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Abstract

A possible way of fabricating miniaturized multicapillary columns
for gas and liquid chromatographs or electrophoresis devices
containing many thousands of identical channels with a width (or
depth) of approximately 1-30 pm by means of industrial
technology for the production of optical plane reflecting diffraction
gratings is proposed.

Introduction

The miniaturization of sample-analysis instrumentation and
especially separation systems such as gas and liquid capillary
chromatographs or capillary electrophoresis devices will gener-
ally result in improved performance characteristics and reduced
production and analysis costs. In this regard, the miniaturized
separation systems provide a more effective system design that
results in an increased speed of analysis, lower solvent and gas
consumption, and the possibility of increased detection effi-
ciency. The small dimension, low electricity consumption, and
high speed of analysis will make it possible to use miniaturized
chromatographs in field conditions, such as for the detection of
explosives or the in situ study of physicochemical transforma-
tions of aerosols and gaseous impurities in the atmosphere.

A miniaturized gas chromatograph requires a capillary
column that must be much shorter than those 20- to 100-m long
with a 200- to 500-um i.d. that are applied in conventional capil-
lary chromatographs. Nevertheless, such a short column (e.g.,
approximately 5- to 100-cm long) must possess the resolution
power comparable with the efficiency of long columns. For this
purpose, the miniaturized column must have an internal diam-
eter of approximately 5- to 40-pm to provide high separation effi-
ciency. The diminution of the capillary diameter will however
result in a sharp decrease in sample capacity, and perhaps this
decreased sample will be insensible in the detection system. In
order to overcome contradiction between column resolution and
sample capacity, multicapillary columns have been proposed (1).

In this case, several tens or hundreds of small-diameter capil-
laries are united in a bundle and all capillary inlets are joined
together as well as the outlets. A relatively large sample is
injected into the joint inlet, and the carrier gas—sample flow is
distributed among all of the capillary channels so that a partial
substance quantity in every channel does not exceed a permis-
sible sample size. A resolved sample component, which must
simultaneously elute from all of the channels, collects in the
joint outlet and passes to a detector.

Multicapillary columns are usually fabricated from a low-
melting glass, fused silica, or metal. For instance, a bundle of
wide-bore glass capillary tubes is heated to the melting point, the
tubes are drawn, and thus narrow-bore capillaries (i.e., approxi-
mately 30- to 40-pm i.d. and 20 to 100 c¢cm in length) are
obtained. Such bundled columns having 900-1100 capillary
channels have been effectively applied (2-5) and used in Ekho
gas chromatographs (6,7). The method for the preparation of the
column using a bundle of metallic wires has been described (8)
and the slits between the wires were proposed for use as capillary
channels. The designs of metallic disk-like and conical (9) or
cylindrical columns (10), which could potentially be trans-
formed to a multicapillary system, are also known, and in these
cases the channels of various forms (e.g., triangular and heli-
coidal) were threaded, ground, or cast on the face surfaces of the
previously mentioned objects.

The necessity for making multicapillary columns (and also the
greatest difficulty) is to prepare many hundreds of channels that
must be identical to each other, particularly in their diameters.
Other difficulties are the liquid-phase coating and stationary
phase bonding on the inner walls of the capillaries. It should be
noted that all of these problems will be greatly enhanced by
attempting to make a column with channel widths of 5-10 ym
and smaller. Such columns (5- to 20-cm long) would be neces-
sary for designing miniaturized gas and liquid chromatographs
or electrophoresis systems. In this case, the performance of every
channel must be very accurate within a small fraction of a
micrometer. It should also be taken into account that such a
column must contain many thousands of channels in order to
allow the column to retain large sample capacity. It seems
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unlikely to fabricate 5000-10,000 identical channels that are 5-
to 10-pm wide and smaller using the previously mentioned
methods for producing glass or metallic columns.

This study relates to a possible way of fabricating miniaturized
multicapillary columns containing many thousands of identical
channels with a width (or depth) of approximately 1-30 pym (or
somewhat smaller or larger) by using the technology for the pro-
duction of the optical plane reflecting diffraction gratings (11).

