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1. INTRODUCTION

Glass capillary column gas chromatography is presently in z2p era of rapid
growth. Once a novel separation theory, capillary columna gas chromatography kas
bzcome a vital tool for analytical chemists worldwide. The resolving power of the
capillary column has led to its use in studies of many analytical problems involving
complex organic mixtures. The literature today is filled with new applications of this
technique in solutions o complex real-world problems. A number of excellent reviews
arzs available that describe the development of the glass capillacy column®—12.

Although efficien” sample introduction devices, sensitive detectors, sophisti-
cated electronically controlled ovens, high-speed recorders and other devices are
essential compenents in modern high-resolution gzs chromatographic systems, the
column remains the heart of the anpalytical instrument. The growth in the use of
capillary columa chromatography paralieis the development of column technology.
As improvements in surface deactivation and ccating efficiency have been made,
deinands for more sensitive detectors, more earefully controlled oven temperatures,
faster recorders and more efficient sample introduction devices have been made.

In 1958, Golay!! introduced the theory of capillary gas chromatography. Since
then, mary technological developments have been made in the colemns themselves.
Although early studies used various materials (plastics, copper, nickel, stainless steel)
for the fabrication of capillary columns, glass has essentially replaced these matesials
today. The reascns for this are low catalytic activity of glass compared with thess
other materials and the abiliiy to modify the glass surface easily, both physically and
cherically, to accomodate better selected stationary phases and to make it more
inactive towards trace organic compounds.

There are two goals that must be met in preparing ideal glass capillary columns.
Firsily, the surface must be completely deactivated, such that the column wall does
nrot participate ir. retention or adsorption of any components to be separated. In
addiiion, the capillary wall maust be modified such that the stationary phase can coat
evenly on the sirface. These goals have led chromatographers to study glass surface
chemistry in more detail.

The objective of this review is to combine the wealth of information contained
in the literature on the preparation of glass capillary columns with what is presently
krnown about the glass surface chemistry. It is hoped that this approach will help
to emphasize the imporiant concepts in glass capillary preparation and at the same
time 1o expose many incorrect 2nd inconsistent statements contained in the hiterature.

In the last year, fused silica capillary columns have become incredsingly
important and the continuing growth of their application can be predicted. As men-
tioned. below, fused stlica may be considered as the “ideal glass™. Although its
characteristics are somewhat different than those of glass (e.g., flexibility), most of
the techniques developed for glass capillasy columns are also fally applicable to fused
silica columns. Whenever special requirements exist, these will be meationed in this
review.

The correct technical name of the columns discussed herein is open-tubular
columrs, expressing that not the smallness but the opensness of these columns is the
important characteristic®. However, as the term “capillary column™ is now ussd al-
most universally, we are also using this term as a convenient abbreviation.
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2. GLASS SURFACE CHEMISTRY
2.1. Composition and structure of the bulk glass phase

The commercially available glasses which are vsed for fabrication of capillacy
columns contain silica (Si0,) as the major component. However, there is still
considerable controversy over the exact structure of even the simplest glass, fused
silica. Warren'? has shown that the silica in glass has the usual tetrahedral arrange-
ment of four oxygen atoms bonded to each silicon atom. The silica tetrahedra are
linked together at slightly distorted angles to give a three-dimensional polymer. Thus,
the silicon and oxygen atoms form irregnlar six-membered rings (Fig. 1A) which are
relatively stable because the Si—0-3i angle is ¢asily deformed. In different allotropic
forms, bond angles between 150° (quartz) and 180° (S-cristobalite) are formed™.
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Fige. 1. Schematic teprescatations of glass structures. Si—-0-5i indicates bonding through bridging
oxygens comman to two Si0, tetrahedra,

Fused silica, the “ideal” glass, possesses a highly cross-linked, three-dimen-
sional stewcture, and thus bhas a high melting point, a low coefiicient of thermal
expansion and high resistance to chemical attack,

Various metal oxides are added to silica during the glass manufactunng Procass
in order to modify some of its chemical and physical properties. An excellent review
of the composition, manufacture and properties of glasses has been published®. Soda
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(Na,0) “softens™ the glass by distupting Si—O-Si bonds, as showa in Fig. 1B, This
decreases its viscosity, increases its thermal expansion, increases its solubility in
aguzous media and lowers its chemical durability. Calcium oxide (CaQ) and magne-
sium oxide (MgQ) are added to sodium silicate giasses (Fig. 1C) to decrease their
solubilities and to make them more chemically durable. Boric oxide (B;O;) enters the
silica network as shown in Fig. 1D). The boron atom is sustounded by only thres oxygen
atoras in trigonal coordination. This planar structure, when inserted into the silica
tetrahedral environment, exhibits weak forces in one direction 2nd sofiens the glass.
The addition of B,0; does not increase the expansion of glass as much as the alkali
or alkaline earth metal oxides. The addition-of alumina (AlLO,) to alkali silicate
slasstes increases their viscosity, increases their resistance to devitrification and
enhznces their chemical durability by assuming a tetrahedral coordination and
re-fcrming Si—O bonds which were severed by zlkali additions (see Fig. 1E).

Although at one time giass was considered to have a simple homogeneous
structure, it is now apparent that many, if not all, gilasses cousist of two or more
phases that are in equilibrium with each other. This is exemplified by the borosilicate
systems. During heat treatment the glass separates into two distinct, biit confinuous
glassy phases (B,0; and Si0,) that can be seen as a turbidity that can vary from clear
to complete milkiness, depending on the thermal conditions'”. Fig. 2 shows this
phasz separation phenomenon as evidenced by an eleciron micrograph of a fractured
sample of borosilicate glass heated in air at 8060°C5,

The most commonly used glasses for the construction of glass capillary
columnns are soda-lime (soft) or borosilicate (Pyrex) types. The borosilicate glasses are

- L &iriLian

Fiz. 2. SEM of Pyrex glass heated in air at 800°C. Reproduced from the Journal of Ciiramatograpfiic
Science' by permission of Preston Publications, Inc.
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more thermally durable, having a softening temperature about 125°C higher than the
soff glasses. Capillary columns drawn from the borosilicate glasses also tend to be
less fragile than geometrically similiar soft glass columns. Soft glasses tend to be
alkaline in nature due to the high content of Na,0 while the borosilicate glasses are
somewhat acidic as a result of the B,O,; phase.

The bulk compositions of a number of glasses used in the manufacture of glass
capillary columns for gas chromatography are given in Table 1. As can be seen,
differences in composition exist even among those belonging to the same general
classification, e.g., soft glass. In addition, capillaries fabricated from uranium and
potash soda lead glasses were recently studied'’.

TABLE 1
BULK GLASS COMPOSITIONS
Comporent Type of glass”

AR RG Bé4 Unifiost PN R& PWM 7740
510, a7 70 70.2 e3.o - 67.0 67.7 71.4 81.0
Na, O 15 17.8 12,6 17.8 13.5 15.6 150 4.0
Ca0Q 7 8.8 6.0 5.5 6.5 5.7 4.6 0.5
ZnO 7 0.5 — — 8.0 — — —
ALO, 25 23 4.2 39 3.0 2.8 22 20
B:O; — — 1.0 — 2.0 — —_ 13.0
MzO — - 1.9 29 — 39 4.0 —
BaO — — — — 2.0 0.8 08 -
MaO — 0.6 — — — — — —
K,O - — — 1.3 — 0.6 1.7 —
Other elements -— Traces — — — — G.2 —

* Symbols: AR = A.R. glass, Schott-Ruhrglass, Wertheim, G.F.R. RO = Rantgen glass 05,
Philips, Eindhoven, The Netherlands, B44 = Verre sodocalcique 844, Choisy-le-Roi, France. Uni-
host = Soda-lime soft glass, Jablonet Glass Works, Czechoslovakia. PN = Soda-lime soft glass,
Jablone& Glass Works, Czechoslovakia. R6 = Ré Flint, soda-lime soft glass, Kimble Glass Works,
Toledo, O, LL.S.A. PWM = Soda-glass, Chance, Smethwick, Great Britain. 7740 = Pyrex 7740
glass, Corming Glass Works, Corning, NY, US. AL

“* Also includes Fe,0,.

2.2. Glass surface chemistry

Of more importance than bulk glass composition in capillary gas chromato-
graphy is the actual glass surface composition and structure. Considerable progress
in the characterization of glass surfaces has been possible through the development
of a number of new surface analytical techniques, e.g., Auger electron spectroscopy
(AES), secondary ion mass spectrometry (SIMS), ion scattering spectroscopy (ESS)
and X-ray photoclectzon spectroscopy (XPS or ESCA). Through the use of these
tools, it is now known that the composition of a glass surface is usually significantly
different from the bulk composition!®2!. In addition to the bulk composition, factors
such as environment, fabrication variables and thermal history all affect the forma-
tion and stability of surface Iayers developed on glasses?>2, It is from these surface
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layers that important molecular inferactions arise aifccting the preparation aad
chromatogiaphic performance of giass capillary columns. AES determinations of
surface compositions of freshly drawn, ontreaied, glass capillary columns as com-
pared] to their bulk compositions are given i Tables 2 and 324,

TAELE 2

COMPOSITION OF KIMBLE R6 FLINT GLASS CAFILLARIES
Element Bulke (atomic-%) Surface (atomie-%)

] 234 il4

Q 59.4 57.8

Na 10.4 16.0

Ca 21 12,0

B 1.0 1.6

K 0.3 1.2

Mg 20 —

Ba 0.2 —-

Al 1.2 —

TABLL 3

COMEOSITION OF BFYREX 7740 GLASS CAPILLARIES
Elsment Bulk (atomic-%) Surfzce {atomic-3)

Si 255 24

O 620 &9

Na 2.5 —

Ca 0z —

B 7.0 7

Al 0.8 —

Glass is generally considered to be an inert substance in regard to adserptive
effzcts and catalytic activity. In glass capillary column applications, howaver, it ean
manifest undesirable activity., Such activity, particularly evident when polar com-
pounds are chromatographed, is characterized by tailing peaks, and in severe cir-
cumnstances by complete peak adsorption®—3°. Interactions between the solute and
the column wall are particulasly noticeable on thin-film columns where the degree of
shiefding provided by the stationary phase is minimal. Slight surface activity is also
undesirable when smaller concentrations (picogram range) of solutes are being separat-
ed. In o recent paper™, Verzele and Sandra remarked that “column wall activity is one
of the most troublesome difficulties of (GC)*".

Columit wall activity can be attributed to the silica surface structure and to
impurities found in the surface monolayers of the glass matrix. The various metallic
oxides, added during the manufacture of glass, that are present on or near the
surface of the glass can act as Lewis acid sites!!-2%-32—34 These sites are considered to
be cationic, in which the positive charge is concentrated on a2 cation of small radius
while the negative charge is distributed over the interpzl bonds of the ircomplete
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silica tetrahedra®s. Lewis acids function as adsorption sites for lone-pair donor mole-
cules such as ketones and amines. The strength of the adsorption depends not only
on the donor properties of an adsorbed molecule, but also on the strength of the
electron-accepting Lewis acid. Sodium and potassium are weaker Lewis acids than
magnesiom and calcivm, which are in trn weaker than boron and aluminum. Mole-
cules containing ;z-bonds, such as aromatic compounds and olefins, also interact with
Lewis acid sites. Filbert and Hair®~>7 demonstrated that the presence of calciom
ions in glass supports used for packed column gas chromatography increases surface
activity, thus causing peak tziling of lone-pair donor molecules. It has also been
firmly established that boron impurities in silica provide surface Lewis acid sites
that are capable of chemisorbing electron-donating molecules®® 1. The absence of
these adsorption sites on fused silica is thought to give it a higher intrinsic degree of
inertness than untreated glass,

The surface of silica and adsorption on that surface have been the subject of
many investigations. Infrared spectroscopy of high surface area silicas has led to an
acceptable imderstanding of that surface. Unfortunately, the silica surface of glass has
not been probed as thoroughly, its low surface area rendering infrared techmiques
unsuitable. However, it is vsually assumed that the silica surface of glass behaves
similiarly to other silicas.

Undoubiedly, the single most important structural detail of the silica surfice
is the hydroxyl groups that are attached to the surface silicon atoms. These silicon
atoms are presumably tetrahedrally coordinated to three other oxygen atoms and,
hence, to the bulk silica. This infers that at low temperatures the surface silicon atoms
prefer to complete their cocrdination requirements by attachment to monovalent
hydroxyl groups rather than by formation of strained siloxane bridges cor charged
species®?. Saveral types of hydroxyl groups are found. Those which are attached to
adjacent silicon atoms are termed vicinal. When two hydroxyl groups are attached to
the same silicon atom, the term geminal gronp has been applied. In addition to surfice
hydroxyl groups there are also hydroxyi groups within the silica structure which are
vsually termed intraglobular hydroxyls®—46,

Maay of the surface hydroxyls are hydrogen bonded to one another and are
described as being “bound”. Those which are not perturbed or involved in any inter-
actions are described as “free”. Whether two adjacent hydroxyl sroups are bound or
free is determined by the distance of one hydroxyl group from the oxygen atom of the
adjacent hydroxyl group. Hydroxyls which are scparated from adjacent oxygen atoms
by more than 3.1 A appear to be incapable of hydrogen bounding*—%. For optinal
hydrogen bonding, the hydroxyl-oxysen distance should be between 2.4 and 2.8 A
(ref. 50). If a continuum of values is assumed for the distances between neighboring
hydroxyl groups in an amorphous silica surface, then a continnom of hydroxyl
“types” exists, ranging from free to strongly bound®. As vicinal hydroxyl groups are
separated by at least 3.1 A, it is unlikely that they are hydrogen bonded to cne
another. Geminal hydroxyl groups also are probably not bonded to their partnars
because a five- or six-membered ring is normally needed for intramolecular hydrogen
bonding. Triplet OH groups |—Si(OH).] should be egually free from internal bond-
ing®, Although some controversy exists over the number and nzture of the surface
hydroxyl groups, some studies indicate that approxzimately 509 of the surface
hydroxyl groups are hydrogen bonded to one another™-4.
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I it is assumed that a silicon atom on the surface of silica must complete its
tetrahedral coordination with a hydroxyl group, the number of surfacs hydroxyl
groups can be calculated from geometrical considerations®*. By assuming one
hydroxyl group per surface silicon atom, there are approximately eight groups per
100 A2, Experimental determinations, however, indicate that at ambient temperatures
the surface hydroxyl concentration corresponds to about 5 groups per 100 A2 (refs.
57-59).

Under normal aimospheric conditions, it is thonght that water is adsorbed to
the hydrogen-bonded surface hydroxyls®. Heat treatment can remove the physicalty
adsorbec! water, leaving only the surface and intraglobular hydroxyls. Prolonged and
more intense heating actually dehydrates the silica surface by the condensation of
neighboring hydroxyl groups. A number of mean surface concentrations of hydroxyl
groups oa silica, after vacuum treatment, at different temperatures are given in Table
4% From room temperature to approximately 165°C, only physically adsorbed water
is removed from the surface of the silica. Between 165°C and about 400°C, hydroxyl
groups are thermally removed from the surface. Upoa cooling and re-axposure to
water these sites hydrate, re-forming the original hydroxyl groups. Above 400°C,
hydroxyl groups continue to be removed from the sucfzce as the temperature is in-
creased. However, as the treatment femperature increases, a decreasing number of
bydroxyl groups can be re-formed on the surface. At about 800°C, the re-additien of
water ic futile and the dehydration process is irreversible. Between 165°C and 400°C,
the hydroxyl groups removed from the surface are those that are hydrogen bonded
to one another; the most strongly hydrogen bonded groups disappearing first and the
aumber of free groups remaining almost unchanged 345155, The molecular view of
the processes occurring during dehydration and rehydration of silica is showa in
Fig. 3. Thke intraglobtar hydroxyls are removed and water is evolved throughout the
entire temperature range of heating, starting at room temperature and continuing up
to 1200°CH3.

The hydrogens of the surface hydroxyl groups (alse named silanol groups) are
partiaily acidic owing to d-eleciron cloud vacancies in the silicon atoms®s. Conse-
quently, the silanol sroups zre available as proton donors for hydrogen bonding
sites. Hence molecules containing high penpheral electron densities are adsorbed on
a hydroxylated surface. A peripheral concentration of negative charge density arises
from the z-electron bonds in unsaturated or aromatic hydrocarbons, and also from the

TABLE 4

MEAN SURFACE CONCENTRATICNS OF HYDROXYL GROUPS ON SILICA AFTER
VACUUM TREATMENT AT DIFFERENT TEMPERATURES

Temp. of vacuum freatment ()} Of groups per 100 A*
700 4.8
300 36
400 27
500 21
600 1.6
700 1.2
200 0.9

9S00 0.7
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Fig. 3. Molecular processes occuming during dehydration—rehydration of silica surfaces.

free electron pairs of the oxygen and nitrogen atoms in hydroxyl, ether, carbonyl and
amino groups. Although the mechanisms of adsorption is more complicated than an
electrostatic hydrogen bond imteraction, the type of adsorption involved closely
resembles hydrogen bonding®’. In addition to the specific interactions of the silica
surface with polar molecules, a weak non-specific dispersion type ef interaction is
observed that is independent of the degree of surface hydroxylation and independent
of the electron density distribution of the adsorbate’9. In contrast, the heat of
adsorption of polar melecules is highly dependent on the silica surface and increases
with greater surface hydroxylation™. For the most part, the free hydroxyl groups are
the sirongest surface adsorpiion sites. Mutually hydrogen bonded surface hydroxyl
groups, however, interact only slightly with lone-pair and hydrocarbon adsorbates.
This interaction takes place only with the most weakly hydrogen bonded groups.
Water interacts strongly with those groups and can rorm several mclecular layers.
The adsorbed water can then act as specific adsorptioa sites for molecules containing
high eclectron densities in much the same manner as free surface hydroxyls. Fig. 4
shows a model depicting the behavior of the surface hydroxyl groups as discussed
above™,

During heat treatment, hydroxyls can condense to form water in two ways.
Firstly, adjacent hydroxyls on adjacent silicon atoms condense o form siloxane
bridges. Secondly, two hydroxyl groups on the same silicon atom (geminzl pair)
react to form a >8i—=0 group. Assilicon does not form such a group very readily 2,
dehydration probably involves condensation to form siloxane bridges™. Such a
bridge would have longer than optimal bond lengths between the oxygen and silicon
atoms, thus decreasing its stability and imcreasing its reactivity®s. Such a strained
structuye could possess a high degree of ionic character®. Kunawicz et al.’ have
repoited that the siloxame bridges resulting from the high-temperature (700°C)
evacuation of silica are more reactive than the remainiog fice hydroxyls. The siloxane
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Fig. 4. Model for surface silanol interactions.

bridge can function as a proton acceptor in hydrogen boading interactions. It has also
been shown that alcohol molecules can interact significantly with the sifoxane surface
by Van der Wasils interactions™. These interactions become more marked as the
chain length of the adsorbate alcohoi increases. In a chromategraphic study relating
retention to adsorption, it was also concluded that the siloxane bridge is an active
site’s,

In addition to the surface silanols and the siloxane bridges, the silica surface
obviously has an underlying backbone structure of silicon-oxyzen bonds. The exact
nature of the tetrahedral silicon—oxygen bond in bulk silica is not kaown. Pauling™
assigned 507, ionic character to the silicon—oxygen bond using empirical calculations
from electronegativities. Values of up to 809 covalent, however, may be obtained
by selecting different heat of formation data. From electron density contours of
guartz, it is evident that the silicon—oxygen bond is intermediate between homopolar
and heteropolar™. It is reasonable that such a bond, which may be largely covalent in
the bulk structure, could give rise to a nearly homopolar susface bond through de-
formation of the electron distribution owing to the imbalance of bonding forces at
the surface. Evidence indicates that a silica surface void of the active sites previously
mentioned has silicon—oxygen surface bonds ihat are nearly homopolar®®, Of course,
such a surface would experience only weak dispersion interactions.

