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ABSTRACT 

Chemical tailored chromatographic adsorbents have 

been prepared by bonding various organic and organometallic 

molecules to porous silica surfaces. The reactions of tri-

methylchlorosilane (TMCS), dimethyldichlorosilane (DMCS), and 

trichloromethylsilane (TCMS) with the controlled porous 

silica beads marketed under the tradename of Porasil (Waters 

Associates, Inc., Framingham, Massachusetts) have been 

studied. The effects of pre-reaction surface dehydration 

and the effective area available for bonding have been 

examined. A correlation between these bonding areas and 

nitrogen surface data is presented. In addition, the re

actions of short chain alcohols with dimethyldichlorosilane 

and trichloromethylsilane treated beads have been investi

gated. These reactions have been followed by means of 

thermal neutron activation and carbon microanalysis. In 

light of these data physical descriptions of the surfaces as 

well as mechanisms for the reactions are suggested. Also 

the reaction of DMCS silanized surfaces with selected long 

chain alcohols, n-hexanol, n-decanol, and n-hexadecanol have 

been examined. 

An integrated approach has provided the necessary 

understanding between the physical nature of the surface and 

interaction of various test adsorbate molecules with these 

xv i 
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modified surfaces. The integrated approach has consisted of 

both non-chromatographic studies and chromatographic studies 

of the uncoated and modified surfaces. From the non-

chromatographic studies a better understanding of the 

orientation and amount of various bonded groups on the 

silica surface has arisen. The data obtained have thus 

provided a model system of surfaces. In light of these 

model surfaces, a detailed chromatographic investigation was 

conducted. The experiments involved both a peak position or 

thermodynamic description and a peak broadening or kinetic 

description. 

Studies of the short chain alcohol modified ad

sorbents for both DMCS-ROH and TCMS-ROH systems were examined 

in light of peak position experiments. The effects of geo

metrical inhomogeneity on these modified surfaces were in

vestigated. By proper choice of the alcohol which was 

reacted with the initially silanized adsorbents, known sur

face alterations were made and their influence upon specific 

and non-specific interactions was examined. The results of 

these studies are explained in terms of thermodynamic quan

tities which describe the adsorption process. 

The modified surfaces thus formed have been shown to 

consist of unreacted hydroxyl and bonded alkoxyl groups. 

Also present are dimer and polymeric units in the case of 

dimethyldichlorosilane and trichloromethylsilane modifica

tions respectively. The silicon atoms of these units are 
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joined by oxygen atoms. Non-specific adsorbate-adsorbent 

interaction upon these surfaces arises from the universal 

dispersion forces. Also, upon these surfaces, two types of 

specific interaction sites exist: those arising from the 

unreacted hydroxyl groups and those resulting from localized 

negative charge of the bridged oxygen atoms. 

The behavior of the long chain alcohol modified sur

faces have been investigated by both chromatographic peak 

position and peak broadening experiments. From these 

investigations a variety of surface characteristics have 

been shown to exist. These range from bristle behavior in 

the case of the DMCS-n-hexanol modified surface to gas-

liquid behavior for the n-hexadecanol modification. The 

n-decanol modification has been shown to be intermediate 

between these two extremes. 

A variety of chromatographic adsorbents have been 

prepared and studied. These adsorbents range from gas-solid 

behavior in the case of the very short chain bonded alco

hols, to bristle behavior in the case of the n-hexanol 

modified surface to essentially gas-liquid behavior for the 

n-hexadecanol modification. Thus the work has provided an 

opportunity to investigate the transition between gas-solid 

or adsorption and gas-liquid or partition chromatography. 



CHAPTER I 

INTRODUCTION 

The various forms of chromatography (gas, liquid, 

paper, and TLC) comprise the most useful and versatile 

separation techniques available today (l). Tswett and 

Varshav (2) are credited with the initial discovery of ad

sorption chromatography in 1903, since which time the 

various forms of chromatographic separation have grown and 

flourished. Of these various methods gas chromatography has 

found the most widespread use. In 1969 over 18,000 G.C. 

references were reported to exist and growing at a rate of 

about 2000 per year (3). The principles of gas-liquid 

partition chromatography were first suggested by Martin and 

Synge (4) and later advanced by James and Martin (5, 6) in 

1952. A more complete source of references of the historical 

development of chromatography may be found in (7). 

With the advent of gas chromatography the separation 

of very closely related compounds has been made possible. 

In order to achieve such separation, column technology is 

of prime importance, inasmuch as the column is the heart of 

the chromatographic system. The chromatographic column is a 

narrow tube packed permeably with some solid or porous ad

sorbent. Thus the support has played a key role in the 

1 
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development of gas chromatography (8) Many of the advan

tages and/or limitations of this method can be attributed 

to the role played by the support. In the past 20 years 

many materials have been used. These have ranged from 

natural occurring materials such as sand and diatomite to 

recently the more sophisticated adsorbents such as porous 

polymer and controlled porous silica beads. 

With the arrival of lower detection limits provided 

by ionization detectors, gas-adsorption chromatography has 

shown many advantages over the other typically used gas 

chromatographic methods. Of particular importance has been 

its extreme selectivity, higher operating temperature range, 

and inherently shorter analysis times. However, the range 

of available adsorbents is very small compared to liquid 

phases for gas partition chromatography. In order to sur

mount this major shortcoming, the specific tailoring of 

solid adsorbent surfaces and their subsequent characteriza

tion and evaluation are of prime importance. 

With improvements in technology, the use of porous 

silica beads for chromatographic adsorbents has increased 

greatly (9). Many approaches for surface modification have 

been tried. These have included very lightly loaded columns 

where a combination of both partitioning and adsorption have 

been found to exist; thermally treated glass, where both 

removal of hydroxyl groups and structural alteration by 

closing off part or all of the microspores occurs; to both 
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inorganic (10-19) and organic (20-35) modification of the 

silica surface. 

The use of salt-modification of adsorbents in gas-

solid chromatography was first suggested by Scott (10) and 

Scott and Phillips (11, 12). Since then, a number of studies 

of the adsorption of organic adsorbate molecules on salt-

modified porous silica beads have been made (13-19). Coating 

adsorbents with salts which are Lewis acids result in com

plexes of varying strengths with electron donor molecules 

(18). Thus by varying the particular salt used, a variety 

of surfaces may be formed resulting in more selective ad

sorption and related separations. 

Another means of modification and of particular 

importance is surface bonded material to provide adsorbents 

of a more exact nature. Chemically bonded stationary phases 

are important for several reasons. They are thermally stable 

allowing higher operating temperatures, can be coated uni

formly on the surface which results in more reproducible 

columns with greater efficiency, and are extremely selec

tive, being made up of a more complex series of various ad

sorption sites. The work of Halasz and Sebestian (20) and 

others has demonstrated the desirability of organically 

modified adsorbents. 

There have been several approaches taken toward the 

preparation of organic bonded surface films for use as 

chromatographic adsorbents. Of particular importance has 
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been the esterification of the silica surface. Rossi et al. 

(21) were the first to use this process which was based upon 

earlier work (36-39) on the esterification of polysilicic 

acids with alcohols. In their experiments they resolved 

to hydrocarbons both on a column packed with silica 

esterified with benzyl alcohol and on a column packed with 

silica esterified with lauryl alcohol. Later this procedure 

was extended by Halasz and Sebestian (20) who esterified the 

(3) 
porous silica adsorbent, Porasil C , with 3-hydroxypropio-

nitrile at 180°C. In a discussion of their work they sug

gested that the bonded phase was oriented like bristles on 

the modified surface. Since that time these adsorbents have 

been marketed by Waters Associates, Inc. (Framingham, 

Massachusetts) under the tradename of Durapak. 

Similar type adsorbents with bonded phases have been 

described by Rowan and Sorrell (29, 30). These adsorbents 

were prepared by the reaction of a number of alcohols with 

the surface hydroxyls of silica gel. It was reported that 

in most cases the chemically modified adsorbents gave 

improved column efficiency and more symmetrical peak shapes. 

However, the most important thing with this study was the 

investigation of the relationship of physical structure and 

properties to the performance of the tailored materials. 

Another attempt at preparing permanently bonded 

organically modified silica adsorbents has recently been 

described by Locke, Schmermund, and Banner (34). In their 



5 

approach the. reaction of a Grignard reagent with a chlori

nated siliceous surface was used to yield a direct Si-C 

bond. Although Grignard reactions with chlorosilanes (40) 

and silica gel (41, 42) have long been known, the above 

authors have claimed to have been the first to use this 

approach for modification of chromatographic adsorbents. 

Unfortunately, much of the work is both vague and question

able with the presentation of very few chromatographic 

results. 

modifying silica adsorbents is by bonding various organo-

metallic materials to their surface. Perhaps the most 

common of these have been the reactions of the organosilanes. 

These reactions may be categorically divided into three 

groups, direct, secondary, and polymeric. 

monomeric units are bonded to the silica surface via 

hydroxyl groups. The most commonly used of these have been 

the modification of silica surfaces with hexamethyldi-

silane (HMDS) and trimethylchlorosilane (TMCS). These 

reactions are thus summarized as follows: 

Finally and perhaps the most familiar means of 

Direct reactions are one step processes in which 

CH 
3 

Si 
CH 

3 

OH OH 0 OH 

Si - 0 - Si 
HMDS 

Si - 0 - Si - + NH Rxl 
3 

( Surface ) (Surface) 
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CH 
CH 

3 CH I  J  v / f l -

3\ I 3 
Si 

OH OH 0 OH 

Si - 0 - Si 
TMCS 

Si - 0 - Si - + HC1 Rx2 

(Surface) (Surface) 

These reactions have been used extensively for eliminating 

surface hydro xyl groups. A process which has been termed 

surface deactivation. However, only in a very few cases 

have these reactions been used to create adsorbents for gas-

solid chromatography (32, 33, 35, 43, 44). 

the hydroxylated surface of silica is reacted with a di-

chlorosilane followed by treatment with a molecule containing 

an active hydroxyl group. Again, as in the case of direct 

modifications these reactions have primarily been used for 

surface deactivation. Howard and Martin (45) in 1949 were 

the first to employ one of these reactions to obtain a 

hydrophobic support for reverse phase chromatography. In 

this work they used dimethyldichlorosilane (PM^S) followed 

by a methanol rinse to obtain the deactivated support upon 

which was coated the liquid phase. In this reaction the 

initial silanization was carried out with DMCS in the vapor 

phase. Following this attempt Kwantes and Rijnders (46) and 

Knight (47) tried DMCS treatments to obtain inert surfaces 

with very limited success. Later Holmes and Stack (48) 

Secondary reactions involve a two step process where 
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developed a modified procedure in which the initial treat

ment with dimethyIdichlorosilane was carried out in toluene 

and then the support washed with methanol. 

Bohemen et al. (49) wore the first to suggest a 

reaction sequence for DMCS treated supports. The reaction 

was viewed to proceed in one of two ways, in the case of 

adjacent surface hydroxyl groups: 

CH CH 

\ / 
Si 

/ \ 
OH OH 0 0 

I ' "DMC^ ' ' 
-  S i  -  0  -  S i  -  — >  -  S i  -  0  -  S i  -  +  2 H C 1  R x 3  

I i I I 

(Surface) (Surface) 

and in the case of a single isolated hydroxyl group: 

CI 
OH I 

' 1 nMrc; CHo - Si - CH 
- Si -5 o - Si - 3 I 3 

1 * 1  0  
(Surface) I | Rx4 

_ Si -> 0 - Si - + HC1 
I b I 
(Surface) 

Later, D. M. Ottenstein (8) in a review article 

suggested that there was a good possibility that both 

reactions 3 and 4 proceed simultaneously. He further sug

gested that reaction 3 was a two step process and in light 

of this felt that reaction 4 was predominant. He further 

proposed that the reaction product of Rx4 in the presence 
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of methanol proceeded in the following manner: 

R 

CI 0 

CH 
3 

Si - CH 
3 

CH 
3 

Si - CH 
3 

0 0 Rx5 

Si - 0 - Si 
ROH 

Si - 0 - Si - + HC1 

(Surface) (Surface) 

In both the work of Bohemen and co-workers, as well as 

Ottenste.in, only a suggested reaction scheme was presented 

with no experimental proof of validity. Not until recently 

have these reactions been quantitatively investigated and 

a new model proposed (50). 

modify chromatographic adsorbents have typically employed 

trichlorosilanes. In each case very stable surfaces have 

been reported to form. Abel et al. (22) reported the poly

merization of hexadecyltrichlorosilane on a Celite surface 

and the use of this material as a chromatographic support. 

Unfortunately, they reported limited success for "difficult-

to-chromatograph" compounds. Later Bossart (24) both 

duplicated and extended this work by using a wider variety 

of silane compounds to create modified surfaces. Aue and 

Hastings (25) studied the use of a number of trichloro

silanes to form permanently bonded polymeric phases. In 

their work they investigated the stability of these phases 

The polymeric reactions which have been used to 
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to continuous extraction and found them to be non-

extractable. They also examined the use of these phases for 

the separation of a variety of acids, alcohols, and amines. 

Others (26, 32, 35) have also reported the use of such 

reactions to form permanently bonded supports. Of particular 

interest has been the work of Kirkland and DeStefano (28) 

who formed bonded phases having a variety of functional 

groups. 

In most attempts at permanently modified phases, 

little attention has been directed toward creating ad

sorbents of known specific surface geometry. Instead, only 

gross attempts have been made whereby chromatographic data 

have been used as the sole means of both understanding and 

evaluating the adsorbent. 

In the work to be presented, a different approach 

has been taken. The chloromethylsilanes have been used to 

create model chromatographic adsorbents. These adsorbents 

have been characterized and evaluated by a series of non-

chromatographic experiments. From thep° experiments a 

physical picture is suggested and the chromatographic experi

ments and evaluations have been carried out in light of 

these results. 

Thus, many of the difficulties which have been en

countered in developing and applying the theory of gas-

adsorption chromatography partly because of the lack of 

reliable evidence on the relations of adsorption to chemical 
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or geometrical structure, and partly because of the lack of 

reproducibility between batches and the limited range of 

surfaces available have been minimized. 

To take full advantages of the potential selectivity 

of the surfaces which have been developed it was first 

necessary to study and understand the nature and extent of 

the surface reactions. This involved measurements of 

amounts of bonded material, the chemical form of this 

material, the amount of surface available for modification, 

as well as the interactions of adsorbates with the bonded 

phase. The measurement of the amount of material bonded, 

relative area available for reaction, and chemical form 

involved non-chromatographic experiments. At all times, 

particular emphasis has been placed on an integrated 

approach in methodology whereby several non-chromatographic 

methods have been used to establish a meaningful basis upon 

which the chromatographic investigations could be based. 

The reactions of trimethylchlorosilane (TMCS), 

dimethyldichlorosilane (DMCS), and trichloromethylsilane 

(TCMS) with the controlled porous silica beads marketed 

under the tradename of Porasil (Waters Associates, Inc., 

Framingham, Massachusetts) are examined. In addition, the 

reactions of short-chain alcohols with dimethyldichloro

silane and trichloromethylsilane treated beads have been 

investigated. These reactions were followed by means of 

thermal neutron activation analysis as well as elemental 
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carbon analysis. A physical picture of the surface as well 

as a reaction mechanism are suggested. Also the reaction 

of DMCS silanized surfaces with selected long chain alcohols 

has been exmmined in an effort to study the "bristle" 

effect (20). 

Prior to consideration of these surfaces and evalua

tion of their usefulness as chromatographic adsorbents it 

will first be necessary to consider the various methods 

used in preparation and evaluation of these adsorbents. The 

nature of the silica surface will briefly be discussed 

followed by a discussion of both chromatographic and non-

chroma to graphic means used for characterization and evalua

tion. Also of interest will be a brief discussion of 

molecular interaction and of considerations which govern 

these processes. These adsorbents will be shown to be a 

very useful tool for both developing and applying the theory 

of gas-adsorption chromatography. 

Nature of the Silica Surface 

The surface of non-porous and porous silica as a 

rule, is covered by silanol groups. The concentration of 

these groups depends on the nature and structure of the 

silica and also on whether the sample has been hydro-

thermally or simply thermally treated. Reliable values for 

the concentration of hydroxyl groups on the surface can be 

obtained when reproducible conditions are used for the 
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hydroxylation or dehydroxylation procedure (51). The nature 

of these surfaces has been extensively examined by Iler 

(52), Kiselev and Yashin (53), Snyder (54), and Snyder and 

Ward (55). 

The presence of surface hydroxyl groups is important 

for two reasons: first, they may act like Lewis acids due 

to their localized positive charge and result in specific 

interaction with molecules having peripheral electron 

density; second, they are necessary in order to initiate a 

chemical modification of the silica surface with a chloro-

silane. The extent to which these chemical reactions occur 

with a given porous silica surface is controlled by the 

types and reactivity of chemical groups present and the 

steric availability of these groups. Much disagreement and 

confusion has arisen over these points. Earlier workers 

(52, 56) suggested the existence of three distinct groups: 

OH 
I 

silanol or "bound water" (-Si-), silanol with physically 

°,H • <H 

adsorbed water (-Si - ), and dehydrated oxides 
\ 

° \ 

(-Si - 0 - Si -). More recently slightly different views of 

the surface have arisen. Snyder (54) and Snyder and Ward 

(55) have viewed the silica surface as containing varying 

OH ̂  ^,0H 
proportions of five groups: geminal ( ^ Si ), bound and 
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0-H'-0-H OH 
1 I I 

reactive (- Si - O - Si -) free (- Si -) and siloxane 
I I I 

O 
/ \ 

(- Si - O - Si -). The amount of each of these groups are 

dependent upon structural considerations. 

The silica surface is ordinarily considered to be 

covered with a monolayer of silanol groups which arise from 

the tendency of each silicon atom on the surface to maintain 

tetrahedral coordination (57). Various values which have 

been reported for the total number of silanol groups per 

2 
(M(j) have ranged from approximately 5 (53) to 8 (52, 58). 

2 
The upper end of the range, eight hydroxyl groups per (M|_i) 

is set by calculating the area covered by each hydroxyl 

group from crystal structure data (53). The number deter

mined experimentally will be some fraction of this depending 

on the size and shape of the pores, and the size, shape, and 

reactivity of the modifying agent with the silanol groups. 

The dehydration of silica has also been a much 

argued topic. A number of authors (52, 58) have suggested 

the following: below 150 C loss of physically adsorbed 

water, around 150°C to 600°C evolution of bound water with

out appreciable structural deformation, and above 600°C an 

increased possibility of internal alterations. On the other 

hand Unger (35) has recently shown evidence to indicate that 

the silanol concentration decreases- only slightly up to 
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300°C and that a pronounced decrease in silanol concentra

tion occurs between about 300° to 500°C. This decrease is 

attributed to condensation of bound or paired hydroxyl 

groups. The condensation of free hydroxyl groups occurs 

only above 600°C. Evidence in the work to be presented here 

supports these latter conclusions. 

When the silica surface is heated above 150°C, 

partial removal of the "bound water" occurs, leaving a 

dehydrated oxide condition which will not be chemically 

active to the chlorosilanes. These conditions may be de

scribed by the following reactions: 

Hydrated Surface 

OH OH 

I I Modified 
- Si - O - Si - + Chlorosilane > Surface 

i i 

(surface) 

Dehydrated Surface 

- Si - 0 - Si - + Chlorosilane =•> no reaction 
i I 

(surface) 

Thus, by controlling the pre-reaction dehydration, varying 

amounts of material may be bonded to the silica surface. 

A second controlling feature of reaction's upon a 

porous surface is the actual area available for bonding. 

When the porous structure is such that molecular exclusion 



occurs, the available bonding surface will be reduced. In 

this respect, only accessible surface will be available for 

chemical modification. 

Trimethylchlorosilane 

The reaction of 'TMCS with the silica surface has 

been extensively investigated (32, 33, 35, 43, 44) and has 

been shown to have only one unique way of reacting with 

surface hydroxyl groups. It proceeds in the following 

manner: 

OH OH CH 
I I I 3 

- Si - 0 - Si - + CH - Si - Cl ^ 
1 ' 3 I 
(surface) CH^ 

CH CH 

I I 
CH - Si - CH CH - Si - CH Rx6 

O j -J O | O 

O OH O 

I I I 
— Si - O — Si — 0 — Si — 

1 1 » 1 
(surface) 

Whereby for fully hydroxylated surfaces approximately 1 TMCS 

group reacts for every 2 surface hydroxyl groups. Because 

of its simplicity and similar size and shape to DMCS and 

TCMS this reaction provided an excellent molecular probe for 

the investigation of available surface area for chemical 

modification. 
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Dimethyldichlorosilane 

It has been suggested in the literature (8, 49) that 

two possibilities exist for the reaction of dimethyldichloro

silane with the silica surface. These possibilities are 

illustrated in the following equation 

OH OH CI 
i i i  c .1  

- Si O - Si - + CH3 - Si - CH3 CH^ _ SL. _ CH 

(surface) CI 
3 3 

I 
o 

I 
- 0 - Si - o -

I 

(surface) 

CH CH 
3\ / 3 

Si 

Rx7 

OH OH CI /\ 
O o 

Si - O - Si - + CH - Si - CH > / \ Rx8 
I f U | 

(Surface) CI 
- Si- 0-Si -

I I 

(surface) 

If Reaction 7 is the reaction path, then the 

chlorine and carbon bound to the surface should have a 1:2 

ratio and be directly related to the number of OH groups 

sterically available for reaction. In the event that 

Reaction 8 is the controlling process, no chlorine will be 

detectable and the ratio of bound carbon to initially 

available hydro xyl groups should have a one to one corres

pondence. However, in view of these reactions, a third 

complicating alternative must be considered, the possibility 



that both Reactions 1 and 2 occur simultaneously to some 

degree. In this event, the number of CI and OH groups would 

not show direct agreement nor would the surface be completely 

devoid of CI. Also, the bound carbon would not show a 2:1 

or 1:1 ratio with initially available hydroxyl groups as in 

the case of purely Reaction 7 or 8, respectively, but some 

intermediate value. 

