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bond moment of 0.5 D will nicely raise u, and lower p,
to the observed values only if the negative end is di-
rected to the phosphorus with the fluorine substitu-
ents. This value suggests an inductive effect from the
fluorines, and the direction of the bond dipole is con-
sistent with the greater Lewis basicity toward borane
of the phosphorus with the attached fluorines. It is
interesting to note that the same value for the PP bond
moment fits both u, and p, for H:PPF,, implying that
the bond dipole moments in PF;, PH;, and HyPPF, are
internally consistent.

This investigation shows that the stable conformation
is trans with no evidence for appreciable amounts of a
gauche conformer. This is particularly interesting for
two reasons. First, there appears to be no tendency
for the lone pair on the PH, group to form a d,—p,
bond to the PF, end since this would make the PH,
group planar. This effect can be invoked to ration-
alize the planar arrangement around the nitrogen in
HoNPF,1? and (CH;);NPF,.!! An analogy to this
result has been observed with N (SiH;); which is planar?*
while P(SiHj3)s is pyramidal.®

Second, the stability of the trans form is interesting
in view of the electrical asymmetry in H,PPF,; appar-
ently an internal attraction between the hydrogens and

(24) B. Beagley and A, R. Conrad, Trens. Faraday Soc., 66, 2740 (1970).

(25) B. Beagley, A. G. Robiette, and G. M. Sheldrick, J. Chem. Soc.,
601 (1967).
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fluorines is not influential enough to stabilize the gauche
isomer. There is, however, some suggestion of an
interaction involving the hydrogens since the PPH angle
is a “‘small” 90°. Since H,PPF, readily decomposes to
HPF,, it seems preferable to call the interaction an
attraction presumably toward the lone pair on the ad-
jacent phosphorus.

The data now available indicate that all gaseous
diphosphines have the trans conformation except
H.P;. A trans conformation seems readily justified
invoking steric repulsion and/or lone pair interactions.
These two effects should be the smallest in H4P; so a
gauche conformation would be more likely; neverthe-
less some stabilizing interaction must still operate to
give the gauche conformation. The results of this in-
vestigation certainly suggest that further studies of
the molecular and electronic structure of HyP; and its
potential function for rotation about the PP bond are
warranted.
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Four isotopically enriched species of tetraborane(10) have been prepared involving hydrogen, deuterium, boron-10, and

boron-11.
from 400 to 4000 cm 1.
polarization measurements made.
ysis and a group vibration approximation.

Introduction

Despite the extensive chemical interest in the boron
hydrides and the intriguing nature of the hydrogen
bridge bond which these compounds contain, spectro-
scopic attention has been focused almost entirely upon
the simplest member of the series, diborane. Experi-
mental difficulties caused by the reactive nature and
general thermal instability of the higher hydrides, to-
gether with spectroscopic complications inherent in
their relatively large size and the lack of isotopic purity
of natural boron, seem to have been effective deterrents
to study. These compounds clearly deserve consider-
ably more attention than they have been accorded.

In the present work, the vibrational spectra of four
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of the requiretments of the Ph.D. degree to the Horace H. Rackham School of
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The infrared spectra of these compounds have been investigated in the gas and solid states in the spectral region
Low-resolution Raman spectra in the liquid and solid states have been obtained and qualitative
Vibrational modes of this molecule have been described on the basis of a symmetry anal-
Tentative vibrational assignments have been made for 34 of the 36 fundamentals.

isotopic varieties of tetraborane (10), B,Hjy, have been
investigated in the gas, liquid, and solid states under
low resolution in order to arrive at a preliminary set of
vibrational assignments. The infrared spectrum of
this compound prepared from boron containing the
natural isotopic abundance has been reported in the lit-
erature, the most detailed results being those of Spiel-
man and Burg,® who published the infrared spectrum of
the vapor for both the hydrogen and deuterium com-
pounds. Qualitative assignments were given based on
frequency shifts and analogies with the spectra of other
compounds. No Raman data have been found. A
few infrared frequencies for the mixed isotopic species,
BsHsD,, have also been reported.* The only other
higher boron hydride which has been given any signifi-

(3) J.R. Spielman and A. B. Burg, Inorg. Chem., 2, 1139 (1963).
(4) A. D. Norman and R. Schaeffer, J. Amer. Chem. Soc., 88, 1143 (1968).
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cant amount of spectroscopic study is pentaborane-
(9).5¢

Experimental Section

The isotopic composition of natural boron, which has a 4:1
ratio of boron-11 to boron-10, introduces a number of complica-
tions into the vibrational spectra of boron hydrides prepared
from natural material. Since most of the molecules in such a
sample will have an actual symmetry less than the geometrical
symmetry, selection rules will be relaxed and splitting of bands or
isotopic satellites will occur. Under low resolitioh; the latter
effects may result only in a general broadening of the bands,
but asymmetric line shapes and unresolved shouldets may also
be observed. Further effects may be greater difficulties in dis-
tinguishing overlapping fundamentals and significant shifts in
the positions of apparent band maxima. Since the mass diffef-
ence for the two boron isotopes is nearly 109, the problenis are
not insignificant, To minimize such effects and aid the inter-
pretation of the restilts, hydrogen and deterium species of tetra-
borane isotopically enriched in boron-10 and also boron-11 were
synthesized for the present investigation. The extent of iso-
tope mixing in molecular species based on the overall isotopic
composition is indicated in Table I which compares natural boron
with the enriched compositions used in the present work.

