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Theoretical Nitrogen NMR Chemical Shifts in Octahedral Boron Nitride Cages

Verobnica Barone, Andrew Koller, and Gustavo E. Scuseria*
Department of Chemistry, Rice Umirsity, Houston, Texas 77005
Receied: June 18, 2006; In Final Form: July 20, 2006

We have calculated the geometrical structure, relative stability, and nitrogen chemical shifts of five boron

nitride hollow octahedral cages using density functional theory. Our results show three typical ranges for
nitrogen chemical shifts corresponding to each of the nonequivalent magnetic sites of the N atoms. The
principal component of the electric field gradient tensor at éddhsite in boron nitride cages is predicted

to be much smaller than the corresponding value in borazine, which should reflect in sharper spectral lines
and much better resolution.

Introduction C7o have been calculatétusing density functional theory (DFT)
in excellent agreement with experimefts®
In contrast, little is known experimentally or theoretically
- : bout the NMR spectra of BN cages. While calculations of
WS;, V205, and HTi>O7 nanotubes were synthesizédmon al . . ; : ;
Sz, V205, H 1120 y 9 4 hitrogen chemical shifts are relatively simple, the problem is

the many inorganic materials with distinct structural an complicated experimentally. There are two naturally occurring
eometrical features, free-standing hollow nanostructures belong. . ’
9 9 g|sotopes of N,2N with natural abundance of 99.635% and

to an important class because of their potential applications in L 15N o
photonic devices, active material encapsulation, drug delivery, ”“C'eaf spinl = 1 and .N \.N'th. hatural abundance of 0.365%
and spinl = 1/2. Despite its rich natural abundanéé\ also

surface functionalization, and sensors, among others. resents an electri drunole moment which broadens th
It was theoretically predicted by computational models that presents an electric quadrupole moment whic oadens the
NMR signal and makes accurate experimental assignments

octahedral cages of 8,58 with perfect BNBN alternation : . i X

should be stable with respect to other possible structures due&hagerﬁérﬁévzc'stgz ?i{ﬁ:ﬁgﬂ ';&hfanzglfsu:tmfiﬁl?g I?r?f;?]l;:

to the lowering of their strain energy and aromatic destabiliza- : ; y - 9 - y
and therefore it seems very unlikely to obtdfiN-enriched

. ) ) .
tion.” Furthermore, Seifert et 8lpredicted some particular samples. NonetheleséN chemical shifts have been measured

octahedral cagex & 12, 16, and 28) to be energetically more . ; 1
favorable than others. The experimental confirmation of these 'er][ 2?323t'tmed borazines by Wrackmeyer et'and Framery

h ical I ypBizEn P when th . I -
theoretical results was presented by, et ar. when they In this work, we analyze the possibility of determining the

reported the formation of boron nitride nested cages with fruct BN the basis of NMR ‘ hich
unambiguous octahedral geometries. Many other experimentalS ructure of BIN cages on the basis o n Spectroscopy, whic
would provide another route for revealing their geometrical

works reconfirmed the octahedral mod@[:* The relative structure and symmetry. We report theoretical DFT calculations
stability and electronic properties of different isomers ) : ; ;
y brop onB of nitrogen chemical shifts for five I, cages fom = 12, 16,

clusters have been studied theoreticaty?!

Despite these theoretical and experimental papers, the struc-28’ 36, and 48.
tures synthesized in the experiments are still uncertain. For
instance, BaN24 clusters were synthesized in large quantities Computational Details
and identified by mass spectrometfyand the structure contain-
ing four-membered rings, hexagons, and octagons was found All the calculations in the present study have been performed
theoretically to be the most statfeZope et ak! presented a  using the development version of tBaussiarprograms® We
detailed theoretical paper on the stability and Raman spectrumhave employed the B3LY¥#cc-PVDZ level of theory for
of B3gN3g in order to help in a conclusive assignment of the geometry optimizations and the B3LYP/cc-PVTZ level of theory
proposed geometry of the cluster observed in an electron-beamto obtain chemical shifts using the gauge including atomic
irradiation experiment? Experimental spectroscopic data are orbitals (GIAOF® formalism. In this work, we neglect medium
needed in order to be able to determine the actual structure ofeffects as well as vibrational corrections. For interesting review
the cages produced in each experiment. articles about theoretical aspects of NMR chemical shifts, we

