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The nuclear quadrupole coupling constaresQ) and asymmetry parameterns) (for the N nuclei in the

B-HMX molecule are investigated by the Hartreleock—Roothaan variational procedure. For the two pairs

of equivalent nuclei in the ring positions, the theoretical values are found tbt#36 and—6.069 MHz for

eqQand 0.432 and 0.490 fay, which are in good agreement with the corresponding experimentally observed
magnitudes of 5.791 and 6.025 MHz feigQ and the values 0.4977 and 0.5180 foobtained from single-

crystal measurements by the nuclear quadrupole resonance technique. Possible factors that could further
improve the already close quantitative agreement between theory and experiment are also discussed. For the
NO. groups in the peripheral positions the calculated valueg’fi® were found to be 1.442 and 1.369 for

the two pairs of equivalent’N nuclei, substantially smaller than for the ring nuclei, while fprthe
corresponding values of 0.553 and 0.571 are close to those for the ring nuclei. Experimental values obtained
for the magnitudes aqQ for N in the NG, groups are found to be 0.840 and 0.806 MHz, the corresponding

n being 0.42 and 0.48. Reasons for the weaker agreement with experiment, in contrast to the case of ring
N nuclei, are suggested, the principal one being the possibility of strong intermolecular bonding between
the oxygen ligands of the NQyroups and hydrogens in neighboring molecules. Calculated valuBg@f

andy for 1O and?H are presented for th8&-HMX molecule with the hope that experimental values will
become available for them in future for comparison with theory, allowing one to test whether the intermolecular
interactions between oxygen and hydrogen atoms also influence their nuclear quadrupole interaction parameters.

I. Introduction

The material -HMX (cyclotetramethylenetetranitramine,
C4HgNgOg), which is stable at room temperature among the four
polymorphic phasésof HMX, is one of the most important
energetic nitramines, obtained as a byproduct of RDX. The
understanding of the properties of this highly energetic material
are of great current interest. The property we focus on here is
the nuclear quadrupole interaction associated with the various
nuclei in this molecule, especiall§N. In recent years there is
considerable effort being matiéo usel“N as a sensor for
detection of highly energetic materials using nuclear quadrupole
resonance (NQR) spectroscopylhe NQR signals associated
with the various nuclei depend upon the electron distributions
in the vicinity of those nuclei. In particular, the NQR signals
for the ring and peripheral nitrogens tHMX have been
studied-® experimentally, providing an opportunity for theorists 0us)
to test the ability of electronic wave functions obtained through
first-principles quantum mechanical procedures to provide a
quantitative understanding of the electric field gradient (efg)
tensors associated with the¥®l nuclei.

In B-HMX, shown in Figure 1, which has 28 atoms with
alternate CH and N—N()2 groups in the ring, there are four Figure 1. Atomic arrangement in thﬂ-HMX molecule based on the
14N nuclei in the ring and four peripher#N associated with ~ Crystal structure data in ref 6.
the NG, groups. But, because of the §pe (rotation by 180
rotational symmeti§/about the line joining the atoms N(3) and
N(4), the eight'“N nuclei can be grouped into four pairs, two
each in the ring and peripheral N@roups, each pair containing
two equivalent*N nuclei. Experimentally, nuclear quadrupole

H24)

0(13)

interaction parameter&4Q andz) have been measurktbr
ring nitrogens consisting of the pairs of equivalent nuclei (N3,-
N4) and (N5,N6) by the conventional NQR technique. The
much smaller nuclear quadrupole interaction parameters for the
two pairs of equivalent nuclei (N1,N2) and (N7,N8) in the NO

T Radiation Oncology Division, Albany Medical College, Albany, NY groups have beer.] measuférough the use of sp_emal double-
12208, resonance techniqué$. The quadrupole coupling constant
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pairs are equal because the corresponding nitrogens are relateth section Ill. Section IV gives a summary of the results of
to each other by the LCrotational symmetry in the crystal our investigation and the main conclusions.

