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

Jumes P. Ritclie, Edward M. Kober, and Ann S. Copenhaver
Los Alamos National Laboratory
Los Alamos. NN 87544

Three different procedures were nsed to calculate electrostatic mterac-
tions 11 explosive moleenlar ervstals. The use of Potential Derived Cliar-
ges (PDC's) and atom-centered multipole expansions (ACME's) provides
reasonable fits of the molecular electrostatic potential. The ability of
these approaches to reprodice observed cryvstal structures was also eval

nated,




INTRODUCTION

Properties of the eryvstalline plinse are mmpor-
tant in determining the hehavior explosives. The
CJ state of av. explosive depends sensitively upon s
density for example.! In additon, the shoek sensitiy-
ity of PETN 1s found to depend upon the erystal ori-
entation with respect to the shock direction.? More-
over, HE's with large amounts of hydrogen-honding
i the crystal (such as TATB and nitroguanidine)
are frequently found to be less sensitive than those
witiiout. Tinally, the heat of sublimation, which
is the enthalpy difference between the gascons and
crystalline phases, is required to obtain the Lieat of
formation of a condensed plase explosive from esti
mates of its gaseous heat of formation. The latter
quantiry is readily estimated using a munber of ap-
proaches.

The atom-atom potential method ¢im be nsed
to calculate the energy and geometry of a molecn-
lar ervstal.! In this approach, the intermoleenlir e
teriction between moleenles A and B i the erystal
lattice 1s taken as oosim over atom pairs. The mter
action euergy between ates is then partitioned imto
distinet energetie components, as shown i Equation
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These terms attempt to deseribe, respeetively, the
closed shell repulsion between the atoms resulting
from the Pauli exclusion prieiple, v der Wiils ar-
t.actions, and the electrostatic nternetions hetween
the atoniie charge distribntions. The last term may
Lie cither attraciive or repulsive. It is frequently rep.
resented as ¢, ¢,/ 1R, where the ¢'s represent otomie
charges.

A Raleigh-Schroedinger perturbation analysis
of mterimolecular mreractions has shown that the
cleetrostatic interaction is the leading order term.?
Most HE's contamn stromgly polir functionalities
(sucll as mtro groups), aud many contain strong
hvdrogen-bonding moicties (snel as nine gronps).
[t is, therefore, mmportant to represent the electro-
statie mteraction as acenrstely as possibleif a reals.
tie deseription of erystal properties is to bhe obtaied.
(It 15 well-recogmized that clectiostitie mteractions
are important i hydrogen bonds.™)

In the past. a deseription of electrostatie mter
anetioms was dificult to obtoin, The nse of moleen-
Lt eleetrie moments for this purpase enmverpes tan
slowlvo if s sl for nemy camumem HE molecnles So,
there wins no reltnble wov of ohtimnne the alonne
chiorges or nmltpoles that e veqmived fon he olee
trostiatic ealenlition, exeept for the special cnse of
sl s, More recently, haweve it haos hecone



pussible to obtain approximate chiarwe distribnons
from ab imtio molecular ortaeal theory for medeeules
v size of commmon explosives" oo ldinion, s s
her of procedures Liave heen devised to abtinm aitlier
ntomite charges alone or mnltipoles for s i the
clectrostatie calenlation.” In this paper. we examine
three procedures for calculating cleetrostatie interiee
tions, This lias allowed us to characterize the rale of
these mternetions in deterniining the ervstidline ge-
ometry and enerpy of some explosives, Inaddition,
dianinotetrazine, whicli 1s not s explosive, wis ex.
amined. This moleenle 15 of interest heennse of s
nieh nitrogen content.,

METHOD

Approxunate molecnbinr chirge  distribntions
were obtamed from ab mtio moleenlar orbital ealen-
Iations for the molecules of imterest nsing ercher the
GAUSSIANS* or GAUSSIANY2Y camputer pro
grin The smadl splin videnore 321G Disis wits nsed
tionghent” NMoleenbin wecmetries were completely
optimized within the vomgnon paant groupe sy
ny.

