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Solid-State Modeling of the Terahertz Spectrum of the High Explosive HMX
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The experimental solid-state terahertz (THz) spectrurl@ cm?) of the S-crystal form of the high explosive
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) has been analyzed using solid-state density functional
theory calculations. Various density functionals (both generalized gradient approximation and local density
approximation) are compared in terms of their abilities to reproduce the experimentally observed solid-state
structure and low-frequency vibrational motions. Good-to-excellent agreement between solid-state theory and
experiment can be achieved in the THz region where isolated-molecule calculations fail to reproduce the
observed spectral features, demonstrating a clear limitation of using isolated-molecule calculations for the
assignment of THz frequency motions in molecular solids. The deficiency of isolated-molecule calculations
is traced to modification of the molecular structure in the solid state through crystal packing effects and the
formation of weak G-H---O hydrogen bonds.

1. Introduction The experimental THz spectrum fHMX has been previously

. . . reported’ 7 but there has never been a complete assignment of
Terahertz .(THZ) spectroscopy has bgen ut|I'|zqu in a diverse the spectral features. For the rational use of AHgMX THz
number of fleld_s, ranging from security appllc_aué)rts_ thfe spectrum in threat detection databases, a thorough understanding
pharmaceutical industdThese experimental THz investigations of the spectrum is required

have demonstrated that many compounds have distinct absorp- '
tion spectra that can be used for their detection, identification, 2. Methods

and characterization. While the origins of these absorption .
features are generally attributed to intermolecular vibrations, | N€ experimental room-temperature THz spectrum of crystal-
intramolecular torsions, or even crystal lattice vibrations, the !ineS-HMX was obtained from TeraView Limited (Cambridge,
actual assignment of particular observed spectral features toU-K.)-> Density functional theory (DFT) calculations were
specific atomic motions is rare. The assignment of these spectralP€rformed using the programs Gaussidn@®lated-molecule)
features is crucial to understanding these characteristic THzand DMoF (version 3.2} (isolated-molecule and solid-state).
spectra. Gaussian03 was employed fqr HMX geometry pptlmlzz?\tlons
The difficulty in assigning low-frequency THz spectra derives and r_10rma|-mode analyses with the_ B3LYF hyb_r id density
from the very nature of the vibrational motions. Broadly functlonal and the 6'3lG(Q’Jﬁ§)GaUSS'an'WPe basis set. DMol
speaking, these motions can no longer be considered as Iocalize&splaﬁed'Tm?CU!e and solld-statg calculatlon§ were performed
atomic motions, like those encountered in the mid-infrared (e.g., with f|_nle grid sizes (Corresp(_)nd_lng toa k-pomt_ separation of
O—H stretching modes). The THz frequency vibrational motions 0.04 A™) and convergence criteria (pro_gra_m optlor]s), the DNP
must be considered in a global sense where all of the atoms in(double numerical with d and p polarlzanon) .baS|s set (com-
the entire molecule are participating in the intramolecular or paral?le to a 6-31G(d,p) Gaussian-type ba55|s “sand one
intermolecular motion. This global motion, particularly the functlonal f_rom among the P\/\/;61:7and Vl\SNNl Iofgal dens;’gy
intermolecular coordinates, leads to a complete failure of applrgﬁmatlogz(;DA) anci“BLYP,' BOP; Spl/g/il HCTH'
familiar single-molecule-based modeling approaches. A typical BP» =" PBE* RPBE and VWN-BF>1%2 generalized
calculation treats the molecule of interest in isolation with no grad|ent approximation (GGA) den§|ty functionals. Thgse func-
environmental interactions present. This is, of course, largely t|onaI§, represent those available in the current version of the
appropriate for gas-phase molecules and some weakly interactin Mol program. Th_e presented qalculatlons are r_eferred to °’.“V
solute-solvent solutions but generally inappropriate for mo- y their functl_onal in the text, with the DNP basis set used in
lecular solids. all cases. Unlike many plane-wave DFT packages, DMoks

To address the limitations of isolated-molecule calculations, not optimize lattice constants, meaning the molecules within

. I - : the unit cell were optimized within the cell parameters specified
we have applied periodic boundary condition (PBC) calculations . ;
to interpret the THz spectrum of thecrystal form (the most by the r?om-temper?tlllJ re X.-ray diffraction /stu?@_ry;tal CE”
stable of thex-, 8-, y-, anddo-HMX crystal forms} of the high EaSan’;\ebeislirzsasA é)_()\évs7.0 ;F\)aaci %rocno%iﬁci 154 32, a _
explosive octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX). 9'0 o ' ' ’ ’ ’ o Y
This energetic material, among others, is a threat agent that can™ "~
be detected using THz spectroscopy in, for instance, the non-3 Results
destructive and noninvasive screening of opaque contatners.

3.1. Comparison of Experimental and Theoretical HMX

* To whom correspondence should be addressed. Phone: 315-443-0269Structural Data. Crystallographic and calculated (isolated-
Fax: 315-443-4070. E-mail: tmkorter@syr.edu. molecule and solid-state) HMX structural data are provided in
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Figure 1. Calculated bond length differences from experiment for the
isolated-molecule (left) and solid-state (right) DMalinimum energy
geometries. The PWC/VWN results were obtained by taking the average
bond lengths for the symmetry structures. Some density functionals
yield nearly identical trends and are grouped in the figure for clarity.

