
Chemical Physics 11 (1975) 63-85 
8 North-Holland Publishieg Company 
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IR and FIR gas phase and Ar matrix isok~ion spectra of the isotopic species of nitmethane, CH3CE&N02. CHJCEJ2N~ 
and CD$&NQ are reported. An assignment will be proposed, based mainly on matrix spectra and normal coordinate 
anal~si% An approximate 25 parameter valence force field is given. The analysis of tJxe gas phase spectra is wmpticated by 
the fact that only very few band contours comparable to quasirigid model envefopes occur. ‘Ihis phenotnenon‘and unusual 
band tidthJ and splittings in the matrix spectra are related to the nearly free internal rotation of the nitro soup. The Q 
branch sequence associated with the methyl torsion shows a remarkable splitting into doublets probably atso related to the 
N% rotation. A value of 1080 f 20 cm -’ for the methyl torsional barrier is derived. 

1. introduction 

Nitrom~th~~ (CH3NOg) and nitmethane 
(CH~CH~NOZ) have been found to have extremely 
low barriers to internal rotation of the nitro group 
[ I$]. %nikrly a very low barrier seems to exist in 
the mixed isotopic species CHzDNOz and CHD,NO, 
131. molecule of this sort may appro~ately be 
classifSed a~ semirigid systems of tire Ca, frame-Cs, 
top (CgvF-C3vT) and CsF-C3vT-C~VT and 
C,F-C&T type, respectively. For systems of this type 
the low torsional barrier is expected to lead to cbarac- 
t&tic effects in the vibrational spectra. Studies of 
the gas spectra of nitromethane have been reported by 
several authors [4,5]. Gas and liquid phase infrared 
spectra of the 4 lowest nitroalkanes have been pub- 
Iisbed by Smith et al. [6]. By the aid of matrix spectra 
of nitromethane40 and -dj Verdemme et at. [7] were 
able to improve su~t~~y the assignment of the 
vibrational modes. Inclusion of vibrational data of 
Nl5 f8J and 018 f9] isotopic q~odifications of 
CH9N0, in a normal coordinate analysis of Trinque- 
caste it al. 110) lead to a rather complete harmonic 
force field in which the effects of the internal rotation 
were disregarded; however. Much less work has been 
devoted to nitmethane. A fragmentary vibrational 
analysis has been reported by Popov et al. fl I]. 

. 

Recently, Ekkers et al. E2.121 reported microwave 
spectra of nitroethane and proposed an assignment 
based on MW-MW doubte resonance experiments. 
From these an upper limit of 3 cm-t for the barrier 
to internal rotation of the nitro group was derived. 
Furthermore, Goner et al. [13] reported a study of 
the complex far infrared absorption between 8 and 
60 cm-t and presented an ardysis of the band contour 
in terms of a semirigid free internal rotation model. 

Though this molecule possesses two tiiite internal 
degrees of freedom and as a semirigid system has to be 
classified as a C,F-C,,T-C,,T model, sufficient evi- 
dence indicates that the methyl group rotational bar- 
rier is near 1000 cm-t ‘and the methyl torsional mode 
may therefore be considered as a vibntionti mode. 
In this paper infrared spectra of three isotopic species. 

m$H2NO#o), C&CDzNO&). CD3C&NO2@5) 

in gas phase and isolated in argon matrices will be 
reported. Furthermore, fragments of the matrix spec- 
tra of CH,CHD N02(d,) and CD@i2N02(d3) were 
extracted from the spectra of isotopic mixtures. 

The matrix spectra will be used as a starting point 
for an assignment based both on empirical arguments 
and normal coordinate analysis. By the latter a har- 
monic force field comprising 25 significant potential 
constants was derived. Furthermore. it served as an 
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extension of the assignment to the highly complex 
gas spectra. To support the analysis of the gas spectra 
extensive computations of model band envelopes with- 
in the rigid rotor approximation will be reported. It 
will be shown that such envelopes approximate ex- 
perimental band contours only in a few cases. AII 
attempt has also been made to analyze the vibrational 
spectra within the frame work of the model including~ 
the NO2 internal rotation and harmonic vibrations 
otherwise. 

2.1. Isotopic species 

The light compound has been purchased from 
Fluka l and puritied by preparative gas chromato- 
graphy (chromosorb 102 column at 17O’C). 

For preparation of the d2 species three exchanges 
of CH$H~NOZ with D20 (1:4) and CH3COONa 
(3 X 1O-4 molar ratio) at 90°C were used [ 141. It was 
purified by extraction with dried ether, distillation of 
the solvent and gas chromatography. In order to 
avoid back exchange of deuterium a three-fold excess 
of CH30D was injected in the CC column prior to the 
sampIe. In this manner an isotopic purity of 96% 
CH3CD2N02 was achieved. It should be noted that 
this compound tends to back exchange even by con- 
tact with walls of ceils, etc. 

In a similar way a sample containing 50% do, 
42% d, and 8% dl was prepared. This sample was re- 
quired in order to distinguish isotopic impurity bands 
from d2 spectra. Nitroethane-dS was prepared by the 
reaction cI 

C&CD~Br = CD3CD2N02 . 

The reaction was carried out as a solid-gas reaction. 
This procedure has the following advantages over 
published preparations [ 151: simplicity. lack of sol- 
vents, direct operation in the vacuum manifcld. Puriti- 
cation by GC was made similar to that of the dz 
g&es. The degree of deutcration was estimated to 
k better than 951, the main impurity being. : I 

l I&a AC. Buchs, Slitzeriand. 
.- CD&D& manufactured by C. Roth. Karkuhe. Gezmq 

.L C9#% 0). . . -. , 

CD$IiDNC&. The latter species was identified by 
preparation of a sample containing approximately 40% 
CD3CHDNO2 after back exchange. 

