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ABSTRACT 

Water adsorption isotherms were measured for the polymorphs of octahydro- 
1,3,5,7-tetranitro-s-tetrazine (HMX). Water is found to sorb into the crystal struc- 
ture in the order, gamma-HMX > alpha-HMX, and not at all into beta-HMX. The 
thermodynamics of water interaction with the surface of beta-HMX was studied as 
a function of grinding action. Grinding reduces the free surface energy of beta- 
HMX from 25 to 5 ergs/sq cm, and increases the Hydrophobie character of the 
surface by a factor of 12. The calculated thermodynamic functions support the 
concept of adsorption of water in clusters on both ground and unground beta-HMX 
surfaces. The integral heat of water adsorption increases with increasing hydro- 
phobicity. This is attributed to unhindered dipole interaction of water with the 
more isolated active sites of like charges. Accordingly, water is shown to become 
less entropic as the hydrophobicity is increased. 
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INTRODUCTION 

In the simplest case of a body-centered cubic crystal composed of like atoms 
the 001, Oil, and 111 faces will possess different surface properties due to dif- 
ferences in the packing densities of the atoms on the respective faces. Markedly 
accentuated surface heterogeneities are characteristic of crystals composed of 
organic molecules by virtue of variations in the spatial arrangements of polar 
functional groups along the crystallographic faces. 

Experimental evidence shows (Hef 1) that hydrophilic (polar) heterogeneities are 
responsible for the adsorption of water. Surfaces which are homopolar, or nearly 
so, and exhibit practically no electrostatic force field, are found experimentally 
to be hydrophobic and give rise to Type III isotherm behavior with water. In these 
cases there is no contribution to adsorption forces from dipole attractions or 
polarization of th? adsorbate, and the only major attraction arises from dispersion 
forces. Dispersion forces alone are not sufficient to give rise to a normal mono- 
layer coverage with subsequent multilayer formation, in the case of water vapor 
at room temperature on homopolar surfaces. 

Physical adsorption of wat-^r vapor could be restricted to the vicinity of polar 
sites even at relatively high pressures. Adsorption is initiated on the surface 
polar site and probably proceeds by building up clusters of adsorbed molecules 
around these sites via mutual interactions of the water dipoles. Thus, even at 
pressures approaching saturation, those portions of the surface that are devoid 
of heteropolar characteristics would be bare of adsorbed water molecules. This is 
supported by the fact that in such cases sufficient water vapor for complete mono- 
layer coverage cannot be adsorbed, even at relative pressures close to saturation 
on surfaces with few polar sites. For such heterogeneous surfaces, the isotherms 
obtained are predominantly Type III, except for an initial rise in the curves, sug- 
gestive of Type II, which is attributed to adsorption at the relatively few hydro- 
philic sites. 

On the assumption that the water adsorbs only on hydrophilic or polar sites, 
the ratio of the volume of water adsorbed at monolayer coverage to the surface 
area of the substrate can be used to characterize the heterogeneity of surfaces 
before and after various treatments. The surface may be characterized further by 
determining thermodynamic functions such as free surface energies, and enthalpies 
and entropies of water adsorption. Isosteric heats calculated from the water ad- 
sorption isotherms could indicate if the hydrophilic sites are of equal energies. 
Entropies derived from the heats of adsorption may give some insight into the 
mobility of the adsorbed surface film. 
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Surface heterogeneities may play a critical role in the observed properties of 
materials. For example, though little of the surface is covered by adsorbed water 
molecules, the presence of these few molecules is sufficient to prevent the rapid 
wear of carbon brushes in electric motors and to allow the use of graphite as a 
lubricant. 