Nuclear magnetic resonance (NMR) has been widely utilized refer the reader to refs 36 and 37.
in chemistry, biochemistry, and solid-state chemistry for  Although several papers assessing density functional methods
structural assignment. More receni§C NMR chemical shifts for the calculation of NMR parameters have recently ap-
provided evidence of the icosahedral structure gfand the peared®3°N atoms bonded to B atoms are not included in the
Dsnh symmetry of Go.2324 Other papers have concentrated on test sets of such studies. Therefore, it is important to verify the
the 13C NMR chemical shift of higher fulleren&s?28 and, in validity of our approach by calculating N chemical shifts in
some cases, correlaté¥C chemical shifts with the local strain  boron nitride compounds with available experimental values.
of the fullereneg’ Also, 13C spin—spin coupling constants in ~ We have used borazin&l,N ,N"'-trimethylborazine N,N-bis-
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After the discovery of G, higher fullerene$,and carbon
nanotubeg,other non-carbon nanostructures such assBAS,,
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Figure 1. Schematic representation of borazing-aj, N,N',N'-
trimethylborazine 1-b), N,N'-bis(trimethylsilyl)borazine 1-c¢), and
N,N,N"-tris(trimethylsilyl)borazing(1-d).

TABLE 1: N Chemical Shifts () for Borazine (1-a),
N,N’,N""-Trimethylborazine (1-b),
N,N’-Bis(trimethylsilyl)borazine (1-c), and
N,N’,N"-Tris(trimethylsilyl)borazine ( 1-d) Calculated at the
B3LYP/cc-PVDZ Geometry Using GIAOS*P

OMN (ppm)

functional/

compound 1l-a 1-b 1-cNy  1-cNg; 1-d MAEC®
LSDA —232.7 —225.2 —226.1 —208.6 —206.2 403
BLYP —242.0 —233.3 —234.9 —2222 -2214 293
PBE —233.1 —225.4 -226.2 —213.4 -2109 383
KT2 —231.6 —224.7 —2249 -—211.6 —209.0 39.8
VSXC —237.8 —226.6 —231.3 —231.3 -2116 324
TPSS —2419 —234.8 —2350 —225.9 -—2238 27.8
B3LYP —272.8 —266.2 —265.6 —254.7 —2525 2.4
B97-2 —268.6 —263.0 —261.5 —252.7 —-250.5 2.3
PBEO —271.2 —266.0 —264.2 —254.0 —251.8 2.2
experimental —266.0 —267.3 —260.5 —254.5 —252.2

@ Chemical shifts refer to nitromethane at the same level of theory.
b Experimental values from ref 3tMean Absolute Error.

(trimethylsilyl)borazine, andN,N,N"-tris(trimethylsilyl)bora-
zine’! to perform such a comparison. In Figure 1, we present a
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Results

The hollow BN cages under consideration are formed solely
by four- and six-membered rings. All of them have six four-
membered rings corresponding to the vertexes of the octahedral
structures. The number of nonequivalent nitrogen sites in each
cage depends on the symmetry of the cage as well as the number
of hexagons. For instance, in the smallestNB, cages all
nitrogen atoms are magnetically equivalent, while in the biggest
BsN4g cage there are three nonequivalent N sites. In Figure
2(1-V), we present the scheme of each of the BN cages studied
here. Boron atoms are shown in gray, while the different
magnetic sites for nitrogen atoms are shown in red, blue, and
yellow whether they correspond to a nitrogen belonging to a
four-membered ring (N red), a nitrogen belonging to a hexagon
and surrounded by three hexagons and a four-membered ring
(Ng, blue), and a nitrogen atom belonging to a hexagon that is
surrounded only by six-membered ringsc(Vellow).