2.2. Insn74mentation 

Gas phase spectra in the infrared region were 
recorded by a Perkin-Elmer Model 225 spectrophotom- 
eter equipped with 10 and 70 cm path length gas cells 
with CsBr windows. For the survey spectra slit widths 
of 0.6-2.4 cm-* and for particular spectral regions slit 
widths of 0.3-I .2 cm-t were applied, frequency meas- 
urements may be considered accurate to 1 cm-l or 
better. It proved to be not always Possible to compen- 
sate completely for atmospheric absorption bands, 
owing, in part, to minor misalignment of the gas cell. 

In order to reduce back exchange of adeuterons 
the gas cells had to be impregnated 6 times with 
gaseous D20, even so back exchange remained notice- 
able. The absorption spectrum of the do species in the 
3.50-150 cm-l region was determined by means of a 
Beckmann-RllC Model FS 720 interferometer, using a 
gas cell with 14 m path length equipped with TPX 
windows. A 6.35 Mm Mylar film beam splitter and a 
black polyethylene lens transparent below 400 cm-l 
were used. Interferograrns with 8192 points placed 
symmetrically with respect to Ax = 0 and 4 pm 
mechanical mirror displacement were taken, leading to 
0.3 cm-l nominal resolution.Two background and 
4 sample spectra were used to derive the transmission 
spectrum. Reliable determination of the latter was dii- 
turbcd by pronounced adsorption of nitroethane at 
and simultaneous desorption of water from the cell 
walls. 

Matrix isolation spectra were taken-by means of 
Perkin-Elmer Model 225 and 325 spectrophotometers 
and a LHe cryostat of our oti design [ 16]_ Argon and 
the sample were separately injected with flow con- 
trolled by calibrated Brooks and Edwards needle 
v-&l?~. Argon was supplied at con&ant pressuti from. 
a LN2 cooled trap; deposition r&s bet&e,n 3 vd 
20 &hour. continuously meeured by a small leer . 
[17],wcre applied. 

FIR mati s~&a_w&e men with a Perkin- _-- c 
Elmer_Model301 fu infrared spectr&ph+ometer. A ; 
home-made &i-k ‘cryostat equipped .jvie Rigidex. _ 

-wind&s tid &her a,elp_Jate:or a’- qe- 
nefigc tqiget.we +sed_ We&n&s of the absorpiion’ 

. 

_b -. : 
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Fw 1. Inhued spectra of CH&W$Q in Ar &xix at Llia r~mperature (a-c) and in gas phase <A-D): P M/A * 1000.13 ~III At. 
T+ 255, bMl.4 I 1000.39rm. T+ 20%. c MIA m 130,14 nm. T+ @%, dMlA - 130.14 urn. T+ 30%. CM/A - NO.22 JAIII. 
T+ 20%. A 70 Tar cm. B 140 Taxi cm. C 350 Ton an, D 840 Torr cm. k rtmorpheric CQJ. w window absorption. 

. ,’ _, 
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bands in the FIR necessitated deposition of up to 1 mm 
thick Ar layers with M/A ratios = 10-50 at a depoti- 
lion rate of approximately 0.3 mm/hour. For improve- 
ment of the signal-to-noise ratio the data were subject 
to a smoothing process [ 181. 

3. Results 

In figs. 1,2, and 3 matrix and gas lR spectra of the 
three species do, dz and d5 are reproduced. Expanded 
sections of the matrix CH stretching region of the three 
species are shown in fig. 4 and low resolution spectra 
in the region 4000-2000 cm-t cre given in fig. 5. 
Finally the FIR spectra (350-20 cm-‘) of both 
gaseous and matrix isolated dO-nitroethane are repto- 
duced in tig. 6. 

In tables 1.2 and 3 the observed matrix and gas 
frequencies, the assignment, the normal coordinate 
results and the approximate description of the normal 
vibrations in terms of group modes are given. In table 
4 a set of frequencies is listed, which are to be attri- 
buted to the species CD$H2NOZ (dj). These spectral 
data are derived from matrix spectra of isotopic mix- 
tures containing approx. 10% of the d, species. Simi- 
larly table 5 gives the matrix frequencies of the dt 
species, which were obtained from isotopic mixtures 
described in section 2.1. 

4. Discu&on 

The following analysis of the vibrational spectra ‘of 
nitroethane will be presented as follows: 

(i) normal coordinate analysis and assignment of the 
matrix spectra, 

(ii) assignment of the gas spectra based on matrix 
spectra and model envelope calculations, 

(ii) discussion of effects of the internal rotation of 
the NO* rotor in the vibrational spectra. 

It should be pointed out that the assignment of the 
matrix spectra proved to be indispensable for a 
successful attempt to analyse the gas spectra. The 
latter are cnruplicated by effects of the nearly-free 
internal rotation of the riitrn group to an extent 

..-*cUrads to pronounced deviations of the-band 
x envelopes from rigid rotcb harmonlc’oscillator model 
‘envelopes. Foimot? of the absor#ion bands these 

_: >- .- ‘. _- 
- :. ~. 

h’,_’ . ,; ‘, . : .. :_ ,. 
; ._._-,, . . 
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w 
t 

Fii. 4. Infrared spectra fmm 3050 to 2850 cm-’ of nitrb 
ethmte-do. -I-d,. aad -ds in AI matrix at LHe temperature. 
Top: CH$HzNO2,M/A (* 100,22 rm, middle: CllsmNq, 
M/A - 300,80 Mm, bottom: C&C&N%. MIA = 540, 
21 pm. Spectra oi bolh deutmati specter taken with ex- 
panded transmission scale. 

deviations appear to make the use of model envelopes 
impossible. The low barrier to internal rotation of the 
nitco group in principk could lead to torsionaf transi- 
tions in the FIR region even for the isolated molecule. 

