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The IR spectra of both solid and matrix-isolated 1,4-dinitropiperazine (p-DNP) were obtained. The results
indicate that 1,4-dinitropiperazine at 11 K is a mixture of three chair conformer structures and a single twisted-
boat conformer. Vibrational modes of each conformer were computed using the B3LYP and BP86 density
functional methods. The computed frequencies are used to assign vibrational mode symmetries to the spectra
obtained experimentally. The conformer populations obtained by fitting experimental data with a weighted-
sum spectrum generated from individual calculated conformer spectra were compared with calculated
thermodynamic conformer populations at the experimental temperature. The energies of transition states between
conformers were also calculated to clarify that the energy barriers to transformation between the three chair
conformers are small enough to allow interconversion at the experimental temperature. Finally, calculated
bond lengths and angles are compared to structural parameters obtained from single-crystal X-ray diffraction
of p-DNP.

Introduction solid to compare its structure to computed structural information.

We also performed density functional method calculations to

also known as 1,4-dinitro-1,4-diazacyclohexane (DNDC), is one determine the structure and energy of each stable conformer of
member of the nitramine (containing -NNO,) family of p_—DNI_:’ and the energy barriers between these conformers. The
energetic materials. In view of their utility both as plasticizers ViPrational frequencies for each stable structure were also
and shock sensitivifyof many piperazine compositions with ~ our infrared experimental data and to evaluate the relative
nitro, amine, and furazano, constituents have been previouslyF’ODU_L'J}“Ons of the stable forms of this material under ambient

investigated. In addition, computational studies using the conditions.

Hartree-Fock self-consistent-field method have been reported  Thjs s the first report of matrix-isolated infrared spectra

on .the stru.ctur.al and reactive propeyties of piperazine and its gptained for p-DNP. Our spectra show a pattern of peaks more
dinitro- derivatives.® These Stl_Jd'eS“ find Ehe p-DNP structure oo mpjicated than that resulting from the vibrations calculated
with the ring atoms arranged in a “chair” form to have lower ¢ 5 gingle structure. Our B3LYP and BP86 calculations show
energy than the boat fo_rm. The th_ree confqrmers of th_e chair that there are three minimum-energy conformers of the chair
for.m havmg.mtro groups in equatortaéquatonal, equatorial form and one minimum-energy twisted-boat conformer. All of

axial, or axiai-axial orientations are reported to have very these conformers have relative energies within 3 kcal/mol,

similar energies. -
Previous experiments on the polarity of p-DNP solutions show confirming that p-DNP has several structures that are stable
under ambient conditions. The calculations also show that the

a nonzero dipole momeR£% A dipole moment may result in ! : : el
p-DNP, if either the ring structure is in boat form, or if the equatoriat-equatorial (ee) orientation is the most stable con-

nitro groups are in different orientations (equatorial and axial) former of the chair form, and add the information that the energy
in the chair form. Therefore, two of the three chair conformers barriers to transition between the three chair conformers is only
have dipole moments of zero, and only one chair conformer about 0.9 kcal/mol, enabling easy conversion between conform-
will contribute to polarity. The computational study which finds ~ ers at room temperature. In addition, the vibrational frequencies
the chair form more stable explains that each chair conformer for each conformer were also calculated and compared with the
contributes to a dynamic equilibrium in solution yielding experimental IR spectra to show that all three of the chair
nonzero dipole momenfsHowever, the height of the energy  conformers (and possibly a small percent of the twisted-boat
barriers separating the conformers were not calculated in thatstructure) are present in-matrix. The peaks in the experimental
study to confirm that interconversion can occur, nor were spectra were assigned vibrational modes by comparison with a
vibrational frequencies reported to aid the experimental inves- \yeighted-sum spectrum generated from the calculated spectrum
tigation of existing p-DNP structures. o of each conformer. The weighted-sum conformer distribution
We studied p-DNP experimentally to investigate its structure \yas then compared to the calculated thermodynamic conformer
using IR vibrational spectroscopy, and studied its crystalline populations, at the experimental temperature, showing good
; agreement. Finally, calculated bond lengths and angles are
Code 6112. - .
Code 61809. compared to structural parameters obtained from single-crystal
8 NRC postdoctoral associate. X-ray diffraction of p-DNP.
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Figure 1. Three chair conformers and single twisted-boat conformer of p-DNP, the chair form as a ball-and-stick figure (including the numbering
scheme for atoms in Table 4), and the twisted-boat form as a ball-and-stick figure.

Experimental Method were previously calculated with HF SCE put the vibrational
frequencies for all identified conformers were not determined
to assess whether the structures were local minima on the
potential energy surface. Both HF and density functional
methods were used to identify the stable p-DNP structures giving
the same results on conformer stability. However, only results
from the density functional calculations are presented here. Our
density functional calculations indicate that the three conformers
of the chair form (with nitro groups in the equatori@quatorial

Samples of p-DNP were obtained from Dr. Cliff Bedford at
China Lake, CA, and were used as received. Matrix-isolated
samples of p-DNP were prepared in a vacuum chamber
maintained at a background pressure-dfx 107 Torr. P-DNP
was thermally evaporated from a resistively heated Knudsen
cell at a temperature range between 30 anféiB5Temperature
was maintained using an Omega 76133 temperature controller.

A 250 mm orifice was required for the cap of the Knudsen cell. . . . . "
An argon gas spray (NG Industries, 99.999%) adjacent to the (ee), equatoriataxial (ea) and axiataxial (aa) positions) are
' all stable structures, with real vibrational frequencies. However

Knudsen cell was used to transport and deposit the sample o ; ) ; 8 .
P P P nthe boat form, while being a stationary point on the potential

the cold window. : : !

