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The near IR and visible vibrational absorption spectra of CHF 3 were recorded up to wave 
numbers of 17 500 cm -I providing complete frequency coverage, together with paper I, from 
the low frequency fundamentals to the N = 6 CH stretching-bending overtone multiplet. All 
strong bands in the high overtone spectra could be predicted and assigned by means of the 
tridiagonal Fermi resonance Hamiltonian, including a few combinations with intense CF3 

stretching vibrations already observed for the low overtones. Improved vibrational Fermi 
resonance constants are presented on the basis of a fit to 35 assigned bands. An analysis of the 
rotational fine structure of the 2v 4 (E) overtone component and several Fermi resonance 
component bands result in values for ab and as. which allow us to determine Be. In the high 
overtone bands no rotational fine structure is observed. The bands can be understood by 
introducing additional homogeneous rovibrational structures of phenomenological widths 
r::::: 1 to 10 cm - I. The results are discussed in relation to the separation of time scales for mode 
selective vibrational redistribution and further evolution. The overtone band strengths are 
reported and analyzed approximately with the empirical local Mecke dipole function. 

I. INTRODUCTION 

As early as 1948 Bernstein and Herzberg had reported 
the spectrum of CHF3 in the near infrared and red part of the 
visible spectrum. I They derived an approximate structure 
for this molecule and identified the regular occurence of a 
two state Fermi resonance assigned to the stretching (vs ) 

and bending (Vb) vibrational states ofthe CH chromophore 
Ivs = N, Vb = 0); Ivs = N - 1, Vb = 2). As was shown lat­
er2-5 this resonance is really part of a multiplet system with 
n = v~ax + 1 = N + 1 strongly interacting states with a fun­
damental effective coupling parameter ksbb """loo cm- I. 
This coupling leads to ultrafast selective subpicosecond re­
distribution of vibrational energy between stretching and 
bending motions and it was shown that the interaction with 
further modes occurs only on much longer time scales,3 if at 
all. Work on other molecules containing the isolated CH 
chromophore showed that the subpicosecond redistribution 
is a universal property of the alkyl CH chromophore.6-9 

Only shortly after the original identification of the im­
portance of the CH stretch bend Fermi resonance interac­
tion for vibrational redistribution in hydrocarbons,2,3 Sibert 
et al. 10 proposed a similar mechanism in order to explain the 
subpicosecond vibrational redistribution inferred by Bray 
and Berry I I from their photoacoustic visible overtone spec­
tra of benzene. As we have discussed before,7 due to the lack 
of well defined structure in the benzene overtone spectra, the 
interpretation must remain ambiguous in this case. How­
ever, we have recently shown at least in one case, that a 
similarly strong resonance definitely does occur also on the 
Sp2 C atom. 12 The resonance seems thus to be of general 
importance in hydrocarbons (excluding acetylenes2,13) and 

is also of great interest in understanding some fundamental 
aspects of vibrational redistribution and intramolecular sta­
tistical mechanics. 14.15 It is presumably of importance also 
for the understanding of intennolecular energy transfer.21 

Following the previous, detailed analysis of the CH 
chromophore spectrum in the infrared, with stretching 
quantum numbers up to N = 4 (Ref. 5, paper I), we have 
since then measured the complete visible spectrum of CHF 3 
from 11 000 up to about 17 500 cm -I in order to test the 
predictions from the tridiagonal effective Fermi resonance 
Hamiltonian and in order to answer additional questions 
concerning the possibility of further homogeneous rovibra­
tional structure at very high excitations4 [similar, say, to the 
large molecule (CF3)3CH 7] and also the band strength and 
dipole function. 16-18 In the course of this work, some addi­
tional information on the CHF 3 spectra became available 
from previous work on photoacoustic spectra,I9 which cov­
ered essentially the spectral range of interest here, but in­
completely and without adequate assignments of the Fermi 
resonance. Furthermore, motivated by our own work, Cam­
pargue and Stoeckel20 have measured the N = 5 polyad at 
high resolution using their elegant I CLAS technique (about 
0.02 cm -1 bandwidth), We also have remeasured improved 
Fourier transform spectra of the N = 5 polyad, thus provid­
ing overlap from various techniques for the N = 4 and N = 5 
polyad. There is agreement between the data from different 
sources, wherever there is overlap. The aim of the present 
paper is to provide a complete analysis of all strong bands in 
the visible spectrum. We refer to paper 15 for more complete 
references to previous work on the CHF3 spectra and men­
tion that recently the potentially analogous situation in 
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CDF3 has been investigated, which turns out to be funda­
mentally different, however. 18,22 

II. EXPERIMENTAL 

CHF3 was obtained commercially. Its purity and identi­
ty was checked by IR spectroscopy and gas chromatro­
graphy and it was thoroughly degassed by repeated freeze­
pump-thaw cycles before use, particularly so for the mea­
surements of band strengths. Sample pressures were mea­
sured with calibrated capacitance manometers. 

The Fourier transform spectra were measured on a BO­
MEM DA002 allowing for a maximum apodized resolution 
of 0.004 cm -I. In practice the spectra in the visible are limit­
ed by pressure broadening to bandwidths of about 0.5 cm- I 

at best. Details of the technique have been described before.s 

Improved optical filtering allowed us to obtain improved 
signal to noise for the spectrum of the N = 5 polyad around 
14 000 cm -I, which has been remeasured completely. 

Most of the data in the present paper, from 11 000 to 
17 500 cm -1, were obtained using intracavity cw dye laser 
photoacoustic techniques, which have been described in de­
tail in Refs. 7, 23, and 24. Briefly, a glass cell fitted with 
quartz windows at Brewster's angle and Knowles BT-1759 
microphone is filled with a sample of CIIF3 at pressures 
between 5 and 13 kPa. Sometimes inert gas was added (up to 
about lOS Pa Ne). The cell is then placed inside the extended 
cavity of a Spectra Physics 375 dye laser. A variable speed 
light chopper is used to interrupt periodically the pump 
beam from an ion laser, and a lock-in amplifier (PAR 124A) 
monitors the microphone signal modulated at the chopping 
frequency. The photoacoustic signal is then normalized to 
the intracavity laser power, which is measured from a reflec­
tion off a cell window. In the 2 cm -I resolution scans the 
tuning of the laser is achieved by using a stepping motor to 
rotate a 3-plate birefringent filter inside the dye laser. For the 
0.2 cm- 1 resolution scans a thin etalon (Spectra Physics 
411-650) is tuned simultaneously with the birefringent filter. 
A part of the output of the laser is directed to a neon optogal­
vanic cell, which provided absolute wavelength calibration, 
while another part of the output beam traveled through a 
solid etalon (FSR = 17.4 cm -1) to a photodiode, giving a 
relative frequency scale. The uncertainties in the frequency 
measurements are mainly given by the resolution of the laser 
system used. The analog output of the experiments was digi­
tized off line and stored on floppy disk for transfer and 
further evaluation of the data. 

