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ABSTRACT. Laser Raman and Infrared (60-3500 cm -1 spectra of nit-
romethane and nitromethane-d3, in their standard states are discUssed.
Complete and unambiguous assignment of all observed vibrational bands of
nitromethane are made on the basis of the results of the calculated normal
modes, isotope frequency shifts and calculated quantum values of infrared
band intensities. Infrared band intensities are calculated using INDO semi-
empirical quantum chemical method. The torsion mode of vibration of the
CH3 group was detected at 144cm -1. This indicates the presence ofa sort of
association between nitromethane molecules in the liquid state. A set of
force constants for nitromethane is developed and refined using the least
square fit method.

Introduction

Many vibrational data on nitromethane in gas, liquid or polycrystalline states have
been reported[I-6]. However, no definite unambiguous assignment of the observed
vibrational bands in the infrared and Raman spectra of nitromethane in the standard
liquid state has been made. Such unambiguous assignments of vibrational bands
should be based on theoretically calculated normal coordinates, vibrational band in-
tensities and the isotope frequency shift expected in the spectra of deuterated deriva-
tive. No infrared or Raman frequency value for the torsional mode of vibration of the
CH3 group in liquid state of nitromethane has been mentioned or reported in litera-
ture before. This frequency gives directly an indication about-the rigidity of internal
rotation of this group and consequently the association which may be pr~ent bet-
ween different molecules. However, some microwave studies have been published
about the internal rotation of CH3 group in gaseous state nitromethane molecule[6.7].
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In this.study, the aim is to report the follQwingmain points: 1. Recently measured
infrared, Far infrared and Laser Raman spectra for nitromethane and nitrolilethane-
d3 in the liquid standard state. 2. Results obtained from normal coordinate calcula'-'
tions of CH3NOz and CD3NOz and quantum chemical values of infrared band inten-
sities. 3. Assignment of all observed fundamental vibrations to normal modes on the
basis of calculated data of previous points. 4. Refined set of force constants repre-'
senting the force field of the molecule.

Experimental
Nitromethane and nitromethane-d3 were supplied from Fluka and Scharp &

Dohme companies respectively. Their purity was tested by Gas Chromatography
and were found to be over 99%.

1. InfraredMeasurement
IR spectra of the liquid samples and 20% cyclohexane solutions were reported on

a Perkin-Elmer 683 spectrophotometer. Standard ,liquid cells with CsBrwindows
and 10 IL spacing for solutions were used. The low frequency range (40-400 cm -1)
was recorded on a PE 180 spectrometer using a liquid cell with 500 I:L spacing and
polyethylene windows.

2. Raman Measurements
The Raman spectra were recorded in the liquid state on a Coderg PH0 Raman

spectrometer equipped with spectra physics Argon-ion laser 171 using 514.5 nm ex-
citing line. The depolarization ratios of different bands were determined.

Theoretical Treatment

1. Normal Coordinate Calculations
The normal modes of vibrations were calculated according to the F and G matrix

method[S,9]. The molecular structural parameters used to construct the G-matrix
[1011] Thwere deduced from the reports of Dewar and Setton ' .ese parameters are:

r(C-N) = 1.471, r(N = 0) = 1.22, r(C-H) = 1.05 A, < (N-O-N) = 139.0, < (C-N-O)
= 114.3, < (H-C-N) = 111.0 and < (H-C-N) = 109.5 degrees.

2. Infrared Band Intensities
The integrated intensity Ak of a normal mode of vibration was calculated from the

relation: (~ )2

iJQ
b~ (1)3Ak = 81T No vk / 3h gk

where No is the avogadro number.
vk is the frequency of the normal mode kin cm -1.
gk is the degeneracy of the normal mode k.
bk is the quantum amplitude of the mode k.
(dlJidQ)k is the derivative of the dipole moment IL of the molecule with;e-

spect to the normal coordinate Q.
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The normal mode frequency vk is directly produced from the normal coordinate
calculations of the molecule as eigenvalue. The theoretical amplitude b k is calculated
from the produced normalised eigenvector Lk of the normal coordinates problem ac-
cording to the relation:

i
bk = {h/[8 7T2 CVk I Mi «Lk)ix + (Lk) iy + (Lk)!z] }1/2 (2)

where: (Lk)ix ' (Lk)iy and (Lk)iz are the components of1he ~igenvector matrix Lkfor
the displacements of atom i in the directions x, y and z for the frequency vk' Mi is the
mass of the ith atom.

