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Azaborinines: Structures, Vibrational Frequencies, and Polarizabilities
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Ab initio second-order MgllerPlesset (MP2) perturbation theory calculations of the equilibrium geometries,
relative stabilities, harmonic vibrational frequencies, dipole moments, and static dipole polarizabilities are
reported for all 17 possible azaborinines (commonly called azaborines) of the forguuladB.N,, n = 1,

2, 3. Planar conformations are stable minima for 16 of these molecules; some errors in the literature on this
point are corrected. The most stable isomersnfer 1, 2, and 3 respectively are 1,2-azaborinine, 1,3,2,4-
diazadiborinine, and borazine. Good agreement is found with available X-ray structures of substituted
azaborinines. The ratio of MP2 to HartreBock (HF) harmonic frequencies is found to vary around an
average of 0.95 for this set of isoelectronic molecules. The polarizabilities of the azaborinines along with
our earlier results for the azoles, oxazoles, and azines constitute a uniform quality data set of polarizabilities
for 50 heteroaromatic molecules. Simple empirical formulas based upon atom- and bond-additive models
correlate the calculated polarizabilities of the 49 planar heteroaromatic rings quite well.

1. Introduction etries have been published for 15 azaborini§e®, but electron-

Borazine has been studied extensively, both experimentally cOrrelated, ab initio geometries have been reported for only
and theoretically, because it is isoelectronic and isostructural SEVer%*~2* Calculations of other properties are available only
with benzene. Borazine,d83Hs, can be obtained conceptually fc_)r bqrazme. Ab |n|_t|o calculatlons_ haye been re_port_ed for the
from benzene by replacing each CC group by an isoelectronic vibrational frequenciés and the static dipole polarizabilty26
BN group. Similarly, one can generate 16 other £B.NyHs of borazine.
azaborinines from benzene by replacimgairs of carbon atoms We report systematic, electron-correlated, ab initio calcula-
by n nitrogen ancdh boron atoms. Three monoazamonoborin- tions of the equilibrium geometries, vibrational frequencies,
ines, 11 diazadiborinines, and three triazatriborinines are formedrelative stabilities, dipole moments, and static dipole polariz-
whenn = 1, 2, and 3, respectively. Figure 1 shows all 17 abilities of all 17 azaborinines. Planar conformations are found
azaborinines. to be stable minima for 16 of the 17 azaborinines. Additive

A note on nomenclature is merited because the azaborininesand other simple models are developed for the dipole polariz-
are often given different names. Sometimes the term borazar-ability of 49 planar rings including 16 azaborinines and 33
obenzenes is used to emphasize that these 17 isoelectronifieteroaromatic molecules that we have studied previgasly2°
molecules all have six-electrons and so are potentially aro-
matic. Borazine is the common natfer 1,3,5,2,4,6-triaza- 2. Computational Methods
triborinine, but does not follow the IUPAC convention regarding
order of prefixes for heteroatordsThe ending “borine” is used Equilibrium geometries and harmonic vibrational frequencies
frequently? but the correct IUPAC stem for “bora” is “inine”. were computed for all 17 azaborinines using three different
Strict adherence to the IUPAC convenfisaquires the addition ~ methods. Preliminary calculations were made with the semiem-
of a prefix specifying the location of the hydrogens bonded to Pirical modified neglect of differential overlap (MNDO) mod€l.
atoms other than carbon as in 1,2,3,4-tetrahydro-1,2,3,4-diaza-Subsequently we calculated ab initio Hartréeck (HF) and
diborinine. We use the more compact “azaborinine” form (e.g., second-order MgllerPlesset (MP2) perturbation thedky®3

1,2,3,4-diazadiborinine) since there is a hydrogen bonded to eacHieometries and frequencies using the 6-31G(d) and 6-31G(d,p)
ring atom in all the molecules studied here. split-valence plus polarization basis s&tsAll these calculations
Of the 17 molecules we consider, only borazit@ has been ~ Were made with GAUSSIAN-9& The harmonic frequencies

isolated in unsubstituted forf.There have been experiments Were used to verify that all our optimized geometries are true

to determine its geomet@f, its vibrational spectré,its dipole minima.