The above reactions assume a totally dry system 

free from all traces of water. In the case of trace amounts 

of water, a different set of reactions may be viewed to take 

place. These reactions appear below: 

CH3 CH3 

OH OH CI trace 
I  I  |  H „ 0  C H 3  ^  °  S i - C H 3  

-  S i - O - S i -  +  C H  - S i — C H  ' I Rx9 
ii 3 i 3 ° ° 

( s u r f a c e )  C I  - S i - O - S i -
I I 

( s u r f a c e )  

C H  C H  C I  

I 3 I 3 I 
C H  - S i - O - S i - C H  C H  - S i - C H  

O H  O H  C I  t r a c e  I  I  I  
I I I HO 0 0 0 

- S i - O - S i -  +  C H  - S i - C H  >  I  |  I  
'I I _si - 0 - S i - < i - 0  S i  -

( s u r f a c e )  C I  I I I  R x l O  

( s u r f a c e )  
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CH -Si-CH CH -Si-CH 
^ | -J J | 3 

o o 

CH3-Si-CH3 CH3-Si-CH3 

OH OH CI 0 0 
I I I HO I | 

_Si-0-Si- + CH -Si-CH • --•> -Si-^-O Si~ 
II 3 I 3 I ( I 

(surface) CI (surface) 
Rx.ll 

If Reaction 9 represents the reaction path, then no 

chlorine should be detected and the amount of bound carbon 

to initially available OH groups should be 2:1. If DMCS 

reacts with the silica surface via Reaction 10, then the 

carbon to OH ratio should still be 2:1, but CI should be 

detectable and related to the undimerized 

CI 
I 

CH -Si-CH groups bound to the surface. 
3 | J 
0 

I 
-Si-

I 

If long polymeric chains formed as represented by 

Reaction 11, the amount of bound carbon to initially avail

able hydroxyl groups would be greater than 2:1. In this 

respect, no direct relation should exist. Also, the sur

faces formed would be nonreproducible. 

After silanization, the surface may be treated with 

an alcohol. This reaction has been proposed (8) to proceed 

in the following manner: 
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R 
I 

CI 0 
I ROH I 

CH -Si-CH > CH_ - Si - CH_ 
3 I 3 3 I 3 RX12 
0 o 

1 I 
-O-Si-O- - O - Si - 0 -

I I 
(surface) (surface) 

In this instance, the reaction of the alcohol with any re

maining chlorine groups would lead to an increase of surface 

carbon. This bound carbon should be, therefore, directly 

related to loss in observed CI. 

However, another possibility exists as shown below: 

CI R 
I I 

CH - Si - CH ROH O 
I — > I 
0  H  - O - S i - O -  R x l 3  

1 I 
- O - S i - O  -  ( s u r f a c e )  

I 
(surface) 

By this reaction, the dimethyldichlorosilane group is 

totally displaced from the surface. The net change in total 

bound carbon is thus dependent upon the difference in carbon 

between the DMCS and the alkoxyl groups. 

Trichloromethylsilane 

Because of the existence of three reactive chlorine 

groups of which only one is needed for attachment of the 

monomer unit to the surface, the general nature of TCMS with 



20 

small traces of f^O is believed to form a polymeric coating 

or film along the silica surface. This has pictorially been 

viewed in the following manner (25): 

OH OH CH trace 
I I I HO 

_ si - O - Si - + CI - Si - CI — > 

(surface) 

CH. CH 
I J , J 

- o si - o - si$- o -
I ! 
0 o 

1 I 
- O - S i - O - S i - O -

I I 

Rxl4 

(surface) 

In the event that this polymerization does not pro

ceed to completion, two other possible structures might con

ceivably exist: 

CH. CH_ 
| 3 I 3 

- O - Si - O - Si - CI 

0 0 0H RX15 
1 I I 

- O - S i - O - S i - O - S i -

I ' 4= > 1 1 
(surface) 

CH 
Cl^ | ^ CI 

Si 
I 
0 Rxl6 

1 
_ O - Si - O -

I 
(Surface) 
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When each of the above are treated with an alcohol they may 

undergo further reaction. In the case of Rxl5: 

CH CH CH CH 

1 I I I 
-O-Si -O-Si-Cl -O-Si-O-Si-O-R 
ii ii 
0 0 OH O O OH Rxl7 

i i i KUH i i i 
-O-Si -O-Si-0 -Si- > -O-Si-O-Si-O-Si-

I  1  I  | l l  

(surface) (surface) 

In the case of Rxl6: 

CIS p 
CI I 3 CI 
\ 1 / I 

S,1 ROH ? 
o -Si- O - — > ^ Rxl8 

H 
(surface) 

i TT+ — 0 — Si — O 

(surface) 

Reaction possibility 17 would result in an increase in the 

amount of bound carbon which would be directly related to 

the loss in observed chlorine. In the event that reaction 

18 occurred the net change in total carbon would thus be 

dependent upon the difference in carbon between TCMS and the 

reacted alcohol. 

These reactions thus form a very complex set of 

possibilities. In view of these possibilities the reactions 

have been followed by means of thermal neutron activation 

and carbon microanalysis. Thermal neutron activation has 

been used to determine both the intermediate and final 
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chlorine and microanalysis for carbon to determine the 

amounts of bonded carbon at each reaction step. 

Nature of Molecular Interactions 

Appropriate bonded monolayers for use as chromato

graphic adsorbents have been produced by the initial 

attachment of DMCS and TCMS. This was followed by treatment 

with selected alcohols. The surfaces thus formed are 

believed to consist of three types of units, unreacted 

hydroxyl groups, alkoxyl groups, and a bridge oxygen unit. 

In the case of DMCS this unit is believed to be a dimer. A 

more exact discussion of the various reaction possibilities 

has been presented in the previous section. The surfaces 

thus provide great scope for adjustment of specificity and 

provide an opportunity to investigate the effects of geo

metrical inhomogeneity on non-specific and specific 

adsorbate-adsorbent interactions. 

Non-specific interaction upon these surfaces arise 

from the universal dispersion forces not via details of 

local electron-density distribution associated with partic

ular bonds or atoms. Non-specific adsorbate-adsorbent 

interactions are almost independent of specific sites of 

interaction such as unreacted hydroxyl groups and the 

peripherally localized electron density around the bridged 

oxygen atoms. Also, upon these surfaces, two types of 

specific interaction sites exist: those arising from the 
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unreacted hydroxyl groups with localized positive charge, 

and those resulting from the negative charge of the bridge 

oxygen atoms. These thus form respectively what has been 

termed by Kiselev and Yashin (53) Type II and III specific 

adsorption sites. 

Type II specific adsorption sites, which are 

locally positively charged, interact specifically with 

molecules having peripherally localized electron density. 

Type III specific adsorption sites, which carry localized 

negative charge, are capable of specific interaction with 

adsorbate molecules carrying positive charge (53). 

In order to differentiate between the various types 

of adsorbate-adsorbent interactions, a selected set of both 

non-specific and specific adsorbates have been chosen. The 

use of n-pentane, n-hexane, n-heptane, cvclohexane, and 

methylcyclohexane allowed an investigation of the non

specific nature of the modified surfaces and also provided 

a difference in size and configuration. The choice of 

1-hexene, cyclohexene, and benzene, which allowed both non

specific interaction and specific interaction due to peri

pherally localized electron density about one or more of the 

double bonds, provided both a difference in the potential 

strength of interaction and a wide difference in configura-

tional requirements for approach to the localized positive 

charge of the surface hydroxyl groups. 



24 

Chromatographic Experiments 

The use of gas chromatography as a physico-chemical 

technique involves a two-fold approach. First the peak 

position or retention behavior is examined as a function of 

temperature. From the data obtained, the various thermo

dynamic quantities which describe the adsorption process may 

be calculated. These quantities are the free energy (Z\G° ) , 

and the heats (AH°), and entropies (AS°) of adsorption in 

the case of gas-solid chromatography. Second the dynamic or 

peak broadening approach is used to examine the rate 

process involved in a given separation as a function of 

carrier gas velocity. 

Peak Position Approach 

The parameter that describes the behavior of a given 

adsorbate molecule in a given chromatographic column is the 

retention volume, VR. This is the volume of gas necessary 

to elute one-half of the solute from the column (4). The 

corrected retention volume, VR may be determined from the 

retention time through the following set of equations: 

V = tR • fR • J (1) 

V R  = V " V D  ( 2 )  

Where tR is the measured retention time, fR is the flow rate 

measured at the outlet of the column. J is a correction 

for the pressure drop across the column and the system 
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dead volume. J or the pressure drop correction may be 

obtained as follows: 

(P./P )2 - 1 
J = 3/2 • 2-r (3) 

(P./P ) - 1 
X o 

Where P. and P are the column inlet and outlet pressures 
l o L 

respectively. 

The dead volume or gas hold up is most easily 

determined by observing the retention of an unretained 

species; however, in the case of adsorption chromatography 

and in conjunction with certain kinds of detectors such as 

the flame ionization detector as was used in this work, no 

unretained component can be found. In such cases the hold

up volume may be determined from the dimensions of the 

column and its packing fraction or from a plot of retention 

volumes of a homologous series of hydrocarbons vs. carbon 

numbers. In cases where an accurate value of VD is needed 

the latter method is most desirable. It was the method 

chosen in this work. More extensive discussions of these 

methods may be found in (53, 59). 

T 
The specific retention volume, Vg , for a given 

adsorbate-adsorbent pair may be obtained by dividing the 

corrected retention volume, VR by the surface area of the 

adsorbent, A. The corrected specific retention volume at 

the column temperature is thus related to the distribution 

constant, K 
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VA 
-  V S  -  *  "  C ( S ) / C ( g )  ( m l / m 2 )  « >  

where K is defined as the ratio of the equilibrium surface 

concentration to the gas phase concentration of the sorbate 

when the surface concentration is expressed as moles per 

square meter and the gas phase concentration as moles per 

milliter. 

The variation of the retention volume as a function 

of temperature may be related to the specific retention 

volume in the following manner: 

d In -AH. 
_ — i. ( c ) 

d (1/T) R Kt>' 

T 
thus by plotting In against the reciprocal of the 

absolute temperature the slope of the line obtained is 

-AHJ/R where AFL is the isosteric heat of adsorption per mole 

of adsorbate at low surface coverage (60) and R is the 

universal gas constant. Because of the relatively constant 

value of AH^ with temperature the line thus obtained is 

quite linear over a 20 to 30 degree temperature range. 

The various thermodynamic quantities may be reported 

either as relative or absolute values. Since a comparison 

of relative rather than absolute thermodynamic quantities 

are to be done in this work, idealized standard states have 

been adopted. The gas phase standard state of the adsorbate 

is defined as a partial pressure of 1 atmosphere with the 
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adsorbate vapor behaving as an ideal gas (13, 60). The 

adsorbed standard state is that suggested by DeBoer and 

Kruyer (61) which also has been used by Scott (10), 

Sawyer and Brookman (13) and Hargrove and Sawyer (60); that 

is, a two-dimensional perfect gas at one atmosphere. This 

has been shown (10) to lead to a standard state surface 

-9 2 
concentration of 4.1 x 10 /T moles/cm at the column 

temperature. 

From this the differential molar free energy change 

AG° may be calculated as follows (13): 

AG° = AG - 11.3 3T (6) 
a 

AG =-RT In (7) 
a S 

The described standard state for an adsorbed species is 

within the Henry's law region of concentration which thus 

implies that the experimentally measured isosteric heat of 

adsorption is equal to the differential molar heat of 

adsorption, AH° (10). Thus by knowing both AG° and AH° the 

differential molar entropy of adsorption, AS° can be 

determined by 

AS° = ——~ A>J (8) 

At this point the various limitations of this 

approach should be described. In calculating the molar free 

T T 
is needed. Since 

T T 
energy change an accurate value of V is needed. Since V{ 
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is then the accuracy of all calculated values of A G °  

and correspondingly A S °  are dependent upon the accuracy of 

which VR( T, and A are known. AH° is only dependent upon 

V^, and T. Values for VR and T may typically be determined 

to an accuracy of 1% and 0.1% or better respectively. On 

the other hand, surface area, A, measurements are less 

accurate and most of these are obtained by nitrogen 

adsorption methods. The value thus determined may or may 

not be the area actually available t.o a particular 

adsorbate molecule (62). The size of a pore opening may 

result in selected exclusion of adsorbates. The opening may 

be large enough to allow a small molecule such as ̂  to 

enter but a larger one such as cyclohexane or benzene may be 

excluded. This process is called sieving and may lead to a 

loss in surface area. 

If adsorbate molecules of approximately the same 

size and shape are used and if pore size distributions 

between adsorbents are maintained relatively constant intra-

and inter-columa AA thermodynamic quantities may be deter

mined. The advantage of this approach is that these 

quantities are relative. As long as surface area is 

maintained constant an accurate absolute value of A is not 

needed. Thus this method eliminates many of the problems 

due to molecular exclusion. 
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Peak Broadening Approach 

When a band of solute is introduced onto a 

chromatographic column this zone will broaden during elution 

The broadening is due to various column parameters. There 

have been two ways in which this problem has been approached 

Historically this process has been compared to a distilla

tion process and the chromatographic column was considered 

to be divided into zones called theoretical plates. Ini

tially the vapor is contained in the first column plate. 

When an incremental volume, AV; of carrier is allowed to pass 

some of the vapor in the gas phase will be carried onto the 

second zone or plate and part will remain in the first plate 

equal to that not in the gas phase. Assuming very rapid 

diffusion of the solute molecules equilibration will occur 

and the solute will be distributed in the gas and stationary 

phases in both plates. Thus as the carrier gas passes along 

the column this broadening process will increase and be 

dependent upon the way in which the vapor distributes itself 

among the gas and stationary phase. A more extensive dis

cussion of this approach has been treated by a number of 

authors (59, 63, G4). 

The second approach treats band spreading as a 

kinetic or rate process which is controlled by diffusion 

and by the geometry of the column. It has the advantage of 

relating this broadening to experimental parameters which 

can be controlled. Some of the factors which can be 
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empirically related to band spreading are multiple paths, A; 

diffusion in the gas phase, B; kinetics of adsorption-

desorption, C; and mass transport, D. This band broadening 

process may then be described by a term H which can be 

related to the variances of the various broadening factors. 

o 2 , 2 , 2 , 2 
A B C D 

Experimentally this measure of peak broadening, H, may be 

obtained through use of the expression (55): 

H = do) 

5. 545 

where L is the column length, t the corrected retention 

time of the peak maximum and Wx the width of the peak at 

half height. The corrected retention time is obtained from 

the measured retention time, t^, by: 

TR = - TD (ID 

where t^ is the dead time of the system, which is related to 

the volume of the mobile phase in the system. 

Van Deemter, Zuiderweg, and Klinkenberg (65) were 

the first to describe this in terms of a rate equation 

which assumed that the various contributions to peak 

broadening as a function of flow rate were independent of 

each other and that the variances contributing to H were 

additive. Since that time, although a number of 
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modifications to this approach have been suggested, there is 

still much disagreement concerning the proper form of the 

rate equation and an exact definition of each of the terms 

in these equations (66). Of particular importance in linear 

non-ideal GSC has been the coupled rate form for band 

dispersion as suggested by Giddings (67) 

H ° l/A A/CgM + ? + ̂  (12» 

where A is a term arising from eddy diffusion which is 

coupled with the gas phase resistance to mass transfer, Cg. 

B is a constant related to the diffusivity of the solute and 

C is related to rate of adsorption-desorption. 

The band broadening of the eddy diffusion term, A, 

is due to the multiple paths available to a molecule. It 

is thus dependent on the particle size and randomness of the 

packing and the distribution of channels available. The B 

term arises from molecular diffusion and is thus dependent 

on the gas phase diffusion coefficient. This band broaden

ing effect is most pronounced at low gas velocities. The C 

term is the result of the transfer of the sorbate molecule 

from the surface to the mobile phase. It has the greatest 

effect at high gas velocities. 

The C term thus gives a measure of the rate of the 

transfer process between the two phases. Various attempts 

have been made to relate the C term to the nature of the 

adsorbent. This has been especially important in relation 
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to porous material. Kiselev et al. (68) and Kiselev (69) 

have shown that H and hence the C term increased as pore 

radius was decreased and as pores with constant radii were 

made deeper. Van Berge and Pretorius (70) have expressed 

a similar opinion. They have indicated that for porous 

material diffusion in microporous spaces may be the major 

contributor to the C term. This arises when pore diameters 

_ 5 
are significantly smaller than 10 cm. Under these 

conditions flow of gas through micro capillaries will take 

place by means of Knudsen diffusion. This has been 

expressed by the following relations 

C = C' + C2 ' (13) 

2k(6/V + T) D2 

C„ = ^ =-£ (14) 
* a + kr 

where C is given in the equation: 

H = A + + C|a (15) 

k = mass distribution coefficient 

6 = pore diameter, cm 

V = average thermal velocity of molecule in gas phase, 
cm/sec 

T = average residence time of adsorbed molecule on 
adsorbent surface, sec 

dc = average pore length in packing particle, cm 
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The mean desorption time or the average residence 

time of an adsorbate molecule on the surface may be written 

as (71) : 

AH°/RT 
T = T e ' 

o 

where AH° is the differential molar heat of adsorption and 

-13 
T is of the order of 10 sec (71). Because both k and T 
o 

AILTO /PRN 
are proportional to e ' C2 expected to be 

independent of temperature (70). 

However, it is conceivable that if the pore diameter 

could be made smaller and/or the depth of the pore or the 

depth of penetration of the adsorbate increased as a function 

of increased temperature that the C term would also increase 

with temperature. Increases in H with temperature have been 

observed in the mass-transfer-limited region, C, by several 

workers (72, 73). They have suggested that at the higher 

temperatures an increased rate of diffusion into narrower 

pores occurs. In the work to be presented these various 

arguments have been used to explain behavior for bonded 

phase columns. 

Non-Chromatoqraphic Experiments 

The major non-chromatographic techniques consisted 

of carbon microanalysis and thermal neutron activation 

analysis. These were used to examine the uncoated 
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adsorbents and also to monitor the progress of the 

heterogeneous surface modifications. 

Neutron Activation Analysis 

The use of neutron activation analysis was two-fold. 

First it was used to determine the cation impurities in 

unmodified adsorbents. This was important in that these 

impurities form Lewis acid sites which will specifically 

interact with adsorbate molecules possessing peripheral 

electron density. Second NAA was used as a means of 

monitoring the heterogeneous reactions between chlorinating 

species and the silica surface. For a discussion of this 

technique see (74, 75). A great advantage of this technique 

is that it does not suffer from the problem of molecular 

exclusion which may be found in conventional chemical means. 

The problem of molecular exclusion on porous adsorbents has 

been previously discussed. 

Carbon Microanalysis 

All elemental analyses for carbon were performed 

commercially by conventional combustion means and will not 

be considered here. An excellent review of the use of 

combustion means for carbon analyses is given in (76). 



CHAPTER II 

ADSORBENT MODIFICATION AND CHARACTERIZATION 
EXPERIMENTS 

The use of porous silica as a chromatographic 

adsorbent has increased greatly due to improvements in 

technology which provide a much greater uniformity of 

surface characteristics (9). While many approaches for 

surface modification have been tried of particular 

importance have been the recent interest in surface bonded 

material to provide thermally stable adsorbents of a more 

exact nature (20-35). 

In this work, bonded phases have been produced by 

the reaction of porous silica adsorbants with various 

chloromethylsilanes. The approach has been such that a 

series of primary, secondary, and polymeric surface reac

tions have been used and studied in an effort to form a 

total unified picture. This chapter is concerned with the 

experimental details of the modifications and studies that 

were conducted. 

Adsorbents 

The porous glass adsorbents in these and all experi

ments were the Porasil Series adsorbents marketed by Waters 

Assoc., Inc. (Framingham, Massachusetts). These consist of 

35 
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porous spherical silica beads with varying surface areas and 

pore diameters. In Table 1 is a list of various physical 

parameters for these adsorbents (77). These adsorbents are 

extremely useful for chromatographic supports in that they 

are spherical with controlled size. 

••R) 
Table 1. Physical Parameters for Porasil Adsorbents 

Nitrogen Pore 
Adsorbent Surface Area Diameter 

A 480 m^/g 100 A 

B 200 100- 200 A 

C 50 200- 400 A 

D 25 400- 800 A 

E 4 800-1500 A 

F 1.5 1500 A 

Gases 

The compressed gases which were used in this work 

were research grade. In all chromatographic experiments 

nitrogen was the carrier gas. This was cleaned and dried 

prior to use. 
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Reagents and Solvents 

All reagents and solvents except the methylchlo-

rosilane were dried and redistilled from calcium hydride. 

Column Preparation 

The dried adsorbents were packed into 1/8 inch o.d. 

stainless steel columns of 30 and 100 cm in length for the 

short and long chain experiments respectively. Before 

packing, all tubing was cleaned with a non-polar solvent, 

methylene chloride, and a polar solvent, water, and rinsed 

with acetone. These columns were then dried before packing. 

They were packed by a combination of gentle vibration and 

suction from an aspirator. Columns were weighed before and 

after packing to determine amounts of adsorbent. The 

accuracy of this was to at least within 10 mg. All columns 

were capped and stored in sealed containers which were 

maintained moisture free by Drierite . 

Pre-Reaction Conditions 

All adsorbents were rinsed and soaked for 12 hours 

in distilled-deionized water. Two grams of these beads were 

placed in a 1/4 inch stainless steel tube and capped with 

glass wool on each end. They were then placed in a con

trolled oven at the desired temperatures and dried for 24 

Q 
hours. Unless otherwise indicated, 150 C was used. The 

rationale for this drying temperature will be discussed 

later. During the drying process dry nitrogen gas was 
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passed through the tube at a rate of 15-20 ml/min. The 

drying tubes were then capped and transferred to a glove 

bag filled with dry nitrogen. 

All reactions were carried out in glove bags filled 

with dry To further eliminate the possibility of con

tamination by moisture, the bottoms of the glove bags were 

covered with Drierite . Positive pressure was maintained at 

all times within the glove bags. 

Reaction Vessel 

A specially designed vessel with a porous fritted 

bottom and bubble was used for all reactions. It allowed 

simultaneous degassing of the reaction solution and agita

tion of the silica beads. Mechanical means of stirring was 

found to cause extensive adsorbent deterioration. This was 

determined from examination of electron scanning photo

micrographs of the silica adsorbents. The reaction vessel 

was fitted with a reflux condenser. 

Reaction Conditions 

The reaction conditions used for each of the systems 

will be presented next. This will be in the order of 

initial treatment or silanization, followed by the reactions 

of these surfaces with water and selected alcohols. 
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Initial Treatment With TMCS 

A solution consisting of 25 ml of toluene and 7.5 ml 

of trimethylchlorosilane was added to the reaction vessel 

with dry ̂  passing through. The mixture was refluxed for 

at least 10 minutes to insure that all traces of from 

the glassware and any in the bulk of solution were elimi

nated. To this solution was added the controlled pre-

hydrated beads as described earlier. This mixture was 

maintained at reflux conditions for 24 hours. At all times 

the solution was degassed and stirred by bubbling through 

the bottom frit. At the end of this time period the 

reaction solution was decanted and 25 ml fresh toluene added 

and the beads heated for 7 to 10 minutes. This procedure 

was repeated three times after which the beads were rinsed 

with 2 additional 25 ml portions of toluene. 

