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PRED ICTIO N  OF CRYSTAL DENSITIES OF O RG A N IC EXPLOSIVES
BY G RO U P ADDITIVITY

by
James R. Stine

ABSTRACT

The molar volume of a crystalline organic compound is assumed to be a linear 
combination o f  its constituent volumes. Compounds consisting only of the elements 
hydrogen, carbon, nitrogen, oxygen, and fluorine are considered. The constituent 
volumes are taken to be the volumes of atoms in particular bonding environments and are 
evaluated from a large set of crystallographic data. The predicted density has an expected 
error of about 3%. These results are applied to a large number of explosives compounds.

I. INTRO D U CTIO N

O f particular importance in designing new explosives 
is the ability to predict a compound’s performance before 
the laborious and expensive task of synthesizing it is 
undertaken. One property of the compound that is 
helpful in evaluating an explosive’s performance is its 
density. For example, we know from experiments that 
the detonation velocity of one-component explosives 
increases with increasing density.*'^ In fact, for most 
explosives, detonation velocity is a linear function for 
densities greater than unity. Also, the C-J pressure 
(Chapman-Jouget— the pressure behind the shock front) 
can be shown to vary as the square of the density when 
the density is in the range 1 .0 - 1 . 6  g/cm^

Kamlet and Jacobs’ showed that simple relations for 
the detonation velocity and C-J pressure can be used to 
fit numerical data resulting from a complex computer 
code. These simple relations, which are valid for C-H-N- 
O exposives, depend on moles of detonation gases per 
unit weight of explosive, average molecular weight of 
these gases, chemical energy of the detonation reaction, 
and density. They assume the detonation products can 
be deduced from the compound’s composition and 
oxygen balance. Thus, relations for the detonation 
velocity and C-J pressure depend only on the elemental

composition, density, and the heat o f formation of the 
explosive. As shown in later papers, these formulas 
predict values that are in agreement with measured 
detonation velocities and C-J pressures to within ex­
perimental accuracy. Benson and Buss* showed that 
thermodynamic properties are additive and that the heat 
of formation can be estimated to about ±3 kcal/mole.

Rothstein and Petersen’ also developed a simple 
empirical relation for detonation velocity, and the results 
for 64 explosives agreed with experimental values to 
about ±2.3%.

A izenshtadt'” also developed an empirical set of 
simple formulas for calculating detonation velocity. 
These formulas have as param eters the chemical for­
mula, the standard enthalpy of formation, and the 
density of the explosive. They apparently are valid over 
the density range 1.30-1.90 g/cm^ although no error 
limits have been established.

Several methods exist to estimate the density of a 
compound and can be divided roughly into two broad 
categories: those o f a theoretical nature and those of an 
empirical nature. The theoretical approach uses detailed 
information about the crystal structure in calculating 
density o f a compound. That is, the density of an organic 
compound can be calculated on a fundamental basis if all 
inter- and intramolecular forces are k n o w n . T h i s



method has the dual advantage that structures for 
different polymorphs can be calculated and unique 
bonding situations, such as hydrogen bonding or con­
jugation, can be handled. On the other hand, the inter- 
and intramolecular forces for these large organic com­
pounds are not well characterized and their calculations 
are extremely complex. However, this method is being 
pursued by the author and will be described in a future 
report.

Alternatively, the density of a compound can be 
estimated by taking an empirical approach. The molar 
volume of a compound usually is assumed to be a linear 
combination of the volumes of its constitutents, whose 
values are determined empirically. The volume of a 
molecule may correspond to the volumes of its constit­
uent chemical entities, such as —NOj, —OH, —N H 2 , or 
of its atoms. O f course, the molar volume is only 
approximately additive and is complicated by steric 
effects, conjugation, and ring systems, to mention only a 
few. On the other hand, the great mass of experimental 
crystallographic data suggests that atoms in similar 
bonding situations have similar bond lengths and hence 
would occupy similar volumes.

This empirical method is the concern in this report, 
which describes a simple method o f predicting the molar 
volume of a crystalline organic compound, along with 
sufficient error analysis to set confidence limits on the 
predicted density.

The next section briefly describes previous empirical 
methods; Sec. I l l  discusses the technique developed here; 
and Sec. IV presents the results. Section V contains a list 
of possible and existing explosives along with their 
calculated densities.

II. BACK G RO U N D

The empirical method of estimating molar volumes by 
additive constituent volumes has long been recognized as 
being simple and relatively accurate. Investigations and 
properties relating to molar volumes date back to the 
first half of the nineteenth century for both liquids'^ and 
solids.'* Much of the liquid work was concerned with 
organic compounds— the solid work with inorganic. In 
both cases investigators were usually concerned with 
additive volumes for systems of compounds that form a 
homologous series (alkanes, for example).

Although different investigators were concerned with 
different homologous series and hence arrived at dif­
ferent constituent volumes, and their results were based

on limited empirical data, some basic conclusions were 
reached and form the basis o f the method. For example, 
they found that isomeric compounds have approximately 
the same molar volumes, and that the molar volume is 
approximately a linear function of the addition of a 
specific chemical group.

Exner'^ was one of the first to consolidate the ideas of 
the additivity of constituent volumes and to be concerned 
with the statistics related to his calculated values. Also, 
he suggested that other additive physical properties, such 
as parachor,'® are additive only because the molecular 
weight or molar volume is approximately additive, and 
hence the molar volume is fundamentally the more 
important property to consider.

In Exner’s approach, 1/p (where p is density) is plotted 
vs 1/M (where M is molecular weight) for a homologous 
series. From  the slope and intercept of the resulting 
straight line, he deduced values for the constituent 
volumes in the homologous series. W hen values for these 
volumes are known, a different homologous series can be 
selected and values for other constituent volumes can be 
deduced, and so forth, until values for all constituent 
volumes of interest have been calculated.

Nielsen"* extended Exner’s method to include constit­
uent volumes related to multimembered ring systems and 
chemical entities found in explosives compounds. He 
found that 1 0 - to 18-member ring systems make a 
negative contribution to the molar volume, whereas all 
other ring systems make a positive contribution. How­
ever, he indicated neither the number of compounds on 
which these data were based nor the error associated 
with each o f the constituent volumes. The actual error in 
his predicted densities seems to be larger than the 
reported error of <5%.

Tarver et al.“ “ ^' defined a different set o f constituent 
volumes from those of Exner or Nielsen and reported 
that his calculated densities agreed with the observed 
densities, within about 1.5%. Although values for 5 of 
their constituent volumes were based on 25 compounds, 
values for the remaining 73 constituent volumes were 
based on only 148 compounds and hence their reported 
error probably is also too small. Neither Nielsen nor 
Tarver et al. differentiated between liquids and solids in 
the compounds that made up their basis sets.

Immirizi and Perini^^ defined a set of 15 constituent 
volumes that are basically atomic volumes, although ring 
contributions were also included. Their data base con­
sisted o f 500 organic crystalline compounds in which the 
ring systems were restricted to benzene and napthalene 
derivatives. Because of the large basis set and the small



number of constituent volumes, their estimated error of 
2-3% (4% if all types of rings are included) in a predicted 
density is perhaps more valid than those reported by 
previous investigators. They also included density calcu­
lations for compounds not in their basis set so that 
realistic estimates of the method’s predictive ability could 
be assessed.

A method developed by Cichra et al.^  ̂ is similar to 
that just described, although their basis set was restricted 
to explosives and explosives-related compounds.

All of these empirical methods are concerned with 
estimating a compound’s molar volume (cmVmole) or 
equivalently its crystal volume (A^/molecule). The consti­
tuent volumes then include contributions from the actual 
volume occupied by the molecule (molecular volume) 
and the void between the molecules. Alternatively, the 
molecular volume and packing fraction (ratio of 
molecular to crystal volume) can be estimated separate­
ly. Kitaigorodsky^'* estimated the molecular volume by 
assuming that the volume of each atom was defined by 
an empirically determined van der Waals radius. For 
such a calculation the detailed geometry of the molecule 
must be known so that the volume common to a group of 
atoms is not included more than once. Kitaigorodsky 
derived a simple formula for calculating the volume 
common to two adjacent atoms. Higher order contacts 
between atoms may, for the most part, be neglected. 
Including these corrections requires a computer code and 
hence the method loses some of its attractiveness. Based 
on experimental crystal volumes, he observed that most 
packing fractions lie in the range 0.65-0.77.

Cady”  used Kitaigorodsky’s method, with van der 
Waals radii taken from Bondi,^^ to calculate the 
molecular volumes for a variety of explosives. From 
these data and observed densities he then calculated the 
packing fractions for these compounds and found that 
they ranged from 0.63-0.85. This conclusion was based 
on an argument that hydrogen atoms bonded to carbon 
atoms cannot form hydrogen bonds. He also found the 
packing fraction to be roughly linear, with a variable 
representing the ratio of number of hydrogen atoms 
bonded to carbon atoms to total number of atoms in the 
molecule.

The method described in the next section differs from 
the previous methods in that it is based on a much larger 
set of empirical data and hence the confidence limits may 
be determined more accurately. The method is also more

easily applied to a wide variety of compounds than are 
the previous methods, and the constituent volumes have 
simple intuitive meanings.

