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ABsTRXcT 

The heat of fusion (.lH,) of the expIosive pentaerythritol tetranitrate (PETN) 
varies as a result of the method used for its crystallization. Single crystals show a 
_lHr of 3?.3 cal g’ ‘_ but some samples have a _lH, as low as 31 cal g- i. it is shown 
that the variation is not a function of surface area or impurity: it is the resu!t of 
crystal imperfection_ Calorimetric and X-ray data form the basis for the postulation 
of a disordered state of PETN. A scanning calorimetric method is presented for the 
determination of annealing rates of the disordered state, and the activation energy 
and preexponential for the process are determined (E = 14.9 kcal mole-‘. 
A = I.2 x IO6 min- ‘). It is concIuded that the disorder is the result of the random 
inclusion within the lattice of inverted and strained PETN molecules. The effect of 
impurities on the system is discussed- 

?STRODUCTIOS 

The heat of fusion of a crystalline solid is a function of the amount cf energy 
necessary to destroy the order of the crystal lattice. The internal energy of any given 
crystalline phase decreases as the degree of order or perfection of the lattice improves. 
Ideal heats of fusion can be calculated from equilibrium phase diagrams. and actual 
heats of fusion can be determined by scanning calorimetry. The application of such 
data to the study of an organic explosive is the subject of this article. 

BoboIev and Karpukhin’ presented a phase diagram for the system pentaery- 
thritol tetranitrate (PETN)-h’-methyl-N-2.4.6-tetranitroaniline (tetryl). The system 
showed a simple eutectic with a eutectic temperature of 104’C and a mole fraction of 
PETN in the eutectic composition of 0.325. The heat of fusion (. IHi) for PETN. 
calculated from their data according to the van-t Hoff equation. would be 39.8 cal g- * _ 

Values for the same diagram determined at this laboratory are as follows: eutrctic 
temperature, 111 ‘C; mole fraction PETN in the eutectic composition, 0.323. The ._lII, 
calculated from the latter values is 37.3 cal g- ’ _ 

At least three zenera crystal habits of PETN can be recognized by microscopy: 
(I) “tetragonal” (Fig. 1). showing characteristic apex angles and little evidence of 
strain: (2) “ needle” or ‘-hour glass” (Fig. 2). havin, 0 reentrant cavities from the 
ends and/or a high length to width ratio; and (3‘) ‘*superfine” (Fig. 3), composed 
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iar@y of irregular plates. The heats of fusion of different samples of these crystal 
habits have been determined by scanning calorimetry. 

EXi’ERIMESTXL 

A Perkin-Elmer Model DSC-IB Differential Scanning Calorimeter was used 
to make alI the quantitative thermal measurements. Samples were run in seaIed cells 
(P&in-Elmer Part Number 219-0062) to eliminate errors caused by the vaporization 
of the sample_ Transition energies were measured with an analog computer-integrator 
designed and buih by G. P_ Watts and R_ K. Spotts of this laboratory. 

X-ray data were obtained with a North American Philips powder diffractometer, 
using CuKz radiation_ 

The superfine habit was prepared by rapidly pouring a relatively concentrated 
soIution of PET-N in acetone into water. The needie habit was prepared by precipi- 
tatins PET3 from an acetone or acetone-methanol solution by the addition of water. 
The tetragona1 habit was obtained by slow addition of water to an acetone solution 
of PETN. The single crystals were obtained by slow cooling of a PETN-saturated 
acetone-water soIution and by evaporation of an acetone solution. 
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Fig_ 2. “Needle” PETS, sample 25-83 (200 x )- 

RESULTS ASD DISCUSSIOS 

Experimentally determined heats of fusion of PETN in the different cvstal 
habits are shown in Tabie T. All error values in this report are standard deviations 

in units of cal g- r_ It can be seen that as the apparent perfection Gf the ccstal increases 
the heat of fusion also increases. The single crystal value is not significantly different 
from the value calculated from our phase diagram. 

Eflect of specrjic surface on -1H, 

A comparison of the results obtained from the needle-habit samples presented 
in Table I shows that surface area variations over a very wide range do not produce 
a significant difference in :lH,. A further search for surface-area effects and effects of 
physical attrition was made by ball-millin g and ultrasonic grinding. A sample of 
tetragonai PETN with a JH, of 37.3 + 1.2 cal g- I was ball-milled to produce a powder 
with a surface area of 5350 cm’ g- * that had a .JH, of 37.2 &IO.2 caI g- ’ _ A sample 
of needle PETN with a JH, of 36.0 +OS cal g- 1 was ground uhrasonicahy to 
produce a fine powder with a AH, of 36-I &-O-l cal g- I_ Tt can be concluded that 
surface area. i.e., surface energy, is not responsible for the observed variations in the 
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heat of fusion of various PETic;: samples. Tt must also be concluded that grinding does 
not produce significant amounts of stored strain energy in crystals of PETN. 

