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Gas-phase fundamental and CH and CO overtone spectra (700-17 500 cm -I) of 2,2,2-
trideuteroacetaldehyde were recorded using FTIR and laser photoacoustic techniques. The Fermi 
resonance structure in the overtone spectra of the coupled CH stretching and in-plane CH bending 
vibrations is analyzed with a tridiagonal Hamiltonian, yielding a large effective coupling constant, 
I k ;bb I = 93 cm - I, corresponding to subpicosecond redistribution times. No coupling between the out
of-plane CH bending mode and the Fermi resonance system is apparent. This study presents the first 
detailed analysis of the anharmonic couplings in the CH chromophore at an spz carbon atom. The in
plane CH bending vibration couples in a manner similar to the CH(Sp3) bending vibrations, whereas 
the out-of-plane bending vibration is decoupled, similar to the CH(sp) bending vibrations. 

I. INTRODUCTION 

Fermi resonances 1 provide an essential mechanism for 
intramolecular vibrational energy flowz and often dominate 
the vibrational dynamics in highly excited molecules.3 In 
previous investigations, we have established an apparently 
universal existence of a strong Fermi resonance between CH 
stretching and bending vibrations in the Sp3 alkyl CH chro
mophore.4- 1O Because of the low CH bending frequencies in 
the acetylenic sp CH chromophore this resonance is 
quenched, which can be understood on the basis of an adia
batic separation between stretching and bending mo
tions.4,11.lz The question arises, how the coupling in an spz 
CH chromophore relates to the coupling in sp and Sp3 CH 
chromophores. The nature of the spz CH chromophore is of 
particular interest, because a Fermi resonance has been pro
posed 13 to be partly responsible for the broad absorption 
features in room temperature benzene. 14 However, recent 
spectra of jet cooled benzenels may question this interpreta
tion. 

In order to investigate the Fermi resonance structure in 
the spectrum of the CH chromophore of spz hydrocarbons 
we have selected trideuteroacetaldehyde (CD3CHO) as one 
model system. The high overtone absorption in this com
pound is dominated by the isolated Sp2 CH chromophore 
with its coupled stretching and bending modes. A Fermi 
resonance doublet structure with bands at 2821 and 2719 
cm - 1 has been found in the CH stretching fundamental. The 
in-plane bending fundamental is at 1388 cm - 1, whereas the 
out-of-plane bending fundamental was found at 624 cm - 1.16 
Thus, there is the interesting possibility of a further 1:2 Fer
mi resonance between the two bending vibrations. The goal 
of our study was to characterize completely the high over
tone spectra and to provide an analysis in terms of the var
ious possible resonances. There have been no previous stud-
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ies of the overtone spectra of this compound but there exist 
two recent investigations of the much more complex over
tone spectra ofCH3CHO, which are dominated by the meth
yl group absorptions. 17.18 

There is a fair amount of spectroscopic ground work 
available for acetaldehyde and its isotopomers. I 6-24 In par
ticular, Kilb et al. 19 have determined structural and tor
sional properties, Bauder et al. 24 have critically reviewed the 
microwave literature, and Hollenstein and Giinthard 16 have 
presented a normal coordinate analysis. In the latter work, 
the existence of a stretch bend Fermi resonance in the funda
mental region was already established, which provided one 
reason for selecting CD3CHO for a more detailed study of 
the overtone spectra. 

