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The J=2— 3 and J = 3 — 4 transitions for eight isotopic species of trimethylamine—-borans were measured. The nitrogen
coordinates in the principal axes systems of Me3!4N.11BH3 and Me34IN-11BD2 were determined by the double-substitution

method. In combination with previous studies this gave the following structural parameters:
= 1,483 £ 001 A, ZCNB = 109.9 £ 1°. The dative bond lengths and stabilities of

d(CN)

(BN) = 1.638 % 0.01 4,
3N-BH3 and Me3N-BF3

were discussed. A dipole moment of 4.84 = 0.1 D was determined for MesN-BH3.

Introduction

The dative bond distance in compounds of the type X3A-BY3
(A = group V, B = group III elements) is ordinarily expected
to decrease as the stability to dissociation of the complex
increases. A test of this assumption has been recently made
for the series (CH3)3P.-BH3,22 CH3PH2-BH3,2a H3P-BH3,20
F3P-BH3,3 and F2PH-BH3.4 While the relationship seems to
hold for the first three compounds, FaP-BHa is an exception.
Although it is less stable than the methylated phosphine
addncts, its P-B bond distance is about 0.07 shorter.
Gas-phase structural data have heretofore not been precise
enough te permit careful tests of the bond length-stability
retationship for similar boron—nitrogen adducts. Three tri-
methylamine adducts have been studied in the gas phase. For
{CH3)3N-B(CH3)3, which is readily dissociated, the N-B
distance appears to be long (> 1.65 1{) 5 ¥or (CH3)3N-BF3,
which is undissociated at room temperature, a value of 1.636
& 0.004 A is reported.6 For (CH3)3N-BH3, which is also
undissociated but more stable than (CH3)3N-BF3 (see Dis-
cussion), there have been three gas-phase structure studies.
An early electron diffraction report gave 1.62 3 0.05 A.7 More
recent investigations by microwave spectroscopy reported 1.65
40,02 A and 1.609 A, or 1.637 A9 with preference expressed
for the 1.605 A value.

The purpose of our investigation was to determine a more
accurate value for the B-IN distance in (CH3)3N-BH3 in order
to compare it with that in (CH3)3sN-BF3 and to examine the

bond length--stability ionship for the two adducts. The
previous MW investigations differed in their estimates of this
distance because (1) no spectra from nitrogen-15 species were
observed, 10 (2) the nitrogen atom lies very near the center of
mass, and {3} vibration—rotation interaction effects which cccur
upon isotopic substitution are apparently quite large for several
of the denterated species that were employed in the structure
deductions. These factors make it difficult to locate the ni-
trogen atom accurately. We have obtained a more accurate
B-M bond length by measuring the spectra of four 15SN-
enriched species and by using the double-substitution procedure
to analyze the data. !l This procedure (previously applied to
a small number of linear and asyroimetric-top molecules) is
prescribed 1o minimize isotopic vibration—rotation effects and
to locate atoms near priacipal rotational axes accurately.
Experimental Section

Samples. The samples were prepared by using standard
vacuum-line procedures.1? The J = 3 — 4 transition of MesIN-11EH;
and the transitions of Me3!4N-108H3 were measured from a sample
containing 93% 'OB-7% !B, The J = 2 —> 3 transition of
Me3l4N-11BH3 was obtained from a sample containing a mixture of
BH3, BD3, ete., but the normally occurring abundances of boron-10
and -11. The Me3!SIN-BH; transitions were measured with a sample
containing about 99% 15N and 90% 08B-10% 11B. A sample.con-
taining the same enrichments for nitrogen and boron but >95%
deuterium was employed for MeaiSH-BD3. The transitions for
Me3l4M-BD3 were measured with a sarople containing >95% deu-
terium and the normal 81:1% ratio of beron-10:boron 11,
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Table I. Transition Frequencies Measured for the Isotopic
Species of Me,N-BH,
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Table II. Nitrogen and Boron Coordinates and the
Nitrogen~Boron Bond Distance

Transition

No. Species J—J' TFreq,MHz - IgfuA’
1 Me,'*N-''BH, 2-3 27,097.94 '111.8999
34 36,130.51 111.9001

