material, the BET specific surface areas 
decreased following the BSA immobilization. One might expect that the 
surface area should increase after protein immobilization, since the BSA 
molecules might accommodate additional nitrogen molecules at their surface. 
However, the partial filling of pores (i.e., partial blocking of otherwise 
accessible surface area) seems to over-compensate this effect.

In addition to the BET specific surface areas, Table 2 contains the average 
pore sizes for the samples studied. There are different numerical methods 
available to calculate the average pore size from the nitrogen adsorption data. 
The values listed in Table 2 were calculated using the software package 
provided by the manufacturer of the adsorption instrument. These values were 
obtained on the basis of the pore size distributions calculated by using the BJH 
method that relates the volume adsorbed to the pore radius through the Kelvin 
equation.38 The average pore diameter decreased, as expected, after 
modification with the exception of the Si 300 material. For the 100 and 400 
nm materials, the average pore diameters could not be calculated, since the 
Kelvin equation is not applicable for materials that contain macropres..

The silica immobilized protein phases studied were tested 
chromatographically. The separation of D/L-tryptophan was used as a probe to 
evaluate the chromatographic performance of the synthesized phases. 
Chromatographic factors influencing that particular separation have been 
presented previously.32 33 In the case of the 100 and 400 nm materials, this 
appears to be a surface area effect. Because of the low surface area available.
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Table 2

Physicochemical Characteristics of Modified Silicas

Sample % C %  N Sbet
[m2/g]

D
[nm]

Si 300 __ — 60 360
Si 300 amine 1.08 0.37 — .. .
Si 300 aldeh. 2.97 0.44 — .. .
Si 300 BSA 6.75 1.69 66 375

Si 500 __ __ 68 390
Si 500 amine 1.64 0.63 — .. .
Si 500 aldeh. 4.29 0.71 — .. .
Si 500 BSA 5.81 1.30 66 320

Si 1000 _« __ 27 . . .
Si 1000 amine 1.19 0.34 . . . . . .
Si 1000 aldeh. 2.42 0.43 — .. .
Si 1000 BSA 3.53 0.83 25 —

Si 4000 __ __ 11 . . .
Si 4000 amine 0.43 0.09 — —
Si 4000 aldeh. 1.05 0.13 — —
Si 4000 BSA 1.69 0.35 9.7 —

Si 300 WP __ __ 84 340
Si 300 WP amine 1.82 0.61 — —
Si 300 WP aldeh. 4.70 0.73 — .. .
Si 300 WP BSA 4.95 1.02 72 280

the amount of immobilized BSA did not provide adequate numbers of binding 
sites required for enantiomeric separation (i.e., the columns were effectively 
overloaded). In the case of the 50 and 30 WP materials, it appears that 
synthesis conditions were not fully optimized. Since, the specific surface area 
of both starting materials are higher than for the standard 30 nm packing, it is 
reasonable to expect similar or higher protein coverage, i.e., better 
chromatographic performance. Also, the particle size of these materials was 5 
pm and this factor should further enhance their chromatographic performance.
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Interestingly, the coverage following the second modification step was 
much higher than expected for both silicas. However, the immobilization of 
the protein did not follow this trend. Contrary, the resulting BSA coverage was 
lower, compared to the "standard" 30 nm silica.

Influence of the Immobilization Chemistry

Although silica is both energetically and structurally heterogeneous,39 it is 
further altered during the various modification steps. Changes in the pore size 
and energy distributions, which result from the protein modification, influence 
the chromatographic properties of the CSPs and they can be monitored via 
adsorption measurements.

Knowledge of the sorption and structural properties and their changes 
during modification is of great importance for understanding the mechanisms 
which govern the various chromatographic separations. A study of the sorption 
characteristics of serum albumin based CSPs was undertaken as an attempt to 
determine the physicochemical properties of the material at each step of the 
modification.

The complete (i.e., adsorption and desorption) isotherms shown in Figure 
5 can be considered as type IV according to the common classification.37 In 
the region of lower relative pressures, they reflect the formation of the 
monolayer, followed by multilayer adsorption. However, at high relative 
pressures (p/p0 > 0.8) capillary condensation was observed. All of the 
isotherms show the same kind of hysteresis loop and its shape was not affected 
significantly by the subsequent steps of modification. The hysteresis loops 
resemble type HI. which has the adsorption and desorption branches almost 
vertical and nearly parallel over an appreciable range of relative pressures.37 
Type HI of the hysteresis loop is observed for agglomerates made up of 
spheroidal particles of uniform size and shape. This is in good agreement with 
the manufacturer’s claim of spherical particles with a narrow particle size 
distribution.

In order to examine the differences in the surface and structural properties 
of the unmodified silicas, intermediate materials and the final protein phases, 
a more detailed analysis of these isotherms was carried out. This analysis 
included the evaluation of the BET monolayer capacity (vm), the BET specific 
surface area (SBetL the total pore volume (Vt), the micropore volume (Vrr„). and 
the average pore size (D  ) for all surfaces. The results are shown in Table 3. 
The BET monolayer capacity' and the BET specific surface area were calculated 
according to the BET equation by using the nitrogen adsorption data for the
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Figure 5. Complete isotherms for low  temperature nitrogen adsorption on the starting 
material (LiChrospher 300), intermediate phases, and silica-im m obilized B S A  phase.

relative pressure range of 0.05 to 0.25. The total pore volume was evaluated 
from a single point measured at the relative pressure of about 0.975. The 
micropore volume, i.e.. the volume of pores below 2 nm, was estimated by 
using the t-plot method.37 which compares the adsorption isotherm studied with 
that measured on a nonporous reference material . For further discussion of 
the t-plot method see ref.37 The average pore diameter ( D ) was derived 
numerically from the adsorption isotherm using the BJH method developed by 
Barett, Joyner, and Halenda, which is based on the Kelvin equation.38
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Figure 6. N orm alized pore size distributions for L ichrospher S i 300

Table 3

Sorption Parameters of all Silica Surfaces Studies

Sample vm
(cm3

STP/g]

Sbet
[m2/g(

V«
[cm3/g]

vmi
[cm3/g]

D
[nm]

LiChrospher Si
300

14.7 69 0.39 0.004 28.7

Amine Phase 12.8 56 0.35 0.004 25.3
Aldehyde Phase 15.6 68 0.43 0.005 25.1

BSA Phase 13.8 60 0.34 0.008 22.7
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T h ick n ess  (n m )

F i g u r e  7. The t-plots for the starting material (LiChrospher 300), two intermediate 
phases and the BSA phase.

The data in Table 3 show that the micropore volume for all samples 
analyzed is negligible, as expected. Since the increase in this value for the 
BSA phase cannot be due to changes in the rigid structure of the support 
matrix, it has to be due to increased nitrogen adsorption capacity after protein 
immobilization. Since ligands were anchored to the surfaces during 
purification modification, the pore size was expected to decrease. The 
calculated values of the average pore diameter decrease as anticipated.
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Figure 8. Low pressure branches of nitrogen adsorption isotherms for LiChrospher 300 
and other phases studied

Accordingly, the pore diameter decreased from approximately 29 nm for the 
starting material (30nm according to the manufacturer’s specification) to about 
23 nm for the protein modified packings. In addition, the pore width data were 
estimated by an advanced computational method, which utilizes the 
incremental pore volume distribution obtained by combining the density 
functional theoiy (DFT) calculations for the local isotherm with a 
regularization method.4"

The initial decrease in the BET surface area (and monolayer capacity) and 
the subsequent increase following the protein immobilization seem to be 
reasonable. However, the relatively high values of both parameters for the 
aldehyde phase cannot be explained conceivably.

Shown in Figure 6 is a comparison of the incremental pore volume 
distributions obtained by the BJH method with the DFT results for the starting 
silica matrix. Overall, there is a satisfactory agreement between the pore 
volume distributions obtained by various methods.
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Figure 9. Adsorption energy distributions for LiChrospher 300 and other phases 
calculated from low temperature nitrogen adsorption isotherms.

It is important to note, however, that the DFT method was developed for 
the slit-like pore geometry, which is not optimal for sorbents like silica gels. 
The t-plot is a comparative method which was used to evaluate the 
microporosity of sorbents.37 The t-plots for all phases studied are shown in 
Figure 7. There is no significant difference between these plots. A 
comparative plot of the low pressure regions for all four isotherms also is given 
in Figure 8. The branch corresponding to the BSA phase is distinctively 
different from the others. The amounts adsorbed by the BSA phase at very low
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Figure 10. Energy distribution functions for the starting LiChrospher 300 silica (solid 
circles) and the BSA modified silica (hollow circles).

pressures are greater than those by the starting and intermediate phases. 
Although this observation can suggest high energetic heterogeneity of this 
phase, a quantitative comparison of the heterogeneity effects can be done by 
comparing the energy distributions for the systems studied.

The submonolayer adsorption data were utilized to calculate the 
adsorption energy distributions for all packings. Again, a regularization 
method was employed to invert the integral equation of adsorption with respect 
to the energy distribution.41

The energy distribution calculations were performed for the data points 
below the BET monolayer capacities given in Table 3. All parameters used 
were set according to previous studies.42

The resulting energy' distributions for the four surfaces, as calculated from 
the low pressure nitrogen adsorption data, are shown in Figure 9. These graphs 
show, that the differences between the distribution curves for the starting silica,
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the amine phase, and the aldehyde phase are very small. They have a distinct 
peak around 5 kJ/rnol and a smaller one at about 8 kJ/mol. The smaller peak 
shows an almost linear tailing to approximately 13 kJ/mol, and a flat 
contribution in the energy range between 13 and 20 kJ/mol.

It is interesting, that the first and second steps of the silica modification 
do not change substantially its energetic heterogeneity with respect to nitrogen 
molecules. It appears, that the replacement of some silanol groups by either 
aminopropyl or aldehyde groups does not influence the nitrogen adsorption 
significantly. Other probe molecules could possibly be used to monitor this 
modification with respect to their adsorption affinities (i.e., argon, methane, 
benzene or others).

In contrast to the above observation, the BSA anchoring during the third 
modification step affects the adsorption energy distribution notably in its higher 
energy portion of the plot, while in the low energy portion it remains 
unchanged. Figure 10 shows an overlay of the energy distribution functions for 
the starting silica and the BSA modified silica. These distributions show a 
main peak around 5 kJ/mol for both phases, however the remaining part of the 
distribution function is significantly different. Although the smaller peak at 8 
kJ/mol is still visible, its tailing is much more complex, exhibiting at least one 
more maxima at about 13 kJ/mol. A substantial portion of the fraction of 
sorption sites displaying higher adsorption energies (in the range from 8 to 13 
kJ/mol) can be attributed to the energetically diverse structure of the protein. 
The disappearance of a small fraction in the energy range higher than 13 
kJ/mol, however, possibly reflects the blocking of some high-energy silanol 
binding sites due to the third step of the modification.
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ABSTRACT

The comb-shaped polymer (ODAn) composed of a reactive 
terminal group and highly-orienting side-chain groups was 
prepared by telomerization using 3-mercaptopropyl
trimethoxysilane and octadecylacrylate. The polymer was readily 
immobilized onto porous silica gels through a terminal reactive 
group. DSC indicated that the silica-supported polymer (Sil- 
ODAn) underwent crystal-to-isotropic phase transition on silica 
gels at a temperature range of 28 - 47°C (in the case of n = 27) in 
methanol. Polarity microscopic observation of the polymer 
showed the phase transition included a nematic liquid crystalline 
state. The packed column showed a remarkably higher 
separation factor for mixtures of planar aromatics (e.g. 
triphenylene and /raw.v-stilbene) and non-planar aromatics (e.g. 
o-terphenyl or c/v-stilbene) at room temperatures than did the
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conventional hydrophobic stationary phases, i.e. octadecylated 
silica gels. In addition, the Sil-ODAn column showed 
remarkable temperature dependence on both retention capacity 
(k’) and separation factor (a). The k'-temperature and ot- 
temperature plots showed distinct bending at temperatures 
around the phase transition temperature of immobilized ODAn. 
These results indicate that the selective retention for planar 
compounds is related to highly-orienting structure formed from 
long-chain alkyl groups. This paper discusses the molecular 
recognition mechanism using additional chromatographic 
behaviors and MOP AC calculation.

INTRODUCTION

Lipid membranes act as most important intermediaries for producing 
biofunctions including various chemical reactions and selective transportation. 
Immobilization of their functions on artificial carriers expands their possible 
applications, especially for separation chemistry purposes such as column 
chromatography. Therefore, various methods for stabilization and 
immobilization of lipid membranes have been developed, because lipid 
membranes are just aggregates which can be easily dissolved in organic media.

The polymerization of lipids1"7 is a good technique for stabilizing lipid 
membranes. This polymerization is usually performed through introduction of 
polymerizable groups into either hydrophilic or hydrophobic moieties. In this 
technique, the molecular orientation of lipids can be maintained after 
polymerization, but causes remarkable suppression of molecular fluidity. Since 
membrane fluidity is an essential property for producing membrane functions, 
this loss is highly disadvantageous.

To alleviate this problem, Kunitake et al.8 and Regen et al.9,10 have 
developed lipid membrane systems containing polyions as counter ions. In this 
technique, the membrane stability was increased without damaging either 
molecular orienting or fluidity. Okahata et al. found that quartz-crystal 
microbalances covered with polyion-complexed lipid membranes could be used 
as sensing materials.11'12 However, this stabilization technique is still not 
satisfactory for use as immobilized stationary phases for column and membrane 
separation processes because 1) it is impossible to prevent the elution of lipids 
to mobile phases and 2) the polyion complex system provides many 
complicated electrostatic interactions between immobilized phases and solutes, 
which lead to peak-broadening and abnormal adsorption in liquid 
chromatography.
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Figure 1. Synthetic scheme of lipid membrane analogue (ODAn) and illustration of the 
phase transition of immobilized ODAn on silica gels.

On the other hand, direct immobilization of lipids onto silica gels was 
reported by Pidgeon and Venkataram.13 This was obtained by amidation of 
aminated silica gels with a dimyristoyl phosphatidylcholine derivative 
containing a terminal carboxylic group. Such chemically bonded lipids are 
more stable than polyion-complexed lipid membranes, but it may be impossible 
to reproduce molecular orientation and lateral diffusion of lipids on carrier 
particles.

Therefore, in order to introduce lipid membrane functions as silica-based 
stationary phases, it is necessary to develop a new approach for immobilization 
of lipid membranes. For this purpose, we have synthesized comb-shaped 
polymer ODAn (Fig. 1).14-16 This polymer can be readily immobilized onto 
silica gels through a reactive terminal group, and the silica-supported polymer 
(Sil-ODAn) shows several essential functions (highly-orienting structure, 
hydrophobicify and phase transition behavior) like those of lipid membranes. 
This is because the polymer is immobilized at the one side of terminal groups 
and still maintains molecular fluidity after immobilization. In this paper, we
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demonstrate that the immobilized polymer does not form bilayer membrane 
structures in water, but shows unique retention behaviors for various aromatic 
compounds and steroids analogous to those of aqueous lipid membranes. In 
addition, the molecular recognition mechanism was discussed.

EXPERIMENTAL

Materials

The comb-shaped polymer (ODAn, where n is the average polymerization 
degree) was prepared by telomerization of octadecylacrylate and 3- 
mercaptopropyltrimethoxysilane in ethanol. The synthetic procedure of ODA;s 
is as follows: octadecylacrylate and 3-mercaptopropyltrimethoxysilane (30 : 1 
in the molar ratio) were dissolved in ethanol. Azobisisobutyronitrile (0.1 wt% 
for the monomer) was added to the solution at 80°C. The mixture was stirred 
for 6 h at 80°C under N2 gas atmosphere. The white precipitates obtained 
were gathered by filtration, washed successively with methanol and acetone and 
dried in vacuo. The structure and polymerization degree of the polymer were 
determined by NMR spectroscopy: 'H-NMR chemical shifts of ODAn in CDC13 
were follows: 8 = 0.75 ppm (SiCH2>), 5 = 2.28 ppm (CHCO), 8 = 3.58 ppm 
(SiOCH3), and 8= 4.15 ppm (C (=0)0C H 2).

ODAn was readily introduced onto porous silica gels by mixing in 
tetrachloromethane at reflux temperature (12 h). YMC 120-S5 (diameter 5 
pm. pore size 120 A) were used as porous silica gels. Successive washing of 
the resulting gels with chloroform showed no change in weight. The amount of 
ODAn introduced was determined by elemental analysis.

Measurements

Silica-supported ODAn (Sil-ODAn) was packed into a stainless steel 
column (4.6 mm I.D. x 250 mm) using a hexanol-chloroform (1 : 1) mixture 
and the liquid chromatographic property was examined using methanol or 
methanol-water as mobile phases. The chromatograph included a JASCO 880 
PU pump, a Shimadzu UV-visible photodiode array SPD-M6A and a Shodex 
reflactomonitor SE-51. Five pL of the sample dissolved in methanol was 
injected through a Reodyne Model 7125 injector. Chromatography was carried 
out at flow-rate 0.5 mL m in 1. The retention capacity (k’) was determined by (L
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Initial molar ratio of [ODA] 
to[M PS| (mol / mol)

Figure 2. Relationship between the molar ratio ([ODA]/[MPS]) in the telomerization 
process and the polymer obtained. AOD: octadecylacrylate, MPS: 3-mercaptopropyl- 
trimethoxysilane.

- 10) / 10 where L and t0 are retention time of samples and glycerol, respectively. 
The separation factor (a) was given by the ratio of retention capacity. DSC 
thermograms of ODAn and Sil-ODAn were obtained using a heating rate of 1 
°C min ' with Seiko I & E SSC-580 with a DSC-10 instrument.

Calculations

The structures of ODAn and aromatic compounds were estimated using 
Sony-Tektronix CAChe-mechanics (the optimization with MM2 parameters 
continued until the energy change was less than the 0.001 kcal m o l1) or 
CAChe-MOPAC (Ver. 6, PM3 option) . The energy level of HOMO and log P 
were also estimated by CAChe-MOPAC with the PM3 and AMI options, 
respectively.

RESULTS AND DISCUSSION 

Polymerization Degree of ODAn

The polymerization degree (n) of ODAn was determined by 'H-NMR 
spectroscopy (SiOCH3 : 8 = 3.58 ppm, C(=0)0CH2: 8 = 4.15 ppm). The
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20 30 40 50 60
Temperature (”C)

Figure 3 . D S C  thermograms of O D A 2 7  (a  and b) and S il-O D A 27 . The thermogram a 
was observed in the absence of solvent. The thermograms b and c were obtained in the 
presence of methanol and methanol-water (7 : 3), respectively.

molecular weights of ODAn determined by 'H-NMR corresponded to the values 
estimated by size exclusion chromatography (SEC) using a Shodex KF-803 
column. For example, the molecular weight of ODA28 was 9.3 x 103 as 
observed by NMR spectroscopy. SEC analysis of ODA28 showed that Mw = 1.3 
x 104 and Mn = 7.4 x 103. The small value of Mw/Mn = 1.76 indicates that the 
distribution of the polymerization degree in ODAn is relatively narrow in spite 
of the radical polymerization. This may be related to the fact that an alky l 
mercaptan is a good chain-transfer agent.

Supporting this, the plots of the polymerization degree (n) and the initial 
molar ratio show a good linearity (Fig. 2). In this study, ODAns with n = 9,
12. 14, 17, 22, 27, 28, 33 and 60 were synthesized by adjusting the initial molar 
ratio in the telomerization process.
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Figure 4. Typical chromatograms with S il-O D A n columns ( n -  27 in a, b and d; n 
17 in c) at 20°C. Mobile phases: methanol (a and b); methanol-2ater (7 : 3, c and d).
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Phase Transition of ODAn

The DSC thermograms of ODAn showed a sharp endothermic peak in 
both heating and cooling processes. For example, the peak-top temperature of 
ODA27 was 49°C (TC2) with a shoulder (TCi) at 42 - 47°C in the heating 
process as shown in Fig. 3-a. Polarity microscopic observation indicated that 
TCi and TC2 were assigned to crystal-to-liquid crystal and the liquid crystal-to- 
isotropic phase transition, respectively. This liquid crystalline state contains 
Shlieren issue which belonged to a nematic phase and was observed at a 
temperature range of 42 - 47°C. Similar phase transitions were also observed 
in methanol (or methanol-water) dispersions, accompanied by a slight decrease 
in temperature by about 2 - 4°C. This indicates that ODAn can form highly- 
ordered structures such as crystal states even in the presence of organic eluents 
used in the column chromatography process. Phase transitions were also 
observed in ODAn with n = 9 - 60, although TC2 depended on n (for example, 
TC2 = 41°C (n = 9), 44°C (n = 14), 45°C (n = 20), 49°C (n = 27), 49°C (n = 
33) and 49°C (n = 60).

The ODAn was readily immobilized on silica gels. Successive washing of 
resulting gels with chloroform showed no change in weight: chloroform is a 
good solvent for ODAn. In the case of ODA2?, the elemental analysis showed 
that 20.6 wt% (0.6 unit-mmol g '1) of ODA27 was introduced on the silica gels 
(YMC SIL-120). The amount of ODAn introduced was dependent on the type 
of silica gel as well as on the reaction time and the concentration of ODAn in 
the immobilization process (detailed results will be reported elsewhere). The 
immobilized ODAn (Sil-ODAn) also showed an endothermic peak in their DSC 
measurements. Fig. 3 includes a DSC thermogram of Sil-ODA27 in 
methanol-water (7 : 3). The thermogram shows about 8°C lowering of peak- 
top temperature (Tc) compared with TC2 of original ODA27. This indicates that 
silica gels influence the orientation of bound ODA27, but the bonded phase can 
maintain oriented structures and undergo crystal-to-isotropic phase transition 
on silica gels (Fig. 1). Similar phase transition behavior was also observed in 
Sil-ODAn with n = 17, 28 and 33.

Retention Behavior for Polyaromatics

Fig. 4-a shows that the column packed with Sil-ODA27 performs complete 
separation for a mixture of naphthalene, anthracene and pyrene. The 
theoretical plate number and the separation factor (a) at 20°C were about 
18000 in pyrene and 3.4 for naphthalene and pyrene, respectively. The elution 
order was the same as those that were observed in conventional reversed phase
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O: benzene # :  naphthalene Q : anthracene ■ :  pyrene A :  triphenylene

Temperature ( "C ) Temperature ( "C )

Figure 5. Temperature dependencies on retention capacity for polyaromatics with Sil- 
O D A 2 7  and O D S  columns. Mobile phase: methnol, Tc was determined in a methanol 
dispersion.

O' S ¡I-O D A 27, # :  O D S.

Figure 6. Temperature dependencies on separation factor (the ratio of retnetion 
capacity for triphenylene to o-terphenyl). Tc was determined in a methanol dispersion. 
Mobile  phase: methanol.
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liquid chromatography (RPLC) packings, i.e. octadecylated silica gels (ODS: 
Inertsil ODS, 4.6 I D. x 300 mm, GL Science Co., Ltd.). It was also confirmed 
that the retention capacity (k1) increased with an increase in mobile phase 
polarity. These results indicate that the Sil-ODA27 has a retention mode 
similar to RPLC and recognizes molecular hydrophobicitv: log P values 
determined by MOP AC calculation were 3.47, 4.43 and 4.64 in naphthalene, 
anthracene and pyrene, respectively.

The performance of the Sil-ODA27 column was unique in that it was 
characterized by temperature dependency. As shown in Fig. 5-a, the Sil-ODA27 
column showed distinct bending in the plots of temperature vs. k'. On the other 
hand, no similar temperature dependence was observed in ODS, but it must 
also be taken into account that the separation factor was much smaller in ODS 
(a  = 1.8 at 20°C) than in Sil-ODA27 (a  = 3.4 at 20°C). As shown in the dotted 
line of Fig. 5-a. the Tc of Sil-ODA27 observed in the DSC (in a methanol 
dispersion) measurement almost agrees with the temperature of the bending 
point. This strongly suggests that the unusual temperature dependencies in Sil- 
ODA27 occur at the crystal-to-isotropic phase transition temperature of the 
bonded phase.

Recognition of Molecular Planarity

The specificity of Sil-ODAn was emphasized by checking retention 
behaviors for triphenylene and o-terphenyl. These compounds have the same 
carbon number per molecule and thus the molecular hydrophobicity is similar.