Spectroscopic evidence indicates that at least some of the boron impurities
that are found on the surface of glass also have attached hydroxyl groups™ %2, These
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boronol groups are not only more reactive than the silanol groups, but thiy also
enhance the reactivity of the neighboring silanol groups. It is also known that these
groups are present in both single and geminal configurations. The bonds forined by
reaction of coupling reagents with the B-OH groups also appear to be mon: ¢asily
hydrolyzaed than are the bonds formed with silanol groups. These data show that
impurities on the silica surface greatly complicate the surface chemistry.

In summary, the adsorptive inferactions that can arise with the glass surface
are as listed below:

(1) The meiallic oxides used in the manufacture of giass give rise to ¢ationic
positive chasge locations that function as Lewis acid sites which are adsorptive sites
for molecules having a region of localized bigh clectron density stch as alcohols,
ketones, amines and =-bond-containing molecules.

(2) The surface hydroxyl groups act as proton donors in hydrogen bond
interactions snd can function as very strong adsorptive sites for molecules having
localized high eleciron density.

{3) The surface siloxane bridges act as proton acceptors in hydrogen bond
mteractions and function as adsorptive sites for molecules like alcohols. In addition,
these sites give rise to significant Van der Waals interactions.

{4) Weak dispersion interactions ean arise from the silicon-oxygen network
and the other functionalities present on the glass surface.

Recently, a review describing the structure and properties of glassy support
surfaces used in gas-liquid chromatography was published®.

2.3. Glass surface wettability

To achieve a high separation efficiency with a glass capillary column, a
uniform and homogeneous film of stationary phase must be applied fo the imner
wall of the tube. Furthermore, this thin film must maintain its integrity and not
rearrange to form droplets as the temperature is varied.

‘When a liguid droplet is placed on a solid surface, it may spread to cover
the surface or it may remain as a stable drop. The angle between the tangert to the
liguid drop and the solid surface is defined as the contact angle (9) (see Fig. 5). When
8 == 0, the liquid spreads frecly over the surface. As 0 increases, the tendency for a
liquid to spread decicases. Therefore, the contact angle is a useful inverse measure
and cos @ is a direct measure of wettability.
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The correlatier of the forces that act between the liguid and solid susface is
described by the Young equation®™:

?gv — VsL = ?’gt. cos @ . : )

Three surface teasions y2y, s and 37, exist at the phase boundary of a drop
of liguid at rest on a solid surface. The wettability is a thermodynamie function of the
equilibriuin between the cohesion forces inside the liguid and the emergy of the solid
surface. The cohesion forces inside the liquid are characterized by the serface tension,
and the energetics of the solid surface by the surface free energy. The contact angle
depends upon the specific surface free energy of the solid and of the liguid. Spreading
generally occurs when the specific surface fice emergy of the liquid is less than that
of the solid. Composit’ons of both the solid surface and the spreading liquid are of
primary importance since the surface atoms of both phases are attracted to each other
by London dispersion forces. Atoms more than a few Angstroms from the surface
shouid have litile or no influence on wefting phenomeana, but ions or uncompensated
charges in the glass may play some role.

Zisman® defined the critical surface tension (CST, o) as that value of the
liguid surface tension above which liguids show a finite contact angle on 2 given sur-
face. The value of the CST is obtained from a plot of cos & versws the surface tensions
of a homologous series of liquids. This plot usually forms a straight line and the point
at which the line crosses the intercept, cos 0 = 1, is the critical surface tension. For
all liquids that have a susface tension less than the critical surface tension of the solid,
the contact angle is zero and there is complete wetting of the solid by the liquid.

Glass is usually described as a high energy surface®%, and is assumed to
have a surface energy oa the order of a hundred to a few thousand erg/cm (ref. 858).
Such surfaces readily undergo adsorption and hydration, which change their properties
to those of low emergy surfaces. Consequently, most organic liquids exhibit large
contact angles on glass and do not form uaiform films, but break up into dropleis®.
Using the critical surface tension as a measure of wettability, it has been shown that
the CST for smooth, clean glasses is < 30 dyne/ecm and the surface tensions of
typical stationary phases are in the range of 30-30 dyne/cm® %, By definition, these
values lead to non-wettability of glass surfaces. Tables 5 and 6 list the surface tensions
of a number of solvents and stationary phases, respectively®%-%_ The critical surface
tensions for Pyrex glasses which have been subjected to various treatments are listed
in Table 755

Fortunately, various modifications can be employed to raise the critical surface
tension of the glass. In some instances, the surface tension of the statiopary phase is
lowered by the addition of a surfactant. Such modifications will be discussed in later
sections.

Wettability is also affected by liguids that are unable to spread on a monoiayer
of their own molecules. Such a phenomenon is known as autophobicity®. Liquids that
are not autophobic should have surface tensions that are lower than the critical
surface tensions of their own adsorbed monolayers. For example, polymethylsifoxane
liquids will spread on high-energy surfaces because their surface fensions of 19-20
dyne/cm are always less than the critical surface tensions of their own adsorbed films.
Many ester-tyne liguids, however, hydrolyze slightly on piass surfaces and the resulting
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‘TABLEE 5

SURFACE TENSIONS () OF SOLVENTS AT 20°C

Salvernt ¥ (dynefcm) Solvent ¥ (dyrefcm}
n-Pentapne 18.0 E:hanaol 2.3
n-Hexanc 15.4 m-Propanel 329
n-FHeptane 204 Di-n-propyl ether 200"
n-Octane 21.8 Di-re-butyl ether 220"
Ranzene 289 n-Propyl chlorvide 20.0°
o-Xylene 29.1* r-Amyl fluoride 20.0
Dichloromethane 28.1 Chlorobenzene 33.1
Tetrachlorometitane 25.6° Dichlorobenzene 41.4
Acstone 233 Chioropnaphthalene 41.8
Methanol 226 Bromonaphthalene 46

* Measurement at 30°C,
** Measurament at 25°C.

TABLE 6

SURFACE TENSION (;) OF STATIONARY PHASES AT ROOM TEMPERATURE

Stationary phase 3 Stationary phase ¥
{dynefcm) (dynejem)

Squalace 2995 Citrofiex 4 304

Polypropylene glycol 31.30 OVv-17 31.4

Triton 34.00 UCON 50 LB 550X 34

Dglycerol 50.3 Apiezon L — 33.2

Ucon oil (DLB-100-B) 283 UCON 50 HB 2000 35.7

Tricresyl phosphate 409 Dimethylsulpholane 38.1

Dioctyl sebacate 322 Polypropylene sebhacate 40.2

Bis(2-ethylhexyl) phthalate 31.3 035-124 46.1

Methylsilicone oil 19.20 B.5"-Oxydipropionitrile 48.6

av-101 204 Diethylene glycol succinate 509

QF-1 2486 1,2,3-Tris(2-cyanocthoxy)propans 492

ov-2i0 236 Carbowax 400 442

1-Octadzcen= e Dinonyl phthatate 28.8

Didecyl phthalate 285 Di(ethylhexyl) sebhacate 311

TABIE 7

CRITICAL SURFACE TENSION {(3.) OF PYREX GLASS SUBJECIED TO DIFFERENT

TREATMENTS

Treatment e {dyrefem)

Aceione washed 28

Chromic-sulfuric acid cleaned 44

NaOH etched 3232

Carbonized surface 41

monolayer has a critical surface tension that is less than the surface iension of “he
liquid. Such behavior is consistent with observations of capillary columns losing

iheir efficiencics after a few days of operation due to film breakup.
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It has also been suggested that factors other than surface tension can infiuence
the wettability and spreading of some liquids®®%?, Factors such as the formation of
oriented monolayers and the presence of impurities were cited.

3. CAPILLARY DRAWING PROCEDURES
3.1. Pre-drawing treatments

During the cocling process in the manufacture of glass tubing, the product is
exposed tc oils and greases. In addition, organic vapors may adsorb on the giass
surface during storage. A number of different solutions and solvents have been used
to clean the inner walls of glass tubing prior io drawing capiliaries. These include
dilute acids and bases, and organic solvents such as acetone, diethyl ether, methanol
angd methylene chioride. It was found in a recent Auger election spectroscopy study
by Wright er al?* that although solvent cleaning of the glass removed much of the
adsorbed material a considerable amount of adsorbed carbon still remained on the
glass surface, even after drawing.

Onuska er ol % studied the effects of leaching the glass tubing with acid
solutions prior to drawing. In one case, Pyrex glass tubes were filled with a chromic
acid-sulfuric acid mixture and allowed to stand at room temperature for 48 h. The
resultant surface after drawing was partially roughened with tiny holes. Subseguent
chromatographic perfo-mance tests showed that this treatment provided a better
deactivation of the surface than solvent cleaning alone.

In apother case, Pyrex glass tubes were filled with 1094 hydrofinoric acid (HF)
and allowed to stand at room temperature for 48 h. They were then Siled with con-
centrated nitric acid and allowed to stand at room temperature for 1 h, after which
they were rinsed with 109, HF and deionized water. The resultant surface after
drawing gave a sintered appearance with nomerous pit-holes (Fig. 6). This surface
appeared to be deactivated better than the untreated or chromic acid—sulfinic acid
treated columns.

Cronin® prepared. a porous-layer open-tubular (PLOT) capillary column by
first coating the interior wall of a glass tube with a mixture of powdered glass and
Celite prior to drawing. The powdered glass served as a binder to fix the Celite perma-
nently to the capillary wall. More recently, Torline and co-workers'"1%! coated Pyrex
tzbes with 5-xm quartz powder prior to drawing. The resultant capillary inner surface
was shown to consist of an even distribution of quartz particles fused to the walls.

3.2, Capillary drawing

The first glass capillary column drawing machine was designed and built by
Desty e al.® and is shown schematically in Fig. 7. Two pairs of roilers, one before
and one after an electrically heated furnace, control the draw ratio, and hence the
length and diameter of the column. As the capillary is drawn from the molten glass in
the furnace, it is forced through a heated coiling tube to form a helix. A more detailed
description of the drawing process is given in a previous review?.

It has been reported by several zuthors!®2-1%% that non-uniformity of ihe column
inner diameter can affect the performance of high-efficiency capillary columns. Such
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Fig. 7. Capillary drawing apparatus. I = Brass base plate; 2 = support; 3 = thick-wailed glass
tube; 4, 5 = feed rollers; 9, 7 = rubber dires; 8 = furnace; 9, 10 = draw rollers; 11 = porcelain
tube; 12 = bending tube; 13 = bending tube suppori and ground connection; 14 = connection to
low-veliage transformer; 15 = connection tc low-voltage transformer; 16 = furnace support and
ground connection. Reprinted with permission from Analytical Chemistry'®. Copyright by the
American Chemical Society.

variations have been reported to be less than - 59/102.103 £7 497194 gr eyven 119109
when the drawing machine was carefully operated and selected pieces of glass tubing
were used. Schenning et al.'% obtained a precision of +1.59% by making several
modifications to a commercial glass drawing machine. Although variations in furnace
temperaturs, non-uniform shifting of the glass tube by rollers and other mechanicat
problems have led to non-uniform column diameters in the past, modern glass
drawing machines are now commercially available that eliminaie most of these
problems. In a study by Marshall and Parker'” it was found that the capillary bore
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becomes less uniform as the draw ratio increases. Thus, it 1s better to employ a low
draw ratio and to draw the column from tubing of small diameter.

More recently, the desire to draw fused silica or quartz cepillaries led to the
development of new technology for glass drawing and handling. In 1975, Desty'®®
modified his original glass drawing machine to attain the necessary drawing temper-
ature for quartz by using a special propane—oxyzen burner. The inability to build
suitable coiling tubes was the limiting factor in the use of this prototype machine. The
discovery by Dandencan and Zerenner!’? that thin-walled capillary columns of high
flexibility could be drawn straight and then coild to normal dimensions by merely
bending them into the desired shape has greatiy increased the interest in and use of
fused silica capiilaries. The glass drawing machine used by Dandenean and Zerenner
is baszsd on advanced fiber optics technology, although less expensive machings have
been built and used by others.

The small ocutside diameters and thin walls of fused silica capillaries permit
a high degree of flexibility owing to the high tensile strength of the pristine silica
surface. This strength is greatly reduced, however, by surface imperfections, micro-

Fig. 8. Trapsverse section of a flat capillary column. Reprinted with permission'?.
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cracks or minute scratches caused by dust particles or fingerprints. For this reason,
a mechanically durable, thermally stable polyimide coating is applied to the outer
capillary surface immediately afier drawing!®®. This coating provides good mechanical
protection and shows negligible bleed under conditions of maximum seasitiviiy for
columns up to a temperature of approximately 300°C.

In Golay’s original theoretical treatment of capillary celumn gas chromato-
graphy!l, it was shown that flat iubes have the advantage of reducing the effec: of the
crosswise gas diffiusion term which is responsible for a large proportion of the HETP.
Dasiy!®® and Desty and Douglas''® used a simple roller arrangement just alter the
drawing machine furnace, which pinched the hot capillary as it was drawn to produce
non-round capillaries, as shown in Fig. 8. DuPlessis er a/.'"! produced more vniform
flat capillaries by drawing the column from a flat glass tube in a conventional glass
drawing machine. Subsequent studies!i®-1*? have shown that slightly higher column
efficiencies can be obtained using flat capillary columns. Recently, flat fused silica
columis have also been prepared'?,

A similar roller arrangement nsing toothed cogs™®-'i® was used to produce non-
uniform columns with flat necks between circular sections (crinckled), as shown in
Fig. 9. It was proposed that such columns would disturb the laminar flow prcfile and
produce crosswise mixing by a convective rather than a diffusive mechanism. Other
approaches with this same objective included drawing a regularly deformed wire or

Fig. 9. Longitudinal section of a crinkled capiliary column. Reprinted with permission?!®.
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twisted Nichrome tape into the capillary19-41 and the construction of a spinning band
capillary columa®?*. These latter approaches appear to offer no advantages over con-
ventional capiflary columns.

Althouph the most widely used process for preparing PLOT columns consists
in coating the drawn capillary with very fine porous particles’, several studies!'S-116
have resulted in the successful preparation of such columns by packing Pyeex tubes
with Celite and lithium chioride'!'® or powdered glass!'® around a small metal wire
which has beea previously inseried into the glass tube. During the drawiag process,
the end of the wire is positioned just outside the drawing furnace, and the tube and
its packiag are drawn down over the wire to leave a final ornifice of the same diameter
as the wire. The lithivm chioride or powdered glass serve to bind the diatomaceous
earth support to the capillary wall.

3.3. Chemical treatment during drawing

The incomplete removal of carbon contamination on the inner capillary wali
by solvent washing (as described earlier) has led to the use of gas purging methods
during capillary drawing. Simon and Szepesy!'” used a strgam of very dry argon during
drawing to fush and dehydrate the inner giass suiface. Although it was claimed that
the purge gas left a clean and smooth surface, there is no evidence that the adsorbed
carbon was completely removed.

Wright et a/?*% used a purified oxygen purge during drawing. At the high
drawing temperatures, any remaining adsorbed carbon was oxidized and the resultant
gases removed by the oxygen stream. Sorface analysis by Auger electron spectroscopy
showed little or no carbon present.

A similar gas purging procedure during drawing was reported by Diez ef al.'6,
except a 1:3 mixture of nitrogen and ammonia was used. Resulis from electron
microscopy showed that no sgparation of phases was observed, probably owing to the
formation of nitride groups in the glass structure, forming Si-N-B bonds. Although
improved surface deactivation was obtained by this procedure considerable tailing
was still observed for polar compounds such as nitromethane, pyridine 2nd alcohols.

4. CAPILLARY SURFACE ROUGHENING

4.1, General considerations

One of the most widely used methods for modification of the inner surfaces
of glass capillary columns is physical roughening. Such roughening greatly enhances
the wettability of the glass surface by the liquid stationary phase. Generally, 2 liguid
will spread better on a rough than a smooth surface because the surface covered by
the liguid drop releases more energy due to interfacial forces. For a rough surface,
there is more area under the liquid drop and, therefore, more enesgy is releassd. The
influence of surface roughness becomes apparent by a decrease in the contact angle.
Wenzel''® defined a roughneass factor as follows:

__cos A @

F=os@ 4

where 4" and 4 refer to the microscopic and the macroscopic surface areas, respec-
tively, and 8" and 8 refer to the apparent contact angles measured on the roughened
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and the smooth surfaces, respectively. The value of r is close to unity for freshly
drawn (fire-polished) glass, but becomes greater than unity as the surface is roughened
and, correspondingly, the apparent coniact angle becomes smaller. The validity of
this expresssion has been fully proven'.