Atome chiarges or mmlnpaoles were obioined
from the approxmmate chirege distribations asiy
three ditlerent I)llll'('lllll'('.\. In the first of these,
atomie charees ire abtaied Trom e mappane, of the
clectron densaty onto the Bists Tanwetions n-erl i the
moleenline orbis]l calinlnon seeordime, to the e
seriptionof Mulliken M T hese Muolliken claree Lo
been widely amed e chenmpstny A e pnneedime
deternmines those atonnne el vhia b e the e
hostate |nm-minl \Ill'l'tllllllli:u'_ the woderale Chig
semeently, they are callisl potental denved el
DS Fially, ntoan centered mmltpole expim
s ACNE S ) were detenimmesi oo oenea b
Locatun of the claee hasdotnm Y o e
Illll" ".ll'lnl-. Atonme III'll'Illlll" (A YD SRR L T llllll"-l'l'll
at caranbatrany level foaoee i calvnia e et
Atate amterieeleages peanheiee lona g choaee sarthia
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ment. However. the mulsipols-multipole intericetions
artsing from the use of ACME's requued addinionad
consideration bevoud that readily available o the
literature. Theoretical treatiment of these terms lias
appeared ! but specific formula were unaviilable.
These are now preseuted i Table T withont further
disenssion.!?

These formmlas were nuplementedin the PCKS3
code of Willlms." Tlias eode performs luttice en-
ergy calenlations nsing o pnt moleenlnr geometry
and Equation 1. as deseribed in the progrinn doen-
mentation and relnted publications. In additon to
calenlations of the energy, it was also desirable to
energy optimize the cell parameters using the dif-
ferent treatments of the conlomb interactions, Con-
sequently, derivatives of the multipole-nmitipole -
teractions were worked-ont el mmplemented i the

('()(l('.

RESULTS AND DISCUSSION

Fit of the Electrostatic Poteutial: It 1s nnpor-
tont to determine how well the PDCs and ACME’s
reproduce a0 moleenle’s  clectrostatic potential.
ACMITs reguire constderably more computer tine
to evilunte mpl then nse can only bhe stified 1
the cnrvent investimition i they vield omore neen
rnte it of the potentiot, 'DC's were speetfieally de
sipned ta provide the fest i possble nsanyg o noodel
lnted to otomae el Tl ACNTETS were 1onm
cinted it quadripaoles for this comporson. MO are
tot I'X!)(‘('(l'll to hre -'--ln]wlili\'(- with the othe t'ln:np;t'
neenlels innd were -'tlll.\l'llll('ll\l_\' it comatdered o ths
Collp Pk,
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Jutlrense e podeatial obhtaned T weas o 1he
o npeethods wirhe that frome anadyvoead fornlae
[ S |',ll-| ll' p()illl‘-- --lllllnn:)llllll‘ ’l.' |l|"l"l'll|l‘ ll)l'
cind poines were U000 N Gyt o] Boaensl aoneetom
vl by Gl pooant wathine o oo Waald ol
e ol the mobeeale™ atonnes wene ||'_l)|ll«'-| m
avahv e Pl e o thee porentiad waoss vl el
I._\- the ot oean S RN o] o lnve e
e opne PRESES v e gqoamninpes wiene
cichenlatnd fon thoee vane of peendiad wadne s i
webanees whe te e potental o N v v e fanled
ooty o eeareoe vabies thoeas veenon e |
Ve i by nedd 1 i T T B 1
Vit - l(-'l l-'l l||.|ll"‘-l HECRTNS R vl |---|-l|||.'|: '

1

siabmdy peeatios v nerarne Sdepedone npees e

mwoodeenlia e Con e e the e
[} . ' N t 11 Yo



over a wide range of potential valines. The seanbes of
the comparison are shown in Table 1 Drasvines of
the molecules examined are shown in Fiee 1.

Inspection of Tuble IT shows that ey e
stinees the nse of ACME's provides it inmprovement
over PDC's of a factor of two or more in reprodneiny
the clectrostatic potential. In some cases, however,
the use of PDC's provides a somewhat betrer fit.
Noneiheless, the average RNS ind RRMS far PDC's
(ACME"'s) is 4.30 (1.85). 0.087 10.035) for region I
and 5.21 (5.23), 0.078 (0.053) for region III. Com-
parisons for region I1 are not particularly meaningfuli
becanse of the sinall value of the potential tor niost
moleenles m this region. Thus. depending upen the
molecule, the use of ACME's can provide a signifi-
cantly betrer fit of the potential thin PDC's.