III. M ETHOD

The molar volume, V, is assumed to be a linear 
combination of the constituent volumes, v,. That is, for 
the j-th compound,

v . = E (1)

or in matrix notation,

V =  Av +  e (2)

where A is the coefficient matrix (and ay are its 
elements). The vector of the deviations between the 
observed and calculated molar volumes, e, is needed to 
make the equations consistent. I assumed that there are 
m compounds in the basis set and n constituent volumes. 
Thus V and £ are vectors of length m, v is a vector of 
length n, and A is a matrix of dimension m X n.

Equation (2) is solved in the least-squares sense. 
That is, the magnitude of £ squared is minimized with 
respect to the constituent volumes. This linear least- 
squares estimator of v, v, is given by

V =  (A'’'A)” ‘ A'''V (3)

where A^ denotes the transpose of A.
One advantage of the linear least-squares method is 

that a unique solution to  Eq. (2) always exists, provided 
that the normal matrix, A^A, is not singular (that is, its 
determinant is not zero). The normal matrix is a square 
matrix of dimension n X n, where n is usually small (here 
<50). Techniques exist to calculate the normal matrix 
without having the coefficient matrix, A, in the com­
puter’s memory. When m is large, as is the case here, a 
considerable savings of the com puter’s available memory 
results.

More importantly, the linear least-squares method 
allows one to easily estimate the errors in v and in the



calculated molar volume. That is, an unbiased estimator 
of the true variance, a \  is given by

s  ̂== e^e/(m — n). (4)

The predicted value of the molar volume, Vq, is given by

where V® is the solution vector for the i-th iteration, and
V(x) =  <t>' (x).

The weight function used in all calculations is given by

V(x) =
{

X I X I ^  H

sgn(x) H I X I >  H (9)

Vo =  F >  , (5)

where F q is the vector of coefficients for the molecule of 
interest, and the variance for the predicted molar volume 
is given by

Var(Vo) = o11 +Fl(A^A)-‘ Fo (6)

The standard deviation of the predicted molar volume is 
the square root of this variance.

If Eq. (3) is used to obtain a solution to Eq. (2), the 
calculated molar volumes for some compounds differ 
substantially from the observed volumes. The reasons for 
these outliers are varied. Statistically, a few calculated 
molar volumes will deviate substantially from the ob­
served values. However, these outliers also may be 
caused by errors in the Cambridge Crystallographic 
Files data. The detection and treatm ent o f these outliers 
have been the subject of much concern.^*’̂ * Nevertheless, 
these outliers should be included but with less weight 
than the rest of the points. Several iterative methods exist 
to deal with outlying points, and a review of com puta­
tional approaches to robust linear regression is given by 
Holland and Welsch.^® One of these methods, originally 
developed by Huber,^' seems to be the most stable for a 
wide range of problems and is also one of the simplest.

In Huber’s scheme a loss function, (j>(x), is defined so 
that outliers are included with less weight than the bulk 
of the points. The vector, v, then minimizes the quantity.

S < ! > I - ( V - A v ) ]  .
j=i °

(7)

The solution to Expression (7) usually is calculated by 
iterative methods. One iteration scheme is given by

y(i-n) _  y(i) _|_ ct(a '*'A) * A V  [— (V — Av^*)] ,

where the “tuning constant,” H, has the value 1.345. The 
results were relatively insensitive to the value assumed 
for o and converged rapidly.

The method just described finds the set of constituent 
volumes that minimizes deviations between the calcu­
lated and observed molar volumes for the basis com­
pounds. However, this set may not be optimal for 
minimizing deviations between the calculated and ob­
served densities. That is, the quantity

( 10)
j=l

is minimized where

p r = M / V j (11)

and Mj is the molecular weight and Vj is given by Eq. (1). 
Expression (10) now requires a multidimensional, non­
linear least-squares method for its solution. A variety of 
nonlinear least-squares methods exists; the one used here 
is based on locating the minimum by the very efficient 
conjugate-gradient technique.^^ The values for the consti­
tuent volumes calculated with the linear least-squares 
method were used as an initial guess for the nonlinear 
least-squares method. For convenience, minimization of 
the volume deviation is called the linear least-squares 
calculation, and minimization o f the density deviation is 
the nonlinear least-squares calculation.

Before 1 present results for various definitions of the 
constituent volumes in the next section, 1  first describe 
the compounds that make up the basis set.

The Cambridge Crystallographic Files contain a large 
amount of information on compounds whose crystal 
structures have been determined experimentally since 
about 1936.” ~”  These data are contained in three files.

(8)



The first contains information related to the compound 
name and the bibliographic source of the data. The 
second contains information related to the atom types, 
bond types, and how the atoms in the molecule are 
connected to one another. The third contains information 
related to the unit cell and all Cartesian coordinates of 
the atoms in the unit cell. The entries corresponding to a 
particular compound in each file are related to one 
another by a six-letter reference code, or REFCODE. If the 
crystal structure was investigated by another author or 
the same author, or if the compound exists as different 
polymorphs, then two digits are added to the six-letter 
REFCODE so that the compounds may be differentiated. 
Information is needed from all three files for the present 
analysis.

The files are constantly updated as new compounds 
are added. In addition, efforts have been made to ensure 
th a t the files are as error-free as possible.^* Nevertheless, 
errors became apparent because the densities calculated 
(for a substantial number of compounds) with the unit 
cell parameters did not agree with those reported by the 
authors. The reasons for the disagreement are varied and 
include; wrong formulas used by the author to calculate 
the unit cell volume; the wrong z value (number of 
molecules in the unit cell) in the file; transposition errors 
in the unit cell data in the file; and file data were for a 
different compound than the one intended. These are 
only a few of the many errors found, but for a number of 
compounds no reason for the discrepancies could be 
found.

Thus, the compounds used in the basis set were 
selected as follows. First, only compounds composed of 
hydrogen, carbon, nitrogen, oxygen, or fluorine were 
selected; and these also were required to be non­
polymeric and nonionic, and to consist of a single 
residue. About 4000 compounds satisfied these criteria, 
and of these, about half contained neither the unit cell 
data nor the author's calculated density; or else the 
density calculated from the unit cell parameters did not 
agree with the author’s. After these compounds were 
deleted, the basis set consisted of 2051 error-free com ­
pounds. A list of these 2051 compounds that make up 
the basis set is given in a set o f microfiche at the end of 
this report. The list contains the name, density, and 
formula for each compound in the basis set. Figure la  
shows the distribution of the molar volumes for the 2051 
compounds, and Fig. lb  shows the densities.

The data base will be expanded to include ionic, 
multiple-residue, and other atoms in future work.
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Fig. 1.
Distribution o f crystal volumes (a) and densities (b) for the 2051 
compounds in the basis set. Arrows point to average values o f  about 
325 A ' for volume and 1.29 g /cm ' for density.

IV, RESULTS

This section presents criteria and results for various 
definitions o f the constituent volumes.

Each set of constituent volumes had the following 
properties. First, each set was simply defined and 
contained as few volumes as possible. (A prime purpose 
of the empirical method is the identification of classes of 
compounds, or constituent groups, that tend to  make 
dense compounds. Usually this identification is made 
more transparent by having only a few parameters with 
intuitive meanings.) Second, the molar volume for each
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Fig. 2.
Definitions o f the constituent volumes for sets S I , S4, S5, and S 12.

compound in the basis set was composed, unambiguous­
ly, of the constituent volumes under consideration. That 
is, the set of constituent volumes spanned all types of 
compounds in the basis set regardless of the complexity 
or uniqueness of the compound. Third, the constituent 
volume corresponded to  a physical entity and hence to a 
real volume. Thus, values for all constituent volumes 
were positive, and this gave a check on the validity of the 
definitions. Also one is not misled into proposing that a 
molecule is unusually dense on the basis o f its having 
many negatively valued contributions to its molar vol­
ume. [Note that, although the constituent volumes 
should be positive, none of the calculations were con­
strained so as to force this condition. It should be noted 
also that the crystallographic unit cell dimensions are 
given in units of angstroms (Ah and thus crystal volumes 
(AVmolecule) rather than molar volumes (cmVmole) 
were fitted. The conversion between them is V̂ rystai 
(AVmolecule) =  0.6023 V„„|ar(cmVmole).]

The simplest of all definitions assumes that all atoms 
have the same volume, regardless o f type. Thus, the first 
set in Table I, denoted S I, consists of just one constituent 
volume. Also shown in the table are: (1) the frequency 
with which the constituent volume was found (in this 
case, the number is also the number of atoms in all 
compounds in the basis set); (2 ) the linear least-squares 
value for the volume (with its standard deviation); and 
(3) the nonlinear least-squares result for the volume.

This primitive set can be subdivided: one set (S4) 
defines those atoms that have form one, two, three, or 
four bonded neighbors; alternatively, another set (S5) 
defines volumes according to atom type, that is, a set of 
five constituent volumes corresponding to the volumes 
occupied by hydrogen, carbon, nitrogen, oxygen, or 
fluorine atoms.