Reactions With TMCS Treated Surfaces 

Two identical mixtures were prepared containing 7.5 

ml of MeOH and 25 ml of toluene and 1 g of pre-silanized 

TMCS beads. Both were maintained at reflux conditions for 

24 hours. One was degassed with while the other solution 

was saturated with HC1. Water was also used in place of 

methano1. 

Initial Treatment With DMCS 

To the reaction vessel was added 25 ml of toluene 

and 7.5 ml of DMCS. The mixture was heated for 10 minutes 



40 

to insure that all traces of f^O were eliminated from the 

glassware surface. To this 2 grams of the dried Porasil^ 

beads were added. This mixture was continuously degassed 

with dry ̂  and maintained at reflux conditions for 4 hours. 

At the end of this time, the reaction solution was decanted 

and 25 ml of fresh toluene was added and the mixture heated 

for 7 to 10 minutes. This was repeated three times after 

which the beads were rinsed with 2 additional 25 ml portions 

of toluene. 

Reactions With DMCS Treated Surfaces 

For the secondary reactions, 25 ml of toluene and 

7.5 ml of a given alcohol were added to the reaction vessel 

which contained 2 g of the initially silanized Porasil 

beads. This reaction mixture was maintained at reflux 

conditions with flowing through the solution for 24 

hours. After completion of these reactions, a toluene 

rinse was performed as described above. The beads were 

pl aced in a drying tube and dried for 24 hours at 140°C with 

dry flowing through at a rate of 15 to 20 ml/min. 

Initial Treatment With TCMS 

Initital treatment of the dried silica beads was 

carried out in the same manner and under the same conditions 

as the DMCS tailored adsorbents as described above. This 

was performed with 25 ml of toluene and 7.5 ml of tri-

chlo romethylsilane. 
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Reactions With TCMS Treated Surfaces 

The secondary treatments with the selected alcohols 

were also analogous to those for DMCS-ROH system. 

Instrumentation 

Peak Position Experiments 

All peak position experiments were performed on a 

Loenco Model 160 flame ionization gas chromatograph. A 

modification of the column oven by installation of an over

size fan allowed the temperature to be controlled within 

0.05°C for the period of the experiments. This was deter

mined by measuring the time-temperature profile of the oven 

at a DVM sample rate of 10 pts/sec for the time interval of 

the experiments. The temperature was monitored by a Burr-

Brown Model 8109/15 temperature readout module (Burr-Brown, 

Inc., Tucson, Arizona) and a Hewlett-Packard Model 2401C 

digital voltmeter (Hewlett-Packard, Palo Alto, California). 

The injection port was modified to include an event marker 

which was attached to the recorder in order to increase the 

precision of the retention time measurements. These 

measurements were routinely made with an accuracy of 1% 

and better. All chromatograms were recorded on a Leeds and 

Northrup Model H recorder (North Wales, Pennsylvania) with a 

2 millivolt full scale deflection. 
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Peak Broadening Experiments 

The peak broadening experiments were accomplished 

by the aid of a dedicated computer controlled gas chromato-

graph. This system has been described in derail by 

Thurman (78). 

Components of this system include: a Hewlett-

Packard Model 2115A computer for control of the experiment 

and data acquisition. The CPU was equipped with an 8192 

word core memory, a high-speed paper tape reader (HP Model 

2737A) and punch (HP Model 2753) and a Teletype Model ASR-33. 

All control logic was high level (10 volt) and was inter

faced to the computer through a Hewlett-Packard 16-bit 

duplex register board (HP interface kit 12554A). The 

analog-to-digital conversion was done with a Hewlett-Packard 

Model 2401C Digital Voltmeter. The DVM was modified (78) 

to allow maximum rate of data taking. The original system 

was modified to include a Burr-Brown Multiplexer (Model 

4147/43) and driver logic. This logic was designed and 

built by the Electronic Shop, Chemistry Department, The 

University of Arizona. The sampling system was a Carle 

micro gas sampling valve No. 2014 with automatic actuator 

(Carle Instrument Inc., Fullerton, California). The oven 

used was a Becker Model 1452D (Becker, Delft, Holland). 

The column oven temperature was monitored by means of a 

Burr-Brown (Model 8109/15) temperature read-out module. 

The detector was a flame ionization system from the 
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Varian-Aerograph 1200 Series Chromatograph (Varian-Aerograph 

Walnut Creek, California). A Keithley Model 610CR electro

meter (Keithley Instruments, Inc., Cleveland, Ohio) was used 

in conjunction with the FID. Flow control of carrier gas 

as well as the gases used in the sampling system was 

maintained by Brooks Model 8744 flow controllers (Brooks 

Instrument Division, Emerson Electric Co., Hatfield, Penn

sylvania). The on-line flow measurements were performed by 

a flow sensor as described by Thurman and Burke (79). This 

was calibrated by a soap bubble flow meter. 

Neutron Activation Experiments 

For the neutron activation experiments, all 

irradiations and counting were performed at The University 

of Arizona reactor facilities. 

*? P 
Counting of the 1.78 Mev gamma for A1 and the 1.37 

Mev gamma for ^Na was performed with a 2 X 2 Nal(Tl) 

detector and a 1024 multichannel analyzer. 

38 
Counting of the 1.64 Mev gamma for CI was per

formed with a Nuclear Diodes Model LGC 3.05-2.9 detector 

and a Northern 4096 computer controlled analyzer system 

(Northern Scientific, Inc., Middleton, Wisconsin). 

So ftware 

The control and data acquisition software developed 

for this work was written in Assembler (Mnemonic Machine) 
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Language. The program for smoothing the raw data points and 

determining peak retention times and widths at half height 

was written in FORTRAN language. All other programs which 

were used to make the standard calculation for the peak 

position and peak broadening experiments were written in 

Basic Language. 

The system Driver program (RKG) was developed to 

maximize data acquisition. Thus real time processing and 

some of the control features of CART2 (78) were not in

corporated into RKG. A listing of RKG along with a brief 

description appears in Appendix A. After each experiment, 

the raw data points were punched on paper tape for proces

sing. The format of these data is such that it may be read 

directly by a FORTRAN IV input statement. 

Neutron Activation Analysis 

Initial Preparation 

Unmodified Adsorbents. Approximately 100 mg of the 

unmodified Porasil^ adsorbents (A-F) were placed in poly

ethylene vials and 1 ml of water added. Standards were 1 ml 

aliquots from a solution containing 1.85 X 10 ^ g/ml 

aluminum and 6.52 X 10-^ g/ml sodium. All vials were 

heat-sealed before irradiation. 
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Modified Adsorbents. Samples for the chlorine 

analysis were prepared by placing approximately 100 mg of 

reacted silica adsorbents in 1 ml polyethylene vials to 

which 600 ul of toluene was added. Standards were 600 ul 

aliquots from a solution of 30 Ltl of carbon tetrachloride 

in 100 ml of toluene. All vials were heat-sealed immediately 

upon preparation. 

Irradiation and Counting 

Unmodified Adsorbents. Vials were placed in an 

irradiation tube in the order of sample, standard, sample. 

This orientation was found to be best for minimizing slight 

variations in neutron flux within the reactor. These 

variations were due to both time and geometrical factors. 

12 
The vials were irradiated for 1 minute at full power (~10 

neutrons/sec). Upon completion of irradiation they were 

rinsed to remove any traces of exterior contamination and 

2 8 
counted to determine the amounts of Al. After a delay of 

about 4 hours the vials were recounted to determine amounts 

4T 24 M of Na. 

Modified Adsorbents. Vials were placed in an 

irradiation tube in the order of sample, standard, sample. 

Samples were irradiated for 1 to 2 minutes at full power 

12 
(~10 neutrons/sec). Upon completion of irradiation, the 

outsides of the sample vials were rinsed with water to 

remove any traces of exterior contamination. Samples were 
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placed in lead receptacles and allowed to cool for 15 to 25 

minutes. The purpose of this delay was to allow the slight 

28 
traces of A1 to decay to a low level so that coincidence 

« 

loss during counting would be minimized. 

Because of the reactivity of the intermediate 

samples with water, extreme care was taken to eliminate all 

possibilities of moisture. All transfers of sample were 

done under toluene and irradiation was performed immediately 

after reaction. Samples were dried and weighed after 

completion of counting. 

Carbon Analysis 

The amount of bound carbon on the silica surface was 

determined by removing physically adsorbed organic matter in 

a dry nitrogen stream for 24 hours and analyzing the 

remaining samples for total carbon. All samples were trans

ferred and weighed in dry nitrogen. These analyses were 

performed by Huffman Laboratories, Inc., Wheatridge, 

Colorado. 



CHAPTER III 

SURFACE MODIFICATION STUDIES 

Unmodified Adsorbents 

The cation impurities in the unmodified Porasil® 

Series (A-F) chromatographic adsorbents were determined by 

means of neutron activation analysis. This was important 

since such impurities form Lewis acid sites which will 

interact specifically with adsorbate molecules having 

peripheral electron density. 

The only detectable cation impurities found were 

28 24 
A1 and Na. The amounts of each of these appear in 

Table 2. 

Table 2. Amounts of Cation Impurities in Porasil® 
Adsorbents 

Adsorbent % Aluminum % Sodium 

A 0.19 + .01 0.02 +_ .003 

B 0.16 + .01 0.15 + .01 

C 0.19 + .02 0.33 +_ .04 

D 0. 21 + .01 0.43 + .04 

E 0.19 + .02 0.43 + .03 

F 0. 22 + .01 0.23 + .04 

47 
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The amount of aluminum was found to be 0.19 _+ 0.03% 

for all Porasils^' (A-F). Possible explanations for its 

presence are slight impurities in the silica or from a (n,p) 

2 8 
reaction on Si. This latter explanation is favored in 

light of the relatively constant nature of the observed 

impurity. 

The other detectable impurity, sodium, which was 

found in all samples probably arises from the process used 

in making the Porasil1^' beads. In any event, the impurities 

were relatively small and thus should not influence 

adsorbate-adsorbent interaction significantly. 

Adsorbent Effects on Reactions 

TMCS because of its unique reaction with the surface 

has been used as a reference compound to study the effects 

of surface dehydration and pore structure. From these data 

the area available for bonding chloromethyIsilanes and the 

number of reacted groups per unit area have been calculated. 

All reactions have been related to TMCS as the standard unit 

to be totally consistent. 

Effects of Molecular Exclusion 

The effective bonding surface of the Porasil^' (A-F) 

series controlled silica chromatographic supports with tri-

methylchlorosilane (TMCS) has been examined for fully 

hydroxylated surfaces. A fully hydrox/lated surface was one 

which was initially hydrated and dried at a temperature of 



49 

150°C. The choice of this drying temperature will be dis

cussed later. These data along with reported and independ

ently measured nitrogen surface area data are presented in 

Table 3. A maximum surface coverage of 4 TMCS groups per 

(Mp.) of surface was found to give the best agreement 

between calculated area available for bonding and data 

for the low surface area adsorbents where molecular exclu

sion is at a minimum. These data have been summarized in 

Figure 1 and indicate a divergence between nitrogen ad

sorption and carbon measured bonding surface available at 

higher areas. In each of the cases, the general surface 

2 
homogeneity and total number of silanol groups per (Mu) 

were assumed to be constant between adsorbents. These are 

felt to be valid assumptions since Xiselev (51) and Kiselev 

and Yashin (53) have shown that the concentration of hydroxyl 

groups is independent of the specific surface area for 

silica gel. Also, this assumption was found to be valid in 

relation to the author's own work and will be discussed 

later. 

The divergence between nitrogen and bonding data was 

most dramatic in the case of Porasil A^. Porasil A^, which 

has the greatest nitrogen measured surface area and in

herently the smallest pore openings, has apparently an 

effective coverage of approximately 50% as compared to that 

measured by nitrogen adsorption techniques. In the case of 

Porasil b'1, approximately 35%of the nitrogen available area 
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T a b l e  3 .  Effective Bonding Area as Measured b y  TMCS on 
Porasil Adsorbents 

Support 
(Porasil®) 

% Bonded9 

Carbon 

Bonding , 
Surface Area 

(m /g) 

Nitrogen 
Surface Area 

(m /g) 

A 5. 70 236. 0 480.0C 535 (80)d 

B 3.06 127. 0 200.0C 118 (80) 146 (81) 

C 1.46 60. 8 50. 0C 64 ( 31) 

D 0.48 25. 3 U1
 

• o
 o
 

20 ( 31) 

E 0. 20 8.1 4.0C 7 ( 31) 

F 0.09 3. 6 1.5C 3 (31) 

Corrected for background. 

Id 2 
Assuming maximum coverage of 4 groups per (Mp.) of 

surface. 

c 
Values reported by manufacturer. 

^Reference number in parentheses. 
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Figure 1. Surface area as a function of TMCS bonded to the 
Porasil adsorbents. 
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is lost from bonding. These estimates are based on the 

manufacturer's data. Of particular interest is the wide 

discrepancy in reported literature values of nitrogen data. 

For Porasil® (C-F) molecular exclusion was found to present 

no significant problems. It has long been noted (62) that 

unless size and shape are considered, erroneous conclusions 

may be made when extrapolating between sets of surface 

reactions where molecular size or shape are significantly 

different. In the case of TMCS, DMCS, and TCMS( this should 

not present a problem due to their very similar size and 

shape. Porasil was thus determined to be the optimum 

adsorbent for further studies in that it had the largest ̂  

surface area completely available for surface modification. 

A similar study of the effects of molecular exclusion 

on the area available for bonding in the case of dimethyl-

dichlorosilane has been made. These data reported in 

similar fashion to that of TMCS appear in Figure 2 for 

Porasils® A( C, and F. Both Figures 1 and 2 are similar as 

would be expected from molecular size and shape considera

tions . 

The number of groups reacted per unit surface area 

(M|j)^( for Porasils® A, C, and F has been examined for fully 

hydroxylated surfaces. The values obtained have been sum

marized in Table 4. These values have been calculated based 

on the surface areas available for bonding from TMCS data 

(Table 3). In doing this it was assumed that the relative 
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Figure 2. Surface area as a function of DMCS bonded to 
selected Porasil adsorbents. 
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Table 4. Number of DMCS Reacted Per Unit Surface Area for 
Selected PorasiT Adsorbents 

Support % Bondeda Reacted'3 „ 
(Porasil -') Carbon DMC S gro ups/(Mu) 

A 3. 30 3. 50 

/-» 0.87 3. 58 

F 0.05 3.47 

Corrected for background. 

Based on bonding surface areas of TMCS. 
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size difference between DMCS and TMCS in relation to molec

ular exclusion was negligible. The number of groups reacted 

per unit surface area for Porasils^ A, C, and F was 3.52 _+ 

0.06%. This constant value supports the presupposition that 

the number of hydroxyl groups available for reaction per 

2 
unit area may be considered to be constant per (M[j.) of 

surface for the Porasilr' series adsorbents. 

To check to see if the reactivity of the molecule 

affected the above results, trichloromethylsilane (TCMS) 

was bonded to Porasil C^1 under exactly the same reaction 

conditions as DMCS. Carbon analysis gave a value of 0.45% 

2 
or 3.70 groups per (Mu) of surface. The amounts of chlorine 

as determined by neutron activation agree very well with 

expected values from the DMCS data. This will be discussed 

later. Apparently the reactivity of the groups has little 

effect on number bonded per unit surface area under pro

longed reaction conditions. 

Effects of Surface Dehydration 

Listed in Table 5 are the results of p.re-reaction 

surface dehydration upon the reactivity of trimethylchloro-

silane with Porasil C '« From a plot of these data, Figure 

3, a break was observed to occur at about 350°C. 

At this dehydration temperature, the bound silanol 

groups begin to condense rapidly as a function of tempera

ture (35) resulting in a direct decrease in the number of 
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Table 5. Effects of Pre-Reaction Surface Dehydration for 
'TMCS on Porasil C" 

Drying 
Temp. 

% Bondeda 

Carbon 
Total TMCS 

groups reacted 
Reacted''3 „ 

TMCS groups/ (M|j) 

150°C 1.46 2.43 X 

o
 

CN 
o
 

1—
1 

1 

4.00 

250°C 1. 37 2. 28 X i o 2 0  3. 75 

350°C 1. 30 2.17 X 1020 3. 56 

450°C 0.96 1. 60 X i o 2 0  2. 63 

550°C 0.85 1.41 X i o 2 0  2. 32 

aCorrected for background. 

^Based on a bonding surface area of 60.8 M2/g. 
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Figure 3. Amount of TMCS bonded to the surface of Porasil C 
as a function of pre-reaction surface dehydration. 
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TMCS groups which may be bonded to the silica surface. The 

general shape of this reaction curve is very similar to that 

reported for the dehydration of other silica surfaces (35). 

A similar study for the reaction of TMCS on powdered silicas 

has been reported (58). Breaks in those data were also 

observed to occur at approximately the same dehydration 

temperatures. The very gradual decrease in bonded material 

o o 
from 150 to 350 C is attributed to the fact that very 

little change in the number of silanol groups occurs in 

this temperature range. 

The effects of pre-reaction surface dehydration upon 

the reactivity of dimethyldichlorosilane with Porasil C" 

have also been examined. These data have been tabulated in 

Table 6. In each case the values for the per cent bonded 

carbon were corrected for a background of 0.13%. This 

(5) 
background correction was determined from a blank Porasil C 

bead which was treated the same as the reacted adsorbents 

except DMCS was not added to the reaction mixture. A plot 

of these data appears in Figure 4. The general slope of the 

pre-reaction dehydration curve for DMCS in the 150° to 350°C 

region seems to be greater than that of 'TMCS, which would 

indicate that the gradual removal of silanol groups in this 

region has a more pronounced effect upon DMCS than TMCS. 

The reason for this can be explained in light of data yet 

to be presented. DMCS is believed to form a dimer with 

adjacent hydroxyl groups. Any condensation of hydroxyl 
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Table 6. Effects of Pre-Reaction Surface Dehydration for 
DMCS on Porasil 

Drying 
Temp. 

% Bonded3 

Carbon 
Total DMCS 

groups reacted 
Reacted*3 ~ 

DMCS groups/(Mu) 

120°C 0.96 
20 

2.40 x 10 3.95 

150°C 0.87 
20 

2.18 x 10 3. 58 

250°C 0. 73 
20 

1.83 x 10 3.05 

350°C 0. 61 
20 

1.53 x 10 2. 52 

Corrected for background. 

ID 2 
Based on TMCS bonding surface area of 60.8 M /g. 
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Figure 4. Amount of DMCS bonded to the surface of Porasil 
as a function of pre-reaction surface dehydratio 
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groups in the 150° to 350°C region would result in the loss 

of two DMCS molecules from the surface. However, TMCS may 

not react with these adjacent groups for steric reasons 

since the closest silanol groups are believed to be the 

first to condense (55), and thus only one reactive site 

would be lost. From Figure 4 it therefore can be seen that 

dehydration at 150°C provides for the greatest number of 

reactive groups while at the same time minimizing the role 

of the physically adsorbed water. The increased curvature 

between 150° and 120°C may be explained by the presence of 

increased amounts of physically adsorbed water. In this 

case the excess water may cause the increase in per cent 

carbon due to the possibility of polymerization. 

Adsorbent Modifications 

TMCS-ROH System 

A study of the stability of bonded TMCS surfaces 

toward water and methanol was made. In the presence of 

an N2 saturated solution of either water or methanol and 

toluene under reflux conditions, no significant change in 

amounts of bonded carbon occurred. However, upon treatment 

of the TMCS coated silica surface with a solution of 

methanol and toluene in the presence of HC1 and under 

refluxing conditions, the surface bonded carbon was reduced 

to one-third of its original value as shown in Table 7. It 

would thus appear that the trimethylsilyl groups are totally 
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Table 7. Stability of TMCS on Porasil C® Toward MeOH 

Sample % Carbon 

Approximate # of 
Bonded C Groups 
per Reacted oha 

TMCS 1 . 3 3  3 

TMCS-MeOH 
( n 2 )  1 .  3 9  3  

TMCS-MeOH 
(hc1) 0 . 4 4  1  

3. O 
Assuming TMCS pre-dried to 350 C as the reference. 

replaced by methoxyl groups in the presence of HC1. Similar 

results were obtained with water. The surface bonded carbon 

was reduced to background levels in the presence of HC1. 

This would indicate that the acid acts to catalyze the 

transesterification of the silanol groups. These results 

have helped to understand the reactivity of DMCS and TMCS 

treated surfaces with alcohols. 

dmcs-ROH System 

The silianization of the surface of Porasil C^ with 

dimethyldichlorosilane followed by treatment with water and 

short chain alcohols has been examined. These data have 

been used to develop a physical picture for DMCS-ROH 

tailored surfaces. Also a selected number of longer chain 

alcohols has been investigated. The amounts of bonded 
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carbon at each step of these reactions were determined by 

total carbon analysis. The data thus obtained are sum

marized in Table 8. 

Table 8. Extent of Secondary Reactions of DMCS Treated 
Porasil C® with Selected Alcohols 

Reactant 
% Bonded3 

Carbon 

A  Carbon 
between DMCS and 
ROH per Group 

Water 0. 51 - 2 

Methanol 0. 77 - 1 

Ethanol 0.92 0 

n-Propanol 1.19 + 1 

n-Butanol 1.19 + 2 

n-Hexanol 1. 51 + 4 

n-Decanol 2.03 + 8 

n-Hexadecanol 2. 38 +14 

iso-Propanol 1.02 + 1 

iso-Butanol 1. 34 + 2 

tert-Butanol 1.12 + 2 

Cyclohexanol 1. 24 + 4 

aBased on a 
DMCS reaction. 

value of 0.87% carbon for the initial 
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Upon initial treatment of the porous silica surface 

with DMCS, a value of 0.87 _+ 0.07% bound carbon was obtained 

20 
or 2.2 x 10 groups per gram of beads. This corresponds 

to a surface coverage of slightly less than two methyl 

units for each available hydroxyl group assuming a surface 

reactivity of four silanol groups per (M|_i) area as 

calculated from the TMCS data. Analysis for cnlorine by 

thermal neutron activation gave a value of 3.6 _+ 0.4 mg of 

19 
CI per gram of reacted beads or approximately 6.3 x 10 

groups of unreached chlorine. Thus the ratio of carbon to 

chlorine is 3.5:1. Upon examination of the previously 

discussed reaction possibilities (Introduction Rx. 7-11), 

the following conclusions were made: if Reaction 7 were the 

path, the number of carbon to chlorine groups would have 

had a 2:1 correspondence, and the amount of chlorine 

directly related to the number of surface OH groups 

available for chemical reaction. This, however, was found 

not to be the case. Reaction 3 does not explain the 

results because the ratio of carbon to available hydroxyl-

groups was not 1:1 but approximately 2:1 and also because 

of the presence of some chlorine. A combination of 

Reactions 7 and 8 was rejected because of the 2:1 carbon 

to reactive hydroxyl ratio and low value of chlorine. 

