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Geometry optimizations and normal-mode analyses of the pentaerythritol tetranitrate (PETN) conformer
belonging to theS4 molecular point group and comprising the crystalline solid were performed using density
functional theory methods (B3LYP and B3PW91). The basis sets used in this study were 6-31G(d) and
6-311+G(d,p). The structural results are in good agreement with experimental X-ray diffraction data. The
predicted bond lengths and bond angles are accurate to within∼2.5% and∼1.2%, respectively. Raman and
infrared spectra of crystalline PETN were measured and compared with the calculated spectra. The calculated
and measured spectra agree very well in the spectral region below 1100 cm-1; the agreement is satisfactory
for frequencies higher than 1100 cm-1. On the basis of the calculations and analyses, normal mode assignments
were made and mode symmetries determined.

I. Introduction

A good understanding of the microscopic physical and
chemical processes that occur in shock wave initiation of
condensed energetic materials is needed to address issues related
to explosive sensitivity, safety, and performance. Because typical
high explosives (HE) are organic molecular solids, the identity
of the individual molecules as they exist in the liquid and
gaseous state is preserved in the solid.1 For shock compression
to result in a chemical reaction, shock wave deformation of HE
crystals must result in energy transfer to the internal degrees of
freedom of the molecules. Although the energy transfer mech-
anisms have not been established, it is recognized that vibrational
properties of both the crystal lattice and the individual molecule
likely play an important role in this process.2-6 Thus, there exists
a need for detailed characterization of internal molecular
vibrations. In the present work, we focus on the same for 1,3-
propanediol, 2,2-bis(nitroxy)methyl-, dinitrate (ester), also
known as pentaerythritol tetranitrate (PETN).

PETN is a crystalline energetic material used extensively as
an initiating or booster high explosive. It was shown that the
shock initiation of PETN depends strongly on the orientation
of the crystal axes relative to the shock propagation direction.7-9

A mechanistic understanding of this anisotropic behavior is an
area of active interest.10-12 High-resolution vibrational spec-
troscopy (IR and Raman) measurements under shock loading
are needed to address questions related to anisotropic sensitivity
and energy transfer. In the past, vibrational spectroscopy has
been applied successfully to study various materials subjected
to shock wave compression.13-21 There have also been attempts
to obtain vibrational spectra of PETN under shock wave and
static high-pressure loading.22,23However, these attempts were
hampered by experimental difficulties and by the lack of
understanding of the complex structure of the PETN vibrational
spectrum.

Unlike simpler molecules such as nitromethane, carbon
tetrachloride, methyl nitrate, etc., it is difficult to make mode
assignments in large polyatomic molecules, such as PETN,
solely on the basis of characteristic group frequencies.24,25

Usually, advanced electronic structure methods are needed for
mode assignments. Recently, geometry optimizations and
normal-mode analyses were reported for three conformers of
1,3,5-trinitro-s-triazine (RDX), a widely used, highly energetic
molecule.26,27The results indicated that density functional theory
(DFT) methods can be applied to large polyatomic, energetic
molecules to obtain reliable results for molecular structure,26,27

intramolecular force fields, and vibrational spectra.26 Building
on the conclusions of the RDX work, we applied DFT methods
to PETN, which is similar in size to RDX.

As determined by X-ray diffraction measurements, the space
group of the PETN crystal isP4h21c and the molecular point
group isS4.28,29 Hence, the PETN conformer belonging to the
S4 molecular point group comprises this molecular solid and a
detailed study of this conformer is warranted. Our results for
the S4 conformer are reported in the present paper. The
optimized molecular structure and vibrational spectra (Raman
and IR) of this conformer were obtained using ab initio and
DFT methods and are compared against the experimental data.
Comprehensive analyses of several additional PETN conformers
will be reported in the future.30

The remainder of this manuscript is organized as follows:
the computational approach and experimental methods used are
described briefly in the next section. Section III presents the
calculated structure of the PETN molecule and its vibrational
spectra; both the structure and spectra are compared with the
experimental data. The results are summarized in section IV.