TaBLE 1

STATISTICAL DISTRIBUTION OF VARIOUS ISOTOPIC SPECIES IN
TETRABORANE ASSUMING EQUAL a priori PROBABILITIES

—————— Boron-enriched compounds—————-—

Isotope 10By4 1Bs11B 10B,11Bs 1B11Bs 1B,
enrichment (He (2) 3) @) (1
929, UB 0.716 0.249 0.033 0.002 0.000
809, 1B 0.002 0.026 0.154 0.409 0.409
99.49, 1'B 0.000 0.000 0.000 0.024 0.976
————Deuterium-enriched compounds ——

D (1)* DoH (4) DsH: (17)

979 D 0.737 0.228 0.032

e Numbers iti parentheses indicate the number of nonidentical
species which have the giver mixture of isotopic atoms.

Preparation of Compounds.—Boron trifluoride enriched to
99.4 atom 9, !B or to 92 atom %, “B was prepared by the ther-
mal decomposition of the correspondingly enriched potassium
fluoroborate and converted to the ethyl ether complex. The
latter was then reduced by a mixture of LiH and LiAlH, in ether
solution to give the enriched diborane. Ninety-sever per cent
enriched LiD plis AlCl; was used for the deuterated material.
The diborane was converted into an approximately equirholar
mixture of tetraborane and pentaborane(ll) by circulating it
continuously through a thermal reactor held at 125° followed by a
trap maintained at —78°. After 1 hr, during which time the
pressure in the system slowly increased to nearly 2 atm from the
production of hydrogen, the —78° trap was replaced with one at
—196° and the hydrogen pumped off. The trap was then re-
warmed to —78° and circulation continued. - After four such
cycles, a typical preparation produced 5 mmiol of a mixture of
tetraborane(10) dnd pentaborane(ll) from dn initial 17 mmol of
diborane. The product mixture was separated by tepeated
trap-to-trap distillations and the purity of the tetraborane estab-
lished by vapor pressure measurements and infrared spectra.
Purified samples were stored at liquid nitrogen temperatures
until used.

Spectroscopic Equipment and Procedures.—Infrared spectra
were recorded with a Perkin-Elmer Model 21 spectrophotometer
equipped with CaF., NaCl, and KBr prisins using indene lines
for calibration. Gases were examined in a 10-cm cell with KXBr
windows. Solids were in the form of thin nonscattering films
deposited from the vapor on a KBr plate maintained near liquid
nitrogen temiperatures in an evacuated cell.

Raman spectra of the samples were recorded photographically
using a Gaertner two-prism instrument having a dispersion of
about 180 cm~™!/mm in the blue region. Under the conditions
of the experiments, the resolution attained was about 10 cm ™.
The most intense bands were also photographed under higher

(5) H. J. Hrostowski and G. C. Pimentel, J. Amer. Chem. Soc., 76, 998
(1954).

(6) 8. R. Coriell and W. J. Taylor, Symposium on Molecular Structure
and Spectroscopy, The Ohio State University, June 1964.
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resolution using a Bausch and Lomb 1.5-m grating instrument.
For the liquids, a Toronto type mercury arc source was used with
which the temperature of the samples could be maintained at
about —80°.7 Sample volumes were in tle range of 0.1-0.3 ml.

Details of the experimental apparitus and arrangement for
the solid samples ‘are available elsewhere.? Briefly, two Type
AH-4 mercury arc lamps were used to supply Hg 4358 A radiation.
High spectral purity was obtained by passing the light through
two nartow band pass multilayer filters after which it was focused
on the sample contained in a 5-mm o.d. Pyrex tube. TlHis tube
was in good thermal contact with two heavy copper supports
attached directly to a liquid nitrogen reservoir. Thermocouple
measurements indicated that sample temperatures were below
-160°.