Suprynowicz er al.**° developed a method for the direct determination of the
specific surface areas of glass capillary columns by the thermal desorption of nitrogen.
Using this technique it was determmned that roughening with efching ether at 380°C
gave a roughness facior, r, of 5.3 for ong type of soft glass, 7.8 for another and 4.1 for
borosilicate glass. Such measurements could feasibly be used to evaluate and optimize
various ronghening procedures,

Some susface roughening treatments may also form selective surface layess that
have higher surface energies than the original glass surface. For instance, the sodium
chloride layer forined by HCI gas roughening provides a high surface energy having
coniributions from both dispersion and non-disparsion forees!?! which arise {Tom the
ionic character of the NaCl crystals. Several workers have determined critical surface
tensions of glass surfaces ronghened by various methods®™: 12124, Some of these values
are given in Table 8.

TABLE 8

CRITICAL SURFACE TENSIONS (CST) FOR ROUGHENED GLASSES
Glass Treatment CST {(dynefcm)
Pyrex Noas 3157

Pyrex HCI gas -

Soft MNone 30"

Soft HCl gas >52.47

Soft HCI gas, rinsed with CHCL, 48.57

Soft HC gas, rinsed with HO and with EtOH 45"

Soit None 44

Soft HCl z=s 50

Soft Bouble HCI gas =63

Pyrex None 27

Pyrex Carbon coating 41

* Values were nncorrected and ase up to 1094 too high.

Scanning eleciron microscopy (SEM) provides a very useful method for study-
ing the structural details of a roughened glass capillary column. With the application
of this technique to glass capillary columas by Alexander and Rutten®® in 1973, a
nicans was provided for systematically observing the effects of various treaiment
methods and conditions. Furthermore, chromatographic performance can be corre-
lated with the type of physical surface achieved and treatment conditions modified to
give optimal performance. However, chemical differences in the roughened surfaces
may grassly alter the chromatographic performance and make some comparisons very
difficult, With this in mind, some workers have atteropted to analyze susface com-
positions by enpergy-dispersive X-ray analysis (EDAX) or with an clectron-beam
micraprobe (EMP) (attachments usually fonnd on modern SEM instruments). How-
ever, ihese methods of analysis provide compositional data for a depth of about the
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first 10 zm of the glass, rather than the true surface composition'**'¥, and therefore
little nseful information is obtained.

Samples are prepared for SEM™ analysis by either cracking the columns
lengthwise aad looking direcily at the exposed surface (afier coating with thin layers
of carbon and gold to minimize charging), or by looking directly into the bore of the
capiilary at an angle of approximately 30° from the vertical. Schieke et ol 128 prefer
the latter method as the inner susface has less chance of being damaged or contam-
inated during the cracking process. Charging effects, however, are much more
pronounced when viewing the capillary in this manner, and image quality is poor.
Consequently, it is necessary to minimize charging effects by first exposing the glass
capillary sample to the vapors of a 0.1 % solution of osmium tetroxide in water for
16-30 h at room temperature'® prior to carbon-gold coating. Samples treated in this
manper give high-quality images.

Various techniques of surface roughening have been studied, and ioclude
aqueous surface corrosion, induced crystal growth with HC1 or HF gas, and deposi-
tion of barium carbonate, carbon black, sodibm chloride or silica. These modifica-
tion techniques will be discussed in the following sections.

4.2, Agueows surfoce corrosion

The roughening of capillary inner surfaces has been reported using solutions
of ammonia®®3, sodium hydroxidet®?-1*3, hydrofluoric acid™¢-***, hydrochloric
acid'®® and successive treatments with several of these soluticns'¥’. Leaching of a
sodium borosilicate (7% Na,O, 239 B,O; and 709 S10;) glass capillary with 0.1 &
hydrochloric acid at 25°C for 3 min gave a porous film which was found to be 0.1 mm
thick®s,

Heckman et af.’** recently reported the use of aqueous solutions of potassium
hydrogen difluoride (KHF,) for etching of both borosilicate and soda-lime glass
capillaries. Fig. 10 shows an electron micrograph of a KHF,-etched capillary surface.
It has been propossd but not confirmed that the crystalline material is K,SiF;.

Most of these aqueous methods deeply attack the glass surface™ ***'** and
produce strongly adsorbing columns that are useful only in some special applications
in gas-solid chrematography. Aqueous leaches for surface roughening have been
found aseful in gas-liquid capillary chromatography mainly when used as a treat-
ment for glass tubing prior to drawing the capillary®®. This has been described in
Section 3.1. The use of agqueons leaches for deactivation will be discussed in detail in
Section 5.5.

4.3. Gaseous HCl-induced crystal growth

Surface roughening with gaseous HCI was first described by Telarik and
Novotny'®, and studied in detail later by a number of workers®-107.125.146-244 The
most widely used general procedure consists in filling the capillary column with
gaseous HCI, sealing both ends with a microflame and heating the column to 2 high
temperature for a specified period of time. The result is the formation of regularly
spaced chloride crystals on the surface. Pyrex columans of low alkali content show very
little reaction with HCl gas aad remain franspareni, while soda-lime glass is very
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Fig. 10. SEM of a KHF.eiched capillary column. Reprinted with permission from Anafvtical
Chemistry'®S, Copyright by the American Chemical Society.

il

reactive and turns an opaque white afier treatment. Elemental apalysis of the crystals
yields principally Na and Cl with much fower amounts of K and Ca'®"*%2,

Franken er al.** discussed in detail the formation of NaCl crystals on the
glass surface. This process can be summarized as foliows:

(1) During the drawing of capillary columns, vapor-phase Na,O condenses
on the column surface during cooling, forming an alkali-rich surface layer which
serves as sites for nucleation.

(2) The sadinm ions become more mobile at the high temperatures needed for
reaction. Because of their small diameters, these ions move rather freely through the
lattice toward the surface. At the same time H™ ions from the HCI gas diffuse into
the glass surface.

(3) At the surface, sodium ions exchange with hydrogen ions according to the
following equation:

~-8i~-ONa + H* — -Si-OH + Na+* (&)
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{4) The Na* ions move across the glass surface, associate with Cl—, and
randomiy locate on a nucleation site. Consequently, the initial NaCl particles formed
tend to have circular flattened convex shapes, as shown in Fig. 11.

Fig. 11. SEM of a soft-glass column statically treated with HCI gas at 350°C for 30 min. Reprinted
with permission®2,

(5) As the HCI gas is consumed, particle growth slows down and recrystalliza-
tion becomes competitive. Ultimately, the development of low index planes becomes
predominant and rectangular crystals are formed as shown in Fig. 12.

(6) If the heat treatment is continued for long periods, laree NaCl crystals
grow at the expense of smaller ones (Fig. 13).

In the previously described static procedure, the amount of HCI gas remaining
in the column can be easily determined by meliing off approximately 25 ¢m of the
capillary and breaking one end under water. The water rises into the capillary by
dissolution of HCl. The filled length is a direct measure of the HC} content in the
column!2,

The formation of NaCl crystals on the capillary surface by continuounsly
passing the HCI gas through the column while heating has been studied'*2. Crystal
formation was found to be much slower by this dynamic method. It has been
proposed'** that at high temperatures adjacent hvdroxyl groups split out water to
form siloxane bridges which shield the glass from attack by HCL. During the static
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Fig. 12. SEM of soft-glass column statically treated with HCI gas at 350°C for 240 min. Reprinted
with permission’=.

Fig. 13. SEM of soft-glass column statically treated with HCI gas at 350°C for (a) 2 and (bv) 22 h.
Reprinted with permission'*2.
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procedure, the rate of elimination of water from the glass is reduced by the vapor-
phase water which cannot leave the sealed column. Hence, the developinent of the
shielding layer is retarded, and larger amounts of NaCl crystals can be fermed.

It has also been observed'*? that the dynamic procedure yields a large number
of zelatively small particles of dissimilar size and shape. This is because the HCI is
present in excess and, therefore, particle growth is comparatively much more rapid
than recrystallization.

In studying the effect of temperature on crystal growth, it was found!#? that
at 300°C the process was slower and at 400°C the distribution of NaCl was not
uniform. Therefore, 350°C was selected as the optimal temperature. Marshall and
Parkerl® preferred a temperature of 360°C for 3 h, while Badings er al.'** preferrad
200°C for 1-2 h.

Badings et al.'** studied the effects of storage on the distribution of NaCl
crystals on the capillary inner wall. K was found that capillaries which were sealed
after HCl ireatment and stored for I week showed irregularities when compared
with freshly treated ones. The particles were larger and irregular in shape. It was
concluded that resideal water in the capillaries (formed duripg the reaction of HC1
with the soda-glass) caused migration and recrystallization of the NaCl particles.
When celumns were stored under vacuum, the integrity of the surface was retained.

Inconclusion, the imitations of thismethod of surface roughening are as follows:

(1) Crystal growth depends to a large extent on the surface composition of
the glass and, therefore, the reproducibility of an ideal micro-roughness is difficult.

(2) The procedure is essentialiy limited to soft glass columns.

(3) The solubility of NaCl in varions Hquids can present a problem during
coating of columns with the stationary phase'®,

(4) Columans coated with thin films show some adsorption properties resulting
from the weak Lewis acid behavior of the sodium ions'*,

{5) High alkali concentrations on capillary surfaces increase the catalytic
decomposition of various stationary phases with resnltant bleeding at higher tem-
pecatures.

4.4. Silica whisker formation

It was demonstrated by TeZarik and Novotny!3*-'%3 in the late 1960s that
surface roughening in glass capillaries could be accomplished by reaction of the glass
surface with HF gas at elevated temperatures. The general procedure imvoived
filiing the capillary with the eiching vapor, sealing both ends in a flame and subjecting
the coluinn to high temperature for a selected period of time. The etching vapor was
either dry HF or 2-chloro-1,1,2-trifluoroethy! methyl ether, which cleaves off HF
on heating according fo the following reaction!:

CIF H Cl F H
] A
H-C-C-0-C-H — > C==C-0-C-H -+ HF @
L [ I
FF H F H

Although the columns prepared this way were cbserved to contain an opague
white deposit, it was not until 1975 that the true nature of the deposit was discovered
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Fig. 14. SEM of a capillary column etched with 2-chloro-1,1,2-trifluoroethyl methyl ether after the
method of TeSarik and WNovotay™®. Reprinted with permission'7,

using scanning electron microscopy>®-149-145_ Fis_ 14 shows an electron microgeaph of
the inner surface of a Pyrex capillary which has been treated with the fluoroether
according to the method of TeSarik and Novotany!®®. Under these conditions of low
fluoroether concentsations, whisker formation does not take place, although the glass
surface has definitely been etched.

Schieke er al 128-1%62%2 have shown that on using higher concentrations of the
fluoroether silica whiskers are formed. The length and shape of these whiskers are
controlled mainly by reagent concentration, temperature and reaction time. Schieke
et al ¥ reported on experiments carried out with fluoroether concentrations of 2.5%,
5.0%; and 10.0%; (concentration is defined as the volume of liquid ether to the total
column volume, expressed as a percentage), temperatures of 250, 300, 350, 400 aad
450°C and heating fimes of 4, 10 and 24 h. Their results can be summarized as follows:

(1) At temperatures of 2350°C and lower, whisker formation does not occur,
regardiess of the concentration of the ether.

(2) As the reaction temperature and/or conceniration of the fluoroether is
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increased, the whiskers change from short and sparse to forms that are longer,
thicker and denser.

{3} At relatively high funoroether concentrations, the whiskers tend to be less
uniform. If the concentration is too high, some of the ether is not vaporized and the
liquid that remains on the surface prevents access of HF and little or no eiching
takes place.

(4) Whisker iength and surface density increase with the length of the growth
period. Under the conditions studied by Schieke er al.'*’, whisker growth appeared
te be complete afier 24 h.

(3) A temperature of approximately 400°C yields the best results. Whisker
length and density can be controlled at this temperature by varying the conceniration
of the ether in the range 2.5%,-10%. This has also been confirmed by Sandra and
Verzele'®.

Fig. 15 shows an electron micrograph of a cross-section of 2 column which
was freated with 1097 fluoroether at 400°C for 24 k. Fig. 16 shows the same surface
at 2 higher magnification. Treatment at a higher temperature (450°C) but much lower
ether concentration (2.5 %) yielded whiskers that were much thinner and more sparse
(Fig. 17). Non-uniform whisker growth such as shown in Fig. I8 was attributed by
Clarke'® to too high a concentration of HF available in the gas phase.

Fig. 15. SEM of a column cross-section that was prepared by etching with 102 fluorcether at 400°C
for 24 h. Reprinted witk permission®’.
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Fig. 16. SEM of a column that was prepared by etching with 1094 fluorcether at 406°C for 24 h.
Reprinted with permission”.

One of the greatest experimentat difficulties in making whisker columns lies
in the introduction of the etching gas or liquid. The method used can greatly affect
the uniformity of whisker growth throughout the column. While Schicke er alt¥7
introduced the fluoroether by injecting a desired liquid volume through a septum
into the column which was under vacuum, Clarke'™ reported better uniformity by
dynamically coating the column with the fluoroether followed by sealing the ends
before heat treatment.

Another problem in using the fluoroether is that a carbon deposit is formed
on the inner glass surface during the high temperature decomposition of the ether'7.
This carbon deposit can be very difficult and time consuming to remove. For this
reason, Onuska and Comba'™! studied whisker formation using hydrogen fiuoride
gas. The gas from a lecture bottle was introduced into the column which was under
vacuum, the ends were sealed in a flame and the temperature maintaiped at 400°C
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Fig. 17. SEM of a column that was prepared by etching with 2.5 % fluoroether at 456°C. Reprinted
with permission®*.

for 12 k. Fig. 19 shows an electron micrograph of the whiskér formations on a soft
{soda-lime) glass prepared in this manner. The whiskers were 2-3 gm in length, coral-
tike in nature and relatively uniform. Fig. 26 shows the results obtained using Pyrex
glass. The whiskers are finer, 3-5 gm in length and resemble glass-wool. These
filamentary crystals exhibit high mechanical strength and increase the glass surface
area up to 1000-fold*s.

The direct use of HF gas is somewhat undesirable because of safety con-
siderations and often observed non-uniformity in whisker growth. These problems
were solved (in addition to solving the problems mentioned when using the fluoro-
ether) by using ammoniuvm hydrogen difiuoride which dissociates to produce gaseous
hydrogen fluoride and ammonia when heated**2. Columns were filled with a 59 (w/v)
saturated solution of ammonium hydroger difluoride in methanol and allowed to
stand for I h before removing the solution with 2 flow of nitrogen gas. The columas
were sealed and heated at 450°C for 3 h. Fig. 21 shows an electron micrograph of a
capillary surface treated in this magner. 'Whisker lengths of 4 g were commonly
observed. An additioral advantage of this method is that maximum whisker growth
znd symmetry occurred after only 3 h.
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Fig_ 18. SEM of a column exhibiting knob-like tops produced from too high a concentration of HF.
Reprinted with permission'¥.

It is generally believed that the mechanism of formation of the silica whiskers
involves reaction of hydrogen fluoride with the glass to form silicon tetrafluoride,
which is then converted into silicen dioxide and deposited in the form of whiskers.
A more in-depth discussion of this process can be found clsewhere'®. Energy-
dispersive X-ray anaiysis of a single whisker and the X-ray powder diffraction
pattern indicate that the whiskers consist of microcrystalline silica#?-'%, Surface
analysis using Auger electron spectroscopy verifies these results:,

Sandra er al.'** have summarized the advantages and disadvantages of whisker
surfaces. An obvious advantage is that with the increase in surface area, a larger
sample capacity is obtained. Furthermore, silica whiskers stabilize all stationary
phases, and droplet formation is seldom observed. The main disadvantage is that
whisker surfaces are extremely active and most deactivating methods are inade-
quate!®-157 In addition, the high degree of roughening decreases the separation
efficiency.

4.5. Barium carbonate deposition

In 1976, Grob and Grob'*® reporied 2 new procedure for surface roughening
based on the production of a layer of barium carbonate crystals, grown from nuclei
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Fig 19. SEM of whisker formation on the inner surface of soft glass produced by etching with HF.
Reprinted with permission®>™.

on the glass snrface. The general procedure consists in dynamically coating the glass
surface with barium hydroxide solution using carbon dioxide gas to push the plug
of hydroxide solution through the columm. During this process, barium carbonate
irystals are produced on the glass surface. A number of subsequent papersts$-163
zive descripticns and modifications of this original procedure.

it was found that the structure of barium carbopate layers produced on the
inner surface of glass capillaries is infiluenced by a large number of experimental
variables, including glass surface structure, erystallization temperature and addition
of stationary phase modifiers (surfactanis)'*®-153, Fig. 22 shows an electron micrograph
of a Pyrex capiilary which had been pre-treated with hydrochloric acid solution
hefore barium carbonate deposition at 80°C. The crystals on the inner capillary walls
are mostly in the shape of needles with poorly defined edges, probably owing to
dendritic growth. Their average length is 34 #m and their diameter is 20003000 A3,
As can be seen in Fig. 22C, many crystals are aligned vertically from the surface. This
¢an be compared with Fig. 23 which represents the same procedure except for a
crysiallization temperature of 25°C. A decrease in the crystallization temperature
resilts in smaller and morz closely packed particles!®®. In this case, no upright
reedles are observed. Barium carbonate crystals grow on any kind of glass surface,
but the glass structure influences the size, shape and distribution of the crystals. On
vntreated soft glass, smaller and less distani particles are formed than on uatreated
Fyrex glass'™. These differences become smaller, however, with prior acid feaching.
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Fig. 20. SEM end-view of whiskers formed in a Pyrex glass column etched with HF. Reprinted with
permission!s,

Three specific procedures are outlined for the formation of barium carbonate
layers. By varying the concentration of the barinm hydroxide solution, different
degrees of surface coverage are possible. Saturated barium hydroxide produces thick
layers of barium carbonate that are suitable for coating with polar stationary phases.
For less polar phases, a 1:10 dilution of the barium hydroxide is used. Finally, for
the preparation of apolar columns, a 1:100 dilution of the barium hydroxide is used.
This dilute solution does not form distinct crystals of barium carbonata!52,

Although the deposition of barium carbonate ronghens the glass surface and,
therefore, improves the wettability of the surface, e¢specially for polar statiopary
phases, there exist several preblems concerning surface activity which are discussed in
Section 5.2.

