
 

 
New Outlook on the High-Pressure Behavior of 

Pentaerythritol Tetranitrate 
 

by Jennifer A. Ciezak and Timothy A. Jenkins 
 
 

ARL-TR-4238 September 2007 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Approved for public release; distribution is unlimited. 



NOTICES 
 

Disclaimers 
 
The findings in this report are not to be construed as an official Department of the Army position unless 
so designated by other authorized documents. 
 
Citation of manufacturer’s or trade names does not constitute an official endorsement or approval of the 
use thereof. 
 
Destroy this report when it is no longer needed.  Do not return it to the originator. 



 

Army Research Laboratory 
Aberdeen Proving Ground, MD  21005-5066 
 

ARL-TR-4238 September 2007 
 
 
 
 

New Outlook on the High-Pressure Behavior of 
Pentaerythritol Tetranitrate 

 
Jennifer A. Ciezak  

Weapons and Materials Research Directorate, ARL 
 

Timothy A. Jenkins 
Geophysical Laboratory 

Carnegie Institution of Washington 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Approved for public release; distribution is unlimited. 



 

REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 0704-0188 

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering 
and maintaining the data needed, and completing and reviewing the collection information.  Send comments regarding this burden estimate or any other aspect of this collection of information, 
including suggestions for reducing the burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson 
Davis Highway, Suite 1204, Arlington, VA 22202-4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to 
comply with a collection of information if it does not display a currently valid OMB control number. 
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 
1. REPORT DATE (DD-MM-YYYY) 

September 2007 
2. REPORT TYPE 

Final 
3. DATES COVERED (From - To) 

October 2006–May 2007 
5a. CONTRACT NUMBER 

 
5b. GRANT NUMBER 

4. TITLE AND SUBTITLE 

New Outlook On the High-Pressure Behavior of Pentaerythritol Tetranitrate 

5c. PROGRAM ELEMENT NUMBER 

5d. PROJECT NUMBER 

 
5e. TASK NUMBER 

 

6. AUTHOR(S) 

Jennifer A. Ciezak and Timothy A. Jenkins* 

5f. WORK UNIT NUMBER 

 
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

U.S. Army Research Laboratory 
ATTN:  AMSRD-ARL-WM-BD 
Aberdeen Proving Ground, MD  21005-5066 

8. PERFORMING ORGANIZATION 
    REPORT NUMBER 
 
ARL-TR-4238 

10. SPONSOR/MONITOR’S ACRONYM(S) 
 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 
*Geophysical Laboratory, Carnegie Institution of Washington 
5251 Broad Branch Rd. NW, Washington, DC 20015 11. SPONSOR/MONITOR'S REPORT 

      NUMBER(S) 
12. DISTRIBUTION/AVAILABILITY STATEMENT 

Approved for public release; distribution is unlimited. 
13. SUPPLEMENTARY NOTES 

14. ABSTRACT 

To gain insight into the high-pressure behavior of pentaerythritol tetranitrate (C(CH2ONO2)4), single crystal Raman 
spectroscopy results were obtained for hydrostatic/quasi-hydrostatic and non-hydrostatic compression in a diamond anvil cell.  
Detailed analyses of the pressure-induced changes in the single-crystal/neon hydrostatic media revealed the splitting of several 
vibrational modes and many intensity fluctuations, which provide strong evidence for a pressure-induced symmetry 
modification from S4 to D2 rather than a high-pressure phase transition.  Near 14.8 GPa, many vibrational features disappeared 
or significantly broadened.  These spectral modifications were coincident with the appearance of cracks in the single crystal, 
which are believed to result from an elastic-plastic deformation attributable to slip plane activation.  The effect of pressure 
media on the high-pressure behavior was also studied.  The onset pressure of the S4 to D2 symmetry modification was found to 
be strongly dependent on the pressure media, but all single crystal samples that survived to 14.8 GPa were subject to the elastic-
plastic deformation.  If the pressure in the diamond anvil cell did not exceed 14.5 GPa, the samples could be quenched and 
recovered at ambient pressure; however, once the pressure exceeded 14.5 GPa and the slip planes became activated, the 
samples decomposed upon return to ambient conditions. 

