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The IR spectra of gaseous CF3C1 and CF 3 Br with natural isotopic abundances have been 
investigated in the region 1830-1900 c m - 1 with a resolution of 0 .01cm" 1 or better using a 
Q-switched spin-flip Raman laser (SFRL). Both J and K structure of the parallel band (v, + v2) 
have been resolved partly for both isotopomers of CF3C1 and CF3Br, respectively. The analysis 
has been performed by the usual least squares method. Additionally the J clusters of some hot 
bands have been observed and analyzed. 

1. Introduction 

Recently the IR spectra of CF3C1 and CF3Br have 
been the subject of renewed interest. The spectrum 
of V| of both molecules has been recorded with a 
resolution of 0.0015 cm"1 (CF3C1) [2] and 0.015 cm"1 

(CF3Br) [3]. All other fundamentals and many over-
tones and combination bands have been studied 
with a resolution of 0.04 c m - 1 [4 — 7]. Since the first 
observation of stimulated spin-flip Raman scatter-
ing, spin-flip Raman lasers (SFRL) have often been 
used as narrow-band IR radiation sources with good 
tuning characteristics and small linewidths. Using a 
Q-switched CO laser as a pump, SFRL works in the 
5.3 pm region, the linewidth being a few hundred 
MHz. Since the combination band (v, -I- v2) of both 
CF3C1 and CF3Br falls in this region (1889 and 
1844 c m - 1 , respectively) it seemed desirable to in-
vestigate this band with a SFRL to obtain addi-
tional information on the molecular constants of the 
state i'i = v2 = 1. In this contribution we deal with 
the SFRL spectra of (v, + v2) of CF3C1 and CF3Br 
with natural isotopic abundances and the rovibra-
tional analysis of this combinat ion band and some 
of its hot bands. 
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2. SFRL Characteristics 

The spin transitions in a simple parabolic band 
of a semiconductor lead in a magnetic field B to a 
Raman (Stokes) emission frequency of [9] 

VR = V p - - J - g* ^B , (1) 
h 

where vP is the pump frequency, g* is the effective 
electron gyromagnetic ratio and is the Bohr 
magneton. If no mode-hopping occurs, this is also 
the emission frequency of SFRL. Since g* is large 
in InSb (about - 5 1 at ß = 0), vR is magnetically 
tunable with a tuning rate of the order of 2 c m - 1 / 
kG. Due to the dependence of g* on the magnetic 
field and on the temperature, and due to the dif-
ficulties of measuring B with sufficient accuracy, 
the above equation is only accurate to within 
± 0 . 0 5 c m - 1 . Therefore secondary standard lines 
have to be used for calibration. 

In the spin-saturated region the linewidth in-
creases with the magnetic field. Therefore the spec-
tra have to be recorded at low B ( 0 . 5 - 5 kG) and 
the total spectral range has to be covered by apply-
ing different pump-laser frequencies. By choosing 
the pump intensity sufficient to work in the spin-
saturation region and by careful alignment of the 
beam and the sample a resolution of about 0.01 c m - 1 

in the region 1830-1850 c m - 1 (CF3Br) and of 
about 0.008 c m - 1 in the region 1 8 5 0 - 1900 c m - 1 

(CF3CI) could be achieved. 
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3. Experimental 

We used a Q-switched, low-pressure nitrogen-
cooled C O laser as p u m p , di f ferent laser lines of 
which could be chosen by an intracavity grating. 
The p u m p radia t ion was focussed onto an InSb 
crystal which was immersed in p u m p e d liquid 
he l ium and held between the poles of an electro-
magnet . The d imensions of this crystal were 3 x 3 x 
10 m m 3 and its end faces had been dielectrically 
coated with an antireflection layer. The Raman 
radia t ion was separa ted f rom the p u m p beam by a 
low-resolution grating monochromator . After pass-
ing the monoch roma to r the S F R L beam was split 
into two parts by a C d T e beam splitter. One of the 
beams was focussed onto a reference detector while 
the other passed the 6 m absorpt ion cell before 
detection. The rat io of the two signals was then 
recorded as a funct ion of B. The range of operat ion 
of our S F R L was 1 8 2 0 - 1 9 0 0 cm" 1 . The cell was 
filled either with sample gas ( 5 - 2 0 mbar ) or with 
mixtures of sample gas ( 5 - 1 0 mbar ) and the cali-
brat ion gas ( 5 - 1 5 mbar ) . For this purpose we used 
N 2 0 [10] and N O [11]. The spectra were calibrated 
using a least squares fit. The absolute accuracy of 
our C F 3 C l / C F 3 B r lines is ± 0.003 c m - 1 or better. 