II. EXPERIMENTAL 

Large amounts of CD3CHO were necessary for record
ing the overtone spectra. Starting from commercially avail
able perdeuterated acetic acid, CD3CHO was synthesized 
according to the following scheme: 

I.LAH.ZS"C 
z. R-OH, 10 0 "C 

CD3 COOD CD3 CH2 0H 
in DEC 

PCC,ZS"C 

CD3 CHz OH CD3 CHO . (1) 
inMN 

The reduction in the first step was performed with LiAIH4 
(LAH) using diethyleneglycolmonomethylether, 
CH30(CH2)2 O(CH2)zOH, (ROH), to hydrolyze the ini
tially formed aluminum complex [(CD3CH20)4AI] -Li+ 
and diethyleneglycoldiethylether, 

CZ H 5 0(CH2 )zO(CHz )zOCzHs (DEC) , 

as solvent with high boiling point (189 DC). The oxidation in 
the second step was carried out with pyridinium-chloromon
ochromate (deuterochloride, PCC) in I-methylnaphthaline 
as solvent (MN, boiling point 244 DC). The deuterochloride 
of PCC was chosen as a reactant to prevent possible proton 
exchange of the a-deuteriums in the acidic medium of the 
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second step. The procedure allows easy separation of the 
intermediate trideuteroethanol by distillation, and of the 
product trideuteroacetaldehyde by pumping off at 15 mbar. 
All reactions were carried out under dry N2 in order to avoid 
contamination with water. More than 0.5 mol of CD3CHO 
could be synthesized with greater than 99.6% chemical puri
ty and greater than 97.7% deuteration in the CD3 group, as 
proven by gas chromatography, NMR spectroscopy, and IR 
spectroscopy. This also established the identity of the prod
uct. The sample preparation for quantitative spectroscopy 
included several freeze-pump-thaw cycles in order to re
move air. 

Using the Zurich BOMEM DA002 interferometric 
Fourier transform spectrometer system, which allows for a 
maximum apodized resolution of 0.004 cm - I, several spec
tra were taken at modest resolution to cover the complete 
range from 700 to about 14 000 cm -I. Selected regions were 
then measured at high resolution. The optical path in a mul
tipass cell was calibrated using CHF3 as a standard. Band 
strength measurements (pressure broadened spectra with 1 
bar N 2) are estimated to be accurate within about 20% in the 
N = 1 and N = 2 overtone region and within about 40% in 
the N = 3 and 4 overtone spectra. The frequency measure
ment is accurate within the resolution as checked by several 
calibrations. Details of the techniques have been described 
extensively elsewhere. 5.7 

The overtones in the visible have been measured in Stan
ford by the photoacoustic technique in the range from 
12 000 and 17 500 cm -I using several laser dyes. Typical 
CD3CHO pressures in these measurements were 500 mbar. 
Some samples in these measurements contained CO2, which 
did not perturb the results, because the CO2 absorption is 
very weak in this range. Band strengths were estimated using 
benzene and neopentane as internal references. However, 
this did not allow for a direct comparison with the FTIR 
data. Details of the Stanford photoacoustic laser spectrosco
py system and experimental procedures have been described 
before.9.25.26 

III. RESULTS AND DISCUSSION 

A. Rotational band shapes and fundamental spectrum 
in the mid infrared 

CD3CHO has Cs symmetry with the a and b principal 
axes in the plane of symmetry (coinciding with the CHO 
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TABLE I. Fundamentals of CD3CHO. 

v(cm- I ) Remarks and references 

v, 2756.1 CH stretching" 
v, 2262.2 CD3 stretching 
V3 2120.24 CD3 stretchingh 

v. 1752 ( 1754.33) CO stretchingb 

Vs 1395.3( 1387.67) in-plane CH bending< 
V6 1131.4 CC stretching" 
V7 1038.4 CD3 bendingd 

VB 961.03 CD3 bendingd 

Vo 774.3 CC stretchingd 
•• 

VIO 444 CCO bendingd (Ref. 16) 

VII 2225.14 CD3 stretching 

V" 1061.8 CD3 bendingd
•
e 

vl3 1027.5 CD3 bendingd
•
e 

V,. 624 CH bendingd.f (Ref. 16) 

V,s (135) torison (calculated) (Ref. 16) 

"From Fermi resonance analysis Ref. 16 estimates 2754 cm - '. 
b The first value is from the overtone analysis, the fundamental is near 1754 
cm-' in Fermi resonance with VB + Vo at 1729.18 cm-', see Table V, con
tains some CH bending. 

