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Previous theoretical studies have demonstrated that tetrahegdshbNId be an extraordinarily effective high
energy density material. But this species has thus far resisted laboratory efforts directed to its syAthesis.
initio electronic structure methods have been used to examifg teandOy, Ng nitrogen clusters, including

their protonated forms. We have optimized geometries using DZP, TZ2P, and TZ2P(f,d) basis sets with the
Hartree-Fock self-consistent-field (SCF) method, second-order Mgldesset perturbation theory (MP2),

single and double excitation configuration interaction (CISD), coupled-cluster (CCSD and CCSD(T)) methods,
and three DFT/HartreeFock hybrid (B3LYP, B3P86, BHLYP) methods. Harmonic vibrational frequencies

and infrared intensities have been obtained at the SCF, MP2, B3LYP, B3P86, and BHLYP levels of theory.
The vertex protonate®y, Ng and T4 N4 structures are found to represent minima on their respective potential
energy surfaces. The bond protonafgd\N, molecule was determined to be a transition state leading to the
vertex protonatedy N4 isomer. The predicted proton affinities ®f N, and O, Ng support the possibility

that standard laboratory techniques for deprotonation may be used to yield these elusive high-energy density
materials. The molecular properties determined at the DFT/HarEeek hybrid level of theory are compared

to large basis set coupled-cluster results and found to be in good agreement, even when relatively small basis
sets are used for the former.

I. Introduction Schaefethave shown three Nsomers to represent minima on
the Ns potential energy surface. In order to yield a more reliable
estimate of the energy differenad=(Ng — 4N,), 423 kcal/mol,
they included a perturbative correction for triple excitations by

The characterization and development of efficient and
environmentally safe energy sources are of obvious technolog-
ical significance. Several theoretical studies have identified the = =7 . . S
Nn (n > 4) systems as excellent high energy density material utilizing the CCSD(T) methof. On the basis of the dissociation

(HEDM) candidates. Bliznyuk, Shen, and Schaefer have shown energies and specific impulse, the authors concluded that the

that Nyo has a metastable dodecahedral geometry analogous tdﬁigh-energy content of _the hitrogen species suggests that they
the GyoHao dodecahedrarie. This structure lies 50 kcal/mol of represent better explosives or propellants than several oxygen

nitrogen atoms above 10,Mholecules, making b a potential ~ J{EPM candidates.  Recently, Tian, Ding, Zhang, Xie, and
high energy density material. Other theoretical studies have Schaefet’ have examined two newgNsomers which only have
focused on octaazacubane. Trinquier, Malrieu, and Dddley NN single bonds and found them to be minima and lower
used a pseudopotential SCF method to show that octaazacubani/ing than On octaazacubane by 47 and 72 kcal/mol, respec-
was higher in energy than twosNnolecules. However, they ~ tVely.
could only assume that the optimized Btationary point was The tetrahedral form of Nhas been the focus on several
a minimum on the potential energy surface. Octaazacubane wagheoretical studies which have led to an understanding of the
shown to be a minimum when Engelke and Stiperformed structure and energetics of tiig N4 potential energy surface.
vibrational frequency calculations at the SCF level using several Venanzi and Schulmahdemonstrated that; N4 is @ minimum
basis sets. Additionally, these authors showedtdNhave a on the DZ SCF potential energy surface. Francl and Ch&sick
high activation barrier for decomposition to foup Molecules. were the first to optimiz&4 N4 using correlated methods. They
Engelk¢ and the group of Alkorta, Elguero, Rozas, and found that perturbation theory is inadequate for an accurate
Balabas have examined octaazacubane as part of the seriesdescription of Ty Ns. Lee and Ricé? using the CCSD(T)
(CH)s—nN, where 0< n < 8. These studies indicated that the method, estimated the barrier separafiiagN4(*A;) from two
heat of formation of these compounds grows with increasing N, molecules to be 61 kcal/mol, while the estimated energy
and that the high-energy content of the polyazacubanes is duedifferenceAE(N4 — 2N,) was 186 kcal/mol, thus indicating that
not to strain energy but to weak-N single bonds. Lauderdale, T4 N4is a metastable species which, if synthesized, should have
Stanton, and Bartléttvere the first to optimize octaazacubane a reasonably long lifetime. To confirm the stability of thig
using correlated theoretical methods. Their results indicated state, the authors also explored fif¢’ state near th@y Na
that electron correlation has large effects on the equilibrium equilibrium region of the PES and found it to lie 13 kcal/mol
geometry and vibrational frequencies of octaazacubane. Inahove théA; state. Lauderdale et &found aTq N, minimum
addition, their research obtained estimates of the energyon the CCSD potential energy surface and investigated several
difference between f\and four N by employing coupled-cluster  reaction pathways to other sNstructures. Glukhovtsev and
methods inC'Uding COUpled-C'USter SingleS and doubles (C@SD) Sch|eye]=4 examined numerous ANstructures and found the
Using several correlated methods, Leininger, Sherrill, and |owest-energy conformation to be @y, open-chain triplet
structure. Using multiconfigurational wave functions, Dunn and
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of T¢ N4 and found the energy difference between the minimum- Cartesian d-type polarization functions for nitrogen(N) =
energy crossing structure and the energy at the minimum on1.60, 0.40] and two sets of p-type functions on hydroggs [
the bound state PES to be 28 kcal/mol, or half the barrier for (H) = 1.50, 0.375]. The TZ2P(f,d) basis set was the largest
the spin-allowed decay channel. Hence, the lowest-lying used in this study, and it consisted of a set of 10 Cartesian f-like
vibrational levels ofTq N4 should not dissociate via the spin- functions added to the described TZ2P basis for nitrogen, [
forbidden triplet pathway. (N) = 1.00], and a set of six Cartesian d-like functions added