Tables 1 (bond lengths) and 2 (bond angles). The calculate
bond length differences from experiment are shown diagram-
matically in Figure 1 for comparative purposes. Both the
isolated-molecule and solid-state optimizations yi€ldsym-
metry HMX minima (with the exception of the PWC and VWN
isolated-molecule calculations, which deviate only slightly to
C; symmetry), consistent with the crystal data and previous
relative energy comparisons of HMX conformatigh§he best
bond length agreements occur in the PWC, VWN, HCTH, and
B3LYP optimizations by isolated-molecule root-mean-square
deviation (RMSD) comparisons. This same trend continues in
the solid-state calculations, where the LDA results are second
only to the HCTH results in the accurate reproduction of crystal
bond lengths. As expected from the inclusion of neighboring
molecules, considerable improvement in bond angle agreemen
is found in the solid-state calculations relative to their isolated-

Allis et al.

NO; groups are all shifted toward the isolated-molecule inver-
sion center in the solid-state structure. The features of the crystal
cell not accounted for by this structural comparison are the
intermolecular hydrogen-bonding interactions that couple each
HMX molecule to its neighbors. Assigned hydrogen-bonding
interactions are provided in Table 3. Intermolecular hydrogen
bonding in thes-HMX crystal occurs well within the range of
weak hydrogen bonds observed in other molecular cry&tals.
Additionally, five symmetry-unique intramolecular hydrogen-
bonding interactions are found in the isolated-molecule HMX
calculations in the range of 2.4@.60 A. Of note in the iso-
lated-molecule calculations are the reductions in teel@, and
0O,—H. distances in the LDA calculations relative to the other
methods. These result from the reduceg-N, and Ns—N4 bond
lengths in these same LDA calculations (Table 1).

In the crystal cell, intermolecular hydrogen-bonding interac-
tions form that approach and, in some instances, occur within
the range of the intramolecular distances (Table 3). Among the
GGA solid-state calculations, all but the;©&H;, distances are
found to increase upon geometry optimization relative to the
isolated-molecule distances. Atoms &hd H, reside below the
plane of the four methylene carbons and are brought into closer
contact due to the bending of the-Hound NQ group toward
the molecular center in the crystal environment. In the LDA

O|calculations, both the £-H, and Q—H, distances are found

to be reduced slightly. In the crystal cell, intermolecular
distances to the fand H, atoms (from oxygen atoms in nearest-
neighbor HMX molecules) occur at distances within the
intramolecular regime, which is noteworthy both for the shorter
distances and for the fact that thg &om is found to interact
more closely with its intramolecular acceptorsj@ the GGA
cases (both Kland H, reside closer to their acceptors in the
LDA cases) than the isolated-molecule geometry optimizations.
The crystal environment also positions other HMX molecules
near Hy, the only atom to which short{2.60 A) intramolecular
hydrogen-bonding distances could not be assigned in the
isolated-molecule calculations.

3.2. IR Intensity Calculations by Difference-Dipole Meth-
pds. The assignment of THz features in theHMX spectrum
is complicated by (1) the differences in the treatment of crystal

molecule counterparts, with the solid-state angle agreementpacking interactions among the various density functionals, (2)
surpassing the accuracy of the isolated-molecule B3LYP resultsthe lack of lattice constant optimizations in DMolvhich also

in all LDA and GGA cases. It is noteworthy that the functionals

affects the treatment of intermolecular interactions in the

with the best experimental bond length agreement are also thecalculations, and (3) the presence of both internal and external

ones with the worst bond angle RMSD agreement, although
these differences occur over a narrow range.

The solid-state GGA and LDA&-HMX geometry optimiza-
tions, through their inclusion of crystal packing interactions and
weak intermolecular hydrogen-bonding interactions, improve the
agreement of the calculated HMX geometry with experiment.
All but three (BLYP, BOP, RPBE) functionals either match or
surpass the isolated-molecule B3LYP calculations in accuracy
by RMSD comparisons. The solid-state calculations still gener-

modes in the THz region. For these reasons, both frequency
and intensity data are important for use in accurate assignments.
Currently, DMoP cannot calculate solid-state IR intensities, nor
can static electric fields be applied in solid-state calculations
for calculating IR intensities by atomic polar tensor methods.
A means for indirectly calculating IR intensities is available in
the solid state through the calculation of unit cell dipole moment
differences between the ground and vibrational states based on
Mulliken2” and Hirshfeld® atomic charges. The solid-state IR

ally overestimate bond lengths as compared to observed crystaintensities reported in this work are calculated from the change

distances. The GGA bond length overestimation is larger than
in the LDA results. The only cases where the LDA bond lengths
are shorter than observed are the XL distances in the eight-
membered ring.

Overlay of the isolated-molecule and solid-state HMX
structures reveals the directions and magnitudes of structural
changes in the molecule due to crystal cell interactions. The
overlay of the HCTH structures (those with the best crystal bond

in dipole moments for the unit cell that result from atomic
displacements along each normal-mode coordinat&l(@). A
previous study reports the use of this difference-dipole method
for the assignment g#-sheet vibrations in oligopeptides based
on Mulliken charged® While this approach, in principle, is
lexpected to yield reasonable IR intensities due to the dependence
of the intensity on the square of the transition dipole moment,
it is important to first validate this approach external to the solid-

length agreement) is shown in Figure 2. The local features (bondstate calculations. It is also known that Hirshfeld analyses are
lengths, angles) are found to change very little, while the pendantmore useful than Mulliken analyses for explaining molecular
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Figure 2. The packing arrangement of tifeHMX crystal cell (left), an overlay of the HCTH/DNP isolated-molecule and solid-state geometries
(center), and the labeling scheme for the HMX molecule used in bond length and angle assignments (right). Vertical (V) and horizongal (H) NO
groups are differentiated in the overlay and labeled figures. Crystal and overlay figures were rendered with VMD.

