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Harmonic force fields for the molecule of N,N-dimethylnitramine were calculated in the 
RH !=/6-31 G* and M P2/6-31G** approximations. Scaling of the force fields obtained made 
it possible to reliably interpret the vibrational spectra of light and perdeuterated compounds 
reported in the literature. The assignment is confirmed by good reproducibility of experimen- 
tal isotope shifts upon ~SN-amino- and tSN-nitrosubstitution. The frequencies of intramo- 
lecular vibrations in far IR and Raman spectra as well as in neutron inelastic scattering 
spectra for the light and perdeuterated samples of solid N,N-dimethylnitramine were 
identified using the force field calculated with the inclusion of electron correlation (MP2). 
Although general structures of the force fields calculated in the RHF and MP2 approxima- 
tions are similar, considerable differences in the force constants of the NO and NN 
stretching vibrations and especially in the constants of the NOar/NOst t and NOstr/NN~r 
interactions remain even after scaling the force fields. 
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Interpretation of vibrational spectra of N,N-dimethyl- 
nitramine and its Dr-, tSN-nitro, and tSN-amino 
isotopomers was changed several times as new experi- 
mental information became available; t-9 however, it 
has not been completed as yet. In particular, the assign- 
ment of the frequencies of NN and NC stretching 
vibrations 2-6 is rather contradictory. The bands in the 
spectral region below 450 cm -I,  characteristic of defor- 
mation vibrations of a methyl-substituted amino group 
and torsional vibrations, 5-8 have no reliable assignment. 
The lack of reliable experimental data for the low- 
frequency spectral region can significantly affect the 
interpretation of the spectra as a whole. The results of 
numerous studies on normal coordinate analysis 5"s.s,9 
indicate the complex character of the vibrations. Con- 
tradictory results of numerous attempts of analyzing 
vibrational spectra of N,N-dimethylnitramine and a num- 
ber of other simplest nitramines suggest that a complete 
interpretation of these spectral data in the framework of 
conventional methods is impossibld, t 

A correct choice and assignment of the fundamental 
frequencies are impossible without preliminary knowl- 
edge on the force field. Ab initio quantum-chemical 
calculations are a powerful source of such an inlorma- 

tion.t~ Typical calculation errors can be effectively com- 
pensated for by scaling the force fields in the course of 
the solution of the inverse spectral problem with refine- 
ment of a small set of scaling factors by fitting theoreti- 
cal vibrational frequencies to the experimental ones. 

Our experience on using the force fields calculated 
by the restricted Hartree--Fock (RHF)  method with the 
6-31G* basis set and their scaling in the course of 
interpretation of vibrational spectra of a number of nitro 
derivatives shows that this approach is highly effi- 
cient, t l - t3  For three simplest nitramines, (CH3)2NNO2, 
CH3NHNO2, and H2NNO2, and their isotopomers we 
obtained a common set of scaling factors, which made it 
possible not only to reproduce the experimental fre- 
quencies in the well-studied spectral regions but also to 
perform fairly rigorous calculations of modes and distri- 
butions of the potential energy of  vibrations, and, hence, 
to assign the bands, u Later, the set of recommended 
scaling factors for the force fields calculated in this 
approximation was successfully used for the interpreta- 
tion of tile vibrational spectra of the simplest di- 
nitramines CH3N(NO2)~ and HIN(NO2)2 Iz as well as 

those of nitrobenzene and its isotopomers, t3 which con- 
firmed a good transferability o f  the factors obtained. 
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They may be widely applied for interpretation of the 
spectra of more complex derivatives. 

Although the use of the results of the 
RHF/6-31G* calculations tl made it possible to per- 
form a sufficiently reliable interpretation of the spectra 
of N,N-dimethylnitramine and its isotopomers, the dis- 
crepancies between the experimental frequencies and 
those obtained by scaling sometimes exceeded 20~ 
30 cm -I.  

In this work we show that the inclusion of electron 
correlation into the theoretical force field calculations 
allows one to eliminate the remaining contradictions. 
The results of analysis of vibrational spectra of N,N-di- 
methylnitramine and its isotopomers obtained by scaling 
the force fields calculated in the RHF approximation 
and at the second-order M~ller--Plesset (MP2) level of 
perturbation theory with inclusion of electron correla- 
tion are compared and discussed in detail. We also 
supplemented the experimental spectra published earlier 
with far IR and Raman spectra of solid N,N-dimethyl- 
nitramine. 

Experimental 

I R spectra were recorded on a Bruker IFS-113 evacuated 
IR Fourier spectrometer in the frequency range 30--450 cm -I 
with a resolution of I cm -1. Crystalline samples of N,N-di- 
methylnitramine were molded into pellets with adamantane 
("chemically pure" grade). Raman spectra of the crystalline 
phase (20--450 em -t) were recorded on a Ramanor HG-2S 
spectrometer equipped with an Ar laser. The following fre- 
quencies (v/era -1) were detected: 61 s, 98 m, 185 w, 353 s, 425 
s (IR); 32 s, 63 sh, 67 m. 163 w, 230 w, 432 m (Raman). 

Harmonic force constants in the Cartesian system were 
obtained for the equilibrium geometric parameters of the 
molecule of N,N-dimethylnitramine t4 from analytical expres- 
sions for the second derivatives of the SCF energy in the 
RHF/6-31G* and MP2/6-31G ~ approximations using the 
GAUSSIAN-92 program complex is on a Cray XMP-24 com- 
puter at the University of Texas at Austin (Austin, Texas). To 
solve the direct and inverse spectral problems by the scaling 
procedure, the ANCO and SCALE programs l#,tr were used. 
The calculated matrices of the force constants were trans- 
formed to a complete and nonredundant system of internal 
coordinates of local symmetry, which meets the criteria for 
comparability of constants in a series of related molecules. The 
corresponding sets of internal coordinates have been discussed 
previously. 1/I Individual scaling factors C i were irttroduced for 
the groups of equivalent or similar (in the case of local 
symmetry) internal coordinates. The modification of quantum- 
chemical force constants Fjj thc~ was defined as F// = 
(c,~),,'2F,/',,o,.~* 

Results and DisCussion 

The use of a b  initio force fields calculated in differ- 
ent approximations for the interpretation of vibrational 
spectra. The aqalysis of vibratio~tal spectra of N,N-di- 
methylnitraminc and its isotopomers using the force 
field calculated with i~,clusiml of electrml correlation 
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Fig. I. The equilibrium configuration of the molecule of 
N,N-dimethylnitramine: numbering of the atoms and Mu[liken 
atomic charges calculated for geometric parameters optimized 
in the MP2/6-31G** approximation (the results of the 
RHF/6-31G* calculations are given in parentheses). 

(MP2/6-31G**) and the Hartree--Fock (RHF/6-31G*) 
force field il was carried out by fitting the calculated 
frequencies to the same set of experimental frequencies. 
The numbering of the atoms is shown in Fig. 1 and the 
definition of nonredundant set of internal coordinates of 
local symmetry is given in Table I. 

In the case of RHF approximation, the scaling fac- 
tors remained nearly unchanged when analyzing a some- 
what revised (mostly in the long-wave region) set of 
experimental frequencies (Table 2). Most of scaling 
factors for the MP2 force field lie within the range 0.9-- 
1.0. The only exception is the factor corresponding to 
the NO stretching vibrations, which can be explained by 
inadequate account of electron correlation in the MP2 
method when describing the most unsaturated molecular 
fragments. 

A comparison of ab initio force fields calculated in 
the RHF and MP2 approximations shows that their 
general structure is independent of the calculation level 
(Table 3). A change in the sign of off-diagonal force 
constants is a rare exception and occurs only when the 
absolute value of the constant does not exceed 0.02 (in 
corresponding units). At the same time, large differences 
(first of all, in the force constants of NO and NN 
stretching vibrations and especially in the constants of 
interactions between these vibrations, NO str/NO str 
and NO str/NN str) remain even after scaling the force 
fields. The effect of electron correlation is significant 
when the 7t-electron density eousiderably contributes to 
the corresponding chemical bond (NO or NN). 