moment] and its polarizability in solutio? Only indirect Dipole moments and static polarizabilities were calculated
experimental work has been done on other azaborinines. Thereoy the finite-field method? using HF and valence MP2 field-
are crystal structures & and8 with ring substituent$-11 and dependent energies. Finite-field HF polarizabilities are equiva-

of 3 and1 with fused ringst2-14 Dewaf® detected but could lent to coupled HartreeFock (CHF) one$® The details of the
not isolate 1, however, many of its derivatives have been techniques used were the same as in our previous Wo#k.
studied! Molecules with fused rings containing an azaborinine Hence, only a concise summary is given here. Since the 6-31G-
unit with the pattern ofLO have been synthesizél. (d,p) basis set is inadequate for polarizabilities, we used a
There have been relatively more theoretical calculations on [5s3p2d/3s2p] basis set, denoted C in ref 27, of contracted
the azaborinines, but most of them focus on borazine. The Gaussian-type functions (GTF) for the finite-field calculations.
relative stabilities of all 17 azaborinines were studied at the It consists of a double-zeta substfdtaugmented by diffuse s-
extended Huakel level by Hoffmand? Semiempirical geom- and p-type GTF, a set of p- and d-type GTF optimized for
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Figure 1. Azaborinines at their MP2/6-31G(d) optimized geometry (exdept MP2/6-31G(d,p)) (withCs symmetry or as listed in parentheses):
1,2-azaborininel), 1,3-azaborinine3), 1,4-azaborinined) (Cy,), 1,2,3,4-diazadiborinined, 1,2,3,5-diazadiborinines}, 1,2,3,6-diazadiborinine

(6) (C2), 1,2,4,5-diazadiborinine7f (Cy,), 1,3,2,4-diazadiborinineg], 1,3,2,5-diazadiborininedjf (Cz,), 1,4,2,3-diazadiborininelQ) (Cz,), 1,4,2,5-
diazadiborinine 11) (Cz), 1,4,2,6-diazadiborininel@) (Cy,), 1,5,2,3-diazadiborininel ), 1,5,2,4-diazadiborinineld) (Cy,), 1,2,3,4,5,6-triazatriborinine

(15) (two views are given of this nonplanar molecule, one perpendicular t€4lptane and the other parallel), 1,2,4,3,5,6-triazatriborinit@, (

and borazine, or 1,3,5,2,4,6-triazatriborinid&)((Dan). MP2/C dipole moments are shown to scale, with the arrow head pointing to the negative
end. The solid line is thé&-axis of inertia, and the dotted line is the 3-axis of polarizability (nonunique and therefore not shown for borazine).

polarizabilities?” and another set of p- and d-type GTF geometries. Let us compare the methods using the avérage

optimized for electron correlatiof¥. Complete details of this  and maximumdy, values of the absolute difference of bond

basis set can be found in ref 27 except the exponent of thelengths and angles from their MP2/6-31G(d) values for all planar
diffuse d-GTF on boron, which was taken to be 0.15. We use conformations of the azaborinines. We find that MNDO bond
uncoupled HartreeFock (UCHF) polarizabilitie®¥°to estimate lengths and angles respectively deviate from MP2/6-31G(d)
the relative contribution of the-electrons. Full details are given  values by an average @, = 1.8 pm andd, = 1.3° and a

in ref 27. maximum ofém = 7.6 pm andd, = 5.8°. The HF/6-31G(d)
results are better than the MNDO ones; the average deviations
3. Equilibrium Geometries of bond lengths and angles are reduced to 1.3 pm anj 0.6

3.1. Results. It is not obvious how many of the 17 respectively. But the maximum differences from MP2 are still

azaborinines have planar geometries. At the MNDO level, we |2rg€: the worst case HF bond length, BSC&iris too long
found 12 azaborinines to be planar. Five molecules were more Y 4.9 pm, and the worst bond angle, HBNIB, is too large
stable as nonplanar specielb and5 by about 0.2 kcal/moly by 2.7.
and4 by 3—4 kcal/mol, andL5 by 23 kcal/mol, each compared For three moleculed, 5, and15, we can compare our MP2/
to stationary saddle points on the planar potential energy surface 6-31G(d) and MP2/6-31G(d,p) geometries. The main difference
At the HF/6-31G(d) level16 is a planar molecule and planar is that all MP2/6-31G(d,p) XH bonds are predictably shorter
conformers of7 and5 are within 0.0001 kcal/mol of the stable by an average of 0.75, 0.58, and 0.54 pm for)8, N, and C,
nonp|anar forms. On|y_5 (22 kca|/mo|) and4 (06 kca|/m0|) respectively. This is similar to the results of Boese et Who
are significantly more stable in nonplanar conformations. Next, found that MP2/6-33G(d,p) BH and NH bond lengths in
at the MP2/6-31G(d) levell5 and4 were the only remaining  borazine {7) differ from their MP2/6-31G(d) counterparts by
nonplanar species, by 13 and 0.0001 kcal/mol, respectively. 0.8 and 0.4 pm, respectively. Ramondo et'dound that at
Finally, at the MP2/6-31G(d,p) level, the planar formdofvas the SCF level bond lengths and angles of borazine changed by
a true minimum, bul5 was still more stable as a nonplar@y no more than 0.3 pm and 0.Bpon enlargement of the 6-31G-
molecule by a substantial 12 kcal/mol. It is conceivable but (d) basis set.
unlikely that15 would be found to be planar at an even higher Figure 1 shows all the azaborinines to scale at our best
level of theory. We adopted the MP2/6-31G(d) geometry for geometries. Notice thdisis in a boat conformation; we have
all molecules excep4, for which we chose the MP2/6-31G- drawn it from two perspectives, one showing a plane perpen-
(d,p) planar geometry. Thus we have planar geometries for 16 dicular to theCs plane and the other showing a plane parallel
of the 17 azaborinines. to the Cs plane. Tables S1 and S2 list our best calculated
A few methodological observations are of interest. There geometries for all the azaborinines except borazine. We do not
are significant differences between our MNDO, HF, and MP2 list our geometry for borazinely) because an identical one
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can be found in Ramondo et al.’s wotk. The MP2/6-31G(d) TABLE 1: Trends in MP2/6-31G(d) Geometries of 15