4. Spectra and Their Analysis 

4.1. General 

CF3C1 and CF 3 Br are prolate symmetr ic top 
molecules giving rise to parallel or perpendicular 
bands in the infrared. Natura l CF3C1 consists main-
ly of the two isotopomers I 2CF3

35C1 and 12CF3
37C1 

with the abundances 74.6% and 24.3%, respectively. 
Hencefor th these isotopomers are abbreviated as 
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(35) and (37). Na tu ra l CF 3 Br is mainly composed of 
the two isotopomers 12CF3

79Br (49.9%) and I2CF3
81Br 

(49.0%), hencefor th designated as (79) and (81), 
respectively. T h e ground state constants of these 
isotopomers are summar ized in Table 1. B0, Dj and 
DJK have been de te rmined by M W spectroscopy 
[12, 13]. Combin ing B0 with electron di f f ract ion 
data [14] provides an est imate for A0. The molecular 
force field in the ha rmon ic approx imat ion [15] is in 
good agreement with the observed Dj and DjK 

values and thus should give a fair est imate of D%. 
(v, + v2) is a parallel band for which a J spacing 

of - 2 5 0.22 cm" 1 for CF3C1 and ~ 0.14 c m ' 1 

for CF 3 Br) is expected to occur. The K s tructure of 
these J clusters and of the Q branch should be much 
narrower. For CF 3C1 (CF 3 Br) the term [(A' - A") -
(B' - B")\ is expected to be about 2 x l 0 ~ 4 c m _ 1 

( - 3 x 10~4 c m - 1 ) for (V] + v2) which means that 
with our S F R L the K components should be re-
solved for K > 9. 

The bands were analyzed employing the usual 
polynomial me thod for those bands which showed 
clustered or masked K s t ructure taking 

v P R — A + Bm + Cm2 + Z)m3 + Em4 , (2) 

where M = J + 1, - J for AJ = + 1, — 1, respectively, 
and 

A = v0 + [(A' - A") - (B' - B")] K2 - (D'K - K4 

B = B' + B" — K2 (D'jk + D'jK) 

C = B'-B"-(D'j-D'J')^-OLB 

D = -2(D'J+ DJ) 

E = - ( D ' J - D'J'). 

If the K s t ructure was resolved, we analyzed the 
band by a least squares fit in which the ground state 
constants were held fixed and the upper state 
paramete rs were ref ined. T h e upper state energy 

Table 1. Ground state constants of CF3C1 and CF3Br. 

(35) (37) (79) (81) 

A0/\0~] cm"1 1.9133 1.913a 1.906a 1.906a 

B 0 /10"2 cm"1 11.126346(1)b 10.846101 (2)b 

1.7593(25)° 
6.9985970(7)d 6.9333439(7)d 

Dy°/10"8 cm"1 1.8440(5)b 
10.846101 (2)b 

1.7593(25)° 0.89886(26)d 0.88681 (30)d 

D%/10" 
1.83° 1.76c 0.907c 0.894c 

D%/10" "8 cm - 1 6.9297(25)b 6.7244(25)b 4.3393(10)d 4.2720(10)d 

D%/ 10H 
6.92° 6.72c 4.40c 4.33c 

D%/ 10H * cm"1 — 4.12c — 3.84c —0.787c -0.700 c 

a See text. b [12]. c [15]. d [13]. 
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was taken as 

E' =v0 + B'J(J + 1) + (A' - B') K2 - D'j J2 (J + 1 )2 

- D'jkJ (J +\) K2 - D'kK\ (3) 

