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SUMMARY 

Previously we have demonstrated the feasibility of forming bonded phases on 
porous layer beads (Corasil 11) by a completely in situ process. A logical extension of 
this in situ method has been its application to small-particle silica columns. Such 
col~umns have all the advantages of the bonded phases formed on porous layer beads 
with the added feature of much higher plate counts. In addition, when compared to 
commercially available small-particle bonded phase columns, the cost is reduced 
significantly. In this paper, both the initial column preparation procedure and the 
in situ technique applied to completely porous small-particle silica columns are 
presented. Columns were packed with a constant-pressure pump using a dibromo- 
ethane slurry procedure. After initial packing, all columns were conditioned with a 
solvent series of decreasing polarity and evaluated for performance using a test 
mixture of biphenyl (k’ w 0.5-1.0) and nitrobenzene (k’ = 5-10). After evaluation, 
suitable columns (I-I = 0.008 + 0.002 cm at a flow velocity of 0.55 cm/set) were 
selected for in situ modification. By this procedure, differences due to variation in 
column packing were minimized. Subsequently, various modification procedures were 
investigated. As in the case of porous layer beads, control of pre-reaction surface 
hydration was found to be critical in determining the consistency of surfaces formed. 

INTRODUCTION 

In the past decade, bonded phases for chromatographic application have 
grown into an active and important area of research interest in the field of separation 
science. Initially, the greatest interest was in the development of bonded phases for 
gas chromatographic (CC) use. During the first three to five years of this period, a 
number of investigators1-8 contributed to the establishment and acceptance of bonded 
phases as GC packings. More recently the emphasis in GC has turned to detailed 
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studies of reaction mechanisms and solute interactions with the bonded phasesg-I’, 
w,ith the ultimate goal of optimizing bonded phase selectivity and reproducibility. 

Perhaps even more significant than bonded phases as GC packings has been 
the development of permanently bonded phases for high-pressure liquid chromato- 
graphic (HPLC) use 6J8--27. Recently there has been a great deal of interest in the use 
of completely porous small-particle silica materials (av. dp 10 pm or less) and in the 
modification of these materials by chemically bonding various organic molecules to 
their surface’s*‘6. 

The advantage of columns packed with these materials is that they provide 
a large number of theoretical plates in a short period of time. Thus, difficult sepa- 
rations may be achieved within minimal analysis times. 

In most cases, both polar and non-polar siloxane phases are formed by the 
reaction of organosilanes with the silica surface via batch type processes. By this 
conventional means a great deal of care in the preparation is required to produce 
coatings that are reproducible and effective. If the amount of moisture is not precisely 
controlled, coatings may be formed which are either too thick or too thin or which 

omogeneously distributed on the surface. 
eviously, Gilpin et aLz3 have demonstrated the feasibility of forming bonded 

hases on porous layer beads (Corasil II) by a completely in situ process. 
This process was further modified” to provide a simple and efficient, yet more repro- 
ducible means of preparing bonded phases. A logical extension of this in situ method 
has been its application to columns packed with completely porous small-particle 
silica. Such columns have all the advantages of the bonded phases formed on porous 
layer beads with the added feature of much higher plate counts leading to improved 
separations with faster analysis times. In addition, when compared to commercially 
available small-particle bonded phase columns, the cost is reduced significantly. 

In this paper both initial column preparation and in situ mod&&ion applied 
to completely porous small-particle silica are discussed. All columns have been 
packed using a dibromoethane slurry procedure, conditioned with a solvent series 
of decreasing polarity and evaluated for performance. After evaluation, suitable 
columns have been selected for in situ modification. By using this procedure, differ- 
ences in column efficiencies due to variation in packing technique have been minimized. 
Subsequently, the in situ reaction procedure has been investigated in terms of overall 
colulmn performance and reproducibility. HETP values obtained before (HbcfoJ and 
after (Harrer) chemical modification have been used to calculate Hbcrorc/Hafter ratios. 
Comparisons based on these ratios have provided a better means of evaluating the 
in sEru reaction process. 

