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Infrared Spectra of Eighteen Halogen-Substituted 
Methanes . 

Earle K. Plyler and W. S. Benedict 

In order to s t udy how the vibratio nal freq uenci es of methane vary with halogen sub­
stit utions, the infrared spectra of the following halog~n-substituted methanes . have been 
st udied with a prism spectrometer between 2 and 38 mICrons: Carbon tetraflu onde, chloro­
t rifiuoromethan e dichlorodifiuoromethane trichlorofiuoromethane, car bo n tet rachloride, 
trichlorobromom~thane, dichlorodibromol~ethane , fiuoroform, di~uoroch lo romethane, di­
chlorofluoromethane chloroform dichlorobromomethane, chlorodlbromomethalle , bromo­
form , iodoform, meth ylene fluoride, methylene. chloride, and m~th~ lene iodide. Spectra 
are presented as obtained at room temperature ll1 t he vapor and lIquid states, an d l.n a few 
cases in solut ion. The bands are interpreted as fundam entals, overtones, combmatlOn, 
and differe nce bands. Tables and graphs display t he regularities existing among t he various 
fundam entals of these molecules and other halogen-subst ituted methanes. Force-constant 
calculat ions, using an approximate potential function with ge neral constants transferred from 
one molecule to another a re reported. 

1. Introduction 
The infrared absorption spectra of various halogen 

derivatives of methane have been studied by several 
investigators in various regions of the spectrum, and 
under varying degrees of dispersion [1].1 Th e Raman 
spectra of these compounds have also been exten­
sively studied [2]. The gradual improvement in 
infrared techniques, in par ticular the development of 
prism spectrographs using thallium bromide-iodide 
(KRS- 5) as the dispersing medium, and the increas­
ing practical importance of the fluorine-containing 
compounds (Freons) have made it seem worth while 
to carry out a comprehensive reinvestigation of these 
compounds over the wide spectral range of 2 to 38 p" 

using prism spectrographs of various dispersing inter­
vals, so that good dispersion is obtained throughout 
the ent ir e region. Compounds were studied both in 
the vapor and liquid states, using in many cases 
comparatively thick cells in order to develop bands 
of low intensity. 

A listing of the compounds studied, together with 
their boiling points and the phases in which t~ley 
were observed , is given in table 1. R epresentatIves 
of all types of halogen-substituted methanes except 
the methyl halides, which have been extensively 
studied under high resolution, were included. 

Since the spectra were recorded with prism spectro­
graphs, it was not possible to resolve the rotational 
fine-structure. 

It should be possible to account for the observed 
absorption bands in terms of transitions among the 
various vibrational states of the molecules. The 
bands will be of three types: fundamentals, in which 
transition occurs from th e ground vibrational level 
to a state in which one mode of vibration is singly 
excited; overtones and combinations, from the ground 
level to states in which there are two or three quanta 
of vibrational energy in one or more modes; and 
difference bands, in which transition is from one 
singly excited vibrational mode to other higher vibra­
tional levels. In general the fundamentals will be 

1 Figure, in brackets indicate the literature references at the end of this paper . 

the most intense bands, although in certain of the 
molecules, because of symmetry considerations, the 
intensity in the vapor phase should. become zero. 
The combinations and overtones, lYlllg at shorter 
wavelengths than the fundamentals , will be we.aker , 
and the difference bands, which , in general, WIll "?e 
at longer wavelengths, will be very weak, except ~n 
the heavier molecules, where the fundamentals will 
be of such low enel:gy tlu~t app~eciable p ercentages 
of the molecules will be III excIted states at room 
temperature. The following sections describ~ the 
experimental method, presen t the results, and dISCUSS 
further the vibrational assignments. 

2 . Experimental Methods a nd Results 

The infrared absorption spectra of 18 substituted 
me thanes have been measured in the region 2 to 38 p,. 
They were measured in the liquid state, at room 
temperature whenever possible, and also several of 
the compounds, as listed in table 1, have been m.eas­
ured in both the liquid and vapor state. The eIg~t 
Freons have been measured as gases, except tn­
chlorofluoromethane, in the 23- to 38-p, region. In 
order to observe the bands of low intensity in liquids, 
a cell with a thickness of 1.6 mm was used. For the 
intense bands a film of liquid between windows 
constituted the cell. In such cases th e cell thickness 
was of the order of 0.01 mm. For th e measurement 
of the gases and vapors the cell thickness varied 
from 5 em to 1 m. The pressure of the vapors was 
that of th e saturated vapor at room temperature 
(approximately 25° C) . For the Freons th e pressure 
was atmospheric or less for the different cell lengths. 
The liquid-cell thickness, gas-cell length, and gas 
pressure are given on graphs of the results. The 
spectra were recorded on a P erkin-Elmer spec­
trometer. 

In order to cover the region from 2 to 38 J.I. with 
good resolu t ion, prisms ~f lithium flu?ride, sod~um 
chloride, po tassium bromIde, and thallIum bromlde­
iodide were used. Sharp bands could be measured 
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with an accuracy of 5 em -1 or less for the entire 
region. The general method of measurement wa 
the same as that used in previous studies [3]. 

The eight fluorinated methane derivatives were 
supplied by W . S. Murray, of Kinetic Chemicals, 
'Wilmington, D el. They were all above 99 percen t 
in purity, excep t carbon tetrafluoride, whose spec­
trum showed one b and that could no t be accounted 
for by combination or overtone bands. It appeared in 
the same position as an intense band in chlorotrifluoro­
methane at about 9}J- . The carbon t etrafluoride gas 
was tested for purity by F. L. Mohler on the mass 
spectrometer and found to be 98 .2 percent pure. 
The Michigan Chemical Co. suppli ed the chloro­
dibromomethane, dichlorobromomethane, tl'ichloro­
bl'Omomethane, and dichl orodibl'om om ethane, and 
some of the others were from Dow Chemical Co. 
The bromoform and chloroform were obtained from 
Eastman Kodak Co. and were purified by W . Harold 
Smith, of the Organic Chemistry Sect ion. After the 
first purification, t be chloroform showed a band in 
the 3.4-,1.1 region in addit ion to the intense band at 
3.3}J-. After the second purification, the band at 
3.4 J.L disappearcd. 

The resul ts a rc presented as graphs of percentage 
absorption against wavelength and wave number in 
figures 1 to 12, inclusive. The conditions of meas­
urement arc stated on each graph . In general, th e 

spectra are presented in groups of five m01ecules of 
similar structure, and t he spectrum is divided into 
two portions, 2 to 15 }J., corresponding to meas ure·· 
ments with sodium chloride and lithium fl uOl'ide 
prisms, and 15 to 38 J.L, cOl're ponding to meas ure­
ments with potassium bromide and thallium bromide­
iodide prisms. 

Numerical values of th e positions of maximum 
absorption that may be identifLed as band centers, 
and further data pertaininr: to their interpretation, 
are presented in tables 2 to 6, inclusive. These 
include the band cen ters in wave numbers; the ap­
proximate intensity, characterized as weak, strong, 
etc. (for a more quantitative estimate, the O'J'aphs 
should be consul ted); the vibrational transition ; and 
the symmetry of the transition. In addition to 
bands that appeal' in the infrared spectrum, there 
are given in parentheses the fundamental frequencies 
that do no t appeal', either because they fall outside 
the range of wavelengths studied , 01' because they 
have zero or very weak intensities. These fre­
q uencies are obtained either from the R aman effect 
or from combination and difference bands. The 
values given refer in g.eneral to the liquid state, 
excep t for compounds th at are gaseous at room 
temperature. Cases where there is a pronounced 
difference between the two states will be menti.oned 
in the cI iscussion. 

WAVE NUM Be RS IN eM"' 
2000 1500 1100 1000 .00 800 700 

WAVELENGTH Iff Mle fllOH' 

FIGURE 1. Infrared spectra of gaseous CH2F2, CF4, CCIF3, CChF2, and CCIsF from 2 to 15 J.I. 

The pressure is atmospheric. T he insert was measured at reduced pressures. 
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FIG URE 4. InfraTed spectra of gaseous CH CI2F, CH CIF" and CHF3 !Tom 2 to 15 j.L. 

Pressure is atmos pheric. Insert graphs arc for pressures less than at mospheric. 
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FIGUUE 8_ Infrared spectra of gaseous CHCIzF, CHCIF2, and CHF3 f1'01n 14 to 38 )I.. 

Pressure is atmospheric. Insert grapb is for a pressure less than at mospheric. 
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FIGUUE 9. Infrared spectra of vapOTS at saturation pl-eSSUTes at Toom temperature of CHBr2Cl, CHBrCI2, 
CH 2CI2, CH2B r2, and CBr4, fr01n 2 to 15 )I.. 

The insert curves are for reduced vapor pressurcs. 

207 



I( v 

FI GU RE 10 . I n­
frared spectra of 
vapors saturated 
at room tempera­
ture of CHCla, 
and CRBra from 
2 to 15 }l . 