C From Fermi resonance analysis, the value of the band center of the funda
mental is given in parenthesis. The normal vibration contains some CO 
stretching. 

d Highly non local, complex normal coordinate. 
e Some CH out-of-plane bending. 
f Also considerable CD3 bending. 
• In Fermi resonance with V,. + VIS at 723.63 cm -'. 
h In Fermi resonance with V6 + VB at 2084.4 cm - '. 

plane) and the c axis perpendicular to it. The a axis lies 
nearly along the line connecting the methyl carbon with the 
oxygen nucleus and thus CD3CHO is a prolate, nearly sym
metric top with rotational constants l9 A = 1.3920 em-I, 
B = 0.286 52 cm -I, and C = 0.260 74 cm -I (asymmetry 
parameter K = - 0.954). There are 10 a' (VI to v lO ) and 5 
a" (VII to VIS) normal vibrations. For a' fundamentals and 
overtones A, B, or AB hybrid bands are expected, whereas 
the a" transitions should be of type C. Table I gives a sum
mary of the fundamental frequencies ofCD3CHO and Fig. 1 
provides a survey of the mid IR spectrum showing some of 
the fundamentals. We shall concentrate here on those vibra
tions relevant for the analysis of the overtone spectra. Our 
data for the whole range are in general agreement with pre
vious results 16 but more accurate. The data in Table I consist 
mainly of estimated band centers obtained without line by 
line rotational analysis. 

3800 4800 

FIG. 1. Survey of the mid-infrared spec
trum of CD3CHO. Note the different con
ditions of measurement, which are indi
cated in the inserts as pressure times path 
length and scaling factor x for the ordi
nate. The sticks represent predicted band 
positions and intensities from the Fermi 
resonance analysis given below. 
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FIG. 2. High resolution scans of the in-plane CH bending fundamental (a) 
Survey atp = 9Ombar,1 = 17 cm, apodized resolution 0.02 cm~ I (A ~ ex
periment, B = simulation with a Lorentzian pressure broademng of wI~th 
FWHM of 0.1 cm - '). (b) Detail showing the effect of pressure broademng 
[A: conditions of Fig. 2(a), B: p = 5 mbar, I = 3.75 m, apodized resolution 
0.008) see also discussion in the text. 

The in-plane CH bending fundamental Vs (or Vb) is a 
moderately strong band. A preliminary analysis of the high 
resolution spectrum gives a band center of 1387.67 cm -I. 
Figure 2 ( a) shows a survey spectrum of this band obtained 
for a sample at a pressure of 90 mbar, in comparison with a 
simulated envelope based on preliminary spectroscopic con
stants and a pressure self-broadening coefficient of 1 cm -I / 
bar. Figure 2(b) shows a comparison of a small section of 
this spectrum with a result obtained in a long path cell and 5 
mbar sample pressure. This illustrates the surprisingly large 
pressure broadening in this band. The A:B ratio of this AB 
hybrid band was estimated from the simulation to be about 
28:72. The CH in-plane bending motion is somewhat mixed 
with the CO stretching motion, which is of the same symme
try and rather close in frequency. From a purely local CH
bending mode a higher A content would have been expected. 
The CO-stretching fundamental appears very strongly at 
1754cm- 1 (see Fig. 1). The CH stretching fundamental (VI 

or Vs ) is in strong Fermi resonance with the first overtone of 
the CH bending vibration. This leads to the appearance of a 
doublet centered near 2750 cm -I and the complex overtone 
spectrum, as discussed below in detail. Another vibration of 
potential importance for the CH overtone spectrum is the 

out-of-plane CH-bending vibration. All normal vibrations of 
the triplet V 12, V!3' and V I4 contain a substantial amount of 
this local CH bending motion. If the fundamental at 624 
cm -I is associated with the out-of-plane bending motion, a 
Fermi resonance of its overtone near 1250 cm -I with the in
plane b~nding vibration might perhaps be expected, and this 
resonance pair might be coupled to the CH stretching mode 
and fall closer to it at high overtones. As we shall see below, 
no evidence for such a behavior is found experimentally. 

