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Infrared spectra of 1,3,3-trinitroazetidine (TNAZ), £O,—C(CHLN—NO,, were obtained for samples

evaporated from a Knudsen Cell and codeposited with argon on a 15 K IR window. Spectra of matrix-
isolated TNAZ and isotopically labeled TNAZ are used to assign 24 of the 45 fundamental molecular vibrations.
Comparisons among experimental spectra and spectra calculated using HaotkgHF), second-order

Moller-Plesset theory (MP2) and three density functional theory (DFT) methods indicate that DFT gives a
more accurate vibrational description than MP2 or HF. The DFT approach was further explored using the
BP86 and the hybrid B3P86 and B3LYP methods. Overall best results were obtained with BP86 and B3LYP.

Introduction

There is currently a great deal of interest in characterizing
1,3,3-trinitroazetidine (TNAZ) and understanding its decomposi-
tion chemistnA™* TNAZ, now recognized as an important
additive in fuels and propellant formulations, was first synthe-
sized in the late 1980s.Its low melting point (101°C) and
thermal stability to 240C render it steam castable. However,
only recently have economic synthetic routes for affordable
large-scale production been developed. Chemically, TNAZ is
of interest for many reasons. It contains a four-member ring,
shown in Figure 1, with 37 kcal/mol strain energyDue in
part to this strain energy, TNAZ is at least 10% more energetic
than the most powerful explosives currently in ds&here is
also interest in the chemistry of cyclic nitramines containing
gemdinitro groups; TNAZ is the simplest molecule in this

class? Figure 1. Structure of 1,3,3-trinitroazetidine including the numbering
Molecular spectroscopic studies of TNAZ include IR spectra scheme for atoms in Table 3 (hydrogen atoms not shown).
of TNAZ in solution? as a dispersed powder in KBr pelléts, Recently, the application of quantum mechanical calculations
and as thin solid film$. The solution and solid phase spectra o energetic materials has expanded. These calculations provide
are characterized by intermolecular interactions that result in predictions of molecular parameters including bond lengths and
broad bands that complicate the vibrational analysis. Therefore,frequencies of fundamental molecular vibrations. In addition,
matrix isolation techniques in combination with infrared spec- quantum mechanical studies provide insight into reaction
troscopy were employed in this study to identify and assign pathways either by calculating the thermodynamics associated
the fundamental molecular vibrations. with bond cleavage or by examining the energetics along an
X-ray crystallography indicates thgemdinitro groups of internal reaction coordinafé:'3 In the past correlatedb initio
crystalline TNAZ are oriented with their bond planes perpen- gquantum mechanical studies for systems as large as TNAZ have
dicular to each othet. Infrared studies of decomposition been limited by computing power. Recently, density functional
reactions induced by multiphoton dissociation of TNAZ have theory (DFT) has emerged as a useful method for quantum
yielded information about decomposition pathwéyass have chemical studies since it is computationally less intensive and
mass spectroscopic and infrared studies of thermal decomposidoes include electron correlation effe¢td> However, the
tion.1011 |n addition,!H and!3C NMR studies have provided availability of several correlation and exchange functionals
structural informatiof. Solution phase IR spectra of TNAZ in ~ suggests a need for comparison of the effectiveness of various
methylene chloride reveal CH stretching modes at 3050cm  options.

and NQ modes at 1580 and 1420 cif To our knowledge, Accurate experimental assignment of the molecular vibrations
no studies of gas phase vibrational levels of TNAZ have been Permits a systematic study of the accuracy of the force field
reported. calculations using a variety of quantum chemical methods.

Recently, computational studies of several ring systems such
+ Author to whom correspondence should be addressed, as thiophene and fur#frand large ring systerh&have provided

t Naval Research Laboratory/National Research Council Associate. ~ Interesting results but do not provide guidelines as to the
® Abstract published irAdvance ACS Abstractéyugust 1, 1997. preferred approach for highly strained ring systems, such as
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TNAZ. In this work, the calculated and observed fundamental 39
molecular vibrations of TNAZ are compared. Specifically,
infrared spectra for matrix-isolated TNAZ are compared to
calculated results using HartreEock (HF), post-HartreeFock,
and DFT methods.

Experimental Section

39_40

Materials. Samples of TNAZ obtained from Thiokol Inc. B \ Y
were used as received. Samples of isotopically labeled TNAZ,
(OzN)z—C(CHz)zN—lsNOZ, (0215N)2—C(CH2)2N—15N02, and
(O2N),—13C(CH,),N—NO, were synthesized by M. Coburn and
were as receivetf

Matrix Isolation. Matrix-isolated samples of TNAZ were
prepared in a vacuum chamber maintained at a background
pressure ofv1 x 1077 Torr. TNAZ was thermally evaporated
from a resistively heated Knudsen cell at temperatures ranging
from 55 to 75°C. Temperature was maintained using an Omega
76133 temperature controller. A 2%0n orifice was required
for the cap of the Knudsen cell due to the relatively high vapor
pressure of TNAZ. An argon gas spray (MG Industries,
99.999%) adjacent to the Knudsen cell was used to transport
and deposit the sample on the cold window.