As the photoacoustic technique does not directly pro­
vide absorption cross sections, these were determined by 
comparing the photoacoustic signals from CHF3 with pub­
lished values for benzene. 25 In the ranges of the N = 5 and 
N = 6 polyads we used mixed gas samples of benzene and 
neopentane to determine the neopentane peak cross section 
and then a mix of neopentane and CHF3 to obtain cross 
sections for the latter. Neopentane was used because its over­
tones lie to the red ofthe CHF3 absorptions, while the ben­
zene spectra overlap those of CHF3• A second technique was 
used in addition. Here spectra of pure benzene and CHF3 are 
taken under identical conditions. Assuming ideal gas behav­
ior one should have approximately26 

0'(CHF3 ) S(CHF3 ) Co (CHF3 ) 
= ----..::.-....::....:......-.::.:....-

O'(benzene) S(benzene) Co (benzene) . 

The S are the photoacoustic signals, the Co the specific heats, 
and the 0' the absorption cross sections of the corresponding 
compounds. The intensities of half-integral polyads were de­
termined by employing laser dyes that allowed for tuning 
over the high frequency bands of the half-integral polyad 
and the low frequency bands of the next higher integral po­
lyad. 

III. RESULTS AND DISCUSSION 

A. Survey of the photoacoustlc spectra In the visible 
range 

Figure 1 shows the spectrum of CHF3 from 12000 to 
17 000 cm -I. There is no strong absorption in the small 
ranges between the various parts, which have all been mea­
sured, and beyond 16 800 to 17 500 cm - 1. The spectral cov­
erage is thus complete, at least as far as strong absorptions 
are concerned. The photoacoustic data extend down to 
11 000 cm -I but this range is not shown as it agrees well with 
the FTIR data (Fig. 7 of Ref. 5), the latter being somewhat 
more accurate. The absolute cross sections on the ordinate 
have been computed from the integrated band strengths and 
the maxima are only approximate due to the 2 cm -I band­
width in these scans (see Sec. III F). Each part of the survey 
spectrum corresponds to one polyad, the expected multiplet 
structure being nicely exhibited as in the IR spectra of 
CHF/ and the IR and visible spectra of (CF3 hCH.7 The 
N = 5 polyad has been measured at higher resolution using 
FT spectra in the present work and at high resolution and 
low pressure by Campargue and Stoeckel. 20 However, a 
complete coverage of the whole spectral range is necessary 
for a satisfactory analysis and understanding. 

B. Assignment of the spectra by means of predictions 
from the effective Fermi resonance Hamiltonian 

The visible spectra of CHF3 were predicted by the tri­
diagonal Fermi resonance HamiltonianS and assigned corre­
spondingly. Briefly, we define a chromophore quantum 
number N for the stretching (vs ) and bending (Vb) vibra­
tions: 

(1) 

The effective spectroscopic Hamiltonian (in cm - 1 units) is 
block-diagonal in N and has the diagonal elements 

H':n = v;v. + VbVb + X;' v; +XbbV~ +X;bV.Vb +gbbn. 

The nonzero off-diagonal elements are 

HN 
Vo""I,,;(v. - I),(v. + 2).1. 

(2) 

= -!k.bbBv.(vb -lb +2)(Vb +lb +2)]1/2. (3) 

By dlagonalizing this Hamiltonian one obtains the theoreti­
cal results for spectroscopic term values and relative band 
intensities within one polyad: 

gj =G/ 2: Gk , (4) 
palyed 
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FIG. 1. Survey of the photoacoustic spectra ofCHF3 in the visible (experimental bandwidth"" 2 cm- I
). (a) Range corresponding to N = 9/2. (b) Range 

corresponding to N = 5. (c) Range corresponding to N = 11/2. (d) Range corresponding to N = 6. See also detailed discussion in the text concerning the 
evaluation of cross sections, etc. 

Gk = ( u(v) d~ . 
Jband k V 

(5) 

With a theoretical dipole moment function for the CH chro­
mophore, one also obtains the absolute intensities discussed 
in Sec. III D. The origin and interpretation of the effective 
tridiagonal Fermi resonance Hamiltonian has been dis­
cussed in substantial detail elsewhere.s.26 Table I shows its 
success in predicting and fitting the visible spectra of CHF 3' 

The column pred. v contains true predictions offrequencies 
for all polyads with N>9/2, which were obtained on the 
basis of FTIR spectra and two bands from Ref. 1 [52 and 
(9/2h] in the absence of knowledge of the other bands.s 

The predictions are seen to be very satisfactory, with slightly 
increasing discrepancies for the highest polyads. A global fit 
to all 35 bands (FTIR and visible spectra) gives some im­
provement, quantitatively, but no change in the interpreta­
tion. We note that both frequencies and relative band inten­
sities were well predicted and fitted. 

In the assessment of the experimental results and com­
parison with theory one must realize that in the absence of a 
rotational fine structure analysis in the visible spectra the 
band centers can be determined only to within a few cm - I, 

taking into account also some uncertainty in the frequency 
calibration procedure. Because rotational fine structure 
seems to be absent even at much higher resolution,20 it might 

be impossible in the future to obtain much more accurate 
data for the band centers. 

