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The molecular geometry of nitromethane was optimized and its force field and vibra- 
tional spectrum were calculated by the BECKE3LYP method. The accuracy of optimization 
of the geometry, of MeNO 2 obtained by this method using the 6-31 IG(d,p) and 6-31 l++G(d,p) 
basis sets is not poorer than that obtained at the second-order Moller--Plesset level of 
perturbation theory. (MP2). The vibrational frequencies of nitromethane and its dl, d 2, and 
d 3 isotopomers obtained by the BECKE3LYP method are in much better agreement with the 
experimental data than those calculated at the MP2 level using the same basis set. The 
average absolute error of calculations performed without the use of any scaling factors is -2% 
for frequencies; the maximum deviation is -4%. 
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To interpret the vibrational spectra of organic mol- 
ecules, the results of calculations of the force fields by 
quantum-chemical  methods are widely used. 1 However, 
a correction of theoretical vibrational spectra is usually 
required irrespective of the approximation level, since 
marked differences are observed between calculated and 
experimental vibrational frequencies. It is often difficult 
to separate the procedures used for introducing justified 
corrections from conventional fitting procedures since 
the contributions of one or another drawback of the 
method used to the overall error as well as many factors 
neglected in the ab initio calculations but capable of 
affecting molecular  vibrations can hardly be estimated 
under experimental conditions. At the same time, incor- 
rect transformation of the theoretical spectrum reduces 

significantly its value for interpret ing and complement-  
ing experimental data and its predictive power. 

All the aforesaid is entirely t rue for nitro compounds, 
because of difficulties in detailed interpretation of most 
of their experimental vibrational spectra. For this rea- 
son, quantum-chemical  calculat ions were used to ana- 
lyze them in detail. However, all  preceding calculations 
of vibrational spectra of nitro compounds  performed by 
quantum-chemical methods required corrections by us- 
ing individual scaling factors (~0.7--0.9) for each force 
constant (or normal coordinate),  z-6 In this work, the 
potentials of calculating the force field, frequencies, 
eigenvectors, and intensities of vibrations in the spectra 
of C-nitro compounds by using a comparatively new 
BECKE3LYP method based o n  the density functional 
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theory (DFT) were estimated taking the nitromethane 
molecule as an example. 

Methods of calculations 

In this work, all calculations were performed in the frame- 
work of the DFT approximation. This is due mainly to two 
i-eaNorls. 

The first reason is the increasing number of publica- 
tions, Ls in which new and ever more sophisticated functionals 
that work well for a wide variety of small and large molecules 
are used. The accuracy of DFT methods currently used is, as a 
rule, as good as that of analogous MP2 calculations. In this 
case, it is important to take into account the second factor, 
namely, the computational cost, which increases for DFT 
methods in the same manner as for SCF calculations (as N 3, 
where N is the number of nonhydrogen atoms) as the sizes of 
the molecules increase. The computational cost of high-level 
ab initio approaches increases at least as N 5 (for MP2) or as 
N 6 (for MP4SDQ or CI), or even as N 7 (for standard CCSD(T) 
computations). 

The hybrid BECKE3LYP electron density functional used 
in our calculations is a combination of the three-parameter 
unrestricted exchange functional 7 and the unrestricted correla- 
tion functional. 9 We believe that this hybrid functional is 
particularly efficient when optimizing the geometry and calcu- 
lating vibrational frequencies for compounds of relatively light 
elements. For 32 molecules composed of elements of the fir'st 
row of the Periodic table and calculated by the 
BECKE3LYP/6-311G(d,p) method, the mean absolute devia- 
tions of the bond lengths and bond angles are equal to 0 006 A 
and 1.6% respectively, which is much less than for B-LYP or 
B-VWN density functional methods or for ab initio 
MP2/6-31G(d) and QCISD/6-31G(d) calculations. 10 This is 
not surprising, since three empirical parameters were opti- 
mized on the sample set including these 32 compounds. 7 For 
vibrational frequencies, the mean absolute deviation from their 
observed values is equal to 73 cm -1, which is less than that 
obtained by the QCISD/6-3IG(d) method, l# 