The Sil-ODA2i column showed complete separation for triphenylene and
o-terphenyl as shown in Fig. 5-b. The separation factor (a )  at 20°C was 4.2 in 
Sil-ODA27 but 1.5 in ODS. The Sil-ODA27 column provided remarkable 
temperature dependencies with respect to the retention capacity (k1) for both 
samples. The k'-temperature plots show a distinct jum p at 30 - 40°C similar to 
those of anthracene and pyrene. Remarkable temperature dependencies were 
also observed for the separation factor (Fig. 6). According to Fig. 6, the 
separation factor is much higher at the crystal state temperature than the 
isotropic state temperature: 4.7 at 15°C and 2.6 at 45°C. On the other hand, 
the ODS column showed almost no temperature dependence for the separation 
factor. Therefore, the enhancement of separation factor at the crystal state 
temperature cannot be explained only by hydrophobicity recognition. It is 
known that planar compounds such as triphenylene are more strongly 
incorporated to an oriented medium than non-planar compounds such as o -  

terphenyl.17'19 For example, we have previously reported that poly (y-methyl L-



SEPARATION WITH MOLECULAR RECOGNITION 2977

Figure 7. Relationship between retention capacity and correlation factor F  with a Sil- 
O D A 2 7 column, mobile phase: methanol. Solutes: 1, benzene; 2, naphthalene; 3, 
anthracene; 4, pyrene; 5, triphenylene; 6, diphenyl; 7, fluorene; 8, o-terphenyl. F  = 
number of double bonds +  the number of primary and secondary carbons - 0.5 for a

• • 70nonaromatic ring.

glutamate) whose main chain is a-helical produces highly-oriented structures 
and shows unexpectable higher retention capacity for planar aromatics than for 
non-planar aromatics.1819 Therefore, it is presumed that Sil-ODA27 also 
recognizes molecular planarity as well as molecular hydrophobicity. To 
support this assumption, when the retention capacity was plotted against the 
correlation factor F proposed by Schabron et al.,20 whose parameter is related to 
molecular planarity, the experimental data point in planar aromatics such as 
benzene, naphthalene, anthracene, pyrene and triphenylene, are approximately 
on a straight line, but are not lined up in non-planar aromatics such as 
diphenyl, fluorene or o-terphenyl (Fig. 7).

Recognition of Molecular Bulkiness

It is shown that Sil-ODAn is sensitive to molecular bulkiness. Fig. 8 
shows the temperature dependence of retention capacity for adamantane as a 
sterically bulky compound. The plots include a remarkable increase of 
retention capacity at temperatures around Tc. Especially, it should be noted 
that the retention capacity is much smaller at the crystal state temperature than 
at the isotropic state temperature. This indicates that a sterically bulky 
compound is hardly incorporated into the highly-oriented bonded phase.
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Temperature (°C)

Figure 8. Temperature dependence on retention capacity for adamantane with a Sil- 
O D A :? column. Tc was detennined in a methanol-water (7 : 3) dispersion. Mobile 
phase: methanol-water (7 : 3).

Retention Behavior for Rigid Hydrocarbons, Steroids

It is well-known that highly-oriented aggregates such as lipid bilayer 
membranes specifically incorporate rigid and hydrophobic compounds. For 
example, cholesterol can be easily incorporated into lipid bilayer membranes. 
Therefore, the retention behavior for cholesterol was examined using the Sil- 
ODA27 column. The temperature dependence on the k' of cholesterol showed a 
critical bending point around Tc and remarkable increase at temperatures 
below Tc: k' (in methanol) = 1.8 (60°C), 2.0 (50°C), 2.4 (40°C), 2.5 (30°C).
3.2 (20°C), and 4.3 (15°C). These results indicate that Sil-ODA27 incorporates 
cholesterol specifically at temperatures below 30°C. Fig. 4-c shows a 
chromatogram of a mixture of steroid hormones, corticosterone and 
deoxycorticosterone. Complete separation (a  = 1.6) was obtained in spite of 
small structural differences. In the case of ODS, the a  was only 1.1.

Discussion on Recognition Mechanisms for Geometrical Isomers

Fig. 4-d shows complete separation for a mixture of t r a n s -  and c/.v-isorners 
of stilbene with the Sil-ODA27 column. The separation factor was 2.2 at 20°C. 
although ODS provided a very small separation factor (a  = 1.1 at 20°C). The
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S o lu te s: //ïu u -is o m e r s  (O .A ),  c is - iso m er s  ( # , ▲ )  

S H -O D A 27 ( O . # )  and O D S ( A , A )

Figure 9. Temperature dependencies on retention capacities for geometrical isomers of 
stilbene (a, b, g and h), 1,2-bis(sulphonyl)ethylene (c and d) and l,4-dichloro-2-butene 
(e and f). To was determined in a methanol-water (7 :3 )  dispersion. Mobile  phases: 

methanol-water =  7 : 3 (a and b), =  5 : 5 (c ~ f), 9 : 1 (g and h).
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specificity of Sil-ODA27 is emphasized by comparing the temperature 
dependence of Sil-ODA27 to ODS. As shown in Fig. 9-g and -h, in the case of 
ODS. the k' values decreased with increase of temperature. Such negative 
slopes are commonly observed in usual RPLC packings.21,2“ These can be 
explained by increase of the solubility of solutes from stationary to mobile 
phases with increase of temperature.21’22 Therefore, in the case of ODS, the 
separation factor should be independent of temperature, and is small and 
constant (1.04 - 1.07 at 15 - 55°C). This can be also expected by the fact that 
hydrophobicity of c/s-stilbene (log P = 4.92) is very similar to that of t r a n s -  

stilbene (log P = 4.88). On the other hand, Sil-ODA27 provided critical 
bending points and positive slopes at temperatures between 35 and 45°C in 
their plots (Fig. 9-a and -b). These unusual temperature dependencies also 
include remarkable selectivity changes of 2.33 (15°C), 1.97 (25°C), 1.64 
(35°C), 1.55 (40°C), 1.40 (45°C), 1.38 (50°C) and 1.35 (55°C). However, it is 
believed that the positive slope in the k'-temperature plots at 30 - 45°C and 
selectivity change are not due to the change of the retention mechanism. To 
explain this unusual phenomenon, we hypothesized the following, immobilized 
ODA27 forms a mixed phase containing both crystalline and isotropic phases 
and the ratio of isotropic ODA27 to crystalline ODA27 increases with increase of 
temperature between 30 - 45°C. The retention capacity (k') also increases with 
increase of the ratio, because k' is larger in the isotropic state than in the 
crystalline state.

On the other hand, we also encountered retention phenomena which 
cannot be explained only by the above-mentioned molecular recognition 
mechanism. For example, Sil-ODA27 showed geometrically selective retention 
for l,2-bis(phenylsulphonyl)-ethylene isomers (a  = 1.79 at 20°C, Fig. 9-c and -
d), but showed small selectivity for geometrical isomers of l,4-dichloro-2- 
butene (Fig. 9-e and -f), 2-hexenol and 1,2-dimethylcyclohexane. The 
selectivities were only 1.11, 1.09 and 1.05 at 20°C, respectively. Interestingly, 
however, the k'-temperature plots in all samples showed distinct jumps at 
temperatures around Tc . This indicates that the difference of bulkiness 
between c is -  and trans-isomers is not always reflected in geometric selectivity.

On the basis of these results, our proposed mechanism for molecular 
recognition should be modified and developed as follows: (1) immobilized 
ODA27 forms a highly-oriented structure at its crystal state temperature. A 
planar compound such as /rau.y-stilbenc can be more easily incorporated into 
this oriented polymer than a bulky non-planar compound such as c/.v-stilbene. 
This mechanism is analogous to the fact that cholesterol as a rigid and planar 
compound is readily incorporated into lipid bilayer membranes which form 
highly oriented structures. (2) Immobilized ODA27 can interact with double
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OCH3
CHgO -  Si -  (CH2)3 -  S -  (X) n -  H 

OCH3

X = CHo-CH 
I

c = o

X = ch2 - ch

Ù0 -C H 2CH2(CF2)7CF3

Figure 10. Poly(perfluoroalkylacrylate)25 and poly(styrene)26 with reactive terminal 
groups. Both polymers can be readily immobilized onto silica gels and show specific 
chromatographic separations.25,26

bonds of solutes with recognizing their n  electron density. Perhaps this 
interaction is derived from the carbonyl n  electrons of acrylate moieties which 
can work as electron-accepting groups. This assumption is supported by 
following facts: (i) it was confirmed that the selectivity with crosslinked 
poly(methyl acrylate) polymer (MA) particles as a reference showed higher 
selectivity for various isomeric aromatics was smaller than with Sil-ODAn but 
significantly higher than with ODS, although these MA particles provided 
comparably small k' values because there were no long-chain alkyl groups. 
This result indicates that the carbonyl groups of MA moiety play an important 
role for molecular recognition. The detailed date for MA particles were briefly 
reported.23 (ii) Judging from the calculation of the HOMO (Highest Occupied 
Molecular Orbital) energy level in stilbenes, iraws-isomers are more electron- 
donating (-8.63 eV) than cA-isomers (-9.06 eV). Bredas and Street have 
reported using computer calculations that similar interactions occur between 
benzene and formic acid.24 On the other hand, geometrical isomerism for 1,4- 
dichloro-2-butene (-9.63 and -9.86 eV in t r a n s -  and c/s-isomers) and 2-hexenol 
(-10.28 and -10.13 eV in t r a n s -  and c/.v-isomers) having non-conjugating 
substituent groups provides no significant difference in energy level of HOMO. 
In these cases, Sil-ODA2? shows a small selectivity for retention of these 
isomers.

(1) A special polymer-bonded phase on silica gels was synthesized by 
one-step telomerization of octadecylacrylate using 3-mercaplopropyl- 
trimethoxysilane. The degree of polymerization was readily controlled by 
adjusting the initial molar ratio in the telomerization process.

CONCLUSIONS
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(2) By selecting monomers, various polymer-bonded phases can be 
prepared (Fig. 10) and show unique separations. Detailed results have been 
reported elsewhere.25' 27

(3) The polymer (ODAn) was readily immobilized onto silica gels with a 
reactive terminal group. Therefore, the polymer still maintains flexibility after 
immobilization.

(4) The immobilized polymer (Sil-ODAn) underwent crystal-to-isotropic 
phase transition on silica gels. The elution order for hydrophobic compounds 
in the packed column with Sil-ODAn usually agreed with the order expected as 
RPLC mode regardless of temperature. However, Sil-ODAn at crystal state 
temperature provided exceptionally specific selectivity, recognizing for 
molecular planarity' and bulkiness. The driving force is clearly related to the 
highly oriented structures. The n  electron due to the carbonyl group also plays 
an important role for molecular recognition.

(5) The specificity of Sil-ODAn was drastically appeared by examining 
the temperature dependency.
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ABSTRACT

A zwittenon-exchange stationary phase (ZIXSP) was 
prepared for the separation of the mixture of organic bases, 
organic acids and amino acids by high performance liquid 
chromatography (HPLC). It was synthesized by the reaction of 
cyanuric chloride with sulfanilic acid and then bonded onto the 
silica gel on which the silane coupling agent was prebonded. 
The chromatographic behaviours of the prepared ZIXSP revealed 
that the capacity factors of each analyte varied with the pH value 
of the mobile phase. By applying the concept of acid-base 
equilibrium the correlation between the capacity factor on the 
ZIXSP and pH of the mobile phase could be explained 
reasonably. Based on our results, it is concluded that ZIXSP is a 
zwitterion exchanger that additionally provides n -n  charge- 
transfer interaction and hydrophobic interaction functions.

INTRODUCTION

Knox1,2 had found that the addition of zwitterionic pairing agents, i.e., 11- 
aminoundecanoic acid or 12-aminododecanoic acid, to the mobile phase could 
improve the efficiency of the Cis column (ODS Hypersil) for the separation of 
nucleotides. However, the addition of zwitterionic pairing agents to the mobile
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phase is not adapted to the preparative chromatography since it would 
contaminate the analytes. Later, Hartwick3 prepared a zwitterion-exchange 
stationary phase (ZIXSP) by introducing both amino group and carboxylic acid 
group to the surface of silica gel. Since -COOH is a weak acid group and could 
not be dissociated into -COO' and H3 at a lower pH value, the ZIXSP prepared 
by Hartwick would lose the properties of zwitterion-exchange at low pH value 
of mobile phase.

For separations of ionic organocompounds. contributions from forms of 
interaction other than ion exchange, such as H-bonding, 71-71 interaction or 
hydrophobic interaction, may be involved if the stationary' phase provides the 
corresponding functional moiety.4 '’ The possibility of simultaneous separation 
of iomzed/ionizable and non-ionic compounds with columns prepared by 
mixing together ion-exchange and reverse phase packing materials was 
confirmed by Wilson and co-workers.7

In our previous report,8 multifunctional zwitterion phases containing 
aromatic moieties were prepared successfully and used to separate various weak 
organic acids and bases. In addition, we reported that the ion-exchanger which 
was synthesized through bonding aniline onto silica with 3- 
aminopropyltriethoxysilane and followed by sulfonation was an 1 : 1 mixed 
phase with 50% unsulfonated aniline-derived moiety. It was observed that this 
ion-exchanger was a zwitterion-exchanger that additionally provided 
hydrophobic-interaction and n -n  charge-transfer interaction functions.

In our previous reports,910 highly selective .v-triazinc-modificd Q g phase 
and chiral phase were successfully prepared. The presence of an .s-triazine ring 
in the bonded phase system not only led to a convenient reproducible synthetic 
way of introducing a desired organic moiety to the silica surface but also played 
an important role, possibly due to a n -n  interaction with aromatic analytes, in 
the separation of aromatic hydrocarbons. Therefore, instead of the above 
process.8 using .v-triazine derivatization can be served as an alternative one for 
the preparation of an sulfonated ZIXSP.

In this study, we prepared a ZIXSP by introducing both sulfo- (-S 0 3H) 
group and amino group through .v-triazinc derivative to the aminated silica gel. 
The chromatography behaviours of this ZIXSP with regard to the separation of 
the mixture of organic bases, organic acids and amino acids were explained by 
applying the concept of acid-base equilibrium.
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Table 1

Characteristics of the Prepared Phase

Elemental Analysis
C/% N/% H/% Cl/%b

Loading Capacity* 3 * * * * * * * 
mmol/g pmol/m2

BS 6.94 2.78
ZIXSP 9.83 4.35

1.57
1.61 1.03

0.99
0.28

2.84
0.80

3 Based on N%.
3 By Carius method.11

EXPERIMENTAL

Chemicals

Silica gel (Nucleosil; pore size 100 A, particle size 10 pm. surface area
350 nr/g), was obtained from Macherey-Nagel and dried at 100 C for 10 h. 
The chemicals used in the synthetic processes and analytes used in the 
chromatographic experiments were of reagent grade: N-(2-aminoethyl)-3- 
aminopropyltrimethoxysilane (AEAPS, Tokyo Kasei); p-sulfanilic acid (Riedel- 
Dehaen); Cvanuric chloride (Fluka). The solvents used for HPLC were LC- 
grade acetonitrile and deionized water.

Preparation of ZIXSP

To a solution of pre-dried silica gel (3 g) in 150 mL of toluene. AEAPS (6 
mL) was added and refluxed for 15 h. This bonded silica gel (BS. Figurel) was 
collected by filtration and washed with methanol, ether and then dried under 
vacuum in the presence of the drying agent, P20 5 The BS was characterized by 
elemental analysis (Table 1).

Sodium carbonate (0.02 mol) and p-sulfanilic acid (0.02 mol) were 
dissolved in 0-5 °C water (50 mL). then a solution of cvanuric chloride (0.02 
mol) in acetone (10 mL) was added and stirred. Another portion of sodium 
carbonate (0.02 mol) in 20 inL water was dropply added within 30 min under
0-5 °C.
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(CH30)3Si(CH2)3NH(CH2)2NH2-
Silica gel

I
-O—Si(CH2)3NH(CH2)2NH2 BS

h 2n

Cl.

S03H + Ivf

Cl
f r cl

Cl
Na2COi

ci

Cl

BS + Cy-S

I
-0-Si(CH2)3NH(CH2)2NH2

-0-Si(CH 2)3NH(CH2)2NH-<(^W

NH-

ZIXSP

Figure 1. Preparation of/witterion exchange stationary phase ZEXSP

After the pH of the reaction mixture was adjusted to 1-2 with diluted 
hydrochloric acid, the derivative of cyanuric chloride was collected by 
filtration, washed with water and dried over P20 5 under vacuum. The product 
(Cy-S, Figure 1) was characterized by IR and ’HNMR.

BS (3 g) was suspended in 150 mL of dimethylsulfoxide (DMSO). Cy-S 
(0.003 mol) was added and stirred at 50 °C for 2 h, NaOH (0.12 g) was then 
added and reacted for a further 24 hours.
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The reaction mixture was filtered and the product (ZIXSP, Figure 1) was 
washed with water, acetone, methanol and ether. Characterization was done by 
elemental analysis (Table 1).

Chromatographic Studies

The chromatographic studies were carried out with a Waters liquid 
chromatographic system which consisted of a M-510 solvent-delivery system, a 
U6K injector and Spectroflow 757 variable-wavelength UV detector. Stainless- 
steel column (300 mm x 4 mm I.D.) was packed by the balanced density slurry 
method.

Results and Discussion

In this study, AEAPS which provides possible cation-exchange sites was 
used as a coupling agent. The AEAPS-derived silica phase (BS) then reacted 
with the s-triazine derivative of sulfanilic acid (Cy-S) to give the expected 
ZIXSP (Figure 1). Both the BS and ZIXSP were characterized by elemental 
analysis, and the data are shown in Table 1. It demonstrated that each gram of 
BS contained about 0.99 mmol of AEAPS, and each gram of ZIXSP contained 
about 0.28 mmol of Cy-S. Therefore, about seven molecules of AEAPS bonded 
on the silica gel was further bonded with two molecules of Cy-S.

Effective separation of the mixture of organic bases, organic acids and 
amino acids on the ZIXSP by HPLC was observed: Representative
chromatogram is shown in Figure 2. The effect of the pH of mobile phase on 
the values of k' (capacity factor) for various analytes on this ZIXSP is shown in 
Figure 3. It was observed that the relationship between the capacity factor of 
analyte and the pH of mobile phase in the range pH 3 to 5 depended upon the 
nature of analytes.

For the organic bases, aniline and benzylamine, the k' values decreased as 
the pH of mobile phase increased. However, for the weak organic acids, 1- 
naphthylacetic acid and benzoic acid, the capacity factors increased before pH 5 
and decreased after pH 5. as the pH of mobile phase increased. Interestingly, 
the k' of a strong organic acid, /Holuenesulfonic acid, decreased rapidly with 
increasing the pH value of mobile phase, while that of zwitterion compounds, 
phenylalanine, leucine and alanine, had a volcano at pH about 4.
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1 2,3

min

Figure 2. Chromatogram for the separation of organic bases, organic acids and amino 
acids on the ZIXSP. Mobile phase: CH3CN-H2O (2 : 1), [KH2PO4]: 1 mM, pH 7.0, 
flow rate: 1.1 mL/min, UV detection, room temperature, analytes: (1) /?-toluenesulfomc 
acid, (2) benzylamine, (3) aniline, (4) benzoic acid, (5) 1-naphthylaectic acid, (6 ) 
phenylalanine, (7) aniline.

The result with respect to the effects of pH (Figure 3) of the mobile phase 
on the capacity factor revealed the possibly available contributions of 
zwitterion-exchange, n -n  charge-transfer, and hydrophobic interactions by this 
ZIXSP to the separation process.

ZIXSP Behaves as a Cation Exchanger in the Separation of Amines

The correlation between the capacity factor on the ZIXSP and pH of the 
mobile phase can be explained by applying the concept of acid-base 
equilibrium, which was also applied by Horvath et al. for separating ionogenic 
substances on an alkyl phase.12
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pH

F ig u re  3. Effect of the pH of mobile phase on the values of k' for (1) aniline, (2) 
benzylamine, (3) 1-naphthylacetic acid, (4) benzoic acid, (5) p-toluenesulfonic acid, (6 ) 
phenylalanine, (7) leucine, (8 ) alanine on home-made ZDCSP. Mobile phase: CH3CN- 
H20(2:l), [KH2PO4): 1 mV/, flowrate: 1.1 mL/min.

When the pH of mobile phase is less than 7, the organic base (B) will be 
protonatcd as eq. (1).

B + H+ . Y  •- HB+ (1)

Suppose HB as it interacted with the stationary phase, would replace a counter 
ion (CO from the stationary' phase as eq. (2).

HB+m + C HB+S + C+m (2)
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The subscript characters of s or m, indicates the species which is in the 
stationary phase or in the mobile phase, respectively. In ion-exchange 
chromatography, the retention of an analyte on the organic stationary phase 
bearing ionic functional groups can be predicted as the result of two processes: 
(a) the distribution of an analyte between an aqueous mobile phase and the 
organic stationary' phase and (b) the reaction of an analyte with the ionic sites 
of the stationary phase (i.e. ion exchange). Then, the capacity factor k' can be 
presented as eq. (3).

v, ibH lBH1 L
v” 1BL +|iBH1 1.

=
V

D B + Kb[H+]mK t 

“ l + K b[ H ^

[C+]s
[C+]„

(3)

where Vs is the volume of stationary phase within the column, Vm is the total 
volume of solvent within the column and DB is the distribution coefficient of 
the unprotonated base between stationary phase and mobile phase (fB]s/[B]m).

In eq. (3). in the range pH 3 to 7, KHH^m could be neglected for aniline 
(Kh = 4.2 x 10“lu) and benzylamine (Kb = 0.2). Since [C+]s is about equal to the 
total exchange capacity13 for the stationary phase, and [C+]m = [KITPO.,1 = 1 
mA/, eq. (3) would be simplified as:

k'= ~ p-(D B + C[H + ]m) (4)
' m

where C is a constant equal to KbKc[C+]s[C+]m'1

If we are not concerned with the dependence of the DB value on the pH of 
the mobile phase, according to eq. (4), the k’ values of aniline and benzylamine 
would be linearly proportional to [Hf] in the mobile phase. While Figure 3 
exhibited that the k’ values of aniline and benzylamine decreased with 
increasing the pH of the mobile phase in the range of pH 3 to 5 and remained 
constant as pH>5. The chromatographic results indicated that beside the 
contribution of cation exchange, the distribution of the unprotonated organic
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bases between the stationary phase and the mobile phase is important. The 
interactions between the unprotonated organic bases and stationary phase may 
be due to the n-n charge-transfer provided by the phenyl and/or .v-tria/me ring 
moiety and the hydrophobic character of this stationary phase. The roles of 
these interactions, compared to the function of cation exchange, became 
predominate interactions when the pH of the mobile phase increased.

ZIXSP Behaves as an Anion Exchanger in the Separation of Organic Acids

Suppose the organic acid in the mobile phase is in an equilibrium state as 
eq. (5)

Ka
AH cars? A' + fE (5)

and A ' as it interacted with the stationary phase, would replace a counter ion 
(C") from the stationary' phase as eq. (6).

• M
A m+ C  , '  A s + C ‘m (6)

Similarly, the capacity factor k’ can be shown as:

k ' ^ x
V„

[AH], + A - S

[AliL  + A" m

Da h + K ' c K a tC' ls
H + [ C ] m

m
K,

1 +

“ 1 m

( 7 )

Where DAH = J— . Since [C']s is about equal to the total anion exchange
[AH] m

capacity7 for the stationary phase, and [C‘m] ^  0.001 M  in pH range 3 to 7, eq.
(7) would be simplified as:
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k'

D a h  +

Y,
V„

H"

1 +
K a

H +

(8)

where C' is a constant equal to KaKc'[C"]s[C']m 1.

In the case of weak acid, such as 1-naphthylacetic acid (Ka = 5.8x10 ^)and 
benzoic acid (Ka = 6.3 x 10"^), the term of Ka[H+m]'^ can be neglected at 
lower pH and eq. (8) could be simplified as:

k' = —^ x  
Vm

D AH (9)

However, since the value of K ^H -1̂ ] " !  would become quite larger than 1 with 
increasing the pH of the mobile phase in the range of pH 5 to 7 for 1- 
naphthylacetic acid and benzoic acid. Eq. (8) could be changed into:

k’ = V, M h1 m c
Vm Ka

(10)

Indeed, it revealed that the k’ of 1-naphthylacetic acid and benzoic acid 
increased with the pH of mobile phase before pH 5 (coincide with eq (9)) and 
tended to decrease with the pH of mobile phase after pH 5 (coincide with eq.
(10)).

For the strong acid such as /Moluenesulfonic acid (Ka = 0,020), the value 
of Ka is large and in the whole investigated pH range of mobile phase 
Kap-T m]*1 is quite larger than 1. Therefore, eq. (8) could be simplified 
reasonably as eq. (10). Figure 3 also revealed that the k' of /Moluenesulfonic 
acid decreased rapidly with the pH of the mobile phase in the pH range 3 to 5 
and leveled off in the pH range 5 to 7.

Since D^|_j represented the distribution coefficient between the stationary 
phase and the mobile phase of undissociated organic acid, not being zero, 
implied that the additional factor(s) of undissociated organic acid in the 
stationary phase had contributed to the retention mechanism for this ZIXSP
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towards the separation of these acids. This factor(s) may be due to the n-n 
charge-transfer and the hydrophobic interactions between the acid and the 
phenyl and/or .s-triazine ring moiety of this stationary.

