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It is shown that, unlike conventional methods of vibrational spectroscopy, the use of ab 
initio harmonic force fields, IR and Raman intensities, and depolarizations makes possible a 
rigorous interpretation of the experimental spectra of the simplest aliphatic nitramines 
(CH3)2NNO2, CH3NHNO2, H2NNO2, and their isotopomers. The scale factors, which were 
introduced for each compound to remove the systematic errors of the SCF MO LCAO 
calculation by fitting the parameters to the observed frequencies, were mutually adjusted 
during the solution of the inverse vibrational problem. The set of transferable scale factors 
established in this work can be used directly to analyze spectra of larger molecules. Some 
common patterns of the force fields and vibrational spectra of nitramines are discussed. 
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Introduction 

By now rather extensive experimental material on 
vibrational spectra of nitramines has been collected, t 
However, there are still a lot of obscurities in its 
interpretation. The matter is complicated by the fact 
that available spectra are obtained, as a rule, in a 
limited frequency range. In our opinion, even addi- 
tional experimental data will not allow reliable inter- 
pretation of spectra of nitramines of moderate, and 
much less of high, complexity in terms of traditional 
empirical methods of vibrational spectroscopy. This 
pessimistic conclusion is a result of multiple attempts 
to analyze IR and Raman spectra of the simplest ali- 
phatic nitramines (CH3)2NNO 2 (1), CH3NHNO 2 (2), 
H2NNO 2 (3), and their isotopomers using calculations 
of frequencies and modes of normal vibrations. 1 

We performed ab initio calculations 2,3 of nitramines 
1--3 and obtained theoretical estimations of force fields, 
intensities of transitions in IR and Raman spectra, and 
depolarizations of Raman bands. This work is devoted 
to an attempt to use a new approach to the interpreta- 
tion of the available experimental vibrational spectra on 
the basis of the aforementioned data. 

The main problems in the analysis of  spectra of 
nitramines 

The first assignment of frequencies for compounds 
1--3 was suggested by Davies and Jonathan in 1958 and 

was based on Raman spectra 4 and their own data on IR 
absorption spectra s (Tables 1--3). Later this interpreta- 
tion s changed its meaning several times as new experi- 
mental data were obtained. 6-t2 Nevertheless, the bands 
in the spectral range below 550 cm -1, which is charac- 
teristic of deformational vibrations of methyl-substituted 
amino group and torsional vibrations, still have no 
reliable assignment. Moreover, they are not always 
experimentally obtained. The interpretation of frequen- 
cies of stretching vibrations v(NN) and v(CN) is also 
rather contradictory. 

Additional data, including the spectra of 15N-nitro-, 
15N-amino-, and D6-1abeled derivatives, are obtained for 
compound 1. 6-8 The proposed assignments of the 
bands s,6 show good agreement, whereas the interpreta- 
tion 7,8 justified by the results of normal coordinate analy- 
sis differs considerably from them, mainly concerning the 
frequencies of stretching vibrations Vas(NC2) , v(NN), 
and vs(NC2) (see Table 1). For example, the bands at 
835--850 cm -1, which are weak in IR spectra but very 
strong and polarized in Raman spectra of the different 
phases, were previously assigned 4-6 to the v(NN) vibra- 
tion. According to the later studies,7, 8 vs(NC2) must refer 
to this range, and either the bands at 980--1010 cm -1 of 
the medium intensity, polarized in the Raman spectrum, 
or the peaks at 1240--1260 cm -1 may be assigned to the 
v(NN) vibration. According to the calculation, 7,s the 
normal vibrations for the latter two cases show a large 
degree of mixing with predomination of contributions of 
v(NN) and rocking vibrations of methyl groups. It should 
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Table 1. Variants of assignment of frequencies (v/cm -1) of IR and Raman spectra of N,N-dimethylnitramine to vibrations of the 
molecular framework a 

Assign- Pellets with KBr Solid Melt Solutions Gaseous 
ment film in CCI 4 (CS2) phase 

IR ~ Raman 4-6 IR 5 Raman 6 IR 5,6 Raman 7,8 b IR 5,6 c 

Vas(NO2) 1534 w 1524e(4) 1546 sh -- 1527--1534 S, v. S 1528 1561--1566 
1504 S 1515 s 1519 sh s, v. s, B 

vs(NO2) 1338 s 1286(2) w 1345 m -- 1305 d s, v. s -- 1305--1310 
1298 w 1291 m s, v. s, A 

Vas(NC2) 1050 w 1103e(0) 1053 m -- 1129 e m 1287--1292 1132 e w 
1045 w, m 1038--1052 

V.W,W 

v(NN) 849 w 835--838(12) v. s 837 w 840 v. s; p 843 w 1006 846--849 
835 w 1248--1257 v. w, w, A 

vs(NC2) 1028 w 1016--1024(10) s 1020 m, w 1009 m; p 995--998 m 838--842 980--985 m 
~(NO2) 762-- -- 762 m, s -- 764 m -- 770--773 m, C 

766 a m 
r(NO2) 622s } 618(7) s } 625m 614w;dp } 6 1 0 s  616--619 } 600,612m 
6(ONO) 627 sh 622 s; p 621--626 
6(CNC) 427 w 417--420(6) m -- 420 m; p -- 417--427 430 m 

t(NC2) 350 . . . . . . .  
355dw 

0~(NC2) -- 225--228 a . . . . .  
),o(NO2) 173 v. w; 162--165d; 95 w . . . . .  

95 w 

a v, ~5, 0~, r, t, and Z are stretching, bending, wagging, rocking, twisting, and torsional vibrations; sh is shoulder; s, as are symmetric 
and antisymmetric vibrations; s, m, w are strong, medium, or weak intensities (normalized quantitative estimates of intensities are 
given in parentheses4), v. is very; p and dp are polarized and depolarized bands in the Raman spectrnm. 
b The results of the normal coordinate analysis 9 mainly correspond to the assignment suggested previously. 7,8 
c Frequencies of Q-branches or centers of P--R splitting of vibrational-rotational bands and types of contours (A, B, C). 
cl This or analogous assignment has been suggested later. 7,8 e See Ref. 5. 

be ment ioned  that the results of the recent normal 
coordinate analysis agree well with this interpretation. 9 

The interpretat ion of  spectra of compound 2 was 
refined using the addit ional data for the parent sub- 
stance and its 15N-nitro-, Dl - ,  D3-, and D4-isotopomers 
and the calculations of frequencies and modes of nor-  
mal vibrations. 6J~ As in the earlier studies, 4,5 the band 
at 930--950 cm -1, which is weak in the IR spectrum, 
and strong and polarized in the Raman  spectrum, is 
assigned to the v(NN)  stretching vibration; the band at 
1090--1120 cm -1, with the medium intensity in the IR 
spectrum and strong and polarized in the Raman spec- 
t rum is assigned to the v(CN) vibration (see Table 2). 
However, the authors of another  work 8 suggested the 
contrary assignment  of the same frequencies based on 
the results of their normal  coordinate analysis. 

New experimental  data 11 for the parent n i t ramine 3 
and its isotopic species H215NNO2, D2NNO 2, and 
D215NNO2 in low- tempera ture  Ar- and N2-matrixes 
with dilution more than 1 : 1000 are significant for eluci- 
dation of specific features and interpretat ion of their 
vibrational spectra. It should be remembered that it is 
very difficult to obtain spectra of n i t ramine in the 
gaseous phase due to low vapor pressure and its insta- 

bility to heating and contact with metals. Therefore, 
these spectra presently are not registered. Despite con- 
siderable weakening of the energetic effect of the me- 
dium in inert matrices as compared with the crystalline 
phase and solutions, which appeared in a large devia- 
t ion of IR bands (the average difference per one band 
is l l  ~60 cm -I  as compared with condensed phases4,5,12), 
the individual bands exhibit extreme sensitivity to their 
surroundings in inert matrices as well (see Table 3). 
Relative shifts of almost half the fundamental  bands in 
two matrices reach 20--30 cm -1. 