Reaction 9 indicates the absence of all chlorine and thus 

also must be rejected. Reaction 11 was also rejected on 

the basis that the surfaces formed were quite reproducible. 
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Using Reaction 10 and by varying the ratio of dimer to 

monomer units a proper combination of chlorine to carbon 

can be obtained and yet a 2:1 carbon to hydroxyl group 

ratio remains. 

In view of these results and considerations, it 

would appear that the initial reaction, the silanizat.ion 

of the silica surface with DMCS, proceeds via Reaction 10 

as restated below: 

CH_ CH CI 
I J , 3 j 

CH -Si-O-Si-CH CH -Si-CH 
OH OH trace I I j 
! | HO 0 0 OH O 

—Si-O-Si— + DMCS j—> I | I I 
1 1 -Si-O-Si-O-Si-O Si-

(surface) I J 1 , 1 

1surface) 

where the surface formed consists statistically of 1 monomer 

unit to 1.25 dimer units. 

Upon subsequent treatment of the initially silanized 

surface with both water and selected alcohols, only back

ground amounts of CI (0.28 _+ 0.08 mg) were observed. Bonded 

carbon was also determined and the data obtained are sum

marized in Figure 5. Plots for monomer to dimer unit 

ratios of 1:1.25 for both secondary reaction possibilities 

12 (alcohol addition to the DMCS monomer units) and 13 

(complete displacement of the DMCS monomer units) are 

presented by lines A and B, respectively. A least squares 
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1.7 

1.3 -

CJ 

.9 

Linear alcohols 

Branched alcohols 

Cyclic alcohol 

.1 

- 2  

A 

+ 2 + 4 

Figure 5. Extent of^secondary reactions of DMCS treated 
Porasil C with selected alcohols. 
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fit of the data with no background correction appears as 

line C. 

Reaction 13 (complete displacement of the DMCS 

groups by alkoxyl groups) seems to best describe the 

overall position of the data; however, the general slope 

is slightly greater than predicted by chlorine analysis. 

Explanations which are consistent with these observations 

are that the surface area available for normal short chain 

alcohols is larger than that available to DMCS and/or that 

2 
a greater number of alcohol molecules bond per (Mn) of 

surface than the displaced DMCS molecules, due also to the 

possibility of the reaction of alcohols with unreacted 

surface silanol groups. In either case, an increase in 

slope would be observed. These possibilities are supported 

by the data obtained for iso-propanol, tert-butanol, and 

cyclohexanol. I-propyl and t-butyl alcohol which are more 

similar in size and shape to DMCS than the linear alcohols 

should fall closer to the predicted line. This is shown to 

be true in Figure 5. In the case of cyclohexanol which is 

larger and bulkier than either linear or branched alcohols, 

a negative deviation was expected. This is also shown to be 

true in Figure 5. 

In light of these data, the secondary treatment of 

the initially silanized surface is viewed to proceed as 

fo 1 lo ws : 
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CH CH CI CH CH_ 
I J l 3 r | 3 | 3 

CH0-Si-0-Si-CH0 CH0-Si-CH CH -Si-O-Si-CH 
J 3 | , j 

ROH^ 
_Si-0-Si Si-O-Si- -Si-O-Si 

(surface) (surface) 

Rx 19 

Reaction data for the longer chain alcohols are also 

listed in Table 8. However, these were not used in 

developing the previously discussed model because of the 

increased error introduced due to the longer chains. It 

was noted, however, that the extent or degree of reaction 

decreased as the chain length was increased above n-hexanol 

as would be expected from steric arguments. 

TCMS—ROH System 

After initial treatment with TCMS, the surface of 

Porasil C® was found to contain 0.45% carbon. Since there 

is only one carbon atom per reacted TCMS group, this 

20 
corresponds co a coverage of 2.25 x 10 groups per gram 

of reacted bead. This is in excellent agreement with the 

20 
calculated value of 2.2 x 10 groups/g obtained for DMCS 

treated Porasil C'"" as previously discussed. In making the 

above calculations, monolayer coverage and a bonding surface 

2 
area of 60.8 m /g were assumed. The bonding surface area 

was obtained from TMCS data (Table 3). 

After initial treatment, the silanized Porasil C® 

was reacted with water and C^ to C^ normal alcohols. The 
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purpose of this was two-fold. First it was to help support 

the previous model proposed for the DMCS-ROH system. 

Second, it was to extend the same techniques used in that 

system to help understand a more complicated problem. The 

amounts of bonded carbon at each reaction step were deter

mined by microanalysis for carbon, the results of which have 

been summarized in Table 9. After treatment with H^O carbon 

analysis showed 0.27% bonded carbon; however, a least 

squares fit of all data points (Figure 6) showed 0.32%. If 

0.32% is taken as the amount of carbon remaining after treat

ment of the initially silanized beads with water, this would 

2 0 
correspond to 1.6 x 10 stable groups bonded to the 

20 
surface. Approximately 1.6 x 10 groups were present as 

dimer units in the case of DMCS. Thus a value of 0.65 x 

20 
10 groups were not associated with the stable form but 

were removed by treatment with H^O. When methanol was 

added, the carbon increased to 0.57% which corresponds to 

20 
an increase of 0.60 x 10 groups of carbon from the 

initially silanized surface. It would thus seem that part 

of the CI groups present must be associated with the stable 

form and part are associated with an unstable form. 

Chlorine analysis of the initially treated surface gave a 

value of 5.50 _+ 0.68 mg per gram of reacted beads. This is 

19 
approximately 9.3 x 10 groups of CI. After reaction of 

the initially treated TCMS surfaces with 1^0 and the 
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Table 9. Extent of^Secondary Reactions of TCMS Treated 
Porasil with Selected Alcohols 

Reactant 
% Bondeda 

Carbon 

A Carbon 
between TCMS and 
ROH per group 

Water 0.27 - 1 

Methanol 0.57 0 

Ethanol 0.88 + 1 

n-Pro pa no 1 1.05 + 2 

n-Butano1 1. 29 + 3 

aBased on 
TCMS reaction. 

a value of 0.45% carbon for the initial 
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Figure 6. Extent of_secondary reactions of TCMS treated 
Porasil C with selected alcohols. 
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selected alcohols only background amounts of CI were 

observed. 

A reaction model which is consistent with the above 

results, with those of the DMCS-ROH system, and also with 

data from related work (25, 54, 55) on the silica surface 

is as follows: 

OH OH OH 

J.:  ̂ J. rs c J- + TCMS_ Intermediate Form — oX — O - Si — O V- Si - > 
I I ( I 

(surface) 

Rx 20 

-O-Si 

Rx 21 
i i 

Intermediate Form ROH^ -O-Si—0—Si 
^ i I 

(surface) 

20 
where initial silanization gives a value of 2.25 x 10 

20 
groups of TMCS; 1.60 x 10 groups are stable and thus 

20 
associated with the polymer units and 0.65 x 10 groups are 

unstable in the presence of or alcohols and are removed 

by a transesterification process similar to that found for 

the TMCS and DMCS systems. Also it is believed that part 

of the CI groups present are associated with the stable 

form and part are associated with an unstable form. Upon 

treatment with alcohols, alkoxyl units will be attached to 

both the polymer units and to the surface. 



73 

A graphical representation of the experimentally 

determined carbon values for the TCMS-ROH system apoear 

in Figure 6. A least squares fit of these data appear as 

the solid line. Again as in the case of the DMCS-ROH data in 

Figure 5 the slope of this least squares fit is greater than 

that calculated from chlorine analysis. Explanations 

presented for the DMCS data are also valid here. These 

being that the surface area available for normal short 

chain alcohols is larger than that available to the TCMS 

molecules and/or that a greater number of alcohol molecules 

2 
bond per (Mjj) of surface than the TCMS molecules. In 

either event an increased slope would be expected. 



CHAPTER IV 

PEAK POSITION STUDIES 

Short Chain Alcohol Modified Adsorbents 

Studies of short chain alcohol modified adsorbents 

will be considered first. Both the DMCS-ROH and TCMS-ROH 

systems will be examined in light of the peak position 

experiments. These data will then be discussed in view of 

the proposed reaction models in an effort to both confirm 

these models and also to investigate adsorbate-adsorbent 

interactions on these modified chromatographic surfaces with 

known character. 

The effects of geometrical inhomogeneity on these 

modified surfaces have been investigated. By proper choice 

of the alcohols to be reacted with the initially silanized 

adsorbents known surface alterations were made and their 

influence upon specific and non-specific .interactions were 

examined. The results of these studies are explained in 

terms of thermodynamic quantities which describe the 

adsorption process. 

The modified surfaces thus formed have been shown to 

consist of unreacted hydroxyl and bonded alkoxyl groups. 

Also present are dimer and polymeric units in the case of 

dimethyldichlorosilane and trichloromethylsilane 

74 
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modifications respectively. The silicon atoms of these 

units are joined by oxygen atoms. For a more extensive 

discussion of these surfaces the reader is referred to the 

introduction of this text. These surfaces thus provide 

great scope for adjustment of specificity and provide an 

opportunity to investigate the effects of geometrical 

inhomogeneity upon molecular interactions. 

Non-specific adsorbate-adsorbent interaction upon 

these surfaces arise from the universal dispersion forces, 

not via details of local electron density distribution 

associated with particular bonds or atoms. This type of 

interaction is almost independent of any specific sites of 

interaction such as unreacted hydroxyl groups and the 

peripherally localized electron density around the bridged 

oxygen atoms. . Also, upon these surfaces, two types of 

specific interaction sites exist: those arising from the 

unreacted hydroxyl groups with localized positive charge, 

and those resulting from the localized negative charge of 

the bridged oxygen atoms. These, thus, form respectively 

what has been termed by Kiselev, Type II and III specific 

adsorption sites. Type II specific adsorption sites, which 

are locally pDsitively charged, interact specifically with 

molecules having peripherally localized electron density. 

Type III specific adsorption sites, which carry localized 

negative charge, are capable of specific interaction with 

adsorbate molecules carrying positive charge (53). These 
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various interactions have been previously discussed in a 

more general sense in the Introduction. 

The various types of adsorbate-adsorbent interaction 

may be explained in conjunction with the proposed reaction 

models by considering the following factors: 

1. The size and shape of the adsorbate molecule. 

2. The types of interaction possible to an adsorbate. 

3. The general surface homogeneity or regularity. 

4. The accessibility or exposure of specific sites of 

interaction. 

In order to differentiate between the various types 

of adsorbate-adsorbent interactions, a selected set of both 

non-specific and specific adsorbates has been chosen. The 

use of n-hexane and cyclohexane, which are totally non

specific, allow an investigation of the non-specific nature 

of the modified surfaces and also provide a difference in 

size and configuration. The choice of cyclohexene and 

benzene, which allow both non-specific interaction and 

specific Interaction due to the peripherally localized 

electron density about one or more of the double bonds, 

provide both a difference in the potential strength and a 

difference in configurational requirements for approach to 

the localized positive charge of the surface hydroxyl 

groups. Initially 1-hexene was also chosen as a specific 

adsorbate to investigate the various surfaces. However, 
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during the progress of this work, 1-hexene was found to be 

experimentally unusable. The chromatographic peaks were 

found to tail badly and the peak retentions within a 

workable sample range were sample size dependent. 

The general surface homogeneity and the amount of 

exposure of specific adsorption sites, silanol groups are 

functions of adsorbent modification. Therefore, these will 

be discussed in following sections in relation to the 

particular reaction models being investigated. 

DMCS-ROH Modified Porasil C("} 

Surfaces have been produced by initial treatment of 

Porasil C® with DMCS followed by additional treatment with 

selected short chain alcohols. A reaction model for these 

surfaces has previously been discussed (Chapter III, Rx 19). 

In view of this model the surface regularity can be 

described in terms of the ratio of the height of the DMCS 

dimer units (D) above the silica surface to that of the 

bonded alkoxyl groups (M). The most regular surfaces will 

be formed in those cases where this ratio approaches unity. 

These are DMCS-ethanol, DMCS-iso-propanol, DMCS-tert-

butanol modified adsorbents. The surface may be viewed in 

terms of this ratio (D:M) as consisting of either low or 

high regions, depending on whether D:M > 1 or D:M < 1. 

From the slope of the linear plot of the natural 

log of the corrected retention volumes vs. reciprocal 
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temperature (Figures 7-15) the enthalpies of adsorption, 

AH°, have been calculated. These values for the linear 

alcohols, methanol, ethanol, n-propanol, and n-butanol; the 

branched alcohols, iso-propanol, iso-butanol, and tert-

butanol; and the cyclic alcohol, cyclohexanol for the 

temperature range 55° to 76°C along with intra column AAH° 

values appear in Tables 10, 12, 14, 16, 18, 20, 22, 24, and 

26. Also, AS° and intra column AAS° values appear in these 

tables. AG° and intra column AAG° values for 55° and 7 5°C 

appear in Tables 11, 13, 15, 17, 19, 21, 23, 25, and 27. 

All intra column AA values are relative to n-hexane. In 

all columns, the differential heats of adsorption of 

cvclohexene and benzene were greater than n-hexane and 

cyclohexane. This is the expected behavior for a normal 

adsorption column capable of both non-specific and specific 

interaction. Also benzene and cyclohexene have the greatest 

intra column AAS° values. This is also normal behavior. A 

noted exception to this is the DMCS-t-BuOH surface. This 

can be explained in light of data yet to be presented and 

will be discussed later. 

Inter column AAH° and AAS° values appear in Tables 

28 and 29 respectively. These values are relative to the 

unmodified Porasil C® adsorbent. Examination of these 

values in light of the proposed reaction model has led to 

some interesting conclusions and a better understanding of 

adsorbate interaction on modified surfaces. These results 
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Figure 7. Plot of Ln vs. 1/T for the test adsorbates on 
unmodified Porasil C:. 
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Table 10. Differential Enthalpies and Entropies of 
Adsorption on Porasil 

Compound 

Temperature Range 55-75 C 

AH 

(Kcal/mole) AAH~ AS (  e .u .  )  AAS 

n-Hexane 

Cyclohexane 

Cy clohexene 

Benzene 

- 9.13 

- 9.03 

-10. 21 

-10.06 

0 

+0.10 

-1.08 

-0.93 

-18.89 

-18.45 

-18.84 

-16.52 

0 

+0.44 

+0.05 

+2. 37 

Table 11. Differential Free Energies of Adsorption on 
Porasil C® 

55.0°C 7 5.0°C 

AG° AG° 

Compound (Kcal/mole) AAG (Kcal/mole) AAG° 

n-Hexane -2.93 0 -2.54 0 

Cyclohexane -2.97 -0.04 -2.60 -0.06 

Cyclohexene -4.03 -1.10 -3.66 -1.12 

Benzene -4.64 -1.71 -4.31 -1.77 
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Figure 8. Plot of Ln V„ vs. 1/T for the test adsorbates o 
DMCS-MeOH tailored Porasil C 
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Table 12. Differential Enthalpies and Entropies of 
Adsorption on DMCS-MeOH Tailored Porasil C® 

Compound 

Temperature Range 54-7 6 C 

AH 

(Kcal /mole)  A AH AS (e.u. A A S  

n-Hexane 

Cyclohexane 

Cyclohexene 

Benzene 

- 9.75 

- 9.77 

-10.44 

-11.44 

0 

-0.02 

-0. 69 

•1. 69 

-21.61 

-21.23 

-21.55 

-23.45 

0 

+0. 38 

+0.06 

-1. 84 

Table 13. Differential Free Energies of Adsorption on 
DMCS-MeOH Tailored Porasil C® 

Compound 

55.0°C 75.0°C 

AG 

(Kcal/mole AAG' 
AG 

(Kcal/mole 1 A AG 

n-Hexane 

Cyclohexane 

Cyclohexene 

Benzene 

- 2 .  6 6  

-2.81 

-3.37 

-3. 73 

0 

-0.15 

-0. 71 

-1.07 

•2. 23 

•2. 38 

•2.94 

•3. 29 

0 

-0.15 

-0. 71 

-1.06 
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Figure 9. Plot of Ln vs. 1/T for the test adsorbates on 
DMCS-EtOH tailored Porasil C J  
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Table 14. Differential Enthalpies and Entropies of 
Adsorption on DMCS-EtOH Tailored Porasil C .© 

Compound 

Temperature Range 55-75 C 

AH 

(Kcal/mole) AAH 
o 

A S  ( e . u . )  A A S  

n-Hexane 

Cyclohexane 

Cyclohexene 

Benzene 

-10. 27 

-10. 60 

-11.90 

-12. 70 

0 

-0. 33 

-1. 63 

-2.43 

-22.47 

-23.20 

-25.05 

-26.17 

0 

-0. 73 

-2. 58 

-3. 70 

Table 15. Differential Free Energies of Adsorption on 
DMCS-EtOH Tailored Porasil C''R 

55.0°C 75.0°C 

AG° AG° 

Compound (Kcal/mole) AAG° (Kcal/raole) AAG° 

n-Hexane -2.91 0 -2.45 0 

Cyclohexane -2.99 -0.08 -2.52 -0.07 

Cyclohexene -3.86 -0.77 -3.18 -0.73 

Benzene -4.11 -1.20 -3.58 -1.13 
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Figure 10. Plot of Ln VR vs. 1/T for the test adsorbates 
on DMCS-n-PrOH tailored Porasil C J  
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Table 16. Differential Enthalpies and Entropies of 
Adsorption on DMCS-n-PrOH Tailored Porasil C 

Compound 

Temperature Range 56-75°C 

AH 
(Kcal/mole) AAH" AS (e.u. ) AAS 

n-Hexane 

Cyclohexane 

Cyclohexene 

Benzene 

• 10.41 

-10. 35 

-11.01 

-11. 35 

0 

+0.06 

-0. 60 

-0.94 

-23.83 

-23.14 

-23.46 

-23.59 

0 

+0. 69 

+0. 37 

+0. 24 

Table 17. Differential Free Energies of Adsorption on 
DMCS-n-PrOH Tailored Porasil C1" 

55. 0°C 75. 0°C 

AG° AG° 

Compound (Kcal/mole) AAG° (Kcal/mole) AAG° 

n-Hexane -2.59 0 -2.12 0 

Cyclohexane -2.76 -0.17 -2.29 -0.17 

Cyclohexene -3.31 -1.01 -2.84 -0.72 

Benzene -3.60 -1.01 -3.14 -1.02 
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Figure 11. Plot of Ln VR vs. 1/T for the test adsorbates on 
DMCS-n-BuOH tailored Porasil C" 
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Table 18. Differential Enthalpies and Entropies of 
Adsorption on DMCS-n-BuOH Tailored Porasil C5 

Compound 

Temperature Range 55-75 C 

AH 
(Kcal/mole) A AH AS (e.u. ) A AS 

n-Hexane 

Cyclohexane 

Cyclohexene 

Benzene 

-10.28 

-10.26, 

-11.26 

-11.63 

0 

+0.02 

-0. 98 

-1.35 

•23.00 

•22.57 

•23.55 

• 23.80 

0 

+0.43 

-0. 55 

-0. 80 

Table 19. Differential Free Energies of Adsorption on 
DMCS-n-BuOH Tailored Porasil C® 

55.0° C 75.0°C 

AG° AG° 

Compound (Kcal/mole) AAG° (Kcal/mole) AAG° 

n-Hexane -2.74 0 -2.28 0 

Cyclohexane -2.86 -0.12 -2.41 -0.13 

Cyclohexene -3.54 -0.80 -3.06 -0.78 

Benzene -3.82 -1.08 -3.34 -1.04 
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Figure 12. Plot of Ln vs. 1/T for the test adsorbates on 
DMCS-i-PrOH tailored Porasil C 
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Table 20. Differential Enthalpies and Entropies of 
Adsorption on DMCS-i-PrOH Tailored Porasil C® 

Compound 

Temperature Range 55-75 C 

AH 
(Kcal/mole) AAH~ AS ( e.u. ) AASV 

n-Hexane 

Cyclohexane 

Cyclohexene 

Benzene 

-10. 74 

-10. 72 

-12.17 

-12. 55 

0 

• 0.02 

-1.43 

•1. 81 

-24.82 

-24.11 

-26.71 

-27.13 

0 

+0. 71 

-1. 89 

-2. 31 

Table 21. Differential Free Energies of Adsorption on 
DMCS-i-PrOH Tailored Porasil C 

55. 0°C 7 5. 0°C 

AG° AG° 

Compound (Kcal/mole ) AAG° (Kcal/mole) AAG° 

n-Hexane -2.60 0 -2.10 0 

Cyclohexane -2.81 -0.21 -2.33 -0.23 

Cyclohexene -3.42 -0.82 -2.87 -0.77 

Benzene -3.65 -1.05 -3.10 -1.00 
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Figure 13. Plot of Ln VR vs. 1/T for the test adsorbates on 
DiMCS-i-BuOH tailored Porasil C.c 
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Table 22. Differential Enthalpies and Entropies of 
Adsorption on DMCS-i-BuOH Tailored Porasil C® 

Compound 

Temperature Range 55-75°C 

AH 

(Kcal/mole) AAtr AS (e.u. A AS 

n-Hexane 

Cyclohexane 

Cyclohexene 

Benzene 

- 9.83 

•10. 22 

-11. 32 

-11. 62 

0 

-0. 39 

-1.49 

-1. 79 

-21.32 

-22. 93 

-24.51 

-24.53 

0 

-0. 61 

-2.19 

-2. 21 

Table 23. Differential Free Energies of Adsorption on 
DMCS-i-BuOH Tailored Porasil C® 

55.0°C 75.0°C 

AG° AG° 

Compound (Kcal/mole) AAG° (Kcal/mole) AAG° 

n-Hexane -2.51 0 -2.06 0 

Cyclohexane -2.70 -0.19 -2.24 -0.18 

Cyclohexene -3.29 -0.78 -2.79 -0.73 

Benzene -3.57 -1.06 -3.07 -1.01 
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Figure 14. Plot of Ln vs. 1/T for the test adsorbates on 
DMCS-t-3uOH tailored Porasil C 
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Table 24. Differential Enthalpies and Entropies of 
Adsorption on DMCS-t-BuOH Tailored Porasil 

