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Abstract  Low-temperature FTIR spectra of ethanol in the argon matrix have been recorded in the spectral interval 

2800-4000 cm
-1

. The spectra were obtained for several temperatures over the range 20-50 К and for the number ratios 1:1000 

and 1:2000 of the molecules studied and atoms in the matrix. A tentative interpretation has been performed on the basis of the 

temperature and concentration changes in FTIR spectra with the use of the relevant literature data. The computations of 

harmonic and anharmonic IR spectra for gauche - and trans-rotamers of the ethanol molecule and its two deuterated deriva-

tives (СD3CH2OH and CH3CD2OH) have been carried  out in  the approximation B3LYP/cc-pVQZ. An interpretation of the 

bands and lines in the region of stretching С-Н vibrations has been proposed with regard to the anharmonicity effects and 

Fermi resonances using the literature data on IR and Raman spectra of the molecule under study. 
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1. Introduction 

A molecule of ethanol has very interesting properties due 

to its ability to be in two conformations: trans-conformat ion, 

when the molecu le is of СS symmetry, and low symmetry  (C1) 

gauche-conformation. Besides, it has two tops of internal 

rotation : symmetric (methy l g roup) and  asymmetric (hy-

droxyl group). Similar to all alcohols, it can form various 

cluster structu res due to the fo rmat ion of intermolecu lar 

hydrogen bonds. Owing to these properties, this molecu le 

has attracted the attention of researchers, especially after the 

finding[1-4] of ethanol molecules in dense interstellar mo-

lecu lar gas clouds. Numerous works are devoted to  the 

studies of this molecule with the help of vibrational spec-

troscopy. In[5] the authors have studied the convergence of 

Raman lines attributed to the stretching vibrations of a hy-

droxyl g roup in trans- (3645 сm
-1

) and gauche-conformers 

(3635 сm
-1

) up to their complete coincidence at the te m-

perature 430 К. Th is effect was related to the increased in-

terconformer t rans it ion  rate. In  IR study of mono - and 

polycrystalline phases of ethanol presented in[6] it  has been 

found  that  a crystal c ell o f 6

2HC symmetry  includes  two 
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chains of four molecules. Durig[7] has analyzed IR spectra 

of ethanol polycrystals focusing his attention at interpreta-

tion of lib rational and translat ional modes. In[8] the authors 

present Raman spectra of ethanol in a gas phase and a 

qualitative interpretation of the spectra with es timation of the 

enthalpies difference between trans- and gauche-conformers 

(110 – 179 cm
-1

). Durig et al. in their recent work[9] made an 

attempt to calcu late the geometric parameters for trans- and 

gauche-conformers of ethanol and the internal rotation bar-

riers; they also have considered interpretation of vibrational 

spectra. The authors have recorded IR spectra (300-4000 

cm
-1

) in  a gas phase and IR spectra of ethanol solutions in 

xenon over the temperature range from -55 to -100
0
 С. Be-

sides, quantum-chemical computations of the structure, force 

fields, and harmonic spectra of ethanol have been performed 

in the approximations MP2/6-31G(d) (57 basis functions) – 

MP2/acc-pVQZ (516 basis functions) and B3LYP/6-31G(d) 

– B3LYP/acc-pVQZ. It seems that the first interpretation of 

IR spectra for ethanol based on recording and  processing of 

spectra for normal ethanol and its 11 isotopic analogues was 

proposed by Perchard as early  as in  1968[10]. Barns and 

Hallam in their interpretation of a spectrum for ethanol in the 

argon matrix[11] have proceeded from the prevalence of a 

trans-conformer. A lso, Barns has noted that the temperature 

dependence of absorption bands for a hydroxyl group of 

ethanol in the nitrogen matrix[12] may  be due to the proc-

esses of gauche/trans-interconversions. Reconsidering his 

previous results, Perchard has obtained IR spectra of ethanol 
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in argon and nitrogen matrices[13]. Based on the calcula-

tions of the structure and IR spectra for two conformers in 

the approximat ion B3LYP/6-311 ++G(2p,2d) and  studying 

the kinetics of spectral conversions for the sample subjected 

to laser rad iation at the frequencies associated with the v i-

brations of О-Н and С-О bonds, Perchard has proposed a 

reliable experimental assignment of the absorption bands to 

the vibrations of gauche- and trans-conformers of ethanol. 

He has demonstrated that the argon matrix stabilizes the 

trans-conformer, whereas in the nitrogen matrix both con-

formers are found. But it  should be noted that the calcula-

tions of Perchard have been preformed in the harmonic ap-

proximat ion, and h is theoretical description o f normal v i-

brations has only qualitative character. 

The interpretation of absorption bands for a molecu le of 

ethanol in the region of stretching С-Н vibrations is contra-

dictory. For the description of С-Н stretch vibrations in СН2 

and СН3 groups we will use the designations 2CH

s ; 2CH

as ;

3

1( )
CH

s A ; 3 ( )
CH

s E ; 3 ( )
CH

as E , where the indexes s  and as  

reflect the symmetry  of the vibrat ion relative to the symme-

try plane in  trans-conformer or to the С-С-О plane in 

gauche-conformer. The symbols in the brackets reflect the 

type of the vibration of a methyl group relat ive to the local 

symmetry С3V. In  the earlier works of Perchard[10,14] the 

bands at 2894, 2928, and 2975 cm
-1

 have been attributed to 
2CH

s , 3

1( )
CH

s A  and the overlapping symmetric and anti-

symmetric stretching vibrations of С-Н bonds in a methyl 

group: 3 ( )
CH

s E + 3 ( )
CH

as E . It was assumed that a 

gauche-conformer dominates in gas and liquid phases. This 

assumption was supported by a large coupling of some vi-

brations. This is impossible in  the case of trans-conformer 

because of the symmetry restrictions. According to[15], the 

lines at 2891 and 2910 cm
-1

 are polarized, while the line at 

2973 cm
-1

 is depolarized in a Raman spectrum for the binary 

mixture of gaseous and liquid ethanol. Assignment of the 

first two lines is the same as in[10,14] and the third line is 

attributed to a sum of the 2CH

as + 3CH

as (E)-type vibrations. The 

latter is questionable as, due to the same symmetry type of 

overlapping vibrations, they should be resonant, mixing, and 

leading to the appearance of two Raman lines. As it  is seen, 

the assignment was made disregarding the existence of two 

conformers and without the calculation of normal vibrat ions. 