Matrix samples were collected on a Csl salt window energy surface, r_\as two negative frequenmes_ anq IS not a stable
maintained at 15 K by an Air Products, DE-202, closed cycle structure. Followmg the eigenvectors for motion in coordinate
helium refrigerator. Deposition times ranged frono23th at a space c_orrespondlng o these negative frequencies Iea_ds o the

equatoriat-axial chair conformer and a new p-DNP twisted-

Knudsen cell temperature of 8&. Under these conditions, the boat conf Th wwisted-boat f : table struct
optimal argon flow rate was 2 mmol/h. Samples were analyzed oat conformer. The new twisted-boat form 1S a stable structure
with only real vibrational frequencies. We investigated several

using a Nicolet 740 infrared spectrometer with a MCT-A isted-boat f but onl table  twisted-boat
detector. For each sample, 256 spectra were averaged yieldin wisted-boat conlormers but only one stable twisted-boa
onformer, with the nitro groups approximately in the ee

a spectrum with 0.1 crmt accuracy and 0.5 cm resolution. . : : o .
position, was found (equatorial and axial positions of the twisted
boat cannot be clearly defined as there is no planar ring
associated with this structure.). Attempts to locate stable twisted-
The structures corresponding to the lowest energy conformershoat structures with the nitro groups in the ea and aa orientations

of p-DNP and the transition states connecting them were were unsuccessful. The molecule relaxed to the ee orientation
computed using two density functional methods. The BP86 for each initial structure tested.

method uses Becke’s 88 exchange functibnaith Perdew’s

86 correlation functiona® The B3LYP method combines
Becke’s three-parameter hybrid methbdith the Lee-Yang—

Parr functionak* The calculations used the Gaussiant®98
guantum chemistry package. The 6-31G** basis set of Pople
et al’® with pure “d” polarization functions was used. Harmonic
frequencies were calculated using the forces calculated analyti-
cally from the second derivatives of the energy with respect to
the nuclear coordinates. The vibrational frequencies computed
by the B3LYP and BP86 methods are scaled by a factor of
0.9614 and 0.9914, respectively, to correct for systematic errors
in the calculationg’

Quantum Chemical Calculations

The three stable chair conformers and the single stable
twisted-boat conformer of 1,4-dinitropiperazine are shown in
Figure 1. The conformers are numbered: 1, chair with botly NO
groups equatorial; Il, chair with one N@quatorial and one
axial; 11, chair with both NQ groups axial, to the plane formed
by the four carbon atoms, and IV, twisted-boat with both,NO
groups “equatorial”. The chair form and the twisted-boat form
are also shown as ball-and-stick figures. The minimum structural
energy calculated (denotéthin) and the total energy with the
zero-point vibrational energy added (denotggl ok), for each
conformer using the B3LYP and BP86 density functional
methods are listed in Table 1. TE®y ok energies for the three
chair conformers are within 1 kcal/mol of each other. Therefore,
if the barriers to transformation between conformers are small,

The two basic structures of p-DNP are the chair and the boat p-DNP at ambient conditions will consist of mixtures of the
forms. The geometries of four different chair and boat structures conformers, with each conformer in kinetic equilibrium with

Results and Discussion
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S the other two conformers. Hence Table 1 also includes the total
o 78’ e o o energies Eyrok) Of the transition states between conformers.
I sS|7 ¥ T The transition state energies connecting the three chair conform-
n s ers are all within 2 kcal/mol of the conformer energies. These
IS cE’G energy barriers to transition between chair conformers are small
Iz enough for each conformer’s nitro group to flip between
a = N~ equatorial and axial positions quite easily at room temperature,
; © g § 5 3 0 resulting in a dynamic equilibrium between the structures.

= o . .
£ 2 Sl o o o Now consider the twisted-boat conformer. Bgy ok energy
® < is also within 3 kcal/mol of the chair conformers, however its
£ N barrier to transition is slightly higher at& kcal/mol. Therefore,
g nég NI while this structure is stable and could exist in equilibrium with
§ ngc:ts I P the chair conformers, its high energy relative to the chair
0 4 |<8 conformers and high interconversion barrier indicate that it
E > would be present as only a very small percent of the p-DNP at
g ] P ambient conditions.