Pointing toward the laboratory synthesis of these species, wefor the hydrogen,dqy(H) = 1.00]. With a DZP basis set, the
extend the theoretical consideration of octaazacubaneTand deprotonated Nspecies consisted of 64 contracted Gaussian
N4 to include their protonated forms. Using DZP, TZ2P, and basis functions. The protonated Bpecies4 and>5, contained
TZ2P(f,d) basis sets, we report optimized geometries and 69 contracted Gaussian functions. Similarly, the DZP basis set
harmonic vibrational frequencies for octaazacubdjgvertex yields 128 contracted Gaussian basis functions for the depro-
protonated N (2), Tq N4 (3), vertex protonatedy N4 (4), and tonated N species], and 133 functions for the protonated form,
bond protonatedy N4 (5). Of the protonated species, we find 2. The TZ2P basis consisted of 104 and 113 basis functions,
2 and4 to represent minima on their respective potential energy and the TZ2P(f,d) basis 144 and 159 contracted basis functions
surfaces, whiles is the transition state leading to the vertex for the deprotonated and protonated $pecies, respectively.
protonated structuret). The proton affinities offg N4 and Oy, The theoretical methods employed are restricted Hartreek
Ng are also reported, as these quantities are essential if a reactiofRHF), second-order MglletPlesset perturbation theory (MP2),
path is to be developed to yield the protonated fornToN,4 single and double excitation configuration interaction (CI%t3},
or octaazacubane. Standard experimental techniques for deproand coupled-cluster (CCSD¥ and several hybrid Hartree
tonation might then be utilized to yield these, to date, elusive Fock/DFT methods. Three different gradient corrected exchange-
HEDM clusters. correlation (XC) functionals were employed: B3LYP, BHLYP,
and B3P86. The first two utilize the correlation functional of
Lee, Yang, and Parr (LYB3while the third used that of Perdew
(P86)2* Becke's three-paramef@(B3) and approxima#é half-
and-half” (BH) Hartree-Fock hybrid treatments were combined
with the different correlation functionals to form the three XC
functionals. For the CI wave functions, the contribution of
unlinked quadruple excitations is estimated by Davidson’'s
formula?® For coupled-cluster wave functions, the additional
effect of connected triple excitations was estimated perturba-
tively according to the CCSD(T) methdd?