structureé® For the two sets of ring nuclei (N3,N4) and (N5,-

N6), termed equatorial and axial respectively, the magnitudes . Procedure

of e9Q from NQR measurement have been deternfinede As mentioned in the preceding section, we have made use of
5.791 and 6.025 MHz respectively, the corresponding asym- the Hartree-Fock—Roothaan variational method to obtain the
metry parametersy{ being 0.4977 and 0.5189. The experi- glectronic energy levels and the wave functions forHeMXx
mental assignmerftef these NQR signals to the two pairs of  molecule. We shall not discuss this procedure in great detail
ring 1N nuclei have been based on the temperature dependencegere, since it has been described extensively in the literiife.
of the NQR frequencies. The different temperature dependencesOnly a few pertinent points relevant to our present investigations
of the two NQR frequencies for the two sets of rify nuclei will be discussed. Since tizHMX molecule involves an even
have been utilized, in conjunction with the expected relative number of electrons, with no unpaired spin electrons, it is
strengths of intermolecular bonding for the corresponding sufficient to use the restricted HartreEock approximation with
nitrogen atoms, to make complete assignments of the NQRthe same spatial molecular orbital wave functions for both spin
frequencied. This is in contrast to the case of RDXyhere up and spin down states for paired spin states. Also as is
there are three different rifgN nuclei and three observed NQR  customary in current electronic structure investigations, linear
frequencies, but complete assignment of the frequencies wascombinations of Gaussians, referred to as contracted Gaussian
not possible because for two of these frequencies, the temper-basis functions in the literatuté are employed in our investiga-
ature dependences were not significantly different from each tions, the use of Gaussian functions allowing economy in
other. From the assignments for the rify nuclei in3-HMX, computing efforts through efficient evaluation of the multicenter
it has been observéthat the magnitude a¥qQ and the value integrals involved. For our calculations, we have used the
of 5 for the axial nitrogens (N5,N6) are slightly higher than Gaussian 92 set of progrartis.
those ofe?qQ andy for the equatorial nitrogens (N3,N4). For The arrangement of atoms in ti#leHMX molecule, based
the 19N nuclei in the NQ groups (N1,N2) and (N7,N8), two  on structural data from single-crystal X-ray and neutron dif-
sets of NQR frequenciéshave been observed by a special fraction measurementss shown in Figure 1. This molecule,
resonance techniqéeading to two values o&qQ of 0.840 which has four alternate GHaind N-NO; groups in a ring has,
and 0.806 MHz and corresponding valuegaff 0.42 and 0.48,  as mentioned earlier, exact §/pe rotational symmetry about
respectively. No assignments of these parameters have beefh€ line joining the two equatorial nitrogens N3 and N4 shown
made experimentally to the two pairs of equivalent nuclei. ~ in the Figure 1. The NNO; groups are planar, the carbon
A quantum mechanical stutfyof the electronic structure of atoms have essentially tetrahedral symmetry around them, and

JEHX i s helpl ot oy o iave  broader knowleage % [0 TGS heve fonplanar confguratns of e
about the electron distribution in this system and see if one can 9 ’ P P y

. . . .~ that associated with bond angles characteristic of tetrahedral
verify the observed assignments of NQR signals to the various S . . L .
4 : . .~~~ type coordination of each ring nitrogen with its three neighbors
ring N nuclei and explain the observed features of relative

. . and a lone pair of electrons, essentially localized on the nitrogen
sizes ofeqQ and  but also to compare quantitatively the P y 9

th tical and ob d d | i tant datom. For our variational calculations, we have used a number
eoretical and observed quadrupole coupling constants andyy qigterent hasis sets. One of the extensive variational basis
asymmetry parameters. We have also investigated the COUpIIngsets we have used in obtaining the molecular orbitals to
constants and asymmetry parameters forlthenuclei in the

. . - accomodate 152 electrons fhHMX is D95v, referred to as
peripheral nitrogens from the N@roup, to compare them with 5 \1ence double basis séf comprised of 196 basis functions
the observed values and attempt assignments of the latter t

. > ) Qased on 532 primitive Gaussians. Following this, we have
the two pairs of equivalent nuclei. The valuesesfQandy  yseq an even more extensive basi¥sétalled D95, increasing

for the deuteronH) and’O nuclei have also been obtained in  the number of basis functions to 216, based on 512 primitive
this work, with the expectation that they will become available ' Gayssians. To test the convergence of our results with respect
through future experimental investigations, either by nuclear tq the size of the basis set, we have uncontrdétied the D95
magnetic resonance (NMR)or other technique$? A com- basis set, the outermost p basis functions for C, N, and O atoms,
parison of the measured’qQ and » with our theoretical  which contribute most to the efg tensors at the nuclei, thus
predictions should be helpful in providing a more complete increasing the total number of basis functions to 276. This
understanding of the electron distribution in this system. This uncontracted basis $&is referred to as D95u. Additionally,
understanding would be useful for the theoretical analysis of we have used another extensive basis set referred to as 6-311g
more complex phenomena, such as intermolecular interactions,in the literaturel® which has 284 basis functions and 560
which one expects to influence not only the values’gfQ and primitive Gaussians. A comparison of the results we have found
n for the nuclei of the atoms either directly or indirectly involved  for the efg tensors at the nuclei for the different basis sets used
in these interactions but also the temperature dependences oéhows good convergence with respect to basis set size, as will
the €gQ andy, as well as spirlattice relaxation effects. be discussed in section lll.

