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THE CALCULATION OF ELECTROSTATIC INTERACTIONS
AND THEIR ROLE IN DETERMINING THE ENERGIES
AND GEOMETRIES OF EXPLOSIVE MOLECULAR CRYSTALS

James P. Ritclile, Edward M. IKober, and Ann S. Copenhaver
Los Alamos National Laboratory
Los Alamos, NN 87544

Three different procedures were used to calculate electrostatic interac-
tions 1 explosive molecular erystals. The use of Potential Derived Char-
ges (PDC's) and atom-centered multipole expansions (ACME's) provides
reasonable fits of the molecular electrostatic potential. The ability of
these approaches to reproduce observed crystal structures was also eval-
uated.




INTRODUCTION

Properties of the crystalline phase are mmpor-
tant in determining the behavior explosives. The
C'J state of a1 explosive depends sensitively nupon its
density for example.! I addition. the shock sensitiv-
ity of PETN is found to depend upon the crystal ori-
entation with respect to the shock direction.? More-
over, HE's with large amounts of hydrogen-bonding
in the crystal (such as TATB and nitroguanidine)
are frequently found to be less sensitive than those
witiout. Tinally, the heat of sullimation, which
is the enthalpy difference between the gaseous and
crystalline phases, is required to obtain the Leat of
formation of a condensed phase explosive from est-
mates of its gaseous heat of formation. The latter
quantiry is readily estimated using a number of ap-
proaches.

The atom-atom potential method can be used
to caleulate the energy and geometry of a molecu-
lar crystal.’ [n this approach, the intermolecular -
teraction between molecules A and B o the erystal
lattice 15 taken as o sum over atom pairs. The inter
action energy between atems is then partitioned to
distinet energetie comnponents, as shown in Equation
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These terms attempt to describe. respeetively, the
closed shell repulsion between the atoms resulting
from the Pauli exclusion priueiple, van der Waals at-
toactions, and the electrostatic interactions hetween
the atomic charge distributions. The last rerm may
be cither attraciive or repulsive. It is frequently rep-
resented as ¢,q,/I8,,. where the ¢'s represent atomnie
: 1q,/ 1, s ¢’ s repres i
charges.

A Raleigh-Schroedinger perturbation analysis
of intermolecular iuteractions has shown that the
clectrostatic interaction is the leading order term.?
Most HE's contain strongly polar functionalities
(such as nitro groups), aud many contain strong
hydrogen-bonding moleties (sueh as amine groups).
[t is. therefore, nnportant to represent the electro-
static mteraction as accutately as possible if o realis-
tic deseription of erystal propertiesis to be obtained,
(It 15 well-recogmzed that electrostartie interactions
are important in hydrogen bonds.”)

Iu the past. a deseription of electrostatic inter
actions was ditficult to obtain, The use of moleen-
tar electrie moments for this purpose converpges too
slowly. if wt alil for many cotnmon HE molecules So,
there was no rehiable wav of obhtinnine the atonne
charges or mualtipoles that are required for the elee
trostatic calenlation, except for the speeial case of

stall wons. More recently, however, it has heeome



pussible to obtain approximate chargs distributions
from ab iuitio molecular orbital theory for nioleeules
the size of common explosives" Tn addinon, o nu-
ber of procedures hiave heen devised to obtann cithier
atomie charges alone or multipoles for we i the
electrostatie calculation.” In this paper. we examine
three procedures for caleulating electrostatic interae-
tions. This has allowed us to characterize the role of
these interactions in determining the eryvstalline ge-
ometry and enerpy of some explosives, Tu addition,
dianinotetrazine, which is not an explosive, wias ox-
amined. This molecule 1s of nterest hecause of 1ts
nigh nitrogen content,

METHOD

Approximate molecular charge distributions
were obtaned from ab initio molecular orbital calen:
lations for the molecules of interest using encher the
GAUSSIANS" or GAUSSIANO2Y camputer pro-
grann. The small spliv vadenee 321G hisis wins used
throughout." Molecular geomerries were completely
optimized within the common point gronp <ymme
try.,