Matrix samples were collected on a Csl salt window ! ' \ ' \ ‘ | ‘ |
maintained at 15 K by an Air Products, DE-202, closed-cycle 1600 1500 1400 1300 1200
helium refrigerator. Deposition times ranged fromo23th at
a Knudsen cell temperature of 868. Under these conditions,
the optimal argon flow rate was 2 mmol/h. TNAZ deposition Figure 2. Experimental spectra for 1,3,3-trinitroazetidine (TNAZ) and
rates were approximately kfinol/h, providing a mole ratio of isotopically labeled TNAZ from 1900 to 1200 Cﬁ]. (a) TNAZ in solid
TNAZ:Ar ~1:200. Once formed, samples were analyzed using A" a 15 K; (0) (GN):=C(CH)N—*NO, in solid Ar at 15 K; (c)

a Nicolet 740 spectrometer with a mercury-cadmium-telluride 282_' ;\l)Nz:ﬁg:'}?zsNoﬁd ﬁ?gt'q;g'd Ar at 15 K; (d) (QN)-—*C-
(MCT-A) detector. For each sample, 256 spectra were averaged = - 2 '
yielding a spectrum with 0.1 cm accuracy and 0.5 cm
resolution.

Quantum Chemical Calculations. Quantum chemical cal- Experimental Spectra. Experimental spectra for matrix-
culations were carried out using the commercially available suite isolated samples of TNAZ and isotopically labeled TNAZ are
of programs, Gaussian 94. Studies were done using a Cray presented first, followed by results of quantum chemical
C90 supercomputer at the Army Corp of Engineers Waterways calculations. The spectra of matrix-isolated TNAZ are char-
Experiment Station Center for High Performance Computing. acterized by intense and sharp vibrational bands. The observed
The computer employed 16 processors that provided a peakiR features (Figures 26) have their corresponding mode
speed of 16 Gflops. Hartred-ock calculations were conducted number assignments labeled. These assignments are made from
for comparison with second-order MoliePlesset (MP2) results.  comparisons of all experimental spectra and the quantum
MP2 is the simplest and least expensive available correlatedmechanical calculations. TNAZ has 45 fundamental vibrations;
method. The basis set for all calculations including DFT was several are not expected to be detected because they are either
6-31G** for all atoms. too weak or appear below the limit of detection (600 ¢é)rin

Two exchange and two correlation functionals were employed this study.
in comparing DFT results to HF and MP2. First, Becke’'s 88 Assignments for the experimental IR absorption frequencies
exchang® was used with Perdew’s 86 correlation functiGhét for TNAZ are listed in Table 1. Figure 2a shows the normal
(BP86). Next, Becke's three-parameter hybrid methadas abundance TNAZ spectrum from 1650 to 1200 émThree
combined with Perdew’s 86 correlation functional (B3P86) to pands at 1593.2 (41), 1589.2 (39), and 1585.6 c(40) are
permit comparisons to the BP86 method. Finally, Becke’s three- gphserved in the region expected for Néhtisymmetric stretch-
parameter hybrid was used with the Eeéang—Parr correlation  jng. Of these three absorptions, the middle (39) is unique in
functionaf* (B3LYP). that it is most intense; it has two weak side bands at 1590.9

Calculations of optimized geometry were initiated in both and 1587.1 cm, which we attribute to matrix site splittings.

C1 and Cs symmetries to confirm the relative equilibrium  Weaker absorptions at 1458.7 (38) and 1441.5%¢(87) are
orientations of the N@groups. In all cases, the optimized detected in the region expected for £bending modes. A
structure was consistent with ti@& structure shown in Figure  group of absorptions (3631) are observed in the regions
1. Frequency calculations were accordingly performe&4n expected for symmetric N N—N, and NC stretches. A
symmetry. relatively weak band at 1362.8 (36) is accompanied by two

Harmonic frequencies for TNAZ using HF, MP2, BP86, adjacent bands at 1329.5 (35) and 1324.5%(84) and a sharp
B3P86, and B3LYP were calculated for force fields obtained band at 1276.7 cnt (33). Three weak bands at 3027.3 (45),
analytically from the sets of second derivatives of the energy. 2979.4 (44), and 2907.4 crh(43) appear in the region expected
Frequencies for isotopically labeled TNAZ were recalculated for CH stretches. In addition, two absorptions at 1623.8 and
following mass substitution using the force constants obtained 1607.9 cm? are in agreement with the Q and R branches of
for the most common isotope. isolated water and are accordingly marked w.