TABLE 1: Isolated-Molecule and Solid-State Bond Lengths (in Angstroms) and Bond RMSDs for HMX (Atom Labels Are
Shown in Figure 2)

functional N*Nz N3*N4 leol N1*02 N3*03 N3*O4 szcl 01*N4 N4*C2 Cz*NQ' CHan RMSD

[Functional]/DNP Isolated-Molecule Bond Lengths
PWC 1.3851 1.3785  1.2188 1.2187 1.2232 1.2160  1.4205 14540  1.4251 1.4408  1.1024 0.016
1.3855 1.3790  1.2187 1.2187 1.2230 1.2160  1.4205 14540  1.4253 1.4409
VWN?2 1.3848 1.3782 1.2186 1.2185  1.2230 1.2158  1.4203 1.4536  1.4248 1.4405  1.1022 0.016
1.3852 1.3786 1.2185 1.2184 1.2229 1.2158 1.4202 1.4537 1.4250 1.4406
BLYP 1.4385 1.4233 1.2364  1.2362 1.2432 1.2366  1.4517 1.4937 1.4659 14725  1.0934 0.036
BOP 14449  1.4256 1.2364  1.2364  1.2437 1.2378 1.4549 14958  1.4701 1.4742 1.0930 0.038
PBE 1.4182 1.4068 1.2284 1.2281 1.2343 1.2276 1.4407 1.4779 1.4509 1.4599 1.0963 0.025
RPBE 1.4351 1.4200 1.2317 1.2314 1.2382 1.2320 1.4499 1.4879 1.4629 1.4686 1.0958 0.032
PW91 14174  1.4057 1.2281  1.2277 1.2340 1.2273 1.4397 1.4776  1.4505 1.4592 1.0950 0.024
HCTH 1.4097 1.3916 1.2124 1.2124 1.2187 1.2136 1.4306 1.4677 1.4430 1.4494 1.0857 0.018
BP 1.4243 1.4074 1.2290 1.2289 1.2357 1.2297 1.4434 1.4798 1.4549 1.4612 1.0946 0.026
VWN-BP  1.4239 1.4070  1.2288 1.2287 1.2355 1.2295  1.4431 1.4795  1.4546 1.4609  1.0944 0.026

[Functional]/DNP Solid-State Bond Lengths

PwWC 1.3745 1.3557 1.2260 1.2210 1.2348 1.2242 1.4224 1.4650 1.4369 1.4440 1.1042 0.012
VWN 1.3736 1.3554 1.2261 1.2209 1.2348 1.2239 1.4227 1.4654 1.4359 1.4436 1.1043 0.012
BLYP 1.3989 1.3851 1.2446 1.2388 1.2524 1.2429 1.4469 1.4967 1.4661 1.4702 1.0894 0.025
BOP 1.3989 1.3846 1.2437 1.2379 1.2516 1.2424 1.4473 1.4955 1.4660 1.4698 1.0878 0.025
PBE 1.3893 1.3731 1.2357 1.2304 1.2437 1.2342 1.4376 1.4816 1.4537 1.4580 1.0940 0.016

RPBE 1.3940 1.3820 1.2386 1.2335 1.2455 1.2371 1.4427 1.4893 1.4599 1.4646 1.0908 0.020
PW91 1.3890 1.3749 1.2348 1.2297 1.2429 1.2334 1.4379 1.4821 1.4534 1.4569 1.0922 0.016
HCTH 1.3735 1.3564 1.2178 1.2139 1.2249 1.2186 1.4270 1.4701 1.4434 1.4469 1.0844 0.008
BP 1.3893 1.3742 1.2361 1.2310 1.2441 1.2347 1.4380 1.4822 1.4551 1.4586 1.0916 0.017
VWN-BP  1.3893 1.3738 1.2357 1.2306 1.2439 1.2345 1.4378 1.4817 1.4548 1.4581 1.0914 0.017

B3LYP/6-31G(d,p) Isolated-Molecule Bond Lengths
B3LYP 1.3977 1.3918 1.2256 1.2253 1.2303 1.2237 1.4415 1.4777 1.4510 1.4607 1.0907 0.017
crystaP 1.373(5) 1.353(8) 1.204(6) 1.209(5) 1.220(9) 1.233(1) 1.436(8) 1.472(5) 1.447(5) 1.454(9) 1.100(5)

aThe PWC/DNP and VWN/DNP isolated-molecule calculations yigldsymmetry (nearly ¢ structures where all bond lengths are unique.
Reported values are for the-Gnique (first row) and primed atom (second row) labels, respectively, in Figlir€@stal values taken from ref 3.

properties’® and so the differences between difference-dipole with respect to the calculated molecular intensities of the sub-
calculations using both charge partitioning methods is of some 200 cnT! modes (in the PWC and VWN calculations, this range
importance. To test this method, the difference-dipole technique was increased to 220 crhto include two modes that occur in
was first applied to the isolated HMX molecule, where IR the GGA functionals below 200 ci¥). The RMSDs of the
intensities and molecular dipoles are directly calculated in the difference-dipole calculations are provided in Table 4. The
normal-mode analysis. histograms in Figure 3 show the IR intensity fits for t0g