The set of 12 constituent volumes (S I2) contains the 
“chemical cross product” of sets S4 and S5; that is, a 
carbon atom with four bonded neighbors (C4), or three 
(C3), and so forth (Table I). The relationship between 
these sets is shown schematically in Fig. 2.

A histogram of the percent relative errors in the 
densities for the 2051 basis compounds is shown for 
each of the sets, S I, S4, S5, and S12 (Figs. 3a-d). As 
more meaningful constituent volumes are defined, the 
percent error rapidly decreases. The linear least-squares 
variances [calculated using Eq. (4)] for SI, S4, S5, and 
S12 are 8 8 8 .8 , 360.6, 280.3, and 180.5, respectively.

The four sets are useful if one has a very limited 
knowledge of the compound. 1  will assume, however, 
that the structural formula is known so that S12 can be 
expanded to include different bonding environments, 
thus providing set S34 (Table 11). For example, a carbon 
atom that forms two single bonds and one double bond is 
differentiated from a carbon atom that forms two 
aromatic bonds and a single bond. To aid in the 
specifications of the atom s’ bonding environment, 1
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denote a single, double, or triple bond by 1, 2, or 3, 
respectively, and if the bonds are part of a ring system, 
by —1, —2, or —3, respectively. An aromatic bond (as in 
benzene) is denoted by —5 as it also must be part of a 
ring system. Conjugated bonds are denoted by 7 or —7, 
the latter if the bond is part of a ring system. Thus, 0 (2 ) 
represents an oxygen atom with one double bond, 
0 ( 1 , 1 ,) two single bonds, and 0 (—1 ,—1 ) two single 
bonds that are also part o f a ring system. Some of the 
bonding environments correspond to extremely rare 
situations, such as C(—1,—3), C(—2,—2), or N ( l ,1,1,1,), 
and some of these are grouped together.

Definitions of constituent volumes, the frequency with 
which these volumes are found in the set of basis 
compounds, and the values for the constituent volumes

are given in Table II. Some values are based on a small 
number of atoms (< 2 0 0 ) and have correspondingly large 
standard deviations. Figures 4a and b show the distribu­
tion of the relative density errors for the linear and 
nonlinear results for S34. The standard error of about 
3% can be deduced from these graphs. The variance for 
this set, calculated using Eq. (4), is 114.8 so that the 
expected error in a calculated crystal volume is about 
10.7 Details of the calculations and the calculated 
densities for the basis compounds for all five sets of 
constituent volumes are given in a set of microfiche at 
the end of this report.

It is of interest to compare these results, where 
possible, with those obtained by other investigators, such 
as Kitaigorodsky who has obtained a set of constituent 
volumes based on the calculation of molecular 
volumes.^**

The present results include, of course, a contribution 
from the void between the molecules and hence each 
constituent volume can be thought of as having its own 
“ p ack in g  c o e ffic ien t.”  T he co m p ariso n s  w ith 
Kitaigorodsky’s results are given in Table III. The pack­
ing coefficients for the common carbon-hydrogen groups 
are in the range 0.66-0.77, which is the range of packing 
coefficients found by Kitaigorodsky for organic 
molecules. Values for these constituent volumes, ob­
tained by Immirizi and Perini,^^ are in agreement with 
the present results. This agreement indicates that the 
values obtained represent physical volumes of atoms in 
specific bonding environments and are independent of 
the molecular system.

A comparison also may be made with some of 
Tarver’s^' results, based on his analysis of aromatic 
explosives. He defined constituent volumes in terms of 
the aromatic carbon atom with an attached constituent 
chemical group. Table IV lists the chemical groups found 
in his set of 25 explosives basis compounds and the 
calculated values using the S34 results.

V. A PPLICA TIO N S TO EXPLOSIVES

Here I apply the results of the previous sections to 
explosives and explosives-related compounds. Eigure 5 
gives an example the calculation of the density for 
DATNBZ (DATB-Diamino trinitrobenzene). The values 
used for the constituent volumes are for S34 (Table II). 
Note that the bonds between the nitrogen and the oxygen 
atoms in an —N O j group are considered double bonds 
and hence nitrogen is denoted as N(2,2,l).

8
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-NOe M = 243.0CeHBNsOe

6 (12,09)

3 N(2.2,l) 3 (10.37)

6 0(2) 6 (12.75)

2 N( 1,1,1) 2 ( 9.23)

4 H(l) (a ttac h e d  to N) 4 ( 5.20)

1 H( 1) (a ttac h e d  to a ro m a tic  C) 1 ( 7.50)

V = 226.91 

Pcaic = 243.0/226.91(0.6023) = 1.78 g/cm® 

Pobs = 1.84 g/cm®

Fig. 5.
Sample calculation for DATB using the S34 linear least-squares 
results.

Molecular structures for explosives whose crystal 
structures have been determined experimentally are 
considered first. Usually investigators of these crystal 
structures calculated the bulk density from the unit cell 
parameters and also measured the density independently 
(usually by flotation). Hence the densities are presumed 
correct even if other values are given in the literature. 
For example, Meyer^’ lists the density of DIN A  as 
1.49 g/cm ’ whereas the crystallographic data yield 
1 . 6 6  g/cm ’.

Table V lists the calculated densities for these com ­
pounds for the linear and nonlinear constituent volume 
sets for S34. The percent relative density error is given in 
parentheses and is defined by

Rel. Err. =  lOO/p””* -  p"'")/?””* ( 12)

14.0
L in e ar S34

12.0 -

10.0 -

S  8.0 -

^  6.0 -

4.0-

2 .0 -

0.0
-10.0 -8.0 -6.0 -4 .0  -2.0 0.0 2.0 4.0 6.0 8.0 10.0

P erc e n t  R ela tive  E rro r

14.0
N o n lin ea r S34

12.0 -

10.0 -

4.0-

2.0 -

0.0
-10.0-8.0 -6 .0  -4 .0  -2 .0  0.0 2.0 4.0 6.0 8.0 10.0

Figures 6 a and b show the distribution of these errors for 
the compounds listed in Table V.

Percent Relative Error
Fig. 6.

Percent relative errors for the compounds listed in Table V using the 
S34 linear results (a) and nonlinear results (b).

Some of the compounds listed in Table V have more 
than one form, and the relative errors are included in 
Figs. 6 a and b. The observed densities for these com­
pounds are: HM X (C 4 HjNgOg)— a-form 1.84 g/cm ’, p- 
form 1.89 g/cm ’, y-form 1.78 g/cm ’, 5-form 1.76 g/cm ’; 
PETN (CjHgN^Ojj)— form I 1.78 g/cm ’, form II 
1.72 g /c m ’ ; an d  H N A B (C u H ^ N g O ,/— form  I 
1.80 g/cm ’, form II 1.74 g/cm ’.

Table VI lists heterocyclic explosives compounds pre­
pared at Los Alamos, whose densities have been ob­
served. One compound of interest in this list is pen- 
tanitroaniline (C jH 2 N 5 0 ,(,). This compound has an ob­
served density o f 1.77 g /cm ’ (measured by flotation), 
which differs substantially from the predicted value of 
1.95 g/cm ’. Table VII lists the observed and calculated



densities fo r o th e r n itroan ilines and for hex- 
anitrobenzene. The calculated values are in very good 
agreement for all of these compounds except pen- 
tanitroaniline. The reasons for this discrepancy include 
e rro n eo u s  m easurem ent (pentanitroaniline easily 
hydrolyzes), lattice defects, and strained or abnormal 
crystal structure. The density has been remeasured 
recently (by W. P. Norris, at the Naval Weapons Center, 
using a gas pycnometer) and found to be 1 . 8 6  g/cm ^ 
Table VIII contains similar information for explosives 
given in various handbooks.” "'''’

Figure 7 shows the molecular structures for proposed 
explosives and their existing related compounds. (D ata 
from Refs. 20 and 41 and from R. N. Rogers of Los 
Alamos.) Table IX  lists densities calculated for these 
compounds using the constituent volume values given for 
S34 (Table II).

Figure 8  gives the base structures for some “prisanes” 
that are of interest in the synthesis of proposed ex­
plosives as studied by E. E. Gilbert of the US Army 
Armament Research and Development Command. 
These are compounds that generally have strained, 
symmetric structures. It is not known whether all of 
these molecules are stable enough to  be synthesized nor 
or the degreee to which they can be nitrated. Table X 
lists the densities calculated with the S34 linear and 
nonlinear results for the base structure and the fully 
nitrated structure. Parameters are also given so that one 
can easily calculate the density of any partially nitrated 
compound. Here k is the number of —N O j groups in the

molecule where k is between zero and k„gx- The densities 
are calculated from

P lir

and

a -f 45 k 

"c-l- 18.01 k
(13)

a +  45 k 

P"on""“ r ^ c '+  17.79 k
(14)

where a, c, and c ' are given in Table X for each prisane.

VI. CONCLUSIONS
A simple empirical method has been developed to 

predict the density o f organic crystalline compounds and 
also to estimate the probable error in the predicted 
density. The method may be applied to compounds that 
contain hydrogen, carbon, nitrogen, oxygen, and fluorine 
atoms. The probable error in a predicted density for both 
explosive and nonexplosive compounds is about 3%.