The BECKE3LYP method shares the common property of 
DFT methods, in which they differ advantageously from stan- 
dard semiempirieal approaches; it is nonspecific toward par- 
ticular molecules. The results of calculations appeared to be 
good for the number of molecules much larger than 32. For 
this reason, the BECKE3LYP method is included into the 
family of combined computational G2M schemes ll as a method 
for optimization of geometry and calculation of frequencies. 
The authors of computational G2M complex used unsealed 
frequencies of the BECKE3LYP/6-311G(d,p) method. This 
impelled us to investigate the possibility of using this method 
for prediction of harmonic vibrational spectra of nitro com- 
pounds and in particular that of their simplest representative, 
nitromethane. All calculations were performed using the 
GAUSSIAN 94 program, lz 

Results and Discussion 

Optimization of geometry. It is known from published 
data that the staggered conformation is the most stable 
conformation of  the nitromethane molecule (one C - - H  
bond lies in the plane perpendicular to the plane of heavy 
atoms), although its energy gain is insignificant (the ex- 
perimental value of the barrier to internal rotation in the 

MeNO 2 molecule is only 0.006 kcal mol-l) ,  t3 This fact 
and the results of  calculations, according to which all 
rotamers of  nitromethane have nearly the same bond 
lengths and bond angles, 6 made it possible to assume that 
conformational transitions have little effect on all vibra- 
tional frequencies of  nitromethane except for the torsional 
frequency x(NO2) associated with internal rotation. 14 It is 
impossible to determine the frequency of  this vibration 
from experimental vibrational spectra, since it is less than 
30 era-l ;  therefore, we will further use the observed and 
calculated values of 14 remaining frequencies. 

Neglect ing conformat iona l  
effects, we only performed the 

H 
full geometry, optimization o f  the 
staggered conformation of  the 
nitromethane molecule (confor- 
mation I). The geometric pa- 
rameters found and their experi- 
mental values determined by mi- Conformation I 
crowave spectroscopy 13,15,16 are 
listed in Table I. 

A comparison of  the values calculated by the MP2 
and BECKE3LYP methods shows that they are in good 
agreement with the experiment and that their  mean 
absolute deviations are nearly equal to the experimental  
error. When the 6 - 3 l I G ( d , p )  basis set is used in MP2 
calculations instead of the 6-31G(d,p) basis set, the 
bond lengths appear to be much better optimized. In 
this case, the bond angles well reproduced by calcula- 
tions in the 6-3 lG(d ,p)  basis set remain nearly un- 
changed. The addition of  diffuse functions to the 
6-311G(d,p) basis (i.e., the use of the 6-31 l + + G ( d , p )  
basis set) in the BECKE3LYP method mostly affects the 

Table 1. Geometric parameters of MeNO 2 

Parameter Exp. a MP2/6- MP2/6- BECKE3LYP 

(gas) 31G(d,p) 311G(d,p) I b II c 

Bond length/A 

C--N 1.489 1.487 1.491 1 . 5 0 3  1.504 
C--H(I) 1.089 1.086 1.090 1 . 0 9 0  1.090 
C--H (2) 1.089 1.083 1.087 1 . 0 8 6  1.086 
C--H(3) 1.089 1.083 1,087 1 . 0 8 6  t.086 
N--O(1) 1.224 1.241 1,228 1 . 2 2 0  1.221 
N--O(2) 1.224 1,241 1.228 1 . 2 2 0  1.221 

Mean abs. error 0.009 0.003 0,005 0.005 

Angte/deg 

NCH(1) 107.5 107.1 107.0 1 0 6 . 7  106.5 
NCH(2,3) 1 0 7 . 5  107.8 107.9 I08.0 108.0 
CNO(1) 1 1 7 . 3 5  117.1 117.0 1 1 7 . 0  117.2 
CNO(2) 117.35 117.1 117.0 1 1 7 . 0  117.2 
O(I)NO(2) 125 .3  125.8 125.9 1 2 6 . 0  125,6 

Mean abs. error 0.3 0.4 0.5 0.4 

a See Refs. 13 and 15 (the error for the bond lengths is equal 
to 4-0.005 A; that for the bond angles is equal to 4"0.5~ 
o BECKE3LYP/6-311G(d,p). 
c BECKE3LYP/6-31 l++G(d,p). 
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Table 2. Vibrational frequencies of MeNO 2 (v/cm -I) 