Because of their presumably high degree of surface heterogeneity, and in some 
cases open structure, organic explosives are expected to exhibit relatively strong 
interaction with water. Since water vapor is the major constituent adsorbed at 
ambient temperature from the atmosphere to which these explosives are exposed, 
the relationship of the presence of this water to the bulk properties could be of 
significant importance. Accordingly, a study was undertaken to determine the 
water adsorption properties of octahydro-l,3,5,7-tetranitro-s-tetrazine (HMX). HMX 
exists in four polymorphic configurations, HMX-I(/3), -IKa), -III(y), and -IV(8), 
with densities ranging from 1.96 to 1.78 (Ref 1) . As such, this explosive is most 
suitable for the study of water interaction as a function of polymorphism before 
and after various treatments and an a function of density or degree of open struc- 
ture. 

EXPERIMENTAL 

Preparation of Adsorbents 

All sample aliquots were obtained from a master batch of beta-HMX purified by 
successive recrystallizations from acetone (Ref 2). The particle sizes cited below 
were obtained from surface areas, 2, determined by argon adsorption on the as- 
sumption that the HMX particles are spheres with smooth surfaces (Ref 3). In this 
case 

d = ^- (1) 

where S is the specific surface in sq cm of the adsorbent, p is its density, and d 
is the average particle diameter. 

Fine-particle-size HMX-I(ß) of 21 microns diameter (2 = 0.15 m2/g) was pre- 
pared by adding a solution of 5 g HMX in 48 cc dimethylsulfoxide (DMSO) to a 
mixture of 120 cc absolute ethanol and 6 cc acetone. The precipitate was stirred 
10 minutes, filtered, washed with absolute ethanol, and air dried. 
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Ultrafine-particle-size (powder) HMX-I(/3) of 1 micron diameier (X ■ 2.8 m2/g) 
was prepared by grinding beta-HMX with mortar and pestle. 

Fine-particle-size HMX-III(y) of 16 microns diameter (2 = 0.2 m2/g) was pre- 
pared by recrystallization from 50% aqueous acetic acid as described in Reference 
4. 

Ultrafine-particle-size (powder) HMX-IIKy) of 1 micron diameter (2 = 2.8 m2/g) 
was prepared by adding a 1:4 solution of HMX:DMSO to rapidly agitated cold 
water. The volumes of solution and precipitation medium were in the ratio of 1:10. 
The precipitate was filtered rapidly, washed with small portions of cold water, 
and spread on filter paper to air-dry. 

In all cases the identity of the polymorphs was made by infrared and checked by 
X-ray analysis. The crystalline character of fine particle gamma, and ground beta- 
HMX was established by X-ray analysis. 

Adtorbotas 

Water: Distilled water was redistilled from alkaline permanganate and sulfuric 
acid, followed by a third redistillation. The water was finally degassed by freeze- 
thawing under vacuum. 

Gases: Nitrogen, helium, krypton, and argon were of high purity Baker's reagent 
grade. 

Adsorption Measurements 

In preparation for adsorption measurements, fine and ultrafine beta-HMX re- 
quired 24 hours, and gamma-HMX powder 4 weeks, of outgassing at ambient tem- 
peratures. The completion of outgassing was checked by observing any pressure 
rise in a closed system at the end of a two-hour interval. 

Nitrogen and argon adsorption measurements at -195° were made with a 
Brunauer-Emmett-Teller (BET) type apparatus. Krypton was used as the adsorbate 
for small area samples, and equilibrium pressure readings were made with a 
Pirani gauge calibrated for krypton. For calculations of surface areas, the linear 
form of the BET isotherm equation for multi-layer physical adsorption of a iree 
surface was used (Ref 5): 

p 1 (c-1)     p_ 

^Po-P)=   vmc     + vn,c     "   Po 

(2) 
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where vm is the monolayer capacity, i.e., the volume of gas adsorbed when the 
entire surface of adsorbent is covered with a complete unimolecular layer, p is the 
equilibrium pressure, and p0 is the vapor pressure of the gas at temperature T; 

c = c0 exp (Ej - EL)/RT or In c =- -(EJ - EL)/RT + In c0, where E] is the average 
heat of adsorption of the first layer, and EL is the latent heat of condensation of 
the vapor. When a BET surface area plot is made of p/v(p0 - p) versus p/p0, a 

straight line is obtained from 0.05 to approximately 0.30. The monolayer capacity, 
vm, is obtained from the intercept, l/vinc, and the slope, (c - l)/vmc. Finally, 
from the vm value £ was calculated, using the assigned nitrogen, argon, and 
krypton adsorbate areas of 16.2, 14.6, and 19.6 A  , respectively. The surface areas 
from BET plots of Ar, N2, and Kr corresponded to values obtained by the B point 
method (Ref 3) within the limits of experimental error. The quantity v,,, for water 
adsorption was determined by the B point method. 

