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(57) Abréegée/Abstract:
The Invention relates to a process for detecting the catalytic activity of solid materials, in which process one or more starting

materials are brought to reaction In the presence of the solid materials, characterized in that the solid materials are present, spatially
separated from one another, on a suppor, in that the starting materials are brought into contact with the solid materials and in that
the resultant product or products are analyzed by a mass spectrometer, with resolution of location regarding the solid materials on
the support. The advantages of the process according to the invention are essentially that a rapid serial or parallel detection of the

catalytic activity of solid materials under identical conditions Iis now possible.
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Abstract
Process and apparatus for detecting the catalytic activity of solid materials

The invention relates to a process for detecting the catalytic activity of solid
maternials, In which process one or more starting materials are brought to
reaction in the presence of the solid materials, characterized in that the
solid materials are present, spatially separated from one another, on a
support, in that the starting materials are brought into contact with the solid
matenals and In that the resultant product or products are analyzed by a
mass spectrometer, with resolution of location regarding the solid materials
on the support.

The advantages of the process according to the invention are essentially
that a rapid serial or parallel detection of the catalytic activity of solid
materials under identical conditions is now possible.
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Description

Process and apparatus for detecting the catalytic activity of solid materials

The invention relates to a process for detecting the catalytic activity of solid
matenals in which process one or more starting materials are brought to
reaction in the presence of the solid materials.

Processes of the said type are known to those skilled in the art from
Industrial applications.

These processes have the disadvantages that large amounts of
substances and, due to serial testing, rmuch time for repeating steps are
required. In the course of what is termed “combinatorial chemistry”,
libraries of substances are prepared, many substances being synthesized
simultaneously, albeit in small amounts (P.G. Schultz et al., Science 1995
1738; Michael J. Natan, J. Am. Chem. Soc. 118, 1996, 8721-8722).

The object underlying the invention was therefore to provide a process
which succeeds with smaller amounts of substance than hitherto for a pure
activity screening and permits more rapid examination of the solid
materials.

This object is achieved by a process of the type mentioned at the outset,
which is characterized in that the solid materials are present, spatiaily
separated from one another, on a support, in that the starting materials are
brought into contact with the solid materials and in that the resultant
product or products are analyzed by a mass spectrometer, with resolution
of location regarding the solid materials on the support.

The invention therefore relates to a process for detecting the catalytic
activity of solid materials, in which process one or more starting materials
are brought to reaction in the presence of the solid materials, characterized
In that the solid materials are present, spatially separated from one
another, on a support, in that the starting materials are brought into contact
with the solid materials and in that the resultant product or products are
analyzed by a mass spectrometer, with resolution of location regarding the
solid materials on the support.
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According to one aspect of the present invention,

there is provided process for detecting the catalytic

F

activity of solid materials, which are present, spatially

separated from one another, on a support, 1n which process

one or more starting materials are brought to reaction 1in

r—

the presence of the solid materials, and the resultant

product or products are analyzed by a mass spectrometer,

with resolution of location by laser regarding the solid

materials on the support, characterized 1n that, for the

location-resolving analysis, the product or each product 1s

o~

ionized with resolution of location by laser.

According to another aspect of the present

invention, there is provided apparatus for carrying out the
process as described herein, having a vacuum champer, on

which the detector of the mass spectrometer 1s arranged, the

support for receiving the solid materials, at least one

inlet through which starting materials can be brought into

contact with the solid materials, and the laser for

F

ionization of the resultant products.

According to still another aspect of the present

invention, there is provided apparatus for carrying out the

process as described herein, having a first vacuum chamber

on which 1s arranged the detector of the mass spectrometer

i

and the laser for the 1onization of the products to be

analyzed, a second vacuum chamber, which 1s separated from

the first vacuum chamber by the support for recelving the

sollid materials and which has an 1nlet for starting

materials, the support comprising capilllaries, through which

the products to be analyzed can be 1ntroduced 1into the

vacuum chamber and the laser being arranged 1n such a manner

F

that the outlets of the capillaries can be 1onized

individually.
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According to yet another aspect of the present

invention, there 1s provided process for detecting the

P

catalytic activity of solid materials, which are present,

spatially separated from one another, on a support, 1n which

5 process one or more starting materials are brought to

P

reaction in the presence of the solid materials, and the

resultant product or products are analyzed by a mass

spectrometer, with resolution of location by laser regarding

the solid materials on the support, characterilized i1in that,

L

10

for the location-resolving analysis, the product or each

product is ionized by laser and 1s fed to a location-

gr—

resolving detector of the mass spectrometer by means of a

B

focusing device.