For our investigations here, we have used the variational  For the efg tensor components at the different nuclei, we have
Hartree-Fock—Roothaan procedufto study the electronic ~ made use of the followirfgexpression for the various compo-
structure of3-HMX molecule. As is common practice at the ~nents, namely
present time, Gaussian basis functiSmentered about various

. L. . 2 2
atoms have been used for the variational calculation. Recently (BRnRn — ROy 3 — 10,
this procedure has been applied successftitly our group and Vi = ZCN - -2 @’M—SWMD
others to study the nuclear quadrupole interactions in a variety RN " r
of molecular and solid state systems. )

In section I, we have briefly presented the procedure used
in our investigation, our results and discussions being presentedwhere the first term on the right represents the contribution to
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TABLE 1. N Nuclear Quadrupole Coupling Constants in TABLE 2: Asymmetry Parameters for “N Nuclei in the
the f-HMX Molecule p-HMX Molecule
€9Q (MHz) n
nucleus D95v D95 D954 6-3119 exptl nucleus D95v D95 D954 6-3119 exptl

1,2 1.347 1.352 1.442 1.433  0.840 1,2 0.784 0.785 0.553 0.565 042
7,8 1.262 1.265 1.369 1.346  0.806 7,8 0.677 0.679 0.571 0.590 0%48
3,4 —-5925 -5928 —-5936 -—5953 5.791 3,4 0.458 0.458 0.432 0.438 0.4977
56 -5.993 -5.999 -6.070 —6.089  6.02% 56 0.517 0.516 0.490 0.497 0.5280
2The numbering for the differedtN nuclei is as in Figure 22u 2 The numbering for the differefiN nuclei are as in Figure P.u

refers to uncontracted basis set for carbon, nitrogen, and oxygen derivedefers to uncontracted basis set for carbon, nitrogen, and oxygen derived
from D95 (ref 15).© Experimental results are from double-resonance from D95 (ref 15).° Experimental results are from ref 5 and the

measurements in ref 5 and refer only to the magnitudeq®. Also assignments to nuclei (N1,N2) and (N7,N8) are tentative, based on the
the assignments of the experimenggdQ to the nuclei (N1,N2) and comparison between our theoretical valuese&fQ and 5 and the
(N7,N8) are tentative and based on our theoretical resul&qfp and experimental results for therdiExperimental results are for a single

n. ¢ Experimental results are for a single crystal and taken from ref 4 crystal and taken from ref 4.
and refer only to the magnitude efqQ.

constants and asymmetry parameters are obstinaed nuclear
the efg tensor from the nuclear charges in the molecule whereasyuadrupole resonance experiments because, as discussed in
the second term on the right represents the electronic contribu-section |, the four ring nitrogen nuclei can be grouped as two
tions. The nuclear charge for the nucleus NisandRn and pairs of equivalent nuclei, namely the axial (N5,N6) and
R are the components of the position ved&rwith j, k=1, equatorial (N3,N4), because of the @tation symmetr§about
2, 3 referring toX, Y, ZCartesian coordinates, the magnitude the line N3-N4. The observed?qQ andy for the ring nuclei
Rn of Ry representing the distance of the nucleus N from the have been assignedxperimentally to the equatorial and axial
nucleus under study. In the second term on the right in eq 1, 14N nuclei using the nature of the temperature dependences of
the summation ovet refers to the occupied orbitals, the factor  the corresponding resonance frequencies in nuclear quadrupole
2 being applied to take care of the contributions from paired resonance. The fodfN nuclei in the peripheral NOgroups
spin up and down states that involve the same molecular orbital also divide up into two pairs of equivalent nuclei (N1,N2) and
wave functiony,,. Inthe second term of eq }and i represent  (N7,N8), with the correspondingtqQ ands for them from our
Cartesian components of the position veatdor an electron investigations being listed in Tables 1 and 2. Two se&q®
with respect to the nucleus whose quadrupole interaction is underandy are observetexperimentally, but no assignment has been
study, r being the magnitude of this position vector. After made with respect to the two pairs (N1,N2) and (N7,N8), unlike
obtaining the componentsVusing the above formula, the the case of ring“N nuclei, because comparable information
calculated efg tensor is diagonalized to get its principal on the temperature dependences of the NQR frequencies for
components Y. The coupling constan&qQ to compare with the NG groups is not currently available.
results from experimental measurements are obtained using the |5 analyzing the calculated and experimerefgjQ andy for
nuclear quadrupole mome@ and the largest principal com-  the 14\ nuclei, we analyze first the convergence of the results

ponent of the efg tensor, the conventidfor the principal  yith respect to the size of the extensive variational basis sets
axes X, Y', and Z being chosen SU_Ch t_hEle'z' | > | Vyy | > chosert? namely, D95v, D95, D95u, and 6-311g described in
| Vxx |. The asymmetry parametgiis given by (M — Vyy)/ section Il. The number of basis functions involved in these