To exclude the effect of the medium from the solu- 
tion of the inverse spectral problem, the literature data 
on the gas phase spectra were mostly used. Some bands 
are shifted noticeably in condensed media, t For in- 
stance, the Vas(NO 2) and vs(NO2) frequencies of the 
stretching vibrations of the nitro group are changed by 
30--40 cm -t .  We used gas phase I R spectroscopy data 3,4 
for 17 of 30 fundamental vibrations of unsubstituted 
N,N-dimethylnitramiue (Table 4). The minimization 
also included 23 experimental frequencies of the 
perdeuterated derivative, 11 isotope shifts for the 
15N-uitro isotopomer, and 19 isotope shifts for the 
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Table 1. The nonredundant set of internal coordinates of local symmetry for the molecule of N,N-dimethylnitramine a 

No. Notation Definition No. Notation Definition 

I N(I)N(2) str 
2 N(2)C(3) str 
3 N(2)C(7) str 
4 N(I)O(1 l) str 
5 N(l)O(12) sir 
6 N(I)N(2)C(3) bend 
7 N(I)N(2)C(7) bend 
8 C(3)N(2)C(7) bend 
9 NO~ wag 
10 NO 2 rock 

I10 ( I I )N(1 )O(12)  bend 
12 CH 3 s.str (C(3)) 

0.7071 (N(2)N(I)O(I I) bend) - 
- 0.7071 (N(2)N(l)O(12) bend) 

18 CH 3 as.def' (C(3)) 

19 CHj rock• (C(3)) 

20 CH3 s.str (C(7)) 

21 CH 3 s.def (C(7)) 

0.5774 (C(3)H(4) s tr)+ 
+ 0.5774 (C(3)H(5) str) + 
+ 0.5774 (C(3)H(6) str) - 

13 CH 3 s.def (C(3)) - 0.4082 (N(2)C(3)H(4) bend) - 
- 0.4082 (N(2)C(3)H(5) bend) - 
- 0.4082 (N(2)C(3)H(6) bend) + 
+ 0.4082 (H(5)C(3)H(6) bend) + 
+ 0.4082 (H(4)C(3)H(6) bend) + 
+ 0.4082 (H(4)C(3)H(5) bend) 

14 Ci-13 as.str (C(3)I 0.8165 (C(3)H(4) str) - 
- 0.4082 (C(3)H(5) str) - 25 CH 3 as.str" (C(7)) 
- 0.4082 (C(3)H(6) str) 

15 CH 3 as.def (C(3)) 0.8165 (H(5)C(3)H(6) bend) - 26 CH 3 as.deC (C(7)) 
- 0.4082 (H(4)C(3)H(6) bend) - 
- 0.4082 (H(4)C(3)H(5) bend) 27 CH 3 rock z (C(7)) 

16 CH 3 rock~ (C(3)) 0.8165 (N(2)C(3)H(4) bend) - 
- 0.4082 (N(2)C(3)H(5) bend) - 28 NO 2 tots (N(I)N(2)) 
- 0.4082 (N(2)C(3)H(6) bend) 29 CH 3 toes (N(2)C(3)) 

17 CH 3 as.st((C(3)) 0.7071 (C(3)H(5) str) - 30 CH 3 toes (N(2)C(7)) 
- 0.7071 (C(3)H(6) str) 

22 CH 3 asstr (C(7)) 

23 CH 3 as.def (C(7)) 

24 CH 3 roclq (C(7)) 

0.7071 (H(4)C(3)H(6) bend) - 
- 0.7071 (H(4)C(3)H(5) bend) 
0.7071 (N(2)C(3)H(5) bend) - 
- 0.7071 (N(2)C(3)H(6) bend) 
0.5774 (C(7)H(8) s t r )+ 
+ 0.5774 (C(7)H(9) str) + 
+ 0.5774 (C(7)H(10) str) - 
- 0.4082 (N(2)C(7)H(8) bend) - 
- 0.4082 (N(2)C(7)H(9) bend) - 
- 0.4082 (N(2)C(7)H(10) bend) + 
+ 0.4082 (H(9)C(7)H(10) bend) + 
+ 0.4082 (H(8)C(7)H(10)) bend) + 
+ 0.4082 (H(8)C(7)H(9) bend) 
0.8165 (C(7)H(8) str) - 
- 0.4082 (C(7)H(9) sir) - 
- 0.4082 (C(7)H(10) str) 
0.8165 (H(9)C(7)H(10) bend) - 
- 0.4082 (H(8)C(7)H(10) bend) - 
- 0.4082 (H(8)C(7)H(9) bend) 
0.8165 (N(2)C(7)H(8) bend) - 
- 0.4082 (N(2)C(7)H(9) bend) - 
- 0.4082 (N(2)C(7)H(10) bend) 
0.7071 (C(7)H(9) str) - 
- 0.7071 (C(7)H(10) str) 
0.707 l (H(8)C(7)H(10) bend) - 
- 0.7071 (H(8)C(7)H(9) bend) 
0.7071 (N(2)C(7)H(9) bend) - 
- 0.707t (N(2)C(7)H(10) bend) 
N( 1 )--O( 12),0( I 1); N(2)--C(7),C(3) 
N(2)--N(I ),C(7); 
C(3)--H(4),H(5),H(6) 
N(2)--N(I ),C(3); 
C(7)--H(8),H(9),H(10) 

a The numbering of the atoms is shown in Fig. 1. The notations str, bend, def, wag, rock, tots, s., and as. correspond to stretching, 
bending for the bond angle, deformation vibration of local symmetry for the methyl group, wagging, rocking, torsional, symmetric, and 
antisymmetric vibrations, respectively. The torsional coordinate is defined as the sum of the motions in the tetmatomie fragment. 

Table 2. Refined vatues of scaling factors for the force fields of 
N,N-dimethylnitramine calculated in the RHF/6-31G* and 
M P2/6- 31 G* ~ approximations a 

Type of 

factor 

No. of internal Value of scaling factor 

coordinate RHF RHF MP2 

(No., see Table 1) (see Ref. u) This work 

NN str 1 0.705 0.685 0.967 
NC str 2, 3 0.835 0.835 0.922 
NO str 4, 5 0.703 0.705 0.753 
ONO bend 11 0.744 0.720 1.005 
NO 2 rock 10 0.804 0.812 0.960 
NO 2 wag 9 0.711 0.711 0.975 
CNC bend 8 0.697 0.695 1.001 
NNC bend 6, 7 0.803 0.809 0.963 
NO 2 toes 28 0.800 0.800 1.000 
CH 3 toes 29, 30 0.800 0.800 0_999 
CH str 12,14,17,20,22,25 0.817 0.817 0.862 
CH 3 s.def 13, 21 0.784 0.788 0.911 
CH 3 as.def 15. 18, 23, 26 0.808 0.808 0.897 
CH 3 rock 16, 19, 24, 27 0.794 0.810 0.956 

'7 See foomote to Table I. 

15N-amino i so topomer  (Table  5). The  conve rgence  
achieved is character ized by m e a n  deviat ions o f  6 - -  
7 cm -I  (0 .7--0.9%) and 9- -10  r  - I  ( -2 .5%)  for calcu-  
lations using the MP2 and R H F  force fields, respec-  
tively. 

