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ABSTRACT

A highly specific technique for real time monitoring of
simple and complex molecules is described. This technique
depends on using the Zecman effect to tune an atomic emis-—
sion 1line to coincide with a sharp molecular abhsorption
feature and has heen named TALMS (tpnahle atomic line molec-
ular spectroscopy). Results are presented.on the determina-
tion of di-atomic (NO), tri—atémjc'(NOé, $0,), tetra-atomic
(HZCO) and more complex molecules. An explanation is
of fered for the abilify of this technique to determine com-
plex molecules which suggests that the method should be
Highly specific. It is concluded that work in this area
will lead tovinstfumentation that will be valuable for pro-

cess control or environmental monitoring.

This work was supported by the Director, Office of Energy Research,
Office of Health and Environmental Research under Inter-Agency
Agreement with the Environmental Protection Agency and the U.S.
Department of Energy under Contract No. DE-AC03-76SF00098.



1. INTRODUCTION

Qne of the most difficult ana perhaps most challenging
problems in chemical analysis is the detection of both large
and small molecules. In most cases when a sensor indicates
the presence of a molecule, doﬁbt still exists as to it’s"
precise identifyv. The thermal conductivity or electron cap-
ture detectors used for gas chromatography are examples of
non-specific detectors. The identification and quantifica-
tion of almost all organjc compounds is presently accom-
plished using some type of chromatographic techniqué (e.ge
GC, GC/MS, HPLC, TLC, etc.) Thése methods.are time consum-
ing, frequently not very selective, and, in the case of
GC/MS,' require expensive equipment and well trained scien-

tific personnel.

The ideal analytical instrument would consist of a black
box through thch a sample is transported without coming in
contact with surfaces that would cause alteration. The box
would print out the 1levels of all species in a specified
concentration range. Of course, no such instrument exists

today. The properties of such an ideal instrument are:

No Interferences
High Sensitivity
No Matrix Effect
Inexpensive

Precise

Absolutely Accurate
Easy to Use

0O 000 O0O0O
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This paper deals with one of our attempts to to con-
struct an instrument that approaches this ideal. This
approach has been named TALM Spectroscopy. The instrument
built to perform this analysis is referred to as TALMS (Tun-
able Atomic Line Molecular Spectrometer) The basic principle
is high resolution molecular spectroscopy and it’s charac=

‘teristics are:

High Resolution (>500,000)
High Sensitivity

Unique Quantitative Analysis
Minimal Matrix Effect
Compact Instrument
Inexpensive to Construct
Easy to Use

O 00 00O 0O

TALM Spectroscopy consists of splitting a source atomic
emissibn spectral line by means of a magnetic Field (Zeeman
Effect) and making a differential absorption measurement
between one Zecman component that has been magneticélly
tuned to match an analyte absorpfion line and an wunnatched
Zeeman reference component. The difference in polarization
hetween Zeeman'components permits the matching and nqnmatch-
ing wavciengths to be alternately seleéted and the differen-
tial absorbtion measured very rapidly with an electrooptical
device called a curtent controlled retardation (CCR) plate.
[1] Sjnce tﬁe wavelength separation between conmponents is
small, a signal will only be ohtained if the analyte con-
tains a sharp absorption feature. This process is -illus-

trated in -Fig. 1. The line with label AM = +1 is tuned with
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the magnetic field to exactly match the electronic-
vibrational-rotational 1line of a 'specified molecule in the
sample. The TALM spectrometer detects the difference