Water adsorption measurements were made with a modified Orr apparatus (Ref 6), 
adjusted with an Apiezon B oil-filled manometer. In the sorption experiments on 
gamma-HMX, equilibrium pressures were based on three successive readings of 
constant value within one hour. To obtain a sorption point, approximately three 
hours were required. With beta-HMX, however, equilibrium pressures were reached 
in less than ten minutes, although actual readings were recorded at the end of one 
hour. 

All of the observed adsorptions were found to be completely reversible. The 
adsorption isotherm of water on the glass of the sample system was within the 
experimental error involved in the adsorption measurements and was therefore 
ignored. 

Calculations of Thermodynamics of Water Adsorption 

Isosteric (or differential) heats of adsorption, HG -1TS, of water on beta-HMX 
were calculated in the usual manner from the integrated form of the Clausius- 
Clapeyron equation at constant volume, v. 

q8t - (ain p/<mv - (HG - HS)/RT2 (3) 

R(InP2 - In?!) 
q.t^ ^(HC-IIS) (4) 

(l/T,-!/^) C        S 

where subscripts G and S denote gas phase and adsorbed state of water, respectively. 
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The total or integral heat of adsorption   (Hc - Hs) was obtained from the 

Clausius-Clapeyron equation as above, but at constant film pressure, w. The 
quantity n is by definition the free surface energy (Ref 7). It was therefore neces- 
sary to determine the free surface energy of adsorption as a function of spreading 
pressure at two different temperatures (Figs 4 and 5) by the Gibbs adsorption 
isotherm equation as first shown by Bangham (Ref 8): 

RT 
1.P= Po 

v/p dp 

p = 0 

(5) 

where V is the molar gas volume, a is the area for one gram of solid, v is the 
volume of adsorbed gas per m2 of surface, p is the equilibrium pressure of ad- 
sorbing gas, and p0 is the vapor pressure of the gas at temperature T. Graphical 

integration of the Gibbs isotherm (a plot of v/p versus p;   Figures 6 and 7, pp 21 
and 22) from zero pressure to saturation pressure gives the decrease in the change 
of the free surface energy of adsorption. The total reduction in free surface energy 
of the solid resulting from the adsorbate in equilibrium with the liquid adsorbate 
is often referred to as the equilibrium spreading pressure (Ref 9) of the adsorbed 
film. The lengthy calculations were FORTRAN programmed on an IBM 360 com- 
puter by the Scientific and Engineering Applications Division, DPSO at Picatinny 
Arsenal. 

The differential and integral entropies of adsorption are given by the equation 
(Ref 10): 

(Ss - S'L ) - (Ss - Sc) + A/T - RlnX (6) 

where X is p/p  ,   A is the heat of liquefaction of water (10.5 kcal/mole), S^  is 
the standard state of liquid water (16.7 e.u.), and Ss is the entropy of water in the 

adsorbed state, assuming an unperturbed adsorbent. 

The term (Ss - SG) is derived from the respective differential and integral 
enthalpies, e.g., in the case of the differential emiialpies: 

% - <**'**, =(HC - HS)/RT2 =(SG-SS)/RT 

SG-V(Hc-r,s)/T 

(7) 

(8) 

W   ^v & 
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RESULTS 

Large-particle gamma- and alpha-HMX could not be degassed completely of oc- 
cluded solvents, even at temperatures as high as 110° under vacuum. Continued 
degassing under these conditions resulted in incipient decomposition, as indicated 
by mass spectral analysis. The sorption points, which required a minimum of 16 
hours for equilibrium pressures to be attained, were determined from both partially 
degassed samples. These points, which are plotted in Figure 1 (p 16), show that 
water sorbs into the crystal structure. The action of grinding these samples re- 
sulted in conversions to mixtures of polymorphs. Because of these complications 
and impractical time factors involved in degassing and attaining equilibrium pres- 
sures, no further work was done with fine-particle alpha- and gamma-HMX. 

