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(57) Abstract

A compact, sensitive, comprehensive two-dimensional gas chromatographic system (10) includes a chromatrographic co-
lumn (14) having first section (14A) and second section (14B) in series with each other to permit the flow of sample (12) and a
carrier (13) through the sections. The retention time of second section (14B) is less than the band resolution time of first section
(14A). To control the wave fronts between the sections, first heater (22) and second heater (26) are positioned to heat and drive off
sample collected at the outlet of first section (14A) for collection in second section (14B) and to heat sample collected at the inlet
of second section (14B) so that first heater (22) rapidly drives off sample for collection in second section (14B) and then second
section (14B) rapidly drives off sample in sharp wave front while first section (14A) is accumulating another band of later move-

ment into second section (14B).
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CHROMATOGRAPHIC TECHNIQUE AND APPARATUS

BACKGROUND OF THE INVENTION
This invention relates to chromatographs and

chromatographic methods.

Prior Art Two-Dimensional Gas Chromatography

In one class of gas chromatography, referred to as
two-dimensional gas chromatography, a first and a
second column are connected serially with the inlet
port of the second column communicating with the outlet
of the first column. A sample is injected in the inlet
port of the first column and carried through it by a
carrier gas. The sample is separated into bands as the
sample is carried through the first column. One
portion, or in some cases, several portions of the
sample from the first column are moved by carrier gas
through the second column where further chromatographic
separation occurs. Separated components are detected
near the outlet opening of the second column.

In a prior art type of two-dimensional gas
chromatography, generally referred to as heart-cutting,
the first and second columns are two separate columns,
with valves between them to permit diversion of vapor
stream from the first column before it enters the
second column. Generally, the mechanisms used to
obtain separation of the components of the sample are
similar in the two columns. In using prior art two-
dimensional columns, one or more portions of sample
eluting from the outlet port of the first column are
diverted into the second column. Slices of eluted
bands or one to several entire bands are injected into
the second column where they are further separated
prior to detection.
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The prior art heart-cutting two-dimensional
chromatography has several disadvantages, such as:
(1) not all eluted bands from the first dimension are
subjected to the second dimension of chromatography;
(2) sensitivity is reduced when a secondary
chromatographic analysis is performed on only a portion
of an eluted band; (3) diversion valving, cooling fluid
valving, cold trap heater circuitry, and column
interconnections make prior art two-dimensional
chromatography complicated and place demand upon the
operator; and (4) the time required for chromatographic
separation on the second column is comparable to the
time required on the first. Long secondary gas-
chromatographic analysis time permits at most several
"heartcuts" to flow into the second column. The
majority of sample bands from the first column may be
diverted elsewhere to prevent crossover of bands in the

second column.

Prior Art Thermal Modulation

In another «class of gas chromatographic
techniques, known as thermal modulation, sample is
permitted to accumulate in a relatively cool portion of
column, the exterior of which portion carries a thin,
electrically connected heater, and then released by
heating to generate a sharp or spatially compact

concentration pulse. In the prior art thermal
modulation, a single stage of thermal modulation has
been employed on-column. Single stage thermal

modulation has also been used in connection with two-
dimensional gas chromatography. The prior art one-
stage thermal modulation technique has the disadvantage
of allowing some sample gas to flow through unmodulated
during the cooling time of the modulator.
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SUMMARY OF THE INVENTION

Accordingly, it is an object of the invention to
provide a novel chromatographic technique.

It is a still further object of the invention to
provide a novel chromatograph.

It is a still further object of the invention to
provide a novel injector for chromatographs.

It is a still further object of the invention to
provide a chromatograph which provides rapid and

sensitive separation of components of a sample.
It is a still further object of the invention to

provide a novel compact and inexpensive chromatograph.
It is a further object of the invention to provide
a comprehensive two-dimensional chromatograph.
It is a still further object of the invention to
utilize thermal modulation to permit direct on-line
comprehensive two-dimensional chromatography.

Comprehensive Multi-Dimensional GC Structure

In accordance with the above and further objects
of the invention, a chromatographic column has first
and second sections either integrally formed with each
other or connected to each other in an abutting
relationship to permit the flow of sample and a carrier
through the first section and the second section. The
second section is faster than the first section.

The second section is faster than the first
section in the sense that substantially the longest
retention time on the column of the second section may
be made as short as, or even shorter than, a time

interval corresponding to, or characteristic of, unit
resolution of chromatographic bands eluting from the
column of the first section throughout the duration of
a chromatographic separation occurring on the column of
the first section.
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The increased speed of the second section may be
obtained by any of, or a combination of, several
structural and operational differences between the
first and second sections, such as: (1) the column of
the second section may have a substantially smaller
diameter than the column of the first, which increases
the speed of the second column through combined
increases of column efficiency and carrier gas flow
velocity; (2) the second column may have higher gas
velocity than the first column because of the addition
of carrier gas near the outlet of the first column and
the inlet of the second; (3) the thickness of the
stationary phase in the second column may be less than
that of the first column; (4) the second column may be
operated at a higher temperature than the first, or, be
subjected to a different temperature program than the
first; (5) the second column may have imposed upon its
longitudinal axis a negative thermal gradient, which in
combination with temporal temperature programming, may
exert focusing effects which increase the speed of the
second column; and (6) the stationary phase of the
second column may differ in its chemical composition
from that of the first.

In some embodiments, the second column has a
retention time which is no more than about 25 percent
the retention time of the first column and
substantially all sample and a carrier gas flows
through both the first and second columns.

Multi-Stage Thermal Modulation

To produce sharp wave fronts between the first and
second columns, a heater is positioned in juxtaposition
with the first column or an extension thereof adjacent
to the outlet end of the first column and before the
inlet end of the second column. Alternatively, the
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heater may be positioned in the second column or an
extension thereof near its inlet so that sample
separated by the first column can be accumulated near
the heater and then driven off in a sharp wave front by
rapid heating. The retention time of the second column
is equal to or less than the band separation time of
the first column near the time sample is driven into
the second column.

For further effectiveness, a second heater is
positioned near the first mentioned heater.
Preferably, the first heater is positioned to heat
sample collected in the first column or an extension
thereof near the outlet of the first column and the
second heater is positioned to heat sample collected
near the inlet, or an extension thereof, of the second
column.

With this arrangement, the first heater becomes
hot to rapidly drive off sample and then cools rapidly
to resume accumulation of sample from the first column.
The same sample that is driven from the first heater
section, herein referred to as the first stage, is
accumulated at the inlet of the second heater section,
herein referred to as the second stage. The second
stage then rapidly drives off that sample in a sharp
wave front while the first stage is still accumulating
sample for later movement into the second stage. The
steps of accumulation, transfer between the stages, and
release from the stages are coordinated so that
comprehensive modulated collection and transmission of
sample eluted from the first column generates a series
of sharp wave fronts to be separated in the second
column. Collectively, these wave fronts include the
entire sample.

In the case of capillary gas chromatography, the
stages of this "two-stage thermal modulator" aré
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advantageously portions of the capillary column,
externally coated over at least portions of their
lengths with resistive coats adapted to serve as
electric heaters upon being electrically energized.
The modulating stages are separately electrically
connected and it may be preferable to have several
mutually insulated coats on different positions of the
columns, the ends of such coats partially overlapping,
each individually electrically connected to circuitry
which may program the temperature of each modulating
stage.

In the preferred embodiment, the sections of the
capillary column system are looped so there are
adjacent lengths for the transfer of heat from one to
another. To aid in transmitting heat from one length
to another, a fluid may move over the coils and a
thermally conductive material such as graphite may be
applied over the coils of the column.

Advantageously, the loops may be loops of a helix
wound around a tubular support member. The pitch of
the helical winding may be varied to create and control
longitudinal variations in temperature gradients.
Electrical contacts may extend through the walls of the
tubular support member into its center. The support
member may also support the flow of fluid such as gas
to carry heat from one length to another. Instead of
being wound over a tube, the loops may be bent over a
planar surface having a temperature gradient, they may
be formed within a solid in a plane, or they may be
molded in a substance such as porcelain as a conductor
and etched from the porcelain. Instead of controlling
heat transfer between loops by spacing alone, the
thermal conductivity between loops may also be used.

To make electrical contact between sources of
potential, external coats on the two-stage modulators,
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and coats for thermal gradient control, the coat on the
capillary may be electrically connected to a similar
coat on a supporting surface. In the preferred
embodiment, the supporting surface is a thin walled
tube or cylindrical sheet having low thermal mass or
thermal inertia. This extension of the capillary coat
may make electrical contact with electrical connectors.
The connectors may be clamp-type electrical connectors,
probes or solder connectors preferably protruding from
the inner side of the tube to the outside, in those
embodiments in which a tube support is used. 1Ideally,
portions of the tube support should be removed to
reduce the effective thermal mass which must be heated
by the modulator stages. Thus, the modulator stage
makes physical contact with the thin walled tube only
at or near the ends of the modulator. In some
embodiments, cooling exposed stages of the two-stage
modulator may be accelerated by placement of a Peltier
heat pump in close proximity thereto.

The first and second sections of the capillary
column system may be: (1) drawn separately, each to a
different diameter; or (2) drawn as one continuous tube
in two sections having different size inner diameters.
If drawn separately, the sections may be connected
after they are drawn with a butt connection having a
tube over the two sections or they may be drawn
integrally with different dies, the dies being changed
for a narrower drawing after the larger diameter is
drawn over a first portion. The two columns may be
separately internally coated with different polarity
materials for better separations.

Advantageously, the heaters for the first and
second columns are electrically resistive conducting
coats on the column exteriors. The resistivities of
the conductive coats are selected in connection with
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the current to be applied to provide the appropriate
temperature changes or rates of change. Resistivities
may conveniently be changed by altering the thickness
and/or composition of the resistive external coat on a
column.

One or both columns may be temperature programmed
by varying the potential applied across the conductive
coats as a function of time. Moreover, the conductive
coats have a different resistivity or gradients of
resistivity to electrical current in different
locations to provide either a continuous or
substantially stepwise temperature gradient field
spanning the region in which columns or capillary
channels are located. The longitudinal axis of one or
both columns may traverse the thermal gradient field in
a direction substantially parallel to the thermal
gradient field, inclined thereto, or at some places
parallel and at others inclined.

In operation, a sample is injected into the first
column through injector means communicating with the
inlet end of the first column. Sample may be inserted
into the injector means in solid or liquid form and
vaporized before being carried by gas into the column.
The sample may also be injected as a vapor or gas.
Alternatively, a negative pressure may be applied
across the columns such that a vapor or gas may be
drawn into the columns. Such an arrangement, in
combination with thermal modulation near the column
inlet, could be used to sense an atmosphere in a room
being tested for organic vapor contaminants, or for
headspace analysis in a container, such as a container
of ground coffee having vapors evaporating therefrom.

Under circumstances in which the sample is diluted
in another gas or vapor, the sample may be collected
against the cooler portions of the inlet of the first
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column for as long as necessary to achieve a given
sensitivity, and then driven off in a sharper wave
front for two-dimensional GC analysis.

In a comprehensive two-dimensional gas
chromatograph, substantially all sample is collected in
a series of bands, separated in time, but substantially
non-overlapped at the outlet end of a first column. To
permit comprehensive treatment of sample, the sample is
driven off of the wall of the first column near its
outlet end as a series of sharp sequential peaks into
the second column, where further high speed gas
chromatographic separation is performed at a fast
enough rate to accomplish further resolution with
minimum unplanned crossover of bands. Preferably, the
sample is driven off by heat from the end of a first
column, first modulator stage, then collected at the
beginning portion of the second column, second
modulator stage where the flow of carrier gas may be
faster in some embodiments. The sample is then driven
off as a sharp peak from the second modulator stage
into the faster gas near the entrance end of the second
column for further separation along the second column,
and for detection or collection as bands at the outlet
end of the second column.