Electrostatics at Fixed Crystal Geometries:
To estimate the magnitude of the electrostatie e
ergy in real ervstals, the optinnzed moleendar geome
etry win placed so that 1ts center of mass and axes
of the principle moments of hnerria were i coinet



dence with those of the molecalir weonuety fonnld
i the observed erystal stroetnre. Tl elecirastanie
energy was then calenlated ar dis moleenlar sweom-
etry, keeping all cell constants fixed at the observed
vitlies. In addition, the ealenlation was performed
for two values of K, 0.0. and 0.2, to determine the
cHeet of the procedure for accelerated convergence
obtained with K=0.2 versus normal convergence ob-
tained with K=0.0. The calenlated electrostatic en-
ergies using MC's, PDC's ind ACME s are snown
in Table IIL. For the latter ease, term energy ey
ments for charges, (Eq). dipoles (Ep 1. gqnadripoles
(Eu4), and octapoles (Ey) ire shiow,

The effect of the accelerated convergence proce-
dure 15 seen by comparing the electrostatic energics
obtained with K=0.0 and 0.2. The largest eftect is
found for the charge terms. A mch smaller effect.,
on the order of a few tenths of o percent or less, s
found i most eases for the dipole and quadrnpole
terms. This behavior is i necord with shorter rimge
of the ligher moments. For the monopole term,
it s found that nse of aceclerated convergence re-



sults i changes os large as 10% . although wmany
changes are mmch less. An exeeption to this wener-
ality 1s mitroguanidine {N Q). which hias an iscentrie
cell and where an unusnally Livge difference in the
dipole tersn using normal and aecelrated conver-
penee 1s noted. Appivently, lome range interactions
which are slow to converge arise from the dipole meo-
ment of the unit cell. Nitromnethane and NTODAG
also show asignificant effeet when accelerated cou-
vergence is used to perform the lattice sums. Other
molecules show a lesser, but noticeable effect. Thus,
it is diffiendt to know m advance whether the use
of the accelerated couvergence procedure in caleuw-
lating lattice simns will inake a noticeable difference
and. consequently, its use is required for accurate ¢
priori caleulations.

The results in Table 1T also provide informa-
tionn about the Convergence of the nmltipole expan-
sions. First, it 1s observed that the contribution
attributable to each mmltipole is not snonotonically
decreasing with mereasing order. Except for the or-
e salts NTODAG and NDAG, the dipoli- term
makes the largest contribution, In these salrs, the
dipole term is significantly lirger than m the neu-
trids, but the charge term predominates. The qua-
drupole tertnis lois by a factor of two or more than
the dipole terin in all eases, excent TATB. In this
mstanee, its contribition is svhont L0% =<maller thim
the dipole term Fivally, the octapole contribution



to the total energy is normally relatively small. a-
mounting in most cases to about 3% or less of 1he co-
tal electrostatic energy. The worst behovior is sLown
by diaminotetrazine. and may arise from the pres-
ence of a large nuniber of unshared clectron piars on
the nitrogens, Overall. however, trnncation of the
expansion at quadrupoles is a 1easouzble npproxi-
mation.

It 1= 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 differesices reflect the fact
that MC's are not designed for calculating inter-
mnolecular interactions. The present resules show
that M C’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. -
spection of Table 1T shows that ACME's reproduce
the eclectrostatic potential significhntly better thim
do PDC’s. This is also true for TATB, where o sig-
mficant 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 fron
the two methods oceurs, the ACME's seem likely to
be a better approximation to the exact clectrostitie



Ihttwe energy.

Fmally. the size of the electrostidtie Lnttice cn-
erey 1s noteworthyv, For the mncharged explosives.
1t rauges from a low of wbour -3¢ kj/mol for wui-
rroniethane to a maxinenn of about -99 kj/mol for
DAT. Heats of sublination for componnds similar
to these vary over a wide range, but a value of 100
kj/mnol 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 ~alts typ-
ically do have large electrostatic euergies and heuts
of sublimations. A fiual point is that the electro-
static lattice energy is found to be stabilizing in all
crystals that were examined. It is thus an important
contribution to the energy of molecular crystals. in
agreement with the arguinents of Claverie.?