between the AM = +] and AM = -] reference Zeeman components.
2, INSTRUMENTATION

The conponents of the TALMS system are pictured in Fig-
ure 2. A small diameter light source is fitted between the -
pole pieces one of which has a small hole drilled through
it This hole contains a collimating lens on the far side
so as to mimimize perturbation of the magnetic flux. The
light 1is passed through the hole drilled in the magnetic
core, then through an absorption cell, a variable phase
retardétion plate, a linear po]afizer and finally focused on
a small monochromator. Right and left circularly polarized
light, hence the higher and lower Zeeman components, are
selected by a CCR and a linear polarizer comhination. The
alteration (switching) between the right and left circularly
polarized components can be accomplished at frequencies up
“to 250 Hz using the CCR. By the use of an acoustical reso=-
nance retardation plate the ffequency can be increased to as
much as 50 kHz. however, no significant advantage was found
at higher frequencies. These components, that wutilize
features of the Zeeman effect, form the heart of the TALM
spectrometer. Thisvsimplevdevice~is capable of a surprising

resolving power (in excess of 500,000) with a large
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acceptance angle. The resolving power (R = f/Af) depends on
the line width (Af) of the atomic emission line. For a typ-
ical situation Af = 3 GHz and f = 1.5 x 10]5 (wavelength =

~200 nm). Hence,

R=1.5x% 10°/3 x 10° = 500,000

The function of the monochromator is simply to select the
atomic emission 1line of interest and the final resolution
achieved is not dependent on the resolution of this mono-
chromator. To monitor a compound a phase'sensitive'detec-
tion method is used that detects the differential abédrption
between Zeeman - components using the switching frequency of
the CCR as a referénce. To determine the shape of the
absorptién features a plot is made of the ratio of intensi-
ties (I/Ié) with the sample in and out of the optical path

as a function of magnetic field.
3. RESULTS

Results wiil be given for a variety of molecules in
order. of increasing number of atoms in the mo1ecuie. Fxam-
ples of di-atomic tri-atomic and tetra-atomic molecules will
be presented followgd by two very Interesting exanmples of

polyatomic molecules.
3.1. Nitric Oxide

-The nitric oxide molecule has been extensively studied.
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In fact this molecule has more or less assumed the same role
in the study of other diatomic molecules as has the hydrogen
atom 1in the study of other atoms. Measurements with ﬁhe
TALM spectrometer will be described with NO in the systen.
[2] 1In this case, there caﬁ'be little doubt about the accu=-
racy of' the infbrmation'on this molecule. Hence, it is a
good molecule  to uge: for. the inferpretation of the TALMS

measurements.

Figure 3. pictures the low resolution band spectrum of
NO (Y-band) and somc atomic emission lines that fall within
these electronic vibrational features. Each Qibrational
band consis;s of many rotational lines (of Doppler width’
<1/2 kT) most of which are resolvable. The electronic-
vibrational—rot#tional line in the (1,0) band near the 214.2
nm line of Cd Il is shown in Figure 4. It is apparent that
the 214.4 nm line can be tuned by proper application of a
magnetic field into exact coincidence with one of the rota-
tional lines of NO. Fig. 5. shows the experimental result.
In this case the Zeeman components of the Cd II 214.4 nm
line are doublets (anomalous Zeeman effect). Hence, as the
magnetic field is varied, first one then the other member of
the doublet moves over the molecular absorption feature.

This is the reason for the side band in the figcure.

‘The 213.8 nm line of Zn can also be brought into coin-
cidence with a NO rotational feature by magnetic scanning.

This line exhihits a single Zeeman component. A similar
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scan with this atomic line produced a single peak thus veri=-

fying that the TALM spectrometer is working as expected.
3.2 Nitrogen Dioxide

For molecules composed of more that two atoms the theoty
becomes very complicated and the experimental data are not
quite adequate to binpoint the location of sharp absorption
features. However, reasonably intelligent guesses can be
made. First, attention should be directed to wave-length
regions where optical absorption takes place. Nex;, a
region must be selected that has a large probability of con-
taining sharp line features. This can be a difficult prob-
‘lem. One attractive region is that 1lying at wavelengths

slightly below the molecular pre-dissociation limit.