—

According to a further aspect of the present

15 invention, there is provided apparatus for carrying out the

process as described herein, having a first vacuum chamber,

on which the location-resolving detector of the mass

spectrometer is arranged and which comprises a first

electrode, a second vacuum chamber which 1s connected to the

20 first chamber by an orifice plate, comprises the support for
receiving the solid materials, an 1nlet for starting
materials and a second electrode and on which 1s arranged a

r—

laser for the ionization of the products to be analyzed, the

first and second electrodes and the orifice plate being

25 arranged and electrically connected to one another in such a

manner that the 1onized products can be focused onto the

location-resolving detector.

p—

According to yet a further aspect of the present

invention, there 1s provided process for detecting the

pr—

30 catalytic activity of solid materials, which are present on

p—

spatially separated positions of a support, 1n which process

one or more starting materials are brought to reaction 1n

the presence of the solid materials, and the resultant
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product or products are analyzed by a mass spectrometer with

P

resolution of location by laser regarding the solid

materials on the support, characterized in that for the

F

location-resolving analysis, use 1s made of a location-

P

resolving detector having a plurality of channels and a

pr—

position of the solid materials on the support 1s assigned

g

by an orifice plate system and a channel of the detector,

the products are ionized by laser and are fed through the

orifice plate system to the detector for the analysis.

According to still a further aspect of the present

invention, there is provided process for detecting the

pr—

catalytic activity of solid materials, which are present on

ﬁ

spatially separated positions of a support, 1n which process

one or more starting materials are brought to reaction 1in

F

the presence of the solid materials, and the resultant

product or products are analyzed by a mass spectrometer with

resolution of location by laser regarding the solid

materials on the support, characterized i1n that for the

location-resolving analysis, the positions of the solid

—
—

ferent distances to the

detector of the mass spectrometer, the products are 1onized

F

by laser in pulses and the resulting, different time of

F

flight of the ions 1s used to determine the position of the

assoclated solid material.

According to another aspect of the present

invention, there 1s provided apparatus for carrying out the

process described herein, having a vacuum chamber on which

p—

1s arranged the detector of a mass spectrometer and a laser

F

for the ionization of the products to be analyzed, and the

support for receilving the sollid materials 1n spatially
separated positions, the support being inclined relative to

the detector so that the individual solid material positions
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are arranged at different distances relative to the

detector.
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Preferred embodiments of the process according to the invention are given

by the respective subclaims.

According to the invention, a mass spectrometer Is used for the analysis.
Mass spectrometers permit analysis down to a few molecules, and
substance mixtures and isotope mixtures may also be analyzed directly.

A first preferred embodiment of the invention Is characterized in that a
plurality of solid materials, preferably more than 20, very particularly
preferably more than 100, are present, separated from one another, on a
support and as a result can be examined simultaneously.

In a second preferred embodiment, the solid materials can be heated or

cooled.

A further preferred embodiment is that the mass spectrometer is a TOF
(time of flight) mass spectrometer (arrangement as described by
W.C. Wiley and I.H. McLaren Rev. Sci. Instr. 26, 12 1955, 1150-1157).
Preferably, for the analysis with the mass spectrometer, a Multi-Channei-
Plate (MCP) detector can be used, paiticularly preferably a location-
resolving MCP detector (MCP array with phosphor screen or fluorescent
screen), since then the reactions at different positions of the
abovementioned support can be analyzed simuitaneously. In a further
preferred embodiment of the invention, the reaction is carried out in a first
vacuum chamber and the analysis in a second vacuum chamber, the two
chambers being separated by an orifice plate. This permits the support to
have an increased streaming rate, in order to be quite sure that sufficient
starting material can be brought into contact with the solid material without