Compound 

Temperature Range 55-76 C 

AH 

(Kcal/mole) A AH AS ( e .u .  )  A A S  

n-Hexane 

Cyclohexane 

Cyclohexene 

Benzene 

-11.12 

-10.46 

-11.07 

-11.06 

0 

+0. 66 

+0.05 

+0.06 

-25.40 

-22.80 

-22.54 

-21.83 

0 

+2.  60  

+2.84 

+ 3. 57 

Table 25. Differential Free Energies of Adsorption on 
DMCS-t-EuOH Tailored Porasil 

55.0°C 75.0°C 

AG° AG° 

Compound (Kcal/mole) AAG° (Kcal/mole) AAG° 

n-Hexane -2.78 0 -2.28 0 

Cyclohexane -2.98 -0.20 -2.52 -0.24 

Cyclohexene -3.67 -0.89 -3.22 -0.94 

Benzene -3.90 -1.12 -3.46 -1.18 
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Figure 15. Plot of Ln VR vs. 1/T for the test adsorbates on 
DMCS—Q—OH tailored Porasil C J 
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Table 26. Differential Enthalpies and Entropies of ^ 
Adsorption on DMCS—Q—OH Tailored Porasil CT 

Temperature Range 55-75°C 

Compound 

AH° 

(Kcal/mole) A AH° AS° ( e. u. ) A AS° 

n-Hexane - 9.81 0 -21.72 0 

Cyclohexane - 9.89 -0. 08 -21.43 +0. 29 

Cyclohexene -10.88 -1.07 -22.76 -1.04 

Benzene -11.16 -1. 35 -22.68 -0.96 

Table 27. Differential Free Energies of 
DMCS—Q-OH Tailored Porasil 

Adsorption on 

55.0°C 75.0°C 

Compound 

AG° 

(Kcal/mole) AAG° 
AG° 

(Kcal/mole) AAG° 

n-Hexane -2. 68 0 -2.25 0 

Cyclohexane -2.86 -0. 18 -2.43 -0.18 

Cy clohexene -3.42 -0. 74 -2.96 -0. 71 

Benzene -3. 72 -1.04 -3. 27 -1.02 



Table 28. AH° and Inter Column AAH° Values3 for (DMCS-ROH) Linear Alcohols 

n-Hexane Cyclohexane Cyclohexene Benzene 

A  A A  A  A A  A  A A  A  A A  

Porasil C® - 9. .13 0 - 9. ,03 0 -10. , 21 0 -10. ,06 0 

MeOH - 9. . 75 -0. , 62 - 9. , 77 -0. , 74 -10. ,44 -0. , 23 -11. . 04 -0. ,98 

EtOH -10. , 27 -1. ,14 -10. , 60 -1. . 57 -11. ,90 -1. , 69 -12. , 70 -2. , 64 

n-PrOH -10. ,41 -1. , 28 -10. , 35 T "* jl « , 32 -11. , 01 -0. ,80 -11. , 35 -1. , 29 

n-BuOH -10. ,28 1 ~X , ,15 -10. , 26 -l. ,23 -11. . 26 -1. ,05 -11. , 63 -1. , 57 

i-PrOH -10. , 74 -1. , 61 -10. , 72 -l. , 69 -12. .17 -1. ,96 -12. , 55 -2. ,49 

i-BuOH - 9. ,83 -0. ,70 -10. , 22 -l. ,19 -11. . 32 -1. ,11 -11. . 62 -1. , 56 

t-BuOH -11. . 12 -1. .99 -10. .45 -l. .43 -11. .07 -0. ,86 -11. .06 -1. ,00 

O0H - 9. ,81 -0. , 68 - 9. ,89 -0. , 86 -10. ,88 -0. , 67 -11. ,16 -1. ,10 

aKcal/mole. 

-J 



Table 29. AS° and Inter Column AAS° Values3 for (DMCS-ROH) Linear Alcohols 

n-Hexane Cy clohexane Cyclohexene Benzene 

A  A A  A  A A  A  A A  A  AA 

Porasil Cw -18. ,89 0 -18, ,45 0 -18. .84 0 -16. , 52 0 

•MeOH -21. , 61 -2. , 72 -21. , 23 -2. 78 -21. , 55 -2. . 71 -23. ,45 — 6. ,93 

EtOH -22. ,47 -3. . 58 -23. ,20 -4. , 75 -25. ,05 -6. , 51 -26. ,17 - 9. , 65 

n-PrOH -23. .83 -4. .94 -23. ,14 -4. , 69 -23. ,46 -4. , 62 -23. , 59 - 7. .07 

n-3uOH -23. , 00 -4. ,11 -22. , 57 -4. ,12 -23. . 55 -4. . 71 -23. ,80 - 7. , 28 

i-PrOH -24. ,82 -5. ,93 -24. ,11 -5. . 66 -26. , 71 -7. ,87 -27. ,13 -10. .61 

i-BuOH -22. . 32 -3. ,43 -22. .93 -4. ,48 -24. , 51 -5. , 67 -24. . 52 - 8. ,00 

t-3uOH -25. .40 -6. . 51 -22. .80 -4. , 35 -22. , 54 -3. . 70 -21. ,83 - 5. , 31 

O0H -21. . 72 -2. .83 -21. .43 -2. ,98 -22. , 76 -3. ,92 -22. . 63 — 6. ,16 

a 
e. u. 

CD 
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will be discussed in terms of free energy, enthalpy, and 

entropy effects. 

Free Energy Considerations. In all cases modifica

tion led to improved peak shapes with reduction in retention 

volumes, i.e., reduction in AG° as compared to the unmodi

fied adsorbent, Porasil C^1. However, AG° could not be 

explained solely by either enthalpy or entropy effects. 

Rather A and AA values of a particular adsorbate molecule 

were a complex function of both enthalpy and entropy effects. 

Enthalpy Considerations. Plots of AH° vs. bonded 

alkoxyl length for both the totally non-specific adsorbates, 

n-hexane and cyclohexane, and the specific adsorbates 

cyclohexene and benzene on DMCS surfaces modified with 

linear alcohols appear in Figure 16. A maximum in AH° was 

observed for all adsorbates except n-hexane. In the case 

of n-hexane, the plot was found to increase from the un

modified surface co the DMCS-EtOH surface at which point a 

plateau was reached. The observed changes in AH° can be 

explained by the previously discussed factors. 

The surface formed by the bonded ethoxyl groups is 

probably the most regular or uniform of the DMCS-linear 

alcohol modified adsorbents. Here the dimer unit height 

above the surface to that of the alkoxyl unit is closest 

to unity (D:M ~ 1). Surfaces with the most uniform carbon 

nature have been reported (53) to have the highest 
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Figure 16. Plot of heats of adsorption for both specific 
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carbon number of the bonded linear 
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non-specific heats of adsorption. In the case of methanol 

tailored adsorbents, where D:M > 1 low regions should lead 

to a less homogeneous surface. Because both methoxyl and 

ethoxyl groups are short, their ability to sterically affect 

the availability of neighboring unreached surface hydroxyl 

groups should be small. For surfaces where D:M < 1, that 

is, where the linear alkoxyl groups have carbon number three 

or greater, the homogeneity of the surface should decrease. 

Also the amount of hydroxyl group exposure may be reduced. 

Rowan and Sorrell (30) in relation to surfaces modified with 

bonded alcohols have indicated that the longer and more 

bulky the hydrocarbon "tail" attached to the surface the 

more drastic will be the change in surface characteristics. 

In light of the above considerations, the maximums 

in AH° on the DMCS-ethoxyl modified surface seem reasonable. 

Here the surface is most uniform thus having the highest 

non-specific interaction yet still having a great amount of 

hydro xyl exposure. 

As would be expected, benzene which is planar and 

also most specific in nature shows the greatest overall 

heats of adsorption on all columns. N-hexane and cyclo-

hexane which are not influenced by specific adsorption 

sites have the lowest overall heats of adsorption. 

Adsorption energies for cyclohexene fall between benzene, 

and cyclohexane and n-hexane. This is the expected behavior 
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for normal type adsorption columns capable of both non

specific and specific interaction. 

Also the effect of alkoxyl branching has been 

examined. Plots of AH° as a function of branching for 

surfaces with a D:M ratio approximately equal to one for 

both the non-specific and the specific adsorbate molecules 

appear in Figures 17 and 18 respectively. The relative 

height is maintained constant by using DMCS-EtOH, DMCS-i-

PrOH, and DMCS-t-BuOH. For those molecules showing specific 

interaction, a maximum in adsorption energy occurred on the 

ethanol and iso-propanol modified surfaces. This may be 

explained by steric arguments. The bonded ethyl and iso-

propyl groups make possible a uniform carbon surface, a high 

amount of non-specific interaction. However, the total 

amount of OH exposure is not influenced significantly since 

the overall heats of adsorption are high for both benzene 

and cyclohexene. When tert-butyl groups are added to the 

surface an overall decrease in AH° of about 1.5 Kcal/mole 

occurred. Again the non-specific nature of the surface 

should have increased which would result in an increased 

non-specific contribution to AH° as shown by n-hexane 

(Figure 17). The marked overall decrease in AH° can only 

be explained by a loss in energy due to the specific inter

action component. This would occur if hydroxyl group 

exposure was sterically hindered significantly. Also 

confirming this are intra columns AAH° values for n-hexane, 
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Figure 17. Plot of heats of adsorption for the non-specific 
adsorbates as a function of alkoxyl branching 
on D:M ~ 1 surfaces. 
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cyclohexene, and benzene on the DMCS-t-BuOH modified 

adsorbent which are almost identical (Table 24). 

Entropy Considerations. Inter column AAS° values 

(R) 
which are relative to Porasil Cw for all adsorbate molecules 

on the linear and branched alkoxyl modified surfaces appear 

in Table 29. The results obtained for all adsorbate 

molecules closely parallel and support arguments based 

on enthalpy considerations. 

The greatest &S° for totally non-specific .interactors 

occurred on the most uniform carbon surfaces, D:M ~ 1. 

Although no marked trend was noted for cyclohexane, n-hexane 

showed an increase in entropy upon adsorption as a function 

of increased alkoxyl branching on these surfaces, D:M ~ 1. 

Also, in most cases n-hexane showed a greater entropy loss 

than cyclohexane. According to Brookman and Sawyer (14) 

this is because the normal alkanes undergo a larger entropy 

change upon adsorption. The linear alkanes have greater 

vapor phase entropies than the cyclic alkanes and thereby 

lose more entropy on going to essentially equivalent adsorbed 

states. 

The specific interactors showed a maximum loss in 

entropy on what are believed to be surfaces which have the 

greatest combination of uniformity, D:M ~ 1 and hvdroxyl 

group exposure. This occurred on the DMCS-EtOH adsorbent 

for the linear alkoxyl modified surfaces and on the 
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DMCS-i-PrOH adsorbent for the branched alcohol modification. 

In the case of the DMCS-t-BuOH adsorbent, where sites of 

specific interaction are thought to be sterically hindered, 

a reduction in the amount of entropy loss on adsorption as 

compared to either DMCS-EtOH or DMCS-i-PrOH was noted. 

The view that sterically hindered hydroxyl groups 

exist on the DMCS-t-BuOH is also supported by comparing 

intra column AAS° values for cyclohexane and cyclohexene on 

ethanol, iso-propanol and tert-butanol modified adsorbents. 

The AAS° for cyclohexane and cyclohexene on the DMCS-EtOH 

and DMCS-i-PrOH modified surface show marked differences. 

This is normal behavior on surfaces where a combination of 

specific and non-specific sites exist as discussed earlier. 

On the tert-butanol surface, almost identical AAS° values 

were observed. This would indicate similar adsorbed states 

which would be likely in the event that the TT bond of 

cyclohexene was sterically blocked from interaction with 

surface OH groups. 

TCMS-ROH Modified Porasil C® 

Surfaces have been produced by initial treatment of 

Porasil C® with TCMS followed by additional treatment with 

selected short chain alcohols. The modified surfaces formed 

were found to be chromatographically similar in nature to 

the DMCS-ROH modifications. However, these surfaces are 

chemically more complicated than the previously discussed 
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adsorbents. Thus, they do not lend themselves as well to 

physical description or model development. 

Plots of the natural log of the corrected retention 

volumes vs. reciprocal temperature appear in Figures 19-22. 

From these data the enthalpies along with entropies and 

free energy of adsorption have been calculated. These 

values and intra column AA values appear in Tables 30-37. 

Intra column AA values are relative to n-hexane. On each 

column, the differential heats of adsorption for cyclohexene 

and benzene were greater than n-hexane and cyclohexane. 

Also benzene and cyclohexene had the greatest intra column 

column AAS° values as can be seen in Tables 30, 32, 34, and 

36. This is analogous behavior to that for DMCS-ROH 

columns. Inter column AA1I° and AAS° values which are 

relative to Porasil C® appear in Tables 38 and 39 respec

tively. These values also closely parallel the behavior 

for the linear alcohol modified DMCS adsorbents (Tables 28 

and 29). 

The above data can be explained in terms of 

adsorbate-adsorbent interactions as was done in the case of 

the DMCS-ROH modified adsorbents. Again the factors 

affecting these interactions are size and shape of the 

adsorbate molecule, the types of interactions possible, the 

general surface homogeneity, and the exposure of hydroxyl 

groups. 
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Figure 19. Plot of Ln VR VS. 1/T for the test adsorbates on 
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Table 30. Differential Enthalpies and Entropies of 
Adsorption on TCMS-MeOH Tailored Porasil C © 

Compound 

Temperature Range 5 3-75 C 

AH 

(Kcal/mole) AAHL AS°(e.u. A A S  

n-Hexane 

Cyclohexane 

Cy clohexene 

Benzene 

• 9. 38 

• 9.62 

•11.14 

-11.93 

0 

-0. 24 

-1. 76 

•2. 55 

-20.02 

-20.34 

-23.00 

-24.43 

0 

-0. 32 

-2. 98 

-4.41 

Table 31. Differential Free Energies of Adsorption on 
TCMS-MeOH Tailored Porasil C® 

55.0°C 7 5.0°C 

AG° AG° 

Compound (Kcal/mole) AAG (Kcal/mole) AAG° 

n-Hexane -2.81 0 -2.41 0 

Cyclohexane -2.95 -0.14 -2.54 -0.13 

Cyclohexene -3.59 -0.78 -3.13 -0.72 

Benzene -3.92 -1.11 -3.43 -1.02 



110 

4 -

3 -

2 -

13 n-Hexane 

"V Cyclohexane 

® Cyclohexene 

© Benzene 

1 1 

2.7 2.9 

1 / T X 103 

3.1 

Figure 20. Plot of Ln VR vs. 1/T for the test adsorbates on 
TCMS-EtOH tailored Porasil C 
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Table 32. Differential Enthalpies and Entropies of 
Adsorption on TCMS-EtOH Tailored Porasil C © 

Compound 

Temperature Range 54-75 C 

AH 

(Kcal/mole! A AH 1  A S  ( e . u .  )  A A S  

n-Hexane 

Cyclohexane 

Cyclohexene 

Benzene 

-10.19 

-10. 09 

-12.19 

-12. 74 

0 

+0.10 

-2.00 

-2. 55 

-22.00 

-21.40 

-25.70 

-26.18 

0 

+0. 60 

-3. 70 

-4.18 

Table 33. Differential Free Energies of Adsorption on 
TCMS-EtOH Tailored Porasil C® 

55.0°C 7 5.0°C 

AG° AG° 

Compound (Kcal/mole) AAG° (Kcal/mole) AAG° 

n-Hexane -2.97 0 -2.53 0 

Cyclohexane -3.07 -0.10 -2.64 -0.11 

Cyclohexene -3.75 -0.78 -3.24 -0.71 

Benzene -4.15 -1.15 -3.63 -1.10 
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Figure 21. Plot of Ln vs. 1/T for the test adsorbates 
on TCMS-n-PrOH tailored Porasil C~'. 
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Table 34. Differential Enthalpies and Entropies of 
Adsorption on TCMS-n-PrOH Tailored Porasil C® 

Co mpound 

n-Hexane 

Cyclohexane 

Cyclohexene 

Benzene 

Temperature Range 56-75 C 

AH 

(Kcal/mole! 

- 9.92 

- 9.73 

-11.80 

-11.97 

AAfT 

0 

+0.19 

-1. 88 

-2.05 

AS° ( e. u. ) 

-20.84 

•19.97 

•24.22 

•23.75 

A AS 

0 

+0.87 

-3. 38 

-2. 91 

Table 35. Differential Free Energies of Adsorption on 
TCMS-n-PrOH Tailored Porasil C® 

55.0°C 7 5.0°C 

AG° AG° 

Compound (Kcal/mole) AAG° (Kcal/mole) AAG° 

n-Hexane -3.08 0 -2.67 0 

Cyclohexane -3.18 -0.10 -2.78 -0.11 

Cyclohexene -3.85 -0.77 -3.37 -0.70 

Benzene -4.18 -1.10 -3.70 -1.03 
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Figure 22. Plot of Ln VR vs. 1/T for the test adsorbates on 
TCMS-n-3uOH tailored Porasil C-J. 
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Table 36. Differential Enthalpies and Entropies of 
Adsorption on TCMS-n-BuOH Tailored Porasil C 

<R> 

Compound 

Temperature Range 55-75 C 

AH° 

(Kcal/mole] AAH° AS° ( e. u. ) A AS" 

n-Hexane 

Cyclohexane 

Cy clohexene 

Benzene 

- 9.52 

• 9.62 

-11.88 

-12. 32 

0 

-0.10 

-2. 36 

-2.80 

-19.72 

-19.81 

-24.49 

-24.74 

0 

-0.09 

-4. 77 

-5. 02 

Table 37. Differential Free Energies of Adsorption on 
TCMS-n-BuOH Tailored Porasil C® 

55.0°C 75.0°C 

AG° AG° 

Compound (Kcal/mole) AAG° (Kcal/mole) AAG° 

n-Hexane -3.04 0 -2.65 0 

Cyclohexane -3.11 -0.07 -2.73 -0.08 

Cyclohexene -3.83 -0.79 -3.36 -0.71 

Benzene -4.19 -1.15 -3.71 -1.06 



Table 38. AH° and Inter Column AAH° Valuesa for (TCMS-ROH) Linear Alcohols 

n-Hexane Cyclohexane Cyclohexene Benzene 

A AA A AA A AA A AA 

Porasil C® - 9. .13 0 - 9. ,03 0 -10. . 21 0 -10. . 06 0 

Me OH - 9. , 38 -0. , 25 - 9. , 62 -0. . 59 -11. . 14 -0. ,93 -11. ,93 -1. ,87 

EtOH -10. ,19 -1. ,06 -10. ,09 -1. .06 -12. .19 -1. ,98 -12. , 74 -2. , 68 

n-PrOH - 9. .92 -0. ,79 - 9. ,73 -0. . 70 -11. ,80 -1. , 59 -11. ,97 -1. ,91 

n-BuOH - 9. , 52 -0. , 39 - 9. , 62 -0. , 59 -11. ,88 -1. . 67 -12. , 32 -2. , 26 

aKcal/mole. 



Table 39. AS° and Inter Column AAS° ' Values3 for (TCMS-•ROH) Linear Alcohols 

n-Hexane Cyclohexane Cyclohexene Benzene 

A AA A AA A AA A AA 

Porasil C® -18.89 0 •18.45 0 -18.84 0 -16.52 0 

Me OH -20.02 -1.13 •20. 34 -1.89 -23.00 -4.16 -24.43 -7.91 

EtOH -22.00 -3.11 •21.40 -2.95 -25.70 -6.86 -26.18 -9. 66 

n-PrOH -20.84 -1.95 •19.97 -1.52 -24.22 -5. 38 -23.75 -7.23 

n-BuOH -19.72 -0.83 •19.81 -1.36 -24.49 -5. 65 -24.74 -8. 22 
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Free Energy Considerations. In all cases modifica

tion led to improved peak shapes. Reduction in retention 

volumes, AG°, for cyclohexene and benzene occurred on all 

columns as compared to unmodified Porasil C®. Again as in 

the case of DMCS-ROH modified adsorbents AG° can only be 

explained in terms of a combination of both enthalpy and 

entropy effects. 

Enthalpy Considerations. Plots of AH vs. carbon 

number of the bonded alkoxyl groups for the test adsorbates 

appear in Figure 23. The curves obtained appear very 

similar to those for the DMCS-ROH surfaces (Figure 16). 

The greatest heats of adsorption for all adsorbates 

occurred on the TCMS-EtOH modified surface. The change in 

AH° with alkoxyl length can be explained by considering both 

the non-specific and the specific nature of the adsorbate 

molecule and the surface. A maximum in the AH° vs. carbon 

number curve (Figure 23) for cyclohexane and n-hexane would 

indicate the most uniform surface since these adsorbates are 

affected only by the non-specific nature of the surface. 

The greatest combination of both types of interaction must 

also be present on the TCMS-EtOH surface. This is indi

cated by the maximums in the AH° vs. carbon number curves 

for benzene and cyclohexene. 

As expected, benzene which is planar and also most 

specific in nature shows the greatest overall heats of 
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Figure 23. Plot of heats of adsorption for both specific 
adsorbates as a function of carbon number of the 
bonded linear alkoxyl groups (TCMS-ROH tailored 
Porasil C ). 
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adsorption on all columns. N-hexane and cyclohexane which 

are not influenced by silanol groups have the lowest overall 

heats of adsorption. Adsorption energies for cyclohexene 

fall between benzene, and cyclohexane and n-hexane. This is 

the same order observed for the DMCS-ROH modified adsorbents 

and is the expected behavior for normal type adsorption 

columns as previously discussed. The general positions of 

the n-hexane and cyclohexane curves on TCMS-ROH surfaces 

(Figure 23) as compared to DCMS-ROI-I surfaces (Figure 16) are 

about 0.4 to 0.5 Kcal/mole lower. This might be explained 

by the fact that the amount of carbon is less for TCMS one 

methyl group per TCMS group as compared to two for DMCS. 

Entropy Considerations. Inter column AAS° values 

appear in Table 39. These values are relative to Porasil C®. 

The results closely parallel the results obtained for the 

DMCS-ROH system as shown in Table 29. The greatest AAS° 

values for all adsorbates occurred on the TCMS-EtOH surface. 