34 33

Absorbance
>

Wavenumbers (cm™)

Results
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TABLE 1: Assignments for the Experimentally Observed Transitions (cnt!) for TNAZ and Isotopically Labeled TNAZ

mode TNAZ
number principal motion(s) (OzN)z*C(CHz)zN*NOz (OzN)z*C(CHz)zN*lSNOz (OzlsN)Q*C(CHz)szlsNOQ (OzN)z*BC(CHz)zN*NOZ
45  v,{CHy) 3028.3 3028.7 3027.5 3027.6
44 v{CHy) 2979.4 2980.2 2979.3 2980.3
43  v{(CHy) 2907.4 2907.8 2909.5 2907.2
41 v.C—(NOy) 1593.2 1593.5 1558.9 1589.1
40  vaN—(NOy) 1585.6 1585.9 1551.3 1593.4
39  val—(NOy) 1589.2 1552.6 1552.7 1590.7
38 O(CHy) 1458.7 1457.0 1457.9 1457.9
37 O(CHyp) 1441.5 1441.5 1441.5 1440.6
36  OCH/vadNCN) 1362.8 1362.1 1341.4 1360.6
35  o(NN)/S(CHp)/vadNCN) 1329.5 1327.4 1317.1 1328.0
34 g(NN)/vadNCN)/v(NO,) 1324.5 1313.0 1304.9 1323.8
33 ring/Ch 1276.7 1270.0 1268.2 1273.8
31 ring/CH 1215.3 1214.7 1212.3 1192.0
30 ring/Ch 1207.3 1206.7 1199.5 1202.4
29 ring/ChH 1158.7 1158.6 1157.7 1146.5
28 ring/Ch 1123.0 1130.0 1116.2
26  ring/CH 1091.1 1091.1 1090.1 1069.9
25  ring/CH 1039.9 1038.7 1037.4 1029.7
23  ring/CH 905.8 903.9 902.6 904.2
22 NN/ring/CH 864.8 864.8 860.6 865.5
21  ring/CH 840.9 840.4 833.1 840.3
20 ON—(NO)/CH; 817.2 811.1 809.7 817.0
19 ON—(NO,)/CH, 766.2 750.5 749.7 766.7
16  ringbC—(NO,)/CH, 658.5 658.4
0.3- 14 39
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) . . o Figure 4. Comparison of calculated and observed spectra for 1,3,3-
Figure 3. Experimental spectra for 1,3,3-trinitroazetidine (TNAZ) and  initroazetidine from 1900 to 1200 crh (a) calculated with scaled
isotopically labeled TNAZ from 1250 to GQO crh _ (a) TNAZ in solid (0.89) HF/6-31G**; (b) calculated with unscaled MP2/6-31G**; (c)
Ar at 15 K; (b) (ON)>—C(CH,):N—**NO; in solid Ar at 15 K; (c) calculated with unscaled BP86/6-31G**; (d) calculated with unscaled
(02°N);~C(CH,),N—NO; in solid Ar at 15 K; (d) (QN);—**C- B3P86/6-31G**; (e) calculated with unscaled B3LYP/6-31G**: (f)
(CH):N—NO; in solid Ar at 15 K. matrix-isolated TNAZ in solid Ar at 15 K.

The TNAZ spectrum from 1200 to 600 crhis shown in and 1035.3 cm! is attributed to matrix site splitting of a single
Figure 3a. Absorptions below 1200 chare expected to belong  Vvibrational mode (25).
to ring modes and N@bending and wagging modes. A sharp Six features are observed below 1000 ¢ém A broad
absorption at 1215.3 cm (31) is accompanied by a weaker absorption at 905.8 cm (23) is accompanied by a doublet at
one at 1207.3 crt (30). A sharp absorption at 1158.7 thn 867.2 and 864.8 cri (22). The most intense absorption of
(29) is accompanied by two medium intensity ones at 1123.0 the lower energy region at 840.9 ci(21) is accompanied by
(28) and 1091.1 cmrt (26). A triplet of bands at 1042.8, 1039.6, a weak absorption at 817.2 ci(20) and a band at 766.2 cth
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TABLE 2: Comparing Calculated and Observed Geometry Parameters (angstroms and degrees) for 1,3,3-Trinitroazetidine