15. SUBJECT TERMS 

PETN; vibrational spectroscopy; high-pressure; pentaerythritol tetranitrate; diamond anvil cell 

16. SECURITY CLASSIFICATION OF:   
19a. NAME OF RESPONSIBLE PERSON 
Jennifer A. Ciezak 

a. REPORT 
UNCLASSIFIED 

b. ABSTRACT 
UNCLASSIFIED 

c. THIS PAGE 
UNCLASSIFIED 

17. LIMITATION 
OF ABSTRACT 

 
UL 

18. NUMBER 
OF PAGES 

 
26 

19b. TELEPHONE NUMBER (Include area code) 
410-306-1904 

 Standard Form 298 (Rev. 8/98) 
 Prescribed by ANSI Std. Z39.18 

 ii



 

Contents 

List of Figures iv 

Acknowledgments v 

1. Introduction 1 

2. Experimental Methodology 2 

3. Results and Discussion 3 
3.1 Pressure-Induced Modifications in the Raman Spectra ..................................................3 

3.1.1  Frequency Range 2800–3200 cm–1 .......................................................................5 
3.1.2  Frequency Range 1200–1700 cm–1 .......................................................................5 
3.1.3  Frequency Range 100–1200 cm–1 .........................................................................6 

3.2 Effect of Pressure Media on the High-Pressure Behavior...............................................7 

4. Conclusions and Summary 12 

5. References 13 

Distribution List 16 
 
 
 
 

 iii



 

List of Figures 

Figure 1.  The molecular structure of pentaerythritol tetranitrate....................................................1 
Figure 2.  Typical Raman spectra of single crystal PETN with a neon pressure medium.   

(The Raman profiles are vertically scaled for the sake of clarity.  The spectral range 
between 1200 cm–1 and 1400 cm–1 is dominated by the strong first order scattering from 
the diamond anvils.  The spectral region between 1700 cm–1 and 3000 cm–1 is omitted 
because of the low vibrational intensity observed within this range.).......................................3 

Figure 3.  Pressure-driven frequency shifts of PETN Raman scattering peaks between 
ambient pressure and 26.2 GPa.  (The positions of all peaks gradually shift with 
increasing pressure toward higher energies.  Lines are drawn to guide the eye.)......................4 

Figure 4.  Comparisons of the PETN Raman spectra obtained with different pressure media 
and crystalline forms at 1.1 GPa.  The spectra are scaled vertically for clarity.  (The 
spectral region from ~1250 cm–1 to 1375 cm–1 is dominated by the strong first order 
scattering from the diamond anvils.  The region from 1750 cm–1 to 2700 cm–1 is omitted 
because of the low vibrational intensity and the broad second order diamond vibration 
within this range.) ......................................................................................................................8 

Figure 5.  Comparisons of the PETN Raman spectra obtained with different pressure media 
and crystalline forms at 4.5 GPa.  The spectra are scaled vertically for clarity.  (The 
spectral region from ~1250 cm–1 to 1375 cm–1 is dominated by the strong first order 
scattering from the diamond anvils.  The region from 1750 cm–1 to 2700 cm–1 is omitted 
because of to the low vibrational intensity and the broad second order diamond vibration 
within this range.) ......................................................................................................................9 

Figure 6.  Comparisons of the PETN Raman spectra obtained with different pressure media 
and crystalline forms at 6.2 GPa.  The spectra are scaled vertically for clarity.  (The 
spectral region from ~1250 cm–1 to 1375 cm–1 is dominated by the strong first order 
scattering from the diamond anvils.  The region from 1750 cm–1 to 2700 cm–1 is omitted 
because of the low vibrational intensity and the broad second order diamond vibration 
within this range.) ....................................................................................................................10 

Figure 7.  Comparisons of the PETN Raman spectra obtained with different pressure media 
and crystalline forms at 9.5 GPa.  The spectra are scaled vertically for clarity.  (The 
spectral region from ~1250 cm–1 to 1375 cm–1 is dominated by the strong first order 
scattering from the diamond anvils.  The region from 1750 cm–1 to 2700 cm–1 is omitted 
because of the low vibrational intensity and the broad second order diamond vibration 
within this range.) ....................................................................................................................11 

 
 

 iv



 

Acknowledgments 

Dr. K. Clark of the Naval Surface Warfare Center, Indian Head, Maryland, is thanked for 
providing the pentaerythritol tetranitrate crystals.  We also thank Dr. R.J. Hemley of the 
Geophysical Laboratory of the Carnegie Institute of Washington for valuable suggestions during 
the preparation of this manuscript.   