geometries for the azaborinines can be expétfédo be Planar Azaborinines®
accurate to within 1%. bond number average maximum minimum
3.2. Comparison with Previous Calculations. Our MNDO BH 29 119.7 120.1 119.1
geometries are in reasonable agreement with previous#aérk CH 32 108.8 109.1 108.3
at the same level. However, unlike us, Massey and Zoéfner NH 29 101.5 102.0 1011
did not find a minimum ring geometry faf, their optimizations gg 2‘; 1@%% 11‘;%'3( 113‘;";
all ended with a chain conformation. Their incorrect result could BN 28 1432 1485 140.2
be due to their rather inappropriate choice of starting guess  cc 10 1378 1417 1354
geometries such as a regular hexagon with all bond lengths equal CN 22 136.0 138.6 132.7
to 80 pm. NN 4 136.3 139.5 133.4
Our HF/6-31G(d) geometry for borazine is in perfect agree- 2"91€ at 29 1151 118.8 1127
ment with Ramondo et 4. But our HF/6-31G(d) bond lengths c 32 120.4 1221 118.8
have noticeable discrepancies of 0.3 pm or greater with Kranz N 29 124.4 126.9 122.9

and Clark’g? results forl, 2, and3. In particular, their N1C2
bond lengtk? for 3 is too long by 0.9 pm. This suggests that
theirr2 HF geometries were not completely converged. Kar et

al.'s HF/6-31G(d) geometfj of 8is in error by 1.4 pmforthe  11g or more than 5smaller than ours, their prow and stern

BC bond length (and the adjacent angles are also wrong), aSangles are larger b3°, while the other two ring angles are

can be inferred even by comparing with their own HF/6-3¥G  \,ithin 1° of the MP2/6-31G(d) values.

(d.p) geometries. . . . There are X-ray crystal structures of polycyclic derivatives
Our MP2/6-31G(d) geometries agree virtually exactly with of the azaborinined and3. Bel'skii et al12 determined the

previously published ones for seven azaborinfe$’ 1, 2, 3, crystal structure of 2,7,9-trimethyl-10-phenyl-9-aza-10-boraan-

8,11, 14 and17. Our MP2/6-31G(d) geometries for six of  thracene, which contair&as its central ring. Their molecule
these molecules are included in Tables S1 and S2 because Krangasc, symmetry, with the phenyl ring rotated 4@ith respect

a All azaborinines except and15. Bond lengths in picometers and
bond angles in degrees.

and Clark? reported only ring bond lengths fdy 2, and3, and to the primary plane. Their six central ring angles differ by an

Kar et al?3 reported only ring bond lengths and angles¥o8, average of only 0.8from our MP2 values foB. Their N—C

11, and14. bonds are longer than ours, and theirC bonds are 4 pm
3.3. Comparison with Experiment. Experimental gas- longer than ours presumably because of the fused rings. Kranz

phase geometries are available only for borazit®. ( Harsh- et al13 measured the crystal structure of a different substituted

barger et af. measured the borazine geometry by electron heteroanthracene with the azaboringhas the central ring and
diffraction, but they could not determine whether it was planar 1-methyl and 4-mesityl substituents. The central ring was
Dan or nonplanarC,. Landolt-Bornsteirf! increased Harsh-  slightly twisted!® Their X-ray bond lengths had rather large
barger et al.’s error estimates by a factor of 2. The MP2/6- error estimates of1.5 to 1.8 pm. They compared their X-ray
31G(d) geometry is in fairly good agreement with the electron structure with their own MP2/6-31G(d) calculatfifior 3. The
diffraction geometry. The small residual differences, primarily C—C bonds common to two rings are again 4.4 pm longer than
due to vibrational effects, have been analyzed by Ramondo etthe calculated ones faB. Harris et al* found the crystal
al2t More recently, Boese et d.using assumed values for  structure of 10-hydroxy-10,9-borazarophenanthrene, which has
the XH bond lengths, obtainedG X-ray crystal structure for ~ the azaborinind as the central ring. They gave the geometry
borazine with mean values of 142190.1 pm for the BN bond for one of two different structures contained in the unit cell,

length, 117.14 0.1° for ONBN, and 122.9+ 0.1° for OBNB. but they did not specify how close the central ring is to planarity.