Table II summarizes the parameters of the effective 
Hamiltonian which were obtained by various evaluations of 
the data. The first two columns are from a global fit to all 
data. The first takes the band at 14 003 cm - 1 as primary data 
in the fit, whereas the second fit B takes the local Fermi 
resonance occuring in this band into account (see Sec. 
III E 3 for a detailed discussion of this point). In view of 
what we have said above about the accuracy of band centers, 
a root mean square deviation of 4 cm -I for 35 bands is excel­
lent. It may be compared with a rms deviation of 1.9 cm- I 

for the fit to the 22 IR bands only (third column, Ref. 5) and 
also to the rms deviation of 11 cm - 1 found for our fit to 31 
IR and visible bands of (CF3)3CH.7 Taking also into ac­
count the excellent agreement of experiment and theory con­
cerning the relative intensities, the CHF3 spectra are clearly 
the largest and best understood data set of this kind, so far. It 
is seen that the model parameters vary only slightly for the 
various fits, including in this consideration also the fit of only 
15 bands, using the same model, performed in Ref. 20 (last 
column in Table II). The fourth column in Table II is from 
converged variational calculations on the basis of CH 
stretch-CH bend normal mode force field to fourth order, 
which has been shown to be equivalent to the effective spec­
troscopic Hamiltonian in Ref. 26. The calculations of Ref. 26 
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TABLE I. Overtone spectra of the CH ehromophore in CF3H. 

Expt. Pred. Fit 
N j v/em- I Footnotes v/em- I v/em- I g(expt) g(fit) 

(A) A I polyads (FTIR and photoacoustic spectra) 
4 1 11563 a,b (FT) 11563 1155S O.IS 0.22 

2 11347 a,b (FT) 11344 11 351 0.66 0.63 
3 11 109 a,b (FT) 11 lOS 11 112 0.16 0.14 
4 10 777 j (FT) 10774 10774 om 
5 10 359 10 350 0.000 1 

5 1 142S9 e (FT) 14298 14282 0.03 0.05 
2 14003 e,d (FT) 14009 14012 0.46 0.42 
3 13 800 e (FT) 13790 13803 0.48 0.47 
4 13 532 e (PA) 13 529 13536 0.03 0.06 
5 13179 13177 0.002 
6 12753 12738 0.00002 

6 1 16993 16963 0.007 
2 16621 e 16639 16629 0.17 0.11 
3 16368 e 16354 16367 0.56 0.52 
4 16164 e 16132 16154 0.27 0.33 
5 15860 15870 0.03 
6 15 SOl 15498 0.0007 
7 15072 15050 0.000006 

(B) E polyads (FTIR and photoacoustic spectra) 
9/2 1 12917 f,g 12922 12911 0.08 0.21 

2 12652 f,g 12637 12639 0.45 0.56 
3 12351 f,g 12349 12352 0.42 0.21 
4 11999 g 11998 11996 0.05 0.02 
5 11574 11 563 0.000 3 

11/2 1 15619 15643 15621 0.03 0.06 
2 IS 302 h,i 15311 15307 0.32 0.38 
3 15025 15023 15031 0.52 0.45 
4 14735 14723 14729 0.13 0.10 
5 14361 14358 0.006 
6 13 930 13 912 0.00008 

• FTIR data, band maxima determined from photoacoustie spectrum are: 11 565, 11 347, and 11 110 em -I. 
The band centers in all bands are shifted from the maxima at most by a few em -I (see discussion in Sec. 
m D). 

bReference 19 gives 11 562, 11401, and 11 110 em-I. 11401 em-I is possibly a misprint. A value close to 
11 350 seems more probable from the figure given in the reference. 

eFT and photoacoustie data as indicated. Reference 19 gives band maxima at 14 290, 14 003, 13 80 I, and 
13530 em-I. Reference 20 has band maxima at 14290.7, 14002.9, 13 800.7, and 13 532.4 em-I. 

dFor the fit a value of 14 012 em-I was adopted to correct fora local resonance with the state at 14 O4Oem- l
. 

See the text (Sec. III D in particular). 
"Reference 19 has band maxima at 16614, 16362, and 16 158 em-I. 
fReference 19 has band maxima at 12925,12641, and 12347 em-I. 
• Additional bands appear at 12485, 12 240, and 12 152 em -I. See the text and Table III for assignment. 
hReference 19 gives 15298 em-I. 
i Additional bands at 15 162/15 156, 15 12;, and 14928 em-I. See the text and Table III for assignment. 
j Weak band with poor signal to noise (about 4: 1), not included in the fit, as the assignment of the band center is 
very approximate. 

637 

included all couplings between stretching and bending vibra­
tional states, but disregrading explicit resonance couplings 
to any other vibrational modes. 

Table II shows that the parameters of the model Hamil­
tonian are stable with respect to slight changes of the de­
scription, of the fitting procedure or the data set used. This is 
evidence that the important physical phenomena are well 
represented by the effective Hamiltonian parameters. The 
only exception to this may be the parameter gbb' which 
would appear to be poorly determined. The variations found 
in Table II for all the other parameters give a good indication 
to what extent these are physically well determined. Of 
course, the uncertainties derived for the parameters from 

any single one of the least square fits are smaller, but they do 
not have much physical significance and are therefore not 
reproduced here. In particular, the large value of the effec­
tive spectroscopic constant ksbb ~ 100 cm- I (± 10% at 
most) is now very well established. It remains essentially 
identical to our first approximate determination from band 
intensity measurements3 

(ksbb = 99 cm - I, corresponding to 
a coupling matrix element W = 70 cm - I in the N = 1 
dyad), but now it is based upon very strong experimental 
evidence from an unprecedented data set. We still need to 
discuss a few bands, which were not included in our evalua­
tion, because they have an assignment involving other vibra­
tional modes. 
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TABLE II. CHF3 parameters for the tridiagonal Fermi resonance Hamiltonian. 

Fit A" FitBb Ref.5c Fit ct (Ref. 26) Ref. 20f 

v;/cm- t 3078.58 3078.67 3079.8 3079.06 3079.3 
vi,/cm- t 1379.58 1379.58 1377.8 1380.704 1381.0 
x;'/cm- t - 60.00 - 59.93 - 61.7 - 60.19 -60.8 
X;b/cm- t - 26.87 - 27.27 -28.6 - 25.47 - 28.7 
xi.b/cm- t -7.48 -7.42 -6.5 -7.85 -4.2 
gi,b/cm- t 5.40 5.21 4.5 0.84 
k,bb/cm- te ( ± ) 100.01 (± )100.43 ( ± )106.1 ( ± )98.87 (± )105.8 
rms/cm- t 4.24 3.89 1.9 4.46 1.558 

No.ofdatah 35 35 22 35 15 

"FTIR and photoacoustic spectra without corrections on band centers. N <6. 
bFTIR and photoacoustic spectra. Band at 14003 cm- t corrected for local Fermi resonance. N<6. 
cFTIR data. N<5. 
d Band centers and relative intensities from a variational calculation in normal coordinate basis and a polyno-

mial or equivalent Morse expansion for the potential (see Ref. 26 for details) . 
• The sign of k,bb is undetermined. 
fOnly parallel bands. N<5. 
g Calculated from the standard deviation given in Ref. 20. 
h The rms is the root mean square deviation between experimental and theoretical values for these bands. Note 

that for the sets with 35 bands high overtone data are included using band maxima instead of band centers, 
which introduces by itself errors of a few cm - t at most (see Sec. III E). One very weak band is not included in 
the fit. The relative intensities provide additional data, that are not counted in this number. 