Calculation of Crystal Geometries: Rather
than attempting to develop potential functions
specifically desigued for explosives, we decided to
carry out a number of crystal structure optinnza.
tions to determine the effect of nsing an acenrate
treatment of electrostatics i1 conjunction with an
existing set of potentials. This approach will allow
us to assess the relative importance of clectrostatic
effeets more acenrately and determine. at least qual-
itatively, the sensitivity of structural parnneters to
the electrostatic calenlation. Perhaps this will indi-
cate fruitful strategies m the development of o more
general and accurate seun-cmpirieal model.

Imtially,  parmmeters for the Buckivgliom 6
function were those recommended by Willinns, ot
al. and are showu i Tuble IV, Thit set of poten.
tinl funetions was supplemented by an electrostatie
calenlation using one of th three models: 3MC's,
PDYs, and ACMIETs trnneived at the quadinpole
fevel.  After these optinnzition cilenlations were
completed, whicls are sunmmarized m Table V) we
fomnd that o mbeee of ery-tals possessine, extensgee
mtermoleculin vl neen Lo, were pooriy el
lted . We rensoned thiat o hyvdrogen on pitrogen or
oxyveen shonld Lewore posatively ebarwe] sl thns
ahle to hetter penetrate anaceepton atoms electron
clond. thereby tedicing, it etfectivie slze Necond
gl noset of vrystal optimzations were poerfirnus |
e wlhiel the pre sxpoaential parinneter of the appan
printe hvdrogens wisobaereased Dy 305 T ndel
wirs nsed with hoth the I'DCTs and ACNIE S o eler

e : v .



the appropriate the P(N.O) or AIN.O) coliinm of
Table VI. Finally, Willinms recomnuends o foreshont-
ening of the X-H. X=C.N.O wtrimmola iz hod
lengths of ¢ca. 0.07 A from standard leugths to ac-
count in part for pooriy determned livdrogen puost-
tions from x-ray structure determinittions. This rec-
onunendation was followed in chioosing the molecnlar
geowetries in a set of calculations labelled P{X-H)
and A(X H). This choice necessitated the use of two
force centers for hvdrogens. The nuclear center was
used for the clectrostatic caleulation. while a center
foreshortened by 0.07 A. but m the same direction
from the heavy atoui. was used for the other terms.
In this way we attempied to nse the Williams pa-
ranieter set in the maunner originally intended, bt
with an improved treatiment of electrostatics.

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

with A, = A A, B, = BB, . auda,, =a, +a,
B, a, A,
H 11.68 1.57 109.41
C 49.39 1.80 608.07
N 37.13 1.89 o04.51
O 33.60 1.98 479.66

Inspection of Table Voshows that the use of dJif-
forent electrostutic models pives very ditferent L.
tice cuergies. reflecting the trends found e Table
IV. We wore not able to tind ('X|)('l‘lll|('lllil“}' deter
Luned Inttice enevgles or heats of snblnantion tor the
compomnds investigated here. Thus only a qualita-
tive analysis of the calenliated lattice energies can
bhe given. In genernl, anilogous models nsing eitlier
PNC's or ACME's yield very sinilar lnttiee energies.
The MC's give eryvstol energies that diftfer from the
other models significantly and are not expected te
L very realistic. Lattiee CHeTELeS ol sy the
other clectrostatic models are of a0 easonabie e
tinde and show Tarver vidnes for the sale as expectal
biased upon the importanee of coaalombonteraetione
i them, Finadlve oo compitieon of the electiosanie
!'lI(‘l')"i('S with the lll'~|)l'|':-~il)l| Him |'t'|llll Bl e eTE
can be nuvlee The resnltao i the tablee b thin
the eleerrostatie ol l'('lllll‘willll l'll('l'l.'_il'\ HINN IIII e
aabe sy bt fregoently of amila maepionnde Ths
thoeas teen Gt od  FIEEFRITTRI RN ey i
1 lll‘ aalte nln\'lulll-l_\' oot Bl thoes sl

.'\)l Cllnl .'|l|.'|ll\'.l'. |||.(l||‘ l'll]llll(”l'nl |'|-” v bt
1o presented e Table VT One paantoy o panne



els give significantly different calculated densities.
MC's yield the poorest results. The use of PDC's or
ACME's with Williani's original paraineters 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 paranieters are
used. This approach gives the best results. which are
of comparable quality whether PDC's or ACME';
are used. For these two models. the largest errors
in the calculated densities are hetween 3-4Y. For all
the models a systeniatic 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 crvstal