The use o f  the MP2 force field leads to a good 
agreement  be tween the calcula ted and exper imenta l  fre- 
quencies  even without  scaling w h i c h  makes  only  small  
changes in the potential  energy matrix.  In many cases, 
one can easily correlate the calcula ted fundamenta l  
frequency and o ther  character is t ics  to  the band with 
nearest f requency in the  exper imenta l  spectra.  Scaling o f  
q u an t u m-ch emi ca l  force fields resulted in a change  in 
the original ratio of  cont r ibu t ions  of  different  vibrations 
to fundamenta l  frequencies.  However ,  it has a lmost  no 
effect on the predict ions based on q u a n t u m - c h e m i c a l  
calculations concern ing  the relative posi t ions o f  funda-  
mental frequencies (except  for f requenc ies  of  the defor-  
ntation vibrations of  methyl groups,  see Table 4) and the 
degree of  mixing of  vibrational modes .  The agreement  
between theoretical  intensities,  degrees of  depolar iza-  
tion. isotope shifts, and exper inlenta l  data suggests with 
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Table 3. The force constants of N,N-dimethylnitramine (in internal coordinates) calculated in the RHF/6-31G* and MP2/6-31G'"  
approximations and obtained by scaling (SQChem) a 

Notation of RHF MP2 Notation of RHF MP2 
force constant Calcula- SQChem Calcula- SQChem force constant Calcula- SQChem Calcula- SQChem 

tions tions tions tions 

I - - I  7.45 5.10 5.84 5.65 6--20, 7--12 0.01 0.01 0.01 0.01 
1--2, 1--3 0.28 0.21 0.26 0.25 6--21, 7--13 0.05 0.04 0.04 0.03 
I--4, 1--5 1.41 0.98 084 0.71 6--24, 7--16 -0.02 -0.02 -0.01 -0.01 
1--6, 1--7 1.10 0.82 0.91 0.87 6--27, 7--19 0.04 0.04 0.02 0.02 
1--8 0.31 0.22 0.21 0.21 6--29, 7--30 q:0.07 r,-O.06 T43.10 T43.10 
t - -9  0.08 0.06 0.08 0.08 6--30, 7--29 :T-O.06 :r-O.05 -T-0.03 :r-O.03 
1-- 11 --0.94 --0.66 --0.85 --0.84 8--8 1.02 0.71 0.89 0.89 
1--12, 1--20 --0.08 --0.06 --0.08 --0.07 8--9 --0.09 --0.06 --0.06 --0.06 
1--t3, 1--21 0.04 0.03 0.05 0.05 8--11 0.08 0.06 0.06 0.06 
1--14, 1--22 0.06 0.05 0.06 0.05 8--13, 8--21 --0.03 --0.02 --0.03 --0.03 
1--15, 1--23 --0.02 --0.01 --0.02 -0.02 8--14, 8--22 --0.09 --0.06 --0.06 --0.06 
1--16, 1--24 0.11 0.08 0.09 0.09 8--18, 8--26 --0.02 --0.02 --0.02 --0.01 
1--17, 1--25 0.02 0.01 0.01 0.01 8--19, 8--27 --0.03 --0.03 --0.07 --0.07 
1--19, 1--27 --0.11 --0.08 --0.11 -0 .1 t  8--29, 8--30 • • • 5:0.09 
1--29, 1--30 7-O. 10 ::1:0.07 -Z-0.12 :r,-0.11 9--9 0.81 0.58 0.61 0.59 
2--2, 3--3 5.87 4.91 5.46 5.03 9--19, 9--27 0.02 0.02 0.02 0.02 
2--3 0. l I 0.09 0.06 0.06 10-- 10 2.01 1.63 1.74 1.67 
2--5, 3--4 --0.07 --0.06 0.00 0.00 10--12, 10--20 _+0.04 5:0.03 t"0.03 +0.03 
2--6, 3--7 0.44 0.37 0.48 0.46 10--13, 10--2[ :r--O.03 :!O.02 :i:0.02 :r--0.02 
2--7, 3--6 -0.07 -0.06 -0.03 -0.03 10--14, 10--22 -T-O.05 :r,-0.04 :r,-0.04 :tO.04 
2--8, 3--8 0.27 0.2I 0.33 0.32 10--16, 10--24 • +-0.06 • • 
2--9, 3--9 0.02 0.02 0.03 0.03 t0--17, 10--25 -TO.04 :Z4).03 T0.04 7,-0.04 
2--10, 3--10 0.00 0.00 +0.03 :t:0.03 10--19, 10--27 • • • +0.03 
2--1 I, 3--1 l --0.01 --0.01 -0.02 -0.02 10--28 -0.01 --0.01 -0.04 -0.04 
2--12, 3--20 0.22 0.18 0.20 0.18 10--29, 10--30 0.08 0.06 0.09 0.09 
2--13, 3--21 -0.57 -0.47 -0.52 -0.47 11--I1 2.89 2.08 2.39 2.40 
2--14, 3--22 -0.10 -0.08 --0.08 --0.07 1t--13, 11--2i 0.02 0.02 0.02 0.02 
2--15, 3--23 0.02 0.02 0.01 0.01 l l - -14 ,  11--22 -0.02 -0.02 -0.02 -0.02 
2--16, 3--24 -0.04 -0.03 -0.02 -0.02 l l - -16,  11--24 0.02 0.01 0.01 O.01 
2-- 17, 3--25 0.09 0.07 0.09 0.08 1 I - -  17, 11 --25 -0.03 -0.02 -0.03 -0 .03 
2--18, 3--26 -0 .02 -0.01 -0 .0 t  -0.01 I 1--19, I 1--27 0.02 0.02 0.03 0.03 
2--20, 3--12 -0.02 -0.02 -0.01 -0.01 11--29, I 1--30 • +0.04 • ::t:0.06 
2--22, 3--14 --0.02 -0.02 -0.01 -0.01 12--12, 20--20 60.12 50.00 50.74 40.94 
2--25, 3--17 0.01 0.01 0.01 0.01 12--13, 20--21 0.12 0.10 0.I1 0.09 
2--27, 3--19 -0 .04 -0.03 -0.07 -0.06 12--14, 20--22 0.03 0.02 0.03 0.03 
2--28, 3--28 -70.03 :~0.02 .r,-0.03 -~0.03 12--16, 20--24 0.01 0.0l 0.02 0.02 
2--29, 3--30 • • • • 12--17, 20--25 -0.14 -0 .12 -0.15 -0.13 
2--30, 3--29 g0.04 7,-0.03 T4).04 g0.04 12--20 0.01 0.01 0.01 0.01 
4--4,  5--5 12.90 9.10 I 1.11 8.36 12--24, 16--20 -0.01 -0.01 --0.01 -0.01 
4--5 2.05 1.45 0.32 0.24 13-- 13, 21 --21 0.79 0.62 0.70 0.63 
4--6, 5--7 -0.02 -0.01 0.06 0.05 13--21 0.01 0.01 0.01 0.01 
4--7, 5--6 --0.13 --0.10 -0.08 -0.07 13--29, 21--30 zgO.01 :r-O.01 -TO.01 :g0.01 
4--8, 5--8 --0.15 --0.11 -0.10 -0.08 14--14, 22--22 6.00 4.90 5.73 4.94 
4--10, 5--10 • __+0.43 4-0.57 +0.48 14--15, 22--23 --0.16 --0.13 --0.16 --0.14 
4--11, 5--11 0.39 0.28 0.29 0.26 14--16, 22--24 0.08 0.06 0.09 0.08 
4--13, 5--21 -0.03 -0.02 -0.03 -0.02 14--17, 22--25 0.11 0.09 0.12 0.10 
4--14, 5--22 0.03 0.02 0.02 0.01 14--22 0.02 0.02 0.01 0.01 
4--16, 5--24 0.01 0.01 0.02 0.02 14--29, 22--30 :tO.03 :rr0.03 7-0.03 rr0.02 
4--17, 5--25 0.02 0.01 0.01 0.01 15--15, 23--23 0.68 0.55 0.61 0.55 
4--19, 5--27 0.03 0.03 0.03 0.02 15--16, 23--24 -0.04 -0 .04 -0.03 -0 .02  
4--20, 5--12 0.05 0.04 0.02 0.02 15--28, 23--28 T-O.01 g0.0l rr0.02 T41+01 
4--2 l, 5-- 13 --0.06 --0.04 --0.05 --0.04 15--29, 23-- 30 :P~.02 :r-O.O 1 :r-O.02 T-0.02 
4--22, 5--14 --0.05 --0.04 --0.04 --0.03 16--16, 24--24 1.00 0.81 0.87 0.83 
4--23, 5--15 0.02 0.02 0.02 0.02 16--18, 24--26 -0.01 -0.01 -0.01 -0.01 
4--24, 5--16 -0.03 -0.02 -0.04 -0.04 16--24 0.03 0.02 0.02 0.02 
4--28, 5--28 0.00 0.00 -Z-0.04 ~70.04 16--27, 19--24 0.02 0.01 0.02 0.02 
4--29. 5--30 _+0.02 • +0.02 5:0.01 16--28, 24--28 ~0.02 u -7-0.02 ~0.02 
6--6, 7--7 1.80 1.45 1.59 1.54 16--29, 24--30 0.00 0.00 Z--0.01 ~0.01 
6--7 -0.03 -0.03 -0.13 -0.12 17--17. 25--25 5.94 4.86 5.65 4.87 
6--8. 7--8 0.02 0 0l -0.05 -0.05 17--18, 25--26 -0.16 - 0 1 3  -0.15 - 0 1 3  