Atomice charges or mulupoles were obtinned
frome the approximate charge distribations using,
three different procedures. T the first of these,
atonnie charees are obtimned Hon o mappine of the
clectron density onto the hasis fanetions weed g the
molecular orbital calealation aceordhing, to the e
seription of Nulhiken " These Mallihen el ee s hone
been widely used in chennstis A second proeedure
deteriiues those atomine chim P that Dt it the clee
trostatic potential surrounding, the moleende. Con
-.1':||l1‘l||l_\, tlu‘_\' are ealled l)nll'ntli\l derved elinrees
(DC Finally, ntom centered mltipaole expan
stote CACNTE S) were detenmmed from maaneneal
e atton of the cliaee danabunon ™ T provee
dire el atomue mnlnpole espancanne toaneated
at anathatriy devel for wee m cadendatine el tro
state tnteractions tead e ron o b ee cnornthin

tion
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ment. However. the multipole-multipole interactions
arising from the use of ACNE's reguired additional
consideration beyvond that readily available in the
literature. Theoretical treatment of these terms las
appeared M but specific formula were unavislable,
These are now presented in Table I without further
discussion.'”

These formulax were implemented in the PCKS3
code of Willlams.'" Tlas eode perfors lattice en-
ergy calculations using an input mwolecular geometry
and Equation 1. as described in the program docu-
mentation and related publications. In addition to
caleulations of the energy. it was also desirable to
energy optimize the cell parameters using the dif-
ferent treatments of the coulomb wmteractions. Con-
sequently, derivatives of the multipole-muitipole m-
teractions were worked-out and implemented m the
('()(ll'.

RESULTS AND DISCUSSION

Fit of the Electrostatic Potential: It ix impor-
taut to determine how well the PDCs and ACME’s
reproduce  a molecule’™s  clectrostatic potential.
ACME's require considerably more computer time
to evaluate and their use can only he justitied in
the current investigaton if they vield o more aceu
rute fit of the potential, POCS were speettically de
\'igllml to l)l'()\'i(ll‘ thie best it l)(br~~!‘ll(‘ VS @ el
linnted to atonne chianees. The ACNE™S were trun
cated at quadrnpaoles tor thas comparson. MO are
not exvected to be competitive with the other change
models and were cousequently not consideved i this
COTNPITINON,

The evaliuation wies performed by companme the
diflerenees in potential obtamed from e of the
ahove methods wirh thiat frome anadvteal fonmalae
o eatd of pomnts srronadiee e moleenle The
prnd points were 000N apaont and fonmed woreetan
milar box - G porntecwithin oo der Waals b
tanee of the molecule ™ atone were wenored e s
analv e The Bt ob the porennal wies el tened
by the taot mean wquane CRVES S and e lanve oot
mean e CRRNS)Y varor 1 hee quiantinies were
coleulated for taee vanve b notential calne s i
tetances where the potentab o N oo e e bneded
‘ux'.:ll‘\'t' .Hn‘ heeative \.|||1---. ']u'-" Py joiy A |
\WERE Fvo kg ol T A T T
Vi b e Fon o hend RGN U th |n‘|lI||l.'|: !
niabormndy pocatice crnerateve dependionge vpens the
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over a wide range of potential values. The tesules of
the comparison are shown in Table I Drawines of
the molecules examined are shown in Figure 1.

Inspection of Tuble IT shows that in wany -
stances the use of ACME's provides au improvewent
over PDC's of a factor of two or more in reproducing
the clectrostatic potential. In some cases, however,
the use of PDC's provides a somewhat betrer tit.
Nonetheless, the average RMS and RRMS for PDC's
(ACME's) is 4.36 (1.85). 0.087 0.033) for region |
and 35.21 (3.23), 0.078 (0.053) for region III. Com-
parisons for region [l are not particularly meaningful
because of the small value of the potential for most
molecules 1 this region. Thus. depending upen the
molecule, the use of ACME's cau provide a signifi-
cantly betrer fit of the potential than PDC's.