Remarkably, their crystal structure agrees almost exactly with Their CNB angle is the same as our MP2/6-31G(d) value for

the Day MP2/6-31G(d) structure. 1, but their N-B bond length is 1.9 pm shorter and their NBC
There are X-ray crystal structures for substituted derivatives angle is 2.3 larger than ours.

of the planar azaborinineggand8. Siebert et al® obtained a The overall agreement of the X-ray crystal structures with

crystal structure of 4,5-diethyl-3,6-dimethyl-1,2,3,6-diazadi- our calculated MP2/6-31G(d) ones is as good as could be

borinine (a derivative ob) with a planar ring having NN, expected given the differences created by the substituents and

N—B, B—C, and C-C bond lengths of 139.1, 138.7, 156.1, by the packing forces in the solid state.

and 137.1 pm, respectively, all with an estimated uncertainty 3.4. Geometrical Trends. Table 1 presents overall trends
of £0.4 pm. The largest difference between their bond lengths for the MP2/6-31G(d) bond lengths and angles of the 15
and our MP2/6-31G(d) values is 2.7 pm for-B. Our C-C azaborinines (all bu# and15) that are planar at that level of
bond length is the same as theirs, but contrary to their result, calculation. Each type of XH bond is almost constant with a

we find the N-B length to be greater than-\N. Their ring range no greater than 1 pm. Ring bonds are significantly more
angles,[INNB = 123.2, ONBC = 117.2, and OBCC = variable; the range for BN bonds is more than 8 pm. It is
119.5, differ by less than 1from our values. Schreyer et . remarkable that the ring angle at nitrogen is always greater than

determined the X-ray structure of 1,3,2,4-diazadiborini@e ( the ideal sp value of 120 and the angle at boron is always
with six bulky ligands: aert-butyl group on each N, a methyl  less than 120 By contrast, the angle at carbon is close t0°120
ester group on each C, and a methyl group on each B. Theirbut can be on either side of it. Compared to the carbons in
ring is a boat shape with B2 and C5 at the two ends, although benzene, a boron will be further out, while a nitrogen will be a
their bond lengths suggest some cyclic delocalizattoitheir slightly smaller distance in toward the center of the molecule.
bond lengths are longer than our calculated ones by an average The scale drawing in Figure 1 shows that the azaborinines
of 1.6 pm. Their N-B bond lengths differ from ours by more  differ in size and shape. A measure of size is the akea
than 2 pm, whereas their bond lengths for the other half of the enclosed by the ring. It ranges from 0.518 to 0.552 riom

ring are quite similar to ours. Their two ring angles at N are the planar azaborinines as compared with 0.508forrbenzene.
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vibrational frequencies of the azaborinines (excluding 1,2,3,4-diaza- jsomer for each.

diborinine) with the 6-31G(d) basis. The height of a bar labeled 0.95
is the number of all ratios such that 0.945; < 0.955. Each molecule’s

frequencies are paired by order of increasing frequency in each

symmetry class.

then = 3 isomers are much larger than for the= 1 isomers.
All three methods predict that the most stabke 1, 2, 3 isomers
are 1,2-azaborininl}, 1,3,2,4-diazadiborinines), and borazine

Then = 1 azaborinines with a single N and B have the smallest (17), respectively.

A; next smallest is8, noticeably smaller than the other

Hoffmann reported calculatiofsfor all 17 azaborinines using

diazadiborinines. The three molecules that have two adjacentthe extended Fekel (EH) model with idealized planar geom-

B atoms and two adjacent N atoms have the highes6 is
the largest. Another size measure is the spathe longest
distance between a pair of atoms in the moleculeranges

etries and standard bond lengths. The EH model gets the three
most stable isomers correct but not the second most stable
diazadiborinine; it is12, not 14. Massey and Zoelln&t20

between 505 and 534 pm for the azaborinines as compared withcompared the MNDQ\H; of then = 1 and 2 isomers at their

496 pm for benzene. Because the BH bond length is longer MNDO geometries.

than the CH or NH bond lengtt, can be expected to be, and
indeed is, longest for the azaborinin€s 4, 11, 16) with a pair

of BH’s on opposite sides of the ring. Azaborinir&s<l7, and

14, with N's and B’s directly opposite each other, have the
smallestL.