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

Also shown in Table VI is an error analysis of
the cell lengths and angles. MC's vield the poor-
est results. Surprisingly. however. there 1s little dif-
ference in the accuracy among the remaining mod-
els. For both cell lengths and augles root-menn-
square percent errors of hetween 5.42% and 8.72%
are found. This error is Inrger than that found for
the crystal density. Thus. the accuracy of the crys-
tal density predictions depends npon a cancellation
of errors in the cell structural parameters. However,
the tendency to systematically overestimate the cell
paranieters is evident.
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rotation and translation to mininuize the calculat; d
energy. Any rotation or translation s mensured rel-
ative to the observed orientation. The final rotations

and translations are also shown m Table V1 de-
grees and &, respectively. Here aguain there is little
distinction between the various electrostatic models,
although MC's are qualitatively poorer.

SUMMARY AND CONCLUSIONS

i~

6.

Y.

ACME's truncated at quadrupoles provide a fit
of the electrostatic potential at least shuilar and
many times superior to that given by PDC's.
Wlen unshared electron pairs are present in
a molecule the hmprovement from the nse of
ACME's was most evident.

An cfhicient multipole treatinent of electrostatic
mteractions on a periodic mhnite lattice has
been worked-ont and implemented ito a crys-
tal modeling program.

The nse of aceelerated convergence techmi nes
m the electrostatie lattice enerey caleulaton re-
sults 1 reasonably small but noticenble differ.
cueces when compared with explicit ealenlations
within a given riadine,

ACME's are reasonably well converged nt the
quadrupole level, Octapoles contribute less that
oY% to the total electrostatic energies calenluted.
PDC’s ad ACME's frequently give very sun
tar electrostutic lattice enerples, Some ditfer
cnees were noted, however, for dinmmotetrazine
where there is o Inrge naaber of anshared elee
tron pilrs,

The electrostatie lattice cuergy oo sipnficnnt
fraction of the total Inttice ruergy, mol oo
portant stabilizing force operating in the erys
tal,

The nse of Mulliken chiarges provides nntformly
poor results compured with vny of the other
cleetrostatie models,

Colendaton of o conponnd™s vevaal denary
])1'()"(‘tl sensitive 1o the clectiostate nuele]
lllu_\'(‘ll. This v e vt of o oo llinnen of
crrors, Tl e ot o '-llj'.llll) altered oo ||_\'lll"
pen pinaaneteropnve lug bl ses nnate conng et
Jdenstties, Linger ertors were, lnnweever, fonnnd o
other eryetal veetine pannetes,

The nse of either PDC s ar ACN S appeans o
ofler promise for ohtianing, npnovel poential
fonctions thnt 1 bade polaeation, anrotiogne.



S11y disirioutlolt,

10. Synthetic chemists can manipulate electron dis-
tributions in a molecule by substitution of po-
lar groups. etc. With the ability of calenlations
to model these manipulations and to extimate
their effect on the crystal latiice, as shown in
this paper, a new approaclh to engineering, deuse
explosives 18 now conceivable.
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TABLE [. ACCELERATED CONVERGENCE FORMULAS FOI LATTICE SUMS OF ELECTRO-
STATIC ENERGY USING ACME'S FOR TERMsS UP TO QUADRUPOLES. THE ELECTROSTATIC
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TABLEIL FITS OF THE ELECTROSTATIC POTENTIAL OBTAINED FRONM THE 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, AS INDICATED. VAL
'ES OF TIHHE POTENTIAL ARE IN KJ mol. ROOT MEAN SQUARE (RMSt AND RELATIVE ROOT
VEAN HQl'\RE (RR\[S = \Xlulh" S'I' r,..\h.. - J'..l'l”l'l,.r..llh.!‘l-' |l-"‘) IN REG[()\'S SURROUNDING
[IIF INDICATED MOLECULE ARE SHOWN,
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TABLE ITl. CALCTULATED ELECTROSTATIC LATTICE ENERGIES FROM VARIOUS MODEL IS
ING = 0 AND .2, WITH K=0v0 MOLECULES \WITHIN A in A SPHERE WERE INCLUDED. QPTI-
MIZED MOLECULAR GEOMETRIES WERE SUPERIMPOSED 'PG N OBSERVED CRYSTAL STRUC
TURE COORDINATES AS DESCRIBED IN THE TEXT. ENERGIES IN kJ/mole. E,. E,. E,. E, AND
SULMIREFER TO THEINDIVIDUAL TERMS INVOLVING MONOPOLES, DI POLES. QUADRUPOLES.
OCTAPOLES, AND THE SsUN OF THESE TERMIS.