TABLE I 

ffEA3-S OF FUSIOS OF DIFFEREST PETN CRYSTAL ffABfTS 

Super&x 
‘5-9 
‘669 
1909 

Needle 
Z-S8 
,5-159h 
25SI 
$5-1 Sib 

Tetr3gonal 
RPS35IS 
DB-2 
SingIe crystais 

3700 
4300 
MOO 

;-?:o --_ 
400 

16400 
19600 

-<IO00 
-_, 1000 

31.7fO.l 
31.Sf0.2 
33’,‘()T ._& ._ 

36.550.3 
37_0&0_1 
36.6 i 0.3 
37.7+ I-2 

36.Si0.S 
36.5 50.5 
3 7-4 i 0.3 

“Determined by gas permeability. *Prepared by rcprecipitation of superfine 2659. 

Fig. 3. “Superfine” PETK, sample 2659 (200 x ). 
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Effecr of precipitation temperature 01: ..I Hr 
The - I Hf of superfine PETN depends on the temperature of the water used in 

the precipitation. as shown in Table I I. The overall 4.5 cal g- ’ change in _ 1 H, cannot 
be accounted for bv a change in purity, because all of the samples were prepared 
from the same batch of nominally pure PETN. 

TABLE II 

EFFECf OF WATER TEMPERATURE USED IX SUPERFIZE PRECIPITATIOS OS dkf, OF PRODUCT 

Is~-ufer 

temperature (. C) 
AH‘ (calg-') 

I 32.8 i 0.3 
1s 35.0 
50 35.9 io.3 
92 37.3 f I.0 

Eflect of sanrpfe purify on _ 1 H, 

PETN has an extremely low cvoscopic constant_ makin melting point a pocr 
criterion of purity. When the cryoscopic constant is defined in terms of mole fraction. 
i.e., K, = I T,!N,. the Kr for PETN is calculated to be 25%29_4’C mole- ’ ; experi- 
mentally. with tripentaerythritol octanitrate (triPEON) as second component. it was 
determined to be 30.6”C mole- I_ The equivalent Kr for water. a rather poor cryo- 
scopic liquid, is 103.3% moie- ‘_ 

SmalI variations in purity would not be expected to have a significant effect 
on _lHr. and this has been found to be true. PETN 2659 was reprecipitated in the 
needle habit with and without the addition of 1% by weight of triPEON_ 1 H, with 
the impurity was 37.0 20.2 cal g- ’ : _ 1 H, without the impurity was 37.0 20.1 cal g- ‘_ 
The impurity is known to form a solid solution with PETN. and it was not present 
as a separate phase. Another batch of PETN was precipitated as the superfine 
habit with and without 1% of the same impurity_ _ lH, with the impurity was 
33.6+0.4 cal g- ’ - JH, without the impurity was 33.240.2 cal g-‘. Therefore, 
impurities in the amounts to be expected in “pure” PETN cannot be respcnsible for the 
observed differences in heats of fusion. 

TABLE III 

dff, FOR IMPURE SAMF’LFS OF SUPERFISE PETN PRECIPITATED XT 1s ,c_ 

AH, (Cal y- ‘j 

0.0 35.0” 

0.02 32.2 
0.038 30.2 
0.07 sob 

‘X-ray difhction pattern of PETN 1. *X-ray diffraction pattern of PETN II. 
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Although small amounts of impurity do not cause significant changes in JHr. 
larger amounts have a profound effect. The effect of larger amounts of triPEON on 

is shown in Table 111. 
When PETN is crystallized rapidIy from a supercooIed melt. a metastabIe 

polymorph (PETN II) is formed. Tn the presence of impurities that form solid solu- 
tions with PETN II. conversion to the stable crystal structure (PETN I) is retarded. 
The heat of solidification of PETN in the Iiquid phase to produce PETN Il was 
measured as 27.9 2025 cal g- *_ appreciably lower than the heat of fusion of PETN I. 
X-ray diffraction resuIts showed that larger amounts of impurity stabilized PETN IL 
on precipitation from solution: therefore_ the loiver heats of fusion shown in Table Ii1 
must be partly the result of the stabiiization of PETN II in varying amounts_ However, 
such stabilization by impurities cannot explain the Iow heats of fusion of pure super- 
fine PETN shown in Tables r and II. Pure or slightly impure superfine precipitates 

appear to show- X-ray characteristics of both PETN I and PETN II, but they do not 
show all of the characteristics of either structure. Therefore, it appears to be necessary 
to postulate a disordered state of PETN. 

