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Vibrational frequencies of hydrazoic acid and methyl azide:
density functional theory study
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Harmonic vibrational frequencies of HN; and CH;N, molecules
and their several isotopomers are calculated using HF, MP2
and five popular density functional theory (DFT) methods.
On the basis of the comparison between calculated and experi-
mental results, assignments of fundamental vibrational modes
are examined. HF and MP2 results are in bad agreement with
experimental values. Of the five DFT methods, BLYP repro-
duces the observed fundamental frequencies the most satisfac-
torily. Two hybrid DFT methods are found to yield frequen-
cies generally higher than the observed fundamental frequen-
cies. The results indicate that BLYP calculation is a very

promising approach for understanding the observed spectral
features.

Keywords Density functional theory, vibrational spectra, hy-
drazoic acid, methyl azide.

Introduction

Density functional theory (DFT)!* is gaining popu-
larity recently as a cost-effective general procedure for
studying chemical reactions and physical properties of
molecules. Unlike the Hartree-Fock theory, DFT recov-
ers electron correlation in the self-consistent Kohn-Sham
procedure through the functions of electron density and
gives good descriptions for systems, which require so-
phisticated treatments of electron correlation in the con-
ventional @b initio approach. Although DFT was not fa-
vored by computational chemists for many years, it was
recently paid much attention by many ab initio quantum
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chemists and much effort has been devoted to refining
the methodology and exploring its applicability. DFT
calculations of vibrational spectra of small organic sys-
tems”® have shown promising conformity with experimen-
tal results. In a recent comprehensive study, Raulhut
and Pulay’ have shown that the raw BLYP and B3LYP
frequencies and force constants approximate the experi-
mental results much better than the Hartree-Fock re-
sults, and the use of multiple scale factors further im-
proves the agreement between the calculated and ob-
served fundamental vibrational frequencies.

The infrared spectra of methyl azide ( CH;N;),
deutero-methyl azide (CD;N;), hydrazoic acid ( HN;)
and deutero-hydrazoic acid ( DN;) have been pub-
lished. 1014 Recently, ab initio calculations of vibrational
frequencies and geometries for these compounds have
been carried out at HF/6-31G™ * and MP2/6-31G™ *
level . ' The results indicate that the HF and MP2 calcu-
lated frequencies are not in good agreement with experi-
mental spectra. To gain a better understanding of the
performance and limits of different DFT methods as a
general approach to the vibration problems of many
molecules, we calculated harmonic frequencies of hydra-
zoic acid, methethyl azide by five different DFT, HF
and MP2 methods and compared these results with ex-
perimental vibrational frequencies. Furthermore, the ef-
fect of deutero-substitution is also discussed. Some ben-
eficial results have been given.
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Calculation

All calculations were carried out using the Gaussian
94 program package. Five popular DFT methods were
used in this study. They are: Slater’s (local spin densi-
ty) exchange functional'® in conjunction with Vosko-
Wilk-Nusair correlation functional'” (LSDA), Becke’ s
gradient-corrected exchange functional'®'*® in conjunction
with Lee-Yang-Parr gradient-corrected exchange func-
tional”® (BLYP), Becke’ s gradient-corrected exchange
functional in conjunction with Perdew gradient corrected
correlation functional®! (BP86), Becke’s three-parame-
ter method”® with Perdew correlation functional ( B3P86)
and Becke’s three-parameter method with Lee- Yang-Parr
correlation functional ( B3LYP). The 6-31G™ basis set
was used throughout. This basis set was chosen on the
basis of the findings that the 6-31G* DFT results on
structures, energies, and force constants are obviously
superior to results of smaller basis sets.” Further enlarg-
ing the basis set, however, increases the computational
cost significantly and therefore is not practical for study-
ing larger systems. All molecular structures were fully
optimized prior to analytic second derivative calculations
and vibrational analysis.

Results and discussion

Structures

The equilibrium structural parameters of hydrazoic
acid and methyl azide are calculated by different methods
and compared with available experimental data.?* The
results indicate that all the calculated structural parame-
ters are in agreement with available experimental results.
The HF/6-31G™ bond lengths are slightly shorter, while
the BLYP/6-31G™ bond lengths are slightly longer than
those found from experiments. This indicates that the
BLYP method slightly exaggerated electron correlation ef-
fect while the HF theory neglected this effect. The re-
sults of B3P86/6-31G™ and B3LYP/6-31G ™ are in good
agreement with the experimental values. Therefore
B3LYP and B3P86 methods are superior to BLYP
method in the geometry optimization. The atom number-
ing for the compounds is shown in Fig. 1. From Fig.
1., we can see the three skeletal nitrogen atoms are ap-
proximately linear, but the hydrogen atom of HN; and

the carbon atom of CH3;N; are not on the axis of the
skeletal atoms.