The values for (dlL/dQ)k were calculated using the semi-empirical INDO-MO
theory[12]. The resulting Ak values according to this procedure are directly compara-
ble with the experimentally determined quantities for the integrated infrared inten-
sities defined as :

(3)Ak = l/dc f In (lo/l) dv

where: c is the mean concentration of the sample and d is the sample thickness,

3. Refinement of Force Constants
This was performed by the application of the "Least Square Fit" technique[13]. All

these theoretical calculations were pe.rformed on the IBM-PC/XTpersonal compu-
ter (640kB and equipped with 8087 co.processor). FORTRAN programs were pre-
pared and compiled using a Microsoft Compiler.

Results and Discussion

The observed fundamental frequencies in the infrared spectra of nitromethane
and nitromethane-d3 were found, as expected, coincident with those observed in the
Raman spectra. In the spectra of nitromethane there are two bands detected in the
infrared spectra which could not be observed in the Raman spectra. The first was the
very weak band observed at 965 Cqi- 1 and the second was that very weak and broad

band observed at 144 cm -1. In the spectra of nitromethane-d3, only the first one was
detected in the infrared spectrum at 770 cm -1. The observed infrared and Raman
spectra of nitromethane and nitromethane-d3 in their liquid states are presented in
Fig. 1 and Fig. 2 respectively.

The most stable conformation for the nitromethane molecule, defined for normal
coordInate calculations was calculated by the INDO-MO method!I]. Many confor-
mations are possible for the molecule, mainly depending on the internal rotation of
the CH3- (or NOz'") group aoout the. C-N bond. The conformation in which the angle
between the NOz- andH-C-N plane is 30 degrees was that found to have minimum
total energy (- 57.688633 a.u. ).This conformation of the molecule belongs to the Cs
point symmetry. The energy difference between this conformer and the highest
energy one did not exceed 10 jouVmole. This low total energy diffef~nce between
conformers indicates the lo,,! internal rotational barrier and consequently a very low
frequency expected for the ground state torsional transition in the spectra of nit-
romethane in the free molecular state. Normal coordinate calculations for nit-
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FIG. 1. Infrared and Raman spectra of nitromethane in the liquid state
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FIG. 2. Infrared and Raman spectra of nitromethane-d3 in the liquid state

rom~thane molecule were done considering the molecules in the lowest energy con-

formation.
The nitromethane molecule has seven atoms and consequently fifteen fundamen-

tal vibrations are expected in its spectra. These are six stretchings, seven angle defor-
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mations, one out-of-plane deformation and one torsion. Nine fundamentals belong
to the A' symmetry species and the other six belong to the A" species of Cs point
group. Both species are infrared as well as Raman active and consequently all vibra-
tional modes, or fundamentals, are expected to be observed in the infrared as well as
in the Raman spectra. Analysis of the fundamental modes of vibrations according to
their type and symmetry are summarised in Table 1.

-
FIG. 3. Force constant matrix and internal coordinates with their symbols for nitromethane (elements of

the matrix are force numbers and not their values).

T AQLE 1. Types and symmetries of the fundamental vibrations of nit.
romethane and nitromethane-d3"
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A total of 25 force constants, involving 9 valence and 16 interaction force constants
were considered in the normal coordinate calculations. The matrix of force constants
used and a definition of internal coordinates of nitromethaneand their correspond-
ing symbols used throughout this work are shown in Fig. 3. Other interaction force
constants (off-diagonal elements in the matrix) were found to have no signific;:antef-
fect on the vibrational frequencies. Initial values for valence force constants of bonds
and angles were transferred frOJtl values for bonds and angles of similar compounds
reported before{14,15]. Refinement of force constants were c~rried out by at least
squares fit procedure, pedormed on all the experimental frequencies of CH3NO2
and CD3NO2 simultaneously. The refined forces have produced calculated frequen-
cies very close to those experimentally observed (the overall deviation in wavenum-
bers does not exceed 3%). The final values of force constants aftecrrefinement arelisted in Table 2. .