Type of disorder 

The crystal structures of PETN I and PETN II have been compared by Cady’. 
The PETN II structure differs from the PETN 1 structure by having moIecuIes 
inverted and transIated slightly in aIternate Iaq-ers. X-ray data show that there is a 
reiationship between the disordered PETN 1. system and PETN Ii. Translations are 
forbidden, if the PETN I lattice is to be retained: therefore, we can assume that the 
observed disorder is the result of inversions. Inversion of random moIecuIes in the 
PETN I Iattice. retaining the original lattice spacing, would involve strain and reduce 
intermoIecuIar interactions_ Inclusion of such high-energy sites within the system 
would resuIt in an observed decrease in heat of fusion. Therefore, it can be hypo- 
thesized that disorder in PETN involves the random inversion of moIecuIes within 
the lattice. 

If the above hypothesis is used, certain predictions can be made concerning the 
superfine system. and the hypothesis can be tested_ The predictions are as foIIows: 
(Zj an appreciable amount of activation ener_ey should be required for the bond 
rotations required to convert a disordered site into an ordered site; (2) the anneaiing 
process involved in the conversion should be irreversible; and (3) if disordered sites 
are randomly distributed, the anneaIing process should be homogeneous, i-e., not 
involve nucleation-gro\s?h. Annealing experiments to determine rates of conversion 
from disorder to order were used to test predictions (I) and (3), and heating experi- 
ments on single crystals were used to test prediction (2). 

SingIe crystals of pure PETN were heated at 130 ‘C to determine the amount of 
disorder that might be frozen into an ordered lattice- No significant difference could 
be observed after I5 min heating. _llY, (control) was 37.4 ~0.3 cal g- ’ : AH, (heated) 
was 37.3 +0.4 ca1 g- I_ It can, therefore, be concIuded that the process is either 
irreversible or slow, compared to the duration of the experiment. 
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Superfine samples 2909 (pure) and 2910 (containing 1% by weight triPEON) 
were annealed at 80, 110, 120, 125, and 13O’C for various lengths of time up to 
960 min, and the fraction anneaIed was determined from AH, measurements. No 
significant changes could be measured in either of the samples at 80 or 110°C. 
Annealing data at 130% were useless, because spontaneous generation of impurities 
led to the erratic production of a liquid phase. The average heat of fusion after 
annealing for 960 min at 120 or 125°C (35.3 cal g- ‘) was taken as the final value for 
all caIculations_ 

A first-order plot of the 120°C data for PETN 2909 (pure), each point repre- 
senting the mean of at least three determinations, is shown in Fig. 4. A rate constant 
for the process of 7.23 x low3 rnin- ’ is obtained from a least-squares fit of the data. 
The rate constant at 125°C was determined to be 9.17 x 10m3 min- I_ The activation 
energy for the process computed from these results is 14.9 kcal mole-‘; the pre- 
exponential is 1.2 x lo6 min- ’ _ The significant factors to note are, first_ that an 

0 
0 50 100 150 200 250 300 

TIME (min) 

Fig. 4. First-order plot of annealing data obtained at 12O’C with PETK 2909. The fraction con- 

verted. x, m-as caIcukmd as follows: x = 
dH, - Lfw, (start) 

d&(final)-AH,(start) m 

appreciable activation energy is associated with the process, and. second, that the 
process is first order, Le., it does not involve nucIeafor,-growth. These data are 
consistent with our hypothesis of a random distribution of disordered PETN moIe- 
cules within the PETN I lattice. 

Eflect of impurity on rate o]~annealing 
The behavior of PETN with 1% by weight triPEON is considerably different 
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Fig 5. First-order piot of anneaIing data obtained at 12O’C with PEl?+J 2910 (1% triPEON). 
Note change of scale on the abscissa. -, least-squares treatment of O-20 min data. 

from that of pure PETN_ PETN 2910 anneaIed essentially to completion in 60 min 
at 125°C; its rate constant was determined to be 0.052 min- ‘_ The first-order piot 
of the 120°C data is shown in Fig_ 5. The sample anneals to 60-70% of the maximum 
value within the first 20 min with a rate constant of 0.065 min- ‘. It appears that the 
process then essentiaIly stops, and the data become extremely erratic. The activation 
energy and preexponential calcuIated from the early data are essentially zero, as 
the difference between the I20 and 125°C rate constants cannot be considered 
significant- Such a process could involve a transition through a molten phase which, 
at the lower temperature, terminates when melting ceases because of the increased 
stabiIity of the soIid_ 