'rhe inserts are for re .. 
duced pressure. 

O~,--~--~--~--~--~--~--~--7---~~~--L-~.~~~~,--~--~--~--~--~--~--~--~--~--~--~~ 
WA VELE NGTH IN MIC IIONS 

80 

60 

40 

20 

700 

, , , , , , 

WAVE NUMBERS IN eM-' 
600 

CHz Brz 
VAPOR 

500 

100~--~~~~----~----~----~----~ 

z 80 
o 

'" '" i 60 

'" z .. 
a: 
.... 40 

.... 
z 
~ 20 
cr 

'" .. 

80 

60 

40 

20 -

- , , I I, 
" I I 
I I 

" ' : 
'I 
II I 

'i 

40cm 

40cm 

CHCI Brz 
VAPOR 

CH Breiz 

VAPOR 

O~--~L---~~--~----~----~----~ 
20 14 l 6 18 

WAVELENGTH IN MICRONS 

FI GU RE 11. Infrared spectm of satum ted 
vapors of CH2 Br2, CHBr2Cl, and CRBrCl2 

from 14 to 20 /-'. 
Insert curves are for reduced pressure. 

100r-------r------,r------, 

z eo 
o 
(ii 
!!? 

" ~ 60 .. 
II: .... 

.... 40 
z 
'" o 
II: 

'" Q. 20 

13.0 13.5 
IN MICRONS 

F IGU R E 12. Infrared absor'ption spectm of satu­
rated vapor of CCl4 at room tempem ture. 

Insert curve is for reduced pressure . 

WAVE NUMB ER IN eM-' 

x y r---"C;OO"---"20;;Oc-____ --'4'i0~O--------'6~O~O--------"~O~O------~I0'i0~O-------"12~O,oO------c:14;"OO"------"'6o:;OO 

FF 

'CI 

GICI 

CISr 

." 
II 

r 
f 

f 
r 

I , 

[' r 
I' , 

f z 

n ,i' z, 

r r 
j' , 

f 
j' , 

i'i' j' .. , 
.' i' 

I I , , 

r 
r , 

[' r 
r r 
r i' 

VIB RATIONS OF CH l XV MOLECULES 

r . 

[' 
; 

l 
[' 

i' , 

FI GUR E 13. Comparison of the positions of the .f1mdamental bands of mole- ! 
c1tles of type CH2X Y. \ 

208 



WAVE NUMBER IN CM-1 

100 200 400 600 800 1000 1200 1400 
XY 

E A, A,E E 

fF I I II I 
Z5 A ,1.,3,79 t1. •• .I' A' • .: At AU 

rCI I I I I I I I I , , , A 1 • J • • • . ' A' • .:' ':' A' 

Clf I I I I I I I , , • J , • 
~ E A, A, E E 

CICI I I I I I 
" . J 1. •• If. .: .: • ," ,:. AU 

CIBr II I I I I I I 
" • 1 1 • • • • t All .' • .' • A" • 

BrCI I I I I I I I I , , • J • 1 • • 
E j' i' 

E E 

) Star I I I 
" • J l' •• 

r 
~ ~, E 

II I 
" • J l' 68 

VI BRATIONS Of CH X, Y MOLECULES 

l. FIGU R E 14. Comparison oj the positions oj the Jundamental bands oj mole-
cules of type CHX2Y. 



TABLE 1. Some physical pl'operties of the compounds l1WaS1ll'ed of differen t symmetry, use is made of an unconven­

Observed as-

Compound Formula Boiling 
point a L iq- Solu-Gas u id tiol1 

----
° C 

Carbon tetra flu oride (Freon 14) ___ CF4 - 128 X 
Chlorotri fluoromethanc (Freon 13)_ CF,Cl -80 X 
Dichlorodifl uoromethane (Freon CF,Ch -28 X 

12). 
T richlorofl uoromethane (Frcollll ) _ CChF 24.1 X 
Carbon tetrach loride ______________ CCl, i6. ii X X 
Trichlorobromomeihane __________ CChBr 104.07 X X 
D ichlorodibromomethane _________ CChBn 135± X X 
F luoroform (Freon 23) ____________ CUF, -82.2 X 
Difluorochloromethane (.F reon 22) _ CUF,Cl -40.8 X 
Dichlorofl uoromet hane (Freon 21) _ CUFCh 8.9 X 
Chloroform __________________ ____ _ CU Ch { 61. 26 } X X 58 to 61. 5 
Dichloro hromomethane ______ _____ CUChBr 91 to 92 X X X 
Chlorodibromomethane ___ ____ ____ CUClEr, 120 X X X 
Bl'omoform _______________________ CHBr, 149.5 X X 
Iodoform ___________ ___ ____________ CHI, Suhlimes X 
Methy lenc fluorid e (Frcon 32) _____ CU,F , - 51. 6 X 
Methylcne chloride _______________ CU,C!, 40.1 X X X 
Methylene iodide ___ ___ __ ________ _ CU,r, D ec om- X X X 

poses 180 

• These values are principall y from the Uandbook of Pbysics and Chemistry. 

3 . Discussion 

3.1. The Fundamental Frequencies 

Each of the related methane derivatives reported 
in this paper has nine fundamental frequencies of 
vibration. The general theory of the vibrations of 
such molecules has been discussed in many places 
and need not be repeated here. It will suffice to 
recall that when there are atoms of different kinds 
joined to the carbon atom, the symmetry of the 
molecule is less than when all four linked atoms are 
alike, and that the particular degree of symmetry 
governs the degeneracy of the vibrations, the general 
form of the molecular motions, and the resulting 
activity in both the infrared and the Raman spec­
trum. The pertinen t information derivable from 
such symmetry considerations is summarized in table 
7. The symmetry class of overtones, combinations, 
and difference bands of the various fundamentals 
follow well-known rules and are given in tables 2 to 6. 

The numerical values of the fund amentals show 
regular variations when going from one molecule to 
another in which a single substituent has been 
altered. This is a qualitative consequence of the 
facts that in all these substituted methanes the 
forces between the central atom and a particular 
peripheral atom are to a fu'st approximation inde­
pendent of the other peripheral atoms, and that 
these forces vary regularly with th e mass of the 
peripheral atom. A more quantitative discussion 
will be given later. The relative positions and 
groupings of the numerical values are also affected 
by the symmetry. The conventional system of 
numerical identification of the fundamen tals is based 
on the symmetry. This system fails to display the 
regularities existing among molecules of different 
symmetry. Accordingly, in this paper , one purpose 
of which was to show the consistency of all the 
frequencies of a large number of related compounds 

tional numbering system. The system closely re­
sembles the conven tional one for molecules of the 
type CH2X 2, where there are no degeneracies. For 
molecules of higher symmetry than C2v, where de­
generacy occurs, the degenerate frequencies have 
been assigned two or three numbers, so that all nine 
frequencies may be identified. The relation between 
the numbers adop ted here and those that would 
follow from application of the conventional rules is 
shown in table 8. This table also collects in one 
place the numerical values of the fundamentals of 
all the molecules, the spectra of which are reported 
in this paper, as well as of related molecules that 
have recently been studied in this laboratory [4] . 

TABLE 2. The observed bands and their assignments of CF4, 

CF3Cl, CF,CI" and CFCI3 

I' ! Inien- ! Slty Band 

! 

Symmetry 

Molecule CF. (Freon 14) molecular symmetry T d 

-----------------------------
em-I 

[437](R ) ---- W 25 E 
630 S W4i 9 F , 
[9041 (R) -- -- W3 A, 
1067 W W2S+WH9 F ,(+ F ,) 

1277 s { 2w4ill F,(+A,+E) 
""1 68 F , 

146R w 2{"2&+WU9 2F,(+F, ) I 1517 m w4j9+w3 F , 
1555 m -------- . ---------------
1698 W W25+W 168 F,(+ F ,) 

1901 m { 3wm 2F,(+A,+F ,) 
WH9+c..'I CS F ,(+A,+E+F,) 

2123 w 2W479+w3 F,(+A,+E) 
2160 m w 3+W1 68 F , I 2447 VW W4 ,9+2w 3 F , 
2565 m 2WII)8 F ,(+ A,+E) 
3081 vw ?wa+wI 68 F, 

Molecule CF,Cl (Freon 13) molecular symmetry C'v 

[356](R) ---- w" E 
[470] (R ) ---- -------- _____ __ ___ ___ w __ 

450? vw w. A, 
563 m W 79 E 

635 w f W68- w 79? } A, 
Wl-W4 

781 S w, A, 
921 W wza+wi9 E+A,(+A,) 
950 w 2W4 A, 
1105 s w, A, 
1132? W 2w79 2E+A, 
lI81? w -------- -------- ---- ----
1212 S W6S E 
[12i91 m W4+w3 A, 
1335 ill W71l+w3 E 
1451? ill W25+W1 E 