From the above description, it can be understood
that the apparatus and process of this invention has
several advantages over prior art two-dimensional gas
chromatography, such as for example: (1) it is small,
compact and inexpensive; (2) it can sample very dilute
vapors and gases so as to be usable to perform sampling
in the atmosphere or in small containers; (3) it can
provide a greater sensitivity and better resolution in
a smaller size and in a shorter time because it can be
subject to high speed temperature programming, thermal
gradient operation, and gas flow rate programming; and
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(4) it can perform comprehensive two-dimensional
separations, while achieving a substantially improved
degree of independence or orthogonality between first
and second retention times and substantially increased
peak capacity per unit time as compared with a single
column gas chromatograph or prior art two-dimensional

gas chromatographs.

BRIEF DESCRIPTION OF THE DRAWINGS

The above noted and other features of the
invention will be better understood from the following
detailed description when considered with reference to

the accompanying drawings, in which:

FIG. 1 is a block diagram of a chromatograph in
accordance with the invention;

FIG. 2 is a block diagram of a three-dimensional
gas chromatograph according to the present invention;

FIG. 3 is a schematic drawing of an injector;

FIG. 4 is a simplified perspective view, partly
broken away and exploded, of the chromatograph of FIG.
1;

FIG. 5 1is another perspective view of the
chromatographic system of FIG. 1, partly broken away;

FIG. 6 is a perspective view of a portion of FIG.
5;

FIG. 7 1is a sectional schematic view of one
embodiment of a portion of a chromatographic column

together with connections used in heating it;
FIG. 8 is a simplified sectional view of an
electrical connection used in the embodiment of FIG. 1;
FIG. 9 is a block diagram of equipment used in
making one portion of the chromatographic system of

FIG. 1; and
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FIG. 10 is another block diagram of equipment used
in making a portion of the chromatographic system of
FIG. 1.

DETAILED DESCRIPTION OF THE INVENTION
Operation of Comprehensive Two-Dimensional GC

Broadly, in this method, multiple second dimension
chromatograms are generated during the first dimension
chromatogram. The chromatographic data may be
displayed in a three-dimensional manner with a
retention parameter of the first column comprising one
axis, a retention parameter of the second column
comprising a second axis and signal intensity
comprising a third axis.

With reference to FIG. 1, there is shown a block
diagram of a gas chromatographic system 10 having a
sample injector 12, a source of carrier gas 13, a
column system 14, a detector 16 and a display 18. The
chromatographic column system 14 includes two sections
14A and 14B connected in series so that the inlet end
of section 14B communicates with the outlet end of
section 14A to receive carrier gas and sample
therefrom. The sections 14A and 14B may be considered
two columns that receive the same sample and carrier in
series and as part of the same chromatographic run.

The column system 14 includes, in one embodiment,
a transfer line 20, a first two-stage thermal modulator
22, a first chromatographic column 24, a second two-
stage thermal modulator 26 and a second chromatographic
column 28. The transfer line 20, first two-stage
thermal modulator 22 and first column 24 are part of
the first section 14A. The second two-stage thermal
modulator 26 and second column 28 are part of the
second section 14B.
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To function as a chromatograph, the injector 12
receives sample and communicates with the carrier
source 13 and the inlet port of the column system 14 to
inject sample for movement along section 14A by the
carrier source 13 at a first velocity. The sample then
flows through section 14B, preferably, but not
necessarily, at a faster velocity toward the detector

16. The detector 16 detects bands and displays
separated peaks of the sample on a screen, printout or
the like. The second section 14B has a shorter

retention time than the first section 14A.

For some samples, a polar internal coat retains
sample longer than a nonpolar internal coat. Thus, in
some embodiments, the first section 14A has a nonpolar
internal coat and the second section 14B has a polar
internal coat so that the first section 14A separates
principally by Van der Waals forces and the second
column 14B by both Van der Waals forces and by dipole,
induced dipole, hydrogen bonding or other forces
between sample and the internal coat of the column.

The injector 12, carrier source 13, detector 16
and display 18 may be conventional and of a type well
known in the art. The chromatographic system 10 is
sufficiently sensitive so that the injector 12 can be
merely a carrier-gas driven opening to collect very
dilute sample from the atmosphere, from the headspace
of closed containers through which the gas is moved, or
the like, and yet obtain results. Thus, the system is
capable of detecting alcohol vapor in an automobile or
detecting drugs or the like from urine by drawing into
its input, vapors from the aiitomobile or vapors emitted
from liquid in a container.

The different retention times between the first
and second sections 14A and 14B are controlled by a
number of factors, singly or in combination, such as:
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(1) the types of stationary phases in the two sections,
(2) the volume per unit length of each column since the
volume per unit length affects the carrier gas
velocity, (3) the rate at which each section is
temperature programmed; and (4) the presence of spatial
negative thermal gradient fields traversed by the
column section.

One measure that makes the second section fast is
to make the second column short, such as 10 cm
(centimeters) to 200 cm in length. To -achieve
significant resolution with such a short column, a
sharp concentration front, a sharp concentration pulse,
or a series of sharp fronts and pulses should be
admitted to the inlet of the short column. The time
interval during which such sharp fronts or pulses are
admitted must be accurately known in order to establish
a time base on which to measure retention times of
compounds eluting from a short second column into a
detector located near the column outlet. Sharp
concentration pulses or fronts will hereinafter be
referred to as "wave fronts", since, by well known
methods of Fourier decomposition, wave fronts or pulses
may be viewed as superpositions of concentration waves,
concentration distributions, or both.

Although two sections 14A and 14B in the
chromatographic column system 14 are shown in FIG. 1,
any number of sections may be utilized with significant
improvement in sensitivity and resolution. The two
sections may be formed integrally or formed separately
and then connected with a butt joint. The absence of
diversion valving between the first and second sections
in the embodiment of FIG. 1 means all effluent from the
first section traverses the second.

The transfer line 20 in Fig. 1 receives carrier
gas and sample from the injector 12 with which it
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communicates and permits the gas and sample to flow
into the inlet of the first two-stage thermal modulator
22. The inlet of the first two-stage thermal modulator
22 communicates with the outlet of the transfer line 20
and receives sample therefrom, causing sample to be
collected against the wall of the first stage of the
two-stage modulator. Periodically, the collected
sample is ejected in a sharp wave front into the second
stage of the first two-stage thermal modulator 22 where
it is collected again and periodically ejected,
preferably, but not necessarily, at a faster rate and
within shorter time periods into the first column 24.
For this purpose, the outlet of the first two-stage
thermal modulator 22 communicates with the inlet of the
column 24.

In the preferred embodiment, the heating means for
certain columns, modulators, and transfer lines is a
resistive conductive coat, or "resistive coat" upon an
appropriate length of capillary column. The column is
arranged to be electrically connected to an individual
source of potential so as to individually heat the
separated and insulated coats on the transfer lines,
thermal modulator stages, or columns. The resistive
coat may be part of a commercially available column of
the type having conductive walls or outer sheaths, such
as known aluminum-clad fused silica capillary columns,
preferably, but not necessarily, with electrical
isolation between conductive segments.

The terms ‘“resistive coat" or ‘“resistive-~
conductive coat", or in some contexts “conductive
coat”, in this specification means a coat or conductive
cladding on a transfer line, thermal modulator or
chromatographic column which coat or cladding is
sufficiently conductive to permit the flow of electric
current through the coat or cladding at voltages that
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are not damaging to a transfer line, thermal modulator,
chromatographic column or other significant parts of a
chromatographic system. The coat or cladding as
defined is also resistive enough to generate heat at a
rate capable of increasing the temperature of the
transfer line, thermal modulator or chromatographic
column at least 20 degrees Celsius per minute.

A thin gold layer positioned in place has been
used in the preferred embodiment of the two-stage
modulator as a resistive coat. The resistance of this
coat is in the range of 10 ohms per centimeter of
column length to 199 ohms per centimeter of column
length and is preferably 50. Generally, the voltage
selected for heating is no higher than 240 volts A.C.
and no lower than one volt D.C. In the preferred
embodiment, a low D.C. voltage such as 40 volts is
used. Generally, commercially available aluminum-clad
fused silica open tubular capillary tubes may be used
such as those sold by SGE, of Ringwood, Australia, and
Quadrex Corporation, New Haven, Connecticut.

Generally, the terms ‘“"conductive traces" or
"conductors" as applied to connections between the
columns and electrical components or between electrical
components refers to ordinary printed circuit
conductors of the lowest resistance that is cost
effective since their purpose is principally the
transmission of voltage rather than heating. Under
some circumstances, a "resistive trace" may be used to
combine the effects of heating and making an electrical
connection. This may be used to match the temperature
of electrical connections to the temperature of the
column to avoid local or spot cooling of the column by
heat transfer to wire leads or conductive traces.
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Structure of the Transfer Line

The transfer line 20 and the rest of first section
147 are formed from a single open tubular capillary
although separate tubes could be used. The transfer
line 20 is internally coated, usually with a polar or
a nonpolar substance, or its interior surface is
deactivated. The line is arranged or positioned with
a heating means on the outside that is separately
controlled and at least partly physically separated
from heaters for the first two-stage thermal modulator
22 and the first column 24.

The transfer line 20 includes a conductor 30
electrically connected to its resistive coat 30A by a
resistive trace 30B. The coat extends substantially
over the entire length of the transfer line although it
is possible for it to extend over a shorter length.
The coat is grounded near the injector 12 or within the
injector at 46A but is electrically connected to the
source of potential at its end adjacent to the first
two-stage thermal modulator 22 through the resistive
trace 30B and conductor 30. However, these connections
could be reversed since their purpose is to control the
temperature of the transfer line.

Structure Of A Two-Stage Thermal Modulator

One component of this system  generates
concentration pulses in a gas stream flowing through a
tube. The component consists of a length of tubing in
which some substances carried with the gas stream are
retained for a period of time and then released as a
concentration pulse compact in distance and short in
duration. This is accomplished with a mechanism
whereby a first portion of the length of tubing
accumulates retained substances at a relatively low
temperature and releases them to a second portion of
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the length of tubing. The substances are released as
a concentration pulse, compact in distance, upon
application of heat. The second portion of the tubing
holds the compact concentration pulse while the first
portion cools sufficiently to again retain substances.
Upon application of heat the second portion accelerates
the compact concentration pulse so that it moves
rapidly and becomes short in duration.

The first portion of the length of tubing may
alternatively contain more than one stage for substance
accumulation and concentration pulse compaction. The
length of tubing may contain an adsorbent stationary
phase in its interior and an electrically conductive
layer on its exterior. Alternatively, the exterior
wall may be electrically conductive.

In accordance with the foregoing description, the
first two-stage modulator 22 includes two separated
heaters, each with its own ground connection and each
insulated from the other. In the embodiment of FIG. 1,
these two heaters are conductive resistive coats on the
exterior wall of the capillary column system 14, each
coat being electrically connected by a resistive trace
to a controlled source of potential, at one end, and
grounded by another resistive trace at the other end to
enable modulation of their temperatures. The first
coat is electrically connected at 32 and grounded at
46B and the second is electrically connected at 34 and
grounded at 46C. The first coat and electrical contact
are adjacent to, or preferably overlapping (but
insulated from) the transfer line 20, and the second
coat and electrical conductor are adjacent to, or
preferably overlapping (but insulated from) the first
column 24.

Hereinafter, such a combination of heaters will be
referred to as a "two-stage on-column thermal
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modulator", a “"two-stage modulator", a "thermal
modulator”, or simply a "modulator". The first heated
portion of the two-stage modulator will be referred to
as the "first stage". The second heated portion of the
two-stage modulator will be referred to as the "second
stage".

Single-stage, two-stage, or multi-stage thermal
modulators, in addition to providing sharp wave fronts
between first and second sections of a comprehensive

two-dimensional gas chromatograph, may be
advantageously employed elsewhere in the
chromatographic system. For example, an on-column

thermal modulator can be used to form periodic or
repetitive, sharp concentration pulses or fronts at the
beginning of the first column. Thus, it is possible to
modulate a continuous incoming sample stream as in a
headspace analysis, or to preconcentrate a sample pulse
from a conventional injector communicating with the
first column to improve resolution of the first column.