Z I X S P  B e h a v e s  a s  a  Z w i t t e r io n  E x c h a n g e r  in  t h e  S e p a r a t e  o f  A m in o  A c id s

In the pH range 3 to 7, the amino acids, phenylalanine, leucine, and 
alanine, were mostly in the form of zwitterions. Therefore, the COO" and 
HgN"1“ groups of amino acid would interact with the amino and sulfo- moieties 
of the stationary phase respectively. The force of the quadrupolar charge 
interaction12 among each of the three amino acids and this ZIXSP w as stronger 
than that of the dipolar charge interaction between the simple organic acid or 
organic base and this ZIXSP. This resulted in that the k' of these amino acids 
were apparently higher than that of the other five compounds as shown in 
Figure 3. The occurrence of a volcano at about pH 4 of the mobile phase for 
the k' of phenylalanine, leucine and alanine may result from the formation of 
this quadrupolar charge interaction occurred most efficiently at this pH range.

C O N C L U S I O N S

The present results indicate that a multifunctional ZIXSP containing a s- 
triazine derived aromatic moiety can be successfully prepared and used to 
separate various organic acids and bases. The chromatographic behaviour of 
the phases shows that the effective selectivity of this ZIXSP is due to the sulfo- 
(-SO3H) group for the cation-exchange ability, the amino group(s) for the 
anion-exchangs ability, the s-triazine as well as phenyl rings for the charge- 
transfer. and the organic moiety for the hydrophobic character.

A C K N O W L E D G E M E N T

Financial support from the National Science Council (Taiwan) is 
gratefully acknowledged.

R E F E R E N C E S

1. J. H. Knox. J. Jurand. J. of Chromatogr., 203, 85-92 (1981).

2. J. H. Knox, J. Jurand. J. of Chromatogr., 218. 341-354 (1981).



2996 CHOU AND YANG

3. L. W. Yu, T. R. Floyd, R. A. Hartwick, J. of Chromatogr. Sci.. 24, 177-182
(1986).

4 W. Funasaka. T. Hanai, T. Matsumoto, K. Fujimura, T. Ando, J 
Chromatogr., 88, 87 (1974).

5. L. M. Jahangir. L. Olsson, O. Samuelson, Talanta, 22. 973 (1975).

6. L. M. Jahangir. O. Samuelson, Anal. Chim. Acta., 100, 53 (1978).

7. P. J. Davis, R. J. Ruane, I. D. Wilson, Chromatographia, 37, 60 (1993).

8. M. H. Yang, K, C. Chang. J. Y. Lin, J. of Chromatogr. A. 722. 87-96
(1996).

9. M. H. Yang, C. E. Lin, J. K. Kan, Silicon Material Research Program
(Monograph Series. No. 1), National Science Council, Taiwan 75 (1986).

10. J. Y. Lin. M. H. Yang, J. of Chromatogr.. 644, 277-283 (1993).

11R .L .  Shriner, D. Y. Curtin, R. C. Fuson, T. C. Morrill. T h e  S y s t e m a t ic  

I d e n t i f i c a t io n  o f  O r g a n ic  C o m p o u n d s ,  2nd Ed. John Wiley & Sons, Inc., 
New York. 1980, p.202.

12. C. Horvath. W. Melander. I. Molnar, Anal. Chem. 49. 142-154 (1977).

13. P Jandera. J. Churacek, J. of Chromatogr., 91, 207-221 (1974).

14. Present address: Department of Medical Technology, Hualien 970,
Taiwan.

Recieved February 2, 1996 
Accepted March 7. 1996 
Manuscript 4116



J. LIQ. CHROM. & REL. TECHNOL., 19(17&18), 2997-3022 (1996)

H I G H  P E R F O R M A N C E  L I Q U I D  

C H R O M A T O G R A P H I C  E V A L U A T I O N  O F  A  

L O W - T E M P E R A T U R E  G L A S S Y  C A R B O N  
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A B S T R A C T

A low temperature glassy carbon (LTGC) stationary phase 
coated on porous glassy carbon and zirconium oxide is 
chromatographically evaluated and compared to an uncoated 
porous glassy carbon stationary phase. The curing temperature 
of the LTGC was chosen to produce a surface having a reversed 
phase type retention mechanism. The LTGC coating of the 
porous glassy carbon reduced retention due to dispersive 
interactions while maintaining a similar retention mechanism as 
the untreated porous glassy carbon phase. The LTGC-coated 
zirconia produced an efficient column with classical reversed- 
phase retention behavior.

I N T R O D U C T I O N

The most commonly-used stationary phases are based on bonded silanes 
or polvsiloxane polymers supported on silica gel surfaces. These materials are 
not typically suitable for separations performed at high or low pH.
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The search for more stable stationary phases as well as alternative 
nonpolar stationary phases and supports for chromatographic separations is 
continuous. A surface containing only carbon atoms is often considered the 
nonpolar surface of choice due to its uniform chemical nature. Kieselev and his 
associates initiated and established the use of graphitic materials, such as 
carbon blacks, as adsorbents in gas chromatography.1 Graphitic carbon black 
adsorbents are now used routinely for the separation of structural isomers of 
compounds by gas chromatography. These materials cannot be readily used in 
high performance liquid chromatography (HPLC) because of inadequate 
mechanical stability and surface area.

Glassy carbon was first prepared by Yamada and Sato in 1962 by high 
temperature pyrolysis of phenolic resins.2 Glassy carbon is macroscopically 
amorphous, but contains the regional microstructures of graphite. Glassy 
carbon is less dense than graphite, which implies structural voids. These voids 
are apparently not connected since, glassy carbon is impermeable to gases. 
Glassy carbon is particularly well suited as an adsorbent or stationary phase 
material for HPLC because of its high mechanical, excellent chemical stability 
and high surface area (150-200 m2/g).3

In 1982 Knox and Gilbert described the production and use of a glassy 
carbon adsorbent they call “porous glassy carbon” or “porous graphitic carbon” 
(PGC).4 This material is produced by coating suitable phenolic resins on the 
surface of porous silica gel particles, polymerizing the resin in the pores, 
pvrolyzing the resin in N2 (or Ar), dissolving the silica particle (template) and 
then heating the polymerized resin to 2000-2800°C to produce particles of 
“porous glassy carbon.” These particles are now commercially available as 
Hypercarb.

The retention mechanism and the selectivity of solutes on porous glassy' 
carbon in HPLC and SFC were studied by us5'9 and others.1013 Glassy carbon, 
like graphite, is a hydrophobic, highly-polarizable solid. In reversed phase 
HPLC, it can be classified as an adsorbant where the glassy carbon surface acts 
as a Lewis base toward polar solutes and is involved in n-n interactions and 
dispersive interactions with aromatic solutes. Porous glassy carbon (PGC) has 
the advantage of extreme pH stability. The highly ordered planar surface, on 
the molecular level, produces unique structural selectivity, with an amorphous 
macro structure that forms the porous particles necessary' for high surface area. 
The homogeneous surface has fewer chromatographic active sites and provides 
good chromatography for basic compounds.
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A method of producing glassy carbon at low temperatures (200-800°C) 
was recently reported.14,15 Poly-(phenylene diethynyl) compounds are first 
synthesized and then slowly heated to produce glassy carbon. The heat 
treatment of these oligomers results in small observable mass loss that allows 
the production of continuous low temperature glassy carbon (LTGC) films. 
Since poly-(phenylene diethynyl) oligomers are soluble in organic solvents, 
such as methyler.e chloride, standard coating procedures used to produce open 
tubular columns with polysiloxane stationary phases should be applicable for 
the production of open tubular columns with LTGC films.

Applications of LTGC-coated silica chromatographic stationary phases in 
HPLC and SFC were recently demonstrated.6"8,16 LTGC stationary phases have 
been produced with a range of retention mechanisms. If the LTGC is cured at 
low processing temperatures (i.e., 200°C), then its surface specificity is similar 
to bonded phenyl polysiloxane stationary phases.16 As the processing 
temperature is increased, then conjugation within the LTGC increases and the 
dipolarity / polarizability of a solute becomes more important. At processing 
temperatures near 550°C, the LTGC has chemical specificity and retention very 
similar to that of PGC. At higher processing temperatures the importance of 
analvte dipolarity / polarizability on retention seems to increase further than 
that possible with PGC,16 although this requires further study.

PGC has the disadvantage of being very retentive, and higher molecular 
weight solutes may not elute. Large molecule mobile phase additives, such as 
p-terphenyl, have been used to reduce retention and improve peak shapes.3,4 
The retentivity of LTGC increases with processing temperature. The retentivity 
of LTGC processed at 550°C is similar to that of PGC. At lower temperatures 
the retentivity is markedly decreased.

Because the LTGC can be produced at low temperatures (200-600°C), a 
variety of chromatographic support materials are possible. For example, silica, 
alumina, zirconia and PGC particles are all potential supports. To date, silica 
gel is the only LTGC support material studied. Zirconium oxide is stable over 
the entire (0 - 14) pH range and its use has been demonstrated in RP- 
HPLC.11,17'22 Zirconia offers significant advantages to silica gel and is a worthy 
choice to investigate. The hydrophobic surface of PGC should be an advantage 
when coating with LTGC monomers dissolved in hydrophobic solvents and 
should result in a more uniform coating than a polar support. This paper 
compares the chromatographic characteristics of PGC (produced by the Knox 
method). LTGC coated on zirconia particles, and LTGC coated on PGC 
particles.
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The final processing temperature of the LTGC in these studies was 400°C 
to supply retentivity and selectivity characteristics approximately in the middle 
of the range available for LTGC. The solvatochromic comparison method was 
used to evaluate the relative chromatographic selectivity of the three different 
column types studied.

M A T E R I A L S

R e a g e n t s  a n d  C h e m ic a ls

Table 1 lists the test solutes (Aldrich Chemical Co.) used in this study. 
The 60:40 water: acetonitrile mobile phase was prepared using purified water 
(Millipore. Milford MA) and HPLC grade acetonitrile (Fisher Scientific, 
Fairlawn, NJ).

The oligomer precursor was synthesized in-house according to the 
procedure previously reported.14 The 5 pm zirconia was obtained from 
Keystone Scientific (State College, PA) and 5.5 pm Hypercarb® were obtained 
from Shandon HPLC (Runcorn, UK). For each type of chromatographic 
support, 100 mg of particles were slurried in 2 mL of a 10 mg/mL solution of 
oligomer in methylene chloride for 5 minutes, then the sluriy was sonicated 
briefly (5 min.) under a vacuum. The coated particles were isolated by 
filtration without rinsing, and placed in the fluidized bed apparatus; argon flow 
was introduced and they were slowly heated at a rate of 1°C/ min over the 
temperature range of 50-400°C. The LTGC was cured at 400°C for 1 hr then 
cooled under argon to room temperature.

C o lu m n s

The particles were packed into 0.51 mm x 10 cm x 1/16" O.D. columns of 
Silcosteel tubing (Restek Corp., Bellefonte, PA, USA). A slurry of the PGC 
packing materials was prepared by sonicating the required amount of packing 
in 1.5 mL HPLC grade acetonitrile for approximately 30 minutes. The slurry 
was then transferred by syringe from the vial to a 4.6 mm id x 5 cm stainless 
steel reservoir connected directly to the head of the column. The reservoir 
connector was machined to form a funnel-like taper to the head of the column. 
The column was placed into a sonicator bath while the slurry was forced into 
the column at 4000 psi, using a syringe pump, for at least one hour. After one 
hour the column was allowed to depressurize to ambient before being removed.
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T a b le  1

S o lv a t o c h r o m ie  R e g r e s s io n  D a t a

Log Ret. Factor
Solute V/10024 it*24 ß24 a 24 PGC LTGC/ LTGC/

Zirconia PGC

1,3,5 trimethylbenzeneA 0.769 0.43 0.13 0 1.564 0.284 1.052
3 xylene 0.668 0.51 0.12 0 1.122 0.060 0.738
benzene 0.491 0.59 0.10 0 0.228 -0.458 0.022
biphenyl 0.920 1.18 0.20 0 2.094 0.610 1.668
bromobenzene 0.624 0.79 0.06 0 0.941 -0.019 0.616
butvlbenzeneA 0.883 0.49 0.12 0 1.596 0.503 1.150
chlorobenzene 0.581 0.71 0.07 0 0.777 -0.125 0.331
ethylbenzeneA 0.687 0.53 0.12 0 0.907 -0.010 0.564
iodobenzene 0.671 0.81 0.05 0 1.212 0.154 0.864
naphthalene 0.753 0.70 0.15 0 1.808 2.053 1.384
pentylbenzene 0.981 0.47 0.12 0 2.007 0.697 1.475
propylbenzene 0.785 0.51 0.12 0 1.252 0.218 0.865
toluene 0.592 0.55 0.11 0 0.658 -0.212 0.425
2 chloroaniline 0.652 0.83 0.40 0.25 0.636 -0.432 0.217
3 chlorophenol 0.626 0.77 0.23 0.69 0.613 -0.497 0.248
3 cresolA 0.634 0.68 0.34 0.58 0.305 -0.666 -0.050
3 phenyl 1 propanol 0.830 0.95 0.55 0.33 0.314 -0.760 -0.127
4 chlorophenol 0.626 0.72 0.23 0.67 0.599 -0.508 0.228
4 cresol 0.634 0.68 0.34 0.58 0.329 -0.666 -0.036
N ethylanilineA 0.758 0.82 0.47 0.17 0.849 -0.228 0.420
N methylaniline 0.660 0.73 0.47 0.12 0.471 -0.458 0.122
aniline 0.562 0.73 0.50 0.26 -0.125 -0.896 -0.144
benzanolA 0.634 0.98 0.52 0.39 -0.163 -1.028 -0.502
phenol 0.536 0.72 0.33 0.61 -0.132 -1.080 -0.416
N,N diethylantlineA 0.948 0.86 0.43 0 1.442 0.334 0.953
acetophenone 0.690 0.90 0.49 0.06 0.499 -0.550 0.210
amsole 0.630 0.73 0.32 0 0.546 -0.378 0.214
benzonitrile' 0.590 0.90 0.37 0 0.378 -0.586 0.005
butyroplirenoneA 0.886 0.85 0.49 0.06 1.295 -0.067 0.742
he\anophenoneA 1.092 0.83 0.49 0.06 2.161 0.461 1 46!
methylbenzoate 0.736 1.14 0.52 0 0.908 -0.299 0.453
nitrobenzene' 0.631 1.01 0.30 0 0.756 -0.038 0.375
phenotole 0.727 0.69 0.30 0 0.956 -0.154 0.539
propiophenoneA 0.788 0.87 0.49 0.06 0.966 -0.280 0.471
valerophenone 0.984 0.83 0.49 0.06 1.702 0.182 1.078
hexane 0.648 -0.04 0 0

A Solutes used in hexane mobile phase experiment.
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The zirconia packing was slurried with isopropanol to inhibit rapid 
settling of the denser particles, but otherwise handled the same. A 10 cm x
0.51 mm column should contain about 50 mg of the PGC packing and about 70 
mg of the zirconia coated packing.

Equipment

The chromatographic system consists of an LC-2600 syringe pump 
(ISCO, Inc., Lincoln NE, USA), W-series high pressure injection valve with 
200 nL loop (Valeo Instruments, Houston TX), and Spectroflow 757 UV 
detector (Kratos Analytical Inst., Ramsey, NJ, USA) operated at 210 nm. The 
detector cell was prepared from 100 pm id fused silica with the polyimide 
coating removed.

The column temperature was maintained at 50°C with an HP 5890 GC 
oven (Hewlett-Packard. Avendale, PA, USA). The chromatographic data were 
collected with EZchrom Chromatography Data System V6.0 (Scientific 
Software, Inc.. San Ramon, CA, USA) and analyzed by Peak Fit (Jandel 
Scientific. San Rafael, CA, USA).

RESULTS AND DISCUSSION

Loading Linearity

To achieve optimum efficiency in elution chromatography, the linear 
portion of an isotherm should be used. The variation of the retention factor (or 
capacity factor, k) with amount of solute injected was studied. Test solutes for 
the loading study were chosen for their different chromatographic properties.

The solute concentration ranges were chosen so that 0.08-1.64 pg was 
injected; the ethylbenzene concentration was slightly less due to solubility 
limits. The same volume (200 pL) of each sample solution was injected.

Figure 1 contains plots of the retention factor (k) versus the amount of 
solute injected. The tested amounts all gave constant retention factors and the 
subsequent chromatographic tests were performed by injecting approximately
0.2 pg of solute, well within the established linear loading range.
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Am ount Injected (micrograms)
Solutes: ▲  ethylbenzene, ■  nitrobenzene, • benzanol.

Figure 1. Loadability of stationary phases; A- PGC, B- LTGC-coated zirconia, C- 
LTGC-coated PGC. Solutes: ▲  ethylbenzene, ■  nitrobenzene, •  benzanol. Error bars 
are within tire symbols if not visible.

Solvatochromie Comparisons Method

Many chromatographic processes have been investigated via the 
solvatochromie comparison method.'7’23’28 With this method (equation 1) a 
linear free energy model is used as a general equation to relate solute retention 
factors, log k. to the molecular level interactions occurring in solution and at
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the stationary phase.“4

log k = SPo + M(§- "8ŝHX) + S<-7r*"7t™->7r2 (1)

+ A(P5"Pm) a 2 + B(as- a m)P2

The solute properties (subscripted 2) are multiplied by the difference in the 
complementary properties of the competing mobile and stationary phases, 
subscripted m and s, respectively. The first term, SP0, is the intercept. The 
second term is a measure of the free energy needed to create space in the 
solvent for a solute molecule, where 5, the Hildebrand solubility' parameter, 
measures the solvent’s cohesiveness.29 To a first approximation, V, the van 
der Waals molar volume of the solute is proportional to the solute’s dispersive 
interactions with the stationary phase. The molar volume is divided by 100 so 
the values are of the same magnitude as the other parameters. The last three 
terms are Kamlet-Taft terms, a  and p are measures of H-bond donor ability, H- 
bond acceptor ability, and n* measures dipolarity / polarizability.30"32 The 
coefficients of equation 1 (SP0, M, S, A. B) are unknown, but can be 
determined by multifactor regression analysis.

In the studies described herein, the retention factors of the test solutes are 
measured for each stationary phase while the mobile phase conditions are held 
constant. Under these conditions, equation 1 simplifies to Equation 2.

log k = SPo + m7~ + sti2 + aa2 + bp2
100 (2)

The new coefficients, m, s, a and b, contain the information relating to the 
chemical nature of the mobile and stationary phases and also the original model 
coefficients. The sign of the coefficient represents whether the solute property' 
is an exoergic or endoergic factor in the retention process.

The regression of the log k for the same solute set on various stationary 
phases under the same chromatographic conditions will give model coefficients 
that differ because of the stationary phase properties. Therefore a comparison 
of these coefficients shows the differences in the retention processes of the 
stationary phases under the mobile phase conditions and should give insight 
into the chemical nature of the stationary phase. The integrity of the data were 
determined using established guidelines for multivariable linear regression 
analyses.33 A cross correlation of the independent parameters produces a 
maximum correlation coefficient of 0.598
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F ig u re  2. Solvatochromie regression plots of the solutes observed vs calculated log 
(retention factor) for the stationary phases; A- PGC, B- LTGC-coated zirconia, C- 
LTGC-coated PGC. The outliers phenyl propanol and naphthalene are not included in 
the regression but are designated P and N.

for p and 7t* indicating that no significant correlative relationships exist 
between the independent variables. The F-test at the 95% confidence level was 
used to indicate whether the relationships in model equation was statistically 
significant. All models described here passed the F-test. The t-statistic of the 
coefficient was evaluated at the 95% confidence level to test for statistical 
significance.
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The multivariable regression analysis was initially performed with all the 
independent variables. The significance of each independent parameter was 
evaluated at the 95% confidence level; those not meeting the requirements were 
omitted from the model.34 The same data were also analyzed via the stepwise 
backward multiple regression analysis where one independent parameter was 
added to the model equation at a time in the order of most significant. Those 
independent parameters not improving the precision of the fitted equation were 
removed. The model equations from both regression methods for a given 
column and data set were the same.

The data used for the regression analysis are listed in Table 1. The 
chosen solute set consists of a range of solvatochromic parameter values to 
determine the significance of the corresponding interactions. Figure 2 
illustrates the ability of the model to predict the retention factors for each 
column. Naphthalene and 3-phenyl-1-propanol are significant outliers in the 
LTGC-coated zirconia data (Figure 2B). These solutes are also outliers in the 
other data sets and are shown on all plots. These data were excluded from all 
regression analyses to maintain consistency between data sets. The omission 
of naphthalene and 3-phenyl-1-propanol improved the precision of the model 
equations in all cases. The retention models evaluate thermodynamic 
interactions of the solute with no consideration given to the shape of the 
molecule or its orientation to the stationary phase. The shape selectivity of 
chromatographic adsorbant stationary phases13 is the most likely cause for the 
outliers.

Table 2 lists the summary of the regression results for the present study. 
Figure 3A is a plot of the table data comparing the coefficient values. The 
statistics show an excellent fit of the data using the solvatochromic model. 
Equation 2.

The results show that dispersive interactions, i.e.. the m coefficient that 
scales with solute size, is the most important parameter in solute retention on 
all three supports. In all cases, the sign of the m coefficient is positive which 
shows as solute size increases so does its retention. A solute’s ability to accept 
a hydrogen bond (b coefficient) was the next most important variable. In all 
cases the sign of the b coefficient was negative which indicates decreased 
retention with increasing H-bond accepting ability of the solutes. The .? 
coefficient (dipolarity / polarizability) and the a coefficients (hydrogen bond 
donating ability) were of lesser importance but still affected solute retention on 
PGC and LTGC-PGC to approximately the same magnitude, but with opposite 
effects Increasing n* causes increased retention and increasing solute 
hydrogen bond donor ability1, a , decreased retention. Interestingly, for the 
LTGC-coated zirconia the 5 coefficient (dipolarity / polarizability) was not
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Model Coefficient
•  PGC, ■  LTGC-coated PGC, A  LTGC-coated zirconia.

Figure 3. Comparison of the coefficient values from the solvatocliromic regression 
using the aqueous mobile phase. •  PGC, ■ LTGC-coated zirconia, ▲ LTGC-coated 
PGC.
Solute groupings: A- all solutes, B- hydrogen bonding solutes. Error bars are within 
the symbols if not visible.
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Solvatochromie Model Coefficients using Water/Acetonitrile Mobile Phase
with all Solutes

Table 2

Constant m s b a Statistics
Column (s)a (s) (S) (>) (s) Nb R2c Fd

PGC -1.68
(0.17)

3.88
(0.18)

0.44
(0.16)

-1.67
(0.19)

-0.30
(0.12)

33 0.957 157

LTGC-
coated

zirconia

-1.49
(0.08)

2.48
(0.11)

e -1.40
(0.09)

-0.48
(0.07)

33 0.972 332

LTGC-
coated

-1.62
(0.14)

3.26
(0.16)

0.45
(0.14)

-1.75
(0.16)

-0.32
(0.10)

33 .0960 166

PGC

a Standard Deviation. b Number of solutes. c Square of multiple correlation 
coefficient. d Calculated F value, all are statistically significant at the 95% 
confidence level. e not significantly correlated.

statistically significant; while the a coefficient (hydrogen bond donating ability 
of the solute) was even more significant than observed with PGC or LTGC- 
coated PGC.

The individual regression coefficients for PGC were compare to those 
from the LTGC-coated supports and tested for equality using the t-test at the 
95% confidence level.35 The m coefficients (dispersive interactions) were 
statistically different for all three supports and decreased in the order of PGC> 
LTGC-coated PGC > LTGC-coated /ireonia. In general, the retentivity of the 
LTGC phases are less than that of the PGC mainly through a decrease in 
dispersive interactions; however, the s values determined for the PGC and the 
LTGC-coated PGC phases are statistically the same. These results suggest the 
LTGC coating does not diminish the dipolar / polarizability solute interactions 
with the PGC support. Statistically the s coefficient is 0 for the LTGC-coated 
zirconia which indicates the lack of solute dipolarity / polarizability 
interactions of the LTGC coating. The uncoated zirconia was found to have 
negligible retention of these solutes in an aqueous 10% acetonitrile mobile 
phase and would be expected to have no solute dipolar / polarizability 
interactions under the current conditions.35
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T a b le  3

S o lv a t o c h r o m ie  R e g r e s s io n  C o e f f ic i e n t s  u s in g  W a t e r /A c e t o n i t r i l e  M o b i le  

P h a s e  w i t h  N o n p o la r  S o lu te s

C o n s t a n t m s b a S t a t i s t i c s
C o lu m n ( s ) a (s ) (s ) ( s ) («) N b R 2c F d

PGC -1 .6 2 3 .4 3 0 .5 1 e e 12 0 .9 6 9 141
( 0 .1 8 ) ( 0 .2 1 ) ( 0 .1 5 )

LTGC- -1 .5 8 2 .4 4 0 .1 6 -1 .2 2 e 12 0 .9 8 3 1 5 0
coated ( 0 .0 9 0 ) ( 0 .1 4 ) ( 0 .0 8 ) ( 0 .5 2 )

zirconia

LTGC- -1 .6 3 2 2 .9 8 0 .4 7 e e 12 0 .9 5 4 93
coated (0.19) (0.23) (0.16)
PGC

a Standard Deviation. b Number of solutes. c Square of multiple correlation 
coefficient. d Calculated F value, all are statistically significant at the 95% 
confidence level. e not significantly correlated

These data suggest that the LTGC coating (processed to 4000C) itself 
doesn’t enhance or participate in 7t* interactions. The a and b coefficients were 
statistically the same for all three supports.