Electrostatics at Fixed Crystal Geometries:
To estimate the magnitude of the clectrostatic en-
erey in real crvstals, the optimized molecular geonn-
etry was placed so that its center of mass and axes
of the prineiple moments of inerta were o coinel



dence with those of the molecular geometsy found
in the observed crystal structure. The clectrostatice
energy was then calculated ar chis molecular 2eom-
etry, keeping all cell constants fixed ar the observed
values. In addition, the calculation was perforned
for two values of K, 0.0. and 0.2, to determine the
eflect of the procedure for accelerated convergence
obtained with K=0.2 versus normal convergence oh-
tained with K=0.0. The calculated electrostatic en-
ergies using MC's. PDC's and ACME's are snown
in Table III. For the latter case. term energy inere-
ments for charges. (Eq). dipoles (Ey ). quadrupoles
(Es), and octapoles (Ey) ave shown.

The effect of the accelerated convergence proce-
dure 1s seen by comparing the clectrostatic energics
obtained with K=0.0 and 0.2. The largest effect is
found for the charge terms. A much smaller effect.
on the order of a few tenths of a pereent or less, is
found in most cases for the dipole and ¢uadrupole
terms. This hehavior is i accord with shorter range
of the higher moments. For the monopole term,
it 15 found that use of acceelerated convergencee re-



sults i changes as large as 10% . although many
changes are much less. An exception to this wener-
ality is nitroguanidine {NQ). whick Lias an ascentrice
cell and where an unusually lorge difference in the
dipole term using normal and accelerated conver-
genee is noted. Apparently, lone range interactions
which are slow to converge arise from the dipole mo-
ment of the unit cell. Nitromethane and NTODAG
also show a significant effect when accelerated cou-
vergence is used to perform the lattice sums. Other
molecules show a lesser. but noticeable effect. Thus,
it 1s difficult to know 1n advance whether the use
of the accelerated convergence procedure in caleu-
lating lattice sums will make a noticeable difference
and. consequently, its use is required for accurate ¢
prior: calculations.

The results in Table IIT also provide informa-
tion about the convergence of thie multipole expan-
sions,  First, it is observed that the contribution
attributable to each multipole is not monotonically
decreasing with inereasiug order. Except for the or-
gaule salts NTODAG and NDAG, the dipole term
makes the largest contribution. In these salts, the
dipole term s significantly larger than in the neu-
trals, but the charge term predoninates. The qua-
drupole term is Iois by a factor of two or more than
the dipole term in all cases, excent TATB. In this
instance. its contribution is abont 10% smaller rthan
the dipole term. Finally, the octapole contribution



to the total energy is normally relatively small. a-
mounting in most cases to about 3% or less of the to-
tal electrostatic energy. The worst behavior is show
by diaminotetrazine. and may arise rom the pres-
ence of a large number of unshared ¢lectron pairs on
the nitrogens. Overall. however, truncation of the
expansicn at quadrupoles is a 1easonable approxi-
mation.

It 1s interesting to compare the calculated elec-
trostatic lattice energies obtained with different
methods. Use of PDC’s and ACME's gives results
that are significantly different from those obtained
using MC’s. These large differences veflect the fact
that MC's are not designed for calculating inter-
molecular interactions. The present resulcs show
that MC’s should not be used for this purpose. On
the other hand. PDC’s and ACME'’s give results that
are frequently in close agreement. Some significant
differences are noticeable, however. An especially
large difference is found for DAT. In this case. in-
spection of Table II shows that ACME's reproduce
the clectrostatic potential significantly better than
do PDC’s. This is also true for TATB. where o sig-
nificant difference in the calculated lattice energies
is found. Consequently. since the ACME's generally
produce a better fit of the electrostatic potential,
when differences in the lattice energy obtained from
the two methods occurs, the ACME's seem likely to
he a better approximation to the exact clectrostatic



lattice energy.

