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PREFACE
The analytical importance of modern liquid chromatography (LC) has now

been widely recognized. Indeed, high-performance liquid chromatographyv(HPLC)
is frequently referred to as the single most successful method in modern
analytical chemistry. Its numerous applications span many diverse branches
of science and technology, and its potential for even greater improvements

in technique provides an unusually strong incentive for further development
and instrumentation marketing. Of the many recent trends in the field,

one which is assuming an increasing importance is that. associated with the °
miniaturization of modern LC.

Miniaturization, in general, has numerous merits, and has long been a well-
recognized direction in sctence and technology, as“its broad range of
applications so clearly demonstrates. Component miniaturization is frequently
sought to improve the performance and versatility of various aha]yzers
throughout industry. The remarkable success of both modern electronics and
computer technology has been primarily based on miniaturization. Clearly,
without significant component miniaturization efforts, the space flight
technology and the related scientific measurements in the upper atmosphere,
or even on the surface of other planets, would not have been feasible. In
modern biology and medicine, increasing demands will soon be placed‘on the
scientist’s ability to handle individual cells and subcellular structures
and to reliably analyze their content for a variety of molecules. This trend
is already seen in modern physiology}‘houever, certain manipulation techniques
will first need to be deveioped for the accurate sampling of various biological
fluids in volumes far below the microliter range. This capability, when
combined with ultrasensitive measurement principles, may provide qualitatively
new directions toward a better ﬁnderstanding of 1ife processes.

Elements of miniaturization in the field of separation science have been
evident‘for some time. Indeed, the introduction of open tubular (capillary)
columns for gas chromatography by M.J.E. Golay in the late 1950's can be
viewed as a miniaturization step. 'In the secondlopening lecture to the 4th
International Symposium on Gas Chromatography (Hamburg, West Germany, -1962),
A.J.P. Martin emphasized the future importance of hicro-manipulations not
only to chromatography, but to science, in general, as he observed that "the
appetite of the chemist to work on a small scale will grow as it becomes more
possible. He will be able to analyze and experiment on single cells.”
Undoubtedly, many other scientists have also been aware of the various positive
aspects to be derived from miniaturization in chromatography.

Decreasing the particle size in modern LC has obviougly been pursued since
the very beginning of HPLC. However, consistent efforts toward decreasing
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the column diameter can only be traced to the mid-1970's. Our laboratories
in Japan and the United States were among the first to realize the various
advantages of miniaturization in {C. As a result, an ‘informal exchange of
ideas, publication manuscripts, and visiting scholars between the laboratories
began in 1976 and led eventually to the idea of a small seminar on the subject
of microcolumn separation techniques. Since the following years not only
reinforced our research programs in the area but alsb saw an increaseé in the
number of other laboratories (both academic and in&ustrial) participating in

" investigations on microcolumn LC, we felt increasingly that such a meeting
would be highly beneficial. Recognizing the fact that most developments in the
area had originated in U.S. and Japanese laboratories, the ¥.S. National o
Science Foundation together with the Japan ‘Society for Promotion of Sciences
kindly agreed to sponsor a sem1nar, restricted to Iess than forty participants,
to be held in 1982 in Honolvlu, Hawa11. Several instrument manufacturers,
who had interests in the area and agreed to send their observers, provided "
further financial support toward the travel expenses of additional overseas
participants. On August 25 - 28, 1982, thirty-two experts from Japan and
the United States, joined by four partiéipants from other'couﬁtties, mét in the
East-West Center, situated on the tampus of the University of Hawaii at Manoa
to discuss advances in the field of microcolumn separation methods and
compatible ancillary techniques, and to outline future directions for this
newly emerging field. In addition to a selected number of researchers from
U.S. and Japanese academic and indistrial laboratories, additional participants
arrived from Australia, Israel, Sweden, and Switzerland. While the central
theme of this seminar was the miniaturization of chromatographic techniqdes;
some participapts'were also chosen to provide perspectives in the interfacing
areas of small-volume technology, electrochemistry and spectroscopy.