Geometries were optimized using analytic first derivatives
at the SCP? MP23t CISD223 CCSD3* CCSD(T)3® and
Hartree-Fock/DFT hybrid levels of theory. Harmonic vibra-
tional frequencies were determined analytically for $&fand
Hartree-Fock/DFT hybrid methods or by finite differences of
the analytic first derivatives at the MP2 level. Infrared
intensities were determined analytically at the $G#d DFT
levels, while the MP2 infrared intensities were evaluated via
finite differences of dipole moments. For the Cl and coupled-
cluster methods, the core orbitals (N 1s-like) were constrained
to be doubly occupied, and the corresponding virtual orbitals
were deleted from the correlation procedures. The wave
functions forl and3, and5 were obtained undez,, symmetry,
while 2 and4 were obtained undeZs symmetry. For the CISD
wave functions with a DZP basis there were 424 637 config-
uration state functions (CSF’s) fdrand 946 873 CSF's fa2,

27 069 CSF's for3, 66 042 CSF's forl, 33 402 CSF's fol5.
With the TZ2P basis there were 94 153 CSF’s 3p228 382
CSF's for 4, and 115332 CSF’'s fob. The PSlab initio
program&® were used in the present study. MP2 results were
obtained using the Cambridge Analytic Derivatives Package
(CADPACY*® while the Hartree-Fock/DFT hybrid results were
obtained using the Gaussiar94uite of programs.

Il. Theoretical Methods

. ) . Ill. Results and Discussion
Three basis sets of contracted Gaussian functions were

employed in the present study. Our douBlplus polarization A. Ng. Total energies and optimized geometries at several
(DZP) basis is the standard Huzinagaunning”-18 double€ levels of theory are presented in Table 1 and 2. For small
(9s5p) augmented with a set of six Cartesian d-type polarization molecules at their equilibrium geometries it has been accepted
functions on each nitrogen atora{N) = 0.80] and a set of  that the DZP CISD and TZ2P CCSD methods typically provide
p-type functions on hydrogewf(H) = 0.70]. The triple€ plus very balanced predictions of equilibrium geometig$? Since
double polarization (TZ2P) basis consists of Huzinaja’s CISD is not size extensive, its treatment of electron correlation
(10s6p) primitive set for nitrogen and (5s) primitive set for is likely to be less complete in the study of the largerad
hydrogen contracted by Dunnitfgto (5s3p) for nitrogen and  protonated Ny structures, leading to relatively shorter theoretical
(3s) for hydrogen and is augmented with two sets of six bond lengths. We therefore anticipate the true equilibrium bond
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TABLE 1: Total Energies (hartrees) and Proton Affinities
(kcal/mol) in Parentheses for NH™

TABLE 4: Harmonic Vibrational Frequencies (cm~1) and
IR Intensities (km/mol, in Parentheses) for the Vertex
Protonated Species hH™

basis and basis and
theory Ny vertex  theory Ny vertex mode  SCF MP2 B3LYP B3P86  BHLYP
DZP SCF —435.054 757 (168.3) DZP BHLYP —437.251 560 (166.8) A; 3586 (287) 3340 (210) 3307 (198) 3329 (197) 3444 (251)
DZP MP2 —436.464 235 (166.4) DZP CISD —436.055 002 (169.3) E 1456 (63) 1272 (55) 1262 (58) 1282 (59) 1348 (61)
DZP B3LYP—437.520 976 (168.0) DZP CISEQ? —436.258 123 (169.4) A: 1345(1) 1073 (1) 112741) 1140 1) 1233 1)
DZP B3P86 —438.527 458 (168.1) DZP CCSD —436.375 146 (169.7) E 1240 (1) 1002 1) 1028 (1) 1065(1) 1136 1)
a At DZP CISD optimized geometry, ref 8. Az 1163 (0) 841 (0) 913 (0) 970<1) 1051 (<1)
P g y A: 1157(3)  895(3)  934¢1) 950(<1) 1040 (1)
TABLE 2: Geometrical Parameters Including Bond Length E 1155(<1) 899(<1) 930(<1) 964(<1) 1039 (<1)
(A) for N and NgH* A; 1104(<1) 817(1) 879(1) 903(3) 987 (1)
A; 1069 (6)  762(22) 808(16) 841(16) 942 (10)
Ns vertex protonated N E 1064(4)  800€¢1) 840(<1) 859(<1) 932(1)
basis and theory rw  rnw s Fas Fa7 r7s E 1015(<1) 685(7) 718€1) 798(9) 914 (5)