 

 

 v



 

INTENTIONALLY LEFT BLANK. 

 vi



 

1. Introduction 

A detailed understanding of the response of energetic materials to extreme conditions such as 
high temperature and pressure is crucial to addressing issues related to sensitivity, performance, 
and safety.  Polymorphic phases of energetic materials commonly observed at elevated pressure 
or temperature have been shown to differ in their sensitivity and detonation parameters relative 
to the phase observed at ambient conditions (1).  As a result of the different physical behaviors of 
the polymorphs, during extreme conditions, a deeper understanding of the molecular 
modifications associated with the polymorphic behavior of energetic materials is necessary for 
the proper characterization of the reactive behavior and may aid in the development of future 
munitions and methods for controlling sensitivity.   

The static high-pressure behavior of the energetic material pentaerythritol tetranitrate (PETN) 
(C(CH2ONO2)4), shown in figure 1, is a subject of continuing interest (2–19).  Gruzdkov et al. 
first reported evidence for a phase transition in a single-crystal solid at pressures above 
5 GPa (14).  The static high-pressure experiments were performed in a diamond anvil cell in a 
glycerol pressure medium that maintained quasi-hydrostatic conditions to 9 GPa.  A detailed 
comparison of the experimental vibrational frequencies obtained under these high-pressure 
conditions to the calculated frequencies of various conformers of PETN with different molecular 
symmetry provided evidence for a symmetry change (S4 to C2) under high-pressure (14).  
Subsequent experimental studies have reported modifications in the Raman spectral patterns, 
such as the appearance or disappearance of vibrational peaks, as well as large spectroscopic 
shifts of the Raman frequencies (16) to higher energies.  These Raman experiments, in 
conjunction with x-ray diffraction results, which revealed splitting and shifting of several 
diffraction peaks (19), provide strong support for the existence of a high-pressure phase 
transition.  In contrast to the Gruzdkov et al. study (14), these experiments used powdered PETN 
samples and different pressure media:  neon gas as the pressure medium in the Raman  

 

 

Figure 1.  The molecular structure of 
pentaerythritol tetranitrate.
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experiments and nitrogen for the x-ray diffraction experiment.  Another recent Raman report, 
however, revealed no evidence of a phase transition to pressures near 31 GPa, even though the 
study was performed in the same conditions as the x-ray diffraction experiment (15). 

In summary, although the static high-pressure behavior of PETN has received considerable 
attention in the past, the studies provide contradicting information about the existence of the 
high-pressure polymorph.  It is evident that the pressurizing medium, which provides varying 
degrees of hydrostaticity, influences the high-pressure behavior, but these effects have not been 
fully investigated.  In this work, we provide more detailed information about the response of 
PETN to static high pressure with the use of several pressure media, powder, and single-crystal 
samples.  The primary goals of this work were to (1) examine changes in the internal vibrational 
modes of PETN as a function of pressure with the hydrostatic pressure medium neon, in an 
attempt to clarify the existence of the high-pressure phase transition, and (2) to investigate the 
effect of pressure media on pressure-induced changes in the crystal, including an examination of 
the effect of polycrystalline versus single-crystal samples on the high-pressure behavior. 

2. Experimental Methodology 

Polycrystalline PETN was obtained from the Naval Surface Warfare Center at Indian Head, 
Maryland.  Single crystals of approximately 150–200 μm laterally with a thickness of 30–50 μm 
were selected from a polycrystalline sample and loaded into the center of the gasket hole.  A 
small portion of the sample was carefully ground with a mortar and pestle into a fine powder 
with submicron particle sizes.  For each experiment, a rhenium gasket pre-indented to a thickness 
of 60 μm was drilled with an electric discharge, creating a sample chamber of approximately 250 
μm in diameter.  For the experiments employing a pressure medium, the diamond anvil cell was 
loaded with nitrogen, neon, or helium gas according to previously published methods (20).  The 
pressure on the sample was determined from the frequency shift of the ruby R1 fluorescence line 
(21).  The 488.0 laser line of an Argon ion laser (Coherent Innova 90) was used as the Raman 
excitation source, and the power output was limited to less than 0.5 W for the duration of the 
experiments.  A 460-mm focal length f/5.3 imaging spectrograph (ISA HR 460) equipped with 
an 1800-groves/mm grating, which provides a spectral resolution of ±4.0 cm–1 was used for the 
Raman experiments.  Before any experimental measurements, a wavelength calibration of the 
spectrograph was performed with a neon lamp; this method of calibration has an accuracy of ±1 
cm–1 (22).  For all experiments, an Olympus BX-40 microscope, with a spatial resolution of 5 
μm was used to focus the laser onto the sample contained within the diamond anvil cell.  All 
experiments were performed in the backscattering geometry at room temperature and each 
spectrum was collected for approximately 300 s at each pressure point.  For each spectrum, five 
data sets were collected and combined to ensure the consistency of the data. 
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3. Results and Discussion 