parameter X-ray HF MP2 BP86 B3P86 B3LYP
N(5)—N(1) 1.351(6) 1.3540 1.4051 1.4197 1.3863 1.3975
C(3)—N(7) 1.493(7) 1.4912 1.4924 1.5260 1.5038 1.5137
C(3)—N(6) 1.517(7) 1.4913 1.5051 1.5412 1.5119 1.5231
N(5)—O(5b) 1.236(5) 1.1903 1.2349 1.2366 1.2191 1.2246
N(5)—O(5a) 1.218(5) 1.1903 1.2349 1.2366 1.2191 1.2246
N(7)—O(7b) 1.212(6) 1.1867 1.2402 1.2356 1.2167 1.2225
N(7)—O(7a) 1.217(6) 1.1867 1.2402 1.2356 1.2167 1.2225
N(6)—O(6a) 1.214(5) 1.1827 1.2384 1.2307 1.2131 1.2187
N(6)—O(6b) 1.223(6) 1.1908 1.2382 1.2363 1.2182 1.2241
N(1)—C(2) 1.485(7) 1.4626 1.4821 1.4901 1.4719 1.4811
C(2-C(3) 1.534(7) 1.5389 1.5331 1.5458 1.5350 1.5423
N(1)—C(4) 1.474(6) 1.4626 1.4821 1.4901 1.4719 1.4811
C(3)-C4) 1.545(7) 1.5389 1.5331 1.5458 1.5350 1.5423
C(2)—-H(2a) 1.0766 1.0855 1.0991 1.0896 1.0895
C(4)—-H(4a) 1.0766 1.0855 1.0991 1.0896 1.0895
C(2)—H(2b) 1.0798 1.0901 1.1019 1.0926 1.0920
C(4)—H(4b) 1.0798 1.0901 1.1019 1.0926 1.0920
ON(7)C(3)N(6) 105.6(4) 107.4 107.3 107.1 107.3 107.2
JO(5b)N(5)0O(5a) 125.3(4) 127.5 128.5 128.7 128.2 128.2
OO(7b)N(7)O(7a) 126.5(5) 127.2 127.2 127.5 127.5 127.3
JO(6a)N(6)O(6b) 125.9(5) 127.1 127.3 127.6 127.5 127.3
ON(B5)N(1)C(2) 120.4(4) 120.4 116.4 117.5 1184 118.4
ON(1)C(2)C(3) 86.6(4) 87.1 87.1 87.7 87.6 87.7
OC(2)N(1)C(4) 95.1(4) 94.9 93.0 93.7 94.1 94.0
dC(2)C(3)C(4) 90.3(4) 88.9 89.1 89.4 89.1 89.2
OH(2a)C(2)H(2b) 1115 111.8 111.2 111.3 111.2
OH(4b)C(4)H(4a) 111.5 111.8 111.2 111.3 111.2
aReference 5.
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Figure 6. DFT calculated spectra for 1,3,3-trinitroazetidine using
BP86/6-31G**: (a) most abundant isotope of TNAZ; (b){0—°C-
(BCH2)2N—NOz; (€) (O2N)2—C(CHp)N—NO; (d) (O2°N)—C(CH)-
N—NO..

T
1600

with two side bands at 1554.6 and 1550.4énsimilar to band
39 in the natural abundance TNAZ spectrum. Bands 41 and
40 are again observed along with a band consistent with one at

Figure 5. Comparison of calculated and observed spectra for 1,3,3- 15892 cn?, indicating that some natural abundance TNAZ is

trinitroazetidine from 1250 to 600 crt (a) calculated with scaled
(0.89) HF/6-31G**; (b) calculated with unscaled MP2/6-31G**; (c)
calculated with unscaled BP86/6-31G**; (d) calculated with unscaled
B3P86/6-31G**; (e) calculated with unscaled B3LYP/6-31G**; (f)

matrix isolated TNAZ in solid Ar at 15 K.

(19).

Finally, a weak C@ absorption at 663.6 cm is

accompanied by a weak TNAZ feature at 658.5 ¢f16).
Comparisons among spectra for TNAZ and isotopically at 903.9, 811.1, and 750.5 ci(23, 20, and 19), which are

labeled TNAZ are important for identifying participation of

present. Most other bands above 1200 &mave absorptions
very near those of the dominant isotope of natural abundance
TNAZ, with the exception of an absorption at 1313.0¢ér(84)

that is shifted 11.5 cmit. The same spectrum from 1250 to
600 cnt!is shown in Figure 3b. Again most absorptions for
(O2N),C(CH,)2N1NO, are very close to those of the dominant
isotope of natural abundance TNAZ with the exceptions of bands

respectively 0.3, 6.1, and 15.7 cinfrom their corresponding

specific atoms in molecular vibrations. Figure 2b shows the natural abundance TNAZ absorptions.

spectrum measured following a 2-h deposition oEbNRC-
(CH)2N'>NO,. Note that a band at 1552.6 ci(39) is present

Figure 2c shows the spectrum measured following a 2-h
deposition of (@™N),—C(CH,),N—15NO,. Close inspection
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TABLE 3: Calculated and Observed Fundamental Frequencies (cmt) and IR Intensities of 1,3,3-Trinitroazetidine

mode mode HF HF (0.89) IR MP2 IR BP86 IR B3P86 IR B3LYP IR

no. sym. observed6-31G* 6-31G** intensity 6-31G** intensity 6-31G** intensity 6-31G** intensity 6-31G** intensity