To reduce the high intetisity of incident radiation scattered
from the polycrystalline samples, the scattered light was passed
into the spectrograph uia a discrimination unit which greatly
reduced the relative intensity of the exciting radiation. This
unit consisted of two parallel multilayer dielectric interference
filters having a band pass maximum dt 4358 The scattered
light from the sample was tnultireflected between the parallel
faces before entering the spectrograph. At each reflection,
approximately 70% of the 4358-A radiation was removed by
transmission through the filter surface, but, due to the inter-
ference nature of the filters, better than 989, of the Raman radia-
tion was reflected. On the basis of six reflections, it was calcu-
lated that less than 0.19, of the 4358-A light entering the dis-
crimination unit reached the spectrograph slit whereas the Raman
radiation was attenuatéd only to about 759, of the incident.
The use of dielectric filters for this purpose has been described
previously® 1 but fewer reflections were employed. This tech-
nique not only made it possible to obtain good-quality spectra
from polycrystalline samples but also markedly reduced the
width of the Rayleigh line in the spectra of the small liquid
samples (Figure 1).

| ] 1 : 1 L
o 1000 2000 em™!

Figure 1.—Polarized Raman spectra of liquid 10B,H; at —80°.

Frequencies of“the Raman bands were determined from mea-
stirements on both the plates and microphotometer tracings tsing
a fourth-degree polynomial fitted to standard argon lines. Esti-

(7) G. L. Vidale and R. C. Taylor, J. Amer. Chem. Soc., T8, 294 (1956).
(8) A.J.Dahl, Dissertation, The University of Michigan, 1963.

(9) J. Brandmuller, Z. Angew. Phys., 8, 95 (1953).

(10) R.L. Amster and R. C. Taylor, Spectrochiin. Acta, 20, 1487 (1964).
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TasLE II
OBSERVED INFRARED AND RAMAN FREQUENCIES OF YB{H;o aND 'B,H,
10 i1
84"10 Ba"10
Infrared Raman Infrared Raman
Gas Soliid Liquid Solid Gas Solid Liquid Solid Assignment
- : 2595 vvs
2590 vvs 2588 vs 2583 vvs(p) 2585 vs,sh 2570 vvs 2575 vvs 2566 vvs(p) 2562 s VisVasVagrvay
2570 vvs 2550 vvs
2495 vvs 2486 vvs 2494 vvs{p) 2495 vvs 2485 vs 2475 vvs 2490 vvs(p) 2488 vs Visvas
2436 w,sh 2439 vvw
2285 vvw 2{vrsvsy)
2285 w 2268 m 2270 w 2255 w vay ¥ vy
2205 vvw vz ¥ vy
2165 s vie * vas
2150 vs 2138 vvs 2149 vvs 2150 s,sh 2150 vs 2130 vvs 2136 vs 2133 m VigiValsVase
2126 vvs
2091 s 2116 vvs{p) 2116 vvs 2095 vs 2107 vvs(p) 2106 s Ve
2085 sh vie ¥ Vs
2070 sh 2071 w 2066 m 2060 sh 2069 m 2073 w Vie * vas
2040 sh vay * vas
1986 wvw vie * vis
1996 vw 1970 vw,br vip * vas
1956 vvw 1944 vw
1924 sh 2vys
1894 vvw 1870 vvw vis * vas
1870 vvw 1868 w 1850 vvw 1854 w vir ¥ vas
1850 vvw 1845 vvw
1825 vvw vie ¥ vag
1815 sh 2,
1810 vvw 2y
1783 vvw vig * Ve
1750 ww 1747 wvw 1762 vw vy * vy
1774 ww 1766 vvyw 1730 vw ve * Vi
1750 vvw,br 1753 w 1720 sh Vi * Vi
1735 ww,sh vy * via
1697 vw 1690 br vas
1670 vw vii * vas
1651 sh vs * vis
1625 vvw viz * vi2
1618 sh vr * vis
. 1599 vw ve * V1
1594 vw 1578 vvw viz * Vis
1561 vvw 2y,
1540 w,br 1553 wwip) 1531 sh 1529 vw(p) viz * Vis
1515 w Viz * vis
1485 vw 1475 w 1465 vvw ve * viz
1461 m 1454 w(p) 1456 ww 1445 vw 4,C) 1444 m 1439 vw(p) vs
1435 vw 1430 vvw 1433 vvw 1422 w via * vis
1424 ww 1403 m viz * vas
1407 s 1410 vw 1395 s(A,C) 1388 vs Vil
1380 vvw : vy ¥ viz
1373 ww 1375 vvw 1351 ww 1353 ww vie + vis
136]1 vvw 1343 vvw vy * Va2
1343 s 1324 m Via OF vz
1318 m X 1308 m Viy OF vz
1296 ww 1297 wvw vya *t v
1288 m v t Vs
1279 vvw 1269 vw 1258 w{A,C) 1255 s v
1219 ww 1218 m 1219 vvw 1228 www 1217 sh vie * Ve
1209 ww 1211 s 1196 m,sh 1196 s vas
173 w M7 s 1153 s,sh 154 m ve * vie
1156 w 1157 vs 1156 m 1155 w 1145 s 1149 m 1144 w Vis V33
1142 vs(A,C)1152 vs 1140 vs(A,C) .
1128 sh N34 m vie * Vg
1124 vs 27 m 1129 m 1116 w,sh 1M17 s 112} w 1118 w vis
107t m 1071 vs 1071 m 1075 m 1070 s{A,C) 1064 vs 1065 m 1062 w vz
104) w 1041 ww via t vas?
1042 vs 1038 m 1037 w 1023 s vig
989 vvw vise * Vi
974 vs 964 vvs 975 s(P) 975 s 966 vs 959 wvvs 965 s{P) 964 w VigeVas
929 ww 940 vvw 2uys
916 vw 917 vs 910 vw 908 vs Vs
905 w 906 vs 901 ww 906 vw 895 w 898 vs 898 .vw Vi
872 vs 882 wvw 885 vw 868 vs 867 ww iy
854 vs(A,C) 854 vvs 848 s(A,C) B46 vvs vas
850 vs(p) 853 m 824 vvw 827 vs(p) 825 m Vit
805 sh X 798 m viz * vas
800 w 802 s 805 s(p) 806 s 780 w,sh 783 m 785 s{p) 784 s vs
754 s 748 vvw 750 vvw 737 m via
703 vvw vy t v
682 vvw 672 m 680 m 662 w 659 m 650 w Vis
617 vvw ?
575 vs 579 s(p) 584 m 550 m 559 vs 558 s(p) 557 w viz2
497 vvw ?
474 s 483 vw 470 w 480 s 472 ww Vis
415 vvw 409 vvw 413 vvw ?
366 vvw 372 vvw ?
238 m 236 = Vis