Since the vapor phase entropy for a particular adsorbate 

would remain constant from column to column, the greater 

loss in entropy on the TCMS-EtOH surface is reflected in 

the adsorbed state. All intra column AAS° values were 

greatest for benzene and cyclohexene as compared to n-hexane 

and cyclohexane. As discussed earlier this is normal 

behavior for adsorption type columns which are both specific 

and non-specific in nature. 
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Long Chain Alcohol Modified Adsorbents 

The first part of this chapter has been concerned 

with chromatographic peak position studies of short chain 

alcohol modified adsorbents. In these studies initially 

attached silane groups, either DMCS or TCMS as well as 

subsequently bonded alkoxyl groups have played a significant 

role in determining adsorption behavior of various test 

adsorbate molecules. In this section the behavior of the 

alkoxyl unit will be examined when it is made long in 

comparison to the initially silanized silica surface. 

Similar surfaces have been prepared and the organic groups 

of these surfaces have been described as orientated like 

bristles on the surface (36, 52). 

Halasz and Sebestian (20) were the first to esterify 

the porous silica Porasil C with 3-hydroxypropionitrile at 

180°C to obtain surfaces with bristles for use as gas 

chromatographic adsorbents. In that work they found that 

the rate of mass transfer was considerably higher than in 

liquid phases. Further they reported that gas chromato

graphic experiments with such adsorbents showed the height 

equivalent to a theoretical plate to be independent of the 

nature of the sample, and the temperature of analysis. 

Although the bonded molecules of the system Halasz 

and Sebestian (20) described may have been oriented like 

bristles on the surface, it is highly unlikely that very 

long chain molecules at relatively low temperatures will 
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assume such orientations. Thus, the point of the work which 

is described here was to extend the initial experiments of 

Halasz and Sebestian to a more flexible and more well 

defined system. The approach taken has been to vary the 

length of the attached hydrocarbon group and to investigate 

both the effects of temperature and nature of adsorbate 

molecule on molecular interaction. All adsorbents were 

prepared from initially DMCS treated Porasil C®. Additional 

reactions with hexanol, decanol, and hexadecanol were used 

to obtain the desired surfaces. The DMCS-ROH system was 

chosen because it is chemically simpler and better under

stood. These points have previously been discussed. The 

alcohols were chosen to give bonded hydrocarbons with a 

range of lengths. The studies carried out in relation to 

these modified surfaces consist of both peak position and 

peak broadening experiments. The peak position experiments 

will be discussed in this section and the peak broadening 

experiments will be considered in Chapter V. 

In all chromatographic experiments, particular 

emphasis has been placed on the interdependency of alkoxyl 

chain length, orientation, and temperature. By changing 

the length of the bonded hydrocarbon a range of orienta

tions can be studied. At a particular temperature, shorter 

molecules may be viewed as bristles or as being orientated 

away from the surface. However, longer molecules must be 

bent over with the possibility of association. In this 
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respect the longer chain length molecules must be more 

similar to molecules of a thin liquid film than they are to 

bristles. The orientation or state of these bonded "tails" 

would be dependent upon the temperature. The longer the 

"tail" the greater the thermal energy needed to cause it to 

lose its liquid character. Such orientation temperature 

dependencies of the bonded groups should be reflected in 

both the peak position and the peak broadening of the 

adsorbates used as test molecules. 

In order to study the hydrocarbon "tails" of the 

modified surfaces adsorbates of a non-specific nature have 

been used. Adsorbates of a specific nature were found to 

interact with surface silanol groups and did not lend them

selves well to these studies. The adsorbate molecules 

chosen for these studies have been n-pentane, n-hexane, 

h-heptane, cyclohexane, and methylcyclohexane. These 

adsorbates give both a difference in size and configura-

tional requirements for interaction with the modified 

surface. 

DMCS-ROH Modified Porasil C® 

Plots of the natural log of the corrected retention 

volume vs. reciprocal temperature of the various adsorbate-

adsorbent combinations for the temperature ranges 55-7 5°C, 

80-100°C, and 105-125°C appear in Figures 24-32. From a 

linear least squares fit of these data, heats of interaction 
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for the various test adsorbate molecules have been calcu

lated. These data along with AS° and intra column AAS° 

values appear in Tables 40, 42, 44, 46, 48, 50, 52, 54, and 

56. AG° and intra column AAG° values for 55° and 7 5°C 

appear in Tables 41, 43, 45, 47, 49, 51, 53, 55, and 57. 

All intra column AA values are relative to n-hexane. 

Free Energy Considerations. Again as in the case of 

the short chain alcohol modified adsorbents AG° and AAG° 

values can only be explained in terms of a combination of 

both enthalpy and entropy effects. Also of importance are 

the orientation temperature dependencies of the bonded 

hydrocarbon "tails." 

Enthalpy Considerations. Plots of the heat of 

interaction vs. carbon number of the bonded alcohols appear 

in Figures 33-35. These are for the temperature ranges of 

55-75°C, 80-100°C, and 105-125°C. These data have been 

found to be dependent both on the length of the bonded 

groups and also temperature range. In a general sense, the 

longer the bonded alkoxyl group the lower the heat of inter

action for a given adsorbate molecule. On the DMCS-n-

hexanol surface AH° for all adsorbates decreased as a 

function of temperature. The normal alkanes showed a 1.1 

to 1.2 Kcal/mole reduction from the low temperature range 

(55-7 5°C) to the middle temperature range (80-100°C). The 

cyclic alkanes showed approximately a 0.4 to 0.5 Kcal/mole 
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Figure 24. Plot of Ln VR vs. 1/T for the test; adsorbates on 
DMCS-n-hexanol tailored Porasil C' (Temperature 
Range 55-75°C). 
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Table 40. Differential Enthalpies and Entropies of 
Adsorption on DMCS-n-Hexanol Tailored Porasil C® 

Temperature Range 55-75°C 

AH° 

Compound (Kcal/mole) AAH° AS°(e 5.U. ) AAS° 

n-Pentane - 8. .06 + 1 • ,40 -18. , 28 +2. ,46 

n-Hexane - 9. .46 0 -20. , 74 0 

n-Heptane -10. ,84 -1. . 38 -23. 18 -2. ,44 

Cy clohexane - 8. ,45 +1. ,01 -17. 51 + 3. , 23 

MethyIcyclohexane - 9. , 56 -0. 10 I i-
1 

VO
 

55 +1. ,19 

Table 41. Differential Free Energies of Adsorption on 
DMCS-n-Hexanol Tailored Porasil C® 

55. 0°C 75.0°C 

Compound 

AG° 

(Kcal/mole) AAG° 
AG° 

(Kcal/mole) AAG° 

n-Pentane -2.06 +0. 59 -1. 70 +0. 56 

n-Hexane -2.65 0 -2. 24 0 

n-Heptane -3. 23 -0. 58 -L . 11 -0. 53 

Cyclohexane -2. 70 -0.05 -2.3 5 -0.11 

Me thy 1 cy clo he xane -3.15 -0. 50 -2. 76 -0. 52 
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Figure 25. Plot of Ln Vj^ vs. 1/T for the test 
DMCS-n-decanol tailored Porasil C 
Range 55-75°C). 
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Table 42. Differential Enthalpies and Entropies of 
Adsorption on DMCS-n-Decanol Tailored Porasil C® 

Temperature Range 55-75°C 

Compound (Kcal/mole) AAH° AS°(e.u.) AAS° 

n-Pentane -6. 59 +1.12 -14.19 +1.75 

n-Hexane -7. 71 0 -15.94 0 

n-Heptane -8. 57 -0.86 -16.99 +1.05 

Cy clohexane -7.47 +0. 24 -15.01 +0.9 3 

Me thylcyclohexane -8. 34 -0. 63 -16.39 -0.45 

Table 43. Differential Free Energies of Adsorption on 
DMCS-n-Decanol Tailored Porasil C 

55.0°C 75.0°C 

AG° AG° 

Compound (Kcal/mole) AAG° (Kcal/mole) AAG° 

n-Pentane -1. 94 +0. 54 -1. 65 +0. 51 

n-Hexane -2. 48 0 -2. 16 0 

n-Heptane -2. 99 -0. 51 -2. 65 I o
 

• 

Cyclohexane -2. 55 -0. 07 -2. 24 1 O
 

• o
 

CO
 

Methylcyclohexane -2. 96 -0. 48 -2. 63 -0.47 
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Figure 26. Plot of Ln VR vs. 1/T for the test adsorbates on 
DMCS-n-hexadecanol tailored Porasil C (Tempera
ture Range 55-75°C). 
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Table 44. Differential Enthalpies and Entropies of 
Adsorption on DMCS-n—Hexadecanol Tailored Porasil 
c® 

Tempe rature Range 56-75°C 

Co mpound 

AH° 

(Kcal/mole) AAH° AS°(e.u. ) A AS° 

n-Pentane -5.97 +1.05 -12.25 +1. 53 

n-Hexane -7.02 0 -13.78 0 

n-Heptane -8. 07 -1.05 -15.36 -1. 58 

Cyclohexane -1.22 -0. 20 -14.13 -0. 35 

MethyIcyclohexane -7.98 -0.96 -15.20 -1.42 

Table 45. Differential Free Energies of Adsorption on 
DMGS- n-•Hexadecanol Tailored Porasil C 

55.0°C 75.0°C 

A G° AG° 

Co mpound (Kcal/mole) AAG° (Kcal/mole) AAG° 

n-Pentane -1.95 +0. 55 -1. 70 +0. 52 

n-Hexane -2. 50 0 -2. 22 0 

n-Heptane -3.03 -0. 53 -2. 72 -0. 50 

Cyclohexane -2. 57 -0.07 -2. 30 -0.08 

MethyIcyclohexane -2.99 -0.49 -2. 68 -0.46 
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Figure 27. Plot of Ln VR vs. 1/T for the test, adsorbates on 
DMCS-n-hexanol tailored Porasil C (Temperature 
Range 80-100°C). 
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Table 46. Differential Enthalpies and Entropies of 
Adsorption on DMCS-n-Hexanol Tailored Porasil C® 

Temperature Range 80-100°C 

AH° 

Compound (Kcal/mole) AAH° AS°(e.u.) AAS° 

n-Pentane -6.95 +1. 39 -15.10 + 2.44 

n-Hexane -8. 34 0 -17.54 0 

n-Heptane -9. 61 -1. 27 -19.68 -2.14 

Cyclohexane -8.08 +0.26 -16.49 +1.0 5 

Methylcyclohexane -9.10 -0.76 -18.25 -0. 71 

Table 47. Differential Free Energies of Adsorption on 
DMCS-n-Hexanol Tailored Porasil C® 

80.0°C 100.0°C 

AG° AG° 

Compound (Kcal/mole) AAG° (Kcal/mole) AAG° 

n-Pentane -1. 62 +0. 53 -1. 32 +0.47 

n-Hexane -2. 15 0 -1. 79 0 

n-Heptane -2. 66 -0. 51 -2. 27 -0.48 

Cyclohexane -2. 26 -0. 11 -1. 93 -0.14 

Methylcyclohexane -2. 66 -0. 51 -2. 29 -0. 50 
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Figure 28. Plot of Ln VR vs. 1/T for the test adsorbates on 
DMCS-n-decanol tailored Porasil C (Temperature 
Range 80-100°C). 
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Table 48. Differential Enthalpies and Entropies of ~ 
Adsorption on DMCS-n-Decanol Tailored Porasil CJ 

Temperature Range 80-100°C 

Compound (Kcal/mole) A AH° AS°(e.u. ) AAS° 

n-Pentane -6.12 + 1.11 

CO CO • 

CN rH 1 +1.75 

n-Hexane -7. 23 0 -14.53 0 

n-Heptane -8.16 -0.93 -15.89 -1. 26 

Cyclohexane -7.40 -0.17 -14.81 -0.18 

Methylcyclohexane -8. 09 -0.86 -15.74 -1. 11 

Table 49. Differential Free Energies of Adsarption on 
DMCS-n-Decanol Tailored Porasil C®1 

80.0°C 100.0°C 

AG° AG° 

Compound (Kcal/mole ) AAG° (Kcal/mole) AAG° 

n-Pentane -1. 57 +0. 50 -1. 31 +0.47 

n-Hexane -2. 07 0 -1. 78 0 

n-Heptane -2. 55 -0. 48 -2. 23 -0.45 

Cyclohexane -2. 17 -0. 10 -1. 87 -0.09 

Methylcyclohexane -2. 53 -0. 46 -2. 22 •
 

o
 i 
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Figure 29. Plot of Ln VR vs. 1/T for the test adgorbates on 
DMCS-n-hexadecanol tailored Porasil C'y (Tempera
ture Range 80-100°C). 
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Table 50. Differential Enthalpies and Entropies of 
Adsorption on DMCS-n-Hexadecanol Tailored 
Porasil C 

Temperature 80-100°C 

Compound (Kcal/mole) -H° \S° ( e. u. ) A AS° 

n-Pentane -6. 17 +0.75 -12.84 +0. 69 

n-ilexane -6. 92 0 -13.53 0 

n-Heptane -7. 89 -0.97 

r-CO • 

-3
1 i—
i 

i -1. 34 

Cyclohsxane -6. 99 -0.07 -13.48 +0.05 

• c t hy 1 cy c 1 o h e xa n e -7. 75 -0. 33 

LD • 

rH 1 -1. 01 

Table 51. Differential Free Energies of Adsorption on 
DMCS-n-I-Iexadecanol Tailored Porasil C® 

Compound 

00
 

o
 

• o
 o
 

o
 

100.o°c 

Compound 

LG° 

(Kcal/mole) , A -O LL — 

AG° 

("cal/mole) AAG° 

n-Pentane -1.63 +0. 51 -1. 38 +0.49 

;-Hexane -2.14 0 -1.87 0 

n-Heptane -2. 64 -0. 50 -2. 35 -0.48 

Cyclohexane -2. 23 -0.09 -1.96 -0.09 

;•••• e t hy lcyclohexane -2. 61 -0.47 -2. 32 -0.45 
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Table 50. Differential Enthalpies and Entropies of 
Adsorption on DMCS-n-Hexadecanol Tailored 
Porasil C® 

Temperature Range 80-100°C 

AH° 

Compound (Kcal/mole) AAH° AS°(e.u.) AAS° 

n-Pentane -6.17 +0. 75 -12.84 +0. 69 

n-Hexane -6.92 0 -13.53 0 

n-Heptane -7.89 -0.97 -14.87 -1. 34 

Cyclohexane -6.99 -0.07 -13.48 +0.05 

MethyIcyclohexane - 1 . 1 5  -0. 33 -14.54 -1. 01 

Table 51. Differential Free Energies of Adsorption on 
DMCS-n-Hexadecanol Tailored Porasil C® 

u
 

0
 o
 • 

o
 

CO 

100.0°C 

AG° AG° 

Compound (Kcal/mole) AAG° (Kcal/mole) AAG° 

n-Pentane -1.63 +0. 51 -1. 38 +0.49 

n-Hexane -2.14 0 -1.87 0 

n-Heptane -2. 64 I o
 

•
 

in
 

O
 

-2. 35 

CO • 

o
 1 

Cyclohexane -2. 23 -0.09 -1.96 -0.09 

Methylcyclohexane -2. 61 -0.47 -2. 32 -0.45 
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Figure 30. Plot of Ln VR vs. 1/T for the test adsorbates on 
DMCS-n-hexanol tailored Porasil C (Temperature 
Range 105-120°C). 
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Table 52. Differential Enthalpies and Entropies of 
Adsorption on DMCS-n-Hexanol Tailored Porasil C® 

Temperature Range 105-125°C 

AH° 

Compound (Kcal/mole) AAH° AS°(e.u.) AAS° 

n-Pentane -6.87 +1. 26 -14.93 +2.08 

n-Hexane -8.13 0 -17.01 0 

n-Heptane -9.00 -0.87 

r-o
 

CO 1—
1 

1 -1.06 

Cyclohexane -7. 66 +0.47 -15.38 +1. 63 

Methylcyclohexane -8.49 -0. 36 -16.62 +0. 39 

Table 53. Differential Free Energies of Adsorption on 
DMCS-n-Hexanol Tailored Porasil C^ 

105. 0°C 125. 0°C 

Compound 

AG° 

(Kcal/mole) AAG° 
AG° 

(Kcal/mole) AAG° 

n-Pentane -1.22 -0.48 -0.93 +0.43 

n-Hexane -1. 70 0 -1. 36 0 

n-Heptane -2.17 -0.47 -1.81 -0.45 

Cyclohexane -1.85 -0.15 -1. 54 -0.18 

Methylcyclohexane -2. 20 

o
 

in • 

o
 I -1.87 -0. 51 
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Figure 31. Plot of Ln VR vs. 1/T for the tes£ adsorbates on 
DMCS-n-d ecanol tailored Porasil C- (Temperature 
Range 105-125°C). 
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Table 54. Differential Enthalpies and Entropies of 
Adsorption on DMCS-n-Decanol Tailored Porasil C® 

Temperature Range 105-125°C 

AH° 

Compound (Kcal/mole) AAH° AS°(e.u. ) AAH° 

n-Pentane -6.81 +0.9 2 -14.69 +1. 23 

n-Hexane -7.73 0 -15.92 0 

n-Heptane -8. 68 -0.95 -17.25 -1. 33 

Cyclohexane -7. 65 +0.08 -15.44 +0.48 

MethyIcyclohexane -8.48 -0.75 -16.72 -0. 80 

Table 55. Differential Free Energies of Adsorption on 
DMCS-n-Decanol Tailored Porasil CJ 

105.0°C 125.0°C 

Compound 

AG° 

(Kcal/mole) AAG° 
AG° 

(Kcal/mole) AAG° 

n-Pentane -1. 26 +0.45 -0.96 +0.44 

n-Hexane -1. 71 0 -1.40 0 

n-Heptane -2.16 -0.45 -1.82 -0.42 

Cyclohexane -1.82 -0.11 -1. 51 -0.11 

Methy1cy clo hexane -2.16 -0.45 -1.83 -0.43 
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Figure 32. Plot of Ln vs. l/'T for the test adsorbates 
on DMCS-n-hexadecanol tailored Porasil C 
(Temperature Range 105-125°C). 
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Table 56. Differential Enthalpies and Entropies of 
Adsorption on DMCS-n-Hexadecanol Tailored 
Porasil 

Temperature Range 105-125°C 

Compound (Kcal/mole) AAH° AS° ( e. u. ) AAS° 

n-Pentane -5. 75 +1.12 -11.80 +1. 63 

n-Hexane -6.87 0 -13.43 0 

n-Heptane -8.01 -1.14 -15.18 -1. 75 

Cyclohexane -6.93 -0.06 -13.33 +0.10 

Methylcyclohexane -7.42 -0.55 -13.70 -0. 27 

Table 57. Differential Free Energies of Adsorption on 
DMCS-n-Hexadecanol Tailored Porasil C® 

105.0°C 125.0°C 

AG° AG° 

Compound (Kcal/mole) AAG° (Kcal/mole) AAG° 

n-Pentane -1. 29 +0 • 50 -1. 05 +0.47 

n-Hexane -1. 79 0 -1. 52 0 

n-Heptane -2. 27 -0. 48 -1. 97 i o
 

• Ui
 

Cyclohexane -1. 89 -0. 10 -1. 62 -0. 10 

MethyIcyclohexane -2. 25 -0. 46 -1. 97 -0.45 
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Figure 33. Plot of -AH vs. carbon number of the bonded long 
chain alcohols (55-75°C temperature range). 
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Figure 34. Plot of -AH vs. carbon number of the bonded long 
chain alcohols (80-100°C temperature range). 
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Figure 35. Plot of -AH vs. carbon number of the bonded long 
chain alcohols (105-125°C temperature range). 
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reduction over these same two temperature ranges. From the 

middle temperature range to the high temperature range (105-

125°C) AH° for the normal and cyclic alkanes decreased 0.1 

to 0.6 Kcal/mole and 0.4 to 0.7 Kcal/mole respectively. On 

the very long chain hydrocarbon surface, DMCS-n-hexadecanol, 

all adsorbates showed only very small changes in AH° with 

temperature. The observed decrease in AH° may be explained 

by the fact that even though AH° is considered to be essen

tially constant over small temperature ranges, in practice 

dAH/dt is about 5 cal/mole/degree. Over a 50-60 degree 

temperature range this would lead to a reduction in AH° of 

between 0.25 and 0.30 Kcal/mole. The total observed reduc

tion was in this range. In the case of the DMCS-n-decanol 

modified surface, a very unusual enthalpy temperature 

dependency was noted. A decrease in heat of interaction 

occurred from the low to middle temperature range. This was 

about 0.4 to 0.5 Kcal/mole for the normal alkanes and about 

0.1 to 0.3 Kcal/mole for the cyclic alkanes. From the 

middle to the high temperature range the AH° values were 

found to increase approximately -0.4 to -0.5 Kcal/mole and 

-0.2 to -0.4 Kcal/mole for normal and cyclic hydrocarbons 

respectively. These trends cannot be explained totally by 

a gas-solid adsorption mechanism, nor can they be explained 

purely by a gas-liquid or solution mechanism. Instead, a 

combination of these must be used in explaining the observed 

results. Also these must be discussed in terms of the 
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orientation of the bonded hydrocarbon "tail." A closer 

look at each of the columns in light of the bristle or 

"brush" effect is thus essential. If the DMCS-n-hexanol 

modification were viewed over the total temperature range, 

it might be described as behaving as a bristle orientated 

away from the surfaces. In all cases, this is plausible if 

boiling points of the normal alkanes are used as a basis 

for making such judgments. This approach was chosen because 

of linear relationship between AG and carbon number. N-

hexane has a boiling point of 68.7°C which would be the 

maximum amount of thermal energy needed for the DMCS-n-

hexanol surface to become independent of liquid type associa

tion. However, if these bonded hydrocarbons are viewed in 

terms of the previously discussed reaction model, at least 

two or three of the six carbon atoms are sterically hindered 

from association with each other. Part of the molecule is 

attached to the surface and below the DMCS dimer units. 

Thus the hydrocarbon tail would behave as if it had two or 

three less methyl units. In this event the total tempera

ture range used would be sufficient to impart enough thermal 

energy to the bonded hexanol groups that they should in all 

cases exhibit some sort of bristle character. Thus the 

mechanism of interaction between the surface bonded hydro

carbon "tail" and the adsorbate molecules might be viewed 

in terms of gas-solid interactions. 



148 

In the case of the hexadecanol modified surface a 

liquid or partition type of mechanism might be present. 