T h e transi t ion (v, + v2) is accompanied by hot 
bands. The intensities of the m a j o r components rela-
tive to the cold band are expected to be as follows: 

CF3C1 CF3Br 
(v, + v2 + v6) - V6 38% 46% 
(v, + v2 + 2v6) - 2V6 11% 17% 
(v, + v2 + v3) - V3 10% 19% 
(v, + v2 + v5) - V5 14% 15% 

4.2. (v, + v2) of CF3CI 

The combina t ion (v, + v2) of (35) and (37) is 
located near 1889 c m - 1 and shows for both isotopo-
mers a well def ined P, Q, R structure. A part of the 
spec t rum of the P branch region is reproduced in 
F igure 1. T h e K structure is clearly discernible for 
(35) and to a less extent also for (37). The assign-
ment was begun for (35) with a stepwise procedure . 
First the line positions were calculated for the 
K = 3 n lines using molecular constants f r o m the 
l i terature (Table 2, 4). By s imple trial and error 
most of the Q P, R3„ (J ) with n ^ 3 could be as-
signed unambigously . The assignment of the other 
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lines was then s t ra ight forward following the inten-
sity al ternation. T h e strongest peaks correspond to 
the unresolved transi t ions K = 0 to 11 or K = 0 to 8 
in some favourable cases. N o Q branch lines were 
assigned at this point because of the high density of 
lines and blending in this par t of the spectrum. 
All assigned ° P , R ^ (J) lines (K ^ 12) were then 

K=6 

I 7 1 H 
1878.30cm' 1878 00 1877.70 

N A T U R A L C F 3 C L 

V, - V 2 
Fig. 1. Detail of the (v, + v2) spectrum of natural CF3CI. 
Assignments are given for all lines with K = 3 n of ^P^ 
( 4 4 ) , q ? k ( 4 3 ) a n d ^ F f c ( 4 2 ) o f C F 3

3 5 C 1 a n d o f ^ P * ( 3 9 ) 
and (38) of CFI?7C1 respectively. The resolution is 
better than 0.009 cm . 

Table 2. Molecular constants of the states i'j = v2 = 1, vx = 1 and v2 = 1 of CF3C1. (Numbers in 
parentheses are one standard deviation in the last digit.) 

t'! = v2 = 1 t' j = 1 v2 = 1 

(35) 
v'o/crcr1 

(A' — A")/10~4 cm - 1 

(B'-B")/ 10-4cm-' 

(D'j-D'j')/ 10-8cm-' 
(D'JK-D'jK)/ 10 - 8 cm- ' 
{D'K-D'£)f 10"8 cm"1 

CT/10"3 cm - 1 

(37) 
v0/cm_1 

(A'-A")/ 10-4cm-' 
(B'-B")/lO^cm-' 
(D'j- D'J)/ 10-8cm-' 
W * - z ) y * ) / i o - 8 c m - ' 
{D'k-D'M 10 - 8 cm- ' 
cr/10-3 cm - 1 

.9103(3)! 