4.6. Carbon black deposition

In the mid-1960s, Grob??-'** reported studies of several! procedvres designed
to deposit carbon black on the inner walls of glass capillasies by pyrolyzing hydro-
carbon gases or liquids inside the column. Extreme care and high temperatures at the
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Fig. 21. SEM showing whisker formation in a capillary column etched at 450°C for 3 b after treat-
ment with 5% (w/v) NHHF.. Reprinted with permission’*.

C

Fig. 22. SEM of a Pyrex glass capillary column pretreated with hydrochloric acid solution before
barium carbonate deposition at 80°C. Reprinted with permission®ss.

glass softening point were neceded to producc unpiform layers of carbon black
approximately 0.001 gm thick. The deposition of a carhon layer by means of the
pyroiysis of methylene chlonde was one of the more effective methods'®*. The uni-
formity of the carbon layer was particularly affected by the speed of pyrolysis of
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Fig. 23. SEM of a Pyrex glass capillary column pre-treated with hydrochloric acid solution before
barium carbonate deposition at 25°C. Reprinted with pertmission®.

methylene chloride and the uniformity of heat transfer?”. Furthermore, the carbon
layer must be protected from moisture'®. These factors have led to relatively poor
reproducibility.

More recently, stable carbon layers have been deposited on glass capillary
walls by dynamici®-1% or gtatic?’® coating with a colloidal solution of graphitized
carbon black. The resultant layer strongly adheres to the class surface and is not
removed by washing with different polarity solvents.

Studies of different stationary phase film thicknesses on graphitized carbon
black®®-17° demonstrate that by operating with a small concentration of stationary
phase the adsorpiion properiies of graphitized carbon black may also play an
important role, whereas by using a large amount of stationary phasa this effect is
negligible and only partition occurs. It has been claimed that for this reason, “iailor-
made” columns for specific purposes can be prepared!®s.

It has been found that graphite-coated capillary columns permit the nse of
a wide range of stationary phases, while those prepared by the method of Groh?7-164
are suitable only for a restricted range of moderately polar phases.

4.7, Sodiwm chloride depaosition

Since HCI gas etching of soda-lime glass results in a crystalline layer of sodium
chloride, it is logical to form a similiar layer by direct deposition of sodium chloride.
Such an approach is also useful for roughening Pyrex glass.

Watanabe and Tomita'”* first prepared columns in this way by dynamically
coating with a 109, (w/v) aqueous solution of sodium chloride and then drying the
column at 260°C for 10 h while purging with nitrogen. Results indicated that columns
coated with these crystals prior to deactivation and coating were less active than
untreated columns. However, the deactivation effect probably resnited from the
screening effect of the thicker filmed stationary phase on the roughened column.
Further work'”? indicated that the degree of crystal coverage of the glass surface is
dependent on the concentration of the NaCl coating solution. The ratio of the
number of crystals formed is about 1:10:50 for columns prepared from 1%, 5%, and
109/ solutions, respectively, with the 109/ solution giving approximately a 20 % surface
coverage. Fig. 24 shows an SEM of a column coated with a 109 solution.
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Fig. 24. SEM of a glass capillary column after coating with a 107 aqueous selution of NaCl. Re-
printed with permission®™.

Similar work was done by Sandra ef al.'™ except that dypamic coating was
carried out at 60°C. These columns were termed “dendrite” columns. Although the
columns provided adequate roughening for apolar phases, the degree of ronghness was
insufficient to stabilize and maintain thermostable columns of the more difficult to
coat polar phases.

A more claborate method of NaCl deposition for use in polar phase column
preparation was reporied by Franken er 4/**2. In this procedure a suspension of
NaCl, obtained from the addition of a saturated solution of NaCl (in methanol) to
1,1,1-trichloroethane, was passed through the colhimn. Afier the solvent was evap-
orated, the procedure was repeated four more times to imcrease the amount of
NaCl deposited on the wall. Finally, the NaCl conglomerates were recrystallized at
350°C for 1 h. The same group of workers'™ have recently developed a theoretical
model based on electrosiaiic interactions for the mechanism of the deposition of
NaCl, and an improved procedure that gives highly reproducible surface coverage.
Rather than forming 2 film of particles behind the coating plug, as originally thought,
the particles deposit sponianeously from the bulk solution and become attached to
the column wall without evaporation of the solvent. The amount of NaCl deposited
on the columin wali is a function of the volume of the suspension passed through the
column and the contact time of the suspension with the column wall. Ultimately, the
amount of NaCl per unit surface area appreaches 2 maximum as the attraction forces
of the surface diminish. To achieve maximum surface coverage a minimum amount of
suspension corresponding to 25 ulfcm? of column surface should be passed through
the column with a total contact time of at least 40 min at a velocity of 1-5 cm/sec.
Fig. 25 shows an SEM of a borosilicate glass capillary column coated with NaCl by
this method. The surface coverage is nearly complete.
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Fig. 25. SEM of 2 borosilicate glass capillary column after coating with a suspension of NaCl. Re-
printed with permission®™.

£.8. Silica deposition

Homing and co-workers!"*-1% developed a method of surface roughening by
suspending fine particles of silanized silicic acid in the stationary phase as it is coated
on thc inner wall of the column. These particles in the liquid phase change the
spreading characteristics of the film and greatly enhance its stability. The silicic acid
used in these preparations is Stlanox 101, a trimethylsilylated fumed silica with a
primary particle size of 7 nm. As these pariicles do not adhere to the glass surface or
self-aggregate they must be coated with a binder. The siationary phase itself and, in
some instances, a surfactant such as benzyliripkenylphosphonium chloride (BTPPC)
are used as the binder. Experence has shown that when an adequate amount of
stationary phase, solvent and Silanox are suspended together, the solution is too
viscous to coat properly. Therefore, a two-step coating procedure is employed. As two
steps are involved, it closely resembles SCOT column preparation procedures. In
fact, columns prepared in this manner are often described as being SCOT columns.

In the first step, a dilute solution of stationary phase is supended together with
the Silanox to act as a binder and passed slowly through the column leaving behind
a film of silica particles bound to the glass wall by the stationary phase. In the second
step, a more concentrated stationary phase is passed through the column, thus in-
creasing the total amount of stationary phase on the column wall. A typical coating
solution used in the first step of this process is made by sonicating approximately 0.5 g
of stationary phase, 2 g of Silanox and 109 ml of a high-density solvent (necessary
to keep the Silancx in suspension), such as CCl, or CHCL,. In the initial coating siep,
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the wall is first wetted with the solvent used in the suspension, and thea z plug (257
of the column length) of the suspension 1s passed through the column at approxi-
mately 5 cmysec. After the liquid plug is expelled from the column, a nitrogea flow is
continued for 3 h to dry the coating. A 2%, solution of stationary phase in a less
viscous solvent, such as isooctane, is then passed through the columna at 2 cmfsec to
complete the second coating step for increasing the amount of statiopary phase on the
column walil. Fig. 26 shows an SEM of a Silanox -SE-30 coated column which
illustrates that the small Silanox particles do not form a porous layer, but are more or
less regularly distributed over the column wall'”?,

Fiz. 26. SEM of a SCOT column coated with Silanox and SE-30. Reprinted with permission'?7.

Unfortunately, the two-step dynamic process described above is not useful in
the preparation of polar columns. It has not been possible to choose solvent com-
binations that result in even coatings and high column efficiencies. By using a static
coating procedure for the second step, however, the undesirable stripping effects of the
solvent during dynamic coating can be eliminated'’®, but owing to the slowness of
the evaporative technique, the practical limit of columa Ifength is about 20 m. This
problem is overcome by utilizing the forced evaporative coating technique (discussed
in Section 6.3) in place of the repgular static procedures. In this method, the entire
colnmn is filled with a solution of the liquid phase, together with a small amount of
pentane which is added as a low-boiling constituent. The column is then slowly in-
troduced into a heated oven which vaporizes the solvent.
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Blakesley and Torline' have successfully produced a vasiety of polar colnmns
by 2 modification of the two-step dynamic method. Izepal CO-880, a surface-active
agent, is added to the suspension of Silanox and the coating procedures are carried
out as previously described. However, surfactants may alter the retention character-
istics of a phase, so McKeag and Hougen'®® modified the solvent system of Horning
et al 17517 o chloroform—acetone (10:1) in both sieps of the coating process. One-
step dynamic procedures'®!-*82 have also been used io coat polar columns, but the
coating is not as even or desirable as two-step coating meathods!®3,

The hydrophobic surface of Silanox is not compaiible with polar siaticnary
phases and will show poor wettability. It would seem logical to use an unsilylated
fumed silica {Cab-0-5il) in much the same way that Silanox has been used. Pellizzari'®*
developed a method of coating columns with a Cab-0-Sil suspension, followed by
in situ silylation where the particles are cross-linked to themselves and to the column
wall by dimethyldichlorosilane. This surface proves suitable for coating with the
moderately polar stationary phase OV-17. Cramers ef lL.'*° have developed a method
in which Cab-0-8il is used as a stabilizer for the polar stationary phase OV-225.
Cab-0-5il stabilized columns are prepared following the two-step dynamic proce-
durel?5-186 discussed above. The Cab-O-Sil is prepared by treatment with a 1 9 solution
of BTPPC in methylene chloride. After centrifugation, the Cab-O-Sil is washed with
methylene chloride and carbon tetrachloride. The treated Cab-0-5il and a solution
of OV-225 in CCl, are suspended togethes by sonication, and then pushed throvgh
the column at 4-5 cm/sec. Afier drying with nitrogen, additional OV-225 is deposited
by coating with a 109 solution in toluene.

Schulte'® described a method of directly coating a thin film of colloidal silicic
acid on the inner wall of borosilicate glass. A 159, aqueous solution of colloidal silicic
acid (Merck 12475) is dilnted with acetone to form a 0.3 9 solution and centrifuged
to remove the larger particies from the suspension. The column is then dynamically
coated with the suspension in the usual way. Afier the plug of the silicic acid suspen-
sion leaves the column, the temperature is raised to 90°C to evaporate the solvent.
Finally, the column is heated under a nitrogen flow at 130°C.

Another method involves depositing only a minute amount of silica on the
inner wall of the capillary column'®®, A liquid plug of dilute water glass is passed
through the column followed by a flow of gascous HCI. In this way, a thin film of
water glass is left on the glass surface which reacts with the HCl gas to produce
amorphous silica. The coating conditions have to be chosen carefully to prevent the
formation of an unsuitable surface. Generally, a 5-10%/ water-glass solution is forced
through the column at 60°C at a velocity of 5 cmfsec. The column is stabilizad by
scaling the ends and heating for 1 h at 150°C.

Quartz has also been used to roughen the inner surface of glass capillary
columns. The quartz is deposited on the glass tube prior to drawing so that when the
columa is drawn, an even distribution of quartz is fused to the capillary walls (see
Section 3.1 and refs. 100 and 101).

4.9, Other roughening methods

Recently, a novel method of roughening slass capillary columas by a low
temperatuse plasma gich was described'®. In this etching process, performed at low
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pressure, flnoro compounds under the influence of an RF discharge form a plasma
that reacts with the glass wall. The plasma consists of atoms, free radicals and excited
molecunles. I is thought that the principal etching mechanism is the reaction of
finorine radicals with the silica of the glass surface. This procedure can be controlled
by merely timing the length of the etch. Fig. 27 shows an SEM of a glass capillary
columa that has been plasma etched for 8 h with carboa tetrafluoside.

-
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Fig. 27. SEM of a plasma-tched glass capillary column after treatment with CFE; for 8 b. Reprnted
with permission™.

5. SURFACE DEACTIVATION AND CHEMICAL MODIFICATION
3.1. General considerations

As discussed in Section 2.2, the glass surface has several different types of
active sites originating from various glass ingredients or from the silica strecture itself.
The earlier surface modifications were aimed mainly at providing better wettability
of the glass surface with respect to the stationary phase. More recently, attention was
directed towards deactivation of the suiface, This is 2 resnit of the increased interest
in trace analysis and the development of more sensitive detectors.

Fortunately, heowever, it has been shown that the best deactivation methods
also modify the glass surface and provide beiter wettability. In this section, the
various approaches to deactivation are outlined and discussed in some detail.
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5.2. Roughening methods

Surface roughening methods provide some, aithough often limited, deactiva-
tion in two different ways. The first way involves physically covering many of the
more active sites. For instance, the erystallization of sodium chloride on the glass
surface results in the covering of active glass ingredients by crystals of a somawhat
weaker Lewis acid, sodium. The net effect is a Iess active surface. In addition, the
surface roughening often provides better wettability of the surface, which results in
better coverage by the stationary phase and less net surface activity. The stationary
phase itself provides a certain degree of deactivation, especially when coated im
rather thick films.

Although the barium carbonate procednre was originally developed as a
treatment for roughering the glass surface (see Section 4.5), it has also beea claimed
by Grob er al.****%* that in addition to foiming crystals, batium carbonate covers the
entire glass surface in a very ithin, smooth layer, and thus produces an inert back-
ground for durable deactivation. In fact, it is claimed that when using a very dilute
solution of barium hydroxide, as in the preparation of apolar capillary columnus, only
a smooth surface cover with no observed crystals is obtained'¥. There are scveral
contradictions to this claim, even within Grob et al.’s own work. For instance, it was
found that the glass surface afier barium carbonate treatment was slightly basic, and
that acids with pK, values lower than 6 (i .e., mosi fatty acids) have difficolty passing
over the carbonate surface'®. Furthermore, 1t was found essentially impossible to
deactivate satisfactorily barium carbonate crystals which were not covered by liguid
stationary phase films'®3, In fact, Grob ez gl. recommend a Carbowax deactivation
after barinm carbonate treaiment"™ 2. Onuska and Comba™® have found that
deactivation of a barium carbonate treated susrface with Carbowax is insufficient to
prevent the adsorption of propionic acid.

The thermal stabilitics of stationary pbases coated on capillary columns after
various pre-treatments have been studied by Schomburg and co-workers™?-1°L. They
observed a rapid bleeding of the phase on alkali glasses even after BaCO; deposition
(see Fig. 31).

Recent analyses of surfaces after barium carbonate treatment by X-ray
photoeleciron spectroscopy (ESCA) and Auger electron spectroscopy (AES)™ have
shown that the surfaces are not completly covered with barium carbonate.

It has become apparent that the barinm carbonate procedure is principally
a surface rougheaing technique and it is somewhat improper to refer to the technique
as one which ales produces surface deactivation.

J.3. Surface-aciive agenis

Molecules of surface-active agents adhere to the inner wall of a capillary
column, forming an oriented monomolecnlar layer. This layer can shicld the sarface
and provide a simple and versatile method of deaciivation. The surface-active agents
can be added to the stationary phase or used scparately to pre-ireat the wall before
coating with the stationary phase.

A number of workers?-192-199 reported the use of surface-active agents as
additives to liquid phases to improve the properties of stainless-steel capiliary columns.
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These materials usually have a polar end that is adsorbed on the capillary wall which
deactivates its active sites. The other end of the molecule presents a surface which
decreases the surface tension of the liquid stationary phase. Metcalfe and Martin'™
proposed the use of a quaternary ammonium compotnd, trioctadecylmethylammo-
nium bromide {Gas-Quat L}, as a susface modifier for use in coating glass capillaries
viih varions phases.

Grob?” later described the detailed experimental procedures applicable to
glass for this approach. It was originally belicved that the cationic portion of the
quaternary ammonitm ion combincd with the negatively charged -Si-O~ function
of the glass surface. This in reality was not achieved? and the usefulness of the proce-
dure is questionable,

More recently, several workers used bepzyltriphenylphosphonium chloride
(BTPPRC)?-141.145,200.201 p sodinm tetraphkenylboraie (Kalignost)*™-2% for deactivation
of glass capillary columns. Both BTPPC and Kalignost are believed to adhere to the
glass surface rather than fo react with it, and should provide deactivation for both
silanol groups and Lewis acid sites?®. Kalignost is an anionic agent, while Gas—Quat L
and BTPPC are cationic. Typically, columns are deactivated by repeated vinsiags with
dilute solutions of the agent and pure solvent.

_ There have been recent reports of the use of diisobutylphenoxyethoxyethyl-
dimethylbepzylammonium chioride™®?, irethanolamine’™® and triisopropanol-
amine'™ as surface modifiers.

Thir. coatings of basic salts such as E,CO,, Na;PO2%2-2% and KF?** have also
been used successfully to interact with active surface sites and produce less active
columns. These procedures ave especially useful for the preparation of polar columps
for the analysis of organic bases such as amines.

The main drawbacks of these approaches are the often ready displacement
of the monolayers by ciher substances, their limited thermal stabilities and their
inherent activities toward many sensitive compounds. It is also possible that these
additives may affect the retention characteristics of the stationary phase.