A previous study of Cu bonded phase RP-HPLC revealed that solute size 
is the major factor in retention followed by its hydrogen bond acceptor ability 
with a minor dependence upon solute dipolarity / polarizability.23 The same 
observations can be made here with the addition of a minor dependence upon 
the solute’s hydrogen bond donor ability, especially in the case of the zirconium 
coated LTGC.

The data were also analyzed by solute class to highlight the differences in 
specific stationary phase interactions. The solutes were divided into the classes 
of nonpolar, hydrogen bond donors and hydrogen bond acceptors. The 
nonpolar compounds contain only aromatic solutes with aliphatic or halogen 
groups, and the results are presented in Table 3. The hydrogen bond donor 
solutes all contain donable protons and some have hydrogen bond acceptor sites 
as well. The hydrogen bond acceptor solutes had no donable protons. The 
hydrogen bond donor and acceptor solute data were combined and correlated
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Solvatochromie Model Coefficients using W ater/Acetonitrile Mobile Phase
HBD and HBA Solutes

Table 4

Constant m s b a Statistics
Column (s)a (s) (s) (s) (s) Nb R2c Fd

GPC -1.22
(0.22)

3.98
(0.24)

e -1.99
(0.37)

-0.46
(0.14)

21 0.956 125

LTGC-
coated

zirconia

-1.41
(0.15)

2.52
(0.17)

e -1.62
(0.26)

-0.53
(0.10)

21 0.954 121

LTGC-
coated

-1.15
(0.19)

3.26
(0.20)

e -1.91
(0.32)

-0.47
(0.12)

21 0.954 119

PGC

a Standard Deviation. b Number of solutes. c Square of multiple correlation 
coefficient. d Calculated F value, all are statistically significant at the 95% 
confidence level. e not significantly correlated.

because separate analysis were yielding strong correlations with weak data set 
parameters, i.e. those with small ranges. The combined data set yields more 
conclusive information the statistical results are presented in Table 4 A 
comparison of the coefficient values determined for the hydrogen bond forming 
and nonpolar solutes are plotted in Figures 3B and 4A.

Only those observations which are unique to the solute classes are 
discussed. The retention of the nonpolar solutes on the LTGC-coated zirconia is 
strongly dependent upon solute dipolarity / polarizability interactions with the 
stationary phase. There is a strong stationary phase hydrogen bond donor 
interaction with the nonpolar solutes. The negative value of b indicates a 
decrease in retention and therefore a repulsive effect on the nonpolar solutes. 
The standard error is large, however the large b indicates a strong interaction. 
The hydrogen bonding solute retentions have no correlation with dipolarity / 
polarizability interactions with any stationary phase, which is surprising since 
the 7 i *  values for the solute set cover a good range.
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M odel Coefficient

Figure 4. Comparison of the coefficient values from the solvatochromie regression of 
the stationary phases; •  PGC, ■  LTGC-coated zirconia, ▲  LTGC-coated PGC. Using: 
A- the nonpolar solutes with aqueous mobile phase, B- selected solutes with hexane 

mobile phase. Error bars are within the symbols if not visible.
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The solvatochromic analysis of the entire and individual solute sets 
indicate the LTGC-coated PGC phase has the same retention mechanisms as 
the PGC phase with the exception of less dependence on solute dispersive 
interactions. Comparison of the PGC and the LTGC-coated PGC reveal no 
significant active site interactions are caused by the LTGC coating under the 
test conditions. The LTGC-coated zirconia results suggest much weaker 
dipolar / polarizable interactions with the nonpolar solutes which was not 
apparent in the analysis of the entire solute data set. Evidence of stationary 
phase hydrogen bond donor interactions with nonpolar solutes indicate 
stationary phase active sites capable of donating a hydrogen bond. It can be 
concluded that the strong dependence on solute p with LTGC-coated zirconia 
must be due to the presence of the zirconia.

Hexane Mobile Phase

The Hildebrand solubility parameter, 8, for hexane is very small relative 
to the aqueous acetonitrile mobile phase used earlier.37 Unlike the aqueous 
mobile phase, hexane has a very large dispersive interaction with the solutes 
and a dispersive shielding effect on the stationary phase. The solvatochromic 
parameters for hexane. Table 1, indicate the absence of any hydrogen bonding 
ability7. The negative n* value shows there are slight repulsive dipolarity / 
polarizability interactions on the solute molecules. Chromatographic probing 
using a hexane mobile phase should enhance solute hydrogen bond interactions 
with the stationary phase.

The columns were flushed over night with acetonitrile at a column 
temperature of 80°C and then allowed to equilibrate with hexane for several 
hours. Both solvents were dried with a molecular sieve for at least three days. 
The column temperature was reduced to 50°C for the experiment. Each 
column was evaluated with a set of 13 solutes representative of those listed in 
Table 1 using hexane as the mobile phase.

The multiple correlation parameters were all 0.94 or greater which is a 
good fit for such a small diverse data set, Figure 5. Table 5 and Figure 4B lists 
the coefficients of the regression for comparison.

Only PGC retains a dependence upon dispersive interactions in the 
hexane mobile phase agreeing with the strong dispersive interactions observed 
in the reversed-phase system.
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log (retention factor)

Figure 5. Solvatochromie regression plots using hexane mobile phase. A- PGC, B- 
LTGC-coated zirconia, C- LTGC-coated PGC.

The retention on LTGC-coated zirconia in hexane is strongly dependent 
upon the solute dipolarity / polarizability, hydrogen bond acceptor, and 
hydrogen bond donor interactions. Both PGC and LTGC-coated PGC had 
positive s and a coefficients, and b was statistically 0. The absence of solute 
hydrogen bond acceptor interactions (i.e., b = 0) with the PGC and LTGC- 
coated PGC stationary phases indicates there was no adsorbed water on the 
stationary phases.
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Table 5

Solvatochromie Model Coefficients using Hexane Mobile Phase

Constant m s b a Statistics
Column (s)a (s) (s) (s) (s) Nb R2c Fd

PGC -2.35 1.02 1.12 e 2.11 13 0.896 26
(0.33) (0.33) (0.28) (0.31)

LTGC- -5.62 e 4.47 3.51 4.54 13 0.964 81
coated (0.53) (1.07) (1.30) (0.68)

zirconia

LTGC- -2.89 e 2.91 e 3.24 13 0.881 37
coated (0.42) (0.54) (0.57)
PGC

a Standard Deviation. b Number of solutes. 0 Square of multiple correlation 
coefficient. d Calculated F value, all are statistically significant at the 95% 
confidence level. e not significantly correlated.

High s values for all stationary phases can be attributed to the absence of 
dipolarity / polarizability competition with the mobile phase. However, the 
ordering of the s values (LTGC-coated zirconia > LTGC-coated PGC > PGC) is 
not readily explained, as it is contrary to the aqueous mobile phase results.

The stationary phase hydrogen bond acceptor strength is greatest for the 
LTGC-coated zirconia and least for the PGC. The oxide sites of the glass}' 
carbon edge planes could cause these hydrogen bond acceptor interactions with 
the solutes. Greater solute hydrogen bond acceptor interaction with the LTGC- 
coated PGC may indicate more oxide formation during the polymer curing. The 
LTGC-coated zirconia has both strong hydrogen bond donor and hydrogen 
bond acceptor interactions with the solutes. This observation agrees with the 
nonpolar solutes - aqueous mobile phase observations. The stationary phase 
hydrogen bond donor interactions are therefore most likely due to the zirconia. 
The increased hydrogen bond acceptor interactions could also be from the 
zirconia. The presence of surface oxides on the zirconia is a known cause of 
chromatographic active sites.21 Surface oxides in normal phase HPLC can 
cause polarization of large solutes.38 This type of solute interaction should 
manifest as an increase in the s coefficient as was observed here.
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This data is useful for discerning the surface of the stationary phases, 
however it is important to note that the “hexane mobile phase active sites” 
would most likely have little effect upon the reversed-phase retention 
mechanism.

E f f i c i e n c y

The chromatographic efficiency of each column was determined by 
measuring the reduced plate height (h) for three chromatographicalty different 
test solutes, used previously in the loading study, over a range of mobile phase 
flow rates. Figures 6A through 6C show the results of this efficiency study.

The efficiency behavior between the columns varied. Both the LTGC- 
coated columns have much shallower slopes contrasted to the PGC column 
indicating faster mass transfer kinetics. The LTGC-coated zirconia column has 
the highest efficiency and a different ordering of the solute curves versus the 
other columns. That is, nitrobenzene yields the lowest efficiency curves with 
both the PGC and the LTGC-coated PGC phases, but ethylbenzene is the least 
efficient curve of the LTGC-coated zirconia plots. This switch in order of 
efficiency may be due to different retention mechanisms between the columns; 
however the order of analyte retention was the same for all three columns.

Scanning electron microscopy (SEM) was performed on the packing 
materials to further compare the packing materials. The range in particle 
diameters (2-8 pm) was substantial for PGC particles. The LTGC-coated PGC 
particles had the same size distribution as the PGC. Because the range of 
particle dimensions was so large for the PGC, the film thickness of the LTGC 
was not disccrnable. However, the uncoated particles had markedly smoother 
topology which indicated that the PGC particles were clearly coated with 
LTGC. Micrographs of both the PGC and the LTGC-coated PGC particles 
unexpectedly showed several broken shells of hollowed out spheres. The 
broken shells and the deeper pore structure of the LTGC-coated PGC would 
contribute to the lower column efficiency observed. The LTGC-coated zirconia 
also appeared smooth with a more uniform particle size distribution.

H o m o lo g  vs L o g  R e t e n t io n  F a c t o r

The linear dependence of log k versus homolog carbon number, i.e., the 
number of repeating methylene units, is conventionally used to demonstrate 
reversed-phase retention behavior.39 The first few homologs have been show'n 
to deviate from linearity especially on adsorbant phases.40
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Linear Velocity (cm/s)
▲  ethylbenzene, ■  nitrobenzene, and •  benzanol.

F ig u r e  6. Reduced plate height vs linear velocity for ▲  ethylbenzene, ■  nitrobenzene, 
and •  benzanol A- PGC, B- LTGC-coated zirconia, C- LTGC-coated PGC. Error 
bars are within the symbols if not visible.

Alkylbenzene and alkylphenone homologs were used in this study because 
they were previously used to characterize the selectivity' on a carbon-clad 
zirconia support.'1"
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0 1 2 3 4 5 6

Homolog Carbon Num ber
■  alkylphenones, and •  alkylbenzeneis.

Figure 7. Log (retention factor) vs homolog carbon number for ■ alkylphenones, and 
•  alkylbenzenes. A- PGC, B- LTGC-coated zirconia, C- LTGC-coated PGC. Error 
bars are within the symbols if not visible.
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T a b le  6

A lk y lb e n z e n e  A lk y lp h e n o n e

S t a t io n a r y  P h a s e S lo p e I n t e r c e p t S lo p e I n t e r c e p t

(s) (s) (s) (s)

PGC 0.34 0.25 0.41 0.11
(0.011) (0.03) (0.012) (0.042)

LTGC-coated 0.28 0.06 0.31 -0.15
PGC (0.01) (0.04) (0.01) (0.05)

LTGC-coated 0.23 -0.46 0.25 -0.80
zirconia (0.01) (0.02) (0.01) (0.02)

Figure 7A is a plot of the log (retention factor) for the alkylphenone and 
alkylbenzene homologs versus carbon number on the PGC column. The plot 
shows a crossover at carbon number 2 where the alkylphenones are more 
retained at carbon numbers greater than 2. The intercepts for both lines are 
positive as listed in Table 6.

Figure 7B is the homolog linearity plot of the LTGC-coated zirconia. The 
regression lines are almost parallel as indicated by the slopes demonstrating 
consistent selectivity throughout the tested range of carbon numbers. Both 
intercepts are negative with the alkylphenone being less retained.

The homolog plot of the LTGC-coated PGC stationary phase (Figure 1C) 
shows a crossover at 5 carbon numbers with the alkylbenzenes being more 
retained throughout the range 0 to 5 carbon numbers.

The intercepts confirm previous observations on retentivity with PGC 
being the most retentive and LTGC-coated zirconia being the least retentive. 
The differences in the slope between the three columns is very interesting.

The slope of the lines for the alkylphenones homolog was greater than 
that of the alkylbenzenes for all three columns. The difference in slope values 
between the alkylbenzene and the alkyl phenones decreased in the order of 
PGC> LTGC-coated PGC> LTGC-coated zirconia.

With conventional chemical-bonded reversed-phase supports, the 
alkylphenone homologs are retained less than the alkylbenzenes and the 
selectivity for a methylene group (slope) in the alkylbenzene and alkylphenones
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is very similar. The selectivity of the LTGC-coated zirconia is very similar to 
that of conventional reversed phase supports. Marked differences between the 
slopes of alkybenzene and alkvlphenone homologs were previously observed by 
Carr and coworkers” ' for a carbon-cladded surface. When a polybutadiene film 
was coated over the carbon-claded surface or the surface was exposed to 
hydrogen, the differences in the slopes decreased substantially. The cause of 
the different slopes was then attributed to active sites on the carbon cladded 
surface that were removed by exposure to hydrogen or covered with the 
polvbutadiene. It stands to reason that active sites also cause the biggest 
difference in slopes with PGC and the LTGC coating diminished the problem.

The presence of active sites that polar compounds adhere to would also 
explain the difference in observed efficiency between the LTGC-coated 
zirconia and the LTGC-coated PGC or PGC. For purposes of comparison, the 
efficiency was also markedly lower for the alkylphenone homologs than the 
alkylbenzene homologs on PGC or LTGC-coated PGC; while the efficiency was 
approximately the same for the two homologous series on the LTGC-coated 
zirconia.

S U M M A R Y

The LTGC-coated PGC had less reverse phase retentivitv than the 
uncoated PGC through decreased solute-stationary phase dispersive 
interactions. The both LTGC-coated phases had faster mass transfer kinetics 
than the PGC. The LTGC-coated zirconia had the lowest reversed phase 
retentivitv and the highest efficiency column with good mass transfer, 
characteristic of its pellicular-like structure. The selectivity of the LTGC- 
coated zirconia was most like conventional reversed phase HPLC.

The LTGC-coated phase on either support provides advantages over the 
PGC phase and the choice support would depend upon the specific application. 
Further improvements in the chromatographic behavior and utility of the 
LTGC stationary phases can be accomplished through studies in the type and 
size of support, the coating amount, coating process, the curing temperature, 
and the chromatographic retention mechanism.
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LIQUID CHROMATOGRAPHIC STUDIES OF 
MEMORY EFFECTS OF SILICA IMMOBILIZED 
BOVINE SERUM ALBUMIN: I. INFLUENCE OF 

METHANOL ON SOLUTE RETENTION
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A B ST R A C T

Silica immobilized bovine serum albumin (BSA) has been 
synthesized and studied chromatographically using D.L-trypfophan 
and L-Kynurenine. Site specific and background interactions have 
been measured as a function of temperature and treatment with 
methanol. The results indicate that solvent entrapment in the interior 
hydrophobic region of the protein may lead to small changes in 
conformation and/or dynamics which influence the site specific 
binding of the protein and hence changes in chromatographic 
retention. The entrapped solvents appear to be thermodynamically 
and kinetically stable such that their influence on the protein persists 
at elevated temperatures and over hundreds of column volumes of 
aqueous buffer eluent.
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INTRODUCTION

Although bovine serum albumin (BSA) is a very stable protein which is held 
together by 17 disulfide bridges, its tertiary structure is relatively dynamic and can 
undergo rapid changes between one of five conformational states as a function of 
pH.1 The indigenous binding of BSA as a function of tertiary structure has been the 
subject of numerous investigations and has been reviewed extensively.1,2

The first reported work discussing the enantiomeric selectivity of BSA for D- 
and L-tryptophan was in 1958.3 The ability of the protein to selectively bind the L- 
isomer over the D-isomer has been attributed to both charge interactions and 
hydrophobic interactions which occur near tyrosine-411 in domain III.4 This same 
site will bind related degradation products such as L-kynurenine and other 
structurally similar compounds like L-thyroxin.

The application of immobilized bovine serum albumin as a chromatographic 
packing has been demonstrated often. In most cases, separations have been carried 
out using aqueous buffer eluents in order to take advantage of the protein's 
indigenous binding. Allenmark and co-workers were the first to resolve the 
enantiomers of N-aroylamino acids on a silica immobilized BSA support.5 
Subsequently, these same investigators,6'13 as well as others,14'22 have separated 
various chiral compounds using either chemically or physically immobilized BSA or 
fragments of the protein.

Although the emphasis of most liquid chromatographic studies have been 
application oriented, mechanistic questions also have been considered. The 
chromatographic characteristics of immobilized BSA supports have been studied as 
a function of pH and ionic strength of the mobile phase as well as when small 
amounts of organic and amphophilic modifiers are added to the mobile phase. Very 
subtle modifications in the eluent conditions often lead to dramatic changes in 
chromatographic properties of the support.

Because of this, reproducible separations are difficult to obtain between 
laboratories and suggested models to explain solute-solvent-protein-surface 
interactions often are marred by inconsistencies. For example. Aubel and Rogers15 
have noted that pretreatment of the BSA-surface with simple aliphatic alcohols, 
tetrahydrofuran, or acetonitrile increases solute retention and enhances enantiomeric 
resolution for racermc mixtures of N-benzoyl-D,L-valine and of N-benzoyl-D.L- 
phenylalanine. They have attributed this behavior to two possible mechanisms, the 
removal of impurities from the bound protein or conformational changes in the 
protein's tertiary structure.
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The first mechanism was suggested as the favored and major contributor. 
Whereas, Allenmark and co-workers have reported opposite findings10 to those of 
Aubel and Rogers.15 However, in this latter investigation, the experimental results 
appear to be flawed because the control protein column, which was supposedly not 
treated with organic modifier, was actually exposed to hexane which contained 
small amounts (i.e., 1-6%) of 2-propanol as a modifier and then rinsed with acetone 
prior to use.

The literature contains other examples of differing opinions or inconsistencies 
in experimental observations and theoretical interpretations about immobilized 
bovine serum albumin as well as other immobilized proteins. Much of the confusion 
can be attributed to gross over simplifications of very complex problems in protein 
chemistry/dynamics and solution equilibria when immobilized proteins are used as 
chromatographic packings.

Differences in the: 1) chemistry used for immobilization, 2) matrix material, 
3) amount of bound protein, 3) packing and preconditioning procedures, 4) binding 
sites, and 5) eluent conditions are often minimized, not recognized, or ignored. 
Thus, the need for more controlled and systematic studies, which address 
fundamental mechanistic questions about solute-solvent-protein-surface interactions, 
is clearly evident.

In a previous investigation,22 the influence of temperature and pH on the native 
binding of silica immobilized BSA was studied using D- and L-tryptophan as probe 
solutes. Because the protein has a binding site for the L-isomer and not the D- 
isomer, it was possible to measure simultaneously both the background and site 
specific binding.

In the case of D-tryptophan, plots of the natural logarithm of the 
chromatographic capacity factor vs reciprocal temperature in K were linear as 
expected. However, similar plots for L-tryptophan were curved with a maximum in 
binding (i.e., largest k') at 20-22 °C. This behavior, which is not explainable by a 
simple retention mechanism, was attributed to a possible phenomenological change 
in the bound protein.

In an effort to help clarify and to extend the above observations/2 the current 
study was undertaken. The thermal dependencies of the binding of L-tryptophan as 
well as its oxidative degradation product L-kynurenine have been used to investigate 
solvent memory effects of silica immobilized BSA first exposed to the packing 
solvents, 2-propanol/methanol, and later to binary mixtures of phosphate buffer and 
methanol.
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EXPERIMENTAL

Materials

The 3-aminopropyltriethoxysilane was from Huis America (Piscataway, NJ, 
USA), the LiChrospher SI-300 silica from EM Separations (Gibbstown, NJ, USA) 
and the 25% solution of glutaric dialdehyde from the Aldrich Chemical Company 
(Milwaukee, Wl. USA). Sodium cyanoborohydride, D- and L-tryptophan, 
potassium chloride, and dibasic sodium phosphate were purchased from the Sigma 
Chemical Company (St. Louis, MO. USA). L-kynurenine was obtained from ICN 
Biochemicals (Cleveland. OH, USA). The solvents were either HPLC grade 
(methanol and 2-propanol) or reagent grade (toluene and 85% phosphoric acid) and 
were purchased from Fisher Scientific (Pittsburgh, PA. USA). The deionized water 
was prepared in-house using a Millipore (El Paso, TX, USA) MilliQ reagent water 
system.

Synthesis

Five grams of silica were mixed with deionized water, the water removed, and 
the material dried for 12 hr at 110 °C. The silica and 200 mL of water-saturated 
toluene were placed in a specially designed reaction flask equipped a sintered glass 
filter and bubbling ports, and the contents were stirred for 3 hr using a stream of dry 
nitrogen. Subsequently, 100 mL of the toluene were removed, 20 mL of 3- 
aminopropyltriethoxysilane added and the mixture was refluxed overnight. The 
toluene was drawn off via suction, the modified silica was washed four times by 
refluxing it with 100 mL portions of water-saturated toluene for 1 hr, and then dried 
under nitrogen.

The BSA was immobilized to the above derivatized aminopropyl-silica as 
follows.2' 01 A 5% solution of glutaric dialdehyde (115 mL), which was buffered to 
pH 7.0 with 50 mM Na2HP04, and 2.3 g of NaCNBH3 were added to a 300 mL 
reaction flask and the contents stirred with nitrogen until the borohydride had 
dissolved completely. The aminopropyl-silica (4.5 g) was added slowly and the 
walls of the reaction vessel were rinsed with 115 mL of pH 7.0 phosphate buffer. 
The reaction was carried out for 3 hr while stirring with a stream of dry nitrogen. 
The silica was allowed to settle and the supernatant removed via suction.

The resulting activated support was washed with ten 100 mL portions of 
deionized water, dried with a stream of nitrogen, and 3.2 g of it and 72 mL of 
phosphate buffer were added to a 250 mL round bottom flask The contents of the 
flask were gently stirred while adding 90 mg of NaCNBH3. Subsequently. 60 mL of
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a pH 7.0 buffered solution of BSA (4.0 mg/mL) were added in drop-wise fashion 
using a separatory funnel. The funnel was rinsed with 11 mL of buffer and another 
90 mg of NaCNBH3 were added direcdy to the reaction flask while stirring tire 
mixture. The protein coupling reaction was allowed to proceed for 20 hr at room 
temperature. The BSA modified silica was transferred to a 50 mL conical tube, 
centrifuged at 500 G, and the supernatant was decanted off and saved for later 
analysis. The resulting silica was washed with 80 mL of 0.2 M KC1 buffered to pH
7.0 with 50 mM Na^HPCfi followed by 120 mL of deionized water. The washing 
supernatants were combined with the initial protein reaction supernatant and the UV 
absorbance measured at 279 nm.

An initial estimate of the amount of BSA coupled to the surface was 
determined by comparing the absorbance of the original reaction solution with the 
final collection of supernatants. A value of 52 mg of protein/g of silica was 
obtained. Inter, more quantitative procedures, microelemental analyses of carbon, 
nitrogen and sulfur, (Huffman Laboratories), were performed on the immobilized 
support. These measurements indicated a coverage of 59 mg of the bound protein/g 
of silica.

Column Packing

The 2.1 mm i d. x 150 mm stainless steel column was slurry packed in upward 
fashion by the following procedure. Approximately 0.5 g of the BSA modified silica 
was added gradually to 30 mL of 2-propanol which was contained in a dynamic 
packing apparatus. The apparatus was sealed, pressurized to 6000 psi using a 
Haskel (Burbank, CA, USA) model DST-52 pump and methanol as the carrier 
solvent.

Equipment

The liquid chromatographic system consisted of a Spectra-Physics (San Jose, 
CA, USA) model SP8810 precision isocratic pump, model Focus UV detector, and 
model Chromjet integrator. Samples were injected using a Rheodyne (Berkeley, 
CA. USA) model 7125 valve with a 20 pi loop.

