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Performance Capabilities of Small Grating Spectrometers
R. E. KAGARISE

Physical Chemistry Branch
Chemistry Division

Some of the performance capabilities of grating infrared spectrometers, such as spectral resolving
power, wave-number accuracy, analytical sensitivity and accuracy, and qualitative specificity, are
demonstrated. Primary emphasis is given to resolving power and wave-number accuracy.

The v; fundamental of CH3Cl was studied in the gas phase, and the rotational fine structure was
analyzed. A spectral resolution of better than 0.25 cm™! and a line position accuracy of about *0.04
cm~! were attained. Several rotational constants were determined for CH3CI3% and CH3Cl%, and these
agree well with those previously determined from microwave data.

The v3 and vs fundamentals of CHs were examined in the gas phase with various degrees of resolu-
tion, using both prism and grating instruments. With the increased resolution of the grating instru-
ments, striking increases in the peak absorptivities of the rotational lines occur, and many previously
unresolved lines appear. This increased resolution gives more specific spectra, leading to greater
certainty in the identification of unknowns. Substantial improvements in limits of detectability for
simple molecules result, and these molecules can be more certainly identified in mixtures because

their rotational spectra can be resolved.

INTRODUCTION

Since 1960, the vast majority of newly developed
infrared spectrometers have utilized diffraction
gratings as their primary dispersive element.
This trend is a marked departure from the pat-
tern established by earlier commercial infrared
instruments, virtually all of which employed
prisms. Many factors have been responsible for
this change in the philosophy of instrument
design, but obviously this is not a simple matter
and no one factor can be singled out as the pri-
mary cause.

Perhaps the most essential reason for the com-
mercial development of grating spectrometers
is the availability of relatively inexpensive, high-
quality diffraction gratings. These are, of course,
the so-called “Certified Precision” gratings pro-
duced by the Bausch and Lomb Optical Co. These
CP gratings are essentially replica gratings, in
that a large number of them are produced from
a single master grating. However, the process
used in making the transfer from master to replica
has been perfected to such an extent that the
replicas have a higher efficiency than the master.
The cost of such gratings for infrared spectrom-

NRL Problem C07-01; Project RR 001-01-43-4803. This is an interim
report; work on the problem is continuing. Manuscript submitted
January 28, 1966.

eters is about $325. This is quite low compared to
prisms, which range from $425 for NaCl to more
than $1600 for CsBr.

In addition to economic factors, gratings pos-
sess certain technical advantages over prisms.
Most importantly, gratings can be ruled for every
region of the infrared, and together with the
Michelson interferometer have led to renewed
interest in the very far infrared region, that is,
wavelengths greater than 50u. Thus, by using
a number of interchangeable gratings, it is pos-
sible to construct spectrometers that have ex-
tended wavelength coverage. This feat is not
readily attainable with prisms. Perhaps the most
highly touted advantage of gratings over prisms
is their superior resolving power. The quantitative
details of the resolving power of prism and
grating monochromators have been treated in
a theoretical manner by Palik and Stevenson (1).
In addition, Lord and McCubbin (2) have ex-
perimentally demonstrated some of the capabilities
of small grating spectrometers. However, in spite
of these and numerous other articles, the general
analytical spectroscopist does not seem to be
taking full advantage of the superior performance
capabilities of these grating instruments.

This report describes some typical studies
using grating spectrometers carried out at NRL
during the past several years. These examples
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have been chosen to demonstrate specific areas
of spectrometer performance, these being spec-
tral resolution, frequency or wave-number ac-
curacy, analytical sensitivity and accuracy, and
qualitative specificity. These examples will hope-
fully re-emphasize the advantages of grating spec-
trometers over prism spectrometers and thereby
assist the experimental spectroscopist in choosing
the appropriate instrument for a given task.

EXPERIMENTAL METHOD

Three commercially available spectrometers
were used: a Perkin-Elmer Model 21 NaCl-prism
spectrophotometer, a Beckman Model IR-12 grat-
ing spectrophotometer, and a Perkin-Elmer Model
99 double-pass monochromator, equipped with
various gratings. The Model 21 and IR-12 instru-
ments were used without modification. Their
characteristics need not be discussed, since they
are well documented in the commercial literature
of the respective manufacturers.