EXPERIMENTAL 

Equipment 

All chromatographic experiments were performed on a Waters Assoc. Model 
202 liquid chromatograph equipped with a 6UtJO p.s.i. pump and a 254-nm ultraviolet 
detector. Injections were made on column using Precision Sampling syringes. AU 
column evaluations were carried out at ambient temperature (co. 25”). 
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The micro-silica columns were slurry-packed by the following procedure: 
Micro-silica, LiChrosorb SI 60 (av. d, m lOpu), from EM Labs. (Elmsford, KY., 
U.S.A.), was dried at 200” for 4 h. A slurry was prepared by placing l-@-g of the dried 
silica in 10 ml of 1,Zdibromoethane and shaking the mixture for at least 1 h. Before 
use the 1,2-dibromoethane was purified through a column of SilicAR CC-7 silica from 
Mallinckrodt (St. Louis, MO., U.S.A.). Columns were packed using a Haskel Model 
DST-126-32 liquid pump and a column-type slurry reservoir assembly. The slurry 
reservoir consisted of a 1.8 m x l/4 in. O.D. (3 mm I.D.) stainless-steel column fitted 
with a l/4&. to l/S-in. stainless-steel Swagelok reducing union on the column end 
and a 1/4in. to l/16&. stainless-steel Swageiok reducing union on the pump side. 
A 25-cm column prepared from standard l/S-in. Q.D. stainless-steel tubing and a 
reducing union with a 2-pm frit was attached to the slurry reservoir. All tubing was 
cleaned with a non-polar and a polar solvent, rinsed with acetone and dried before 
packing. The lo-ml slurry of micro-silica was drawn into a l&ml syringe and swept 
into the reservoir-column assembly. Approximately 6 ml of distilled water were 
added to the reservoir until solvent appeared from the downstream side of the 
column. The upstream side of the slurry reservoir was clamped shut, the l/&n. to 
l/16-in. Swagelok reducing union was removed, and the reservoir attached to the 
Ha&e1 pump. After opening the valve on the pump, 80 ml of n-hexane were pumped 
through the reservoir-column assembly, which was then removed from the Haskel 
pump and attached to a Waters Assoc. Model 6OCKI pump. One hundred milliliters 
of methanol were pumped through the reservoir-column system. After this initial 
packing the column was disconnected from the slurry reservoir, connected to the 
pump, and flushed with 100 ml of the following solvents: water, methanol, isopro- 
panol, diethyl ether, 1,2-dichloroethane, and n-hexane. After conditioning, the 
columns were evaluated using a test mixture of biphenyl and nitrobenzene and a 
mobile phase of n-hexane. 

Reaction procedure 

After packing and evaluation a suitable column was attached to the Waters 
Assoc. Model 6000 pump, and 10 ml of water-saturated toluene pumped through 
at a rate of 5.0 ml/mitt, followed by various volumes of dry toluene at a rate of 5.0 
ml/mm. The column was disconnected from the pump, and a 2 ft. x 3/S in. 0-D. 
stainless-steel reservoir column tilled with 30 ml of a 50% reaction solution of 
octadecyltrichlorosilane in dry toluene wa s connected between the pump and the 
column. The 50% octadecyltrichlorosilane reaction solution was chosen to insure an 
excess of silane monomeP_ The reaction solution was pumped through the column 
at a rate of 1.0 ml/min, followed by 500 ml of dry toluene at the maximum attainable 
flow. This volume of dry toluene was needed in order to insure the elution of un- 
reacted monomer from the cohmm. The reaction reservoir was removed from the 
system, and 100 ml of water-saturated toluene, followed by 100 nG water-acetonitrile 
(5:95) were pumped through the reacted column. 

Before evaluation all columns were conditioned with at least 300 ml of the 
mobile phase, acetonitrile-O.01 M ammonium carbonate (60:40). 
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Reagents 
The toluene used was analytical reagent grade obtained from Mallinckrodt. 

The dry toluene was prepared by refluxing over cafcium hydride (Fisher Scientitic, 
Fair Lawn, NJ., U.S.A.) for at least 2 h and stored over calcium hydride. Aceto- 
nitrile and n-hexane (distilled in glass) were obtained from Burdick and Jackson 
Labs. (Muskegon, Mich., U.S.A.). The 0.01 M ammonium carbonate solution was 
prepared by adding 2.3 g ofammonium carbonate (Fisher ScientifS) to a 2-1 volumetric 
flask and diluting to volume with distilled water. 0ctadecyltrichlorosiane was ob- 
tained from Aldrich (Milwaukee, W&X., U.S.A.) and was used in the condition 
received. The reaction solution was prepared by dissolving 50% by volume of the 
silane monomer in dry toluene. 