The column temperature was controlled by placing it in a Fisher Scientific 
(Pittsburgh, PA, USA) model Isotemp 9500 refrigerated circulator bath and the flow 
rate was monitored with a Phase Separation, LTD (Queensberry, Clwyd. UK) model 
FLOSOA1 flow meter connected to the detector outlet.
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Liquid Chromatographic Measurements

The solute (D-tryptophan, L-tryptophan and L-kynurenine) solutions were 
made fresh daily at a concentration of 0.001 mg/mL in deionized water. The buffer 
which was used both by itself as a mobile phase and in combination with methanol 
(i.e.„ 2. 4, & 6% alcohol/butfer V/V) as mobile phases were prepared by adjusting 
the pH of a 50 mM solution of Na2HP04 to 7.4 using phosphoric acid. Immediately 
following packing, the column was conditioned overnight with the pH 7.4 buffer at a 
flow rate of 0.5 ntL/min. Further conditioning was carried out at each temperature 
studied to allow the column to attain thermal equilibrium. Usually this corresponded 
to at least 30 minutes or longer. After conditioning, tire retention times for the three 
solutes were measured from approximately 0.5 °C to 35 °C at approximately 4-5 
degree intervals. Solutes were injected at least twice at each temperature studied. 
Once reaching the maximum temperature, the column was rapidly cooled to 
ambient temperature.

This same evaluation procedure was used for the other mobile phases studied. 
Complete thermal curves as described above were generated by using different 
mobile phases in the following sequential order: 1) 100% buffer, 2) buffer with 2% 
methanol. 3) 100% buffer, 4) buffer with 2% methanol, 5) 100% buffer. 6) buffer 
with 4% methanol, 7) 100% buffer, 8) buffer with 4% methanol. 9) 100% buffer, 
10) buffer with 6% methanol, 11) 100% buffer, 12) buffer with 6% methanol, 13) 
100% buffer

Following these sets of experiments, the column was rinsed with deionized 
water and then the original packing solvents (2-propanol/methanol). Subsequently, 
the column was reconditioned by using the original procedure that followed packing 
and a final set of thermal measurements carried out.

RESULTS AND DISCUSSION

The immobilized bovine serum albumin support was prepared via initially 
derivatizing LiChrospher SI-300 silica with aminopropyl groups and then linking 
the protein to the surface with glutaric dialdehyde.23'24 This same procedure has 
been used previously to modify ICN-300 silica,22 however, based on the elemental 
analysis of carbon, nitrogen and sulfur, the surface coverage of the material prepared 
in the current work was approximately 40% greater (i.e., 59 mg of protein/g of silica 
vs 42 mg/g). Subsequently, the influence of temperature on the specific binding of 
L-tryptophan and L-kynurenine was studied chromatographically. Similar studies 
also were carried out for D-tryptophan which served as a background control since 
there is not a specific binding site in BSA for this latter isomer.
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Figure 1. Influence of temperature on the binding properties of silica immobilized BSA. 
Solutes: Squares) D-tryptophan and Circles) L-tryptophan; Mobile phase: 50mM pH 7.4 
phosphate buffer. Silica used for immobilization: Open symbols) LiChrospher-300; Closed
symbols) ICN-300.

Plots of the natural logarithm of k' vs 1/T in K for both of the L-isomers were 
similar in shape to those obtained with the modified ICN-300 silica except they were 
offset to a lower temperature. This is illustrated in Figure 1 for L-tryptophan 
chromatographed using a 50 mM phosphate pH 7.4 buffer. Curve a, which is from 
the Merck derivatized silica, reaches a maximum in binding (largest k') at 
approximately 10 °C and curve b, which is from the ICN-300 immobilized BSA,22 
reaches a maximum in binding at approximately 20 °C. The initial increase in k' 
with increasing temperature at lower temperatures is thermodynamically 
inconsistent with a simple retention mechanism and has been attributed previously 
to a phenomenological change in the immobilized protein which increases either the 
number of specific binding sites or the strength of b i n d i n g I n  the case of D- 
tryptophan, which does not specifically bind to BSA, plots of In k' vs 1/T decreased 
linearly as a function of temperature (curves c and d for the ICN and Merck 
derivatized silica, respectively).

A further comparison of the L-isomer data obtained on the two BSA modified 
silicas (Figure 1) clearly demonstrates a difference in the specific binding 
characteristics of the two packings in region III where the L-tryptophan site is 
located. This may be due to either: 1) variations in the support material, 2) the 
amount of BSA bonded to the surface, or 3) both. In order to help clarify' the reason 
for these differences, additional work is planned where various silica types, levels of 
coverage, and solutes which bind at other sites in the protein will be studied.
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F igu re 2. Influence of methanol on the binding of L-tryptophan by silica immobilized BSA. 
Mobile phase: 50mM pH 7.4 phosphate buffer a) immediately following packing, b)
following exposure of column to the three different binary mobile phases containing methanol 
(i.e., those shown m curves c-e; c-e) with 2,4, and 6% methanol added, respectively.

F igu re 3. Influence of methanol on the binding of L-kynurinine by silica immobilized BSA. 
Mobile phase: same as Fig. 2.
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F igu re  4. Influence of temperature on retention. Solutes: a & d) L-kynurenine b & e) L- 
tryptophan, c & 1) D-tryptophan; Mobile Phase: 50mM pH 7.4 phosphate buffer, Evaluation: 
a-c) initial data, and d-f) post exposure to binary mobile phases containing methanol.

Following the initial thermal profile studies described above and which were 
carried out using 50mM Na2HP04 pH 7.4 buffer as the eluent (Figure 1), a series of 
similar curves were generated by cycling between binaiy mobile phases consisting of 
the 50mM Na2HP04 pH 7.4 buffer and small additions of methanol (2, 4, & 6%) 
and the original buffer. Each of the three methanol containing eluents was 
examined twice. Representative data from these studies are illustrated in Figures 2-
4. Shown respectively in Figures 2 & 3 are the thermal curves as a function of 
varying additions of methanol for L-tryptophan and for L-kynurenine which also 
binds at the same site in the protein. The initial addition of 2% methanol resulted in 
the largest decrease (i.e., by a factor of approximately two) in the k' values for both 
the L-tryptophan and L-kynurenine (Curves a & c in Figures 2 & 3). When the 
column was reevaluated using the original buffer, the surface recovered only 
partially as illustrated by the curves b in Figures 2 & 3.

The excellent reproducibility of this partial recovery is demonstrated by the 
data summarized in Figure 4. The dotted curves, a & b, are second order regression 
fits of the initial data obtained using only the 50 mM phosphate buffer as the mobile 
phase for L-tryptophan and L-kynurenine, respectively. Whereas, solid curves d & e 
are the second order regression fits of the data obtained after the column had been 
exposed to 2% methanol (unfilled symbols) and after it had been cycled between all 
of the mixed mobile phases and buffer twice which represented a total of 9 complete 
thermal studies separating the two data sets (filled symbols). Also shown in Figure 
4 for comparative purposes are the D-tryptophan data.
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F igu re 5. Retention as a function of methanol in the mobile phase. Temperature: 10 °C; 
Mobile phase: 50mM pH 7.4 phosphate buffer with 0-6% methanol added; Solutes:
Triangles) L-kynurenine, Circles) L-tryptophan; Symbols: Unfilled) initial data following 
packing, filled) after exposure to 2% methanol.

A comparison of the réévaluation buffer data (curves b in Figures 2 & 3 and 
curves d & e in Figure 4), the 2% methanol data and the remaining curves for 4% 
methanol (curves d in Figure 2 & 3) and 6% methanol (curves e in Figure 2 & 3) 
show an approximate incremental drop in k' with addition of modifier. This 
relationship is illustrated further in Figure 5 for the maximum binding temperature, 
approximately 10 °C. Excluding the initial large decrease in k' (unfilled symbols in 
Figure 5), there is a linear relationship between the percentage of methanol in the 
mobile phase and In k’ (filled symbols in Figure 5). The regression coefficients for 
the two fits (solid lines) are both better than 0.99. The data in Figure 5 illustrate two 
important observations: 1) that the immobilized BSA can be alternated to a stable 
and reproducible form, and 2) that small additions of modifier, at least methanol, 
can be used to control retention in a predictable manner.

At this stage in the current work, it was believed that the above observations 
might be explained by one of two possible mechanisms, either loss of protein from 
the surface or a change in the protein's conformation which lead to reduced binding. 
In order to test these ideas and to better understand the changes which occurred in 
the immobilized BSA column (i.e., as noted by the large drop initially in retention) 
following its exposure to an eluent buffer containing small percentages of methanol, 
the column was reconditioned using the original packing solvents. In order to do 
this, the column first was washed overnight with deionized water at 0.5mL/min to 
eliminate residual buffer and then exposed to 2-propanol/methanol to simulate
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F igu re  6. Protein recovery following treatment with 2-propanol/methanol. Mobile phase: 50 
inM pH 7.4 phosphate buffer, Solutes: Triangles) L-kynurenine, Circles) L-tryptophan, and 
Squares) D-tryptophan; Curves: Unfilled symbols) initial set of data following packing, 
Filled symbols) last set of data following reconditioning with packing solvents.

packing conditions. Subsequently, the column was rinsed with 50 raM pH 7.4 
phosphate buffer at a flow rate of 0.25 mL/min for 60 hours. Just prior to carrying 
out the final set of thermal experiments the column was further conditioned with the 
buffer mobile phase at 4 °C and a flow rate of 0.5 mL/min for one hour. Figure 6 
shows the results of this experiment.

The data sets obtained in this latter experiment and the initial evaluation 
experiment which immediately followed packing are statistically identical for the 
three solutes and suggest that the initial change in the protein following exposure to 
the methanol-buffer mobile phase was not due to protein loss but to a stable yet 
switchable modification of the protein's structure.

CONCLUSION

The current w'ork demonstrates that the binding properties of silica 
immobilized bovine albumin serum can be controllably altered using alcohol 
treatment. It is believed this may be due in part to solvent entrapment (i.e., in the 
current case, either 2-propanol and/or methanol) in the interior hydrophobic regions 
of the protein which leads to differences in binding at least at the L-tryptophan site 
which is located in region III near tyrosine-411. In the case of initial exposure of the 
immobilized BSA to mixtures of 2-propanol/methanol. binding was enhanced in the
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aqueous buffer used as the mobile phase over that observed following exposure of 
the protein to binary mixtures of buffer and methanol. Such memory effects 
potentially may be useful in controlling the chromatographic behavior of 
immobilized BSA packing. Work is now in progress to explore these ideas.
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ABSTRACT

It is important to elucidate the effect of the support on 
retention when investigating the retention mechanism in reversed 
phase liquid chromatography. The objective of this research was 
to examine how octadecyl-modified phase can control the unique 
nature of Titania. Titania was synthesized in our laboratory by 
the sol-gel method. Octadecyl-modified Titania was prepared by 
silvlation with a octadecyltriethoxysilane. By using anionic, 
cationic, acidic and basic solutes, the retention behaviours of the 
Titania and the octadecyl-modified Titania were determined 
under reversed phase conditions. In the use of aqueous methanol 
mobile phases containing acetic acid-sodium acetate or bicine- 
sodium hydroxide buffer, we observed that the Titania 
synthesized behaved as an amphoteric ion exchanger, and that 
the retention behaviours of the octadecyl-modified Titania were 
significantly influenced by octadecyl-modification. The effect of 
octadecvl-modification on retention was ascribed not only to 
octadecyl groups but also silanol groups, which were formed by 
silylation The retention behaviour as a whole, however, was
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clearly based on behaviour as an amphoteric ion-exchanger. 
Thus, we concluded that the octadecyl-modified phase, although 
it really influenced the retention behaviour, could not accomplish 
controlling the amphoteric ion exchange ability of the Titania in 
these experiments.

INTRODUCTION

It is generally accepted that the nature of the support can affect the 
chromatographic properties of bonded stationary phase. It is also necessary to 
have a detailed knowledge of the support when investigating the retention 
mechanism in reversed phase liquid chromatography. However, data on the 
supports cannot be obtained because no manufacturer provides full details. 
Therefore, we are starting an attempt to synthesize supports on a laboratory 
scale in order to investigate the effect of the supports on the chromatographic 
retention behaviour.

Titania has recently attracted interest as a new ceramic packing material, 
which possesses the desirable mechanical and physical properties of silica, and 
chemical stability superior to silica.1-6 Titania is an amphoteric metal oxide and 
has anion-exchange properties in acidic pH and cation-exchange ones in 
alkaline pH. 8 although silica behaves as an only cation exchanger.8 This 
means that the influence of the support on retention is worth further 
consideration when Titania is used as a support, because this unique nature of 
Titania would more strongly influence the retention behaviour than that of 
silica. To elucidate, the influence of the support on retention leads to reveal the 
function of bonded stationary phase. By octadecyl-modifying Titania, the 
unique nature, which is the amphoteric ion exchange ability, would be 
controlled. This degree of controlling the unique nature suggests the effect of 
octadecyl-modification. Thus, comparison of Titania and octadecyl-modified 
Titania on the retention behaviour is expected to give information about the 
function of octadecyl-modified phase.

We have already obtained silica on a laboratory scale,9 from hydrolysis 
and polycondensation reactions of silicon alkoxide by the sol-gel method.10-12 
By this modified method, we have also obtained Titania on a laboratory scale.13 
The Titania obtained has been converted to reversed phase packings. To 
investigate how octadecyl-modified phase can control the unique nature of 
Titania, the retention behaviours of Titania and the octadecyl-modified Titania 
obtained, were examined by using aqueous methanol mobile phases containing 
acetic acid-sodium acetate or bicine-sodium hydroxide buffer as mobile phase.
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We found that the Titania obtained behaved as an amphoteric ion 
exchanger and that the retention behaviours of the octadecyl-modified Titania 
were significantly influenced by octadecyl-modification. The effect of 
octadecyl-modification on retention was ascribed not only to octadecyl groups 
but also silanol groups, which were formed by silylation.

The retention behaviour as a whole, however, was clearly based on 
behaving as an amphoteric ion-exchanger. Consequently, the octadecyl- 
modified phase, although really influencing the retention behaviour, could not 
accomplish controlling the amphoteric ion exchange ability of the Titania in 
this experiments.

EXPERIMENTAL

Preparation

Titania was prepared and converted to reversed phase packing according 
to a previously described method.13 of hydrolysis and polycondensation reaction 
of titanium isopropylate (Nacalai Tesque Inc., Kyoto. Japan) and by silylation 
with octadecyltriethoxysilane (Wako Pure Chemical. Osaka. Japan). 
Octadecyldimethylchlorosilane and octadecyltrichlorosilane were also used as 
reagents for octadecyl-modification of Titania.

The procedure was as follows: Dry Titania (lg) and silane(lmL) were 
slurred in lOrnL of dry toluene; 5mL of pyridine was added to the reaction 
mixture to remove the acid generated (this procedure was eliminated in using 
octadecyltriethoxysilane); and the mixture was refluxed for 6h. The carbon 
content of modifying ligands was determined by CN-Corder MT-600 
(Yanagimoto. Kyoto. Japan). The Titania and octadecyl-modified Titania 
obtained by silylation with octadecyltriethoxysilane (ODT-1) were slurry- 
packed in 30 X 4.6 mm I.D. stainless-steel tubes.

Characterization

The particle-size distribution was determined with Coulter Multisizer II 
(Coulter Electronics Limited, Luton, England). The physical properties of 
particle were determined by nitrogen adsorption measurement (Fuji-Silysia 
Chemical(Kasugai, Japan) on a home-made apparatus).
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Chromatographic Use

The liquid chromatograph was constructed from a 880 PU pump (Jasco. 
Tokyo, Japan), a Kheodyne Model 7125 injector and a UVIDEC-100-II detector 
(254nm)(Jasco). A Model TM108M (Toyo, Tokyo, Japan) was used to 
maintain the column temperature at 30°C. The chromatograms were recorded 
on a chromatopac CR1A (Shimadzu, Kyoto, Japan).

Titania has anion-exchange properties in acidic pH and cation-exchange 
ones in alkaline pH. The objective of our research was to investigate how 
octadecyl-modified phase can control the unique nature of Titania as described 
above. In order to evaluate the effect of octadecyl-modification on retention, 
sodium p-toluenesulfonate(PT) and trimethylphenylammonium chloride(MP) 
were used as anionic and cationic test solutes. Benzoic acid(B, pKa=4.22) and 
benzylamine (BA, pKa=9.38) were used as acidic and basic test solutes. 
Titania and ODT-1 were tested under reversed phase conditions employing 0, 
20 and 40 wt% methanol containing acetic acid-sodium acetate (pH4~7) or 
bicine-sodium hydroxide (pH7~9) buffer as the mobile phases. The buffers 
used were prepared by dilution with 0 .1M acetic acid-0.1M sodium acetate and
0.1M bicine-O.lM sodium hydroxide, respectively, as described elsewhere.14 
The void volume was measured with methanol-d4 in methanol and D20  in 
water.

RESULTS

Preparation

The carbon content of modifying ligands was determined by elemental 
analysis. The carbon content of ODT-1 was 6.16 %. Attempts at converting 
Titania to octadecyl-modified Titania by using octadecyldimethylchlorosilane 
and octadecyltrichlorosilane were unsuccessful because the elemental analysis 
resulted in their being little carbon.

Characterization

The particle size distribution and the physical properties of Titania were 
determined with Coulter Multisizer and by nitrogen adsorption measurement. 
As a result, Titania had a mean particle diameter of 4pm, and the particle size 
distribution ranged from d]C = 5.0 to d90 = 3.3pm, and had a surface area of 126 
nr/g, a mean pore diameter of 11.1 nm and a mean pore volume of 0.3 mL/g,
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Figure 1. Retention behaviours of PT(«) and MP(O) versus the pH of the mobile 
phase on Titania and ODT-1. Column, Titania and ODT-1, 30 X 4.6 mml.D.; 
mobile phase, acetic acid-sodium acetate and bicine-sodium hydroxide buffers; flow
rate, 1.0 mL/min.

Chromatographic Use

In order to investigate how octadecyl-modified phase can control the 
amphoteric ion exchange ability of Titania, PT and MP were used as anionic 
and cationic test solutes. B and BA were used as acidic and basic test solutes.

Use of Buffer as a Mobile Phase

The retention behaviours of the anionic and cationic test solutes on 
Titania and ODT-1 by using buffer as a mobile phase are shown in Fig. 1. The 
buffers used were acetic acid-sodium acetate and bicine-sodium hydroxide. As 
can be seen in Fig. 1, the retention of PT as an anion on Titania decreased 
steeply as the pH of the mobile phase was increased. On the contrary, that of 
MP as a cation on Titania increased rapidly as the pH of the mobile phase was 
increased. The retention behaviours of PT and MP against increasing pH of the 
mobile phase on ODT-1, were similar to those of PT and MP on Titania.
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Figure 2. Retention behaviours of B(*) and BA(O) versus the pH of the mobile phase 
oil Titama and ODT-1. Column, Titama and ODT-1, 30 X 4.6 mini.I) mobile 
phase, acetic acid-sodium acetate and bicine-sodium hydroxide buffers; flow-rate, 1.0 
mL/mm.

However. PT was more strongly retained on ODT-1, and the peak of PT at 
pH 4.4 was not detectable to be buried in the base line. Furthermore, the 
retention of MP on ODT-1 began at much lower pH than that of MP on Titania. 
Figure 2 shows the retention behaviours of the acidic and basic test solutes on 
Titania and ODT-1 by using buffer as a mobile phase.

As shown in Fig. 2. the retention of B as an acid on Titania decreased 
steeply as the pH of the mobile phase was increased, and that of BA as a base 
was reversed. The retention behaviours of B and BA against increasing pH of 
the mobile phase on ODT-1, could not be displayed entirely because the peaks 
of B below' pH6 and BA above pH 5 were not detectable to be buried in the base 
line.

In comparison with Fig. 1, B was more strongly retained on Titania and 
ODT-1 than PT. and BA was also more strongly retained on Titania and ODT- 
1 than MP.
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Figure 3. Retention behaviours of PT(*,Ai and MP(O.A) versus the pH of the mobile 
phase on Titanic and ODT-1. Columns, Titama and ODT-1, 30 X 4.6 mml.D.; 
mobile phase, 20%(*,O) and 40%(A,A) methanol containing acetic acid-sodium 
acetate or bicine-sodium hydroxide buffer; flow-rate, 1.0 mL/min.

Use of Buffered Methanol as a Mobile Phase

The retention behaviours of PT and MP on Titania and ODT-1 by using 
20 (20 % MeOH) and 40 % methanol containing buffer (40 % MeOH) as 
mobile phases, are shown in Fig. 3. Figure 3 indicates that the retention 
behaviour of FT against increasing pH of the mobile phase on Titania was 
similar to that of PT on ODT-1, although PT showed somewhat small retention 
as the amount of methanol increased.

On the other hand, the retention of MP on Titania, although increased 
gradually as the pH of the mobile phase was increased, decreased constantly 
with increasing amount of methanol. Furthermore, the retention of MP on 
ODT-1 showed remarkable decrease as the amount of methanol increased. 
Therefore, the retention behaviour of MP against increasing pH of the mobile 
phase varied from a steep increase in 20 % MeOH to a slight one in 40 % 
MeOH. On the whole. ATP was more strongly retained on ODT-1 than on 
Titania.
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F igu re  4. Retention behaviours of B ( » ,A )  and B A (0 ,A )  versus the pH of the mobile 
phase on Titania and ODT-1. Columns, Titania and ODT-1, 30 X 4.6 mml.D.; 
mobile phase, 20%(*,O) and 4 0 % (A ,A )  methanol containing acetic acid-sodium 
acetate or bicine-sodium hydroxide buffer; flow-rate, 1.0 mL/min.

In comparison with Fig. 1, the retention of PT in buffer and buffered 
methanol was similar to each other on Titania, and on ODT-! the retention of 
PT in buffered methanol was smaller than that of PT in buffer. On the other 
hand, the retention of MP on Titania decreased constantly in changing from 
buffer to buffered methanol and that of MP on ODT-1 was shifted to higher pH. 
Figure 4 shows the retention behaviours of B and BA on Titania and ODT-1 by 
using 20 and 40 % MeOH containing buffer as mobile phases. As can be seen 
in Fig. 4, the retention behaviour of B against increasing pH of the mobile 
phase on Titania was similar to that of B on ODT-1, although B showed 
somewhat large retention as the amount of methanol increased. The peaks of B 
on Titania in both mobile phases below pH 5, and on ODT-1 in 20 % MeOH 
below pH 6 and in 40 % MeOH below pH 5, were not detectable to be buried in 
the base line. On the other hand, the retention behaviour of BA against 
increasing pH of the mobile phase on Titania was similar to each other in both 
mobile phases. The retention of BA on ODT-1 began at much lower pH than 
that of BA on Titania. and the peaks of BA above pH 6 were not detectable. In 
comparison with Fig. 3. B was more strongly retained on Titania and ODT-1 
than PT, and BA was also more strongly retained on Titania and ODT-1 than
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MP. In comparison with Fig. 2, the retention of B in buffered methanol was 
larger than that of B in buffer on Titania. On the other hand, the retention of 
BA on Titania was similar to each other in buffer and buffered methanol. The 
retention of BA on ODT-1 decreased by changing from buffer to buffered 
methanol, although the retention began at same pH.

DISCUSSION

The focus of our research was to elucidate the effect of the support on 
retention for investigating the retention mechanism in reversed phase liquid 
chromatography. To accomplish our objective, we have examined how 
octadecvl-modified phase could control the nature of the support. Our 
investigation centered on Titania and octadecyl-modifxed Titania due to the 
unique nature of Titania. which shows anion-exchange properties in acidic pH 
and cation-exchange properties in alkaline pH although silica, which is widely 
used as a support, behaves only as a cation exchanger. This is because the 
unique nature of Titania would more strongly influence the retention behaviour 
than that of silica.

Preparation and Characterization

The first stage of our investigation was to prepare Titania and octadecyl- 
modified Titania. The Titania obtained had enough particle size distribution 
and physical properties to be used as a support. The carbon content appeared to 
be comparable to that of well modified silica packing material, in view of the 
fact, that Titania had roughly one-third of the surface area' of standard silica. 
However, the evaluation of ODT-1 as a Ci8 silica packing material by the 
chromatographic characterization method, indicated that the surface coverage 
was poor, as described previously.13 Therefore, highly polymerized octadecyl 
groups seemed to be localized on the Titania surface. The failure of octadecyl- 
modification by using chlorosilane means that Titania reacted easily with 
ethoxysilane and scarcely with chlorosilane. We found that alkoxysilane was 
desirable for silylation of Titania.