1888.921 c'g'" 
— 5.673(8)a 

—7.659( 1)a 

— 7.636c,g 

0 a 'e 

0.34(2)a 

-1.24(6)a 

1.9a 

1887.4318(5)' 
— 5.679(20)' 
-7.408(3)a 

0 a , e 

0.32(7)a 

— 1.15ae 

1.9a 

1108.3553(l)b 

1108.362(7) c-«'d 

— 3.8061 (41)b 

-5.687(2)b 

— 5.716c,g 

0.002(14)b 

0.10(4)b 

Qb,e 

2.4 b 

1108.0246(2)b 

-3.8322(66)b 

-5.490(4)b 

—0.24(2)° 
0.43(6)b 

0 be 

3b 

783.363 c 'g,h 

— 1.5c,d 

-1.687(41)« 

782.27 c-f 

a This work. b [2]. c [4, 5]. d Band contour simulation. e Constrained, see text. f Edge of 
the Q branch. g Polynomial fit. h Calculated from polynomial coefFicient A assuming K — 6. 
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subjected to a least squares fit yielding improved 
upper state parameters . These constants allowed the 
prediction of addi t ional lines, especially of QQK (J) 
lines, and fur ther assignments were obta ined. Band 
contour s imulat ions revealed that for CF3C1 the 
max ima of the strongest peaks correspond roughly 
to K = 6. These peaks were treated as K = 6 lines 
but given a lower weight in the final fit. In the 
course of the calculations it became obvious that 
the very small term (D'J — D'/) was statistically 
meaningless. Consequently it was constrained to zero. 
Finally we were able to assign 1164 Q P , Q. R^ ( / ) 
lines (6 ^ K ^ 39; 6 ^ J ^ 70). This assignment was 
checked and conf i rmed by the usual method of 
ground state combina t ion di f ferences [16] yielding 
for (35) B0 = 0.111253(6) c m ' 1 , Z)? = 1.81 (10) x 
10~8 c m - 1 a n d D°JK = 5 .2 (10) x 10~8 c m " 1 w h i c h 
are in good agreement with the M W results (Table 1). 
After deleting all b lended lines a final least squares 
fit was made to de te rmine the upper state constants. 
The result for (35) is given in Table 2. Lists of 
observed and calculated transit ion f requencies and 
correlation matrices of free pa ramete r s have been 
deposi ted as supplementa ry mater ia l [17]. 

The assignment of the lines of (37) was facil i tated 
by the analogy with the spectrum of (35) but 
rendered more diff icul t by the lower abundance of 
(37). Many lines of (37) are masked by stronger 
features of the the other isotopomer. Thus it was 
only possible to detect and assign 440 Q P, R^ ( / ) 
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lines (6 ^ K 33; 7 / ^ 79), K being mostly a 
mult iple of 3 [17]. The term (D'K- D'£) of (37) was 
poorly def ined by our data since only few transi-
tions with K > 24 were measured. There fore we 
assumed the rat io D'K/D'K to be the same for the two 
isotopomers. (D'J - D'j) was constrained to zero as 
above. The results of our final fit are reproduced in 
Table 2. 

4.3. (v, + v2 + vx) - vx of CF3CI 

Recently the hot band (v, + v2 + v6) - v6 of pure 
(35) has been analyzed [4]. Using these results and 
the anharmonic i ty constants given in that paper we 
have identif ied sets of transitions belonging to 
(v, + v, + n v6) - n v6 (n = 1, 2) of (35). All these lines 
have to be assigned as the most intense transitions, 
i.e. as hypothet ical lines Q P, RK (J) with K = 6 [17]. 
N o individual lines could be definitely observed. 
Therefore only polynomial fits were per formed, the 
results of which are set out in Tables 4 and 5. Fo r 
compar ison the corresponding polynomial coeff i-
cients are given for (v, + v2), vt and v2. N o fu r the r 
hot bands were identif ied with certainty. 

4.4. (v, + v2) of CF,Br 

The P, Q, R structure of this band located at 
1844 c m - 1 is well discernible. The identif icat ion of 
the lines is more difficult than in CF3C1 for two 
reasons: 

Table 3. Molecular constants of the states t'j = r 2 = 1, j = 1 and r 2 = 1 of CF3Br. (Numbers in 
parentheses are one standard deviation in the last digit.) 

r , = i ' 2 = l i'i = 1 f 2 = l 

(79) 
vo/cm"1 1843.719( 1)a 1084.765 b-«-h 762.141 

1843.728( 10) e-g-h 

(A'-A")/lO^cm"' —5.87(4)a - 4 . 4 b ' f - 1 . 7 (2 ) d ' f 

— 3.98(10)c 

(B'-B")/lO^cm-' - 2 . 9 5 8 ( H ) 3 -2.18(31)b-e - 0 . 6 9 d « 
— 3.038e-g 

(D'j-D}')/lO^cirr1 0.10(2)a 

a /10 - 3 cm"1 2.2a 

(81) 