mated uncertainties are about 2 cm ™! for the more intense peaks
and somewhat greater for the weaker ones. The uncertainties
in the maxima of the infrared absorption bands are approxi-
mately the same.

Results
Observed vibrational frequencies for the four isotopic
varieties of tetraborane in the gas, liquid, and solid

states are listed in Tables IT and ITI. Polarized Raman
spectra of YByHy, and ¥B,D;, are shown in Figures 1

and 2 in the form of microphotometer tracings. Figure
3 shows the vapor and solid spectra of the hydrogen
and deuterium compounds prepared from boron-11.
X-Ray diffraction studies on the solid!! have shown
that the boron skeleton of tetraborane consists of two
triangles of boron atoms which share a common edge

(11) C. E. Nordman and W. N. Lipscomb, J, Chem. Phys., 31, 1858
(1953). See also E. B. Moore, R. E, Dickerson, and W. N. Lipscomb, ibid.,
27, 209 (1857).
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.« TaBLE IIT .
OBSERVED INFRARED AND RAMAN FREQUENCIES OF 0B, Djy AND 11ByDyo
1
198,04 840y
Infrared Raman Infrared Raman
Gas Solid Liquid Solid Gas Solid Liquid Solid Assignment
. 2597 sh 2585 m 2596 yw 2583 vvw 2587 vvw  H impurity
2568 m . - 2546 sh 2544 vvw " "
2540 sh 2555 2545 vvw 2525 wvw 2535 vw . N v
2528 w 2530 m 2511 vvw " N
2500 m 2516 2509 vvw 2498 vvw 2498 vvw " "
2285 vvw " "
2137 vw 2135 m 2133 2142 vvw 2120 vvw 2130 vvw,br 2129 vvw " "
2055 vvw
1946 vvs 1956 vvs 1953 vvs{p) 1950 yvs 1946 vvs 1932 vvs 1934 vvs 1933 vvs VisVisViaosVas
1940 sh , Vie + vy
1900 s 1908 1894 vw,sh 2v¢
1885 vw . Vi *+ vy
1876 s 1872 1883 ww 1855 vvw 1859 vw Vie * vy
1869 sh - ve *+ va,
1826 vs 1834 vs 1834 vvs{p) 1832 vs 1826 vs 1821 vvs 1825 vvs 1821 vve vy, vag
. 1778 vvw vii * v,
1775 vvw 1767 m 1771 vvw 1720 vvw,br 1736 vvw ve + Vi
1707 sh vy + vae?
1702 sh Vyot Vy2?
1697 m 2y, Vg *+ vaa?
1683 sh Vie + v
1667 vvw ve + vy,
1583 vs 1582 s 1598 vvs 1594 sh 1583 vs 1572 vvs 1585 vvs 1582 VissVa1sVse
1570 sh 1568 vvs(p) 1567 vvs 1559 sh 1557 ww Ve
1535 vw vy + vy,
1544 w 1517 w 2vy¢
1536 sh vy + Vi,
1529 sh vy + v,
1508 vvw vy + vy
1496 vvw - Vie * Vi
1478 sh 1457 vvw 2v,
1461 wvvw vy + vy
1442 vww 1425 vww Vay -
1419 sh H impurity
1410 vvw . ) vy + Vi,
1390 vw 1375 vvw,br 1382 vww Vay + Vaa?
1370 vvw,br 1370 w 1360 vw Vas + Ve
1350 w 1333 vvw 2v14
325 ww Via + vy,
: 1311 vvw viz + vau
1310 vvw 2v,s
1299 vyw 1281 vvw Viz * Vi
1286 vvw vir t Vi
1263 sh vs t vi2
1258 vvw vig + vae?
1218 vvw,br 1181 vvw vy + vy
1192 vvw Vag * vy
1175 vw 1166 Viz * vis
1157 w 1151 vvw Ve * vys
1138 vvw Ve * Ve
1097 w , vie * vis
1055 m 1046 m vs
1035 m 1032 s,br 1035 vvw 1030 m 1029 w v
997 s 986 Vie OF Vi,
977 s 979 vvw 969 w Vis OF vy,
963 w 958 Vig * vyg?
952 m 948 vvw 946 vw,br '
942 w 928 vvw viz + vis?
923 w 924 vvw 901 ww vy )
901 ww 894 sh . Vie * vie
911 ww 910 m . 888 m(p) 901 Vig
893 ww 885 vvw 884 sh Viz + vy
R . 872 sh . ?
.855 ¢(A,C) B850 vvs 849 wvw 856 m 850 s(A,C) 842 vs 842 vw 843 vyw vy, v,
827 sh 828 sh 806 sh : ?
801 sh 801 sh ) ?
820 w 816 s . 795 s (p) 801 m Vi1
805 s 806 vs 795 m 794 s Vai
794 s 781 m Via