Chromatographic Use

Use o f B uffer as a M obile Phase
Titania and ODT-1 were next investigated as the packing materials for 

evaluating the effect of octadecvl-modification on retention. The retention 
behaviours of test solutes on Titania and ODT-1 were first examined by using 
buffer as a mobile phase. As can be seen in Fig. 1, the retention of PT as an
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anion on Titania decreased steeply as the pH of the mobile phase was increased. 
On the contrary, that of MP as a cation on Titania increased rapidly as the pH 
of the mobile phase was increased. This retention data suggest that Titania 
behaved as an amphoteric ion-exchanger, that is, Titania has anion-exchange 
properties in acidic pH and cation-exchange ones in alkaline pH. The fact that 
the retention of MP on ODT-1 began at much lower pH than that of MP on 
Titania. indicates that ODT-1 had stronger cation-exchange properties than 
Titania. It is accepted to be caused by the occurrence of cation-exchange with 
silanol groups because the groups were able to be formed by silylation for 
octadecyl-modification. Therefore, the retention of PT should be reduced by 
the ion exclusion effect of silanol groups. However, the retention of PT on 
ODT-1 actually increased compared to that of PT on Titania. The reason for 
this increase can be attributed to hydrophobic interaction between octadecyl 
groups and the hydrophobic residues of PT. Thus, the hydrophobic interaction 
of octadecyl groups more greatly influenced the retention of PT than the ion 
exclusion effect of silanol groups. Naturally, the retention of MP on ODT-1 
should be influenced by the hydrophobic interaction of octadecyl groups, and 
this might be one of the causes that retention of MP on ODT-1 began at much 
lower pH than that of MP on Titania. The evidence for influence of silanol 
groups would be provided by preparing the octadecyl-modified Titania with 
octadccy 1 d 1 mclhy 1 ct hoxys 11 ane. because the formation of silanol groups can be 
eliminated by using monofunctional alkoxysilane. In comparison between Fig. 
1 and Fig. 2. B was more strongly retained than PT, and BA was also more 
strongly retained than MP. These increased retentions can also be ascribed to 
hydrophobic interaction between hydrophobic sites of Titania and the 
hydrophobic residues of B and BA, or between the octadecyl groups and the 
hydrophobic residues of B and BA. because the hydrophobicity of B and BA 
was higher than that of PT and MP. However, the retention behaviour as a 
whole, was clearly based on behaviour as an amphoteric ion-exchanger. 
Finally, the octadecvl-modified phase, although really influenced by the 
retention behaviour, could not accomplish controlling the amphoteric ion 
exchange ability of the Titania in this experiments. This may be because the 
evaluation of ODT-1 as a C]8 silica packing material is indicated to have low 
surface coverage, although highly polymerized octadecyl groups seemed to be 
localized on the Titania surface.

Use o f Buffered M ethanol as a M obile Phase
The retention behaviours of test solutes on Titania and ODT-1 were next 

examined by using buffered methanol as a mobile phase to enhance a function 
of the octadecyl group. The retention behaviour of MP was most sensitive to 
the addition of methanol and showed reversed phase chromatographic retention 
behaviour not only on ODT-1 but on Titania. as can be seen in Fig. 3. With an 
increasing amount of methanol, the retention of MP decreased constantly on
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Titania. and showed remarkable decrease on ODT-1. The expected results 
were that MP was hardly retained in further increase in methanol because the 
retention of MP was hindered by the addition of methanol. Actually, MP 
showed only slight retention in 80 % buffered methanol as described 
previously.11 The addition of methanol may contribute to either suppressing 
the ion exchange ability of Titania and ODT-1 or weakening that of MP. In the 
previous paper.11 we predicted that the slight retention of MP was inhibited by 
the strong adsorption of buffer components on Titania. This prediction, 
how ever, resulted from the use of only 80 % methanol containing 0 1M acetic 
acid-0.1M sodium acetate. In the present paper, by using diluted buffer and low 
methanol content, two causes may offer a reasonable explanation for weakening 
the ion exchange ability of MP. One of the causes is that in changing from 
buffer to buffered methanol, the retention of MP on ODT-1 was shifted to 
higher pH for decreasing in cation-exchange interaction with silanol groups, 
whereas that of BA. which was cation-like in this experimental range, did not. 
Another, is that the retention behaviour of BA was not very sensitive to the 
addition of methanol and those of PT and B not either, compared with that of 
MP. Weakening of the ion exchange ability of MP seems to be caused by 
solvation of methanol. The unambiguous evidence for the weakening of the ion 
exchange ability of MP should be necessary to examine other cations. By the 
addition of methanol, however, the evidence for enhancing a function of 
octadecvl group was not given. The retention behaviours of PT between Titania 
and ODT-1 were similar to each other, although some difference was shown 
between 20 % and 40 % MeOH for hydrophobic interaction. The retention 
behaviours of B between Titania and ODT-1 were also similar to each other, 
although the retention of B was larger in 40 % MeOH than that of B in 20 % 
MeOH. The reason for the somewhat large retention of B as the amount of 
methanol increased was not clear, but it seemed to be attributed to Titania. 
Therefore, we concluded that the effect of octadecyl-modillcation on retention 
could not be clearly observed in buffered methanol.

The retention behaviour as a whole, was clearly based on behaviour as an 
amphoteric ion-exchanger. In conclusion, the octadecyl-modified phase, 
although really influencing the retention behaviour, could not accomplish 
controlling the amphoteric ion exchange ability of the Titania in this 
experiment. However, further examination for controlling the amphoteric ion 
exchange ability of Titania, can be made by the preparation of the octadecyl- 
modified Titania with various surface coverages because the evaluation of 
ODT-1 as a Ci 8 silica packing material indicated that the surface coverage was 
poor, and the formation of silanol groups can be eliminated in using 
monofunctional alkoxysilane. The next stage of our investigation will be under 
w'ay to improve the above, and to present the reason for the unambiguous 
evidence of weakening the ion exchange ability of MP.
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ABSTRACT

A new amide-functionalized silica stationary phase. 
Supelcosil ABZ+ Plus, suitable for reversed phase HPLC 
applications, was characterized by X-ray photoelectron 
spectroscopy (XPS), solid-state :9Si and 13C CP/MAS NMR and 
FTIR. The degree of hydration of this material was found to be 
much higher compared to amide-functionalized silica phases 
prepared by acid chloride treatment of aminopropylsilylated silica 
reported earlier and also compared to conventional Ct8 reversed 
phase columns. The liquid chromatographic performance of this 
ABZT Plus column was found to be superior to the C,8 columns, 
especially for polar analytes. The enhanced selectivity and better 
peak shape with this ABZ+ Plus material was attributed to greater 
compositional differences between the surface and mobile phases 
coupled with more effective shielding of residual silanols and a 
more oriented alkyl chain structure.
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INTRODUCTION

High performance liquid chromatography is an invaluable analytical tool 
that finds application in diverse areas which deal with the isolation, production 
and distribution of chemicals. Examples of such fields include environmental 
monitoring/control,1 drugs/pharmaceutical production,2 generation/purification 
of blood or plasma products,3 biotechnological advances such as recombinant 
DNA-based proteins and other biochemicals4,5 and food products,6,7 to name a 
few. Silica-based C8 and Ctg columns are the most extensively used analytical 
probes for a vast majority of these applications.8 Selection of a column most 
appropriate for a particular type of application depends upon the nature of the 
analyte(s). Thus, for the analysis of non-polar analytes such as small aromatic 
hydrocarbons, the choice is presumed to be the least complicated (although 
recent reviews913 prove that even this is no trivial matter). However, the 
situation becomes extremely complex when analytes are polar or moderately 
polar small organic molecules with basic or acidic substituents, such as 
pharmaceuticals. Large differences are encountered by analysts dealing with 
such molecules, with respect to retention, selectivity and peak shape, even with 
ostensibly equivalent columns packed with C]8 materials.14

Incomplete reaction of the silica surface silanols with a silanizing reagent 
or the formation of new silanols, when bi- or tri-functional modifiers are 
utilized, is a problem that continues to plague the area of liquid 
chromatography employing bonded phases, since these functionalities affect 
both retention and peak shape. Partial solutions for this problem consist of 
end-capping,15 addition of organic modifiers to the mobile phase,16 
introduction of bulkier substituents on the silicon atom of the silane reagent in 
place of the methyl groups,17"19 use of bidentate ligands,20 formation of Sisi!lca- 
Caikyi chain bond in place of the normal siloxane bond between the silica and 
silane silicon atoms21 and the use of mixed trifunctional silanes.22 
Nevertheless, the deliterious effect of surface silanols has not been resolved to 
the satisfaction of practising chromatographers.

A totally different approach towards minimizing the effect of residual 
silanols is to generate a functionality on the modified silica surface that can 
react with the silica silanols through electrostatic and/or hydrogen-bonding 
interactions. Of particular interest is the amide group which possesses 
attractive properties such as stability to bases, strong H-bond forming 
capabilities and non-reactivity with different chemical functionalities present 
on small polar organic molecules. The most convenient method of introducing 
the amide moiety is through the acylation of a pre-formed aminopropylsilylated 
silica surface. Tundo and Venturello23 have adopted this approach as far back 
as 1979 to prepare silica-based phase transfer catalysts carrying the
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acylaminoalkyl chain. An analogous surface modification procedure has been 
utilized by Oi and coworkers24 in 1983 to prepare an acylaminoalkylsilylated 
silica stationary phase suitable for chiral liquid chromatography. Nomura and 
coworkers2' subsequently investigated the acylation of aminopropylsilica with a 
variety of acid chlorides. This study was followed by the work of Buszewski 
and coworkers26 with extensive solid-state NMR and chromatographic studies 
on similar acylamino-derivatized silicas, termed “peptide bond carrying 
silicas” by the authors. Similar amide-functionalized silicas were reported by 
Okahata et al..2, Boven et al.,28 Yamamura et al.,29 Pidgeon et al.,30 Kallury et 
al ,31 Ihara et al ,32 Nagae et al.,33 the Pirkle group34 and by Meyerhoff and 
coworkers,35 which were utilized for a variety of analytical and synthetic 
applications, besides liquid chromatography. An analogous functionalized 
silica surface carrying urethane functionalities instead of amide moieties has 
also been reported recently.36

The above brief summary reveals that although amide-functionalized 
silica phases have been synthesized and used for a wide range of applications, 
surface coverage data, the nature of interactions between the amide moiety and 
the surface silar ols of the silica and retention mechanism studies have been 
scarce. The only reported surface coverage evaluations appear to be those from 
the Meyerhoff group dealing with a carboxytetraphenylporphyrin bound to 
aminopropylsilylated silica35 and the Buszewski group on amide-functionalized 
silica surfaces prepared by a two-step procedure,37 based on elemental analysis. 
In the current paper, X-ray photoelectron spectroscopy in combination with 
FTIR and 13C and 29Si CP/MAS NMR was utilized to probe the surface 
structure of Supelcosil ABZ+ Plus, a new amide-functionalized silica stationary 
phase, and the surface characteristics of ABZ+ Plus were compared with those 
of its precursor, ABZ. and a conventional C)8 reversed phase silica. The 
chromatographic performance of this new amide-derivatized silica stationary 
phase ABZ+ Plus was evaluated in the present work employing a wide selection 
of organic molecules widely differing in their polarities and it was 
demonstrated that this new LC column is superior to the conventional Cig 
reversed phase columns.

The chromatographic applications of Supelcosil ABZ, the other amide- 
functionalized stationary phase have been elaborated in several recent 
publications38'41 and will not be discussed in the current work. The ABZ+ Plus 
material was made by a single step surface attachment procedure, while the 
ABZ phase was made by a two-step protocol. The residual amino moieties on 
the ABZ phase were acetylated after the introduction of the longer acyl chain. 
The ABZ and ABZ+ Plus materials contain the same number of carbon atoms 
in their alkyl chains as the Cjg material.
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EXPERIMENTAL

Materials

The analytes included in the present study were procured from either 
Aldrich or Sigma and were used as such. The solvents utilized were all HPLC 
grade and obtained from Baker. The chromatographic columns Supelcosil 
ABZ’ Plus. ABZ and LC-18DB were supplied by Supelco, Inc., Bellefonte, PA. 
The amide-functionalized stationary phase materials were generated from high 
purity silica with a surface area of 330 m2/g and a pore volume of 0.6 cm3/g.

Spectroscopic Analysis

The solid state 29Si CP/MAS NMR spectra were recorded on a modified 
NT-270 Nicolet NMR spectrometer. Spectra were obtained in natural 
abundance at a frequency of 53.76 MHz employing a contact time of 10ms, 
high power proton decoupling during acquisition, a recycle delay of 3 sec and a 
spectral width of 20 kHz. MAS was carried out at 4.0 kHz. Cross-polarization 
(CP) and magic angle spinning (MAS) were performed using a multinuclear 
CP/MAS probe equipped to accommodate 7.0 mm spinners.

Typically. 4500 transients were accumulated. The 13C CP/MAS NMR 
spectra were collected at 68.055 MHz with a contact time of 5 ms and MAS 
was carried out at 4.2 kHz. Typically, 3000 transients were collected for these 
spectra.

X-ray photoelectron spectra were recorded on a Kratos XSAM 800PCI 
using an unmonochromated Mg Ka source run at 14 kV and 20 mA. The 
samples were mounted on a gold-coated cup. The shape of the spectra 
indicated that no compensation for differential surface charging was needed. 
The binding energy scale was calibrated to 285.0 eV for the main C(ls) C-C 
feature. Spectra were run in both low resolution and high resolution modes 
(pass energy 40 eV) for the C(ls), N(ls), Si(2p) and O(ls) regions. Each 
sample was analysed at a 75° angle relative to the electron detector. An 
analysis area of 3 mm was used for rapid data collection.

Elemental compositions were calculated from the high resolution spectra 
normalized for constant transmission using the software supplied by the 
manufacturer. ATR-FTIR spectra were recorded on a Mattson 2020 infrared 
spectrometer in potassium bromide.
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Table 1

X-Ray Photoelectron Spectroscopic Data on ABZ, ABZ+ Plus and Q*
Silicas

Elemental Composition (%) High Resolution Data

C(ls) N (Is)
Binding Area Binding Area
Energy Energy

c  (Is) Si (2p) O (Is) N (Is) (eV) (%) (eV) (%)

ABZ 43.1 22.3 32.4 2.2 285.0 94 399.7 69.9
287.4 6 401.0 24.3

402.9 6.8

ABZ+ 42.5 22.2 33.1 2.2 285.0 94 399.6 63.1
Plus 287.0 6 400.6 28.1

402.3 8.8

Ci8 44.4 24.0 31.6 — 285.0 100 No nitrogen
present

Apparatus

The analytical system consisted of a HP 1090 Liquid Chromatograph, 
with UV detection at 254 nm and a flow rate of 2.0 mL/min. The mobile phase 
was lOmM potassium dihydrogen phosphate containing acetonitrile (70:30 or 
60:40). Peaks were integrated by a HP3396 Series II integrator.

RESULTS AND DISCUSSION

Characterization of the Standard C18, ABZ and ABZ+ Plus Stationary 
Phases

The surface analytical techniques most extensively used for characterizing 
particulate materials are FTIR, solid-state CP/MAS NMR and X-ray 
photoelectron spectroscopy (XPS, also known as electron spectroscopy for 
chemical analysis, ESCA)42. The former two are invaluable in functional group 
analysis and in the evaluation of the motional dynamics of the alkyl chains on
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Figure 1 X-ray photoelectron spectra of Supelcosil ABZ and ABZ+ Plus amide- 
functionalized silicas: N(ls) binding energy region.

the silane silicon of the surface-treated silicas. XPS, on the other hand, is 
unique since it provides quantitative structural and functional group 
information from sub-monolayer level surface coverages to multi-layers up to a 
thickness of 10 nm, in addition to elemental composition data.
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100 0 -100 -200 PPM

F ig u re  2. Solid-state 29Si CP/MAS NMR spectra of Supelcosil ABZ, ABZ+ Plus and 
LC-18DB silicas.
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Consequently, XPS is a surface analysis tool as opposed to FTIR and 
NMR which are bulk analytical probes. The XP spectra of ABZ and ABZ! 
Plus silica are included in Figure 1 and the elemental compositions of the two 
surfaces given in Table 1. Based on the carbon percentage derived from XPS 
data, surface coverage of an organic layer in general and of silane-modified 
silicas in particular can be calculated by Equation l .43

Tsox = [106/SBEt] [(1201ac/Pc) - M(Su) + 8]'1 (1)

where. Tsox=surface concentration of the organic species on the silica surface in 
pmol/nr; SBET=specific surface area of untreated silica, a^number of carbon 
atoms on the organic species attached to the surface, Pc=percent of carbon on 
the modified silica surface, M(Su)=molecular weight of the silyl unit on the 
silica surface and S=correction factor for desorbed water (usually taken as 5).

From Equation 1, the surface coverages of the ABZ+ Plus, ABZ and 
standard non-functional C]8 silica could be calculated by substituting the values 
of carbon percentage Pc derived either from elemental analyses or from the XPS 
data. Employing the carbon percentages of 12.87, 12.01 and 11.87 for ABZ+ 
Plus, ABZ and C18, respectively, obtained by elemental analyses, the surface 
coverages work out to 2.35, 2.15 and 2.12 pmol/nr for these three surfaces in 
that order. On the other hand, utilizing the atom percent values derived from 
the C(ls) binding energy peaks recorded in the XP spectra, the same surface 
coverages were computed as 14.86, 13.90 and 14.60 pmol/m2, respectively. For 
computing the surface coverage of the non-functional monomeric Ci8 silica, 
data from earlier literature (44,45) was utilized. It is obvious that the surface 
coverage values obtained from the XPS data are about seven times greater than 
those measured from the elemental analysis data (and the carbon percentage 
values are 3-4 times greater for the XPS method compared to elemental 
analyses).

A similar discrepancy has been reported by Brown and coworkers,46 who 
studied monomeric alkyl bonded phases by XPS and SIMS techniques. Their 
results show that the XPS-derived carbon percentages are higher by a factor of
2-3 than those obtained from elemental analysis. In our current study, the 
amide-functionalized silica surfaces are polymeric in nature and hence cross- 
linking is to be expected. If the XPS-derived carbon percentages are any 
indication, our polymeric surfaces contain nearly twice as much carbon as the 
monomeric C]8 reported by Brown et al.46 However, the elemental analysis 
data shows that the carbon percentages of our polymeric Ci8 surface (11.87) 
and their monomeric C]8 surface (10.64) are not that different. Furthermore, 
Buszewski and coworkers47 report that the carbon percentages obtained from
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elemental analyses are 4.93 for monomeric aminopropyl bonded phase and 4.66 
for polymeric aminopropyl bonded phase; for the corresponding AA^ phases 
obtained by acylation with hexanolyl chloride, the carbon values are 9.93 and 
9.47, respectively.

Our XPS results on the same monomeric and polymeric 
aminopropylsilylated silicas indicate that the carbon content of the latter is 
about twice that of the former.48 FTIR spectroscopic data on all of the silica 
surfaces cited above support the fact that the carbon content of polymeric 
materials is much higher than the corresponding monomeric materials,49 in 
spite of the fact that there are two additional methyl carbons on the silicon of 
the latter. It is thus clear that elemental analysis does not distinguish clearly 
between monomeric and polymeric alkylsilylated stationary phases with respect 
to their carbon contents. On the other hand, the XPS technique is more reliable 
since it probes only the top 5-10 nm of a surface with minimal interference 
from the bulk silica layers underneath and reflects the surface composition 
more accurately . Owing to the limited depth probing capability of the X-ray 
beam in XPS, the entire silane layer is scanned together with the silica 
underneath this layer to a depth of 3-4 nm. Therefore, the carbon content (and 
hence the surface coverage of the silane) appears to be higher than the silanol 
content which is computed to be around 8 pmol/m2. Since the 
chromatographic properties of bonded phases are dependent primarily on the 
surface structure rather than the bulk structure of silica, it is reasonable to 
assume that XPS provides a more accurate measure of the chromatographic 
performance of a modified silica stationary phase than elemental analysis. 
From the XPS results registered in the current work, as well as those reported 
by others earlier, it is evident that about 90% of the total bound silane is present 
at the silica surface.

Both elemental composition and XPS data on the ABZ+ Plus, ABZ and 
Ci8 surfaces indicate that there is no significant difference between the three 
types of silica (C]8, ABZ and ABZ+ Plus) with respect to their surface 
coverages. However, both ABZ and ABZ+ Plus carry the amide functionalities 
and obviously, there are bound to be differences in the nature of interactions 
these two surfaces exhibit with silica silanols as opposed to the non-functional 
C)8 silicas. The non-functional C18 silica is hydrophobic (since it contains only 
the octadecyl chain and no other functionality) and shows only one C(ls) 
binding energy peak in its XPS at 285.0 eV which is assignable to the carbon 
atoms of the C 8 alkyl chain. The amide-containing silicas exhibit two C(ls) 
binding energy peaks, at 285.0 and 287.2+0.2 eV, representing the hydrocarbon 
and amide carbons, respectively, in a 10:1 ratio (the theoretical value for this 
ratio is 9:1).
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F ig u re  3. Solid-state 13C CP/MAS NMR spectra of Supelcosil ABZ, ABZ+ Plus and 
LC-18DB silicas.
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The N(ls) binding energy region (see Figure 1 and Table 1) throws 
significant light into the nature of interactions of the amide moiety in ABZ and 
ABZ' Plus with silica surface silanols. With both silicas, six peaks were 
registered in this region; however, two of them , which occur at the extremes 
of the binding energy scale, are due to charging and were not :aken into 
account (these two account for only 5-6% of the total nitrogen). Two of the 
remaining four peaks were observed at approximately the same binding energy 
values, viz. 398.37±0.01 eV and 399.65±0.04 eV, respectively; with both 
silicas. The former is attributable to a more negative nitrogen atom resulting 
from strong H-bonding between the NH of the amide (to which this nitrogen 
belongs) and the carbonyl group of an adjacent amide moiety. The latter 
represents the non-hydrogen-bonded component of the amide functionality and 
is more prevalent with ABZ compared to ABZ+ Plus. In addition, two other 
peaks were recorded for both silicas in the N(ls) binding energy region, at 
400.8±0.2 and 402.6±0.3 eV. respectively. These two peaks form 24% of the 
total nitrogen with ABZ and 30% with ABZ+ Plus silicas and represent the H- 
bonded fractions of the total amide moieties in either case.

Significantly, there is a 0.4 eV and 0.6 eV binding energy difference 
between the ABZ and ABZ+ Plus amide functions with respect to the 400.8+0.2 
and 402.6+0.3 eV peaks, respectively, indicating that the amide functionality in 
ABZ is more strongly hydrogen-bonded than in ABZ+ Plus. This discrepancy 
is attributable to the variation in the moieties involved in H-bonding with the 
amide functionality on the two silica surfaces. Thus, in ABZ the amide groups 
appear to be H-bonded to the silica/silane silanols and in ABZ+ Plus, they are 
H-bonded to water. This hypothesis derives strong support from the solid-state 
29Si CP/MAS spectra of the two amide-functionalized silicas (see Figure 2 for 
the spectra). The Q3, T3 and T4 type50 of 29Si peaks for ABZ are shifted about
1.1 ppm downfield compared to the corresponding peaks in ABZ+ Plus. The Q3 
peak in the 29Si NMR spectrum of ABZ+ Plus appears around the same 
frequency as for LC-18DB pointing to the same type of environment for this 
silica silicon atom in both samples; the LC-18DB sample contains an 
additional peak for the M] type of silicon (attached to two methyl groups and 
the Ci 8 alkyl chain, with a single attachment to the silica surface) in its Si 
NMR spectrum. However, there seems to be a significant difference in the 
degree of hydration of the ABZ+ Plus and the LC-18DB silica surfaces, as 
evidenced by the higher oxygen content (about 4%) in the XPS of the former in 
comparison with the O(ls) peak intensity of the latter. It is to be noted that the 
Si(2p) binding energy peak intensities of ABZ+ Plus and LC-18DB are about 
the same and the surface coverages are also roughly equal in the two samples. 
It is this water layer that contributes to the better chromatographic performance 
of the ABZ+ Plus material than that observed with standard Ci8 reversed phase 
columns, as discussed in the next section.
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F ig u r e  4. FTER spectra of Supelcosil ABZ+ Plus and LC-18DB silicas.

Further confirmation of the difference in the H-bonding strengths of ABZ 
and ABZ+ Plus is obtained from the 13C CP/MAS NMR spectra of the two 
surfaces (see Figure 3). The carbon p- to the silicon atom of the silane appears 
at 26.318 ppm with ABZ, while the same carbon in ABZ+ Plus is registered at 
26.920 ppm.
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Figure 5. Asymmetry factor of the codeine peak as a function of triethylamine 
concentration for Supelcosil ABZ+ Plus, Kromasil C-18 and Symmetry C-i8 columns.

It has been established earlier51 that the [1-carbon in aminopropylsilylated 
silica shifts from around 27 ppm to around 22 ppm upon hydration of the 
surface. In this instance, the mechanism proposed involves the protonation of 
the amino nitrogen with a proton from the silica surface silanol and 
stabilization of the charged species by the surface water. In the current context, 
the silane functionality in ABZ is the amide instead of the amine and the 
proton abstraction occurs through the carbonyl group of the amide with 
consequent stabilization by the surface water. Hence, the p-carbon in ABZ is 
upfield shifted ir_ comparison with ABZ+ Plus surface.

