INTERNATIONAL UNION
OF PURE AND APPLIED CHEMISTRY

COMMISSION ON
MOLECULAR STRUCTURE AND SPECTROSCOPY

TABLES OF WAVENUMBERS FOR THE
CALIBRATION OF INFRARED
SPECTROMETERS

PARTS III AND IV: 600-1 cm~!

Compiled by: A. R. H. CoLE (University of Western Australia)
R. N. Jongs (National Research Council of Canada)
and
R. C. Lorp (Massachusetts Institute of Technology)

LONDON
BUTTERWORTHS



INTERNATIONAL UNION OF
PURE AND APPLIED CHEMISTRY
PHYSICAL CHEMISTRY DIVISION

COMMISSION 1.5 ON
MOLECULAR STRUCTURE AND SPECTROSCOPY

As stated in the Introduction to this book, just over a decade ago the
Commission on Molecular Structure and Spectroscopy published a volume
of calibration data for infrared spectrometers which covered the region
from 4300 cm™! down to 600 cm™!. With the growing importance of the
low frequency part of the infrared spectrum and of measurements in the far
infrared region, it was decided, on the suggestion of the Sub-Commission
on Infrared and Raman Spectroscopy, to prepare this second reference
work }o provide calibration data in the region from 600 cm™' down to
ITem™'.

Professor R. C. Lord, Chairman of the Sub-Commission until 1971, who
suggested the initiation of this compilation, Professor A. R. H. Cole, Vice-
Chairman of Commission 1.5 and now Chairman of the Sub-Commission,
and Dr. R. N. Jones, Chairman of Commission L.5 until 1971, have been
responsible for providing many of the data and additionally for carrying
out much of the arduous and meticulous work involved in preparing the
Tables for publication. Their names therefore appear on the title page.

The spectroscopists who carried out measurements and assessments of
spectra specifically for this project are:

A. R. H. Cole and F. R. Honey, University of Western Australia

R. T. Hall and J. M. Dowling, Aerospace Corporation, Los Angeles, USA

R. N. Jones and A. Nadeau, National Research Council of Canada

J. L. Lauer, Sun Oil Co., Marcus Hook, Pennsylvania, USA

R. C. Lord, D. W. Wertz and B. N. Khanna, Massachusetts Institute of

Technology

A. G. Maki, US National Bureau of Standards

F. A. Miller, University of Pittsburgh

J. Overend and V. K. Wang, University of Minnesota

T. Shimanouchi and 1. Nakagawa, University of Tokyo

The Commission wishes to thank these scientists warmly for their in-
valuable contributions, and also Mrs. M. A. McKenzie of the National
Research Council of Canada for assistance with the diagrams.

N. SHEPPARD
University of East Anglia,
and Chairman of Commission 1.5
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TABLES OF WAVENUMBERS FOR THE
CALIBRATION OF INFRARED SPECTROMETERS
IN THE RANGE 600-1 cm ™!

INTRODUCTION

In 1961 the Commission on Molecular Structure and Spectroscopy
compiled an extensive set of tables of wavenumbers' with illustrative spectra
for the calibration of infrared spectrometers in the range 4300-600 cm™1.
That publication is in two parts: I—Tables for the calibration of moderately
high resolution grating spectrometers requiring data of an absolute accuracy
of +0.03cm™! or better, and II—Tables for prism and small grating
instruments requiring data of an accuracy of +0.5cm™". A later publication
by Rao, Humphreys and Rank? gave some additional data.

In recent years the production of commercial spectrometers for the low
frequency region and the extension of high resolution work into the far
infrared by the use of liquid—helium cooled detectors have led to a wider
interest in the range below 600 cm™! The Sub-Commission on Infrared
and Raman Spectroscopy has carried out a reassessment of the data avail-
able for this longer wavelength region and has recognised a similar need for
two sets of calibration tables as before—one with an accuracy of +0.03 cm™!
or better for high resolution work and one with an accuracy of +0.5 cm™!
for the calibration of lower resolution spectrometers.
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PART II1

TABLES FOR THE CALIBRATION OF
MODERATELY HIGH RESOLUTION
SPECTROMETERS IN THE RANGE 600-1 cm™*



III. TABLES FOR THE CALIBRATION OF
MODERATELY HIGH RESOLUTION
SPECTROMETERS IN THE RANGE 600-1 cm ™!

The number of molecules with vibration-rotation or widely spaced pure
rotation transitions in the region below 600 cm™" is severely limited and
there is therefore not a wide choice of calibration substances.