The scaling of difference dipoles (all between 0.0 and 0.1 symmetry PWC results (the PWC and VWN results are nearly
D) to intensities (0.6-30.0 km/mol) was performed by applying  superimposable) and ti& symmetry VWN-BP results, which
a constant multiplicative term to the square of the difference are representative of the eight GGA functionals. The two addi-
dipoles and adjusting this term as to minimize their RMSDs tional modes in the PWC/VWN cases are a result of the absence
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TABLE 2: Isolated-Molecule and Solid-State Bond Angles (in Degrees) and Angle RMSDs for HMX (Atom Labels Are Shown

in Figure 2)
functional Q_Nloz 03N304 Cz'Nzcl N2C1N4 C1N4CZ N4C2N2' OlNlNz 02N1N2 O3N3N4 O4N3N4 RMSD
[Functional]/DNP Isolated-Molecule Bond Angles
PWC 128.13 127.61 124.41 110.97 123.45 113.78 115.48 116.37 114.46 117.90 1.205
128.14 127.61 124.42 110.97 123.38 113.78 115.47 116.36 114.48 117.88
VWN?2 128.13 127.61 124.41 110.97 123.46 113.78 115.48 116.37 114.46 117.90 1.206
128.14 127.61 124.42 110.97 123.39 113.77 115.47 116.36 114.48 117.88
BLYP 127.84 127.10 122.66 111.23 123.15 114.49 115.58 116.56 115.20 117.63 1.090
BOP 127.79 127.01 122.35 111.40 123.23 114.53 115.67 116.51 115.37 117.56 1.109
PBE 128.02 127.34 122.93 111.26 122.92 114.44 115.51 116.44 114.93 117.68 1.132
RPBE 127.96 127.21 122.35 111.38 122.75 114.60 115.59 116.43 115.21 117.51 1.151
PW91 128.00 127.32 123.02 111.23 123.03 114.41 115.51 116.47 114.95 117.68 1.120
HCTH 127.69 126.98 122.50 112.30 123.40 114.56 115.78 116.51 115.34 117.63 1.213
BP 127.95 127.22 122.63 111.22 123.14 114.32 115.57 116.46 115.11 117.61 1.109
VWN-BP 127.95 127.22 122.64 111.22 123.15 114.32 115.57 116.46 115.11 117.61 1.109
[Functional]/DNP Solid-State Bond Angles
PwWC 126.80 125.97 123.21 110.50 122.84 111.79 116.28 116.89 115.50 118.51 0.833
VWN 126.82 125.99 123.10 110.38 122.81 111.79 116.26 116.89 115.48 118.51 0.841
BLYP 126.53 125.58 122.89 110.40 122.76 112.20 116.81 116.62 115.97 118.40 0.644
BOP 126.57 125.64 122.84 110.40 122.72 112.27 116.82 116.58 115.94 118.37 0.625
PBE 126.80 125.89 122.74 110.37 122.74 112.18 116.55 116.61 115.72 118.36 0.700
RPBE 126.81 125.81 122.70 110.44 122.40 112.44 116.69 116.46 115.84 118.31 0.609
PW91 126.80 125.85 122.73 110.33 122.55 112.28 116.61 116.56 115.77 118.34 0.657
HCTH 126.66 125.64 122.28 110.96 122.73 112.38 116.69 116.62 115.99 118.34 0.764
BP 126.77 125.83 122.86 110.42 122.62 112.20 116.60 116.59 115.77 118.35 0.662
VWN-BP 126.77 125.85 122.86 110.40 122.64 112.19 116.60 116.60 115.76 118.35 0.666
B3LYP/6-31G(d,p) Isolated-Molecule Bond Angles
B3LYP 127.37 126.76 123.59 111.25 123.28 114.22 115.86 116.75 115.12 118.06 0.910
crystaP 126.65 125.91 123.80 110.13 122.39 113.52 117.45 115.90 116.21 117.89

aThe PWC/DNP and VWN/DNP isolated-molecule calculations yiéldsymmetry (nearlyCi) structures where all bond angles are unique.
Reported values are for ti@ unique (first row) and primed atom (second row) labels, respectively, in Fig®r€@stal values taken from ref 3.

TABLE 3: Intra- and (Two Closest) Intermolecular Hydrogen-Bonding Interactions (in Angstroms) in the Isolated-Molecule
and Solid-State HMX Calculations (Atom Labels Are Shown in Figure 2)

[Functional]/ DNP Isolated-Molecule Intramolecular Hydrogen-Bonding Distances

HBond PWC VWN?2 BLYP BOP PBE RPBE PW91 HCTH BP VWN-BP B3LYP/6-31G(d,p)
O,—Ha 2.3168 2.3163 2.3416 2.3442 23334 23420 2.3307 2.3290 2.3211 2.3207 2.3372
Os—Hg, 2.4887 2.4882 24891 2.4737 2.4740 2.4698 2.4742 24233 2.4558 2.4550 2.4881
Os—Hyp 24506 2.4502 25871 2.6263 2.5525 2.6021 2.5489 2.6085 2.5907 2.5907 2.5052
Os—Hc 2.0879 2.0873 2.1824 21933 2.1554 2.1814 2.1508 2.1598 2.1587 2.1582 2.1475
O/—H. 2.4800 2.4796 2.4541 24500 2.4594 2.4490 2.4552 2.4427 2.4313 2.4310 2.4665
[Functional]/DNP Solid-State Intramolecular Hydrogen-Bonding Distances
crystal