For the assignment of vibrations 11 the results of ab 
initio SCF ca lcula t ion  of ha rmon ic  force field of 
n i t ramine in the standard double zeta Huzinaga basis 
set 13 with polarization functions were used as initial. It 
is noted 11 that the energetic order and assignment of 
the predicted frequencies, despite their overestimation, 
completely correspond to the experiment and the sub- 
sequent solution of the inverse vibrational problem. In 
the course of the solution for 24 frequencies and 24 
isotope shifts, 9 diagonal force constants and 12 inter-  
action constants were refined. The significance of their 
contributions was de te rmined  according to the criteria 
of transferability of valence force field for polyatomic 
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Table 2. Variants of  assignment of  frequencies (v/cm - l )  of  IR and Raman spectra of N-methylnitramine to vibrations of the 
molecular framework a,b 

Assign- Pellets with KBr Cooled Solutions Gaseous 

ment (liquid) film in CC14 (C6H6) in H20  phase 

IR 6 Raman 4,5 IR S,6 IR s,6 IR 6 Raman 6 IR 6,10 e 

v(NH) - -  3219(2) 3276--3308 s, v. s 3370--3416 m, s - -  - -  3438 w, B 
3290 s 

Vas(NO2) 1579 s 1552(0) 1580--1599 s, v. s 1580--1600 s, v. s 1563 s - -  1614 s, B 
1551--1578 m, v. s 

t (NNC or NH) 1393 s - -  1395 s 1390 s 1390 s --  1394 m, B 
vs(NO2) 1340 s 1312(1) 1342--1350 s, v. s 1326--1334 s, v. s 1331 s 1331 w; p 1332 s, A 

1334 s 
v(CN) l l 1 6 m  --  1118 m , s  1102--1108 m 1124s 1120 s; p 1092w 
v(NN) 940 w 946(8) 940--953 v. w, w 928--931 w, m 952 w 940 s; p 928 w 
m(NO2) 778 w --  774--776 w, m 778 m --  - -  772 w, C 
8(ONO) 735 w 712(0) 723--734 w 707 w 709 w 709 w --  
r(NO2) 594 w 594(4) 596 m 587--588 w --  591 w - -  
m(NNC or NH) - -  --  618 d m . . . .  
8(NNC) . . . . .  320 w 

x(N02) . . . . . . .  

a,c See footnotes a'c for Table 1. 
b The variant of  assignment, s with the mutual exchange of fundamental frequencies for v(CN) and v(NN) vibrations is suggested on 
the basis of the normal coordinate analysis using the spectra. 6A~ 

molecu les .  14 T h e  resul t ing  a s s ignmen t  o f  the  spectra  o f  
n i t r amine  cons ide rab ly  differs f rom that  p roposed  pre-  
viously,  4,5 however ,  it hard ly  can  be cons ide red  m o r e  

cor rec t ,  because  it is no t  c lear  why  depo la r i zed  l ines in 
the  R a m a n  s p e c t r u m  co r r e spond  to the  I R  bands as- 
s igned to t he  8 ( H N H )  (1560- -1580  cm -1) and  e0(NH2) 
(590 - -630  cm - l )  v ibra t ions  (see Table  3). 

T h e  lack  o f  r e l i ab le  e x p e r i m e n t a l  da ta  for  t h e  
l o w - f r e q u e n c y  range o f  v ibra t iona l  spectra  o f  n i t r amines  
1 - - 3  cons ide rab ly  c o m p l i c a t e s  the  in t e rp re t a t ion  o f  the i r  
spectra  as a whole .  The re fo re ,  the  far IR  absorp t ion  
spectra  o f  these  c o m p o u n d s  are s tudied in this work. 

Experimental 

IR spectra were registered on a Bruker IFS-113 evacuated 
IR-Fourier-spectrometer in the frequency range of 30--400 
cm -I  with resolution no more than 1 cm -1. Solid substances 
were molded into pellets with adamantane (chemically pure). 
Spectra of  solutions in CHCI 3 were obtained in a thermostati- 
cally controlled euvette (d -- 1.0 mm) with silicon optical 
windows. 

It should be noted that vibrations of  the crystalline lattice 
may also appear in the low-frequency spectral range in addition 
to intramolecular vibrations. Besides, the previously mentioned 5 
substantial changes in positions of  the bands and in their 
intensities for the solid state--solutions in various solvents-- 
gaseous phase transitions (see Tables 1--3) attest to the ten- 
dency of  molecules 1--3 toward association and complex for- 
mation. This is caused by the formation of stable bonds between 
atoms of  polar nitro and amino groups, which is also reflected 
in the far infrared spectral range. 

The following bands are recorded in the spectra of  the 
crystalline phase (v/cm-1): 61, 98, 185, 353 (1); 80, 120, 177, 
330 (2); and 115, 140, 303, 383 (3). 

The changes in positions, modes, and intensities of  indi- 
vidual bands were observed in solutions. Some frequencies for 
molecules 1 and 2 agree with those already observed (see Tables 
1 and 2). In particular, the bands at 355 cm -I  in the IR 
spectrum of 1 and at 320 cm -1 in the Raman spectrum of 2 are 
assigned to deformations of the amino group, and the bands at 
95 cm -1 in the IR and Raman spectra of the crystalline phase of 
1 are assigned to the torsional vibration of  the nitro group. 6 All 
of  the bands obtained for nitramine 3, as known beforehand, 
are out of the frequency range of its intramolecular vibrations 
(see Table 3). 

The use of theoretical data for the interpretation of 
the experiment: a transferable set of  scale factors 

T h e  data  p resen ted  above  are m o r e  e v i d e n c e  that  
even  the  use o f  t he  t heo ry  o f  smal l  v ibra t ions  o f ten  does 
not  he lp  to ob ta in  u n a m b i g u o u s  i n t e rp re t a t i on  o f  spec-  
t ra  by t rad i t iona l  empi r i ca l  m e t h o d s  o f  analysis  in vibra-  
t iona l  spec t roscopy.  T h e  m a i n  reason  for  this  is an  
ambigu i ty  o f  the  so lu t ion  o f  the  inverse  v ib ra t iona l  
p rob lem,  because  the  n u m b e r  o f  ref ined  e l e m e n t s  o f  the  
mat r ix  o f  po ten t ia l  energy  is m u c h  grea te r ,  as a rule,  
than  the  n u m b e r  o f  expe r imen t a l  va lues  even  w h e n  
spectra  o f  i so topomers  are  avai lable .  T h e  co r r ec t  c h o i c e  
and a s s ignmen t  o f  f u n d a m e n t a l  f r equenc i e s  for  large 
m o l e c u l e s  are no t  ev iden t  w i thou t  p r e l i m i n a r y  knowl -  
edge o f  t he  force  field. 
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Table 3. Variants of assignment of frequencies (v/cm - l )  of 1R and Raman spectra of nitramine a 

Assign- Pellets Thin Solutions in CCI4, Matrix isolation 
ment with KBr film CH3C~-N and C4H802 in Ar in N 2 

Raman 4,5 b IR 5 IR 5 IR 11 b IRll  

Vas(NH2) --  3426 s 3463--3509 m 3478.0(2.3) 3474 
3315--3371 m, s 

vs(NH2) 3278(2) 3287 s 3250--3258 s 3359.3(0.6) 3361 
Vas(NO2) 1547(0.5) dp 1546 v. s 1572--1575 v. s 1612.8(10.0) 1610.5 

1534 v. s 1567--1570 v. s 
8(HNH) 1642(0) 1613 m 1608 sh 1558.1(1.2) 1581 
vs(NO2) 1370(6) p 1379 v. s 1380 v. s 1349.6(4.5) 1367.5 

1364 s 
t(NH2) --  - -  --  1226.7(2.8) 1238.5 
v(NN) 1050(10) p 1043 m -- 950.9(1.0) -- 
co(NO2) --  783 w 785 w 797.9(0.6) 776 
6(ONO) 716(4) p 709 w 727--745 v. w, w 692.5(0.3) 713.5 
c0(NH2) 1176(0.5) 1212 w 121t--1227 m, s 628.5(0.7) 587 

1175 s 
r(NO2) 598(0.5) dp 596 m --  484.5(2.3) --  
x(NO2) --  - -  - -  401.5(0.4) 433.8 

a See footnote a for Table 1. 
b Intensities normalized to the strongest peak (see Refs. 4, 11) are given in parentheses. 