(to be continued) 
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T a b l e  3 (continued) 

Notation of RHF MP2 Notation of RHF MP2 
force constant Calcula- SQChem Calcula- SQChem force constant Calcula- SQChem Calcula- SQChem 

tions tions tions tions 

6--9 
6--10 
6--1l 
6--12 
6--13 
6--14 
6--15 
6--16 
6--I7 
6--19 

7--9 -0.05 -0.04 -0.02 -0.02 17--19, 25--27 0.08 0.07 0.09 0.08 
7--10 z,-0.22 r,-0.18 r,-0.23 r,-0.22 17--28, 25--28 :1:0.02 :1:0.02 re0.01 -T-0.01 
7--11 -0.21 -0.16 --0.21 -0.21 17--29, 25--30 ::r-O .07 :r-0.06 -T-0.05 :I::0.05 
7--20 --0.02 -0.02 -0.03 -0.03 18-- I 8, 26--26 0.67 0.54 0.60 0.54 
7--21 -0.03 --0.02 -0.03 -0.03 18--19, 26--27 --0.02 --0.02 -0.02 --0.02 
7--22 0.12 0.10 0.10 0.09 19--19, 27--27 0.96 0.78 0.84 0.81 
7--23 0.03 0.03 0.03 0.03 19--28, 27--28 +0.03 +0.02 +0.02 "t-0.02 
7--24 0.02 0.02 0.02 0.02 19--29, 27--30 -7-0.01 :r-0.01 :t:0.02 -T-O. 02 
7--25 0.07 0.06 0.07 0.06 28--28 0.24 0.20 0.20 0.20 
7--27 -0.02 -0.01 -0.04 -0.04 29--29, 30--30 0.08 0.06 0.08 0.08 

o The notations of the force constants correspond to the numbering of internal coordinates in Table 1. The force constants of the 
stretching vibrations and their interactions are given in mdyn A - l ,  the force constants of deformation vibrations and their 
interactions are given in mdyn .~-1, and the force constants of interactions between the stretching and deformation vibrations are 
given in mdyn. The force constants, whose absolute values do not exceed 0.01, are not listed. 

high probability that the calculated eigenvectors of  nor- 
mal vibrations and potential  energy distributions objec- 
t ively reflect  the  i n t r amolecu la r  mot ions  in N,N- 
dimethylni tramine.  

According to MP2 calculations, the stretching vibra- 
tions of the C2NNO 2 frame make an appreciable contri- 
bution to the six different frequencies of  experimental 
spectrum of  N,N-dimethylni t ramine in the region 800-- 
1600 cm -I  (see Table 4). The plots of  the contributions of  
stretching vibrations of  all the five bonds of  the C2NNO 2 
frame to the modes for these bands are shown in Fig. 2. It 
is difficult to assign most o f  the bands to a particular 
s t re tch ing  v ibra t ion .  O n l y  two f r equenc ies  (v20 at 
1566 cm -I  and v24 at -1300 cm- l ) ,  to which the N N  
bond makes virtually no contribution, can be unambigu- 
ously assigned to the A " symmetry type antisymmetric 
v~(NO2) (very strong in the IR spectrum) and va~(NC 2) 
(weak in the IR and Raman spectra) stretching vibrations 
of  the nitro group and methyl-substituted amino group, 
respectively. All other vibrations have rather mixed modes. 

Considerable difficulties arise when assigning the 
symmetric vs(NO2) stretching vibration of  the nitro group. 
Formally, from the viewpoint  of  conventional  consider-  
ation of  the modes and potential  energy distribution (see 
Fig. 2, Table 4), this vibration can be assigned to either 
of  the two bands, namely,  to v 7 at 1312 cm - I ,  which is 
very strong in the IR spectrum and of  medium intensity 
in the Raman spectrum, or  to v8 at 1242 cm - I ,  which is 
of  medium intensity in both the IR and Raman spectra 
and polarized in the Raman spectrum). The nearly equal 
isotope shifts due to tSN-nitro substitution exper imen-  
tally observed for both bands are well reproduced (see 
Table 5) using the MP2 force field (in contrast to the 
R H F  force field). Accgrding to calculations, the vii  
band at 835 cm - l ,  which is weak i~l the IR spectrum but 
very strong and polarized in the Raman spectrum, cor- 
responds to a totally symmetr ic  normal vibration of  the 
C.~NNO~ frame, i.e., this band is characterized by 
synphasc chmlges in the length of all five bonds (see 
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Fig. 2. Plots of distdbution of contributions (ct) of stretching 
vibrations of the C~NNO~. frame to the modes of certain normal 
vibrations of N.N-dimethylnitrarnine upon scaling of 
MP2/6-31G** (l) and RHF/6-31G* (2) three fields. The com- 
ponents corresponding to lengthening and shortening of the 
bond are indicated by tile "phts" and "minus" sign, respectively. 
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Fig. 2). With equal probability this band can be assigned 
to ei ther  a s t re tching vibration of  the NN bond (cf. 

Refs. 2--4)  or a symmetr ic  s t re tching vibration of  the 
methyl-subst i tuted amino  group (c f  Refs. 5, 6). /u~ 

Table 4. Spectral characteristics calculated in the RHF/6-31G* and MP2/6-31G** approximations and assignment of experimental 
frequencies for unsubstituted N,N-dimethylnitramine a 

Type No. Quantum-chemical calculations Frequency Expe- Distribution 

of of v/cm -I Intensity Degree after riment, of the potential 

sym- vibra- ... IR, Raman, of depola- sealing, v/em - t  energy of 
met- tion //kin tool -1 //A 4- (ainu) -I,  rization, v/cm -l  vibrations (%)h 

ry RHF MP2 RHF MP2 RHF RHF RHF MP2 

A" 1 3369 3290 9.6 3.3 65.2 0.67 3045.3 3054.7 3034 c 

2 3324 3238 48.2 27.7 91.1 0.38 3004.6 3006.3 2993 c 

3 3232 3126 42.4 38.8 180.4 0.05 2921.5 2901.8 2931 d 

4 1669 1 5 7 6  1 2 9 . 0  45.6 9.9 0.51 1495.8 1500.0 1500 c" 