RESULTS AND DISCUSSION 

Column sefection 
Prior to in situ modification each of the slurry-packed micro-silica columns 

was conditioned with a solvent series of decreasing polarityzs. This series consisted 
of water, methanol, isopropanol, diethyl ether, l,Zdichloroethane, and n-hexane. 
After conditioning all columns were evaluated using a test mixture of biphenyl and 
nitrobenzene and a mobile phase of n-hexane. Five similar columns (based on capacity 
and efhciency data) were selected for initial optimization studies. Values of k’ for 
both biphenyl and nitrobenzene obtained on these uncoated columns are listed in 
Table I. Shown in Table II are HETP values (H before) obtained on these same columns 
for flow-rates of 0.33 and 0.55 cm/set (0.9 ml/min and 1.5 ml/mm). These values 
were calculated from plots of efficiency vs. linear velocity of the mobile phase over 
an operating range of 0.11-0.81 cm/set (0.3-2.2 ml/min). In Fig. 1 a plot is shown of 
efficiency vs. linear flow for a typical uncoated micro-silica column. These data were 
obtained using nitrobenzene as the test compound and n-hexane as the mobile phase. 

Columns with Hbefore = 0.008 & 0,002 cm over a linear velocity range of 
0.33-0.55 cm/set (0.9-1.5 ml/mm) were selected for initial mod&ation studies. 
Columns exhibiting these efhciencies were easily obtainable by the slurry-packing 
procedure used. Columns either more or less eflicient were rejected for the optimization 
experiments. 

By fully evaluating each colur& before modification and selecting similar 
columns based on capacity and efficiency data, digerences in chromatographic 
behavior arising from variation in column-packing technique were minimized. Thus, 
a more controlled and consistent study of the bonding reaction was possible using 
the in situ process. This advantage is not true of batch type reaction procedures since 
the reacted material must be placed into the column following modification; thus, 
the uncertainty of the packing process itself adds to the uncertainty of the experiment. 

Reaction studies 
All columns were prepared using 30 ml of a 50% octadecyltrichlorosilane 

reaction solution. These reaction conditions were used to insure complete and 
reproducible surface coverage23. Octadccyltrichlorosilaue was chosen as the monomer 
of choice since the alkyltrichforosilanes of longer chain-length have been found to 
produce chromatographically preferable co1umnsz5J7. Columns prepared with alkyd- 
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Fig. 1. Effect of mobiIe phase velocity on plate height for various unmodified and mod&d micro- 
silica columns. (a) Typical unmodified columt~ (b-f) modified columns: (b) 50 ml, (c) 100 ml, (d) 
200 ml, (e) 300 ml, and (f) 400 ml of dry toluene pre-reaction treatments. 

trichlorosilane monomers of shorter chain-length such as ethyl- and hexyltrichloro- 
silane are less selectivez5*” with increased amounts of solute band spreading? - 

Previously it was demonstrated 27~29 that pre-reaction surface moisture was a 
critical factor in determining the bonded surface formed. In those cases where too 
little or too much physically adsorbed water was left on the silica surface prior to 
in situ modification, inefficient columns were obtained. 

In Fig. 1 plots are shown of efliciency VS. linear velocity of the mobile phase 
for a series of octadecyltrichlorosilane columns prepared using different pre-reaction 
conditions. These data were obtained using 1,3,5_triphenylbenzene as a test solute 
and acetonitrile-O.01 M ammonium carbonate (60:4(l) as the mobile phase. The 
different pre-reaction treatments consisted of modifying the volume of dry toluene 
used to establish the amount of physically adsorbed surface moisture prior to modi- 
fication. 

In Fig. 2 a chromatogram is shown obtained from a test mixture-of triphenyl- 
methanol, triphenyhnethane, triphenylsilane, and 1,3,5_triphenylbenzene on an octade- 
cyltrichlorosilane in situ modified column. In this case, the column was rinsed with 
100 ml of water-saturated toluene followed by 200 ml of dry toluene prior to the 
in sitzz bonding reaction. 