Two sets of values were obtained for the constituent 
volumes; the first set is based on minimizing the errors 
between the observed and calculated crystal volumes 
(linear) and the second set is based on minimizing the 
errors between the observed and calculated densities 
(nonlinear). Both sets of values yield about the same 
predicted densities (usually within ± 0 . 0 1  g/cm^).
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Fig. 7.
Structures for proposed explosives compounds and related nonexplosives compounds.
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ADAMAN CONORS T RIA M T

Fig. 8.
Structures o f some base prisane of interest in the synthesis o f proposed explosives.



T A B L E  I. R esults for C o n stituen t V olum e Sets S I , S4, S5, and  S12

C ry sta l Volum e
Set
N o. Definition . Frequency

Linear
(Â )

Nonlinear
(Â )

M Any atom 72017 9 .2 0 8 (0 .0 1 7 ) 9 .5 5 5

VI Atom  w ith  one bonded neighbor 37441 9 .881 (0 .1 7 2 ) 10 .045
V2 Atom w ith  tw o bonded neighbors 4048 10.627 (0 .2 0 4 ) 11 .496
V3 Atom w ith  th ree  bonded neighbors 17639 10.476 (0 .1 3 5 ) 10 .339
V4 Atom  w ith  four bonded n eighbors 12889 5 .3 6 0 (0 .3 1 0 ) 5 .2 0 4

H Hydrogen atom 34149 5 .2 5 0 (0 .0 6 5 ) 5 .0 1 5
C Carbon a tom 29187 13.406 (0 .0 7 7 ) 13 .755
N N itrogen atom 2466 12.694 (0 .2 2 8 ) 12 .685
0 Oxygen atom 5957 10.663 (0 .1 4 4 ) 10 .110
F F luorin e atom 258 11.794 (0 .3 3 3 ) 11 .839

HI Hydrogen a tom  w ith  one bonded neighbor 34149 8 .8 1 7 (0 .1 3 4 ) 8 .0 9 8
C4 Carbon atom  w ith  four bonded neighbors 12850 6 .9 6 8 (0 .2 3 7 ) 8 .4 7 4
C3 Carbon atom  w ith  th ree  bonded neighbors 16031 10.972 (0 .1 0 0 ) 11 .448
C2 Carbon atom  w ith  two bonded neighbors 303 15.445 (0 .6 2 5 ) 15 .909
Cl Carbon atom  w ith  one bonded neighbor 3 26 .463 (6 .0 4 6 ) 26 .411
N4 N itrogen atom  w ith  four bonded neighbors 39 -9 .2 1 8 (2 .2 3 8 ) -7 .9 7 9
N3 N itrogen atom  w ith  th ree  bonded neighbors 1608 5 .8 8 5 (0 .3 5 4 ) 5 .951
N2 N itrogen atom  w ith  two bonded neighbors 642 12.837 (0 .4 2 1 ) 13 .290
N1 N itrogen atom  w ith  one bonded neighbor 177 18.891 (0 .8 7 2 ) 17 .693
02 Oxygen atom  w ith  two bonded neighbors 3103 9 .1 2 5 (0 .1 6 9 ) 7 .9 6 9
01 Oxygen atom  w ith  one bonded neighbor 2854 15.861 (0 .2 5 3 ) 15 .023
FI F luorine atom  w ith  one bonded neighbor 258 15.240 (0 .2 9 4 ) 14 .278

SI

S4

S5

S 1 2



TA BLE II. Results for Constituent V olum e Set S34

Constituent Volum e
Linear Nonlinear

Definition Frequency (A^) (A^)

Vi H(l) bonded to a nonaromatic carbon 25087 5.981 (0.298) 6.725
Vz H(l) bonded to an arom atic carbon 6693 7.499 (0.420) 8.301
Ya H(l) bonded to a nitrogen 992 5.199 (0.460) 5.461
V4 H(l) bonded to an oxygen 1377 0.366 (0.398) 1.457
V5 C( 1,1.1,1) 5246 13.390 (0.623) 12.036
Ve C( 1,1,-1,-1) 5453 11.709 (0.567) 10.340
V7 C( 1,-1,-1,-1) 1926 9.755 (0.351) 9.101
Vs C (-1,-1,-1,-1) 225 9.673 (0.620) 9.991
V9 C(2,1,1) or C( 1,1,1) or C(7,1,1) 1629 14.565 (0.362) 13.922
VlO C( 1,-1,-2) 2102 13.288 (0.288) 12.641
Vll C (2 ,-l,-l) or C(l,-1,-1) 1271 12.654 (0.416) 12.029
V i z C (-1,-1,-2) 495 10.410 (0.330) 10.397
V l 3 C (l,-5,-5) or C (l,-7,-7) or C(2,-5,-5) 8555 12.094 (0.326) 11.536
V u C (-1,-5,-5) 1313 10.618 (0.214) 10.568
Vl5 C(-5,-5,-5) 466 10.370 (0.237) 10.032
V 16 C(3,l) or C(2,2) 251 16.579 (0.676) 17.485
Vi7 C (-1,-3) or C(-2,-2) or C(-3,-7) 52 15.963 (0.712) 14.852
V i a C(3) 3 24.831 (4.868) 24.811
V l 9 N( 1,1,1,1) 34 0.887 (2.364) 0.232
V z o N( 1,1,-1,-1) 5 4.016 (4.872) 3.763
V z i N(2,2,1) 218 10.368 (0.857) 10.769
V z z N (l,-5,-5) or N (l,-7,-7) 38 4.570 (1.504) 4.844
V 23 N (l,-l,-2 ) or N (2,-l,-2) 20 13.118 (2.210) 13.635
V Z 4 N( 1,1,1) or N(2,l,l) 495 9.234 (0.706) 9.083
V z 5 N (l,-1,-1) or N (l,-1,-7) or N(7,~ 1,-7) or N (2 ,-l,-l) 697 9.798 (0.464) 8.884
V z a N ( - l , - l , - l )  or N (-l,-7 ,-7 ) or N (-5,-5,-5) 140 8.759 (0.705) 8.043
VZ7 N (-5,-5) or N(-7,-7) 155 12.268 (0.664) 12.188
V z a N(2,l) or N(3,1) or N(l,l) or N(2,2) 175 14.488 (0.694) 13.669
V Z9 N (-l,-2 ) or N (- l ,- l)  or N (-l,-7 ) 312 11.941 (0.509) 12.812
V 30 N(3) or N(2) 177 15.599 (0.864) 15.007
V 31 0(1,1) 2176 12.178 (0.320) 11.802
V 32 0 ( - l , - l )  or 0 (-7 ,-7) or 0(-5 ,-5 ) 927 12.172 (0,266) 11.462
V 33 0(2) or 0(1) 2854 12.754 (0.395) 12.743
V J 4 F(2) or F( 1) 258 12.929 (0.363) 13.493
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TABLE III. Comparison o f  Constituent Volum es o f  K itaigorodsky and o f  Immirizi and Perini with the 
Corresponding Linear Least-Squares S34 Results

Molecular Volume Crystal Volume

Constituent
Kitaigorodsky

(A^)
Linear

(A^)

Immirizi 
& Perini

CÂ )

C ( a r o m a t ic ) 8 .4 12.09 (0 .70)' 12.53

C -H  (a r o m a t ic ) 14.7 19.59 (0 .75)

C -H  ( a l ip h a t ic ) 11.1 19.37 (0 .57) 17.9

GHz 17.1 2 5 .3 5  (0 .68) 2 4 .8

CHa 23.5 3 1 .3 3  (0 .75) 31 .7

>C< 5.0 13.39 (0 .37) 11.0

-NO z 23.0 35 .8 8  (0 .64 ) 3 5 .2

-N H z 19.7 19.63 (1 .00) 21 .0

F 9.6 12.93 (0.74) 12.8

=C< 13.1 14.57 (0 .90) 13.7

- C s 5.9 16.58 (0 .36) 15.3

10.0 15.60 (0 .64) 16.0

H 2.0 5 .98  (0 .33) 6.9

“R atio o f  K itaigorodsky  m olecular volum e with p resent c ry sta l volum e.
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TA BLE IV. Com parison o f  Constituent Volum es o f  Tarver for 
Arom atic Com pounds with the Corresponding Linear 
Least-Squares S34  Results

Crystal Volume

16

Chemical Tarver Linear
Group (A^) ( A’)

;C— H 19.72 19.59

iC—  NOg 49.31 47.97

iC— OH 26.56 24.64

:C— NHs 26.01 31.73

: C — CHa 43.11 43.43



TABLE V. Comparison o f  the Observed D ensities with the Linear and Nonlinear Least-Squares S34- 
Calculated Densities for Explosives C om pounds o f  K now n Crystal Structures

Observed Calculated Density 
Density Linear Nonlinear

lE FC O D E Eormula Compound Name (g/cm^) (g/cm^) (g/cm^)