B. The evaluation of the CH stretch-bend resonance 
Hamiltonian and spectrum 

By analogy to the Sp3 CH chromophore we might expect 
the CH overtone spectrum to be dominated by the CH 
stretching and bending vibrations, which are strongly cou
pled by anharmonic Fermi and Darling-Dennison reson
ances. The general theory for the asymmetric top cases has 
been outlined in Ref. 10. In the present case we found that 
the low frequency bending mode is decoupled. Consequent
ly, the Fermi resonance occurs between the CH stretching 
mode Vs and the high frequency in-plane CH bending mode 
Vb' The effective Hamiltonian is block diagonal in the chro
mophore quantum number 

N = Vs + 0.5Vb . (2) 

For integer N each block contains N + 1 coupled states, for 
half (odd) integer N one has N + ! states. The diagonal ele
ments of the Hamiltonian matrix are given (in wave 
numbers) by Eq. (3): 

H~V';V,Vb = v;vs + vi, Vb + X;sV; + Xi,bV~ + X;bVsVb . (3) 

The nonzero off-diagonal elements in each block are given 
by Eq. (4) 

=!k ;bb [0.5vs (Vb + 1) (Vb + 2)] 112. (4) 

The effective Hamiltonian is defined by six spectroscopic 
parameters, for which we have used conventional symbols 
supplemented by a prime. The parameters have a complex 
significance. To lowest order, the off-diagonal Fermi reso
nance parameter k ;bb can be associated conventionally with 
a cubic force constant in the normal coordinate (q) repre
sentation of the potential, corresponding to the term 
ksbb q s rib .27 This is a very rough approximation, which is now 
known to be poor, in general, and more fundamental inter
pretations have been discussed elsewhere.s-7 The eigenval
ues of the effective Hamiltonian can be compared to the posi
tions of overtone bands in the CH spectrum. The eigenvector 
components can be used to calculate relative intensities with
in the polyads. If one assumes that only the pure CH stretch
ing overtones carry oscillator strength one has for the rela
tive band strengths gN:

5
-

7 

J 

Z~HNZN = Diag{E f,E f···} (5) 

gN
j
=IZNlj I2, (6) 

IgN
j 

= I IZNlj l2 = 1. (7) 
j j 

Relative band strengths can also be obtained from experi
ment using the relations: 
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(8) 

Ge1?= f U(V)(~v)==~ f In(Ia)dV.(9) 
) Jband!'J V Va ct Jband !'J I 

The sums in these equations are taken over the states in each 
polyad N. Ai labels states in the polyad N in the order of 
decreasing energy with increasing j. The absorption cross 
section u, the band center VA' particle density concentration 
C, optical absorption path length t, and incident (/0) and 
transmitted (/) intensity have their usual significance. De
viations from the simple one-dimensional dipole function 
model for low overtones are expected. We shall see later that 
deviations also occur for some of the higher overtones. They 
can be understood qualitatively and thus only approximate 
agreement of experimental and theoretical intensities should 
be expected. Nevertheless, the relative intensities are crucial 
for the Fermi resonance band assignments. They are the sig
nature of the CH chromophore in the spectrum. 