(i) Wang and Overend® have measured the v, band of deuterium cyanide
under very high resolution over the range 635-509 cm~', and Maki* has
applied the combination principle to measurements of the 10°0-00°0
(2630cm™1) and 10°0-01'0 (2061 cm™') transitions of this molecule to
obtain the same wavenumbers. The agreement between the two sets of data
is very good indeed and the values probably have an absolute accuracy of
better than +0.01 cm™1!.

(ii) The pure rotation spectrum of water vapour covers the greater part of
the range 600-10cm~* and offers the most useful wide range calibration
data. However, because the molecule is an asymmetric top, the line structure
is irregular and many of the observed absorption peaks are blends of two
or more closely spaced lines. The peak positions of such blends are pressure-
and resolution-sensitive and care must be exercised in choosing the best
calibration lines. Blaine, Plyler and Benedict® have examined the rotational
data of Rao, Brim, Sinnett and Wilson®, and of Izatt, Sakai and Benedict’
and compared them with energy levels established from their own measure-
ments in the vibration—rotation region (1580-2200 cm ™). As a result they
were able to select calculated wavenumbers for many good calibration lines
in the range 600-166 cm™!. Lord® has measured the spectrum and carried
out a similar assessment in the range 350-35 cm ™!, and Hall and Dowling®-1°
have measured the spectrum with the highest resolution in the ranges
250-125cm™! (spectral slit width 0.14cm™') and 125-18 cm™! (spectral
slit width 0.07cm™!). These data have been reassessed for calibration
purposes and selected parts are presented below. In general, an attempt has
been made to select only isolated lines so that the peak position of each will
be independent of spectral slit width. However, in order that gaps between
calibration lines should not be too large it has been necessary to include
some blends; hence the tables mostly give ‘peak contour positions’ rather
than ‘rotation line positions’. For this reason each table is labelled with an
approximate range of spectral slit widths for which it is valid.

Within the tables, three classes of peaks are distinguished. Class A are
lines isolated from neighbouring lines of comparable intensity by at least
twice the appropriate spectral slit width and are considered to be accurate
to better than +0.03 cm™1; class B peaks are resolution-sensitive and are
probably accurate to +0.06 cm™! and class C peaks are not accurate to
+0.06cm™L.
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The need for this classification is best shown by an example. Line No. 55
of Tables 6 and 7 (96:06 cm“) is placed in class B since it is close to its
neighbour at 96.22 cm™ 1. 1t is related to, but not identical with, peak No. 44
of Table 4 (96.15 cm ™ ') which is the peak contour position found by Lord®
when the lines at 96.06 and 96.22 cm ™! are not resolved. For spectral slit
widths greater than 0.30 cm™! this peak position is constant and is hence
placed in Class A for this lower resolving power. It is to be emphasized
that the values listed in Tables 3, 4 and 5 are experimental values that are
more appropriate for calibration of spectrometers whose spectral slit widths
are of the order of 1 cm~! than the values of Tables 6 and 7, which were
measured at an effective spectral slit width of about 0.1 cm™?.

(iii) The wavenumbers of the lines of the pure rotation spectra of diatomic
and linear triatomic molecules can be calculated with very high accuracy
(better than +0.01 cm™?) from the rotational constants determined from
microwave measurements and from vibration-rotation bands. Their useful-
ness in calibration is limited mainly to the region below 150 cm™!, but
hydrogen chloride and hydrogen bromide offer the possibility of con-
veniently spaced calibration lines up to about 300 and 250 cm ™! respectively.
The isotope splitting of H**Cl and H*’Cl which increases progressively
from 0.03cm ™! near20cm ™! (J” = 0)to 0.47 cm ™! near 306 cm ! (J” = 14)
was at first thought to detract from their use as a calibrant. However, Cole
and Honey'! have shown that, despite this isotope effect, the H**Cl lines
constitute a good set of calibration points since the observed peak contour
position is never greater than one twentieth of the spectral slit width from
the position of the H3*Cl line.