4. I ~ Nom& cxwrdinate an&is 
- .: . . _-. 

For the’ndrm~ coordiinh;; M of the vibrati~ .~ 
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Fig. 5. Infrared spectra from 3500 to 2000 cm -t of ni&ethane&, -1 ,l-dz. and 45 in Ar matrix at LHc tcmperaturc and in g;rr 
phase: left: CHaCHlNO2. MIA = 70.11 rm. T + 10%. gas 3SO Ton cm. middle: CH$IhN02. MIA = 300.80 iim. T + 10%. gas 
350 Ton cm, right: CDJCD~NO~. M/A - 540.35 Mm, T+ SO%, gas 350 Ton cm. w window absorption. c atmospheriti or matrix 
isolated C&. 

present time no information about the stable confor- 
mation of the NO2 group is available either for the 
gaseous or for_matrix isolated states. Since the coefti- 
cients of the kinetic matrix 

G = (g”r”) = B hf-ls 

depend on the NO2 rotation angle t both vibrational 
eigenvalues and eigenvectors depend on the nitro 
group conformation. The following analysis will be 
based on the assumption of a conformation, in which 

all heavy nuclei are coplanar, cf. fig. 7 [ 131. The 
following comparison in which symmetry species and 
number of the normal modes of both the planar and 
the perpendicular NO2 conformation are contrasted, 
should make clear that this assumption is relevant: 
- planar conformation 1 Sa’ fxi 9a” 
- perpendicular conformation 14a’ @ 1Oa” 
The internal coordinates used in this work are listed in 
table 6. Besides the assumptions concerning conforma- 
tion mentioned above it will be further assum-d &at 
the harmonic potential constants of the CH3-, CH2- 
and the NOz- group correspond to local symmetries 
Cgv, C, and qv, respectively. The wagging, twisting 
and rocking coordinates of the CHz-group are defined 
by (cf. fig. 7) 

Ar, = j(Aq I Ae2 + Ae3 - Ae,) , 

Ay, = $(AE, + AQ - AQ - AE.,) , 
Ay, = (l/&(Aq - de, - Aea + AQ) . 

For the nitro group, the in-plane rocking coordinate 
was defined as 

AS& = ;(Aw2 - Aw,) 

and the out-of-plane coordinate Ar as the first-order 
differential of the angIe between the normal to NOz- 
plane and the N-C, unit vector [ 19]_ Torsional mor- 
dinates of the CH3 and the NO2 group are *en 

respectively by 

At = ;(Aq,, + Af312g+ Ar3121Ct) v 

AT = :(AT~~~ + A+,,,,), 

where the AI’S were chosen according to WiIson et al. 
[19]_ AU other coordinates listed in table 6 were 
chosen as conventional stretching and bending coordi- 
nates; symmetry coordinates were adapted to the 
local symmetry of the CH, , CH2 and NO2 group. The 
methyl group bending coordinates are involved in the 
redundancy 

(~/~)(Au,+A~~~+A~~~+A~~+A~~A~~)=O. 

For numerical computation of the vibrational frequen- 
c&s and the potential energy distribution (PED) a 
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Tabk 1 (contied) 

hignment a) Mode description a&) Frequency (an-‘) 

us(a’) &XCH3C43), t,JCHzI (27) 1330 13295. In 

T&HZ) (95) 1267 

1133.5’ m 

1106.5 
m 

1104. 

dCc) (40). r&Hz) (18). 7&W (16) 996. m 

vda’) vs(N%I (31),6(N%) (30. v(cN)(16) 

v&Hd (65). -rz(CHd (29). 7&‘40d (15) 

u<CM (22). a(NW (2% 6UX‘Nl(22). 7,(NO2I (13) 

sNX.!N) (62). ~r(NW(21). v(CN) (13) 

rKcH3 (98) 

1145 

1087 

1010 

902 

802 

648 

566 

SOS 

300 

222 

0.4 

582. w 

526 VW 

474 VW 

303 

297’ w 

289 ? 

221 VW 

1264 w 

Q 805 w 

min? 670 w 

616 m 

fx 583 

(: ::)- 

285 w 



-_ 
&(a”) -. - v,(CHJ) (99) 

: 

&&i;, ‘, 

.I&‘) -. : ” -: vs(cH#a). _: . 

2916. w ‘. 2915 m 

&(A’) -’ -. : 

“&,(A’)_ ‘. : : 2439 VW : 2445 WV 
: __. ‘., : 

.:’ .2223 

3285 VW ‘, 2280 w 

v,,ia”) -. : v&C&) (98) .?23& VW- :. 
::v& ‘u,tCD2)(95) d16b .’ 2174.’ w, -’ 2180 w’ 

-. : .‘. ,I_ 1138 : w ‘. B? 2150 ‘. 
_‘. 

: 2i25.1 :-iw. 

,u.<i-1 .. ~~,(No;)i6i).7;(Noj(ZO) 

._,I .’ : 
;: ._ 



v9ca3 ._ 6<cD2j& VKC) (lq):rr(cH3 (13). ua(No21 (12). : 

.,. :. 6,(CH3) (11) ., . . 
: 

Wa”) rr(CH3) (77) ‘_ 

UlO(i’) rrKH3 &6), GCW (29) 

go(a”) -rt(CDz) (91) 

vtt(a’) 6(c~t) (25). a(~ol) (24). aa (19). ~~(~01) 05) 

Yn(a’) rdCW(5,CO. 4NOz) (17). WOd(l4), v(C0 (11) 

r,(CDa) (48). r,&Od (35).7,(CH3 (15) 

NCCN) (21). vr(NOj (201, WN) (171, atNO (13). 

u,mw (lb 

YzaW) -rar(NW (56); -rrWW (442) 

Y14b’) rr(NW (35). v(CN) 041, q(NO1) (13) 

._ 
Vl&Y ‘WCN) (62;. ~&‘J~) <20). u<CNI (13) 

,.wsW) ., s(~W 198) 
-vdq r(CNOi)(lOO) 

1118 

884 

829 

709 

617 

SOS 

488 

299 

219 

0.3 

865 VW 

696, sh 

693, m 

629. w 

600 VIV 

490 1 

303.5 ? 