Increasing the spectroscopic background tco greatly due to gas feed. In the
analytical compartment or reaction compartment, a pressure < 10” mbar,

particularly preferably < 10°° mbar, very particularly preferably < 10 mbar,
can be set using vacuum pumps. In the reaction compartment, the true
pressure immediately over the solid materials can depart from vacuum up
to atmospheric pressure depending on the streaming. Solid starting
materials or starting materials having a particularly low vapor pressure can
also be brought into contact with the potentially catalytically active solid
material directly prior to evacuation of the system by single application -
termed batch processes by those skilled in the art.
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A further preferred embodiment is characterized in that the individual solid
material or individual solid materials are present in an amount less than
1 mg, preferably less than 0.1 mg, particularly preferably less than
0.01 mg, very particularly preferably less than 0.001 mg. This permits
activity screening of the substance libraries (pools) which are known from
the literature and mentioned at the outset.

As additional embodiments of the analysis, a device for focusing the
molecular beam can also be used, in order to permit, for example in a
location-resolving detector, the assignment of the reaction products to the
individual support positions (solid materials) by the orifice plate.

A further additional embodiment is a low-fragmentation ionization of the
products by laser pulse (T.Baumert, J.L. Herek, A.H. Zeweil J. Chem.
Phys, 99(6), 1993, 4430-4440), which prevents product molecules from
breaking down into lighter fragments before they reach the detector and
thus falsifying the product analysis.

The advantages of the process according to the invention are essentially
that a rapid serial or parallel detection of the catalytic activity of solid
materials with very small amounts under identical conditions is now
possible.

To carry out the processes according to the invention, an apparatus is
particularly suitable which comprises one or more vacuum chambers, a
catalyst support and a mass spectrometer.

An apparatus is further particularly suitable which is the subject matter of
the invention, having a vacuum chamber on which a mass spectrometer is
arranged and which has at least one inlet for gas, characterized in that the
inlet or each inlet is designed as a support for solid materials and has at
least one capillary, the number of the capillaries being able to be any
iInteger from 1 to at least 100.

A first particular design of this apparatus is characterized in that the
capillary or each capillary has a diameter from the range 5 to 100,
preferably 10 to 50, um. With a suitable selection of diameter and length of
the capillary (capillaries), the gas can be passed onto the solid materials
even at atmospheric pressure and even at superatmospheric pressure
(greater than 1 bar absolute).
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A second particular design of this apparatus Is characterized In that the
support or each support has the shape of a plate and iIs inclined to the
detector part of the mass spectrometer at an angle of 30 to 60°, preferably
45°,

An embodiment of the process according to the invention is described in
more detail below with reference to the sketch of the apparatuses
according to the invention shown in Figures 1 and 2, without the intention
thereby of restricting the invention in any manner.

Fig. 1 shows a diagrammatic representation of an apparatus for carrying
out the process according to the invention, Fig. 2 shows a basic diagram of
an example of an arrangement for the location-resolving analysis, Fig. 3
shows the mass spectrum of an example measurement.

The apparatus 1 has two high-vacuum chambers 10, 11 of which
especially the chamber 11 need not always be evacuated to high vacuum.
The evacuation is performed by means of pumps 13. The solid matenals 3
are situated on a support 12 which is equipped with a heater 2. The solid
materials 3 are present spatially separated from one another, e.g. in the
form of film spots. In addition, a starting material mixture capillary 4 having
a plurality of orifices for applying a stream of gaseous starting materials 17
to the solid materials 3 is present, an ionization laser 5, pulsed acceleration
electrodes 6 and an orifice plate 7 which, Iin interaction, generate a
molecular (ion) beam 9 which can be analyzed by an MCP detector 8. The
customary electronics for control and data capture are not shown.

Through the starting material mixture capillary 4, a gaseous starting
material mixture 17 is passed onto the solid materials 3 to be examined

which are situated in the high-vacuum chamber 11. It is expedient here that
the capillary orifices are positioned very close to the solid material positions
of the support 12. As a result, the true pressure immediately at the soiid
materials 3 can deviate considerably from high vacuum, depending on the
starting material stream 17, up to atmospheric pressure. The contact
between the starting materials 17 and a catalytically active solid material 3
forms a product or a product mixture which (in the special case) is ionized
by the pulsed laser 5. The ionized molecular beam 9, which is accelerated
via the pulsed (trigger) electrodes 6, is detected in the MCP detector 8. A
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difference in mass produces a differerice in time of flight, from which a

conventional mass spectrum is obtained in a known manner.