In[11] the bands at 2900.5 and 2953.5 cm
-1

 are attributed to 
2CH

s and 2CH

as , respectively. The bands at 2995.6, 2985.4, 

and 2939.6 cm
-1 

are attributed to vibrations of the types
3 ( )

CH

s E , 3 ( )
CH

as E , and 3

1( )
CH

s A , respectively. Next , three 

strong absorption bands at 2917.5, 2913.4, and 2872.0 cm
-1

 

are attributed to overtones and combined bands of the H-C-H 

bending vibrations, enhanced due to Fermi resonance. All 

the vibrations in the spectral region under study are associ-

ated with a trans-conformer. In[13] the bands at 2899.6 and 

(2912.9; 2917.4) cm
-1

 are attributed to the methylene group 

vibrations of the types 2CH

s  and 2CH

as  in a trans-conformer. 

The bands at (2992.4; 2995.4); 2984.6, and 2939.2 cm
-1

 are 

respectively attributed to the methyl group vibrations of the 

types 3 ( )
CH

as E , 3 ( )
CH

s E , and 3

1( )
CH

s A in a trans-conformer. 

The bands at (2886.0; 2888.9); 2929.7;  2951.9;  (2983.1; 

2984.5), and 2987.2 cm
-1

 are attributed to the vibrations of 

the types 2CH

s ; 2CH

as ; 3

1( )
CH

s A ; 3 ( )
CH

s E , and 3 ( )
CH

as E  of a 

gauche-conformer, according to[13] revealing an apprecia-

ble intensity in the nitrogen matrices only. The authors have 

related the appearance of doublets to the “site” effect. It  is 

obvious that assignments for the vib rations of С-Н bonds in a 

trans-conformer are somewhat different in[11,13]. In[9] the 

presented low-temperature IR spectrum of ethanol recorded 

in a xenon solution the bands at 2868.0;  2884.0; 2920.0; 

2961.0, and 2965.0 cm
-1

 are assigned as the vibrations of the 

types 2CH

s ; 2CH

as ; 3

1( )
CH

s A ; 3 ( )
CH

s E , and 3 ( )
CH

as E  in a 

trans-conformer. The bands at 2892.0; 2962.0; 2930.0; 

2975.0, and 2994.0 cm
-1

 are attributed to the corresponding 

vibrations in a gauche-conformer. Important experimental 

results devoted to IR and photoacoustic Raman spectra of the 

molecules СН3СН2ОН, СD3 CH2OH, and CH3 CD2OH in gas 

and liquid phases have been obtained in the works[16,17]. 

Apart from the experimental data, the authors have used the 

computational results for IR and Raman spectra of ethanol in 

the approximat ion B3LYP/6-311 G(d,p), despite the fact that 

no indications are given which of the two conformers is the 

case. The authors give alternative assignments for some lines 

in Raman spectrum. 

So, one can  state that in the literature there is disagreement 

concerning the interpretation of molecular spectra for etha-

nol in the region of stretching С-Н vibrat ions. For adequate 

interpretation of molecular spectra for ethanol in the region 

2800 -3000 cm
-1

, anharmonic computations of vibrat ional 

spectra for gauche- and trans-conformers of the molecules 

СН3СН2ОН, СD3CH2OH, and CH3CD2OH, taking in to 

account possible Fermi resonances between stretching and 

overtone of bending vibrations of С- Н bonds in methyl and 

methylene groups, may be of great importance. 

2. Experimental 

The matrix was prepared with the use of a noble gas – 

argon (Elme Messer, purity > 99.995). Liquid ethyl alcohol 

(purity > 99.9) was dried  by keeping the sample on mo-

lecular sieves (grade 3А) for 48 hours. Degassing of the 

alcohol was performed just before preparation of the gas 

mixture for the matrix deposition by multip le repetit ions of 

the freezing, evacuation, and freezing-out cycle for a sample 

with the use of a standard vacuum assembly. Samples for the 

matrix isolation were prepared by mixing ethanol vapors 

with  argon in  the vacuum. The molecular rat io of alcohol and 

argon, coming to 1:1000 and 1:2000, was determined by a 

standard manometer technique. The gas mixture was depos-

ited on the substrate (CsI) cooled down to 20 К in  a 

closed-cycle helium cryostat (Laybold-Hareus RW2). The 

gas flow in the cryostat was controlled with the help of a 

needle valve. The deposition rate was about 2 mmol/h to 

provide the formation of a part ially crystallized argon matrix. 

IR spectra were recorded using Bruker’s vacuum 
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FTIR-spectrometer IFS 113. The spectral data were recoded 

with the resolution 0.5 cm
-1 

in the region from 500 to 4000 

cm
-1

. Each spectrum was averaged over 128 scans  in order to 

improve the signal/noise ratio. The spectra were recorded at 

different temperatures ranging from 20 К to 50 К  by steps 

from 1 to 5 К. 