C. Assignment of bands involving the CF3 stretching 
vibrations 

Whereas at low frequencies corresponding to less than 
6000 cm -1 several bands appear that clearly do not belong to 
the CH stretching and bending polyads, only few such bands 
occur in the high frequency spectra. Indeed, in the spectral 
regions of the dominant absorption corresponding to inte­
gral N no bands of comparable intensity remain unassigned, 
when we just consider the CH polyads. However, in the 
ranges of the half-integral N polyads the absorption is intrin­
sically weaker and some bands of about similar strength are 
not predicted by the simple effective Hamiltonian. A total of 
eight such bands observed above 7000 cm -1 are collected in 
Table III together with some low frequency bands that are 
relevant for the assignment. In the interpretation of these 
bands two main possibilities have been investigated among 
others: (i) the bands arise through strong coupling with oth­
er CH stretch bend states of different lb (i.e., violating the 
Mb::;60 selection rule of the simple model). (ii) The bands 
arise as combination tones with the two CF3 stretching vi­
brations V 2 and Vs which form a strongly Coriolis coupled 
pair. 27.28 

In order to avoid a possibly fallacious assignment of 
these last few unassigned bands of the overtone spectrum we 
have considered this question in some detail and have finally 
rejected the first possibility and accepted the second on the 
following grounds: No adequate set of parameters could be 
found to fit the bands with a Hamiltonian allowing for 
t:..lb::;60 bands. Furthermore, the assigned bands are all very 
well predicted, which would imply that strong further inter­
actions are unlikely. On the other hand, for the lower fre-

quency bands up to 10 000 cm - 1, the rotational contours of 
the extra bands provide clear evidence in favor of the combi­
nation tone assignment, although we have not yet performed 
a detailed rotational analysis (see also Sec. III 0 of Ref 5 ) . 
The frequency and intensity match of the predicted bands is 
also very satisfactory for this assumption, when we note that 
for the predictions in Table III the xij have been neglected 
and only the sums of the observed term values ~ with V2 and 
Vs have been calculated, without diagonalization of the new 
sum polyad Hamiltonian (there are not enough data avail­
able to justify this more correct procedure). We thus con-

TABLE III. Bands assigned to combinations with the CF3 stretching vibra­
tion. 

Assignment to ~ + VCF, 

vObs/cm- t vpre<\/cm- t N 

1 142 (v2 ) 0 0 
1 158 (vs) 0 0 
4160 4176/4193 I I 
3850 3851/3 868 1 2 
7103 7100/7117 2 I 
6853 6851/6868 2 2 
9940 9934/9951 3 I 
9730 9730/9747 3 2 

12700 12704/12721 4 1 
12485 12488/12 505 4 2 
12240 12250/12267 4 3 
15425 15430/15447 5 1 
15 138" 15 144/15 161 5 2 
14930b 14941/14958 5 3 

"Doublet 15125/15 156cm- t
• 

bWith structure, estimated center. 
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firm the previous assignment of combination tone transi­
tions also for the higher polyads in the visible spectra. With 
this, no strong bands remain unassigned in the near IR and 
visible spectrum ofCHF3• 

A question that remains is the origin of the intensity of 
the combination tones. One may first note that the E combi­
nation term can interact with the E terms of the half-integral 
N polyads. But also, and perhaps more likely, the very in­
tense CF3 stretching vibration may have intense combina­
tions with the CH chromophore in its own right by a mecha­
nism similar to the one proposed for the half-integral N 
polyads themselves.26 The normal modes Vs and V4 mix of 
course internal coordinates of CH bending CF3 stretching 
character. It is somewhat unfortunate that the high overtone 
bands have not enough definite rotational structure to pro­
vide final proof of our assignment for the combination tone 
assignment. However, the rotational contours do contain 
some additional relevant information, which we shall dis­
cuss after consideration of the band strengths. 

D. Band strengths and effective dipole moment 
functions 

Table IV summarizes band strength data, summed over 
complete polyads 

GN = rGNk' 
k 

These data are compared with theoretical results derived 
from the simple local Mecke model for the CH dipole mo­
ment function l 6-18: 

ft(r) = cr"'e- ar
, 

where a = mlrm' and in our case m = l.Two different 

TABLE IV. Total band strengths for the CH overtone polyads. 

G/(fm)z 

N Experiment Ref. 

1 133000 (2,S,c) 
2 240 (S,c) 
3 44 (S,c) 
4 3.6 (S,c,g) 
4.5 0.55 d 
5 0.36 e 

0.27 (20) 
0.19 d 

5.5 0.015 d 
6 0.027 d,f 

8Usingr .. /r. =0.64 (see Refs. 16-18). 
bUsing r .. /r. = 6 (see Refs. 16-18). 
C FrIR data (Refs. 2 and 5). 
d This work, photoacoustic data. 
e This work, FrIR data. 

MeckeA8 

133000 
359 

3.9 
3.0 

0.67 

0.13 

Theory 

MeckeBb 

133 000 
1865 

60 
3.2 

0.24 

0.023 

fReference 19 quotes 0.073 fm2, but apparently for the band at 16 629 cm - 1 

which contains only about 17% of the intensity. If this is taken into ac­
count, one would obtain G = 0.43 fm2. The origin of the discrepancies is 
not clear. 

"The value from the photoacoustic measurements is 2.5 fm2. 

choices r m' the location of the maximum of the dipole func­
tion, were found to be adequate, r mire ~0.64 and r mire ~6 
(or generally quite large). 17 It is seen that the second choice 
leads to good agreement in the band strengths of the higher 
overtones, whereas the first choice is somewhat better for the 
first overtone and still acceptable for the higher overtones. 
From the data, no definite conclusion can be reached. One 
should also consider here the obvious experimental uncer­
tainties and discrepancies. Although the values from indi­
vidual techniques are very well reproducible, the results for 
the N = 5 polyad with different techniques cover a substan­
tial range of values for G. 