296.P w 284 w 

- 



til$b”) .’ va(CD3) (8’0. va<cDz,,(lO) 2253 2261 v6r ‘2255 w 

Ylb’) v&D,,(96) 
‘. 

22!+2 2246 VW. 

Vl,W .” va(CDz) (88). v&D3 (11) 2219 : 2189 yu- 

uzw -.. &V$$ ($1 2162 

vda’, v,(CD3) (89) 2126 2112 &I 

. . 

--U&d) v<co (52), -&CDz) (20). t&I&) (1% 6,KD$(li) .. i23S 

:: 

u7w’) 6&)(~6). &KD$l& v(CN)(14) 

‘. : .., ,.. 

.. 
., ..: -.:. 

: 



Anient a) Mode description ah) : Freqyency (cm-t) 
, 

calcl&ted Ar matrix =) GS 

40W NNW (2% ~s(NW(21). WZD2) (19) 
.’ 

v1 Ita’) 7t(CD2)(41);6(NOz)(l4). WD2)(11). dNW(ll) 

vtz(a’) 7w(CDi)<32).7y(CD3)(29).Y(CC) (14). 6,KD3) (14) 

VZlW 

uda') 

7w<NW (41),7r(CD3) (35),7&D2) (23) 

v<CN) (21). 7r(N02) 7JCD3) (13). 6(N&) (13). 

wxw (13) 

653 627+ w 

585 587+ w 

u22ta”) ‘rr(CDt) (48). 7W(NoZ) (461, &CDs) (10) 494 

w4b’) 7#Qz) (35). v(CN) (331, a(NO2) (12) 418 

uda’) 
u23<a") 

u24(d') 

6(CCM 0% rr(NO1) (18). v(CN) (11) 

WXD3lCW 

r(CN03 (100) 

865 

839 

762 

276 

161 

0.3 

880Y m 

879 -sh 

860. w 

846 ? 

772’ m 

510s VW 

478’ yw 

462 yw 

269 w 

851 

Q? 84s 
Iw 

644 

Q? 629 
IW 

S81 m 

Q? 476 ? 

260 w 

a) BaseaonqUYirigid model with planar skeletal conformation. 
@ Numbers in brackets indicate pcrccntagc potential cncrgy distrbwi& 
=) An a~tcrfsk denotes fquencits used for the force constant refiiment 

Table 4 ’ 
Matrix inf&cd frequencies of nitmethane-(2,2,2)_ds 
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Table 5 (conrinued) .I’ 
U 

Assignment a) Mode description a,b.c) Frequency (cm-‘) 

Qlculated Armatrix 

“13 

“14 

PI5 

w5 

v17 

y1.3 

VI9 

a0 

“21 

v22 

?lJ 

%?4 

7&H3> (52), 7tKHD) (13) 

;tKHD) (3% 7,Wi3) (33) 

%&Ha) (341, v(Cc) (16). fi(CHD) (15). 71CH3) (13) 

v(CCI(17). a(NOaI(lS), -rr(CH3) (13). v,(NOa)(tO) 

-rw(CHD) (32). us(NO2) (22). 6(NOa) (20). rt(CHD) (14) 

rr(CHD) (51). 7,@02) (26). -Yl(CHs) ti7) 

1141 

1104 

1054 

924 

854 

73s 

871 m 

723 w 
715 w 
634 w 6KCN)(21), ~(CN1(20). a(NOa)U7). -rr(NQ)(W 636 

-rw(NOa) (59). ,rr(CHD) (30) 530 

vr<NOa) (35). x&N) (311. a(NOza) (12) 495 

a(CCN) (621, 7r<N02) (21); v(CN) (13) 300 

+(CCH31(98) 220 

+(CN02) (100) 0.3 

computer program published by Hunziker*[20] was 
applied which includes a least-square fit for refme- 
ment of force constants. The observed vibrational 
frequencies were not corrected.for anharmonicity. As 

tion for individual bands is available. there exist severat 
reasons, some of which are related to the low barrier 
of the NO, torsion: 

(i) site effects in the Ar matrix, 
a rule force constants resulting from the fit process 
were considered non-significant, if their value did not 
exceed their standard deviation. 

The significant force constants as resulting from 

(ii) association of molecules owing to insufficient iso- 
lation, 

(iii) existence of several conformations of the N02- 
group frozen by the matrix crystal field, 

the best tit are collected in table 6, together with (iv) occurrence of combination tones with ND3 torsio: 
their standard deviations. In total 68 fundamentals nal states. 
of the species do, d2, d3, dg were included in the fit Whereas little can b&said about point (i). the presence 
process, leading to 25 significant force constants. of associated molecules in the matrix appears unlikely 

. . These allow reproduction of the frequencies with a since it has been found kperimentally that for 
standard deviation of 12.6 cm-‘. Calculated values M/A > 300 ihe spectra remain unchanged. Therefore, 

: of the normal modes are reoroduced in-tables 14 as a rule only spectra will be taken into account for 
together with an approx&te PED description of the which M/A > 300, cf. figs. 1-6. With respect to points 

: normal modes: ,: .::; : (iii) and (iv) it should be remembemd’that the NCA 
.. : :: yields distinct dependence of many normaI frequencies 

a) Based on quasirigid model with planar skeletal conformation. 
b) Numbers in brackets indicate percentage potential energy distribution. 
c) Ye, 61. r1 denote the modes which belong to the a” species in the symmetric isotopes. 
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Fii* 7. I&&&r Godi1 for &oe&& conformation and 
internal structiu-al pqmcten. 1,2 (C). 3 (N), 4.5 (01 and 8 fH) 
are assumed to be in the sape plane. 8 tram y.i. 3. Stmctu- 
ml parameters: rCC = 1.W A;rCN? 1.50 A, *o.= I.22 A, 
rc~ = 1.08 A. 4 .CNO = 116.5”. ail other angles 109.47”. 