C. The CH chromophore overtone spectra 

Figures 3 and 4 provide a survey of the complete near 
infrared and visible spectra of CD3CHO up to about 17 500 
cm -1. The CH overtone bands have been assigned by means 
of the effective Hamiltonian in Sec. III B. After a nonlinear 
least square fit using the Marquardt algorithm in a program 

11800 12800 

positions and intensities from the Fermi 
resonance Hamiltonian. 

developed previously,1O one can predict band posItions 
(sticks) and intensities (relative heights of the sticks) which 
are shown in the figures. Nevertheless, the Fermi resonance 
polyads for integer and half (odd) integer N in Figs. 3 and 4 
are easily recognized. The absolute intensities are, of course, 
quite different in the different ranges (see the conditions giv
en in the figures and captions). Because of the large anhar
monicity of the CH stretching mode, the lowest frequency 
band becomes increasingly dominant for large values of in
teger N. In the case of N = 5 there is some overlap between 
the FTIR and the photoacoustic spectra, with good agree
ment among the two. For the highest overtones the polyads 
are dominated by one or two intense bands. For most of the 
infrared bands, some coarse rotational structure is observed. 
We have not evaluated the rotational fine structure for most 
of the overtone bands, but we have estimated the band 
centers from the minima of resolved PQQR structures and 
the central maxima for PQR structures. For the overtones in 
the visible, only the maxima of the moderately broad bands 
could be evaluated. 

Table II summarizes the wavenumber and intensity in
formation from experiment and theory. For such a simple 
model the fit is generally very good with a root mean square 
deviation of 4.4 cm - 1. The best fit parameters of the effective 
Hamiltonian are given in Table III. The large parameters are 
well determined and not very sensitive to details of the 
weighting or the fit procedure. This is evident, for instance, 
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VoalE CD,CHO TABLE II. Experimental and calculated" results. 

State 
N j i1""( cm -I) iflc(cm- I ) g'jbs talc b WeightsC ~otes 

1/2 1 1387.7 1395.4 1.0 1.0 d 

1 2821.0 2814.2 0.46 0.390 1.0 d,e 
2 2719.9 2719.0 0.54 0.61Q 1.0 d,e 

3/21 4213.8 0.421 f,(g) 

14000 13500 _ li/em-' 13000 12500 2 4050.8 0.579 f,g 

2 1 5614(?) 5607.8 vvw 0.038 g 
2 5418.5 5419.3 0.30 0.489 1.0 e,g,h 

VoalE CD,CHO 3 5 321.8 5322.2 0.66 0.473 1.0 e,g,h 

r 
5/2 1 6994 6992.8 vw 0.078 1.0 g,i 

2 6763 6764.7 0.6 0.493 1.0 
3 6597 6599.9 0.3 0.429 1.0 

3 1 8368.3 0.003 f 
2 8107.0 8 107.3 0.029 0.057 1.0(5.0) 

.~ 
3 7911.1 7911.4 0.402 0.435 1.0(1.0) e 
4 7807.2 7811.0 0.566 0.505 1.0(1.0) e 

7/2 1 9733.7 0.010 
2 9446 9442.3 0.084 0.119 1.0(2.0) 
3 9207 9207.5 0.507 0.465 1.0(1.0) 

I 4 9035 9040.1 0.399 0.406 1.0(1.0) 
14000 13500 _ ii/em,1 13000 12500 

4 1 11 088.7 0.2( - 3)' .. 

Voa/E CD 3CHO 2 10 768.8 0.005 
3 10 501 10 500.4 0.017 0.054 1.0(5.0) j,k 
4 10 290.5 10 293.3 0.277 0.309 1.0(1.0) e 
5 10 188.6 10 177.8 0.700 0.631 1.0(1.0) e 

9/2 1 12432.9 0.001 
2 12086.0 0.017 
3 11786.8 0.123 k 
4 11 541 11 542.1 vvw 0.403 1.0 j,k 
5 11 364.8 0.456 f,k 

5 1 13 766.2 0.2( -4)' .. I 
2 13 393.5 0.4( -3)'" I 
3 13065.5 0.006 f 

15000 _V/cm,1 14000 4 12820(?) 12787.1 vw 0.042 
5 12566.0 w 0.199 m 
6 12424 12413.6 s 0.754 1.0 

Voa lE CD3CHO 
11/21 15088.3 0.8(-4)'" 

2 14690.9 0.002 
3 14335.7 0.019 
4 14026.2 0.107 g 
5 13 767.6 0.332 g 
6 13 555(?) 13 565.8 0.541 n 