Vzz. It is worthwhile to remark here that, since in our pasjs sets as described in section Il increases continuously as
calculations we deal with all the electrons in the molecule in one goes from D95v to 6-311g, increasing the variational

molecular orbital states, Sternheimer antishielding efféet®  flexipility of the basis sets. The calculated resultsétrQ and
directly included® obviating the need to incorporate them iy Taples 1 and 2 for the ring and peripheral nitrogen nuclei
through Sternheimer antishielding parameters. respectively show very good convergence with respect to the

sizes of the sets of basis functions, providing confidence in the
calculated results. From Tables 1 and 2, one observes that the
Using the procedure just discussed, we have calculated thevalues of the nuclear quadrupole coupling constants for the
electronic wave functions fg8-HMX and used them to obtain  equatorial and axial pairs within the ring are quite close to each
the efg tensors at the different nuclei. From the latter, one can other, differing by only about 0.13 MHz for the D95u case. A

Ill. Results and Discussion

evaluaté the nuclear quadrupole coupling constagiQ and similar behavior is also observed for the peripheral nitrogens
asymmetry parametersfor the nuclei,’*N, 17O, and?H, that (N1,N2) and (N7,N8) on the N©Ogroups, which also divide
we have studied, the latter corresponding to deuteyaddiX. into pairs because of the,@otation symmetry about the line

The evaluation of the?qQ requires a knowledge of nuclear N3—N4. On the other hand, there is a strong difference in the
quadrupole moment® for all the nuclei. For the nitrogen  Vvalues ofe’qQ for the ring and peripheral nitrogens, the values
nucleus, we have made use of the value 0.015 barns (b) obtainedor the latter being about a factor of 4 smaller than for the ring
through an accurate many-body calculatfin the ground state ~ nitrogens.

of nitrogen atom to deriv&(**N). For O and?H we have It is instructive to try to understand physically the origin of
used the values-0.025 78 and 0.002 86 b, respectively, from the large difference in the coupling constants for the ring and
a recent tabulatiod% of nuclear quadrupole moments. The peripheral®N nuclei in terms of the Townes and Dailey local
calculated coupling constants and asymmetry parameters inapproximatiof! considering the geometry around the two types
B-HMX are presented in Tables 1 and Table 2, respectively, of nitrogen atoms iB-HMX. Thus, considering the bonding
along with the experimental results. The numbering of the situation at the peripheral nitrogens of the four NfBoups first,
various nitrogen nuclei in Tables 1 and 2 is taken from Figure the environment of the nitrogen atom for any of these groups
1. Experimental results f@qQ andy are currently availabfe® is planar, with the three neighbors, the two oxygens, and one
for both the ring and peripher#&N nuclei. Although there are  ring nitrogen on the same plane as the nitrogen of the NO
four 1N nuclei in the ring, only two sets of nitrogen coupling group. This allows the latter nitrogen atom to form double
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bonds with the neighbors, more strongly with the two oxygens,
because they have single unpaireclectrons while the ring
nitrogen has a pair of electrons. This double bonding leads
to significant depletion in the population of the peripheral
nitrogen atom orbital perpendicular to the plane of the neighbors
from the two electrons in the lone pair, making the charge
distributions around th&N nucleus closer to cubic symmetry
than if the lone pair was isolated and remained localized on the
nitrogen atom. In the latter case, in terms of Townes and Dailey
theory?! the field gradient would have originated from a single
unbalanced p electron in the direction perpendicular to the plane,
the depletion due to double-bond formation making the unbal-
anced p electron population substantially smaller than unity.