: 
by J?:= f k2 (I-~os22) is shown hi fig. 9, aihich is 

‘based on semis&if rci?or,theoj [21,22],. . . ‘. 
_’ 

..4.?.2. &signmerjt .i : _ ,. ‘. 
_ _ In the following dis&ssio~.only points of the assip: 

meet yill be considered which amjeai to haye some. 



” 

..:. p. Gmncr et aL/Marrir andgas i&&d &ctrn of ni&ehane isotopic species’ 79 
.’ 

Table6 :. 

List af internal co&Mates and valence f&e con&s of nitmethane 

Description internal Internal Force constacit a) . . : : coordiriate si+mdinate 
Notation Value 1 Standard ‘. 

. . 
-- deviation 

CH;,stretch 

CH2 stretch 

CIf3 bend 

CH3 rock 

CH2 bend 

CHa wag 

CH2 twist 

CH2 rock 

,Ari 

. . Ari 

A’Si 

ASi 

A Pi 

A& 

A& 

A oi 

A6 

A‘YW 

A7t 

A-I, 

A@2 

-A03 
1 

CC stretch 

&Nbend 

CNstretch 

Aw 
AW 
AW 

AA 

AP 

Aft' 
A& 
A7w 
AA 

AP 

KW 

fw 
fWW 
HA 

KP 
NO stretch -ARi ARi KR 

ai A& kei kRR 

ARi AP km 
AYW 

&Oa bend 

ARi fRy,,r 
A\lr AW Hlu 

. . 
NOa rock AR AS2 ffn 
NO2wag. .-. ax- AT WI- 
CHs to&on At AS 

: NO, to&ion. a, 
Hr. 

‘A? ‘. H, 
. . 

4.760 

0.034 0.008 

4.883 0.02i 
q.025 0.015 
0.540 0.014 

0.672 0.036 

-0.Ot6 b) 0.023,. 

0.017 h) O.rJ16 

0.634 0.016 

0.631 0.029 

1.418 0.034 

0.626 : 0.041 

4.711 0.208 
0.061’ 0.021 

0.088 0.024 

1.698 0.154 

3.052 0.403 

8.280 0.453 

‘1.008 0.290 

0.464 0.097 . 
0.182 0.058 ‘, 
2-441 0.348 

3.236 0.454 

0.391 : 0.027 

0.083 =) -. 

lo* =) - 

0.030 

0.007 



80 P. Goner cl al.1 Mattix and gas inftated spectra of nirmerhane iwropic species 

Fig. 8. Dependence of normJ moues on the NO2 torsional 
angle 7. a vq(a’, 0”). utT(a”, 90”); b vtz(a’. O”), vll(a’. 90”); 
E q&. 0”). vrs(a’. 90”); d v14b’. 0”). vzz(a”. 90”). 

+ 
cm-l 

cm-’ 

Fig. 9. NO2 internal rotation transitions. Semirigid model 
approxitttation. Boltzmann Qbtriiution for 4 K. a ye = 0 - 1, 
1~1~1~tion:bu~~=l~2,1=1-1tr9nsition; 
~u~r~2-3~1=1-11~ition;du~~=0-,2, 
I=l~ltrattsition. 

H1 n&&cations where only local resonances among 
dH3 acid CHZ modes respectively shold be expected. 

: I - 

For the normal coordinate analysis the two bands 
at 2230 and 2174 cm- 1 of the da species were used. 

4.2.2.2. 1600-1300cm-1 region. In this frequency 
range, the NO, stretching modes and the CH3 and 
CHZ bending modes are to be expected. Assignment 
of the bands of alI three isotopic species does not 
appear to be problematic and wiII not be discussed in 
detail. As a common feature of aII matrix spectra the 
splitting of the asymmetric NO, stretching mode 
ua(a’) into 3 or 4 components with small line width 
should be mentioned. According to the discussion 
presented in section 4.2.1 this mode is strongly T- 
dependent for do, cf. fig. 8. The same holds however 
for the other isotopic species. A particular feature of 
the do spectrum is the observation of only two bands 
in the 1450 cm-l range, where three HCH-bending 
modes should occur. Though only few spectra of 
ethyl compounds have been analyzed in detail, the 
absence of one of the three HCH bending modes seems 
to be a common feature of the gas spectra (CzHSF 
[23j, C,H,CI [24], C,H,J [25], C2HS-CN [26]). 
However, for these molecules no matrix spectra have 
been reported. 