De Lucia, Helminger and Gordy!? have determined the B, value of
H35Cl from microwave measurements and Rank, Eastman, Rao and
Wiggins'® used microwave data to obtain the best values of the centrifugal
distortion constants from the vibration—rotation band.

For H®Br and H®'Br the splitting is much smaller and at J’ = 15
(261.6 cm™1!), which is about the upper limit of convenient detection, it
amounts to only 0.09 cm ™ 1. Most spectrometers will not resolve the doublets
and since the isotopic abundances are approximately equal we recommend
the use of the mean line wavenumber at each J for calibration purposes.
The Table is based on the microwave B, values of De Lucia, Helminger and
Gordy!? with the centrifugal distortion constants of Rank, Fink and
Wiggins'*

Hydrogen cyanide , carbon monoxide!®1? and nitrous oxide?% 22
have been studied accurately by many groups and the first two of these give
the best calibration lines for the greater part of the region below 120 cm™!.
Below about 40 cm ™! nitrous oxide gives lines of rather more convenient
intensities than HCN or CO.

(iv) Finally, there is the technique of recording the fundamental vibration—
rotation bands of carbon monoxide or hydrogen cyanide in high grating
orders as calibration for far infrared measurements made with lower grating
orders. This method is strongly recommended when the filtering/order-:
sorting mechanism of the spectrometer allows easy changes of grating order,
but many instruments are restricted by their mechanical design to calibra-
tion in the same order as that in which the unknown spectrum is being
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i

measured. Tables of relevant data for this calibration method have been
given by Rao, Humphreys and Rank?.

When working in the low frequency region it must be remembered that
the overlap of water vapour absorption lines of the atmospheric background
can lead to small inaccuracies in the positions of measured lings and this
problem exists, but is not always clearly apparent, even when a double beam
spectrometer is used. The water vapour pure rotation spectrum is intense
and although its effects can be reduced by flushing, it can only be eliminated
by evacuating the spectrometer.

The Table above summarizes the regions covered by each recommended
calibrant, together with estimates of the absolute accuracy of the values.
All data presented are in wavenumbers (vacuum).
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COMMISSION ON MOLECULAR STRUCTURE AND SPECTROSCOPY

Table 8. H3*Cl rotation lines: 325-20 cm™*

Calculated Calculated
J" Wavenumber of J Wavenumber of
line (vac.)) (cm™?) line (vac) (cm™!)
0 20.878 8 186.389
1 41.744 9 206.701
2 62.584 10 226.887
3 83.386 11 246937
4 104.138 12 266.839
5 124.827 13 286.580
6 145.440 14 306.148
7 165.964 15 325.534

Line positions calculated from the data of De Lucia, Helminger and Gordy'?, Rank, Eastman, Rao and Wiggins'3. The
absolute accuracy of the calculated values is believed to be better than +0.005cm ™. Cole and Honey'' have shown that for
spectral slit widths of less than 0.20cm™?, only for the lines J” = 0 and J” = 1-is the peak absorption displaced (to lower
wavenumber) by the H*'Cl component by as much as 0.01 ¢cm~! from the true position of the H**Cl line. For spectral slit
widths up to 0.5 cm ™! the peak position will be within —0.03 cm ™! of the H**Cl wavenumber.

The spectrum can be recorded with a 10 cm cell and pressures of HCl up to 500 Torr.

Table 9. HBr rotation lines: 26016 cm ™!