In the case of the particular design according to Fig. 2., orifice plate 7 and
support 12 are combined. The product mixture passes through capillaries
14, which are situated in the orifice plate 7 (the support 12) and are
continued in the solid materials and which generate a sufficiently high
pressure drop between the chambers 10, 11, into chamber 10 for analysis.
The detector 8 has a plurality of channels 15 which are assigned to the
positions of the solid materials 3 on the support 12 by means of an orifice
plate system 16. Owing to the inclined arrangement of the orifice plate 7
relative to the detector 8, via the different distances of the individual solid
material positions, which differ by AX, from the resultant time of flight t,
which differs by At, of the individual ions, conclusions can likewise be
drawn as to the position of the solid material 3 associated with the detected
signal. Another possible method of determining the position is to ionize
separately, using the laser, the individual solid material positions, i.e. the
exits of each capillary 14.

The experiment described below demonstrates with reference to Fig. 2, by
way of example, the beneficial properties of the invention.

A known catalyst (Sohio-Kat for acrolein synthesis by air oxidation of
propene) was connected on a support (12, 7) via a short capillary (14)
having a diameter between 10 and 50 um directly to a vacuum chamber
(10), so that the catalyst (3) was treated at slight superatmospheric
pressure with a gaseous starting material mixture 17 consisting of

30.2% by volume of  propylene 2.5
15.2% by volume of  oxygen 4.5
remainder nitrogen 5.0

without the detector being saturated by the gas background. The entire
holder was heated externally using a platinum wire coil (2) with constant
feed voltage, under the control of a commercially conventional

thermocouple.

- 1o AL TN P B S PN wht § AT AT MY T N e '
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For the excitation, use was made of a titanium-sapphire laser (5) with CPA

amplification, which was directed via a lens (which is not shown) onto the

capillary orifice in chamber 10. Detection was by a 1-inch MCP-plate, and

the time of flight was recorded using a commercially conventional GHz

oscilloscope.

Using known residual gas masses, the TOF-mass correlation was
calibrated in the range 0-60 amu (atomic mass unit):

m=ket

k = calibration constant in -—q-m-—-L-l- where k ~ —1-

LLS X

X = the distance between ion source and detector

While the product signal (acrolein) was above the residual gas spectrum
background by orders of magnitude during the gas treatment, a relatively
rapid decay was determined after shutting off the gas treatment. Fig. 3
shows a comparison between the smallest product content still
unequivocally detectable above the residual gas 10 seconds after ending
the gas treatment (bottom spectrum) and the residual gas spectrum (top
spectrum). Thus the gas treatment can also be utilized for the (relatively
slow) location resolution.
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1. Process for detecting the catalytic activity of

solid materials, which are present, spatially separated from
one another, on a support, 1n which process one or more
starting materials are brought to reaction 1n the presence

F

of the solid materials, and the resultant product or

products are analyzed by a mass spectrometer, with

pr=—

resolution of location by laser regarding the solid

materials on the support, characterized in that, for the

location-resolving analysis, the product or each product 1s

y—

ionized with resolution of location by laser.

2 . Process according to claim 1, characterized 1n

that the reaction 1s carried out 1n a first wvacuum chambpber

and the analysis 1in a second vacuum chamber, the two

chambers being separated by an orifice plate.

3. Process according to claim 1 or 2, characterized

p—

in that, in a compartment for the analysis of the products,

or in a reaction compartment, a pressure < 107" mbar is set.

g

4 . Process according to any one of claims 1 to 3,

characterized 1in that the mass of individual solid material

1s less than 1 mg.

F

5. Process according to any one of claims 1 to 4,

P

characterized in that the mass of individual solid material

is less than 0.1 mg.

o . Apparatus for carrying out the process as claimed

in claim 1, having a vacuum chamber, on which the detector

of the mass spectrometer 1s arranged, the support for

receiving the solid materials, at least one 1inlet through

which starting materials can be brought 1nto contact with
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the solid materials, and the laser for i1onization of the

resultant products.