As the successful meeting approached its conclusion, several participants
urged us, the seminar poordinafors. to ‘document this information in the open
literature for the benefit of those who could not participate. It was after
considerable thought that we decided to proceed with the present volume.

These days, the proceedings bf many symposia appear in book form, but their
impact on the scientific community is frequently -less than was originally
intended. They are se]dom more than random co]leciions‘of the presented talks,
Tacking organization and exhibiting a considerable overlap in the subjects -
presented. What we decided for this volume, instead, was to provide a
balanced treatment of the most representative directions in the f1e1d We
have, consequently, asked less than half of the.seminar participants to provide
. a sufvey-type cqhtributiop in their area of expertise. Since more ghan‘a
year has passed since thé Honolulu seminar, the individual chapters have been
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vpdated with the most current information. .

The contributions to this volume have been divided into four sections:
(a.) column studies; (b.) miniaturized instrumentation and new techniques;
(c.) spectroscopic detection; and, (d.) electrochemical detection. The
seminar itself was structured similarly.

While there were somewhat different reasons for the initial work in

microcolumn LC by the pioneering laboratories, it has been increasingly
evident that microcolumn techniques offer the following advantages over the
commonly used HPLC: (a.) increased separation efficiencies; (b.) the ability
to use "exotic" or expensive mobile phases because of extremely low
volumetric flow-rates; (c.) increased mass sensitivities with the concentra-
tion-sensitive detectors; and, (d.) chances for novel detection modes. All
of these aspects are discussed in the following chapters together with the
instrumental demands and technologjes which are unique to this area. The
chapters on capillary supercritical fluid chromatography and high-voltage
capillary electrophoresis were added, since these techniques share a variety
of common goals and instrumental features with the LC microcolumn methods.
As microcolumn techniques provide unique opportunities for the use of lasers,
microelectrodes, microflames, and mass spectrometers in solute detection and
identification schemes, we felt a need to provide adequate treatment of these
subjects, as well, in this volume. '

This book attempts to summarize all of the important aspects of minia-
turized separation techniques. Singe this direction is relatively new, -t
will be undoubtedly subject to various interpretations, and perhaps even
to criticism. We welcome all constructive critical remarks by the readership.

The timely completion of this book would not have been possible without
the cooperation of the individual contributors. Our special thanks are
due to Ms. Jennifer G]upkman and Dr. Susan Olesik for their help with
scientific corrections. The assistance of Mrs. Cathy Keith is gratefully
acknowledged for typing and retyping many of the chapters, correcting the
references, and preparing the figures for reproduction. Finally, we are
grateful to our families who pro!ided an atmosphere conducive for us to
prepare this book.

MILOS NOVOTNY
Bloomington, Indiana
and

DAIDO ISHII

Nagoya, Japan
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-OPEN-TUBULAR MICRO-HPLC

Daido Ishii and Toyohide Takeuchi

Department of Applied Chemistry, Faculty of Engineering, Nagoya
Unjversity, Chikusa-ku, Nagoya-shi, 464 Japan

ABSTRACT o

Various types of open-tubular capillary columns are prepared
and employed as separation tools in liquid chromatography (LC).
Preparation procedures and the apparatus for open-tubular capil-
lary LC are described and the performance of capillary columns
is discusdsed.

INTRODUCTION

Open-tubular capillary cdlumné.can produce larger theoretical
plate numbers per unit time and unit pressure drop than packed
columns in gas chromatography(GC) ; thus, they haQe been widely ap-
plied to the separation of complex mixtures. Open-tubular capil-
lary GC provides a powerful tool for the idehtification of compo-
nents in complex mixtures along with mass spectrometry (MS).