It is difficult to derive quantitative information from the ATR-FTIR 
spectra of the ABZ+ Plus and ABZ surfaces (see Figure 4 for the FTIR spectrum 
of the former), but a clear distinction between ABZ+ Plus and LC-18DB could 
be noticed both in the amide carbonyl region and the OH stretching region 
reflecting the structural differences between these two silica surfaces.
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F ig u re  6 . AFio (thiamine) as a function of buffer concentration for Supelcosil ABZ+ 
Plus and Symmetry Cj.g Columns.

F ig u re  7. Effect of variation of mobile phase pH on peak shape of amytriptyline 
(without amine modifier) for Supelcosil ABZ+ Plus and Symmetry Ci® columns.
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F ig u r e  8. Comparison of the deactivation levels of Supelcosil ABZ+ Plus. LC-18DB 
and LC-18 columns for mixtures of phenol and pyridine.
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Table 2

Comparison of Deactivated Columns for Chromatography 
and Resolution of Acids

Column K'sorbic l / 'IV Benzoic Nsorbic Nbenzoic
(Plates/m) (Plates/m)

AFjo
Sorbic

AFio
Benzoic

Res

Supelcosil
ABZ+Plusa

4.3 5.1 68,300 67,800 1.3 1.4 3.5

YMC-Basica 2.2 2.4 68,200 69, 300 1.2 1.4 0.9

LiChrosorb RP- 
Select Bb

3.2 3.6 49,200 37.900 2.7 3.7 2.6

Intersil ODS-2a 2.6 2.7 50,500 50,400 1.2 1.3 0.8

Hypersil
BDS-C18a

2.9 3.0 74,700 87,900 1.5 1.6 0.3

TSKgel
ODS-80Tsa

2.8 3.0 109,600 110,900 1.2 1.2 1.5

Nucleosil 100-5 
C18 AB°

2.6 2.7 53.900 60,000 2.2 2.0 0.4

Zorbax Rxb 3.8 4.2 82,900 94,300 1.3 1.3 2.6

Waters
Symmetry C8a

5.3 5.3 47,900 33,600 5.6 7.4 0.0

Waters 4.9 5.0 62,900 60,900 2.0 2.2 0.5
Symmetry CJ8i

Mobile Phase: acetonitrile: 25mM KH2P 0 4 (pH 7.0), 25:75 
Flow Rate: lmL/min 
a 15cm column 
b 25cm column 
0 10cm column
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Comparison of the Liquid Chromatographic Behaviour of the ABZ+ Plus 
and the C!8 Reversed Phase Columns

The inherent level of deactivation of the ABZ+ Plus stationary phase with 
respect to the conventional reversed phase Ci8 materials, when analytes such as 
codeine, thiamine or amitryptiline are subjected to liquid chromatographic 
analysis, is illustrated in Figures 5-7. In Figure 5, the asymmetry factor of the 
codeine peak at different concentrations of triethylamine was used as an index 
to assess the residual silanol effects. In all these experiments, the pH of the 
mobile phase was maintained at 7.0 so that the silanols are not protonated and 
their influence on the analyte elution profile could be more clearly visualized.

It is evident from Figure 5 that both types of C,8 columns investigated 
show marked improvement in peak shape upon the addition of triethylamine, 
whereas this base additive had no influence on the codeine peak shape 
whatsoever with the ABZ+ Plus column. Similarly, Figure 6 shows that ionic 
strength had no effect on the peak shape of thiamine when analysed on the 
ABZ+ Plus column, while it exerts a significant effect on the peak shape with 
the C]8 column.

Figure 7 demonstrates the influence of changing the mobile phase 
composition on the peak shape of amitryptiline in the absence of an amine 
modifier. In both acetonitrile and methanol, the peak shape on the ABZ+ Plus 
column is good; however, with pure-silica Ci8 the peak shape is poor at pH 7.0 
indicating the influence of reactive silanol sites on this silica.

Figure 8 demonstrates the difference between a standard Ci8, a 
conventional deactivated Cl8 and the ABZ+ Plus columns when a mixture of 
pyridine and phenol is eluted under identical conditions. Again, the best 
results are obtained with the ABZ+ Plus column which shows that both the 
acidic and basic silanol sites are shielded in this column. Table 2 shows the 
values of k’, N and AF obtained for ten different columns with codeine under 
identical elution conditions. The data clearly indicate that Supelcosil ABZ+ 
Plus is the best column with respect to peak shape.

The selectivity achievable with the ABZ+ Plus column is illustrated in 
Figure 9 for a mixture of three basic drugs and for a mixture of acids, in 
comparison with Symmetry Ci8 column. The former were eluted at pH 7.0 and 
the latter at pH 2.3.

The superiority of the ABZ+ Plus columns over conventional C18 columns 
with respect to selectivity is readily recognized from the series of alkyl- 
benzenes. -anilines and -benzoic acids indicated in Figure 10. The retention
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ABZ+Plus Cl 8

F ig u re  9. Comparison of the selectivities for three basic drugs and a mixture of sorbic 
and benzoic acids on Supelcosil ABZ+ Plus and Symmetry Cis columns.

times for alkylbenzenes and anilines were shorter with the ABZ+ Plus column, 
while the acids were retained longer as compared to the C]8 column. This data 
clearly shows that the ABZ+ Plus material is more polar than the C]8 stationary 
phase.

As indicated in the characterization section, the difference between ABZ+ 
Plus and a conventional Ci8 column is that in the former there is an amide 
group close to the silica surface coupled with the fact that there is a significant 
hydration layer at the surface. The ABZ+ Plus organic surface layer is
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Figure 10. Selectivities of Superlcosil ABZ+ Plus and Cis columns for alkyl-benzenes, 
-anilines and -benzoic acids.

amphiphilic with a polar functionality at the silica surface and a long alkyl 
chain extending into the stationary phase-mobile phase interface. This 
structural feature is analogous to a lipid membrane in a biological system which 
is known to be hydrated at the polar head group region.'’2 Such surface-
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immobilized structures were shown to interact with a variety of functionalized 
organic molecules through a partition mechanism, making use of 
electrochemical methods of analysis.53 Similar partitioning mechanisms were 
proposed by Martire54 and by Dill55 through a unified molecular theory based 
on a lattice model and statistical-mechanical theory that takes into account 
bonded-chain reorganization energy, respectively, for solute retention on 
monomeric C]S bonded reversed phases.

Marshall and coworkers56 have estimated through fluorescence 
measurements employing dansyl probes that the interfacial region of RP-18 
stationary phase has an effective polarity comparable to that of methanol 
containing 10% water. It is presumed that the organic modifier in mixed 
organic-water mobile phases is preferentially adsorbed at this interface and thus 
the solvent composition of the stationary phase zone is different from that of the 
mobile phase varying with the distance from the silica surface. Partitioning of 
the solute takes place between the mobile phase and this zone and is dependent 
upon its polarity and dimensions.

Jaroniec5 has recently pointed out that the composition of the solvents in 
the stationary phase significantly influences the solute’s retention even in the 
the case of conventional bonded phases and that this effect is much stronger for 
silica-based packings with chemically bonded phases of specific properties. It 
has been demonstrated that the stationary phase plays a vital role in liquid 
chromatographic separations in RPLC in general and when the bonded 
reversed phase contains ligands carrying amide functionalities, in particular.58' 
60 The factors that govern the thermodynamic equilibrium of solvent 
distribution between the mobile and stationary phases include the mobile phase 
composition, the chemical nature of the bonded ligands, their surface 
concentration and conformation. Furthermore, the hydrogen bonding 
interactions associated with the residual silanols on the modified silica also 
play a significant role in controlling the concentration of water molecules in the 
chemically bonded phase and consequently exert a profound effect on the 
composition of this phase. The pioneering work of the Jaroniec group58'63 on 
the measurement of sorption excessess at the liquid-solid interface when 
aqueous-organic binary mobile phase systems are used in HPLC sheds 
considerable light on the liquid chromatographic behaviour of amide- 
functionalized stationary phases. Of particular interest is the observation that 
the sorption excess of water for the Ci8 and AA3 (octadecanoylaminopropyl- 
silanized silica) reversed phases are similar and negative, while that for AA2 (a 
shorter chain analogue of AA3) it is positive. Both AA3 and AA2 exhibit good 
symmetry and peak shapes for polar molecules, especially basic compounds.
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Hydration Layer on ABZ+Plus Phase

Water

Figure 11. Structure of Supelcosil ABZ+ Plus stationary phase with its hydration layer.

With the current ABZ~ Plus material, we hypothesize that the 
combination of the surface amide functionalities and the larger hydration layer 
at the silica surface imparts a high degree of orientation to the alky l chains of 
this stationary phase. When this phase is contacted by the binary water- 
acetonitrile mobile phase, the ensuing equilibration results in a profound 
difference between the solvent compositions of the stationary and mobile 
phases, which contributes to a more effective partitioning of a polar solute and 
results in greater selectivity. Moreover, the large hydration layer can also 
shield the residual silanols of the silica from the solute (see Figure 11) more 
effectively.

In contrast to the high degree of orientation of the ABZ+ Plus material, 
the alkyl chains on the conventional C18 reversed phase columns can fold back 
and block the solute from reaching the surface, under aqueous environments. 
Consequently, the water content of a reversed phase column seems to be a 
crucial factor in enhancing selectivity while simultaneously reducing residual 
silanol effects.
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E D U C A T I O N  A N N O U N C E M E N T

BASIC PRINCIPLES OF HPLC 
AND HPLC SYSTEM TROUBLESHOOTING

A Two-Day
In-House Training Course

The course, which is offered for presentation at corporate laboratories, is aimed 
at chemists, engineers and technicians who use, or plan to use. high 
performance liquid chromatography in their work. The training covers HPLC 
fundamentals and method development, as well as systematic diagnosis and 
solution of HPLC hardware module and system problems.

The following topics are covered in depth:
• Introduction to HPLC Theory 

• Modes of HPLC Separation
• Developing and Controlling Resolution 

• Mobile Phase Selection and Optimization 
• Ion-Pairing Principles

• Gradient Elution Techniques 
• Calibration and Quantitation

• Logical HPLC System Troubleshooting

The instructor. Dr. Jack Cazes. is founder and Editor-in-Chief of the Journal of 
Liquid Chromatography & Related Technologies. Editor of Instrumentation 
Science & Technology , and Series Editor of the Chromatographic Science Book 
Series. He has been intimately involved with liquid chromatography for more 
than 35 years: he pioneered the development of modem HPLC technology'. Dr. 
Cazes was Professor-in-Charge of the ACS Short Course and the ACS Audio 
Course on Gel Permeation Chromatography for many years.

Details of this course may be obtained from Dr. Jack Cazes. P. O. Box 970210, 
Coconut Creek. FL 33097. USA. E-Mail: jcazes@icanect.net.
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LIQUID CHROMATOGRAPHY CALENDAR

1 9 9 6

N O V E M B E R  6 - 8 :  3 1 s t  M id w e s t e r n  R e g io n a l  M e e t in g ,  A C S ,  S io u x  F a l l s ,  

S o u th  D a k o t a .  Contact: J. Rice, Chem Dept, S. Dakota State Univ, Shepard 
Hall Box 2202, Brookings, SD 57007-2202, USA.

N O V E M B E R  6 - 9 :  2 4 t h  B i e n n ia l  I n t e r n a t io n a l  C o n f e r e n c e  o n
A p p l i c a t io n  o f  A c c e l e r a t o r s  in  R e s e a r c h  & I n d u s t r y ,  D e n t o n ,  T e x a s .  
Contact: J. L. Duggan or B. Stippec. University of North Texas, Physics 
Department, Denton, TX 76203, USA. Tel: (817) 565-3252; FAX: (817) 565- 
2227.

N O V E M B E R  9 -  1 2 : 4 8 t h  S o u t h e a s t  R e g io n a l  A C S  M e e t in g ,  H y a t t  

R e g e n c y  H o t e l ,  G r e e n v i l l e ,  S o u th  C a r o l in a .  Contact: H. C. Ramsey, BASF 
Corp., P. O. Drawer 3025, Anderson, SC 29624-3025, USA.

N O V E M B E R  1 0  -  1 3 : 4 t h  N o r t h  A m e r ic a n  R e s e a r c h  C o n f e r e n c e  o n

O r g a n ic  C o a t in g s  S c i e n c e  &  T e c h n o lo g y ,  H i l t o n  H e a d ,  S o u th  C a r o l in a .
Contact: A. V. Patsis, SUNY, New Paltz, NY 12561, USA. Tel: (914) 255- 
0757; FAX: (914) 255-0978.

N O V E M B E R  1 0  -  1 4 : 1 0 th  I n t e r n a t io n a l  F o r u m  o n  E le c t r o ly s i s  in  t h e  

C h e m ic a l  I n d u s t r y ,  C le a r w a t e r  B e a c h ,  F lo r id a .  Contact: P . Kluczynski, 
Electrosynthesis Co, 72 Ward Road, Lancaster, NY 14086, USA. Tel: (716) 
684-0513; FAX: (716) 684-0511.

N O V E M B E R  1 0  -  1 5 : A I C h E  A n n u a l  M e e t in g ,  P a lm e r  H o u s e ,  C h ic a g o ,  
I l l in o is .  Contact: AIChE, 345 East 47th Street, New York, NY 10017-2395, 
USA.

3077
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N O V E M B E R  I I  -  2 0 :  2 n d  L a t in - A m e r ic a n  C o n f e r e n c e  o n  B io m e d ic a l ,  
B io p h a r m a c e u t ic a l  a n d  I n d u s t r ia l  A p p l i c a t io n s  o f  C a p i l la r y
E le c t r o p h o r e s is ,  S a n t ia g o ,  C h ile .  Dr. E. Guerrero, Servicio Medico Legal, 
Avenida de la Paz 1012, Santiago, Chile.

N O V E M B E R  1 2  -  1 4 : P la s t ic s  F a ir ,  C h a r lo t t e ,  N o r t h  C a r o l in a .  Contact: 
Becky Lerew. Plastics Fair. 7500 Old Oak Blvd, Cleveland, OH 44130, USA. 
Tel: (216) 826-2844; FAX: (216) 826-2801.

N O V E M B E R  1 3  -  1 5 : 1 3 th  M o n t r e u x  S y m p o s iu m  o n  L iq u id
C h r o m a t o g r a p h y - M a s s  S p e c t r o m e t r y  ( L C /M S ;  S F C /M S ;  C E /M S ;  

M S /M S ) ,  M a is o n  d e s  C o n g r e s ,  M o n t r e u x ,  S w it z e r la n d .  Contact: M. Frei- 
Hausler, Postfach 46, CH-4123 Allschwill 2, Switzerland. Tel: 41-61-4812789; 
FAX: 41-61-4820805.

N O V E M B E R  1 8  -  2 0 :  3 r d  I n t e r n a t io n a l  C o n f e r e n c e  o n  C h e m is t r y  in  

I n d u s t r y ,  B a h r a in ,  S a u d i  A r a b ia .  Contact: Chem in Industry Conf, P. O . Box 
1723, Dhahran 31311, Saudi Arabia. Tel: 966 3 867 4409; FAX: 966 3 876 
2812.

N O V E M B E R  1 7  -  2 2 :  E a s t e r n  A n a ly t i c a l  S y m p o s iu m ,  G a r d e n  S t a t e

C o n v e n t io n  C e n t e r ,  S o m e r s e t ,  N e w  J e r s e y .  Contact: S., Good. EAS, P . O . 
Box 633, Montchanin. DE 19710-0635, USA. Tel: (302) 738-6218; FAX; 
(302) 738-5275.

N O V E M B E R  2 4  -  2 7 :  I n d u s t r ia l  R e s e a r c h  f o r  t h e  2 1 s t  C e n t u r y ,  1 9 9 6
B ie n n ia l  M e e t in g ,  R e d  L io n  R e s o r t ,  S a n t a  B a r b a r a ,  C a l i f o r n ia .  Contact: R. 
Ikeda. DuPont Central Research Dept., P. O. Box 80356, Wilmington, DE 
19880-0356. USA. Tel: (302) 695-4382; FAX: (302) 695-8207.

D E C E M B E R  1 7  -  2 0 :  F ir s t  I n t e r n a t io n a l  S y m p o s iu m  o n  C a p i l l a r y  

E l e c t r o p h o r e s is  f o r  A s ia - P a c i f i c ,  H o n g  K o n g .  Contact: Dr. S. F. Y. Li, Dept 
of Chemistry, National University of Singapore, Kent Ridge Crescent, 
Singapore 119260, Republic of Singapore.

1997

MARCH 16 - 21: PittCon ‘97, A t la n t a ,  G e o r g ia .  Contact: PittCon ‘97, Suite 
332. 300 Penn Center Blvd., Pittsburgh, PA 15235-5503, USA. Tel: (800) 825- 
3221; FAX: (412) 825-3224.
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A P R I L  1 3  -  l 7 : 2 1 3 t h  A C S  N a t io n a l  M e e t in g ,  S a n  F r a n c is c o ,  C a l i fo r n ia .
Contact: ACS Meetings. ACS, 1155 16th Street. NW, Washington, DC 20036- 
4899. USA. Tel: (202) 872-6059; FAX: (202) 872-6128.

A P R I L  1 4  -  1 9 : G e n e s  a n d  G e n e  F a m il i e s  in  M e d ic a l ,  A g r ic u l t u r a l  a n d  

B io lo g ic a l  R e s e a r c h :  9 t h  I n t e r n a t io n a l  C o n g r e s s  o n  I s o z y m e s ,  sponsored by 
the Southwest Foundation for Biomedical Research, Hilton Palacio del Rio, San 
Antonio. Texas. Contact: Mrs. Janet Cunningham, Barr Enterprises, P. O. Box 
279. Walkersville, MD 21793, USA.

M A Y  5 - 9 :  1 5 1 s t  A C S  R u b b e r  D iv  S p r in g  T e c h n ic a l  M e e t in g ,  A n a h e im ,  

C a l i f o r n ia .  Contact: L. Blazeff, P. O. Box 499, Akron, OH 44309-0499, USA.

M A Y  2 3  -  2 4 :  A C S  B io lo g ic a l  C h e m is t r y  D iv  M e e t in g ,  S a n  F r a n c is c o ,  
C a l i f o r n ia .  Contact: K. S. Johnson, Dept of Biochem & Molec Biol, Penn 
State Univ, 106 Althouse Lab, University Park, PA 16802, USA.

M A Y  2 7  -  3 0 :  A C S  2 9 th  C e n t r a l  R e g io n a l  M e e t in g ,  M id la n d ,  M ic h ig a n .
Contact: S. A. Snow, Dow Corning Corp., C042A1, Midland, MI 48686-0994, 
USA. Tel: (517) 496-6491; FAX: (517) 496-6824.

M A Y  2 8  - 3 0 :  3 1 s t  A C S  M id d le  A t la n t i c  R e g io n a l  M e e t in g ,  P a c e  U n iv ,  
P le a s a n t v i l l e ,  N Y . Contact: D. Rhani, Chem Dept, Pace University, 861 
Bedford Rd, Pleasantville, NY 10570-2799, USA. Tel: (914) 773-3655.

M A Y  2 8  -  J U N E  1: 3 0 th  G r e a t  L a k e s  R e g io n a l  A C S  M e e t in g ,  L o y o la  

U n iv e r s i t y ,  C h ic a g o  I l l in o is .  Contact: M. Kouba, 400G Randolph St, #3025, 
Chicago, IL 60601, USA. Email: reglmtgs@acs.org.

J U N E  2 2  -  2 5 :  2 7 th  A C S  N o r t h e a s t  R e g io n a l  M e e t in g ,  S a r a t o g a  S p r in g s ,  
N e w  Y o r k .  Contact: T. Noce. Rust Envir & Infrastructure, 12 Metro Park Rd, 
Albany. NY 12205. USA. Tel: (518) 458-1313; FAX: (518) 458-2472.

J U N E  2 2  -  2 6 :  3 5 t h  N a t io n a l  O r g a n ic  C h e m is t r y  S y m p o s iu m , T r in i t y

U n iv . ,  S a n  A n t o n io ,  T e x a s .  Contact: J. H. Rigby, Chem Dept, Wayne State 
Univ., Detroit. MI 48202-3489. USA. Tel: (313) 577-3472.

SEPTEM B ER  7 - 1 1 :  214th ACS National M eeting, Las Vegas, Nevada
Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899,
USA. Tel: (202) 872-4396; (202) 872-6128; Email: natlmtgs@acs.org.

mailto:reglmtgs@acs.org
mailto:natlmtgs@acs.org
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S E P T E M B E R  2 1  -  2 6 :  F e d e r a t io n  o f  A n a ly t i c a l  C h e m is t r y  &
S p e c t r o s c o p y  S o c ie t i e s  ( F A C S S ) ,  C le v e la n d ,  O h io .  Contact. J. A. Brown, 
FACSS, 1 9 8  Thomas Johnson Dr, Suite S -2 , Frederick, MD 2 1 7 0 2 ,  USA. Tel: 
( 3 0 1 )  8 4 6 -4 7 9 7 ;  FAX: ( 3 0 1 )  6 9 4 - 6 8 6 0 .

O C T O B E R  1 9  -  2 2 :  4 9 t h  A C S  S o u t h e a s t  R e g io n a l  M e e t in g ,  R o a n o k e ,
V ir g in ia .  Contact: J. Graybeal, Chem Dept, Virginia Tech, Blacksburg, VA 
24061, USA. Tel: (703) 231-8222; Email: reglmtgs@acs.org.

O C T O B E R  21  - 2 5 :  3 3 r d  A C S  W e s t e r n  R e g io n a l  M e e t in g ,  I r v in e ,

C a l i f o r n ia .  Contact: L. Stemler, 8 3 4 0  Luxor St, Downey, CA 9 0 2 4 1 ,  USA. 
Tel: (3 1 0 )  8 6 9 - 9 8 3 8 ;  Email: reglmtgs@acs.ord.

O C T O B E R  2 6  -  2 9 :  8 t h  S y m p o s iu m  o n  H a n d l in g  o f  E n v ir o n m e n t a l  &  
B io lo g ic a l  S a m p le s  in  C h r o m a t o g r a p h y  a n d  t h e  2 6 th  S c i e n t i f i c  M e e t in g  o f  

t h e  G r o u p  o f  C h r o m a t o g r a p h y  a n d  R e la t e d  T e c h n iq u e s  o f  t h e  S p a n is h  

R o y a l  S o c ie t y  o f  C h e m is t r y ,  A lm e r ia ,  S p a in .  Contact: M. Frei-Hausler, 
IAEAC Secretariat, Postfach 46, CH-4123 Allschwill 2, Switzerland. FAX: 
41-61-4820805.

O C T O B E R  2 9  -  N O V E M B E R  1: 3 2 n d  A C S  M id w e s t  R e g io n a l  M e e t in g ,  

L a k e  o f  t h e  O z a r k s ,  O s a g e  B e a c h ,  M is s o u r i .  Contact: C. Heitsch, Chem 
Dept, Univ of Missouri-Rolla, Rolla, MO 65401, USA. Tel: (314) 341-4536; 
FAX: (314) 341-6033; Email: reglmtgs@acs.org.

N O V E M B E R  1 1 - 1 5 :  5 t h  C h e m ic a l  C o n g r e s s  o f  N o r t h  A m e r ic a ,  C a n c ú n ,  
M e x ic o .  Contact: ACS Meetings, 1155 16th St, NW, Washington, DC 20036- 
4899, USA. Tel: (202) 872-6286; FAX: (202) 872-6128.

N O V E M B E R  1 6  -  2 1 :  E a s t e r n  A n a ly t ic a l  S y m p o s iu m , G a r d e n  S ta te
C o n v e n t io n  C e n t e r ,  S o m e r s e t ,  N e w  J e r s e y .  Contact: S. Good, EAS, P O. 
Box 633, Montchanin, DE 19710-0635, USA. Tel: (302) 738-6218.

1 9 9 8

M A R C H  1 -  6 : P it t C o n  ‘9 8 ,  N e w  O r le a n s ,  L o u is ia n a .  Contact: PittCon 98, 
Suite 332, 300 Penn Center Blvd., Pittsburgh, PA 15235-5503, USA. Tel: 
(800) 825-3221; FAX: (412) 825-3224.
M A R C H  2 9  -  A P R I L  2: 2 1 5 th  A C S  N a t io n a l  M e e t in g ,  D a l la s ,  T e x a s .
Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, 
USA. Tel: (202) 872-4396; FAX: (202) 872-6128; Email: natlmtgs@acs.org.

mailto:reglmtgs@acs.org
mailto:reglmtgs@acs.ord
mailto:reglmtgs@acs.org
mailto:natlmtgs@acs.org
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J U N E  1 0  -  1 2 : 5 3 r d  A C S  N o r t h w e s t  R e g io n a l  M e e t in g ,  C o lu m b ia  B a s in  

C o l le g e ,  P a s c o ,  W a s h in g t o n .  Contact: K. Grant, Math/Science Div,
Columbia Basin College, 2600 N 20th Ave, Pasco, WA 99301, USA, Email: 
reglmtgs@acs.org.