7. Apparatus for carrying out the process according
to claim 1, having a first vacuum chamber on which 1s
arranged the detector of the mass spectrometer and the laser
for the ionization of the products to be analyzed, a second

vacuum chamber, which is separated from the first vacuum

chamber by the support for receiving the solid materials and
which has an inlet for starting materials, the support
comprising capillaries, through which the products to be
analyzed can be introduced into the vacuum chamber and the
laser being arranged 1in such a manner that the outlets ot

the capillaries can be i1onized individually.

8. Apparatus according to claim 7, characterized 1in
thet a capillary or each capillary has a diameter from a

range 5 to 100 uM.

9. Apparatus according to any one of claims 6 to 8§,
characterized in that the support has the shape of a plate
ancl 1is inclined to a detector part of the mass spectrometer

at an angle of 30 to 60°.

10. Process for detecting the catalytic activity of
solid materials, which are present, spatially separated from
one another, on a support, 1n which process one Or more
starting materials are brought to reaction 1n the presence
of the so0lid materials, and the resultant product or
products are analyzed by a mass spectrometer, with
resolution of location by laser regarding the solid
materials on the support, characterized in that, for the
location-resolving analysis, the product or each product 1is
ionized by laser and is fed to a location-resolving detector

of the mass spectrometer by means of a focusing device.
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11. Process according to claim 10, characterized 1n

that, as focusing device, use

which 1s arranged between two

is made of an orifice plate

acceleration electrodes.

12. Process according to claim 10 or 11, characterized

5 1n that, for the 1onilization, use 1s made O:

ﬁ

- a pulsed laser.

13. Apparatus for carrying out the process according

to claim 10, having a first vacuum chamber, on which the

#

location-resolving detector of the mass spectrometer 1s

arranged and which comprises a first electrode, a second

10 wvacuum chamber which 1s connected to the first chamber by an

orifice plate, comprises the support for recelving the solid

materials, an inlet for starting materials and a second

electrode and on which 1s arranged a laser for the

1onization of the products to

be analyzed, the first and

15 second electrodes and the orifice plate being arranged and

electrically connected to one

another 1n such a manner that

the ionized products can be focused onto the location-

resolving detector.

14. Process for detecting the catalytic activity of

20 solid materials, which are present on spatially separated

g

positions of a support, 1n which process one or more

starting materials are brought to reaction 1n the presence

of the solid materials, and the resultant product or

products are analyzed by a mass spectrometer with resolution

25 of location by laser regarding the solid materials on the

wl—

support, characterized 1n that for the location-resolving

pr=

analysis, use 1s made of a location-resolving detector

g

having a plurality of channels and a position of the solid

materials on the support 1s assigned by an orifice plate

pr—

30 system and a channel of the detector, the products are

1onized by laser and are fed through the orifice plate

system to the detector for the analysis.
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F
p—

15. Process for detecting the catalytic activity of

solid materials, which are present on spatially separated
positions of a support, 1in which process one or more
starting materials are brought to reaction 1n the presence

of the solid materials, and the resultant product or

products are analyzed by a mass spectrometer with resolution

of location by laser regarding the solid materials on the

el

support, characterized in that for the location-resolving

analysis, the positions of the solid materials, are brought

P

at different distances to the detector of the mass

spectrometer, the products are 1onized by laser 1n pulses

—

and the resulting, different time of flight of the 1ons 1s

P

used to determine the position of the associliated solid

material.

16. Apparatus for carrying out the process according

to claim 15, having a vacuum chamber on which 1s arranged

the detector of a mass spectrometer and a laser for the

—

ionization of the products to be analyzed, and the support

for receiving the solid materials 1n spatially separated
positions, the support beling inclined relative to the

detector so that the individual solid material positions are

arranged at different distances relative to the detector.

17. Apparatus according to claim 7, characterized 1in

o

that each capillary of the capillaries has a diameter from a

range 10 to 50 uM.

18. Apparatus according to any one of claims © to 3,

characterized i1n that the support has the shape of a plate

—

and 1s 1nclined to a detector part of the mass spectrometer

at an angle of 45°.
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EI:E: .4 MASS SPECTRUM OF AN EXAMPLE MEASUREMENT
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