Operation of Two-Stage Thermal Modulators

With this arrangement, the first stage of the
thermal modulator including conductor 32 and ground
connection 46B is cooled to collect sample that is
flowing from the transfer line 20 through its interior.
Following an appropriate collection period, the first
stage of the two-stage thermal modulator is heated
while the second stage, controlled by conductor 34 and
ground connection 46C, is cooled so that a sharp wave
front is generated in the first stage and transmitted
to the second stage where, because the second stage is
cooler, the wave front collects on the interior of the
second stage. Then, the first stage is cooled and the
second stage heated so that the second stage drives off
the sample in a sharp wave front (concentrated sample)
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into the first column 24 while sample is again
collected in the first stage.

With this arrangement and time sequence, a sample
component as a relatively dilute vapor or gas can be
received from the injector 12 such as from the
atmosphere of a room or the like for a long sampling
time and yet be sufficiently concentrated to provide
sufficient chromatographic resolution (narrow injection
bandwidth) and sensitivity to identify the components
in the sample. On the other hand, the transfer line 20
and first two-stage thermal modulator 22 may be omitted
so that the injector 12 may apply sample and carrier
gas directly to the first column 24. Alternatively,
additional stages of modulation are provided for
greater focusing effect, or collection of large
samples.

In one mode of operation, the second modulator
stage concentrates bands or portions of bands from the
first modulator stage into narrow peaks to increase
resolution and sensitivity obtained with the next
chromatographic column. In this mode, the first and
second stages are heated sequentially by synchronized
electrical current pulses. The first stage collects
retained substances over a relatively long time from a
relatively large volume of carrier fluid. It is
preferred to accumulate one or a fraction of one entire
band and not parts of two bands. Alternatively, groups
of bands may be accumulated if desired. It is useful
to chop a single band into a multiplicity of "slices",
all of which are analyzed in a second, high speed,
chromatographic dimension.

In the embodiment depicted in Fig. 1, a current
pulse is applied to the first modulator stage of the
modulator 22 to release retained substances into the
carrier fluid allowing them to flow onto the second
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stage of the modulator 22. The second stage, which is
relatively cold at the moment of injection, focuses the
concentration pulse into a small volume and holds it
while the first stage cools enough to begin collecting
substances again. Current pulses applied to the second
stage raise the temperature of the stationary phase so
that the concentration pulse moves into the
chromatographic column 24. In the preferred embodiment
the second stage is heated by a sharp current pulse to
increase the temperature of the necessary thermal mass
thereof so as to vaporize held sample, or cause
desorption thereof, and then the current pulse is
lowered and held or controlled to maintain a constant
programmed temperature.

The second modulator stage of section 14A is
heated sufficiently so that the concentration pulse is
completely released and travels at substantially the
carrier fluid velocity by the time it reaches the end
of the modulator stage and is near the inlet of column
24,

This mode of operation may be used to concentrate
sample between the transfer tube 20 (FIG. 1) and the
first column 24 by using the first two-stage modulator
22 (FIG. 1) or to supply sample to another instrument,
such as a mass spectrometer at the end of the last
section, if a modulator is positioned near the outlet
of the column system.

The sample peaks may have a band width of between
10 and 100 milliseconds and a volume of 5 to 100
picoliters. The second column must be fast enough to
resolve the components of a peak driven from the second
stage of its introductory modulator before another peak
or portion of a peak is driven from the second stage of
its introductory modulator into the second column.
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Alternatively, a thermal modulator may be used to
modulate the output stream of a gas chromatographic
column used alone in a conventional gas chromatograph
or the second column of a two-dimensional gas
chromatograph so as to synchronize arrival of sample
concentration pulses with pulsed, or synchronous
detectors such as fourier transform, ion-trap, or time-

of-flight mass spectrometers. The use of pulsed
integrators, phase-locked loops, or the 1like may
require such synchronization. On-column thermal

modulators may be used in combination at the inlet of
the first column, near the junction of a first and
second column, and possibly near the outlet of the
second column of a two-dimensional gas chromatograph.

Comprehensive Two-Dimensional GC Column Structure

Structurally, the comprehensive multidimensional
gas chromatograph of the present invention contains one
or more of: (1) two serially connected and chemically
distinct stationary phases such that the second
stationary phase generates multiple chromatograms of
the various sample substances emerging from the first
stationary phase during the period of the chromatogram
of the first stationary phase; (2) one column
containing two chemically distinct stationary phases
deposited serially in the column; or (3) one column
containing one chemically uniform stationary phase but
constructed such that a second portion of this column
generates multiple chromatograms of the various sample
substances emerging from the first portion of this
column during the period of the chromatogram of the
first portion of this column. A difference in
retention mechanism between the two portions of the
column is due to a difference in the environment of the
two portions of the one column. The difference in
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environment may be due to a difference in temperature,
a difference in temperature program rate, a difference
in intensity or wavelength of applied electromagnetic
radiation, or a combination of these.

In this structure, the sample substances emerging
from the first dimension of chromatographic separation
are submitted to the second dimension of
chromatographic separation. Substantially all of the
sample quantity of each substance is submitted to the
second dimension for chromatographic separation. The
sample substances emerging from the first dimension of
chromatographic separation may be input to the second
dimension of chromatographic separation by a two-stage
on-column thermal modulator. Sample substances may be
input to the first dimension of chromatographic
separation by a two-stage on-column thermal modulator.

A retention gradient in distance may be applied
along either or both of the two stationary phases of
the two-dimensional gas chromatograph. The retention
gradient in distance is created by a temperature
gradient or by a gradient in film thickness of the
stationary phase or phases.

An additional detector may be placed near the
junction between the two dimensions of chromatographic
separation. The additional detector should be non-
destructive and should allow the sample substances to
flow through to the second dimension of chromatographic
separation. Alternatively, the second detector may be
destructive of the sample and be applied to a stream
split off from the sample stream entering the second
dimension of chromatographic separation. The signal
from the additional detector is used to help determine
the timing of modulation pulses applied to the second
dimension of chromatographic separation. The
additional detector may instead be placed part way into
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the second dimension of chromatographic separation such
that the signal from this detector is used to adjust
column temperature or flow rate to maximize the
orthogonality of the two-dimensional chromatogram.

If the two dimensions of chromatographic
separation are of comparable speed, a two-dimensional
chromatogram is computed by deconvolving the response
of the system to a pair of orthogonal modulation
signals which were applied to the sample streams at or
near the head of each dimension of chromatographic
separation.

In constructing the first and second sections of
the column system, a first method may be employed
wherein they may be drawn separately, each to a
different diameter, then connected with a butt
connection having a tube or sealing ferrule over the
abutted ends. In a second method, they may be drawn as
one continuous tube having different size inner
diameters in the first and second column or sections.
The variation of diameters is effected through
variation of drawing velocity or drawing a portion of
a first column or section through a heated, but
narrower die in a separate drawing step, to create a
second column of smaller diameter than the first, or
vice versa. A third method involves forming the two
columns or sections in a continuous tube of constant
diameter by coating the interior of a second column
with a stationary phase different from that of the
first, such that no gap exists on the tube interior,
particularly in the region of transition from the first
stationary phase to the second. In a fourth method the
two columns may be formed from a single continuous
capillary tube having only one type of stationary phase
coated onto its inner surface by affixing an on-column
modulator, which may be single or multi-stage, to the
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capillary exterior. The modulator defines the end of
the first column and the beginning of the second. 1In
a fifth method separate columns may be connected
together in a "reverse open split" connection which
provides for addition of carrier gas to the stream
eluting from the first column, and substantially loss-
free transmission of sample, together with additional
carrier gas, from the first column to the second.

In the first, second and fifth embodiments
described, carrier gas velocity in the second column
may be made faster than carrier gas velocity in the
first column. In the third and fourth embodiments,
carrier gas velocity is the same in both columns.
Other measures singly or in combination, such as the
use of a short second column, or the imposition of
axial negative thermal gradients combined with temporal
temperature programming, may be used to increase the
rate of separation of sample in the second column.

Temperature Control Means

First and second columns of the two-dimensional
gas chromatograph may be placed together in a single
oven, which may be temperature programmed, or separate
ovens, which may be independently temperature
programmed. However, alternative means of heating the
first and second columns could include: (1) powered
resistive conducting coatings on the column exterior;
(2) external heaters in thermal contact with a thin
support on which the capillary columns are mounted; (3)
external heaters in thermal contact with a wafer
structure in which the capillary channels are embedded;
(4) heat exchange means between the capillary mounting
structure and an external heater; or (5) thermal
gradient means applied to one or both columns, which,
in combination with appropriate temperature programs,
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may exert advantageous focusing effects which may be
used to increase the speed of one or both columns or
capillary channels.

Again with reference to FIG. 1, first column 24
includes a single heatable coat under the control of a
single conductor 36 and ground 46D. However, multiple
segments may be used to provide further thermal
programming, if desired. Moreover, the resistivity may
change along its length to provide a temperature
gradient such as, for example, by changing the
thickness or composition of a conductive coat along the
column length. With this arrangement, the temperature
may be increased or decreased within the column to
program the temperature with respect to time and also
to establish a different spatial (longitudinal)
temperature or gradient of temperature, with respect to
prior sections and subsequent sections.

To further resolve the components of the sample,
the second section 14B has a shorter retention time, is
usually smaller in diameter, shorter, and commonly has
a different interior coat, but may have the same coat.
Preferably, the retention time range of the second
section 14B should be one third to one fifth, or less,
of the band duration (peak width) of the first section
14A, but may also be as long as or several times longer
than the band duration (peak width) of the first
section 14A. The second section 14B includes
temperature controllable external coats on the second
two-stage thermal modulator 26 and second column. The
latter coat may or may not provide temperature gradient
control on the shorter second column 28, although,
instead of resistant coats on capillary columns,
separate external heaters or ovens each controlling a
portion of column at a different temperature could be
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used to provide temperature gradient control or to heat
portions of a column.

The second two-stage modulator 26 receives sample
at its inlet from the outlet of first column 24 and
transmits sample from its outlet to the second column
28. The first stage of the two-stage thermal modulator
26 has one end in communication with the outlet of the
first column 24 and is first dropped to a temperature
cooler than that of the first column 24 to receive
sample which is laid down upon the interior surface of
the modulator.

The temperature of the first stage of the second
thermal modulator is controlled by a conductor 38
grounded at 46E to lower the temperature below that of
the first column 24 by lowering or disconnecting the
potential while the first column 24 is heated. Thus,
sample collects on the interior surface of the first
stage of the two-stage thermal modulator. The
temperature of the first stage may then be increased to
drive the sample off as a sharp wave front onto the
second stage, which is temperature controlled by a
resistive coat heater energized by an electric
potential connected across it through a conductor 40
and the ground 46F to heat that section of the column '
by Julian heat from its resistive coat. The
temperature of the second stage is dropped shortly
before the front from the first stage enters to collect
a sample in the second stage and then is increased to
drive off the portion of the sample so collected as a
sharp wave front into the second column 28 for further
resolving in the second column 28.

The voltage used for heating is approximately 40
volt d.c. in the preferred embodiment, and the
temperature can be controlled in accordance with the
separation that is being performed. Generally, two
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stages of modulation are sufficient but any number can
be used with successive modulator stages further
sharpening the pulses. They operate by accumulating
sample for a time period on a cooled section and then
heating the section to drive off a wave front of the
sample as a narrower peak. Usually, the timing is
controlled to accumulate a portion of a band from a
slower column which band is thereby concentrated for
transmission through a faster column having a shorter
retention time.

The second column 28 has its temperature
controlled by a conductor 42 grounded at the opposite
end of its coat at 46G. While one current is shown
being applied to one coat for the second column 28,
multiple coats and multiple electrical conductors could

- be used to provide further time and temperature

programming, thermal steps, or thermal gradients, if
desired.