{ 2w, } 1575 W W4+W1 3A,+E(+A,) 
W25+w68 

1667 vw W4+w 68 E 
1887 W W3+Wl A, 
1984 W w3+w68 E 
2208 vw 2w, A, 
2315 m W1 + w 68 E 
2417 m 2w68 E+A, 
2554 vw W79+w3+ w68 E+A,(+A,) 
3104 vw w3+Wl+w68 E 
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TABLE 2. The observed bands and thei7' assignments of CF4, 

CF3C], CF,C]" and CFC13- Continued 

I 
v I In,ten' l Slty Band 

1 

Sym metry 

Molecule CF,Ch (Freon 12) molecular symmetry C,y 

cm- l 

[261](R ) ---- w, Al 
[318](R) ---- w, A, 

437 W W7 B I 
1455](R) ---- Wl Al 
446 W Wl ----------- -----
473 w w, B , 

667 s "" Al 
728 W W2+W9 B, 

755 w w;;+W7 B, 

i81 YW W5+W9 B I 

837 W { W8 ··-W5 A l 
WI-W2 Al 

882 S W4+W7 B, 
D22 vs W6 B , 

USi? vw w3+W5 A, 

]]01 s { w3+W4 A, 
w, A, 

1159 S w, B , 
1236 m W5+W6 B, 
1335 W 2W3 A, 

{ 
Wi+W6 A, 

1372 W (".+w6 il, 
WO+w6 A,? 

1473 VW ~5+w8 B, 

{ 
W9+WI B, 

1587 W W4+W8 B, 
w7+W8 A, 

1754 w { w3+w, A , 
2W4+2w7 A , 

li95 W W4+W6+W7 A, 
1832 \\' 2w. A, 

19D6 VW 
{W4+W7+Wl 

w6+WI } B, 

2188 W 2w, A , 
2242 m W1+w8 B, 
2325 rn 2W8 A , 
3413 V\\' wl+2w8 A . 

Molecule CFCJ, (Freon II ) molecular symllletry C3y 
,-

I 
[248](R) ---- W25 E 
350 w w. A, 
401 VW W76 E 
451 w W68-W79? A, 

495 w { w6S-W4? 

2w25 
} E+AI 

5.35 m W3 Al 

603 W { W25+ W4 } E 
W6S-W25 

680 W 2Wl A, 
748 W W4+Wi9 E 
797 m W25+w3 E 
847 vs W6S E 
895 W W4+w3 A, 
932 S Wi!l+W3 E 

1085 s { w, } Al 
2w 3 

1115? m w25+ w68 E+A,+A, 
1193 w 

} W4+w68 E 
1215 W 

Wi9+W6S E+A,(+A,) 
1239 w 
1317 w w25+Wl E 
1376 m W3+W68 E 

1678? w { 2w68 E+A, 
2wl+wI A, 

1775? vw W79+w3+w~8 E+A,+A, 
2132 m 2w1 Al 
3195 VW 3w, A, 

TA 1JLE 3, The observed bands and thei r assignments of CCI. 
CChBr, and CChBr2 

v 1 Inten' l SlLy B anel 

1 

Symmetry 

Molecu le CCll molecular symmetry Td 

em- I 

1218] (R) ---- W25 (E) 

309 

} {W3+W479-W3 } 319 w F, 

329 
WH9 

446 W W16S-W4{9 F, 
482 W w3+w479-W4i~ l', 

1458] (R) ---- W3 (A,) 

.\01 VW W4711+w 25 F ,(+F ,) 

531 w WI6S-W2S F , 

569 vw w a+w479-w 25 F , 

635 w 2W4;9 F,(+E+ A,) 
762 s WJ68 F, 
785 s Wa+W4ill F, 
982 w W1 68+W25 F,(+l',) 

1006 w w3+W479+w25 F,(+F,) I 
IOf>8 vw W 168+W4 79 F ,(+ F,+E+A,) 
lI07 V\\' wa+2wm, F,(+E+A,) 
1218 w W168+w 3 l', 

1253 W 2w3+w4i1l F , 

1529 W 2WI68 F,(+J~+A,) 

1&16 w WI6S+w3+W47' F ,(+F,+E+A,) 
1575 w 2W3+?'W." F ,(+E+A,) 

Molecule CChBr molecular symmetry C3y 

1187] (R ) ---- w" E 
[243](R) -- -- w. A, 

294 W W76 E 

353 { W1)8-W 3 E 
W 

2w25 E+A, 
420 w W3 A, 

475 { 2W4 AI 
m AI WI-W4 

490 w W79+w:5 E + A,(+A,) 

{ 
2W79 E+AI 

592 VW w3+W25 E 

"'68-W25 A, 

664 S w 3+W4 A, 

719 vs WI Al 
773 vs W6S E 

796 m 2W79+W25 2E+A, (+A,) 

908 w W1+w25 E 

966 { WI+W 4 A, 
W 

W68+w25 E+A,(+A,) 

1010 VW W68+W4 E 
1046 VW W1+2W25 E+AI 
1080 vw 2w3+wI A, 

1143 W Wl+W 3 A, 

1193 W w68+w3 E 
1242 VW W1+w611 - W4 E 
1440 W 2w1 A, 

1493 W W1+W68 E 

1&15 W 2W68 E+A, 
2270 vw 2W68+WI E+AI 
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TABT, E 3. The observed bands and their assignments of CC14, 
CCI,Br, and CCbBr3-Continued 

v I In.ten· 1 slty B and 

I 
Symmetry 

Molecule CChBr, m olecular symmetry C'v 

cm-i 

[141j(R) 
~--- "" Al 

[164j(R) ---- "" (A ,) 
[230j(R) ---- "" BI 
[252j(R) ---- "'7 B, 
[252j(R) -- -- "" AI 
353 W W9+w2 BI 
377 W "'3 AI 

398 W { W7+W2 B, 
W9+W5 B, 

443 w { 2"" AI 
wg-W74 BI(+A,) 

472 \V W9+wH B, (+A,) 
505 \\' 2"'74 2AI+ B, 

529 w { w3+"'2 AI 
W 3+"'5 A, 

610 m { W3+wPH A,+Bd-B, 
W6-W2 B, 

683 vs "" BI 
733 VS "'I AI 
768 VS W6 B , 
793 m W6+w.~-w2 BI 
818 W W8+"'2 BI 
844 vw w8+W,5 B, 
858 w W'+"'2 AI 

882 W { w6+w2 B, 
WI+"'5 ( A ,) 

923 w f W8+"'9 AI 
W6+"'5 B I 

939 V W wS+u147 BI(+ A,) 
991 vw Wl+W4j A, + B, 
1005 w W6+"'941 (A,)+ A,+B, 
1067 w w8+W3 BI 
1112 \\' w'+"'3 AI 
1144 W w6+w3 n, 
1171 vw W6+w9+W5 AI 
11 90 vw wl+2wg AI 
1221 vw w8+W3+w:; n, 
1241 vw WI+w3+w2 A, 
1256 V W W6+W3+"'2 B, 
1307 W W8+W3+W9 AI I 
1362 \\T 2"" AI 
1416 W W1+w8 ill 
1470 VW 2wI AI 
1503 m ",,+W6 n, 
1540 vw 2w, AI 
1592 W 2""+",, BI 

T ABLE 4. The observed bands and theiT assignments of CHF3, 
CHF,Cl, CHFCJ" and CHCla 

v I Inten' l s lty Band 

I 
Symmetry 

M olecule CHF, (Freon 23) molecula r symmetry C" 

cm-t 

507 m w" E 
700 m "'4 Al 
870 W "'68 -W25 Al 
1014 W 

1 2"'25 E+AI ]035 V 'W 

115D? vs w, AI 
1152 VS W79 E 
1206 S W25+"'4 E 
1372 m W68 E 
1647 m w2s+Wni 2E+AI (+A,) 

T ABLE 4. The obseTved bands and their assignments of CHF3, 
CHF,CI, CHFCl" and CHCl,- Continued 

v I In~en- I slty Band 

I 

Symmetry 

Molecule C HF, (Freon 23) molecular symmetry C3v 

cm- i 

{ 
("'''+'''681) E+AI(+A,) 

1842 m W~+W3 AI 
W4.+"'79 E 

2045 vw W4+ wG8 E 

2278 { W3+"'i9 2E 
m 

2W7!l AI 

2523 { W3+ W68 2E 
m 

W79+W6S AI (+ A,) 
2716 w 2w68 E+AI 
3031 S "'I Al 
3407 VW 2WOS+W4 } E + A, 
344 5 vw 3Wi9 

4212 { W3+Wl Al 
W 

W79+Wl E 
4448 VW Wf,S+Wl E 

Molecu le CHF,CI (Freon 22) molecular symmetr y C. 