12 A 472.6 420.6 24 428.6 1.2 391.1 0.1 422.2 0.5 416.0 0.4

13 A’ 577.3 513.8 12.1 530.2 2.7 501.4 4.0 527.6 5.2 521.9 5.4

14 A 625.4 556.6 47.3 560.4 14.9 510.0 6.3 558.1 15.0 545.1 14.0

15 A’ 675.8 601.4 3.2 609.8 0.4 586.9 1.1 620.7 1.3 610.2 14

16 A 658.5 770.4 685.6 55.2 681.8 16.8 623.5 6.8 676.5 15.3 664.4 14.3
17 A 712.3 817.6 727.6 5.9 708.9 5.4 685.0 1.2 730.7 1.4 719.7 1.9
18 A’ 823.9 733.2 0.6 712.9 0.6 689.3 1.1 731.9 1.8 722.4 16

19 A 766.2 891.3 793.3 39.7 764.3 26.9 734.0 19.1 784.7 25.1 772.1 24.9
20 A 817.2 931.4 829.0 4.6 820.3 5.3 788.0 4.9 831.8 1.3 822.7 2.9

21 A 840.9 962.7 856.8 425 839.9 49.9 813.3 48.7 863.8 44.9 850.9 455
22 A 864.8  1009.7 898.6 10.8 886.6 15.7 820.5 55.1 883.1 43.2 869.5 42.7
23 A 1027.3 914.3 18.4 938.4 19.8 876.9 19.9 932.5 17.6 918.1 16.4
24 A’ 905.8  1059.2 942.7 0.1 966.2 0.7 906.4 0.5 944.7 0.3 949.8 0.4
25 A 1035.3 1227.8 1092.7 21.0 1087.9 49.1 999.7 63.5 1086.0 38.6 1062.3 49.0
26 A’ 1091.1 12314 1095.9 5.1 1140.9 6.4 1067.8 3.7 1125.6 21 1109.6 47
27 A"’ 1251.5 1113.9 1.7 1152.1 0.2 1086.3 0.5 1134.3 1.5 1130.7 0.0
28 A 1123.0 1274.2 1134.0 31 1175.7 13.8 1096.0 125 1150.9 13.1 1146.0 6.5
29 A 1158.7 1344.0 1208.1 48.4 1207.0 35.2 1116.7 35.0 1204.9 17.8 1183.0 455
30 A’ 1207.3 1357.4 1196.2 4.6 1207.0 10.9 1143.8 7.0 1217.0 9.4 1193.4 6.8
31 A 1215.3 1386.3 1233.8 65.2 1258.8 54.5 1163.1 57.1 1240.1 73.7 1227.9 62.3
32 A’ 1430.4 1273.0 1.0 1292.6 0.5 1217.1 0.9 1273.3 0.5 1277.3 0.9

33 A 1276.7  1488.2 1324.5 61.4 1334.1 90.2 1241.3 71.4 1312.6 46.4 1306.3 88.6
34 A 13245 1603.2 1426.9 511.7 1351.4 71.6 1300.4 225.5 1406.1 370.6 1375.6 309.3
35 A 13295 1639.9 1459.5 20.0 1383.1 76.8 1308.2 145.0 1413.2 130.4 1382.3 111.8
36 A 1362.8  1643.8 1463.0 140.7 1390.2 202.6 1353.9 99.1 1457.0 73.6 1426.8 74.5
37 A’ 14415 1658.8 1476.4 27.9 1528.6 12.2 1437.7 23.7 1484.3 23.4 1493.4 21.7
38 A 1458.7  1680.1 1495.3 27.9 1548.9 8.1 1456.4 7.3 1507.3 5.1 1513.1 7.3

39 A’ 1589.2  1862.6 1657.7 510.4 1825.7 146.1 1608.5 204.8 1725.5 277.3 1681.5 268.3
40 A’ 1585.6  1893.0 1684.8 519.5 1832.4 12.2 1616.4 170.8 1734.4 199.8 1689.6 192.3
41 A 1593.2  1898.3 1689.5 546.4 1833.9 46.0 1619.0 175.4 1737.2 227.3 1692.2 217.6