Calculated Mean Calculated Mean
J” wavenumber of wavenumber J” wavenumber of wavenumber
line (vac.) (cm™Y) (vac.) {cm™Y) line (vac.) (cm ™ 1) (vac) (cm™!)
H""Br H8'Br H°Br H8'Br
0 16.701 16.696 16.698 8 149.320 149.272 149.296
1 33.393 33.383 33.388 9 165.651 165.598 165.625
2 50.069 50.054 50.061 10 181.901 181.842 181.872
3 66.720 66.700 66.710 11 198.061 197.997 198.029
4 83.339 83.313 83.326 12 214.124 214.054 214.089
5 99.916 99.885 99.900 13 230.081 230.006 230.044
[3 116.444 116.407 116.426 14 245926 245.845 245.885
7 132915 132.873 132.894 15 261.650 261.563 261.606

Line positions calculated from the data of De Lucia, Helminger and Gordy'? and Rank, Fink and Wiggins'* The absolute
accuracy of the calculated values is believed to be +0.005 cm ™! or better. Since most spectrometers will not resolve the isotope
doublets, the use of the mean wavenumber for calibration purposes is recommended.

The spectrum can be recorded with a 10 cm cell. Pressures of HBr up to 1 atm are required for the higher J Jines.
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Table 10. HCN rotation lines: 120-3 cm~!

Calculated Calculated
J wavenumber of J” wavenumber of
line (vac.)(cm™1) line (vac.) (cm™1)

0 2.956 21 64918

1 5913 22 67.857

2 8.869 23 70.794

3 11.825 24 73.729

4 14,781 25 76.663

5 17.736 26 79.595

6 20.691 27 82.525

7 23.646 28 85.453

8 26.599 29 88.379

9 29.553 30 91.303
10 32.505 31 94.225
11 35457 32 97.15+
12 38.408 33 100.06%
13 41.358 34 10298}
14 44307 35 105.89t
15 47.255 36 108.80t
16 50.202 37 111.71%
17 53.148 38 114.61F
18 56.092 39 117.52¢%
19 59.036 40 120.42%
20 61.977

Line positions calculated from the data of Simmons, Anderson and Gordy'®, Rank, Guenther, Shearer and Wiggins'é, and
Maki and Blaine'”. The absolute accuracy of the calculated values is belicved to be better than +0.005 cm ™ ?,

+ The rotational constants were determined from bands in the near infrared which were measured only up to J” = 31.
Lines corresponding to J” = 32-40 must therefore be considered to be extrapolated values, but they are unlikely to be in
error by as much as +0.02cm™?,

The spectrum can be recorded with a celi length of 10-50 ¢cm and pressures of 20~120 Torr.
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Table 11. CO rotation lines: 120-4 cm !

Calculated Calculated
J” wavenumber of J" wavenumber of
line (vac) (cm ™) line (vac.) (cm ™)
0 3.845 16 65.245
1 7.690 17 69.068
2 11.534 18 72.888
3 15.379 19 76.705
4 19.222 20 80.519
5 23.065 21 84.330
6 26.907 22 88.138
7 30.748 23 91.942
8 34.588 24 95.743
9 38,426 25 99.540
10 42.263 26 103.334
11 46.098 27 107.123
12 49.932 28 110.909
13 53.763 29 114.690
14 57.593 30 118.467
15 61.420

Line positions calculated from the data of Jones and Gordy'® and Rank, St. Pierre and Wiggins!®. The absolute accuracy
of the calculated values is believed to be better than +0.005cm ™!,
The spectrum can be recorded with a cell length of 20-40 cm and pressures of CO up to 600 Torr.
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Table 12. N,O rotation lines: 43-1 cm ™!

Calculated Calculated Calculated
J" wavenumber of J" wavenumber of J wavenumber of
line (vac.) (cm ™ 1) line (vac)) (cm™?) line (vac.)) (cm ™)
0 0.838 17 15.080 34 29.301
1 1.676 18 15918 35 30.136
2 2514 19 16.755 36 30971
3 3.352 20 17.592 37 31.806
4 4,190 21 18.429 38 32.641
5 5028 22 19.266 39 33.476
6 5.866 23 20.103 40 34.310
7 6.704 24 20.940 41 35.145
8 7.542 25 21.776 42 35979
9 8.380 26 22,613 43 36.813
10 9.217 27 23.449 44 37.647
11 10.055 28 24.285 45 38.481
12 10.893 29 25.122 46 39.314
13 11.730 30 25.958 47 40.147
14 12.568 31 26.794 48 40.980
15 13.405 32 27.629 49 41.813