The isotherm for the sorption of water into ultr »fine-particie gamma-HMX, shown 
in Figure 1, is Type I, characteristic of adsorbents with open structure a few 
molecular diameters in width (Ref 11). Water sorbs into the gamma-HMX crystal 
in a ratio of one mole of water to 6.8 moles of HMX, and at saturation to the ex- 
tent of 13 mole percent. The interaction of water with ultrafine-particle (ground) 
and fine-particle (unground) beta-IIMX is demonstrated below to be confined to the 
surface. 

The isotherms for the adsorption of water on unground and ground beta-HMX 
(hereafter referred to as ug- and g-HMX, beta form understood) are plotted on a 
specific area basis in Figure 2 (p 17) for BET calculations and on a specific 
volume basis in Figure 3 (p 18) primarily for purposes of comparison. The amounts 
of water adsorbed at monolayer coverage, vm, estimated by the B point method 
from an expanded lower pressure region of Figure 2, are 5.5 and 8^0 x 10~3 cc/g 
for the ug- and g-HMX. Although grinding produces a 20-fold increase in surface 
area, it results in only a 1.5-fold increase in th ^ amount of water adsorbed. In 
terms of specific volume of water adsorbed at nonolayer coverage, vm/m2, as 
shown in Figure 3, the small quantity of 3.7 x 10~2 cc/m2 is further reduced by 
grinding to 3.0 x 10"   cc/m , or by a factor of 12. This increased hydrophobicity 
induced by grinding is observed even at relatively high p/p   (0.7). The nonporosity 

of beta-HMX to water is further demonstrated by the 10-minute periods required to 
attain equilibrium pressures and by the complete desorption^ achieved within an 
hour after exposure to vacuum. Although both isotherms are basically Type III, 
that of ug-HMX has a larger knee than that of the g-HMX. This may be attributed 
simply to the difference in magnitude of the specific volume of water adsorbed in 
the low p/p    region. 

I 

Adsorption isotherms of water on g- and ug-HMX at 25° and 35° are shown in 
Figures 4 and 5 (pp 19 and 20). Extensive experimental determinations of specific 
volumes of adsorbed water are plotted over the lower pressure region of the 
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isotherms, from 0,006 to 0.3 p/po, for calculating differential and integral heats of 

adsorption at constant coverage and film pressure, respectively. 

Plots of these data in terms of a Gibbs adsorption isotherm, p/v versus p, for 
the respective samples are shown in Figures 6 and 7 (pp 21 and 22). The shape of 
each curve depends on the shape of the corresponding isotherm produced in 
Figures 2 and 3. The area beneath the curve is integrated along the abscissa; 
the greater the displacement of the curve from the abscissa, the greater is the 
lowering of the free surface energy. For any particular sample of HMX the change 
in the free surface energy by the adsorption of water is shown to increase as the 
temperature is decreased. 

When the free surface energy is normalized in terms of ergs cm-2 in), and 
plotted versus pressure, as in Figures 8 and 9 (pp 23 and 24), the integral heats 
of adsorption can be calculated from the Clausius-Clapeyron equation at constant 
rr. The data presented in this form also make possible comparison of n'a of dif- 
ferent samples by the adsorbate. Thus, comparison of Figures 8 and 9 shows that 
the lowering of free surface energy by water adsorption decreases with grinding by 
one order of magnitude. 