Finally. the size of the electrostutic lattice en-
erey 1s noteworthy. For the unchurged explosives.
1t rauges from a low of abour -3¢ kj/mol for wui-
rromethane to a maximmun of about -99 kj/umol for
DAT. Heats of sublimation for compounds similar
to these vary over a wide range, but a value of 100
kj/mol would certainly be reasonable. Thus, the
electrostatic lattice energy is a significant fraction
of a heat of sublimation of an explosive. It is also
noteworthy that the computed lattice energies of the
salts are much larger than those of the other HEs.
This is in accord with expectations. since salts typ-
ically do have large electrostatic energies and heats
of sublimations. A final point is that the electro-
static Jattice energy is found to be stabiliziug in all
crystals that were examined. It is thus an important
contribution to the energy of molecular crystals. in
agreement with the argutnents of Claverie.?

Calculation of Crystal Geometries: Rather
than attempting to develop potential functions
specifically designed for explosives, we decided to
carry out a number of crystal structure optimiza-
tions to determine the effect of using an accurate
treatment of electrostatics in conjunction with an
existing set of potentials. This approach will allow
us to assess the relative importance of clectrostatic
cffects more accurately and determine. at least qual-
itatively, the sensitivity of structural parameters to
the electrostatic caleulation. Perhaps this will indi-
cate fruitful strategies in the development of a more
general and accurate senn-empirical model.

Initially,  paramcters for the Buckiveham ¢
function were those recommended by Williams, ot
al. and are shown in Table IV, Thiv set of poten-
tial functions was supplemented by an electrostatic
calenlation using one of th three models: ACs,
PD?)'s. and ACME™s truncared at the quadiupole
ievel.  After these optimmization caleulations were
completed, which are summarized in Table V' we
found that aomuanber of erystads possessine, extepsive
intermoleenlin hydopen houding were pootly calen
Lated. We rensoned that o hivdropen on nitrogen or
oxveen should be more positively charged aned thus
able to hetter penetrate anaceeptor atom’s electron
clond. thereby rednceing its effective size Accornd
mglvs aoset of crestal optimizations were performed
mowhieh the pre sxponential pariaueter of the appro
priate hydrogens wis deereased hy 309 Thr niodel
wirs used with hoth the PDCs and ACNE S for eee

e : . ' .



the appropriate the P(N.O) or AiN.O) coluinn of
Table VI. Finally. Williains reconumends a foreshort-
ening of the X-H. X=C.N.0 intramolcuiar bond
lengths of ca. 0.07 A from standard lengths to ac-
count in part for pooriy determined livdrogen posi-
tions from x-ray structure deternunations. This rec-
ommendation was followed in choosing the molecular
geometries in a set of calculations labelled P{X-H)
and A(X H). This choice necessitated the use of two
force centers for hydrogens. The nuclear center was
used for the electrostartic calculation. while a center
foreshortened by 0.07 A. but in the same direction
from the heavy atoni. was used for the other terms.
In this way we attempied to use the Williams pa-
rameter set in the manner originally intended, but
with an improved treatment of electrostatics.

TABLE IV. POTENTIAL FUNCTION PARA-
METERS USED IN THE BUCKINGHAM-6
EQUATION. E,, = B, exp(—a,,R,,) - A,,/R".

with A,, = A,A,. B, = BB,.auda,, = a, + a,.
B, a, A,
H 11.68 1.87 109.41
C 49.39 1.80 G08.07
N 37.13 1.89 004.51
0 33.60 1.98 479.66

Inspection of Table V' shows that the use of dif-
fcrent electrostatic models pives very ditferent lar-
tice cnergies. reflecting the trends found o Table
IV, We were not able to tind expernnentally deter-
uined lattice enecgies or heats of sublimation for the
compounds tavestigated here. Thus only a qualita-
tive analysis of the caleulated lattice energies can
be given. In general, analogous models using eithior
PNCs or ACME's vield very similar lattice energies.
The NMC's give erystal energies that differ from the
other models significantly and are not expected to
hie very realistic. Lattice energies obtatned nang the
other electrostatic models are of o reasonabie taean
trde and show Larrer values for the saltaas expeeted
based upon the iportanee of conlomb juteractions
in them, Finallve o compinison of the electiosiane
vlu-rp‘i«-.\' with the (ll'~|)('l'i'vi')|l aned l'i‘lnll 10T CHety e
can be made. The results i the table <liow thii
the electrestatio and repulsion enereies are of oppo
stte stens but freguent by of il maenirnde Thos
theoe two components ot the eneroy wea e caneel
! ht‘ salts u.n\'lnnhl_\' :ln [TIRLS l'u“lb\\ llll'\ :I"lul