16 14.243 33 28.465 50 42.646

Line positions calculated from the data of Burrus and Gordy?®, Rank, Eastman, Rao and Wiggins?!, Pliva?? and Pearson,
Sullivan and Frenkel?®, The absolute accuracy of the calculated values is believed to be better than +0.005cm ™",
The spectrum can be recorded with a cell length of 40 cm and a pressure of 400-600 Torr.
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IV. TABLES FOR THE CALIBRATION OF LOW
RESOLUTION SPECTROMETERS IN THE RANGE
600-15 cm !

INTRODUCTION

For small, low resolution spectrometers requiring calibration points
accurate to +0.5cm™! some of the Tables in Part III will be suitable, but
in general fewer points are required in any particular wavenumber interval.
For these instruments it is usually simpler to restrict the data to materials
with widely spaced rotation lines or even to use substances in the condensed
phase.

(i) Water vapour: The water vapour spectrum is particularly useful at this
lower resolution since the effects of overlapping lines are not as serious as
for high resolution instruments. Table 13 covers the range 600-180cm™!
and includes a selection of peaks which are not grossly overlapped by
strong neighbouring lines.

(i) HCI and HBr: Below 300 cm™' the widely spaced rotation lines of
hydrogen chloride and hydrogen bromide afford the best calibration
data'!™'%. Table 14 includes data'! showing the slight displacement of the
peak absorption from each H**Cl line position caused by overlap of the
H3"Cl line. However, for most low resolution work this displacement is not
important.

(i) Indene—camphor—cyclohexanone: Jones, Faure and Zaharias®* have
used a liquid mixture containing equal proportions by weight of indene,
camphor and cyclohexanone for calibration in the region 600-300cm ™1,
New measurements on this mixture made by Jones?®, Shimanouchi?® and
Miller?” have been averaged for Table 16.

The following Table summarizes the data given in Tables 13-16:

Table Substance Region (cm™Y)
13 Water vapour 600-180
14 Hydrogen chloride 325- 20
15 Hydrogen bromide 260- 16
16 Indene-camphor—cyclohexanone 600-300
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TABLES FOR THE CALIBRATION OF INFRARED SPECTROMETERS

Y, W]~ JO YIpM IS [e1303ds B (11M PIpIodal sea wnloads paresisnfr 2q 1
W3 ['pF uByl 1ayiaq Jo AOVINIIT UE aABy

syead oy g plOT pur  1dIpausg pue YRS 1BZ] ZUOS[IM PUE )OUUIS Wi “owvy ' 10Ipausg pue Wik|q ‘ure|g woly ereq

9'0vt or VoLV (174

43743 6t (1414 61
181 8¢ 86t 8t 198y 81
7’881 LS TIs¢E LE 0zey L1
S'L6T 9¢ £LEE 9¢ €708 91
¢80T 39 85t St 690¢ ST
L'1ITT S 00LE bt S01¢ 14!
L'€TT €S ShLE 23 891§ €1
[ 74 149 TILE [43 9616 4}
6'LPC 1S ot 153 09Z¢ 1T
6tST 0s 0'66¢ o€ £9¢¢S 01
799¢C 94 $00¥ 6T 0°0sS 6
£8LT i IR X44 8T T'L9S 8
£78C Ly [ Y47 LT £69¢ L
§'68C 9% [A83% 9T 19LS 9
¥'86C 94 (%137 Y4 8°08¢ S
1'SIt 144 Lty T L'¥8S 14
8'ETE 34 6'TSY x4 6'16¢ €
9°LTE (44 8'LSY [44 068 [4
[4%333 1874 ¥19% 1T 1009 1

_wd) ("oeA) . _u) (oeA) . _ud) (oBA) .
M@Ezaywa ON Feed MaE:n?mg ON ¥eed MDE:EMZWB ON Aved

W2 0871009 : winnoads uonejor modea I91epm €] 21V

641



COMMISSION ON MOLECULAR STRUCTURE AND SPECTROSCOPY

Table 14. H*>Cl rotation lines: 325-20cm™*

Calculated peak absorption wavenumber (vac.) (cm™?)