365 w w, A" 
422 w w, A' 
595 S W4 A' 
809 VS W7 A' 
833 DI 2w, A' 
1116 vs Wg A" 

1178 { W:! A' 
m 

w5+w7 A' 
1198 W 2W4 A' 
1244 VW W2+w7 A' 
1311 s w, A' 
1347 m w, A" 
1625? W 2w7 A' 

{ 
W5+W6 A" 

1695'! vw w:;+ws A' 
W4+w9 A' 

2222 ill 2w, A' 
3023 III WI A' 
3769? vw w7+Wl? A' 
4167 VW WII+Wl A" 

Molecule CHFCI, (Freon 22) m olecular symmetry C. 

[276j(R) - -- - w, A' 
368 w w, A" 
458 w W4 , A' 

W2+W:;? A" 

742 s { (""+w,) } A' 
w 3? 

804 vS w, A" 
835 S W5+W4. An 

955? { w o-w:; A" 
W An W8-W2 

{ W2+WII An 
1079 S 

A ' W7 
1166 w W.s+wlI A' 
1242 s w, A" 
1260 W W,I+WII A" 
1304 s w, A ' 

1494 w W.s+W7 A'l 

1536 ill W4+ W7 A' 

{ 2w, A' 
1608 W 

W:;+ w 8 A' 

2123 { 2W7 A' 
m 

w9+W6 An 

2280? W WS+w1 A n 

2463 W 2w, A' 
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T A BLE 4. The observed bands and their assigments of CHF3, 

CHFzCl, CHFCIz, and CHC13- Continued 

v I In .ten- I • Slty Band 

I 
Symmetry 

Molecule C RFCh (Freon 21) molecular symmetry C, 

cm-1 

2557 vw W6+w8 A" 
2616 VW 2W6 A' 
3023 In WI A' 
3184 vw 3W7 A' 
3780? VW WI+W 3 A' 
4144 V Vit W7+Wl A' 
4303 W W6+ W1 A' 
4398 vw 4W7? A' 

M olecule OR Ch molecular symm etry Cav 

[261](R) -- -- w" E 
370 ill W, Al 
392 W W3-WM E+A, 
488 w 

1 
2W25 E + A, 

(.0)79-(.0)25 Al 
629 m W4+ W25 E 
667 s wa A, 

r W7i E 
755 vs t 2w, Al 
849 m (.0)68 -(.0)4 E 
929 m W3+Wn E 
951 w (.o) 68-W25 A, 
1031 In W3+W4 A, 
1049 m (.o)79+W25 E+2A, 
1145 w Wj9+W4 E 
]214 S W68 E 
1333 \V 2wa Al 
1393 In W79+W4+W25 E+2A, 
1420 In W3+w 79 E 
1524 m 2W79 E+A, 
2410 m 2w68 E+A, 

~;:',: 
m WI Al 
\V 3W68 E+AI +A, 

3663 w W1+W 3 A l 
4202 J]] WI+w68 E 

TABLE 5. The obsel'ved bands and their assignments of 
CH ChBI', CH CIBrz, CIIBr3, and CH h 

I 
v I Inten- I s ity Ban d 

I 
Symmetry 

Molecule CB OhBr molecular symmetry O. 

cm-1 

[2151(R) - --- w, A" 
220(R ) - -- - w, A' 
330 m w. A' 
383 W W3-W23 A'+A" 
437 w 2W25 2A'+A " 
495 w W7-W25 A'+ A" 

552 w 1 
W4+W2 5 A'+A" 
W9-W25 A'+A" 

604 s wa A' 
643 In 2w. A' 
719 vS W7 A' 
760 v s w, A" 
795 m W3+W5 A" 
814 W W3+W2 A' 
843 vw -------.-- --. --- - .--

858 W W6-w4- A" 
884 W (.0)8-(.0)4 A' 

T A BL E 5, The observed bands and their as ignments of 
CHCJ2BI', CH CIBr2, CHBra, and CHI3-Cont inued 

v I Inten, I Band 

I 
Symmetry 

slty 

M olecule CRChBr molecular symmetry C . 

cm-1 

916 w W7+W2 .5 A '+A" 
924 w W3+W4 A' 

942 IV { W9+W25 A'+A" 
W6-W25 A'+A" 

1004 VW wg-W25 A'+A" 
1052 w - --- ------ --- --- - ---
1066 IV W1+w4 A' 
1114 w w9+W4 AU 
1168 S W6 A' 
1189 m 2wa A' 
1211 s w, AU 
1312 W W3+w7 A' 

1385 ! w 3+w9 AU 
VW 

W6+W25 A'+ ;\" 

1 
2W7 A' 

141<1 VW 
W8+W25 A'+A" 

1506 w 2w, A' 
1592 W W6S+W4 A'+A" 
2421 w 2"'68 2A'+ A" 
3040 s w, A' 
3077 VW 2W6+W7 A' 
3802 VW W1+W9 A" 
4237 III W1+w6 A' 
429[ IV W1+w8 A" 
4504 VW W1+ 2W9 A' 

Mo lecu le CH C m .., molecular symmetry C. 

[168] (R ) ---- w, A' 
[2011 (H ) ---- w, AU 
278 w w. A' 

383 w 1 W3-"'25 A'+A" 
2"'25 2A'+ A" 

1 W4+W2 A' 
460 w A' W9-W5 

492 1 
W~+W5 A " 

W 
A" W9-W2 

570 s wa A' 
657 vs w, A " 
733 m W3+w2 A' 
746 S W7 A' 
796 m w 3+w5 A " 
821 IV w2+w9 A" 

844 { W3+W4- A' 
IV 

W9+w5 A' 

937 w { W1+W25 A'+A" 
wg+w~ A" 

1004 IV W1+W4- A' 
1029 VW W6-W2 A' 
1053 w WZ+W5+w9 A '+ A " 

1144 vS { w, A " 
2wa A' 

1189 s W6 A' 
1218 W W3+W9 A" 
1309 w 2w, A' 

1 W8+W5 A " I 1340 VW 
w 6+W2 A" 

1410 W "'7+WII A" 
1473 w w e+ W4- A' 
1488 w 2W7 A' 
1592? W W5+W7+W9 A" 
2278 In 2w68 2N+A" 
3034 s WI A' 
4203 m Wl+w8 A " 
4257 \V wl+W6 A ' 

I 
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TABLE 5. The observed bands and their assignments of 
CHCI2Br, CHClBr2, CHBra, and CHla-Continued 

" 1 Intenol Slty Band 

1 

Symmetry 

Molecule CHBr3 molecular symmetry C3y 

cm-1 

[154](R ) ---- W25 E 
[222](R) ---- w , AI 
[300?](R ) ---- 2W25 E+A, 
380 m W4+W25 E 
389 m W3-W25 E 
435 w 2w, AI 
501 W W79-W25 AI 
541 m W3 AI 
fm8 vs Wig E 
694? m W3+ w 25 E 
762 W W3+W4 A , 
873 \\' w79+W4 E 
1078 W 2W3 AI 
1142 vs W68 E 
1188 ill W3+W79 E 

1295 m { 2W 79 E + A, 
W68+W25 E+2A, 

1493? vw 2w79+w25 2E+A, 
1597? VW W3+W68 E 
2257 W 2W68 E + A, 
3040 m WI AI 
4202 W WI+W68 E 

Molecule CHBr3 molecular symmetry C3y 

[92] ?(R ) ---- W25 E 
lI45]?(R) ---- w, A, 
[385](R) ---- w3 AI 
581 III W79 E 
1064 m W68 E 
[3040](R) ---- WI Al 

TABLE 6. The observed bands and their assignments of CH2F 2, 

CH2Ch, and CH212 

p I Inteno l slty Band 1 Symmetry 

Molecule CH , F , (Freon 32) molecular 
symmetry C,. 

cm-1 

529 S W. AI 
757 W W5-w4- A, 
816 w ---------- --------

910 W W8-w4 B , 
1090 vs W, B, 
1116 S w, AI 
1176 m W7 B, 
1262 w w, A, 
1349 w ---------- --------

1435 S W8 B, 
(1508) ---- W3 AI 
1623 VW W4+W29 A,+B, 
2183 m 2W29 2AI + B, 

2551 vw { 2w, A, 
w8+W29 A,+ B , 

2838 m 2w8 AI 
2945 m W3+W8 B, 
2949 S WI AI 
3012 S W6 B, 

4161 w { W1 + w 7 } 2B,+A, 
W6+W29 

4550 W W6+W3 B, 

TABLE 6. Th e obseTved bands and their assignments of CH2F 2, 
CH2CI2, and CH212-Continued 

" 1 futen o l si t y Band 1 Symmetry 

Molecnle CH ,c 12 molecular symmetry C2y 

cm-
286 w W. AI 
444 W W9-W4 BI 
706 In W, AI 
742 vs W, B, 
898 m W7 B2 
991 w w2+wt AI 
1159 vw w, A, 
1262 S W8 B, 
1424 m W3 AI 
1562 VW w 4+W8 BI 
1621 VW' w 7+W29 A,+B2 
1945 vw wz+ws B, 
2053 VW W5+w7 BI 
2132 VIV W3+W2 AI 
2155 VW W3+W9 B, 
2304 m W7+W3 B 2 
2410 W WS+W5 B 2 
2525 W 2ws AI 