DZP SCF 1.461 1.022 1452 1.469 1469 1.462 él 323 (g)) gf-,g (é)) ;gg ((g)) ;321(1? 838:;1 (2<(17))

DZP MP2 1529 1042 1494 1556 1556 1527 £ 73305  479(s) 531(6) 534(7) 628 (6)

DZPB3LYP 1517 1.042 1495 1537 1536 1517

DZP B3P86 1.504  1.040 1481 1.523 1522 1504 TABLE 5 Total Energies (hartrees) and Proton Affinities

DZPBHLYP 1484 1031 1469 1496 1496 1484 (calimol) for N, and NgH+

DZP CISD 1.479 1.027 1.464 1491 1491 1.480 :

DZP CCSD 1517 1.038 1.492 1536 1.536 1.518 basis and theory N vertex bond
TABLE 3: Harmonic Vibrational Frequencies (cm~1) and B%E I\S/ICFZJZ :gi;gzg ggé ggg% 8288
IR Intensities (km/mol, in Parentheses) forO, Symmetry DZP CISD —218.150 094 (141:2) (114:7)
Octaazacubane, ¥’ DZP CISDHQ —218234493  (1416)  (117.1)

DZP DZP CCSD —218.248 384 (141.8) (118.1)
DZP CCSD(T) —218.281 690 (141.8) (121.1)
mode  SCF MP2 B3LYP B3P86  BHLYP DZP B3LYP ~218815467  (140.7)  (117.5)

Ay 1356 1078 1137 1147 1243 DZP BHLYP —218.673 827 (139.5) (112.7)

Eq 1265 1016 1060 1097 1166 DZP B3P86 —219.319 806 (141.0) (117.6)

Tou 1182 893 956 993 1071 TZ2P SCF —217.601326  (142.1)  (111.0)

A 1175 886 949 984 1070 TZ2P MP2 —218.432173  (137.8)  (117.7)

Toq 1107 808 868 887 979 TZ2P CISD —218.228 706 (142.7) (114.6)

Tw 1091(3)  748(7)  822(7)  859(8)  962(3) TZ2PCISDFQ:  —218.321442  (142.7)  (116.6)

Tog 983 674 759 786 880 TZ2P CCSD —218.336 958 (142.7) (117.5)

B 735 464 529 530 628 TZ2P CCSD(T) ~ —218.384229  (142.2)  (120.3)

aTlu is the 0n|y |IR-active mode. TZ2P B3LYP —218.842 214 (1412) (1169)

TZ2P BHLYP —218.696 884 (140.8) (113.1)
lengths to lie somewhere between those determined at the DZP TZ2P B3P86 —219.343 442 (142.1) (118.1)
CISD and DZP CCSD levels of theory. TZ2Pf SCF —217.616 217 (142.3) (110.5)

The N—N bond length in octaazacubane at the DZP SCF level = TZ2PfCCSD —218.441 446 (141.5) (116.4)
of theory is 1.461 A and increases 0.056, 0.043, and 0.023 A TZ2PfCCSD(T) ~ —218.465 116 (140.9) (119.1)
using B3LYP, B3P86, and BHLYP, respectively. Each Har- %SE; Eﬂl‘_\\% Zﬁgggg ggg Eﬁ%gg Eﬂg%
tree—Fock/DFT hybrid method yields equilibrium bond lengths TZ2Pf B3P86 —219.354 245 (142:1) (117:7)