The relationship of free surface energy to specific volume of water adsorbed for 
both samples of HMX is shown in Figure 10 (p 25). The absence of two points of 
inflection in the curve for the ug-HMX is indicative of a nonporous solid (Ref 7). 
Because of the high degree of hydrophobicity (-99%), the curve for the g-HMX could 
not be extended beyond the specific volume of 0.04 cc/m  . Despite this limitation, 
the deviation from the curve for ug-HMX is considered real (see Figures 8 and 9). 
The lowering of the free surface energy is shown to be, not only a function of the 
total amount of water adsorbed, but, at a fixed specific volume, an intrinsic func- 
tion of the sample substrate. The lower limit of pressure that can be read with 
reasonable accuracy on the oil manometer is equivalent to 0.01 cc/2 g sample 
(sizes larger than 2 g require excessively long periods of time for the equilibration 
of pressures). Since the cc/g is a product of a specific volume and specific area, 
the lowest readable specific volume for the g-HMX (2.8 m2/g) was 0.003 cc/m2 and 
for the ug-HMX (0.15 m 2/g) was 0.03 cc/m2.   Due to this limitation, all subsequent 
curves are not shown to extend to values below the region of 0.03 cc/m2. 

The isosteric (differential) and integral heat values calculated from the iso- 
thermal data at two temperatures are plotted as a function of the specific volume of 
adsorbed water in Figures 11 and 12 (pp 26 and 27). The error limits of the cal- 
culated points of these and all subsequent figures represent the maximum probable 
error as estimated from the maximum deviations of the isothermal adsorption values. 
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The distribution and magnitude of the differential heats (Hc - Hs) of ug- and g-HMX 

are very similar and are in agreement with their respective vm   and statistical 
monolayer coverages. However, the integral heats (Hc - Hs) of ug-HMX are shown 

to lie well below the heat of liquefaction of water (HL), whereas those of the g- 

HMX fall at the H^ level. This apparent difference is consistent with the ob- 

served differences in the lowering of the free surface energy. 

The differential and integral entropy changes of water on g- and ug-HMX are 

plotted versus specific volume of water adsorbed in Figures 13 and 14 (pp 28 and 
29). At v|n  the maxima and minima are in agreement with the minima and maxima 

of the corresponding heats of adsorption. The absolute entropies of water in the 
adsorbed state, as calculated by the relationship according to Hill (Ref 10;   see 
section on calculations), are plotted as a function ot the specific volume of water 
adsorption in Figures 15 and 16. In conformity with the heats of adsorption, the 
Ss of water decreases considerably with grinding. The minimum in the Ss curve in 

Figure 16 has been cited by Hill (Ref 12) as a thermodynamic criterion for the 
completion of the monolayer coverage, v,,,. The minimum in the Ss   curve in 

Figure 15 (p 30) is not shown for the reason given above. The differential and 
integral entropies of water in the adsorbed state on g- and ug-HMX lie well above 
the entropy of liquid water, SL , in the standard state. 

DISCUSSION 

When the £ covered by an adsorbate in a Type I isotherm is much greater than 
the N2 and/or Ar 2's which are in agreement with the geometric 2, the adsorbate 

is said to be sorbed into the adsorbent structure, where the molecular diameter 

of the adsorbate is necessarily smaller than that of either N2 or Ar. In the case 
of water interaction with open-structured crystals, sorption at ambient temperatures 

can only take place with internal surfaces that are polar in nature. The poly- 
morphs of HMX seem to satisfy the conditions for the sorption of water by virtue 
of their allegedly open structure and polar internal surfaces (Ref 4). The extent to 
which water sorbs into the crystal structure of the polymorphs decreases in the 
order of increasing density: gamma-HMX (d = 1.76) > alpha-HMX (d = 1.82) and 
not at all into beta-HMX (d = 1.93). Apparently, the open structure of gamma- and 
alpha-HMX is sufficiently large to accommodate water (diam. - 3.68 A) and not 
Ar (diam. ■ 4.24 A). The sorption of water into these polymorphs showed no in- 
dication of being dependent upon particle size, at least to the extent the investi- 
gation was carried out. 
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Delta-HMX was not included in this study because it transforms readily to a 
mixture of beta and gamma forms. With the exception of gamma-I'MX, the preparation 
of powders by precipitation methods was noi possible. In each case a mixture of 
the polymorphs was obtained. 