J U N E  1 3  - 1 9 :  2 6 t h  A C S  N a t io n a l  M e d ic a l  C h e m is t r y  S y m p o s iu m , V ir g in ia  

C o m m o n w e a lt h  U n iv /O m n i  R ic h m o n d  H o t e l ,  R ic h m o n d ,  V ir g in ia .  Contact:
D. J. Abraham, Virginia Commonwealth Univ, Dept of Med Chem, P. O. Box 
581, Richmond, VA 23298, USA. Tel: (804) 828-8483; FAX: (804) 828- 
7436.

A U G U S T  2 3  -  2 8 :  2 1 6 t h  A C S  N a t io n a l  M e e t in g ,  B o s t o n ,  M a s s a c h u s e t t s .
Contact: ACS Meetings, 1155 16th Street, NW, Washington. DC 20036-4899, 
USA. Tel: (202) 872-4396; FAX: (202) 872-6218; Email: natlmtgs@acs.org.

S E P T E M B E R  7  -  1 1 : 1 5 th  I n t e r n a t io n a l  S y m p o s iu m  o n  M e d ic in a l
C h e m is t r y ,  E d in b u r g h ,  S c o t la n d .  Contact: M. Campbell, Bath University' 
School of Chemistry, Claverton Down, Bath, BA2 7AY, UK. Tel: (44) 1225 
826565; FAX: (44) 1225 826231; Email: chsmmc@bath.ac.uk.

N O V E M B E R  4 - 7 :  5 0 t h  A C S  S o u t h w e s t  R e g io n a l  M e e t in g ,  R e sw

T r ia n g le  P k ,  N o r th  C a r o l in a .  Contact: B. Switzer, Chem Dept, N Carolina 
State University, Box 8204, Raleigh, NC 27695-8204. USA. Tel: (919) 775- 
0800, ext 944; Email: switzer@chemdept.chem.ncsu.edu.

1 9 9 9

M A R C H  7 - 1 2 : P it t C o n  ‘9 9 ,  O r la n d o ,  F lo r id a .  Contact: PittCon ‘99, Suite 
332, 300 Penn Center Blvd.. Pittsburgh, PA 15235-5503, USA. Tel: (800) 825- 
322L FAX: (412) 825-3224.

M A R C H  2 1  -  2 5 :  2 1 7 t h  A C S  N a t io n a l  M e e t in g ,  A n a h e im ,  C a li f .  Contact: 
ACS Meetings, 1155 16th Street, NW. Washington, DC 20036-4899, USA. 
Tel: (202) 872-4396; FAX: (202) 872-6128; Email: natlmtgs@acs.org.

AUGUST 22 - 26: 218th ACS N ational M eeting, New O rleans, Louisiana.
Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899,
USA. Tel: (202) 872-4396; FAX: (202) 872-6128; Email: natlmtgs@acs.org.

mailto:reglmtgs@acs.org
mailto:natlmtgs@acs.org
mailto:chsmmc@bath.ac.uk
mailto:switzer@chemdept.chem.ncsu.edu
mailto:natlmtgs@acs.org
mailto:natlmtgs@acs.org
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O C T O B E R  8  - 1 3 : 5 1 s t  A C S  S o u t h e a s t  R e g io n a l  M e e t in g ,  K n o x v i l l e ,
T e n n e s s e e .  Contact: C. Feigerle, Chem Dept, University of Tennessee, 
Knoxville, TN 37996, USA. Tel: (615) 974-2129; Email: reglmtgs@acs.org.

2000

M A R C H  5  -  1 0 : P i t t C o n  2 0 0 0 ,  C h ic a g o ,  I l l in o is .  Contact: PittCon 2000, 
Suite 332, 300 Penn Center Blvd., Pittsburgh, PA 15235-5503, USA.

M A R C H  2 6  -  3 0 :  2 1 9 t h  A C S  N a t io n a l  M e e t in g ,  L a s  V e g a s ,  N e v a d a .
Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, 
USA. Tel: (202) 872-4396; FAX: (202) 872-6128; Email: natlmtgs@acs.org

A U G U S T  2 0  - 2 4 :  2 2 0 t h  A C S  N a t io n a l  M e e t in g ,  W a s h in g t o n ,  D C . Contact: 
ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA. 
Tel: (202) 872-4396; FAX: (202) 872-6128; Email: natlmtgs@acs.org.

2001

A P R I L  1 - 5 :  2 2 1 s t  A C S  N a t io n a l  M e e t in g ,  S a n  F r a n c i s c o ,  C a l i f .  Contact: 
ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA. 
Tel: (202) 872-4396; FAX: (202) 872-6128; Email: natlmtgs@acs.org.

A U G U S T  1 9  -  2 3 :  2 2 2 n d  A C S  N a t io n a l  M e e t in g ,  C h ic a g o ,  I l l in o is .  Contact: 
ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA. 
Tel: (202) 872-4396: FAX: (202) 872-6128; Email: natlmtgs@acs.org.

2002

A P R I L  7  -  1 1 : 2 2 3 r d  A C S  N a t io n a l  M e e t in g ,  O r la n d o ,  F lo r id a .  Contact: 
ACS Meetings. 1155 16th Street. NW. Washington, DC 20036-4899, USA.

SEPTEM BER 8 - 12: 224th ACS National M eeting, Boston, Mass.
Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899,
USA.

mailto:reglmtgs@acs.org
mailto:natlmtgs@acs.org
mailto:natlmtgs@acs.org
mailto:natlmtgs@acs.org
mailto:natlmtgs@acs.org
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2 0 0 3

M A R C H  2 3  -  2 7 :  2 2 5 th  A C S  N a t io n a l  M e e t in g ,  N e w  O r le a n s ,  L o u is ia n a .
Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, 
USA. Tel: (202) 872-4396; FAX: (202) 872-6128; Email: natlmtgs@acs.org. 
S E P T E M B E R  7  -  1 1 : 2 2 6 t h  A C S  N a t io n a l  M e e t in g ,  N e w  Y o r k  C ity .
Contact: ACS Meetings. 1155 16th Street, NW, Washington, DC 20036-4899, 
USA. Tel: (202) 872-4396; FAX: (202) 872-6128; Email: natlmtgs@acs.org.

2 0 0 4

M A R C H  2 8  - A P R I L  1: 2 2 7 t h  A C S  N a t io n a l  M e e t in g ,  A n a h e im ,

C a l i f o r n ia .  Contact: ACS Meetings. 1155 16th Street, NW. Washington, DC 
20036-4899, USA. Tel: (202) 872-4396; FAX: (202) 872-6128: Email:
natlmtgs@acs.org.

A U G U S T  2 2  -  2 6 :  2 2 8 t h  A C S  N a t io n a l  M e e t in g ,  P h i la d e lp h ia ,

P e n n s y lv a n ia .  Contact: ACS Meetings, 1155 16th Street. NW, Washington, 
DC 20036-4899. USA. Tel: (202) 872-4396; FAX: (202) 872-6128; Email: 
natlmtgs@acs.org.

2 0 0 5

M A R C H  1 3  -  1 7 : 2 2 9 th  A C S  N a t io n a l  M e e t in g ,  S a n  D ie g o ,  C a l i f o r n ia .
Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, 
USA. Tel: (202) 872-4396; FAX: (202) 872-6128; Email: natlmtgs@acs.org.
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Explore the latest 
advances in the
field of... Ion Exchange

Offers easy access to 
Russian and Chinese 
source material previ- j 

ous'ly unavailable : 
to Western researchers!

and Solvent Extraction 1 9
VOLUME I k

edited by 
JACOB A. MARINSKY
Sta te  University o f N ew  York a t Buffalo
YIZHAK MARCUS
Hebrew University o f Jerusalem , Israel C o n te n ts
March, 1995
456 pages, illustrated
$195.00

Volume 12 of this unique series continues in the 
tradition of its widely received predecessors, pre
senting current developments in the theory and 
practice of ion exchange.

This authoritative reference provides interdiscipli
nary coverage of contemporary topics, including
■ the nature of metal-ion interaction with oppositely 

charged sites of ion exchangers
■ high-pressure ion-exchange separation of rare 

earth elements
■ the commercial recovery of valuable minerals 

from seawater and brines by ion exchange and 
sorption

■ the kinetics of ion exchange in heterogeneous 
systems

■ the ion-exchange equilibria of amino acids
■ and much more!

The Ion Exchange and Solvent Extraction 
Series treats ion exchange and solvent extraction 
both as discrete topics and as a unified, multi
disciplinary study—presenting new insights for 
researchers in many chemical and related fields. 
The volumes in this now classic series are of major 
importance to analytical, coordination, process, 
separation, surface, organic, inorganic, physical, 
and environmental chemists; geochemists; electro
chemists; radiochemists; biochemists; biophysicists; 
hydrometailurgists; membrane researchers; and 
chemical engineers.

High-Pressure Ion-Exchange 
Separation of Rare Earths 

L iq u a n  C hen, W enda X in,
C h a n g fa  D o ng , W angsu c Wu, 
a n d  S u ju n  Yue

Ion Exchange in Countercurrent 
Columns

V la d im ir I. G o rs h k o v  
Recovery of Valuable Mineral Compo
nents from Seawater by Ion-Exchange 
and Sorption Methods 

R u s la n  K h am izov , D m itr i N . M urav iev, 
a n d  A b ra h a m  W a rs h a w s x y  

Investigation of Intraparticle Ion- 
Exchange Kinetics in Selective 
Systems 

A. I. K a lin ilc h e v

Equilibrium Analysis of Complexation 
in Ion-Exchangers Using Spectro
scopic and Distribution Methods 

H iro h ik o  W ak i

Ion Exchange Kinetics in Hetero
geneous Systems 

K. B u n z l

Evaluation of the Electrostatic Effect 
on Metal Ion-Binding Equilibria in 
Negatively Charged Polyion Systems 

Tohru M iya jim a

Ion-Exchange Equilibria of Amino Acids 
Z u y i Tao

Ion Exchange Selectivities of Inorganic 
Ion Exchangers 

M ils u o  A b e

ISBN: 0—8247— 9382— X

This book is printed on acid-tree paper

Marcel Dekker, Inc.
270  M a d is o n  A v e n u e  
N e w  Y o rk , N Y  10016  
(212) 696*9000 
H u tg a s s e  4, P o s tfa c h  812 
C H -4001  B a s e l, S w itz e r la n d  
Tel. 061-261-8482



A lso  o f in te re s t... S e n d  for a  co m p lim en ta ry  c o p y  
o f  th is  journa l to d a y  (see  coupon . .. L

Solvent Extraction and Ion Exchange
Editors: KENNETH L NASH and RENATO GHIARIZIA

Chem istry Division, Argonne National Laboratory  
9700 South Cass Avenue, Argonne, Illinois 60439-4831

1995 Volume 13, 6 Numbers 
Institutional rate: $650.00 
Individual rate: $325.00

S o lv e n t E x tra c tio n  a n d  Io n  Exchange , an internation
al journal, provides current, in-depth, comprehensive cov
erage of advances and developments in all areas of the 
field—covering subjects ranging from agriculture, biology, 
and chemistry through engineering, metallurgy, medicine, 
and geology. S o lve n t E x tra c tio n  a nd  Ion Exchange  
publishes original research articles, notes of work in 
progress, critical reviews, and letters to the editor, as well 
as reviews of new books, a bibliography section, and 
notices of meetings. Some of the major topics discussed 
include adsorption and extraction chromatography, sepa
rations using liquid membranes and related techniques, 
separation materials, underlying principles, and all other 
aspects of solvent extraction and ion exchange.

S u b sc rib e  Today!

LIBRARIANS: Make sure the agricultural, analytical, and 
physical chemists; engineers; geologists; hydrometaliur- 
gists; and research physicians you serve find S o lve n t 
E x tra c tio n  a n d  Ion  E xchange  on your bookshelves. 
Order your subscription today either from your subscrip
tion agency or directly from Marcel Dekker, Inc.

CALL FOR PAPERS: S o lve n t E x tra c tio n  a nd  Ion
E xchange  welcomes manuscript contributions. Those 
papers accepted will be published promptly. For com
plete details regarding manuscript preparation and sub
mission, please contact the editors directly.
ISSN: 0736—0299

•Mail today! &S O r d e r  F o r m

Consulting Editor
E. PHILIP HORWITZ 
Chemistry Division 

Argonne National Laboratory 
9700 South Cass Avenue 

Argonne, Illinois 60439-4331
Associate Editors
A. CLEARFIELD 

Texas A&M University 
College Station, Texas 77343 

D. B. DREISINGER 
University of British Columbia 
Vancouver, British Columbia 

V6T 1W5 Canada 
B. A. MOYER

Oak Ridge National Laboratory 
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postage and handling per volume. On prepaid orders add 
only $.75 per volume.

J  Please enter my subscription to Solvent Extraction and 
Ion Exchange, 1995, V. 13, 6 Numbers at the □  institu
tional rate of $650.00; J  individual rate of $325.00. 
(Individual subscriptions must be paid for by personal 
check or credit card. Add $3,50 per number for surface 
postage outside the U.S. For airmail to Europe, add $5.50 
per number; to Asia, add $6.50 per number. Orders must 
be prepaid in U.S. currency.)

j  Please send me a complimentary copy of the journal 
Solvent Extraction and Ion Exchange.

I enclose payment in the amount of $ _______________ by;

O check □  money order □  Visa

O MasterCard (4-digit interbank no.________ ) _i Am.Exp.

Card No._________________________ Exp. D ate________

Please bill my company: P.O. No._______________________

Signature___________________
(must Os signed Ior credit card payment)

Name________________________________________ _____

A d d r e s s ______________________________________ _______________

City/State/Zip_______________________________________
N. Y. residents must add appropriate sales tax tor books only. Canadian customers 
add 7% GST. Prices are subject to change without notice

L Form No. 039505 Printed In U.S.A. *_______I



Stay at the forefront o f your field by incorporating the latest 
applications and theoretical developments into your work w ith ...

C o n ta in s  o v e r  2 0 0  d ra w in g s , 
p h o to g r a p h s ,  t a b l e s ,  a n d  e q u a t io n s !

Advances in t a i a t m n h y
V O L U M E  0  £  ( /

3 5
e d ite d  by

P H Y L L I S  R ®  H S I O W I V  University o f  Rhode Island, Kingston 

E L I  G R U S H K A  , Hebrew University o f Jerusalem, Israel

January , 1995 /4 4 8  p ag es, i l lu s t r a t e d /$165.00

R e v i e w e r  p r a i s e  f o r  p r e v i o u s  e d i t i o n s . . .

“ . . .  r e f l e c t s  t h e  h ig h  s t a n d a r d s  e x p e c t e d  f ro m  t h i s  r e s p e c t e d  

s e r i e s . ” — Clinical Chemistry \

“ . .  . t h e  a r t ic le s  [ a r e ]  o f  h igh  sc ie n t i f ic  s ta n d a r d ,  u p  to  d a te ,  v ery  

w e ll  w r i t t e n ,  a n d  in t e r e s t i n g  to  r e a d . . .w e ll  p r e s e n t e d  a n d  e d i t e d .” 

— Journal o f  Chromatography

“ . .  . a  v a lu a b le  c o n t r ib u t io n  to  t h e  c h r o m a to g ra p h y  l i t e r a t u r e . . .  

b e lo n g s  in  e v e ry  l ib ra ry  u s e d  b y c h r o m a to g r a p h e r s .”
— Liquid Chromatography !

“ . . . m a in ta in s  t h e  h igh  q u a lity  t h a t  c h r o m a to g r a p h e r s  h a v e  c o m e  

to  e x p e c t  f ro m  th is  in v a lu a b le  s e r i e s . ”

— Journal o f  Pharmaceutical Sciences !

T he rapidly expanding g row th o f  th e  l ite ra tu re  o n  chrom atography, capillary 
e le c tro p h o re s is , field flow fractionation, an d  o th e r  sep a ra tio n  techn iques 
m akes it d ifficult fo r any individual to  m aintain a  c o h e re n t view  o f p ro g ress  in 
th e  field. R ather than a ttem p t to  read  th e  avalanche o f original re search  
p ap e rs , investigators trying to p re se rv e  even a  m o d es t aw aren ess  of advances 
m u st rely upon a u t h o r i t a t i v e  s u rv e y s .

F ea tu ring  re liab le , u p - t o - t h e - m i n u t e  r e v ie w s  o f m ajo r d e v e lo p m e n ts  in 
ch rom a tog raphy  an d  o th e r  s ep a ra tio n  tec h n iq u e s , th is  critically  p ra ise d  
s e r ie s  s e p a ra te s  th e  m o s t im p o rtan t advances from  an o v erab u n d an ce  of 
su p p lem en ta ry  m ater ia ls .

i n t e r n a t i o n a l l y  a c k n o w l e d g e d  e x p e r t s  a n a ly z e  
t h e  m o s t  c u r r e n t  i n n o v a t i o n s  in  t h e i r  a r e a s  o f  
s p e c i a l i z a t i o n !

Providing m o re  than  1 0 0 0  b ib liog raph ic  c ita tio n s , allow ing fo r fu r th e r, in- 
d e p th  s tudy  of re c e n t  tre n d s  in re s e a rc h , V o lu m e  3 5  ex am in es  tim ely 
s u b je c ts  such  as

■  p e r fo rm an c e  re q u ire m e n ts , d e te c tio n  m o d es, an d  ancillary tec h n iq u e s  
fo r op tica l d e te c to rs  in cap illary  e le c tro p h o re s is

■  in s tru m en ta tio n , lim ita tio n s, a n d  a p p lica tio n s  o f cap illa ry  e le c tro p h o re 
s is  co m b in ed  w ith m a ss  s p e c tro m e try

■  e x p e rim en ta l v a r ia b le s  th a t in flu en ce  th e  o p tim ization  o f  s ep a ra tio n  
p a ra m e te r s  in cap illary  e le c tro p h o re s is

■  capillary  e le c tro p h o re s is  in p h a rm a ce u tic a l an a ly se s , including  a co m 
p a riso n  w ith high p e r fo rm an c e  liquid ch rom a tog raphy

■  m e th o d s  for th e  ch ro m a to g rap h ic  c h a rac te riza tio n  of g aso line

■  and  m uch m ore!

Advances in Chromatography is an  in d isp e n sa b le  re s o u rc e  fo r all 
r e s e a r c h e r s  w ho  n ee d  to  u se  s e p a ra tio n  m e th o d s  effec tive ly——esp ec ia lly  
analy tical, o rganic , inorganic , clin ica l, an d  physical c h e m is ts ;  c h ro m a to g ra 
p h e rs ;  b io ch e m is ts  an d  bio logical ch e m is ts ;  a g ro ch em is ts ;  ch em ical, 
m a te r ia ls , p o llu tio n , an d  quality  c o n tro l e n g in e e rs ;  b io tech n o lo g is ts ; toxi
co lo g is ts ; p h arm a co lo g is ts ; p h a rm a c is ts ; p h ysio log is ts ; zoo log is ts ; 
b o ta n is ts ;  food , c o sm e tic , po lym er, a n d  en v iro n m e n ta l s c ie n t is ts ;  m icrob i
o lo g is ts ; v iro lo g is ts ; o ce an o g ra p h e rs ;  re s e a r c h  a n d  q u ality  c o n tro l s c ie n 
t is ts  in acad em ia , go v ern m en t, h o sp ita ls , an d  industry ; an d  upper-leve l 
u n d e rg rad u a te  an d  g ra d u a te  s tu d e n ts  in th e s e  d isc ip lin e s .

C o n te n ts
O p t i c a l  D e t e c t o r s  f o r  C a p i l la r y  E l e c t r o p h o r e s i s

EdwardS. Yeung
C a p i l l a r y  E l e c t r o p h o r e s i s  C o u p le d  w i th  M a s s  S p e c t r o m e t r y

Kenneth B. Tomer, LeesaJ. Deterding, and Carol E. Parker 
A p p r o a c h e s  f o r  t h e  O p t i m iz a t i o n  o f  E x p e r i m e n t a l  P a r a m e t e r s  
i n  C a p i l la r y  Z o n e  E l e c t r o p h o r e s i s

HaleemJ. issaq, George M. Janini, King C. Chan, and 
ZiadElRassi

C r a w l in g  O u t  o f  t h e  C h i r a l  P o o l:  T h e  E v o lu t io n  o f  P irk le -T ty p e  
C h i r a l  S t a t i o n a r y  P h a s e s

Christopher J. Welch
P h a r m a c e u t i c a l  A n a ly s i s  b y  C a p i l la r y  E l e c t r o p h o r e s i s

Sam F. Y. Li, Choon Lan Ng, and Chye Peng Ong 
C h r o m a t o g r a p h ic  C h a r a c t e r i z a t i o n  o f  G a s o l i n e s

Richard £  Pauls
R e v e r s e d - P h a s e  I o n - P a i r  a n d  I o n - I n t e r a c t i o n  C h r o m a t o g r a p h y

M. C. Gennaro
E r r o r  S o u r c e s  i n  t h e  D e t e r m i n a t i o n  o f  C h r o m a t o g r a p h i c  P e a k  
S iz e  R a t io s

Veronika R. Meyer 
ISBN: 0—8247—9361—7

This book is primed on acid-free paper.

Marcel Dekker, Inc.
270 Madison Avenue, New York, NY 10016(212) 696-9000
Hutgasse 4, Postfach 812, CH-4001 Basel, Switzerland
Tel. 061-261-8482



Advances in Oiromatonraphy
P H Y L L I S  I t .  B R O W N  a n d  E L I  G R U S H K A  O  I  t /

Don't forget these companion volumes...

V O L U M E

456 pages, illustrated/$165.00

Volume 34  d e ta ils  high p e r fo rm an c e  cap illary  e le c tro p h o re s is , gas  ch ro 
m atography, m atrix  iso la tio n , in fra re d  sp e c tro m e try , s ta tis tic a l  th e o r ie s  of 
p eak  o v erlap  in chrom atog raphy , cap illa ry  e le c tro p h o re s is  o f  c a rb o h y d ra te s  
an d  p ro te in s , su p e rc r it ic a l  fluid ch rom atog raphy , a n d  m ore .

V O L U M E

304 pages, illustrated/$150.00

“ . .  . p r o v id e s ]  a range  o f top ics  which sh o u ld  h e lp  c h ro m a to g rap h e rs  to 
m ain tain  a w a re n e s s  o f d ev e lo p m e n ts  on  a  b road  fron t."  — Talanta

. .w ell w ritten , w ith a  c o n s id e rab le  am oun t o f  in form ation , an d  s u p p o rted  
by a  good su b jec t index ." —Analytica Chimlca Acta

C o n t e n t s
H i g h - P e r f o r m a n c e  C a p i l la r y  E l e c t r o p h o r e s i s  o f  H u m a n  S e r u m  
a n d  P la s m a  P r o t e i n s
Oscar W. Reif, RalfLausch, and Ruth Freitas 

A n a ly s i s  o f  N a tu r a l  P r o d u c t s  b y  G a s  C h r o m a t o g r a p h y /M a t r i x  
I s o l a t i o n / i n f r a r e d  S p e c t r o m e t r y

W. M. Coleman HI and Bert M. Gordon

S t a t i s t i c a l  T h e o r i e s  o f  P e a k  O v e r l a p  i n  C h r o m a t o g r a p h y
Joe M. Davis

C a p i l la r y  E l e c t r o p h o r e s i s  o f  C a r b o h y d r a t e s
Ziad El Rassi

E n v i r o n m e n t a l  A p p l i c a t i o n s  o f  S u p e r c r i t i c a l  F lu id  
C h r o m a t o g r a p h y
Leah J. Mulcahey, Christine L Rankin, and Mary Ellen P. McNally

H PLC  o f  H o m o lo g o u s  S e r i e s  o f  S im p le  O r g a n ic  A n io n s  a n d  C a t io n s
Norman £  Hoffman

U n c e r t a i n t y  S t r u c t u r e ,  I n f o r m a t i o n  T h e o r y ,  a n d  O p t i m iz a t i o n  
o f  Q u a n t i t a t i v e  A n a ly s i s  i n  S e p a r a t i o n  S c i e n c e
Yuzuru Hayashi and Rieko Matsuda

C o n t e n t s
P l a n a r  C h ip s  T e c h n o lo g y  o f  S e p a r a t i o n  S y s t e m s :  A  D e v e lo p in g  
P e r s p e c t i v e  i n  C h e m ic a l  M o n i to r i n g
Andreas Manz, D. Jed Harrison, Elizabeth Verpoorte, and 
H. Michael Widmer
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Irving W. Wainer and Terence A  G. Noctor 
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Thierry Hamoir and D. Luc Massart 

I n f o r m a t i o n  P o t e n t i a l  o f  C h r o m a t o g r a p h ic  D a t a  f o r  
P h a r m a c o l o g ic a l  C la s s i f i c a t i o n  a n d  D r u g  D e s ig n  
Roman Kaliszan
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John K Haken
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Shulamit Levin and Saleh Abu-Lah

ISBN: 0—8247—9087—1
F o r C red it C ard  
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