TABLE 2. Refined set of force constants for nitromethane

Force
const'\ltt

Force
constantValue'- Value"No No

Valence forces

0.831
1.100
0.660
0.0324

1
2
3
4
5

C -N (L)
N = 0 (Q)
C -H (R)
H -C -H (oc)
H -C -N (8)

5.010
8.340
4.844
0.445
0.625

6
7
8
9

C -N = 0 (cjI)
0 = N = 0 (8)

Out-oft-plane (III)
TORSION (T)

Interaction force~

10
11
12
13
14
15
16
17

F(L,Q)
F(L,R)
F(L, IX)
F(L,B)
F(L,4I)
F(L,8)
F(Q,Q)
F(Q,cjI)

1.110
0.830

-0.101
0.213

-0.060

0.050
0.055
0.064

18
19
20
21
22
23
24
25

F(Q,O)
F(R, R)
F(R,O)
F(R, B)
F(oc,oc)
F(B,B)
F(IjI,O)
F(IjI,IjI)

-0.201
0.081
0.102

-0.052

-0.033

-0.054

-0.252

-0.021

'Units are: Newton cm -1 for stretching; Newton cm rad -2 for deformation and Newton
rad -1 for interaction force constants.

The main data obtained from the normal coordinate analysis discussed are: (a)
The normal coordinates (eigenvectors Qk) in the form ofL-matrix. This L-matrix de-
scribes the relative cartesian displacements of each atom for every normal coordi-
nate. (b) Theoreticw values for those expected vibrational frequencies (eigen-
values). (c) The potential energy distriction (PED) values which represent the per-
cent contribution of internw coordinates in the normal coordinate, i.e. they are con-
sidered a quantitative assignment of the calculated normal coordinate to the normal
mode of vibration.

The calculated L-matrices (the eigenvectors of normal coordinates ~ were u~ed as
input data for the standard INDO-MO quantum mechanical method!! ] to determine
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the (dJL/dQ)k values. The INDO-MO method was used in these calculations because
semi-empirical methods were successfuly applied to calculate dipole moments and
infrared band intensities[16.17). The calculated dJL/dQ values are used to calculate
theoretically expected integrated intensity values for the infrared bands according tc
equation (1) in the previous section. The experimental values for intensities are also
determined as described before according to equation (3). The area of the absow-
tion band was considered equivalent to the integral quantity In (Ij/) dv in equation
(3). Experimental and theoretical values for infrared intensities are given in Table 3.
Correlation between the experimentally and observed frequencies with their integ-
rated band intensities and those theoretically calculated values are given in Fig. 4.

\,.
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FIG. 4. Correlation between experimentally estimated and theoretically calculated infrared vibrational
band intensities of nitromethane moleCule.

On the basis of results of normal coordinate calculations (frequencies, modes and
PED values), and the expected isotope frequency shift of observed frequencies to
lower wavenumbersin the spectra of de ute rated nitromethane, an unambiguous as-
signment of the different observed bands in the spectra of nitromethane was made.
The experimentally observed frequencies from infrared and Raman spectra with the
observed infrared band intensities as we:ll 'as the calculated results of normal coordi-
nate analysis with the calculated infrared band intensities are correlated in Table 3.
The calculated eigenvectors(the L-matrices) of the different modes of vibrations are
represented graphically in Fig. 5 and their data are collected in separate tables avail-
able for ~y request.

As seen from PED values in Table 3, there are strong couplings between the diffe-
rent modes of vibrations. The v (C-N) str~tchingmode V3 is strongly coupled with the
v = (NOz) stretching mode vI aild 3 (NOz) angle deformation mode V7. This is indi-
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TABLE 3. Experimental and calculated vibrational frequencies with their assignments and the infrared
band intensities for nitromethane and nitromethane-d3.

Obs. freq. crn~~:-r % Pot. energy'

distribution

Obs.
IRiDt

Calc

freq

Calc
int:

Symm.

species
AssignMode

IR

A'
A'
A'

L(99)
L(96)
L(99)

v"CH)
vsCH)
vasCH)
combin.
combin.
combin.

v"NOz
8"CH)
v,NOz
8"CH)
8,CH)
combin.

pasCH)
p,CH)
vC-N

8NOzin

IIINOzout

IpNO2in
comb.
torsion

0.45
0.41
0.41

3050
2961
2950

0.35
1.1
0.54

3046
2968
2950
2800
2770
2743
1557
1425
1402
1376
1313
1210
1098
965
919
652
ro7
476
420
144

V6

V4

Vs

A"
A"A'A'A'