4.2.2.3.1300-250 cm-’ range 
(1) do-species : the absorption bands above 700 

cm-l appear to be attributable in a straightforward 
manner. The bands below 700 cm-’ should originate 
from heavy atom vibrations approximately described 
as SoJO$, ~,W02). 7,W02) and WCN) group 
modes. The assignment of the NO2 modes has been 
based on rigid rotor model envelopes of gaseous 
nitrometbane. Nitromethane may be considered as a 
Czy frame-C3v top type molecule. The kinetic energy 
tensor of the rotation internal rotation problem of 
this model does not depend on the internal rotation 
angle and the instantaneous principal inertia axes u, b, 
c coincide with the internal rotation axis and the nor- 
mals to the symmetry planes of the NO2 group, respec- 
tively. .Therefore, the assignment of the symmetrical 
bending, out-of-plane and in-plane rocking modes of 
the NO2 group in nitromethane Is not directly affected 
by internal rotation and may therefore be made in a 
straightfonvard manner 161. The Fe order of these 
NO2 group assignments was applied to nitmethane. 
As a particuktr feature of~the matrix spectrum the- 
large line width (20 cm-l) of the ,$44 Cm-t band . . .’ . . - 

.- : _- -- . . . ._ ‘. ._ .-- 
‘_ _. . 
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assigned as q3 6(N02) (a’) should be mentioned. It 
may bear a relation to the fact that the normal fre- 
quency of this mode calculated as a function of the 
NO, torsional angle t exhibits the largest dependence 
of all normal modes on ‘I, cf. section 4.2.1. 

(2) dz-species : The isotopic substitution at the 
CH2group leads to a considerable complication of 
the fingerprint spectrum. This necessitates more in- 
tense use of NCA results in the assignment process and 
leads to some unexplained features of the matrix spec- 
trum. It should be noted that the latter exhibits a 
number of multiple bands, which impede a reliable 
assignment noticeably. Some of the difficulties seem 
to be related to the localization of the CH3 rocking 
modes in the matrix spectrum. As indicated by the 
NCA the a’ CH, rocking mode is strongly intermixed 
with skeletal vibrations. The assignment proposed in 
table 2 was found to be the best compromise, how- 
ever it does not explain all observed bands. In par- 
ticular the band triplet near 1043,1033 and 1022 
cm-t has now to be considered as representing the 
fundamental Yl,$a’). On the other hand the two 
modes u8(a’) and qO(a”) are calculated near \239 
and 918 cm-l respectively, where no absorptions 
were detactable. According to the NCA VI&a’) is 
nearly independent of the NO, torsional angle. Hence, 
the only way ko interpret the band triplet seems to be* 
to consider it as arising from combinations of qo(a’) 
with NO2 torsional transitions. &a’) is found to be a 
mixture of essentially 5 group modes (cf. table 2). 
whereas vzO(a”) approaches nearly a pure 7&CD2) 
group vibration. Again P13(a’) assigned to the broad 
band at 629 cm-t is composed of several heavy atom 
group vibrations and depends markedly on the NO2 
conformation. The lowest skeletal modes near 
537/528 and 497 cm-l feature large band width and 
low intensity; but their assignments appear reasonably 
reliable (vz2(a”), u14(a’)). 

(3) ds-species : The matrix spectrum of this mole- 
cule is complicated by the fact that 1.5 fundamentals 
should be located within the 1300-250 cm-l range. 
The NCA predicts most of the normal modes to be 
mixtures of several group modes (cf. table 3). The 
doublet near 1305/1302 cm-l is attributed to 
vg(a’). @(CC). r,(CD,)) which has not been ob- 
sewed either in the d2 spectrum or in the ethyl 
chloride spectrum [24]. Similarly the band triplet 
near 1195 cm-l considered as u,(6) is now a’mixture 

involving mainly the 6(CD2) group mode. Surprisingly 
the fundamental v13(a’), assigned to the absorption 
band at 587 cm-l, does not show unusually large line 
width, though it is found by NCA to depend sensitively 
on the NO2 conformation. This is in contrast to the 
fundamentals q3(a’) of the do and d, species, whose 
large line width may possibly be related to the depen- 
dence on the conformation. It should be noted, 
however, that this fundamental varies its composition 
by group modes markedly in the series do-d2-ds. 

4.2.2.4. 250-20 cm-1 range. !n this range only the do 
modification has been studied. Only one very weak 
band at 221 cm-l has been found so far, though its 
detection requires thick matrices (up to 2 mm) and 
low M/A, cf. fig. 6. This band has been attributed to 
uzs(a”), i.e. the methyl torsional mode. No indication 
of the NO, torsional mode has been observed above 
20 cm-l. According to fis. 9 the 1124 = 0 + 1 transi- 
tion is expected to occur below 20 cm-t for barrier 
values V2 < 90 cm-t, cf. subsect. 4.12. The absence 
of the NO, torsional band above 20 cm-t, therefore 
indicates the absence of matrix crystal field contribu- 
tions of the order of 100 cm-t to the NOa barrier Vz. 

4.2.2.5. Matrix spectra of rhe dl and dg species. As 
has been mentioned in section 3 it has been possible to 
extract fragments of the matrix spectra of these two 
isotopic modifications, as given in tables 4 and 5. The 
d, data have been included in the NCA and proved 
relevant for the assignment of the CH2-group modes. 
The force field derived from the combined data was 
then used to predict the d, spectrum. As may be seen 
from table 5, the observed 13 d, fundamentals are 
fairly well predicted with the largest deviation amount- 
ing to 36 cm-l. This result may he considered as an 
indication of the correctness of the assignment given 
in tables l-4. 

4.3. Gas phase spectra 

4.3.1. Model envelope calculations 
For the assignment of polyatomic quasirigid mole- 

cule spectra model envelope calculations have? proven 
to be a powerful aid (27-291. 