Conductor 44 is used to heat a short length of
tubing connecting the outlet of column 28 to detector
16. The ground is not shown.

It is possible with some nondestructive detectors,
such as heat of adsorption or absorption detectors,
light absorbance detectors, thermoconductivity
detectors or the like, to detect sample
nondestructively between sections. It is also possible
to capture as much of a band as possible before
injecting it into the second column to maximize
sensitivity. Programmed voltage signals may provide
time and temperature programming under the control of
pulse sequences stored in a microprocessor to optimize
conditions. These techniques may be used with very
small or dilute samples since concentrating the sample
band by a series of modulations from cold to hot and
back to cold provides sharp sample bands and therefore
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sufficient resolution on the second column, with or
without thermal gradient programming along the column.

Comprehensive Three-Dimensional GC Structure

In FIG. 2, there is shown a block diagram of an
embodiment 10A of a chromatograph having an injector
12, a source of gas 13, a column system 14, a detector
16, a display 18, a vent 19 and a programmable
microcomputer controlled arrangement 70 for controlling
the programming of the column system 14. In the
embodiment of FIG. 2, the carrier source 13, injector
12, column system 14, detector 16 and display 18 are
gimilar to that of FIG. 1 and connected as shown.
However, the column system 14 is shown as including 3
sections of columns, each with successivély shorter
retention times of 14A, 14B and 14C. All of the
arrangements are electrically connected through a
microprocessor system 70 which controls the application
of heating potential to the different electrodes and
different sections of the column system 14 to provide
comprehensive three-dimensional gas chromatography.

The microprocessor system 70 includes a programmer
72, a power supply 74 and a plurality of switches and
drivers 76. The switches and drivers 76 are
electrically connected to the conductors in the first
section 14A, second section 14B and third section 14C,
which conductors are numbered the same as in FIG. 1
except that there are a plurality of additional coats
and conductors like those indicated at 36A, 36B and the
like, for the second section 14B. There could also be
further modulator stages to provide three-stage or
four-stage modulators and the like.

With these arrangements, the programmer 72 opens
and closes the switches or controls drivers 76 to apply
power to the coats. Pre-programmed runs may be made
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and the temperatures may be determined by running
samples through the system and measuring the results so
that the system can be rated and electrical potentials
and times of application established to reach certain
temperatures. Also timed runs can be made to resolve
entire bands of a sample if desired by running them
through the system and correlating the display results
with the programmer 72 to obtain the proper values for
heating and the proper times for accumulating and
driving off signals that give the greatest sensitivity,
greatest resolution and greatest peak capacity.

Under some circumstances, the velocity of the
carrier-gas can be adjusted with benefit to resolution
or sensitivity. For this purpose, two sections may
have a vent carrier gas source 19 separating them,
which vent can be opened to supply additional carrier
gas to the third section and thus increase the linear
velocity of the carrier gas through the section 14cC.
Alternatively, some carrier gas may be vented or
exhausted, if desired, to reduce carrier velocity in
the next section.

The chromatograph can beneficially be optimized to
detect a specific ingredient, such as cocaine in a
sample of urine or alcohol in the atmosphere of an
automobile. 1In constructing a column for this purpose,
the designer knows ahead of time the normal ingredients
in the sample of urine or the atmosphere in an
automobile and the characteristics of the substance
that the designer wishes to detect. With that in mind,
a number of conditions or sections may be selected for
optimum performance.

At the factory, the temperatures of the column can
be measured using known samples and this can be
correlated within the programmer memory with times and
potentials to remove the need for measuring the
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temperature of the coats and correlating them with the
temperature of the column for future use. Of course,
in addition to the use of known samples to obtain data
on temperature changes, temperature sensitive sensors
may be used or changes in the resistivity of the
resistive coat may be used to determine temperature.

The use of Thermal Gradients

Returning to Fig. 1, sensitivity and resolution
can be improved along the column 28 under some
circumstances by creating, establishing and/or
controlling a thermal gradient along the column.
Preferably, the spatial thermal gradient is negative
and is programmed in time along the column. The
temperature along the column is controlled to create a
multiplicity of moving characteristic temperature
zones. In this description, the term "characteristic
temperature" means the temperature at which the thermal
focusing effect associated with a negative thermal
gradient substantially balances band broadening of a
component. For example, with the temperature

- decreasing toward the outlet end of the column 28,

chromatographic bands are compressed as the rear of
each band moves faster than the front until compression
balances broadening of a band.

A wide variety of gradients can be obtained by the
following steps or from combination of the following
steps: (1) transmitting the current through a
resistive coat, particularly if the current is varied
to generate a temperature gradient in time and the
resistance graded in the coat to vary heat generation
along the axis of the column; (2) the pitch of wound
loops of column is varied to vary heat transmission
from one portion of the winding to another; (3) a flow
of gas is directed longitudinally over a looped column
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to transport heat from the outlet end to the inlet; and

(4) several insulated sections of resistive coat are

independently heated in a spatial and/or temporal
programmed sequence.

The two gradients, which are changes in
temperature at fixed locations as time passes and
temperature changes along the longitudinal axis of the
column at any one time, together create a moving
temperature profile. In some configurations, a
particular temperature propagates down the column at a
rate determined by the ratio of the two gradients.
Each substance in the sample to be separated focuses at
a particular temperature determined by the substance’s
chemical equilibrium constant of interaction with the
stationary phase, by the ratio of the two gradients
(which ratio may vary with distance travelled along the
column), and by the carrier gas linear velocity along
the column. The moving temperature profile then
carries each substance along the column to the detector
16 at the end of the system 14.

In such a design, the first section 14A is
selected to have time, temperature and spatial
gradients that normally cause a band containing the
component being investigated to be moved rapidly to the
end of the first section 14A, where it is concentrated
into a narrow wave front for preferably faster movement
down the second section 14B, which section 14B may have
a different stationary phase chemistry to further
separate the component. The second section 14B is
designed to move sample bands as rapidly as possible to
the end with further separation. The band may be
subjected to further steps of concentration and
separation as in a third section 14C to use the
shortest possible time and obtain the greatest
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sensitivity and resolution for a peak indicative of the
compound being investigated and generally its amount.

Generally, in performing gas chromatographic
analysis of a sample from an inlet port of the section
14A to a downstream portion at an elution port, a
temperature control means is provided in thermal
transfer relationship with the column 24, which
temperature control means is adapted to heat or to cool
selected locations of the column 24. A stepwise,
piecewise, continuous, curvilinear-shaped, linear-
shaped negative temperature gradient, positive
temperature gradient or combination thereof, may be
provided along the column 24 as well as any temporal
variations thereof by the temperature control.
Preferably, the heat is applied by contact electrical
heating means.

The temperature at the elution port of the column
14 may be maintained lower than the temperature at the
inlet port at all times during the analysis so that the
sample can continuously be subjected to a lower
temperature as it travels in a downstream direction
along the column 14 or to any other temperature
gradient. The temperature at the elution port may,
however, be increased at the end of the analysis. The
temperature control
means is capable of transferring changes of at least
about 0.5 degrees Celsius per second to the column 14.
The temperature of the column 14 may be raised at the
elution port at the end of analysis so that the sample
will elute from the column 14, may be maintained hot
while the rest of the system is thermally reset, or may
itself be thermally reset.

Although in one embodiment, the gradient is
obtained by controlling heat transfer between loops of
a helically wound column or by separately heating
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different loops, it may be obtained from a coolant gas
introduced near one end of the helix, such as by a
nozzle 117 (FIG. 4) and withdrawn at another nozzle
such as 119 (FIG. 4) so that it passes over the column
14 (FIG. 5). fThis fluid may be at any temperature such
as room temperature, and for some uses should be less
than about 100 degrees Celsius. When operated in that
mode with open tubular chromatographic columns, the
downstream ends of the column are maintained at a lower
temperature than the upstream portion during all but
the end point of the analysis. This mechanism may be
used to provide a negative thermal gradient under the
control of a temperature control programmer.

To optimize performance, any of several factors
can be controlled. fThese are selected to obtain the
best combination of time of analysis, resolution and
sensitivity. However, the length of each column is
selected to focus the components being investigated and
time and temperature programming are designed for a
favorable "capacity factor" as described below.

Theory of Thermal Gradient Gas Chromatography

A chromatographic band broadens as it moves down
the column. The amount of broadening is primarily
determined by the distance moved according to equation
1 where sigma is the band standard deviation, x is the
distance moved down the column, and H is the column
plate height. H is assumed to be independent of time
and position along the column. The variance of a band
increases in direct proportion to the distance moved,
as shown by equation 2.

The rate of increase in variance with respect to
time is found by taking the derivative of this
expression. The derivative, dx/dt, is +the band
velocity, u,. The velocity of a band is related to gas
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velocity, u, the partition of coefficient k, and the
relationship between them is shown by equation 4.

In addition to the above band spreading effect,
there is a focusing effect caused by the temperature
gradient along the column. If the temperature
decreases with distance along the column, then the rear
of the chromatographic band is at a higher temperature
than the head of the band and so moves at a higher
velocity. The rear tends to overtake the front of the
band, causing focusing. If, over the width of a band,
the temperature gradient is of approximately constant
slope, the rate of focusing is directly proportional to
the velocity gradient along the column because a larger
gradient produces a greater difference in band velocity
as shown by equation 5. Consequently, an increase in
velocity can focus bands and thus can improve

. separation. Downstream stages of a multiple dimension
chromatographic system may benefit from narrower
diameter resulting in greater carrier gas velocity, or
added carrier gas. To find how the variance changes
with time due to this focusing effect, the derivative
of the variance is taken with respect to time and then
substituted, resulting in equation 6 and equation 7.

The chromatographic band should reach a point at
which the rates of focusing and broadening are balanced
and the band variance is constant as shown in equation
8. Substituting the rates of spreading and focusing
into this equation gives equation 9. Solving for the
variance of the focused band gives equation 10.

The variance depends on the gradient of the
capacity factor along the column. The capacity factor
gradient is related to the temperature gradient through
the definition in equation 11 where K is the
equilibrium constant and delta H is a thermodynamic
heat of interaction with the stationary phase. The
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constant, beta, is the phase ratio and the constant, a,
is related to the entropy of solution through 1n a =
delta S/R where delta S is the change in entropy of
interaction with respect to temperature T, and R is the

gas constant.

Equation 1

o=/Hx

Equation 2

0%=Hx

Equation 3

do?_d(HX) _..dx_,. _ Hu
R I Ty ey
Equation 4
u,=u/ (k+1)
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Equation 5

dao _, du,
dt dx

Equation 6

daz_20£§1=202£§§

dt  dt dx

Equation 7
do?_, o d((k+1)7) __, , 2 dk
3E 20 u—___EE_—__ 202u (k+1) o
Equation 8
da? do?
(£) (2L =0
dt spreading dt focussing

Equation 9
Hu _ 20%u dk_,
(k+1) (k+1)2 dx

Equation 10

g2=H_(k+1)
2 (dk/dx)
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Equation 11

Equation 12

Equation 13

dk_ 2 AH oamprd(T™) __ 2 AH awprdT
d« B R dx P Rr? dx

Equation 14

dx T2

Equation 15

o2=H {k+1) RT T _ )
2 k AH -dT/dx
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Taking the derivative of the capacity factor with
respect to column distance gives equation 12, equation

13 and equation 14. Substituting this into the
equation for the variance of the focused band gives
equation 15. For simplicity, assume that the

temperature gradient is linear with distance along the
column. Then the temperature gradient is the different
in temperature from beginning to end of the column
divided by the column 1length in equation 16.
Substituting and rearranging gives an expression for
the focused variance in equation 17 and equation 18.
The duration of the chromatographic band, sigma t, as
it elutes from a column is equal to its length, sigma,
divided by its velocity, u/(k+l). Taking the square
root of the band variance and substituting it into this
relationship gives equation 19. Equation 19 can be
rearranged into equation 20.