Ab initio calculat ions  are a powerful source of  addi-  
t ional  informat ion ,  which is sufficient in many  cases for 
the reliable solut ion of  spectral  problems,  is The S C F  
M O  LCAO calculat ions  using double zeta  basis sets 
with polar iza t ion  funct ions for well s tudied molecules  
yield force constants  with accuracy of  10--30 %, and 
these values are always overest imated.  An incomple te -  
ness of  the  basis set used, failure to consider  e lect ron 
correlat ion,  and insufficient ha rmonic  approximat ion  
are the  ma in  reasons for errors of  calculat ions.  All  this 
can be efficiently compensa ted  by scaling the force field 
in course of  the  solut ion of  the  inverse vibrational 
p roblem with re f inement  of  a small  number  of  factors, 
when theore t ica l  vibrat ional  frequencies are fitted to the 
exper iment .  

Moreover,  for analogous internal coordinates in simi- 
lar molecules,  the overest imation of  force constants ob- 
tained by the same method  of  the quantum chemistry has 
a quantitatively systematic character  and, hence, the scale 
factors, unlike the force constants themselves, must  be 
well transferable in the series of these molecules. Owing 
to this, the  procedure  for the parallel  solution of the 
inverse vibrational problems for the whole totali ty of 
objects 1 - -3  with mutual  adjustment of  values of  the 
obtained scale factors seems to be especially efficient. As 
scaling is somewhat  empirical ,  remaining uncertainty 
may be reduced to a m in imum by adjusting the theoret i -  
cal and experimental  intensities and depolarizat ion ra- 
tios. In order to exclude med ium effects, it is desirable to 
use experimental  spectra of  the studied substances in the 
v a p o r  phase .  This  t u r n e d  out  to  be poss ib le  for  
methyl-subst i tu ted ni t ramines 1 and 2. 

Ha rmon ic  force constants  for molecules  1 - -3  in the 
Cartesian coord ina te  system were obta ined from ana-  

lytical  second derivatives of  the  S C F  energy by a 
G A U S S I A N - 9 0  series of  programs 16 at the Universi ty 
of  Texas (Austin, USA). The equi l ibr ium geometr ic  
parameters  of  molecules  1 - -3  were used, which were 
opt imized by the gradient  method  at the RH F /6 -31G*  
level and were previously considered.  2 All three mol-  
ecules are character ized by pyramidal  structures of  the 
amino group, and 1 and 3 have C s symmetry.  The 
matrices of  resulting force constants were t ransformed 
using the A N C O  program 17 into the comple te  and non-  
redundant  sets of  local symmetry  internal  coordinates ,  
which correspond to requirements  of  compar ison  of  
constants in the series of related molecules.  The corre-  
sponding sets of  internal  coordinates  were chosen with 
considerat ion for previous studies. 11,18 

For  solution of  the inverse vibrational problem, indi- 
vidual scale factors C i were introduced for the groups of 
equivalent or similar (in the case of  local symmetry) 
internal coordinates.  The scaling procedure was per- 
formed by minimizat ion by the least-squares method of  
weighted mean square deviations between calculated and 
observed fundamental  frequencies, using the SCAL pro-  
gram, 19 in which the modificat ion of  theoretical  force 
constants  F0.the~ is specified t5 as F/j = (C/Cj)I/2F/j the~ 
The total number  of scale factors was 14, 16, and 9 for 1, 
2, and 3, respectively (Table 4). The use in the analysis 
of  frequencies of i sotope- labeled molecules  extended 
the volume of  the experimental  data by 3- -4  times. 
Thus, the number  of  varied parameters  is much lower 
than the number  of  experimental  frequencies, the more 
so as the number  of elements of  matrices of  the potential  
energy. 

A large degree of  mixing which corresponds to many 
normal  vibrat ions of  n i t ramines  1 - -3  (see below) results 
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Table 4. Refined and transferable scale factors a .1854 [ .2265 

" ~ / - . 2 8 5 7  Type 1 2 30 Transfe- X -.5079 
of the rable \ 0 

.1877 ~-.4426 factor I II valueC N--- .8307 _ %()'~///', 

NN str 0.705 0 . 7 1 1  0 . 6 8 3  0.689 0.71 .1877/  
NO StrCN str 0.7030.835 0.8240"684 0 . 6 8 4  0 . 6 8 5  0.830"695 / ~  -.2857/" -.5079 

CH str 0.817 0.816 0.815 .1854 x .2265 
NH str 0.790 0 . 7 9 0  0.790 0.79 1 
ONO bend 0 . 7 4 4  0 . 7 9 2  0 . 7 5 3  0.797 0.77 /.2235 
CNCbend 0.697 0.70 A~926: ~ ~-.3018 ] 
HNC bend 0.763 0 . 7 6  / - " - C  ~ -.4908 .4062 -.4772 
HNH bend 0.718 0 . 7 3 8  0 . 7 3 5 ~ -  O H O 
NNC bend 0.803 0.801 0.80 .193 .5118 .7860~'.[., "~.6019 .7438 ~,~/. 
NNH bend 0.802 0 . 8 1 9  0.827 0.82 / N  " "x,~,~. N : ,,% 
NO 2 rock 0.804 0.804 d 0,804 d 0.804 d 0,805 H-- u / 
NO 2wag 0.711 0 . 7 3 0  0 . 7 2 0  0.720 c/ 0.72 .4072 -.4985 H.4062 -.4772 
CH3 s.def 0.784 0.789 0.79 2 
CH 3 as.def 0 . 8 0 8  0.816 0.81 3 
CH 3 rock 0.794 0.799 0.80 
NO 2 tots 0.800 0 . 8 0 7  0.800 d 0.800 d 0.80 
CH3tors 0.800 0.800 0.80 Fig. 1. Mulliken atomic charges for equilibrium forms of 

N,N-dimethylnitramine (1), N-methylnitramine (2), and 
nitramine (3). a Internal coordinates are chosen according to the literature 

data l]J8 (see text); str is stretching, bend is bending, wag is 
wagging, rock is rocking, tots is torsional vibrations, def is 
deformation of methyl group; s is symmetric and as is antisym- 
metric motions. 
b The results obtained using fnndamental frequencies of IR 
spectra II in Ar- (I) and N 2- (II) matrices. 
c The factors recommended are the most efficient for the 
analysis of spectra of the gaseous phase. 