73 m 763 m Vi
753 vvw - - ?
737 w 736 m 737 vvw 730 m 739 w vy
- 726 sh ?
725 m 718 m 724 m 728 m 720 w 714 m N5 m 717 vs Vi
704 697 w Vis
683 vvw - . Var + vye?
693 vw 692 m ) ' 667 m 669 m vy
678 vvs : 680 vw 670 s . Vie
650 s 656 vvs 656 m 670 w 648 M(A,C) 651 s 648 m 656 m Vas
643 sh ?
628 sh ?
630 ww 622 w vig *t vye?
602 vvw o ?
589 vvw 582 w 585 w . 570 w 580 m vas
532 w 534 s 540 m 519 w 516 s 528 s Vi2
515 w. . 505 vw vae?
03 sh 497 vvw ?
494 vs 489 495 487 vs vas?
463 wvw ?
438 sh ?
433 m 430 vvw P 426 m 420 vvw Vys?
196 w vie?

ahd two atoms as shown in Figure 4. Two terminal atoms are located around the periphery of the boron
hydrogens are attached to each of the end (unshared) skeleton.

boron atoms and a single terminal hydrogen is attached On the basis of the X-ray restlts, the free molecule is
to each of the central borons. Four bridging hydrogen  presumed to have C,, symmetry and is expected to be an
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Figure 2.—Polarized Raman spectra of liquid ©¥B,D;, at —80°,
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Figure 3.—Infrared spectra of tetraborane: (a)'B,H;, vapor;
(b) 11B{Hjp solid at —180°; (¢) 11ByDyy vapor; (d) !'B,Dygsolid at
—180°.

Figure 4.—The tetraborane molecule.
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asymmetric rotor. Calculations using the X-ray pa-
rameters show that the axis of the least moment of in-
ertia extends lengthwise of the molecule in the plane of
the two BH, groups and perpendlcular to the G, axis.
The largest moment of inertia is around the Cs axis with
the intermediatemomentaxisperpendicularto the.C;axis
and in the plane codtaining the twosingle terminal hydro-
gens. Itiscustomary to classify theinfrared Band shapes
of Cy, molecules into A, B, or C type bands depending on
whether the vibrational motion involved produces a di-
pole moment change along the least, intermediate, or
largest axis of inertia, respectively. These three types
of vibration—rotation bands have fairly characteristic
shapes which depend to some extent on the ratios of the
various moments. Type A bands, for example exhibit
a strong central Q branch with fairly pronounced P and
R branches on either side, a shape which is largely in-
dependent of the ratios of moments. Vibrations giving
rise to A type bands will belong to the B, symmetry
class of the B.Hy; molecule with the dipole moment
change occurring along the least axis of inertia. Type
B bands characteristically show a doublet structure due
to the P and R bfanches since no Q branch is present.
The P and R branches may be somewhat broad and dif-
fuse. Type B bands in the present molecule are identi-
fied with the B; symmetry class. The shape of type C
bdnds is strongly dependent on the ratio of the two
smaller moments of inertia. If this ratio is greater
than about 0.2, however, as is the case here, type C
bands should have bands shapes similar to those of type
A bands. Type C bands correspond to totally sym-
metric or A; vibrations since the dipole moment change
is along the C, axis.