Because of the difficulties encountered in the preparation of samples in widely 
varied particle size, the original plan to study the thermodynamics of water ad- 
sorption by the polymorphs of HMX as a function of particle size was abandoned. 
The only polymorph that was prepared in two wide'y different particle sizes, sub- 
ject to such a study, was beta-HMX. But this coulo only be accomplished mechan- 
ically, thereby introducing the added variable of the effect of grinding action on 
the surface of the crystalline substrate. 

In this case, the factor of particle size effect is not favored, based on the 
general theory of solids, substantiated by electron photomicrographs which indi- 
cate that fine crystals (< 40 microns) do not exhibit cracks such as may be found 
in large crystals (Ref 13). The fine-particle beta-HMX crystals ("20 microns) and 

ultrafine beta-HMX powder ( - 1 micron) which was shown by X-ray analysis to be 
crystalline in character would not be expected to show any differences in the 
crystalline order of their surfaces based solely on particle size in this low range. 
Therefore, any difference in surface structure of these samples would be due 
predominantly to the action of grinding by which the ultrafine crystalline powder 
is formed. Grinding could conceivably result in a disturbed layer, cracks, or re- 
duced crystalline order at the surface of the subdivided particles. 

A Fisher model of a unit cell of beta-HMX is shown in Figure 17 (p 31). The 
ends have freely exposed hydrophilic nitro groups, whereas   the nitro groups in the 
lateral planes are somewhat shielded by methylene hydrogens. One can consider 
the electrostatic force field of attraction exerted by the nitro oxygens to be reduced 
by the methylene hydrogens in close proximity, and therefore to present a hydro- 
phobic plane. In the multiple stackings of the unit cell even the terminal nitro 
groups fall in the shielded pattern. This would explain the essentially hydrophobic 
character of beta-HMX. Consistent with this interpretation is the fact that the 
change in free surface energy of beta-HMX by the adsorption of water is approxi- 
mately 25 ergs/cm2. As such, beta-HMX is accurately described as possessing a 

low-energy surface. Therefore, the limited quantity of water that is adsorbed 
presumably can take place only at sites where the nitro oxygens are freely exposed 
at crevices, edges, or cracks on the surface. Grinding is shown to increase these 
exposures only by a factor of 1.5 with a concurrent 20-fold increase in surface area. 
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Thus, in the ensuing discussion the observed differences in the thermodynamics 
of water adsorption by the surfaces of these two samples of beta-HMX are attributed 
to the grinding action alone and the appropriate differentiation is made, g- and ug- 
HMX. 

• 

The adsorption of water vapor is restricted to polar sites and not to homopolar 
areas of uniform energies (Ref 9).   Surfaces which are, in the major part, homo- 
polar exhibit very little electrostatic force field and are found experimentally to 
be hydrophobic, giving rise to Type III isotherm behavior with water. Since the 
isotherms shown in Figure 3 have predominant Type III character except for the 
slight rise in the curves at low p/p0 suggestive of Type II behavior, the surfaces 
of both g- and ug-HMX are demonstrated to be heterogeneous. The initial rise is 
attributed to the adsorption of water at the hydrophilic sites (strong adsorbate- 
adsorbent interaction). As postulated by Pierce and Smith (Ref 14), after adsorption 
of the first layer of water molecules on these sites, additional layers are formed 
on and around the already adsorbed molecules rather than on the neighboring hydro- 
phobic area (weak to no adsorbate-adsorbent, but strong adsorbate-adsorbate inter- 
actions). The broad deviations of the respective fractions of water coverages from 
complete coverage of the available areas of g- and ug-HMX, 0.007 and 0.11 (at vm); 
0.11 and 0.46 (at p/p0 = 0.35 where multilayer adsorption usually takes place), 
would indicate clustering of adsorbed water molecules in the vicinity of polar 
sites. This is further illustrated at relatively high pressures. In the case of g-HMX, 
at a maximum attainable p/p_ = 0.78, only 0.65 of the statistical monolayer is 
adsorbed. For ug-HMX slightly more than one statistical monolayer is adsorbed 
at p/p0 = 0.99. In going from ug-HMX to g-HMX, as the number of hydrophilic sites 
decreases per unit area and the distance between them increases, the shape of the 
isotherm is shown to assume more Type III character. In comparison to the ug-HMX, 
this change of adsorbate interaction could be indicative of a more random scatter 
of active sites in addition to the reduction of their numbers induced by the grinding 
action. 