[%] . . .
= s g § a % g E § § Figure 2 shows the same information presented as an energy
g + % RERRRIR diagram. Comparin@min (energies without zero-point energy)
5 5T ?TTTTP?YT g (Figure 2A,C) the B3LYP method predicts the ee conformer of
5 u © the chair form to be the most stable while the aa conformer is
S ~ 9 most stable when the BP86 method is used. However, when
-g w2 %Eggo §§ T the zero-point vibrational energy is added to yield the total
8 LIJE% Sdodor~a }f) energyEq ok (Figure 2B,D), the ee conformer turns out to be
o <g g the most stable chair conformer with both DFT methods. Both
b < methods predict that the zero-point vibrational energy of the
n ©° P Sy89334 % chair molecule increases as a nitro group moves from an
2 ©3IESRIBER G equatorial to the axial orientation. Thus, the aa conformer has
) t% FRRRORR & the largest zero-point vibrational energy of the three chair
2 WE[TTTTTTT & conformers. This is due to a general trend in which the
5 R 2 vibrational frequencies for individual modes gradually increase
“g > g in going from the ee to the ea and aa conformers. For example,
O 8lg @ o - > looking at Tables 2 and 3, we see the frequencies of the CH
5 © _czts ¥yoo £ stretch modes increase, in general, in going from the ee to the
5 = g— ea and aa conformers. The frequencies of some modes (e.g.,
g 2 E the Bu CH bend mode) decrease but the overall trend is an
= o increase in frequency. Previous theoretical calculafioising
: . 5l9e 2 o ﬁ the HFSCF method indicated that the aa orientation is the
= & £ S g2 33 most stable structure, a result that differs from that predicted
S <8 2 by the DFT methods in the present study. However, these HF
o] =< g SCF calculations neglected the effects of the zero-point vibra-
= ~ S tional energy and used a smaller basis set than used in the current
S %2 Se88 &L § study. We computed the energies of the three chair conformers
s S3|e35338x 3 using the HF-SCF method and the 6-31G** basis set used in
% o|<E E our DFT calculations. Comparing the energies, as well as the
= L (] energies with the zero-point vibrational energy included,
g D le algsene~rg 8 indicates that the ee conformer is lowest in energy followed by
g cglugI9eeg 3 the ea and aa conformers, which agrees with the DFT results.
@ TEISR80R3 P Because the energies for each of the chair conformers are so
& =T PPP?T?T & similar it is not surprising that different theoretical models
o w ° predict differences in their relative ordering.
= = o o '% The B3LYP/6-31G** vibrational frequencies for each con-
A w2 IRIIRF O former are listed in Table 2, along with descriptions of the
g W5|23333R% ¢ vibration of each mode. The BP86/6-31G** vibrational frequen-
S 3 £ cies calculated for each conformer are listed in Table 3. To easily
o) 2 visualize calculated frequencies and intensities as real spectra,
UJ% 3 ggagﬁgg S a Lorentzian peak shape was produced for each calculated
E“g TL232383%8 2 frequency with an amplitude equal to the calculated intensity
’—;u s |20 = and a peak FWHM of 1 cri. Thus, calculated spectra were
3 EL|©OO000000 0o ] .
S0 w=(rrrrrriT s, generated for each conformer and compared with the experi-
o5 _ g mentally obtained spectra. Figure 3, shows the spectra obtained
4.8 g 2 ) by the B3LYP method for each conformer, along with the
w § S L I matrix-isolated spectrum. (The BP86 spectra show similar
0<3 s s © E& © % g % % = features.) The experimental spectrum contains more peaks than
—O ° each spectrum of a single conformer and many features that
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Figure 2. Calculated total energies of each conformer wih k) and without zero-point vibrational enerd{») using DFT with both BP86 and
B3LYP methods.
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Figure 3. Calculated vibrational frequencies with Lorentzian peaks generated at each frequency for each conformer. Notice the matrix-isolated IR
spectra has many more peaks (seemingly a sum of peaks from each conformer) than the spectrum of each individual conformer.
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TABLE 2: B3LYP Calculated Frequencies, Symmetries, IR Intensities, and Description of Modes for the Four Stable
Conformers