Experimental difficulties such as overlappmg of
bands, lack of resolution, perturbations, etc., may ob-
scure band contours. However, a number of band
shapes were sufficiently well defined in the present work
to allow satisfactory identification. The spectra of the
solids were noticeably more complex than those of the
liquid or the gas. To a large degree, this was due to
the increased sharpness of the bands at the lower tem-
peratures which allowed composite bands to be resolved
into their components. Further complexity was con-
tributed by the relaxation of molecular selection rules,
not to mention the possibility of additional lines from
intermolecular interactions within the factor-group ap-
proximation. The space group of tetraborane is
Co® with four molecules per unit cell, No attempt
was made in the present work to extend the analysis to
include crystal effects.

Vibrational Assignments

Assuming C,, molecular symmetry, the vibrational
modes of the B,Hj;, molecule may be classified into
twelve A;, seven A, eight Bi, and nine B, frequencies.
For the free molecule, the A;, Bi, and B, classes are in-
frared active while all classes are Raman active. In the
solid, the A, class becomes infrared active as well.

The various molecular vibrational modes can be de-
scribed most easily in terms of idealized group motions
involving the BH; groups, the BH groups, the hydrogen
bridge atoms, and the boron atom skeleton. The num-
bering scheme and a description of the fundamentals in
terms of these group motions appear in Table IV and a
pictorial representation is shown in Figure 5 for addi-
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TABLE IV L a9
DESCRIPTIONS OF VIBRATIONAL MODES OF TETRABORANE

Class A;
v1 In-phase B-H str
v Sym out-of-phase BH, str
v3  Sym in-phase BH, str
Ve + 4+ -+ in-phase bridge str
s =+ <4 + <+ out-of-phase bridge str
v Out-of-phase BH def
I In-phase BH; sciss
s In-phase BH; rock
Ve + + 4+ bridge def
vio In-phase boronring expansion
yiu  Out-of-phase boron ring expansion
viz  Boron ring dihedral bend

Class A.
vz + — 4+ — in-phase bridge str
v -+ —+ — out-of-phase bridge str
vis Out-of-phase BH wag
vis  Out-of-phase BH, wag
yin  Out-of-phase BH, twist
vis -+ — -+ — bridge def
vis  Twist of B-B bond around C; axis

Class B,
veo  Out-of-phase BH str
va1 -+ — — 4+ in-phase bridge str
vaa -+ — — + out-of-phase bridge str
vas  In-phase BH def
vyy In-phase BH, wag
ves  In-phase BH; twist
Vog + _—— + bridge def
vy In-phase motion of BH groups parallel to B-B bond

Class B,
ves  Asym out-of-phase BH, str
ve9  Asym in-phase BH, str
vas -+ — — in-phase bridge str
va =+ + — — out-of-phase bridge str
vz In-phase BH wag
vsa  Out-of-phase BH, sciss
vas  Out-of-phase BH, rock
vss -+ — — bridge def
vss In-phase motion of BH groups perpendicular to the B-B
bond

tional clarity. These sketches may be considered a
zero-order approximation to the normal coordinates and
form a conveneint basis for discussion. A more accu-
rate description must await a normal-coordinate anal-
ysis.

A summary of the frequency assignments for the
fundamental vibrations of the four isotopic species of
tetraborane is given in Table V. Symmetry assign-
ments were based on a consideration of band shapes,
polarization properties of the Raman bands, compari-
sons between infrared and Raman spectra, and com-
parisons between ‘gas and crystal spectra. Assign-
ments within a symmetry class were made on the basis
of boron and deuterium isotope shifts and by compari-
sons with published assignments of diborane!?*~%5 and
pentaborane(9).5 For uniformity, the frequency val-
ues cited in the Discussion sections to follow refer to the
1B,H;, species unless specific mention is made of an-
other.

B-H and BH, Stretching Vibrations.—The out-of-
phase stretching frequency of the BH, group and also
the stretching frequency of a single terminal hydrogen
on boron, from the work on diborane and pentabo-

(12) R. C.Lord and E. Nielsen, J. ‘Chem. Phys., 19, 1 (1951).

(13) R. C. Taylor and A, R. Emery, Specirochim. Acta, 10, 419 (1958).

(14) I. M, Mills, J. Chem. Phys., 41, 1479 (1964).