We have generally found that for the FTIR measure­
ments a total error of about 30% may be possible and it 
would appear that the actual systematic error in the photo­
acoustic measurements may be larger, particularly in view of 
the necessary calibration (see Sec. II). We thus must be sat­
isfied at present with the accuracy available in Table IV, 
which is probably about as accurate (or more) as any data 
available in the literature for polyatomic molecules, where 
mostly a comparison of different techniques with their var­
ious systematic errors has not been possible. We conclude 
that at present the nature of the effective dipole moment 
function remains undetermined. Work is in progress to pro­
vide a better theoretical understanding. so The present data, 
together with those for (CF3)3CH' provides a first step 
towards a systematic, relatively complete data base for the 
isolated CH chromophore. 

E. Rotational constants and band contours 

Although no rotational line structure appears in the vi­
sible spectra under the conditions of our experiments, the 
band contours contain additional information concerning 
both the symmetry assignment of the bands and the rota­
tional constants, which are strongly influenced by the Fermi 
resonance. Our analysis proceeds according to the following 
three steps: 

(i) From an analysis of the 2V4 (b) (E) component we 
derive the "unperturbed" bending rotational constants, in 
particular a value for a:. 

(ii) From an analysis of the rotational fine structure in 
the low frequency bands (up to N = 7/2) we derived a value 
fora:. 

(iii) Finally, we predict and simulate the high frequency 
Fermi resonance bands (N;;.4) introducing additional ef­
fects as necessary in order to understand the bands. 

1. AnalysIs of 2Vb(E) 

Figure 2 shows the rotational fine structure of the per­
pendicular component of the overtone of the CH bending 
vibration. It has been assigned and fitted using the following 
term formula for the rovibrational states29•30 (when 
1 = ± 1): 

F(J,K) =vo+BJ(J+ 1) + (C-B)K 2 

+=2CsetrK 

-DJJ2(J + 1)2 -DJKJ(J + l)K 2 -DKK4 

± Tletr J(J + l)K ± 7fetr K3. (6) 
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FIG. 2. High resolution spectrum in the range of the first overtone of the 
CH bending vibration (effective spectral bandwidth 0.014 cm - 1 ) using a 20 
m long path absorption cell. The lower trace is the simulated, the upper the 
experimental spectrum. (a) Range ofthe RR branch with some sample as­
signments. (b) Range of the overlapping spectra of2v4 (E) and (l)2(A 1)· 

The upper (lower) sign is valid for the + I( -I) level (cf. 
Ref. 29, Fig. 103). 

A total of 317 assigned lines (mostly from the R R 

branch with K" <24, J" <32) were introduced into a least 
squares fit,39 the ground state constants being fixed. The re­
sults are summarized in Table V. From the analysis of the 
CH bending fundamental a value of telf = - 2tb 
= - 1.9689 is expected from the harmonic sum rule.31

•
S3 

TABLE V. Least squares parameters from the simulation and fita of 
2Vb (E) (giving statistically significant digits). 

2vb (E) Ground state b 

volcm- ' 2754.796< 0 
B/cm- ' 0.344 387 0.34520105 
C/cm- I 0.18909 0.18925 

;.or - 1.964 5 
DJ 11O- 7 cm- I 3.93 3.779 
DJK I1O- 7 cm- I - 3.7 - 6.0375 
DK 11O-7 cm- I 3.9d 3.72 

71:"/1O-6cm-' - 1.9 
71~/1O-6cm-1 5.5d 

a The root mean square deviation for 317 lines was 3 X 10-3 cm - I. 

b The ground state constants from Refs. 31, 34, and 35 were kept fixed in the 
fit. 

< For the absolute wave number calibration we used HCllines from Ref. 36. 
d DK and ~ are correlated in the fit (see also Ref. 54). 

This is in good agreement with our result as well as a: 
(4.127x 10-4 cm- I in Ref. 31 compared to a: 
= 4.070 X 10-4 cm- I from Table V). The value of a: can 

thus be considered to be well established both from the fun-
damental and first overtone spectrum of the CH bending 
vibration. Previously, only low resolution results were avail­
able for the E component of the overtone.32.33 Because of the 
resonances occuring in VI and the interaction with 2Vb (A I )3 
one cannot use the rotational constants of the Fermi reso­
nance components (1) I and ( 1) 25 in order to determine a:, 
before the complete band system is understood in detail. 

Before proceeding to determine a~, we mention a 
further result from our analysis of 2Vb (E). In the region 
between 2730 and 2740 cm -1, which is shown in part in Fig. 
2 (b), there is overlap between the parallel (2710 cm - I) and 
perpendicular (2755 cm -I) components of2vb • By simulat­
ing the overlap between the two components in Fig. 2(b) we 
could determine the ratio of band strengths, approximately: 

G(2710 cm-
I

) -6 + 0.5 
G(2755 cm- I ) -

and therefores 

G(2755 cm- I
) = (1 ± 0.3) X 10-3 pm2

• 

The large ratio justifies our earlier use ofthe band strengths 
of 12 and 11 to determine the Fermi resonance coupling ma­
trix element. 3 

2. Determination of a= from an analysis of the Fermi 
resonance component bands 

In general, the analysis of the rotational fine structure of 
Fermi resonance components proceeds by adding the rota­
tional term values to the diagonal matrix elements in Eq. (2) 
using the expansions (for Band C similarly) 

n 

B vv ... v =Be- "(v;+l)a;. 
J2 n L.,; 2 (7) 

;=1 

Then one diagonalizes the Hamiltonian for each J and K, 
possibly introducing J and K dependent terms in the off­
diagonal elements [Eq. (3)]. Such a procedure has been 
used, for instance, in Ref. 37 for CF3I and Ref. 38 for CHD3 • 

In the present case a more approximate procedure is ade­
quate, which we have checked numerically to be sufficiently 
valid for a very similar situation.38 

Neglecting rotation, one has for the Nth block of the 
vibrational Fermi resonance Hamiltonian (eigenvector ma­
trix Z): 

(8) 

Adding only the diagonal rotational term values 
F(J,K,v l " ·vn ) to HN one obtains (diagonal matrix of term 
FD ) 

ZT(HN + FD)Z = Diag(E;;m) + ZTFDZ, (9) 

The diagonal correction to the total energy is thus obtained 
from Eq. (10): 