Equation 16
-dT/dx = AT, /L

Equation 17

2. H (k+1) RT
0?=2 ==L = (TL/AT,)

Equation 18

(k+1) RT T

22
O L AR AT,
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Equation 19

_o (k+1) _ (k+#1) [, (k*1) RT T
770 u \IHL k 2AHAT,

The factor (k + 1)/k is close to 1 at large
capacity factors and might be eliminated from the above
expression but is left in equation 20. This expression
for band duration has a general form similar to that
for conventional isothermal chromatography as shown in
equation 21, except that the band duration is modified
by the addition of a focusing factor dependent on the
temperature gradient along the column and the
equilibrium constant. With a large temperature
gradient and low column temperature, the band duration
may be much less than for an isothermal chromatogram.

Linear temperature gradients in both distance and
time are defined by equation 22 and equation 23 where
delta T, and delta T, are the temperature differences
in distance and time, respectively, and L and D are the
column length and chromatogram duration, respectively.
By imposing temperature gradients in both time and
distance, we create a moving temperature profile along
the column. The characteristic velocity with which the
temperature profile moves along the column is the ratio
of the gradients in equation 24.

Equation 20

_pr k+1) [ (k+1) RT T
oL \l k  2AHAT,
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Equation 21

- (k+1)
oe=VHL-= =

Equation 22

AT,/L=gradient in distance

Equation 23

AT./D=gradient in time

Equation 24

y= AT, /D
¢ AT, /L

Equation 25

- u
U k1)
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Sample substances should move along the column at
the characteristic velocity, assuming that it is not
greater than the carrier gas velocity. If a substance
happens to be far down the column, it is at a low
temperature and so is moving slower than this velocity.
-Progressively higher temperatures overtake the
substance raising its velocity until it matches the
characteristic velocity of temperature propagation
along the column. If a substance is behind this
temperature, it is at a high temperature and so is
moving faster than the characteristic velocity. It
overtakes progressively lower temperatures reducing its
velocity until it again matches the velocity of
temperature propagation along the column.

Each substance eventually reaches a focus
temperature (characteristic temperature) and then moves
at characteristic velocity with that characteristic
temperature along the column. The column must be
sufficiently long for a sample substance to reach its
focus temperature before it reaches the end of the
column. Consequently, the choice of temperature
gradient in designing the column is governed by the
desire to select focus temperature and characteristic
velocity such that the compound being investigated
moves with the focus temperature zone at the highest
possible velocity.

The velocity of chromatographic migration along a
column is given by equation 25 where k, is the capacity
factor of the substance at its focus temperature.
Solving for the focus capacity factor and substituting
the temperature propagation velocity gives equation 26
for the focus capacity factor.

Each substance should reach a focus at a
temperature where its capacity factor is equal to the
above quantity. This focus capacity factor depends

SUBSTITUTE SHEET
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only on parameters of the chromatographic system and
is, therefore, independent of substance. More volatile
substances focus at lower temperatures and so reach the
end of the column sooner, but every substance moves at
the same characteristic velocity at the same
characteristic capacity factor given above. This
result depends on the assumption that the focus
temperatures is within the range of the gradient and
that sufficient time has elapsed to reach the focus
temperature.

With a typical column length of 100 cm and the
typical chromatogram duration of 2 seconds, the ratio
L/D = 50 cm/sec. If we assume that the two temperature
differences, delta T, and delta T.,, are approximately
equal and that a reasonable capacity factor, k, = 5, is
desired, then a linear velocity u = 250 cm/sec is
required to satisfy equation 26. Consequently,
exceptionally high carrier gas velocity is desirable to
get good separation. At low velocities, column
efficiency is low because k, is too small.

The characteristic capacity factor is related to
temperature by equation 27 where K, is the
characteristic equilibrium constant for the system and
T, is8 the focus temperature for a particular substance.
Taking a logarithm and rearranging gives an expression
for the focus temperature in equation 28.

A particular substance has a focus temperature
directly proportional to its heat of solution, H, in
the stationary phase. This dependence of focus
temperature on heat of solution is the source of
separation in this thermal focus technique. Capacity
factor is a constant of the system. Substituting the
focus capacity factor, k,, for k and the focus
temperature T,, for T gives equation 29.
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Equation 26
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Short band durations result from low operating
temperature. A low operating temperature can be
obtained by using a high carrier gas velocity to drive
the sample substances further down the column or by
delaying the beginning of the temperature gradient in
time. Both of these effects have been experimentally
observed. H may also be reduced by operating at lower
temperature through its dependence on capacity factor

through the Golay equation.
The next step is to find an expression for

resolution starting from the definition in equation 30.
The difference in retention times for a pair of
substances, delta T,, can be derived from the
difference in focus temperature, delta T,. Dividing by
the temperature gradient along the column converts the
difference in temperature into a distance along the
column. Dividing the distance by velocity converts it
into a difference in time in equation 31. The
previously derived band duration is in equation 32.
Substituting these into the resolution equation gives
equation 33, equation 34 and equation 35. Substituting
N = L/H gives equation 36.

The ratio of the difference in focus temperature
to focus temperature can be reduced in equation 37
where delta H is the difference in heats of solution.
Substituting into the resolution equation gives
equation 38.

From these equations, it can be understood that
capacity factor is an important reason why a
temperature gradient along a column improves resolution
over what can be obtained by conventional temperature
programming. In conventional temperature programming,
the capacity factor varies with time and is small near
the end of the column. Small capacity factor increases
H and decreases N through the Golay equation. Most of
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the column is traversed with small capacity factor. 1In
this temperature gradient technique, however, the
capacity factor is larger, especially at the end of the
column.

Higher carrier gas 1linear velocity improves
resolution by driving chromatographic bands further
down the temperature gradient on the column. This
increases the value of the focus capacity factor which
both increases N through the Golay equation and
directly increases resolution through the k,/(k.+1)
factor. A gentle gradient is most effective (delta
ty), but more time is then required to reach focus
temperature. A nonlinear gradient, under some
circumstances, may be useful in maximizing resolution
per unit time. A factor that may be significant with
high carrier gas velocity is gas compressibility.
However, short columns and/or the band focusing effect
reduces band spreading due to gas expansion or
diffusion along the column before a band reaches the
end of the column.

Equation 31
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Equation 33
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Orthogonality of Multi-Dimensional Gas Chromatography

When separation of a multiplicity of peaks is
maximized, or nearly maximized, with respect to some
statistical measure of separation, the various sections
of a comprehensive two or higher dimensional gas
chromatograph are "orthogonal" or "nearly orthogonal"
or "as orthogonal as is practical" or simply "tuned".

In one mode of operation, and in connection with
making successive separations maximally independent and
causing the experimental parameters to separate
components in the later sections that were not
sufficiently separated in earlier sections, it is
preferred to maximize the orthogonality of the system
for a given analysis. This means reducing to the
greatest practical degree, the interdependence of, or
correlation between, retention times or peak migration
velocities between sections or to increase the
difference in manner the experimental parameters affect
the mobility of components which are unresolved in
earlier sections. This way, such unresolved components
move down successive sections at speeds differing from
each other by more than such speeds differed in earlier
sections.

Consider a two-dimensional GC experiment for
simplicity (it being understood that similar principles
can be applied to more than two chromatographic
sections). It is possible, for example, to make the
second dimension retention times or migration
velocities of a known homologous series of compounds
that elute in a predictable manner depend not at all or
at most, only weakly, upon first dimension retention
times. Thus, second dimension retention times or
migration velocities do not vary with respect to first
dimension retention times. An example of such a
homologous series is a series of alkanes each differing
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from a lower mass alkane by one carbon atom. This
condition occurs, for example, if the second dimension
retention times of the members of a homologous series
are made equal, even though they are well resolved on
a first chromatographic dimension, i.e., their first
dimension retention times are not equal.

These second retention times can be made equal by
varying systematically in time certain experimental
parameters of a second chromatographic section even as
the first chromatographic section separates a sample
into bands, as in, say, a conventional temperature
programmed first chromatographic section. Experimental
parameters of the second section that might be varied
readily would include: (1) the temperature of the
second column from one operational cycle to the next;
(2) the carrier flow rate from one cycle to the next;
and (3) the slope or curvature of a spatial thermal
gradient from one cycle to the next. Other parameters
could conceivably be varied, such as phase ratio,
column volume or effective column volume, or the
polarity of the stationary phase, provided these could
be rapidly varied in a controlled manner.

More specifically, a column design is first
selected that is suitable for the type of separation
required. The tube has the appropriate lengths and
modulators and internal coats to affect the mobility of
the expected components that are to be investigated
with the gas chromatograph. The second section of this
column design is tuned operationally so that it does
not materially change a known and completed resolution
of a sample provided by the first dimension of the two-
dimensional chromatographic column. This is considered
one step in the process of rendering the retention
times of the second section independent of the
retention times of the first section.
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A mixture containing members of the homologous
paraffin series is injected into the inlet of the first
section and is separated by the entire column. Then,
with the experimental parameters of the first column
adjusted so that the paraffins are not resolved and are
eluted together, the experimental parameters of the
second column are adjusted to provide even spacing
between the paraffins of the homologous series.

This arrangement relies upon the chromatographer
who does the tuning knowing ahead of time those
conditions of the first section which do not resolve
the series. Thus, he can be assured that when he
accomplishes such resolution of the second series the
even spacing is the result of experimental parameters
in the second section and not the sum of two partial
separations, one in each section. With the system so
tuned, other paraffins should be affected differently
by the two sections and thus components not separated
in the first section should be separated in the second
section.

In the case of a complex mixture analysis in
which, for example, all or nearly all components are
unknown at the outset, experimental conditions at the
second column may be varied systematically from one
cycle to the next so as to maximize some statistical
measure of peak separation. To accomplish this ¢ the
unknown mixture is injected into the inlet of the first
section. The peaks at the outlet of the second section
are graphed, with the two-stage modulator operating, so
that the peaks appear in the plane of a quadrant of a
Cartesian graph (retention plane) having first
dimension retention time and second dimension retention
time as axes. These times can be determined because
the two-stage modulator establishes a time base at
which the already modulated peaks are injected into the
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second column. Thus, the injection times are known for
both sections of the column system and the elution
times are approximately known from detector response.

The degree of variance from a correlation between
the effects of the two sections is determined. Strong
correlation is indicated by a diagonal straight curve
on which the peaks all fall. Weak correlation is
indicated by the failure of peaks to follow such a
curve or any other regular curve such as commonly
determined by a statistical determination of variance
or correlation factor.

The experimental parameters in the two sections
are then systematically varied from run to run
empirically or using any of the techniques now used by
chromatographers when attempting to increase resolution
between successive runs of an unknown. However, in
this situation, the chromatographer is attempting to
minimize the correlation between the first and second
retention times. For example, peaks falling on a
diagonal straight line with small variance from the
straight line indicate strong correlation between the
two sections, whereas completely random location of
peaks in the retention plane indicates weak
correlation. Thus, the chromatographer attempts to
space the peaks within the retention plane as evenly as
possible rather than in a correlated fashion. The
chromatographer varies the experimental parameters
until he achieves this result to an acceptable degree
and then the two-column system is tuned for similar
compounds affected in a similar way by the experimental
parameters or retention mechanism.

An explanation of this tuning process can be
provided without referring to actual operational steps
by defining "vectorial migration velocity" as the
ordered pair of time averaged migration velocities,
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(Ul, U2), on first and second chromatographic sections.
If, as will generally be the case, the column lengths,
or effective column lengths in a comprehensive two-
dimensional gas chromatograph are constant, of lengths
Ll and L2 respectively, the relation between retention
time and average migration velocity is that retention
time, T, equals length, L, divided by time-averaged
migration velocity,V. This relationship converts a
vectorial migration velocity to a vectorial retention
time, (T1, T2). It is convenient to refer to a
vectorial retention time as simply a ‘"retention
vector”, and likewise, to refer to a vectorial
migration velocity as simply a "migration vector".