4. Harmonic Vibrational Frequencies

Tables S3 and S4 list our MP2/6-31G(d) harmonic vibrational
frequenciesw; for the azaborinines at our best geometries; the
frequencies are MP2/6-31G(d,p) #r Frequencies for borazine

We found slightly different energies
compared to their results, in addition to their error in the
planarity of7 discussed in section 3.2.

Kar et al?® examined the relative stability of various isomers
of azabora derivatives of benzene and naphthalene. They
assumed that the most stable isomers would be those with
consecutive, alternating B and N pairs, so they considered only
three diazadiborinines8, 11, and 14, and found energies
identical to ours. Howeverl2, which they left out, is more
stable tharlll or 14. It is conceivable that this omission may
render incorrect their conclusiofisabout the most stable

(17) are not listed because MP2/6-31G(d) values were reported@zaboranaphthalene isomers as well.

earlier2! Ramondo et & found that they correspond reasonably
well to the gas-phase IR and liqguid Raman spettiables S3

Kranz and Clark also considered relative stabilities of the
n = 1isomers. Our MP2/6-31G(d) energies agree with theirs.

and S4 show that the lowest frequency of the planar azaborininesThey gave as their best result QCISD/6-31G(d)//MP2/6-31G-

ranges from a minimum of 86 cm for 4 through 283 cm?
for borazine to a maximum of 381 crhfor 3.

(d) energies corrected by the HF/6-31G(d)//HF/6-31G(d) ZPE.
All methods showl to be the most stable arxthe least stable;

HF harmonic frequencies are sometimes scaled by a factoralso, 2 remains fairly constantly about 23 kcal/mol abole
close to 0.90 to obtain values that are presumed to be moreAdding the MP2/6-31G(d) ZPE correction to our MP2/6-31G-

accurate. Figure 2 is a histogram of the ratic= wi(MP2)/
wi(HF) in the 6-31G(d) basis for 16 azaborinine$;was
excluded due to its nonplanarity in the 6-31G(d) basis. Note

(d) energies reduces the gap betw@esnd 3 from 5.3 to 5.2
kcal/mol. Kranz and Clark's QCISD calculatidAded to a
considerably larger gap of 9.9 kcal/mol; it is reduced to 9.6

thatr; varies around an average of 0.95 but can exceed 1. Thuskcal/mol if our MP2 ZPE is used.

a simple scaling is moderately accurate in an isoelectronic set

of molecules like the azaborinines.

5. Relative Stabilities

Figure 3 shows MNDO, HF, and MP2 energies relative to
the most stable isomer of a given molecular formula, for planar
conformations only. The relative energies include zero-point
energy (ZPE) corrections. Table 2 lists our MP2/6-31G(d)
relative stabilities. Figure 3 shows that HF differs from MP2
in many places for the relative stability of the ¥ 2 isomers,
whereas MNDO only put8 out of place. The energy gaps for

6. Dipole Moments

Table 2 lists the magnitude of our MP2/C dipole moments
and the angl®, between the dipole moment and the principal
axis of inertial,. The dipole moments are depicted to scale in
Figure 1, which also shows the inertial axis The dipole
moments ofll and 17 vanish by symmetry. In the other
azaborinines, the dipole moments range from a modest 1.6 D
in 15to a large 7.6 D irv. The dipole moment vectors of the
azaborinines withC,, symmetry necessarily coincide with the

symmetry axis. The dipole moments of the azaborinines with
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TABLE 2: Relative Stabilities? Es, Dipole Moment$< and AnglesPd Polarizabilities®® and Angles?d z-Fractions's f, and