ee chair ea chair aa chair ee twist-boat
sym freq int sym freq int sym freq int sym freq int description
Bu 51.1 9.8 A 46.2 6.1 Bu 55.2 9.8 A 23.7 8.2 NOring-NO, OOP bend
Au 80.2 0.02 A 80.9 04 Au 80.7 0.031 B 67.5 4.2 NOring-NO; twist
Bg 104.5 0 A 89.3 1.0 Ag 85.7 0 A 92.6 0.7 N ring-NO; twist
Ag 128.8 0 A 114.2 28 Bg 94.6 0 B 132.7 0.7 NC—C—N bends
Au 173.4 9.7 A 167.1 45 Au 115.9 7.8 A 155.0 8.6 N©ring-NO, bend
Bu 235.5 25.9 A 267.1 13.4 Bg 360.4 0 B 219.4 11.1 ring twist
Au 247.5 0.62 A 269.8 16 Ag 365.4 0 A 252.7 0.1 ring twist
Ag 275.2 0 A 327.1 39 Bu 369.9 25.1 A 284.8 0.03 —@l-C bends
Bg 303.5 0 A 375.9 09 Au 399.3 14 B 311.6 3.4 —@©—N—-C-C ax twist
Ag 347.3 0 A 425.7 12.7 Bg 426.3 0 A 335.1 26 —-O—Caxbend
Bg 461.0 0 A 442.3 04 Ag 455.2 0 A 479.3 1.6 ring twist
Bu 484.2 9.6 A 507.7 7.4 Bu 531.8 18.6 B 482.3 5.0 NEing-NO, sym str
Au 549.4 83 A 553.6 9.0 Au 553.4 11.7 B 562.8 10.4 —@©I—NO;eqbend
Bg 574.1 0 A 584.7 3.6 Bu 591.9 5.3 A 587.5 2.3 —®I—-NO;ax bend
Ag 637.4 0 A 591.0 03 Ag 596.5 0 A 627.7 0.1 -eN—-Caxbend
Bu 665.5 2.8 A 649.6 20 Bg 604.1 0 B 641.0 3.0 —€—Nbends, GN—C eq bend
Ag 747.5 0 A 743.2 147 Ag 737.6 0 A 737.6 30.1 N@x OOP bend
Bu 753.0 40 A 749.2 18.6 Bu 743.5 34 B 740.0 2.9 Neg OOP bend
Ag 802.0 0 A 795.3 129 Ag 790.8 0 A 793.2 2.8 N@q bend, ring breathing
Bu 805.6 327 K 806.8 0.1 Bg 795.2 0 B 800.9 16.6 —@©—N bends
Bg 831.8 0 A 808.8 19.4 Bu 809.5 338 A 840.9 0.2 MNex bend, G-N—C bend
Bu 935.6 2149 A 922.8 36.8 Au 890.0 17 B 941.8 12.2 —Cstr, C-Nstr
Ag 947.8 0 A 930.1 53 Ag 898.8 0 B 947.4 1135 -Cstr
Au 958.5 79 A 9355 198.7 Bu 929.0 287.6 A 954.4 7.2 —Cstr, C-Nstr
Ag 1024.0 0 A 996.9 1.7 Ag 973.5 0 A 1044.9 25 str
Au  1042.2 029 A 1025.2 6.2 Au 1000.0 15.6 B 1046.4 7.7  gidck
Bu 1071.3 1626 A  1051.0 835 Bu 1023.6 17.3 A 1078.9 3.8 —Nstr, C-N—C bend
Ag 1095.6 0 A 1102.3 226 Ag 11110 0 B 1094.1 66.8 —C,C—Nstr
Au  1132.3 6 A 1135.0 0.9 Bg 1146.4 0 B 1165.1 11.4 —C,C—Nstr
Bg 1182.2 0 A 1170.4 89 Au 11473 1 A 1198.0 6.2 Chivist
Bg 12323 0 A 1226.3 16 Bg 12295 0 B 1223.1 107.8 —WNstr
Bu 12438 4948 A 12537 2571 Au 1256.1 20.5 A 1249.2 155 —NO;eqstr
Au  1267.6 32 A 1270.1 18.2 Bu 1272.1 4554 A 1269.2 25 —Bstr
Ag 1284.3 0 A 1283.3 1954 Bu 12954 2138 B 1273.1 249.4 —NMistr, C—N str, NG, str
Ag 1294.1 0 A 1296.7 118.8 Ag 1299.6 0 B 1285.3 451.7 —N str, C—N str, NG, str
Bu 12989 1944 A 13028 1.3 Bg 1303.1 0 A 1304.0 61.7 @Wag
Bg 1300.8 A 1314.0 524 Ag 13055 0 A 1309.6 0.6 M axstr, C-Cstr
Au 134338 71 A 13354 47 Au 13233 4.5 B 1349.8 1.8 —Cstr,CHwag
Bu 13718 1853 A 13558 10.3 Ag 1359.7 0 B 1364.8 174.6  N&x. sym str, CHwag
Ag 1385.0 0 A 1373.6 106.6 Bu 1359.7 56.3 A 1369.3 13.4  ]N&Q. sym str, Chlwag
Bg 1440.4 0 A 1418.2 25.0 Au 14222 64 B 1451.7 14.1 hénd
Au 14454 3.5 A 1436.5 494 Bg 1422.9 0 B 1459.6 1.4 ¢ibend
Bu  1452.9 13.3 A 14476 46 Bu 1436.1 86.6 A 1464.3 158  gend
Ag 1462.6 0 A 1463.3 52 Ag 14433 0 A 1470.8 1.1 chlend
Au 1604.2 512 A 1602.8 68.7 Bg 1597.2 0 B 1591.3 463.2  NiX, NG, eq asym str
Bg 1605.7 0 A 1604.7 4129 Au 1599.6 452.3 A 1592.5 45.8  NEg, NQ ax asym str
Au  2901.6 185 A 2906.8 79 Au 2962.1 5.2 B 2928.6 159  odtr
Ag 2903.9 0 A 2908.9 26.3 Ag 2967.1 0 A 29339 2.1 ehir
Bg 29126 0 A 2968.7 3.0 Bg 29732 0 B 2943.7 5.3 estr
Bu 29154 865 A 29743 323 Bu 2979.0 38 A 29469 49.6 Ot
Au  3052.6 059 A 30474 0.6 Bg 3063.0 0 B 3002.7 8.4  gtr
Bg 3052.8 0 A 3047.8 37 Ag 3063.0 0 A 3004.1 9.5  @Bir
Bu 3053.0 74 K 3065.7 0.2 Au 3063.2 0.95 B 3045.6 7.9  Cdir
Ag 3053.1 0 A 3065.9 0.8 Bu 3063.4 17 A 3046.1 0.4  g8tr

appear to be composed of multiple peaks from multiple with a weighted-sum of the calculated spectra of the three chair
conformers. This suggests that the matrix-isolated sampleconformers and the twisted-boat conformer was generated. The
consists of more than a single p-DNP conformer. Initially, we “weight” assigned to each conformer was decided by the best
compared combinations of two conformers in an attempt to (visual) simulation of experimental peaks throughout the IR data
reproduce the recorded spectrum. The combination spectrunrange. The best “simulation” was achieved by weighting the
was generated by adding the calculated spectra of two conformee, ea, and aa chair conformers, and the twisted-boat in a 0.9:
ers (at a time, in various combinations) to generate spectra ad:0.6:0.05 ratio. Figure 4 shows the simulated spectra from both
though a 50% concentration of each conformer was in the IR the B3LYP and BP86 methods together with the experimentally
matrix. We were unable to simulate all the peaks in the matrix- obtained matrix-isolated spectrum of p-DNP. This ratio shows
isolated spectra with the combinations of two calculated spectrathat p-DNP exists as a composition of structures, mainly of the
Next, combinations of the three chair conformers were consid-chair form containing 35% of the ee conformer, about 39% of
ered. The spectrum generated using only the three-chairthe ea conformer and 24% of the aa conformer, with a negligible
conformers did not completely describe the recorded spectrumcontribution of 2% from the twisted-boat conformer.