While the third instrument was basically the
standard Model 99 monochromator, the acces-
sory components require some discussion. A
conventional Nernst glower was used as the source
of infrared radiation. Current was regulated at
fixed levels of 0.3 or 0.6 amp by means of Am-
perite ballast resistance tubes. Two Bausch and
Lomb plane diffraction gratings were used as
dispersive elements. They were ruled with 300
and 75 lines/mm, respectively, on an area of 64
by 64 mm. Blaze wavelengths were 3u for the 300-
line/mm grating and 12u for the 75-line/mm grat-
ing. The blaze angle was 26°45’ in each case. The
different orders were isolated with a series of
Perkin-Elmer interference filters. In some earlier
studies with this monochromator, a KBr fore-
prism was used for order separation. However, the
interference filters possess certain advantages over
the foreprism. First, the transmission of filters is
generally superior to that of the foreprism mono-
chromator, thereby permitting the use of narrower
slit widths with a concomitant improvement in
spectral resolution. Second, the band pass of the
foreprism, particularly at longer wavelengths, is
so narrow that peak transmission efficiency can
only be achieved by simultaneous rotation of the
grating and the Littrow mirror of the foreprism
monochromator. This involves a fairly complex

drive system, while the use of an interference filter
solves the order isolation problem more straight-
forwardly. On the other hand, it is more difficult
to separate orders with filters if a grating is to be
used at higher orders, for example, the third and
fourth orders of the 75-line/mm grating. Thus,
if it is desired to cover wide spectral regions
with a single grating, the use of a foreprism
monochromator may be advantageous.

The resolving power of most infrared spec-
trometers that employ thermocouple detectors
is energy limited; that is, the spectral slit width
is primarily determined by the geometrical slit
width required to attain a practical signal-to-
noise ratio and not by diffraction limitations.
This being the case, any increase in detector
sensitivity can be utilized to improve the resolving
power of the spectrometer. Since thermocouples
may differ considerably in sensitivity, selection
of one of maximum sensitivity is an important
consideration. The thermocouple used with the
Model 99 monochromator was supplied by Charles
M. Reeder and Co., Inc., of Detroit, Michigan.

A Perkin-Elmer Model 81 a¢ amplifier was
used to amplify the thermocouple signal. The
commercial model was modified slightly by re-
placing . the single-turn potentiometer balance
controls with 10-turn Beckman Helipots of com-
parable resistances. The use of Helipots gave
improved balance stability and lower noise levels,
particularly at higher amplifier gains. Because
of the improved stability, it is possible to expand
the ordinate scale considerably by means of the
balance controls.

The three commercial spectrometers listed
above were used solely because they were available
at this Laboratory. No attempt has been made to
compare the performance capabilities of these
particular spectrometers with those of other
competitive instruments, and none is implied.

DISCUSSION OF RESULTS
Molecular Structure Determinations

Historically, infrared spectroscopy made its
first and perhaps most important contribution
to basic scientific knowledge in the field of molec-
ular structure determination. Aside from the
pioneering work of Coblentz, who demonstrated
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the use of infrared spectroscopy as an analytical
technique, much of the earlier research was con-
cerned with the study of diatomic and simple
polyatomic molecules. The results and conse-
quences of these studies are so well known that
any further discussion would be superfluous.

The use of a small grating spectrometer in a
structure determination effectively demonstrates
two aspects of small grating spectrometer per-
formance, namely, resolving power and wave-
length or .wave-number accuracy. An analysis of
the fundamental parallel band of CH3Cl, which
occurs in the 13.7u region of the infrared, is a rep-
resentative example. This vibration, designated
vs, is of species A;, and is mainly associated with
stretching of the C-Cl bond. This band was studied
first by Bennett and Meyer (3), but they were un-
able to resolve the rotational fine structure. Some-
what later, Barker and Plyler (4) re-examined 3
and were able to resolve the P branch but not
the R branch. The most recently reported study
of this band is that of Andersen (5), who achieved
partial resolution in both branches using a prism
spectrometer of medium resolving power (1.0 to
2.5 cm™!). Apparently, however, neither a high
resolution study nor a detailed analysis of the
rotational structure has been reported.

The v; fundamental of CH3Cl was examined
with the Model 99 monochromator, fitted with the
75-line/mm grating. The observed spectrum is
shown in Fig. 1, and the identity and observed
wave numbers of the lines are listed in Table 1.
Figure 1 clearly shows that the line structure is
complicated by the presence of two isotopic
species. There are numerous instances of over-
lapped lines, as evidenced by broadened or asym-
metrical lines. The individual lines of the two band
systems nearly coincide periodically, and this
results in sharper lines of enhanced intensity.
Examples of this appear most frequently in the
R branch, notably, at J = 10, 13, 19, 21, 25, and
27. However, in spite of this overlapping, it is
possible to make an apparently correct assignment
of the individual lines.