In this decade, there has been a trend towards the use of micro
columns in LC. One of the various advantages arising from minia-
turization of LC is the possibility of attaining higher efficien-
cies, in terms of theoretical plate numbers, compared with con-
ventional high-performance LC(HPLC). At present, three types of
columrs are available : (l)packed micro or microbore ; (2)packed
micfocapillary and ‘(3)open-tubular capillary, which are classified
according to their state of packing. )

Open-tubular capillary columns in LC are not as suc¢essfﬁ1 as
those in GC, which is mainly due to the large differenﬁes in dif-
fusion speed between the liquid and the gaseous states. H(or HETP:
the height equivalent to a theoretical plate) is a function of the
linear velocity of the mobile phase(u), as shown by the following
Golay equatiohs[l$3]:

b,  2k'd%u S (11k'2 + 6k' + 1)r2u
H=——+ 5 + 5 N & §
u 301 +k)?Dg . 24(1 + k') Dy




B g . R .
=—+ Cgu + Cpu ) (2)
a .

where D, is the diffusion coefficient of a soluteé in the mobile
phase, k' is the capacity factor, d is the thickness(or depth) of
the staiionary phase, Ds is the solute diffusion coefficient in
the stationary phase and r, is the radius of an open tube. The
third term, the contribution of the resistance to mass transfer in
the mobile phase, is too large to operate capillary columns with
the same dimensions as used in GC. Thus, in order to decrease the
third-term contribution, the column bore should be reduced and a
low-viscosity mobile phase should be used. .

The performance and the limitation of open tubular caplllary
columns in LC are discussed &nd compared theorétically with those
of packed columns[4 6]. The injection and the detection volume
should be reduced to around 1 nl(107°
"~ lary columns are operated undér optimum conditions. Under-these"
conditions, larger theoretical plate numbers are produced with
open-tubular capillary columns than with packed columns. Injec-

1) when open-tubular .capil-

tion and detection of such a small volume can be carried out by
split injection and on-=column detection, respeotively. However,
it requires expertise. . s _.

We have studied and developed.instruments .for open-tubular )
‘capmllary LC. The standard deviation of the pnretalned solute elu-~
ting from capillary tubing was examined, and it was found thaé in-
struments and techniques which have previously been developed in
micro=-HPLC[7] could be applied to opeh-tuﬁular capillary LC after
some improvements. The instruments developed for open-tubular .
capillary LC are suitable for capillary columns which have a vol-
ume of more than 10 pl. Therefore, columns of 30 to 60 um i.d. are

practic;l, taking into account the limitations of the instruments,

ough -narrow-bore columns are required in order to obtain
highér.theoretical plate numbers per unit time.

To daoe, we have prepared physically-coated[8,9], support-de-
posited[10], chemically bonded[l1,12}, polystyrene(1l3] and ion-
exchange open-tubulax capillary columns{l14] for LC. When open-tu-
bular capillary columns are employed as the separation columns,
the extra-column effect becomes serious. Injection, oonnecfion
and_detection systems which do not cause an unfavorable‘effect

should be developed. Observed band broadening(V, ) is described

,obs.



as the sumMation of the contribution of the band broadening in
the injection, the tonnection, the colnmn and the detection parts:

- N2 v 2 2 2 2,
(Vw,obs.) = (Vw,inj.) + (Vw,con.) + (vw,col_) + (Vw,get.) (3) .

where V, inj. is the band broadening in thévinjector, Vw,con. is
that in the connecting tubing, Vy, col. is that in the column and -
V., det. is that in the detector. The dimensions of the connecting
tubing which cause 5 % additional band broadening, are shown in
Table 1 for capillaries of 10 ul volume and an unretained solute [15].

TABLE 1 . -

pimensions. of connecting -tubing which cause a 5 % addltlonal band
broad§n1ng.

Column dimensions ‘Lenqth of connecting tubing (mm)

volume=10 Yl 0.25 mm i.d. 0.15 mm i.d. 0.13 mm i.d. 0.10 mm i.d. 0.07 mm
3.54mx 60um i.d. 1.2 9.2 16.3 . 46.6 194
5.10m % 50um i.d. 0.8 R 6.4 11.3 32.3° 134
7.96mx 40um i.d. 0.5 4.1 7.3 " 20.8 86.5
14.15mx 30um i.d. 0.3 2.3 - 4.1 1.6 48.4
APPARATUS

Pumping system »v "