5 1636 1554 24.0 10.2 20.6 0.73 1476.0 1477.7 1475 a 

6 t657 1526 20.5 33.7 11.8 0.56 1454.3 1451.7 1453 a 

7 1550 1391 337.1 270.7 10.5 0.34 1315.6 1311.5 1312 a 

8 1421 1302 12.9 2.5 3.3 0.48 1256.1 1231.1 

9 1271 1189 38.8 67.1 5.3 0.75 1142.4 1154.2 

10 1152 1031 74.6 60.6 2.4 0.24 1002.8 984.1 

1 I 948 866 9.9 20.4 12.1 0.23 829.4 830.0 

12 911 779 35.6 17.7 0.3 0.74 769.6 768.9 

13 695 636 6.3 1.5 3.2 0. I I 595.0 627.9 

14 462 433 4.9 3.5 0.3 0.20 400.6 429.2 430 a.e 

15 239 244 7.7 14.3 1.4 0.65 211.7 241.7 

16 144 169 5.1 3.7 0.1 0.72 125.8 168.8 

56 CH 3 as.str synph 
42 CI-| 3 as.str" synph 
43 CH 3 as.str'synph 
41 CH 3 as.str synph 
16 CH 3 s.str synph 
82 CH 3 s.str synph 
15 CH 3 as.str" synph 
80 CH 3 as.def synph 
16 CH 3 rock~ synph 
60 CH 3 as.def" synph 
26 CH 3 s.def synph 
10 CH 3 rock z synph 
66 CH 3 s.def synph 
29 CH 3 as.def" synph 
26 NN str 
17 CH 3 rock• synph 
13 NO 2 s.str 
7 0 N O  bend 
7 NC 2 s.str 
7 CNC bend 
7 CH 3 s.def synph 
7 CH 3 as.def synph 

1242 e 37 CH 3 rock u synph 
33 NO 2 s.str 
10 ONO bend 
7 CH 3 as.def synph 

1150 c 59 CH 3 rock• synph 
21 CH~ rocklt synph 
6 CH 3 as_def " synph 

985 a 38 NC 2 s.str 
20 NO 2 s.str 
19 NN str 
15 CH 3 rocktl synph 
7 CH 3 rock• synph 

835 c 33 NC 2 s.str 
33 ONO bend 
26 NO 2 s.str 
8 NN str 

770 a 95 NO, wag 
5 NC 2 wag 

612 d 43 ONO bend 
31 NN str 
21 NC 2 s.str 
5 CNC bend 
36 CNC bend 
34 NC 2 wag 
14 CH 3 s.tors 
8 NN str 

240 e 61 NC 2 wag 
32 CNC bend 
6 CH 3 s.tors 

173 ".e 80 CI-t 3 s.tors 
18 CNC bend 

(to be contitlued) 
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Table 4 (continued) 

Type No. Quantum-chemical calculations Frequency Expe- Distribution 

of of v/cm -f Intensity Degree after riment, of the potential 

sym- vibra- IR, Raman, of depola- scaling, v /cm - l  energy of 
met- tion I/km mol -I I/1~ 4. (amu) -I ,  rization, v/cm -I vibrations (%)t, 

ry RHF MP2 RHF MP2 RHF RHF RHF MP2 

A" 17 365 3288 5.3 1.3 47.9 0.75 3041.7 3052.2 3034 c 51 CH 3 as.str antipla 
46 CH 3 as.str" antiph 

18 3313 3234 0.0 0.0 20.7 0.75 2995.0 3002.5 2993 c 47 CH 3 as.str antiph 
39 CH 3 as.str" antiph 
14 CH 3 s.str antiph 

19 3226 3122 26.0 17.3 11.5 0.75 2915.5 2898.2 2931 a 83 CH 3 s.str antiph 
15 CH 3 as.str" antiph 

20 1832 1789 543.1 172.5 0.3 0.75 1562.3 1573.3 1566 a 84 NO 2 as.str 
8 NO 2 rock 
5 NC 2 twist 

21 1645 1556 1.5 0.1 11.2 0.75 1477.1 1477.9 1475 d 85 CH 3 as.clef antiph 
10 CH 3 roclq antiph 

22 1630 1539 8.4 12.5 7.8 0.75 1465.2 1460.8 1465 ̀ / 88 CH 3 as.def" antiph 
8 CH.~ rockj, antiph 

23 1591 1482 1.7 1.7 7.0 0.75 1411.6 1413.4 1412 a' 94 CH 3 s.def antiph 
24 1445 t349 0.6 9.2 0.2 0.75 1301.6 1297.5 1298 a 59 NC 2 as.str 

14 CH 3 rockll antiph 
8 NC 2 twist 
6 NO 2 as.str 
6 NO 2 rock 

25 1240 1157 3.3 3.4 5.3 0.75 I 116.3 1129.1 1132 a 76 CH 3 rock. antiph 
15 CH 3 rocktl antiph 
7 CH 3 as.def" antiph 

26 1156 1083 21.5 II.0 1.7 0.75 1044.9 1052.9 1046 a 56 CH 3 rock~ antiph 
25 NC 2 as.str 
13 CH 3 rock~ antiph 
5 CH 3 as.def antiph 

27 676 619 19.2 5.5 3.2 0.75 606.5 599.6 600 a 52 NO 2 rock 
22 NC 2 twist 
16 NC 2 as.str 
8 NO 2 as.str 

28 390 371 2.6 1.7 0.3 0.75 351.1 364.2 355 c,e 58 NC 2 twist 
30 NO 2 rock 
10 CH 3 as.tots 

29 170 171 0.6 0.5 0.1 0.75 151.9 170.7 173 c,e 88 CH:3 as.tots 
7 NC2 twist 

30 134 117 0.1 0.0 0.7 0.75 119.5 116.7 120 e 98 NO 2 tots 

a See footnote a to Table 1; synph and antiph are synphase and antiphase vibration, respectively. 
Obtained after scaling th~ force field calculated in the MP2/6-31G** approximation. 

c From IR spectra and Raman spectra of powder, solid film, melt, and solutions in CCI 4 or CS2 .z' '6 
d From gas phase spectra. 3,4 
e Our data on far IR spectra and Raman spectra of powder and frequencies in the Raman spectrum of oriented monocrystal "/and 
in neutron inelastic scattering (NIS) experiment. 8 

ana logous  d i l emma  arises in c o n n e c t i o n  wi th  the  inter-  
p re ta t ion  o f  the  vl0 band  at 985 cm -I with  spectral  
charac ter is t ics  s imilar  to those  of  the  vll  band.  

Thus ,  the  conven t iona l  classif icat ion of  frequencies,  
when  they are cor re la ted  with vibrat ions  of  cer ta in  bonds 
or a tomic  groups  composed  of  three  or  four neighbor ing 
a toms,  is r a ther  cond i t iona l  and ineff icient ,  especially in 
tile case of  molecu la r  f ragments  composed  of  a toms with 
approx imate ly  equal  masses a~ld close force constants ,  
like those it~ n i t ramines .  At tile same t ime,  two of  the six 

bands  due to the  s t re tching v ib ra t i ons  of  the  C 2 N N O  2 
frame,  namely ,  the  vi i  and  v20 b a n d s ,  which  are readily 
identif ied by the i r  spectral  charac te r i s t i cs ,  c an  be as- 
signed to the  most  symmet r ic  a n d  most  a n t i s y m m e t r i c  
modes,  respectively (see Fig. 2). Formal  c lass i f icat ion of  
o ther  normal  vibrat ions  is diff icul t .  It should  be no ted  
that  our  cons idera t ion  is of  c o n d i t i o n a l  cha rac t e r  since 
tile con t r ibu t ions  of  d e f o r m a t i o n  vibra t ions  have not  
been takcn into account ;  o the rwise ,  the classif icat ion 
would be m u c h  more complex  ( see  Table  4). 