The variation in the degree of overlap of the
two band systems provides a convenient means
of demonstrating the resolution of the spectrom-
eter. The R(4) line of CH3CI3 and the R(11) line
of CH,;CI¥ form the most closely spaced line pair
that is clearly resolved. These two lines are

TaBLE 1
Wave Numbers of the Lines in the v;
Fundamental of CH;Cl

Wave Number (cm~! in vacuum)

J CH;CI3¥ CH;3CI1%7
R Branch | P Branch | R Branch | P Branch

0 - — - -

1 - - 728.55 -

2 — — 729.46 | -

3 — 730.08 730.37 -

4| 737.12 729.17 - -

5 737.94 728.26 — -

6| 738.77 727.34 - -

71 739.61 726.42 733.72 —

8 740.47 725.45 734.49 -

9 741.27 724.49 735.33 -
10 742.05 723.56 736.11 -
11 | 742.80 722.56 736.88 —
12 743.54 721.61 737.60 -
13 744.32 720.63 738.37 715.00
14 | 745.12 719.71 739.13 714.07
15 | 745.90 718.67 739.84 713.09
16 746.66 717.69 - 712.11
17 | 747.38 716.64 — 711.16
18 | 748.17 715.62 - 710.17
19 748.87 714.60 - 709.18
20| 749.62 713.59 - -
21 750.29 712.52 - -
22 750.97 711.51 — -
23 | 751.70 710.47 - -
24 752.42 709.39 —_ -
25 753.10 708.28 - —
26 | 753.77 707.24 - —
27 754.44 706.14 — -
28 | 755.08 705.08 - —
29 755.70 703.97 - -
30| 756.36 702.90 - -
31 756.98 701.80 - -
32 | 757.60 700.72 - -
331 758.23 699.54 — —
34 758.85 - - -
35 759.44 - — —
36 | 760.06 — - -
37| 760.62 — — —
38 | 761.16 - - -
39| 761.76 - - -
40 | 762.32 — - —
41 762.89 - — —
42 763.36 - - -
43 | 763.91 - — -
44 764.47 - - —
45 | '764.96 - — -
46 | 765.56 - - -
47 | 766.02 - — -




R. E. KAGARISE

‘pasn a1om SH wiw [ jo aanssaxd spdwres e pue ‘dusy yred wo-g1 e ‘Suneid ww/pul-gy, v .
“101BWOIYIOUOW G [PPOIN JPW[F-UI3d Y1 UM pautwexs ‘[HEHD) Jo [elusuepuny & ay) Jo wnapads uondiosqe pareyuy — 1 “Sig

(1-W3) H¥3GWNN 3AVM

00L 1 SOL oI SiL ozL s2L osL seL oL SbL osz ssL 092 s9L
I I T ] ] ] ] I [} o I T ] I 1
1
2oy L h o ! 195HO o0z
oe ] se | , @
| sz
<
1)
: )
|
_ —
ot
L =
1 O O T O O : AN o
1] o [} s o 1]
(rd "My v




NRL REPORT 6393

separated by 0.24 cm~!. A second example is
P(3) of CH3CI3 and R(3) of CH;CI¥, which have
an apparent separation of 0.29 cm=

The molecular constants for CHsCI® were
determined graphically from the usual combina-
tion-difference relations (6) applied to the P
and R branches. In making these calculations,
it was assumed that terms involving only K quan-
tum numbers were constant, on the basis of
arguments similar to those presented by Smith
and Mills (7). A plot of R(J—1) + P(J) vs J?,
as shown in Fig. 2, gave vy = 732.78 cm~! and
B’B” = —0.00385 c¢m~!. An indication of the
wave-number accuracy of the data may be ob-
tained from Fig. 2. None of the experimental
points depart from the straight line by more
than 0.1 cm™!; most of the points deviate from
the average by considerably less than 0.05 cm™.

The rotational constants in cm~! for the ground
and first excited vibrational levels of wv; for
CH3CI35 were determined from conventional AxF
plots, and are summarized as follows:

For v3 =0, B" — K2D";x = 0.4436%0.0005 and

D";=0.85%x10"6

(B" = 0.44340from micro-
wave data (8).)

For vy=1, B’ — K2D’;x = 0.4399=+0.0005 and
D';=0.90% 105,

Calculated value of v =732.78.

In addition, the value for B” as determined from
microwave data is included for comparison pur-
poses. The agreement between the microwave
value and this infrared value is well within ex-
perimental error. The value obtained for v is
somewhat higher than the value of 732.0 cm™!
reported by Andersen (5). However, in view of
the fact that Andersen used a prism spectrometer
of lower resolving power and did not carry out a
detailed analysis of v;, the two values of vy are
surprisingly close.