In Table I capacity ratios (k’) are tabulated for the four test solutes, triphenyl- 
methanol, triphenylmethane, triphenylsilane and 1,3,5_triphenylbenxene, obtained on 
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Fig. 2. Octadecykrichiorosilane-modified micro-silica column. 200 ml of dry toluene pre-reaction 
treatment. Mobile phase, acetonitrik-O.01 M ammonium carbonate (60:40); flow-rate, 0.5 ml/min. 
1 = Triphenylmethanol; 2 = triphenylmethane; 3 = triphenylsiiane; 4 = 1,3,5-triphenylbenzene. 

columns prepared using varying amounts of dry toluene to establish controlled 
surface moisture prior to the octadecyltrichiorosiane modification. These k’ values 
were obtained over a flow range of 0.6-1.2 ml/n&r and are mean values of eight to 
twelve determinations. HETP values (Hart_) for each of these columns are summa- 
rized in TabIe II. These data indicate that the amount of material bonded to the 
surface is decreased by a smaller and smaller percentage as a function of greater 
incremental volume changes of dry toluene used prior to modifkation. Arguments 
consistent with these data are that physically adsorbed water is removed to a decreas- 
ing degree as a function of increasing volumes of dry toluene used prior to the bonding 
procedure, resulting in smaller amounts of material bound to the surface. EventualIy, 
conditions are established where removal of all physically adsorbed water has 
occurred or an equilibrium is attained prior to that point. 

In Table II calculated ratios of HETP values for each column obtained before 
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TABLE I 

VARIATION IN k’ AS A FUNCl-I~N OF COLUMN MODIFICATION 

CWlmR utunil&ie&* Madfjied"' 

lMQ!ijFC&-02 

k' 4' kx kt ’ ks’ -- k“ 
_______ --_.--__ 

53 ‘0.55;0_02 5.6f0.14 2.710.18 x.1 F0.44 13.6iO.82 22.9rt1.2 
100 0.66 10.05 6.3 ho.27 2.3 ~0.08 5.5;0.15 8.5&0.25 15.4*0_43 
200 0.56&0.07 5.9 +0.49 2.2&0.08 4.4&0.15 6.4kO.21 10.9;0.38 
300 0.55 *to.05 5.8+0.33 1.9$0.13 4.0*0.25 6.OrO.34 10.5 kO.54 
400 0.644+0.05 6.550.33 1.7&0.06 3.510.12 5.2hO.18 9.2-co.31 

* Milliliters of dry tolueue used to establish contrckd pre-reaction conditions. 
** Mobile phase: n-hexane (test solutes: 1 = biphenyl, 2 = nitrobenzene). 

*** Mobile phase: acetonitrik-O.01 M arnmonirun carbonate (60:40) (test solutes: 1 = triphenyl- 
methanol, 2 = triphenylmethane, 3 = triphenylilane, 4 = 1,3,5-triphenylbenzene). 

TABLE II 

VARIATION IN HETP AS A FUNCTION OF COLUMN MODIFICATION 

Linear flow-velocity: A, 0.33 cm/set; B, 0.55 cmjsec. 

50 0_0084 0.0097 0.028 0.035 0.30 0.28 
IOC 0.0098 0.010 0.019 0.023 0.51 0.44 
200 0.0080 0.0093 0.015 0.019 0.54 0.50 
300 0.0071 0.0083 0.015 0.019 0.48 0.45 
400 0.0084 0.0092 0.022 0.028 0.39 0.33 

* Milliliters of dry toluene used to establish controlled pre-reaction conditions. 
** Mobile phase: r;-hexane (test solute: nitrobenzene). 

l ** Mobile phase: acetonitrile~.Ol M ammonium carbonate (60:40) (test solute: 1,3,5-triphenyl- 
benzene). 

and after the chemical modifications (Nberore/Narrer) are listed. These data are 

shown graphically in Fig. 3. Optimum columns were prepared using pre-reaction 
treatments of 100 ml of water-saturated toluene followed by volumes between 150 
and 250 ml of dry toluene prior to chemical modification. These data are not unex- 
pected and are in good agreement with recently reported dataz9 for in sitzc modified 
Corasil II c~hmms. In that work, the most efficient Corasil II columns were prepared 
using 50 ml of water-saturated toluene followed by 75 ml of dry toluene prior to 
chemical modScation_ Thus, removal of too little or too much physically adsorbed 
water results in production of inefficient columns. The optimum coating for this type 
of bonded phase is apparently formed at a point prior to the removal of all physically 
adsorbed water. Thus, these data would indicate that methods which use drying at 
150° or greater are probably not the best means of forming similar bonded phase 
packings for liquid chromatographic use. Most workers agree that at about 150”, loss 
of physically adsorbed water has taken place and that above 150”, bound water loss 
occurs by condensation of adjacent hydroxyl gr~ups’~~~‘~~~~~_ 
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Fig. 3. Hbcr~l,lH&, ratios as a function of pre-reaction treatment withdry toluene. Linear flow veloc- 
ity: [a) 0.33 cm/set, (h) 0.55 cm&c. 