With every peak resolved or even partly resolved
near the end of a comprehensive two-dimensional (or
higher-dimensional) gas chromatograph, there may be
associated a migration vector and a retention vector.
A multiplicity of peaks resolved, or nearly resolved,
gives rise to a multiplicity of retention vectors and
migration vectors. Given this multiplicity of vectors,
it is possible to maximize various statistical measures
of separation between vectors by systematically varying
the experimental conditions of the chromatographic
sections in time, or from one cycle of the second
section to the next.

One such statistical measure would be the
correlation coefficient of the least squares line
through the vectors, with respect to variation of one
Oor more experimental parameters such as temperature
ramp rate, carrier flow rate, etc. Many other
statistical measures of peak separation might be
employed.

In this specification, the independence or
differences in the effect on sample components to
selectively alter their mobility is indicated by the
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term "specific retention difference". This term refers
to an individual experimental parameter and the manner
in which its effect on individual sample components
differs between the first and second or subsequent
sections in creating a difference in the mobility of
the sample components. The final resolution at the
outlet of the second or subsequent sections is directly
related to the sum of these specific retention
differences. Thus, maximum peak capacity or resolution
occurs when the second or subsequent sections have
maximum independence in experimental parameters from
those of the first section and thus a maximum specific
retention difference.

If a two-dimensional chromatograph is considered
for simplicity, the second column is designed and
operated to maximize the specific retention difference
for those components not resolved when run through the
first column. 1In the case of a column designed for
detection of a specific predetermined substance, or
species of substances, or an analysis of mixtures which
have sufficient known similarities, the column is
designed through the use of reference samples. In such
a design, an attempt is made to select from known
information and experimentally, the retention
mechanisms that provide the best peak capacity and/or
resolution in an economical system, reasonable in cost
of fabrication and use. The factors include the length
of sections and number of sections, as well as more
easily variable experimental parameters such as
temperature. In such a design, when properly tuned,
the sections are as orthogonal as possible in the sense
that second retention times of homologous series do not
vary with first retention times, and provide the
maximum benefit by maximizing independence of the
experimental parameters between the two sections.
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Some of the experimental parameters arise from the
design, such as, for example, gas velocity may be
changed between chromatographic stages by manufacturing
the column in two sections having different diameters.
Similarly, the stationary phase may be changed and the
temperature programming altered between trial runs for
tuning experimentally, or they may be selected from
known information.

Further Description of Orthogonality

To improve the benefits obtainable from multiple
dimension chromatography, it is desirable for the
second or successive sections to independently resolve
components which were not fully resolved in the first
section or prior sections using retention mechanisms
different from those which cause the principal
resolution in the first or prior sections. 1In this
specification, the words "retention mechanisms" are the
conditions of a chromatographic medium which
selectively alter the mobilities of different
components of a sample therein to cause separation of
components. These chromatographic conditions include
carrier gas velocity, temperature, the degree of
polarity of the stationary phase and the like. The
words "experimental parameters" refer to controllable
aspects of instrument operation which, acting together,
establish or cause chromatographic conditions.

Because the components of the sample that are to
be resolved in the second or subsequent sections may
have been poorly resolved in the first section,
experimental parameters in the second section are
preferably not so similar to those in the first section
as to exert only the same influence on the components.
Experimental parameters of a second or subsequent
section which operate differently on those sample
components or operate in a manner substantially, or at
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least partially, independent of the mechanisms of the
firét section better resolve the components that were
not resolved in a satisfactory manner in the first
section. The greater the degree of independence of
those experimental parameters, the greater the
resolution of the system overall.

To orthogonalize a comprehensive two-dimensional
gas chromatographic separation, an adjustment of
experimental parameters is made in the second dimension
of chromatographic separation as a function of progress
of the first dimension of chromatographic separation
such that substances (e.g., alkanes as earlier
described) emerging from the first dimension fall
within a defined range of retention times on the second
dimension. Also, or alternatively, an adjustment is
made such that the statistical measures of peak scatter
on the second dimension is maximized. The second
dimension is varied during the time of the generation
of the first dimension chromatogram such that the two-
dimensional chromatogram is orthogonal. The variations

are created as discussed above.

In one mode of operation, experimental conditions
of both sections of a comprehensive two-dimensional gas
chromatograph are varied systematically in time so as
to make the "peak capacity" (the number of peaks the
system can resolve with unit resolution) of the
chromatographic system equal to, nearly equal to, or as
close as possible to the arithmetic product of the
individual peak capacities of the first and second
chromatographic sections. 1In this mode, we say again
that the system is "orthogonal" or "tuned" with respect
to peak capacity. The same tuning criterion can be
applied to gas chromatographs having more than two
sections, i.e. comprehensive three dimensional, or
higher dimensional gas chromatographs.
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The orthogonality of the multi-dimensional
chromatogram is tuned by controlling the temperature,
temperature programming rate, or carrier gas linear
velocity of each dimension of chromatographic
separation such that substances emerge from each
dimension within desired ranges of retentions and/or
with maximal statistical scatter. This tuning may be
used in any method of chemical analysis comprising
comprehensive multi~-dimensional liquid chromatography,
supercritical fluid chromatography, and/or gas
chromatography in any combination connected in any
sequence using analogous temperature and/or solvent
programming techniques to tune the orthogonality of the
separation in two or more dimensions.

Other Features of the Invention

The detector for detecting the components of the
chromatogram may be a high-speed flame ionization
detector, a high-speed thermal conductivity detector,
a mass spectrometer or other vacuum system detector, or
a high-speed fixed wavelength infrared absorbance
detector.

Three or more dimensions of chromatographic
separation may be serially connected such that each
additional dimension generates multiple chromatograms
at various times during the development of the previous
dimension chromatogram. The comprehensive separation
is created by: (1) each successive dimension of
chromatographic separation being significantly faster
than the previous dimension; and/or (2) the application
of multiple mutually orthogonal modulation signals at
the input to each dimension of chromatographic
separation. 1In the latter case all such dimensions
have similar speeds and the multi-dimensional
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chromatogram is computed by deconvolving the orthogonal
modulation signals from the output detector signal.

In FIG. 3, there is shown an injector 12 and
source of carrier gas 13 connected together to inject
sample into a column transfer line 20. The injector 12
includes a container 100, an enlarged hood 101, an
optional source of heat 104 and a source of energy 102.
The container 100 includes a liquid or solid 106 from
which a vapor evaporates under normal vapor pressure,
and is adapted for applying to the transfer line 20 a
vapor indicating the contents of the sample 106 within
the container 100. The source of electrical energy 102
is electrically connected to a small heater 104 to
increase the vapor pressure of the compounds being
analyzed within the liquid 106 and thus, increase the
density of the sample applied to the injector 12.

The source of carrier gas 13, such as hydrogen or
helium, is supplied from the container 13 into the
container 100 which has a closed top receiving the
injector hood 101 at the end of the transfer line 20 so
that vapor' from the 1liquid 106 which £ills the
atmospheric section 108 enters an enlarged section or
hood 101 which communicates with the interior of the
transfer line 20. With this arrangement, the contents
of a liquid or a solid which vaporizes or sublimates
ingredients in the air in a room or compartment can be
sensed and analyzed to determine its content.
Moreover, special analysis may be performed to find a
specific peak such as ethanol, certain drugs, gas, or
the like to provide sensitive and specific chemical
sensors.

In FIG. 4, there is shown a simplified perspective
view, partly broken away and exploded, of a
chromatographic system 10C having a supporting spool
110, an insulative sheet 120 and a connector assembly
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122 mounted together to receive a column 14. The column
14 is wound around the insulative sheet 120 and
electrically connected through the connector assembly
122, all of which are supported on the spool 110. The
insulative sheet 120 may be made of a one to 5 mil
thick polyimide film sold under the trademark, Kapton,
(by E. I. DuPont de Nemours and Co., Wilmington, Del.)
and receives on its surface painted conductors
connecting the resistive coat of the column 14 to
electrical connectors within the spool 110 in a manner
to be described hereinafter. A second sheet 121 could
be added to cover the assembly to permit the flow of
fluid over the column 14.

To support the column 14 and electrical connectors
to it, the spool 110 includes first and second spool
rims 116A and 116B connected by an integrally formed
aluminum or nylon cylindrical tubular wall 114 recessed
from its outer surface and flush with its inner surface
to form a tubular inner hollow cylinder 112 extending
through it along its longitudinal axis. With this
arrangement, conductive leads and the like may pass
through the hollow cylinder 112 and make connection
with the column 14 on the outer side of the spool 110.

To make electrical connections to the column 14
which is wound around the insulative sheet 120, the
spool 110 includes an axially extending slot 118
through it. The connector assembly 122 extends through
the slot to connect the resistive coat of the column 14
to electrical connectors passing through the hollow
cylinder 112 of the spool 110.

The connector assembly 122 includes a metal clip
124, a support body 130, folded guides 128A and 128B
and column pins, such as the one shown at 134. The
metal clip 124 receives the support body 130 at the
folded guides 128A and 128B. It includes a folded over
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tab having screw holes which receive screws 126A and
126B through corresponding tapped holes therein. The
screws and holes enable the metal clip 124 to be
fastened to the spool wall 114 with a portion extending
through the slot 118 and containing the support body
130. Screw 132A is used to secure a wire lead to
column pin 134.

The support body 130 electrically insulates the
column pin 134. Column pins, such as 134, are
electrically connected to the conductive coated trace
lines, such as 136A, which electrically connects the
conductor pin 134 to the resistive coat of the column
14 to make an electrical connection therethrough.

In FIG. 5, there is shown another perspective view
broken away of an embodiment of chromatographic system
10C showing the first section 14A and second section
14B with the numeral 14 being used to represent
both sections of the column system 14. The column
system 14 is wound around the insulative layer 120
(FIG. 4) over the spool wall 114 and between the rims
116A and 116B with column portions 150A and 150B
leading to and from the column system. The broken away
portion shown in FIG. 5 reveals conductive leads 136A-
136D (FIG. 6), connected to four of the column pins
134A-134D (FIG. 6), respectively, and the supporting
body 130 for the purpose of making electrical
connections between the column conductive resistive
coat and connectors (not shown in FIG. 5) through the
inner hollow cylinder 112 of the spool 110.

In FIG. 6, there is shown an enlarged perspective
view of the metal clip 124 supporting the conductive
body 130 illustrating the manner in which the column
pins 134A-134D are electrically connected by the
conductive traces 136A-136D, respectively, to sections
of the column 14 and to the body 130. The electrical
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connections to leads within the hollow cylinder 112 are
not shown in FIG. 6.

In FIG. 7, there is shown a schematic sectional
view of a portion of a column system 14 illustrating
the manner in which connection is made to the column
pins such as 134A and 134B at junctions between two
different resistive coats on the column system 14. As
best shown in this view, the column system 14 includes
an open longitudinal center 140 about a tubular
cylindrical internal coat 142 applied inside the
capillary column wall, a fused silica or other tubular
cylindrical capillary wall 144, and external resistive
coats, such as 146. There may be a plurality of such
coats separated from each other, as shown at 154. As
shown in this figure, two separate coats, insulated
from each other, are each connected to respective ones
of the column pins 134A and 134B to receive voltages.
These coats overlap in the longitudinal direction.

To provide electrical connections to the coats, a
thin conductive trace such as 136A and 136B can be
printed or painted with metallic paint in a manner
known in some fields. The adaptation of painting
conductive coats to gas chromatography is described in
greater detail below. The trace 136A shown in FIG. 7
is painted over the insulative sheet 120 (FIG. 4) and
brought into contact with the resistive coat 146 of the
column system 14 with the conductive trace 136A being
separated from the conductive trace 136B. Each trace
is connected to a different separated portion of the
resistive coats 146 on the column system 14. Moreover,
the conductive traces 136A and 136B are separated by
insulators 148A and 148B which may be sheet material or
thin coats or the like. The conductive traces 136A and
136B are coated to apertures which receive pins, such
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as 134A and 134B, to make different electrical
connections with conductors.