The analysis of the band system due to the v3
fundamental of CH3Cl*” is complicated by the
fragmentary nature of the data. Thus, it is im-
possible to form the usual combination differences,

except for one or two J values. Various methods
for treating such data have been given by Rank
(9). The method used in this case is based on a
prior knowledge of B”, the value of which is avail-
able from microwave studies (7). This analysis
gave the following results: vo = 726.93 cm™,
B’ — K2D;x = 0.4331 cm™, and B’ — B"=—0.0035
cm~!. The data are not sufficiently accurate to
give a reliable value for D’; or D" The value
obtained for v, is in good agreement with the
726.2 cm~! previously reported by Andersen (5).

Quantitative and Qualitative Analyses

The growth and development of modern in-
frared spectroscopy has been stimulated most
strongly by its applicability to a wide variety of
analytical problems. Accordingly, most infrared
spectrometers have been designed primarily to
fulfill the needs of the analyst. Such persons gen-
erally have little interest, and rightly so, in the
ultimate resolving power or wave-number ac-
curacy of their spectrometers. They are mainly
concerned with such factors as speed and con-
venience of operation, stability, and photometric
accuracy. Unfortunately, there -are few, if any,
independent variables among the operational
parameters of an infrared spectrometer, and a
particular parameter can be optimized only by
sacrificing performance capabilities in other
areas. These interrelationships are well known
and thus will not be discussed.

The influence of spectrometer resolving power
on the shape, width, and intensity of absorption
bands has been discussed in considerable detail
(10,11). The general conclusion of these studies
is that if absorptivities at band maxima are to
be used for quantitative work, the spectral slit
widths employed must be at least five times smaller
than the true half-band widths. Thus, in studying
most liquids or solutions, it is necessary that
the spectral slit widths be less than 2.0 cm™.
With most prism spectrometers operated under
normal conditions, this requirement is not gen-
erally fulfilled, and the true value for the peak
absorptivity will not be obtained. In practice,
this shortcoming is circumvented by carrying
out the calibration and analysis under identical
instrumental conditions. However, the transfer-
ability of such calibration data is very poor indeed.
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Fig. 2 — R(J = 1) + P(J) us J? for the v; fundamental of CH;3CI*

With the development of modern grating spec-
trometers, the speciral slit width requirements
just mentioned are easily attainable, but this is
not to say that they are always satisfied.

The discussion thus far has been concerned
with the analysis of liquids and solutions. In the
analysis of gases, a drastically different situation
is encountered. Instead of dealing with bands
having half-widths of 10 cm~?, the analyst is now
confronted with bandwidths of 0.1 cm~! or even
less, depending on the pressure and nature of

the sample. It is extremely difficult to measure
the true intensity of such bands (12), although
the problem can be solved by means of pressure-
broadening techniques (13). Adding a non-
absorbing, foreign gas to absorption cells broadens
the absorption lines to such an extent that the
half-width of the lines and the spectral slit width
become comparable. Suitable extrapolation leads
to an accurate measure of the integrated intensity
of the band under study. However, this pressure-
broadening technique is accomplished at the
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expense of a decrease in peak absorptivities, which
is undesirable if trace contaminants in gases are
of concern. Such analyses are best performed on
relatively low pressure samples with spectrometers
of very high resolving power.

A simple example using CH4 will demonstrate
how the resolution capabilities of grating spec-
trometers can be used to good advantage in
qualitative and quantitative analyses. The effect
of spectral slit width on the observed spectrum of
CH., is shown in Figs. 3, 4, 5, and 6.

Figure 3 shows the v3 and »4 fundamentals of
CHa., which occur at 3020 and 1306 cm™, respec-
tively, as observed with the Perkin-Elmer Model
21 NaCl-prism spectrophotometer. A 10-cm cell
containing CH,4 at a pressure of 45 mm Hg was
used. The maximum absorbances are 0.125

for the 3020-cm—! band and 0.280 for the Q branch
at 1306 cm~1. Thus, the latter band would be the
preferred analytical band in trace analyses be-
cause of its apparent greater intensity. However,
this band is in a region where H>O vapor absorbs
rather strongly. '

Figure 4 shows the v; fundamental as observed
with the Beckman IR-12 grating instrument.
In recording this spectrum, a mechanical slit
width of 0.40 mm, a gain of 3.0%, a period of
2.0 sec, and a scanning speed of 20 cm~!/min
were used. When this spectrum is compared with
that in Fig. 3, some striking differences are noted.
As expected, the rotational fine structure is now
clearly resolved. From a qualitative point of view, -
this improved resolution would permit the analyst
to make an unequivocal identification of the
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Fig. 3 — Absorption spectra of the v; and vs bands of CH,, observed -
with the Perkin-Elmer Model 21 NaCl-prism spectrophotometer. A
10-cm cell with CH, at a pressure of 45 mm Hg was used.
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Fig. 6 — Absorption spectrum of the »; band of CH,, observed
under high resolution with the Beckman IR-12 instrument. A
mechanical slit width of 0.13 mm, a 30-% gain, an 8.0-sec period,
and a scanning speed of 1.6 cm~!/sec were used.