5.4. Organic polymer coatings

Aue et al®® found that when Carbowaz 20M was coated on a diatomaceous
earth support. heat-treated at 280°C, and the resultant packing exhaustively extracted
with boiling methanol to remove the phase, a highly efficient, well deactivated packing
with very low bleed characicristics was produced. It was proposed that the long
polyethylene glycol chains were permanently bonded in & pear monomolecular layer
to the silica surface by means of hydrogen bonding and various types of Van der
Waals bonds. More details on this method of deactivation for chromatographic
packings have come from subsequent studies by this gronp?®—211,

Cronin®* applied 2 non-extractable Carbowax 20M film to capillary columns
by dynamically coating the columns with a2 2% (wfv) solution in methylene chloride,
sealing the capillary ends and placing them in an oven at 280°C for 16 b. After this
treatment, the coating was removed by washing the column successively with
methylene chloride and methanol. The resultant surface was found to be suitable for
further coating with Carbowax 20M. Other varsiations of this method bave been
published?s:33:158_ The later version of Grob and Grob'*® involved repetitive coating
witk more dilute solutions followed by heat txeatments.
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Although Grob and Grob!'®® claimed that the strongly polar polyethylene
glycol deactivated surface is “poorly wettable by apolar phases”, Blomberg and
Wannman®? found the surface to be very compatible with apolar phases such as
SP-2100 and OV-101. It was suggested that a similar effect occurs to that found with
a thin layer of octadecanol coated on diatomite, in which the hydroxyl groups are
oricpted toward the suppce-t surface and the film surface thus exhibits 2 non-polar
character®!®,

Deactivation of glass capillaries with Carbowax 20M via the gas phase was
more recently reportad?1%-215. A olass tube, packed with 5% Carbowax 20M on
Chromosorb W AW, was inserted into the hot zone of the injection port ¢f a gas
chromatograph, which was maintained at approximately 250°C. The volatiles from
the precolumn were allowed to bleed into the capillary column cvernight at a
temperature 5-10°C lower than the injector port and 2t a nitrogen flow-rate of 1-3
ml/min. It was found that the process of deactivation took place uniformly cver the
entire column length at a rate determined by slow reaction kinetics rather than by a
limited availability of the bleeding products. This was consistent with the observation
that the deactivation process was not influenced by column length, column diameter
or carrier gas flow-rate.

The axact mechanism of bonding of Carbowax to the glass surface is not
known. Whereas earlicr reports®-39-33.138.212 gy o0est that hydrogen bonds and Van der
Waals bonds are involved, it is believed by some?'? that pyrolysis of Carbowax
produces organic species, such as oxirane, which are chemically bound to the slass by
reaction with the surface silanol groups:

. OH
-5i-OR < 5.0 -5i-0

-51-0H v -Si-OH —SE—Oj (5)

While some form of chemical bond cannot be entirely ruled out, most bonds are not
expected to withstand the vigorous extraction procedure with methanol during
preparation®®-2'2_ 1t is known that the presence of surface silanol groups is necessary.
1t was shown by Daniewski and Aue?®? that a drastic decrease in the number and
type of silanol groups from the silica surface by heat treatment at §30°C under a dry
nitrogen flow can be detrimental io the successful bonding of Carbowax.

In addition to Carbowax 20M, a number of other organic polymers have been
used for deactivation. These include Carbowax 100062, Carbowax 400'%, Emulphor
0%, squalane's, ethoxycarbonylpelyphenylene?’®, aikylpolysiloxanes®®’, poly-N-g-
hydroxyethylaziridine'?, N-isopropyl-3-azetidinol™? and N-cycloheryl-3-azeticdinol'*?,
the last two which, although not polymeric, can be heat polymerized at relatively low
temperatures,

The thermal stabifities of Carbowax deactivated columns are a matter of
controversy. Althongh claims have been made of stability even at temperatuses above
300°C, studies have shown'*"-2!¢ that these columns are pot stable for extended use
above 250°C. On the other hand, Schomburg ef al.'*! found that by coatinz capil-
laries with alkylpolysiloxanes (OV-1, OV-101, OV-17, Dexsil 400, SE-52 and SE-34),
hezting the sealed columss to 450°C and re-coating with the same stationary phase,
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columns were produced which were stable up fo nearly 300°C. They suggested that
the decomposition products of the polymer undergo chemical boading to the glass
surface by reaction with the sutface silanol groups, very similar to the process of
silznizatign.

In addition to thermal instability, polar polymer deactivation layers can also
imfluence the polarity of the stationary phase. This is especially noticeable for columns
coated with thin film of apolar phases®.

5.5. Acidic leaching

Leaching refers to the removal of soluble components from a haterogenaous
matrix, usually with the use of an aqueous solction. As discussed earlier (see
Section 2.2), glass contains metallic cations which fanction as Lewis acid sites and
give the glass undesirable chemical activity. Conirolled acidic leaching can remove
these active sites from the slass capillary colamn wall and form a silica-rich serface
that greaily enhances chromatographic performance®®. The formation of a silica-rich
surface layer greatly minimizes the effects of glass variety on subsequent treatments
and lends a higher degree of reproducibility to column preparation. The general
reaction can be understood in terms of electrophilic or nucleophilic atiack on the
siloxace bridges (Fig. 28). Electrophilic attack on the acidic siloxane bridge is unlikely
and dissolution of silica in acidic solutions will be a slow process. Nucleophilic attack,
however, can occur readily and accounts for the increased solubility of silica in
alkaline solutions. In order to beiter understand the leaching process, some of the
fundamental mechanisms are described below.

INITIAL TRAASTTICHAL FIMAL
STATE STATET STATE
ELECTRIPHILIC Nnr - Nar - ~ ot -
ATTACY /S!'-O " Sl‘i— —'/Sl""'(:)'-Sl: ;Sl H 0"‘8!:
H
NUCLEGFHILIC ~.. -~ A Ve N - v
ATTACK —8—0—=5i— —Si-—0—-5i— —=<Si—0H O0O-—-S-
g ~ < b 4 ~
‘CH

Fig. 23. Diagram of electrophilic and nucleophilic attack oa Si-0-Si bonds.

Below a pH of about 7, glass is hydrolytically decomposed. The S O-R bonds
rather than the Si-0-Si bonds are cleaved. R, an alkali or alkaline carth metal ion,
can form a water-soluble salt that passes into solution and is replzced by an H* ion.
The coriginal Si—~O--R bond is converted to an Si—-OH bond and a surface gel is formed.
This type of process is generally thought to be diffusion controlled with the amount
of alkali extracted proportional to the square root of time®%23,

Obviously, acidic leaching of a glass surface increases the density of the surface
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hydroxyl groups. Consequently, acidic leaching must be followed by some treatment
that effectively blocks the surface silanol groups, or the net effect is ap increase in
surface activity. Forfunately, silanol groups can be adeqguately deactivat:d by
silylation (see Section 5.6), whereas the original Lewis acid sifes capnot be blocked or
otherwise deactivated. The only alternative for ridding the column wall of their
effects is to remove them.

During acidic leaching the alkali and basic oxide components are dissolved to
yield a silica-rich surface layer. For example, secondary ion mass speciromeity of a
piece of soda-lime glass that had been washed in water for 60 min at 37°C revealed
a sodinm and <alcivm depletion layer several bundred 3ngsivoms thick®?*, Other
recent studies indicate that both sodivm and calcium are removed from the surface
in about the same proportion to ore another as ihey exist in the bulk glas:®25-2%5,
These results do not support some earlier theories which postulaied that acidic
leaching preferentially removes sodium ions and leaves a surface layer enriched not
only in Si0,, but also calcium ions.

Below pH 7, the original plass backbone of Si-0-5i is unaffected. Alkaline
solutions (NaOH), however, break the Si—-O-Si bonds and form S5i—0H and Si-0-Na,
thus bringing about the actual dissolution of the silica surface. Rather than an en-
riched surface layer of silica, 2 porous surface structure is formed. Tnstead of diffusion
kinetics, an interface reaction predominates with the amount of material leached
being linearly dependent on iime.

Actdic leaching of solid supports for packed column chromatography has been
carried out since the inception of gas chromatography. This treatment was done
empirically without any clear idea of its purpose, although it was generaily thought
that mineral impurities were removed??’. Horning ef al 2?® were the first fo show that
the tailing of steroids is reduced by washing the support with acid prior to silylation.
Early results of acid leaching in the preparation of capillary colamns, however, were
not favorable. Some glass capillary columns were leached so intensely that thay were
made porous, and were consequently so adsorptive that they were suitable for use
only in gas—solid chromatography (see Section 4.2). Other workers evidently expe-
rienced disappointing results when trying to apply acidic leaches. Novotny and
co-workers®13? suggested that any treatment involving aqueous solutions actually
worsened columa performance. A few years later, however, Novotny and Bartle?®
recognized that an acid leach would be useful for the removal of reactive metallic
cations from the glass. Later in the same year (1974), Diez ef 2l.'S also concluded that
acid leaching would remove the reactive cations and give improved chromatagraphic
performance.

Tt was not until 1975, however, that leaching was suecessiully used in the
routine preparation of glass capiliary columns. Lee®™ reported that columns washed
with formic acid were superior to those which had not been acid treated. In this
procedure, soft-glass columns were first treated with HCI gas, and then thoroughly
washed with concentrated formic acid by slowly forcing approximately 40 £l of the
acid through the <olumn. Although NaCl is only moderately soluble in this organic
acid, the excess acid solution completely removes the NaCl crystals. After deactiva-
tion by silylation, columns prepared in this manner have proved suitable for the
analysis of polycyclic aromatic hydrocarbons. Numerous chromatograms obtained
with columns prepared in this manner have been published?1-233,
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Borwitzky and Schomburg®®* recently reported a procedure that is similar to
that just discussed. In their procedure, the sodium chloride crystals formed on the
inner surface of alkali-glass capillaries by HCI gas are removed by forcing water
through the capillaries followed by subsequent rinsings with acetore and diethyl
etker. Such a treatment forms a thin layer of dealkalinized glass on the surface, This
leads to increased temperature stability of the coated stationary phase (see Ssction
8.4). The surfaces obtained afier removing the NaCl layer are smooth, but are easily
wettable by most methylsilicone stationary phases'?i-334,

In 1977, Gsob et al.** reported on modifications and improvements of their
ariginal BaCQ, column preparation procedure (see Section 4.5), among which was an
acid leach. The treatment was designed to produce a silica layer that was compatible
with BaCQ, crysiailization. The type of leach described, and that which is still
advocated by Grob er zL, is a static leach in which the capillary column is almost
completely filled with 207, hydrochloric acid. After the ends have been sealed, the
column is heated to 150-180°C and left overnighi. The exact temperature of the
treatment depends apon the type of glass, Pyrex requiring the higher iemperatures.
Afier cooling, the column is rinsed with a one-quarter column length ptug of distiied
water, and then with the same amonnt of methanol. To remove completely any water
and to dehydrate the silica surface, the Grob recipe advocates heat treatment at
300)°C under a moderate carrier gas ficw for several hours.

Lee and co-workers?#-237:23 prefer dynamic over static leaching. In this method,
209% HCI iz slowly forced through the giass capillary column at approximately
110°C, the boiling point of the acid solution. By preventing the formation of steam,
the surface is not roughensd excessively and longer leaching times may be applied to
allow reactive cations to diffuse more effectively from the glass matrix and into the
Ieaching solution. Since the rate of exiraction of ions is proporiional to the square
raoot of time, a longer, milder leach is preferable. Generally, a2 90-m length of capillary
column is leached for about 50 h with 50 ml of acid solution. SEM analysis of
capillaries leached in this way show no distinguishable surface roughening. However,
it is possible that the extraction of ions leaves the surface somewhat irreguiar on a
mclecalar scale. Afiter leaching with acid, columns are rinsed with copious amounts
of deionized water to remove all traces of HCI residues. These residues can lead to
poor thermostability of the stationary phase and o active susfaces. A heat treatment
is also necessary to remove physically held water from within the leached silica sur-
face, and from the surface itself. To prevent surface dehydroxylation the temperature
should not be above 150°C (see Section 2.2). Once agam, a longer, milder treatment
gives optimal results. Generally, overnight treatment with carrier gas fow at about
100°C and then a few hours at 150°C is sufficient to remove undesirable water. Exces-
sive moisture not only decreases the wettability of the glass surface, but also interferes
with chemical modifications such as silylation.

After phase separation of Pyrex glass (see Section 2.1) induced by heat treat-
ment, the borate phase is soluble in acids, and therefore readily extractabie by acid
leaching®?. Although complete phase separation takes a long time, it is possible that
the high temperatures involved in drawing glass capillary columns can also induce
spme phase separation. Nevertheless, the boric oxide phase itself, being amphoternic
in nature, is also extractabie by acidic leaching®®. However, infared studies®*® of
leached glasses (povous glass-969 silica) bave indicated that a surface highly en-
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riched in boron exists. In fzct, the B:Si ratio mayv be as high as 1:3. The susface
excess of boron is assumed t{o be caused by a re-precipitation process during the
leaching of the glass wherein a borosilicate gel is formed®*®.

This re-precipitation process (if it acinally occurs) can be avoided by preventing
a build up ia concentration of boron and silica in the leaching soletion by continually
providing fresh leaching solution. Essentially, the dynamic leaching method of Lee
and co-workers?*-238 fulfills this requirement. Auger electron spectroscopy and ESCA
surface data?® indicate that dynamically leached Pyrex glass capillary colurnns have
a surface completely free of boron and other metallic impurities. In fact, depth profile
analyses indicate that a relatively thick layer of pure silica is formed?®. Thus, 2 leached
glass surface of this nature has many of the same properiies that give fused silica its
intrinsic inertness.

Under static conditions it is possible that boron ion re-precipitation could
iake place. The other ions extractad from the surface could also be re-precipitated.
In fact, surface analysis data of glass capillary columns prepared after the manner of
Grob et al'9-33-242, which utilizes a static kcach, indicate that a pure silica surface is,
not always formed®'. Furthermore, as the pH of the static leaching solution increases
from the alkali extracted into it, the reaction kinetics could change from diffusion-
controlled to interface-controlled. When this happens the silica-rich surfice region
starts to depolymerize and is eroded away®?*.

Grob et al*** recently recognized some of the inherent problems associated
with a static leaching procedure and suggesied modifications to compensate for them.
For instance, since dissolved ions have a tendency to be readsorbed on to the silica,
they suggest that after statically lzaching a colummn, it should be flushed with dilute
FHCI (a dynamic leach). They also suggest that this treatment should be dorne at room
temperature iustead of 150-180°C. They further recommend that dehydration of the
surface be done for both shorier lengths of time and at lower temperatures; 30-90 min
instead of 12 h and 220-250°C instead of over 300°C. Clearly, this milder dehydration
treatment does not lead to as excessive surface dehydroxylation as the earlier
describad treatments.

5.0. Moadification by chemical bonding

One of the most practical methods of eliminating the undesirable activity of
the surface hydroxyl groups is to replace them chemically with inert grougs. Further-
more, the glass surface wetiability can be enhanced by cheoosing modifying groups
that are compatible with the desirad stationary pbase. Chemical similarit.es between
the column wall and the stationary phase are conductive fo its efiicient spreading.
Non-chromatographic work indicates that for low-energy surfaces, such as chemically
modified glass, the temperature dependence of the criiical surface tension of the sur-
face and of the liquid surface tension are comparable only if the surface and liquid
are chemically similar**®. This is of particular concern, since elevaied iemperatures
and temperature programming are commonly used in the operation of gluss capillary
columns. The hydroxyl groups on the glass surface offer 2 aumber of possibilities for
modification, some being more effective than others.

Early modification methods incleded the formation of Si—O-C, 5i-C-C and
Si—0-8i-C bonds. In the formation of Si—-O—C bonds*?*5, the hydroxyi sroups are
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first chlorinated and then reacted with an a‘cohol. However, since the aster bond has
low thermostavility and is easily hydrolvzed, this method has found little practical
value in glass wall modification®. Chlorinated silica surfaces can be further modified
by using Grigaard??*? or organolithium compounds??-247-2¢? for the formation of
Si-C-C bonds. The carbon atom bound directly to the silicosn atom is more stabla than
in the case of esters, but the Emited selection of organolithium compounds decreases
the value of this approach. The use of phenyi- and butyilithium for the medification of
glass capillaries as been described?™.

One of the mosi widely applied methods of chemical suiface modification in
glass capillary column preparation is silylation or silanization, the terms being
synonymous. In this reaction, the surface hydroxyl groups of the glass are replaced
with silyl ether groups. Modifications produced in this manner are extremely stable,
owing to the strength of the S5i—0O-Si linkage. Tke polarity and chemical characteristics
of the modified layer that is formed by silylation can be controtled by the choice of
constituents of the silylation reagent. Silylation of glass capillaries was first reported
by Kiselev?*® and Kiselev and Shcherbakova®!, who used trimethylchlorosilane
(TMCS).