3. Computational Method 

The spectral and structural characteristics for monomers 

of ethanol have been computed using the program package 

GAUSSIAN 03[18] in the approximat ion B3LYP/cc – 

pVQZ. The geometry of gauche- and trans-conformers in 

the molecu les СН3 СН2ОН, СD3CH2OH, and CH3CD2OH 

was optimized for all the intrinsic coordinates. IR and Raman 

spectra for every optimized structure have been computed in 

the anharmonic approximat ion considering possible fre-

quency shifts of the vibrations due to Fermi and Dar-

ling-Dennison resonances. Fig. 1 shows an ethanol molecu le 

in the trans-configuration with an atomic number system. 

The following natural coordinates were used in description 

of the stretching vibrations of С-Н bonds in both conformers 

of ethanol: 2

1

CHq -
12l ; 2

2

CHq -
13l  ; 3

1

CH
q -

67l ; 3

2

CH
q -

68l ; 

3

3

CH
q -

69l . 

 

Figure 1.  Trans-conformer of an ethanol molecule with an atomic number 

system 

The cubic and quaternary force constants were calculated 

in the normal coordinates. Only the cubic fo rce constants of 

the forms ( ; ; )ijkk i j i k j k    and ; ; ( )iij iji ijjk k k i j  may 

lead to the appearance of Fermi resonance. Notable, that for 

the first case all three normal coordinates iQ , jQ , and kQ for 

a trans-conformer should be totally symmetric, and in the 

second case the total symmetry must be characteristic for the 

normal coordinate whose index is not repeated. The 

Fermi-resonance perturbed frequencies were determined by 

the diagonalization of the matrix. The diagonal of this matrix 

is associated with the values of the Fermi-resonance unper-

turbed anharmonic frequencies of fundamental vibrations, 

overtones, and combined frequencies, whereas the nondi-

agonal elements represent the corresponding cubic force 

constants in cm
-1

[19,20]. Intensities of overtones and com-

bined vibrations as well as fundamental vibrations involved 

in Fermi resonance were calculated using the eigenvectors of 

the above mentioned matrices. Table 1 lists the frequency 

and intensity values computed in harmonic and anharmonic 

approximations for trans- and gauche-conformers of the 

molecules СН3СН2ОН, СD3CH2OH, and CH3CD2OH and 

also the potential energy distributions for the vibrations. 

According to the calculations (Таble 1) the combined v i-

brations, formed by  the fundamental deformat ional vibra-

tions of С-Н bonds in СН2 and СН3 groups, are involved in 

Fermi resonances but has no more than 2% from the intensity 

of the fundamental vibrat ions involved in Fermi resonance. 

Overtones 2939.2 and 2919.3 сm
-1

 of the deformat ional 

vibrations of methyl and methylene groups in 

gauche-conformer of СН3СН2ОН and trans-conformer of 

СD3CH2OH, respectively, behave in the same way. That’s 

why these vibrations were not considered at the assignment 

of the bands and lines in IR and Raman spectra of ethanol 

molecule. At the same t ime other overtones of the investi-

gated molecules may manifest in the vibrational spectra with 

the intensities comparable with the intensities of fundamen-

tal vibrations. 

3. Discussion 

3.1. FTIR Spectra of Ethyl  Alcohol 

As noted above, the absorption spectra of ethanol were 

recorded in argon matrices for the concentration ratios 

1:1000 and 1:2000. Based on comparison of these spectra 

(see Fig. 2), we have revealed the bands resultant from the 

formation of the associates, the probability of which is higher 

for the first sample, and the bands caused by the impurity 

accumulat ion, the probability of which is higher for the 

second sample due to a longer condensation time of the 

sample at the window[21]. 

Comparing spectra for different concentrations of ethanol, 

we have attributed the absorption bands at 2846 and 2852.5 

cm
-1

 in a spectrum with the concentration ratio 1:2000 to the 

impurities. Simultaneous analysis  of IR and Raman spectra 

for matrix isolated ethanol and ethanol in a xenon solution, 

and in a gas phase is very important for the assignment of the 

bands to the particular molecular vibrations. As it was noted, 

this makes it possible to reveal the bands caused by the im-

purities and by the aggregate formation. Notable, that for 

matrix isolated molecules the mult iplet structure of some 

absorption bands in argon and nitrogen matrices is often due 

to the “site” effect. At the same time, as a rule, in super-

cooled solutions (e.g. xenon) no manifestations of this effect 

are found[21]. 

The absorption band maxima and relat ive intensities are 

given together with some literature data for the vibrat ional 

spectra of an ethanol molecu le in the region 2800 – 3000 

cm
-1

 are presented in Table  2. As the theoretical computa-

tions have been performed for an isolated molecule, their 

results should be better compared to the frequencies derived 

for a gas phase. The vibrational frequency shifts of the ma-

trix bands with respect to those observed in a gas phase are 

attributed to the matrix effects[22] of the same nature as 

molecular frequency shifts in nonpolar solutions. But it 

should be noted that a sample in  a gas phase at room te m-

perature exhibits the presence of both conformers, the 
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gauche-conformer being a share more than 60% of the 

molecules due to the configuration degeneracy[9]. 