NTRGUA CH4N402 NQ N itroguanidine 1.76 1.66( 5.7)“ 1.66( 5.7)
DMN- CzHjNzOz DMN N .N -D im ethyIn itram ine 1.36 1.39(-2.2) 1.36( 0,0)
DNEDAM EDNA N .N '-D initroethy lenediam ine 1.71 1.65{ 3.5) 1.63( 4.7)
NIPYAZ CaHaNaOz N -N itropyrazo le^ 1.59 1.59( 0.0) 1.59( 0.0)
MENFXN C3H3N3O4 3 -M e th y l-4 -n ilro fu ro x a n ^ 1.66 1 .6 8 ( - 1.2 ) 1.67(-0.6)
CTMTNA Ĉ HeNeOs RDX Cycio 1,3,5 tr im e th y Ien e -2 ,4 ,6  tr in it ra m in e b 1.81 1.77( 2.2) 1.78( 1.7)
AMPYRM C4H5N3 2 -  A m inopyrim idine^ 1.34 1.37(-2.2) 1.37(-2.2)
DINA- C4H»N40b DINA 2,2'-D in itroxyd iethy  In itram in e 1.66 1.64( 1.2) 1.64( 1.2)
OCHTET C4H8N908 /3-HMX T e tra n itro -te tra a z a c y  c looctane 1.89 1.77( 6.3) 1.7B( 5.8)
DNfTPY C5H3N304 3,5-D initropyrid ineb 1.65 1 .6 8 ( - 1 .8 ) 1 .6 8 ( - 1 .8 )
AMNTPY CsHsNaOj 2 -A m in o -3 -n itro p y r  idineb 1.55 1.53( 1.3) 1.53( 1.3)
AMPYRD CsHeNa 2 - Aminopy r idine^ 1.25 1.28(-2.4) 1.27(-1.6)
AMIPYR CsHeNs 3-A m inopyrid ine 1.25 1.28(-2.4) 1.27(-1.6)
AMPYRE CsHeNa 4-A m inopyrid ineb 1.27 1.28(-0.6) 1.27( 0.0)
PERYTN C5H8N40i2 PETN P e n ta e ry th r ito l te t r a n i t r a te ^ 1.78 1.71( 3.9) 1.72( 3.4)
DNPMTA C5H,oNe04 DPT D in itropen tam ethy  len e te tram in e^ 1 . 6 8 1.60( 4.8) 1.61( 4.2)
HNOBEN CaNeOia HNB H exanitrobenzene 1.99 2 .0 1 ( - 1 .0 ) 2.02(-1.5)
DNBZFX CeH2N40, 4 ,6-D initrobenzf uroxanb 1.76 1.85(-5.1) 1.86(-5.7)
FANTBZ CeH2N40,F2 (N ,N -D ifluoroam ino)trinitro-2,4,6 benzene^ 1.90 1.91(-0.5) 1.90( 0.0)
FADNAN C6H3N304F2 (N,N-D ifluoroam ino)dinitro-2 ,4  benzene b 1.76 l,80(-2.3) 1.80(-2.3)
TNBENZ CeHaNaOe TNB 1,3,5-Trinitrobenzene 1.68 1.75(-4.2) 1.75(-4.2)
P iC - CaHsNaÔ PIC ACID P ic ric  acid  2,4,6 tr in itro p h e n o l 1.77 1.83(-3.4) 1.83(-3.4)
TNITAN CaHaNaOa TENA 2,3,4,6 T etran ilroan ilineb 1.87 1.87( 0.0) 1.87( 0.0)
DNBENZ C6H4N2O4 DNB m -D initrobenzene 1.58 1.60(-1.3) 1.60(-1.3)
DNITBZ CaH4N204 p-D in itrobenzene 1.62 1.60{ 1.2 ) 1.60( 1.2 )
DNOPHL C6H4N2O6 2,4-D in itropheno l b 1.67 1.71(-2.4) 1.70(-1.8)
DNPHOL CaH4N20a 2 ,6 -D in itropheno lb 1.70 1.71(-0.6) 1.70( 0.0)
TNIOAN C6H4N40e TNA 2,4,6 T rin itroan ilineb 1.76 1.76( 0.0) 1.77(-0.6)
NiTRBE CaHsNOs N itrobenzene 1,37 1.40(-2.2) 1,39(-1.5)
ONP- C6H5NO3 o-N itrophenoi 1.49 1.53(-2.7) 1.52(-2.0)
MNPHOL CgHaNOa m -N itrophenoI^ 1.48 1.53(-3.4) 1.52(-2.7)
DATNBZ CaHsNaOe DATB Diam ino tr in itro b e n ze n e^ 1.84 1.78( 3.3) 1.78( 3.3)
MNIANL CaHeNzOj m -N itroan ilineb 1.44 1.45(-0.7) 1.45(-0.7)
NANI LI CeHaNzOz 4-N itroan iline 1.43 1.45(-1.4) 1.45(-1.4)
TATNBZ CeHaNaO, TATB l,3 ,5 -T riam ino -2 ,4 ,6 -trin ilrobenzene 1.94 1.79( 7.7) 1.80( 7.2)
DNPIMZ C8H8N4O4 l,4 -D in itro -2 -iso p ro p y lim id azo leb 1.43 1.50(-4.9) 1.50(-4.9)
TNT- CvHaNsOe TNT 2,4,6-Tr in itro to  luene 1.67 1.67( 0.0) 1 .6 6 ( 0 .6 )
MTNANL CTHaNaOe TETRYL T rin itro -2 ,4 ,6 -pheny  Im ethy In itram ineb 1.73 1.76(-1.7) 1.75(-1.2)
NITOLU C7H7NO2 p -N itro to  luene b 1.29 1.34(-3.9) 1.33(-3.1)
FENOAN C8H4N5O8F3 N(/S,jS,/S-Tr ifluoroethy l)-N ,2 ,4 ,6 -tetran itroan ilineb 1.79 1.86(-3.9) 1.86(-3.9)
EITNB- CeH8N40a 1-Ethy Iene im in o -2 ,4 ,6 -trin itro b en zen e 1.63 1.67(-2.5) 1.68(-3.1)
TNOXYL CaH7N30e TNX 2,4,6-Tr in i tro -m -x y le n e b 1.63 1.60( 1.8 ) 1.60( 1.8 )
TNPHNT CBH7N3O7 2,4,6-Tr in itropheneto  1 b 1.56 1.62(-3.8) 1.62(-3.8)
ANTZCO CaHMNeOa 1,5-Diacety 1 -3 ,7 -d in itro -te traazacy c Io o ctan eb 1.63 1.49( 8 .6) 1.50( 8.0)
TNONAP C,oH4N40a 1,4,5,8-TetranitronaphthaIeneb 1.82 1.76( 3.3) 1.76( 3.3)
FBATNB C,oH„OaN4F N -F lu o ro ,N -t-b u ty  1)- 1 -am ino  trin itro b e n ze n eb 1.54 1.55(-0.6) 1.54( 0.0)
HNIABZ Ci2H4N80,2 HNAB 2,2',4,4',6,6'-Hexanitroazobenzeneb 1.80 1.79( 0.6) 1.80( 0 .0 )
DNTDPH C,2H8N204 4,4 '-D initrodipheny I 1.45 1.47(-1.4) 1.46(-0.7)
DNBZPY C,2H9N304 2-(2 ',4 '-D initrobenzy l)pyr idineb 1.46 1.46( 0.0) 1.46( 0.0)
NIAMBP G laH loN gOa 2 '-N itro -4 -a m in o b ip h e n y  lb 1.32 1.37(-3.8) 1.36(-3.0)
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T A B L E  V. (cont)

Observed Calculated Density
Density Linear Nonlinear

REFCODE; Formula Compound Name (g/cm^) (g/cm ’) (g/cm’)

NDZABZ C12H loN̂ Oa p-N itrod iazoam inobenzene '’ 1.38 1.38( 0.0) 1.38( 0.0)
TACTAZ CiaH2oN404 TAT T e tra ce to -te traz ac y c lo -o c tan e ^ 1.40 1.28( 8 .6 ) I.29( 7.9)
MPlClN C«sH„NsO« l-M eth y l-2 -p ic ry lim in o in d o lin e ^ 1.52 1.55(-2.0) 1.55(~2.0)
TDNPB- CmH ujNeO 15 l,2 ,3-T ris(2,4-dinitrcphenoxy)benzene 1.62 1.64(-1.2) 1.65(-1.9)