II. Approach and Methods

A. Computational Approach. All calculations were per-
formed using the Gaussian 98 suite of quantum chemistry
programs.31 The molecule layout used in the calculations is
shown in Figure 1. Second-order Moeller-Plesset (MP2)32 and
DFT (B3LYP33,34and B3PW9134,35hybrid functionals) geometry
optimizations using the 6-31G(d) basis set36-38 were carried out
to determine the difference in theoretical treatments. Basis set
effects were evaluated for the B3LYP density functional using
the 6-31G(d) and 6-311+G(d,p)39,40 basis sets. The DFT
calculations employed the default grid provided in Gaussian 98* Corresponding author. E-mail: shock@wsu.edu.
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which was a pruned (75, 302) grid, having 75 radial shells and
302 angular points per shell.31 “Tight” convergence criteria and
analytical second derivatives were used in the calculations.

Normal-mode analyses were carried out for the optimized
geometries, and the IR and Raman vibrational spectra were
obtained for comparison with experiment. Spectral lines were
simulated by fitting the predicted IR intensities/Raman activities
to Lorentzian functions with the full width half-maximum
(fwhm) arbitrarily set to 6 cm-1. The Raman spectrum was
simulated assuming a 514.5 nm excitation wavelength.41 Atomic
motions corresponding to each normal mode were determined
using the MOLDEN interactive visualization and animation
program.42

B. Experimental Methods.Thin rectangular slides (ca. 0.8
mm thick and 8 mm wide) of PETN single crystals were used

to acquire Raman spectra. The Raman system consisted of a
triple spectrometer (Spex 1877) equipped with a liquid nitrogen-
cooled CCD detector (Princeton Instruments). The 514.5 nm
line of a CW argon-ion laser was used as the excitation source.
For IR absorption measurements, fine PETN powder was mixed
with IR-grade KBr in 1:300 ratio by weight. The resulting
mixture was pressed into pellets having the PETN area density
of 2 mg/cm2. The pellets were held under vacuum at room
temperature and a Bomem-DA8 FTIR instrument was used for
spectra acquisition.

III. Results and Discussion

A. Structural Data. Table 1 lists the geometric parameters
of theS4 conformer predicted using various theoretical methods
along with parameters obtained from X-ray diffraction measure-
ments of the PETN crystal.28 Cartesian atomic coordinates of
the optimized structures are given in Supporting Information
Table 1S. The labeling of the atoms in Table 1 is consistent
with the labeling in the molecular layout in Figure 1 and with
the ball-and-stick model shown in the same figure. Of the four
theoretical treatments, the B3PW91/6-31G(d) predictions have
the smallest deviation from experimental measurements for the
bond lengths, although differences for all four methods are small.
Average absolute deviation of bond length predictions from
experiments fall within 2.3-2.6% for various methods. The
largest differences between theoretical predictions and the
experimental data are for the C-H bonds; all methods system-
atically overestimate the C-H bond lengths by∼6%.

In agreement with experiments, all methods predict a slight
distortion from the tetrahedral coordination for the central
carbon. However, the experimental magnitude of this distortion
(∼0.4°) is appreciably smaller than the calculated value of
∼1.5°. As expected, the four atoms comprising the nitrate group
are truly planar, as verified by the sum of the O-N-O angles,
which equals 360° for all methods. The calculations also indicate
that the carbon atom adjacent to the ONO2 group, the central
carbon, and a C-H group of the neighboring-CH2ONO2 arm
lie nearly perfectly in the corresponding ONO2 plane. For
example, calculations predict that the H28-C17-C1-C2-O3-
N4-O5-O6 group of atoms forms a single plane to within
dihedral distortions no greater than∼1.5°. There are four such
planes in the molecule that form a dihedral angle of∼120° with

TABLE 1: Structural Parameters of PETN ( S4 Molecular Point Group)

parameter MP2/6-31G(d) B3PW91/6-31G(d) B3LYP/6-31G(d) B3LYP/6-311+G(d,p) exptl measa,b