2 Me,'*N-''BH, 23 27,100.54 111.8891
34 36,133.84 111.8897

3 Me,'*N-'°BH, 2-3 27,766.79 109.2044
354 37,022.38 109.2044

4 Me,'*N-'°BH, 2-3 27,769.44 109.1940
34 37,025.72 109.1946

5 Me,'*N-''BD, 23 24,257.56 125.0025
354 32,343.26 125.0031

6 Me,'"N-"BD, 2-3 2425833  124.9985
34 32,344.30 124.9991

7 Me,'*N-'°BD, 23 24,740.16 122.5641
34 32,986.74 122.5646

8 Me,'*N-'°BD, 23 24,741.60 122.5570
34 32,988.61 122.5577

@ Calculated from v = 2B(J + 1); IgB = 5.05376 X 10° MHz u A®.

Spectra. The frequencies of the / =2 — 3 and J =3 — 4
transitions of the eight isotopic species studied are listed in Table 1.
The transitions were measured at low pressures with the absorption
cell cooled slightly below room temperature. Klystron sources and
oscilloscope display were used with a standard Stark spectrometer.
Line widths could not be reduced below about 0.5-1.0 MHz, probably
due to unresolved quadrupole coupling. Nevertheless, typically about
10 measurements on a transition were made at different pressures:
and Stark voltages and a standard deviation of about £0.05 MHz
was obtained. Stark voltages sufficient to modulate the X = 0
components were employed. To avoid any systematic errors arising
from measurements in different laboratories, we also remeasured the
eight transitions for the nitrogen-14 species that we utilized in our
calculations. The agreement with Schirdewahn's measurements® was
between £0.01 and £0.08 MHz. The measurements of the other
workers® were less precise and the agreement was typically £0.1-0.3
MHz.13

The dipole moment measurements were made using a precision
dc power supply!4 (Fluke, Model 412B). The dipole moment of OCS13
was used to calibrate the Stark septum.

Analysis and Discussion

Boron—Nitrogen Distance. Ordinarily, the boron-nitrogen
distance would be calculated from measurements on three
isotopic species—a parent isotopic species and two species in
which the boron atom and the nitrogen atom, respectively, were
substituted. For example, a set of suitable species would be
Me3l4N-11BH3 (parent), Me3!SN.11BH3, and Me3!4N-19BH3,
The coordinates of the boron and nitrogen atoms would be
calculated from Kraitchman’s equations!6 which have the form

I—I,=pZ?’ 1)

where Is and Ip are moments of inertia of the substituted and
parent isotopic species, u is a reduced mass calculated from
the known masses,” and Zs is the coordinate of the substituted
atom in the principal-axis system of the parent isotopic species.
Equation 1 can be reliably used to locate an atom on the
symmetry axis when it is far from the center of mass. When
the substituted atom has a small coordinate (<0.15 A), then
the consequent small difference in moments of inertia can be
the same order of magnitude as vibration—rotation interaction
effects which are not the same for the two isotopic species. The
value calculated from eq 1 is often then not reliable; in fact
examples are occasionally observed where the heavier isotopic
species has the smaller moment of inertia and application of
eq 1 leads to an imaginary value for Zs.11,18-20 Me3N-BH3
falls into this latter category. Although the boron atom can
be reliably located, the nitrogen atom is too close to the center
of mass for reliable calculation; in fact the 5N species have
smaller moments of inertia than their 14N counterparts.
Pierce!!l has proposed a procedure to locate the nitrogen

Species® J-J' ZybPA  ZglPA d(B-N), A
1,2,3,4 2-3 —0.0042 1.6335 1.6377
1,2,3,4 3-4 -0.0009 16336 1.6345
5,6,7,8 2-3 -0.0883 1.5541 1.6424
5,6,7,8 3-4 —00825 15541 1.6366

Av 1.638 +0.01
@ Species identified in Table I. ® Coordinates in principal axis
system of Me,'*N-'*BH, for first two rows and Me,'*N-!'BD, for

last two rows. Masses taken from W. Gordy and R. L. Cook, “Micro-
wave Molecular Spectra,” Interscience, New York, N. Y., 1970.

atom more accurately. It is called the double-substitution
procedure and requires measurements on four isotopic species.
Labeling the moments of inertia for Me3l4N-11BH3,
Me3!15N-11BH3, Me3!4N-10BH3, and Me3!SN-10BH3 as I, 12,
I3, and I4, respectively, the following relationships can be
derived from eq 1 and a center of mass relationship!!