Ancertor analyecof the computed cofl con e
v presented o Table VT One gquantire of e



els give significantly different calculated densities.
MC's yield the poorest results. The use of PDC's or
ACME's with William's original parameters shows
some improvement. The use of foreshortened X-
H bonds provides an improvement over the use of
the unaltered geometries. Additional improvement
is found when the altered hydregen parameters are
used. This approach gives the best results. which are
of comparable quality whether PDC’s or ACME's
are used. For these two models, the largest errors
in the calculated densities are hetween 3-4%. For all
the models a systematic underestimation of the den-
sity is apparent. Thus, for the purposes of density
prediction alone. the model could be improved by
applying a correction factor. Moreover, it is interest-
ing to note that the differer.ce in density of NQ at 25
C and -160 C is slightly over 2.5%.'" Temperature is
not included in our calculations at all, except insofar
as the original derivation of the potential parameters
was performed by fitting room temperature crystal



of crystal density may need to account for temper-
ature explicitly. Except for nitromethane, all the
crystal structures shown in Table V' appeared to
have been determined at approximately room tem-
perature. Nitromethane was studied at -45 C.

Also shown in Table VI is an error analysis of
the cell lengths and angles. MC's yield the poor-
est results. Surprisingly. however, there is hittle dif-
ference in the accuracy among the remaining mod-
els. For both cell lengths and angles root-mean-
square percent errors of between 5.42% and 8.72%
are found. This error is larger than that found for
the crystal density. Thus. the accuracy of the crys-
tal density predictions depends upon a cancellation
of errors in the cell structural parameters. However.
the tendency to systematically overestimate the cell
parameters is evident.



CAAL G AL WBEMY VU WAUSYLUL LU LA L gL b it
rotation and translation to minimize the calculat:d
energy. Any rotation or translation is measured rel-
ative to the observed orientation. The final rotations
anud translations are also shown 1 Table VT de-
grees and A, respectively. Here again there is little
distinction between the various electrostatic models,
although MC's are qualitatively poorer.

SUMMARY AND CONCLUSIONS

o

G.

.

ACME's truncated at quadrupoles provide a fit
of the electrostatic potential at least situilar and
many times superior to that given by PDC's.
When unshared electron pairs are present in
a molecule the improvement from the use of
ACME’'s was most evident.

An cfficient multipole treatment of electrostatic
interactions on a periodic inhuite lattice has
been worked-out and implemented into a crys-
tal modeling program.

The use of accelerated convergence techni jues
i the electrostatic luttice enerey calculation re-
sults m reasonably small but noticeable differ-
cnces when comnpared with exphicit caleulations
within a given radius,

ACME's are reasonably well converged at the
quadrupole level. Octapoles contribute less that
S%. to the total electrostatic energies caleulnted.
PDC's and ACME's frequently give very simn
ilar electrostatic lattice energies. Some differ
cnees were noted, however, for dimminotetrazine
where there is a lnrge nunmber of unshiared elee
tron pairs,

The clectrostatic lattice energy is o sipnificant
fraction of the total [nttice energy, and ranm
portant stabilizing foree opernting m the erys
tal,

The use of Mulliken charges provides uniforinly
poor results compared with any of the other
clectrostatie models,

Cinlenlation of o componnd’™s ervaal denaty
|)|'n"('(l sensitive to the electiostatie mode] en
ploved. This s the result of o caneellanon of
crrors, Theve ol acshiphity altered wer of hvdia
poen paramneters pave luphly acourate compated
densities, Larger entors were, however found
other eryatal shaeture pacimeters,

The use of either PDC s or ACNES appears ta
offer promise for obtaring, nuproved potential
Mnctions that incade polanization, anrotiopies,
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S1ly disirioutiorl.