H bond PWC VWN BLYP BOP PBE RPBE PW91 HCTH BP VWN-BP intramolecular
O,—Ha, 2.3108 2.3144 2.3507 2.3531 2.3529 2.3587 2.3442 2.3324 2.3406 2.3391 s 2.336
O3—Ha, 2.5766 2.5741 2.5963 2.5881 2.5519 2.5699 2.5691 2.5102 2.5697 2.5689 s 2.551
Os—Hp 2.4367 2.4425 2.5129 2.5223 2.5158 2.5177 2.5023 2.5470 2.4954 2.4956 4 2.475
Os—Hc. 2.1585 2.1620 2.2013 2.1998 2.1829 2.1910 2.1847 2.1611 2.1793 2.1786 5 2.191
O;—Hc 2.4882 2.4955 2.5410 2.5428 2.5241 2.5367 2.5249 2.4953 2.5149 2.5141 4 2.523

[Functional]/DNP Solid-State Intermolecular (Two Closest ) Hydrogen-Bonding Distances
crystal

distances to PWC VWN BLYP BOP PBE RPBE PW91 HCTH BP VWN-BPintermolecular
Ha 2.4676 2.4684  2.4876 2.4971 25017 2.4971 2.5043  2.5693 2.4996 2.5015 g 2.478
2.5080 2.5090 2.5348 2.5526 2.5641 2.5620 2.5555 2.6313 2.5534 2.5543 o 2.566
Hp 2.2697 2.2693 2.3378 2.3416  2.2969 2.3569 2.3259  2.3740 2.3337 2.3326 0 2.684
2.6639 2.6619 2.6168 2.6186  2.6485 2.6394 2.6402 2.6223 2.6462 2.6455 1 2.360
Hc 2.6552 2.6517 25649 25596 2.5662 2.5744  2.5893  2.5800 2.5954 2.5953 0 2.594
2.6800 2.6771 2.6860 2.6967 2.7083 2.6986 2.6991 2.7628 2.6996 2.7007 3 2.674
Hg 2.5146 2.5145 25309 2.5391 2.5303 2.5514  2.5447 2.6324  2.5488 2.5495 5 2.588
2.8321 2.8391 2.7543  2.7591  2.7978 2.7767 2.7842  2.8067 2.7759 2.7757 2 2.830

2 The reported PWC/DNP and VWN/DNP intramolecular hydrogen-bonding distances are average values resultingJreymtheetry structure
optimizations.

of inversion symmetry in the optimized molecules and the re- cm~! region. The Mulliken dipole RMSDs are smaller than the
porting of only those modes with intensities larger than 0.00 Hirshfeld values for all but the BLYP and BOP functionals.
The Mulliken and Hirshfeld dipole differences for the lowest-
RMSD minimization leads to reasonable agreements in both frequency IR-active modes are calculated too small in all cases,
the absolute intensities and trends in intensities in the sub-200but it is clear that trends in intensity are correct across all

km/mol.
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Figure 3. Isolated-molecule DMAI IR intensities (km/mol, black) and scaled calculated IR intensities (C¢bipe the PWC/DNP and
VWN-BP/DNP structures as determined by the difference-dipole method using the calculated molecule dipoles (red) and dipoles calculated from
Mulliken (green) and Hirshfeld (blue) charges. The two additional modes in the PWC/DNP histogram arise from the lowered symmetry in the LDA
calculations.

TABLE 4: RMSD Comparison of the Abilities of B3LYP/6-31G(d,p)

Isolated-Molecule Difference-Dipole Methods to Reproduce

Directly Calculated IR Intensities (These Values Are W
Obtained by Scaling the Square of the Calculated Difference L

Dipoles of the Sub-200 cm! Normal Modes by a Constant VWN-BP/DNP f
to Minimize Their RMSDs from the Calculated Molecular

Intensities (in km/mol)) ) A | |

RMSD BP/DNP M/\/

no. IR molecular Mulliken Hirshfeld
modes dipole  dipole  dipole? i i | l L

PWC/DNP Cy) 9 0.974 1.936 1.986 HEETRIDNE
VWN/DNP (Cy) 9 0.980 2.060 1.984 I I Lo
BLYP/DNP (C)) 0.542 2.508 2.140 1 41l

=

7
BOP/DNP C) 7 0.442 2.316 2.205 PW91/DNP

PBE/DNP C) 7 0.556 1.888 2.232 I
RPBE/DNP () 7 0.474 1.417 1.923 | L1 ]
PWO1/DNP (i) 7 0.578 1.920 2.363 RPBE/DNP

BP/DNP C)) 7 0.561 1.575 2.123

VWN-BP/DNP (C;) 7 0.557 1.578 2.127 M
HCTH/DNP (Cy) 7 0.416 1.469 2.774 . -

' ' ' PBE/DNP
methods. The Mulliken and Hirshfeld difference dipoles are I Sy I A
noteworthy for their good agreement with one another. This BOP/DNP
agreement can be attributed to the use of the dipole differences
between two states and not the actual charges themselves in W
any one state. Over small displacements, the changes in atomic BLYP/DNP
charge by either partitioning method would be expected to be
similar, leading to the consistent difference-dipole results M

throughout. VWN/DNP /\/—\/\\/

The results obtained from the dipole treatment of molecular
intensities indicate that similar treatments in the solid-state L//

should yield results accurate enough to prove useful in mode PWC/DNP

assignments. The results of these calculations are provided in L///\_/]‘/\\I/

the next section. : . T . L .
3.3. Comparison of Experimental and Simulated THz 0 20 40 40 80 100 120

Spectrg. The _exper!mer_]tal THz spectrum BEHMX (3_—120 wavenumber (cm™)

cm™1) is provided in Figure 4 with the calculated isolated-

molecule and solid-state spectra. The intensities in the solid- Figure 4. Comparison of the experimental and simulated THz spectra

state spectra result from the Mulliken difference-dipole analysis. of -HMX from 3 to 120 cm*. Isolated-molecule B3LYP/6-31G(d,p)