Under some circumstances, conductive or resistive
coats are overlapped as shown in FIG. 7. One such
circumstance is between the first and second stages of
the modulator so that the column is heated by a
resistive coat in a manner that causes complete removal
of coated sample upon heating so as to eliminate an
area of the interior of the column between the first
and second stages which collects sample and fails to
release sample as a front upon heating.

To form overlapping coats, a first layer 146A of
resistive paint is applied to the column, such as over
a polyimide coat on a capillary column, from a first
end point to a second end point. The first end point
may be connected to a source of power, to another coat,
such as 146, or to a conductive element. A first
insulative layer is then applied as a coat over the
first resistive layer 148A stopping short of the second
end of the first resistive layer 146A so that the
latter remains exposed. A second resistive layer 146B
is applied over the first insulative layer 148A so that
the second end point of the second resistive layer 146B
makes electrical contact at the second end point of the
first conductive layer 146A where the first insulative
layer does not cover the first resistive layer. The
first end of the second resistive layer is left exposed
for further connection, such as to a resistive trace
136A that is connected to an electrical conductor 134A
for the application of electrical voltage and remains
exposed on the first insulative layer. The remainder
of the second resistive layer 146B is coated with a
second insulating layer 148B that extends evenly over
the second end of the first resistive layer and the
second end of the second resistive layer.
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On top of the second insulative layer, a third
resistive layer 146C is applied to provide connection
to a different source of potential, Vas1r @nd extended
in the opposite direction away from the second end of
the first conductive layer. That third layer is
covered with a third insulator (not shown in FIG. 7)
except for the first and second ends, the first being
connected to a resistive trace 136B, or the like, and
the second end left exposed for connection to ground,
to a source of potential, or to another circuit element
through another trace, connector or the like, or to a
resistive coat such as 146B.

The stages for the multi-stage modulator can be
segmented with a plurality of overlapping conductors to
provide as many stages as necessary. The stages can
each be operated in succession as multiple stages or
groups of stages which can be operated in parallel to
have the effect of a larger surface area modulator
stage. Preferably, the stages are approximately 100
column diameters in length but may vary between 20
column diameters and 2,000 column diameters depending
on the design of the column.

In FIG. 8, there is shown a sectional view from
another angle illustrating a manner in which the
supporting body 130 receives the pin 134A which is
connected by resistive trace 136A along the insulative
Kapton sheet 120 to the resistive coats 146A and 146B
(FIG. 7) on the external periphery of the column system
14 so as to make good electrical contact thereto. The
contact is aided by the small sizes of the column and
pin which create a meniscus around the column and the
pin to form good electrical contacts thereto.

In FIG. 9, there is shown a block diagram of
certain equipment useful in manufacturing the column
14, particularly when the column 14 is to have an
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integrally formed first column section 14A and second
column section 14B of differing internal diameters. As
shown in this view, fused silica drawing equipment of
a conventional type 150 includes a drawing portion 152
which draws heated cylindrical tubing material through
a first die 154 at a first speed to form a first
diameter and then a portion of it at a second speed,
possibly through a second die 156, to form a narrower
diameter column.

With this arrangement, first and second columns
have different retention characteristics partly because
the different internal diameter columns carry the same
volumetric flow volume through them. Since the
volumetric flow through the two columns is the same,
the linear velocity of flow of individual carrier gas
and sample vapor or gas in a single direction is faster
in the narrower bore.

In FIG. 10, there is shown a block diagram of an
internal coating apparatus 160 having a source of
coating liquid 162, stops 164 for closing the column 14
and holder 166 for applying heat to enable liquid
coating of the first section. This figqure illustrates
that sections of column having constant diameter can be
internally coated with fluid coating'techniques in a
conventional manner individually so that a nonpolar
coat, for example, can be applied to the first column
and a polar coat to the second, or any other
arrangements of internal coats may be used to form the
stationary phase for chromatography.

From the above description, it can be understood
that the technique and apparatus of this invention have
several advantages over prior art gas chromatography
such as providing: (1) a chromatograph which has very
small size and requires very little power, so as to be
portable; (2) a chromatograph which is so sensitive
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that it can quickly analyze trace gases in the
atmosphere or those evaporated from a liquid or
sublimated from a solid; (3) a chromatograph which is
rapid; (4) a chromatograph which subjects substantially
all sample to two, nearly independent dimensions of
chromatography, (5) a system which eliminates diversion
valves or butt connections between chromatographic
sections or dimensions; and (6) a chromatograph which
operates in successive dimensions under different
conditions using different structures, phases, etc., to
make a second retention time independent, or nearly so,
of a first retention time, a third retention time
independent from the second, and so on.

While a preferred embodiment has been described
with some particularity, many modifications and
variations in the preferred embodiment are possible
without deviating from the invention. It is therefore
to be understood that, within the scope of the appended
claims, the invention may be practiced other than as
specifically described.
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WHAT IS CLAIMED IS:
1. A method of two-stage thermal modulation for

generating concentration pulses in a gas stream flowing
through a tube, said tube comprising an inlet, an
outlet, a first portion which is a length of said tube
comprising a first stage, and a second portion which is
a length of said tube comprising a second stage, said
method comprising the steps of:

(a) creating a flow of carrier gas in a
direction through said tube to produce a carrier gas
flow;

(b) introducing a sample into the carrier gas
flow, said sample comprising one or more sample
substances;

(c) cooling the first stage;

(d) cooling the second stage;

(e) accumulating within the first stage for
a period of time sample substances carried thereinto by
the carrier gas, thus forming a first concentration;

(f) heating the first stage to release the
first concentration into the carrier gas flow in the
form of a first concentration pulse;

(g) carrying the first concentration pulse in
said direction of carrier gas flow toward said second
stage;

(h) accumulating said first concentration
pulse at the inlet of said second stage so as to focus
and hold therein for a period of time, sample
substances of said first concentration pulse carried by
the carrier gas, thus forming a second concentration;

(i) cooling the first stage so as to resume
accumulating therein for a period of time sample
substances carried thereinto by the carrier gas;

(j) heating the second stage so as to release

said second concentration into the carrier gas flow in
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the form of a second concentration pulse, said second
concentration pulse being more compact in distance and
of shorter duration than said first concentration
pulse; and

(k) cooling the second stage.

2. The method according to claim 1, wherein said
first portion comprises additional stages.

3. The method according to claim 1, wherein steps
(e) through (k) are repeated during the flow of the
sample through the tube so as to produce a series of
thermal modulations providing a series of sharp second
concentration pulses.

4. The method according to claim 1, wherein said
first and second stage comprise a capillary tube
containing a stationary phase suitable for retaining
sample substances.

5. The method according to claim 4, wherein said
capillary tube comprises an external resistive coat and
wherein at least one of said first and second stage is
heated by passing electrical current through said
external resistive coat.

6. The method according to claim 4, wherein at
least one of said first and second stage comprises a
conductive wall and is heated by passing an electrical
current through said conductive wall.

7. The method according to claim 4, wherein at
least one of said first and second stage is cooled by
a Peltier heat pump.

8. The method according to claim 1, further
comprising carrying the second concentration pulse
through the tube so that the second concentration pulse
emerges at the outlet of the tube, and detecting sample
substances in the second concentration pulse emerging
from the tube.
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9. The method according to claim 1, further
comprising separating said second concentration pulse
into bands by chromatography.

10. The method according to claim 4, further
comprising carrying said series of second concentration
pulses through a final dimension of a chromatographic
system which has more than one serially disposed
dimension of chromatographic separation.

11. The method according to claim 10, wherein
said method generates a series of sharp concentration
pulses which collectively include the entire sample.

12, The method according to claim 10, wherein
each of said first and second stage comprises a length
of capillary column, and heating means, said heating
means comprising an external resistive coat on each
length of column.

13. The method according to claim 3, further
comprising:

detecting with a pulsed detector sample substances
in said second concentration pulse emerging from the
outlet of said tube; and

synchronizing arrival of sample concentration
pulses with a pulse of said detector.

14. The method according to claim 13, wherein
said first portion comprises additional stages.

15. The method according to claim 13, wherein
said pulsed detector is any one of a fourier transform
mass spectrometer, a time-of-flight mass spectrometer,
an ion-trap mass spectrometer, and a detector
comprising a pulsed integrator, or a phase-locked loop.

16. A method of ¢tuning orthogonality of a
chromatographic system wherein a first dimension of
chromatographic separation and a second dimension of
chromatographic separation are serially disposed, said
tuning comprising adjusting a retention time in said
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second dimension of chromatographic separation as a
function of progress of said first dimension of
chromatographic separation such that a statistical
measure of peak scatter in a retention plane is
substantially maximized, and the peak capacity of the
chromatographic system approximates the arithmetic
product of individual peak capacities of said first and
said second dimensions of chromatographic separation.

17. The method according to claim 16, wherein
substances which belong to a homologous series of
compounds and are present in a sample subjected to a
chromatographic separation in said chromatographic
system emerge from said second dimension of
chromatographic separation such that the substances
belonging to the homologous series have retention times
in the second dimension which are substantially equal.

18. The method of tuning orthogonality according
to claim 16, wherein more than two dimensions of
chromatographic separation are serially disposed
thereby forming a plurality of preceding
chromatographic dimensions and subsequent
chromatographic dimensions, said tuning comprising an
adjustment of a time of retention of each subsequent
dimension of chromatographic separation as a function
of progress of a preceding dimension of chromatographic
separation such that the various dimensions of the
multi-dimensional chromatographic system are made
orthogonal.

19. The method according to claim 16, wherein at
least one of said first and second dimension of
chromatographic separation comprises a retention
gradient.

20. The method according to claim 16, wherein
said first dimension comprises a first stationary phase
and said second dimension comprises a second stationary
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phase, said second stationary phase being serially
disposed relative to and chemically distinct from said
first stationary phase. '

21. The method according to claim 20, wherein
said first and second dimensions comprise serially
connected columns containing said first and second
stationary phases.

22. The method according to claim 21, wherein
said first and second stationary phases are deposited
serially within a single capillary column.

23. The method according to claim 16, wherein at
least one of said first and second dimensions of
chromatographic separation comprises a capillary
column.

24. The method according to claim 23, wherein
said first and second dimensions each comprise a single
stationary phase deposited within said capillary
column.

25. The method according to claim 24, wherein a
retention time of the second dimension is varied by
varying any of:

(a) temperature of the second dimension,
(b) rate of change of temperature of the

second dimension, and
(c) electromagnetic radiation applied to the

second dimension.

26. The method according to claim 23, wherein
said capillary column comprises a retention gradient.

27. The method according to claim 26, wherein
said gradient is thermal.

28. The method according to claim 26, wherein
said gradient is a gradient of stationary phase
thickness within said capillary column.

29. The method according to claim 16, wherein:
said first and second dimensions comprise a combination
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of dimensions selected from liquid chromatographic,
supercritical fluid chromatographic, and gas
chromatographic dimensions.

30. The method according to claim 29, wherein
both dimensions are gas chromatographic.

31. The method according to claim 30, wherein a
dimension of chromatographic separation comprises a
thermal gradient.

32. The method according to claim 31, wherein
said dimension of chromatographic separation comprising
the thermal gradient is said second dimension.

33. The method according to claim 30, wherein at
least one of said first and second dimension of
chromatographic separation is equipped with a gradient
of stationary film thickness.

34. The method according to claim 33, wherein the
chromatographic dimension equipped with a gradient of
stationary film thickness is said second
chromatographic dimension.

35. The method according to claim 30, wherein
tuning a two-dimensional gas chromatograph comprises
variation of a temperature of the second
chromatographic dimension as a function of progress on
the first chromatographic dimension.

36. The method according to claim 35, wherein
said first and second chromatographic dimensions are
housed in a single oven.

37. The method according to claim 35, wherein the
two-dimensional gas chromatograph is tuned through
choice of relative column lengths, column diameters,
stationary phase thicknesses, thickness gradients,
carrier gas linear velocities, and a temperature
program.
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38. The method according to claim 35, wherein
substantially all of the effluent from the first
chromatographic dimension enters the second.