H5

N Ha
we,C4—NI AN
Hé!
N1—nN
wr? \"'2\,\13 2~—\3
Fig. 1 Geometries of CH;N; and HN;.
Frequencies

Hydrazoic acid is a planar molecule belonging to
the C; point group. There are five frequencies belonging
to species A’ and only one frequency belongs to the
species A”. Similarly, the methyl azide also belongs to
C, point group. Ten symmetry coordinates belong to
species A’ and five symmetry coordinates belong to
species A”. The calculated frequencies and the experi-

mental frequencies'®* are given in Tables 1—4 for

HN;, DN;, CH;N; and CD3N;. The mean absolute de-
viation and standard deviation between the calculated
harmonic and the experimental vibrational frequencies for
each method are also given in these Tables. Mode de-
scriptions given in these Tables are based on the BLYP
force field. In order to investigate the performance and
Hmits of different DFT methods in predicting the vibra-
tional frequencies, overall mean absolute deviation and
standard deviation are given in Table 5.

Results in Tables 1—4 indicate that frequencies
calculated by all two hydride DFT methods are higher
than experimental frequencies. Overall mean absolute
and standard deviations between the experimental fre-
quencies and calculated frequencies are 56.1 and 80.6
em’’ for B3LYP, 69.4 and 100.0 cm” for B3P86. The
other three DFT methods, BLYP, LSDA and BPS6,
yield a much higher level of conformity between the cal-
culated results and the experimental vibrational frequen-
cies. The overall mean absolute and standard deviations
are 29.1 and 38.8 cm™ with the BLYP results, 51.5
and 74.7 em™ with the LSDA results, 14.2 and 53.1
em with the BP86 results. Compared to the experimen-
tal frequencies, of these three DFT methods LSDA gives
the largest deviations, whereas BLYP and BP86 perform
very similarly with deviations of BLYP being slightly
smaller.
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Table 1 Calculated and experimental fundamental vibrational frequencies (cm!) of HN;

Sym. Exp.“ BLYP LSDA BP86 B3LYP B3P86 HF MP2 Assignment
A 3336 3347 3445 3375 3470 3509 3722 3518 NH str.

A 2140 2184 2322 2217 2294 2329 2509 2390 NN str.

A’ 1274 1261 1332 1272 1313 1329 1452 1267 NNNH bend
A’ 1150 1151 1124 1156 1196 1201 1254 1129 NNN str.
A’ 637 572 606 579 603 611 677 575 NNN opb
A’ 522 507 541 514 529 537 572 550 NNN ipb
Mean abs. dev. 24.8 54.2 31.7 69.0 86.5 187.8 94.2

Standard dev. 36.5 87.8 46.7 96.5 121.1 257.6 142.7

¢ Experimental frequencies are obtained from Ref. 14.

Table 2 Calculated and experimental fundamental vibrational frequencies (cm™) of DN,

Sym. Exp.® BLYP LSbA BP86 B3LYP B3P86 HI MP2 Assignment
A’ 2480 2449 2525 2470 2539 2568 2721 2579 ND str.

A’ 2141 2175 2312 2209 2287 2322 2505 2375 NN str.

A’ 1183 1203 1311 1231 1260 1290 1273 1229 NNND bend
A’ 955 933 892 925 966 959 1104 916 NNN str.
A" 638 557 595 566 591 599 620 562 NNN opb.
A’ 498 478 505 484 498 504 539 508 NNN ipb
Mean abs. dev. 34.7 76.2 40.3 56.7 70.8 152.8 84.0

Standard dev. 44.6 103.5 51.6 81.3 103.5 -+ 211.5 121.7

¢ Experimental frequencies are obtained from Ref. 14.

Table 3 Calculated and experimental fundamental vibrational frequencies (cm™) of CHzN;

Sym. Exp.® BLYP LSDA BP86 B3LYP B3P86 HF MP2  Assignment

A 3023m 3089 3096 3113 3174 3192 3329 3248  Asym. CHj sir.
A" 2962m 3012 3020 3034 3098 3117 3258 3186  Sym. CH; str.
A’ 2935m 2957 2958 2968 3038 3050 3200 3101 Asym. CHj str.
A 2106vs 2149 2186 2299 2264 2300 2474 2375  Asym. NNN str.
A" 1538m 1483 1474 1458 1523 1519 1643 1553  CHj; wag.