Fixed value. 

in strong correlations between scale factors and great 
error in their determination. Therefore, the mutual 
agreement of scale factors, which are refined for each 
nitramine 1--3, is substantial for unambiguous interpre- 
tation of their vibrational spectra. The recommended 
united set of well transferable factors (see Table 4) can 
find wide application for the analysis of spectra of other 
amino- and nitro-derivatives. The solution of the direct 
vibrational problem is sufficient for this if analogous ab 
initio force fields are available. The versatility of these 
factors was confirmed by their successful use in the 
analysis of  the spectra of nitrobenzene and its 
isotopomers. 20 

The obtained values of scale factors are basically 
within the range of 0.70--0.85. The smaller values are 
typical of the stretching vibrations of NN and NO 
bonds, bending vibrations of CNC, HNC, HNH, and 
partly ONO angles, and wagging vibration of the NO 2 
group. Perhaps this is explained to some extent by large 
negative charges of the NO 2 group, particularly of its 
oxygen atoms and of the amino nitrogen atom (Fig. 1), 
which is connected with the enhanced contribution of 
the electron correlation for these atoms. In these cases, 
scaling especially improves the results of the SCF MO 
LCAO calculations. 

However, the effect described does not appear, for 
example, for the rocking vibration of the NO 2 group. 
There is even some tendency for the scale factor for this 
movement in molecules 2 and 3 to exceed 0.85, when it 
is refined. For 2 this can be caused by substantial 
correlations with several other scale factors due to the 
mixed character of normal vibrations. Since reliable 
data for the low-frequency range of spectra of molecule 
2 are scarce (see Table 2), we preferred to fix the factor 
value for the rocking vibration of its NO 2 group, which 
is equal to that obtained for 1. This was a reason for 
fixing the factors both for analogous and torsional 
internal coordinates of molecule 3 as well (see Table 4). 

Interpretation of experimental frequencies 

The scaling procedure as a method for the solution 
of the inverse vibrational problem ]5 needs a preliminary 
assignment of the vibrational spectrum. For this pur- 
pose, analysis of the eigenvectors and of the potential 
energy distributions for the unscaled theoretical fre- 
quencies of molecules 1--3 was used. The assignments 
made are rather conventional, because many normal 
vibrations show a large degree of mixing, and they 
reflect, as a rule, only the main contributions. 

Generally, nitramines 1--3 are characterized by: 
1) the existence of several fundamental frequencies with 
predomination of mixed contributions of NN, NO, and 
CN (for 1 and 2) stretching vibrations and of the ONO 
angle deformation; 2) commensurability of the contri- 
butions of the NN stretching vibration to the frequen- 
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cies assigned to this vibration and to the ones decreased 
by 400--450 cm -1, i.e., not characteristic of stretching 
vibrations; and 3) the existence of several fundamentals 
including mixed contributions of the amino group de- 
formations and of torsional vibrations in molecules 1 
and 2 as well. 

It is also important to note that CN and NN 
stretching vibrations in methyl-substituted nitramines 1 
and 2 are so strongly mixed with each other that their 
frequencies, for example, for the CH3NHNO 2 mol- 
ecule should be considered as frequencies caused by 
antisymmetric and symmetric stretching vibrations of 
the NNC fragment. These vibrations are also mixed to 
a small extent with rocking vibrations of methyl groups. 
The calculation attests to some interaction of symmet- 
ric stretching vibrations of the NO 2 group and deforma- 
tions of methyl groups. All stretching vibrations of 
nitramine 3 are characteristic. 

Scaling of force fields for 1--3 resulted in some 
change in the ratio of contributions of different vibra- 
tions to fundamental frequencies. However, this almost 
did not affect the predictions concerning the relative 
positions of various fundamental bands (except fre- 
quencies of deformational vibrations of methyl groups) 
and the degree of mixing of the normal modes, which 
were made in accordance with purely theoretical calcu- 
lation. There is a good agreement between the theoreti- 
cal and experimental data (Tables 5--7). This relates 
both to frequencies and isotope shifts as well as to 
intensities in IR and Raman spectra and depolarization 
ratios. 

N,N-Dimethylnitramine (1). As already mentioned, 
spectra of the gaseous phase have priority in the solu- 
tion of the inverse vibrational problem in our work. The 
formation of hydrogen bonds in condensed media re- 
sults in noticeable shifts of some bands. For example, 
for 1 the frequency of the antisymmetric stretching 
vibration of the NO 2 group decreases by 30--40 cm - l ,  
and the frequency of its symmetric stretching vibration 
increases approximately by the same value (see Table 
1). For scaling the ab initio force field, the data of IR 
spectra of the gaseous phase s,6 were used for 18 funda- 
mental vibrations of the parent substance (see Table 5). 
It should be noted that there are no sufficiently reliable 
bands for molecule 1 in the spectral range below 150 
cm -1 The minimization also includes 20 isotope shifts 
for 15N-amino- and D6-1abeled and 10 shifts for 
15N-nitro-labeled 1. Convergence achieved for com- 
pound 1 and its isotopomers is characterized by average 
deviations from 4 to 9 cm -1. 

The main contradiction in the published studies 4-8 
of identification of the NN stretching vibration also 
resulted in differences of assignments of CN stretching 
vibrations and rocking vibrations of methyl groups, 
because it concerns the same bands in the frequency 
range of 850--1250 cm -1 (see Table 1). According to 
our data, the band at - I000 cm -1, which is the most 
intense in the considered range of the IR spectrum and 

polarized in the Raman spectrum (Vl0 , see Table 5) 
must correspond to the NN stretching vibration. As 
previously, 7,8 we assign bands Vl~ -850 and v24 ~1300 
cm -l ,  rather weak in the IR spectrum (see Table 5) to 
vs(NC 2) and Vas(NC2). The first of them is very strong 
and polarized, while the second is very weak and should 
be depolarized in the Raman spectrum. 

The difference between the frequencies of the ONO 
bending and NO 2 rocking vibrations amounts to only 
5--10 cm -I in the experimental spectra, and the shifts 
of the bands to the high-frequency range on going from 
the gaseous to condensed phases reach 20 cm -l (see 
Table 1). IR spectra of the gaseous phaseS, 6 are studied 
insufficiently, and the difference in intensities of bands 
predicted by the ab initio calculation cannot be used for 
their identification (v13 and v27, see Table 5). Theoreti- 
cal frequencies interchanged their positions in the course 
of the solution of the inverse vibrational problem, and 
the difference between them turned out to be less than 
3 cm -l. But, taking into account possible error of the 
solution, we cannot insist on this result. 

According to the calculation, the band at 185 cm -I ,  
which was obtained by us in the far IR absorption 
spectrum of the crystalline phase of substance 1, can be 
assigned to the wagging vibration of the amino group 
(Vls, see Table 5). The band at 208 cm -l in the Raman 
spectrum of crystalline compound 1 can be assigned to 
the same vibration (see Ref. 4). 

Frequencies of torsional vibrations of methyl groups 
and nitro group in molecule 1 (v16, v29 , v30 in Table 5) 
have not yet been determined. It was suggested 6 that 
one of the bands in spectra of the crystalline phase be 
assigned to this vibration of the NO 2 group (see Table 
1): at 95 cm -1 (weak in the IR and Raman spectra) or 
at 173 cm -1 (very weak in the IR spectrum). The line at 
162--165 cm -1 in the Raman spectrum of the crystal- 
line phase was assigned to the same vibration. 

Our calculation showed that the bands at 160--170 
cm -l  should be assigned to the antisymmetric torsional 
vibration of methyl groups. The vibration z(NO2) should 
be observed at ca. 120 cm -1, and the band at 107 cm -I 
in the Raman spectrum of the solution of 1 assigned 7 to 
the torsional vibration of methyl groups better corre- 
sponds to it. For the symmetric torsional vibration of 
methyl groups, our calculation predicted the frequency 
at -125 cm -1, which must not appear in the Raman 
spectrum. The band with this frequency was not re- 
corded in the experiment. The band at 98 cm -1 in the 
far IR spectrum of the crystalline phase of compound 1 
can be conditionally assigned to this vibration. 