N-hexadecane has a boiling point of 287.5°C which would 

again be the upper limit for the phase to become non-liquid 

in nature. If 2-3 carbon atoms are considered to be 

excluded from molecular association the amount of thermal 

energy needed for the phase to become non-liquid in nature 

would still be higher than the temperature range used. A 

temperature of 252.5°C and 234°C would be needed for -2 and 

-3 carbon atoms respectively. Thus over the total tempera

ture ranges used, the 16 chain bonded hydrocarbon may be 

considered a liquid film. This is reflected in the constant 

nature of AH° with temperature. Also, the magnitude of AH° 

is similar to those expected on liquid coatings. Littlewood 

(82) has reported heats of solution for various organic 

solutes in a thin film liquid coating of n-hexadecane. He 

obtained AH° values for n-pentane, n-hexane, n-heptane, and 

cyclohexane of -5.99, -7.00, -7.95, and -7.05 respectively. 

These compare very favorably with values of -5.97, -7.02, 

-8.07, and -7.22 for the same test molecules used in this 

work. 

As was noted earlier, the complex behavior for the 

decanol modified surface can neither be explained by solely 

an adsorption or partitioning mechanism. Also if the same 

type of boiling point treatment is applied here as it was 

with n-hexanol and n-hexadecanol modified surfaces, very 



149 

interesting conclusions arise. N-decane has a boiling point 

of 174.1°C again if 2 to 3 carbon atoms are sterically lost 

from molecular association, then the new thermal range which 

would allow these bonded phases to become free from liquid 

behavior would be 98 to 125°C„ These temperatures fall 

within the range of temperatures used in these studies. 

The DMCS-n-decanol modified adsorbent might be viewed as 

behaving as more of a liquid at the lower temperatures and 

as more of a bristle at the higher temperatures. If this 

were the case, a very unusual temperature dependency would 

be expected to exist. At first the modified surface would 

act as a liquid and AH° would decrease slightly as a 

function of temperature due to its dAH/dt dependency. As 

the bonded hydrocarbon became more of a bristle in nature, 

adsorption would occur which would result in increased 

values of AH°. This is because AH° for adsorption is higher 

than AH° of solution. This is exactly the temperature 

dependency which was observed. 

The treatment presented here is only meant as a 

qualitative description. The number of carbon atoms 

available for association is only an estimate. The exact 

number, of course, would determine the temperature dependency 

of the bonded hydrocarbon "tails." However, it is 

extremely likely that the hexanol modified surface is free 

from liquid behavior. It is also extremely plausible that 

the nature of the hexadecanol modified surface is basically 
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liquid and that the DMCS-n-decanol modification is inter

mediate between these. 

Entropy Considerations. Entropy values were found 

to decrease as the chain length of the bonded alkoxyl group 

was increased. This was found to be true for all adsorbate 

molecules, and over all temperature ranges. The largest 

entropy values were found on the n-hexanol modified surface. 

The magnitude of these values were in the range expected for 

adsorption. The smallest values of entropy were observed on 

the n-hexadecanol surface. Since the gas phase entropy for 

a particular adsorbate molecule is the same from column to 

column, a difference in entropy is reflected in molecular 

orientation on the surface. A molecule must lose a greater 

amount of entropy in going to the adsorbed state than it 

does in going to an associated state within a liquid film. 

Thus the low values for the n-hexadecanol modified surface 

are indicative of a less orientated dissolved molecule. 

This is another indication of the liquid nature of n-

hexadecanol modified surface. The entropy values were also 

close to those reported by Littlewood (82). Littlewood's 

results have previously been discussed in relation to 

enthalpy considerations. 

In the case of the n-hexanol modified surface the 

calculated entropy values were found to be temperature 

dependent. As the temperature range was increased the 
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amount of entropy loss for a given adsorbate molecule was 

less. This would indicate that the molecule was less 

orientated at higher temperatures. This might be explained 

in light of the bristle effect by the increased thermal 

motion of the bonded hydrocarbon groups. Entropy values 

for the n-hexadecanol modified adsorbent were almost 

independent of temperature. This is indicative of liquid 

behavior. 

In this section the behavior of long chain alcohol 

modified surfaces has been examined from a peak position 

approach and values for the various thermodynamic quantities 

have been calculated. From these a variety of surface 

characteristics have been shown to exist. These have ranged 

from bristle behavior in the case of the DMCS-n-hexanol 

modified surface to essentially gas-liquid behavior for the 

n-hexadecanol modification. The decanol modification has 

been shown to be intermediate between these two extremes. 

A closer look at the effect of these long chain hydrocarbon 

tails on the rate of adsorption-desorption and molecular 

diffusion will be discussed in the next chapter. 



CHAPTER V 

PEAK BROADENING STUDIES 

The peak broadening approach has been applied to 

the study of the unmodified adsorbent, Porasil C®, and in 

relation to those adsorbents prepared by attachment of the 

longer chain alcohols. The various thermodynamic quanti

ties , AG° , AH° , and AS° , were found to be very much a 

function of the chain length of the bonded groups and the 

temperature range tised for the study. In the case of the 

n-hexanol modification, the hydrocarbon "tails" were viewed 

as bristles oriented away from the surface. The n-

hexadecanol modification was found to be liquid in nature 

over the total temperature range studied. The observed 

behavior of the n-decanol modified surface was inter

mediate between these extremes. Thus a variety of retarda

tion factors exist. These range from adsorption to what 

might be viewed as partitioning in a thin liquid film. The 

mass transfer region of plots of H vs. linear flow velocity 

of the carrier has shed additional information on these 

mechanisms of separation. By calculating the C term from 

these plots the rate of the transfer of the test molecules 

from the surface has been investigated. Not only has this 

process or rate of transfer been studied in terms of the 
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flow velocity of the carrier gas but it has also been 

examined as a function of the operating temperature of the 

column. 

For an unmodified porous silica adsorbent with 

constant pore diameter and depth the variation of the C 

term with temperature is expected to be small. This has 

been shown to be true for the butanes on silica with 70 §. 

pores (70). In the case of liquids H (Eq. 10) has been 

reported to both increase and decrease with temperature. 

Purnell (63) has noted the precise effect of temperature on 

the C term depends entirely on experimental conditions and 

may either increase or decrease. In any event a greater 

change in C as a function of temperature is expected for a 

partition mechanism when compared to an adsorption mech

anism, because the rate of transfer in the liquid is slow 

compared to the rate of adsorption-desorption. 

Plots of H vs. linear flow velocity for the test 

molecules for the temperatures 60°C, 90°Cr and 120°C appear 

in Figures 36-46. In all cases n-hexane and methylcyclo-

hexane were used as test molecules. These test compounds 

may be thought of as molecular probes. 

On the more interesting surfaces cyclohexane and 

n-heptane were used to add slight variations to the probe 

molecule. These surfaces were chosen both on the basis of 

the previously discussed peak position experiments and also 

in light of peak broadening experiments. These probe 
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Figure 36. Effect of temperature and flow rate on peak broadening for n-hexane 
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Figure 37. Effect of temperature and flow rate on peak broadening for methyl-
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Figure 38. Effect of temperature and flow rate on peak broadening for n-hexane 
on DMCS-n-hexanol modified Porasil C 
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Figure 39. Effect of temperature and flow rate on peak broadening for methyl- H 

cyclohexane on DMCS-n-hexanol modified Porasil C®. ui 

90°C 

J I 1 L_ 
5 10 15 20 

U (cm/sec) 



U (cm/sec) 

Figure 40. Effect of temperature and flow rate on peak broadening for n-hexane on 
DMCS-n-decanol modified Porasil C®. 
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Figure 41. Effect of temperature and flow rate on peak broadening for cyclohexane 
on DMCS-n-decanol modified Porasil C 
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Figure 42. Effect of temperature and flow rate on peak broadening for methyl-
cyclohexane on DMCS-n-decanol modified Porasil C®. 



~ 15 -

E o 

120 C 

10 15 
U (cm/sec) 

Figure 43. Effect of temperature and flow rate on peak broadening for n-hexane 
on DMCS-n-hexadecanol modified Porasil C v. 
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Figure 44. Effect of temperature and flow rate on peak broadening for n-heptane 
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Figure 45. Effect of temperature and flow rate on peak broadening for cyclohexane 

on DMCS-n-hexadecanol modified Porasil Cc'. 
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compounds are all non-specific and thus interact with the 

hydrocarbon "tails" bonded to the surface. 

Cyclohexane was also used as a test compound. The 

H values calculated for this compound in all cases were 

found to be much larger than for the non-specific test 

compounds. Complete curves of H vs. linear flow velocity 

were run for the n-decanol and n-hexadecanol modified ad

sorbents. These curves for column temperatures of 90°C, 

105°CJ and 120°C appear in Figures 47 and 48. When these 

are compared to curves obtained for the saturated hydro

carbons, they are about an order of magnitude greater. They 

exhibit typical gas-solid shapes which would indicate an 

adsorption mechanism. Similar type behavior was also 

observed in the case of benzene. In light of these results 

complete curves were not run. It was thus found that the 

specific interactors were of little use in examining the 

nature of the bonded hydrocarbon groups and their orienta

tion. Both cyclohexene and benzene were too strongly in

fluenced by the unreacted silanol groups of the surface. 

The C term values for the non-specific test mole

cules have been calculated for each temperature used. These 

values along with calculated adsoprtion-desorption times 

appear in Tables 53-61. These tables have been arranged in 

(R) 
the order of the unmodified adsorbent, Porasil C , and the 

modified adsorbents, DMCS-n-hexanol, DMCS-n-decanol, and 

DMCS-n-hexadecanol, respectively. Plots of C term values 
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Table 58. C Term Values and Adsorption-Desorption Rates for 
Test Molecules on Unmodified Porasil C® 

Test Compound 
Temperature 

(°C) 
T = ToeAH°/RT 

(Sec) 
10 3C 
(Sec) 

n-Hexane 60 9. 77 x 10~8 2.8 

90 3. 13 X
 H
 
O
 1 od
 

2.9 

120 1. 19 X
 1—
' 
o
 1 00
 

3.8 

Methylcyclohexane 60 2.7 

90 2.9 

120 3.5 

Table 59. C Term Values and Adsorption-Desorption Rates for 
Test Molecules on DMCS-n-Hexanol Modified 
Porasil C® 

Test Compound 
Temperature 

(°C) 
t = r0eAH°/RT 

(Sec) 
103C 
(Sec) 

n-Hexane 60 1.61 X 10 7 2.1 

90 2.96 X 10~8 3.0 

120 3.31 X 10~9 4. 5 

Methylcyclohexane 60 1.88 X 10~7 2.4 

90 3.01 X 10-8 3.0 

120 5.22 X 10-9 3. 3 
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Table 60. C Term Values and Adsorption-Desorption Rates for 
Test Molecules on DMCS-n-Decanol Modified 
Porasil C® 

Test Compounds 
Temperature 

(°C) 
T = TeAH°/RT 

(Sic) 
103c 
(Sec) 

n-Hexane 60 1.15 X 10-8 2.8 

90 2. 26 X 10~9 3.9 

120 1.99 X 10~9 4.7 

Cyclohexane 60 7.99 X 10~9 2. 7 

90 2.83 X 10~9 2. 6 

120 1. 79 X 10"9 3.4 

Me thy 1 cy clo he xane 60 2.96 X lO"8 3.2 

90 7.42 X 10~9 2.5 

105 7.97 X 10~9 2.7 

120 5. 21 X 10-9 2. 7 
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Table 61. C Term Values and Adsorption-Desorption Rates for 
Test Molecules on DMCS-n-Hexadecanol Modified 
Porasil C® 

Test Compounds 
Temperature 

(°C) 
T = ToeAH°/RT 

(Sec) 
10 3 c  
(Sec) 

n-Hexane 60  4 .02  x 10  9  3 .8  

90  1 .46  x 10~ 9  5 .2  

120  6 .  60  x lO" 1 0  5 .4  

n-Heptane 60  1 .97  x ID" 8  3 .9  

90  5 .  61  x 10~ 9  5 .  6  

120  2 .84  X i o - 9  6 .0  

Cyclohexane 60  5 .43  X i o - 9  3 .  3  

90  1 .61  X 10~ 9  4 .8  

120  7 .11  X i o - 1 0  5 .7  

Methylcyclohexane 60  1 .  71  X i o - 8  2 .9  

90  4 .  59  X i o - 9  4 .  2  

120  1 .  34  X i o - 9  4 .9  
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as a function of both temperature and as a function of 

bonded alkoxyl length have been made. 

Plots of C term vs. carbon number of the bonded 

groups for n-hexane and methyIcyclohexane appear in Figures 

49 and 50, respectively. From these plots it can be seen 

that for n-hexane the C term increases as a function of 

alkoxyl length for all the temperatures that were studied. 

In the case of methyIcyclohexane no such trend was observed. 

Although these differences were found to exist, it should be 

noted that C term values for n-hexane and methylcyclohexane 

were very similar on the n-hexadecanol modified surface. 

These differences and similarities can be explained in terms 

of types of interaction and size of the test probe molecule. 

These will be discussed later. 

Plots of C term vs. temperature for n-hexane and 

methylcyclohexane on all surfaces appear in Figures 51 and 

52, respectively. For both probe molecules the C term was 

found to increase very little with temperature for the un

modified adsorbent. This is the expected and normal be

havior for gas-solid interaction as discussed earlier. 

On the n-hexanol and n-decanol modified surfaces the 

calculated C term values for both test molecules showed an 

increased temperature dependency. At higher operating 

temperatures the columns were found to have larger values 

for H. The C term values of n-hexane were affected more by 

temperature than methylcyclohexane. This may be explained 
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Figure 49. Plot of C term vs. carbon number of the bonded 
groups for n-hexane. 
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Figure 50. Plot of C term vs. carbon number of the bonded 
groups for methylcyclohexane. 
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Figure 51. Plot of C term vs. temperature for n-hexane on 
the selected adsorbents. 
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Figure 52. Plot of C term vs. temperature for 
methylcyclohexane on the selected adsorbents. 
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in light of a bristle effect and the shapes of the test 

molecules. N-hexane may be able to penetrate into the 

bonded groups and adsorb along the bristles whereas methyl-

cyclohexane, due to its configurational requirements might 

be sterically excluded. 

In the case of the n-hexadecanol modified surface, 

the C term was found to increase rapidly from 60°C to 90°C 

and then to show a more gradual increase for 90°C to 120°C. 

This was true for both test molecules n-hexane and methyl-

cyclohexane. A better view of this can be seen in Figure 

53. Also included in this figure are the test compounds 

n-heptane and cyclohexane. All compounds were found to 

behave about the same. These results appear to confirm the 

earlier peak position results, that the long chain "tail" of 

n-hexadecanol behaves essentially as a liquid with respect 

to the non-specific adsorbates. 

Adsorption-desorption kinetics may also play a role 

in peak broadening (67). This has been discussed in the 

introduction (Eq. 12). In considering the results presented 

here no mention has been made in relation to this rate of 

adsorption-desorption or mass transfer at the adsorbent's 

surface and its apparent contribution to the magnitude of 

the C term. 

These have been calculated from thermodynamic data 

and also appear in Tables 53-61. If these are compared to 

magnitude of the measured C terms, it can be seen that the 
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actual rate of adsorption-desorption is very much faster 

than the calculated mass transfer rates and should have very 

little effect. The rate of transfer then must be a function 

of the test molecules' ability to penetrate into the bonded 

phase. 

In light of the peak broadening experiments, the 

brush columns which were prepared have been found to give 

better peak shapes, less broadening, for the cyclic non

specific molecules than they did for the linear non-specific 

molecules that can penetrate into and adsorb along the 

hydrocarbon bristle. They have also been found to give 

better peak shapes for separation of non-specific molecules 

than for separation of molecules which have the possibility 

of specific interaction with unreacted surface hydroxyl 

groups. Also if the bonded hydrocarbon "tail" is made long 

enough it may act in totally analogous fashion to a lightly 

loaded liquid film. 



CHAPTER VI 

CONCLUSION 

The purpose of this work has been to develop and 

study the nature of chemically-tailored chromatographic 

adsorbents by bonding various organic and organomecallic 

molecules to porous silica surfaces. In doing this an 

integrated approach has provided the necessary under

standing between the physical nature of the surface and the 

interaction of various test adsorbate molecules with these 

modified surfaces. The integrated approach has consisted 

of both non-chromatographic (thermal neutron activation 

analysis and carbon microanalysis) and chromatographic 

studies of the uncoated and modified surfaces. From the 

non-chromatographic studies a better understanding of the 

orientation and amount of various bonded groups on the 

silica surface has arisen. The data obtained have thus 

provided a model system of surfaces. In light of these 

model surfaces, a detailed chromatographic investigation was 

conducted. The chromatographic experiments involved both a 

peak position or thermodynamic description and a peak 

broadening or kinetic description. 

The peak position approach has been found to be most 

useful in understanding the nature of the short chain alcohol 
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modified surfaces. However, in cases where the attached 

hydrocarbon "tails" become long in comparison to the 

initially silanized adsorbent, the peak position approach 

was found to be lacking in certain information. Thus, in 

order to obtain a better understanding of the way in which 

the various test molecules interacted with the longer bonded 

alcohols the peak broadening approach has been found most 

useful. This was made possible by the development of 

techniques for studying the rate of transfer of the various 

test molecules both as a function of linear flow velocity 

and as a function of column temperature. 

In this work a range of chromatographic adsorbents 

have been studied. From these studies a variety of surface 

characteristics and the role played by the bonded phase has 

been shown to exist. These have ranged from gas-solid 

behavior in the case of the very short chain bonded alcohols, 

to bristle behavior in the case of the DMCS-n-hexanol 

modified surface to essentially gas-liquid behavior for the 

n-hexadecanol modification. Thus the work has provided an 

opportunity to investigate the transition between gas-solid 

and gas-liquid chromatography. 

Suggestions for Further Work 

The strength of the approach taken lies in its 

ability to relate chromatographic data to non-chromatographic 

data (physical "picture" of the surface). In light of this 
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work, additional work might include attachment of other 

groups or systems of groups to the silica surface. An 

analogous study of the phenylchlorosilane system could be 

done. Varying concentrations of trimethylchlorosilane and 

triphenylchlorosilane could be used to create hybrid surfaces 

of varying polarity. Also surfaces for specific types of 

separation could be investigated such as bonded phases for 

separation of optical isomers. 

The same approach could be used to develop and study 

other types of material. Amines bonded to the alumina 

surface could be investigated. 

Also of interest would be the investigation of these 

surfaces for use as adsorbents for high pressure liquid 

chro ma to graphy. 
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0011* I MUM ALLOWABLE DATA STOWAGE OF 1933 DOUBLE PRECIS- * 
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0013**+**************************************************** 
0014* 
0015* 
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0020* SAMPLE INJECTION, PRINT OUT ON THE TELETYPE OF * 
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0035 ********************************** 
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0040********************** 

EXP CODE 

004 1 * 
0042* 
0043 03333 033330 START NOP 
0044 0 333 1 016314X OUCH JS13 WRITE 
0045 00032 013234R DEF ST ill 
0046 03033 033335 DEC 5 
0047 •33334 0 1 6 3 3 6 X JSB KYRDK 
004 8 03335 003 62 3R DEF TDATA 
0049 03336 033305 DEC 5 
0050 0 3337 0 1 6914X JSB WRITE 
0051 03313 313 24 1 Pi DEF 5TM2 
0052 0001 1 3 3333 5 DEC 5 
0053 03312 316036X JSB KYRDR 
0054 033 13 3 3 3 62 3 R DEF TDATA 
0355 03014 333335 DSC 5 
0956 03315 0 1 63 14X JSB WRITE 
03 57 03316 010246H DEF STM3 
0058 00917 000010 DEC 8 
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0059 00023 016006X JSB KYRDR 
0060 03321 003623H DEF TDATA 
0061 03322 030335 DEC 5 
00 62 03023 01633 2X JSB AD2BM 
0063 00324 033623H DEF TDATA 
0064 00325 033331R DEF OUCH 
0065 03026 033331H DEF OUCH 
0066 00027 3 7 6 6 3 2 H STB PAVER 
0067 03933 363331 LDA 1 
0068 03031 316335X JSB FLOAT 
0069 03332 016315X DST DIV. 

03333 013232R 
0070 30334 016314X JSB WRITE 
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0372 03336 303337 DEC 7 
0373 03337 016S36X JSB KYHDR 
0074 03343 33362oR DEF TDATA 
0075 00041 333335 DEC 5 
0076 03342 3 1 6 3 3 2 X JSB AD2BN 
0077 00343 333 62 3ft DF.F TDATA 
0078 03344 003031ft DEF OUCH 
0079 03345 333331R DEF OUCH 
0080 0334 6 363 331 LDA 1 
0081 03347 3 1 6 3 0 5 X JSB FLOAT 
0062 03053 3 1 6 3 1 6 X FMP FACT 

03351 303633 ft 
0383 BO 3 52 072G33R STA WIN 
0384 33053 076G34H STB WI.\' + 1 
0385 03 3 54 3 1631 U K  JSB y RITE 
0086 00355 310 265ft DEF STM5 
0087 03 3 56 003337 DEC 7 
0088 03357 3 16336X JSB KYRDR 
0089 33360 333623R DEF TDATA 
0090 03361 33333 5 DEC 5 
0091 30362 3 1 6 3 3 2 X JS3 AD2BN 
0092 33 363 033 62 3ft DKF TDATA 
0393 33364 3 3333'1 R DEF OUCH 
0094 03365 333331R DEF OUCH 
0095 03366 363331 LDA 1 
0096 03367 016335X JSB FLOAT 
0097 03373 016316X FMP FACT 

03071 033630R 
0098 03372 072635ft STA FLO 
0099 S 337 3 37 6636ft STB FLO+1 
0130 03374 016314 X JSB WRITE 
0101 03375 01327 4ft DEF STMS 
0102 33076 83331 3 DEC 8 
0133 33377 G16336X JS3 KYRDR 
0104 03133 O03623H DEF TDATA 
0105 03 lfll 033335 DEC 5 
0106 33102 016332X JSB AD2BM 
0107 33133 333623R DEF TDATA 
0108 33134 0 3 3 3 3 1 H DEF OUCH 
0109 03135 333331R DEF OUCH 
0113 03136 376621K STB BKCT 
01 11 33 137 337334 CNB j 1MB 
0112 001 10 076211R STB BUCTM 
0113 001 1 1 07 6214R STB BUC 

TEMPERATURE WINDOW 

FLOW WINDOW 

TOTAL DATA PTS.  