According to[13], some absorption bands of ethanol in Ar 

and N2 (1:1800) at 9 К demonstrate the multip let structure 

caused by the “site” effect. The spectra presented in this 

work reveal an  analogous mult iplet  structure for both con-

centrations (1:1000 and 1:2000) at 20 К. For the “site” effect 

it is characteristic that the intensity of components is inde-

pendent of the concentration[22]. Besides, this assumption is 

supported by the absence of the multip let structure for the 

corresponding bands in a low-temperature spectrum of an 

ethanol solution in Xe[9]. The absorption bands components 

associated with this effect are found in the same cell of Tab le 

2. According to[13], the argon matrix stabilizes the 

trans-conformer, whereas for N2 the presence of both con-

formers is possible. Note also that the proposed spectra re-

veal mostly the trans-conformer vibrations. At the same time, 

it can be said with confidence that some a mount of a 

gauche-conformer is present in the sample too. This is evi-

denced by the third band at 3649 cm
-1

 in the region of 

stretching О-Н vibrat ions and by the bands at 1244, 1252 , 

and 1255 cm
-1

 which, as indicated in[9,13], are the h igh-

est-intensity absorption bands in a spectrum for a 

gauche-conformer of ethanol caused by stretching vibrations 

due to О-Н group and С-С-О molecu lar ske leton of ethanol, 

respectively. 

Table 1.  Frequencies computed for the harmonic and anharmonic vibrations of trans- and gauche-conformers of the molecules СН3СН2ОН, СD3CH2OH, 
and CH3CD2OH 

Sym. 
harm (сm

-1
) 

anh RF 
 (сm

-1
) anh (сm

-1
) /IR RamanI I  Potential energy distributions (PED) 

Trans- СН3СН2ОН 

A
’
 2976.7 2804.2 2843.5 47.0 / 98.3 40.9% 2

1

CHq +40.9% 2

2

CHq  

A
”
 2999.4 2856.5 2856.5 50.2 / 102.1 37.2% 2

1

CHq +37.2% 2

2

CHq +5.0% 3

2

CH
q +5.0% 3

3

CH
q  

A
’
 2967.6 2892.6 2915.1 5.3 / 54.7 2 3CH

HCH  

A
’
 2908.2 2906.6 2883.6 10.2 / 21.4 2 2CH

HCH  

A
’
 2955.1 2929.4 2926.3 1.3 / 2.8 2CH

HCH + 3CH

HCH  

A
’
 3033.6 2942.2 2945.3 4.0 / 41.5 31.8% 3

1

CH
q +29.8% 3

2

CH
q +29.8% 3

3

CH
q  

A
’
 3098.8 2959.2 2959.2 28.3 / 58.6 41.6% 3

1

CH
q +22.1% 3

2

CH
q +22.1% 3

3

CH
q +2.2% 2

1

CHq +2.2% 2

2

CHq  

A
’
 3059.2 2963.2 2949.9 8.8 / 18.5 3CH

HCH + 2CH

HCH  

A
”
 3102.4 2965.6 2965.6 32.2 / 43.3 37.8% 3

2

CH
q +37.8% 3

3

CH
q +5.1% 2

1

CHq +5.1% 2

2

CHq  

A
’
 3001.9 2990.1 2965.3 6.6 /67.9 2 3CH

HCH  

Trans - СD3СН2ОН 

A
’
 2977.2 2803.5 2846.5 51.1 / 99.4 43.2% 2

1

CHq +43.2% 2

2

CHq  

A
”
 3001.5 2858.7 2858.7 61.6 / 81.9 41.4% 2

1

CHq +41.4% 2

2

CHq  

A
’
 2977.3 2915.7 2915.9 0.3 / 0.9 2CH

HCH + 2CH

HCH  

A
’
 2901.3 2919.3 2899.1 4.4 / 8.5 2 2CH

HCH  

A
’
 3053.3 2957.6 2934.5 16.8 / 32.7 2 2CH

HCH  

Trans СН3СD2ОН 

A
’
 2964.7 2892.0 2910.2 4.1 / 40.5 2 3CH

HCH  

A
’
 3033.6 2953.5 2953.9 7.8 / 77.8 31.6% 3

1

CH
q +30.0% 3

2

CH
q +30.0% 3

3

CH
q  

A
’
 3098.4 2958.1 2958.1 23.9 / 61.9 42.7% 3

1

CH
q +22.4% 3

2

CH
q +22.4% 3

3

CH
q  

A
”
 3100.7 2964.2 2964.2 22.6 / 60.0 41.7% 3

2

CH
q +41.7% 3

3

CH
q  

A
’
 3004.6 3011.7 2993.1 4.4 / 43.7 2 3CH

HCH  

Gauche - СН3СН2ОН 

A 2986.3 2830.4 2837.9 62.5/ 125.4 59.1% 2

1

CHq +10.1% 2

2

CHq +4.2% 3

1

CH
q  

A 3018.8 2890.6 2923.6 9.6 / 109.8 26.7% 3

1

CH
q +35.7% 3

2

CH
q +22.7% 3

3

CH
q  

A 3063.0 2921.4 2927.9 3.5 / 97.0 31.5% 2

2

CHq +16.7% 3

1

CH
q +17.6% 3

2

CH
q +11.4% 3

3

CH
q +5.6% 2

1

CHq  

A 2977.0 2939.2 2932.3 0.3 / 3.7 2 3CH

HCH  

A 3084.0 2942.6 2942.6 52.9 / 48.6 27.0% 2

2

CHq +29.6% 3

1

CH
q +23.5% 3

2

CH
q +4.4% 2

1

CHq + 1.9% 3

3

CH
q  

A 3012.2 2948.7 2947.0 0.7 / 2.4 2CH

HCH + 3CH

HCH  
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A 3098.7 2951.9 2951.9 34.8 / 40.9 6.2% 2