In the case of ring nitrogens, the three neighboring atoms,
the peripheral nitrogen and two carbon neighbors, are not in a
planar configuration, in contrast to the situation for the peripheral
nitrogen. The bond angles subtended by the neighbors at th
ring nitrogens are larger than 1088 associated with tetrahedral
bonding but smaller than 12Ccorresponding to the planar
configuration. Considering the extreme case of the tetrahedral-
type configuration, the bonding to neighboring atoms, as in the
methane molecule, would be expected to be primarily single
bond in nature involving one-electron on the carbon atom
per bond. Of the five electrons in the ring nitrogen atom, three
are single bonded to three neighbors and two others are directe
in the fourth tetrahedral direction (where there is no neighbor
to bond with) as a lone pair. If there were four electrons per
atom as in carbon, then tetrahedral bonding as in methane woul
lead to zero-field gradient. Having one more electron as a part
of a lone pair on the ring nitrogen would lead to a field gradient
associated with this extra electron. This is unlike the situation
in the planar bonding case as for the peripheral nitrogen where
double bonding to oxygens in the N@roup, and to a lesser
extent to the neighboring peripheral nitrogen, lead to a
substantial reduction in the field gradient from that due to a
single “unbalanced” electron in the Townes and Dailey sense.
As mentioned earlier, the configuration for the ring nitrogen is
not exactly tetrahedral but intermediate between tetrahedral an
planar. One would therefore expect the field gradient for the
ring 1*N to be smaller than in the extreme tetrahedral bonding
case with a lone pair of electrons, but significantly larger than
for the 1N nucleus on the peripheral nitrogen associated with
the planar configuration in N{as found theoretically from our
calculation (Tables 1 and 2).
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TABLE 3: Predicted Charges on Different Nuclei in

p-HMX
index nuclei atomic charge
1,2 N 0.444
3,4 N —0.238
56 N —-0.339
7,8 N 0.428
9,10 (0] —-0.322
11,12 (0] —0.316
13,14 (0] —0.303
15, 16 (0] —0.288
17,18 C —0.142
19, 20 C —0.046
21,22 H 0.250
23,24 H 0.323
25, 26 H 0.297
27,28 H 0.251

eoeripheral nuclei a little higher than for the ring nuclei) although

the quadrupole coupling constants are so different. This
difference in behavior ofqQ andy is not surprising consider-
ing the fact that the former is dependent primarily on the
departure of the charge distribution from spherical and cubic
symmetry whilen is dependent on the departure from axial
symmetry. It is unfortunately not possible to explain from
relatively simple physical considerations, as was the case for
gQ, the expected variations in the asymmetry parameters for
he two types of“N nuclei. It is also interesting to note that
both the calculated values etqQ and individually as well

£ their trends in going from ring to peripheral nitrogens are

comparable for RDJ¥ and 8-HMX. This is not unexpected
because the environments and nature of bonding of the nitrogen
atoms in both molecules resemble each other.

We turn next to the nature of agreement between theory and
experiment for the coupling constan&qQ andy for the ring
1N nuclei. From Tables 1 and 2, it appears that there is good
agreement between the magnitudessffQ from experiment
(since as remarked earlier, the sign€&fQ cannot be obtained
from NQR measurements) and theory and between the theoreti-

dcal and experimentally observed valuesnof For the rest of

the paper, we shall use the results obtained for the choice of
D95u basis set in Tables 1 and 2 as the theoretical results to
compare with experiment as we had d¥nfer RDX. As a
consequence of this good agreement, one is also able to explain
the trends in botle?qQ andy from experiment, namely, that of
slightly higher values for the magnitudes &Q and values

of n for the axial nitrogens (N5,N6) on the ring as compared to

It is interesting to speculate about the net charges expectedihat for the equatorial (N3,N4) ones. The quantitative difference

on the ring and peripheral nitrogen atoms on the basis of the

betweere?qQ for the axial and equatoridfN nuclei, however,

bonding to neighbors, which explains physically the trend of seems from Table 1 to be a bit smaller for the theoretical
the efg’s between the peripheral and ring nitrogen nuclei. The pregictions as compared to experiment, while from Table 2 the
larger localized electron population expected at the ring nitro- reverse is the case fgr These small but significant differences
gens from the discussion in the preceding paragraph suggestgetween theory and experiment could well be the result of slight
that these nitrogens would be negatively charged relative to thencertainties, within experimental error, in the structural data
peripheral nitrogens. We hav_e tabulatedlin Table 3 the effective for the relative positiorfsof the nearest neighbor nitrogen,
charges on all the atoms ifi-HMX using our calculated  carpon, and oxygen atoms for both the equatorial and axial
electronic wave functions and the Mulliken approximation. The nitrogens. It is also possible that incorporation of many-body
calculated effective charges on the peripheral nitrogens are foundeffectsgz somewhat difficult to do for such a large molecule,
to be positive while the ring nitrogens carry negative charges. coyld explain the small differences between theory and experi-
The trend is thus in keeping with physical expectations and ment (Tables 1 and 2). It would also be useful to examine the
provides a linkage between te#Qfor N nuclei and effective  possible influence of intermolecular bonding with atoms of
charges on the corresponding atoms. Itis hoped that the chargeseighboring molecules as was suggested in our earlier ork
listed in Table 3 will be helpful in understanding the strength g the RDX system. The bond distances between neighboring
and possibility of attachment of different molecular groups at atomg in neighboring molecules of-HMX are in general
the various atomic sites in this energetically important molecule. somewhat smaller than foRDX, suggesting somewhat stronger