N-Methylnitramine (2). In addition to vibrational 
spectra of the parent substance 2 (see Table 2), there 
are experimental data for its D1- , D3- , D4- , and 
lSN-nitro-labeled derivatives. 6,1~ Ten fundamental bands 
in the frequency range higher than 750 cm -I are 
obtained in the IR spectrum of the gaseous phase of 2 
(see Table 6). The IR spectra of the gaseous phases of 
two isotopomers of 2 (15N-nitro (10 frequencies) and 
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Table 5. Experimental and calculated spectral parameters for N,N-dimethylnitramine molecule a 

Sym- 

metry 

type No 

A '  l 
2 

3 

4 
5 

6 

7 

8 

9 

10 

11 

12 
13 

14 

15 

16 

A" 17 

18 

19 
20 

21 
22 
23 
24 

25 

26 

27 

28 

29 

30 

Experiment 4-8 Calculation (this work) b 

v/cm -I Depola- v/cm -1 Intensity Depola- Potential energy 

rization IR Raman rization distribution (%) 
IR Raman ratio /krn tool -1 /A 4 a.m.u. - l  ratio 

3028 w 3034(2) 3045.5 9.6 65.2 0.67 52 CH 3 as.str + 45 CH 3 as.str '  
2970 c sh 2993 3004.8 48.2 91.1 0.38 44 CH 3 as.str + 36 CH 3 as . s t r '+  

+ 20 CH3 s.str 
2931 ~ m 2946 m 2921.7 42.4 180.4 0.05 77 CH 3 s.str + 19 CH 3 as . s t r '+  

+ 4 CH 3 as.str 
1492 sh i494.5 129.0 9.9 0.51 87 CH 3 as.def + 12 CH 3 rock II 
1475 ~ m 1474.9 24.0 20.6 0.73 82 CH 3 a s . d e f '+  8 CH 3 s.def + 

+ 8 CH 3 rock 3, 
1453 c m 1452(4) (dp?) 1451.9 20.5 11.8 0.56 83 CH 3 s.def + 9 CH 3 a s .de f '+  

+ 5 NO 2 s.str 
1310 c 1319.0 337.1 10.5 0.34 56 NO 2 s.str + 15 NN str + 
v. s, A + 12 ONO bend + 10CH 3 s.def + 

+ 4 CH 3 rock 3_ 
1256 m 1252 m p 1250.6 12.9 3.3 0.48 39 CH 3 rock II + 13CH3 rock 3, + 

1132 c w 1150 w 1132.3 38.8 5.3 0.75 

985Cm 1009m p 1004.4 74.6 2.4 0.24 

846 c w , A  840v. s 0.2 

770Cm, C 
600Cm 622 s p 

(430Cm) 420m p 

185 a 208(I) 

98 d 

3028 w 3034(2) 

2993 

2931Cm 2946(9) 
1561 c 1528 
v . s , B  
1475em 
1465Cm 1462 
1407 c m 1406(3) 
1298 w 1292 

dp 

835.2 9.9 12.1 0.23 

769.4 35.6 0.3 0.74 
601.7 6.3 3.2 0.11 

400.6 4.9 0.3 0.20 

211.3 7.7 1.4 0.65 

125.8 5.1 0.1 0.72 

3041.8 5.3 47.9 0.75 

2995.1 0.0 20.7 0.75 

2915.7 26.0 11.5 0.75 
1559.2 543.1 0.3 0.75 

1476.3 1.5 11.2 0.75 
1464.7 8.4 7.8 0.75 
1408.1 1.7 7.0 0.75 
1298.5 0.6 0.2 0.75 

1103(0) 1105.9 3.3 5.3 0.75 

1038 c w 1037.4 21.5 1.7 0.75 

612 c m 614 w dp 604.4 19.4 3.2 0.75 

350 w 349.7 2.6 0.3 0.75 

173 162 151.8 0.6 0.1 0.75 
V.W 

107 �9 119.5 0.1 0.7 0.75 

+ 11 NC 2 s . s t r +  11 NO 2 s . s t r +  
+ 8 CH 3 as.def + 8 NN str 
62 CH 3 rock I + 26 CH s rock II + 
+ 5 CH 3 as.def '  
28 NN str + 26 NC 2 s.str + 
+ 18 CH 3 rock 11 + 
+ 12 CH 3 rock .1_ + 11 NO 2 s.str 
40 NC 2 s.str + 39 ONO bend + 
+ 14 NO 2 s.str + 6 NN str 
97 NO 2 wag 
39 ONO bend + 34 NN str + 
+ 22 NC 2 s.str + 6 CNC bend 
40 NC 2 wag + 35 CNC bend + 
+ 10 CH 3 s.tors + 7 NN str 
52 NC 2 wag + 28 CH 3 s.tors + 
+ 19 CNC bend 
62 CH 3 s.tors + 32 CNC bend + 
+ 5 NC 2 wag 
53 CH 3 as . s t r '+  42 CH 3 as.str + 
+ 5 CH 3 s.str 
56 CH 3 as.str + 30 CH 3 as . s t r '+  
+ 14 CH 3 s.str 
81 CH 3 s.str + 17 CH 3 as.str '  
72 NO 2 as.str + 12 NO 2 rock + 
+ 7 NC 2 twist 
89 CH 3 as.def + 7 CH 3 rock II 
92 CH 3 as.def '  + 6 CH 3 rock 3_ 
98 CH 3 s.def 
56 NC 2 as.str + 15 CH 3 rock II + 
+ 14 NO 2 as.str + 7 NC 2 twist + 
+ 4 NO 2 rock 
81 CH 3 rock 3_ + 12CH 3 rock II + 
+ 6 CH 3 as.def '  
61 CH 3 rock II + 24 NC 2 as.str + 
+ 10 CH s rock 2. + 4 CH 3 as.def 
51 NO 2 rock+ 19 NC 2 twist + 
+ 18 NC 2 as.str + 10 NO 2 as.str 
62 NC 2 twist + 29 NO 2 rock + 
+ 7 CH 3 as.tom 
92 CH 3 as.tom + 4 NC 2 twist 

98 NO 2 tors 

a See footnotesa, c for Table 1 and footnote a for Table 4. b Frequencies and potential energy distributions are obtained as a result of 
scaling, c Fundamental frequencies from IR spectra of  the gaseous phase. 5.~ 
d Frequencies of  the bands in the far IR spectrum of the crystalline phase (this work). 



1994 Russ.Chem.Bull., Vol. 43, No. 12, December, 1994 Khaik in  et aL 

Table 6, Experimental and calculated spectral parameters for N-methylnitramine molecule a 

Experiment 4--6,10 Calculation (this work) b ....... 