39. The method according to claim 35, wherein
said second dimension of chromatographic separation
comprises a capillary column, and the temperature of
the column is varied by varying electrical current
through a resistive coat on the column exterior.

40. The method according to claim 30, wherein
said tuning orthogonality of the two-dimensional gas
chromatograph comprises varying a linear velocity of
the carrier gas in the second chromatographic dimension
as a function of progress of the first chromatographic
dimension.

41. The method according to claim 40, wherein
relative column lengths, column diameters, stationary
phase thicknesses, and temperatures are chosen such
that a programmed variation of a linear carrier gas
velocity in the first chromatographic dimension causes
a variation of said linear velocity of the carrier gas
in the second chromatographic dimension.

42. The method according to claim 39, wherein
substantially all of the effluent from the first
chromatographic dimension enters the second.

43. A method of two-dimensional chromatography
comprising the steps of:

(a) injecting a sample composed of one or more
sample substances into a first dimension of
chromatographic separation;

(b) carrying said sample along said first
dimension of chromatographic separation in a direction
so as to cause a first resolution of said sample into
a series of bands;

(c) carrying said sample into a two-stage thermal
modulator comprising a first stage and a second stage;
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(d) cooling said first stage;

(e) cooling said second stage;

(f) accumulating a portion of the sample between
said first dimension of chromatographic separation and
a second dimension of chromatographic separation
disposed in serial relationship with said first
dimension of chromatographic separation, said
accumulating comprising generating concentration pulses
within said two-stage thermal modulator, wherein said
generating concentration pulses comprises

(I) accumulating within the first stage for
a period of time sample substances carried thereinto
from the first dimension, thus forming a first
concentration,

(II) heating the first stage to release the
first concentration in said direction in the form of a
first concentration pulse,

(III) carrying the first concentration pulse
in said direction toward said second stage,

(IV) accumulating said first concentration
pulse at an inlet of said second stage so as to focus
and hold in the second stage, for a period of time,
sample substances of said first concentration pulse
thus forming a second concentration,

(V) cooling the first stage so as to resume
accumulating therein for a period of time sample
substances carried thereinto by the carrier gas;

(g) transmitting the accumulated portion of
sample as a sharp wave front to an inlet of the second
dimension of chromatographic separation by heating the
second stage so as to release said second concentration
into the carrier gas flow in the form of a second
concentration pulse, said second concentration pulse
being more compact in distance and of shorter duration
than said first concentration pulse;
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(h) cooling the second stage; and

(i) carrying the portion of sample along the
second dimension of chromatographic separation so as to
cause a further resolution of said portion of sample;

repeating steps (f)-(i), so as to generate a
multiplicity of said sharp wave fronts and a
multiplicity of said further resolutions without
materially changing said first resolution; and

detecting said multiplicity of further resolutions
with a first detector so as to generate a multiplicity
of second dimension chromatograms together comprising
a two-dimensional chromatogram of said sample.

44. The method according to claim 43, further
comprising splitting off a portion of effluent from a
first dimension of chromatographic separation for
detection by an additional detector located near the
junction between chromatographic dimensions, and
wherein said repeating causes substantially the
remainder of sample not split off to said additional
detector to be submitted to the second dimension of
chromatographic separation.

45. The method according to claim 43, wherein
said repeating causes substantially the entire sample
to be submitted to the second dimension of
chromatographic separation.

46. The method according to claim 43, further
comprising carrying said sample through at least one
additional dimension of chromatographic separation.

47. A method of two-dimensional chromatographic
separation comprising the steps of:

(a) injecting a sample composed of various sample
substances into a first dimension of chromatographic
separation;

(b) carrying said sample along said first
dimension of chromatographic separation so as to cause
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a first resolution of said sample into a series of
bands;

(c) accumulating a portion of the sample between
said first dimension of chromatographic separation and
a second dimension of chromatographic separation
disposed in serial relationship with said first
dimension of chromatographic separation;

(d) transmitting the accumulated portion of
sample as a sharp wave front to an inlet of the second
dimension of chromatographic separation;

(e) carrying the portion of sample along the
second dimension of chromatographic separation so as to
cause a further resolution of said portion of sample;
and

repeating steps (c), (d), and (e) so as to
generate a multiplicity of said sharp wave fronts and
a multiplicity of said further resolutions by said
second dimension of chromatographic separation, without
materially changing said first resolution;

detecting said multiplicity of further
resolutions so as to generate a multiplicity of second
dimension chromatograms together comprising a two-
dimensional chromatogram of said sample; and

tuning the orthogonality of said two-
dimensional chromatographic separation by a method
wherein said first dimension of chromatographic
separation and said second dimension of chromatographic
separation are serially disposed, said tuning
comprising adjusting a retention time in said second
dimension of chromatographic separation as a function
of progress of said first dimension of chromatographic
separation such that a statistical measure of peak
scatter in a retention plane is substantially
maximized, and the peak capacity of the chromatographic
system approximates the arithmetic product of
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individual peak capacities of said first and said
second dimension of chromatographic separation.

48. The method according to claim 47, wherein
said repeating causing substantially the entire sample
to be submitted to the second dimension of
chromatographic separation.

49. The method according to claim 47, further
comprising carrying said sample through at least one
additional dimension of chromatographic separation.

50. The method according to claim 47, further
comprising splitting off a portion of effluent from
said first dimension of chromatographic separation for
detection by an additional detector located near a
junction of chromatographic dimensions, and wherein
said repeating causes substantially the remainder of
sample not split off to said additional detector to be
submitted to the second dimension of chromatographic
separation.

51. The method according to claim 47, wherein at
least one of said first and second dimension of
chromatographic separation comprises a retention
gradient.

52. The method according to claim 47, wherein
said first dimension comprises a first stationary phase
and said second dimension comprises a second stationary
phase, said second stationary phase being serially
disposed relative to and chemically distinct from said
first stationary phase.

53. The method according to claim 52, wherein
said first and second dimensions comprise serially
connected columns containing said first and second
stationary phases.

54. The method according to claim 47, wherein at
least one of said first and second dimensions of
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chromatographic separation comprises a capillary
column.

55. The method according to claim 52, wherein
said first and second stationary phases are deposited
serially within a single column.

56. The method according to claim 54, wherein
said first and second dimensions each comprise a single
stationary phase deposited within said capillary
column.

57. The method according to claim 56, wherein a
retention time of the second dimension is varied by
varying any of:

(a) temperature of the second dimension,

(b) rate of change of temperature of the
second dimension, and

(c) electromagnetic radiation applied to the
second dimension.

58. The method according to claim 54, wherein
said capillary column comprises a retention gradient.

59. The method according to claim 58, wherein
said gradient is thermal.

60. The method according to claim 58, wherein
said gradient is a gradient of stationary phase
thickness within said capillary column.

61. The method according to claim 47, wherein
said first and second dimensions comprise a combination
of dimensions selected from liquid chromatographic,
supercritical fluid chromatographic, and gas
chromatographic dimensions.

62. The method according to claim 61, wherein
both dimensions are gas chromatographic.

63. The method according to claim 62, wherein a
dimension of chromatographic separation comprises a
thermal gradient.
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64. The method according to claim 63, wherein
said dimension of chromatographic separation comprising
the thermal gradient is said second dimension. '

65. The method according to claim 62, wherein at
least one of said first and second dimension of
chromatographic separation is equipped with a gradient
of stationary film thickness.

66. The method according to claim 65, wherein the
chromatographic dimension equipped with a gradient of
stationary film thickness is said = second
chromatographic dimension.

67. The method according to claim 62, wherein
tuning a two-dimensional gas chromatograph comprises
variation of the temperature of the second
chromatographic dimension as a function of progress on
the first chromatographic dimension.

68. The method according to claim 67, wherein
said first and second chromatographic dimensions are
housed in a single oven.

69. The method according to claim 67, wherein the
two-dimensional gas chromatograph is tuned through
choice of relative column lengths, column diameters,
stationary phase thicknesses, thickness gradients,
carrier gas linear velocities, and a temperature
program.

70. The method according to claim 67, wherein
substantially all of the effluent from the first
chromatographic dimension enters the second.

71. The method according to claim 67, wherein
said second dimension of chromatographic separation
comprises a capillary column, and a temperature of the
column is varied by varying electrical current through
a resistive coat on the column exterior.

72. The method according to claim 62, wherein
said tuning orthogonality of the two-dimensional gas
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chromatograph comprises varying a linear velocity of
the carrier gas in the second chromatographic dimension
as a function of progress of the first chromatographic
dimension.

73. The method according to claim 72, wherein
relative column lengths, column diameters, stationary
phase thicknesses, and temperatures are chosen such
that a programmed variation of a linear carrier gas
velocity in the first chromatographic dimension causes
said varying of said linear velocity of the carrier gas
in the second dimension.

74. The method according to claim 71, wherein
substantially all of the effluent from the first
chromatographic dimension enters the second
chromatographic dimension.

75. The method according to claim 61, wherein at
least one of said first and second dimension of
chromatographic separation comprises a retention
gradient.

76. The method according to claim 29, wherein at
least one of said first and second dimension of
chromatographic separation comprises a retention
gradient.

77. An apparatus for generating a concentration
pulse of a sample, said apparatus comprising:

a tube having an inlet, an outlet, a first portion
which is a length of said tube comprising a first
stage, and a second portion which is a length of said
tube comprising a second stage;

means for creating a flow of carrier gas in a
direction through said tube to produce a carrier gas
flow;

means for introducing a sample into the carrier
gas flow, said sample comprising one or more sample
substances;
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means for cooling the first stage;

means for cooling the second stage;

means accumulating within the first stage for a
period of time sample substances carried thereinto by
the carrier gas, thus forming a first concentration;

means for heating the first stage to release the
first concentration into the carrier gas flow in the
form of a first concentration pulse;

means for carrying the first concentration pulse
in said direction of carrier gas flow toward said
second stage;

means for accumulating said first concentration
pulse at the inlet of said second stage so as to focus
and hold therein for a period of time, sample
substances of said first concentration pulse carried by
the carrier gas, thus forming a second concentration;

means for cooling the first stage so as to resume
accumulating therein for a period of time sample
substances carried thereinto by the carrier gas;

means for heating the second stage so as to
release said second concentration into the carrier gas
flow in the form of a second concentration pulse, said
second concentration pulse being more compact in
distance and of shorter duration than said first
concentration pulse; and

means for cooling the second stage.

78. The apparatus according to claim 77, wherein
said first portion comprises additional stages.

79. The apparatus according to claim 77, wherein
said first and second stage comprise a capillary tube
containing a stationary phase suitable for retaining
sample substances.

80. The apparatus according to claim 79, wherein
said capillary tube comprises an external resistive
coat and wherein at least one of said first and second
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stage is heated by passing electrical current through
said external resistive coat.

8l1. The apparatus according to claim 79, wherein
at least one of said first and second stage comprises
a conductive wall and is heated by passing an
electrical current through said conductive wall.

82. The apparatus according to claim 79, wherein
at least one of said means for cooling the first stage
and said means for cooling the second stage is a
Peltier heat pump. '

83. The apparatus according to claim 77, further
comprising a detector at the outlet of the tube for
detecting sample substances in the second concentration
pulse emerging from the tube.

84. The apparatus according to claim 79, further
comprising a final dimension of a chromatographic
system which has more than one serially disposed
dimension of chromatographic separation.

85. The apparatus according to claim 77, wherein
each of said first and second stage comprises a length
of capillary column, and said heating means for said
first stage and said heating means for said second
stage comprise an external resistive coat on each
length of column.

86. The apparatus according to claim 83, wherein
said detector is a pulsed detector.

87. The apparatus according to claim 86, wherein
said pulsed detector is ény one of a fourier transform
mass spectrometer, a time-of-flight mass spectrometer,
an jion-trap mass spectrometer, and a detector
comprising a pulsed integrator, or a phase-locked loop.

88. The method according to claim 77, wherein
said first portion comprises additional stages.
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