~ 
6 1 16399.1 0.9(-6)'" 

2 15977.8 0.3( -4)'" 
3 15596.6 0.5(-3)'" 
4 15258.2 0.005 
5 14963 14966.0 w 0.029 1.0 0 

6 14723.2 w 0.137 m 

16000 vtem 
_1 

15000 
7 14514 14515.6 s 0.829 1.0 0 - 13/21 17698.3 0.6( - 5)' .. p 

CO,CIC) 
2 17254.0 0.2( - 3)'" 

Y .. IE 3 16847.9 0.002 g 
4 16482.1 0.017 I 
5 16159.1 0.084 
6 15880.3 0.271 f,k 

::::-r\;:l ..... t1.'1·, ...... tt. 
7 15600(?) 15637.0 0.625 j 

7 1 18986.0 0.5( -7)' .. q 
2 18519.3 0.2( - 5)' .. q 

17000 »/c.m- 1 16000 3 18089.2 0.4( -4)' .. q 
4 17697.4 0.4(\- 3) ... q 

FIG. 4. Survey of the (photoacoustic) visible absorption spectrum of 5 17345.5 0.003 

CD3CHO (see also captions to Figs. 1 and 3, discussion in the text, and Sec. 
6 17034.1 0.020 g 

II for conditions). The ordinate gives the raw spectral signal which should 
7 16756.8 0.104 g 

be proportional to both absorption (I-transmittance) and absorbance 
8 16481 16484.3 0.872 1.0 k 

[In(1o1l) 1 for the weak signals. 
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TABLE II (continued). 

State 
N j 11"'(cm- l

) i-j'C(cm- l ) 1tJ'" C 'Cb WeightsC Notes 

15/2 7 17874 0.23 
8 17576 0.69 r 

8 8 18662 0.085 r 
9 18320 0.90 r 

'Calculated values from the fit parameters in Table III. For further details 
refer to Table III and text. All states have Q' symmetry. 

bThe number in parentheses indicates the power of 10 (i.e. 
0.9( -4) =0.9XIO-4

). 

C This column gives the weights for all those experimental values which were 
included in the fit. The number gives the weight for the corresponding 
frequency, the number in parentheses has to be multiplied by 10 000 to get 
the weight for the corresponding intensity. The factor arises from the dif
ferent orders of magnitude of gj and Vj values that were included in the fit. 

d For our components (1/2) I' (1) " and (1)2 Ref. 16 gave 1387 (AB con
tour). 2820 (B) and 2720 cm -I (B) Ref. 20 gave 1380/1400 (B), 2812 
(A), and 2706/2727 cm- I (B), and Ref. 21 gave 2843 and 2746 em-I (in 
solution at 83 K). 

·Overlapping neighboring components; ItJb' values are very approximate 
only. 

fRegion superimposed by several weak bands, not assigned so far. 
g Region superimposed by H20 lines. 
hFor our components (2)2 and (2)3 Ref. 21 found 5487 and 5386 em-I, 

respectively (in solution at 85 K). 
i Strongly overlapping with neighboring band; ItJb' value very approximate 
only. 

iBand with a complex structure (unresolved rotational envelope. PQR or 
PQQR, respectively). 

k Poor signal to noise ratio. 
I Region superimposed by components of the next higher polyad. 
mShoulder. 
n Absorption with a complex structure. The minimum lies at about 13 522 
cm-I, the higher frequency maximum (listed) at 13 555 em-I. (Actually, 
one does not expect a resolved rotational envelope here). 

o Broad, unstructured band. 
"Out offrequency range. 
q Polyad overlap in the predicted band positions. 

TABLE III. Parameters of the model Hamiltonian for CD3CHO. 