pcalc^/po“Percent relative density errors are given in parentheses where it is defined by Rel. Err. =  100 (p'’*’®
'’Compounds that are also members of the basis set.
R eferences: NTRGUA, J. H. Bryden, L. A. Burkardt, E. W. Hughes, and J. Donohue, Acta Cryst. 9, 573 (1956); DMN-, B 
Krebs, J. Mandt, R. E. Cobbledick, and R. W. H. Small, Acta Cryst. B35, 402 (1979); DNEDAM , J. W. Turley, Acta Cryst 
B24, 942 (1968); NIPYAZ, C. Tarimci and E. Schempp, Acta Cryst. B33, 240 (1977); M ENFXN, A. F. Careron and A. A 
Freer, Acta Cryst. B30, 354 (1974); CTMTNA, C. S. Choi and E. Prince, Acta Cryst. B28, 2857 (1972); AMPYRM, J 
Scheinbeim and E. Schempp, Acta Cryst. B32, 607 (1976); D1NA-, J. Halfpenny and R. W. H. Small, Acta Cryst. B34, 3452 
(1978); OCHTET, C. S. Choi and H. P. Boutin, Acta Cryst. B26, 1235 (1970); DNITPY, R. Destro, T. Pilati, and M 
Simonetta, Acta Cryst. B30, 2071 (1974); AMNTPY, R. Destro, T. Pilati, and M. Simonetta, Acta Cryst. B31, 2883 (1975) 
AMPYRD, M. Chao, E. Schempp, and R. D. Rosen stein, Acta Cryst. B 31, 2922 (1975); AMIPYR, M. Chao, E. Schempp, and 
R. D. Rosenstein, Acta Cryst. B31, 2924 (1975); AMPYRE, M. Chao and E. Schempp, Acta Cryst. B33, 1557 (1977) 
PERYTN, H. H. Cady and A. C. Larson, Acta Cryst. B31, 1864 (1975); DNPM TA, C. S. Choi and S. Bulusu, Acta Cryst 
B30, 1576 (1974); HNOBEN, Z. A. Akopyan, Yu. T. Struchkov, and V. G. Dashevskii, Z. S truct Khim. 7, 408 (1966) 
DNBZFX, C. K. Prout, O. J. R. Hodder, and D. Viterbo, Acta Cryst. B28, 1523 (1972); FANTBZ, P. Batail, D. Grandjean, F 
Dudragne and C. Michaud, Acta Cryst. B31, 1367 (1975); FA DNA N, P. Batail, M. Louer, D. Grandjean, F. Dudragne, and C 
Michaud, Acta Cryst. B32, 2780 (1976); TNBENZ, C. S. Choi and J. E. Abel, Acta Cryst. B28, 193 (1972); PIC-, E. N 
Duesler, J. H. Engelmann, D. Y. Curtain, and I. C. Paul, Cryst. Struct. Comm. 7, 449 (1978); TNITAN, C. Dickinson, J. M 
Stewart and J. R. Holden, Acta Cryst. 21, 663 (1966); DNBENZ, J. T /otter and C. S. Williston, Acta Cryst. 21, 285 (1966) 
DNITBZ, F. Di Rienzo, A. Domenicano, and L. R. di Sanseverino, Acta Cryst. B36, 586 (1980); DNOPHL, T, Kagawa, R 
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TABLE VI. Com parison o f  the Observed Densities with the Linear and Nonlinear Least-Squares 
S34-Calculated Densities for Explosives C om pounds Prepared at Los A lam os

Observed
Density Linear Nonlinear

Formula Compound name (g/cm^) (g/cm^) (g/cm^)

C2H2N402 4-N ilro~  1.2,3-triazoie 1.72 1.77(-2,9)'' 1 .75(-1.7)
C3H2N4O4 2 ,4 -D in itro  im idazole 1.76 1.82(-3.4) 1.82(-3.4)
C4N9O3 4,4’-D in itro -3 ,3 '-b if  u razan y  1 1.85 1.92(-3.8) 1.92(-3.8)

C4H2Na04 5 ,5 '-D in itro -3 ,3 '-b i- l,2 ,4 - tr ia z o le 176 1.85{-5.1) 1.85(-5.1)
C4H5N6O4 4 - A m in o -3 ,5 -d in itro -1 -m e th y  Ipyrazole 1.70 1.69( 0.6) 1.69( 0.6)
C5H0N6O4 3,5-D in itro -2 ,4 ,6 - tr  iam in o p y rid in e 1.88 1.75( 6.9) I.76( 6.4)
C,H2N40a 1,2,4.5-Tetranitrobenzene 1.82 1.86 ( - 2 .2 ) 1.86( - 2 .2)
CeHzNeO.o P en tan itro an ilin e 1.77 1.95{- 10.2) 1.95(-10.2)
C,H4Nb06 5 -P ic ry  lam in o te trazo le 1.91 1.80{ 5.8) 1.79( 6.3)
CaHsNTOa 4 -N ilro -  1 -p icry  1- 1 ,2 ,3-triazole 1.85 1.82( 1.6 ) 1.82( 1.6 )
CaHaNvOa 4 -N itro -2 -p ic ry  1- 1 ,2 ,3-triazole 1.75 1.82(-4.0) 1.82(-4.0)
CaHaNTOa 3 -N ilro -  1-p ic ry  1- 1,2,4-tr iazole 1.75 1.82(-4.0) 1.82(-4.0)
CeHaN,09 3 -N itro -4 -p ic ry  lam inof u razan 1.81 1.84{- 1.7) 1.84(-1.7)

C6H4Na06 l-(3 ,4 -D in ilro p h en y  l ) - 4 - n i l r o -  1 ,2 ,3-triazo le 1.73 1.73( 0.0) 173( 0.0)

CeH4N60e l-(3 ,5 -D in itropheny  l ) - 4 - n i t r o -  1 ,2 ,3-triazole 1.74 1.73( 0.6) 1.73( 0.6)
CaH4Na08 1 -P ic ry l-  1 ,2 ,4-triazole 1.70 1.74{-2.4) 1.71(-2.4)
CaH4Na0a 2 -P  icry 1- 1,2,3-tr iazo le 1.69 1.74(-3.0) 1.7l(-3.0)
CeH4Na0e 1 -P icry  1- 1 ,2,3-triazole 1.70 1.74(~2.7) 1.71(-2.7)

C8H4NSO7 2 -P  icry la m in o - 1,3,4-oxadiazole 1.76 1.77(-0.6) 1.77(-0.6)
CaHaNTOa l-(3 -A m in o -2 ,4 ,6 -trin itro p h en y  1)- 1 ,2 ,3-triazole 1.75 1.75( 0.0) 1.75( 0.0)
CaHsNTOa 4 -P  icry lam in o - 1 ,2 ,4-triazo le 1.78 1.71( 2.2) 1.74( 2.2)
CaHaNTOe 4 -P ic ry  lam in o - 1 ,2 ,3-triazole 1.78 1.74{ 2.2) 1.74( 2.2)
CaHaNTO, 3 -A m in o -4 -p  icry lam ino f u razan 1.77 1.77( 0.0) 1.77( 0.0)
CaHaNsOa 3 -A m in c -6 -p ic ry  la m in o -s - le lra z in e 1.78 1.77( 0.6) 1.78( 0.0)
CaHaNeOe 3 -A m in o -5 -p ic ry  la m in o - 1 ,2 ,4-triazole 1.85 1.75( 5.4) 1.75( 5.4)
CeHaNeOa 1,1'-D im e th y  l-3 ,3 ',5 ,5 '- te tran itro -4 ,4 '-b ip y ra zo ly  1 1.75 1.73( 1.1) 1.73( 1.1)
C9H3N7010 2 ,4 -D in ilro -  1 -p icry  lim idazole 1.75 1.83(-4.6) 1.84{-5.1)
C9H4N6OB 2 -N itro -  1 -p icry  lim idazole 1.75 1.77(-1.1) 1.77(-1,1)
C9H4N60a 4 -N itro -  1-p ic ry  lim idazole 1.75 1.77(-1.1) 1.77(-1.1)
C9H4N6OB 4 -N itro -1 -p ic ry  Ipyrazole 1.70 1.77(-4.1) 1.77(-4,1)

CeHaNaOa 1-P icry  lim idazole 1.75 1.69( 3.4) 1.69( 3.4)
CsHsNaOg 1-P ic ry  Ipyrazole 1.60 1.69(-5.6) 1.69(-5.6)

CeHsNTOa 4 - N itro -3 -p  icry lam inopyrazo le 1.77 1.77( 0.0) 1.78(-0.6)

CeHaNaOa 4 -P  icry lam inopyrazo le 1.70 1.69( 0.6) 1.70( 0.0)

CeHaNaOa 3 -P  icry lam inopyrazo le 1.70 1.69( 0.6) 1.70( 0.0)
CeHyNaOii 2-(2 ,2 '-D in itrop ropoxy)- 1 ,3 ,5 -trin itrobenzene 1.69 1.72(-1.8) 1.72(- 1.8)
CeHeNe0j2 l ,3 ,5 -T rin itro -2 ,4 ,6 -tr is (m e th y  ln itram ino )benzene 1.65 1.77(-7.3) 1.76(-6.7)

C loHaNeOjo 4 -N ilro -4 '-p ic ry  la m in o -3 .3 '-b  if u razan y  1 1.77 1.83(-3.4) 1.84(-4.0)

CioHaNaOa 3,3' ,5,5' -T e t ra  n i t  ro-2 ,2 ' -azopy  r  id i ne 1.83 1.71( 4.9) 1.75( 4.4)
CioHsNtOjo 3 ,5 -D in itro - 1 -m eth y  1 -4 -p  icry Ipyrazole 1.72 1.77(-2.9) 1.77(-2.9)