In Table 2, we summarize our results for borartrogen
bond lengths (as defined in Figure 2), relative energies, HOMO-
LUMO gaps, -orbital axis vector (POAV) angl® average
radii, and nitrogen chemical shifts for each cage. The POAV
vector is defined as the one that makes equal angles simulta-
neously with the thre& bonds. The POAV pyramidalization
angle isz/2 minus this common angle and can be related to
the local strain of a given cagé?®

As reported previouslywe observe that the binding energies
increase with the cage size. As expected, the local strain of the
structures measured by the POAV angle decreases as the size
of the cages increases, with the POAV angle @f fdnging
from 16.9 to 11.7 degrees and the POAV angle efrhinging
from 10.9 to 8.6 degrees. The only exception corresponds to
the nitrogen atoms belonging to the four-membered rings, N
in which the POAV angle for the largest cage is 26.1 degrees
while in the smallest it is 26.4 degrees. The local strain at these
sites is quantified by the large POAV angles of thg &loms.

For the nitrogen atoms Nand N, we also observe a slight
decrease in the BN bond lengths (a &, and a, and g, ¢y,
and @, respectively) as the size of the cages increases.

Regarding the NMR spectra of BN cages, there are three
signature ranges for nitrogen chemical shifts (with respect to
nitromethane) in these compounds. Fa, he chemical shift
for different cages varies from245.2 t0—259.0 ppm. For I,
the absolute value afN is maximum, and the chemical shift

schematic representation of these compounds. In Table 1, weranges betweer276.9 and—287.0 ppm. Finally, the interme-

presentN chemical shifts §) with respect to nitromethane
obtained at different levels of theory. For this benchmarking
purpose, we have employed nine density functionals from
different families: LSDA? (local density approximation),
BLYP,*1 PBE* and KT23 (generalized gradient approximation,
GGA), VSXCH and TPS® (meta-GAA), and the hybrid
functionals B3LYP34 B97-246 and PBECY From the table, we
observe thad is extremely sensitive to the functional employed
to perform the GIAO calculations. The hybrid functionals
B3LYP, B97-2, and PBEO are much better choices for these

borazines than the generalized gradient approximation and meta
generalized gradient approximation functionals. Mean absolute

errors for the hybrids are of about 2.3 ppm. The substituent
effect of H in compound.-aof Figure 1 is not well reproduced

by any functional. This chemical shift presents the largest
deviation with respect to the experiment (about 5 ppm for

diate range corresponds to the &tom in yellow for which the
planar geometry surrounding it resembles more closely borazine
and substituted borazines and the chemical shift ranges between
—253.6 and—269.0 ppm. Chemical shifts for a given type of
nitrogen do not present any apparent relation with geometrical
parameters. However, it is difficult to conclusively determine
this kind of trend here due to the relatively small number of
cages under study.

Another interesting feature in a NMR experiment is the
relative intensity of each of the peaks for a given cage. In the
small B;;N;, cage, we should observe a single line correspond-
ing to Na. The next cage in size, 18N, should present two
lines with relative intensities 3:1, while the remaining cages
present 3 lines each with intensities 3:3:1,48g), 1:1:1
(B36N36), and 1:1:2 (33N48).

The accuracy to which the position of18N line may be
determined in the experiment is limited by its broad nature.

B3LYP). Nonetheless, we expect that these good results in Typically, the 1°N spectra display narrow lines with widths

borazines for hybrid functionals extrapolate to boron nitride
cages.

usually smaller than 10 Hz. In contrast\ lines present widths
greater than 100 Hz. This difference enabf line positions