to/cm-1 1843.120( 1)a 1084.523 b-g-h 761.961 d-«-h 

1843.2e-i 

{A' - A")/\0'4 c m - 1 - 5 .83 (3 ) a - 4 . 4 b ' f - 1 . 7 ( 2 ) d f 

(B'~ £ " ) / 1 0 - 4 c m - ' —2.906(9)a - 2 .17 (39 ) b - 0 . 6 8 d ? 
[D'j-D'j')/ 1 0 - 8 c m - ' 0.05(1.4)a 

a / \ 0 ' } c m - 1 1.8a 

a This work. b [3], c [8]. d [6]. e [7], f Band contour simulation. 8 Polynomial fit. 
h Calculated from polynomial coefficients A assuming K = 3. 1 Edge of the Q branch. 
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Table 4. Coefficients of the polynomial A + Bm + Cm2 + Dm3 + Em4 and mean deviations between observed and cal-
culated frequencies of CF3C1 and CF3Br. (Numbers in parentheses are one standard deviation in the last digit.) 

Molecule A/cm 1 B/cm"1 C/10~4 

• cm - 1 
D/10~8 

• cm - 1 
E/10"10 

• cm - 1 
CT/10"3 

• cm - 1 

CF3
35C1 v \ 1108.373 0.221963 -5.716 - 7 . 6 4.1 b 

v2 783.3632(3) 0.222350(53) -1.687(41) - 7 . 4 1.1 b 
V, + v2 1888.922(0.3) 0.221740(10) -7.677(3) 7.3(5) 5.7(7) 2.7 a 

1888.929 0.221823 -7.636 -9 .1 4.1 b 
(v, -1- v2 + v6) -V6 1886.287(0.4) 0.22123(1) -7.659(3) 2.9 a 

1886.297 0.221671 -7.696 -20.5 4.4 b 
(v, + v2 + 2v6) - 2 V 6 1883.608(1) 0.22120(2) -7.665(5) 3.6 a 

CF3
37CI V, + v2 1887.438(0.3) 

1887.4 
0.216170(10) -7.401(2) -5.8(5) 2.9 a 

b, f 
CF3

79Br 1084.763(1.5) 0.13967(19) -2.18(3) 3.9 c 
v2 762.140 0.13969 -0 .69 5.2 d 
V, + v2 1843.717(1) 

1843.725 
0.13964(2) 
0.13961 

-2.98(1) 
-3.038 

-4.3(5) -6.8(14) 3.4 
6.9 

a 
e 

(v , + v2 + v 6 ) - v6 1841.650(1) 0.13945(1) -3 .01(1) 3.3 a 
1841.7(1) 

-3 .01(1) 
e, f 

(v, + v2 + 2 v6) - 2 V 6 1839.586(1) 
1839.7(1) 

0.13919(2) -2.99(1) 4.4 a 
e, f 

(v, + v2 + v3) - v3 1846.369(2) 
1846.6(1) 

0.13950(2) -2.98(1) 4.6 a 
e, f 

CF3
81Br v \ 1084.521(2) 0.13840(22) -2.17(39) 4.7 c 

v2 761.960 0.13840 -0.68 5.8 d 
V, + v2 1843.117(0.5) 

1843.2 
0.13831(2) -2.93(0.2) -3.1(4) 3.2 a 

e, f 
(v, + v2 + v6) - v6 1841.061(1) 

1841.2(1) 
0.13820(2) -2.92(0.3) -4.8(7) 3.2 a 

e, f 
(v, + v2 + 2V6) - 2 V 6 1839.023(1) 

1839.2(1) 
0.13782(2) -2.91(1) 4.2 a 

e, f 
(v, + v2 + v3) - V3 1845.767(1) 

1846.05(10) 
0.13827(2) -2.92(1) 4.0 a 

e, f 

a This work. b [4, 5]. C [3], D [6], e [7], f Edge of the Q branch. 

Table 5. Number of lines used for the evaluation of the 
polynomial coefficients (Table 4). 

(35) (37) (79) (81) 

v, + v2 135 120 92 86 
(v, + v2 + v6) - v6 110 - 48 56 
(v, + V2 + 2V6) - 2V6 79 - 62 50 
(v, + v2 + v3) - v3 — — 26 24 

Table 6. Selected effective anharmonic constants of CF3C1 
and CF3Br (cm '). 