Synthetic chemists can manipulate electron dis-
tributions in a maolecule by substitution of po-
lar groups. etc. With the ability of calculations
to model these manipulations and to estimate
their effect on the crystal latiice, as shown in
this paper, a new approach to cugineering dense
explosives is now couceivable.
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TABLE 1. ACCELERATED CONVERGENCE FORMIULAS FOP. LATTICE SUMS OF ELECTRO-
STATIC ENERGY USING AUME'S FOR TERMS UP TO QUADRUPOLES. THE ELECTROSTATIUC
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TARLEIIL. FITS OF THE ELECTROSTATIC POTENTIAL OBTAINED FROMTHE USE POTENTIAL
DERIVED CHARGES 'PDQ's AND FROM ACME'S TO QUADRUPOLE LEVEL (ME 2). ANALYSIS
WA PERFORMED IN THREE SEPARATE RANGES OF THE POTENTIALS, ASINDICATED. VAL-
UES OF THE POTENTIAL ARE IN kJ ol ROOT MEAN SQUARE (RMS! AND RELATIVE ROOT
VMEAN SQUARE. (RRMS = (Npu ™! S." r, obs - .r,,mh':,I..uha)'.;l-".) IN REGIONS STRROUNDING
IHF INDICATED MOLECULE ARE SHOWN.
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TABLE IIL. CALCTULATED ELECTROSTATIC LATTICE ENERGIES FROM VARIOUS MODEL U'S
ING K= 0 AND U2, WITH K=00 MOLECULES WITHIN A 10 A SPHERE WERE INCLUDED. OPT!-
MIZED MOLECULAR GEOUMETRIES WERE SUPERIMPOSED I'PGiy OBSERVED CRYSTAL STRUC
ITRE COORDINATES AS DESCRIBED IN THE TEXT. ENERGIES IN kJ/mole. E,. E,. E,. E; AND
SUMREFER TO THEINDIVIDUAL TERMS INVOLVING MONOPOLES. DI POLES, QUADRUPOLES,
OCTAPOLES, AND THE sUM OF THESE TERAMIS.
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TABLE V. ENERGY OPTIMIZED CRYSTAL STRUCTURE OBTAINED USING THE INDICATED
ELECTROSTATIC MODEL MCs USED MULLIKEN CHARGES ON EACH NUCLEUS. PDC USED
POTENTIAL DERIVED CHARGES. AND ACME'S USED ATOM-CENTERED MULTIPOLE EXPAN-
SIONS PONLOY AND A{N.O INDICATE THAL THE A HYDROUGEN PARAMETER WaAs DECREAED
BY 30% FROM THE VALUE SHOWXN IN TABLE IV THE USE OF PiX-H) AND A(X-H) INDICATE A
FORSHORTENED X-H BONDS WITH THE INDICATED ELECTRKOSTATIC MODEL. CELL LENGHTS
ARE IN A, ANGLES IN DEGREES. p 1S THE ANGLE BETWEEN THE AXIS OF THE ORIGINAL AND
FINAL ORIENTATIONS OF THE ASYMMETRIC UNIT. T IS THE TRANSLATION OF THE ASYM.
METRIC UNIT. D IS DENSITY IN g/ce. Eie) IS ELECTROSTATIC ENERGY, E(d) IS DISPERSION
.NERGY, E(r) IS REPULSION ENERGY. E(t) IS SUM TOTAL. ALL ENERGIES IN kj/mecl.
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TABLE VI. ERROR ANALYSIS OF CALCULATED CELL CONSTANTS. PERCENTAGE ERRORS
nxeale/xobs 100100 ARE SHOWN FOR ALL PARAMETERS, EXCEPT ROTATION AND TRANSLA
TION OF THE ASYMMETRIC UNIT. IN THESE CASES. THEY ARE REPORTED IN DEGREE AND
ANGSTROM. THEY WOULD BE ZERO FOR A PERFECT MATCH BETWEEN THE MODEL AND
EXPERIMENT. ELECTROSTATIC MODELS ARE INDICATED 35 IN TABLE V. <%Err> SIGNIFIES
AVERAGE PERCENT ERROP. RMS 9 Err IS THE ROOT-MEAN-SQUARE PERCENT ERROR. u IS
THE NUMBER OF OBSERVATIONS.
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