Optical plane reflecting diffraction gratings

Optical plane reflecting diffraction gratings are widely used in
optical devices such as infrared and UV-vis spectrographs,
monochromators, and lasers, and they are produced by the
optics industry (12-15). A schematic view of a standard diffrac-
tion grating with 100 grooves per millimeter is shown in Figure
1. Usually, it is a rectangular or square flat plate (i.e., 100 x 100
mm and approximately 10 mm in thickness and made from
metal or glass). On the face surface of a plate, the strictly parallel
and identical triangular-formed grooves are ruled with the help
of a special ruling machine using a diamond edge that is ground
to the desired shape as a ruling point. Various dimension types
are standardized in the optics industry. Plate sizes vary from
approximately 50 to 300 mm, but the line ruling areas are some-
what smaller. The line rulings are performed within approxi-
mately 40-3000 grooves/mm so that the grating spacing (i.e., the
groove width) is within approximately 0.3-25 pm. Gratings with
a spacing of approximately 50-500 pm (2-20 grooves/mm) are
also produced. The plates can be made of either aluminum, an
aluminum alloy (Al-Mg-Zn), or other metals (i.e., nickel, Invar,
bronze, or stainless steel). The usual practice is also to rule the
grooves on aluminum, gold, or other metal layers deposited on
glass flat plates. Also, the grooves with a very small spacing
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(approximately 3000 grooves/mm) are ruled sometimes directly
on the surface of a glass plate. Because a grating of good quality
is difficult to produce, replicas of original rulings are often used.
These are obtained by using a pressing or molding from the orig-
inal ruled master grating (proper plastics are used for the
pressing or molding). The replicas are much lower in price than
the original gratings and are more suitable for serial production.

Conceptual design of the multicapillary grating column

The perfect grating has grooves of identical form and size,
because this is necessary for good spectral resolution power. The
groove nonidentity is much less than 1%, at least for the infrared
gratings with a spacing of approximately 1-2 pm and coarser
(12-15). The identity of many grooves seems very promising for
diffraction gratings to be used for fabricating miniaturized mul-
ticapillary columns. The variety of groove widths (within approx-
imately 1-30 pm), lengths (approximately 5-30 c¢cm), and
materials (i.e., metal, glass, or plastic) could provide the required
working characteristics for chromatographic or electrophoresis
columns. It would also be possible to modify the material of
grooves (i.e., that of future capillary channels) by depositing a
proper “chromatographic” material onto the open grating sur-
face by means of either metal evaporation under vacuum, chem-
ical polymerization, or oxygenation. It would be easier to
perform and control the liquid-phase coating and phase bonding
directly on the open surface of the grooves.

A hypothetical design of a multicapillary column is shown in
Figure 2. It consists of a standard diffraction grating and another
matching (but flat) plate that cover the face side of the grating in
order to form numerous capillary channels. Two transversal
channels were ruled additionally on the working side of the
matching or grating plates (or both) near the beginning and the
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Figure 1. Schematic view of the 100-grooves/mm standard diffraction grating.
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Figure 2. Conceptual design of a grating chromatographic column: standard
diffraction grating, 1; matching flat plate, 2; grating grooves, 3; inlet collector,
4; outlet collector, 5; inlet hole, 6; outlet hole, 7; inlet fan-shaped channels,
8; outlet fan-shaped channels, 9; and hermetic gaskets, 10.

446




Journal of Chromatographic Science, Vol. 39, October 2001

end of the grooves. These formed the inlet and outlet collectors,
respectively, in order to distribute the gas—sample mixture
among the capillaries and join again the capillary flows. Through
the appropriately arranged inlet hole and fan-shaped channels,
the gas—sample mixture flowed into the inlet collector and there-
after eluted the column through the outlet collector, the outlet
hole, and the outlet fan-shaped channels (numbered in Figure 2
as 5, 7, and 9). All of the channels are shown in Figure 2 as the
individual ones assuming that the groove tops are hermetically
sealed with the matching plate. Actually, this would be unneces-
sary because of the high identity of the channels, the spatial dis-
tributions of the gas pressure, and the sample components along
the column that must be the same in every channel. Therefore,
the possible nonhermetic joints of the groove tops and plate
should not cause cross-flows of the carrier gas and sample com-
ponents from one groove to another. In addition, it would be