Bond Length, Å
C1-C2 1.5309 1.5381 1.5438 1.5428 1.536
C2-O3 1.4419 1.4344 1.4422 1.4442 1.434
O3-N4 1.4377 1.4175 1.4314 1.4368 1.397
N4-O5 1.2208 1.2068 1.2113 1.2040 1.222
N4-O6 1.2160 1.1989 1.2030 1.1951 1.207
C2-H22 1.0934 1.0932 1.0923 1.0901 1.03
C2-H23 1.0931 1.0933 1.0924 1.0902 1.03

Bond Angle, deg
C2-C1-C7 108.74 108.71 108.70 108.63 109.2
C2-C1-C12 110.95 111.01 111.02 111.16 109.9
C1-C2-O3 105.21 106.38 106.36 106.29 107.5
C1-C2-H22 111.08 111.04 111.11 111.03 110.5
C1-C2-H23 110.67 110.42 110.49 110.43 110.0
H22-C2-H23 109.31 109.01 109.09 109.45 111.6
C2-O3-N4 112.65 113.67 113.70 114.19 115.9
O3-N4-O5 116.88 116.96 116.98 116.89 117.8
O3-N4-O6 111.98 112.36 112.28 112.30 113.3
O5-N4-O6 131.13 130.68 130.74 130.81 128.8

a Data of ref 28.b Typical standard deviations for bond lengths are∼0.001 Å for the heavy atoms and∼0.01 Å for the hydrogen atoms; bond
angles are precise to within∼0.1° and∼1.0° for the bonds involving the heavy atoms only and at least one hydrogen atom, respectively.28,29

Figure 1. Molecular layout used in the calculations and ball-and-stick
model for theS4 conformer of PETN (two orthogonal projections are
shown).
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one another. Average angle deviations from experimental data
are ca. 1% with the MP2/6-31G(d) results being the least
accurate and the B3LYP/6-311+G(d,p) results being the most
accurate (average deviations of 1.3% and 1.0%, respectively).

The overall good agreement in the calculated and measured
geometries is remarkable since the experimental information
was obtained for molecules in the solid state while the theoretical
calculations were performed for a single PETN molecule. Hence,

TABLE 2: Vibrational Frequencies of PETN (S4 Molecular Point Group)a

B3LYP/6-31G(d) B3LYP/6-311+G(d,p) experimentb

no. freq IR int Raman act. irr rep freq IR int Raman act. irr rep assignmentc,d IR e IR f Ramanf

1 24 0 2.5 A 23 2 1.5 B O′-N b + C5 skl
2 26 2 1.3 B 24 0 2.9 A O′-N b
3 39 2 1.1 E 37 2 1.5 E NO wag+ C5 skl
4 40 0 2.5 B 38 0 3.1 B ONO2 wag
5 50 0 0.7 A 45 0 0.9 A O′-N t
6 51 0 0.6 B 50 0 0.7 B ONO2 r
7 56 3 2.2 E 53 4 2.2 E O′-N t + C5 skl
8 125 1 0.1 E 119 2 0.2 E C-CO wag
9 139 1 1.0 B 130 2 1.2 B CC t