2688 { W} -W4 A, 
m 

W3+w8 B, 
2833 vw 2W 3 A, 
2985 S W I AI 
3048 S W6 B, 
3690 IV Wl+w2 AI 
3952 W W6+w7 A, 
4219 m W6+"'5 B I 
4273 W W6+wS B, 
4464 In W6+"'3 B, 

Molecule CB , [ , molecular symmetry C,y 

[128](R) ---- w < A, 
444 W "'9-",4 B, 
486 ill W2 AI 
572 s w, B, 
639 W Wll+W4 AI 
717 m W7 B2 
1035 \17 w, A, 
1107 YS Wi B I 
11 82 VW w2+"'7 B 2 
1225 IV W4+wg BI 
1351 ill W3 AI 
1435 VW 2w1 AI 
1597 IV W2+WS BI 
1748 IV W5+"'7 BI 
1842 W W3+"'2 AI 
1923 vw wa+wll B, 

2062 ill { 2w, Al 
W3+"'7 B, 

2132 In W5+WS B, 
2204 In 2w8 A , 
2390 VW w3+W5 A, 
2456 III W3+"'8 B, 
2551 VW "'6-"'2 B, 
2850 W Wl-w4 AI 
2967 S WI AI 
3049 vs W6 B, 
3450 VW Wl+"'2 AI 
3759 ill W6+"'7 AI 

4065 { W1+"'8 B, 
ill 

W6+"'5 B, 
4397 ill w3+"'6 B, 

I 
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TABLE 7. Symmetry effects in the vibrations of molecules of the type C - XJX2X3X, having tetmhedml symmetry when 

X J= X 2= X 3= X , 

St ructu re Typical molecule 

x, =x ,""x ,r" x , ________ CHFCh _____________ _ 

X,r"X,""X,r"X, ________ CRF ClBr ___________ _ 

Molecular Vibrat iona l 
SY:;.~~~;ry su bgroups 

{ 
{ 

{ 
C. { 

N umbeeand 
dcgclJcracy 

of vibration s 
in oach 

subgroup 

1 
1 
2 
3 
3 
4 
1 
2 
2 
6 
3 
9 

1 
2 
3 
1 
2 
1 
1 
1 
1 
1 
1 
1 

Infrared 
activi ty 

o 
o 
X 
X 
X 
X 
o 
X 
X 
X 
X 
X 

D egradation of the symm etrical v ibrations in structures of lower symmetry 

2E 2E {A, {A' 
A I! A " 

AI --4 A ' 

Raman activity 

Pola rized Depolarized 

X 
X 

X 

X 

X 

x 
X 

X 
X 
X 

X 
X 

T ABLE 8, Fundamental fr equencies of methane der'ivatives , numbered and character i zed in diffel'ent ways 

M ethane derivati ve 

COllventiona l No. 
CF, CIz CFCh CCt, CChBr CChBr, CClDr, CHF, CHF,C I CHF Ch CH Ch 

1--------1---------------------------------------

l{~~~I~;~dN~~::::: 
CbaracteL ______ _ 

2{~~~~;~dN~~::::: 
Cbaraeter ___ ____ _ 

3{~~~~;~dN~~::::: 
C baracteL __ ____ _ 

4{~~~~;~dN~~::::: 

904 
3 

PF ,e 

437 
25 

~F 

1277 
168 

PF ," 

630 
479 

lJ 05 

JlF,e 

781 
3 

VC I 

470 

OF,8 

1212 
68 

VF ,ft 

563 {~:~r-~~~~~:::::::: _____ ~~:~_ 
5 Adopted No___ ___ ______ ____ 79 

Character _._ _____ __ ________ OF ,a 

6{~~~~;~d- N~~::::: :::::::::: 3~~ 
CharacteL _______ __________ ~CI 

7{~~~~;~d-N~~::::: :::::::::: :::::::::: 
CharacteL _______ ___ __ ______________ _ 

8{~~~:~:;f.~~~::::: :::::::::: :::::::::: 
9{~~~~;~d-N~~::::: :::::::::: :::::::::: 

CbaraeteL __________ ___ _____________ _ 

1J01 
1 

VF .e 

667 
3 

VC I , " 

455 
4 

OF ,8 

261 
2 

aCI.8 

318 
5 
6 

906 
6 

Vel , a 

437 

1085 

VF 

535 
3 

VC l ,8 

350 
4 

aCI ,e 

847 
68 

"CI,n 

401 

79 

~F 248 
25 

Del ,a 

458 

3 
PC I ,I 

2J8 
25 
~C I 

773 
168 

PCI ,a 

319 
479 

OCI,a 

7J9 

PC I ,!! 

420 

243 

aC I ,!! 

773 
68 

PCl,a 

294 
79 

OC ),a 

187 
25 

~B' 

7 ___________________ ___ _______ _ 

~FC l 

!J59 
8 

PF,s 

473 

9 
~FC I 

215 

733 

PC l. , 

377 
3 

PBr, 1 

252 

OC1,1I 

141 

ODr ,a 

164 
5 

768 
6 

PC l ,a 

252 
7 

OCI ,a 

683 

PDr , a 

230 
9 

Oilr ,n 

747 

1 
VC I 

329 
3 

PBr ,! 

215 
4 

OBr ,!! 

675 
68 

PBr , R 

214 
79 
~C I 

141 
25 

267 

3 
V Dr,a 

123 
25 

~B, 

669 
168 

VBr,a 

183 
479 

ODr ,a 

3031 

VH 

1150 

3 
PF ,! 

700 

OF," 

1372 

68 
VF,n 

1152 
79 

~H 

507 
25 

OF ,a 

3023 

VH 

1311 

6 
~H 

1178 

3 
PF ,! 

809 

VCI 

595 

OF ,! 

422 

~CI 

1347 
8 

~H 

1116 
9 

PF ,n 

365 
5 

~FCI 

3023 

VH 

1304 
6 

~H 

J079 
7 

VF 

742 

3 
PCI,! 

458 

~F 

276 

aGl.! 

1242 
8 

~H 

804 
9 

VC l ,a 

368 
5 

aFCI 

3040 

VIT 

667 
3 

ve l ,! 

370 

OC I.B 

1214 
68 
~H 

i55 
79 

Pe l ,a 

261 
25 

OCl , a 



TABLE 8. Fundamental frequencies of menthane derivatives, numbered and characterized in different ways- Cont inued 

Methane derivative 

Conventional No. 
CR C"Br CRClB" CR Bf! CRI, CR,F , CR,ClF CRzC" CR ,ClBr CH,Br, ClI,I , CH 3F Cll, 

-----------1--·-1----1------------ -------------------

{v,em- I _________ -- __ -- _____ -- 3040 3034 3040 (3040) 
1 Adopted No _______________ 1 

C haraeter _________ _________ 
PH vH vH VH 

2{ ~~:I~;~d-N ~~~ ~: ~:::::::::: 1168 1189 541 385 

6 6 3 
Char acter __________________ Off on VOr ,s PI , I! 

{",cm-I _____ -- ----- __ --_ ----- 719 746 222 145 
3 Adopted No _______________ 4 

CharacteL _________________ VC1. 8 vel OBr,l! 151 ,8 

4{ ~E:~:~~-I~~~~~~~~:::::: ::: 604 570 1142 1064 

3 68 68 

VB. JlBr,1! Oll Off 
{",em- I ____ ----- -- __ --- --- --- 330 278 668 581 

5 Adopted N o _______________ 79 79 
C haracter __________________ iSCI ,1 oel VBr ,s. VI ,a 

6{~~~~~~!1~~~~~::::~::::::: 
220 168 154 92 

25 25 

OB. OBr,8 aDr ,s 01,8 

{",em -I ________ ---_ -- ---- ---- 1211 1144 ---------- ----------
7 Adopted No _______________ 8 8 ---------- ----------

CharactCL _________________ OH Oli --- - ------ ----------

s{ ~~~~~~!,~ ~~ ~ ~:::::::::::: 
760 657 ---------- ---- ------

9 9 ---------- ----------
" Cl , II. "Br ,1Io ---------- ----------

{",em-I ________ ---- -- ---- ---- 215 201 ---------- ----------
9 Adopted No _______________ 5 5 ---------- ----------

Character.. ________________ OCIOr OC lJ3r ------_.-- ----------

The regularities mentioned in the preceding para­
graph are displayed in figures 13 to 15, inclusive. 
In these graphs the frequencies of related molecules 
are plotted, the molecules being arranged vertically 
in order of increasing molecular weight. The regular 
decrease in frequency with increasing weight of the 
substituent , and the way in which the degenerate 
frequencies in the more symmetrical molecules break 
up in the less symmetrical ones and then regroup, is 
to be noted. 