All =(I4—13)— U2~ 1)) ®))
All _ s 2 2AM
‘ur - (1 'ur>ZN (M+AM>ZBZN+
AM \? 2
<M+AM) “z ®

If ZB (boron coordinate) is known from eq 1 for a suitable
parent species, then application of eq 3 will give Zn, that is,
the nitrogen coordinate in the same axis system. The relative
signs of ZB and ZN will also be determined. The quantities
i, 1'y AM, and M can be calculated from the known masses.2!

Evidence indicates that if eq 3 is applied, the vibrational
effects due to isotopic substitution are sufficiently reduced to
allow calculation of a more reliable coordinate. The theoretical
justification was presented by Pierce, who showed that these
zero-point vibrational effects are removed to a higher order
by this procedure. In cases where this procedure has been
tested, such as N20,!l CH3SiH2F,!8 CH3SiHF2,!8 and
HNO3,19 more consistent results were indeed obtained by this
procedure than with the normal single-substitution calculation.
The drawbacks in using eq 3 are that very accurate moments
of inertia are required and a greater amount of isotopic data
is needed.

For Me3N-BH3, the B-N distance was calculated using eq
1 and 3 to determine the boron and nitrogen coordinates,
respectively. This distance was calculated using four sets of
data. The results of the calculation are listed in Table II. Two
calculations were made using the Me3N-BH3 species in Table
IT by employing separately the moments obtained from the
J = 2 — 3 transitions and the J = 3 — 4 transitions. The
procedure was repeated for the four Me3N-BD3 species. A
small effect from centrifugal distortion is evident from the
effective moments listed in Table II. However, it can be shown
that this should not affect the precision of the calculation if
Ps determined from the same J states are taken or if the
average I from the two J states is used. It seemed more suitable
to treat the J = 2 — 3 and J = 3 = 4 transitions separately
since they provide independent evaluations of the bond length
and test the precision of the frequency measurements. Since
measurements are available on a BH3 and BD3 adduct, an
independent check on the reliability of the double-substitution
procedure can also be made. ;

The four B-N distances that were calculated are pleasingly
close. The average of the values gives #(B-N) = 1.638 + 0.010
A. The error is assigned based on the uncertainties in the
frequency measurements. An errors treatment indicates that
any single #(B-N) in Table II would have an uncertainty of
+0.01 A based on the standard deviations in the frequency
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Tabie 1iL. Stark Coefficie
Moments (D) tor (CH,),N

(10¢ MHz cm?®/V*) and Dipole

Transition Stark coeif i
T I=23,K=0, M1 57 + 0,07 4.77 = 0.07
Jw3d, K =0, 1M 45002 4.87 = 0.03
11 = A7 = (.04 4.88 % 0.05
Av 4,841 0.10

measurements. Although the valuss for #(B-N) in Table 11
might _}UST,Uy a smgﬂer uncertainty range, we prefer the more
conservative estimate of £0.01 A, This narrows down the B-N
distance to a small enough range t¢ make vseful comparisons
with other compounds.

Some additional calcui Uc
of the vibration :

ns were made to clarify the origin

rat produces smailer moments
of inertia for the he: 3 species. This effect could
arise from a shoriening the av"vabc 8- bond length by
about 0.00015-0.0002 A upon substitudion of nitrogen- 14 by
nitrogen-15. Bond shortenings of this magnitude were suf-
ficient o reproduce the tmmg; in moments of inertia for the
four 13N, 1N pairs of species in Table 1 when structural
parameiers consistent with the experimental data were as-
sumed. This magnitude for a “shrinkage effect” is alse similar
to previous estimates,!?