TMCS reacts with the susface hydroxyl groups according to the following
reaction: '

Si,~OH + CI-Si(CH;); — Si,~0-Si(CH.), + HCi ©)

Gravimetric and speciroscopic studies of silica surfzces indicate that only the fiee
surface hydroxyl groups are involved in this reaction®™-2%2-2%4, The hydrogen-bonded
hydroxyls react little, if at all, and lead to defects in the chemically bonded surface
layer. The reaction of alkylcilorosilanes with the susface groups may be considered
to involve a bimolecular transition state, and in the case of hydrogea-bonded hydro-
xyls, steric hindrance prevents the approach of the silane to the oxygen atom of the
hydroxyl group and the subsequent formation of the transition state®*, It is known
that at lower temperatures, methylchlorosilanes are physically adsorbed on the
silica surface and are not chemically rcacted®®-2%. Although the literature coniains
contradiciions, it would appear that reaciion temperatures of 300-400°C are necassary
to ensure complete (available) reaction®!-2%-23%, Physically adsorbed surface water
and structurai intraglobular water, however, react readily with methylchlorosilanes at
room ternperature, the water being a better nucleophile than the surface hydroxyt
groups®®. In fact, dimethyldichlorosilane forms polymethylsiloxane macromolecules
in the pr:sence of water®z,

As discussed previously (see Section 2.2), dehydration at 150°C removes most
of the physically adsorbed water from the silica surface and provides a maximum
number of bonded silanol groups, i.e., about 5 per 100 A2 Dehydration at 400°C
essentiaily removes only hydrogen-borded hydroxyl groups and leaves the number of
free silanol groups unchanged. This has been confirmed in glass capiilary column
studies®®, It would therefore be expected that the demsity of bonded silyl groups
would be as great for the 400°C dehydrated surface as fer the surface dehydrated at
150°C, since only free hydroxyl groups react. In fack, since the area of the trimethyl-
sityl group is approximately 40 A? (refs. 56 and 258-260), only about 2.5 surface
silanol groups per 100 A® are capable of being blocked by silylation. Steric hindrance
would himit reaction of any greater number. The residual bydroxyl gromps might
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be considered as being covered with an umbrella formed by the ~Si(CH;), lizands.
The kineties of reaction for TMCS (eqn. 6) with the surface silapnol groups
are expected and confirmed to be first order. With dichlorodimethylsilane in this
reaction, a first-order reaction is no longer obtained. It has been proposed that
bifunctional silanes can react according to the equation
Si0OH Ci CH; Si—0 CH
+ Ssid  — Nsid
si-oH ca” \cH, si-0”  \CH,

Second-order reaction kinetics might be expected, but 1.6 reaction order kinctics are
observed® . This can be accounted for by assuming that 6§09 of the hydroxyls react
bifunctionally as suggested above, and that 409, react monofunctionally as does
TMCS. This indicates that 609 of the silanol groups are sufficiently close together
that they can react bifunctionally, yet sufiiciently far apart that they do not hydrogen
bond to ome another?s,

With hexamethyldisilazane (HMDS) the overall reaction taking place wiih the
surface is

251, 0H + (CH,):Si-N-Si(Ci;); — 28i,-0-Si(CH,.), + NH; (3)

N

H

The frecly vibrating hydroxyl groups are essentially monoenergetic, that is, the
reactivity of ali the groups is the same. This means that these groups react randomly.
It has been determined that the reaction of HMDS with a silica susface follows
second-order kinetics?®!. In other words, when one HMDS molecule reacts with the
surface, two OH groups are removed. The second-order kinetics can be accounted
for by two reaction schemes. The first scheme as shown in eqn. 8 is a simple, one-step,
three centered reaction, and impiics that all the hydroxyl groups are sufficiently close
that they react in pairs. Alterpatively, the reaction can be thought of as proceeding
by a series of reactions where a reactive intermediate product is formed which
immediately reacts further with the surface. Such a scheme is shown below®!:

(CH):Si-N-Si(CH,); + H - Si(CH,); + (CH_,,)_-,S:—N/ ©)
I |
H o O
I
followed by St Si
(CH,),Si-N A +H —> Si(CH,), -+ NH, (10)
NH | |
o s)
| |
Si, Si,

The data indicates that about 707 of the HMDS molecules are adsorbed on two
sites, and 307, adsorbed on a single site®!. HMDS is considerably more reactive
towards surface silanols than chlorosilanes, with chemisorption taking place at a
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{ower temperaturg?®®-2%0-261 The >N-H of the HMDS is a much sironger profon
acceptor than is the chlorine of the TMCS molecule*ss,

In reactions of chlorosilanes, HCI is a reaction product. Likewise, NH; is a
reaction product when HMDS is used. It has been suggested that the HCI reacts
with the silica surface, perhaps at the siloxane linkage, to form additional silanol
groups. However, experimental evidence does not support this theory®-?%? apd
theoretical considerations would deem it unlikely. With a glass surface containing
metal oxides, however, HCI reaction could certainly form additional silanol groups.
NH;, on the other hand, has been shown to adsorb physically on the silica surface at
temperatures less than 170°C**. At higher temperatures it is also possible for the
NH, to react with the surface by nucleophilic attack on the silica structure.

The bonded silyl groups are extremely stable and may be heataed to 500°C in
vacuum or 400°C in air?* without decomposition. Other studies show that silylated
surfaces are stable up to 350°C%53. HMDS silylated surfaces are stable to at least
400°C, even with water vapor present®l. Boron, present as boronol groups (B—OH),
behaves very similarly to silanol groups. The boronol groups are, however, much
more reactive, and tend to form less stable ether groups. In fact, the ether formations
are easily hydrolyzed by water at 400°C.

Since fused silica capillary columns are drawn at an extremely high {emperature
(around 2150°C), the surface is probably completely dehydroxylated'”-55. Further-
more, at temperatures greater than 800°C, the silicon tetrahedra are able to rearrange
and partizily relieve the strained siloxane linkages formed from the condensation of
surface hydroxy! groups’s. This rearrangement decreases the reactivity of the siloxane
bridge and makes rehydration difficuli. Likewisz, the adsorptive effects of this bridge
are probably reduced. Consequently, the surface of fused silica has fewer active sites
than does regular silica or glass, but the possibilities of chemical surface modification
are also restricted. This could limit the number of stationary phases that can be
effectively coated on fused silica.

In glass capillary column silylation, Novotny and co-workers!45-2%* demon-
strated that silylation with a gaseons mixture of HMDS and TMCS of previously
etched columns improved their coating with apolar stationaty phases. This procedure
was carried out by passing the vapor of a 5:1 mixture of HMDS and TMCS through
the column for 30 min. The ends of the capillary were sealed and the column was
heated at 150°C for 48 h?®%. This treatment, however, reduced the column efficiency in
the case of polar stationary phases. Such behavior would be expected since the
hydrophobic silylated snrface would be less wettable by the polar stationary phase
than thz original hydroxylated glass surface. In 2n attempt to improve wettability of
the glass surface by polar stationary phases, Novoitny and co-workers®*2%7 used
a variety of differently substituted silanes to form surfaces of “tailor-made™ polarity.
In this work, an attempt was made to match the chemical character of the stationary
phase with similiar groups on the glass surface. For example, polar stationary phases
such as polyethylene or polypropylene glycols are spread uniformly on hydroxyl
monolayers, while the incorporation of cyano groups into the surface structure in-
duces a regular coating of 2,2’-oxydipropionitrile. Surface measurements of contact
angles and critical surface tensions were carried oat and correlated with chromato-
graphic performance®®’. This work demonstrates that the wettability of glass surfaces
can be significantly improved by chemical! modification.
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Rutten and Luyten®™ used a modified version of the silylation procedure
described by Novotny ez al.*s* for the preparation of apolar glass capillary colemns
for steroid analysis. Rather than passing the vapor of 2 5:1 mixture of HMDS and
TMCS through the column, 259, of the column length was filled with the solution.
After forcing this plug through the column the emds were sealed and the column
heated to temperatures above 150°C for a few days. It was found that columps
treated at 150°C deteriorated rapidly, while those treated at 200°C were stadle for
several months. These ohservations were explained by the assamption that at 150°C
certain reaction products arve deposited that lead to a Iayer favorable for the spread-
ing of the stationary phase, but when heated to 250°C, the reaction products degrade.
It was theorized that at 200°C these reaction products do not form. However, 1 mose
probable explanation is that at lowar temperatures the silylating agents are physically
adsorbed en the surface and desorb on heating, thes promoting column deterioration.
At the higher temperature, some chemical boading occurs, and a more stable
deactivation is produced.

Welsch ef 2l.2%8 were the first to attempt high-temperature silylation of glass
capillary columns. After experimenting with various silylating agenis, solvenis and
reaction temperatures, it was concluded from chromatographic performance iesis
that pure HMDS at 300°C for 20 h gave the most favorable surface silylation. In this
treatment, a plug of HMDS is quickly pushed through the column at 4-5 cm/fsec.
Afier all the reagent has been expelled, the column ends are sealed and the entire
column is slowly heated 10 300°C and maintained there for 20 h.

A few years later, Grob ef @l.**° began uvsing a modified procedure similiar to
that of Welsch ef al. In this pocedure the columns are beat treated at 409°C, which
undoubtedly gives hetter susface silylation. Grob et al. also suggested that diphenyl-
tetramethyldisilazane may give a more stable surface layer than HMDS. Hs larger
size, however, probably inhibits complete suiface reaction. In studies with silica, it
has been found that bulky phenylsilanes provide less substitution due to steric
hindrance?™, These bulky silanes, though, may provide a better shiclding layer or
wmbrelia effect to cover reactive silanols.

Lee and co-workers?*->%% have also shown that silylation at 400°C is superior to
that obtained at lower temperatures. In this procedure, dynamic gas phase conditions
are used to emsure excess reagent apd to minimize reaction product isterizrences.
Beth the vapors of HMDS alone and of a 5:1 mixture of HMDS and TMCS have
been used successfully. Surface apalysis data?* indicate that no ammonium chloride is
deposited dusing reaction with a mixture of HMDS and TMCS as has been
postulated?ss,

Clearly, the degree of surface coverzge by silylation is related to the number
of hydroxyl groups on the susface (at least to a ceriain limiting conceniration). Aue
and Hastings®™* found that larger amounts of silane could be bonded to a solid
support that had been previously hydroxylated by acid treatment. This same general
relationship was found to apply to capillary column preparation?”2. More recently,
Grob ef 2123 found that a maximum density of silanol groups increases the degree of
deactivation and thermostability obtainable by silylation. Such findings are in
agrecment with studies by Wright er 212,

With static silylation (ends sealed) it is difficult to obtain complete reaction
by simply providing excess reagent. Grob ef af.2%? suggest that the NHj; liberated dusing.
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the reaction of HMDS with the silanol groups reacts corrosively with the silica, thus
continuously providing additional reactive silanol groups. Prolopged reaction of
this type can result in the formation of an undcsivable sponge-like surface layer. In
addition to possible adverse adsorpHve effects for small apolar malecules (induced
by the surface porosity), such surfaces resemble the resinous polymeric pature of
di- and trichlozosilane polymers. As discussed by Novotry ef al2™3, these formations
complicate wetting phenomena and produce adverse mass transfer problems during
chromatography. Dynamic silylation, however, minimizes the effects of NH; forma-
tior, in that fresh silylating vapors are continuously being flushed through the
column, and the associated reaction products being continuously purged. Thus, the
NH; concenfration is unable to build to a sufficient level to be significant.

Schomburg er 2% have described a deactivation procedure in which a non-
extractable layer of polymethylsiloxane phase is produced on the glass surface. With
this technique, glass capillary columns are dynamically coated with 2 polymethyl-
siloxane phase, such as OV-101, filled with N, and sealed by melting the ends, and
ther heated to 450°C for 2-20 h. During heat treatment, the polyvmethylsiloxane

- partially -decomposes with probable boading taking place between the decomposi-
tion products and the surface silanol groups. It is believed that this in sife silylation
nrocedure is similiar to the oligomerization of chemically bonded stationary phases
(ses Section 7.3). After heat treatment the column is rinsed with solvent to remove
non-bonded stationary phase. The column is then recoated with the same stationary
phase to produce a film of defined thickness and polarity.

A similiar procedure has also been described by Lee et gl.2*%. In this deactiva-
tion treatment, dichlorooctamethylietrasiloxane (available commercially as Surfasil)
is dynamically coated in the capiliary and, after evacuation of air, the ends are sealed
and the column is heat treated at 400°C for 1-2 h. Afierwards, the column is heated
to 400°C and flushed with N, to remove any non-bonded or weakly bonded
fragments. The chloro groups on the siloxane (Surfasil) react easily with the silanol
groups forming a surface layer easily wettable by apolar phases.

6. COLUMN COATING

6.1. General considerations

The main objeciive in coating the capillary column with the stationary phase
is to provide a uniform film, usually 0.1-1.5 zm thick, throughout the length of the
column. This is necessary in order to obtain the highest possible separation efficiency

and resolution.
Coating can be accomplished by either the dynamic or static method. Both

methods are discussed in the next sections.

8.2, Dynamic methads

The dynamic method was first described by Dijksira and De Goey*™ and
generally consists in filling two to fifteen coils of the column with a solution of the
stationary phase, followed by forcing this volume through the column at a velocity
of approximately 1-2 cm/sec with helium pressure. A thin film of this solution is left
behind on the capillary wall. Coatinual fushing with helium after coating evaporates
the remaining solvent, ang Ieaves a thin coating of stationary phasa.
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Non-eniform films are often obtained by this method. The reasons for this
non-uniformity are as follows:

(1) As the coating solution is discharged from the end of the column, the
coating velocity increases sharply, which results in a thicker film at that end of the
column. A buffer column is often attached to the end of the capillary to aveid this
problem.

(2) The comsumption of some of the ceating scolution during the coating
pracess results in a faster linear veloeity of the solution plug as coating proceeds and,
therefore, an increasing film thickness.

(3) When 2 fairly large amount of solation is deposited on the column wall, the
liguid may drain from the walls and collect in the lowest paris of the coils. Proper
orientation of the column in a hosizontal direction around a cylinder can help to
reduce this effee270,

(4) The solvent evaporation step involves transport of some of the stationary
phase towards the end of the column, reselting in increasing film thickness along the

column??#+278

(5) Small temperature differences or fluctuations along the column cause the
solvent to distil from the warmer parts of the column and condense at the cooler
parts. This results in droplet formation and film non-uniformity?™.

{6) The formation and growth of wave disturhances have bean ireated theoreti~
cally?®*™282 and have beent observed in capillaries coated by the dynamic method?8-277,
The instability of an annuiar coating of liquid due to axial disturbances on the inside
of a capillary tube resnlts in a wavelength of the disturbance which is independent of
surface tension and viscosity, and equals 2=r/0.7, whese r is the radivus of the tube,
This means that for columns of diameter 0.2 mm the wavelength and, therefore, the
resuitant lens spacing would be 0.9 mm!31.

(?7) Poor wettability of the glass surface by either the stationary phase solution
or the stationary phase itself can resuit in droplet formation and subsequent non-
uniform stationary phase films.

A number of solutions to these problems bave been proposed. The wettability
problem is very dependent on the critical surface tension of the glass surface, and the
surface tensions of the stationary phase coating solution and the stationary phase
itself. Critical surface tensions of glass surfaces afier various treatments have been
discussed in Section 2.3 and listed in Tables 7 and 8. Similarly, the surface tensions
of varions stationary phases are listed in Table 6. Solutions of statiopary phases
generally have lower surface iensions than the pure stationary phases, but higher
surface tensions than the pure solvents. The actual surface tensions of a stationary
phase solution can be expressed by the additive equation

y=rnx+trn{l—-x)=r+0—y)x (11)
where 3, ¥, and ¥, are the surface tensions of the mixture and of componenis 1 and
2, respectively, and x is the propostion (w/w) of component 1 (ref. 95). In most cases,
empirical equations are used, e.g.

y=v:+tkx+ (y — 72— k)x* (12)

or
_rtky—y)x (13)

T+ &—Dx
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where the values of k are obtained by experimental measurements. Table 2 lists the
surfitce tensions of a number of stationary phase solutions®-%5-1%5:277 For uniform
sprexding of the stationary phase, the critical surface tension of the surface must be
greater than the surface tension of the Liquid®s. Marshall and Parker!®! have
discussed in great detail the effect of coating solvents on the wettability of the glass
surfuce. During the coating of a column, the statiopary phase and the solvent compete
for adsorption sites. According to Fox er al.?®%, the relative proportions of smrface
covered by each are dependent pot only on the relative proportion of solute and
solvemt, but also on their relative adsorptivities.

TABILE 9
SURIFACE TENSIONS () OF STATIONARY PHASE SOLUTIONS
Staticnary phase Sclvent % (vfe} % (wiv) % (wfw) Tempercture ¥
°C) (dynefcm)
SEF-96 ) Toluene 10 25 250
SF-9¢ Toluen= 2 25 24.5
SE-9¢ Toluene 10 22 249
Apiezo L Cyclobhexane 2.3 10 22 25.1
SE-3 Chloroform 59 54 p.o4 256
SE-30 Chloroform 3.6 33 22 257
ov-17 Tolucne 10 22 287
Carbowax 20M Chloroform 5 5 22 289
Dinanyl phthalate Folucae 10 22 252
Di-r<lecyl pithalate a-Xylene 15 22 338
DC-530 Acetone 20 25 233
DC-550 Acctons 12 25 229
PEG 400 Acctone 0 25 25.5
PEG 00 Acstone 10 25 234

It has beea shown that treatment with peatane, methylene chloride, or aceione
reduces the critical surface tension of glass up to 50 %12 Furthermore, it is suspected
that “he coating solvent is noi completely desorbed during conditioning, and that
the e:fects of thesa solvents are still present.

The addition of surface active agenis to the stationary phase solution can
increase the wettability of the surface and improve the film uniformity. This has been
discussed in Secton 5.3.

The formation cf droplets or plugs (assuming the glass surface is wettable)
can be largely avoided, or at least greatly reduced, by coairolling the coating
spead™®, temperature®™®, concentration of the coating solution'™s, solvent vola-
tilite™** and rate of solvent ¢vaporation®®, Methylene chloride bas been a popular
solvent for the dynamic coating procedure because of its low boiling point (41°C),
good solvent properties and non-flammability, However, the high vapor pressure of
methylene chloride increases the probability of droplet and lens formation during
coatirg. Temperature programming the capillary columun in a water-bath from
22°C to 32°C during coating, and up to 42°C during the solvent evaporation step
has been found tc be effective in eliminating this problem by easuring that the
temperature never falls below the dew-point of the soivent vapor'™. Maimataining a gas
flow tarough the column for several hours after coating helps to evaporate the solvent
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and reduce the formation of droplets. When a plug or droplet is formed, a resultant
constriction in the colump momentarily occurs, which leads to pressure diffcrences
and condensation of the solvent from the saturated gas sftream. These plugs will
break wp whep a higher gas pressure is applied, but the coating will no loager be
uniform. Blomberg?™ found that at low solvent evaporation rates (ca. 0.25 cm3/min),
some of the stationary phase is transported from the column as hundreds of moving
droplets of solutioa, leaving a very thin film of stationary phase uniformly distributed
throughout the column. With rapid evaporation (ca. 4.00 cm’/min), only lenses of
short duration are formed, and as a conseguence there is no phase trausport except
at the very beginning of the column. This results in thicker, uniform films. Inter-
mediate flow-rates have resnlted in non-uniform films.

Several different approaches to improving the dynamic coating method have
been proposad. Levy et al*®* have described the use of 2 flow restriction device placed
downstream from the column to be coated, which stabilizes the low-rate in the
column daring the entire coating process. Van Dalen?® and, later, McConnell and
Novotny* connected the capilfary to a syringe pump, filed the entire length of tubing
with the solution of stationary phase, applied 2 gas pressure at the other end of the
column and withdraw the solution by operating the syringe in the withdrawal mode.
The syringe pump serves as a brake, preventing 2 change in coating speed as the plug
length diminishes. The variation in film thickness obtained by this method was
within 294.

Probably the most significant development in the dynamic coating method
was the introduction of the “mercury plug” method of Schomburg and co-
workers®?*". This method involved adding a mercury plug between the solvent plug
and the driving gas which, becaunse of its high surface tension, wipes most of the
coating solution off the surface as the plug moves through the column. More concen-
trated solutions are used in this procedure, resalting in the formation of films which
vesist diminage during the drying step.