A’ 1447s 1482 1473 1455 1521 1517 1641 1557  Asym. CH; def.
A’ 1417s 1432 1424 1422 1474 1472 1602 1498 Sym. CH; def.
A 1272vs 1285 1313 1394 1349 1380 1388 1335  Sym. NNN str.
A’ 1132m 1132 1123 1119 1115 1159 1269 1175  CHj rock

A" 1036vs 1085 1080 1078 1120 1119 1223 1147  CHj rock

A 910s 873 897 962 926 949 1015 934 CN str.

A 666s 635 641 655 665 671 737 686 CNNN bend

A 560m 535 542 569 574 581 669 552 NNN bend

A 245 239 239 238 247 247 275 232 CNNN bend

A" 126 107 107 95 103 103 115 148 CH; torsion
Mean abs. dev. 32.3 34.0 51.5 57.9 72.1 165.7 92.9

Standard dev. 38.5 42.9 75.1 81.7 97.7 201.2 130.5

¢Experimental frequencies are obtained from Ref. 10.
w, m, s, v = weak, medium, strong, very strong.
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The calculated harmonic frequencies of HF and
MP2 methods at 6-31G™ basis set also listed in Tables
1—4. As we can see, The worst agreement between the
calculated and experimental results is found with HF/6-
31G™ results. There is a large overestimation of the fre-
quencies at HF level, which may be due to the slightly
too short bond lengths resulting from neglecting electron
correlation in the HF theory. Even considering the scale
factors, the results are still worse than those of DFT
methods. At MP2/6-31G™ level, the larger deviations
are also found compared with those of five DFT meth-

ods. According to Ref. 15, the overall mean absolute
deviation and standard deviation between experimental
and calculated frequencies are 154.4 and 204.9 cm™ for
HF/6-31G™ ", 99.2 and 132.3 cm® for MP2/6-
31G™ * . Though enlarging the basis set level, the re-
sults are not improved, which implies 6-31G™ basis set
is a relatively reliable one for the computation of these
compounds. From the above discussion, we can con-
clude that DFT is the relatively superior method for pre-
dicting vibrational frequencies.

Table 4 Calculated and experimental fundamental vibrational frequencies (cm™) of CD;N;

Sym. Exp.* BLYP LSDA BP86 B3LYP B3P86 HF MP2 Assignment

A 237%vw 2289 2313 2294 2353 2366 2483 2413 Sym. CD; str.
A 2226m 2235 2291 2240 2298 2313 2418 2365 Asym. CDj str.
A 2118vs 2151 2250 2185 2263 2299 2467 2369 Asym. NNN str.
A’ 2074s 2118 2131 2120 2178 2188 2296 2223 Asym. CDj str.
A" 1285s 1285 1412 1317 1351 1384 1186 1123 Sym. NNN str.
A’ 1071 1047 1063 1099 1095 1234 1144 Asym. CD; def.
A’ 1068 1042 1059 1095 1091 1185 1123 CD; rock

A’ 945m 91 938 916 949 957 1053 957 CD; rock

A" 834 849 833 862 863 942 881 CD; rock

A’ 830w 815 835 826 851 826 916 859 CN str.

A" 560w 535 569 542 573 580 668 551 NNN bend

A 231 222 220 222 230 229 256 215 CNNN bend

A" 0w 83 72 82 79 78 86 112 CD; torsion
Mean abs. dev. 24.8 4.0 28.3 41.0 48.9 138.2  90.7

Standard dev. 35.7 64.7 39.1 62.9 77.7 178.6  131.9

?Experimental frequencies are obtained from Ref. 10.
w, m, s, v = weak, medium, strong, very strong.

Table 5 Overall mean deviations, mean absolute deviations, and standard deviations (cm™)

BLYP LSDA BP86 B3LYP B3P86 HF MP2
Mean abs. dev. 29.1 51.6 38.0 56.1 69.4 161.1  90.5
Standard dev. 38.8 74.7 53.1 80.6 100.0 212.2  131.7

