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The optical spectra of Er(Bb)s - 3THF neat crystals and La, Cd, Y(Bl&)s* 3THF mixed crystals are reported snd 
analyzed. Lanthanum borohydride is found to have a different room temperature crystal structure (triclinic) from Er, Cd. 
YCBH4)3* 3THF (pbc10. At low temperature the. Pbcn crystals undergo a phase transition to a structure with two crystaUo- 
graphically inequivalent sites in a unit cell. The optical spectra of Er(BG)3.3THF in Er, Y. Gl(BH&-3THF crystals CLIP 
ly evidence these two sites. brge vibronic intensity is observed at 1.6 K and 7 7 K and nine “rnoleculu” vibrations are as- 
signed. These modes are quite similar to those found for lJ(Bb14. EI(~~)~.~THF/L~(BH~)~.~THF spectra are very dif- 
ferent: no vibronic trznsitions are observed but many (often upwards of fiity for a given manifold) weak sharp “satellite” 
lines are found associated with pure electronic transitions. These dam are discussed in terms of structural differences and 
comments on bon.iing and covalent character in Lmthanide borohydrides are made. 

1. Introduction 

The electronic transitions of lanthanide (4f”) 
solids are well characterized by a weak crystal field 
theory and these ions serve as excellent probes of 
crystal interactions and symmetry. The theory of 
rare earth ion energy levels and many confirming ex- 
perimental observations are now available [ 11. How- 
ever, the range of chemistry of this felectron series 
has only recently been explored. Most lanthanide 
compounds are highly ionic in nature. Over the last 
twenty years, however, an organo-metallic chemistry 
of this transition series has begun to develop [2]. 
Notably, cyclopentadienides (cpd), indinides, cyclo- 
octatetraenides, and phenyl compounds have been 
synthesized. Structural studies [3-71 are available 
for a number of rare earth organometallics and spectra 
have been observed for a variety of Lnfcpd), systems 
[8-141. 
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The crystal structure of Sm(cpd)3 has been re- 
ported to be rather complex with two crystailographi- 
tally inequivalent sites in a unit cell [6]. Sc(cpd)j has 
been reported to have a different structure with only 
one type of site per unit cell [4]. Both structures are 

polymeric in nature with four cpd groups arranged 
around each metal ion. Optical spectra of Er(cpd)3 
evidences large crystal field splittirrgs and some 
vibronic intensity [10,14,15]; nonetheless those com- 
pounds are described as largely ionic (less than 3% co- 
valency) [8]. These studies have begun to deal with 
the general problems of bonding, structure, and 
chemistry in the lanthanide series. 

The borohydride ligand (Bb) has been shown to 
give covalent compounds in the actinide and other 
transition metal series [ 161. It would appear from 
structural data on actinide borohydrides M(BH&. 
that there is a possibility for f-orbital participation in 
the hydrogen bridge bonding [I 7,181. With these facts 
as motivation, rare earth borohydrides have been syn- 
thesized and studied structurally and spectroscopicalIy. 
Erbium was chosen as the ion to be investigated first, 
after some initial work with netiymium, because its 
large spin-orbit coupling makes for well separated I- 
manifolds. 
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In this initial report on the spectroscopic properties 
of lanthanide borohydrides we discuss spectra of 
Er(Bbhm3THF neat crystals and mixe.d crystals of 
Er(BH& -3THF in La, Cd, Y(BH,&.3THF. These 
spectra show large but not extraordinary crystal field 
splitting and, with the exception of Er/La(BHa),-3THF, 
give very substantial sharp vibronic intensity. In some 
J-manifolds the vib;onic intensity is as much as an 
order of magnitude larger than the pure electronic in- 
tensity. Observed vibrational frequencies are those ex- 
pected for transition metal borohydrides based on Th, 
U, Zr, Hf(BH& values [16,18,19]. They are also 
consistent with infrared and Raman spectra of 
Cd(BH,,h-3THF crystals obtained in our laboratory 

WI. 
Structural studies on these crystals, presently in 

progress [2 I], have proven quite interesting. The 

room temperature structures of Er, Y, Gd(BHd)s-3THF 
are isomorphic having space group Pbcn with four 
molecules per unit cell. The rare earth ions are at sites 
of C2 symmetry. At lower temperatures (250 2 T, 2 
77 K) these crystal undergo a phase transition such 
that each unit cell of the new space group contains 
two crystaUographically inequivalent (distinct) sites. 
l.a(B&)3-3THF has a room temperature triclinic 
space group (most likely Pl). It is not known if this 
crystal undergoes a phase transition at some lower 
temperature. The optical spectra are consistent with 
these structural differences and are the source of the 
assigned low temperature phase change in Er, Y, 
Gd(BH&-3THF. Infrared and Raman room tempera- 
ture data indicate a covdency in these systems more 
like Th, U(BH& than NaBH4 [IS-201, suggestive 
of mixed hue- and three-hydrogen bridged borohydride 
groups in a polymeric array [ 171. 

In the following section we discuss synthesis, crys 
tal growth, crystal mounting, and spectroscopic tech- 
niques. In section 3 results of these studies are pre- 
sented and in section 4 the data are discussed and cor- 
related. 

2. Experimental 

Au rare earth borohydrides can be synthesized by 
either of two routes. The crystalline product of either 

method gives an analyzed ratio of one rare earth ion 
(ta, Nd, Cd, Er, and Y). to three tetrahydroborate 
groups (BH4). to three coordinated molecules of tetra- 
hydrofuran (THF. C4H80). Previous attempts to ob- 
tain these compounds [22] generally yielded non- 

integer ratios of coordinated THF. Since borohydrides 
are air sensitive, greaseless high vacuum techniques 
were employed throughout. 