Repmducibility 
Reproducibility of the ilr situ process applied to completely porous small- 

particle silica CQIUUUE has been examined. All cohnnns were prepared using a pre- 
rextion treatment of 100 ml of water-saturated toluene followed by 250 ml of dry 

toluene. After pre-treatment, all columns were modified with 30 ml of a 50 y0 reaction 
solution of octadecyltrichlorosilane. Before and after modifkation each column was 
evaluated chromatographically as previously discussed. A volume of 25Oml of dry 
toluene was chosec because: (a) this volume of dry toluene would produce effective 
surface coverage based on efficiency ratio data (Hbcrorc/Hartcr); (b) this volume would 
produce columns not previously examined in the optimization studies. k’ values for 
each of the four test compounds on these octadecyl columns werecalculated over a flow 
range of 0.642 ml/min using acetonitrik-O.01 M ammonium carbonate (60~40) as 
the mobile phase. Each mean k’ value was calculated from eight to twelve determi- 
nations. In Table III relative average deviations of k’ are listed for each of the test 
compounds on the five columns studied. 

In Table IV variations in column efficiency are tabulated calculated from 
plots of I-IETP vs. linear velocity of the mobile phase at 0.33 and 0.55 cmjsec (0.9 and 
1.5 ml/m@. These data were obtained using nitrobenzene as the test solute and 
n-hexane as the mobile phase for the unmodified columns. After modScation, 
1,3,Striphenylbenzene was used as the test ~compound and acetonitriIe4kQl M 
ammonium carbonate (60:4O) as the mobile phase- -As previously discussed, HbeCcrc/ 
&=_ ratios were caiculated and also appear in Table IV. Previously, the performance 
of all columns wzre matched on the basis of similar values of efkiency. However, in 
this study, columns having varying values of efficiency were used. By comparing 
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TABLEHI 

REPRODUCIBILITY OF Z-R siEu PREPARED COLUMNS BASED ON k’ DATA’ 

Test cotnpotmd Mean K values Recaiive average 
deviatlbn of k’ (%) 

Triphenylmethanol 2.7 6.1 
Triphenylmethzne 3.9 8.1 
Triphenylsikne 
1,3,5-Triphenykenzene 1::; 1:; 

* Data obtained from five replicate coIumns (250 ml of dry toluene used to establish controlled 
pre-reaction conditions). 

TABLE IV 

REPRODUCIBILITY OF in situ PREPARED COLUMNS BASED ON HETP DATA’ 
Linear flow velocity: A, 0.33 cm/see; B, 0.55 cm/xc. 

--- 
cokw?ut’ Her_ (cm! *- w =jzcr (em) *** H bclae/Hnlrer 

A B A B A B 

1 0.0099 0.011 0.019 0.014 0.51 0.47 
2 0.011 0.013 0.021 0.024 0.52 0.53 
3 0.011 0.013 0.021 0.024 0.52 0.51 
4 0.011 0.014 0.020 0.025 0.53 0.55 
5 0.008 0.009 0.014 0.018 0.57 0.51 

Mean values 0.53 f 0.02 0.51 & 0.03 

* Data obtained from five replicate columns (250 ml of dry toluene used to establish controlled 
pre-reaction conditions). 

** Mobile phase: n-hexane (test solute: nitrobenzene). 
*** Mobile phase: acetonitriie-O.01 Mammonium carbonate (60:40) (test solute: 1,3,5-triphenyl- 

benzene). 

performance before and after bonding, the effect of the variation in column efficiency 
was minimized, as indicated by the consistency of the Ifbeforc/Naftcr ratios. The means 
and standard deviations for these ratios were 0.53 & 0.02 and 0.51 & 0.03 for 0.9 
and 1.5 mI/min, respectively. The consistency of these data along with k' data demon- 
strates that in situ modified micro-silica columns can be prepared with a high degree 
of reproducibility and that comparisons based on Hbcrors/Hartcr ratios are a more 
meaningful way of evaluating the overall reaction process. 
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