Even though B3LYP is superior to BLYP for many
properties, the fact that the BLYP frequencies are closer
to experimental fundamental vibrational frequencies has
important implications for interpreting observed vibra-
tional spectra. As discussed by Rauhut and Pulay, the
high level of conformity between BLYP results and the
observed fundamental frequencies may be due to error
cancellation. Our geometry optimization indicates that

due to slight exaggeration of electron correlation by
BLYP method, the BLYP bond lengths are slightly
longer than the corresponding B3LYP bond distances.
The BLYP force constants and vibrational frequencies
are therefore slightly smaller than the corresponding
B3LYP results. As the effect of anharmonicity is also to
lower the vibrational frequencies, the high level of con-
formity between BLYP harmonic frequencies and the ob-
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served results is likely to be attributable to overestima-
tion of the bond length by the BLYP method. Compar-
isons between the experimental infrared spectrum of HNj
and theoretical infrared spectra and intensities simulated
from the BLYP are given in Fig. 2. Agreement between
the experimental and simulated spectral features indi-
cates that the BLYP infrared intensities are qualitatively
correct. A noticeable difference between them is that the
3250, 2402, 2304 and 950 cm™ bands in the experi-
mental spectrum do not appear in the theoretical spec-
tra. We think that these bands are not the fundamental
vibrational frequencies and the 3250, 2402 and 950
cm™ bands are combination vibrations of the NH stretch
and NNN stretch, the 2304 cm™ is the multiplying vi-
bration of NNN stretch. Therefore, the high level of
conformity between the observed and calculated spectral
features indicates that BLYP, without any empirical ad-
justment, probably, can be used as a more straightfor-
ward and practical approach to deduce the observed fun-
damental vibrational frequencies for many molecules
whose vibrational spectra are not well understood .

3600 3200 2800 2400 2000 1600 1200 800 400

3600 3200 2800 2400 2000 1600 1200 800 400

Fig. 2 Comparison of the experimental (upper) and the BLYP/
6-31G™ (lower) infrared spectra of HN;.

Effect of the isotope
Hydrazonic acid

We investigated the changes in the infrared spectral
features for the isotopomer relative to the neutral non-
deuterated HN;. On deuteration to form DN;, the nor-
mal mode frequencies for NH stretch, NNNH bend, and

NNN stretch are lowered. The largest isotopic effects in
HN; molecule appear on the NH stretch, which has de-
creased by about 850 cm! due to the deutero-substitu-
tion. The BLYP calculated values are lowered by 890
cm which is in excellent agreement with the experimen-
tal shifts. The NN stretch and NNN outer plane bending
changed very little. The BLYP calculated values of the
shifts confirm this fact.

Methyl azide

For methyl azide the effect of deutero-substitution
on vibrational frequencies is identical with that for hy-
drazonic acid. For CH;N; molecule, the main effects in
frequency appear on the symmetric CH; stretch, asym-
metric CHyz stretch, CH; rock and CHj; torsion. The
largest effects in CH3N; molecule appear on the CHs
stretch, which has decreased by about 720 cm’! due to
the deutero-substitution. The BLYP calculated values of
the shifts also confirm this fact. The NNN bend, NNN
asymmetry stretch and NNN symmetry stretches remain
effectively unchanged in frequency.

In addition, the substitution of the hydrogen in
HN; by a methyl group causes a great change of NNN
stretches while has little effect on N(2)N(3) stretches.
The reason is that neither CH; nor H has a significant
effect on terminal nitrogen atoms N(2)N(3) . Therefore
the frequencies mainly related to N(2)N(3) bond vibra-
tion in CH3N; must change little. On the other hand,
both CH; and H have a significant effect on the central
nitrogen atoms N(1) and N(2), so the frequencies re-
lated to the central N(1)N(2) bond vibration must
change a large amount. The former discussion is in good
agreement with the Ref. 15.

Conclusion

We have carried out DFT and HF, MP2 calcula-
tions on the structures and vibrational frequencies of hy-
drazoic acid and methyl azide molecules and their iso-
topomers. Comparison between calculated and experi-
mental results indicates that B3LYP is superior to BLYP
for the geometry optimization, while the BLYP frequen-
cies are closer to experimental fundamental vibrational
frequencies. It is found that using BLYP DFT repro-
duces the observed fundamental vibrational frequencies
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very well with the overall mean absolute deviations about
29.1 em™ and standard deviations about 38.8 cm™ be-
tween the calculated and experimental results. This ac-
curacy is desirable for resolving disputes in vibrational
assignments and provides valuable insight for under-
standing the observed spectral features.

Therefore, it is a promising approach for identify-
ing an unknown compound by comparing its vibrational
spectrum with calculated results of a few candidates and
the BLYP calculated results may be served as a guide for
a further experimental search for the missing fundamen-
tals of the target molecule. Furthermore, since the DFT
results without any empirical adjustment can be com-
pared directly with experimental results, it will gain
more and more popularity in the calculation of vibration
frequencies.
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