either. The complete spectrum was reproduced when a spectrum We also identified the relative populations of conformer
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TABLE 3: BP86 Calculated Frequencies, Symmetries, and IR Intensities, for the Four Stable Conformers, with Corresponding
Experimentally Observed Frequencies and Observed Relative Intensities

ee chair ea chair aa chair ee twist-boat assignment from expt
sym freq int sym  freq int sym freq int sym freq int expt (cnt) intensity (%)
Bu 52.1 85 A 46.4 5.4 Bu 54.3 8.8 A 27.2 6.6
Au 82.5 0.02 A 84.6 0.04 Au 83.7 0 B 79.0 47
Bg 108.4 0 A 93.3 0.96 Ag 84.3 0.03 A 94.4 0.4
Ag 1255 0 A 112.2 2.4 Bg 99.8 0 B 133.6 0.8
Au 171.4 91 A 166.6 4.4 Au 114.0 6.9 A 176.7 9.0
Bu 2337 268 A 267.7 1.2 Bg 355.8 0 B 230.9 9.9
Au 251.0 0.24 A 269.7 3.5 Ag 361.7 0 A 249.7 0.2
Ag 2715 0 A 321.8 3.3 Bu 366.0 248 A 285.7 0.04
Bg 2979 0 A 371.8 0.88 Au 392.2 1.7 B 330.5 4.9
Ag 3512 0 A 420.7 131 Bg 4231 0 A 349.5 3.7
Bg 456.3 0 A 439.4 0.15 Ag 446.7 0 A 472.3 25
Bu 4731 47 A 495.4 7.2 Bu 5145 24.1 B 480.8 2.0
Au  547.0 6.1 A 551.2 7 Au 5484 9.3 B 559.4 7.9
Bg 569.2 0 A 578.8 2.6 Bu  583.8 4.8 A 583.9 2.3
Ag 6312 0 A 580.5 0.13 Ag 586.1 0 A 623.9 0.003
Bu  655.0 73 A 641.8 4.8 Bg 6019 0 B 632.9 11 689.9, 691.0 1,1
Ag 730.1 0 A 7248 12.6 Ag 719.2 0 A 7202 244 765.9 9
Bu 7347 332 A 730.7 15.2 Bu 7229 26.1 B 723.2 25 768.9, 770.3,778.6 2,3,6
Ag 7960 416 A 7931 175 Ag 7849 0 A 791.0 3.6 doublet 821.2 2
Bu  800.2 0 A 800.3 0.3 Bg 7884 0 B 7932 219 doublet 832.6 18
Bg 8278 0 A 800.7 27.8 Bu 8028 51.7 A 832.4 15
Bu 919.6 2512 A 896.5 325 Au  879.3 0 B 928.6 140.0 920.3,923.0,933.4,936.4 2,2,2,1
Ag 9217 0 A 918.9 221.1 Ag 8915 2.3 B 9353 14.1 948.9, 953.4,955.4,964.3 32,30,31,1
Au 9514 102 A 928.0 7.2 Bu  910.3 270.1 A 936.6 222
Ag 1012.8 0 A 986.7 0.6 Ag 9585 0 A 1023.0 5.7 972.0 2
Au 1034.4 055 A 1016.3 3.8 Au  990.1 9.4 B 1028.7 11.7 989.1, 1013.3, 1015.6 1,2,2
Bu 1052.1 119.2 A 1032.2 53 Bu 1009.6 9.4 A 1061.4 3.3 1044.6, 1062.6, 1065.6 2,3,7
Ag 1082.4 0 A 1087.7 22.4 Ag 1096.5 0 B 10753 447 1118.1 3
Au 1123.1 25 A 11279 0.001 Bg 1143.3 1.8 B 11546 11.3 1128.8,1140.8, 1142.9 2,1,2
Bg 1169.5 0 A 1161.8 10 Au 1145.0 0 A 1188.3 10.0 11911 2
Bg 1226.2 5589 A 12217 0.53 Bg 1226.0 0 B 1207.5 100.1 1238.5, 1248.6 4,79
Bu 1230.3 0 A 12359 3524 Au 12475 544.4 A 12385 19.2 1251.0, doublet 1258.5 41, 45
Au 12605 365 A 12639 219 Bu 1250.8 26.1 A 1250.7 523.0 1278.7,1280.0 55, 52
Ag 1261.1 0 A 1265.5 66.8 Bu 1271.9 0 B  1256.0 0.8 1290.3 9
Ag 1277.7 0 A 1266.4 106.5 Ag 1280.0 56.7 B 1269.4 28.6 1295.9 13
Bu 1279.4 69.8 A 1284.8 2.4 Bg 1289.2 0 A 12703 70.9 1309.6 9
Bg 1280.1 0 A 1303.0 34.2 Ag 1295.5 0 A 12944 0.9 1317.6 20
Au 1328.8 38 A 13207 2.6 Au 1308.4 3.7 B 1332.6 1.0 1328.1,1331.1 6,9
Bu 1352.7 1524 A 1342.0 105 Ag 1325.6 0 B 1347.0 1045 13754 3
Ag 1368.1 0 A 13564 80.3 Bu 13486 47.8 A 13492 143 1383.8, 1385.6 23,22
Bg 1430.9 0 A 1404.0 29.6 Au 14069 71.1 B 1436.8 19.6 1425.3 5
Au 1435.0 45 A 14220 46 Bg 1408.3 0 B  1450.7 1.7 1438.9 5
Bu 14429 16.8 A 1438.0 4.7 Bu 1421.3 84.6 A 14552 22.0 1454.9, 1457.9 7,2
Ag 1453.0 0 A 1453.6 6 Ag 1428.9 0 A 14613 0.004 1471.1 3
Au 1591.1 427 A 15916 123 Bg 1585.9 0 B 1581.7 383.1 1567.6 60
Bg 1593.3 0 A 1592.3 384.9 Au 1588.1 369 A 1583.1 324 1571.5,1571.4 88, 100
Au 2908.7 222 A 29127 9.4 Au 2972.8 7 B 2940.7 17.3 2857.2 1
Ag 2910.3 0 A 29144 292 Ag 2976.8 0 A 29458 1.7 2874.9, 2883.4 1,05
Bg 2920.6 0 A 2980.0 3.9 Bg 2984.2 0 B  2958.0 55 2891.4 0.6
Bu 29226 934 A 29845 346 Bu 2989.2 40.1 A 29613 474 2965.3, 2967.4 2,2
Au 3062.7 0.89 A 3058.4 0.85 Bg 3070.9 0 B 30099 126
Bg 3063.0 84 A 30585 4.3 Ag 30714 15 A 30113 115 3025.3 12
Bu 3063.1 0 A 3075.1 0.35 Au 3071.7 0 B 30506 11.3
Ag 3063.2 0 A 3075.3 0.98 Bu 3072.0 2 A 3051.1 0.2