The phase diagram of the PETN-triPEON system has been studied by DTA and 
hot-stage microscopy, and the PETN-rich portion of the diagram is shown in Fig. 6. 
The PETN I-triPEON soIid solution solidus Iine was estabIished from DTA curves 
of PETN-triPEON precipitates prepared by evaporation of an acetone solution while 
grinding in a remote mortar. ExampIes of the DTA curves are shown in Figs. 7 and 8. 
The changes in the first deviations from the baseline are obvious. A PETN II-triPEON 
solid-solution field exists in the diagram; however, the system is extremely sfuggish 
in attaining e@Iibrium, and the position of the solidus line could not be established. 
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Fig. 6. PJZTN-rich portion of PETN-triPEON phase diagram. 

Figs. 7 and 8 show that energy is being absorbed by the sample at an increasingly 
greater rate as temperature increases between the first deviation from the baseline 
and the sharp melting endotherm. This indicates that the system possesses two 
degrees of freedom through that range, temperature and pressure. Since there are 
two components, the system must consist of two phases through that temperature 
range. These phases could be either (I) PETN I-triPEON solid solution and melt, or 
(2) PETN II-triPEON solid solution and PETN I-triPEON solid solution; however, 
a solid-state transition to produce the second system has never been observed micro- 
scopically. 

It should be noted that the AH, of a superfine PETN specifies that it is a meta- 
stable phase, i.e., it wovuld be unstable with regard to liquid at any point on the 
equilibrium solidus line. Therefore, impure superfine PETN must begin to melt and/or 
to produce a more stable solid phase at, or before, the indicated PETN I-triPEON 
solidus line. 
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Fig. 7. DTA curve from 0.65 mole % triPEON in PEM, run at 4’/min. 

Any liquid phase formed at the annealing temperature would not solidify on 
cooling, at the end of the annealing time, to form a soiid with the same 4H, as 
superfine PETN. In order to illustrate this point, superline PETN with a 4H, 
of 31.8 +0.2 Cal g-1 was melted_ It sokiifkd on cooling with the evolution of 
27_9+-0.8 caf g-l to form PETN II. The PETN II, on standing at room temperature, 
converted to PETN I that had a 4H, of 36.5 3-0.4 cal g- ‘. The addition of 1% 
triPEON did not stabilize the PETN II phase at room temperature. 

Both the rate curve and the phase diagram (Figs. 5 and 6) show that the 1% 
triPEON system becomes unstable at a temperature very close to lZO”C_ Partial 
liquefaction is aImost certain, and recrystaikation to a solid phase stabIe at the 
annealing temperature is possible. The characteristics of the phase diagram and the 
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+4 

-4 

Fig. S. DTA curve from 2.32 mole “/o triPEON in PEIW, run at 4°/min. 

rate for attainment of equilibrium undoubtedly explain the observations; however, 
a complete explanation for the discontinuity in Fig. 5 cannot, at present, be proposed. 

It should be noted that both of the samples used for annealing rate studies, 
2909 and 2910, contained approximately 0.3% acetone trapped in relatively large 
occlusions. Since this is a characteristic of ah superfine samples, it had to be toIerated. 
Low annealing rates at the lower temperatures Seem to preclude the possibility that 
this impurity has a major effect on rates. 

CONCLUSIONS 

Variations in the heat of fusion of PETN according to precipitation method are 
primariIy a function of disorder in the normal PETN I lattice. The disorder is the 
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resuIt of the random incIusion within the lattice of inverted and strained PETN 
mole&es. The lattice energy increase resulting from these inclusions is reflected in 
a decreased heat of fusion. Impurities in soIid soIution may decrease anneaIing rates 
at lower temperatures and/or stabilize the normally metastable polymorph of PETN, 
but the effect of impurities is primariIy a function of the phase diagram of the system 
in question_ 

ACKNOWLEDGMEIW 

The authors wish to thank H. H. Cady for X-ray work and many heIpfu1 
discussions. Thanks are aIso due to H. L. FIaugh for sample preparation and -to 
M. Schwartz for acetone analyses. 

This work was performed under the auspices of the United States Atomic 
Energy Commission. 

FLEFERENCES 

1 V_ K- BoboIev and I. A. Karpukhin, Dokt Akad_ Nauk SSSR, I51 (1963) 155. 
2 H. H. Cady, American Crystallographic Association, Winter Meeting, S-5 March 1970, Tulane 

University, New O;leans, La., paper 18. 


