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SUMMARY

A chemlcally bonded: octadecylsdane statxonary phase was sucoessﬁxlly pre-
pared on the inner glass surface of a micro-capillary tube of L.D. 60 zm. Using these
capillary columns of length 3-20 m, several aromatic compounds were separated com-
pletely with methanol-water or acetonitrile—water as the mobile phase at a linear
velocnty of 0 3-1.3 cm/sec. _ .

INTRODUCI'ION

Although the use of open~mbular capillary columns in gas chromatography
(GC) is well established’, few papers have been published on open-tubular capillary
liquid chromatography>—". If open-tubular capillary columns could be successfully
applied in liquid chromatography (L.C), extremely large numbers of theoretical plates
and a fine separating ability would be cbtained. As the solute diffusivity in the mass
transfer process in a liquid mobile phase is nearly 10* times lower than that in the
gas phase, the column diameter should be much smaller than in GC. In addition,
in order to avoid extra-column effects with narrow-bore open-tubular capillary col-
umns, new devices for injection, detection and connections must be developed3:*.5.7

- Fundamental studies on capillary diameters, which were examined up to 50
pm, for non-retained* and retained peaks®:? suggested that the smaller the inner di-
ameter of a capillary column the lower is the theoretical plate height (H), as predicted
by the Taylor équation®. - - .

- Earlier workers® achleved a separation wn:h a wxde open-tubu.lar capillary col-
umn of L.D. 0.23-0.30 mm, but, owing to the relatively large column diameter, the
resolutions obtained were inadequate, even though the separation took about S h.

In:our first work on open-tubular micro-capi!lary liquid chromatography

' '”'partl see ref. 7. ' - ‘
Prs.nt addres J'apan Spectmscopxc Co Ltd., 2967-5, Ishikawa—cho, Hacmojl-shx, Tokyo

Japan. -



28 T. TSUDA, K. HIBI, T. NAKANISHI, T. TAKEUCHI, D, ISHI1

(OMCLC) we achieved the complete separation of five aromatic compounds using
a column of I.D. 60 um coated with SE-30°%7. From this separation, it is not dif-
ficult to imagine the potential ability of capillary coiumns in L.C. As SE-30 was coated
on the inner wall of a glass capillary, and was not chemically bonded to the glass
surface, the mobile phase should always be saturated with SE-30 to avond the loss
of stationary phase.

In this work we have developed a new bonded statlonary phase for use in

OMCLC.

EXPERIMENTAL

Chemically bonded octadecylsilane (ODS) stationary phase

‘A borosilicate glass capillary tube, I.D. ca. 60 gm, was obtained as described
earlierS:”. The glass capillary tube was washed with sodium hydroxide solution,
hydrochloric acid, water and methanol or only with methanol, and dried at 200°
for 1 h with a flow of nitrogen. Then a plug of 20-70 ¢l of a 4-509, solution of.
octadecyltrichlorosilane in toluene solution was passed through capillary tube by com-
pressed air in a 250-u1 gas-tight micro-syringe. Sometimes the capillary was initially
filled with toluene and the plug was subsequently passed through. After the plug had
passed through, the capillary was placed in an oven and nitrogen was passed through to
remove the solvent and to promote the reaction between the glass surface and the
reagents. The temperature of the oven was programmed from room temperature to
130° at 2°/min and kept at 130° overnight. Then nitrogen saturated with water was
passed through the column to effect polymerization of unreacted silane reagents under
a controlled temperature, which was programmed from 130° to 150° at 4°/min, and
the column was again kept at 150° overnight. The column was then dried with ni-
trogen at 150°.

‘Whereas most of the experiments were carried out with an untreated glass
capillary tube, we also used a surface-modified glass capillary tube, silica “whiskers”
being formed inside the capillary according to the method of Onuska ez a/.°. Without
prior washing of the glass capillary tube, treating the glass wall with a 0.5 or 2.7%
solution of NH,HF, in methanol gave an adequate density of whiskers.

Liquid chromatography and extra-column dead volume

The procedure bas been described previously in our papers on OMCLC? and
micro-high-performance liquid chromatography!®. This system involves splitless in-
Jjection and a very small detector system with a very small inner volume, although
there are other techniques, involving a split injection system and additional liguid
purging at the columa exit for capillary liquid chromatography3.5-!L. Fig. 1 shows
a schematic diagram of the injection and detection units for a capillary column of
I.D. 60 um. After sucking the sample solution, for example 0.024 gl, into the tube
(2) (Fig. 1), the stainless-steel tube (1) is inserted into a PTFE tube, as shown by
the arrow, until it was positioned just in front of the capillary column inlet. Then
the pump feeds the sample solution and eluent into the capillary column.