even desirable to cut the groove tops to form a single quasi-flat
slit, because a chromatographic column with a slit-like cross-
section is known to have the best separation efficiency (16,18).
Also, because of the technological feature of grating production,
it would appear that the groove tops of standard gratings are
located somewhat below the overall face plane so that the above
slit-like channel would form in itself. Thus, the hermetic gaskets
in the hypothetical column (numbered as 10 in Figure 2) must
be arranged only along the edges of the line ruling area on the
matching or grating plates (or both).

Figure 3 shows other column designs with twin or triple grat-
ings. Either parallel or serial commutations of the inlet/outlet
collectors of both gratings (Figure 3A) may result in the dou-
bling of either a number of channels (i.e., double sample
capacity) or channel length (i.e., an increase in resolution
power), respectively. It should be noted that in the first case the
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Figure 3. Hypothetical designs of columns based on twin and triple gratings: (A) column with
increased sample capacity or resolution power, (B) “face-to-face” column with identical grating
grooves, (C) column B but with the cross-shift of one of the gratings by a groove halfwidth, (D) “face-
to-face” column with nonidentical grating grooves, and (E) column based on triple gratings.

gratings must have identical grooves, but in the
second case the gratings may be either equal or
different. In the designs shown in Figures 3B, 3C,
and 3D, one of the gratings serve as a matching
plate, thus the different forms of resulting slits
could be obtained. The third grating (Figure 3E)
may also be matched to the previously mentioned
twin gratings, thus the serial commutations of
collectors must increase the column resolution.

E The standard optical gratings with triangular
grooves are assumed to be used in the columns,
but the production of special “chromatographic”
gratings would also be possible. These could be
prepared with the help of grating equipment (i.e.,
ruling machine and diamond chisel), but chisels
ground to the rectangular or trapezoid shape
should be used to rule the relatively wide rectan-
gular or trapezoid slits (i.e., having a width of 50
t0 200 pm and a depth of 5 to 20 um) (Figure 4A).
As was pointed out earlier, the channels of such

N

cross-sections should demonstrate better effi-
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ciencies when compared with the channels of

round or triangular forms. It should be empha-
sized that in this case the slit depth will affect the
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For chromatographic purposes, it would also

B Master grating

be desirable to make replicas by using a special
master grating with triangular grooves (e.g.,
approximately 5-20 pm in width and depth) that
should be ruled infrequently (i.e., every other
50-200 pm or more) (Figure 4B). However, the

replica obtained will have trapezoid grooves that
are 50- to 200-pm wide and 5- to 20-um deep
(Figure 4C). As mentioned previously, the
replicas are low in price and thus the reduced pro-

duction cost will be very important for the serial

fabrication of multichannel columns. Of course,

C Replica

matographic” master grating, and (C) a corresponding replica.

Figure 4. Schematic views of (A) a column based on a special “chromatographic” grating, (B) a “chro-

the replicas must be made from plastics or other
materials with good chromatographic character-
istics, particularly stability at a higher tempera-
ture (i.e., 50°C, 100°C, or 200°C). For instance,
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such materials could be either Teflon (or probably other polyflu-
orinated plastics), ceramic clay, epoxy, polyimide, or even
polyamide plastics, taking into account in the latter case that not
too high of a temperature must be applied in a short small-diam-
eter column. Depending on the mutual imbalance of the epoxy
resin and other ingredients in the starting liquid epoxy com-
pound, the final hardened epoxy plastic and consequently the
walls of channels must contain some quantity of unlinked sub-
stance that could serve as a liquid-phase coating. The plastics and
ceramics could probably be used for producing the “chromato-
graphic” gratings (Figure 4A) as either the base plates or thin
layers linked on glass or metallic plates (thus allowing for the
original “chromatographic” grooves to be ruled directly on the
plastic or ceramic surfaces).