Parameter' Fit If Fit 2" 

v;(cm- I) 2821.99 2825.67 
vi,(cm- ' ) 1402.17 1399.31 
X.:., (cm- I) - 65.86 - 66.48 
x;b(cm- ' ) 32.01 - 31.74 
xbb(cm- I) -6.82 - 6.55 
ksbb (cm- I) ± 92.89b ± 93.31 

n~c 22 22 
n d 

g 9 9 

R.m.s(cm-I)e 4.44 4.22 

a All parameters are in cm - I units. 1 cm - I corresponds to 11.962 66 
Jmol- ' . 

bThe sign of ksbb is undetermined. 
C Number of experimental band positions included in the fit. 
d Number of experimental gj values (relative intensities) included in the fit. 
e Root mean square deviation for the n. assigned bands of the CH chromo-
phore. 

fWeight for all data included in the fit according to Table II. 
"Tenfold weight for the band center of the bending fundamental, unit 

weight for all other data, except intensities, see Table II. 

TABLE IV. Integrated and summed band strengths for the polyads with 
integer N of the CH chromophore. a 

N G/fm2 

1 670 000 ± 50 000 
2 599 ± 160 
3 219 ± 40 
4 22±2 
5 1.43 ± 0.16 
6 0.41 ± 0.08 
7 0.041 ± 0.008 

'95% confidence intervals are given for three to five separate measure
ments. See also the error discussion in the text. 

from the two fits with two very different weights for the 
accurately measured and apparently unperturbed bending 
fundamental. Note in particular the very large value for 
Ik ;bb I = 93 cm- I

, which is estimated to be accurate to with
in better than 10% including many possible error sources. 
This anharmonic coupling constant is thus larger than the 
diagonal anharmonicity constant x;'. It is of the same order 
of magnitude as found for the Sp3 CH chromophore.4

- 1O In a 
time-dependent description, the large coupling leads to ener
gy redistribution between the CH stretching and the in-plane 
bending motion on a subpicosecond time scale (about 0.1 
ps). 

Table IV summarizes the absolute intensities, summed 
for each polyad. We note a sharp drop in intensity at N = 2. 
Although this is established with certainty, the interpreta
tion is not yet firm. The 95% confidence intervals are only 
part ofthe total error, which is estimated to be within 20% to 
40% for the FfIR spectra (see Sec. II). The estimated val
ues for N>5 are given as an indication only, without any 
error limit (the error may be very large). The intensities of 

TABLE V. Assignment of bands involving the CO stretching vibration 
(v4 )· 

v(cm- I) Assignment Remarks 

1754 v4 (l752)b 
3138 <! + V4 ),(?) PQQR 
3476 2v4(3478)b Complex structure 
4471 (1 + v4h PQQR 
4552 (l + V4), Complex structure 
4855 (! + 2v4) I (?) PQQR 
5178 3v4(5178)b c 
5650--6000 (3/2 + V4)'.2 (7) Complex structures 
6191 (1 + 2V4h PQQR 
6281 (l + 2v4) I Complex structure 
6865 4v4(6852) (?)b Very weak, a,c 
7076 (2 + V4)3 PQQR,c 
7'167 (2 + V4)2 PQQR,c 
7345 (2 + v4), PQQR,c 
7530 (3/2 + 2V4)2(?) Complex structure 
7680 (3/2+2v4),{?) Shoulder 
8315-8385 3,{?) c 
9854 (3 + v4h Abs<;>rption from 

979(7 to 9990 

aThis region is also overlapped by the (5/2) polyad. 
b The numbers in parentheses are calculated for a Morse oscillator using 2V4 
and 3v4 to determine vco = 1765 cm-' andx= = 13 cm-'. 

C Overlapped by H20 absorption lines. 
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the high overtones are of the same order of magnitude but 
somewhat larger than those found for the alkyl CH-chromo
phore.28 Because of the experimental uncertainties, we have 
not pursued a theoretical evaluation. 