3.1 Pressure-Induced Modifications in the Raman Spectra 

Selected Raman spectra of single-crystal PETN on isothermal compression at room temperature 
to 26.2 GPa are presented in figure 2.  The frequencies of the vibrational bands are plotted as a 
function of pressure in figure 3.  At ambient conditions, PETN belongs to the S4 point group and 
has 81 internal lattice vibrations distributed among three symmetry representations (Γg = 20A + 
21B + 20E) of which, all are Raman active.  The fundamental vibrations of PETN are well 
known at room temperature above 400 cm–1, and detailed normal mode analyses are not 
reexamined here (14, 23).  

 

Figure 2.  Typical Raman spectra of single-crystal PETN with a neon pressure medium.  (The 
Raman profiles are vertically scaled for the sake of clarity.  The spectral range between 
1200 cm–1 and 1400 cm–1 is dominated by the strong first order scattering from the 
diamond anvils.  The spectral region between 1700 cm–1 and 3000 cm–1 is omitted 
because of the low vibrational intensity observed within this range.)
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Figure 3.  Pressure-driven frequency shifts of PETN Raman scattering peaks between ambient 
pressure and 26.2 GPa.  (The positions of all peaks gradually shift with increasing pressure 
toward higher energies.  Lines are drawn to guide the eye.) 

Unusual cracking was observed in the PETN crystal, beginning at pressures near 14.8 GPa, 
which coincides with a generalized pressure-induced broadening of the Raman vibrational 
features, as well as the disappearance of several vibrational features.  Pressure-dependent 
broadening of the spectral lines typically results from large modifications in the molecular 
interactions, and the degree of broadening strongly depends on the density packing of the 
molecule.  This behavior is well documented in PETN, which has been shown to display 
anisotropic elastic-plastic deformation because of the activation of different slip planes when 
PETN is subjected to dynamic pressure along different orientations (4–6, 8).  Under dynamic 
compression between 5 GPa and 15 GPa, activation of these slip planes resulted in ionic 
reactions that led to decomposition of the material (24).  When the pressure was slowly released 
from above 14.8 GPa, the cracks rapidly propagated throughout the crystal.  There was a slight 
recovery of the spectral intensity, and several vibrational features reappeared near 3 GPa, 
possibly because of elastic relaxation.  However, upon return to ambient pressure, the crystal 
abruptly decomposed into a black unknown phase with a featureless Raman spectrum.  Similar 
decompositions are observed in other energetic materials, such as Octahydro-1, 3, 5, 7-tetranitro-
1, 3, 5, 7-tetrazocine (HMX) and RDX, and this phenomenon is most likely caused by structural 
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destabilization that occurs because of the large modifications in the intermolecular interactions 
and distortions.   

3.1.1  Frequency Range 2800–3200 cm–1 

The pressure-induced changes in the CH-stretching modes are shown in figures 2 and 3.  At 
ambient conditions, three clearly resolvable modes appear in the spectra at 2904 cm–1,  
2971 cm–1, and 3016 cm–1.  A small shoulder is noted near 2915 cm–1 as well as another CH2 
stretching mode near 2765 cm–1.  Figure 3 shows that all modes shift toward higher frequencies 
with an average rate of (dν/dP ) 5.5 cm–1/GPa.  On average, the CH-stretching modes show 
larger pressure dependence than the other internal modes.   