The experimental spectrum in this region contains three (green) results are provided for comparison. Isolated-molecule [functional]/

. . DNP predictions are shown in red. Solid-state [functional]l/DNP
_promment absorptions at 58.5, 82.2, and_ 95.4-€nirhe predic’fi)ons are shown in blue. The experimental THz[spectrum](bIack)
isolated-molecule normal-mode analyses with the GGA func- for g-HMX is provided for each data set.
tionals yield five IR-active modes in the-120 cnt? region,
with all eight functionals producing the same relative positions tighter grouping between 82 and 89 tinThe LDA functionals
and intensities of the lowest three and the highest fifth modes. are in good agreement with one another in the isolated-molecule
The frequency of the fourth mode varies between 74 (RPBE) calculations, with the fifth dominant IR-active mode (all modes

and 105 (HCTH) cm?, with the other functionals generating a have some IR activity in th€; structure) calculated at 140
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TABLE 5: Calculated Isolated-Molecule HMX Low-Frequency Normal Modes (in cm~1)2
B3LYP/6-31G(d,p) PWC VWN BLYP BOP PBE RPBE PW91 HCTH BP VWN-BP

14.4 10.8 11.4 23.2 24.8 28.5 27.3 26.7 (21.4) 21.1 21.2
52.6 50.2 50.1 45.4 45.7 48.5 49.0 47.9 22.0 44.4 44.3
(61.6) (61.1) (61.2) (56.0) (53.2) (57.5) (58.0) (59.7) 453 (56.3) (56.3)
67.7 69.5 69.5 (59.3) 62.0 60.7 61.4 61.0 56.6 (60.7) (60.6)
(69.8) (76.6) (76.6) 62.5 (63.4) (65.2) (62.6) (63.3) (70.8) 62.7 62.6
(90.8) (95.6) (95.7) (84.2) (79.6) (84.3) (70.3) (86.3) (98.9) (79.8) (79.9)
95.6 101.5 101.5 87.5 83.1 87.2 73.8 89.3 104.5 82.4 82.4
(118.9) (131.5)  (131.6)  (107.4)  (108.1)  (106.6)  (111.5)  (109.7)  (106.8)  (113.8) (113.8)
128.7 139.8 139.9 116.0 114.8 119.1 1151 119.9 116.3 119.3 119.3

a|R-inactive modes are shown in parentheses. The eight GGA functionals predict nine normal modes in the subd-f&flam(the maximum
in the reported THZ spectrum). For consistency, the first nine molecular modes by all methods are provided.

TABLE 6: Calculated IR-Active Solid-State f-HMX
Low-Frequency (in cm™1) Normal Modes?

PWC VWN BLYP BOP PBE RPBE PW91 HCTH BP VWN-BP

28.00 27.600 51.00 54.4 47.2 527 48. 58.2 451 418

53.3 521 66.0 70.2* 60.8* 70.3 60.2 79.7* 61.8* 60.7
548 56.6 831 86.1 77.8 861 762 829 788 78.0
728 717 90.0 95.1 834 936 843 1019 86.6 85.5
82.8 76.2 909 954 85.0* 95.7 85.6* 103.4 86.7 86.2
87.0 86.6 956 98.7 94.2 101.2 94.1 109.6 96.4 95.4
88.4 89.7 97.1 100.1 959 105.2 94.8 113.0 97.0 96.4
99.1 98.6 121.1 125.7 120.6 1255 116.3 126.0 117.7 117.6
103.6 101.6 130.2 135.4 128.4 136.7 124.7 136.6 125.8 125.4

aThe two LDA functionals predict nine normal modes in the sub-
120 cn1? region (the maximum in the reported THZ spectrum). For
consistency, the first nine normal modes by all methods are provided.
b |dentified modes that have negligible calculated intensity and are
difficult to identify in the plots in Figure 4.

calculated IR intensities by the difference-dipole method. It is
with these results that the assignment of the THz spectrum to
specific molecular motions is performed. The nine lowest-
frequency molecular vibrational modes are shown in Figure 5.
These low-frequency modes include N@endulum motions
and ring-twisting motions (modes 1 and 2), large-amplitude ring
stretches and twisting modes (modes 3, 4, and 5), and in- and
out-of-phase N@rotor modes for both the vertically (modes 6
and 7) and horizontally (modes 8 and 9) oriented,ff@gments

(for orientation, see Figure 5). The distinct lack of agreement
between the THz peaks and isolated-molecule modes in Figure
6 indicates, as expected, that these large-amplitude motions are
altered in the crystal environment.

A crystal unit cell containingM molecules withN atoms
contains BI-6M internal modes (those modes associated with

intramolecular motions), -3 external modes (those modes

cm1 by both methods and, therefore, beyond the reported associated with relative motions between khenolecules, such
experimental results. The calculated isolated-molecule normal aer'at;tlons ?nd_trgnslﬁtmr_]s), and 3 IaCOI:jSt'C modes. IS the
modes (both IR-active and inactive) in this region are provided p- crystal €= .)’ the nine external modes correspond to
in Table 5. All isolated-molecule normal-mode analyses display thfe‘? oppcal trans_latlo_nal (_IR-actlve) modes (the two mole_cules
little agreement with the THz spectrum of the crystalline moving in opposite Q|rect_|ons along thE’.ﬂ'Z] axes) an_d SIX
material, as apparent from the lack of frequency agreement with ©Ptical rotational (IR-inactive) modes, which occur as in-phase
the three experimental maxima and the calculated positions of2nd out-of-phase motions of the two molecules in the crystal
the two most intense IR-active modes below the first apparent unit (_:ell. Because the energies and relative motions of large-
THz peak at 58.5 cnt. amplitude (low-frequency) internal modes and external modes