62.50
1.50
2.05
2.48
0.24

1546
1432
1398
1379
1305

50.21
0.9
1.85
2.31
0.51

V2

VIO

VI

V9

VB

0(94)
oc(96)
0(52) :

oc(92) ,
oc(45) -

1105
960
916
655
605
471

1.8
0.004
0.23
2.W
p.92
0.14

A'A'

A'
A'
A'
A'

3.71
0.04
0.67
3.62
0.38
0.42

VI3

VI2

V3

V7

Vl4

VII

6(92)
6(90) +cx (5)
L(47) + 0(41)
6(56) + 41 (28) + L(14)
<0(94) + cx (5)

41(95)

CHjNO2:
3O46w

2970vs, p
2949sh

movw, p
2745vw,p
1557w
1425sh

1403vs,p
1375 vs

1311vw,p

llOOvw,p

920vs,p
654vs,p
6O5,vw,p
478m

0.001 A" 1(100)149VIS

CD3NO2:
2282
2184vs,p
2112vs, p
1540m
1388vs,p
l068m,p
lO38vw

894vs,p
877 vw

625vs,p
544w,p
434m

vasCDJ

vasCHJ

v,CD3

v..NO2
vsNOz
8v CDas

8"CDJ

8,CDJ
v (C-N)

pasCDJ

pCDJ

8NOz

IIINOz

pNOz
torsion

2276
2190
2118
1537
1390
1063
1044
939
899
873
774
628
540
430
136

A"A'A'

A"
A'A'

A"
A'
A'
A"
A'
A"
A'
A"
A"

2280
2186
2111
1540
1388
1069
1040
942
895
876
770
625
546
435

V6

Vs

V4

V2

VI

Vg

VIa

V9

V3

VI3

VI2

V7

VI4

VII

VIS

L(98)

L(99)

L(98)
0(96)
0(46) + L(18) + oc(14)

oc(97)
oc(97)
oc(30) + B(30) + 0(21)
L(40) + 0(26) + 8(13)

B(94)
B(94) + oc (19)

8 (52) + cjI(26) + L(17)

OUT (81) +B(18)

cjI(92)

1(100)

+u . 1015 2 1 -1 -1nits are. cm .mo e .sec.
.Symbols: vs: very strong; s: strong; m: medium; w: weak; vw: very weak; sh: shoulder; p: polarised.

"Values lower than 5% are not reported.

cated from its calculated PED values (see Table 3), it contains 47%,41 % and about
10% contributions from C-N (L), N = 0 (Q) andO= N = 0 (8) intemal coordinates
respectively. This mode was observed at 919 cm -1 as a strong band in the infrared

and as expected, as strong polarized band in the Raman spectra. The wavenumber of
this band, as expected, was not considerably shifted to lower value in the nit-

-L(24)-!
-B(5)

B(34)-

ox (10)

L(19)
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spectrum. Alll H3 stretching modes V4' Vs and v6' are approximately pure C-H
stretchings. The C-H (L) internal coordinate contribution in PED values of all these
modes is over 97%. The stretching modes of vibration of the nitromethane molecule
are represented graphically according to their calculated eigenv~ctQrs (L-matrices)
in Fig. 5-a. .

The fJ (NO2) angle deformation mode V7 was observed as a very strong band in the
infrared as well as in the Raman spectra at 652 cm -1. This mode of vibration has only
56% of its contribution from the 0 = N = 0 (6) internal coordinate and the rest from
out-of-plane (CJJ) and C-N (L) internal coordinates, (28%) and (14%) respectively.
The 5. (CH3) the_s~m.etric an~e ~eformation m?de of the CH3 'i!!°UP vB was de-
tected at 1311 cm .ThIs mode IS hIghly coupled with the CHa. rockmg mode vn and
the v(C-N) stretching mode V3 (PED values are 45% oc, 340;0 11 and 190;0 L).11ilS at-
tributes its detection at a lower wavenumber than the usual value expected for the
symmetric deformation of the CH3 group. The 5as (CH3) asymmetric deformation
modes Vg and VI0' are not coupled and both have their main contributions (over 920;0)
from H-C-Hinternal coordinate (oc). The mode Vg was detected at 1376cm-l as very
strong infrared as well as Raman band, whereas the mode VI0 was observed at 1425
cm -1 as a strong infrared and weak Raman band. The different deformation modes

of vibrations are presented graphically according to their calculated atomic displace-
ments in the L-matrices in Fig. 5-b.