Efficiency of  post-  Ha r t r ee - -  Fock force field Russ. Chem. Bull., Vol. 47, No. 8, August, 1998 1521 

Table 5. Experimental and theoretical isotope shifts of fundamental frequencies for D6-, tSN-nitro, and 15N-amino substituted 
N, N-direct hylnit ramines a 

Sym- No. Assignment (CH3)2NNO2, Isotope shift, Av/cm -t  

met- of v~x~fcm-I b (CD3)2NNO2 (CH3)2NISNO2 (CH3)2ISNNO2 

ry vibra- Expe- Scaling Expe- Scaling Expe- Scaling 

type tion riment c RHF MP2 riment c RHF MP2 riment ~ RHF MP2 

A" 1 vas(CH 3) synph 3034 -770 -783.7 -786.0 0.0 0.0 0 0.0 0.0 
2 v'as(CH 3) synph 2993 -755 -780.6 -780.7 0.0 0.0 0 0.0 0.0 
3 vs(CH3) synph 2931 -817.8 -813.7 0.0 0.0 0 0.0 0.0 
4 8as(CH3) synph 1500 -425 -424.2 -430.9 -0.1 -0 .3  -0 .9  - t . 6  
5 6"as(CH3) synph 1475 -414.6 -420.2 -0 .3  -0 .8  - 2  -0 .5  -1 .0  
6 6s(CH3) synph 1453 -360  -355.9 -362.0 - 2  - I . 9  -1.5 -0 .2  -0 .4  
7 vs(NO2) 1312 14 13.4 - t . 9  -16.5 -21.2 -10.6 -1 .7  -11.0 
8 ru(CH3) synph 1242 -65  -80.2 -63.0 -10  -0 .4  -12.2 - 8  -13.3 -3 .5  
9 rx(CH 3) synph 1150 -233.6 -226.4 -0 .6  -2 .8  -3 .4  -3 .8  
10 v(NN) 985 -125 -131.0 - I  18.7 -2 .0  -0.1 - 7  -8.7 -8 .7  
I I vs(NC 2) 835 - 6 0  -51.8 -44.2 - 5 s  -5 .3  -3 .7  - 2  -0 .8  -0 .7  
12 ~(NO~) 770 - 3  -6 .5  -6.1 -18.5 -20.0 -19.9 - 4  -1 .4  -1 .5  
13 8(ONO) 612 -35  -32.2 -34.8 0.0 -0.1 - 2  -4 .3  -4 .6  
14 6(CNC) 430 - 6 0  -55.3 -63.9 -0 .7  -0 .8  -1  -0 .3  -0 .3  
15 o(NC 2) 240 - 3 0 /  -27.7 -24.8 -0.1 -0.1 - 4  -3 .0  -4 .3  
16 zs(CH3) 173 - 55  / -29.7 -44.4 -0.1 0.0 -0 .8  -0_2 

A ~ 17 Vas(CH3) antiph 3034 -770  -785.0 -788.0 0.0 0.0 0 0.0 0.0 
18 V'as(CH3) antiph 2993 -755  -775.9 -778.5 0.0 0.0 0 0.0 0.0 
19 vs(CH3) antiph 2931 -818.7 -814.2 0.0 0.0 0 0.0 0.0 
20 vas(NO ~) 1566 -6.7 -3.4 -30  -33.1 -35.5 - I  -3 .5  - I . 3  
21 8as(CH3) antiph 1475 --414.5 -419.8 - 5  -1 .3  -0.7 -0.1 -0_4 
22 8"as(CH3) antiph I465 -410.2 -411.8 - 2  0.0 0.0 -0 .2  -0 .2  
23 8s(CH3) antiph 1412 -335 -341.3 -339.4 - 3  -0 .6  -0 .4  -0.5 -0 .5  -0 .2  
24 Vas(N C 2) 1298 - 20  -26.0 -22. I -3  - 1.7 -0.3 -21 -23.5 -25.1 
25 rl(CH3) antiph 1132 -280 -266.7 -267.9 0.0 0.0 -0 .  l -0 .2  
26 riI(CH3) antiph 1046 -210  -227.9 -228.4 0.0 0.0 --4 -3 .5  -3.1 
27 r(NO 2) 600 - 30  -25.6 -27.7 -Y5  -2 .0  -2 .2  - I -0 .8  - 1.0 
28 t(NC 2) 355 -25  -31.5 -35.4 -0.1 -0 . I  -0 .6  -0 .6  
29 Xas(CH3) 173 - 5 5  / -44.2 -45.1 0.0 0.0 0.0 0,0 
30 x(NO2) 120 - 2 0 /  -4.3 -7 .7  0.0 0.0 0.0 0.0 

v, 6, ~, r, t and X are stretching, bending, wagging, rocking, twisting, and torsional vibrations, respectively; see footnotes to 
Tables 1 and 4. 
b See Table 4. 
c From IR and Raman spectra of powder and solutions in CCI 4 or CS 2 s,6 (except for the shifts in the low-frequency region). 
a Averaged shifts from IR spectra of powder and solutions in CCI4 .'l 
e From IR and Raman spectra of powder and Raman spectra of solutions in CCI 4 or CS2. 6 
/ From Raman spectra of  oriented monocrystal 7 and neutron inelastic scattering (NIS) experiment. II 

In the exper imenta l  spectra of  N,N-dimethyln i t ramine  
the  d i f fe rence  b e t w e e n  the  f requenc ies  o f  bend ing  
~ (ONO)  and  rocking r(NO2) vibra t ions  o f  the ni t ro 
group (vt3 and  v27, respectively,  see Table  4) is only 5 - -  
l0 cm - l .  The  more  h igh - f r equency  band  at 622 cm - l ,  
which  is s t rong and  polar ized in the  R a m a n  spect rum of  
the  melt ,  4 co r re sponds  to the  first vibrat ion,  while the  
band  at 614 c m  - l ,  which  is weak and depolar ized,  
co r re sponds  to r (NO2).  The  theore t ica l  f requencies  
changed  the i r  posi t ions  upon  scaling the R H F  force 
field a~ld the  dif ference be tween  them appeared to be 
-10  cm -I .  t towever ,  the  use of  the MP2 force field 
e l iminates  this  illusory, cont rad ic t ion .  

In the spectral  region below 450 cm -I (see Tables 4 
;ltltt 5) sc:lling of  the MP2 force field made it possible to 

identify the  bands  o f  de fo rma t ion  vibra t ions  o f  me thy l -  
subst i tuted a m i n o  group (vi4, vls, and  v2s ) and  tors ional  
vibrat ions of  methyl  groups  and  the n i t ro  g roup  (vl6, 
v29 , and v30 ) in the  far IR spectra ,  R a m a n  spec t ra  (our  
data  and see also Ref. 7), and  neu t ron  inelast ic  scat -  
t e r ing  ( N I S )  spec t r a  o f  l igh t  a n d  p e r d e u t e r a t e d  
N,N-d imethy ln i t ramines .  s For  bo th  modif ica t ions ,  theo-  
retical spl i t t ing o f  the  f requencies  o f  symmet r i c  v16 and 
an t i symmet r ic  v29 tors ional  v ibra t ions  of  the  methyl  
groups decreased from 26 cm - l  for the  R H F  force field 
to 1--2 cm - I  for the MP2  force field, which al lowed us 
to assign the same band  observed at 173 cm -J tar  
unsubs t i tu ted  subs tance  and  at 120--125 cm - l  for 
perdeutera ted substance to both  these fundamen ta l  vi- 
brations.  
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The  bands  at 120 cm -I in the  spectra  of  light modi -  
f icat ion and at 100 cm - t  in the spectra  o f  the  D6-iso- 
t o p o m e r  7,8 were assigned to the  v30 tors ional  v ibra t ion  
o f  the  ni t ro  group.  This  is in good ag reemen t  wi th  the  
es t imate  o f  the  f requency  o f  the  f undam en t a l  tors ional  
t r ans i t i on  ( 1 1 5 - - 1 2 5  cm - I )  we ob t a ined  ear l ier  for 
(CH3)2NNO 2 on  the  basis o f  the  so lu t ion  o f  the  direct  
o n e - d i m e n s i o n a l  p rob lem using q u a n t u m - c h e m i c a l  cal-  
cu la t ions  of  the  potent ia l  func t ion  o f  in ternal  rotat ion.  14 
As can  be seen in Table  4, the  v~0 tors ional  mode  is 

virtually totally pure and,  h e n c e ,  in terac ts  scarcely with 
the remain ing  3N - 7 in ternal  v ibrat ions .  Never the less ,  
these in terac t ions ,  ignored w h e n  solving the  p rob l em in 
the one-d imens iona l  approx imat ion ,  were indirectly t aken  
into accoun t  by cons ider ing  t he  re laxa t ion  o f  g e o m e t r i c  
parameters  in q u a n t u m - c h e m i c a l  ca lcu la t ions  o f  the  
potent ia l  funct ion.  