between the CISD and CCSD levels of theory, with B3LYP
best approximating the CCSD results. As previously reported
in the literaturé® MP2 significantly overestimates the effects protonated form. This large decrease can be attributed to the
of correlation, producing a bond length of 1.529 or 0.012 A long N—N bonds at the MP2 level. The vertex protonates N
larger than the CCSD results. The CISD and CCSD bond exhibits a relatively strong IR intensity, which corresponds to
lengths are slightly longer than the typicaHN single bond the N—H stretching mode. The bond and face protonated forms
(1.449 A)* In most cases, the theoretical geometries for of octaazacubane were determined to represent higher order
structuresl and2 demonstrate the same general trends in the stationary points on their respective potential energy surfaces,
effect of correlation on equilibrium bond lengths. The bond with two and three imaginary frequencies, and therefore were
lengths are predicted according t§SCF) < rg(CISD) < re not considered for further study. An MO Hessian anaf{fsi§
(BHLYP) < rg(B3P86) < ro(CCSD) < re(B3LYP), with the all Ng species revealed the SCF wave function to be stable with
correlated bond distances typically longer than the SCF resultsrespect to rotation of the molecular orbitals.
by 0.01-0.04 A for CISD and BHLYP, 0.020.06 A for B. N4 The general geometry trends found Inand 2
B3P86, and 0.020.07 A for CCSD and B3LYP. The same continue inTq N4 and its protonated forms. Total energies and
general trend holds true for the predictee-N bond length in optimized geometries using several basis sets and levels of
the vertex protonated ocaazacubane, which is slightly longer theory are reported in Tables 5 and 6. For each basis set used
than the typical N-H bond (1.012 AY3 in this study, the BHLYP and CISD bond lengths are in good
The theoretical harmonic vibrational frequencies and IR agreement, while the B3LYP method yields geometries com-
intensities for octaazacubanel) (and vertex protonated oc- parable to the CCSD results. The most significant difference
taazacubane?] at the SCF, MP2, B3LYP, B3P86, and BHLYP  between CCSD and B3LYP, 0.014 A, occurs in theilbond
level are given in Tables 3 and 4. The vertex protonated length of5, where the CCSD and B3LYP bond distances are
structure was predicted to be a minimum on thelNpotential 1.273 and 1.287 A, respectively. With most of the methods
energy surface (PES). Correlation has a large effect on theused here, the predictedNN bond lengths in the Nspecies
harmonic vibrational frequencies, as evidenced by th8%06 are a bit shorter than a typicalH\N single bond. However, at
decrease in the frequencies for octaazacubane and its vertexhe highest level of theory and basis set mostNNbond lengths

a At CISD optimized geometry.
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TABLE 6: Bond Distances (A) for Ny and N;H TABLE 7: Harmonic Vibrational Frequencies (cm~1) and
bond vertex IR Intensities (km/mol, in Parentheses) for the N

basis and Na Tetrahedron?

theory I'NN I'NH ri2 ris 34 I'NH r2 23 DZP
DZP SCF 1.398 1.261 1.576 1.392 1.417 1.022 1.379 1.413
DZP MP2 1.484 1.280 1.660 1.474 1.539 1.039 1.434 1536 Mode SCF MP2 ~ B3LYP  B3P86  BHLYP
DZPB3LYP  1.459 1.287 1.642 1.452 1.495 1.039 1.426 1491 ~ A, 1672 1222 1384 1430 1524
DZP B3P86 1448 1.279 1623 1440 1.483 1.037 1415 1477 T 1191 (15) 883(2) 984(5) 1029(4) 1084 (8)
DZPBHLYP 1426 1.272 1.605 1.419 1.455 1.030 1.400 1.449 g 886 693 759 798 820
DzP CISD 1.431 1.264 1.608 1.423 1.459 1.028 1.403 1.456

DZP CCSD 1.458 1.273 1.641 1.449 1.491 1.035 1.425 1.490 2T, is the only IR-active mode.
DZP CCSD(T) 1.472 1.279 1.661 1.464 1.511 1.037 1.435 1.511
TABLE 8: Harmonic Vibrational Frequencies (cm~1) and

TZ2P SCF 1.397 1.265 1.583 1.394 1.420 1.014 1.375 1.416 ;. /
TZ2P MP2 1489 1980 1.669 1479 1.548 1.029 1.429 1548 IR Intensities (km/mol, in Parentheses) for the Vertex
TZ2PB3LYP 1454 1.287 1.644 1449 1.492 1.029 1417 14g9 Protonated Species hH