It is worthwhile to note from Table 2 that the calculated intermolecular effects that are also indicated by the weaker
asymmetry parametersfor the ring and peripherdfN nuclei temperature dependericef ring *N NQR frequencies as
are of comparable magnitudes (with the valuesydbr the compared to thoSdn RDX. In general, however, the overall
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good agreements between theory (ref 10 and the present work)electron density on the oxygen atoms are expected to influence
and experimenit for both RDX and3-HMX molecules suggest  the electron density distributions around the nitrogen atoms of
that the electron distributions in the neighborhood of the ring the NG, groups through the changes in theand 7z bonding
nitrogen atoms and, by inference, over the entire ring, are well between the nitrogen and oxygen atoms. There will of course
described by HartreeFock calculations carried out on the be some direct influence of the van der Waals interaction
isolated molecule in the present work &HMX and our earlier between the nitrogen atoms of the N@roups and atoms of
work!®on RDX. The agreement between theory and experiment the neighboring molecules in changing the electron distribution
for the ring N nuclei is somewhat more definitive in the present on the nitrogen atoms in the N@roups. This is, however,
work on g-HMX because of the fact that the assignments of expected to be less important than the influence of changes
the experimentat’qQ and» have been made more unequivo- through the strong covalent interactions between the nitrogen
cally* from temperature dependence data for the NQR frequen-and oxygen atoms of the NQroups, brought about by the

cies than in the case BRDX. changes in the electron densities on the oxygens through

Further insights into the influence of intermolecular bonding intermolecular interactions between the latter and hydrogen
effects is obtained in comparing the calculatéd nuclear atoms in the neighboring molecules. These changes in the
quadrupole interaction parameters for the peripheral §6ups electron distributions on the peripheral oxygen and nitrogen
with experiment. From Table 1, the valuess3Q for the two atoms are expected to be much more significant compared to