Emm =E;;'m + L IZ~12FI/' (10) 
1 

The off-diagonal contribution to the energy in Eq. (9) is 
relatively small and neglected, ifthe vibrational Fermi com-
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ponents are well separated compared to the rotational terms. 
The rotational term formulas are linear in the constants 
X = B, C, D, etc., hence one can express the energy in Eq. 
(10) as a vibrational contribution from each Fermi compo­
nent m and a rotational contribution with the new, effective 
rotational constants X ~ in the usual term formula: 

(11 ) 

Xl is computed according to Eq. (7). Applying these equa­
tions to the CH stretching and bending Fermi resonance 
component ~ with all other vibrations in the ground state 
one can write 

Bfyj = L IZ~12B; 
; 

= Bo - a~ L IZ~12vs; - a: L IZ~12Vb;' (12) 
i ; 

The terms under the sums result from diagonalizing the vi­
brational Hamiltonian with Vs; and Vb; being the stretching 
and bending quantum numbers for the basis state 
Ii) = IVs/,Vb;)' Equation (12) may also be written in terms of 
"effective stretching and bending quantum numbers" appro­
priate for the Fermi resonance componentj, 

B F B BeJf Belf (13) Nj = O-asvsj -abvbj' 

In these equations V~If, vi,y, and a: are thus known. We have 
obtained a: from a least squares fit to rotational constants 
obtained from various Fermi resonance components, for 
which the rotational fine structure could be analyzed. These 
bands, their observed and calculated B values are summar­
ized in Table VI. The corresponding value for a: is 
l.4X 1O-4 cm- l

• Wehavefinallyestimatedalsoa~, which is 
expected to be small, from the ratio a:la: to be about 
4 X 10-5 cm -I. We have thus a set of rotational constants to 
predict at least roughly the rotational contours of the over­
tone spectrum. Together with known values for the a; of 
other vibrations, our value for a: and a: permits us to esti­
mate Be =0.34733 cm- I and Ce = 0.190 603 cm- I

. This 
completes to some extent the structural investigation of 

TABLE VI. Rotational constants B of the Fermi resonance components. 

State iiolcm- I 
• Bobo/cm- I Ref. Bcal./cm- I v ... eff 

(112)1 1 377.9 0.344 78835 31 0.344 79 0 
(lh 2710.2 0.344 5151 5 0.34442 0.05 
2vb (E) 2754.8 0.344 387 this work 0.344 38 0 

(2)1 5959.4 0.344 75 5 0.344 75 1.82 
(2h 5710.4 0.34465 5 0.34423 1.02 
(3) 1 8792.5 0.344 33 1 0.34438 2.49 
(3 )2 8589.3 0.34423 1 0.34409 2.04 
(7/2)1 10155.9 0.3436 5 0.34384 2.36 
(7/2h 9881.9 0.3410 5 0.34340 2.02 

• Rounded values. 
b From high resolution spectra . 
• Used to determine a: (see the text). 
d Not included in the fit because of additional resonances (see Refs. 3 and 5). 
e From moderate resolution spectra, recalculated from the a:" of Ref. 
Bo = 0.345 201 05 of Ref. 35. 

'From a band contour simulation of a pressure broadened spectrum. 

Bernstein and Herzberg l (see Table VII for the summary of 
current rovibrational constants). A definite analysis of de­
perturbed a values for CDF3, which is not yet available but 
perhaps possible in the near future,22 would provide the nec­
essary information to derive an '. structure. The best cur­
rent,o structure for CHF3 is 'o(CH) = 109.58 pm, 'o(CF) 
= 133.312pm,a(FCF) = 108.6113°,a(lICF) = 110.318" 

from these results, the digits given being not necessarily all 
physically relevant. 

3. Predict/on and analYSis of the band contours of the 
high frequency bands 

Starting with the N = 4 polyad, no rotational fine struc­
ture was observed, even under resolution and pressure 
broadening conditions, under which at least J structure 
should appear if the bands were simple. Figure 3 shows as a 
first example the simulation of the 42 component by means of 
predicted rotational constants. Although some details of the 
experimental spectrum remain undescribed, an adequate fit 
of the major contour, including in particular the Q-branch 
width and relative height compared to P and R branches, is 
obtained if one assumes an empirical Lorentzian linewidth 
r = 2.7 cm -I. This is to be compared with the approximate 
pressure broadening width of 0.4 cm -I, which gives a simu­
lated spectrum with a narrow Q branch and some rotational 
J structure. 

Figure 4 shows as a second example the simulation of 
the 52 component, which shows some particularities. First, 
the band is clearly split by an additional, local Fermi reso­
nance, which leads to the appearance of two Q~branch maxi­
ma at 14 003 and at 14 037 cm - I. The interpretation of these 
Q branches as arising from a local Fermi resonance is sup­
ported by the band strengths (see below and Table I), and by 
the fact that the position of the 52 state in this local resonance 
is at 14 012.4 cm - I, close to the predicted values in Table I 
(14009 or 14012 cm-I, respectively). This Fermi reso­
nance is taken into account in the simulation with the unas­
signed partner at 14 034.6 cm -I and a local coupling matrix 
element of 15 cm -I. Because of this additional resonance, 
the rotational constants have been adjusted in the fit and 

vb•eff Remarks 

1 b,c 
1.9 b,d 
2 b,c 
0.35 b 
1.97 b,d 
1.03 e 
1.92 e 
2.27 f 
2.96 f,d 

1 and the precise value 
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TABLE VII. Summary of fundamental frequencies and rotation vibration constants a/ for CHP3• 

Nominal aB 
/ af 

assignment v/cm- I 
10 4 cm I 10 4 cm -1 References 

vl(A,H"s") 3020 1.4 ± 0.4 0.4 this work, a, 3, 5, d 
v2 (A I ) 1141.45777 4.116 4.7811 27,40 
v3 (A I ) 700.1009 6.463 1.700 41 
v4(EH"b ") 1372 4.1 0.8 this work, b 

1377.84576 4.127 1.12 31, c 
vs(E) 1158.3425 12.457 5.538 27,40 
v6 (E) 507.8228 - 1.217 3.418 41 

• a is not derivable from the fundamental band (see the text), the fundamental frequency is from the effective 
Hamiltonian. The 11 component is at about 3035.5 cm -I. 