(15) W. J. Lafferty, A. G. Maki, and T. D. Coyle, J. Mol. Specirvosc., 88,
189 (1970).
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TaBLE V
FREQUENCY ASSIGNMENTS FOR THE FUNDAMENTAL
VIBRATIONS OF TETRABORANE (CcM 1)

10B¢H1o 11B¢H1o 10B4Dyo UB«Dyp

Symmetry Class Ay

2 2590 2570 1946 1946 BH str

v2 2590 2570 1946 1946 BH,; str

vy 2486 2475 1834 1821 BH, str

v4 2116 2095 1570 1559 Bridge str
Vs 1461 1444 1055 1046 Bridge str
ve 1269 1255 952 946 BH def

V1 1157 1145 850 842 BH; sciss
Vs 917 908 736 730 BH; rock
o 805 785 692 667 Bridge def

10 975 965 910 888
o 850 827 816 795
V12 575 559 532 519

Boron ring expansion
Boron ring expansion
Boron ring bend

Symmetry Class A,

18 2150 2150 1583 1583 Bridge str
Vs 1318 1308 977 969 Bridge str
V15 1124 1117 c . BH wag
vie 1042 1023 773 763 BH; wag
v 872 868 704 697 BH, twist
vis 754 737 678 670 Bridge def
V19 682 662 589 575 Skel twist
Symmetry Class By
V30 2590 2570 1946 1946 BH str
va1 2150 2150 1583 1583 Bridge str
v 1343 1324 997 986 Bridge str
V23 1211 1196 923 901 BH def
vaoq 974 966 806 794 BH; wag
Va5 854 846 656 651 BH, twist
vos Ce o 515 505 Bridge def
Va1 . e 494 487 Skel def
Symmetry Class B,
Vs 2590 2570 1946 1946 BH; str
veg 2486 2475 1834 1821 BH, str
Va0 2150 2150 1583 1583 Bridge str
Va1 1410 1388 1032 1029 Bridge str
Va2 1071 1064 794 781 BH wag
v3s 1152 1140 850 842 BH, sciss
V34 906 898 718 714 BH, rock
Va5 483 472 430 420 Bridge def
v3e 238 236 195 189 Skel def

rane(9), have both been located at about 2600 cm—!.
In tetraborane, since neither the two BH groups nor
the two BH, groups are closely coupled with each other,
little separation may be expected between these stretch-
ing modes. The band at about 2590 cm~! obviously is
complex and consequently all four fundamentals,
vy, ve, vag, and wg, are assigned to this peak. In dibo-
rane, the two in-phase BH, vibrations have been as-
signed to frequencies at about 2525 cm™!. By analogy,
the 2495-cm—! band in the infrared spectrum of gaseous
tetraborane is delegated to vz and vss.

Bridge Stretching Vibrations.—The bridge modes ex-
pected to have the highest frequency are those in
which the two bonds connected to each bridge atom
stretch in phase. By analogy with diborane, the in-
phase stretching frequencies were sought around 2100
cm~1. The band at 2116 cm™! in the tetraborane
Raman spectrum was observed to be strongly polarized
and is therefore assigned to vs; the other three modes,
v13, va1, and v, are thought to be contained in the infra-
red band with its maximum at 2150 em™! in the spec-
trum of the gas.

The remaining bridge modes are those in which the
two bonds connecting given bridge hydrogen atoms
stretch out of phase. These were more difficult to assign
since this type of vibration, based on the few data that are
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Figure 5.—Approximate normal modes for the tetraborane molecule based on equivalent atom sets.

available, appears to vary significantly from compound
to compound and is more easily influenced by the rest of
the molecule. The easiest band to assign of this group
was v; which was assigned to a polarized Raman fre-
quency at 1454 cm . In the infrared spectrum several
lines occur in this region. The most intense of these at
1407 em~! has a band shape suggestive of either a type
A or C band and consequently is assigned to the B,
fundamental. The remaining two modes are assigned

with less certainty. However, the two bands at 1318
and 1343 cm ™! were observed in the infrared spectrum
of the solid and not of the gas and are tentatively as-
signed as the A, and B; out-of-phase stretches, »4 and
veg, Tespectively, A fairly large change in relative in-
tensity of these two bands occurs upon substitution of
boron-11 for boron-10 which may indicate resonance
with overtones or combinations of lower frequencies.
BH; Bending Vibrations.—In diborane, the two BH,



IsoTopIc SPECIES OF TETRABORANE(10)

scissoring modes have been assigned at 1177 and 1180
cm~!l. In tetraborane, an intense band having several
maxima occurs at 1155 cm™11n the infrared spectrum of
the solid. This band correlates with a relatively simple
band at 850 em ! in the spectrum of BsDyo vapor. The
latter appears to possess an A or C type of band envel-
ope indicating a B; or A, vibration. The band is as-
signed to both v; and vss. The complexity of the band
in the spectrum of the hydrogen species is attributed to
interactions with overtones and combinations.

The two BH, wagging motions of diborane have fre-
quencies of 973 and 1035 cm™!. In solid tetraborane,
the infrared spectrum exhibits a number of strong bands
from 1124 to 854 cm~! Of these, the three at 1124,
1042, and 872 cm ! appear to be absent in the spectrum
of the gas and are candidates for A, frequencies while
the frequency at 974 cm~! does not show a central Q
branch in the gaseous spectrum indicative of symmetry
class B;. Since one would not expect the BH, wagging
frequencies of tetraborane to be markedly different
from those of diborane, the frequencies at 1042 and 974
cm~1 are assigned, respectively, to vy and .