Application of this technique to nitroethane spectra 
may be cr%cal since the nearly free NO, internal rota- 
tion should be expected to lead to marked deviations 
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from quasirigid rotor band envelopes. There is never- 
theless considerable motivation to compare such 
model envelopes to experimental band contours in 
order to separate out bands which still follow the 

quasirigid rotor pattern. i.e. bands which are not 
noticeably influenced by internal rotation transitions. 
It also should be mentioned that the prczent state of 
rotation-internal rotation theory does not allow com- 
putation of the approximate rotation-i.itemal rota- 
tion structure of vibrational transitions. On the one 
hand it cannot be extended to J values cf the order of 
100 [22], as would be required for a molecule like 
nitmethane [ 131. On the other hand realistic band 
envelope calculation would require the inclusion of 
the vibration-internal rotation interaction in suffi- 
cient detail. The molecular data of CH3CH,N02 
required for computation of quasirigid rotor bands 
should be commented upon briefly. For this molecule 
the kinetic energy matrix coefficients [22] depend 
strongly on the NO2 internal rotation angle, further- 
more in the interval 0 C r C frr the b and c principal 
inertia axes are interchanged. Table 7 gives a collection 
of rotational constants and asymmetry parameters for 
various NO, conformations of the do species and 
clearly demonstrates the 7 dependence. Qualitatively 
the same behavior has been found for the deuterated 
molecules. Quasirigid band contours have been calcu- 
lated for an extended set of models. In fig. 10 two 
typical examples are reproduced. The following com- 
ments should be made: 
(i) The limitation of J values to IQ 80 produces in 

the wings of both the B and C type bands artitkial 
discontinuities located at 15-20 cm-* from the 
band center. 

(ii) For both conformations the band contours are 
alike. The A type bands for both the 0” and 90” 
conformation belong to a’ fundamentals but may 
be hybridized with B and C type bands, respec- 
tively. B type bands either belong to a’ or a” modes, 
and in the tint case may be hybridized with A type 
bands. C type contours alternatively belong to a” 
and a’, respectively; the latter being possibly in- 
volved in hybrids with A type bands: 
Comparison of the model envelopes with the experi- 

mental data (cf. figs. l-3,10) at once reveals pro- 
noun& discrepancies. Fig. 11 shows bands which 
follow apprpximately the model contours. Nearly all 

.owr brinds canhot be classifisd by means of the model 
._ 

: j 
.- ‘_ -:. . 

Table 7 
Nitrmhme-do: dependence of rotational constants on the 
No2 roniod angle r a) 

r A b) B c K c) 
(cm-‘) 

0” 0.3636 - 0.1423 0.1063 -0.721 . 
30° 0.3474 0.1419 0.1080 -0.716 
60’ 0.3175 0.1408 0.1120 -0.720 
90” 0.3035 0.1400 0.1143 -0.728 

aj Bzsed on the model used in ref. 1131 and subsect. 4.1. 
b)tz inertia a~cis approximately dixctcd from H-atom 8 to N 

atom: b inertia axis approximately parallel to the NO2 
phnel cf. fig. 7. _ - 

_ 

‘) AsymmetrY parameter II = (-A+2B-C)/(A-C). 

1 

A90-d 

AO=d : B0.d C0.a' 

Fig. 10. Qua&&id model band contours of nitroethanc-do 
for planar (0”) and pcrpcndicular (90”) conformation. For 
rotational constants cf. table 7. Max. J value included in com- 
puwion: 80. Frequency interval between two marks 5 cm-‘. 

envelopes, either because of overlapping with neigh- 
bowing bands or because of strong deviations. Typical 
examples in the do spectrum are afforded by the band 
complex near 1250 cm-* or the unstructured absorp- 
tion between 750 and 550 cm-l,, which embrace 
bands lacking all typical features. 

4.3.2. Assignment of gns phase absorption bands 
4.3.2.1.3500-2000 cm-f region. In the typical 
u(CH) stretching band complex-of both do and d2 t&o 
band centen wy be recogn@ed at 3ooO apd 2957 
cm-l possiily belo;lgiag to.hybrids with d&ninant C 

and A type, guctively (cf. fig. 5). A more complk 
as&nntent may be achiewd bycomparison of spectra 
*en at‘higher iesoluti~~! with rnatrik Spectra; this ia 

d 
.- - 

., :-,_ _ 

_‘.. 
. . _- : 
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Fii. Il. Nihoethane-de: Comparison of exprimental and computed band contours: left: EIwctopc at 1577 cm” and wmputed 
B-type contour, middle: Absorption at 1120 cm-’ and computed &type (1136 cm-l) and C-type.(ll02 cm-‘) contours, 
right: Envelope at 876 cm_1 and computed A-type contour. dashed lines: vertical: band center frequencies of computed envelopes; 
horizontal: 0% transmision for the (shifted) upper traces. 

given in tables 1,2. Since the gas spectra of the two 
species are quite similar, the CH2-stretching modes 
appear to have low intensity. In the spectra of do, d2, 
d5 weak bands near 3220.3210 and 3140, near 2750, 
27.50 and 2750, and near 2440,244s and 2435 cm-t 
were detected, w!-ich are assigned tentatively as 
2%&‘) (do, &, +,I, 2+fa’. do), 2v,(a’, +I. 
b&‘, $1, v&I + q2Ca’I Cd& va(a’) + q 16’) (&I 
and vq(a ) + vlo(a’) (d5), respectively. 

This phenomenon yields a further example for the 
hypothesis that anbarmonicity effects in polyrtomic 
molecules may be interpreted mainly in terms of an- 
harmonic force constants of typical groups. As may 
be seen from tables 1-3 these overtones may be 
traced back to NO2 fundamentals. The majority of 
these bands has also been detected in the matrix 
spectra. 

Similar to the matrix spectrum the gas spectrum of 
dg exhibits a strong absorption at 2533 cm-l assigned 
to the combination tone v4(a’) + v5(a’). 

The v(CD) stretching bands lack nearly all structure 
with the exception of a u~denti~ed ds band with its 
Q branch near 2085 cm-l. Obviously this goes back 
tci Fermi type resonances as discussed in connection 
with the matrix spectra (cf. subs&c. 4.2.2.1). 