pairs of equivalent nuclei are considerably smaller, by about a corresponding changes on the ring nitrogen and carbon atoms
factor of 4, than for the ring*N as discussed earlier in this of the3-HMX molecule. The changes in electron distributions
section. This makes the expected values of NQR frequenciesaround the peripheral nitrogen nuclei induced through the
rather small, namely, 1.28 and 0.88 MHz for (N1,N2) and 1.22 changes in the electron density at oxygens of the §@ups
and 0.83 MHz for (N7,N8), which are obtained using the canin principle lead to differences of the type observed between
calculatede?qQ and# in Tables 1 and 2 and the expressions our theoretical values a?qQ andy in Tables 1 and 2 and the
for the two frequencies;; andv-, for spin 1 nuclei available ~ experimental values for thEN nuclei. For the ring nitrogen
in the literature® This makes their detection by direct NQR nuclei, the direct influence of the interactions between the
spectroscopy difficult, since the signals are expected to be weakcorresponding nitrogen atoms and atoms in neighboring mol-
for low frequencies. However, one can detect weak NQR ecule is expected to be weak as in the case of the peripheral
signals by double-resonance techniqU&s.This basically nitrogen atoms. Further, the influence on the ring nitrogen
involves studying the changes in strengths of stronger NMR or atoms of the electron density changes on the oxygen atoms of
NQR signals of other nuclei in the system as one applies varying the NG, groups due to their intermolecular interactions is also
frequencies to the nuclei with weaker resonances. At the expected to be relatively weak due to the fact that changes in
resonance frequencies for the latter nuclei, their dipdipole covalent bonding effects for the ring nitrogen atoms can occur
interactions with the stronger resonance nuclei is averaged outonly indirectly through the peripheral nitrogen atoms that are
and leads to changes in their line widths (and hence relaxationdirectly bonded to the oxygen atoms of the N@oup. This
rates) and consequent changes in the strength of their NMR orreasoning could explain the substantially better agreement
NQR signals. A methddbased on such technigddsas been between the calculated (for the frgeHMX molecule) and
recently used to obtain the experimeptalues of two sets of ~ measured values &qQ for the ring1“N nuclei as compared
frequencies, namely (0.72, 0.54) and (0.72, 0.49) MHz. These to the peripheralN nuclei and also the situation in the case of
frequencies lead to two sets@&hQ andy, namely (0.840 MHz, 7.
0.42) and (0.806 MHz, 0.48) mentioned in Section |. However  There is one other source that could contribute bridging the
no assignments have been made experimentally for these to theyap between theory and experiment #8gQ and n for the
two pairs of peripherat’N nuclei, namely (N1,N2) and (N7,-  peripheraN nuclei. This is the role of many-body effeéf,
N8). On comparing the experimeritaind theoretical values  which has not been considered for both the ring and peripheral
in Tables 1 and 2, it appears that the experimental values for14N nuclei. As has been shown extensively through first-
€qQ are about 40% smaller than theory and thosejfabout principle accurate many-body perturbation theoretic calculations
20% smaller than theory, in contrast to the much closer in atomic systen® 24 on hyperfine interaction properties
agreement found for the ringN nuclei. The main source for  including nuclear quadrupole interaction effects and other wave-
the difference that suggests itself is the influence of intermo- function dependent properties, many-body correlation effects
lecular bonding effects. are expected to be more important when the system concerned
The intermolecular bond distances between the oxygen,is more deformable. This deformability, which governs the
nitrogen, and carbon atoms in adjacent molecules are all largerstrength of the perturbation produced by the difference between
than the corresponding van der Waals distances. The same ig¢he actual and Hartreg~ock Hamiltonians, leads to stronger
true for the intermolecular bond distances between the nitrogenexcitations to higher states in perturbation theory and hence
(both ring and peripheral) of #-HMX molecule and the greater impact on observable properties. Since the §¢tGup
hydrogen atoms in neighboring molecules that are attached toinvolves both ther andsr bonding between nitrogen and oxygen
the carbon atoms. The major and important exception is the with the latter being usually weaker, one expects stronger many-
case of oxygen atoms next to the peripheral nitrogens in the body effects than for the ring nitrogen where the nitrogen is
NO, groups and hydrogen atoms in neighboring molecules, primarily o bonded to its neighbors. However, a quantitative
which are all less than the van der Waals distances of 2.60 A. treatment of many-body effects by either perturbation theory
In particular, the shortest such-® distance, between the atom  or configuration interaction techniques is expected to be very
0O(11) and H(27) in a neighboring molecule, is only 2.36 A. time-consuming for a large molecule ligeHMX. Additionally,
One thus expects significant distortion in the electron density it has been shown in atomic many-body perturbation theoretic
around the oxygen atoms of the M@roups through both the  investigation3*24that the convergence in perturbation investiga-
van der Waals interactions between the oxygen and corresponditions with respect to the number of excited states used is
ing hydrogen atoms of the adjacent molecules as well as throughsensitive to the choice of potentials used in the zero-order one-
covalent bonding effects between these atoms. The changes irelectron theory calculations that serve as the starting point for



The f-HMX Molecule

TABLE 4: Theoretical Values of Nuclear Quadrupole
Coupling Constants and Asymmetry Parameters forl’O
Nuclei in f-HMX

nuclei €qQ (MHz)? 7?2
9,10 —16.192 0.985
11,12 —16.159 0.907
13,14 —16.046 0.872
15, 16 —16.004 0.849
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Hartree-Fock wave functions for th8-HMX molecule in the
present work, using the values of the corresponding available
quadrupole moments mentioned earlier in this section. 1Te
nuclei are considered to replace the abundédtnuclei in the
NO, groups while the deuteron nuclei replace the protons
attached to the Ciroups in Figure 1. Th¥O and?H nuclei,

like the N nuclei in Tables 1 and 2, separate into pairs because
of the G-type rotational symmetry about the line joining N3

aBased on efg tensors obtained using the D95u basis set (ref 15).and N4, the equatorial nitrogens. The valuessffQ and i

TABLE 5: Theoretical Nuclear Quadrupole Coupling
Constants and Asymmetry Parameters for?H in f-HMX

nuclei €2qQ (MHz)?2 72

21,22 0.192 0.071
23,24 0.204 0.072
25, 26 0.197 0.105
27,28 0.208 0.071

for all four pairs of!’O nuclei are seen from Tables 4 and 5 to
be quite close to each other as are those foflthe There are,
however, some interesting small but significant differences in
n for the 17O nuclei such as those between the pairs (9,10) and
(11,12) on one hand and (13,14) and (15,16) on the other nuclei.
Similar significant differences i for 2H nuclei are found
between the three pairs (21,22), (23,24), and (27,28) on one
hand and (25,26) on the other. It will be very helpful in the

aBased on efg tensors obtained using the D95u basis set (ref 15).future to have experimental data felqgQ and for thesel’O

and?H nuclei to compare both quantitatively with our theoretical

many-body perturbation and configuration interaction investiga- results in Tables 4 and 5 for the frgeHMX molecule and
tions. The convergence is greater when one uses the physicalvith the trends seen from the latter. The quantitative compari-