[N M i’ ) ). 12 Ed stu
W | KL | Tt Mo 1 i) AR ot 6
17 3404 AR T RN ST 18 udIe 3T 418

NTO Cd AN AUCIEY A U8 Wl %42 11494 22448 RO ADTR
J1 MIwle OIS 1TMIA BT 0088 1439 sl eu9d

N R ALE" Y] REIRRRLY 131324 1n 43 13044 12483 4314
meshans vl 6n 3603 3 204 14048 BRR L [T I B . T 18 1818

1Alb W) AN KRS [ARANR 81T NI ) AB8 A4 0014
[V WY Y Y34 82 FI S JREP N H R TN 5 8ui8

NTODAG b 454 jued 820 Jne2 - 1'% 4489 142 3387 U(0A08 U NGLD 347 T4A8
R R TN 1Y TR N T 30 [TP X RN VR TITT ) WIJTH L s46408 wuwd 3878148

NDAg U0 31 48)) 340 8458 4334290 A %s0  -156098 20 .NTY (392
N7 MW S8R TIN) 4ad )9S TT 2460 133430 21008 378 wsle

rex "o 1UR 4n99 IR ANSY 8 4857 47 WAy 148290 11791 4817
i (18.817 e 1104 A8 (84 (G 143201 PITe4 vy

bar "y 4% Hive L Fe | Wiy ARy 1h 4! O 1887 XL
'R 47l o) Sty AL LWPIY RRLLE] LN




TARLE V. ENERGY OPTIAMIZED CRYSTAL STRUCTURE OBTAINED USING THE INDICATED

ELECTROSTATIC MODEL M(C's USED MULLIKEN CHARG
["OTENTIAL DERIVED CHARCGES. AND ACLIE'S USED ATOM-

ES ON EACH NUCLEUS, PDC USED
CENTERED MULTIPOLE EXPAN-

SINNS PoNLO» AND A{N.OINDICATE THAY THE A HYDROGEN I'ARANMETER WAS DECREAED

BY 30%

FROM THE VALUE SHOWXN IN TABLE IV THE USE OF PtXoHy AND AiX-H) INDICATE A

FORSHORTENED X-H BONDS WITH THE INDICATED ELECTRKOSTATIC MODEL. CELL LENGHTS
ARE IN A, ANGLES IN DEGREES. p IS THE ANGLE BETWEEN THE AXIS OF THE ORIGINAL AND
FINAL ORIENTATIONS OF THE ASYMMETRIC UNIT. T IS THE TRANSLATION OF THE ASY\-

METRIC UNIT. D IS DENSITY [N g/ce.

E(e) IS ELECTROSTATIC ENERGY, Etd) IS DISPERSIOXN

.NERGY, E(r) IS REPULSION ENERGY'. Ett) IS SUM TOTAL. ALL ENERGIES IN kj/mecl.
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TABLE VI. ERROR ANALYSIS OF CALCULATED CELL CONSTANTS. PERCENTAGE ERRORS
coxeale/xobis1-10°100 ARE SKOWN FOR ALL PARAMETERS, EXCEPT ROTATION AND TRANSYA-
TION OF THE ASYMMETRIC UNIT. IN THESE CASES. THEY ARE REPORTED IN DEGREE AND
ANGSTROM. THEY WOULD BE ZERQO FOR A PERFECT MATCH BETWEEN THE MODEL AND
FXPERIMENT. ELECTROSTATIC MODELS ARE INDICATED AS IN TABLE V. «%Err> SIGNIFIES
AVERAGE PERCENT ERROP. RMS %Err IS THE ROOT-MEAN-SQUARE PERCENT ERROR. 1 IS
THE NUMBER OF OBSERVATIONS.
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