bprom overtone 2v4 (E), the frequency is from the effective Hamiltonian. 
C Prom fundamental. 
d One can also calculate af from the average rotational constant when exciting the anharmonic fundamental in 

normal coordinate space, obtainingaf = 6.7X 1O-6 cm- ' andaf = 4.7x 10-4 cm- ' , the latter being not in 
good agreement with experiment. 

furthermore the hot bands with v 6 added [one low frequency 
side peak is visible in the spectrum, most easily in Fig. 4( c) ]. 
Our interpretation of the Fermi resonance is similar to Ref. 
20 and the slight differences in the numerical parameters, 
which have been obtained independently, do not warrant 
discussion. Our simulation includes rotational structure and 
thus some shift Vo - vmax • A feature that cannot be easily 
fitted is the P-branch height and decline to low frequencies. 
A similar feature will reappear below for the 64 component. 
The Lorentzian width in the fit is 1.25 cm - I, smaller than 
for 42, However, as also visible in Fig. 1 (b), the Q branch of 
the 53 component is broad, about 11 cm -I with an only 
slightly smaller Lorentzian width. These phenomenological 
widths are thus quite different for different members of the 
same polyad. Also, the shapes are often markedly non-Lor­
entzian, for instance the 53 Q branch is "flat" in the FT 
spectra. 

Figure 5 shows experimental and simulated results for 
the 64 band. This band shows an effect, which appears al­
ready in the members of the N = 5 polyad but becomes now 
more pronounced. The P branch is strongly degraded to the 
low frequency side and shows no clear separation from the 
relatively broad Q branch, whereas the R branch still ap­
pears strongly with a separate maximum. This can be simu­
lated rather well by adjusting the rotational constants [Fig. 
5 (b) ]. The effect is present, but much weaker with the pre­
dicted rotational constants [Fig. 5 (c) ]. It can be due either 
to the limited validity of the Fermi resonance model in the 
higher polyads or due to interaction with further states with 
different rotational constants (the "background" states, 
which may be responsible for the phenomenological width 
r = 6.5 cm- I in this case). This point will be discussed in 
the more general context below. 

We conclude this section with an example from the per­
pendicular bands. Figure 6 shows the (11/2) 4 component. 
The simulation parameters are discussed in the caption and 
include a variation of tow, which is possible, although it was 
not necessary to invoke this effect in the simulations of the 
resolved perpendicular bands in the IR.5 The structure of the 
perpendicular bands is somewhat indefinite, in general. It 

may be noted, though, that the structure of the combination 
tones as assigned in Table III seems to be systematically 
different from the perpendicular polyad components. Noth­
ing definite can be concluded, at present, concerning the ex­
istence or absence of interaction between these band sys­
tems. It may be that data at higher resolution would help in 
the assignment, although this seems unlikely because of the 
generally large phenomenological widths needed to fit the 
spectra (i.e., r > ll. even with large ll.). It is now appropriate 
to discuss the origin and significance of the phenomenologi­
cal widths that are found invariably in all of the high over­
tones. 

F. Separation of time scales and mode selective 
vibrational redistribution 

For all the high frequency polyads with N>4 it was nec­
essary to assume in the fit some phenomenological width. 
These widths are variable within the polyads and show a 
tendency to increase with the polyad number N. For in­
stance, with N = 4 they are between about l.5 and 3 cm- I , 

for N = 5 between about 1 and 10 cm -I, and for N = 6 about 
7 cm -I. As inhomogeneous rotational (and in several cases 
also vibrational hot band) structure has been taken into ac­
count in the determination of these widths, they are clearly 
due to homogeneous rovibrational structure (in the sense of 
Ref. 4). We rule out exceptional pressure broadening. The 
detailed nature of this structure cannot be obtained from our 
spectra. There is no evidence that it corresponds to a smooth 
Lorentzian, although this function has been used in the fit­
ting. In some bands one can recognize some specific, non­
Lorentzian, structure. The local Fermi resonance with 
W = 15 cm -I in the 52 component is an extreme example. 
Usually, the structure appears on the order of the widths 
quoted. The variations within one polyad and among the 
polyads are similar to (CF3)3CH,7 where, however, the 
widths were by more than an order of magnitude larger and 
in part inhomogeneous. Also, the band profiles were perfect­
ly smooth. The rougher structure for CHF3 can be under-
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FIG. 3. Experimental trace and simulation of the 42 Fermi resonance com­
ponent compared to experiment with Lorentzian widths r (FWHM) as 
indicated. The resolution is 0.2 cm - I and the rotational constants have been 
predicted from the Fermi resonance model to be B' = 0.343 983 cm -I, 
C' = 0.188 897 cm - I. In the simulations the band center is shifted from the 
maximum by Vo - Vm .. = 0.5 cm- I (r = 2.7 cm-I) and 0.7 cm- I 

(r = 0.4 cm-I), respectively. The base lines are shifted by 0.3 units in the 
upper spectra. Additional measurements at 210 K indicate that the weak 
band at II 357 cm -I is not a hot band, as it emerges more clearly at low 
temperature, whereas the high frequency bumps around 11 365 to II 370 
cm - I become weaker at low T. No J structure is seen at low T and about lOS 
Pa pressure (0.2 cm- I bandwidth). 

stood in terms of the densities of states shown in Fig. 7. 
Around 14 000 cm -1 the density of vibrational states of AI 
symmetry is about 50 per cm - 1, which could be coupled by 
anharmonic resonance. For the 52 component about this 
number of vibrational states might contribute to the pheno­
menological width at J = O. For low J the density increases 
about with U + I, if one takes rovibrational couplings into 
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FIG. 4. Experimental and simulated spectra of the 52 component. (a) Ex­
periment (resolution 60",,2 em-I FWHM). (b) Simulation using two Fer­
mi coupled states centered at 14 012.4 and 14 034.6 cm - I (coupling matrix 
element W = 14.8 cm-I) with rotationalconstantsB' = 0.341(0.340) and 
C' = 0.188(0.187) cm- I, width r = 1.25 cm- I, resolution 60 = 2.0 cm- I 

(FWHM). Furthermore, hot bands were added at Vhot_ v. 