Another often-used method of identifying the 
fundamentals, which also possesses a degree of physical 
significance, is to characterize them by the type of 
intramolecular motion involved. In this method, 
Px signifies the stretching of a bond connecting the 
carbon atom with the x substituent, and Ox signifies 
the bending of such a bond. All the molecules con­
sidered will have four p's and five o's. vVhen there 
are several identi cal bonds, the suffix s or a may be 
added, according to whether the motion of the 
identical atoms is symmetrically toward the central 
atom or otherwise. In molecules as light as those 
considered here, this method often has limited mean­
ing, since the motions in each fundamental mode 
cannot be localized as closely as the method would 
imply; in the 0 modes in particular all the atoms 
participate in the motion. Nevertheless, a charac­
terization of the fundamentals by this method is also 
included in table 8 and will be referred to in later 
discussion. For some such cases no suffix can be 
given; in others, a double suffix identifies the two 
atoms most prominently involved. 

2!l49 2993 2985 2987 2988 2967 2964 2915 
3 

"H,a PH ,! JIll ,! PH ,l! " H ,I! JlR ,I!! Vif ,8 II H ,6 

1.108 1470 1424 1402 1385 1351 1475 1533 
3 3 3 3 3 3 25 

OH ,a on ,s OH ,e OFt .s on ,8 on ,8 on ,I!! on 
1116 1351 706 1225 579 486 1048 3020 

2 8 8 2 168 
IIF ,! OHF vGI ,s OH Cl JlBr,1 vI ,8 Vr PH ,8 

529 1068 286 728 174 128 2982 1304 
9 4 68 479 

OF,s vr OCI ,e vel OB. 01 v H ,a OR,a 

1262 760 1159 606 1096 1035 1471 
5 5 2 79 

ve l VB, OH ,8 

3012 385 3048 226 3065 3049 1196 
6 6 4 6 25 

VH ,a oel VH ,a 88, VH ,a JIM ,s OHr 
1176 3048 898 3060 813 717 ---------- --------

7 6 6 ---------- --------
OIlF' IIH ,IIo OHCI IIJl ,6 OH Or OHI ---------- ._------

1435 1236 1262 1130 1190 1107 ---------- --------
8 8 5 8 8 ---------- --------

OHP OHP ORCI OB Cl t5HBr om ---------- --------
1090 1004 742 852 639 572 ---------- --------

9 9 9 7 9 9 ---------- --------1 "",a. oHel "el ,a OHB r " Br,1Io "'L a --------

The relative intensity of the various fundamentals 
is not displayed in figures 13 to 15. The intensity 
depends on a number of factors, principally the 
symmetry of the mo tion and the distribu tion of 
electrical charge within the molecule. From the 
spectral graphs and tables it will be noted that th ere 
is a general parallelism in the intensities of corre­
sponding bands in the various molecules of like 
symmetry. It should be noted that, although for 
molecules of symmetry C2V, the A2 frequency Ws 
should be inactive, it does appear in all the molecules 
considered, if it falls in the observable frequency 
range. It is always quite weak, however , and its 
appearance may readily be explained as due to a 
breakdown of the strict selection rules because of 
intermolecular forces, particularly in the liquid state, 
or to Coriolis interactions with nearby active fre­
quen cies, or to a combination of these causes. 

3 .2 . Force Constant Calculations 

For a quantitative verification of the assignment 
of fundamentals, recourse must be had to a calcula­
tion in terms of the atomic masses, atomic dimen­
sions, and a suitable set of force constants of the 
potential energy. In the most general potential 
function there are many more disposable constan ts 
than there are observed frequencies, so that various 
approximations must be introduced. Certain of the 
constants, especially t hose involving interactions be­
tween motions of different types, may be set equal 
to zero; other constants may be assumed to have the 
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same numerical value in different molecules . :Many 
such tr eatments have been reported for most of the 
molecules considered here. One of the more success­
ful of the recent simpler calculations was that of 
Decius [5], who was able to calcula te 82 frequencies in 
14 normal and deuterated chloro-bromo-methanes from 
28 constants, with a mean accmacy of 1.1 percent. 

In order to substantiate some of our assignments, 
and to determine whether a similar treatment may 
be applied to compounds containing fluorine, the 
calculat ions of Decius have been extended to the 
molecules CF4, CF3H, CF2H 2, CFH3, CF3Cl, CF2CI2, 
CFCI3, CCI3Br, CClzBr2, and CClBr3, for which all 
nme frequencies were computed; and to the less 
symmetrical molecules CHFzCI, CHFClz, CHC12Br, 
CHClBr2, CH2FCI, and CHzClBr, for which only the 
three frequencies of symmetry A" were computed. 
(To evaluate the remaining six frequencies of the 
latter molecules would involve the expanSlOn and 
solution of a sixth-order determinant.) In these 
calculations the constants and molecular dimensions 
of Decius were adopted when applicable (one ap­
parent numerical errol' or misprint, for f~ in C - Cl, 
was corrected) . .New values for the corresponding 
constants involving fluorine were adopted, which 
gave a fair over-all fit of the data considered. It is 
probable that additional computations would yield 
somewhat better values of these con tants, but this 
does not seem useful , in view of the approximations 
involved. The constants used are listed in Decius' 
notation in table 9. Calculations on "mixed" mole­
cules, that IS, those containing more than one 
halogen, reqUIre additional constants. For these 
are used the geometric mean of the corresponding 

TABLE g.-Force constants for halo me thanes (after Decius) 

The following constants are assumed to be zero: Ikrl Jk 'l ' f~, !!al J~a' J~p, f ~" . 

;;,.J~~.!~~.!~"t;, an d I!. 
The numerical uni ts are JO' dyne cm-' for t wo stretching coordinates, 10- 3 

dyne for bending a nd stretching, and 10- 11 dyne cm for two bending coordinates. 
roC- )<' = 1.35 A, roC-Cl= 1.75 A , TO C- Br = 1.SS A, roC- H = 1.093 A , all 

ao=1l0=~o=109°28' 

Constant 

I ~ 

I~ 

11 
13 

!' 
'I 

rr Cfms involved 

C-X~.O-X 1 

C-Xl'C-X~ 

C-I-I ,· C - I-I , 

C-Xj .H -C-Xj 

C-Xj.H-C-X~ 

c-x~.x}-c-x~ 

C-X~. x~-c-xi 

}[j-C-xj' }[j-C - x j 

I-Ij- C-Xj .Hj-C-X~ 

H j-C-X j· I-h -C-X j 

H j-C-xj .Hk - C -X~ 

X~-C-X~.xj-c-xL 

Xl-C-X~. Xl-C-X : 

X~-C-X~ . X:-C-X~ 

H j-C-Hk·FIj-C-Hk 

6.26 

0.96 

5.04 

0. 40 

-.21 

. 34 

-.34 

. 875 

. 050 

-. 048 

-. 145 

1. 75 

0. 17 

-. 10 

. 530 

3.383 2.840 

0.332 O. 186 

5. 04 5.04 

0.340 0. 305 

-.1fl4 -. 152 

.338 

-. 249 

.687 

. 009 

-. 034 

-. 065 

1. 236 

0.092 

-.037 

. 530 

.342 

-. 190 

. 589 

-. 005 

-.026 

- . 060 

1. 061 

0. 134 

. 039 

.530 
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constants involving a single halogen . For example, 
since the constant ft - x, corresponding to the 
interaction of motion along two C-Xl bonds, 
C-Xi ' C-X~, is 0.96 (in units of 105 dyne/cm) for 
Xl = F and 0.332 for Xl = CI, the constant for inter­
action of motion along C- F and C- Cl would be 
[(0.96) . (0.332)]J.i= 0.565. The constants involving 

TABLE 10. Compal'ison of calculated and observedfT equencies 

( 8 = 100 (Vobs-vcnlc)) 
Vo b s 

r=w=i=1 v=,,'o. :;==1 ~====;::==w=;=1 =voo ' "='==1 =6 I 

3 904 0.0 
. 0 

3.4 
2. 7 

25 437 
168 1234 
479 613 

1 
3 
4 
2 
5 
6 
7 
8 
9 

1 
3 
4 

68 
79 
25 

1 
3 
4 

68 
79 
25 

3005 
1466 
11 54 

537 
1262 
3082 
1108 
1475 
lI 50 

1096 
744 
460 

1191 
562 
358 

CFCh 

1. 9 
2. 8 

-3. 0 
- 1. 5 

0.0 
- 2.3 

5.8 
- 2.8 
-5.5 

0.8 
4.7 
2. 2 
1. 8 
0. 2 

-.5 

11 25 -3.7 
524 2. 1 
363 -3.7 
813 4. 0 
420 - 4.8 
~43 2.0 

1 734 -0. 1 
3 364 3.5 
4 251 0.4 
2 147 -4.3 
5 16~ -2. 5 
r. 7i2 -0.5 
7 260 -3. 2 
8 676 1. 0 
9 229 0.4 