structures of p-DNP using thermodynamic calculations to test methods predict that due to entropy effects the ea conformer
the validity of the percentages obtained from the observed will have the largest population, which is consistent with results
vibrational patterns. The free energy of each of the conformers optained independently using experimental data as described
was computed using Gaussian 98 with a temperature of 358 K, gpove. The B3LYP predicts that the population of the ee

whicdh is tge maxir'?um tempferaturg usedd!n tr(;ebexl;))erri]mefn%al conformer is only slightly smaller than that of the ea conformer
Knudsen beam. The ea conformer is predicted by both of { € which is in excellent agreement with the 4% difference in the

DFT methods to have the lowest value of the free energy. The . . . . .
free energy of each of the conformers relative to that ofg'?/he ea populations derived from the fit. The BP86 calculations predict
a larger difference between the populations of the ea and ee

conformer (denoted aAG°) is given in Table 1. The relative . ) o
populations of the conformers at 358 K are readily computed ponfgrmers Itha.n is derived from '.[he fitting proce_dure but there
from the free energy differences and are listed in Table 1. The IS still qualitative agreement with the population from the
predicted populations are generally in good agreement for both €xperimental spectrum given the errors in experimentally
DFT methods and with the populations derived from fitting the identifying the distribution of the conformers. Both DFT
experimental spectrum. In particular, both the B3LYP and BP86 methods predict that the twisted-boat conformer is present in
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Figure 4. Observed matrix-isolated spectra and the simulated “weighted-sum” spectra with frequencies assigned to vibrational modes. The abbreviation
“str” is used to indicate a stretching mode and the abbreviation “ben” is used to indicate a bending mode.

the spectrum as a minor contribution, as shown by the between conformers). Therefore, the experimental data has been
experimental data fit. assigned to features with multiple peaks, or to “blocks” of modes
Comparing the spectra in Figure 4 makes it easier to relate within narrow frequency ranges. In the last two columns of
the calculated vibrational modes to the experimental peaks. TheTable 3, horizontal lines separate these features or “blocks”.
next-to-the last column in Table 3 shows assigned experimentalHowever, it must be noted that all peaks in the matrix-isolated
frequencies along the rows corresponding to the calculatedspectra have been assigned and that ontyt peaks of very
modes. The final column in Table 2 shows relative intensities low intensity are unassigned to a known vibrational mode. These
of the peaks in the experimental spectrum. Unfortunately, due peaks are too weak to be visibly discernible in plots of the IR
to limitations on the accuracy of all calculations and because spectra as in Figure 4, and therefore have not been listed here.
p-DNP naturally remains as a mixture of conformers from which We considered possible impurities, and found water to be the
we obtained our experimental data, it is impossible to exactly only contaminant of significant intensity. Other impurities that
match each observed peak to a unique calculated vibration of aare part of the synthesis process of p-DNP or decomposition
single conformer. (Unique assignments would require matrix- products of p-DNP, such as the nitroso derivative of the parent
isolated IR spectra of individual conformers, a nearly impossible piperazine molecule would have stretching vibrations spectrally
task considering the very low energy barriers to transition resolved from the p-DNP spectra. No additional vibrational