10846 J. Phys. Chem. A, Vol. 110, No. 37, 2006 Barone et al.

TABLE 2: Symmetry Groups, Relative Energies,
HOMO-LUMO Gaps, and Geometrical Parameters (bond
lengths as indicated in Figure 2 and radii in A, and POAV
angles in degrees) for the Five Boron Nitride Cages
Obtained at the B3LYP/cc-PVDZ Level of Theory

cage BoNi2  BieNig  BogNag  BasNzs  BagNas
point group T Tyg T Tq Th
E/atom (kcal/molj 10.7 7.2 3.1 1.8 0.00
gap (eV) 6.7 6.3 6.7 6.7 6.6
& 1.442 1.461 1.437 1.438 1.435
2 1.489 1.476 1.470 1.466 1.468
& 1.489 1.476 1.470 1.466 1.468
POAV-A 26.4 24.6 25.6 26.2 26.1
number of N, 12 12 12 12 12
ONa (ppm) —259.0 —245.7 —248.7 —248.7 —245.2
by 1.457 1.483 1.428 1.424
b, 1.457 1.429 1.468 1.471
bs 1.457 1.476 1.468 1.471
POAV-B 16.9 12.3 10.9 11.7
number of N 4 12 12 12
ONg (ppm) —283.6 —276.9 —283.8 —287.0
C1 1.478 1.483 1.471
C2 1.478 1.467 1.447
C3 1.478 1.467 1.467
POAV-C 10.9 10.3 8.6
Two views of BagNag number of N 4 12 24
| ON¢ (ppm) —253.6 —264.3 —269.0
Raf 2.302 2626 3.418 3.934 4.623

aNitrogen chemical shifts with respect to nitromethane obtained
using GIAO at the B3LYP/ cc-PVTZ level of theory Energies relative
to BagNas. © Average atomic distance to the geometric center.

TABLE 3: Absolute Value of the Principal Component of
the Electric Field Gradient Tensor (eq,) in Atomic Units for
Borazine, N,N',N"-Trimethylborazine, and the Boron Nitride
Cages at Each of the NonequivalentN Sites at the B3LYP/
cc-PVTZ Level of Theory

compound 1N site eq; (au)
1-a 0.344
1-b 0.472
1-c Nu 0.349
1-c NSi 0.039
1-d 0.046
B12N12 A 0.141
B1eN16 A 0.133
B 0.170
B2sN2g A 0.055
B 0.218
C 0.153
BaeNss A 0.041
B 0.231
C 0.186
BagNag A 0.042
B 0.236
C 0.112

the spectral lines become, and it is possible, in some cases, to

better resolve the NMR spectrum. For instance, Wrackmeyer

et al3! experimentally found that for some particular substituents

in borazines, line widths dfN signals can be as narrow as 5.0

Hz at room temperature. These authors also calcukdgdor

the substituted borazines and found that in those with the sharper

spectral lines,eq,; at the N site was significantly smaller.

to be determined to a greater accuracy than is possible for thoseTherefore, it is interesting to compare the calculaggdvalues

of N, permitting the study of small chemical shift differences for borazines and boron nitride cages to evaluate the feasibility

and also the measurement of sp8pin coupling constants. of experimental assignments of N chemical shifts at natural
In general, the spin relaxation mechanism is dominated by abundance. In Table 3, we present our resultsefpy at the

the quadrupolar relaxation. In this situation, the width of the position of each*N atom, obtained at the same level of theory

spectral lines of*N is proportional to the square of the principal as nitrogen chemical shifts. We find thety, is significantly

component of the electric field gradient tenseq,( at the smaller in the cages than in the compounds depicted in Figure

nucleus positioR? Therefore, the smallezq,; is, the narrower 1, compound4-aandl-b. As shown experimentally, this effect

Figure 2. The boron nitride cages.
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should reflect in sharper NMR peaksThis is particularly
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(8) Seifert, G.; Fowler, R. W.; Mitchell, D.; Porezag, D.; Frauenheim,

apparent in I of the three largest cages under study for which T- Chem. Phys. Letl997 268 352.

the spectral line should be tenths of times narrower than the

(9) Stephan, O.; Bando, Y.; Loiseau, A.; Willaime, F.; Shramchenko,
N.; Tamiya, T.; Sato, TAppl. Phys. A: Mater. Sci. Proces$998 67,

corresponding line in borazine. We could also speculate that 197,

this enhanced sensitivity could help to measurel#i&N,11B)

(10) Golberg, D.; Bando, Y.; Sphan, O.; Kurashima, KAppl. Phys.