The variations of n with temperature and pressure by the adsorption of water on 
g- and ug-HMX are as expected for heterogeneous surfaces. An initial sharp rise, 
followed by a monotonic increase in w-change with increasing pressure, is more 
pronounced at the lower temperature. However, the n of beta-HMX is markedly re- 
duced by the grinding action, which increases the area of the particles from 0.15 
to 2.8 m2/g. On the basis of particle size alone, this observation is not in agree- 
ment with the relationship of IT to S demonstrated for Si02 by Every (Ref 15). In 
the range of surface areas from 0.1 to 120 m  /g, the n is shown to have a maximum 
value at S = 3-4 m 2/g. The decreasing values of n are attributed to an increasingly 
amorphous character of the surface with decreasing particle size (increasing surface 
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area). In spite of the evidence of the crystalline form of the g-HMX given by X-ray 
analysis, the crystalline order at the surface might have been disturbed by local 
heating due to the grinding action. But, in view of the close relationship between 
n and hydrophilicity, as indicated by the five-fold decrease in n induced by grinding 
being equal to the decrease in hydrophilicity, the consideration of an aperiodic 
amorphous surface is discounted. The incipient difference in the slopes of the 
curves in Figure 10 (p 25) may be ascribed here again to the difference in degree 
of random scatter of the hydrophil'c sites between the samples. 

The accuracy of the calculated thermodynamic functions is limited by the pre- 
cision,indicated as vertical bars. In spite of this limitation the complex curves 
generated do indicate qualitatively the change in heterogeneity of beta-HMX in- 
duced by grinding and the corresponding differences in the interaction of adsorbate 
molecules. Although the differential functions give a good insight into the distri- 
bution of the high energy sites, integral functions make possible more meaningful 
interpretations due to their relative insensitivity to the error limits involved. 

The heat curves obtained for g- and ug-HMX are typical of heterogeneous sur- 
faces. Adsorption is shown to take place initially at the more energetic sites (water- 
polar site interaction) and with continued adsorption at the less e. ergetic sites 
of more uniform energies (water-water interaction). Since the water molecule has a 
permanent dipole moment, the surface field force of beta-HMX may line up the 
adsorbed dipoles in the same direction. With continued adsorption approaching vm, 
the distance between the aligned dipoles decreases, and the repulsive forces pre- 
sented to additional adsorbate molecules increases, thereby resulting in diminishing 
heats of adsorption. It would appear that for the ug-MMX/lljO system the repulsive 
forces exceed those of dispersion at, or in the vicinity of, monolayer coverages, 
whereas the reverse is true for the g-HMX/I^O system. The reason for this may 
be that the dipolar water molecules oriented in the same direction on the polar 
planes containing like charges (unshielded negative oxygens of the N02  groups), 
being greater in number per unit area, are more closely packed at v,,,  on ug-IIMX 
than on g-HMX. This would explain the higher heat of adsorption of water on g-HMX 
than on ug-IIMX. 