1

CHq +10.5% 2

2

CHq +18.1% 3

1

CH
q +12.6% 3

2

CH
q +39.3% 3

3

CH
q  

A 3036.9 2965.3 2952.9 32.2 / 43.3 2 2CH

HCH  

A 2987.6 2973.4 2947.3 6.2 / 70.7 2 3CH

HCH  

Gauche - СD3СН2ОН 

A 2987.5 2820.5 2828.4 64.4/ 118.6 66.3% 2

1

CHq +12.0% 2

2

CHq  

A 3072.6 2916.7 2933.9 18.9 / 58.7 12.6% 2

1

CHq +62.2% 2

2

CHq  

A 3028.4 2965.5 2940.4 10.7 / 33.0 2 2CH

HCH  

Gauche - СH3СD2ОН 

A 2973.0 2896.6 2922.7 7.6 / 67.5 2 3CH

HCH  

A 3076.0 2932.3 2932.3 32.4 / 66.5 36.6% 3

1

CH
q +36.7% 3

2

CH
q +12.3% 3

3

CH
q  

A 3018.9 2947.9 2940.0 5.9 / 52.7 28.9% 3

1

CH
q +37.6% 3

2

CH
q +24.2% 3

3

CH
q  

A 3096.4 2950.1 2950.1 23.1 /62.4 26.5% 3

1

CH
q +10.5% 3

2

CH
q +47.0% 3

3

CH
q  

A 2993.3 2999.2 2980.9 5.0 / 44.5 2 3CH

HCH  9 

Here and below:  
 -wave number 

IIR-infrared intensities in (km/mol) 
IRam- Raman intensities in (Ǻ

4
/u) 

Table 2.  Maxima of the absorption bands and Raman lines observed in IR and Raman spectra for normal ethanol in a gas phase and in the matrix envi-

ronment 

  

(сm
-1
) 

I  

(rel.) 

Trans 

Ar[13] 

Trans 

N2[13] 

Trans 

Xe[9] 

Trans IR 

gas[9] 

Trans Ram 

gas[9] 

Gauche 

N2[13] 

Gauche 

Xe[9] 

Gauche 

IR gas[9] 

Gauche Ra-

man gas[9] 

Raman 

gas[17] 
/   

   2867.0 2868.        

2871.0 0.01  2875.5        2882./0.051 

2887.0 0.005    2888. 2887. 
2886.0 

2888.9 
2892.0 2912.0 2914.0 2888./0.051 

2899.0 0.05 2899.6 2893.0         

2913.5 

2916.5 

0.27 

0.25 

2912.9 

2917.4 

2904.5 

2909.6 
2920. 2922.      2917. 

       2929.7 2930.0 2936.0 2939.0 2938./0.083 

2938.5 0.02 2939.2 2935.9         

2952.5 0.03  2941.1    2951.9     

2982.5 

2984.5 

0.08 

0.07 
2984.6 2984.1    

2983.1 

2984.5 
2962.0 2972.0   

2994.7 0.1 
2992.4

2995.4 
2991.4 2961. 2992.  2987.2 2975.0 2987.0 2985.0 2983./0.151 

        2994.0 2994.0   

Here and below  - depolarization ratio 

 

Figure 2.  FTIR spectra of an ethanol molecule over the spectral interval 

2800 – 3000 cm
-1
 (concentration ratios 1:1000 – black; 1:2000 – red) 

3.2. Interpretation of IR Spectra for Ethanol in the  

Region of С-Н Stretching Vibrations 

Now we consider high-frequency vibrations of 

СН3СН2ОН. The doublet at 3659; 3656 cm
-1

 and the band at 

3649 cm
-1

 in trans- and gauche-conformers, respectively, 

may be assigned to the stretching vibration of a hydroxyl 

group. As it was noted previously, the splitting of the band 

with a maximum at 3657.5 cm
-1

 is assigned to the “site” 

effect, similar to[13]. All the theoretical computations pre-

dict a higher frequency of the hydroxyl-group vibration for a 

trans-conformer. It is obvious only that the region 2800- 

3000 cm
-1

 is associated with stretching С-Н vibrat ions. As a 

molecule of ethanol has five С-Н bonds, no more than five 

absorption bands should be observed in the indicated region. 

However, the sample under study reveals the presence of a 

trans-conformer as well as some amount of a 

gauche-conformer. On the basis of computations in the an-
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harmonic approximation it is predicted that the frequencies 

of stretching vibrations of С-Н bonds differ g reatly for trans- 

(2965.6; 2959.2; 2942.2; 2856.5; 2804.2 cm
-1

) and gauche- 

(2951.9; 2942.6; 2921.4; 2890.6;  2830.4 cm
-1

) conformers. 

Because of this, the band number may be in excess of five. 

Moreover, the computations predict several Fermi reso-

nances due to which some overtones or combined frequen-

cies may borrow intensity from the fundamental vibrat ions. 