Several modifications are immediately noticeable in this spectral region as a function of pressure.  
The vibrational mode at 2767 cm–1 first splits into a doublet near 1.8 GPa, and then another split 
occurs at 3.3 GPa.  The intensities and resolution of these modes diminish abruptly near 
14.8 GPa.  The symmetric CH-stretching mode near 2900 cm–1 splits into a doublet around 
14.8 GPa.  Because of the shifting of the frequencies with pressure, the 2915 cm–1 shoulder 
becomes a well-resolved maximum above 6.3 GPa.  Near 14.8 GPa, all vibrational modes in this 
spectral region begin to collapse into a single broad peak, but four vibrational maxima can still 
be discerned.  The quartet of peaks collapses to a doublet between 14.8 GPa and 26.2 GPa.   

Although the spectra obtained in this energy range display large frequency shifts as a function of 
pressure, the lack of abrupt discontinuities in the frequency shifts, as evidenced from figure 3, 
suggests that these modifications arise from a symmetry change.  Commonly, abrupt frequency 
shifts of 50 cm–1 or larger, as well as the appearance/disappearance of peaks and in some cases 
splitting of vibrational modes, characterize high-pressure phase transitions.  Similarly, the 
splitting of vibrational modes and the appearance/disappearance of vibrational peaks also suggest 
symmetry modifications, but typically, a nearly linear increase in frequency is observed.  A 
comparison of the calculated vibrational spectra for several different conformers to the 
experimental high-pressure spectra of PETN reveals similarities between the spectra for the D2 
molecular geometry.  This molecular symmetry contrasts the study by Gruzdkov et al., which 
indicated a C2 molecular symmetry above 5 GPa (14).  However, the “floppy” molecular 
structure of PETN is extremely sensitive to pressure gradients that exist in the medium, and 
differences in the high-pressure molecular symmetry between this study and the Gruzdkov et al. 
(14) study could arise from these pressure gradients within the diamond anvil cell. 

3.1.2  Frequency Range 1200–1700 cm–1 

The pressure effect on the Raman spectra in this frequency range is shown in figures 2 and 3.  
Within this energy range, only small modifications in the spectral signature are observed as a 
function of pressure.   

There is a slight intensity increase of the 1261 cm–1 C-H bending mode between ambient 
pressure and 4.7 GPa.  Above 4.7 GPa, the intensity gradually diminishes with increasing 
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pressure.  The mode becomes a broad shoulder on the 1200–1350-cm–1 first order diamond 
vibron near 14.8 GPa and at higher pressures, is masked by the diamond vibron.  The intensity 
fluctuations in this vibrational mode likely result from small modifications in the Raman cross 
section because of modifications of the interlayer coupling and intermolecular interactions as a 
function of pressure.  

In addition to the two-fold increase in intensity of the NO2 asymmetric stretch near 1660 cm–1 

between ambient pressure and 1.8 GPa, a small shoulder appears.  At 4.7 GPa, the “parent” 
vibration at 1660 cm–1 decreases slightly in intensity and the shoulder shows a slight intensity 
increase, likely because of an “intensity borrowing” made possible by a resonance enhancement.  
As pressures continue to increase, the shoulder shows a generalized decrease in intensity while 
the intensity of the primary mode remains fairly constant.  At 14.8 GPa, many bands in this 
spectral range disappear, similar to the CH-stretching region.  The disappearance and/or sudden 
decreases in the vibrational intensities can be attributed to abrupt changes in the intermolecular 
interactions, which may be enhanced by dislocations that occur along the shear plane as the slip 
planes are activated.   

3.1.3  Frequency Range 100–1200 cm–1  

Typical Raman spectra at several pressures in the frequency range of 100–1200 cm–1 are shown 
in figure 2, and the effect of pressure on individual frequencies is shown in figure 3.  Similar to 
the other vibrational ranges previously examined, modifications are observed in the spectral 
patterns as a function of pressure but again are not significant enough to suggest a phase 
transition.  Instead, the changes suggest a modification of the molecular geometry that results in 
a different molecular symmetry. 