TZ2PB3P86  1.444 1.280 1.628 1.439 1.483 1.028 1.409 1.478 DZP

TZ2PBHLYP  1.422 1.273 1.608 1.418 1.454 1.020 1.393 1.448

TZ2P CISD 1.427 1.265 1.611 1.422 1.459 1.017 1.396 1.456 mode  SCF Mp2 B3LYP B3P86  BHLYP

TZ2P CCSD 1456 1.275 1.647 1.451 1.493 1.024 1.418 1494 o, 3508 (750) 3408 (615) 3386 (632) 3417 (636) 3491 (697)
TZ2P CCSD(T) 1.476 1.282 1.672 1.471 1.519 1.026 1.432 1.522 A, 1662 (9) 1285 (5) 1394 (9) 1439 (8) 1524 (9)

TZ2Pf SCF 1.392 1.264 1574 1.389 1.415 1.015 1.371 1410 E  1278(6) 983(22) 1063 (15) 1104 (13) 1163 (11)
TZ2PfB3LYP 1.448 1.286 1.636 1.443 1.485 1.031 1.413 1.481 A: 1202 (14) 828¢1) 984(3) 1028(3) 1091 (6)
TZz2PfB3P86  1.438 1.280 1.619 1.433 1.476 1.029 1.404 1.470 E 910 (8) 824 (48) 797 (24) 823(17) 851 (17)
TZ2PfBHLYP 1.417 1.272 1.600 1.412 1.448 1.022 1.388 1.442 E 815(88) 602 (18) 677(54) 701 (64) 741 (69)
TZ2PfCCSD  1.444 1.274 1.630 1.438 1.480 1.026 1.409 1.477
TZ2Pf CCSD(T) 1.463 1.282 1.653 1.458 1.504 1.028 1.422 1.503 TABLE 9: Harmonic Vibrational Frequencies (cm~%) and

. . IR Intensities (km/mol, in Parentheses) for the Bond
are longer than a typical NN single bond by 0.020.2 A. The Protonated Species hH*

largest difference arises it where ther;; has an elongated

bond length which is 0.2 A larger than a typical-N single bzP

bond. The only exception to-NN bond distances longer than ~ Mode  SCF MP2 B3LYP  B3P86  BHLYP

a typical N—N single bond is the;» N—N bond in4, which is B, 1414i(5) 1038i(141) 1270i(13) 1219i(16) 1325i(4)

only 0.03 A shorter than a typical\N single bond. The NN ':1 ig?g 22;36) 121233 ((5)09) 12312745((71)99) 12327%4((72)07) 131%858“%46)
i H 1

bond lengths are predicted according #SCF) < r(BHLYP) B 1270(39) 1102(41) 1117(40) 1132(35) 1184 (42)

< rdCISD) < r(B3P86) < rg(CCSD) < re(B3LYP) < B, 1196(20) 904 (10) 976(10) 1020 (14) 1084 (13)

r{(CCSD(T)). The predicted bond lengths are typically longer B, 1153(9) 953€1) 934 (5) 983 (5) 1037 (7)
than the SCF values by 0.03 A for BHLYP and CISD, 6-01 A; 1068 (10) 868 (9) 965 (2) 986 (2) 1013 (4)
0.06 A for B3P86, 0.020.07 A for CCSD and B3LYP, and Ar 961 (4) 723€1) 803(1) 840€1) 877 (2)
0.02-0.09 A for cCcSsD(T). Az, 757 (0) 620 (0) 669 (0) 717 (0) 710 (0)