The authors of[23] have considered the emergence of Fermi 

resonance between the first overtone of scissoring vibrations 

and a symmetric stretching vibration of C-Н bonds for the 

fin ite and infin ite chains of methylene groups. Unperturbed 

frequencies of these vibrations for n-butane having a single 

CH2 group are considered to be equal (2885 cm
-1

); for their 

coupling constant it has been proposed to use the value 46 

cm
-1

. As a result, frequencies of the perturbed vibrations are 

determined as 2908 and 2862 cm
-1

, intensities of the fun-

damental vibrat ions and overtone being practically  equal. A 

similar resonance is predicted in this work for a 

trans-conformer, but unperturbed frequencies differ consid-

erably, whereas the cubic constant is -32.8 cm
-1

. In the case 

of a trans-conformer symmetric and antisymmetric stretch-

ing vibrations of С-Н bonds in СН2 group lie lower than 

vibrations of these bonds in СН3 group, both in the harmonic 

and anharmonic approximations. As a whole, it  is conven-

tionally assumed that such a situation is always revealed 

spectrally when a molecule has a methylene and methyl 

group. Nevertheless, in more recent experimental 

works[16,17] devoted to the interpretation of photoacoustic 

Raman spectra for ethanol in gas and liquid phases a new 

assignment of Raman lines has been proposed. Owing to the 

experimental setup used, the authors have obtained a Raman 

spectrum of a gas phase with a sufficient intensity of Raman 

lines and have calculated their depolarization rat io for the 

molecules СН3СН2ОН, СD3 СН2ОН, and СН3 СD2ОН to a 

high accuracy. The experimental results presented in these 

works are undoubtful, though their interpretation is less 

obvious. The lines at 2882 and 2888 cm
-1 

are attributed to the 

overlapping symmetric stretching vibrations of С-Н bonds in 

methyl and methylene groups. The line at 2917 cm
-1 

is as-

signed to the Fermi resonance associated with a methyl 

group. The line at 2938 cm
-1

 is due to the frequency coinci-

dence of antisymmetric v ibrations of С-Н bonds in a me-

thylene group and one more Fermi resonance in a methyl 

group. According to the authors, the line at 2983 cm
-1

 is also 

caused by the frequency-coincident antisymmetric stretching 

vibration of С-Н bonds in a methyl group and Fermi res o-

nance in a methylene group. However, the authors of[16,17] 

in their interpretation neglected the presence of two con-

formers in the samples studied. In their theoretical descrip-

tion of computations for the structure and normal molecular 

vibrations of ethanol the authors have not indicated which of 

the conformers was involved. But as it was noted above, in 

gas and liquid phases at room temperatures the 

gauche-conformer having no symmetry  is dominant, all 

vibration being symmetric formally. Moreover, in any case 

the appearance of a narrow high-intensity polarized ( 

=0.007) line at 2878 cm
-1

 in a Raman spectrum of 

СН3СD2ОН necessitates a detailed analysis of the situation. 

Just this experimental result has enabled the authors of[16, 

17] to interpret  the overlapping lines at 2882 and 2888 cm
-1 

as 3

1( )
CH

s A  + 2CH

s , despite the fact that this is at variance 

with  their own computational results for normal molecular 

vibrations in the harmonic approximation. Even though the 

authors of[17] believe that a sequence of the computed fre-

quencies is far from being coincident with the experimental 

one, we (proceeding from our earlier results presented in 

[24]) think that in the majority of cases the approximations 

B3LYP/cc-pVDZ and B3LYP/cc-pVQZ are capable of pre-

dicting accurately a sequence of the frequencies for normal 

vibrations. It was already noted that the performed compu-

tations for a trans-conformer of normal ethanol reveal 

symmetric and antisymmetric vibrat ions of С-Н bonds in a 

methylene group lying lower than all stretching vibrations of 

С-Н bonds in a methyl group (Table 1). According to the 

computations in the anharmonic approximat ion with regard 

to all the Fermi resonances possible, three vibrat ions in СН3 

group lie higher than 2900 cm
-1

. Because of this, for a 

trans-conformer of СН3СD2ОН the line at 2878 cm
-1

 is more 

likely associated with the Fermi-resonance enhanced over-

tone. The situation for a trans-conformer of normal ethanol 

may be adequately described taking into consideration Fermi 

resonance between the 3

1( )
CH

s A vibration with the unper-

turbed “anharmonic” frequency 2953.9 cm
-1

, and the over-

tones of the symmetric and antisymmetric bending vibra-

tions of С-Н bonds in the same group with the unperturbed 

frequencies at 2993.1 and 2910.2 cm
-1

. The values of the 

cubic force constants responsible for resonance are equal to 

-29.9 and -31.0 cm
-1

. Due to the resonance, the overtone 

2910.2 cm
-1

 is subjected to a bathochromic shift (2892.0  

cm
-1

) and falling within the region of interest. The funda-

mental vibrat ion acquires the frequency 2953.5 cm
-1

. So, for 

a trans-conformer of СН3СН2ОН the lines at about 

2870-2890 cm
-1

 may be associated with the Fermi-resonance 

enhanced overtone of the antisymmetric bending vibration of 

С-Н bonds in a methyl g roup. As it is seen in Table 1, the 

Fermi-resonance enhanced overtone of the antisymmetric 

bending vibration of a CH3 group (2892.0 cm
-1

) is actually 

the lowest-frequency (2800-3000 cm
-1

) v ibration computed 

for a trans-conformer of a molecule of СН3СD2ОН. For a 

gauche-conformer the situation is different. According to the 

computational results, a 2CH

s  vibration, as before, has the 

lowest frequency (2830.4 cm
-1

) among  all stretch vibrations 

of С-Н bonds in a molecule o f СН3СН2ОН, considering 

anharmonicity and Fermi resonance. But now it is followed 

by 3

1( )
CH

s A  vibration. The “anharmonic” frequency of this 

vibration equals 2923.6 cm
-1

. Being involved into Fermi 

resonance with three overtones of bending vibrations of a 

methyl and methylene groups, it is subjected to a batho-

chromic shift acquiring the frequency 2890.6 cm
-1

. As it  is 

seen, this vibration may be responsible for the lines appear-

ing in the region 2880-2895 cm
-1

. High-frequency vibrations 

of С-Н bonds in СН2 and СН3 groups of a gauche-conformer 

(2921.4; 2942.6, and 2951.9 cm
-1

) become strongly mixed, 

that is uncharacteristic for a trans-conformer. In this respect 

the results of anharmonic computations support the assump-

tions made in[10,14]. Apart from a narrow line at 2878 cm
-1
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in a photoacoustic Raman spectrum for СН3СD2ОН, one can 

observe two more rather narrow Raman lines at 2913 and 

2938 cm
-1

, and a wide depolarized line near 2962-2988 cm
-1

 

with a maximum close to 2980 cm
-1

. Comparison of Raman 

spectra for СН3СD2ОН with IR spectra in a gas phase (see 

Fig. 3 included by the courtesy of Professor Liu Shilin) ex-

hibits a more complex pattern of the Raman lines due to the 

appearance of narrow Q-branches for a symmetric v ibrations 

in the IR spectrum. The line at 2938 cm
-1

, in part icular, is 

rather a doublet with the maximums at 2936.5 and 2948.1 

cm
-1

. Besides, in the IR spectrum the Q-branch at 2986.5 

cm
-1

 is marked, being less obvious at 2965.4 cm
-1

. Consid-

ering the results from Table 1 and taking into account that in 

gas phase gauche-conformer is dominated, these bands and 

lines in IR and Raman spectra of СН3СD2OH may be inter-

preted as in Table 3. 