The following changes are immediately noticeable in the spectra over the pressure range studied.  
(1) The 145 cm–1 C-C torsional mode splits into a triplet between ambient pressure and 1.8 GPa.  
At pressures near 6.3 GPa, the mode splits again.  (2) The NO2 scissoring mode near 675 cm–1 
splits into a doublet near 1.8 GPa, and intensity fluctuations are observed over the pressure range 
studied, which are consistent with a resonant enhancement of the modes near 4.7 GPa.  A 
shifting of the electronic density as compression and densification occur is likely the cause of the 
resonance enhancement of this mode.  (3) Several other vibrational modes, particularly the NO2 
rock near 460 cm–1, the ONO2 rock near 600 cm–1, and the O’N stretch near 870 cm–1, show a 
slight increase of intensity to pressures of 4.7 GPa, thus suggesting that small modifications in 
the Raman cross section occur as the inter-layer coupling changes because of the modification of 
the molecular geometry under pressure.  There is a generalized decrease in intensity of these 
vibrational features between 4.7 GPa and 6.3 GPa.  Many of the vibrational features within this 
spectral range disappear or become very broad at and above 14.8 GPa because of the formation 
of dislocations in the lattice resulting from the cracking of the crystal along the slip planes. 
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The spectral pattern observed between 500 and 800 cm–1 is consistent with the S4 molecular 
symmetry at ambient pressure.  At pressures higher than 6.0 GPa, comparisons of the 
experimental spectra with Gruzdkov’s simulated Raman spectra of the several conformers of 
PETN show that similarities exist between the calculated spectrum of the D2 conformer and the 
experimental spectra, which corroborates the observations noted in the C-H stretching region 
(14).   

3.2 Effect of Pressure Media on the High-Pressure Behavior 

It is well known that molecular crystals, including energetic materials, are sensitive to pressure 
gradients because of their low symmetry and threshold for inelastic deformation. Pressure 
gradients and non-hydrostatic compression within the diamond anvil cell can result in 
irreversible crystalline modifications at high pressure because of the formation of structural 
defects (25, 26) or the initiation of chemical reactions (27).  As a result, the information derived 
from such experiments can lead to conflicting evidence concerning the high-pressure behavior.  
In order to fully investigate PETN during high-pressure conditions, we performed several 
experiments employing different gases as pressure media, each with varying degrees of 
hydrostaticity: (a) nitrogen - which remains quasi-hydrostatic to 3 GPa; (b) neon - which remains 
hydrostatic up to 5 GPa and quasi-hydrostatic to near 20 GPa; (c) helium - which remains quasi-
hydrostatic to pressures above 50 GPa (28), and (d) no pressure media in order to simulate non-
hydrostatic conditions with primarily uniaxial compression.  We also tested the variation of the 
high-pressure behavior with a polycrystalline sample and a single crystal of PETN using a neon 
pressure medium.  

Figures 4–7 present selected Raman spectra of PETN, compressed with the various pressure 
media discussed previously, at the selected pressures of 1.1 GPa, 4.5 GPa, 6.2 GPa, and 9.5 GPa. 
Although most of the vibrational peaks fall in the same position in all media, several 
modifications are primarily intensity variations that warrant further discussion.   

At 1.1 GPa, the intensity of the 125-cm–1 C-C-O wag is much larger in the single-crystal (SC) 
non-hydrostatic sample than in the other media.  Although not as strong as that observed in the 
non-hydrostatic spectrum, the intensity of this mode is also quite large in the powder sample.  
From these observations, it is easy to suggest that the prominence of this vibrational feature may 
be attributable to strain in the molecule, which results in a generalized shift of electronic density 
and a corresponding modification of the Raman cross section.  Because of the “floppy” 
molecular geometry of PETN, the C-C-O linkages deform quite easily from the ambient S4 
molecular symmetry.  It is also interesting to note the fluctuation of the intensity of this C-C-O 
peak in the SC-neon sample as the pressure is increased.  First, it abruptly increases near 4.5 GPa 
and then decreases at higher pressures.  Although the exact of cause of the intensity variation is 
unclear, it could partially result from the freezing of the neon near 4.5 GPa (29).   
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The intensity of the mode at 278 cm–1 (1.1 GPa) also varies strongly with pressure media, with 
the most intense feature observed in the SC-neon spectrum.  Although both features are not 
resolvable, this vibrational maximum arises from two combination bands:  (a) the 23-cm–1  
O-NO2 twisting motions about the C-O bonds combined with the 255-cm–1 O-NO2 rocking 
motions, and (b) the 53-cm–1 O-NO2 twisting motion about the C-O bonds combined with the 
225-cm–1 C-O-NO2 rock (30).  A thorough comparison of figures 4–7 shows that the intensity 
variation of this feature is not pressure dependent but is only influenced by the pressure media.  
As previously discussed, the C-O bonds are very sensitive to distortion, but because the 
fundamental vibrational modes were not observed in our study, it is difficult to offer suggestions 
for the cause of the variations in intensity between the samples.   