The results of the solid-state normal-mode analyses for all are dependent on crystal packing and intermolecular interactions
GGA and LDA functionals are shown (with their calculated IR (S,UCh as ionic and hydrogen-bpndlng |ntgract|ons), these two
intensities) overlaid with the measured THz spectrum and d|ff¢rent type;s of m.o.des can be |ntgrm|xed In the low-frequency
isolated-molecule peaks in Figure 4 and are listed in Table 6. region. This |ntgrm|X|ng, coupled with th? changes'to molepular
While variety in peak positions and calculated intensities is mode freque_nmes due to crystallograp_hlc forces, IS t_he primary
greater among the solid-state calculations, it is evident that reason why isolated-molecule calculations are of limited use in
inclusion of the crystal cell interactions results in significantly low-frequency vibrational aSS|gnments.. . )
improved agreement with the observed THz spectrum in all  In the absence of strong electrostatic interactions to couple
cases. Both LDA functionals predict IR-active modes within neighboring molecules (and, subsequently, their vibrational
close proximity of THz peaks. A range of agreement can be modes), the low-frequency vibrations of a molecular crystal
found from among the GGA functionals, with the VWN-BP, (those not due to external modes) can be assigned based on the
BP, and PW91 calculations yielding excellent THz peak position relative motions of isolated molecules with respect to their
agreement. The eighth IR-active crystal mode occurs above theinternal modes. In this absence of strong interactions, a single
120 cnt! THz cutoff in the BLYP, BOP, PBE, RPBE, and molecular mode occurs as in-phase and out-of-phase combina-
HCTH calculations and is grouped within a narrow range in tions of the same normal mode displacements in crystal cells
the GGA series (116126 cnt?) where the experimental THz ~ containing two identical molecules (such as HMX). The degree
spectrum rises to what may be a nearby absorption maximum.to which the crystal packing interactions alter one or both of
The LDA functionals place this eighth mode at 99 émThe these combinations is reflected in both the frequency shift
ninth IR-active mode is predicted to lie above the 120&m  relative to the isolated molecular mode positions and the rela-
THz cutoff in all the GGA calculations, while the LDA tive splitting of these in- and out-of-phase solid-state combina-
calculations place the ninth mode approximately 3 tabove tions.
the eighth crystal mode. The solid-state vibrational modes fAHMX can be readily

3.4. THz Mode Assignments From the VWN-BP/DNP assigned to either internal (molecular) mode combinations or
Simulated Spectrum. From among the density functional external modes (Table 7). The THz spectrum and VWN-BP
comparisons, the VWN-BP simulated solid-state THz spectrum spectra are shown and labeled in Figure 6 using both the
agrees best in terms of both peak positions and relative Hirshfeld (middle) and Mulliken (bottom) difference-dipole
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Figure 5. The nine lowest-energy normal modes (and equilibrium structure) of the HMX molecule with frequency assignments based on the
isolated-molecule VWN-BP/DNP calculations. The numerical labeling scheme is used for the identification of solid-state mode components in
Figure 6. Displacements along the normal mode are scaled by a factor of 5 for clarity. The vertical (V) and horizonta} U discussed

in the text are identified in the equilibrium illustration. Figures were rendered with \PMD.

intensities. The normal-mode assignments reveal considerable4. Discussion

shifting of internal modes in the crystal cell and the prominence

of the three optical translational modes in the THz region. Itis  4.1. Density Functional Selection and Molecular Geom-
these three modes that isolated-molecule calculations areetry. Inclusion of the crystal environment is found to signifi-
incapable of reproducing. The six rotational modes are all cantly improve the HMX molecular geometry agreement
predicted to be IR-inactive and occur in the-4D cnT ! range between theory and experiment. In RMSD comparisons, solid-
(Table 7). The IR-active modes below 120 thare found to state DFT calculations are always found to improve over their
include the in- and out-of-phase combinations of the vertical molecular counterparts, with the HCTH calculations yielding
NO; pendulum motions (mode 1 in Figure 5) split by 25.5¢m the best overall bond length agreement and RPBE calculations
the out-of- and in-phase combinations of thes&kmmetry ring- yielding the best overall bond angle agreement with experiment.
twisting modes (mode 5 in Figure 5) split by 1.0 chhand, at The only two bond lengths that are not corrected for in the solid-
the very edge of this range, the out-of-phase combination of state calculations are the;NO; and N—O, distances of the