Let us consider a photoacoustic Raman spectrum of 

СD3CH2OH. The authors of[17] indicate three Raman lines: 

a line with the highest intensity at 2888 cm
-1

 and two lines of 

medium intensity at 2945 and 2981 cm
-1

. Unfortunately, 

comparison with the IR spectrum is less informative in this 

case. But it may be assumed that the line at 2888 cm
-1

 is also 

complex in  its structure. There is an additional maximum at 

2881.9 cm
-1

 and a high-intensity component is observed at 

2890 cm
-1

. Taking into account of the results obtained during 

the anharmonic computation of vibrat ions for СD3CH2OH, 

its spectrum may be interpreted as given in Table 4. 

Note that the computed vibrat ional frequencies in  a me-

thylene group have a worse agreement with the experimental 

data (Table 4) compared to the methyl group (Tab le 3), 

where the agreement is quite satisfactory. At the same time, a 

sequence of the computed frequencies for both molecules 

(СН3СD2ОН and СD3CH2OH) agrees with the experimental 

one. 

Let us consider a photoacoustic Raman spectrum of 

СH3CH2OH. The authors of[17] indicate four Raman lines: 

the lines with the high intensity at 2888, 2938 and 2983 cm
-1

 

and the line of low intensity at 2917 cm
-1

. The comparison 

with the IR spectrum gives additional bands maximums at 

2883.7, 2900.0, 2972.7 and 2989.2 cm
-1

. This is in agreement 

with[9] (see Table 2). Taking into account the results ob-

tained during the anharmonic computation of frequencies, 

intensities and depolarizat ion rat io   for СH3CH2OH v i-

brations, its spectrum may be interpreted as it is given in 

Table 5. 

Based on the results listed in Tables 3-5, on the interpre-

tation of the spectra for СН3СD2ОН, СD3 CH2OH and 

СН3СH2ОН, on the foregoing arguments and Table 1, the 

bands in the region 2870-2900 cm
-1

 for normal ethanol in 

argon matrix should be attributed to 2CH

s vibration of trans- 

and gauche-conformers (2804.2 and 2830.4 cm
-1

) and 2CH

as

vibration in  trans-conformer (2856.5 cm
-1

). Assigning the 

other bands in the IR spectrum of ethanol in matrix isolation 

we take into account the following: 1) trans-conformer of 

normal ethanol is dominant in  the sample; 2) the calculation 

is able to reproduce the correct sequence of normal vibra-

tions frequencies of the studied molecules; 3) the values of 

the experimental and calculated intensities of the absorption 

bands should be taken into account; 4) literature data on the 

interpretation of IR spectra for ethanol.  

 

Figure 3.  Photacoustic Raman and IR spectra of the molecules СН3СН2ОН, СD3СН2ОН, and СН3СD2ОН in a gas phase 
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Table 3.  Interpretation of IR and Raman spectra of СH3СD2OH in the region 2800-3000 cm
-1
 

  (сm
-1
)[17] RamI  (rel.)[17]  [17] 

Conformer 

sym. 

  calcul. 

(сm
-1
) 

RamI /   

calcul. 
PED 

2878. 0.38 0.007 trans A’ 2892.0 40.5/- 2 3CH

HCH  

2913. 0.15 0.051 gauche A 2896.6 67.5/- 2 3CH

HCH  

2936.5 0.7 0.015 gauche A 2932.3 66.5/0.66 36.6%
3

1

CH
q +36.7%

3

2

CH
q +12.3%

3

3

CH
q  

2948.4 0.23 0.015 gauche A 2947.9 52.7/0.009 28.9% 3

1

CH
q +37.6% 3

2

CH
q +24.2% 3

3

CH
q  

2965.4 0.05 0.75 gauche A 2950.1 62.4/0.73 26.5%
3

1

CH
q +10.5%

3

2

CH
q +47.0%

3

3

CH
q  

2986.5 0.02 0.75 trans A” 2964.2 60.0/0.75 41.7%
3

2

CH
q +41.7%

3

3

CH
q  

Table 4.  Interpretation of IR and Raman spectra of СD3СH2OH in the region 2800-3000 cm
-1
 

  (сm
-1
)[17] RamI  (rel.)[17]  [17] Conformer   (сm

-1
)calc. RamI /   calc. PED 

2881.9 0.2 0.038 trans A’ 2803.5 99.4/0.06 43.2% 2

1

CHq +43.2% 2

2

CHq  

2890.0 0.5 0.038 gauche A 2820.5 118.6/0.15 66.3% 2

1

CHq +12.0% 2

2

CHq  

2945.0 0.1 0.75 gauche A 2916.7 58.7/0.35 12.6% 2

1

CHq +62.2% 2

2

CHq  

2981.0 0.3 0.045 gauche A 2965.5 33.0/- 2 2CH

HCH  

Table 5.  Interpretation of IR and Raman spectra of СH3СH2OH in the region 2800-3000 cm
-1
 

  
(сm

-1
) 

RamI
 

(rel.) 
 [17] 

Con-

former 

sym. 