185 

0114 001  12  016014X JSB WRITE 
0115 00113 O10304R DEF STM7 
0116 00114 033320 DEC 16  
0117 00115 0163O6X JSD KYRDR 
0118 001 16 300623R DEF TDATA 
0119 001 17 00.71-! 05 DEC 5 
0120 00120 H16332X JSB AD2BN 
01 S I  00121 0J0623R DF.F TDATA 
0122 00122 003031R DEF OUCH 
0123 001 23 000001R DEF OUCH 
0124 03124 076637R STB DSFL 
0125 00125 3 1 6 0 1 4 X JSB WRITE 
0126 03126 010324R DEF STM8 
0127 00127 033017 DEC 15 
0128 03130 0 16O36X JSB KYRDR 
0129 00131 0O3623R DEF TDATA 
0130 001 32 d 0 J 0 0 5 DEC 5 
0131 00133 016332X JSB AD2BM 
0132 00134 033623R DEF TDATA 
0133 001 35 030001H DEF OUCH 
01 34 03136 0 03001R DEF OUCH 
0135 00137 07 6 640 ft STB PtOSFL 
0136 00140 016014X JSB WHITE 
0137 00141 01J343R DEF STM9 
0138 03142 DEC 13 
G1 39 03143 j J 00 IMITL :>:OP 
0143 00144 062210R LDA .BUFl  
0141 03145 0722J7R STA BUFl 
0142 00146 03240 3 CLA 
0143 00147 072636R STA TIME 
0144 00152 062214 R LDA BUC 
0145 00151 072211R STA BUCTN 

DATA DUMP SUPPRESS 

PUNCH DATA TAPE 

CLEARING T IMER 
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0147*****+*********************+************ 
0148*  COMTHOL AND DATA ACQUISIT ION SECTION *  
0149** * * *  *  * * * * * * * * * * *  + # * * * * * * * * * * • ) : * * * * * * * * * *  
0153*  
0151*  
0152 00 153 062653R LDA AELC SET MULTIPLEXER TO ELECTROMETER 
0153 03 1 53 0 1 6 3 0 7 X JSB MPXOP 
0154 OB 1 54 103103 L5 CLF 0 
0155 00155 103716 STC 1  63 /  C RELEASE DVM TO ZERO ELEC.  WAIT 
0156 00156 102316 SFS 16B LOOP 
0157 00157 026156R JMP * -1  
0158 001CO 106716 CLC 1  6B 
0159 00161 1337 16 STC 1  6B,C  
0160 00162 102501 LI  A 1  
0161  00163 002021 SSA. > RSS READY TO START? 
0162 00164 026154R J MP L5 N0 
0163 0016S 362 64 6R W1 LDA FLCT.  
0161 08 166 072645H ST A FLCT 
0165 03167 0 1 6 3 3 3 R W2 JSB RFLOy CHECK 
0166 00 170 0 1 6 0 1 7 X DLD UP 

03171 0 10222R 
0167 00172 01601SX DST FFL FLOW 

03173 0 3 3 6 4 7 R 
0168 03174 01 6 3 3 3 R JS3 RFLOW 
0169 03175 316317 X DLD UP STABILITY 

03176 P10222R 
0170 0O177 0 1 6 3 1 5 X DST FFM 

002.33 033 651R 
0171 002-3 1 016023X FSB FFL BEFORE 

00202 0 3 3 64 7 R 
0172 00233 0 323 20 SSA 
0173 00 204 0 2 6 2 3 6 R JMP *  + 2  SAMPLE 
0174 03235 G25212R JMP W5 
0175 00236 3 1 6 31 7 X DLD FFL INJECTIOM 

03237 033647R 
0176 03213 0163 23 X FSB FFM 

0321 1 0 33 65 1 R 
0177 00212 0160 20X W5 FSB FLO 

00213 G33635R 
0178 03214 032321 SSA,  -RSS 
0179 03215 0 26165R JMP V. ' l  
0180 00216 0 3 6 6 4 5 R ISZ  FLCT 
0161 00217 0 26167R JMP W2 
0182 03223 0 62646R W3 LDA FLCT.  
0183 03221 072645R STA FLCT 
01  84 03222 016311R V>4 JSB RTEM CHECK 
0185 00223 0 1 6 3 1 7 X DLD UP 

00224 01O222R 
0186 03225 0 1 6 3 1 5 X DST FFL TEMPERATURE 

00226 003647R 
0187 03227 316311R JSB RTEM 
0188 03233 O 1 6 3 17 X DLD UP STABILITY 

00231 01B222R 
0189 03232 016315X DST FFM 

03233 033651H 
0193 00234 016323X FSB FFL BEFORE 

00235 f; 3 3 6 4 7 fi 
0191 00236 002020 SSA 



0i9a 
0193 
0194 

0195 

0196 

0197 
0198 
0199 
0230 
0201 
0202 
0203 
0204 
0235 
0206 

0237 

0208 
0209 
0210 

02 U 
0212 
0213 

0214 

0215 
0216 
0217 
0218 
0219 
0220 
0221 
0222 
0223 
0224 
0225 
0226 
0227 
0228 
0229 
0230 
0231 
0232 
0233 
0234 
0235 

0236 
0237 
0238 
0239 
0240 
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00237 026241R JMP *+2 SAMPLE 
03243 026245H JMP V6 
00241 016O17X DLD FFL INJECTION 
00242 000647 R 
00243 016320X FSB FFM 
00244 030651K 
00245 0 1 6020/C W6 FSB WIN 
00246 030633.-5 
03247 032021 SSA. r RSS 
00253 O26220R JMP U 3 
03251 036645i1 1SZ, FLCT 
00252 0 2 6 2 2 2 R JMP U4 
002S3 316014X JSB WHITE SWITCH 15 DOWN 
00254 010363R DEF STM10 
03255 333337 DEC 7 
03 256 132331 HLT 1 
00 257 016333R JSB KFLOW DETERMINE FLOW RATE BEFORE SAMPLE 
0 0263 0 1 6 3 1 7 X DLD UP 
03261 0 1 3 2 2 2 R 
03262 016315X DST BFFL PUT FLOW RATE IN BUFFER 
00263 000641R 
0O264 01631IX JSB VLTRD 
80265 016312X JSB • VMFL 
00 266 016015X DST BFF. 
03267 010224K 
R3270 102332 HLT 2 
0 3 27 1 0 16311R JSB RTEM DETERMINE COL. TEMP. BEFORE SAHPL 
00272 016317X DLD UP 
0027 3 310222R 
00274 016315X DST BFTEM PUT COL. TEMP. IN BUFFER 
03275 003643R 
03276 10200 3 HLT 3 
03277 062653R LDA AELC SET MULTIPLEXER TO ELECTROMETER 
03 333 016037X JSB MPXOP 
03331 01631 IX JSB VLTRD 
03 332 026344R JMP SAMO GO TO SAMPLING 
00 20 3 033300 RFLOW NOP MEASURE FLOW RATE ROUTINE 
03334 062655R LDA AFLO SET MULTIPLEXER TO FLOW SEN. 
00 335 016337X JSB MPXOP 
03 336 31601IX JSB VLTRD 
03 337 0 1 6317 H JSB AVDVM 
00313 126 33 3K JMP KFLOW * I RETURN! 
03311 03 333 3 HTEM WOP TEMPERATURE MEASURING ROUTINE 
03312 062654R LDA AT EM SET MULTIPLEXER TO TEMP. DET. 
03313 0 16337X JSB MPXOP 
03314 01631IX JS3 VLTRD 
03315 016 317i? JSB AVDVM 
03316 116311R JSB RTEi-I» I RETURN 
03317 33 3333 AVDVM WOP AVERAGING ROUTINE 
03323 3 32433 CL.A 
00 321 036433 CLB 
00 322 0 1 6 3 1 5 X DST UP 
00323 013222R 
G0 324 062632R LDA PAVER NUMBER OF POINTS AVERAGED 
03 325 003334 CMAj . INA 
03 326 072233K STA • AVE. 
33 327 3160 1 1 X •61 JSB VLTRD 
03333 016012X JSB . VMFL 



0241 

0242 

0243 
0244 
0245 

0246 

0247 
0248 
0249 
0250 
0251 
0252 
0253 
0254 
0255 
0256 
0257 
025B 
0259 
0263 

0261  
' 0262  

0263 
0264 
0265 
0266 
0267 
0268 

3269 
0273 
0271 

0272 
0273 
0274 

0275 

0276 
0277 
027  S 

0279 
02B0 
0281 

0262 
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00331 016021X 
00332 010222R 
00333 016015X 
00334 01O222R 
00335 03623OR 
00336 026327R 
00337 016022X 
00 340 010232ft 
00 341 0 16015X 
00342 0 10222R 
00 343 12 6 317 H 
00344 062656R SAMO 
00345 016007X 
00346 3 1 6J 1IX 
0 3 347 016012X 
00353 0 36o."J6r. 
00351 103501 LI 
00352 002021 
00353 026346R 
00354 0 62 606H 
00355 07 2 651714 
00356 0 16J11X L2 
03357 016-j 12X 
00 360 0 1 b 0 1 5 X 
00361 1 1 J 2 0 7 R 
O0 362 0 3''2'J7R 
0 0363 0 3 C 2 ̂ 7 ii 
00364 036C06R 
00365 036211R 
00366 026 35 CR 
0 0367 362636R OUT 
00370 01C0O5X 
00371 0 1 60 1 5X 
00372 00O611R 
0 0 373 0 6 260 7 R 
0O374 0 160Q5X 
30375 0 1G0L5X 
00376 000 60 7R 
00377 10 2 . j  01 
00400 0163O3R 
03401 016 017 X 
00402 010222R 
00403 01GC15X 
00434 010215R 
0 0405 0 1601IX 
00436 316012X 
00407 0 16315X 
00410 0 1 02 2 6 R 
00411 102?-52 
00412 016311R 
00413 016017 X 
00414 31B222R 
00415 016015X 
00416 010217R 

FAD UP 

DST UP 

ISZ .AVE. 
JMP Z1 
FDV DIV. 

DST UP 

JMP 
LDA 
JSB 
JSB 
J SB 
ISZ 
LI A 
SSAj 
JMP 
LDA 
STA 
JSB 
JSB 
DST 

AVDVM 
DESAM 
MPXOP 
VLTRD 
.VMFL 
TI ME 
1  , C  
RSS 
*-5 
TIME 
BTIM 
VLTRD 
. VMFL 
BUF1 

INJECT SAMPLE 

MAKE SURE SWITCH 15 IS  UP 

GET DATA PT. FROM DVM 
CONVERT TO FLOATING PT. 

I 

ISZ 13UF1 
ISZ Bu'Fl 
ISZ TIME 
ISZ BUGTM 
JM? L2 
LDA TIME 
JSB FLOAT 
DST LTIM 

LDA BTIM 
JSB FLOAT 
DST BTIM 

HLT 1 
JSB RFLOW DETERMINE FLOW RATE AFTER SAMPLE 
DLD UP 

DST AFFL PUT FLOW RATE IN BUFFER 

JSB VLTRD 
JSB .VMFL 
DST AFF. 

HLT 2 
JSB RTEM DETERMINE COL. TEMP. AFTER SAMPLE 
DLD UP 

DST AFTEM 
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0284******* 
0285* PRINT 
0 2 8 6 * * * * * * *  
0287* 
0288* 
0289 00417 
0293 00423 
0291 00421 
0292 00422 
0293 00423 
0294 00424 
0295 0042b 
02T>6 00426 
0297 00427 
0298 00430 
0299 00431 
0300 00432 
0331 00433 
0332 00434 
0303 00435 
0304 00436 
0305 00437 
039 6 00440 
0307 00441 
0308 03442 
0309 00443 
0310 00444 
0311 03445 
0312 00446 
0313 00447 
0314 00450 
0315 00451 
0316 00452 
0317 00453 
0318 00454 
0319 00455 
0323 03456 
0321 03457 
0322 00463 
0323 00461 
0324 00462 
0325 00463 
0326 00464 
0327 00465 
0328 00466 
0329 03467 
0333 00470 
0331 03471 
0332 00472 
0333 00473 
0334 G047 4 
0335 00475 
0336 0047 6 
0337 00477 
0338 00533 
0339 00531 

**********  

SECTION * 
********** 

O16014X 
0 10 3 6 7 H 
030011 
0I6J04X 
000643R 
310 221R 
016014X 
0 1 0 4 3 3 R 
00001i 
0 16804X 
0 1 0 2 17 R 
0  1 3 2 2 1 R  
0i6014X 
0 1 0 4 1 1 R  
030014 
0 1 6 0 0 4 X 
0 00 641R 
010221R 
0 1 6 0 3 4 X 
010224R 
0  1 0 2 21R  
0 1 6 3 1 4 X 
;i 5 R 
O.J0 313 
016004X 
010 215K 
0 10 2 2 1 R 
316034X 
G13226H 
0 1 0 2 2 1 R 
0 62 621R 
03 3SC4 
07 2 622 R 
0 1 6 0 1 4 X 
0 1044OR 
000007 
0163 0 4 X 
C 30 60 7R 
0 1G221R 
0 16314X 
013447R 
000007 
016004X 
0 00 61 1 R 
01022IR 
O 6 2 6 3 7 H 
0 0 30!0 
0265J2H 
0 16 0 0 4X 
0 0 0 6 5 7 R 
030 621R 

JSB WRITE 
DEF STM1 1 
DEC 9 
JS3 EDUMP 
DEF BFTEM 
DEF PLUSl 
JSB WRITE 
DEF STM12 
DEC 9 
JSB EDUMP 
DEF AFTEM 
DEF PLUSl 
JSB WRITE 
D E F  STM13 
DEC 12 
JSB EDUMP 
DEF BFFL 
DEF PLUSl 
JSB EDUMP 
DEF BFF • 
DEF PLUSl 
JSB WRITE 
DEF STM14 
DEC 1 1 
JSB EDUMP 
DEF AFFL 
DEF PLUSl 
JSB EDUMP 
DEF AFF. 
DEF PLUSl 
LDA BFCT 
CMAj . INA 
STA BFCT. 
JSB WRITE 
DEF STM15 
DEC 7 
JSB EDUMP 
DEF 3TIM 
DEF PLUSl 
JSB WRITE 
DEF STM16 
DEC 7 
JSB EDUMP 
DEF LTIM 
DEF PLUSl 
LDA DSFL 
SLA 
J>1? PUM 
JSB EDUMP 
DEF BUF 
DEF BFCT 

TEMP. BEFORE SAMPLE 

TEMP. AFTER SAMPLE 

FLOW RATE BEFORE SAMPLE 

FLOW RATE AFTER SAMPLE 

FIRST PT. TIME 

LAST PT. TIME 

ARE DATA PTS. TO BE PRINTED? 

NO 
YES 



0341 ***************** 
0342* PUNCH SECTION * 
0343***************** 
0344* 
0345* 
0346 00502 062640R PUN LDA PNSFL 
0347 00503 000010 SLA 
0348 00504 026536R JMP *+2 
0349 0053 5 026577R JMP NT EM 
0350 0050 6 062617R LDA SPAC 
0351 00507 072620R STA SPACE 
0352 00510 002433 L23 CLA 
0353 0351 1 006403 CLB 
0354 00512 0 1 6 31 3 X JSB WDPUN 
0355 0051 3 033303 NOP 
0356 0051/! 0 3662.3^ ISZ SPACE 
0357 0351 5 026510R .JMP L20 
0358 03516 0^2621R LDA 3 F C T  
0359 00)517 033334 CMAj , IMA 
0360 00520 072213R STA 8UCT 
0361 0358] 07221 2:i STA BUCC 
0362 03522 062 621R LDA BFCT 
0363 00523 0 1 6:53 3X JSB • B2DC 
0364 0352/1 072614R STA ABC 
0365 03525 062615R LDA «CT3 
0366 00526 072616rt STA • C • 
0367 03527 16261 AH LDA ABC > I 
0368 0 3 5 3 J 016313X JSB WDPUU 
0369 00531 033331 OCT 1 
0370 03532 036614R IS2 ABC 
0371 03533 036616R IS£ • c • 
0372 00534 026527R JMP *-5 
0373 03535 0 62613R LDA CRLF 
0374 03536 316313X JSB WDP UN 
0375 03537 333031 OCT 1 
0376 03540 3 6 2 2 1 3 R LDA • BUF1 
0377 0354 1 372237R STA BUF1 
0378 03542 0 62 63 4 Pi DAT 1 LDA TW5 
0379 03543 033334 CMAj INA 
0383 03544 372605R STA Z2 
0381 0354 5 G62634R LDA TW5 
0382 03546 »') 1233 RAL 
0333 03547 33 2334 IMA 
0384 03553 031727 ALF, ALF 
0385 03551 6 16013X JS3 WDPUM 
0386 03552 fi 3 331 OCT 1 
0387 03553 0 1 63 17X DAT2 DLD BUF1*I 

00554 1 13 237ft 
0388 03 555 0 ! 6 3 1 3 X JSB WDP UN 
0389 03556 333 332 OCT 2 
0393 G0557 036237R ISZ 3UF1 
0391 03563 0 3 6 2 3 7 R IS2 3UF1 
0392 03561 3 3 6 2 1 2 ft ISZ BUCC 
0393 03562 0 2 65 64R JMP * + 2 
0394 03563 326567R JMP *+4 
0395 03564 •3 36 63 5 S I S Z  Z Z  
0396 00565 3 2 6 5 5 311 JMP DAT 2 
0397 03566 026542R JMP DAT 1 
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PUNCH A BINARY TAPE 

TOTAL e OF PTS. TO BE PUNCHED 



0399 
0400 
0401 
0402 
0403 
0404 
0405 
0406 
0407 
0408 
0409 
0410 

03567 062617R LDA SPAC 
00570 072620H STA SPACE 
00571 002430 L22 CLA 
03572 036403 CLB 
03573 016013X JSB WDPUN 
00574 000030 NOP 
00575 036620R ISZ SPACE 
00576 026571H JMP L22 
0357 7 016314X NTEM JSB WHITE 
006^0 010456H DEF STM17 
03601 000016 DEC 14 
00632 132004 HLT 4 
00693 026143R JMP 1NITL 

INCREMENT FLOW AND/OR TEMP. 

RUN AT NEW FLOW AND/OR TEMP 
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0412******************** 
0413* CONSTANT SECTION * 
0414******************** 
0415* 
0416* 
0417 00604 000331 TV5 DEC 25 
0416 00635 030030 ZZ DEC 0 
0419 00696 033033 TIME DEC 0 TIME COUNTER 
0423 00607 030333 BTIM BSS 2 
0481 0361 1 033303 LTIM BSS 2 
0422 0061 3 036412 CALF OCT 641 2 
0423 33614 030333 ABC DEC 0 
0424 0061 5 177775 . CT3 DEC -3 
0425 03616 177775 . C • DEC -3 
0426 00617 177743 SPAC OCT -40 
0427 00623 17 7 74 0 SPACE OCT -40 
0428 00621 003 0,3 3 BFCT DEC 0 
0429 03622 0333 3 3 BFCT • DEC 0 
0433 00623 31 > 3 3.) 3 TDATA BSS 5 TTY IUPUT BUFFER 
0431 03630 

03631 
076430 
033324 

FACT DEC 1 030. CORRECTION FACTOR 

0432 03632 033 333 PAVER DEC 0 t PTS. AVERAGED FOR T&F 
0433 00633 003333 WIN DSS 2 TEMP. WINDOW 
0434 00635 033 33 3 FLO BSS 2 FLOW WINDOW 
0435 3 3637 033 03 3 DSFL DEC 0 
0436 00 643 033300 PMSFL DEC 0 
0437 03641 333 333 BFFL BSS c. FLOW RATE BEFORE SAMPLE 
04 3 S 0 3 643 0 33 333 BFTEM BSS P TEi'iP. BEFORE SAMPLE 
0439 03645 177773 FLCT DEC -5 
0440 03646 177773 FLCT. DEC -5 
0441 00647 030300 FFL BSS 2 
0442 00651 033333 FFM BSS 2 
0443 03653 0 333 34 AELC OCT 4 SWITCH MULT. TO ELECTROMETER 
0444 03654 0333 10 ATEK OCT 10 SWITCH MULT. TO TEMP. DETECTOR 
0445 03 65 5 030 323 AFLO OCT 23 SWITCH MULT. TO FLOW DETECTOR 
0446 03656 10333/1 DESAt'l OCT 133304 SAMPLING VALVE COMMAND 
0447 03657 033 330 BUF BSS 3633 DATA BUFFER 
0448 10237 033 657 li DUF1 DEF BUF 
0449 10 210 033 6b7Ft • BUF 1 DEF BUF 
0453 1321 1 033933 BUCTN DEC a BUFFER COUNTER 
0451 10212 0 33330 BUCC DEC 0 
0452 10213 0 3003 3 BUCT DEC 0 
0453 10214 3 33 330 sue DEC 0 
0454 10215 033333 AFFL BSS 2 FLOW RATE AFTER SAMPLE 
0455 10217 033333 AFTEM BSS 2 TEMP. AFTER SAMPLE 
0456 10221 003301 PLUS 1 OCT 1 
04 10 222 3 33 30 3 UP BSS 2 
045& 13 224 333 33 3 EFF. BSS 2 
0459 13226 033333 AFF • ass 2 
0463 13 233 033 330 • AVE. BSS 2 
0461 10232 0 0 0 3 3 3 DIV. BSS 2 
0462 SUP 
0463 10234 042533 STM1 ASC 5jEXP CODE -
0464 19241 042126 STM2 ASC 5> DVM RATE -
0465 10 246 021443 STM3 ASC &.ii PTS AVG CT£-F) -
0466 1 G 2 6 0 52 13 5 S fM4 ASC 7 r TEi'iP WI I-V D C V *" 
0467 13255 043114 STM5 ASC 7 >FLOW WIMDOW -
0460 10274 052117 STM6 ASC 8 j TOTAL DAT/ PTS « 



0469 10304 051525 STM7 ASC 
0470 10324 050125 STM8 ASC 
0471 10343 051527 STM9 ASC 
0472 10360 051527 STM 10 ASC 
0473 10367 052105 STM1 1 ASC 
0474 10403 052105 ST!', 1 2 ASC 
0475 1041 1 043114 S T.V 1 c ASC 
0476 10425 043114 STM 1 4 ASC 
0477 10443 043111 STM15 ASC 
0476 10447 046101 STM 1 6 ASC 
0479 10456 044516 STM17 ASC 
0480 END 
• *  NO i  ERRORS*  

1 6r SUPRESS DATA DUMP ( 1 oYES/0«=NO 
1 5#PUN'CH DATA TAPEC 1 =>YES#0=\'O> 
13/SWITCH 15 UP TO TAKE DATA 
7>SWITCH 15 DOWN 
9,TEMP BEFORE SAMPLE 
9*TEMP AFTER SAMPLE 
12j FLOW RATE BEFORE SAMPLE 
1 INFLOW RATE AFTER SAMPLE 
7>FIKS'I PT. TIME 
7,LAST PT. TIME 
14, INCREMENT FLOW AND/OR TEMP. 
START 
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