In order to prevent extra-column efiects, the extra-column dead volume should
be restricted to less than 209, of the total column volume. If the dimensions of the
capillary column are, for example, 3m X 60 um L.D., the total column volume is
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Fig. 1. Schematic diagram of (A) injection and (B) end part of capillary column and detector. (1)
Stainless-steel tube, 0.15 mm 1.D., 0.3 mm 0.D.; (2) sample; (3) PTFE tube, 0.25 mm 1.D., 2 mm
0.D.; (4) inlet of capillary column, 60 um I.D., 0.6 mm O.D.; (5) exit of capillary column; (6) stain-
less-steel tube, 0.15 mm 1.D., or PTEE tube, ca. 0.06 mm I.D., each of length ca. 53 mm; when we
used the stainless-steel tube, we usually inserted a sta.ml&ss—steel rod, 0.1 mm O.D., in it; (7) quartz
tube, 0.3 mm L.D., length 5-10 mm; (8) slit, 0.3 mm x 1.5-3.0 mm.

only 7.4 gl and in this instance the extra-column dead volume should be less than
1.5 gl. Our modified technique, which was developed for micro-high-performance
liquid chromatography’®, successfully overcame this limitation: the volumes of the
total connecting parts and the detector cell in Fig. 1 are about 1.0 and 0.1 gl, respec-
tively. '

RESULTS AND DISCUSSION

Silane reagents have been widely used to prepare bonded stationary phases
on supports such as silica gel and Chromosorb for chromatography?>—¢. In reactions
with the inner surface of glass capillary tubes, silica reagents were used for improving
the wettability'>—'” and recently for forming bonded stationary phases®!® in glass
capillary gas chromatography. Masada et al.5 prepared bonded stationary phases on
a wide capillary tube, 1.D. 0.25 mm, and applied it in L.C, but failed to achieve an
effective separation. The work described here is the first successful preparation of
a chemically bonded phase in a2 micro-capillary tube (I.D. 60 zm) for LC.

Capillary columns with a chemically bonded ODS phase were prepared with
good reproducibility and showed good stability and efficiency. There were no detect-
able changes with solvents such as hexane, methanol and dichloromethane. The
speeds of the plug of ODS solution were varied between 1 and 10 cm/sec, the most
favorable speed being ca. 4 cm/sec. The four lines in Fig. 2 correspond to four dif-
ferent capillary columns that were treated dynamically with 4-509/ solutions of ODS
in toluene. As the capacity factor increases as the ODS concentration increases at
a constant mobile phase composition, the thickness of the ODS layer, which is
chemically bonded, also increases. However, there is little variation between a 20%,
and a 507 soiution. As, for chromatographic development, the mobile phase should
preferably contain more than 409, of methanol in order to give an-adequate sol-
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Fig. 2. Capacity factor versus ODS concentration of plug. ODS concentration: 4% (), 169 (@),
20% (O) and 50% (@). Plug velocity, ca. 4 cm/sec; mobile phase, methanol-water; ODS capillary
column, Iength 333-336 cm L.D. 59-63 um; sample, 0.024 ul of a 0.024%; solution of biphenyl in
methanol; flow-rate, ca. 1.3 cm/sec.

Fig. 3. Effect of amount of sample on column efficiency. Glass capillary column of chemically
bonded ODS, 336 cm X 60 um 1.D. Amount injected was kept constant at 0.024 pl. Flow-rate, 1.3
cm/sec; mobile phase, methanol-water (52:48); sample, methanolic solution of a mixture of benzene
(Q), naphthalene (@) and biphenyl ().

ubility ¢f aromatic compounds, we selected a 209/ solution of ODS in toluene for
further work.

Overloading of samples on the ODS capillary columns begins at 50 ng of bi-
phenyl, 250 ng of naphthalene and 2.5 pg of benzene, as shown in Fig. 3. As the
ODS layer is very thin, the capacities of these samples are not high, as expected.
The relationship between plate height and flow velocity is linear, as shown in Fig.
4. Within the velocity range 0.3—1.3 cm/sec, 2 long column cannot be used if the
total analysis time is to be kept constant. However, it is not recommended to use
a very short capillary column, because extra-column effects become larger and make
the separation difficult. The technique described here can be used with capillary col-
umns longer than 3 m if the inner diameter is 60 gm. The relationship between plate
height and linear velocity is unknown for values of the latter over 1.5 cm/sec. If the
plate height does not increase in a first-order manner relative to linear velocity (this
is usually observed in high-performance liquid chromatography), there is the pos-
sibility that long capillary columns (over 20 m) will give a high efficiency with a
moderate separation time.

" Three typical chromatograms for aromatic compounds are shown in Figs. 5-7.
The volume flow-rate of 1 ul/min for a 60-um 1.D. capillary column is equivalent
to a linear velocity of 0.59 cm/sec. The plate number ofr biphenyl is 250 per metre
(Fig. 5). At a low linear velocity, such as 0.3 cm/sec, this value increases to 600 plates
per metre. These values are about one-fifth to one-tenth of those for ordinary glass
capillary columns in GC. This relatively low efiiciency might be due mainly to mass
transfer processes in or on the stationary phase, and especially to the slow rate con-
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Fig. 4. Plate height verses linear velocity. Column and mobile phase as in Fig. 3. Amount injected,

0.024 p1 of a solution of a mixture of 2.5% benzene, 0.15%; naphtbalene and 0.045% biphenyl in
methanol.
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Fig. 5. Chromatogram of aromatics on chemically bonded ODS capillary column with “whiskers”™.
Column: 384 cm X 60 pm LY., modified surface with 0.59; NHHF, following Onuska e7 al?,
and then treated with 209, ODS-toluene solution. Mobile phase, acetonitrile-water (25:75); flow-
rate, 2.22 gl/min; amount injected, 0.024 ul of a solution of a mixture of 1.6% benzene, 0.15%
naphthalene and 0.0349% biphenyl, cluted in that order.