Unl ike  the  v30 tors ional  v ib ra t ions  o f  the  n i t ro  group,  
the  o ( N C 2 )  wagging- invers ion  v ib ra t ion  of  the  me thy l -  
subst i tu ted amino  group  is s t rongly  mixed wi th  the  

Table 6. Comparison of  the force constants of N,N-dimethylnitramine obtained from scaling 
quantum-chemical force fields and conventional solution of the inverse spectral problem 

Internal 
coordinate 

Scaled force constant of the 
spectral problem (this work) 

Force constant from conventional 
solution of the inverse spectral problem 

RHF MP2 See Ref. 5 See Ref. 6 See Ref. 9 

Diagonal constants a 

NO str 9.10 8.36 9.42 9.67 9.38 
NN str 5.10 5.65 6.70 6.32 6.38 
NC str 4.91 5.03 5.01 5.01 5.22 
ONO bend 2.08 2.40 (1.30) b (1.24) n ( 1.20) b 
NO 2 wag 0.58 0.59 0.32 0.34 0.56 
NO 2 rock 1.63 1.67 1.97 1.85 1.80 
CNC bend 0.71 0.89 (1.35) c (1.24) c 1.23 
NNC bend 1.45 1.54 (0.21; 1.36) ~ (0.18; 1.37) a 1.42 
N O  2 tots  0.20 0.20 0.09 0.08 0.10 
C ~ [ ] t O ~ 0]06 0108 01005 01005 0 . 0 l 

Interaction constants a 

NO str/NO str 1.45 0.24 1.58 1.73 1.63 
NO str /NN str 0.98 0.71 0.80 0.86 0.93 
NO str/'NC sir 0.0 0.01 0.0 ~ 0.0 ~ -0.25 

-0.06 0.0 -0.07 
NO str/ONO bend 0.28 0.26 (0.45) hI" (0.6) bJ  (0.38) b 
NO str/NO 2 rock +0.43 • l . l f  l . l f  5:0.76 
NN str /NC str 0.21 0.25 0.64 0.68 0.74 
NN str/ONO bend -0.66 -0.84 (-1.00) b (-0.70) b (-0.76) b 
N N str/C NC bend 0.22 0.21 (-0.16) c ( -0 .  l 6) c -0.35 
NN st r /NNC bend 0.82 0.87 0.0 e 0.0 e 0.07 
NN str/CH 3 tots 5:0.07 • 0.0 e 0.0 r 0.0 e 
NC str/ONO bend -0.01 -0.02 (0.16) b (0.15) b (0.20) b 
NC str/CNC bend 0.21 0.32 (0.41) e (0.45) c 0.57 
NC s t r /NNC bend 0.37 0.46 (0.39) a (0.38) d 0.49 

-0.06 -0.03 -0.25 
NC str/CH 3 s.str 0.18 0.18 0.0 e 0.0 e 0.0 e 
NC str/CH3 s.def -0.47 ---0.47 -0.66 -0.54 -0.23 
CNC bend/ONO bend 0.06 0.06 (0.14) b.c (0.17) t''e 0.0 e 
NNC bend/NNC bend -0.03 -0.12 0.0 e 0.0 e -0 .06 
NNC bend/ONO bend -0.16 -0.21 0.0" 0.0 e (0.08) b 
NNC bend/NO 2 rock :t:0.18 +0.22 (0.43) a' (0.40) d • 

a The force constants of stretching vibrations and their interactions are given in mdyn A - t ,  the force 
constants of deformation vibrations and their interactions are given in mdyn A - l ,  constants of 
interactions between stretching and deformation vibrations are given in mdyn. 
b Corresponds to the coordinate of complex scissoring NO 2 sciss vibration [6 - I n  (2a-131 --f32)1 s,6'~ but 
not to the ONO bending vibration. 
e Corresponds to the coordinate of complex scissoring NC 2 sciss vibration [6 -t /2 (2rt-e2-~3)] .  s'~i 
'~ Corresponds to coordinates of NC, wagging or NC~ twist [2 -t/2 (c2-~3)] vibration. 5"6 

Fixed value_ 
/ Corresponds to the interaction between the symmetric NO 2 stretching vibration and the  NO 2 scis~ 
vibration or to the interaction between the antisymmetric NO 2 stretching vibration and the N O  2 rock 
vibration 
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Table 7. The force constants of stretching vibrations of the simplest nitramines calculated in the RHF/6-3tG* and M P2/6-31G*" 
approximations and those obtained by scaling (underlined) 

Molecule Sym- Force constant/mdyn ,~-I 

met- RHF/6-31G* MP2/6-31G** 

ry NO NO str/ NN NH NC NCl NO NO str/ NN 
str NO str str str str str str NO str str 

NH 
str 

NC 
str 

Primary and secondary amines 

CH3NHNO2 a C I 13.08 2.10 7.36 8.28 5.96 
13.39 
8.94 L44 5.23 6,~4 5t.91. 

H~NNOf C s 13.57 2.18 7.16 8.27 11.66 0.31 5.46 
~2A 1,48 4.9Q ~ 8.5___88 0.23 5_22 

HNCINO2" CI 13.38 2.20 6.13 8.09 4.97 
14.47 
~I~ t.49 4.07 6,~5 3.9~ 

HN(NO2)2 a C s 13_52 2.20 5.95 8.10 11.87 -0.004 3.40 
14.97 11.96 
8_22 .! .43 LL2 6.20 ~ --0.003. 3.A.7. 
9.71 9_29_ 

Tertiary amines 

(CH3)2NNO2 b C s 12.90 2.05 7.45 5.87 1 I. 11 0.32 5.84 
9. I 0 1.45 ~A_.Q0 4 ._gA. 8 36 0.24 5.65 

CH3NCINO2 a C t 13.t6 2.19 621 5.46 4.79 
14.06 
8.95 ~ 4. l.l 5~5_22 LZ8_ 
9.56 

CH3N(NO2)2" C t 13.77 2.25 5.94 5.23 
14.27 
14.91 2.30 5.52 
13.81 
9-5~ 1~6 4.22 4.45 
9.~7 

lO.31 ~ 3,93 
9.55 

7.50 
65=54 

7.06 

6.21 

5.46 
5.03 

a See Refs. 20 and 21. 
t, This work. 