Predictions of the film thickness (£, in dypamically coated capillary
columns have been made using several mathematical refationships. Kaiser®® gelated
d, to the coucentration of the stationary phase coating solution, ¢, the capillary
radius, r, and the velocity of the coating plug, w, according to the following
equation:

o
dr = 0%

(14)

Novotny and co-workers?®-2%%, however, found that 4, depends direcily on r and &%,
in agrecment with the Fairbrother-Stubbs equation?®:

re 12
dr =33 (5) as

7 and § are the viscosity and surface tension of the solution, respectively. TeSarik
and Necasova®™ confirmed the dependence of , on r and 7. Guicchon?*® suggested
that the equation

134rc (uﬂ) (16)
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should be applicable to the coating of capillary columng, Bartle?™ has evaluated and
compared these equations with experimental results. Eqn. 15 was found to be the
mast useful, except for in the caze of unfy < 1-1073 (thin films or low solution
viszosities), in which case the use of eqn. 16 is necessary'% 7. It was demeonstrated
by Alexander and Lipsky®' that the same type of equation as those best describing
the film thickness in the dynamic method is applicable also to the “mercary plug®
dynamic method.

A number of methods have been proposed for the determination of the
average film thickness in dynamically coated capillaries. The specific retention
volusne, ¥, as measured on packed columng®9%:105.267.277.276,292 r nhtained from the
literature®™, can be used in the following equation to give the approximate film
thickness:

273 rk

=3 Viar an

d;
where gy is the density of the phase at the colemn temperature, T, and & is the
capacity ratio. Film thickness can be obtained from measurements of capacity ratios
and f-values of statically coated columns'®-195:254 by using the following equation:

-
2Bk

where X, and &, are the capacity ratios for the statically and dynamically coated
columns, respectively, and 8, is the phase volume ratio for the statically coated
colanmns.

The value of d; has also been calculated from the difference in volume of the
conting solution before and after coating®*-2%, and from the weight of stationary
phase that can be rinsed out of the column?!®5.16.25 °

Roeraade®™ described a simple method for calculating the filin thickness. In
his procedure, a few coils of the column are coated with a plug of solution of 2 given
length, and the shortening of the plug over a given column length is measured. This
pracedure is repeated several times with increasing coating speed each time, The
filna thickness at these different coating speeds can be easily calculated from the
concentration of the solution, the amount of solution used over a given length and
the internal diameter of the column. A graph can be constructed of the coating spead
versus film thickness, from which the coating speed can be selected to give a desired
filra thickness.

dy = (1s)

0.3. Static methods

The static coating method was first developed by Golay!! and later described
for glass capillaries by Bouche and Verzele?™”. The general procedure involves filling
the capillary with a dilute solution of the stationary phase, sealing the capillary at
o end and evaporating the solvent from the other end under vacupm. This leaves
a thin film of stationary phase, the thickness of which can be easily calculated from
the eguation

dr =55 as)
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where r is the radius of the capillazry and 8 is the phase ratio. An important advantage
of the static method is that the phase ratio is known accurately and, therefore, the
film thickmess can be accurately determined. To calculate the phase ratio from a
weighed amount of stationary phase, the density of the stationary phase must be

known. Rutien and Rijks?™™ have recently tabulated a number of stationary phase
dcusities, which are listed in Table 10.

TABLE 10

SPECIFIC WEIGHTS OF SOME STATIONARY PHASES
Stationary phase Specific weight Stationary phase Snecific weight
AN-509 1.08 OV-101 0.36
DC-200 097 OV-105 099
nCc-510 1.00 ovV-210 1.32
nC-550 1.07 OVv-225 1.09
DC-710 1.10 0OV-275 1.16
DEGS 1.26 PEG 400 1.13
O5-124 1.21 QF-1 1.32
OoVv-1 0.98 SE-30 096
Qv-3 1.00 SE-54 0.98
ov-7 1.02 SE-96 0.97
0OVv-11 1.05 Silar 5 CP 1.13
ov-17 1.09 Silar10C 1.i2
Oov-22 i.13 SP-2401 1.3¢
OVv-2s 1.15 Squalane 0.83
Ov-01 1.09 XE-0 1.08

A aumber of papers™™ 3™ report the details of various static coating proce-
dures. In practice, it is important that the coating solution be dust free and degassed
to eliminate bumping during the solvent evaporation step, and that no air or vapor
bubbles exist in the columm, especially at the sealed end?¥. The column must be kept
at 2 constant temperature to prevent non-uniform film deposition. A thermostated
water-bath is not adequate because its temperature fiucivations, however small,
prodece sufficient coatraction and expansion to cause the deposition of the station-
ary phase in the form of bands?®, A room or water-bath of constant femperature is
usually sufficient. If an increased temperature is needed, a simple and inexpensive
solution to the probiem is to place the column into a water-hath which is within
another water-bath**3%, Although the outer container is controlled by a thermostat,
the heat transfer {rom the outer to the inner container is very gradual.

‘The most popular solvent for static coating has been methylene chloride
because of its excellent solvating properties and its low volatility. Grob*®? recently
suggested the use of pentane for the coating of apolar gum phases because evapora-
tion can be accomplished in approximately half the time necessary for methylene
chloride solutions. Average coating times at room temperature range from approx-
imately 15 h for methylene chloride solutions to about 8 h for peatanecina 20 m x 0.3
mm LD. column®® Goodwin™ claimed that many solvents including methylene
chloride deposit the phase as droplets of about 0.01-0.05 mm diameter. Diethyl
ether, however, was found to deposit the phase in a vniform film.

Although sodium silicate solution (water-glass) was originally used to seal
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the ends of capillaries®®~?%, several other methods of making seals have been
suggested. These mclude cements'?, silica gums'®, adhesives™0-302.305, Apjezon N3®
and Vasecline bardened by addition of a small amount of histological wax®™®.
Fecently, mechanical attachment of a plug with shrinkable Teflon tubing was
advocated®.

The static coating method has been generally considered to be saperior to the
dynamic method!***%*, producing columns that are more efficieni. Some statiopary
phases, however, cannot be successfully coated by the static method?™. Less viscous
liquid phases may flow down and accumulate in the lowest portions of the capillary.
Qccasionally, a concentration effect occurs at the frost of the evaporating solution,
. which can eventually form a pleg and block the column.

In Golay’s original work!!, capillary columns were coated by filling them
with a dilute solutioa of liguid chase, sealing one end, and drawing ihe column, open
end first, through an oven. Misiryukov and co-workers?®-%3:3% and later Jennings
and co-workers¥®7-3? revised this method for glass capillaries by introducing the open
end of the coil into a high-temperature oven, rotating the column arouvad its cailing
axis into the oven. As the colnmnp is screwed into the oven, the solvent evaporates
and escapes through the open end leaving the stationary phase oa the capillary wall.

Harrison®*® has reported a fresze-dry method of coating which involves
filling the column with a solution of the stationary phase, freczing the solution and
evaporating the solvent in vacuo. Uniform coatings were reported.

7. COLUMN PREPARATION AND STATIONARY PHASES

7.1. General considerations

Various gas chromatographic stationary phases can be coated on glass
capiilaries with different degrees of success. Columns with high numbers of theoretical
plates per unit lenpth can be prepared, in general, with any liquid phase, provided
that the optimum treatments, coating solutions and other necessary parameters are
chosen. The iImporiance of stationary phase selectivity is, to a considerable degree,
balanced by the large aumber of theoretical plates obiained in high-resolution work.
The high efficiencies of glass capillary columns usually more than compensate for the
selectivities of specific phases and most separations can be carried out on relatively
few stationary phases. Thus, in choosing a stationary phase, factors such as perform-
ance and stability should be more important than selectivity.

For the preparation of highly eflicient and inert apolar columas, two primasy
conditions must be met. These include the formation of 2 smooth ard homogeneous
film ofl statiopary pbase on an inert and non-adsorbing surface. Glass is usuazlly
wettable by most apolar liquids without previous surface moedifications, but modifi-
cations can result in better wettability and more thermostable surfaces. The primary
corcern is the deactivation of the glass surface towairds polar and mildly polar
solutes. Thin films of apolar stationary phases do not deactivate the glass surface.
Conszquently, various methods have been devised to block active surface sites and
have been discussed in detail in Section 5. Excessively roughened suifaces decrease
film hcmogeneity and should be avoided for apolar columns. Various foerms of mild
surface- roughening, however, have been used successfully for the preparation of
apolar colanms.
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The main problem in the preparation of polar columns is the poor wettability
of the glass surface by polar liguid phases. To enable the polar phase to spread and
produce an accepiable coating, surface roughening is necessary. Roughening tech-
niques such as barivm carbonate deposition, whisker formation, double HCl gas
roughening, and other methods which were discussed in detail in Section 4 fulfill
the requirement. These phases usually deactivate the active sites on the glass surface,
however, so that no other deactivation is necessary. In general, polar columns are less
thermally stable and are less efficient than apolar columns. The roughened surface
may partially account for their lower efiiciency. The newly introduced Superox polar
phases, howeaver, wet tite glass surface more readily and are more thermaily stable
than previously used polar phases. Consequently, it is now possible to prepare polar
columns with both higher efficiencies and stabilities.

Moderately polar statiopary phases require both a roughened and deactivated
glass suiface for satisfactory performance. The polarity of the stationary pbase is
not usually sufficient to deactivaie the active sites on the glass. Thus, varicus com-
binations of roughening and deactivation must be combined to produce good
medium-polarity columns.

7.2. Gum phases

Practical expericnces in the cozting of glass capillary columas have demon-
strated that gum phases give columns of consistently higher quality. This is a result of
their ready wettability of glass surfaces. Thermostability and resistance to droplet
formatiop are enhanced by the cross-linkages between polymer chains, making the
phase viscosity high, even at elevated temperatures. Several years ago, Grob®®
pointed out the benefits of gum phases and concluded that whenever possible a
gum phase shouid be selected. With the recent development of the Superox gum
phases™*!-312 which have polaritiecs very similar to that of Carbowax 20M. Ver-
zelg®'s has also commented on the superiority of gum phases. For exampie, Superox-4
has a higher upper temperature limit (300°C) and gives a plaie number 20-259%,
higher than Carbowax 20M columas. Table 11 lists some of the stationary phases
commonly used in coating glass capillary columns. The gum phases are marked with
asterisks.

7.3. Bonded phases

Interest in the use of chemically bonded stationary phases in chromatography
bas grown in recent years?'*3!'3. Reports of the preparation of capillary columns
containing chemically bonded silicones as the stationary phase were reported as early
as 19686318, hut detailed descriptions of the preparation and application of such
columns appeared in the literature only recently®'%—32%, Chemical bonding has been
shown fo increase the stability of the stationary phase filin as compared with the
conventionally coated film®'*,

Madani and co-workerst®—321.323.328 prepared methyl and methylphenyl poly-
siloxane polymers by hydrolysis of dimethyl- and diphenylchlorosilanes. After
dynamically coating the polymeric mixture on the capillary wall, the column was
filled with ammonia gas, sealed and heated at a high temperature for 24 h. Chemical
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TABLE 11
COMMON STATIONARY PHASES
Naie=™ Chenveal nature Temperature range Polarity=*
) (°C}
Squalane Csa alkane —50-100 0
Kovits phass Branched C, alkans 40-300 Tt
Apiezon L, M, N Alkane, cross-linked with soaps 20-200 143, 138, 216
SF-96, OV-101 Mcthylsilicoas Suid 0209, 260 205, 229
RSL-110* Polvhydrocarbon —320 -
SE-30", Ov.-1 Methylsilicone gum 28350 215,217
SE-52" 5% phenyl, methylsilicone gum 20-350 334
SE-54° 12 vinyl, 5% phenyl, methyl- 20-350 337
silicone gum
SP-2125* 224 cyanopropyl, 5% phenayl- 30-320 -
silicone gum
RSE-210" Polyunsaturated hydrocarbon —275 —
Dexsil 300 Carborace, methylsilicone oil 20-375 474
UCON LB 550 Polyethylenenropylene glycol, —20-160 496
¢q. 10/90
Pluronic 61 Polyzthylene--propylene glycol, 3-200 —
ca. 10/90 block copolymer
Dexsil 400 Czrborane, methylpkenylsilicone 20-375 587
oil
ov-7 20/ phenyl, methylsilicone oil 20-300 592
OV-17 . 509 phenyl, methylsilicone oil 20300 834
ov-25 757 phenyl, methylsilicone oil 26-300 1175
05-124 Pentametaphsnyl ether 20-120 1216
QF-1, OV-2iQ 5074 trifivoropropyl, methyl- 20-200 1500, 1520
silicone oil
Emulphor O Polyethylene glycol-octadecy! 20-220 1587
ether
Triton Polyethylene glycol-nonyiphenyl 20-220 1634
e
UCON HB 5100 Polyethylene-propylene glycol, 20200 i706
ca. 3050
Pluronic 64 Polyethylene—propylene glycol, 20-240 —
ca. 50/50, block copolymer
KE-60 25 % cyanoethyl, methylsilicone 50-200 1785
oil
OVv-225 %4 cyancethyl, 259 pkenyl- 50-220 1313
methylsilicone oil
Carbowax 20M Polyvethylene glycol 80-250 2308
Superox-0.1* Polyethyleae glycol gum, mol.wt. 50280 —
100,000
Superox-4* Polyethylene giycol gum, mol.wt. 50-300 —
4,000,000
Stlar 5 CP, SP-2300 509, cyanapropyl, 509, phenyl- 50-240 2428, 2424
silicone oil
SP-2340 75 %, cyanopropyl, methylsilicone 100240 3678
oit
POLY-S 179 Polyphenylether solfone 200400 —
Silar 10C, OV-275 100%, cyanopropyl silicone ail 100-240 3582, 4938

* Asterisk indicates gum phase.
** McRevrolds constant (ZAf).
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bonding to the glass surface was thus accomplished under base-catalyzed conditions.
The synthesis of siloxane polymers from a mixiure of two differently substituted
silanes provides a method for the manofaciure of highly siable glass capiilasies of
zeeurately controlled polarity®?3.326

Blomberg and co-workers®?4-32® reported the in sitw synthesis of methyl and
phenyl polysiloxanes by dynamically coating the capillary with silicon tetrachloride
foHlowed by a solution of the polystloxane polymer (formed by hydrolysis of mixtures
of dimethyldichlorosilane and methyltrichloresilane). The column was then scaled
and keated at 320°C for over 20 h. This produced a moderate amount of cross-
linking, in addition to chemical boading to the surface, which has been suggesied as
a means to increase the film stabilicy®0.

§. COLUMN EVALUATION

8.1, General considerations

The ideal glass capillary column is gencrally considered to possess a high
separation efficiency and excellent tailing behavior (goed deactivation) and temper-
ature stability’*”**’. The chemical treatments and procedures which bave been
designed to produce the ideal capillary column from the original glass stock have
been the subject of this review. However, like every finished product, a means of
testing the quality of the product must be devised. Althowgh several trends are
obvious, there is presently no universaily accepied method for evaluating a capillary
column. For instance, in tesiing columms, the symmetry of peaks of selected test
compounds which are contained in so-called “polarity mixtures™” can give informa-
tion concerning both the separation efficiency and deactivation of the celumn. In
addition, bleed-rate experiments followed by peak symmetry tests can give informa-
tion concerning film thermal stability. The difficulty in properly evaluating capillary
columns lics in the~choice of test compounds, chromatographic conditions and
meaningful measurements. Grob et al 3?7 listed the following criteria for an adequate
column test:

(1) the test should consist of a sinple chromatographic run;

(2) the test mixture should contzin all of the components necessary o give
all of the basic information required;

(3) the same test should be applicable to all liquid phases;

(4) some quantitative aspects should be included; and

(3) conditions should be standardized so as to make test resnlts comparable.

Different polarity mixtures have been suggested by Grob ef &/2%-27, Schom-
burg ez gl.25-57, Alexander ef ¢l.*?, Hartigan and Ettre'™, Sandra and Verzele?213,
Welsch er gl 2%, Cram et al 3%, De Nijs ef al.*™ and Dandeneau and co-workers'’1%%.
These mixtures contain components with a variety of functional groups. Saturated
hydrocarbons, alcohols, aromatic compounds, aldehydes, phenols and amines have
been widely used. Fig. 29 shows a chromatogram of one of these polarity mixtures.

In the following sections, the use of test chromatograms for column evaluation
is reviewed, The treatment is divided into the three categories separation efficiency,
deactivation and temperature stability.
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Fig. 29 T=st chromatogram obtained with an SE-52 column illustrating the Grob polarity mixture.
Reprinted with permission®®’.

8.2. Separation efficiency

The performance of capillary columns has been reviewed in detail by Ettre®
apd FEtire and Purcell???, The efficiencies of capillary columns have been described

by several terms as follows:
{1) The number of theoreticai plates, n, where

z

— 16 [ f=
n=16 Wa) 20)

The valve of r; is determined by the retention time of the compound of interest and
w, 1s the width of the peak at its base. Often, the width at half height, v, is used in-
stead of w,. This requires a constant equal to 8 In 2 (or 5.545) instead of 16 to give

n = 5545 (%)2 1

(2) The pumber of effective theoretical plates, N, ., proposed hy Desty ef al. 30
where

Nage = 5.545 (;—t)z (22)

The term i is the adjusted retention time and is calculated from 15 = g — e,
where ¢, is the gas hold-up time, the elution time of an unretained compound. The
effective plate number can be calculated from n by the following equation™*:

N = (g) = @3)

where the capacity ratio, &, can be determined from

. 3 @9
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Since capillary columns are usually operated at low capacity ratios, their efliciencies
are lower than indicated by the theoretical plate number. It is important to emphasize
that both n and N are strongly dependent on the k-value of the evaluated peak?%7.352
and that the requived pressure drop for the optimal carrier gas flow-rate has an
influence on the separation efficiency per meter.