The intensity of the 577-cm–1 C-C bend and O-NO2 rock also varies with pressure media. This 
vibrational maximum is most intense in the powder sample at 1.1 GPa, although it is a resolvable 
feature in all the single-crystal samples except in the sample with the nitrogen media.  This 
vibrational feature does not appear in the spectrum of the SC-nitrogen sample and disappears  

 

 

Figure 4.  Comparisons of the PETN Raman spectra obtained with different pressure media and 
crystalline forms at 1.1 GPa.  The spectra are scaled vertically for clarity.  (The spectral 
region from ~1250 cm–1 to 1375 cm–1 is dominated by the strong first order scattering 
from the diamond anvils.  The region from 1750 cm–1 to 2700 cm–1 is omitted because of 
the low vibrational intensity and the broad second order diamond vibration within this 
range.) 
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Figure 5.  Comparisons of the PETN Raman spectra obtained with different pressure media and 
crystalline forms at 4.5 GPa.  The spectra are scaled vertically for clarity.  (The spectral 
region from ~1250 cm–1 to 1375 cm–1 is dominated by the strong first order scattering 
from the diamond anvils.  The region from 1750 cm–1 to 2700 cm–1 is omitted because of 
to the low vibrational intensity and the broad second order diamond vibration within this 
range.) 

from the spectra of the SC-non-hydrostatic and the SC-helium samples by 6.2 GPa.  It is 
somewhat surprising to note that near 6.2 GPa, the intensity of the mode is similar in both the 
powder-neon and the SC-neon samples, which indicates that the effects from the grain 
boundaries may not be a large factor in the stress state of the sample at these low pressures.  
However, at 9.5 GPa, the vibration becomes more intense in the powder sample than the 
neighboring O-N stretch, while in the SC-neon sample, the intensity remains fairly constant.   

A thorough comparison of figures 4–7 shows that the intensity variation of pattern of the 
704-cm–1 mode, which has contributions from O-NO2 stretching, C-C stretching, and NO2 
scissoring, and the 750-cm–1 mode, with contributions from the C-C-C deformation and the O-N 
stretch, varies with pressure medium.  At 1.1 GPa, the lower energy 704 cm–1 is more intense 
than the higher energy 750 cm–1 vibration in all but the SC-neon sample.  Figure 5 shows that the 
two vibrational modes become nearly equal in intensity in the SC-neon and helium samples by 
4.5 GPa.  At 6.2 GPa, the intensity pattern is reversed in the SC-neon sample and the O-NO2 
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Figure 6.  Comparisons of the PETN Raman spectra obtained with different pressure media and 

crystalline forms at 6.2 GPa.  The spectra are scaled vertically for clarity.  (The spectral 
region from ~1250 cm–1 to 1375 cm–1 is dominated by the strong first order scattering 
from the diamond anvils.  The region from 1750 cm–1 to 2700 cm–1 is omitted because 
of the low vibrational intensity and the broad second order diamond vibration within 
this range.) 

stretching, C-C stretching, and NO2 scissoring, mode is more intense than the C-C-C 
deformation and the O-N stretching mode.  The intensity reversal likely results from a resonance 
enhancement of the modes, caused by the changes in the molecular symmetry as well as the local 
environmental effects resulting from the pressure medium.   

At 1.1 GPa, there are substantial intensity variations in the vibrational modes between 900 and 
1100 cm–1.  In the powder and SC-nonhydrostatic samples, the 940-cm–1 CH2 torsional mode 
appears to be a weak doublet, while only a single vibrational mode is observed in the other 
single-crystal samples.  The splitting likely results from factor group splitting caused by the 
pressure gradients that exist within the diamond anvil cell.  By 4.5 GPa, a weak splitting is also 
observed in the SC-nitrogen sample, but the doublet collapses into a singlet by 6.3 GPa, probably 
because of the symmetry change.   