Pre~-dissociation occurs for nitrogen dioxide at
wavelengths close to but shorter than 248.1 nm. [3] The B -
X clectronic transition occurs at longer wavelengths with
features that are quite sharp. The 249.2 nm line of Culis
intense and a good candidate for coincidence Dbecause it
falls in the 'proper wavelength region. Fig. 6 shows the
line absorption prbfile obtained when NO2 was scannea with
the Cu 249.2 nm line. For comparison this figure also con-
tains a tracing Of‘NOZ in the same spectral'region obtalned
by traditional high resolution spectrographic tgchniques.

The equipment used all but masks off the sharp absorption

that was recorded'with the TALMS instrumentation.



3.3 Sulfur Dioxide -

Similar sharp absorption features were observed for sul-
fur dioxide. [4] In this case a match was achieved with Cd
228.8 nm and Zn 213.8 nm which are reasonably close' but at
longer yavelengths ~than. the predissociation 1limit at 195.0
nm., The 197.3 nm 1line from an arsenic lamp that has
recently been developed would likely also give a signal, but

there has not yet heen an opportunity to try this.
3.4 Formaldehvde

The investigation of this molecule presented an excel=-
lent opportunityvto compare the resolving power of the TALMS
technique with a recent measurement made using Fébry-Perot
Interferometry. [5] The interferometer was a pressure scan-—
ning type and was synchronized with a wavelength scanning
grating. The 333.3 nm Ag line (Zs‘/2 _ 2pl/2 transition) is
in near coincidence with the same formaldehyde 1lines that
were investigated using the interferometric technique. Fig.
7 compares the TALMS scan with that made wusing the Pabry-
Perot 1interferometer. These results were used to assign
transitions in the formaldehyde molecule. [6] The higher
resolving power of the TALMS technique is apparent. This
additional resolving power revealed structure that was not

obtained by Dieke and Kistiakowski [7] who used a spectro-

graph of 40 ft. focal length.

3.4 Larger Polyatomic Molecules
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In a molecule whose moment of inertia is large (e.g.
benzene) rotational energy levels, hence rotational transi-
tions, are.closely spaced. So élosely spaced that there
are, on the average, several rotational lines present in a
typical rotatiopal-vibrational- electronic transition.
These lines cannot be resolved because their spacing is less
than their Doppler line width. The logical conclusion is
that the TALMS technique would not have application to such

polyatomic molecules.

vHowever, beginning.in 1959, several high resolution stu-
dies of complex molecules like benzene revealed line-like
structures in several ahsorption bands. The most reasonable
theoretical explanation 1is based on the concept of ro&a-
tional line’coincidenceg proposed by HOLLAS [8] He adopted
the quasi-symmetric top approximation to a number of large
asyﬁmetric molecules and found several wavs in which strong
lines could coincide to produce narrow, resolvable features.
The cxistence of these sharp features led to the investiga-
tion and use of the TALMS technique for detection of éomplex

molecules.

Experimental observations of line-like features 1in the
high resolution spectra of a variety of molecules has
recéntly been summarized by R0SS. [9] These high resolution
ahsorption snectra clearly indicate the occurrence of line-
like structures in certain isolated wavelength regions.

Thus, once a ncar coincident atomic line is found, TALM
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spectroscopic techniques would Be capab]e.of detecting such
large molecules with a high degree of specificity (because
rotational line coincidences are few) and high sensitivity.
Figure 8 shows a line shape measurement of a sharp benzene
feature that was obtained using the Hg 253.7 nm line. This
measuremenf demonstrates that the line width of such large
polyatomic molecules is not much different from that of di
and tri-atomic molecules. Figure 9 shows the line shape
measurement of a feature in the spectra of .chlorobenzenc.
In this case, the shape does not resemble a line at‘allo
However, this very abrupt éhange in intensity over such a
small wavelength interval allows a TALMS signal to be
obtained which can be used to monitor this molécule. The
vety' great difference 1in 1line shape between henzene and
chlorobenzene is an example of an additional feature of the
TALMS tecﬁnique that 1is valuable for analytical purposes.
If a TALMS signal is obtained, a line shape determinétion
will serve to confirm the identity of the molecule. An
exact mathematical treatment is not possible, bqt the proba-
bility of two molecules giving TALMS signals at the very
same wavelength with the very same line shape seems very