42 A’ 3307.4 2943.5 0.1 3166.2 0.1 3017.7 1.2 3112.9 0.1 3105.7 0.4
43 A 2907.4 33117 2047.4 2.2 3169.7 3.0 3022.7 3.6 3117.9 3.9 3110.6 3.6
44 A 2979.4  3394.0 3020.7 0.6 3264.6 0.4 3093.7 0.1 3193.6 0.6 3181.2 0.7
45 A’ 3023.3  3392.2 3019.0 0.3 3264.8 0.6 3093.9 1.0 3193.8 0.9 3181.4 0.3

of the N region reveals bands at 1558.9 (41) and 1551.3 (40) spectra are presented in Figures-éaand 5a-e. Mode number
cm~1and one at 1552.7 cm (39), which also has a site splitting  assignments are as calculated by BP86. Very weak transitions
band at 1553.9 crmt. As expected, all three are shifted are not labeled.
substantially from their corresponding natural abundance TNAZ  Calculations for isotopically labeled species provide additional
absorptions. Absorptions corresponding to bands3¥ are  comparisons to experimental data, as well as simplified analyses
present and listed in Table 1; all of these absorptions are of 5 specific atom’s participation in fundamental vibrations.
significantly shifted relative to natural abundance TNAZ. Bands Figure 6 shows DFT-calculated spectra for TNAZ and isoto-
36 and 34 shifted the most, 21.4 and 19.6-¢mespectively.  pically labeled TNAZ using BP86/6-31G**. Note that calcu-
Similarly in the lower energy region shown in Figure 3c, several |ated distinctions between-\NO, and C-NO, antisymmetric
ab§orptions are shifted, the largest being at 749.71cfh9) stretches are apparent in bands 41, 40, and 39 iH%@,-
shifted 16.5 cm* from natural abundance TNAZ. labeled samples of Figure 6 (a, ¢, and d). Bands below 1600
The spectrum for (@N),—3C(CH,):N—NO, shown in Figure cm~! are not simple localized vibrations; all have significant
2d reveals an unexpected shift in the 164600 cn1? region. mode mixing, particularly with Cklbends and ring modes. The
Although the substitution of a heavier isotope should shift vibrations that involve appreciable-NN and N—-CN stretching
molecular vibrations to the red, the band at 1593.4¢(40) modes are in the 14601200 cnt! region marked 36, 35, and

is observed 5.7 cmt to the blue of its analogous natural 34. Finally, the bands marked 325 have significant ring
abundance absorption frequency. Absorptions for all other motion in their assignments.

bands above 1200 crh are very near those of the natural Comparing the calculated and observed shift of a particular
abundance material. In contrast, Figure 3d illustrates that several iy ation upon isotopic substitution also provides a means of
bands below 1200 cni shifted appreciably, the largest being comparing different quantum chemical methods. Since the
a band at 1069.9 cm (26), which is red shifted 26.2 cth varying degree of mode mixing calculated using various levels

Quantum Chemical Calculations. Geometry optimizations  of theory results in more or less participation of specific atoms,
all converged on &; structure (Figure 1). Calculated geom- such comparisons provide a qualitative evaluation of which
etries are listed in Table 2 for all five computational methods. methods best describe specific modes. Calculated isotopic shifts
In addition, X-ray crystallographic data published by Archibald for all five methods are listed in Table 4. Comparisons among
etal. are provided. Crystal lattice effects resultin@ structure  various methods of calculation will be provided in the discussion
as indicated by the unequaHT bond distances of 1.534 and  section that follows.
1.545 A5

Computed frequencies for modes above 400 trare
tabulated in Table 3. Again, calculations at five levels of theory
are provided along with calculated intensities. Scaled (0.89) Experimental Spectra. Spectra of natural abundance and
Hartree-Fock values are also included. Calculated synthetic isotopically labeled TNAZ permit assignment of experimental

Discussion
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TABLE 4: Calculated and Observed Isotopic Shifts of tions predict CH bending participation in bands 36 and 35,
Selected Fundamental Vibrations for TNAZ while band 34 is calculated to have NBending contributions.
mode mode obsvd HF(0.89) MP2 BP86 B3P86 B3LYP Bands 33-24 involve ring motions, as indicated by relatively
no. sym. ¢ calcd calcd calcd caled calcd large isotopic shifts with (gN),—13C(CH,):N—NO, samples.
(@) (ON),—C(CH,).N—5NO; Calculations also predict all of these modes to have significant
41 A 03 0.0 00 00 0.0 0.0 coupling with CH and NG motions. The degree of involve-
40 A"’ -0.3 0.0 0.0 7.7 0.0 0.0

39 A° 366 433 412 295 398 389 ment of specific subunits of the molecule in these vibrations
34 A 1.5 26.1 137 91 204 16.9 can be determined from experimental spectra of available

23 A 0.3 27 15 23 27 23 isotopically labeled TNAZ. On the basis of the results presented
20 A 6.1 10.4 6.4 6.2 6.6 6.4 here, vibrations corresponding to modes-28, 26, 25, 22, 21,
19 A 15.7 15.9 16.3 170 174 17.5 and 16 all involve the ring carbon bearing tgemdinitro