It should also be noted that it would sometimes be expedient
to rule the grooves of different depths on the different sections of
one plate, perform there the different liquid-phase or adsorbing
coatings, or both. The separate outlet collectors and detectors
could be arranged on these plate sections, thus the multiposition
column would be realized. In regards to the inlet collectors, they
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where HETP is the height equivalent to a theoretical plate; d. is
the capillary diameter; dy is the thickness of the liquid-phase
film; u is the average linear velocity of the carrier gas; D, and Dy
are the diffusivities of a sample substance in carrier gas and
liquid film, respectively; and & is the retention factor. For a con-
ventional capillary tube of approximately 200 pm and wider, the
third term on the right side of equation 1 is usually ignored
because its value is small when compared with the others, but for
the small-diameter capillaries this term must be taken into
account. Expressions (omitted here) for the optimal data on the
gas velocity (¢,) at the column outlet (i.e., under the pressure of
po=1atm) and the optimal (HETP,,) were derived from equa-
tion 1 by the known algorithm (16-18). These data are presented
in Table I for different capillary diameters and lengths, and the
concrete values of diffusivities (D, = 0.07 and Dy = 0.00002
cm?/s), film thickness (d;= 0.2 um), and retention factor (& = 20)
were used in the calculations. The velocities obtained were used
to calculate the distributions of gas pressure P(x) and velocity
u(x) along the capillary:

must be either separate collectors or a single common collector. Plx) = \/ 02+ 6441+ po - uy - (L—x) Eq.2
In the latter case, the sample will simultaneously be analyzed by ? d?

a few different columns and detectors. It would also be advanta-

geous to arrange these tiny elements (i.e., inlet, outlet, injector, and

and detector) either on the backsides or in the bodies of the () = Py Fa.3
matching or grating plates (or both). U =t Plx) @

Estimations of resolution power and
operating pressure for a grating column

We used Golay’s equation for a round capillary even though
the grating columns contained channels of triangular, rectan-
gular, or trapezoid forms:

oD, 1+6k+11K2 d2
HETP = = + .
u 9%6-(1+k2 D

g
2 k &
+ . f .
Dy

u Eq. 1

3 (1+k?2

where x is the distance from the capillary inlet, L is the capillary
length, and 1 is the dynamic viscosity of the carrier gas He. As
can be seen from Table I, the operating entry pressures were rel-
atively high, especially for the small-diameter channels. The
inequality of pressures along the capillary must have resulted in
an additional widening of chromatographic peaks owing to the
expandability of the carrier gas. In order to minimize the latter
effect, an increased pressure (e.g., approximately 10 atm) can be
maintained forcibly at the 5-cm x 5-pm capillary outlet, and in
this case the ratio between the new inlet (approximately 17 atm)
and outlet (10 atm) pressures would be much smaller than the

Table 1. Optimal and Operating Characteristics of Grating Columns

previous one (10.6:1, Table I). Therefore, the
influence of gas expandability would be slight.

Capillary diameter (pym) / length (cm)

Among other things, the small sizes of the
grating column and other parts of a hypothetical

5/5 10/10 20/20

theoretical plate for the capillary diameter (ym)

Optimal outlet gas velocity (m/s) and optimal height equivalent to a

30/30

miniaturized chromatograph could simplify
operating conditions at a higher gas pressure.

In regards to the HETP,,; values calculated
either from equation 1 and the pressure and

velocity distributions (equations 2 and 3) or by

u, | HETP,y; u, | HETP,y; u, | HETP,,,

u, /| HETP,y;