The two BH; rocking modes of tetraborane, vs and
vs:, belonging to symmetry classes A; and B; are as-
signed to infrared bands at 917 and 906 cm ™!, respec-
tively, by analogy with the corresponding modes in di-
borane at 950 and 920 cm~!.

The lowest bending modes of the BH: groups are the
twisting motions, vz and vg;, which are assigned to infra-
red bands at 872 and 854 cm~!. The first is charac-
terized as A, by its absence in the gas infrared spectrum
and its presence in that of the solid. The second can
be classified as A; or B, by its band shape which is either
type A or C. In diborane, corresponding modes occur
at 1012 and 829 em 1.

BH Bending Vibrations.—Although the infrared and
Raman spectra of decaborane(14) indicate that no BH
deformation modes occur in that molecule higher than
1104 cm~1, greater coupling may be expected in BsHy,
and the frequencies may not be as low. Of the four
fundamentals involving the deformation of the single
terminal hydrogens, vs and vy belong to the classes Ay
and B;. The A, vibration is assigned to the infrared
band at 1269 cm~! which shows definite PQR branches
in the spectrum of the gas. The B; mode is delegated
to the infrared frequency at 1211 em™?, primarily be-
cause it is the only intense peak in this region which re-
mains unassigned. The other two modes, v1i; and vg,
belong to the A, and B;, classes and are assigned to bands
at 1124 and 1071 cm™, respectively. The first is cho-
sen as the A, band because of its absence in the gaseous
infrared spectrum and its presence in that of the solid.
The other band shows a band shape consistent with
that expected for the B, symmetry class.

Skeletal Vibrations and Bridge Deformation Modes.
—TFour types of internal coordinates are appropriate to
describe these modes—the B-B distances, the bridge
BHB angles, and the dihedral angles between the planes
defined by the BHB atoms and the attached BBB tri-
angle, and between the two BBB triangles. Changes in
the first, third, and fourth types of coordinates combine
to give the skeletal modes labeled v1g, v11, v12, and »ye in

(16) R. C. Taylor, unpublished observations.
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Table IV. The remaining coordinates are those in-
volved primarily in the vibrations designated as bridge
deformations. Since all these coordinates are defined
essentially by the same atoms it is highly likely that the
normal modes involving them are strongly mixed.
Support for this conclusion is found in the observation
that most of the bands below 800 cm™! have hydrogen:
deuterium ratios intermediate between those expected
for “pure” hydrogen motions and ‘‘pure” skeletal mo-
tions.

The four frequencies of these two types belonging to
the A, class were identified by their polarization prop-
erties in the Raman spectrum. The frequencies »g,
v10, v11, and vy were assigned, respectively, to the Raman
bands at 805, 975, 850, and 579 em—!. The order of the
frequencies vy, »11, and »12 was determined by a simpli-
fied numerical calculation assuming a simple model with
only four boron atoms having the same configurationasdi-
borane. Several different sets of force constants were
tried but all gave the result that the in-phase ring
stretching mode had a higher frequency than the out-of-
phase mode. The polarized Raman line at 805 cm™!
assigned to vy shows too small a shift upon deuteration
to be a reasonably pure hydrogen motion. In addition,
an unusually large change in intensity occurs between
the spectra of the two isotopic species which seems to in-
dicate significant coupling with »y in the hydrogen com-
pound.

A fairly intense Raman line at 672 cm ! is weak in the
infrared. spectrum of the solid and absent in the
spectrum of the gas indicating that it probably is of
A, symmetry. Since the H:D isotope frequency ratio
is low (1.15), this band is assigned to the other skeletal
mode, V19.

The remaining five frequencies associated with the
skeleton and bridge hydrogen deformation motions have
been designated only tentatively, No reliable infor-
mation was obtained in the present work to distinguish
them although bands considered likely to correspond to
these various modes have been labeled in Tables II,
III, and V.

Despite the fact that certain of the preceding assign-
ments must be considered tentative, the amount of in-
formation provided to establish the symmetry species of
many of the bands can serve as a solid basis for future
work. The infrared results are incomplete below 400
cm™! and further work involving oriented single crys-
tals or matrix studies using higher resolution infrared
and Raman spectroscopy is much to be desired.

The group frequency approach used here is likely to
be most accurate for the normal modes primarily asso-
ciated with the stretching and deformations of B-H
bonds, somewhat less accurate for motions involving
the bridge hydrogens, and poorest for the low-frequency
motions which are probably complex in character. A
normal-coordinate analysis would be necessary to gain
further insight but unfortunately would not be a trivial
task.
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