No_ v/cm -1 Depola- v/cm -I  Intensity Depola- 

IR Raman rization IR Raman rization 
ratio /km rnol -L /~4 a.m.u.-1 ratio 

Potential energy 

distribution (%) 

1 3438 c w, B 
2 3016 w 
3 2988 w 

3032(1) 

4 2923 w 2951(6) 
5 1614Cs, B 1552(0) 

6 1492 c w 
7 1475 c w 
8 1435 c w 
9 1394r B 

l0 1332Cs, A 

l l  l l S 0 m  

12 1124 s 

1443m 0.6 
1386(2) 

1331 w p 

1176 w p 

13 1092 e w 1117(9) 0.25 

3435.5 65.3 43.1 0.23 
3031.3 9.1 55.3 0.71 
2994.9 23.2 65.4 0.59 

2922.6 29.4 105.8 0.04 
1611.5 478.7 0.2 0.74 

1495.8 85.6 12.2 0.69 
1471.2 64.2 16.7 0.69 
1435.3 146.6 12.2 0.36 
1400.0 80.6 3.2 0.75 

1340.9 169.9 4.5 0.26 

1181.8 7.0 4.6 0.41 

1126.5 12.5 4.1 0.75 

1098.0 62.8 2.5 0.13 

14 928 c w 940 s 0.24 921.8 13.9 7.4 0.16 

15 772 c w, C 776.1 39.1 0.5 0.46 
16 727 w 712(0) 732.0 57.2 2.8 0.63 

17 587 w 591 w 578.8 18.2 3.4 0.30 

18 533 w 504(0.5) 530.0 124.8 2. l 0.69 

19 330 a 320 w 304.0 9.9 0.6 0.54 

20 177 a 227(2) 189.8 0.9 0.7 0.73 

21 120 a 142.0 1.4 0.4 0.74 

100 NH str 
53 CH 3 as .s t r '+  44 CH 3 as.str 
56 CH 3 as.str + 36 CH 3 as . s t r '+  
+ 8 CH3 s.str 
88 CH 3 s.str + 11 CH 3 as.str' 
49 NO 2 as.str + 36 N N C ( N H )  twist + 
+ 10 NO 2 rock 
85 CH 3 as.def + 10 CH 3 rock II 
88 CH3 as.def'  + 8 CH 3 rock • 
81 CH 3 s.def + 6 NO 2 s.str 
46 NNC(NH)  twist + 34 NO2 as.str + 
+ 6 CH 3 as.def 
57 NO? s.str + 15 ONO bend + 
+ 13 NN str + 9 CH3 s.def 
52 CH 3 rock 1] + 19 CN str + 
+ 7 NO? as.str + 6 CH 3 as.def 
83 CH 3 rock • + 7 CH 3 rock ]l + 
+ 6 CH 3 as.def '  
44 CN str + 23 NN str + 
+14 NO 2 s.str + 10 N N C ( N H )  twist + 
+ 7 CH 3 rock II 
22 NN str + 22 NO? s.str + 
+ 18 ONO bend + 16 CN str + 
+ 13 CH 3 rock II 
96 NO 2 wag 
42 ONO bend + 21 NNC(NH)  wag + 
+ 12 NO? rock + 7 CH 3 rock II 
33 NO 2 rock + 22 NN str + 
+ 19 ONO bend + 17 CN str 
42 N N C ( N H )  wag + 27 NO a tors + 
+ 17 NO? rock + 12 NN str 
66 N N C  bend + 21 NO2 rock 
+ 5 NO? tors 
72 CH 3 tors + 10 N N C  bend + 
+ 10 NNC(NH)  wag + 7 NO 2 tors 
56 NO 2 tors + 23 CH 3 tors + 
+ 17 NNC(NH)  wag 

a,b,d See footnotesa,b,dfor Table 5. 
c Fundamental frequencies from IR spectra of the gaseous phasef1,10 

D 3 (7 f r equenc ies ) )  are also ob ta ined .  T h e  absence  o f  
re l iable  i n f o r m a t i o n  about  t he  l o w - f r e q u e n c y  spectral  
range ( lower  than  300 c m  -1) is a c o m m o n  disadvantage  
o f  these  e x p e r i m e n t a l  data. Scal ing  the  ab initio force  
f ield ove r  19 f u n d a m e n t a l  f r equenc ie s  o f  the  pa ren t  
c o m p o u n d  2 and  over  13- -15  i so tope  shifts for each  o f  
its i so top ic  m o d i f i c a t i o n s  gave a good  a g r e e m e n t  wi th  
t he  e x p e r i m e n t ,  and average  devia t ions  for  r ep roduc ing  
f r equenc ie s  were  f r o m  4 to 9 cm -1. 

A single,  bu t  i m p o r t a n t ,  c o n t r a d i c t i o n  b e t w e e n  dif- 
fe ren t  var ian ts  o f  a s s i gnmen t  o f  e x p e r i m e n t a l  bands  6,s,l~ 
c o n c e r n e d  t h e  i n t e r p r e t a t i o n  o f  two  bands  at ~1100 and 
~930 c m  -1,  w e a k  in t he  I R  s p e c t r u m  but  s t rong and 
po la r i zed  in t he  R a m a n  spec t rum,  for  m o l e c u l e  2 as- 
s igned to  t he  C N  and  N N  s t re tch ing  vibra t ions  (see 

Tab le  2). Our  ca lcu la t ion  con f i rmed  jus t i f i ca t ion  o f  the  
suggested in te rpre ta t ion  6,t~ o f  the  band at 930 em -1 
co r respond ing  to the  N N  s t re tch ing  vibra t ion .  H o w -  
ever,  the  mixed  cha rac t e r  o f  this v ibra t ion  for 2 (vl4, see 
Table  6) is still h igher  than  for 1, so tha t  this  assign- 
m e n t  is ra ther  condi t iona l .  

T h e  band  of  the  m e d i u m  in tens i ty  at 618 cm -1 in 
the  I R  spec t rum of  the  coo led  f i lm was ass igned 6 to the  
wagging v ibra t ion  o f  the  a m i n o  group in m o l e c u l e  2. 
However ,  this in te rp re ta t ion  t u rned  ou t  to  be wrong.  
A c c o r d i n g  to  our  data,  a s o m e w h a t  w e a k e r  band at 533 
cm -1 in the  I R  spec t rum o f  tlae l iquid  fi lm o f  2 should  
be assigned to  this v ibra t ion  (see Ref.  5), wh ich  is 
co r robora t ed  by good  a g r e e m e n t  wi th  spec t ra  o f  its 
i so topomer s .  



In terpre ta t ion  of  the  vibrat ional  spectra  of  ni t ramines Russ.Chem.Bull., Vol. 43, No. 12, December, I994 1995 

Table 7. Experimental and calculated spectral parameters for nitramine molecule a 

Sym- Experiment Calculation (this work) b 

metry v/cm -j Depola- v/cm -t Intensity Depola- Potential 

type No IR 11 Raman 4 rization scaling over IR Raman rization energy 

I c II d ratio I II ~kin. /A 4. ratio distribution (%) 

�9 tool - I  . a.m.u. - I  over spectra [ 

A'  1 3359.3(0.6) 3 3 6 1  3278(2) 3371.4 3370.7 54.0 58.2 0.11 100 NH 2 s.str 
2 1558.1(l.2) 1 5 8 1  1547(0.5) dp 1559.1 1574.7 94.0 2.9 0.49 56 HNH bend + 43 NH 2 wag 
3 1349.6(4.5) 1367.5 1370(6) p 1364.2 1372.5 258.9 9.0 0.12 65 NO 2 s~str + 

+ 16 NN str + 16 ONO bend 
4 970 e 980 e 1050(10) p 979.2 984.4 17.2 10.6 0.15 48 NN str + 32 NO 2 s.str + 

+ 8 0 N O  bend 
5 797.9(0.6) 776 --  791.2 796.5 141.3 3.1 0.24 64 NO 2 wag + 14 ONO bend + 

+ 12 HNH bend 
6 692.5(0.3) 713.5 716(4) p 699.9 709.2 118.9 3.9 0.75 40 ONO bend + 29 NO 2 wag + 

+ 18 NH 2 wag 
7 628.5(0.7) 587 598(0.5) 614.0 620.7 I43.4 1.9 0.21 32 NN str + 22 ONO bend + 

+ 2t NH 2 wag + 20 HNH bend 

A" 8 3478.0(2.3) 3474 --  3492.8 3492.1 81.5 31.5 0.75 100 NH 2 as.str 
9 1612.8(10.0) 1610.5 1642(0) 1613.3 1616.3 565.0 0.3 0.75 64 NO 2 as.str + 

+ 25 NH 2 twist + 
+ i I NO 2 rock 

10 1226.7(2.8) 1238.5 1176(0.5) 1221.6 1226.0 105.4 2.3 0.75 67 NH 2 twist + 
+ 33 NO 2 as.str 

11 (587) 587 598(0.5) dp 572.7 572.9 1.2 1.3 0.75 88 NO 2 rock 
12 401.5(0.4) 433.8 --  420.1 420.2 33.0 1.0 0.75 98 NO 2 tots 

a,0 See footnotes a,b for Table 5. c In Ar-matrix. d In N2-matrix. 
e Estimation by the Redlich--Teller product role. 