-,"TheNO2 in-plane rocking mode Vu was observed at 476 cm -1 as a medium band in
both the infrared and Raman spectra. It is not coupled with other modes. The sym-
metric rocking mode Ps OH3-CH3 ' V12 was observed at 965 cm -1 as a very weak band,
whereas the asymmetric rocking Pas CH3, V13' was observed at 1098 cm -1 as a very
strong band. The mode v12 could not be detected in a Raman spectrum and v13 is de-
tected as a weak band. Both v12 and V13 are not effectively coupled with other modes
(more than 900;0 contribution from the H-C-N internal coordinate). The different
angle deforniation and rocking modes of vibration for nitromethane are represented
according to their calculated atomic displacements (in L-matrices) in Fig. 5-b.

The out-of-plane mode of vibration W (CNOJ "14' was detected at 607 cm -1 as a
medium band in the infrared and a weak polarised band in the Raman spectra. The
calculated PED values showed that it is an independent mode (94% contribution
from CNO2(w) internal coordinate).

The observed infrared spectrum of nitro methane in its liquid state showed a very
weak and broad absorption band at 144 cm -1. This band could not be observed in the
infrared orin the Raman spectra for solution in cyclohexane. This band was assigned
to the CH3 torsion mode of vibration. This band has not been reported for liquid nit-
romethane before. However, in the infrared spectrum of nitromethane in the poly-
crystalline state a similar absorption band at}49 was reported[18]. Infrared spectra in
this low frequency region for subStances in the polycrystalline state, are usually
.crowded with absorption bands which are attributed mainly to the crystal lattice vib-
rations of the substance. In the liquid state nitromethane the only expected band to
appear in this region is the torsion mode of vibration for the CH3 group. Torsional
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FIG. 5. Calculated atomic displacements (eigenvectors) for the different normal vibrations of nit-
romethane.

romethane-d3 spectra. The Vs = (NOz) stretching mode vI is coupled with v3 and VI2
modes, where the contribution from N = 0 (0) internal coordinate in this mode
does not exceed 52%. This mode was observed at 1403 cm-I in both infrared and
Raman spectra as a strong band. It was highly polarised in the Raman spectrum. On
the other hand, the Vas (NOz) stretching mode v2' is not effectively coupled with other
modes and has its main contribution from the N = 0 (Q) internal coordinate (about
94%). This band was detected at 1557 cm -I as a very strong band in the infrared,

stronger than the vI mode, and as a medium strong unpolarisedband in the Raman
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frequency of CH3 for similar molecular species such as acetaldehyde and methyl-
vinylketone were reported at 150 and 101 cm -1 respectivelyI9,20]. Detection of this

band in the spectrum of its liquid state and not in solution state may be attributed to
the presence of a sort of association between oxygen atom of one molecule with the
hydrogen atoms of other molecules in the liquid state. Such association is more effec~
tive in the case of the solid state and consequently more rigid CH3 torsion and higher
frequency values for this mode are expected. This torsion mode is completely inde-
pendent one, its calculated PED is 100% contributioft from the torsion internal co-
ordinate (or). This torsion mode is not detectable in the gaseous orin position states of
nitromethane because the association between molecules are extremely small so that
it does not play any role in the three fold barrier of rotation of the methyl group. The
barrier in these states is a six-fold rotational barrier and has a very small magnitude
and the methyl group is approximately free to rotate about the C-N bond. The calcu-
lated force constant for the CH3 torsion was 0.0324N cm -I. This value indicates that
'a very low frequency value is expected for the torsion mode of vibration of nit-
romethane in the gaseous state.

The calculated infrared band intensities with the standard INDO method pro-
duced values which satisfactorily agreed with the experimentally observed values.
However, there are discrepancies between some values especially located for the
CH3 modes. These discrepancies may be due to the strong polarisation which exists
in the molecule and accordirlgly the values of orbital exponents of the valence sheil.
atomic orbitals of different atoms used in the INDO calculations should be refined to
represent this polarisation. Lower values for the orbital exponents of the H-atoms
seems to 'release' the electrons and facilitate their donation, whereas higher values
for orbital exponents on the oxygen atoms lead to 'fixed' electrons on these aton1s.
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