WN-1 potentiald® for generating excited states rather than the
WN or Hartree-Fock potential used for the ground many-electron

son between theory and experiment is also expected to be
particularly important. This will allow us to see if the substantial

state of the atomic or molecular system. In the former case, intermolecular interactions between oxygen and hydrogen atoms,
for neutral systems there are bound excited states in additionwhich are suggested to lead to the significant observed reduc-
to continum positive energy states available to use in perturba-tions of €2qQ and# for peripheral®N nuclei in 8-HMX as

tion theory or configuration interaction treatment, while Y6,

compared to the calculated theoretical values for the free

there are only continuum states available. Unfortunately, in molecule, also influence thEO and?2H results in a similar

currently available computer programs, only ¥étype excited

manner. It is hoped that the measuremente’qf) and# can

states are available, which are expected to be reasonablyve carried out through double-resonance technicfiescause
adequate for correlation energy calculations but not for cor- of the expected weakness of the signals for these nuclei in
relation effects on properties dependent on electronic wave standard NQR measurements both due to weak abundance of
functions, like nuclear quadrupole and magnetic hyperfine these nuclei and in the casef, due to the small size of the

interactions. It is hoped, however, thdi-1 programs will be

guadrupole coupling constants. Alternatively, one could also

developed in the future for treatment of many-body effects on yse NMR techniqués using enriched systems with greater

molecular properties.

concentrations ofH and’O nuclei and higher magnetic fields

It is thus clear that one needs to deal with both many-body to enhance the sensitivity (signal to noise ratio).

effects as well as the influence of intermolecular interactions

to try to understand the difference between experiment and vy conclusion

theory for peripherat“N, in contrast to the case of ringN
nuclei. Itis our feeling that intermolecular interactions would

The electronic structure of th&-HMX molecule has been

be more important in effect, mainly because the oxygens of the studied in this work by the Hartred=ock procedure. Using
NO, groups are quite close to the hydrogen atoms of neighboringthe calculated wave functions, we have studied the nuclear
molecules, but the complete answer will be available only when quadrupole interactions fdfN, 17O, and?H in this molecule.

both effects are quantitatively treated, which we hope will be
done in the future. It is interesting to note that from Tables 1
and 2 the calculated value gf is smaller for the peripheral
nitrogen nuclei (N1,N2) than (N7,N8), while the reverse is true
for €qQ, in keeping with experimental trends for the two
observed resonances f&iN nuclei in the NQ group. One
might then associate the higher obsergtf) to the nuclei (N1,-
N2) and the lower one to (N7,N8), but the final assignment
will depend upon the results from calculations of intermolecular
and many-body effects. Lastly, since the periphef®

The quadrupole coupling constants and asymmetry parameters
for the“N nuclei in the ring are found to be in good agreement
with experimental results. There are, however, some small but
significant differences betweee?qQ and n between the
predicted and experimental values of the differences between
the equatorial and poldfN nuclei that need to be explained,
and possible factors for bridging these differences are discussed,
including the role of intermolecular bonding between neighbor-
ing molecules in the solid. The periphefdN nuclear quad-
rupole coupling constants are calculated to be substantially

guadrupole interactions are rather small and consequently thesmaller, (less than a factor of 4) than the ritity quadrupole
associated NQR frequencies are difficult to detect, they have coupling constants, the smallness being verified by recent

been measured by special double-resonance techrfiduas.

double-resonance measuremerits -HMX. However, the

view of the importance of the values of these frequencies, and magnitudes of the measured quadrupole coupling constants and

correspondingly?qQ andy, in providing valuable information
about the electronic structure of the p@roups in3-HMX and
on intermolecular bonding, it would be helpful to have additional

asymmetry parametersfor the two sets of equivalent pairs of
nitrogen atoms in the molecule are found to be about 40% and
20%, respectively, smaller than the calculated values for an

measurements to confirm the measured frequencies from theisolatedg-HMX molecule. A suggested source for the differ-

published resultthat have been used here for comparison with
theory.

In Tables 4 and 5 we have tabulated the valueg’g® and
n for the 170 and?H (deuteron) nuclei, calculated using the

ence between experiment and theory that should be examined
is the influence of intermolecular bonding effects involving the
oxygen atoms of the Nfgroups and hydrogen atom ligands
of carbons on neighboring molecules. The influence of the
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of many-body effects is also suggested as a candidate to be

examined for improving the agreement between theoretical andReferences and Notes
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