absorbing gas solely on the basis of this single
band. This could be an important consideration
if the region from 7.0 to 8.0u were obscured by
absorption due to other components in the mix-
ture. In addition to the improved resolution,
the intensity of the bands is increased markedly.
Since the same cell and sample pressure were
used in obtaining both spectra, it is obvious that
the intensity enhancement is due to the greater
resolution capabilities of the grating spectrometer.
The maximum absorbance in Fig. 4 is 0.638,
more than five times that obtained with the
prism spectrometer.

Similar though less striking changes are ob-
served for the 1306-cm~! band, which is shown
in Fig. 5. This spectrum was also obtained with

the Beckman IR-12 instrument, using the operat-
ing parameters given above. The peak absorbance
in this case is 0.53, which is roughly twice that
obtained with the prism spectrometer. This dif-
ference in behavior of the two fundamentals
results from the prism spectrometer having con-
siderably better resolution in the 1300-cm!
region than in the 3000-cm~! region, whereas
the grating instrument has comparable resolution
in both regions. Comparing Figs. 4 and 5, it is
seen that the 3020-cm~! band is actually more
intense than the 1306-cm~! band, a result not
predicted by Fig. 3.

Since the instrumental conditions used in the
recording of Figs. 4 and 5 were not chosen
to optimize the resolution capabilities of the
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spectrometer, it seemed worthwhile to study the
effects of even greater resolution. Accordingly,
the mechanical slit width was reduced from 0.40
mm to 0.13 mm, the gain increased to 30%, the
period set at 8.0 sec, and the spectrum scanned
at 1.6 cm~!/sec. The spectrum obtained under
these conditions is shown in Fig. 6. The effects
of increased resolution are readily apparent.
A number of previously unresolved lines are
now visible, particularly on the sides of the strong
central Q branch. Moreover, the lines in the P
and R branches have become noticeably sharper
and more intense. Since the central Q branch
is intrinsically broader than the lines in the P
and R branches, it does not show such marked
changes. Considering the R branch line at 3086
cm~! as a typical example, its maximum absor-
bance is observed to increase from 0.110 (Fig. 4)
to 0.190 (Fig. 6).

This line at 3086 cm™! has also been observed
under even greater resolution, using the Perkin-
Elmer Model 99 instrument. A spectral slit
width of approximately 0.25 cm~! was employed,
and under these conditions the 3086-cm=! line
exhibited a maximum absorbance of 0.432.
In Fig. 3, the absorbance at this wavelength is
only 0.025. Thus it is quite clear that substantial
improvements in the limits of detectability, at
least for relatively simple gaseous molecules,
can be achieved through the use of grating spec-
trometers. In addition, improved resolution re-
sults generally in more specific spectra, and these
lead to greater certainty in the identification of
unknowns.

SUMMARY

Small grating spectrometers represent a sub-
stantial advance in commercial infrared instru-
mentation, and are superior to their prism
counterparts in resolution, wavelength or wave-
number accuracy, and wavelength coverage. These
improved capabilities may be used advantageously
by the general infrared spectroscopist in a number
of areas.

It has been shown above that the small grating
spectrometer is capable of achieving resolutions
of better than 0.25 c¢cm~! and measuring the

position of spectral lines with an accuracy of about
+0.04 cm~!. With such instrumental capabilities,
basic molecular parameters can be determined
with acceptable degrees of precision. However,
small grating spectrometers appear to have
greatest potential advantage in the area of ana-
lytical spectroscopy. By using the resolution
capabilities of grating spectrometers, the true
line shape and intensity of the absorption bands
»f liquids and solutions can be determined.
This results in more accurate quantitative analyses,
and also permits the study of subtle changes in
band shapes due to such factors as solvent-solute
interactions, hydrogen bonding, and complex
formation.

Finally, qualitative and quantitative analyses
of gases can be performed much better with
grating instruments. The limit of detectability
of trace components can be improved by more
than one order of magnitude. This has been
demonstrated for CH4, and certainly applies to
a number of other simple molecules, such as CO,
CO,, and NHj;. Moreover, since the rotational
structure in the spectra of such molecules can
be resolved with grating instruments, they can
be more certainly identified in mixtures.
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