Exp. (gas) a Calculation b 

IR Raman MP2/6- BECKE3LYP 
3I IG(d,p) I c li  e 

Assignment 

3080 -- 3257 (5.8) 3198 (3.8) 3198 (3.8) va(CH 3) 
3045 -- 3232 (6.1) 3167 (4.0) 3166 (4.0) v's(CH 3) 
2974 2972 3123 (5.0) 3076 (3.4) 3075 (3.4) vs(CH3) 
1583 1584 1807 (14.2) 1650 (4.2) 1623 (2.5) v~(NO2) 
1434 -- 1504 (4.9) 1478 (3.1) 1476 (2.9) fi's(CH3) 
1410 -- 1493 (5.9) 1464 (3.8) 1464 (3.8) 8a(CH3) 
1397 1396 1440 (3.t) 1429 (2.3) 1428 (2.2) vs(NO2) 
1380 1380 1430 (3.6) 1401 (1.5) 1400 (1.5) 8s(CH3) 
1131 -- 1153 (2.0) 1134 (0.3) 1134 (0.3) r,.(CH3) 
1096 1094 1134(3.5) 1108 (1.1) 1111 (1.4) r~(CH 3) 
918 918 953 (3.8) 928 (1.1) 925 (0.8) v(CN) 
657 657 684 (4. I) 664 (1.1) 661 (0.6) 6(NO 2) 
603 -- 606 (0.5) 612 (1.5) 612 (1.5) w(NO2) 
475 475 489 (3.0) 482 (1.5) 482 (1.5) r(NO 2) 

Mean 
error (%) (4.7) (2.3) (2.2) 

a See Ref. 6. 0 The error (%) calculated using the formula 
100%" (vea/c - Vexp)/Vexp, where Vex p is the frequency in the IR 
spectrum, is given in parentheses, c BECKE3LYP/6-311G(d,p). 
# BECKE3LYP/6-3I l++G(d,p). 

length of the N - - O  bond (&r > 0.001 ]~), making it 
closer to the experimental value. 

Vibrational frequencies. In Table 2, the vibrational 
frequencies of MeNO~ calculated by different methods 

are compared with their experimental values obtained 
from the Raman and IR spectra of MeNO 2 in the gas 
phase. 6,17,18 It follows from the data presented that an 
appreciable correction of the frequencies calculated by 
the MP2/6-3IIG(d,p) method is required. The large 
mean error (4.7%) and first of  all its very wide scatter 
(from 0.5 to 14.2%) require several different scaling 
factors to be introduced. The results of BECKE3LYP 
calculations of the vibrational spectrum using the same 
basis set are much better. Actually, the spread of errors 
is narrowed down to 4%, and the mean error is only 
2.3%. The largest error is equal to 4.2% and refers, as in 
the preceding calculations, to the antisymmetric stretch- 
ing NO 2 vibration (va(NO2)). The error of calculation of 
this frequency can be decreased by adding diffuse func- 
tions (i.e., by using the 6-311++G(d,p)  basis set). This 
expansion of the basis set affects pronouncedly only the 
va(NO2) , which is in agreement with the above men- 
tioned fact that it only affects the geometry of the NO, 
group. 

The calculated and experimental frequencies of three 
isotopomers of nitromethane are presented in Table 3. 
The assignments we proposed on the basis of the analy- 
sis of the eigenvectors of the vibrations and their intensi- 
ties in the IR spectrum are in agreement with those 
made earlier for the observed absorption bands. Only 
BECKE3LYP/6-311G(d,p) frequencies were calculated 
for deuterated analogs of MeNO2, since this method 
appeared to be reasonably good for nitromethane itself. 
The best agreement between the theoretical and experi- 

Table 3. Vibrational frequencies (v) of nitromethane isotopomers 

v / c m  - 1 

CH2DNOa 

Exp. (gas) a Calculation ~ Assignment 

IR Raman 

CHD2NO 2 CD3NO2 
Exp. (gas) a Calculation ~ Assignment Exp. (gas), c Calcula- Assignment 

IR Raman IR tion b 

3071 -- 3 1 7 8  va(CH2) 3029 3029 3163 vs(CH ) 2315 2378 va(CD3) 
3002 3004 3 1 0 7  vs(CH2) 2300 -- 2 3 5 8  va(CD~) 2283 2348 V's(CD3) 
2266 2267 2316 vs(CD) 2194 2195 2248 vs(CD 2) 2194 2202 vs(CD 3) 
1578 1578 1645  va(NO2) 1574 1572 1645 va(NO2) 1572 1641 va(NO2) 
1426 1415 1454 6(CH2) 1388 1388 1424  vs(NO2) 1388 1423 vs(NO2) 
1387 1388 1 4 2 2  vs(NO2) 1283 1283 1314 61[(CD) 108t 1090 6s(CD3) 
1288 1287 1 3 1 5  w(CH2) 1264 -- 1297 8• -- 1063 8"s(CD3) 
1258 1258 1296 r(CH2) 1057 1060 1066  vs(CD2) -- t059 ~;a(CD3) 
I068 -- 1082 5j.(CD) 988 985 990 w(CD2) 943 949 r t(CD 3) 
957 957 956 ~II(CD) 895 894 904 v(CN) 894 908 v(CN) 
898 898 905 v(CN) 888 -- 934 r(CD2) 883 885 rlt(CD 3) 
651 651 648 ~5(NO2) 640 640 644 5(NO2) 625 628 6(NO2) 
579 -- 602 w(NO2) 559 559 553 w(NO2) 542 547 w(NO2) 
454 454 456 r(NO2) 443 443 451 r(NO2) 426 433 r(NO 2) 