TABLE 4: Calculated and Observed Bond Lengths and Angles Compared

LHG‘(DVI 0 enoads paselu|

B3LYP calculations BP86 calculations
chair form twist-boat form chair form twist-boat form
coordinate XRD expt value ee e*e TS ea aa* TS aa Tw* TS ee ee e*e TS ea aa* TS aa Tw* TS
R—N1-C2 1.454 1.465 1.467 1.468 1.459 1.470 1.465 1.465 1.468 1.469 1.470 1.459 1.472 1.469 1371
R—-C2-C4 1.514 1.527 1.532 1.533 1.538 1.538 1.555 1.529 1.534 1.539 1.539 1.544 1.545 1.561 1534
R—C4—N6 1.465 1.455 1.465 1.468 1.470 1.464 1.464 1.468 1.457 1.469 1.471 1.472 1.467 1.&
R—N1-N7 1.370 1.398 1.400 1.399 1.377 1.402 1.374 1.379 1.420 1.422 1.421 1.398 1.426 1.395 1304
R—N6—N8 1.398 1.377 1.403 1.402 1.402 1.383 1.379 1.420 1.399 1.428 1.426 1.426 1.401 1.
R—C2—-H2e 0.970 1.088 1.089 1.089 1.088 1.088 1.094 1.093 1.098 1.098 1.099 1.099 1.098 1.104 102
R—C2—H2a 0.970 1.100 1.100 1.100 1.098 1.094 1.094 1.097 1.109 1.110 1.110 1.108 1.104 1.103 1307
R—C4—H4e 1.088 1.088 1.088 1.088 1.088 1.091 1.089 1.098 1.098 1.098 1.098 1.098 1.101 1.100
R—C4—H4a 1.100 1.098 1.094 1.094 1.094 1.096 1.096 1.109 1.107 1.103 1.104 1.104 1.106 1.105
R—N7—-07a 1.220 1.228 1.228 1.228 1.232 1.229 1.233 1.232 1.240 1.240 1.240 1.243 1.241 1.245 1.243
R—N8—-08a 1.228 1.231 1.228 1.229 1.229 1.231 1.231 1.240 1.243 1.240 1.241 1.241 1.243 1.243
A—C2—-N1-C3 115.4 115.6 116.1 116.7 118.7 114.7 124.5 120.2 115.5 115.7 116.3 119.0 114.9 124.2 119.5
A—N1-C2-C4 109.4 109.1 108.8 108.8 109.5 110.6 115.2 108.6 108.8 108.5 108.5 109.5 110.9 115.0 108.4
A—C2—-C4—N6 109.1 110.2 111.7 111.1 110.6 114.3 110.9 108.8 110.0 111.8 111.3 110.9 114.3 111.3
A—C4—-N6—-C5 115.6 117.9 113.8 114.5 114.7 121.1 120.2 115.5 118.4 114.1 114.7 114.9 121.8 1195
A—C2—-N1-N7 115.2 115.8 115.8 115.6 120.5 115.7 115.6 116.5 115.7 115.8 115.6 120.5 115.3 115.4 1155
A—C5—N6—N8 115.8 121.0 116.1 116.0 115.7 117.6 116.5 115.7 120.7 115.6 115.6 115.3 117.6 1155
A—N1-C2—-H2e 109.8 108.6 108.5 108.5 108.3 108.8 108.4 109.4 108.3 108.2 108.2 107.8 108.4 108.6 109.5
A—N1-C2—H2a 109.8 110.5 110.5 110.8 109.1 106.7 108.2 110.6 110.7 110.6 110.9 109.4 106.8 108.1 110.5
A—N6—C4—H4e 108.6 108.4 108.9 108.8 108.8 107.7 107.7 108.3 107.9 108.4 108.3 108.4 107.7 107.0
A—N6—C4—H4a 110.5 108.8 106.4 106.4 106.7 109.5 109.7 110.7 109.2 106.5 106.5 106.8 109.4 109.5
A—N1-N7-07a 116.8 116.9 116.9 116.9 1171 117.1 116.5 115.9 116.6 116.6 116.6 116.8 116.8 116.0 115.4
A—N6—N8—08a 116.9 117.1 117.0 117.0 117.1 116.2 117.8 116.6 116.8 116.7 116.7 116.8 115.8 137.7
D(C4—C2—-N1-C3) —56.1 —56.6 —=57.1 —54.5 —51.2 —54.0 —-4.3 23.6 —57.4 —58.5 —56.0 —-51.3 —53.2 —6.6 227 -
D(N6—C4—C2—N1) 52.6 52.9 50.4 51.7 49.7 51.8 5.3 —55.1 53.4 50.6 51.9 49.3 51.1 538 —55.9 g
D(C5—N6—C4—C2) —56.6 —52.2 —54.6 —55.0 —54.0 —-21.5 315 —57.4 —51.5 —53.4 —54.1 —53.2 —-19.1 328 5
D(N7—N1-C2-C4) 165.8 163.4 162.2 164.6 123.7 84.5-166.1 179.4 163.0 161.3 163.7 125.8 84.6—166.1 :
D(N8—N6—C4—-C2) 163.4 122.5 84.0 84.2 845 —173.2 —123.7 163.0 124.5 84.3 84.3 84.6 —171.8 —116.5 9
D(N6—C4—C2—H2e) 173.2 171.8 169.3 170.6 169.5 173.1-127.3 —174.7 172.0 169.1 170.6 168.6 172.0-128.1 —175.7 @
D(N6—C4—C2—H2a) —-67.9 —68.6 —70.8 —69.9 —70.1 —66.0 116.9 66.6 —68.0 —70.7 —69.7 —70.8 —66.9 116.1 65.6 3
D(N1-C2—C4—H4e) 171.8 170.3 173.2 171.0 173.1 115.8—-174.3 172.0 169.8 172.8 170.1 172.0 115.3-1746 >
D(N1-C2—C4—H4a) —68.6 —69.4 —66.3 —68.0 —66.0 —128.0 66.7 —68.0 —69.6 —66.4 —68.7 —-66.9 —128.7 66.1
D(O8a—N8—N6—C5) 161.2 —-161.2 177.5 160.3 160.8 160.5 —166.7 —1715 -161.2 178.2 160.4 160.9 160.6 —167.3 —168.6 =}
D(O8b—N8—N6—C5) 22.9 21.3 -3.0 —22.7 —22.2 —22.4 14.8 10.2 21.7 —-2.3 —23.3 —22.8 —-23.0 14.4 137
D(O7a-N7—N1-C2) —-21.3 —20.8 —20.5 2.7 224 —10.7 10.2 —-21.7 —-21.4 —-21.2 1.6 23.0 -—-11.2 13.7 g
D(O7b—N7—N1-C2) 161.2 161.7 162.0 —177.6 —160.5 170.3 —-1715 161.2 161.6 161.8 —178.6 —160.0 170.1 -—168.6 -
D(C5—N6—C4—N8) 138.2 140.0 -174.7 -—138.6 —139.2 -—138.5 151.7 155.2 139.7 —-176.0 —137.7 -—138.5 —137.8 152.7 149.4 g
D(C3—N1-C2—N7) 140.0 140.8 141.0 —-1749 —138.5 161.8 —155.8 139.7 140.3 140.3 —177.1 —137.8 159.6 —150.1 oo
©
N
o
g
a1
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frequencies are observed within the experimental limitations. the axial position. In contrast, theNC—Hceqangle is relatively