  (сm
-1
) 

calcul. 
RamI /   

calcul. 
PED 

2883.7 0.35 0.051 trans A’ 2804.2 98.3/0.077 40.9% 2

1

CHq +40.9% 2

2

CHq  

2892.7 0.29 - 
gauche 

A 
2830.4 125.4/0.21 59.1% 2

1

CHq +10.1% 2

2

CHq +4.2% 3

1

CH
q  

2900.0 0.21 - trans A’’
 2856.5 102.1/0.75 37.2% 2

1

CHq +37.2% 2

2

CHq +5.0% 3

2

CH
q +5.0% 3

3

CH
q  

2917.0 0.08 - trans A’ 2892.6 54.7/- 2 3CH

HCH  

2938.0 0.38 0.083 
gauche 

A 
2890.6 109.8/0.009 26.7%

3

1

CH
q +35.7%

3

2

CH
q +22.7% 3

3

CH
q  

2972.7 0.03 - 
gauche 

A 
2921.4 97.0/0.672 

31.5% 2

2

CHq +16.7% 3

1

CH
q +17.6%

3

2

CH
q +11.4% 3

3

CH
q +5.6%

2

1

CHq  

2983.0 0.2 0.151 

trans A
’ 

gauche 

A 

2942.2 

2942.6 

41.5/0.004 

48.6/0.29 

31.8%
3

1

CH
q +29.8%

3

2

CH
q +29.8% 3

3

CH
q  

27.0% 2

2

CHq +29.6%
3

1

CH
q +23.5%

3

2

CH
q +4.4% 2

1

CHq + 1.9%

3

3

CH
q  

2989.2 0.05 - 

gauche 

A 

trans A’’ 

2965.3 

2965.6 

16.2/- 

43.3/0.75 

2 2CH

HCH  

37.8% 3

2

CH
q +37.8% 3

3

CH
q +5.1% 2

1

CHq +5.1% 2

2

CHq  



 Pitsevich G. А. et al.:  Nonempiric Anharmonic Computations of IR Spectra of Ethanol Conformers in  226 

  B3LYP/сс-pVQZ Approximation (Stretch С-Н Vibrations) 

 

Table 6.  Interpretation of the IR spectrum of СН3СH2OH in the region 2800-3000 cm
-1
 

  (сm
-1
) IRI  (rel.) 

Conformer 

sym. 

  (сm
-1
) 

calcul. 
IRI  calcul. PED 

2871. 0.01 trans A’
 2804.2 47.0 40.9% 2

1

CHq +40.9% 2

2

CHq  

2887. 0.005 
gauche 

A 
2830.4 62.4 59.1% 2

1

CHq +10.1% 2

2

CHq +4.2% 3

1

CH
q  

2899. 0.05 trans A’’
 2856.5 52.2 37.2% 2

1

CHq +37.2% 2

2

CHq +5.0% 3

2

CH
q +5.0% 3

3

CH
q  

2913.5 

2916.5 

0.09 

0.09 

gauche A 

trans A’’
 

2890.6 

2892.6 

9.6 

5.3 

26.7% 3

1

CH
q +35.7% 3

2

CH
q +22.7% 3

3

CH
q  

2 3CH

HCH  

2938.5 0.02 trans A’ 2906.6 10.2 2 2CH

HCH  

2952.5 0.005 gauche A 2921.4 3.5 31.5% 2

2

CHq +16.7% 3

1

CH
q +17.6% 3

2

CH
q +11.4% 3

3

CH
q  +5.6% 2

1

CHq  

2982.5 

2984.5 

0.13 

0.13 

trans A’ 

gauche A 

2942.2 

2942.6 

4.0 

52.9 

31.8% 3

1

CH
q +29.8% 3

2

CH
q +29.8% 3

3

CH
q  

27.0% 2

2

CHq +29.6% 3

1

CH
q +23.5% 3

2

CH
q +4.4% 2

1

CHq + 1.9% 3

3

CH
q  

2994.7 0.17 trans A’’ 2965.6 32.2 37.8% 3

2

CH
q +37.8% 3

3

CH
q +5.1% 2

1

CHq +5.1% 2

2

CHq  

 

Table 6 presents an assignment of the bands in the region 

2800 – 3000 cm
-1

 attributed to stretching vibrations of С-Н 

bonds. 

4. Conclusions 

The low-temperature FTIR spectra of an ethanol isolated 

in the argon matrix have been obtained at several tempera-

tures from 20 to 50 К for the concentrations 1:1000 and 

1:2000. Based on a comparative analysis of these spectra 

with the literature data (low-temperature spectra of ethanol), 

the authors have revealed the bands due to absorption of the 

impurities and associates. The assignments of the bands has 

been revised owing to the structural computations performed 

in the approximation B3LYP/cc-pVQZ for gauche- and 

trans-conformers of the molecules СН3СН2ОН, СD3СН2ОН, 

СН3СD2ОН and the subsequent anharmonic computations of 

the corresponding IR and Raman spectra. It has been found 

that a significant ro le in the formation of ethanol spectra in 

2800 -3000 cm
-1

 spectral region is played by the Fermi 

resonance. The resonance effect was taken into consideration 

during anharmonic analysis of the molecular vibrat ions of 

ethanol. It has been demonstrated that ethanol in the argon 

matrix is main ly in the trans-configuration, despite the fact 

that the highest-intensity absorption bands of a 

gauche-conformer are observed in spectra of the samples as 

well. Without scaling of the quadratic force constants, a good 

agreement has been attained between the theoretically 

computed and experimental frequencies, their sequences 

being practically coincident. 
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