Al though reliable exper imenta l  frequencies were not 
obta ined 4-6,1~ for torsional  vibrat ions of  CH 3- and 
NO2-groups  in molecule  2, the contr ibut ions of  these 
vibrations to adjacent  bands with strongly mixed modes  
made it possible to predict  their  fundamental  frequen- 
cies (v20 and v21, see Table 6). Our  calculated frequen- 
cies agree well with the newly obtained exper imental  
frequencies: 177 and 120 cm -1 in the far IR absorpt ion 
spectrum of  the crystal l ine phase of  2. At the same 
t ime,  they differ considerably from those calculated by 
the t radi t ional  me thod  8 not  only in value, but also in the 
relative posi t ions (z(NO2) = 158 and )~(CH3) = 112 
cm-1) .  Our  calcula t ion also allowed us to improve the 
i n t e r p r e t a t i o n  o f  i nd iv idua l  bands  in spec t r a  o f  
i sotopomers  of  2. 

Ni t ramine  (3). The absence of  exper imenta l  spectra 
for the  gaseous sample  of  3 (see Table 3) makes the 
analysis in terms o f  the used approach difficult. How- 
ever, as was discussed above, this absence is compen-  
sated to some extent  by IR spectra  of  the  parent  sub- 
stance 3 and its 15N-amino- and D2-1abeled derivatives 
ill inert matr ices.  H Scaling the ab initio force field for 3 
is per formed by the spectra  in two variants: for the Ar-  
matr ix (24 frequencies and 22 isotope shifts, including 
tile data  for three  isotopomers)  and for the N2-matr ix  
(24 frequencies,  including the data for the Dz- labeled  
derivative).  The  achieved agreement  with the  experi-  

ment  is character ized by average deviat ions for frequen- 
cies, which are 9- -14  and 10 cm - I  for two variants 
under  considerat ion.  The results of  the solut ion of  the 
inverse vibrat ional  p roblem are presented  in Table 7. 

The main contradic t ions  between the previous vari- 
ants of  in terpreta t ion of  IR  and Raman  spectra  of  
molecule  3, as seen from Table 3, concern  assignments  
as follows: l )  frequencies of  the an t i symmet r ic  s t retch-  
ing Vas(NO2) and bending 8 ( H N H )  vibrations,  2) exter-  
nal deformations of  the amino group c0(NH2) and t(NH2) , 
and 3) the rocking vibrat ion of  the  ni tro group r(NO2). 
In the first case, our  calculat ion confirms the assign- 
ment  suggested in Ref. 11 and the good cor respondence  
to the exper iment  of  intensit ies of  IR and Raman  bands 
(v 2 and vg, see Table 7) can serve as an impor tant  
addit ional  argument.  The v 2 band in the Raman  spec- 
t rum was considered as depolar ized due to its weak 
intensity. 4 However,  it is polar ized,  according to our  
calculat ion,  but  its calculated depolar iza t ion  ratio is 
sufficiently high (0.49). 

The assignment  of  the amino  group deformat ions  
c0(NH2) and t (NH2) (v 7 and Vl0, see Table 7) suggested 
in Ref. 11 were also conf i rmed as a whole.  However ,  
according to our data,  both (o(NH2) (v7, see Table 7) 
and r(NO2) , the rocking vibrat ion of  the  nitro group 
(vi i ,  see Table 7) can be related to the  band at 587 
cm - I  o f  the  IR s p e c t r u m  of  m o l e c u l e  3 in the  
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N2-matr ix .  Previously no band in this spectrum was 
assigned to the  rocking vibration.  11 The frequency of  
the  band assigned to  r(NO2) by authors  of  Ref. 11 in the 
IR  spect rum of  3 in the  Ar -mat r ix  is too low (484.5 
cm - l ,  see Tables 3 and 7). The origin of  the  lat ter  band 
is associated e i ther  with matr ix  effects or with the pres- 
ence of  some admixtures .  This p rob lem should be addi-  
t ional ly  studied. 

It should be men t ioned  that  according to our calcu-  
lat ion,  the  intensi ty  o f  the IR  band of  the NO 2 group 
rocking vibrat ion must  be very weak, and the band may 
not  always be observed in the  exper iment .  The weak 
depolar ized band at 598 cm -1 in the  Raman  spectrum 
was assigned to this vibrat ion,  4,5 which agrees well with 
our results. At  the  same t ime,  according to the  calcula-  
t ion,  the  difference between the v 7 and vii  frequencies 
must  be comparab le  with matr ix  shifts observed, and 
one somewhat  b roadened  band in the Raman spectrum 
could  correspond wholly to these vibrations.  

It is l ikely that  matr ix  effects not iceably  change the 
intensi ty and the f requency of  the N N  stretching vibra- 
t ion (v 4, see Table 7). The  bands of  this vibrat ion were 
not  observed at all in IR  spectra  of  molecule  3 and its 
D2-1abeled derivative in the N2-matr ix ,  and in the  Ar-  
matr ix  spectra  the i r  frequencies (950.9 and 948 cm -1) 
differ much less than  predic ted  by the calculat ion.  The 
es t imat ion of  the  v 4 f requency by the Red l i ch - -Te l l e r  
product  rule gives 970 and 980 cm - l  for 3 in Ar-  and 

N2-matr ices  , respectively. The use of  these values con-  
siderably improved the general  agreement  between the 
calculat ion and the exper iment .  

Scaled quantum chemical force fields of nitramines 

From our viewpoint ,  the presented results demon-  
strate significantly greater  efficiency of  the use of  ab 
initio force fields and scaling procedure  in the analysis 
of  vibrational spectra as compared  with t radi t ional  meth-  
ods. Validity of  ab initio force fields and rel iabil i ty of  
the scaling procedure  are conf i rmed by extensive expe- 
r i e n c e )  5 This makes the compar ison of  the force con-  
stants for ni t ramines 1 - -3  between each other  and with 
exper imental  data 8,9,11 justif ied (Tables 8 and 9). 

First of  all let us note that  there  are no substantial  
dist inctions in the general  structure of  matr ices  of  the 
potent ial  energies, which are character ized by large 
values (>0.2 in the corresponding units) of  some off- 
diagonal constants  related to the internal  coordinates  of  
nitro or amino  groups. The largest constants  mainly 
involve interact ions between the coordinates  of  s tretch- 
ing vibrations of  adjacent  bonds with each other  and 
with some deformat ion coordinates.  The stretching vi- 
brat ion of  the central  NN bond interacts with vibrations 
of  both groups. There  are no large interact ions between 
coordinates  in different groups. 