Calculated —
J! wavenumber of H**Cl Resotution {cm™?)
line (vac.) (cm™1) — — — -
1.0 3.0
0 20.88 20.87 20.87
1 41.74 41.73 41.73
2 62.58 62.56 62.56
3 83.39 83.36 83.36
4 104.14 104.10 104.10
5 124.83 124.79 124.78
6 145.44 145.40 145.39
7 165.96 165.92 16591
8 186.39 186.34 186.33
9 206.70 206.65 206.63
10 226.89 226.84 226.81
11 246.94 246.89 246.85
12 266.84 266.79 266.74
13 286.58 286.53 g 286.48
14 306.15 306.10 306.04
15 325.53 325.49 325.43

Data from De Lucia, Helminger and Gordy'?, Rank, Eastman, Rao and Wiggins' and Cole and Honey'!. The absolute
accuracy of the calculated values is better than +0.1 cm™ 1.
The spectrum can be recorded with a 10 cm cell and pressures of HCl up to 500 Torr.
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Table 15. HBr rotation lines: 260—16 cm ™!

Calculated Calculated
J" wavenumber of J’ wavenumber of
line (vac.) (cm™ 1) line (vac) (cm™1)
0 16.70 8 149.30
1 33.39 9 165.63
2 50.06 10 181.87
3 66.71 11 198.03
4 83.33 12 214.09
5 99.90 13 230.04
6 116.43 14 245.89
7 132.89 15 261.61

Data from De Lucia, Helminger and Gordy!? and Rank, Fink and Wiggins'®. The H”°Br and H®'Br components have
been averaged since they will not be resolved by low resolution spectrometers. The absolute accuracy of the calculated values
is better than +0.1 cm™*.

The spectrum can be recorded with a 10 cm cell and pressures of HBr up to 760 Torr.
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APPENDIX

REVISED SPECTRUM OF INDENE-CAMPHOR-
CYCLOHEXANONE FOR THE CALIBRATION OF
LOW RESOLUTION SPECTROMETERS IN THE
RANGE 4000-600 cm ™ *



CORRIGENDUM
APPENDIX

REVISED SPECTRUM OF INDENE-CAMPHOR-
CYCLOHEXANONE FOR THE CALIBRATION OF
LOW RESOLUTION SPECTROMETERS IN THE
RANGE 4000-600 cm ™!

Readers are asked to refer to Pure and Applied Chemistrv. 1973, Vol. 33. No. 4.
Tables of Wavenumbers for the Calibration of Infrared Spectrometers,
pp 647-652. The indene-camphor-cyclohexanone chart on page 650 does
not reproduce the original in a suitable form and should be replaced by those
on the pages here following.
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TABLES FOR THE CALIBRATION OF INFRARED SPECTROMETERS

APPENDIX

Calibration of low resolution spectrometers in the range 4000—600 cm ™!
The positions of absorption maxima in the infrared spectrum of indene
containing 0.8 per cent by weight of both camphor and cyclohexanone* have
been remeasured by Krueger' and by Jones and Nadeau!. Improved
values for calibration purposes have been selected and are given in Table 17.

* Tables of Wavenumbers for the Calibration of Infrared Spectrometers. Prepared by the
Commission on Molecular Structure and Spectroscopy of the ITUPAC. Reprinted from Pure
and Applied Chemistry, Vol. 1, No. 4 (1961), pages 678-683. Butterworths: London (1961).

t P. J. Krueger, Applied Optics, 1, 443, 621 (1962).

+ R. N. Jones and A. Nadeau, Spectrochim. Acta, 20, 1175 (1963).
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TABLES FOR THE CALIBRATION OF INFRARED SPECTROMETERS

APPENDIX

Calibration of low resolution spectrometers in the range 4000600 cm ™’
The positions of absorption maxima in the infrared spectrum of indene
containing 0.8 per cent by weight of both camphor and cyclohexanone! have
been remeasured by Krueger?® and by Jones and Nadeau?®. Improved
values for calibration purposes have been selected and are given in Table 17.
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