the horizontal N@ pendulum motions (mode 2 in Figure 5) vertical NG, groups (for orientation, see Figure 2). One of the
that lies 7.4 cm? below its in-phase combination. The remaining useful insights to come from the functional comparisons is the
combinations of the low-frequency molecular modes occur realization that the degree of agreement between theory and
beyond the 120 cmt THz limit. From among the molecular  experiment depends on the experimental feature being consid-
modes available for assignment to this THz region, the isolated- ered. While the HCTH results yield the best bond length
molecule calculation includes six modes (including IR-active agreement, it is clear from the vibrational analyses that this
modes 7 and 9) that do not contribute to features in the THz functional is less accurate than others in the GGA series at
spectrum according to the VWN-BP calculations. reproducing major spectral features. The sensitivity of the
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— B-HMX THz Spectrum TABLE 7: VWN-BP/DNP Solid-State Modes, Their
:gg:iﬁgrgm?nlgfgﬂw Associated Isolated-Molecule Modes (from Figure 5), and
— Hirshfeld Dipole Infensity Isolated-Molecule Mode Combinations
solid associated isolated-molecule IR
state or external mode combinatiof  activity
1 ’ 39.2 OR1
41.5 oT1 Active
58.7 OR2
7 60.7 21.2 cmt 1+1 Active
| \T—
72.4 OR4
= 780 otz Active
2 85.5 oT3 Active
2 86.2 21.2 cm? 1-1 Active
> 88.8 ORG6
‘G 93.7 56.3 cmt 3—-3
GEJ 95.4 62.6 crmt 5-5 Active
= 96.4 62.6 cmt 5+5 Active
= 100.8 56.3 cmt 3+3
117.6 44.3 cm! 2-2 Active
119.6 60.6 cm* 4+4
— B-HMX THz Spectrum 1 i
— Muliken Dipole Intensity / 1328 ggg gml i i_ i Active
135.0 82.4 cmt 7+7 Active
137.2 82.4 cmt 7—-7 Active
139.2 79.9 cmt 6+6
148.7 79.9 cmt 6—6
55 2-2 157.9 113.8 cmt 8—-8
158.0 113.8 cmt 8+8
163.0 119.3 cmt 9+9 Active
; | OT2| 1-1]|5+5 167.0 119.3 cmt 9-9 Active
0 20 40 60 80 100 120 2 The solid-state modes are reported to 167.0%he last normal
wavenumber (cm-1) mode to which a combination from among the isolated-molecule normal

modes in Table 4 (0120 cnt?) can be assigned.OR = optical
rotational (six modes), OF optical translational (three mode§H-

= in-phase relative motions. Among rotational modes (or those modes
which include a molecular twisting component), the two molecules in
the crystal cell spin clockwise about their respective rotation axes.

= out-of-phase motions and motions where one molecule in the crystal
cell spins clockwise while the other spins counterclockwise about their
respective rotation axes.

Figure 6. The isolated-molecule (top) and solid-state VWN-BP/DNP
normal modes (8120 cnt?!) with solid-state intensities provided by
the Hirshfeld (middle) and Mulliken (bottom) difference-dipole results.
The isolated-molecule results show the Mulliken and Hirshfeld intensi-
ties offset from the actual mode frequencies (shown with the IR
intensities) for clarity. The internal mode assignments (numerical labels)
are as provided in Figure 5. External mode labels are as follows: OT1
= optical translation along the AC crystal plane; O®2 optical
translation along the AB crystal plane; OF3optical translation along

the BC crystal plane. the available THz range fg8-HMX according to the VWN-

BP calculations. Despite variability among the available density
normal modes to the choice of functional is, from these results, functionals, the crystal cell normal-mode calculations are always
more significant than the range in RMSDs in the LDA/GGA found to be improvements over their isolated-molecule coun-
series. terparts. This is certainly because the solid-state calculations

The observed agreement in the solid-state CVieults with include crystal packing, intermolecular hydrogen-bonding in-
the crystal distances surpasses the results of the more computeractions, and restriction of motion in the normal modes due
tationally demanding isolated-molecule calculations with the to these structural interactions. This restriction of motion is the
B3LYP hybrid density functional. From a methodological time-dependent feature of normal-mode analyses and vibrational
perspective, it is not the better agreements of the GGA and LDA spectroscopy that combines with the time-independent quality
functionals over the isolated-molecule B3LYP results that are of geometry optimizations and diffraction data to provide the
noteworthy here, but the improvement in structural agreement more complete picture of the crystal environment. A detailed
to experiment that comes from including intermolecular interac- analysis of the VWN-BP solid-state calculations reveals the
tions in the GGA and LDA computational analyses. While degree to which the crystal environment changes the isolated-
crystal packing alone is an important factor in determining molecule vibrations. Several absorption features in the THz
molecular geometry for flexible molecules, theHMX crystal spectrum are assigned to optical translational (IR-active) modes
is found to contain numerous intermolecular weak hydrogen- that cannot be accounted for in isolated-molecule calculations
bonding interactions between molecules that, with crystal since these motions are solely the result of the relative motions
packing, alter the intramolecular interactions calculated for the of the two HMX molecules in the crystal cell. The isolated-
isolated molecule. These interactions are chemically weak butmolecule modes undergo both shifting to higher frequency and,
lead to significant changes in the low-frequency internal modes due to the presence of in- and out-of-phase combinations of
from their isolated-molecule origins. these individual modes in thé = 2 crystal cell, significant

4.2. Normal-Mode Analyses and Solid-State Assignments.  mode splitting when the relative motions of one combination
The assignment of low-frequency vibrational modes in molec- are less restricted than the oppositely phased motions in the
ular solids from isolated-molecule calculations is certainly other. Within the 120-cm! range of the THz experiment, the
demonstrated to be incorrect for HMX. The majority of the sub- in-phase combination of the lowest-frequency isolated-molecule
120 cnt! isolated-molecule modes for HMX do not occur in  pendulum motions (mode 1 in Figure 5) is shifted 40 éro
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higher frequency, while the out-of-phase combination is 25.5 the ACS Petroleum Research Fund (40610-G6). The authors
cm~Thigher still in energy. In contrast, the asymmetric twisting thank TeraView Limited (Cambridge, UK) for providing the
mode at 62.6 cmt (mode 5) is shifted by only 27 cm and experimental THz spectrum @g-HMX and the reviewers for
split between its in- and out-of-phase components by 1lcm their insightful comments.
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