Table 8. Main force constants of the N--NO 2 moiety in simplest nitramines a 

Inter- (CH3)2NNO 2 CH3NHNO 2 H2NNO2 b 

nal This See See This See This See 
coor- work Ref. 8 Ref. 9 work Ref. 8 work Ref. 11 
dinates 

NO str 9.07 
NN str 5.25 
NO 2 wag 0.58 
ONO bend 2.15 
NO 2 rock- 1.62 
NO 2 tors 0.195 

NO str/NO str 1.44 
NO str/NN str 0.99 
NO s t r /ONO bend 0.28 
NO str/NO 2 rock +0.42 
NN str/ONO bend -0.68 
NO 2 wag/ONO bend 0.001 

Diagonal force constants 
9.67 9.38 8.94; 9.16 9.90 9.28 9.57(68) 
6.32 6.38 5.23 6.74 4.91 6.27(96) 
0.34 0.56 0.57 0.36 0.55 0.60(4) 

(1.24) c (1.20) c 2.19 (1.44) c 2.11 2.15(12) 
1.85 1.80 1.45 1.81 1.36 2.13(21) 
0.084 0.10 0.208 0.032 0.175 0.163(7) 

Force constants of interactions 
1.73 1.63 1.44 1.05 1.49 0.82(66) 
0.86 0.93 0.97; 0.89 0.98 0.84 0.61(20) 

(0.6) c,d (0.38) e 0.20; 0.25 (0.52) e,d 0.21 0.0 e 
1.1 a +0.76 +_0.46 1.07 a +_0.47 1.06(54) 

(-0.07) r (-0.76) c -0.59 (-0.75) ~ -0.52 -0.84(14) 
0.0 e 0.0 e -0.004 0.0 e -0.004 0.23(5) 

a Force constants of stretching vibrations and their interactions are expressed in mdyn A - l ,  deformations and 
their interactions are expressed in mdyn A -1, and interactions between stretching vibrations and deformations 
are expressed in mdyn. 
b Standard deviations of the least-squares method are given in parentheses. 
c Corresponds to the coordinate of the complicated scissoring NO 2 vibration [6-1/2(2ct - [31 - 132)], and not 
bending ONO vibration. 
d Corresponds to the interaction of the symmetric stretching NO 2 vibration with NO 2 scissoring vibration or 
antisymmetric stretching NO 2 vibration with rocking NO 2 vibration. 
e Fixed value. 
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Table 9. Main force constants of amino moieties in simplest nitramines a 

Internal (CH3)2NNO 2 CH3NHNO 2 H2NNO2 b 

coor- This See See This See This See 
dinates work Ref. 8 Ref. 9 work Ref. 8 work Ref. 11 

Diagonal force constants 

NN str 5.25 6.32 6.38 5.23 6.74 4.91 6.27(96) 
CN str 4.90 5.01 5.22 4.91 4.37 -- -- 
NH str -- - -- 6.54 6.58 6.53 6.22(15) 
NNC bend 1.44 (0.18; 1.37) c 1.42 1.09 (0.79; -- -- 
NNH bend -- -- - 0.83 0.56; 0.77 0.80(4) 
CNC (HNC, HNH) bend 0.71 (1.24) a 1.23 0.48 0.15) e 0.41 0.51(13) 

Force constants of interactions 

NN str/CN str 0.22 0.68 0.74 0.18 0.59 -- -- 
NN str/NH str -- - -- 0.01 0.0[ 0.0 2.10(66) 
NN str/NNC bend 0.83 0.0/ 0.07 0.69 -- -- 
NN str/NNH bend -- - -- 0.57 (-0.32) e 0.50 0.42(8) 
NN str/CNC (HNC, HNH) bend 0.22 (-0.16) a -0.35 0.25 0.22 -0.30(21) 
CN str/NO str -0.06; 0.0 0.0f -0.25; -0.07 -0.05;-0.01 0.0/ -- -- 
CN (NH) str/NNC (NNH) bend -0.05;0.36 (0.38) e -0.25; 0.49 -0.34; 0.15 0.05; 0.12 -0.13(8) 
CN str/CNC (HNC) bend 0.21 (0.45) d 0.57 0.20 (0.03; 0.23) e -- -- 

CN str/CH 3 s.def. -0.46 -0.54 -0.23 -0.45 -0.43 -- -- 
NH str/NH str . . . . . .  0.04 -0.26(16) 
NH str/HNH bend . . . .  0 . 1 1  -0.66(22) 
NNC (NNH) bend/NO 2 rock +0.17 (0.04) e +0.24 0.03; 0.09 (-0.34;-0.02) e -+0.13 0.22(5) 

a See footnote a for Table 8. 
b Standard deviations of the least-squares method are given in parentheses. 
c Correspond to the coordinates of wagging NC 2 vibration or rocking NC 2 vibration [2-1/2(~ 2 - ~3)]' 
c/Corresponds to the coordinates of the complicated scissoring NC 2 vibration [6-1/2(2a 1 - ~2 - e3)]" 
e Correspond to the intemal coordinates of scissoring CNN vibration [6-1/2(2a I - ct 2 - a3)], rocking NH vibration [2-I/2(a 2 - %)], or 
wagging NH vibration. 
f Fixed value. 

The comparison shows that empirical matrices of 
the potential energy for molecules 1--3 are qualita- 
tively worse than ours, because they have no analogous 
structural similarity. Force constants obtained by differ- 
ent authors for the same molecules sometimes differ by 
1.5--2 and more times, and values of some of them 
completely contradict  our data. Many of the off-diago- 
nal constants are too large or have the opposite sign as 
compared with the scaled ab initio values. Since the 
latter result in quite adequate reproduction of experi- 
mental  frequencies of ni tramines 1--3  and their isotope 
shifts, we are sure that the force fields obtained are 
preferable. 

The comparison of force constants is rather indica- 
tive of the characteristics of the change in the elec- 
tronic structure in the series of 1 - - 2 - - 3  as the total 
electronegativity of substituents at the amino nitrogen 
atom increases. As seen from Tables 8 and 9, variation 
in the majority of force constants on going from 1 to 3 
is systematic. There is a tendency toward an increase in 
the force constant  for the NO stretching vibration and 
toward decrease in the constants for the N N  stretching 
vibration and torsional vibration of the NO 2 group. This 
correlates with inverse changes in the NO and N N  
bond lengths z and addit ionally demonstrates a tendency 

for the conjugation between amino  and nitro groups to 
decrease successively along this series of compounds.  

General regularities of vibrational spectra of 
nitramines 

The changes in the electronic structures of ni t ramines 
must appear as shifts of  fundamental  frequencies, al- 
though the problem can be complicated by the large 
degree of mixing of many normal  vibrations discussed 
above. The dependences of the vibrational frequencies 
of the N - - N O  2 moiety on the total Mull iken charge of 
the nitro group are presented in Fig. 2. 

Unlike N N  stretching vibrations, NO stretching vi- 
brations in ni tramines belong to the most characteristic 
modes. Nevertheless, one can ment ion  for the 1 - - 2 - - 3  
series both a successive increase in the Vas(NO2) and 
vs(NO2) frequencies and a tendency to a decrease in the 
v(NN) frequency, which agrees well with the expected 
change in conjugation. The shifts of frequencies of the 
nitro group deformations behave rather regularly as 
well. 

As a rule, the vibrations of the N - - N O  2 moiety in 
molecules 1--3 are sufficiently characteristic with re- 
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Fig. 2. Dependences of the vibrational frequencies of the 
N--NO 2 moiety on the total Mulliken charge of the nitro 
group (see Fig. 1). 

s p e c t  to f requency and the bands move within a rather 
narrow range up to about  50--60 cm -1, except for the 
lines of  the  strongly mixed  5(ONO) bending  vibrations,  
which shift in the  range o f  ~130 cm -1. 
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