4.3.2.2. Region Z600-1300 cm-l. The only band in 
this region recognizable w.r.t. the band contour is 

-ua(a? vJNO*) near 1570 cm-‘, which shows an ‘ap 

proximate B type envelope for all 3 isotopic species. 
This is in agreement with the expectation for B-type 
bands. As discussed in section 4.3.1 and table 7 the 
b inertia axis remains nearly parallel to the NO, phe 
for all ccnformatiqns of the NOz group. One rn&ht 
therefore expect the asymmetric NO, stretching mode 
to give rise to a sort of B type envelope in spite of the 
fact that its frequency is strongly dependent on the 
NO2 conformation (cf. tig. 8). By comparison with 
the matrix spectra the Q branches of almost all other 
fundamentals lying in this frequency range may be 
located, leading to the assignments given in tables 1-3. 
The width of the Q branches turns out to be S-10 
times larger than predicted by the quasirigid model 
envelopes. Again the similarity of the do andd2 
spectra should be noted, with the exception of the 
6(CH& ug(a’) and 7&H& qfa’) modes which 
may be located by weak absorption peaks in the do 
spectrum. 

4.3.2.3.1300-2.50 cm-l range. With Few exceptions 
the gas phase spectra of all 3 isotopic species feature 
unstructured though h&hly complex bands. Excep- 
tions are the A-type bands observed at 995. B76 cm-1 
of do, at 1031 and 886 cm-l of d2 and at 1060 and 
880 cm- 1 of d,. According to tables I-3 the higher 
of these fundamentals correqsond to rather different 
mi~hlr~s of group modes, whereas the lower ones 
contain simiiar contributions of vJNO2) and &@&f. 
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It should be pointed out that this fundamental is in- 
volved in overtones in the 2440 cm-1 region as men- 
tioned in subsect. 4.3.2.1. Again assignments of the 
gas absorption bands in this range can be made only 
by comparison with the matrix spectra, which in many 
cases allow a posteriori location of Q branches. All 3 
isotopes possess quite similar gas phase spectra in the 
750~500 cm-* rang& in particular strong structure- 
less absorption near 600 cm-l. For the peculiar 
strength and contour of the latter band no explana- 
tion seems available at this time. 

4.3.2.4.250-l 00 em-1 range. Since the FIR absorp 
tion spectrum below 60 cm-1 of the do species has 
been discussed in an earlier paper [ 131, the analysis is 
restricted to the upper FIR range, in which the methyl 
torsional mode is expected. As shown by fig. 6 a se- 
quence of 5, eventually 6 sharp Q branches is ob- 
served, whose frequencies are listed in table 8. It ap- 
pears difficult to give a complete analysis of these Q 
branches. but a partial interpretation may be given if 
they are ordered into doublets according to table 8. 
If the sequence of the doublet center frequencies is 
anal-d by rotation-internal rotation theory of the 
semirigid C, frame-C3v top model one may derive 
an approximate value of the barrier Vs to internal 
rotation of the CH3-group. The application of the 
C,F-C,,T model requires freezing of the NO2 inter- 
nal rotation. Since the kinetic coefficient gs5 depends 
only slightiy on the internal rotation angle T of the 
nitro group, its average value may be used in the 
internal rotation hamiltonian [30], leading to a 

Table 8 
Nitroethane-do: methyl torsion Q-branch sequence 

Frequencies (cm-‘) 

0-l 

l&i 

Obs. Center talc. a) 

223.2 218.4 1 220.8 220.8 

201.2 204.3 ) 205.8 2os.9 

223 189.1 
188.2 I 

188.7 189.3 

-a) &&, p vohre or$s = 2F/hz * 169 GW. and of Vs - 
1080 cm-’ . 

_ -_’ _- 
,..- -_ :.. _. 7 -_ .._ _ : r : L . - . ._‘. I . . 

. 

barrier value V, @ 1080 f 3 cmvi. If thesss value 
for the planar &d perpendicular conformation of the 
nitrwoup is used, one finds V3 - 1100 and V, n 
1060 ‘cm-l , respectively. Though no solution of the 
rotation-internal rotation problem of a semirigid 
C,F-C2,T-C,,T model is available at the present 
time, this finding suggests that the observed doublets 
may originate from a splitting of the CH3-to&onal 
levels by interaction of the two torsional modes. It 
may be stated that the CH3 torsional barrier of nitro- 
ethane is comparable to values reported for other 
ethyl compounds [31]. 

5. Conduding remarks 

Based on the results of this paper the nitroethane 
spectra may be considered as a typical example of 
molecular spectra which require for interpretation 
the explicit inclusion of the interaction of vibration 
with the low barrier internal rotation. Many features 
of both matrix and gas phase spectra cannot be ex- 
plained satisfactorily in terms of a quasi&id molecular 
model. The strong dependence of the kinetic energy 
matrix coefficients of the NO2 internal rotational 
angIe combined with the low rotational barrier render 
perwbation type treatments rather uncertain. On the 
other hand its correct consideration in the rotation- 
internal rotation vibration problem very seksibly com- 
plicates the solution of the latter. 

An attempt was made to calculate the NO2 internal 
rotational vibrational spectrum by a method used 
earlier for CH2 = CCl-CH2D [32]. The results for 
nitroethane, where the CH3 torsion was treated as a 
vibration, produced unsatisfactory agreement with 
experimental data, however, and are therefore not re- 
ported he=. The main obstacle to explaining the’ 
spe~ta in these terms was the large complexity aris- 
ing from unknown depandenee of vibrational foie 
constants and transition moments on the NO2 !o&o- 
nal angle and from intrinsic coupling with over all 
rotation due to-he low internal rotqtional banjer. 
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