= -7.95(0.17), - 10(0.07), and - 16(0.02) cm- I (relative intensity 
in parentheses). The band centers in the simulation are at 14 005 and 14 042 
cm- I compared to the band maxima at 14003 and 14 039.5cm- l • (c) Sim­
ulation at high resolution (60.( n showing clearly the appearance of the hot 
band (cf. also Ref. 20). All the other parameters are identical to (b), also 
including the shifts Vo - Vm ... 

account in the density p(E, J, r K) as first suggested in Ref. 
42. These numbers are not too large to prevent resolution of 
individual lines with improved techniques, which are not 
accessible to us at the present moment. The prospects are, 
however, rather favorable, because certainly not all states 
will contribute equally. Even if only few states interact by 
very close resonances, as shown for the CH stretching funda­
mental ofCHF3,3 the detailed analysis may prove very diffi­
cult without jet cooling.47

-49 

However, even without detailed rovibrational analysis a 
positive minimal statement is possible: The homogeneous vi­
brational structure is not wider than about 1 to 10 cm-~ 
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FIG. 5. Experimental and simulated spectra of the 6. component. (a) Ex­
periment (resolution t:. = 2 em - 1 FWHM). (b) Simulation with adjusted 
rotational constants B' = 0.341 em-I and C' = 0.187 em-I, Lorentzian 
width r = 6.5 em - I (FWHM) and resolution t:. = 2 em - I. The shift 
between band center and band maximum is VO-vm •• =2.5em- l • (c) 
Simulation with predicted rotational constants B' = 0.343 092 em -I and 
C'=0.18864 em-I and r=6.5 em-I, t:.=2 em-I, vo-vma• = 1.5 
em-I. 

depending upon the band and excluding the local resonance 
in 52' This corresponds to initial transfer and decay times of 
longer than 0.5 to 5 ps. On the other hand, transfer from the 
stretching to the bending motion occurs on a time scale of 
about 50 fs, that is 10 to 100 times faster than the slower 
motion mentioned above.5

•
1S The initial time evolution is thus 

highly mode selective with a pronounced separation of time 
scales. It is interesting, although somewhat accidental, that 
for CHF3 a similar separation of time scales for redistribu­
tion was already observed in the fundamental (50 fs and 
about 10 ps, with similar difficulties in assigning the long 
time component in Ref. 3). Such a separation of time scales 
with mode selective transfer was also observed in the over­
tone spectra of CH(CF3)3' where the quantitative separa-
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FIG. 6. Experimental and simulated spectra of the (11/2). perpendicular 
component. (a) Experiment (resolution t:. = 2 em-I). (b) Simulation 
with predicted rotational eonstants B' = 0.342 483 em - I, C' = 0.188 461 
em-I, r = 4.0 em-I, and Vo - vmaa = - 2 em-I. The value of t .. has 
been taken to be 0.9 in this simulation. (e) Simulation as in (b) but with toft' 
= 0.985. 
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FIG. 7. Average densities of anharmonic rovibrational states p (averaged 
over 200 cm -I) for CHF3 • The lower functions give the density of vibra­
tional states of a given symmetry species in C3v ' which are approximately 
regular as calculated directly using algorithms developed earlier by us (see 
Refs. 43, 44, and also 45 and 46). The low energy part of the A 1 density had 
been reproduced in Ref. 3. The upper function givesp(E, J = 50). The cor­
respondingp(E, J, r,) result from the regular property of the density. The 
fluctuations of p(E, J, r i ) around the regular values for J = 50 are smaller 

than for J = 0 and thus not shown separately. (See Ref. 44 for a detailed 
discussion. ) 

tion is less pronounced.7 The assignment of the long time 
dynamics remains open. One possibility might be an almost 
exponential decay into many states. 14 Another, perhaps 
more likely possibility involves a few state rovibrational in­
teraction, which destroys any easily visible fine structure. 

IV. CONCLUSIONS 

Together with the data from Ref. 5, the present data 
allow us to obtain what is presumably the most complete 
assignment and detailed analysis of short time vibrational 
redistribution observable via the high overtone CH absorp­
tion spectra in polyatomic molecules. We can summarize 
our main conclusions: 

(i) The tridiagonal Fermi resonance Hamiltonian pro­
vides quantitatively and qualitatively correct predictions for 
both the band positions and relative band intensities within 
the multiplets of bands that are observed in the visible over­
tone spectra ofCHF3 instead of one band that might naively 
be expected for each overtone state of the isolated CH chro­
mophore. This finding provides further firm evidence that 
this type of interaction must be taken into account quite 
generally in the interpretation of the high overtone spectra of 
the alkyl CH chromophore. 

(ii) The overtone intensities can be understood semi­
quantitatively on the basis of the phenomenological local 
Mecke dipole function. 16 The previously observed ambigu­
ity17.18 in the assignment of parameters for this function re­
mains unresolved even with the advent of the present high 
overtone band strengths. 

(iii) On the short time scale of <0.5 ps characteristic 
for the CH stretch bend Fermi resonance the approximate 
symmetric top til selection rule remains valid up to very high 
quantum numbers N<.6 for both the integral and half-inte­
gral N poyads in CH F3• This is to be contrasted with the 

strong additional couplings that are observed in asymmetric 
top molecules. 8.9,.51,.52 

(iv) The overall rotational band contours can be qual­
itatively predicted on the basis of newly determined values 
for Be' Ce, and rovibrational constants including the Fermi 
resonance interaction. In the higher overtones the differ­
ences between prediction and experiment become more 
marked, indicating mixing with states of very different rota­
tional structure. 

(v) In the near infrared and visible overtone spectra 
( v> 11 000 cm - 1) no rotational fine structure is observed 
even under resolution and pressure conditions under which 
at least J structure should be observable in the parallel 
bands. This is further evidence for rovibrational homogen­
eous structure4 in these bands. Some structure of this kind 
occurs even in the CH stretching fundamental. 2

,3 

(vi) The additional homogeneous structure, as simulat­
ed phenomenologically by Lorentzian coarse shapes, occurs 
within frequency ranges of 1 to 10 cm -1. It is different for 
the different polyads and for different bands within each 
polyad. In one case (52) a particular resonance could be 
identified but not assigned. Although the nature of the addi­
tional structure cannot be unraveled at present, it corre­
sponds to redistribution times that are certainly longer than 
0.5 to 5 ps, depending upon the band considered. This is to be 
compared with the proven CH stretch bend Fermi resonance 
redistribution, which occurs on a time scale, that is about 
one to two orders of magnitude faster. The expected separa­
tion of the time scales for mode selective vibrational redis­
tribution and further evolution is thus present in CHF3 and 
more pronounced than in CH(CF3 h 7 
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