small indeed.
4. DISCUSSION

Tunable atomic line molecular spectroscopy is a new téch--

nique that 1{s capahle of monitoring molecules with high



sensitivity and high specificity. Although the tuning range
of each atomic emission line is limited to about 60 GHz,
there are a very large number of lines available from the
vacuumn ultra-violet to the far infra-red. Thus, it would
seem that any molecﬁle could be detected wusing this tech-

nique.

A practical analytical instrument can be constructed
that 1is able to detect molecules with no chemical pre-
treatment and that is interference free so that it should bhe
simple for 1inexperienced people to operate. Reduction in
size and weight of such an instrument should be possible as
soon as near coincidencg lines are found for the molecules
.to be determined. At this ﬁoint the electro-magnet can be
replaced with a much lighter permanent magnet and the TALMS
instrument will be the size of a typical AA instrument.
Background- reijection will be automatically achieved in
almost every case because in real monitoring situations the
analyte molecule will he in the presence of other subhstances
that show effective continuous ahsorption over the small
region of interest. This 1is true because most molecular
ahsorption results from rotational transitions whose spacing
is- small compared ﬁo the Doppler width. 1In this case the
intensity change over é 60 GHz interval is negligible .
Thus the background rejection for molecules will be coapar-
able with the background rejection of the ZAA technique for

atoms. Since the absorption coefficient for molecules is
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smaller than that for atoms, the dynamic range will be
larger. However, this does not necessarily mean that the

sensitivity will be worse.

Unlike the atomic absorption situation, detection of
molecules by this technique is non-destructive. Even thouéh
the .oscillator strength of the molecule is smaller than the
atom, this non-destructive feaﬁure can be used to greatly
improve the signal to noise fatio. The sample is allowed to
remain in the cell and electronic time averagiﬁg techniques
are used to increase the signal to noise ratio and hence,
the lower limit of detection. The most difficult problem
with the méasurement of small changes in absorption 1is the

base line drift in the light source. Mowever, if differ-

ences in ahsorption with sample in and sample out are mnoni-
tored this base line drift is averaged out. The improvement
in signal to noise ratio‘will bhe proportional to the square
root of the number of runs with a light source tﬁat has a
Gaussian noise distribution. If the sample size is‘limited,
it can be re-circulated. If measurements of ambient air are
required, the numbher of times the sample is introduced can
bé,choscn to coincide with the averaging time of the partic-

ular monitoring problem.
5. CONCLUSIONS

The data presented demonstrate the versatility of the
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TALMS _technique. It can be used to preform high resolution
molecular spectroscopy, it can be designed to monitor a par-
ticular molecule in the presente of many other ahsorption
species and iﬁ seems that once constructed a TALMS instru-
ment can be easily modified for a large number of different
analyticai applications. In " this age, when .chemical
analysis 1is Dbecoming of such great importancevto the solu-
tion of so many brohlems, this technique can make an impor-

tant contribution.
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FIGURE CAPTIONS

Fig. l: method of matching an atomic - line to a molecular
line using Zeeman effect.

Fig. 2: components of the tunable atomic 1line molecular
spectroscopy system.

Fige. 3: coincidence between NO absorption and some useful
atomic emission lines.

Fig. 4: rotational structure in absorption spectra of NO.

Fig. 5: high resolution absorption of NO obtained by TALMS
measurement .

Fig. 6: high reéolution absorption of NO2 obtained by TALMS
measurement.

Fig. 7: comparison of abhsorption spectrum of formaldehyde
taken with instruments of different resolving power.

Fig. 8: sharp absorption feature in the spectrum of benzene.

Fig. 9: sharp absorption feature in the spectrum of chloro-
henzene.
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