CFIF, Cl 

-8 1-~-1 -1.4 9 1132 -1.4 
5 391 -7 1 

--------
CHFCh 

--8 I ~2~1-1 -l~ 
9 791 1 6 
5 392 - 6. 6 

CHChBr 

- ~5 -I 1~~~ I -1: ~-
219 -1. 9 

1 
3 
4 

68 
79 
25 

3047 - 0.5 
1139 1. 0 

665 5. 0 
1369 0. 2 
11 40 - 1.2 
532 - 4.8 

1 2960 0. 1 
3 1452 1. 6 
4 11 25 7.3 

68 3072 -3. 0 
79 1'179 0.5 
25 1181 1. 3 

11 26 
648 
463 
262 
331 
367 
433 

11 68 
460 

CChBr 

- 2.3 
2. 8 

- 1. 8 
- 0. '1 
- 4. 1 

4.3 
0. 9 

-.8 
2.8 

1 699 -2.9 
3 450 - 7. 1 
4 235 -3.3 

68 768 0.7 
79 294 . 0 
25 174 6.9 

---.------,--·--1 
1 751 - 0.5 
3 324 1. 6 
4 21 5 0. 0 

68 678 -.5 
79 21.1 -. 4 
25 137 2.8 

CHBr,Cl 

8 1 1135 I 0.8 9 65 1 . 9 
5 205 -2. 0 

CH, FCI 

6 1 3080 I - 1. 1 5 1214 1. 8 
9 1005 - 0. 1 

CH,ClBr 

6 I 3077 I -0. 6 5 11 42 - 1.1 
7 846 - 0. 7 



bending of Xl - C-Xl bonds and their interactions 
are obtained similarly . without introducing further 
new constan ts. 

The resulting computed frequen cies are compared 
with the observed fundamentals in table 10. It is 
seen that , in general, the agreement is good. The 
greatest deviation is 7.3 percent , and the average 
deviation of 85 frequ en cies in 16 molecules is 2.22 
percent. This degree of fit was obtained by intro­
clucing 13 n ew constants, in addition to th e 28 tak en 
from D ecius. B etter agreement is not to be expected 
in view of the approximations introduced. Inasmuch 
as the very accurate results of microwave spec­
troscopy show that the interatomic distan ces are not 
constant, particularly for the C - F bond, and that 
the angles are not tetrahedral, it is clear that the 
force constants must vary t o some exten t . The 
interaction constants are r elatively large: the par­
t icularly high value of fl~ for C - F (0.96 X 105 dyne 
cm - I) is to be noted. This js a fur ther reflection of 
the importance of specific forces arising from the 
highly polar C - F linkage, and indicates that for a 
truly accurate calculation, one should take into 
account all th e ignored interactions, perhaps basing 
th em on some more general force field (6). The 
present comparison serves merely to confirm the 
choice of fundamen tals and to demonstrate th e ap­
proximate similarity of the carbon-halogen bonds in 
a large number of halomethanes. 

It should be noted that the C - F constants, par­
ticularly the major ones involving the stretching, are 
in good agreement with a very r ecently published 
calculation based on much the same data and 
methods [7). It should also be m entioned that pre­
liminary calculations indicate that th e C - F con­
stants used also give adequate agreement with ob­
servation in such molecules as C2F 6, CF3- CH3, 

CFa- CC13, etc. 
There are not enough data on the iodine com­

pounds to derive constants for this bond, but ap­
proximate values extrapolated from the series 
F --'.>Cl--'.>Br--'.>I may be seen to give adequate agree­
men t with the few observations. 

3.3. Overtone, Combination, and Difference Bands 

In addition to the fundamen tals, the bands that 
appear in the spectrum must be attributed to over­
tones, combinations, and differ en ces of th e funda­
mentals. They have been so assigned in tables 2 
to 6. The assignments appear eminently reason­
able, in that the selection rules are obeyed, in the 
molecules of higher symmetry, with the exception of 
an occasional weak combination of symmetry Az in 
C2v ; that binary combinations are in general much 
stronger than those involving three frequencies; and 
that differ ence bands arise only from relatively low 
vibrational frequencies. 

Under the dispersion of prism instruments, it is 
not always possible to make an unambiguous assign­
ment of these higher-order bands. As will be noted 
in tables 2 to 6, th er e are many instan ces in which 
two or more combinations can be offered as probable, 
and many other such have not been listed separately. 

..... 

The magnitude of th e anharmonic corrections, by 
which the frequencies of the overtones and combina­
tions differ from th e sum of the fundamentals, 
ranges from + 10 to - 50 cm- l, and, with nine 
fundamentals, such overlapping is common. Unless 
much higher r esolution is available, it is unprofi table 
to attempt to distinguish between th e possibilities, 
excep t to note tha t the assignmen ts that are set 
forth show a consisten t b ehavior in a large number 
of molecules. Indeed , because of the possibility of 
Fermi resonance among levels of like symmetry, it 
is often meaningless to distinguish between close­
lying levels. Some of th e more striking and definite 
examples of this effect occur in CC14 and CC12F 2 and 
will b e discussed in more detail later. In a very 
heavy molecule of low symmetry, such as CC12Brz, 
the number of possible difference bands of appreci­
able intensity arising from the five fundamen tals 
below 300 cm- I is par ticularly large . It will b e 
noted in figure 6 that in these molecules there is a 
rather strong background of structm eless absorption 
throughout th e region 280 to 500 cm- I , which un­
doubtedly arises from such overlappings. 

It should be mentioned that a number of the over­
tone and combination bands of the methylene-halide 
compounds CHzFz, CHzFCl, CHzCb, CHzClBr, and 
CH2Br2 have been s tudied under very high resolving 
power in th e r egion 1.6 to 2.5 f..I. The results will 
be r epor ted separately. They show th e expected 
large number of bands, with the rotational structm e 
partially resolved , and furth er confirm the vibra­
tional assignments r eported in this paper. 

3.4. Liquid-Vapor Shifts 

As m entioned above, a number of the compounds 
of low boiling point have been studied both as liquids 
and as vapors, at room temperature. As is com­
monly observed, the vapor spectra show more in­
dications of partially r esolved rotational structm e 
(P, fJ , and R branch es), but otherwise do not differ 
appreciably from those of the liquids, except for 
slight shifts of the central absorption frequencies. 
Some of these shifts are lis ted in table 11. It will 
be no ted that the frequencies for the vapor are con­
sistently higher than for the liquid, and that the 
magnitude of the shift is in general greater, especially 
on a percen tage basis, for the stretching frequencies 
involving the halogens (IIx'S) than for th e b ending 
frequencies or for the hydrogen-stretching fre­
quencies. This is undoubtedly du e to th e fact that 
the shifts result from partial association in the 
liquid, which is predominantly due to forces between 
the dipoles localized in the carbon-halogen bonds. 

The fluorine compounds CH2F 2 and CHF3 were 
studied in this r esearch only in the gaseous state. 
Their Raman spectra have, however , been studied in 
the liquid. Since th e C - F bond is considerably 
more polar than C - Cl, one might expect th e IIF fre­
quencies to show quite large liquid-vapor shifts, and 
these have b een observed. These two molecules 
have also b een listed in table 11, the t:. now referring 
to the shift between our adopted infrared frequencies 
and the most r ecent Raman data [8]. 
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T ARLE 11. Frequency di fferences ( v , aPQr - v Ii Qu i d ) fOT SOIlt~ 
halomethanes 

CRCh CRChBr 

W:WCI,,, + 13 W7"C 1. B + 12 
W7~ VCI,a + 17 w gvC I ,1\ + 13 
w6saH +5 W60H +S 
W1JlH +15 WSOH + 6 

-------
CHCIEr: C HB!'a 

------

wgVRr ,a + 14 W680H + 7 
w;pel + 12 "' I JI ll + 18 
WSOH + 7 
"'60H + 5 

---------------~---
CH ,CJ, 

W 4VC\,1I +9 w20F .1I -3 
w gvC l ,1\ + 15 W1WF ,a +35 
w70lle l 0 W411F , I +38 
"'soHe l + 4 W70JlF + 6 
W30H ,. +38 WSOHF 0 
"" ",11 ,11 + 14 WIJlH ,1I - 14 

___ 1_- "'6/1 11 ,a - 18 

CH l'a 

"'2501" ,& + 1 
W40F ." +3 
W311 F .8 +33 
w;1I5F,1I. - 7 
W6811 1i -6 
Wlvl-l - 26 

3.5. Discussion on Particular Molecules 

It does not seem necessary to discu s all the assign­
ments for each molecule, since in most cases the 
assignments are in substantial agreement with the 
work of other invest igators who have studied these 
molecules, either by th e infrared or Raman spectra. 
In a few instances, however , wherc certain points 
have been d iscussed in the literature, it seems desir­
able to justify om choices fur ther . It should be 
pointed out that in many cases final decisions can 
hardly b e reach ed un til the ro tational fine structure 
of the bands in quest ion is sLudied under very high 
resolution . 