Reciprocal Hardnesse%

no. Es u 02 (0%} (07} o3 o A Aol Asa b3 f(D,ﬂ) f(l |,J'L’) 7’]71
1 0 2.03 46.0 46.26 79.29 85.04 70.20 35.90 36.25 4.98 83.9 58.8 52.2 5.92
2 28.4 4.03 45.0 47.41 82.01 88.20 72.54 37.69 38.07 5.37 88.0 60.7 57.6 6.46
3 23.2 4.24 90 47.18 80.45 84.36 70.66 35.22 35.39 3.39 90 58.5 50.4 5.63
4 96.3 5.75 54.7 48.77 81.48 91.62 73.96 37.79 38.79 8.78 66.4 52.2 45.0 6.02
5 87.8 6.06 0.6 49.99 85.23 91.96 75.73 38.60 39.04 5.83 66.7 58.1 52.4 6.50
6 52.9 2.56 0 46.53 76.98 82.97 68.83 33.45 33.85 5.19 90 53.6 44.0 5.27
7 129.2 7.61 0 50.45 88.07 89.41 75.98 38.29 38.30 1.16 90 58.5 57.6 7.31
8 0 1.89 56.4 45.99 74.01 81.44 67.15 31.74 32.38 6.43 78.5 54.2 43.7 5.57
9 38.4 2.52 90 47.57 84.85 89.25 73.89 39.48 39.67 3.82 90 59.5 57.0 6.94
10 44.6 3.03 90 46.85 77.70 89.78 71.44 36.89 38.35 10.46 90 51.7 455 6.11
11 37.8 0 47.64 79.89 88.39 71.97 36.49 37.23 7.36 85.0 59.8 61.9 7.08
12 34.4 2.28 0 47.73 77.28 92.31 72.44 37.06 39.28 13.01 90 57.2 56.5 6.57
13 78.1 6.13 73.6 50.24 88.63 96.02 78.29 42.08 42.57 6.40 42.8 56.6 53.8 7.20
14 35.6 5.55 0 49.94 84.33 87.25 73.84 35.85 35.94 2.53 90 58.0 48.6 6.67
15 205.8 1.60 90 52.16 71.82 72.91 65.63 20.21 20.23 0.94 90 4.90
16 94.7 2.85 56.2 46.35 73.20 83.03 67.53 31.77 32.89 8.51 86.5 46.0 34.8 5.33
17 0 0 45.09 71.44 71.44 62.66 26.35 26.35 0 494 34.9 4.50

aMP2/6-31G(d)//IMP2/6-31G(d) with respect to lowest energy isomer. In kcalfdP2/C.¢ In debyesIn degrees®In atomic units. Of
UCHF polarizabilities9 In percent! In C basis.! All except stabilities at the geometries of Figure 1.

Cs symmetry lie in the symmetry plane, which is the molecular
plane for all butl5. I,is perpendicular to the symmetry plane
for 15, and thusf, is 9C°; for a complete specification of the
dipole moment orientation i5, it is necessary to add that the
angle between the dipole moment apds 8.7. We did not
find any previous calculations or measurements of these di-
pole moments other than a confirmatiothat x = 0 for
borazine.

Molecular dipole moments can be interpreted as vector sums

of bond dipoles. This allows us to draw some conclusions from
Figure 1. The BH group is more negative than the CH 16f.
and 12) and NH groups (cf3, 7, 14, 15, and16). Similarly

CH is more negative than NH (c6 and9). The molecule?
with the largest dipole moment has two B’s on one side and
two N’s on the other. The azaborinines with the next three
largest dipole momentsl8, 5, and4) all differ from 7 by a
single exchange of a pair of atoms that leads to a slightly more
balanced distribution of charge. The-8 bond dipole~ 1.1

D from 12, and the N-C bond dipole~ 1.3 D from9. Structure

1 suggests that the NB bond dipole is about 2 D, whereas
moleculel4 suggests about 2.8 D. Thus a bond dipole model
would not be quantitative. Roughly speaking,-c + uc-s ~
MUN-B-

7. Polarizabilities

7.1. Results. Polarizabilities are important because they
determine long-range intermolecular induction and dispersion

forces, various cross sections, and phenomena such as collision

induced spectral line shift§:43 It is most useful to report
quantities that are invariant to the choice of coordinate system.
Familiar polarizability invariants can be constructed from the
eigenvalues of the polarizability tensof < o, < az. The
most common invariant is the mean polarizability:

1

3

a (o, + 0, + 05) Q)

The difference between the mean in-plane and out-of-plane
components is an invariant:

1
A1a=(1”—am=§(a2+a3)—al

@)

The plane is the molecular plane except f& in which it is

the symmetry plane. An invariant related to the Kerr effect is

N Co az)z + (o, — ‘13)2 + (a3 — 0‘1)2 v
B 2

A, ®3)
The in-plane (defined as above) anisotropy is a more intuitive
invariant:

V3

Ago=[(A0)* = (A0 "2 =2

(=) (4

In this work we use atomic units for polarizabilities; one atomic
unit of polarizability= 4mepag® ~ 1.64878x 10741 F m2in Sl
units.

Table 2 lists our MP2/C polarizability eigenvalues and
invariants for the azaborinines. The orientation of the principal
3-axis of greatest polarizability is shown in Figure 1 and
specified in Table 2 by the anglg between the 3-axis and the
inertial axisl,. For15, the 3-axis is in the symmetry plane but
la is not; the angle between the 3-axis dpds 2.4 (Ip runs
betweenos and u, if they all are considered to pass through
one point). Borazine is a symmetric top, and its 3-axis can be
placed anywhere in the molecular plane.