10 150 0 4.0 A 144 0 4.2 A C-Ov-N wag
11 173 0 0.3 A 168 0 0.5 A CONO2 r
12 195 2 0.9 E 191 2 0.8 E O-CH2 t + CCC def
13 212 0 6.1 A 208 0 8.0 A CONO2 r
14 251 2 1.4 B 248 2 1.4 B ONO2 r + C5 skl
15 254 5 3.7 E 251 3 4.3 E CH2 r + ONO2 r + C5 skl
16 311 2 0.5 B 307 1 0.6 B CH2 r + CCC def
17 319 0 0.3 A 316 0 0.2 A CH2 r 319w
18 453 7 4.2 E 447 9 4.2 E CCC def+ O′-N st + NO2 r 460w 459m
19 536 11 9.5 B 525 25 8.2 B C5 skl + CH2 wag+ O′-N st 539w
20 585 0 7.6 A 586 0 8.6 A CC b+ ONO2 r 589s
21 617 9 5.2 B 618 13 5.2 B C5 skl + ONO2 r 619w 618w 619sh
22 623 14 27.1 E 620 28 28.8 E CCC def+ ONO2 r 623w 624m 624s
23 673 0 15.4 A 670 0 21.6 A O′-N st + CC st+ NO2 sc 676m
24 710 87 6.7 E 704 171 9.2 E O′-N st + CCC def+ NO2 r 703m 704s 704m
25 753 8 2.8 B 751 95 4.8 B CCC def+ O′-N st 746w 746m 746w
26 756 30 0.0 E 761 24 0.1 E ONO2 umb
27 757 0 0.7 A 761 0 0.3 A ONO2 umb
28 760 61 1.9 B 763 57 1.1 B ONO2 umb+ CCC def 754m 755s 755w
29 842 0 3.6 A 839 0 2.4 A CC st 839m
30 855 758 24.1 E 843 762 25.5 E O′-N st 851m 852s 854m
31 860 753 1.4 B 845 778 3.0 B O′-N st 870m 869s 869sh
32 886 0 69.9 A 873 0 80.6 A O′-N st + CC st 873s
33 934 9 7.5 B 918 7 5.1 B CCC def+ CH2 r 900sh
34 952 14 4.0 E 941 15 2.6 E CH2 t + CCC def 939w 939w 939w
35 1023 0 0.8 A 1006 0 0.3 A CH2 r + CO st 995sh
36 1038 156 1.7 E 1019 133 2.2 E CO st+ CCC def 1003m 1003m 1004w
37 1071 0 4.1 A 1055 0 4.1 A CH2 t + CC b 1044m
38 1074 120 5.3 B 1058 108 5.1 B CO st+ C5 skl + NO2 r 1038m 1038m 1037sh
39 1194 3 1.3 B 1176 2 1.5 B CH2 wag+ C5 skl 1159vw
40 1212 1 5.0 E 1199 0 6.5 E CCC def+ CH2 wag 1193vw 1195m
41 1274 0 25.8 A 1265 0 15.6 A CH b 1253s
42 1295 49 5.5 E 1284 56 3.9 E CH b+ C5 skl 1257vw
43 1319 275 5.3 B 1306 370 3.4 B CH b+ C5 skl + ONO2 r 1271s 1272vs 1273w
44 1336 580 7.0 E 1318 599 10.5 E NO2 st (s)+ CH b + C5 skl 1284s 1285vs 1286sh
45 1351 0 7.9 A 1331 0 18.0 A NO2 st (s)+ CH2 wag 1294vs
46 1352 212 1.8 B 1335 150 2.1 B CH2 wag+ C5 skl + NO2 r 1306m 1306m
47 1417 78 1.7 E 1404 56 0.4 E CH2 wag+ CCC def 1385w 1387m
48 1422 56 2.0 B 1408 43 1.1 B CH2 wag+ CCC def 1396w 1396m 1397sh
49 1435 0 9.5 A 1423 0 9.5 A CH2 wag+ CC st (s) 1406m
50 1535 0 3.4 A 1513 0 2.0 A CH2 sc
51 1536 4 18.5 B 1513 5 11.4 B CH2 sc 1509vw 1512m
52 1541 27 1.6 E 1520 32 0.8 E CH2 sc 1474w 1474m 1474m
53 1775 0 0.7 A 1731 0 1.8 A NO2 st (a) 1633m
54 1776 220 4.6 B 1732 276 8.6 B NO2 st (a) 1655s 1661s 1665s
55 1778 1083 5.4 E 1734 1401 10.8 E NO2 st (a) 1645vs 1648vs 1650w
56 3102 6 0.1 B 3077 7 0.3 B CH2 st (s)
57 3103 13 17.7 E 3078 11 6.5 E CH2 st (s) 2940w
58 3105 0 251.1 A 3080 0 329.4 A CH2 st (s) 2984vw 2985vw 2987vs
59 3159 0 0.1 A 3134 0 0.1 A CH2 st (a)
60 3161 13 72.9 E 3136 9 64.4 E CH2 st (a) 3023vw 3023w 3025s
61 3163 13 49.9 B 3138 7 43.6 B CH2 st (a) 2910vw 2916w 2918s

a Frequency in cm-1 (nonscaled frequencies are given); IR intensities and Raman activities in km/mol and Å4/amu, respectively; combined
intensity/activity is given for the doubly degenerate E vibrations.b vw ) very weak, w) weak, m) medium, s) strong, vs) very strong, sh)
shoulder.c st ) stretch, b) bend, sc) scissors, umb) umbrella, skl) skeletal, t) torsion, def) deformation, r) rock, (a)) antisymmetric,
(s) ) symmetric, O′ ) ester oxygen.d Assignments are given based on the B3LYP/6-311+G(d,p) calculation; the most prominent contribution to
each mode is listed first.e Reference 23.f This work.
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the crystal field does not seem to significantly distort the
molecule. Among the methods used, the ab initio treatment
(MP2) appears to be the least accurate; all of the DFT treatments
produce very comparable results.