The vibrational pattern of the NO2 stretching modes between 1600 cm–1 and 1700 cm–1 varies 
strongly with pressure media.  In the powder-neon sample, three maxima are resolvable at 1628 
cm–1, 1661 cm–1, and 1672 cm–1 with a small shoulder at 1652 cm–1.  In the SC-non-hydrostatic, 
SC-nitrogen, and SC-helium samples, only three peaks are discernible.  Similar to the powder-  
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Figure 7.  Comparisons of the PETN Raman spectra obtained with different pressure media and 
crystalline forms at 9.5 GPa.  The spectra are scaled vertically for clarity.  (The spectral 
region from ~1250 cm–1 to 1375 cm–1 is dominated by the strong first order scattering 
from the diamond anvils.  The region from 1750 cm–1 to 2700 cm–1 is omitted because of 
the low vibrational intensity and the broad second order diamond vibration within this 
range.) 

neon sample, four peaks are resolvable in the SC-neon sample, but the shoulder is better resolved 
in the single-crystal sample than in the powder sample.  As the pressure is increased to 4.5 GPa, 
all samples show four resolvable vibrational maxima.  By 6.2 GPa, however, the features begin 
to collapse and there is a generalized weakening of the spectral intensity.  As previously 
discussed, these small variations in the spectral profile are more than likely attributable to 
symmetry modifications that occur in the molecule as pressure is increased.   

There is a large variation in the vibrational pattern of the C-H stretching modes, particularly for 
the SC-non-hydrostatic sample.  A rather broad band is observed near 2900 cm–1 with three 
resolvable maxima.  This triplet of bands may be coincidental with factor group splitting of the 
C-H vibrational stretching mode from the strong uniaxial compression.  At higher pressures, the 
triplet collapses into a broad singlet.  At 1.1 GPa, there is also an occurrence of factor group 
splitting in the SC-nitrogen sample for the C-H stretching mode near 3015 cm–1.  By 4.5 GPa, 
however, the doublet has collapsed back into a singlet. 

With the modifications observed in the vibrational spectra as a function of pressure media, 
justification for the conflicting reports on the high-pressure behavior of PETN becomes apparent.  
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This study provides strong evidence for a symmetry modification at higher pressures rather than 
a phase transition, but the transition pressure of the symmetry modification is largely associated 
with the onset of non-hydrostatic conditions within the diamond anvil cell.  The critical pressure 
occurs between 1.1 GPa and 4.5 GPa in the SC-nitrogen sample.  In the case of the powder-neon 
sample, the onset pressure is between 6.2 and 9.5 GPa, which is somewhat surprising, 
considering that neon has been shown to remain quasihydrostatic to near 20 GPa.  However, 
interactions at the grain boundaries may play a role in the behavior of this sample during these 
conditions.  Within the pressure range studied, the SC-neon and SC-helium showed similar 
vibrational behavior because both media remain quasihydrostatic above 10 GPa.  At pressures of 
14.8 GPa and beyond, both samples underwent the elastic deformation and were not recoverable 
upon pressure release.  These results indicate that hydrostaticity within diamond anvil cells is an 
important parameter for high-pressure investigations of energetic materials.  

4. Conclusions and Summary 

Modifications in the Raman spectral signatures of PETN single crystals with a neon pressure 
medium were examined as high as 26.2 GPa. It is proposed that the main effect of pressure on 
the PETN structure below 14.8 GPa is a molecular symmetry modification from S4 to D2.  A 
number of abrupt changes in the spectra above 14.8 GPa, including peak broadening and the 
disappearance of several vibrational features, strongly indicate the onset of an elastic-plastic 
deformation, which occurs from activation of the slip planes.  Pressure release indicates that the 
elastic deformation is somewhat reversible to near 3 GPa, but in all trials conducted with single-
crystal samples, the material decomposed upon return to ambient conditions.  This behavior of 
PETN has been observed in shock wave experiments, but it is the first report of it within the 
diamond anvil cell.  All previous diamond anvil cell experiments stopped near 10 GPa (13, 14) 
or used powered samples (15, 16, 19).  Although this work provides strong evidence for the 
symmetry transition near 6.2 GPa and the elastic-plastic deformation at 14.8 GPa, ultimately,  
x-ray diffraction measurements are required to determine the exact behavior. 

The high-pressure behavior of PETN was also studied with the use of several pressure media 
with varying degrees of hydrostaticity.  Although the transition pressure of the symmetry 
modification was found to be largely associated with the onset of non-hydrostatic conditions 
within the diamond anvil cell, the onset of the elastic-plastic deformation in the single-crystal 
samples remained constant.  These results indicate that hydrostaticity within diamond anvil cells 
is an important parameter for high-pressure investigations of energetic materials.  
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