In the high overtone region, most of the intensity is car
ried by the CH stretch-bend polyads. There is, in particular, 
no evidence for further Fermi resonance coupling with the 
low frequency out of plane CH bending or related vibrations. 
These seem to be adiabatically decoupled, at least on a short 
time scale. In the lower part of the spectrum, some further 
bands appear that can be associated with the CO stretching 
vibration and its combinations with the CH chromophore 
polyads. 

D. Assignment of bands involving the CO stretching and 
other vibrations 

Almost all of the intensity in the overtone spectrum can 
be accounted for by CH chromophore transitions and by CO 
overtones and combinations with the former. Many of these 
bands have been assigned in Table V. There we use the nota
tion for combination polyads (N + v4 )j' similar to simple 
polyads. The situation is quite similar to the combination 
polyads in CHF3, CHD3, and CHCIF2, where the relevant 
heavy atom vibrations are the CF3-stretching and the CD3-
stretching vibrations, etc. Combinations with heavy atom 
vibrations involving the carbon atom of the CH chromo
phore seem to appear rather regularly. The matter has al
ready been discussed in,1·9 but we have not found sufficient 
evidence for inclusion of an explicit coupling term in the 
effective Hamiltonian.7.9.29 The two band systems (with and 
without the heavy atom motions) can be analyzed as sepa
rate, effectively decoupled systems, although in the future 
perhaps a global analysis will become possible. Table V con
tains also the assignment of the CO stretching overtone se
ries. This can be well fitted by a local Morse oscillator term 
formula up to 4v4 • The coupled nature ofthe CO stretching 
and CH bending modes can be seen from the rotational band 
shapes. The pure local CH bending polarization is parallel to 
the a axis, giving much A-type band structure, whereas CO 
stretching is closer parallel to the b axis, giving B-type bands. 
In reality, the bands are hybrids whose description differs 
from a "local mode" interpretation. 

IV. CONCLUSIONS 

We can draw the following main conclusions: 
(i) For the first time it has been possible to characterize 

completely the strong stretch-bend Fermi resonance in the 
overtone spectrum of an isolated CH chromophore of a Sp2 
carbon atom. It is found that only the high frequency in
plane CH bending vibration participates in the anharmonic 
resonance system, whereas the out-of-plane CH bending fre
quency is adiabatically decoupled. 

(ii) The effective anharmonic coupling parameter k ;bb 

has a large value (about 93 cm- I for CD3CHO), similar to 
couplings found for the alkyl CH chromophore.4-1O This 
strong coupling results in a time scale of about 0.1 ps for 
energy flow between the CH stretching and bending vibra
tions. 

(iii) Any further fine structure arising from coupling to 
other vibrations was not identified and is either much nar
rower or much less intense, corresponding to redistribution 
times at least an order of magnitude longer than for CH 
stretching and bending or to much less complete redistribu
tion. 

(iv) Overtones up to v = 4 for the CO stretching vibra
tion and combination bands with the CH stretch bend sys
tem can be identified. The two band systems can be well 
analyzed separately and thus the coupling, if any, is off reso
nant. 

This study also suggests some directions for future re
search. A more complete theoretical treatment might in
volve the CHO chromophore as a whole. The present results 
also pave the way for an inclusion of Fermi resonance in the 
analysis of overtone spectra of ordinary acetaldehyde 
(CH3CHO), which so far has not been possible. 17 This may 
prove crucial for a proper understanding of McKean's corre
lations between CH stretching frequencies and dissociation 
energies in this molecule.30 A more detailed understanding 
of the physical significance of the Fermi resonance coupling 
in terms of the potential surface for acetaldehyde can be ob
tained by a combination with accurate ab initio calculations, 
which are well in reach for this molecule, similar to CHD3.7 
On a somewhat simpler level one can also use appropriate 
modifications of internal coordinate Hamiltonians for mod
eling the Sp2 CH stretch bend Fermi resonance. 14.31.32 In this 
context, our results may also be helpful in the analysis of the 
more complex and so far not quantitatively understood spec
tra of the local Sp2 CH chromophore in benzene. 13-15 
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