8(CNC) bending vibrat,on and symmetric torsional vi- 
bration of methyl groups (vi5, v14, and v~6, respectively, 
see Table 4). The experimental frequency 240 cm -I  
assigned to (0(NC 2) is considerably higher than the 
estimate of the fundamental frequency of inversion tran- 
sition -90 cm -t we obtained earlier on the basis of the 
soh, tion of the one-dimensional problem. 14 As has been 
shown in the recent quantum-chemical study of the 
interaction between the inversion motion of the amino 
group and the CNC bending vibration in dimethyl- 
amine, 19 correct description o4" the inversion spectrum 
of this compound involves the use of  a two-dimensional 
mode l  The inclusion of  terms corresponding to the 
interaction in the Hamittoniau leads to increasing the 
fundamental frequency of inversion by 30 cm ' I .  In the 
case of N,N-dimethylnitramiue, the analogous eflEct 
can be one of the reasons for the appreciable difference 
between the estimates of the inversion freqttency based 

on the solution of the one-dimensional problem and the 
frequency of the vl5 wagging vibration obtained from 
scaling of quantum-chemical force fields, 

Ab initio force fields of the simplest nitramines and 
theoretical estimates of mean amplitudes and shrinkage 
corrections for intermtelear distances. The above results 
show the advantages of the use of quantum-chemical 
force fields and the scaling procedure for the interpreta- 
tion of vibrational spectra as compared to the widely 
used conventional empirical approach to the solution of 
the inverse spectral problem, in which the 6 priori 
assignment of frequencies is a "restricting" condition. 
Comparisou (Table 6) shows that the conventional force 
fields obtained by different authors differ from each 
other as well as from our data not only i,t the absolute 
value but often in the sign of collstants, Since, as has 
beeu shown in this work and our other studies, lt.lz,2~ 
the use of qtmntum-chemical force fields scaled by a 
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Table 8. Experimental (ra/A) and theoretical (re/A) internuclear distances, mean anaplitndes ( u / A ) ,  and shrinkage corrections 
((rtz-ra)/A) for the molecule of N,N-dimethylnitramine a't' 

Distance Experiment c Conventional 
(see Ref. 25) calculations ~i 

Quantum-chemical calculations of  geometry and 
scaled force field (this work) 

RHF/6-31G* MP2/6-31G** 

r a u u r e u r~-r~ r e u r a - r  a 

C(3)--H(4) 1.0795 0 . 0 7 7 8  -0.0594 1 . 0 8 5 0  0 . 0 7 7 7  -0.0458 
C(3)--H(5) 1.115(16) 0.099(17) 0.078 1.0850 0 . 0 7 8 6  -0.0690 1 . 0 9 1 7  0 . 0 7 8 8  -0.0517 
C(3)--H(6) 1.0768 0 . 0 7 7 5  -0.0637 1 . 0 8 2 3  0.0774 -0.0472 
N(1)--O(11) 1 .225(3)  0.037(3) 0_040 1.1970 0 . 0 4 0 3  -0.0063 1 . 2 3 9 6  0 . 0 4 0 7  -0.0060 
N(I)--N(2) 1 .383(8)  0.047(20) 0.046 1.3439 0 .0521  -0.0026 1 . 3 8 8 4  0 . 0 4 9 8  -0.0013 
N(2)--C(3) 1 .463(8 )  0.040(6) 0.050 1.4549 0 . 0 4 9 3  -0.0105 1 . 4 5 6 1  0 . 0 4 9 3  -0.0066 
N(2)...H(4) 2.0499 0 . 1 0 5 0  -0.0309 2 . 0 5 3 1  0 . 1 0 4 6  -0.0242 
N(2)...H(5) 2 .014(80)  0.296(100) 0.108 2.1152 0 . 1 0 3 0  -0.0503 2 . 1 2 3 1  0 . 1 0 2 7  -0.0357 
N(2)...H(6) 2.0856 0 . 1 0 3 9  -0.0433 2.0834 0 . 1 0 4 0  -0.0286 
N(2)...O(I I) 2.199(20) 0.053(I I) 0.053 2.1726 0 . 0 5 7 0  -0.0057 2.2408 0 . 0 5 6 8  -0.0039 
O(11)...O(12) 2.224(40) 0.050 d 0.048 2.1251 0 . 0 5 0 3  -0.0106 2.2105 0 . 0 5 1 5  -0.0104 
N(I)...C(3) 2 .412(17)  0.095(14) 0.063 2.3719 0 . 0 6 4 5  -0.0018 2.3825 0 . 0 6 4 1  -0.0013 
C(3)_.O(12) 2.551 (27) 0.157(35) 0.087 2.5625 0 . 0 9 6 1  -0.0039 2 . 5 8 6 5  0 . 0 9 8 0  -0.0037 
C(3)...C(7) 2 .625(22)  0.065(18) 0 062 2.5228 0 . 0 9 2 3  -0.0031 2.4978 0 . 0 8 0 7  -0.0041 
C(3)...O(11) 3 .513(8 )  0.064(7) 0.063 3.4537 0.0671 0.0003 3 . 4 9 4 5  0.0683 0.0005 

a The physical meaning of geometric parametcrs r a and r a determined by the gas-phase electron diffraction method and their 
relationship with the equilibrium values of r e were considered previously, z6 
b In both cases (conventio:lal and using quanttun-chemieal force fields) the u and ra- r  a values were calculated for the temperature 
at which the electron diffraction experiment was performed (343 K), taking no account of nonlinear terms of the relation between 
nuclear displacements in the Cartesian coordinates and internal coordinates. 24,z7 
c Gas-phase electron diffraction data (planar C2~. model), T = 343 K. 
,t Fixed parameter. 

tmified set of transferable factors leads to the adequate 
reproducibility of experimental vibrational frequencies 
of a qumber of the simplest nitramines, we are sure that 
they are preferred. 

Changes in force consta,ats in the series of related 
molecules must reflect changes in their electronic struc- 
ture to a considerably greater extent than frequency 
shifts in vibrational spectra, which are often dependent 
on the degree of mixing of normal vibrations. The force 
constatats of  stretchi,~g vibrations in the simplest 
nitramines obtained from our quantum-chemical calcu- 
lations are listed in Table 7. Tendencies for the force 
constant of the NO stretching vibration to successively 
increase and for the force constant of the NN stretching 
vibration to synchronously decrease are observed as the 
effective electronegativity of  substituents at the amine 
nitrogen atom increases. This tendency cannot be 
changed by the scaling procedure because of  the good 
transferability of scalinb factors. 2~ It can be consid- 
ered as a manifestation of a general regularity of weak- 
ening of the p--n-conjugation between amino and nitro 
groups with increasing electrotfegativity of substituents 
at the amine nitrogen atom. Tendencies reflecting this 
regularity are also manifested in changes in calculated 
geo,netric parameters and barriers to internal rotation 
and inversion in the simplest nitramines, t:''l'l'2z'23 

One useft, l application of data on the tbrce field is in 
the calctllation of mean amplitudes ( .)  and shrinkage 
corrections (r, - r , )  for internuclear distances ill the tool- 

ecule used in tile analysis of  electron diffraction data. z4 
The values of these parameters obtained for N , N - d i -  

methyhfitramine from electron diffraction experiments, z5 
using the conventional solution of  the inverse spectral 
problem, 6 and in this work using scaled quantum-chemi-  
cal force fields, are compared in Table 8. There is no 
agreement between these results, which is caused by 
experimental errors in the electron diffraction study and 
distinctions in the force fields used and in the interpre- 
tation of vibrational spectra (first of all, bands in the 
low-frequency region). The mean amplitudes calculated 6 
for the N - - N  bond and the distances between carbon 
atoms of methyl groups and between each of  these 
atoms and the nearest oxygen atom of the nitro group 
(the C(3)...C(7) and C(3)...O(12) distances, respectively); 
which are dependent on inversion motion in the amino 
fragment, differ appreciably from our data. Calculations 
using quantum-chemical R I I F  and MP2 force fields 
scaled using the same set o f  experimental frequencies 
result on the whole in close values of  mean amplitudes. 
However, in this case the maximum deviation obtained 
for the u(C(3)...C(7)) mean amplitude exceeds 0.01 .~ 
as well. This difference as well as inadequate reproduc- 
ibility of experimental frequencies of  deformation vibra- 
tions of the amino group upon scaling of the RH F force 
field (Vl4 and vls, see Table 4) can be associated mainly 
with the somewhat worse quality of the Har t ree~Fock 
force field as contpared to the MP2 force field. Most of 
the ra - r~  corrections calculated using the MP2 force 
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field have considerably smaller absolute values than 
those calculated using the RHF force field. 
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