The configuration interaction and coupled-cluster methods . . . .
appear to be more sensitive to the basis set size relative to the '€ theoretical harmonic vibrational frequencies and IR
DFT/Hartree-Fock hybrid methods, as evidenced by the fairly intensities for N and its protonated forms are reported in Tables
large change in geometry between CCSD and CCSD(T). This 79 for the DZP basis set at the SCF, MP2, B3LYP, B3P86,
fact is particularly noticeable when f- and d-type functions are and BHLYP levels of theory. The vertex protonated structure
added to the TZ2P basis on the nitrogen and hydrogen atoms,(4) was determined to be a minimum, while the bond protonated
respectively. The importance of connected triple excitations is Structure ) represented a transition state on theHN PES.
evident from the CCSD(T) results. The equilibrium bond Following the imaginary vibrational mode Hled to4. The
lengths increase an average of 0.015 A from the CCSD to predicted harmonic vibrational frequencies decrease from the
CCSD(T) levels of theory. As concluded by Lee and Rite, SCF results by 17% for BBL_YP, ;4% for BSP8§, and 8% for
we find the inclusion of the connected triple excitations to be BHLYP. An N,H™ structure in which the proton is located on
more important than the addition of higher order angular @ face ofTa Nswas investigated and determined to represent a
momentum basis functions. For this study, TZ2P(f,d) CCSD- higher order stationary point with three imaginary frequencies
(T) represents the highest level of theory which includes a @nd therefore not considered for further study.
balanced treatment of basis set and correlation effects. Surpris- C. Proton Affinities. The theoretical proton affinities are
ingly, the DZP B3LYP results show reasonable agreement with shown in Tables 1 and 5. The most reliable results for the
the geometries predicted at the TZ2P(f,d) CCSD(T) level of proton affinities of NH* and N\H™ are 170 and 141 kcal/mol,
theory. However, as the basis set size increases, the B3LYPrespectively. Many standard deprotonating agents have proton
results converge upon the CCSD geometries rather than theaffinities greater than 200 kcal/m®l. Thus, standard techniques
CCSD(T) results. This conclusion is reinforced when compar- for deprotonation could possibly be used to produce these
ing the B3LYP results with the coupled-cluster results of Lee hitrogen clusters if a reaction path could be developed to yield
et all® They obtained optimized geometries and harmonic their protonated forms. Further studies involving the effects
vibrational frequencies for Nat the CCSD and CCSD(T) levels  of particular deprotonating agents on the nitrogen clusters would
of theory using large atomic natural orbital (ANO) basis sets. prove valuable. For protonatdd N4, the B3LYP method yields
The DZP B3LYP predicted geometries again show a very energy differences comparable to the CCSD results with each
reasonable agreement with the largest ANO, [4s3p2d1f], CCSD- basis set used in this study. The DZP B3LYP and B3P86 energy
(T) results of Lee and RicE. However, the harmonic vibra-  differences approximate those predicted with TZ2P(f,d) CCSD-
tional frequencies predicted at the DZP B3LYP level of theory (T) to better than 2 kcal/mol.
are of CCSD quality. Increasing the size of the basis set for The difference in the proton affinities of these nitrogen
B3LYP only serves to cause larger differences between the clusters may be attributed to the orientation of proton attachment
B3LYP and the large ANO, [5s4p3d2f], CCSD resufts. as well as how efficiently the cluster can redistribute the proton’s
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positive charge throughout the system. Interestingly, the vertex
protonated specie® @nd4) exhibit a 29 kcal/mol difference

in proton affinities even though both have tflg, symmetry
orientation of protonation. Examination of the Mulliken charges
on the nitrogen clusters for the vertex protonated structures
shows the N cluster must support a larger positive charge on
the nitrogen atoms than the analogousdiuster. For2 the
largest positive charge on a nitrogen atom is 0.11, whereas for
4itis 0.17. TheCy, protonated structuré) displays a Mulliken
charge of 0.13 on the bridging nitrogens and 0.18 on the
opposing nitrogens.

IV. Conclusions

We have reported theoretical geometries, energies, infrared
intensities, proton affinities, and harmonic vibrational frequen-
cies for several protonated nitrogen clusters. The vertex
protonated cluster2(@nd4) represent minima on the potential
energy hypersurfaces at each level of theory used in this study.
The bond protonated /\cluster is predicted to be a transition
state between vertex protonated structuggs (The predicted
proton affinities support the possibility that these protonated
nitrogen clusters could be deprotonated with standard experi-
mental techniques to yield these elusive high energy density
materials. For these nitrogen clusters the performance of the
Hartree-Fock/DFT hybrid methods is quite promising. These
hybrid methods obtain reasonable predictions of the molecular
properties studied here, at a greatly reduced computational

expense. Our laboratory expects continued progress in the

calibration of these Hartreg=ock/DFT hybrid methods to more
challenging molecular systems.
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