(b) (O2*N),—C(CH,)o,N—15NO, groups.
41 A 34.3 42.9 406 361 388 37.8 Quantum Chemical Calculations. Direct comparisons of
gg ﬁ gg-g ié-g ig-j g;g gg-g g;-g calculated and observed geometries are complicated because
38 A 0.8 220 04 1.0 18 10 the calculations are on an individual TNAZ molecule, while
37 A" 0.0 8.0 00 01 0.0 0.1 X-ray data were collected for crystalline TNAZ. Trends among

36 A 21.4 14.6 162 191 221 21.5 calculations are of interest. Overall, all of the computed
35 A 12.4 12.4 192 162 204 19.1 geometries are in good agreement with the X-ray experimental
34 A 196 261 235 176 209 191  (ata although certain bond lengths and one bond angle are

;g 2: i'g %'S 12'; g'g g'g g'g poorly predicted. Only the HF method gives an accuraté\N

21 A 78 100 81 83 88 86 distance; all correlated approaches considerably overestimate
20 A 75 11.2 88 7.3 7.9 75 the bond length, the worst for this bond being BP86. On the
19 A 16.5 17.6 174 174 18.1 18.1 other hand, the HF NO bond lengths are significantly

(€) (ON),—13C(CHy):2N—NO, underestimated. The correlated methods, particularly the MP2
37 A’ 0.9 1.3 00 0.0 0.0 0.0 and BP86, give low values for the-\N—C angles.
33 A 2.9 2.9 5.3 35 0.1 0.9

: Lattice effects produce differences between the N@)
5 a oo s S 98 128 125 ponds, the N(£}C bonds, and the C(3)C bonds. The N(6}O
29 A 122 131 156 132 135 129 bonds are unique because they are the only nonequivate@t N

28 A 6.8 7.3 75 10.6 9.8 10.2 bonds in theCs point group. Note in Figure 1 that possible
26 A" 21.2 27.0 226 220 234 25.8 interactions between hydrogen atoms of the ring and O(6b) could
2 A 4.2 2.0 31 16 18 2.0 result in different N(6)-O bond lengths. The X-ray structure
21 A 7.8 1.0 0.3 0.6 0.6 0.6

indicates that the N(6YO(6b) bond is about 0.01 A longer than

: T the N(6)-O(6a). Although HF underestimates both bond
IFE(XJ; nCézsﬁdSMac;d;OZn;ngn%g?ge: p:g(tje%gfg; ﬂ;%i;_’?g;s of lengths by about 0.03 A, the nonequivalence of the bonds is
are weak but track with all other bands. Isotopic shifts are not r(?fprot(_jut‘ie(ih In contraﬁ_tr,] Mg'i_lpredﬁtsdbond g!s';ancaes(stbhat are
observed. The bands that appear in the region expected for;e EC ||vey %sagw(()e(.)S Ae methods predict N{6)6D)
CH, stretching modes are in agreement with quantum mechan- 0 be longer by~H. )

ical calculations and are accordingly assigned te Ghtisym- T_able 3 Iist_s_ calculated and observed frequencies for all
metric and symmetric stretches. assigned transitions of TNAZ. Bands-483 correspond to Cj

Each of the three nitro groups of TNAZ is unique because stretching frequencies. Scaled HF calculations estimate thg three
of the differing orientations of theyemdinitro groups. If bands to within 41 cmt. BP86 calculates these modes to within
resolved, three distinct bands corresponding to antisymmetric 120 cn*, whereas B3P86, B3LYP, MP2, and unscaled HF all
NO; stretches are expected in the 1600-&megion. The 36.6  Overestimate them by-200 cnt*. Comparisons between
cmL shift of band 39 in (BN),—C(CHy),N—15NO, samples calculated and observed spectra are presented in Flgure§ 4 and
is sufficient to assign band 39 to the antisymmetric stretch of O The HF results are scaled by 0.89. The calculated antisym-
the nitramine RN-NO, group. Similarly in (Q15N),—C(CHy),- metric NG, st_retches_of bands 41, 40_, and_3§_) are best described
N—15NO, samples, bands 41 and 404QNO,),) both shifted by BP86, which predicts the frequenmes within 30émwhereas
by 34.3 cm and are assigned to the antisymmetric stretches the next best, scaled HF, is off by more than 100-&m
of the two gemdinitro groups. The blue shift of band 40 in part|cular_ly_mlscalculatlng bands 41 and 40 corresponding to
(O.N),13C(CH,),NNO, is attributed to interaction with a the gemdlnl_trq groups. B3LYP and B3P86 both calculate the
combination or overtone of band(s) below 575ém bands to within 150 cm. MP2 is off by about 240 cri.