(35) (37) (79) (81) 

— 2.808(7)a,d —2.85a,f —3.19ae -3.36 a- e 

— 2.807(7)b'e —3.18(l)c'e —3.25(5) c'e 

— 2.64a' —2.07a'e —2.06a'e 

— 2.63b,e -2.07 c , e —2.05c'e 

2.65ae 2.65a'e 

2.44 c'e 2.26c'e 

* 1 2 

- v 1 6 + - y 2 6 

113 + * 2 3 

a This work. b [4, 5]. c [7], 
d From rotational analysis including K structure. 
e From polynomial coefficients A. 
f From edges of the Q branches. 

1. D u e to the smallness of B and the presence of two 
isotopomers in nearly equal abundance the den-
sity of the J clusters is high compared with CF3C1. 

2. The resolution in the region 1 8 3 0 - 1 8 5 0 c m - 1 is 
only about 0.01 c m - 1 , i.e. lower than for CF3C1. 

The assignment was m a d e in a manner similar to 
that described above. Start ing f rom values predict-
ed f rom known paramete rs (Tables 3, 4) we were 
able to assign the J clusters of both isotopomers. A 
band contour s imulat ion indicated that the max ima 
of these J clusters correspond to K = 4. In the final 
fit these peaks were therefore included as Q P, R 4 ( / ) 
lines and were given a lower weight. The higher K 
components are not very pronounced in the spec-
t rum and were mostly masked by features of the 
other isotopomer, especially in the R branch. Finally 
118 Q P . R* ( J ) lines of (79) (4 si K si 18; 9 si J si 79) 
and 114 Q P, R * ( / ) lines of (81) ( 4 ^ * ^ 1 8 ; 
12 ^ J ^ 73) were assigned unambigously , K being 
mostly 4 [17], D u e to these low K values nei ther 
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( D ' j k - D J K ) n o r (D'K-D'K) cou ld b e e v a l u a t e d ; 
consequently they were fixed to zero. In the final fit 
only v'o, (B'-B"), (A' - A") a n d (D'J-D'J) we re 
allowed to vary. The results are presented in Table 3. 

4.5. (v, + v2 + vv) - vx ofCF3BR 

Using the data of [7] and of Table 3, groups of 
peaks belonging to (vj + v2 + n v6) — n v6 ( « = 1 . 2 ) 
and (vj + v2 + v3) - v3 were found for both isotopo-
mers. All these peaks are the unresolved m a x i m a of 
J clusters, of Q P, R^ (J) lines with K approximate ly 
equal to 4 [17], N o higher K components and no 
lines belonging to other hot bands were identif ied 
with certainty. The results of the polynomial fit are 
collected in Tables 4 and 5 in which the correspond-
ing coefficients of (v, + v2), v, and v2 are given for 
comparison. 

5. Discuss ion 

The present study provides exper imental data 
concerning (v, + v2) and some of its hot bands for 
(35), (37), (79) and (81). Fo r the first t ime the K 
structure of this combina t ion was at least partially 
resolved yielding molecular constants of higher 
quality than hi ther to known for the t ' 1 = t ' 2 = l 

states of CF3C1 and CF3Br. Our results are collected 
in Tables 2 to 6. It is evident that the parameters for 
(35)/(37) and (79)/(81) show internal consistency 
and are in good agreement with l i terature values 
with the exception of .x,3 + .\-23 of (79) and (81). The 
constants D'J and D'JK evaluated in this study are 
close to the corresponding ground state values. 
Contrary to this consistency, D'K of (35) differs by 
about 30% f rom D^ . At the momen t we cannot o f fe r 
an explanation for this observation but suggest that it 
reflects the inf luence of an undetected global reso-
nance. In contrast to v, of (35) and (37) [2], the 
combinat ion band shows no local per turbat ion. T h e 
addit ivi ty of the i A , B , according to the equat ion 

(X"-X')=T\+olx
2 (X = A,B) (4) 

is not fulfil led exactly, as has been found previously 
[4, 5, 7]. 

Spectra of pure isotopomers would yield data of 
bet ter quality. 
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