Maximum 
error (%)d 4.3 5.2 4.4 

Mean 
error (%) 2.2 2.3 1.6 

a See Ref. 6. b Using the BECKE3LYP/6-311G(d,p)//BECKE3LYP/6-311G(d,p) method for conformation I. c See 
Ref. 17. a The error was calculated using the formula 100,% �9 (veaic - Vexp)/Vexp, where vex p is the frequency in the IR 
spectrum. 
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Fig. 1. Intensities of several bands in the IR spectrum of 
MeNO2: experiment (1), 
calculations by the MP2/6-31G(d,p) (2), 
BECKE3LYP/6-31 IG(d,p) (3), 
and BECKE3LYP/6-311++G(d,p) (4) methods, respectively. 

mental data on vibrational frequencies is observed for 
CD3NO 2 (the mean  absolute error is equal to 1.6%); as 
in the case of  MeNO2, the largest error (4.4%) falls on 
the va(NO2). The imperfectly deuterated isotopomers 
also obey the regularities established. 

.Agreement between the experimental  and calculated 
values of  the intensities of absorption bands in the IR 
spectra is also a significant indicator  of  the correctness 
of the force field. The relative intensities of  the bands in 
the IR spect rum of  MeNO 2 are presented in Fig. [. 
Taking the intensity of  the most  active vibration (v = 
1583 cm -~) as 100%, one can compare the observed 
and calculated values. 19 As can be seen, the BECKE3LYP 
results are as a whole closer to the experiment than the 
MP2 results. The relative overest imation of  the values 
obtained by the MP2 method can most likely be ex- 
plained by the significant underest imation of  the inten- 
sity of the ant isymmetr ic  N O  2 vibration. As was shown 
above, this is just  the vibration on which the largest error 
of the MP2 calculations of  frequencies (14.2%) falls. 
Taking this fact into account,  the MP2 method repro- 
duces somewhat  better  the ratio of  intensities of the five 
remaining vibrations presented in Fig. i .  At the same 
time, the general  picture is better  reproduced by the 
BECKE3LYP/6-31 l + + G ( d , p )  method,  which changes 
the ratio of  intensities of  the stretching C - - N  vibration 
at 918 c m  - t  and deformat ion  ~5(NO2) vibration at 
657 cm - l  in the right direction as compared to calcula- 
tions in the 6-311G(d,p)  basis set. 

Thus, the frequencies of  the do-, d l . ,  d2-, and 
d3- iso topomers  of  n i t r o m e t h a n e  ca lcula ted  by the 
BECKE3LYP/6-  311G (d,p) method  are in good agree- 
ment with those observed in the Raman and IR spectra 

for the gas phase, which makes it possible to correctly 
assign the absorption bands. The mean error of  determi-  
nation of  geometric parameters using the above method 
lies within the limits of  experimental error, while that of  
frequency determination is equal to ~2% for the fre- 
quencies of all isotopomers. Therefore, it is believed that 
the BECKE3LYP method might appear to be conve- 
nient as a method of calculations of vibrational spectra 
of  C-nitro compounds that requires no correction (i.e., 
that  uses no scaling factors). Naturally, the conclusion 
drawn for one compound is a tentative conclusion and 
must be confirmed by calculations on more objects. 

The calculations were performed on an SGI Power 
Challenge computer at the Center for Computer  Assis- 
tance to Chemical Research of  the Branch of General  
and Technical Chemistry of the Russian Academy of  
Sciences (CACR) at the N. D. Zelinsky Institute of 
Organic Chemistry, Russian Academy of  Sciences. This 
work was financially supported by the Russian Founda-  
t ion for Basic Research (Project Nos. 95-07-20201 and 
97-03-33712a). 
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