CioHaNaOa 2 -P ic ry  lam inopyr im idine 1.71 1.67( 2.3) 1.67( 2.3)
CioHaNaOa l - M e th y l- 3 -n i t ro - 4 -p ic r y  Ipyrazole 1.71 1.70( 0.6) 1.71( 0 .0 )
C loHeNaOio 3,5-D in i l ro -  1-m e th y  1 -4 -p  icry  lam inopyrazo le 1.71 1.77(-1.7) 1.77(-1.7)
C i2H4NbO 10 4 ,6 -D in itro -  1 -p icry  Ibenzotr iazole 1.86 1.80( 3.2) 1.80( 3.2)
CiaHaNaOio 5 ,7 -D in ilro - 1 -p icry  Ibenzotr iazole 1.74 1.80(-3.4) 1.80(-3.4)

C,2H4NaO,o 5 ,6 -D in itro - 1 -p icry  Ibenzotr iazole 1.77 1.80(- 1.7) 1.80(-1.7)
C,2H„N,0,e 1,3 b is(2 ,2 -D in ilrop ropoxy)-2 ,4 ,6 -trin itrobenzene 1.67 1.71(-2.4) 1.71(-2.4)
C,4HaN,oO,2 1-P icry 1 -4 -p  icry la m in o -  1 ,2 ,3-triazole 1.75 1.79(-2.3) 1.79(-2.3)
C wHaN loOia 2 -P  icry 1 -3 -p  icry la m in o -  1 ,2 ,4-triazole 1.80 1.79( 0.6) 1.79( 0.6)
C,4HaN,oO,3 3 ,5 -bis(P icry lam in o )- 1,2,4-oxadiazole 1.70 1.80(-5.9) 1.81(-6.5)

19



T A BLE VI. (cont)

Observed Calculated Density

Density Linear Nonlinear
Formula Compound name (g/cm^) (g/cm^) (g/cm^)

CwHeNioOa 3 ,4 - b  is(P ic ry  lam ino) f u raz an 1.86 1.80( 3.2) 1.81( 2.7)
C uHtN iiOb 3 ,5 -b  is(P ic ry  lam in o )- 1,2,4-tr iazo le 1.81 1.79( 1.1) 1.79( 1.1)
CuHsNizOa 3,6-bis(P  icry  la m in o ) -s - te tra z in e 1.82 1.80( 1,1) 1.81( 0.5)
CtsHeNjOB 1,4-D ip ic ry  Ipyrazo le 1.71 1.76(-2.9) 1.76(-2.9)
CaHgNioOu 4 -N itro -  1 -p ic ry  1 -3 -p  icry  lam inopyrazo  le 1.72 1.80(-4.7) 1.8K-5.2)
C isHsN loO 14 5 -N itro -  1 -p ic ry  1 -4 -p  icry  lam inopyrazo  le 1.72 1.80(-4.7) 1.81(-5.2)
CaH7N»0a 1-P  icry 1 -5 -p ic ry  lam inopyrazo  le 1.67 1.75(-4.8) 1.76(-5.4)
CisHtNsOb 1-P  icry 1 -4 -p  icry lam inopyrazo  le 1.73 1.75(-1.2) 1.76(-1.7)
C,sH7Nrf)a 1-P  icry 1 -3 -p  icry lam inopyrazo  le 1.67 1.75(-4.8) 1.76(-5.4)
CisHbNioOk 3,5 -b  is(P icry  lam ino)py razo le 1.70 1.76(--3.5) l,76(-3.5)
CaH*NaO,4 4 ,4 '-b is(P  ic ry  lam in o )-3 ,3 '-b  if u raz an y  1 1.81 1.80( 0 .6 ) 1.81( 0 .0 )
C|bH7NsOi2 1-P  icry  1 -2 -p  icry lim in o - 1 ,2-d ihydropyr im id ine l.'!»t 1.73( 0.6) l.'»( 0 .0 )
CieHaNuOa 5,5'- b  is(P ic ry  lam in o )-3 ,3 '-b  i -  1 ,2 ,4-tr iazo ly 1 1.80 1.78( 1.1) 1.78( 1.1)
C17H5N13OM 2,6-b  is(P ic ry  lazo )-3 ,5 -d in itropy  r  idine 1.86 1.79( 3.8) 1.81( 2.7)
Ci7H7Nii0ie 2 ,6 -b  is(P ic ry  la m in o )-3 ,5 -d in itro p y r id ine 1.75 1.81(-3.4) 1.81(-3.4)
C17H7N11O18 2 ,5 -b is (P ic ry la m in o )-3 ,6 -d in itro p y r idine 1.77 1.81(-2.3) 1.81(-2.3)
Ci7H7Nii0ie 3 ,5 -b  is(P ic ry  la m in o )-2 ,6 -d in itro p y r idine 1.77 1.81(-2.3) 1.81(-2.3)
CieH4Ni20i4 2,6-D ip icry  lbenzo[ l,2 -d:4 ,5-d’]b is t r  iazo le -4 ,8 -d io n e  1.85 1.83( 1.1) 1.84( 0.5)
CaHsNaOu! 1,5-Dip ic ry  lbenzo[ l,2-d:4,5-d ']b  is t r  iazo le 1.79 1.77( 1.1) 1.78( 0.6)
CisHgNiaOiz 1,7-Dip ic ry  lbenzo[ l,2-d;4,5-d ']b  is t r  iazo le 1.80 1.77( 1.7) 1.78( 1.1)
C»H7N„0a 1,3-b is(P ic ry  lam in o )-2 ,4 ,6 -tr  in itrobenzene 1.79 1.82(-1.7) 1.83(-2.2)
CuiHeNioOa 1,5-b is(P ic ry  la m in o )-2 ,4 -d in itro b en zen e 1.78 1.78( 0.0) 1.79(-0,6)
C|8H#Ni40u 1,4-D ip ic ry  1 -5 -p  icry  la m in o -2 - te tra z o  line im 1.82(-4.6) l.B3(-5.2)
CaiHgN 13018 3 ,5 -b is(P icry  lam in o )- 1 -p ic ry  Ipyrazole 1.67 1.78(-6.6) 1.79(-7.2)
CziHgNisOa 2 ,4 ,6 -tr is(P icry la m in o ) - s - tr  iaz in e 1.75 1.80(-2.9) 1.81(-3.4)
CggHaN ifiOgo 5 -N itro -2 ,4 ,6 - tr  is(p icry lam ino)py r  im id ine 1.88 1.81( 3.7) 1.82( 3.2)
OggH loN 14018 2 ,4 ,6 -tr is(P icry  lam ino)pyr im id ine 1.90 1.78( 6.3) 1.78( 6.3)
C23H9N isOgg 3,5-D in itro -2 ,4 ,6 - tr  is(p icry  lam ino)pyr id ine 1.80 1.82(-1.1) 1.83(-1.7)
C24HaN 15024 1,3,5-Tr in itro -2 ,4 ,6 - tr  is(p icry  lam ino)benzene 1.82 1.83(-0.5) 1.84(-1.1)

“Percent relative density errors are given in parenthesis where it is defined by Rel. Err. =  100 -  p‘=“"^)/p
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TA BLE VII. Com parison o f  the Observed D ensities with the Linear and Nonlinear Least- 
Squares S34-Caiculated Densities for Nitroanilines and Hexanitrobenzene

Observed Calculated Density
Density Linear Nonlinear

Compound (g/cm^) (g/cm^) (g/cm^)

2 ,4 -D in itr o a n il in e 1.62 1.63 1.63
2 ,4 ,6 -T r  in itr o a n ilin e 1.76 1.76 1.77
2 ,3 ,4 ,6 -T e tr a n itr o a n ilin e 1.87 1.87 1.87
P e n ta n itr o a n ilin e 1.77 1.95 1.95
H ex a n itro b en zen e 1.99 2.01 2.02
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TABLE VIII. Com parison o f  the Observed D ensities with the Linear and Nonlinear Least-Squares S34- 
Calculated Densities for Explosives C om pounds

Name Formula Compound Name

Observed
Density
(g/cm^)

Calculated Density 
Linear Nonlinear 
(g/cm^) (g/cm^)