coupling constant in these cages. As studied by WrackmeyerlLett 1998 73, 2441.

et al.3! the experimental value d8(**N,11B) for compoundl-d
is 23.0+ 0.5 Hz. Our calculatedJ(**N,!B) in this compound

at the B3LYP/cc-PVTZ level is 22.6 Hz. Due to the excellent

agreement between the experiment and theorNfdl,N'"-tris-
(trimethylsilyl)borazine, we can also attempt to preéi¢t'N,11B)
in the boron nitride cages. As spiigpin couplings are com-

putationally demanding, we report here only one-bond couplings

for the two smallest cages,1B1> and BgNis. In the cage
B12N12, only two one-bond couplings are presehi(!*N,,11B;)
= 19.2 Hz and'J(**N,,''B23) = 8.1 Hz. Two magnetically
nonequivalent N sites are present in the cag#\is giving rise
to three different one-bond couplings3(14N,,1B;) = 13.5 Hz
and1J(*N,,11B,3) = 6.7 Hz for N, and just one coupling for
Np: LI(**Np,2B1 29 = 14.2 Hz. The values ofJ(**N,*B) in
the BN cages seem related to the-Bl bond length (see Table
1).

Conclusions

We have calculated the geometrical structure, relative stabil-

ity, and nitrogen chemical shifts of five boron nitride hollow

octahedral cages using density functional theory. Our results

show three typical ranges foiN corresponding to each of the

nonequivalent magnetic sites of the N atoms. Although in .

general’N NMR is far less sensitive that?N, we find that

the principal component of the electric field gradient tensor at
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D. M. J. Solid State Chen200Q 154, 214.

(14) Oku, T.; Nishiwaki, A.; Narita, I.; Gonda, MChem. Phys. Lett
2003 380, 620.

(15) Zhu, H.-Y.; Schmalz, T. G.; Klein, D. Jnt. J. Quantum Chem
1997, 63, 393.

(16) Wu, H.-S.; Xu, X.-H.; Strout, D. L.; Jiao, H. Mol. Model2005
12, 1.

(17) Strout, D. L.Chem. Phys. LetR004 383 95.

(18) Strout, D. L.J. Phys. Chem. 2001, 105 261.

(19) Zope, R. R.; Dunlap, B. IChem. Phys. LetR004 386, 403.
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Phys. Lett 2004 393 300.
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(26) Kikuchi, K.; Nakahara, N.; Wakabayashi, T.; Suzuki, S.; Shiromaru,
Miyake, Y.; Saito, K.; lkemoto, L.; Kainosho, M.; Achiba, Yature
1992 357, 142.

(27) Heine, T.; Seifert, G.; Fowler, P. W.; Zerbetto,J-Phys. Chem.

each!N site in BN cages is much smaller than the correspond- A 1999 103 8738.

ing values in borazine, which should reflect in narrower spectral
lines and better resolution. This effect is especially noticeable
in the N atom belonging to the four-membered ring for which

our calculations predict lines as sharp as if%d isotope.

Spectral widths may be further reduced by performing the

(28) Sun, G.; Kertesz, MJ. Phys. Chem. 200Q 104, 7398.

(29) Peralta, J. E.; Barone, V.; Scuseria, G. E.; Contreras, R. Am.
Chem. Soc2004 126, 7428.
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experiment at low temperature. Therefore, if the sample is pure Reson. Cheml995 33, 557.

enough,**N chemical shifts in BN cages should be resolved.
Our work not only sheds light on the values of nitrogen

chemical shifts in BN cages for which no NMR parameter was

ever reported, but also predicts sharp lines in the NMR spectrum

(32) Framery, E.; Vaultier, MHeteroatom Chem200Q 11, 218.
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of these compounds at natural abundance. Experimental speci419.

troscopic data in BN cages will be necessary in order to verify

(36) Helgaker, T.; Jaszunski, M.; Ruud, KChem. Re. 1999 99,

our predictions and conclusively determine the structures 293.

produced in experiments.
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