Fig. 6. Chromatogram with 20-m column. Capillary column of chemically bonded ODS, -
20.88 m X 56 zm I.D. Mobile phase, acetonitrile-water (40:60); flow-rate, 1 gl/min; amount in-
jected, 0.03 pl of an acetonitrile solution of a mixture of 4.19; benzene, 0.37% naphthalene, 0.05%;
biphenyl, 0.08 74 fiuorene, 0.01 9 anthracene and 0.19{ pyrene, cluted in that order.

Fig. 7. Chromatogram with gradient elution. Column as in Fig. 3. Mobile phase, acetonitrile-water
varied from 30:70 to 50:50, following the line shown. Amount injected, 0.036 gl of an acetonitrile
solution of a mixture of 3.39% benzene, 0.35% naphthalene, 0.045% biphenyl, 0.05% fluorene,
0.007 % anthracene and 0.088 % pyrene, eluted in that order.
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stant for desorption’. In order to improve this mass transfer process, the preparation
of a very thin stationary phase, such as a monolayer, is worth considering. Alter-
natively, capillary LC can be carried out at high temperature. Another problem in
capillary LC is that the capacity factor (k') is relatively small; the largest value that
we have obtained is about 2. It is necessary to have a value of at least 10 for the

analysis of complex mixtures.
The advantages of OMCLC are as follows. (1) With the open column one

does not need 2 high pressure to feed the eluent, for example a pressure of 10-20

atm suffices for a 3 m X 60 gm LD. column at a linear velocity of 1.3 cm/sec. (2)

_ Direct connection with a mass spectrometer is feasible, as the flow-rate of the mobile
phase is only about 1 gl/min, which is one-thousandth of that in high-performance
liquid. chromatography. (3) As capillary LC can be applied to micro-amounts of
sample, it is easy to apply this method in microanalysis.

.~ In this work, the inner diameter of the capillary column was about 60 um,
although a smaller value would be more favorable. We are now investigating this
problem and those mentioned above, and also attempting to prepare capillary col-

umns with polar stationary phases.

REFERENCES

1 M. Novotny, Ana!l. Chem., 50 (1978) 16A.
2 C. G. Horvath, B. A. Preiss and S. R. Lipsky, dnal. Chem., 39 (1967) 1422.
3 G. Nota, G. Marino, V. Buonocore and A. Ballio, J. Chromatogr., 46 (1970) 103.
4 T. Tsuda and M. Novotny, Anal. Chem., 50 (1978) 632.
5 Y. Masada, K. Hashimoto, T. Inoue, Y. Sumida, F. Fujioka, C. Uchino, T. Kishi and T. Nishino,
Yakugaku Zasshi, 97 (1977) 473.
6 D. Ishii, K. Hibi, T. Yoshimura, T. Nakanishi and I. Fujishima, 26tk IUPAC Conference, Tokyo,
Japan, 1977.
7 K. Hibi, D. Ishii, I. Fujishima, T. Takeuchi and T. Nakanishi, J. High-Resolution Chromatogr.
Chromatogr. Commun., submitted for publication.
8 G. Taylor, Proc. Roy. Soc. London, Ser. A, 219 (1953) 186.
9 F. 1. Onuska, M. E. Comba, T. Bistricki and R. J. Wilkinson, J. Chromatogr., 142 (1977) 117.
10 D. Ishii, X. Asai, K. Hibi, T. Jonokuchi and M. Nagaya, J. Chromatogr., 144 (1977) 157.
11 T. Tsuda and M. Novotny, Anral. Chem., 50 (1978) 271.
12 J. J. Kirkland, Anal. Chem., 43, No. 12 (1971) 36A.
13 W. A. Aue and C. R. Hastings, J. Chromatogr., 42 (1969) 319.
14 H. F. Walton, Anal. Chem., 48 (1976) 52R.
15 M. Novotny and K. Grohmann, J. Caromatogr., 84 (1973) 167.
16 G. A. F. M. Rutten and J. A. Luyten, J. Chromatogr., 74 (1972) 177.
17 L. Blomberg, J. Chromatogr., 115 (1975) 365.
18 R. G. Einig and J. L. MacDonald, Anal. Cker1., 48 (1976) 2281.
19 J. C. Giddings, Dynamics of Chromatography, Vol. I, Marcel Dekker, New York, 1965.