3 .6. CF4 

The bands may all be assigned as Fz combinations 
or overtones of the two infrared active frequencies 
629 cm- 1 and 1,277 cm- l , and the Raman-active 
437 cm- l (E) and 904 cm- l (AI)' The fact that 
these pairs are each nearly in the ratio 1:2 would 
make it possi Ie for F ermi resonance to appear in 
many of the combinations; however , as the observa­
tions give a band of high intensity a t each position, 
it appears th a.t the interactions arc not strong, and 
that the r esonance is only partial. There is a very 
'weak peak at ", 1,238 em- I, which may correspond 
to the weaker component of the 21'479, 1'168 Fz pair ; the 
corresponding combinations with VI also appear at 
2,123 and 2,160 with a relative in tensity of about 
1 :5. The unresolved rotational envelopes of the 629 
and 1,277 em- l fundamentals are quite different, the 
former showing well separated P, (! , and R branches, 
with a P -R distance of ",33 cm- l , whereas in the 

latter this distance is much less and unresolved. 
This is due to the interaction with the rotation of 
angular momentum of vibration, and is in qualitative 
agreemen t with calculation : the t -factor for the 
valence vibration VJ68 should be abou t + 0.68 and for 
JIm about - 0.18, so that the rotati.onal spacing for 
the two bands should be in the ratio (0.32/1.18) ",0. 3. 
The combination bands of these fundamen tal with 
1'3 show the same behavior ; for example, 1,532 is 
found with a P - R spacing of ,,-,38 cm- I, whereas 
2,160 is narrow and unresolved. 

3.7. CF3CI 

The two lowest-frequency fundamentals, W25 (E ) 
and w4(AJ ) are very weak in the infrared , but appear 
strongly in th e R aman spectrum of the liquid. Al­
though a weak band appears at 450 cm- I, in the 
infrared spectrum, it seems preferable to adopt 
470 cm- l of the Raman spectra fot' the vapor-phase 
frequency of W4, as this accounts for the weak ab­
sorption at 635 cm- 1 as a differen ce band and gives 
satisfactory agreemen t in a number of combinations. 

3 .8 . CF2C12 

The force-constant calculations definitely require 
that there be five (deformation) frequencies below 
500 cm- l and only four above 600 cm- l . H ence the 
assignment of both the strong bands at 882 and 
922 cm- 1 as fundamentals canno t be conect ; it is 
very reasonable to consider this a case of Fermi 
resonance, wiLh the original W6 fundamenLal (BI) at 
906 cm- l spli t by in teraction with the combination 
w4(A1)455 + W7(B1)437. The region from 420 to 4 0 
cm- l must be studied under hiO'h e1' resolu t ion before 
the values for the tlll'ee overlapping frequencies W 6, 

W4 , and W g can be considered certain . The value of 
455 cm- l for W 4 is from the Raman effect. 

3 .9 . CFC13 

As in the other chloro-fluoromethane , the de­
formation fundamentals arc vcry weak , but Raman­
effect meaSUl'cmen ts enable a ch oice to be made 
between the fundamen Lals and the equally in tense 
difference bands at wavelengths greater than 20j.L . 
The combination band at 932 cm - 1 is more intense 
than the fundamentals on which it is based. This 
may result from a partial F ermi resonance with the 
very intense W 68. The Vl<' frequency shows a + 17 cm- l 

shift from the liquid value found in the Raman 
effect [9] . 

3.10. CCl4 

This much-studied molecule shows one of the 
earliest-recognized examples of Fermi r esonance in 
the strong pair at 762 to 785 em- I. The un split 
position of the W168 is taken as the exact center, 
773 cm- t, since the two bands are nearly of equal 
intensity, in the liquid . In the vapor the resonance 
with 319 + 458 is less exact, the intensity ratio now 
being about 4 :1, the higher frequency component 
being the stronger. This is in accord with the general 
observation that the vapor-liquid shift is greatest for 
the asymmetric valence vibrations. It is of consider-
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able interest that the doubling also appears in 
difference bands, arising from W25 and W 479' 

3.11. CCl3Br and CCl2Br2 

two 

In th ese heavy molecules many fundamentals lie 
b eyond the limit of our observation, but are known 
from th e Raman effect. There is considerable ab­
sorption without definite structme beyond 20 /J. , 
corresponding to many possible overlapping difrer­
ence and combination bands of the deformation fre-
quencles . 

3.12. CHF3 
This molecule has been s tudied under very high 

resolution in the photographic infrared [10]. We 
have also examined a number of the combination 
bands under high resolution. The only question in 
the frequency assignment concerns the valu e of W3, 

th e VF," fundamental. Its in tensity and polarization 
in the Raman spectrum defini tely prove that in the 
liquid it fali" at 1,116 cm- I • In the infrared spec­
trum of the gas there is no indication of any weak 
absorption to longer wavelengths of the 1,152 cm- 1 

peak. It is therefore believed that the VF ," and Vp,a 

fundamentals overlap at this point, the difference 
from th e Raman effec t being du e to the vapor-liquid 
shift , whereas the weak band at 1,209 cm- 1 is a 
combination tono.. A high-resolution s tudy of this 
region would be~of in terest. Om force-constant cal­
culations, in agreemen t with those of Rank, Shull, 
and Pace, confirm the assignments of 700 cm- I to Al 
and 507 cm- 1 to E symmetry, although the rotational 
envelopes of the two bands are nearly identical. 

3.13. CHF2Cl 

The assignment of the W3(VF,s) fundamen tal differs 
from that of Glockler , Edgell, and Leader [11] ob­
tained from the Raman effect. There are two me­
dium-intensity bands to choose between, at 833 a,nd 
1,178 cm - I . The higher value fits much better WIth 
the related molecules. The low frequency, which is 
fairly strong in the Raman effect, and which may 
well be accounted for as 2 X 422 em- I, undoub tedly 
gains in intensity by partial F ermi resonance with 
W7, at 809 cm- I . 

3.14. CHFClz, CHCl3, CHClzBr, CHClBr2, CHBr3 

In all these molecules, there is little qu estion as to 
the assignment of fundamentals, when the infrared 
and Raman resul ts are both considered. All show 
absorp tion in the long-wavelength r egion. The 262 
cm- I fundamental of CHC13 is relatively strong, but 
occm s just at the long-wavelength limi t of the 
TlBr-I prism. 

3.15. CHI3 

The r esults for this molecule are quite incomplete. 
Because of its physical properties (solid a t room 
temperatme and above, subliming with decomposi­
tion) it could be s tudied only in solution. Its 
chemical instability prevented the use of high con­
centration, and rapid surveys of the spectrum were 
required . The Raman frequencies, and rough force­
constan t calcula tions, show that two of the funda­
mentals lie a t very long wavelengths. The few 

bands observed find a natural interpretation by 
analogy with the corresponding molecules. 

3.16. CH2F2 

This molecule has been inves tigated recently under 
high resolution [12] . As m en tioned above, high­
resolution studies in the 1.6 to 2.5 /J. , r egion have also 
been made in the radiometry laboratory of theBureau. 
The assignment of fundamentals differs from that of 
the above authors, but is in agreemen t wi th the one 
very recently offered by Rank, Shull, and Pace, [8] 
and with the force-cons tan t calcula tions. The 
Raman-effect da ta leave no doubt that in the liquid 
W3 is a t 1,508 cm- I • This Vlf .s frequency migh t well 
be very weak in the infrared and escape detection, 
since it falls in a region where the H 20 absorp tion 
masks weak bands. The band structures found by 
Stewart and Nielsen are equally well accounted for 
by the assignmen t, since the B J combination at 
2,945 cm- I can be ascribed to W3+Wg. As men tioned 
above in connection with table 11 , a relatively large 
liquid-vapor shift may be invoked to reconcile the 
Raman and infrared measm emen ts in the region of 
1,100 cm- I . The depolarized Raman line at 1,054 
cm- I can be a t tributed to Wg, rather than to 2W4 

which should be polarized. The Ws frequency, whose 
A2 symmetry should make it inactive, app~m:s 
weakly at 1,262 cm- I , presumably du e to Conohs 
interaction with W7 (B2 ) at 1,176 cm- I , or to break­
down of the strict selection rules induced by the 
s trong polar intermolecular forces. There are two 
weak bands, a t 816 and 1,349 cm- I which canno t be 
assigned . They may be due to impurities . 

3.17. CH2Clz and CH212 
These molecules show no unexpected effects. 

There is a close parallelism among the spectra of all 
the methylene halides. These will be discussed at 
greater length in connection with high-resolu tion 
studies in the overtone region. 

The authors are indebted to N. Acquista and 
Mary A. Lamb for ass istance in the observations of 
the spectra. 
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