Carbon-Nitrogen Distance and «CNB. More precise values
for these parameters oan be calculated c,ombm ng the nitrogen
atom data here with substitution coordinates for carbon from
the previcus study.? The substitution parameters are d(CN)
= 1.483 % 0.01 A and ZCNE = 109.9 % 1°.22 The other
substitution parameters reported earlier are unchanged.? Thus,
A(BH) = 1211 £ 0.003 A, and ZNBH = 10532 £ 0.16°. The
only parameters not readily determined by the substitution
procedure are methy! group parameters. It does not appear
possible to extract very reliable values easily for these pa-
rameters without making assumptions about the methyl group
symmetry and/or the magnitude of the large vibrational effecis
upon substitution. The methyl group parameters appear to
be close to those in (CHayaN 223

Our results for d(CN) and ZCNB confirm the earlier
conclusions? that d((,N) is significantly longer than in
(CH3)aN (@(CN) = 1.451 £ 0.003 A)23 but that the boad
angles have not changed much (increased about 1.2°) upon
coordination. 1t would be desirable to study this effect in
several other nitrogen-coniaining adducts before further
speculating on its significance. 1t is interesting to note the
contrast with (CHa)3P where Z(PC) is shortened by about
0.023 A upon ceordination to BH3 and £CPC opens up about
§° 2a4

Dipole Mowment, The Stark shifts were measured for three
transitions in Me34N-11BH3, The Stark coefficients and
caleulated dipole moments are listed in Table 11, The value
determined was 4.84 & 0.10 I3, This can be compared with
previcus values 4.92 4 .03 D824 and 4,59 % 0.16 D%13 in the
gas phase and 4.45 # 0.05 D25 and 4.62 £ 0.01 D% in benzene
solution,

Adduct Stability. It is interesting to note that the nitro-
gen-boron bond lengths are nearly identical for gaseous
McaN BH3 (1,638 = 0.01 ﬁ) and MesN-BF3 (1.636 % 0.004

A).1 These N--B distances also appear to be shorter than in
gaseous MesN-BMea (1.65-1,80 A)5 although this has not
been unambiguously established. A longer bond length in
MesN-BMe3 is quite plausible however since it is extensively
dissociated at room temperature in contrast to the other two
adducts which are undissociated.

It is also interesting to consider if the similar coordination
bond lengths in MesN-BH> and MeaMN-BF;3 are also reflected
in similar stabilities to dissociation. At first consideration, this
would not seem to be the case since Bi3 has been observed
to displace B3 from Me3MN.BH3.27-2% However, in dis-
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placement reactions invelving 3Ha, the additional dimerization
energy of Bils (1 4.2-29.5 keal/mol of BHa, ¢, below) would
make the displacemens reaction procesd even though the
stability of MesN-BHs would be equal to or somewhat greater
than Me3N-BFs.

A more useful stability criterion®0 should be corparison of
the heat of reaction (AHG) for | iez[\l~'§%"¥2’ (g) — MeslN(g)
4+ BY3(g), For the BF; *ddm,‘r a value of 26.6 keal is re-
‘p@rtgd 3 For Meal{g) + 1/ 8tHe(g) — Mes N»u}ﬂ 3(cy,
values of 31.3 keal® and 22.3 keal®? ary veported. The heat
of sublimation of Meald yis 14 keal D2 gnd valves for the
dissociation angy of BoHeg — 2 1 have been reported
between 28.4 and 59.0 kcal/n"'n of Babie.? This yields a range
of values between 31.5 and 47.8 keal/mol for the dissociation
reaction mmM K i BH3(g), The cone
clusion is that th cal more stable than
the BF3 addust. 1 also s more stable
in nitrobenzene Dy 3 ﬁ b ’{mi"o this range is likewise
deperdient on the value { m the v%cmt on mewy of diborane,
In & shmilar case, the heats of iation of the pyridine
adducts in nitrobenzens also favor the B adduct by 3 &-19.1
keal 3435 It appears safe to conclude therefore {hat there is

a difference in stability for the two adducts, although possibly

a sraall one, while there is little or no difference in the co-
mdmadm bond lengths; the exact extont of this discrepancy,
of course, depends on the value chosen for the dissociation
energy of diborane.36-29