A Microfeeder(Azumadenkikbgyo, Tokyo, Japan) equipped with a
gas-tight syringe and LC- 5A(Shimadzu, Kyoto, Japan) were general-
ly employed as a pump in the constant-flow mode and the constant-
pressure mode, respectively. With the former pump, the mobile
phase could be supplied to the column at a low flow-rate(0.14 to
16.7 ul/min). Cross- -gsection' areas of these syringes are so small
that relatlvely hlgh pressure can be obtained with a low mechan-"
ical force, e.g., 50 kg/cm2 can be obtained by a . weight of 0.83
kg for the 100-ul gas—tlght syringe, which has a cross-section
area of 0.017 cm2. These gas-tight syringe pumps withstood 70 kg/
cmz. LC~-5A withstood 500-kg/cm2, but the maximum operation pres-
sure was limited by the durability of the injector or the connec-
tion parts.

Gradient elution wabs carried out by using home-made simple gra-
dient equipment comprising a small-volume mixing vessel and a mag-
netic stirrer{16,17). The gradient profile was exponential and de-
termined by the ratio of the mobile phase to the volume of the



mixing vessel.

Injection system .
The injection volume should be made as small as possible, in

case the composition of the sample solution differs considerably
* from that of the mobile phase. Otherwise, deterioration of column
efficiencies cannot be avoided and sometimes peaks are skewed.
The volume of around 1 cm in length of the column is-permissible
injection volume.

Stop-flow, on-column injection and micro-valve injection methods
were adopted. In -the former method, a sample solution was sucked
into a stainless-steel tube(0.13 mm i.d. and 0.31 mm o.d.) by op-
rating a Microfeeder manually. The stainless-steel tube was in-
serted into the PTFE tubing (0.1 to 0.25 mm i.d.) which was attach-
ed to one end of the capillary column. A micro valve injector
(JASCO:Japan Spectroscopic, Tokyo, Japan) with an injection volume
of 0.02 ul was employed in the latter method.

Detection system-

‘An ultraviolet spectrophotometer and a spectrofluorometer were
employed as detectors for open-tubular capillary LC. The flow cell
for these detectors had to be designea for open-tubular capillary
LC. Quartz tubing(0.07 to 0.2 mm i.d.) was employed as the flow
cell and connected to the column with a narrow-bore tubing. Dimen-
sions of the flow cell and the‘connecting tubing were dependent on
"those of the separation column. .

The concentration of solutes eluting from the column is so high
that solutes can be detected sensitively in spite of a small cell
volume (less than 40 nl). Figure .l shows a chromatogram of polynu-
clear aromatic hydrocarbons by fluorimetric detection. .
Samples at the level of 10“11 g,Sré éasily detected by using a
small-bore, flow cell(6 X 0.07 mm i.d.). The structure and the di-
mension of the flow cell should be carefuily designed so that the
bore of the open-tubular micro capillary column is less than 30
um. “In such a case, on-column detection is usually adoptedllé].

Low flow-rate of the mobile phase in open-tubular LC enabled
the direct coupling to a mass spectrémeter[12,l9]. The column
works as a kind of enricher in open~tubular capillary LC, ow-
ing to the low dispersion of solutes and a low mobile phase flow-
rate.



banzo (a) pyrene 50 pg

anthracene 60 pg
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-qu 1 Fluorimetric detectxon of polynuclear aromatic hydrocarbons.
Column:ODS, 5.3 m X 40 ym i.d. Mobile phase:acetonitrile-water=
6:4. Flow-rate:1.Q pl/min. Detector FP-110C, Ex. 365 nm; Em. 430

nm.

PREPARATION PROCEDURES AND PERFORHANCE OF OPEN<TUBULAR CAPILLARY

COLUMNS

Pretreatment .
The bare 1nner surface of open-tubular glass capillary tubing

is so small that it should be roughened in order to increase the
surface area. The treatment of a soda-lime glass capillary with an
aqueous sodium hydroxide solution was effective in rougheging the
surfaée[lO] 'The treated surface was polar, leading to good dis-
per51on of polar liquid stationary phase[9]. Deposited solids
worked as adsorbents in the normal-phase mode similarly to- 5111ca
gel in packed Le. Thls suggested that statlonary phases could ef-
fectively be chemically bonded onto the treated glass surface, as