3.77 1.5 2.56 1.1 1.44 0.9 0.99

Distributions of gas pressure (atm) and velocity (m/s) along the capillary

0.9
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equation 1 modified by Giddings (17), they were
approximately the same along the capillary
despite the inequality of gas velocities (Table I).
This was a result of the fact that the lower veloci-
ties near the capillary inlet were accompanied by

x(em) P) u() x(em) PY) u()  x(em) P) uly) x(cm) Pl u() higher pressures and thus the lower diffusion
? 5 12'3 g'ig 2 (5)5 8'3; 2 ;g 8'?2 8 ;? 8‘3; coefficignts ofa gample component in the carrier
3 67 056 6 4 064 12 23 063 18 17 038 gas. It is shown in Table I that the HETP,,, was
45 35 108 9 22 147 18 14 100 27 12 081 approximately equal to the value of the capillary
5 1 37710 1 256 20 1 144 30 1 099 diameter, thus the 5-cm x 5-pum capillary should

have approximately 7000 theoretical plates. As
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was pointed out earlier, the relative inaccuracy of the “diameters”
of the grating channels (Ad/d,.) was much less than 1%, thus the
additional widening (AHETP =~ L(Ad/d,)?) can be neglected.
Unfortunately, such high resolution cannot be realized in prac-
tice, because the very small linear sample size (i.e., the short
injection time) was assumed in the theoretical calculation. In
reality, the slower transfer of the sample from the injector into
the column cuts down the theoretical resolution power. Taking
into account this unavoidable obstacle, we may initially apply a
nonoptimum gas velocity (i.e., ten times reduced), thus the
essentially decreased operating pressures will be required in this
case. At the same time, with a 10-fold reduction in gas velocity
the HETP will increase only approximately 5 times, and thus the
5-cm x 5-pm column will have approximately 1500 plates. It
should be underlined that the main goal of the application of a
miniaturized chromatograph in field conditions should be the
high-speed analysis of the samples with a relatively simple com-
position (2-5 or somewhat more components) rather than the
analysis of samples containing many substances in which con-
ventional long capillaries with 100-200,000 plates must be used.
Thus, the hypothetical miniaturized 5-cm x 5-pm column with
1000-2000 plates seems to be compromised for the claimed goal.

In a very thin capillary, coefficient £ would be large (= 10),
because with other factors it is inversely proportional to the cap-
illary diameter. In this regard, a large & value should be advanta-
geous only for short small-diameter columns because in this case
the retention times would be suitable (approximately 1-100 s),
even at & = 10-100. However, it may well be that the previously
mentioned “fast injection” problem (approximately 10~ s) will be
found technically too difficult to use the 5-um columns. In this
case, the wider grooves (10- to 30-pm wide and 10- to 30-cm long)
would be suitable for the fabrication of gas columns.

Similar estimations may be performed for the hypothetical
application of grating columns in liquid chromatographs. As can
be observed from equation 1, the linear velocities of the liquid
mobile phase must be 1000-10,000 times lower than those in gas
chromatography, because the diffusivity of sample molecules in a
liquid is 1000-10,000 times smaller than that used in the pre-
vious case (D, ~0.07 cm?/s). Such a low velocity (= 1 mmys) could
be obtained at a relatively low operating pressure, even for the
channels of 5-pm width and smaller. The HETP values were esti-
mated to be approximately 0.8-0.9 of the capillary diameter.
Taking also into account that (@) small-diameter and short-length
capillaries are usually required in liquid chromatography and (5)
the previously mentioned injection problem was less difficult
than that in the case of gas chromatography, it can be concluded
that the diffraction gratings with grooves of approximately 5-10
pm or smaller could be used in multicapillary liquid chro-
matographs (19) and very likely in electrophoresis devices (20). In
addition, the planar structures of grating channels and the outlet
collector could essentially extend the light path-length and con-
sequently the sensitivity of the on-column single-pass optical
detection technique commonly used in liquid chromatographs
and electrophoresis systems.

Conclusion

The present or further technological resources of diffraction
grating industry could be applied for designing and fabricating
multicapillary columns for miniaturized gas and liquid chro-
matographs or electrophoresis devices. Such metallic, glass, or
plastic columns having many thousands of identical channels
(approximately 1-30-um wide and 5-30-cm long) are unlikely to
be produced by another method. At the same time, in order to
realize the potential advantages of such unusual columns, it is
necessary to design completely new miniaturized gas or liquid
chromatographs including the very small sample injector, detec-
tion technique, carrier gas, or liquid supply.
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