Bands 38 and 37 at 1458.7 and 1441.5 &érappear in the Bands 38 and 37 correspond to predominantly, ®einds.
region expected for CHbends. Isotopically labeled spectra Comparing computational methods gives an order of accuracy
show little coupling to the central carbon atoms or nitrogen of BP86> scaled HF> B3P86> B3LYP > MP2 > unscaled
atoms of the N@ groups. This effect is in agreement with HF. The BP86 method has calculated both of these modes
quantum chemical calculations, and the bands are accordinglywithin 5 cni™? of their observed values.
assigned to Cklbending modes. Calculations predict bands  Bands 36-34 are primarily attributed to NN and N-CN
below 1400 cm? to be nonlocal modes. In fact bands 36, 35, stretches. The accuracy of computational descriptions of these
and 34 all involve participation of the nitrogen atoms of the vibrations is of particular interest since it is believed that loss
gemdinitro groups, as indicated by the relatively large isotopic of NO; is a likely initial step in the combustion of TNAZ10.12
shifts of 21.4, 12.4, and 19.6 crhin (O;1%N),—C(CH,).N— The BP86 method is the most accurate, underestimating each
15NO, samples. In addition, involvement of the-NlO, group of the modes by~25 cnt?!, whereas B3LYP and B3P86
is apparent for band 34 from its isotopic shift of 11.5¢rm overestimate them by roughly 60 and 100 ¢énrespectively.
(O2N),—C(CH,)o,N—15NO, samples. The ring carbon atoms are In addition, the mode descriptions provided by all three DFT
not involved in these vibrations but quantum chemical calcula- methods appear to be markedly different from those provided
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by HF and MP2. Note that a single band, marked 34, is observed spectra shown in Figures 4 and 5 and Table 3 indicate
calculated by HF to be much more intense than others in the that density functional theory, which is computationally less
1500-1300 cn1? region in Figure 4a. In contrast, MP2, shown expensive, is generally more accurate than second-order Mol-
in Figure 4b, predicts all three bands to be strong with the most ler—Plesset theory. Overall the best results were obtained with
intense band (36) calculated to be the highest in frequency. Onthe BP86 and B3LYP methods and the scaled HF results. The
the other hand, BP86, B3P86, and B3LYP all predict relative poorest overall predictions are given by MP2. These conclu-
band intensities of bands 36, 35, and 34 in reasonable agreemengions generally agree with the results of an extensive study of
with the experimental spectrum. computed vibrational frequencies for 122 molecufes.

Several of the bands below 1300 chlisted in Table 1) o
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The descriptions of vibrational modes can also be qualitatively S- Miller.
studied by comparing calculated and observed differences for
fundamental vibrations of natural abundance and isotopically
labeled TNAZ, shown in Table 4. Unfortunately this technique (1) Aubert, S. A. WL-TR-94-7049; Wright Laboratory, Armament
is complicated_ by interact_ions not accou_nted for in standa_lrd D're(czt? rf;,t:r’,Msu_?'t\'?é}iscg\vnsp'f;n'gir;%rgs “%“_’;'ai\eé'?éf, Eﬁfa?%@hﬁ?gﬁskéggﬁ'
qguantum chemical calculations that may arise between combina-ARAED-TR-89010, June 1989.
tion and overtones of low-lying vibrations. For instance, none (i) 8ylr11n?i, g-:gillg. B.K?Aombulséglar{lf 19785 62, 225.
of the calculations her.e predicted band 40 of>-"*C(CH,).- 253 Aﬁ:hrit?éld,. T. G lEIBQiIrgrdi,ath;r.Baug, K.7; Géorge, C€.Org. Chem
N—NO; to be blue shifted from the natural abundance funda- 199 55, 2920.
mental. (6) Archibald, T. G.; Garver, L. C.; Malik, A. A.; Bonsu, F. O.; Tzeng,

In spite of such interactions, interesting differences are D: D.; Preston, S. B..; Baum, K. Res'ear.ch in Energeti.c Compounds. Contraf:t
apparent between the isotopic calculations presented in Tableggog 14-78-C-0147; Fluorochem, inc. Azusa, CA.; ONR-2-10, Feb 1988;
4. Forinstance, although BP86 most closely calculates the NO ('7) McKenney, R. L., Jr.; Floyd, T. G.; Stevens, W. E.; Marchand, A.
antisymmetric stretching frequencies (41, 40, 39), it also predicts P.; Sharma, G. V. M.; Bott, S. G.; Archibald, T. G. WL-TR-96-7046; Wright
coupling between the nitramine argemdinitro groups as OO, Aemen Dreciose Jy 1096, L
indicated by the calculated shift of 7.7 cifor band 40 upon Chem 1985 89, 4317.
15N substitution of the nitramine nitro group (Table 4a). The (9) Anex, D. S.; Allman, J. C.; Lee, Y. T. I€hemistry of Energetic
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to be slightly better described by either B3P86 or B3LYP. In a‘g;eerEfu‘ S. Behrens, R., Def Sci J. 1996 46, 347.
spite of this, BP86 better estimates the participation of'the (11) Oxley, J.; Smith, J.; Zheng, W.; Rogers, E.; Coburn,JMPhys
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