This conclusion does not seem very informative; it would
indeed be valuable to have a more precise value for the dis-
sociation energy of diborane. Nevertheless, even with this
rather large range sstimated for ARG, an inferesting argument
presents itself. The heat of reaction of 2 donor and zcceptor
in the gas phase (AHG) can be interpreted as arising from two
terms, a reorganization energy {AHR) and a dative bond energy
(AH1Y.30 Xf the assumpiion is made that the similar bond
lengths in the two adducts indicate similar dative bong engrgies,
then the difference in AFG estimated above indicates a higher
reorganization energy for BF3 vs. BH3 by about 5-21 keal/mol.
1t is quite plausible that the veorganization energy shouid be
greater for . First, the PP stabilization mechanism
present in planar BI30 is absent in BH3; second, the structural
changes in BF3 after coordination to MesN (and to other
nitrogen adducis)?! 4 appear to be much larger than those
for the BH3 moiety in MesMN-BHs3. In fact, one suspects that
the difference in the two reorganization energies should be
closer o the high end of the range suggested above.4> The

only estimate that we know of comparing these two reorg-
ammtmn ener %l 315 an extmmidim based on force constants:
values for BF3 of 30 keal and for BH3 of 10 keal were ob-
tained. 4647 If indeed the reorganization energies differ by
about 20 keal, then this would in turn support the recent mass
spectrometrically determined values for the dissociation energy
of diborane. Those valnes {ca. 55-59 kecal/mol of Bals) are
much higher than the valnes estimated from kinetic mea-
surerments as discussed recently,33.48

The above conclusion regarding the dissociation energy of
BaHs must be considered speculative. The arguiment does
suggest that carcful theoretical estimates of the reorganization
energies of B3 vs. BF; and investigations that can strengthen
the correlation between bond length and dative bond energy
assumed above?® could contribute to establishing, albeit in-
directly, the dissociation energy of Bate to BHs.
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The crystal structures of Ba2S3 and BaS3 were determined from three-dimensional single-crystal X-ray diffraction data.
Ba:S3is tetragonal, [4imd, a = b = 6.112 (1) A, ¢ = 15.950 (2) A, Z = 4, and BaS3 is tetragonal, P421m, a = b = 6.871
(2) A, e = 4.1681 (4) A, Z = 2. Least-squares refinement gave final R’s of 0.0623 for 174 observed reflections and 0.028
for 151 observed reflections, respectively. Ba2S3 contains a sulfide ion and a S22~ polysulfide ion. The S-S distance in
the polysulfide ion is 2.32 (9) A. One barium ion is in the center of a distorted trigonal prism whose corners are occupied
by the Sz ions. The distances between Ba2* and the nearest sulfur of the dumbbell-shaped ions are 3.11 and 3.91 A with
three additional S2- capping the rectangular faces at 3.15 and 3.24 A. The second barium ion has an irregular polyhedron
of nine sulfur atoms around it. Three of the vertices are occupied by $2- at 3.14 and 3.72 A and six vertices are occupied
by Sz ions. The nearest sulfur atoms of the polysulfide ion are at 3.21 and 3.42 A from barium. In BaS3 the polysulfide
anion is S32- with S-S = 2.074 A and the S-S~S angle is 114.8°. Barium is in 12-fold coordination with Ba-S distances

varying from 3.204 to 3.541 A.

Introduction

During high-pressure investigations of the systems Ba—Ge—S
and Ba-Mn-S we frequently observed lemon yellow crystals
in the reaction products. They were birefringent and X-ray
diffraction powder patterns could not be matched with known
patterns. Single-crystal X-ray structural investigations were
carried out to determine the stoichiometries of these phases
and they proved to be Ba2S3 and BaS3. The existence of BaS3
had been reported by Miller and King! and the powder pattern
due to this phase was probably not identified in our experiments

because BaS3 was a minor constituent in a multiphase reaction
product. These authors deduced an incorrect unit cell and
space group from their X-ray powder diffraction data but their
proposed structure is remarkably accurate. The phase Ba2S3
is new and its structure was determined in this investigation.

Experimental Section

A single crystal of what proved to be BaS3 was selected from the
product resulting from a high-pressure experiment carried out in a
tetrahedral press at about 50 kbars and 800° on a mixture of 3BaS
+ Ge + 28. The crystal had a lemon yellow color and was ap-