HNE CzUfia H ex an itro e th an e 1.65® 2.06(-11.4) 2 .0 6 (-11.4)
CNTA CjNb C y an u ric  tr ia z id e 1.5 4 '’ 1.62(-5.2) 1.67(-8.4)
RSALT CaHeNsOa Cyc lo ir  im e th y  lene t r in it ro s a m in e 1.51® 1.59(-5.4) 1.63(-8.1)
SORGUYL C^HaN^io T e tra n itro g ly c o lu rile 2.01® 2.02(-0.5) 2 .0 4 (-1.5)
DINGU C4H4N8O, D in itro g ly c o lu rile 1.94® 1.89( 2.6) 1.93( 0.5)
ONDMCA C4H*N40« D in itro d im eth y  loxam ide 1.52® 1.65(-8.3) 1.64(-7.7)
ETN C4H«N40u E ry th ro l te t r a n i t r a te 1.6® 1.7B(-11.3) 1.79(-11.9)
TFNA CsH7N408F3 1,1,1-Tr if lu o ro -3 ,5 ,5 -tr  in il ro -3 -a z a h e x a n e 1.69® 1.73(-2.4) 1.73(-2.4)
PETRIN CsHsNjOio P e n ta e ry th r i to l  t r in i t r a t e 1.5 4 b 1.66(-7.8) 1.66(-7.8)
TNTAB CbObNb T rin itro  tr iaz id o b en zen e 1.81b 1.78( 1.7) 1.83(-1.1)
DIAZ CeH2N405 D iazod in itropheno  1 1.63® >b 1.73(-6.1) 1.75(-7.4)
TNR CeHaNaOa T rin itro re so rc in o  1 (sty p h n ic  ac id ) 1.83® 1.91(-4.4) 1.91(-4.4)
DNA CeH5Na04 2 ,4 -D in itroan iIine 1.62® 1.63(-0.6) 1.63(-0.6)
TNETB CeHaNaO ,4 2 ,2 ,2 -T rin itroe thy  1-4,4,4 - t r in i t r o b u ty  r a te 1.78b 1.79(-0.6) 1.80(-1.1)
DNPA CeHaNaOa 2 ,2 -D in itropropy  1 a c ry la te 1.47id 1.48(-0.7) 1.48(-0.7)
MHN CeHaNaO ,8 M annitol h e x a n itra te 1.7 3 b 1.80(-4.0) 1.81(-4.6)
TMPTN CaHi.NaO, Tr im e th y  lo l-e th y  Im eth an e  t r  in i t ra te 1.5^ 1.54(-2.2) 1.54(-2.2)
HMTD CaH laNaOa H exam ethy le n e tr  iperox ide d iam in e 1.57® 1.49( 5.1) 1.52( 3.2)
TNG CrHaNaO, 2,4,6-Tr in itroc reso  1 1.68® l.’» (-3 .6 ) 1.74(-3.6)
TNAN CaHaNaO, T rin itro an iso l 1.61® 1.69(-5.0) 1.69(-5.0)
DNT C7HaNa04 D in itro to lu en e 1.52 ®>b 1.53(-0.6) 1.52( 0.1)
DNPTB C7H9N5OU 2,2-D in itropropy  1 -4 ,4 ,4 - tr in i tro b u ty ra te 1.68b 1.67( 0.6) 1.67( 0.6)
TNPON CaHaN40,o Tr in itro p h en o x e th y  In itra te 1.68® 1.73(-3.0) 1.73(-3.0)
DNPEN CaHaNjOa D in itrophenoxyethy  In itra te 1.60® 1.63(-1.9) 1.63(-1.9)
ETET CeHaNaOa E th y l te try  1 1.63® 1.68(-3.1) 1.68(-3.1)
FIVONITE C9H 12N4O la T e tra m eth y  lo lcyclopen tanone te t r a n i t r a te 1.59® 1.64(-3.1) 1.65(-3.8)
DNPF C loH iaN4012 bis{2,2-D initropropy l) fu m a ra te 1.60b 1.56( 2.5) 1.57( 1.9)
GTNB CtoHtaNeOia E th y len e  g lyco l d i - t r in i t r o b u ty r a te 1.63b 1.66(-1.8) 1.66(-1,8)
DNPS C loH 14N40 12 bis(2 ,2-D in itropropy  I)succinate 1.5 lb 1.54(-2.0) 1.54(-2.0)
DPHEN CioHiaNaOis D ip e n ta e ry th r ito l h e x a n itra te 1.63b 1.64(-0.6) 1.65{-1.2)
HNBP CjgHaNaOia 2,2 ',4 ,4 ',6 ,6 '-H exanitrodiphenyl 1.6® 1.81 ( -13.1) 1.81 ( - 13.1)
HNDPO CiaHaNaOia 22 '.4 ,4 ',6 ,6 '-H exanitrodipheny lox ide 1.70® 1.88(-7.1) 1.82(-7.1)
TACOT C izHaNaOa T e tra n i tro -  1,2,5,6-tetrazadibenzocyc lo o c ta te tre n e  1.85 ’ 1.79( 3.2) 1.80( 2.7)
HNDP C igHaNiOja 2,2',4,4',6,6 '-H exanitrodipheny lam ine 1.64® 1.8CK-9.8) 1.81 ( -10.4)
DIPAM CuHaNaOu 3,3-D iam ino-2,2 ',4 ,4’,6 ,6 '-h e x an itro b ip h e n y  I 1.7 9 b 1.82(-1.7) 1.83(-2.2)
DNDPA C laHaNaOa D in itrod ipheny  lam ine 1.42® 1.48(-4.2) 1.48(-4.2)
PENCO CiaHeNaOii 2 ,2 ',4 ,4 ',6 -Pentan itrobenzophenone 1.86® 1.71( 6.5) !.•»( 6.5)
HNS CuHaNaOia 2,2',4,4',6.6'-H exanitrostilbene l ^ a . d 1.73( 0.6) l.'»( 0.0)
TPEON CiaHzaNjOaa Tr ip e n tae ry  th r  ito  1 o c ta n itra te 1.58b 1.61 ( -1.9) i.6!^-2.5)
NONA CiaHaNgOie 2,2',2",4,4',4",6,6',6 ''-Nonanitroterpheny 1 1.78® 1.83(-2.8) 1.83(-2.8)
ONT CiaHaNaOia 2,2 ',4 ,4 ',4",6 ,6 ',6"-0ctanitroterpheny 1 1.80® 1.78( 1.1) 1.79( 0.6)
TPT CaiHaNuOia 2,4,6-Tr ip i c r y l - s - t r  iaz ine 1.67® 1.80(-7.8) 1.81(-8.4)
DODECA C24HaN laOaa D o d ec an itro -q u a tra p h en y  I 1.81® 1.84(-1.7) 1.85(-2.2)
ABH CaaHaNwOaa Azo b is(2,2',4,4',6,6'-hexanitrob ipheny  1) 1.78® 1.83(-2.8) l.84(-3.4)
TPB CaaHaNjO la 1,3,5-Tr ip icry Ibenzene 1.67® 1.7t(-4.2) l.'54(-4.2)

“Ref. 37 
‘’Ref. 39 
“Ref. 40 
“Ref. 38
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TABLE IX . Calculated Densities for Som e Proposed Explosives Com pounds and K now n  
Related Compounds.®

Observed Calculated Density

Density Linear Nonlinear
Compound (g/cm^) (g/cm^) (g/cm^)

PNA 1 .8 6 1 . 9 5 1 .9 5
PNP 2 . 0 0 2 . 0 1
PNT 1 . 8 6 1 . 8 6
MELAMI 1 . 5 6 1 . 5 9 1 . 60
TPM 1 .7 5 1 . 8 0 1 . 8 1
TTNM 2 . 0 1 2 . 0 2
TNST 1 . 9 9 1 . 9 9
DINGU 1 . 9 4 1 . 8 9 1 . 9 3
SORGUYL 2 . 0 3 2 . 0 2 2 . 0 4
DTGU 2 . 13 2 .  16
BCHMX 1 . 6 7 1 . 8 8
TTGU 2 .  10 2 .  12
TAD 1 . 2 7 1 . 2 8
TNTAD 1 . 8 0 1 . 7 3 1 . 7 4
C66 1 . 6 7 1 . 6 7
HNBP 1 . 6 1 . 8 1 1 . 8 1
DIPAM 1 . 7 9 1 . 8 2 1 . 8 3
TATB2 1 . 7 9 1 . 8 0
CL 12 1 . 9 2 1 . 9 3
DNBP 1 . 9 9 2 , 0 0
XN 1 . 8 9 1 . 9 0
XCN02 1 . 8 9 1 . 9 1
XCH 1 . 8 5 1 . 8 6

“Using the linear and  nonlinear least-squares S34 results
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TABLE X. Parameters for Calculating the Densities o f  Nitrated Prisanes Using the Linear and Nonlinear S34 Results°

Observed Calculated Density (g/cm^*)

Name
Density
(g/cm^) k''max

k =  0 
Linear

k =  0 
Nonlinear

k — k 
Linear

k — k''max
Nonlinear a c c'

PRO P 12 1.11 1.10 2.07 2.08 108 97.19 98.01
CUBANE 1.29 8 1.37 1.36 2.11 2.12 104 75 .82 76.26
ECU 10 1.31 1.30 2.10 2.12 118 90.08 90 .58
PCU 14 1.23 1.22 2.09 2.11 146 118.59 119.24
P R IS 6 12 1.37 1.36 2.11 2.12 156 113.73 114.38
TAM 1.33 12 1.31 1.33 2.11 2.13 140 106.64 105.35
ADAMAN 1.08 16 1.10 1.10 2.08 2.09 136 123.45 124.10
CONORS 1.21 20 1.17 1.16 2 .09 2.10 188 161.36 162.23
TRIA M T 1.24 2 4 1.20 1.19 2 .09 2.10 2 4 0 2 0 0 .4 0 2 0 1 .6 4

“D ensities are given for the unsubstitu ted  prisanes (k = 0 ) and the totally  n itra ted  prisanes (k=k„
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