(3) The number of real theoretical plates, N,, 2s preposed by Kaiser®® and
Said®*:

Ny = 5.545 i"‘-)2 (25)
real - w;

where w;, is calculated from
Wy = Wy, — Way (26)

and wy, is the width at half-height of the unictained peak.
(4) The geomeiric mean of # and ¥, proposed by Golay®.
(5) The reduced plate number proposed by Giddings™® and by Horne ef al.>’,
(6) The mean specific plate number, Nyx, proposed by Brown®s,

i+ )]

where L is the column length and r, is the radios of the gas passage and is given by
=0 —dp) (28)

an = 27N

where r is the internal radius of the capillary column and d, is the average liguid
phase film thickness. The mean specific plate numbes has the advantage over most
parameters in that it has only a small dependence on the partition ratio and allows
for the column diameter.

The composition of the efficiency test mixture should be chosen according to
the nature of the liquid phase, and the efficiency should be calculated for a peak
having &2 (vef. 104). Efficiencies of 3000-5000 plates/meter can be routinelv ob-
tained using the present column iechnology. Both the compound tested and the &
for that compound should be reported witen reporting efficiencies.

Another approach to describing capillary column guality is the comparison
of experimentally obtained plate numbers with theoretically predicted values. The
coating efficiency, CE, has been defined as the ratio of theoretical to experimental
plate height under optimal conditionss2¥:

h
CF == |-ther 29

hcxp ) min ( )
The theorctical plate height, fpeq, IS usually represented by the simplified Golay—
Giddings''-*? equation:

_ YuEeEfre+1
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The term A.,, or the experimental HETP is dafined as the column length 7,
divided by the number of theoretical plates, n.

Cramers et al>° recently discussed a more general treatment of the coating
efficiency which does not neglect the effects of resistance to mass teansfer in the
lignid phase and the pressure drop. Provided that the diffusion coeficients of the
solure in the stationary phase and carrier gas are known, a more ccurate deter-
mination of the coating efficiency can be made.

The separation value concept and its meaning and relationship to existing
column efficiency terms and chromatographic parameters has been discussed in detail
by Ettre®:. The Trennzahl or s¢paration number, TZ, as described by Kaiser??-*42,
is calcuiated from

_ () —(t=):
Tz = (wp)2 + () 1 Gh

wheare the subscripts 1 and 2 refer to two specified components in 2 chromatogram,
usually in a homologous series such as the n-alkanes. The calculated separation
number is defined, therefore, as the number of peaks separated by approximately
twice the width at half-height that can be fitted between the two standards. More
general and detailed approaches have recently been described™4-343,

One problem in using n-alkanes for TZ measusrements is their very different
retentions on different stationmary phases. At 70°C, different pairs of n-alkanes
{C,1/C;2 up to C,5/C,s) had to be used for different stationary phases’?’. These large
differences in retention are related to changes in capacity for alkanes on stationary
phases of different polarity. Grob et @327 have reported the use of fatty acid methyl
esters {C,4,Cyy and C,;) as standards because of their similar partition coefiicicats
(and therefore more similar retentions and capacities) ia different kinds of statiopary
phases.

Grob et al?? also found that there was no significant difference between
isothermal and temperature-programmed TZ vaiues and, iberefore, several values
can be obtained by adding more than two homologous compounds.

A parametsr that 1s ofien overlooked in capillary column evaiuation, and
kas an effect on efficiency, is the sample capacity. An “overloaded”™ peak causes
tailing on the leading edge of the peak and reduces the efiiciency. Keulemans®** and
Klinkenberg®® defined the maximum permissible sample size as the maximum
amount which can be injected into the column without more than 2 109 loss in
efficiency. Grob and Grob**® have defined this to be whea the recorder pen takes
moie than twice the time to rise from the baseline to the peak masampm than to
return fo the baseline.

8.3. Deactivatiaon

The extent of deactivation of glass capillary columns has useally been dater-
minzd by the amount of peak failing or extra retention of polar compounds, or as
a function of the ratio of peak heights of polar to noan-polar compounds. If the
column is not sufficiently deactivated, it will contribute to the retention of the sample
molecules and therefore the relative retentions and retention indices of mixture
components contaiving different functicnal groups will change. Although Grob et
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al 37 claim that a column with the lowest refeation for an alcohol is not necessarily
that with the least retention, and that the nature of the glass surface and film thickness
contribute to reiention, nevertiieless, if most parameters are kept constant, retention
veproducibility is a very useful tool for evalusting capillary deactivation®¥.

Peak shape has also been used as a measure of capillary column activity. The
asymmetry factor, 4., of Goretti ef 2l 7 is practically identical with the expression
of Dal Nogare and Chin*® which was formulated mathematically by Ettre*?® as

a+b
A’=(a—:—b) 7 — (G2

where a is ithe front half and b the back half of the peak width at base, measured
from the perpendicular drawn throvgh the peak maximum. The asymmetry factor
measures the deviation from a Gaussian distribution and is an indication of the
interactions occusring in the elution process. As shown by Eitre®®, the square of its
value actually is identical with the ratio of the HETP calculated for the asymmetric
peak and for a symmetric peak the base width of which is identical with twice the
shorter half:

Barm _ 42 G3)

Schieke and Pretorius'>® defined a tailing factor, TF, 25 a percentage according
to .

TF = (2) 100 (34)

where a and 5 are defined as above, except that they are measured at 109 of the
peak height above the baseline. Cram et 21,2 have described the use of numerical
methods to characterize capillary peak shapes.

Grob et al3¥ claim that the shape of the peak is not sufficient for deiecting
adsorption, because adsorption can cause (a) a broadened peak of Gaussian shape,
(b) a tailing peak of more or less correct area, (¢) a reasconably shaped peak of
reduced area, or even (d) a misshapen peak of correct area but drastically increased
retention. The worst of the different types of adsorption, irreversible adsorption, is
not detected by peak shape. They suggest that the measurement of peak height as a
percentage of that expected for complete and undistorted elution covers all types of
peak distortions which are relevant in practice. To distinguish between reversible and
trreversible adsorption, peak integration is necessary.

One of the most common test mixtures used to evaluate capillary columns
has been described by Grob e al??7, and its compesition is given in Table 12_ Alco-
hols are usually more sensitive to adsorption than most other functional sroups.
A number of studies have been conducted using only fwo components in the fest
mixiure, an alcohol apd ap alkane?ss-157-3%0, 1.Octapol is a seasitive indicator of
adsorption because it is well retained. The adsorption of the alcohol can be caused
by hydrogen bonding to the silanol groups or sfloxane bridges on the glass surface
and by interaction with Lewis acid components of the glass. A dihydroxy componnd,



28 M. L. LEE, B. W. WRIGHT

such as 2,3-butavediol, is included as 2 more rigorous test. The acid-base propercties
of the column can be tested by the addition of compourds such as 2,6-dimethylaniline
and 2,6-dimethylphenol to the test mixture. The addition of 2-ethylhexanoic acid
and dicyclohexylamine can be made for a more rigorous acid-base test.

TABLE 12

COMPOSITION OF THE GROB TEST MIXTURE
Cemgporent Concentration { mgfl)
Cizacid methyl ester 41.3

Cy-2cid methyl estar 419

Chemacid methy] ester 42.3

Becans - 283

Undesane 22.7

1-Cctanol 35.5

Nonanal 40

2.3-Butanediol 53
2,6-Dimethylaniline 32
2.6-Dimethyiphenol 32
Dicyclobexyvlamine 313
2-Ethylhexancic acid 38

it is obvious that all mixtures do not put the same requirements on column
perfermance®. Particularly difficult to chromatograph are the McReynolds stan-
dards, pyridine and nitropropane, and bifunctioral compounds such as vanillin,
methyl salicylate, nitrophenols and nitroanilines.

Several problems may be encountered when using a polarity test mixture for
capillary evaluation. Components of the mixture may react with each other or
decomposs with time. During chromatography, strongly pelar compounds may
deactivate the surface for the snbsequently eluted species®®.

Testing the behavior of the glass surface before coating has been helpful for
the evaluation of different treatments during capillary preparation®-352, Schomburg
et al.**? have described a method for testing both coated and uncoated coiumns. The
chromatographic system consisted of a capiflary column with a polar stationasy phase
such a Carbowax 20M on which peaks of a polarity test mixture are eluted with
perfect symmetry. A piece of the capillary to be tested is conaected to this column by
means of shrinkable Teflon tebing. The chaoge in peak shape after passing thoough
the test capillary indicates the extent of surface activity. This procedure eliminates
the problem of unknown adsorption in the inejctor port 2nd indicates only column
activity,
*  The chromatographic conditions must be carefully controlled during evalua-
tion of columns. While most testing bhas been performed under isothermal condi-
tions, Grob ez al3? suggest the following advantages of temperature programmed
conditions:

(1) The necessity of finding the optimal temperature for the elution of a test
compound for each liquid phase and film thickness is eliminated.

(2) A relatively large number of test substances can be selecied which are
distributed over the whole chromatogram.
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{3) Ysothermal runs show the first peaks to be eluted under better conditions
than the more retained peaks. Temperature-programmed runs pravide similar reten-
tions for all components in the mixture, yielding betier comparison within the
chromatogram and with other columns,

(&) Onpe test mixinre can be used for all phases.

{5) Temperature-programmsad runs elufe peaks with an approximately con-
stant width, and if 2 test mixture contains all components in amounts which have
been corrected by response factors to give the same peak areas, then peak heights
can give a quick quantitative interpretation.

(€) Peak tailing due to injection techniques and adsorption in the injection
port is reduced by re-concentration at the capillary inlet during the carly stages of
temperatuie programming.

(7) Temperature-programmed runs leave three variables to be chosen: carrier
gas flow-rate, temperature programming rate and amount of test compound in-
jected.

The optimization of the carrier gas flow-rate and the temperature program-
ming rate has been discussed in detail by Grob ef /3. For every temperature
programening rate, there is an opiimal carrier gas fow-rate. This optimum is shifted
to a higher value if the rate of temperature programming is increased. In testing
capillary columas, it is important that the program rate be kept low (1-4°C/min),
and that the initial temperature be set below the elution temperature of the earliest
cluting component in the mixture®S.

The amount of test sample injected is also an important factor in capillary
testing. The extent of component losses by adsorption is dependent on the number
of aciive sites in the column, and may be relatively negligible as long as high sample
loads are used. Schomburg®* has studied the irreversible adsorption of compenents
in a polarity test mixture by plotting the relative peak arcasfunit weight versus the
amount injected for each component (Fig. 30). As shown in Fig. 30A, only dicyclo-
hexylamine exhibits increasing response factors (i.e., increasing losses by irreversible
adsorption) in the lower nanograin range. In a different column (Fig. 30B), dicyclo-
hexylamine is now eluted without significant increase of response factor, but the
more polar n-octylamine exhibits adsorption behavior.

8.4. Thermostability

Since most chromatographic separations on glass capillary columns are
performed at elevated temperatures or employ temperature programming, the tem-
perature stability of a coated glass capillary column is of utmost importance. For
a column to perform satisfactorily at higher temperatures the coated stationary phase
must remain stable. That is, its decomposition must be minimal and it must remain
as 2 thin, uniform surface film, and not break up into droplets. In addition, the
surface beneath the stationary phase, i.e., the deactivation Iayer must remain stzble.
In fact, the temperature stability of the deactivation layer is as important as the
stability of the stationary phase itself, Consequently, a discussion of temperature
stability must include considerations of the deactivation suiface as well as of the
stationary phase itself.

The amount of volatile decomposition producis formed in the columm per
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unit time depends on the stationary phase, tcmperature, surface properties of the
support, suriace area covered by the stationary phase and the film thickness. The
mass flow of bleeding products at the column outlet depends on the column length,
carrier gas flow-rate and the rate of formation of bleed products. Assessment of the
temperatire stability of columns is difficult, and depends on the type of analytical
application iavolved and on the required standard of performance and reliability of
the analyses. As soggested by Schomburg and co-workers®-199%.35t the following
properties should not deteriorate or change substantially during extended high
temperature operation:

(1) The capacity ratio (k) should not decrease significantly (indicating that the
stationary phase is not decomposing to any great extent).

(2) The separation efficiency in terms of theoretical plates per meter shonld
remain essentially constant (indicating that the guality and integrity of the stationary
phase film is not being disrupied).

(3) The background signal arising from bleed products shovid remain con-
stant and not exceed a defined limit (also indicating that the stationary phase and/or
deactivating pre-coating layers are not decomposing significantly).

{4) The polerity in terms of rctcation indices of standard compounds should
remain constant (indicating that the chemical nature of the stationary phase and/or
the deactivation is not chaaging).

(5) The extent of surface deactivation for sirongly polar solutes when using
apolar stationary phases should remain stable. That is, the tailing bebavior and
adsorption of polar solutes at trace concentration levels should not become more
prenounced after high temperature operation of the column.

Deterioration of the stationary phase resuits from two primary mechanisms.
The first, and probably least serious, is temperature oriented and is related to the
chemical composition of the stationary liguid phase. At clevaied tcmperatures a
point is reached where the stationary liquid exhibits a significant vaper pressure, and
loss of the phase by evaporation becomes substantial. Further increases in tempera-
ture can result in chemical decomposition of the phase by pyrolysis. The maxiraum
allowable operating temperature (MAOT) is usually specified by the manufacturer
of the liquid phase. In practice, however, the specified MAOT is not usually obtain-
able in glass capillary celumn chromatography. This is partially due to surface
catalytic effects (the second mechanism) which induces stationary phase decomposi-
tion. This mechanism of decompositicn is of major imporiance since steps can be
taken to alleviate or eliminate the undesirable consequences. Susface effecis are
particularly noticeable in capillary columns since the ratio of susface area to the
amount of stationary pbase is high.

Removal of alkali from glass surfaces increases the stability of methyl-
siloxanes considerably. It has been known for years that alkali tends to depolymerize
polysiloxanes®* and in chromatographic applications it has been shown that both
alkaline and acidic surfacas cause decompesition of silicone oil phases’®. This is
consistent with observations made by Schomburg et 2l that columns prepared
from borosilicate glasses (less alkali content) exhibit much better thermostability.

Recent work by Grob and Grob®™ shows that columns coated with stock
solutions of SE-30 that have aged for several weeks produce moie aciive and less
thermostable columns. It was suggested that perhaps trace amounts of HCl preseat
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in the coating solution, methylene- chloride, was respossible for some sort of
stationary phase degradation. Later work by Venema et al®%7 has verified that
solations of SE-30 and SE-54 stationary phases that have been slightly acidified
degrade rapidly, as evidenced by a decrease in molecular weight. Thus, at elevated
temperatures, the low-molecular-weight degradation products volatilize casily and
praduce unacceptable levels of bleed and a thinner and perhaps less perfect station-
ary phase coating. Other workers®® have also obscrved that stationary phase solu-
tions made from methylene chloride are responsible for increased columm bleed,
apparcntly due to HCI in the mcthylene chloride. Consequently, pentane has been
suzgested as a more inert solvent, and recommendations have smggested the use of
freshly prepared stock solutions of statiorary phases™. This illustrates the necessity
of using pure solvents and stationary’ phases for the preparation cof efficient and
thermostable glass capillary columas.

In addition, Venema et al.3%® have studied the chemical resistance of OV-101
at 260°C to several compounds present in soft glass (soda-lime) or etched soft glass.
Also, the effects of various chemicals used for other surface roughening techniques
(BaCO; and NaF) or for deattivation purposes (BTPPC) were studied. Gel perme-
aticn chromatography was used to obtain diagnostic molecilar weight data. Table
13 siows the qualitative results of this study. A preliminary investigation of the
moderately polar phases OV-17 and OV-225 indicates that these phases behave
similiarly to OV-101.

TABLE 13

EFFECT OF SEVERAL COMPOUNDS ON THE DEGRADATION OF OV-11 AT 250°C

Effect Formation of fow- Molecular weisht shifr Distribution broadening
mclecular-weight
material

Strong effect BaCO,;, M2Cl,, CaCl,, CaCls, MgCl,, CoCl., NaF, BTPPC, Mg(l.,
AlCI,, AlyO,, 2lkali AlCL, ALO, AICL, CcD, ALD,
glaszs

Moderate NaF, BTPPC, Call,, Mzg0O, CoO BaCQ,, Co(l,, atkali

cffect Ca0Q, Mg, CoO glass

No effect Na(Cl, borosilicate Na(l, BaCO,, NaF, Na(l, Ca(Cl;, C20, MzO,
glass BTPPC, Co0, alkali borasilicaic glass

glass, borosilicate glass

Methods of column manufacture that remmove alkali from the glass surface
produce much better thermostability since the catalytic decompaosition of methyl
silicones is decreased. HCI gas ireatment comverts the metallic oxides into corre-
sponding halides, which can then be removed by water®* or acid* ribsing. Acid
leaching removes these ions completely. Surface analysis data?* indicate that back-
diffusion of these ions from the bulk glass phase to the surface layer at elevated
temperatires is minimsl. Fig. 31 shows the resunlts of standardized bleed measure-
ments of OV-101 on different glass surfaces.

Although Carbowax-type deactivations were at one time considered to be
adequate, they are unsuitable for high-temperature use. At temperatures in excess of
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240°C these deactivating layers lose theicr effectiveness and colemn deterioration
resufts'®216, Fijg, 32 shows the relative bleed rates of 2 number of columns treated
with Carbowax*'3.

Sitylation-type deactivations are much more stable. Since improved methods
utilize treatment conditions of approximately 400°C, the deactivation is also stable
at higher temperatures. When combined with previous acidic leaching, silylation
provides an inert and higkly thermostable deactivation. Catalytic surface effects from
both alkali and acid (silanol groups) moieties should he minimal. The results of
Grob e al?*! indicate that columns treated in this manner and coated with silicone
phases exhibit very low bleeding rates and good deactivation, even after program-
ming to 350°C for several weeks. Results obtained in our laboratory also indicate
that prolonged operation at temperatures up to 350°C is possible with celumns
deactivated in this manner and coated with SE-52.

The lifetime of glass capillary columus and the maximum operating tempera-
tures are being increased at present, both by the production of mor< stable station-
ary liquids and by decreased surface catalytic activity.
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10. SUMMARY

This review critically summarizes the various procedures for the preparation
of wall-coated open tubular columns for gas chromatography. The methods described
are rationalized in terms of the chemistry of the giass surface and the factors which
influence the nature and chromatographic performance of the stationary phase Glm.
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