If any other impurities are present, it is estimated that these constant for the three geometries. The behavior of these bond
species are less than 1 ppm because all the main IR peaks havangles is correlated to the vibrational frequencies of the CH
been identified and assigned. Therefore, the three chair con-stretch modes. The increase in the-NC—H,x bond angle is
formers of p-DNP have been identified. Finally, the twisted- accompanied by an increase in the vibrational frequency of the
boat conformer has been calculated to exist under the conditionsCH stretching modes involving the axial hydrogen atoms. In
of the experiment. Since the twisted-boat conformer concentra-contrast, the frequencies of the stretching modes involving the
tion is very small, definitive assignment of this species is not equatorial H atoms are relatively unchanged. TheQ2-Heq
possible at this time. However, spectral evaluation of the angle increases by I’5between the egeq and axax
observed vibrational frequencies indicates its presence. geometries, though the-€C—Hay angle is relatively constant.

Table 4 presents calculated and experimenta”y obtained Significant differences are seen in the structural features of
structural information. Interestingly, only the ee chair conformer the twisted-boat conformer. The-@®I—C angle for the twisted-
is observed via X-ray diffraction of solid DN This is possibly boat conformer, at 120°2is larger than the value obtained for
due to packing energies associated with packing multiple @ny of the chair conformers. This angle increases fpathe
conformers making the ee chair conformer the favored structure twisted-boat TS, which increases the ring strain but acts to
of the more dense solid form. Values in the “expt” column of reduce the torsional strain that is induced as neighboring CH
Table 4 are averages of bond length and bond-angle valuesgroups move into an eclipsed configuration. The N bonds
observed from X-ray diffraction. Solid-state effects cause in the twisted-boat conformer are shorter than those for the chair
nonequivalence for many bond lengths and angles that areconformers by 0.02 A but the NO bonds are slightly longer.
equivalent for isolated gas-phase molecules. Differences causedVote that the N-N and N-O bond lengths are comparable to
by solid state effects and errors in the theoretical methods cannotthose for the aa* chair transition state structure, which also has
be easily evaluated. The calculated results are in qualitative the largest ©N—C angle. Another point of similarity between
agreement with experimental values for most angles and bondthe twisted-boat conformer and the aa* chair transition state
lengths. The positions of hydrogen atoms are difficult to Structure is that the €N—C and NQ groups are almost
determine via X-ray diffraction because hydrogen has a very coplanar.
low molecular weight. Therefore, since bond lengths between )
H atoms and other atoms cannot be easily experimentally Conclusions

evaluated, comparison with theory is difficult. However, the  The conformers of p-DNP have been investigated theoretically
ring angles and ring bond lengths can be estimated from and experimentally. The relative stability and structure of the
diffraction. conformers of p-DNP were determined using GAUSSIAN 98
Because the three chair conformers are lower in energy thanwith the B3LYP and BP86 density functional methods. These
the twist-boat conformer and are the major species seen in thecalculations indicate that the total energies of the conformers
experimental IR spectrum, we begin the discussion of the are comparable (within 0.5 kcal/mol) with the equatorial-
structural properties for p-DNP by focusing on the chair equatorial conformer being the most stable. Infrared spectra of
conformers and their transition states. As would be expected matrix-isolated p-DNP were obtained at 11 K. The three p-DNP
for conformers that differ only in the positions of the BNO  chair conformers (ee, ea, aa) have been identified. Comparing
groups, there are only relatively minor differences in bond the calculated vibrational frequencies to the experimentally
lengths between the ring atoms among the chair conformers.obtained spectrum, the observed spectrum was identified as
However, significant differences in the ring angles are seen, being composed primarily of the three chair conformers with a
particularly for the transition state structures. The rings of the few percent of the twisted-boat conformer. The distribution of
three chair conformers considered are described by threethe conformers observed is estimated to be 0.9:1:0.6:0.05.
different C-N—N and C-N—C angles. The EN—C angle Computed vibrational frequencies were used to assign vibra-
increases by 4as the NQ group moves from the axial position  tional mode symmetries to the observed frequencies. Calculated
to the aa* transition state (TS) leading to the equatorial position. bond lengths and angles were compared to those found in the

Similarly, the C-N—N angles increase by about, 5o slightly solid-state p-DNP structure and most of the calculated values
more than 129 at the aa* TS. For this aa* TS the-®—C are in qualitative agreement with the experimental data.
bonds and N@groups are approximately coplanar. When the
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