B. Vibrational Spectra. The 81 internal vibrational modes
of PETN (Γg) belong to the following irreducible representations
of theS4 molecular point group:Γg ) 20A + 21B + 20E. The
20 A modes are not IR active and the 20 E modes are doubly
degenerate.43 Table 2 provides the calculated vibrational fre-
quencies for the B3LYP/6-31G(d) and B3LYP/6-311+G(d,p)
calculations, the corresponding IR intensities (km/mol) and
Raman activities (Å4/amu), and symmetry assignments. The
B3LYP/6-311+G(d,p) results also include assignments of
atomic motions corresponding to each normal mode.

Experimental IR and Raman spectra of PETN available in
the literature were obtained primarily for the purpose of trace
explosives detection and forensic studies.44-49 The information
provided in these publications was mostly qualitative, and
accurate frequencies and line widths were not given. One
exception was ref 23 where the IR frequencies were partially
tabulated. To accurately compare the calculated frequencies with
experimental data, we measured both Raman and IR spectra of
PETN, as described in section IIB. The results are summarized
in Table 2 and the spectra are shown in Figures 2 and 3. The
availability of both IR and Raman spectra enabled us to assign
unambiguously the measured vibrational bands to their theoreti-
cal counterparts despite some mismatch in the frequency values.
This assignment is also presented in Table 2.

Simulated spectra obtained using the B3LYP calculations are
compared against the experimental spectra in Figures 2 and 3.
The vibrational frequencies in these figures were reduced by
2.26 and 1.24% for the B3LYP/6-31G(d) and
B3LYP/6-311+G(d,p) results, respectively. These scaling factors
were chosen to minimize the sum of weighted square deviations
between the theoretical and experimental frequencies.50 The
overall scaling of the B3LYP/6-311+G(d,p) spectra is slightly
better than that of the B3LYP/6-31G(d), as it results in smaller
σ 2. Results of the B3PW91/6-31G(d) calculation (not shown)
were very similar to the B3LYP/6-31G(d) spectra. In agreement
with the trend indicated in ref 26, the MP2/6-31G(d) results
(also not shown) were in poorest agreement with experimental
data.

As can be seen in Figures 2 and 3, all of the major features
of the PETN vibrational spectra are reproduced very well and
the region below 1100 cm-1 is modeled remarkably well.
However, there are several discrepancies between the theoretical
and experimental spectra above 1100 cm-1. In particular, the
calculations fail to reproduce the high intensity of the 1294 cm-1

Raman band assigned in the literature25 to the NO2 symmetric
stretch. As suggested by the basis set effect (see Table 2), the
reason for this could lie in the mixing of the two strong bands
located experimentally at 1253 and 1294 cm-1. These two bands
can mix in the calculation because both are of A symmetry. In
the 6-31G(d) calculation, the 1253 cm-1 band identified as a
CH bending mode appears to be of higher intensity than the
1294 cm-1 mode. The order is reversed in the 6-311+G(d,p)

Figure 2. Simulated infrared absorption spectra of PETN at the
B3LYP/6-31G(d) (top panel) and B3LYP/6-311+G(d,p) (middle panel)
levels of theory. As discussed in the text, the vibrational frequencies
used to generate these spectra are reduced by 2.26% and 1.24%,
respectively. The bottom panel displays the experimental spectrum
obtained in our work.