The subsequent corresponding changes in the heats of adsorption can be attrib- 
uted    to the association of H2O - II2O molecules, as in condensation, approaching 
the heat of liquefaction of water, Hj (sometimes referred to as heat of capillary 

condensation). Certainly, highly polar molecules such as water are characterized 
by a strong tendency towards association. It is interesting to note further that 
the heat of adsorption of water of ug-HMX is well below M L. The high HL of water 

is due largely to the forma'ion of hydrogen bonds. Since the opportunity for hydrogen 

12 

y \ 
m- ^ 

■/ 

• :« ■ 

1» V 

<s   ' 

■     ~    "" 



bonding is less at the first and even second layer coverages, adsorbate interaction 
is expectedly less than in the three-dimensional liquid phase. Because of the 
strong adsorbate-adsorbent interaction unimpaired by repulsive forces in the 
g-HMX/l^O system, the heat of adsorption, AHa, is higher than the ML and 

clustering in isolated patches is readily attained, where AH« = HL- The closer 
the /\Ha is to 11^ the greater is the probability of finding complete two-dimensional 
translation freedom of the adsorbate at the surface. At higher coverages the sub- 
strate of both samples has less effect on the differential and integral heats as 
all curves tend to converge. 

The maxima and minima in the integral heats and entropies of adsorption are not 
uncommon (Ref 12). The minimum in the Ss curve for water on g-HMX is in very 

good agreement with the value of v,,, calculated by the B point method. Both of 

these methods of arriving at the vm  value substantiate the probability of clustering 

since monolayer adsorption is shown to take place at a very small fraction of sur- 
face coverage, d - 0.007. The entropy of adsorbed vapor gives some indication of 
the extent to which molecules are capable of two-dimensional translation on the 
surface. 

Of t'i e two samples, the ug-HMX surface, which shows the greater decrease in 
n with adsorption, also shows the least order of adsorbed water. The integral 
entropy is well above the entropy of water in the liquid phase. This water, being 
highly entropic, is almost gaslike in mobility. In the vicinity of vm, the entropy 
of the adsorbed water is, oddly enough, at a maximum for the reason cited above 
for the heat of adsorption being at a minimum, i.e., due to a strong repulsive force 
field. 

At v_  coverage of g-HMX the water is indicated to be almost ice-like due to the 

postulated unhindered interaction with the isolated hydrophilic sites. With con- 
tinued coverage confined to these isolated patches, the entropic nature of the ad- 
sorbed water becomes more liquid-like, although it is still considerably less mobile 
than it is in the case of ug-HMX. 

CONCLUSIONS 

Based on the thermodynamics of water adsorption, the surface properties of an 
organic secondary explosive have been characterized for the first time. The polar 
nature, the degree of heterogeneity, and distribution of energy sites of beta-HMX 
have been elucidated. In addition, the manner in which these surface properties 
change with grinding has been revealed. 
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Of the three poiymorphs studied, only beta-HMX is shown to adsorb water at 
the surface. The water is adsorbed primarily in patches and at saturation levels 
the water becomes very gas-like in mobility on the surface. Grinding is observed to 
render the surface of beta-HMX essentially hydrophobic and concurrently to in- 
crease the distance between patches of less entropic water molecules adsorbed on 
the surface. 

The implications drawn from this knowledge could possibly be of use to those 
who formulate explosive compositions. Certainly, if increased hydrophobicity were 
a desired quality, where perhaps interparticulate forces of attraction are to be de- 
creased, or if a decrease in the wetting property of beta-HMX were preferred, then 
mere grinding would be the most effective manner in which to achieve these ends. 
If increased hydrophilicity (wetting) were a required property of the particulate 
surface of explosives, any change induced at the surface in this direction could 
be monitored qualitatively by means of the thermodynamics of water interaction. 
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Fig 1 Specific volume adsorption of H2O on polymorphs of HMX at 25° vs 
partial pressure 
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Fig 7 Gibbs adsorption isotherms of water on ground /3-HMX at 25° and 35c 
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Fig 8 Variation of free surface energy of unground /3-HMX by water at 25° and 
35° vs pressure 
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Fig 11 Isosteric and integral heats of water on ground /3-HMX vs specific 
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Fig 14        Differential and integral entropy changes of water on ground /3-HMX vs 
specific volume of adsorption 
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