7.2. Comparison with Previous Work. Experimental and
previously calculated polarizabilities are available only for
borazine. The average polarizability was determined from molar
refraction dat&to be 59.7, which is about 5% below our MP2/C
result. Dennis and Ritchieobtained the magnitude of the
polarizability anisotropyA,a from the molar Kerr constant of
a dilute solution of borazine in cyclohexane measured at 632.8
nm. They made the assumption that the static anisotropy is
approximately the same as that at optical frequencies. Not
unexpectedly, their result of 176 1.0 is lower than our free
molecule value by 33%. Their planned gas-phase experifhents
should give much closer agreement with our anisotropy, as was
the case for benzene (for which our calculated Vluas 6%
low).

Our CHF/C polarizability components for borazine differ only
slightly from the CHF values computed at the HF/6-31G
geometry* by Lazzeretti et at* with the Sadlej (S) basis s#t.
Archibong and Thakkar's best hybrid valdeor borazine, at
a planar geometry taken from Harshbarger et differ from
our MP2/C results by only 0.96% and 1.4% farand A;a,
respectively. Recently, Fowler and Ste#tgoublished CHF/
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. . e Figure 5. Percent differences between the mean polarizability com-
Figure 4. Percent differences between the smallest principal component puted by a given method and its counterpart calculated at the CHF

of the polarizability computed by a given method and its counter- |eye| in basis C. The molecules are numbered as in Figure 1. MP2/A
part calculated at the CHF level in basis C. The molecules are num- ;s 5 small basis set calculation from ref 25.

bered as in Figure 1. MP2/A is a small basis set calculation from

ref 25.

% deviation from CHF/C
b
% deviation from CHF/C

C)) between out-of-plane polarizabilities obtained by various

[8s6p2d/6s2p)//HF/6-31G(d,p) polarizabilities for borazine. Methods and their CHF/C counterparts; Figure 5 shows these
Their results are 2.6% and 3.6% lower than our CHF/C values differences for the mean polarizability. o
for & and Ay, respectively, because of small differences in Electron correlation increases the polar|zabll[ty pf second-
the geometry used and deficiencies in their marginally bigger period atoms from th_e rlght-hand side of th(_e periodic table but
basis set. Presumably using the UCHF method, they found decreases_ the polarlgablllty of _second-penod atoms from the
borazine’sz-polarizability to be more isotropic than we did; Ieft-harjd sid¢S Thus in our previous work on azoles, oxazoles,
they foundATa = —0.77, to be compared with our UCHF/C ~ @nd azines, we have usually obsereagb, > acwr. However,
value of—2.58. the presence of the borons in the azaborinines leads to MP2
7.3. Trends. Table 2 reveals that the mean polarizability polarizabilities that are sometimes higher and sometimes lower
ranges from 62.7 for borazina ) to 78.3 forl3, as compared ~ than the CHF ones; see Figures 4 and 5. The absolute
with 69.3 for benzen@ Unlike the azoles, oxazoles, and azines, differences between MP2/C and CHF/C average to 7, 13, and
the azaborinines do not show a systematic trend in the meant®”? frd, Aia, andAz0, respectively. Correlation effects are
polarizability with the number of heteroatoms. The mean 'argestfor moleculdl 16, 32, and 43% fod, A, andAza,
polarizabilities of then = 2 azaborinines range from 67.1 to respectively. ) R
78.3. Generally, then = 3 azaborinines have a lower mean .The correlatpn effects on the polar|zab.|I|t|e.s do not have a
polarizability than the others. The three azaborinines with the Simple trend wit. However, close examination of the CHF
highest mean polarizability,3, 7, and5, also have the largest and MP2 polarizabilities reveals that electron correlation irons
dipole moments. Note that for each fixecthe molecules with ~ Out some of the extremes of the CHF level, so that the MP2
the smallest mean polarizability are the most stable isomers: Polarizabilities of the azaborinines vary over a narrower range
1,8, and17forn=1, 2, and 3, respectively. The polarizability than do the CHF ones.
anisotropies\;a. andA,a range from 42 and 43 ifi3to 20 in The difference between CHF and UCHF polarizabilities can
nonplanarl5, to be compared with 36 for benzetfe. be interpretetf as an inductive contribution that in turn is made
Figure 1 shows the principal 3-axis of greatest polarizability up of a positive self-interaction term and a negative back-
in the azaborinines. It tends to pass close to as many of thepolarization term. The UCHF/C values af az, as, Aia, and
borons as possible because they are more polarizable than thé\20 are always lower than their CHF counterparts by an average
carbon and nitrogen atoms. The inertiglaxis tries to pass ~ 0f 9, 13, 13, 34, and 34%, respectively, whereas the UCHF/C
through as many of the heaviest atoms as possible. Thus thet is higher than its CHF/C value by an average of 3%. Thus,
l. and 3-axis are often nearly perpendicular to each other. unlike the cases of the azoles, oxazoles, and azines, there is a
Deviations from this overall trend are due to more subtle uniformly positive inductive contribution dominated by the self-
factors. interaction term for all the azaborinines. UCHF is most different
Although UCHF polarizabilities are not very accurate, they from CHF for the azaborinines with no carbons.
have interpretative value because they can be partitioned A disproportionately large UCHF HOMO polarizability is
uniguely into contributions from each of the occupied molecular an indicator that the correlation correction will be relatively
orbitals (MOs). Table 2 includes the UCHF/C parallel and large. This can be rationalized by noting that a small HOMO
perpendicularr-fractionsf(X,7) = o(X,7)/a(X), X = II, O for LUMO gap can lead to both these features. Interestingly, those
the planar azaborinines. Theelectron contribution to the mean — azaborinines with a high (low) UCH#-fraction have negative
polarizability varies from 61% to 38%. The contribution of (positive) correlation corrections to the polarizability.