Figure 3. Simulated Raman spectra of PETN at the B3LYP/6-31G(d)
(top panel) and B3LYP/6-311+G(d,p) (middle panel) levels of theory.
As discussed in the text, the vibrational frequencies used to generate
these spectra are reduced by 2.26% and 1.24%, respectively. The bottom
panel displays the experimental spectrum obtained in our work. The
vertical solid line denotes a break in the spectra; there are no Raman
bands in the omitted spectral region from 1800 to 2700 cm-1.
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calculation. The latter ordering agrees with experimental data
(see Figure 3).

Another apparent problem is that some of the experimentally
resolved vibrational bands appear overlapped in the calculated
spectra. In particular, the three NO2 antisymmetric stretching
modes located around 1650 cm-1 are fully resolved in the
Raman spectrum (see Figure 3) and are partially resolved in
the IR spectrum (see Figure 2). However, the calculated
frequencies for these modes lie within 3 cm-1 of one another
and, consequently, these modes form a single band in the
simulated spectra; recall that the calculations had a fwhm of 6
cm-1. In the 3000 cm-1 range, the calculation correctly predicts
the three strong Raman peaks associated with CH2 stretching
modes. However, the two antisymmetric stretching modes
appear superimposed in the simulation while they are well apart
in the experimental spectrum. At this point it is not clear whether
these effects are due to the crystal field or are an artifact of the
calculation.

From the mode assignments given in Table 2, it becomes
immediately apparent that very few normal modes represent
“pure” motion of specific functional groups within the PETN
molecule, as is often the case for smaller molecules.25 Instead,
various normal modes involve contributions from the motion
of many functional groups. A good illustration of this behavior
is the strong IR mode at 1285 cm-1 previously assigned to the
NO2 symmetric stretch.23 We find that in addition to the NO2
stretching motion this mode contains significant contributions
from a CH bend and C5 skeletal deformation. Atomic displace-
ments for each normal mode can be obtained from the authors
upon request.

In classifying the normal modes in Table 2, we used the
following convention: in-plane symmetric bending modes were
denoted as scissors; other in-plane vibrations that involved three
or more atoms of a planar group were denoted as rocking modes.
Wagging modes were defined as out-of-plane vibrations; one
exception was the ONO2 umbrella motion that involved an out-
of-plane vibration of the nitrogen accompanied by the coun-
terphase motion of the oxygen atoms. Three types of carbon
backbone vibrations were differentiated. The modes that in-
cluded large vibrations of the quaternary carbon and relatively
small vibrations of the secondary carbons were denoted as CCC
deformations. When vibrational amplitudes of all five carbons
were comparable, the corresponding modes were denoted as
C5 skeletal vibrations. When the quaternary carbon remained
stationary with only the secondary carbons moving, such modes
were designated as CC stretching or bending modes. Finally,
the designation of bending, stretching, and torsional modes
adhered to the textbook definitions.41

IV. Summary

Geometry optimizations and normal-mode analyses of the
PETN conformer belonging to theS4 molecular point group have
been performed using ab initio (MP2) and DFT (B3LYP and
B3PW91) methods. The basis sets used in this study were
6-31G(d) and 6-311+G(d,p). The structural results are in good
agreement with experimental X-ray diffraction data. The
predicted bond lengths and bond angles are accurate to within
∼2.5% and∼1.2%, respectively. Raman and IR spectra of
crystalline PETN have been measured and compared with the
simulated spectra. The two sets of spectra agree very well in
the spectral region below 1100 cm-1; the agreement is satisfac-
tory for frequencies higher than 1100 cm-1. In particular, the
calculations do not reproduce well the high intensity of the 1294
cm-1 Raman band. Also, three NO2 antisymmetric stretching

modes and two CH2 antisymmetric stretching modes located
around 1650 and 3000 cm-1, respectively, appear superimposed
in the calculations while they are well resolved experimentally.
No definite conclusion could be reached as to whether this is
due to a crystal field effect or is an artifact of the calculation.
On the basis of the calculations and analyses, normal mode
assignments have been made and mode symmetries determined.
The overall good agreement between calculated and measured
geometry and vibrational spectra is remarkable since the
experimental data were obtained for crystalline PETN and the
calculations were performed for a single PETN molecule. In
general, the MP2 results are in poorer agreement with experi-
mental data while all of the DFT methods used produce very
good results.
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