the highest occupied MO (HOMO) @@&MO for all the planar 7.5. Additive Atom Polarizability Models. The polariz-
azaborinines) to the UCHF mean polarizability varies from a abilities of Table 2, together with those for the azdlés,
large 47% to 16%. oxazoles’® and azine#? constitute a set of uniformly good

7.4. Observations on Methodology.Figure 4 shows percent  quality polarizabilities for 50 heteroaromatic molecules. This
differencesdai(X) = (a(X) — a(CHF/C)) x 100/ (CHF/ data set will be used to examine the utility and limits of simple
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TABLE 3: Parameters? and Errors of Additive Atom
Models® of Polarizability
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tantamount to using different in- and out-of-plane “atomic
polarizabilities”b;. It works for Ao as well becausé o ~

a A Ajou in these molecules.
5 5a 5b 5 7.6. Additive Bond Polarizability Models. The additive
connections modél (ACM) expresses the polarizability as a

gi 188 ﬁj :ﬁ:i 13.19 linear combination ofi;, the number of connections (i.e., bonds
by 6.75 4.44 27 37 without regard to bond order) between atoms of ty@ed].
bo 2.5 -2.8 4.6 -19 For our 49 molecules there are 11 distingt However, they
by 0.85 —3.84 11.08 —3.034 are not linearly independent because there are four stoichiometric
b, 0 3.93 3.18 0 constraints. Thus the ACM for the 49 azoles, oxazoles, azines,
22(%) 2.4 %.8 %29 ?5.1 and planar azaborinines has eight terms which we choose as
Om(%) 17 6.3 35 32 follows:

a|n atomic units.” Model numbers refer to the text.

TABLE 4. Parameters? and Errors of Additive Connection
Models® of Polarizability

QL% CiNgg + CNge + C3Nee + C4Ngy T CsNey +
CeMn Tt CNeo T+ Cgyo (6)

The parameters obtained by linear regression for Model 6 and

6 - 6a p Ao 6a Model 6@ (which includes a hard_ness term)_a_re listed in Table
4. The eight-parameter Model 6 is not as efficient as the seven-

G 20.36 17.7 11 13 parameter Model 5b for the mean polarizability. The nine-
22 ﬁig 18'? 2'57 12 6 parameter Model 6a is our most accurate model, with average
Ci 10.48 9.3 458 5 errors of 0.95% and 3.9% far and Aia, respectively.
Cs 9.15 7.8 4.76 5.59 The models presented above all exclude nonplanar 1,2,3,4,5,6-
Co 7 5.9 3.32 4 triazatriborinine 15); the errors of all our models increase
Cr 6.7 4.96 1.86 3 perceptibly if moleculel5 is included in the data set. For
Cs 3.01 fsse? &'9 _0292 example, the errors for Model 6 applied Aqa increase from
gi(%) 1.4 0.95 4.7 39 0a = 4.7% to 6.5% and from, = 17% to 47%. We are
Sm(%6) 5.0 3.8 17 12 continuing attempts to develop simple polarizability models that

a|n atomic units.? Model numbers refer to the text.

models for these polarizabilities. An additive atom model of
polarizability applicable to the azaborinines, azoles, oxazoles,

and azines is

o~ bghg + bcng + byny + bgng + byny

®)

are more accurate, particularly for anisotropies, and applicable
to a larger set of heteroaromatic molecules.
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in which n; is the number of atoms of tygdn a molecule, and  of the azaborinines excluding borazine; the results are MP2/6-
bi can be regarded as the polarizability of an atom of tyjre 31G(d,p) for4 (4 pages). Ordering information is given on

a planar heteroaromatic molecule. Linear regression of our any current masthead page.

MP2/C polarizabilities for the 16 planar azaborinines and 33
azoles?’ oxazoles® and azine® leads to theb; parameters
shown in Table 3. Notice that thle are smaller than the
corresponding free atom polarizabiliti®sindicating that bond-
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