The first method used to obtain L.n(BH& gives 
the overall reaction (60% yield): 

3A1(BH4)3 + WWH& 

* NW& + WBH4),@CH3). 

The Al(BHq)3 [23a] and Ln(OCH3) [23b] were ob- 
tained by standard methods. No crystals could be ob- 
tained except when Ln(BHa)s was dissolved in THF. 
However, in order to isolate the desired Ln(BH,), , 
unreacted Al(BH4)3 and other aluminium reaction 
and decomposition products had to be removed by 
distillation and sublimation. The reaction mixture 
was then washed with cyclohexane and benzene, in 
which Ln(EtH& are insoluble, for the final purifica- 
tion step. 

The method by which pure product and crystals 
can be readily obtained is reaction of L.n(OCH3)x 
with diborane B2H6 in a THF solution (-100% yield). 

2B,H, + MOCH& THF 3%K Ln(BH& +B(OCH3)3 . 

THF and B(OCH3)3 are pumped off and product 
is washed with fresh THF and vacuum filtered. B,H, 
is purchased from CaUary Chemical Co. (Callary, Pa.) 
and extensively vacuum sublimed and distilled before 
use, rare earth metal oxides (9999% pure) are pur- 
chased from American Potash and Chemical Co., Rare 
Earth Division (West Chicago, Illinois), LnC13 (used 
for LJI(OCH,)~ preparation) were synthesized by 
standard techniques [23c], and all solvents were puri- 
fied by standard methods. A very detailed and com- 
plete description of these procedures is available [24]. 

2.2. Crystalgrowth 

Large single crystals of all the lanthanide boro- 
hydrides can be grown from THF but not diethyl 
ether or methyl-THF solution. While these latter two 
solvents will give quantitative synthetic yields, only 
glasses could be obtained by cooling them. Saturated 



THF solutions of the lanthanide or mixtures of lan- bination gives a 3.6 A/mm first order dispersion at 
thanides were vacuum transferred into a flask glass the exit plane. Slit widths ranged from 25 to 40 m. 
blown onto a quartz sample cell. The shape of this Kodak 103a0, F and I-N plates were used in the ap- 
crystal grower was that of an inverted “U”. The ap- propriate spectral regions. AU lines reported are BC- 
paratus was tilled with 200-600 torr of helium gas. curate to kO.5 cm-t which is about three standard 
A seed crystal was obtained and worked into position deviations for the sharper lines. Wave length calibration 
in the optical cell. The initial growth procedure was was achieved with hollow cathode iron-neon lamps. 
to slowly lower the temperature of this saturated solu- Spectra were taken with tungsten filament and high 
tion (ca. 30°C) to ambient temperature over about a pressure xenon (Hanovia 959c-198) lamps. Samples 
two week period. THF was then slowly distilled (2 to were cooled slowly to 77 K over a period of a few 
6 weeks) out of the thermostated sample cell. When days. Cells were loaded with 600 torr of helium at 
the crystal was of sufficient size, THF was drained 300 K in an attempt to increase thermal conductivity 
away and the cell glass blown off the apparatus. Such to the bath. At a bath temperature of roughly 1.6 K, 

crystals were invariably single but of random orienta- samples could be heated to probably about 5 K judged 
tion. AU crystals are optically biaxial. from hot band intensity. 

2.3. X-ray crystals 
3. Results 

Crystals of La(BHJ)3-3THF, Y(BH,),-3THF, and 
Cd(BH4)-,-3THF were mounted for X-ray study in 
03 mm X 4 cm quartz capillary tubes. It proved quite 
difficult to mount air sensitive crystals (0.1 X 0.25 X 
0.4 mm) that tend to decompose with no solvent 
present. It was found that crystals could be mounted 
without solvent in the X-ray capillary tubes (prefer- 
able because small temperature changes either float 
crystals or cause more material to precipitate out on 
the chosen crystal) if they were handled in a glove bag 
whose atmosphere was saturated with dry THF. 
Samples were sealed in capillaries with a torch. 
Details of the X-ray data collection can be found else- 
where [17a,21]. 

3. I. Crystal structure 

2.4. Susceptibility measurements 

The room temperature crystal structure studies of 
L~I(BH~)~.~THF are still in progress [21] but certain 
features of these structures are known and are relevant 
to the present spectroscopic investigations. 
Gd(BH&-3THF, Y(BH,),-3THF. and Er(BH&3THF 
(the latter by spectroscopic inference) all have the 
same room temperature orthorhombic space group DE 
(Pbcn). The unit ceU dimensions for Cd(BH,),-3THF 
are,a = 9.28 A, b = 14.52 li and c = 14.53 A, and for 
Y(BH4)3*3THF they are a = 9.26 A. b = 14.49 A. and 
c = 14.43 A. Errors at this stage of refinement are 
probably k-O.02 A. The number of molecules in the 
unit ceU for both crystals is four and the metal ions 
are at sites of 2.fold symmetry. 

Magnetic measurements on powdered Er(BH&3THF 
were performed at Bell Laboratories by Dr. F.J. 
DiSalvo. The techniques and apparatus are discussed 
in detail elsewhere [25]. Crystals were crushed in a 
glove bag to get powders and were handled in a similar 
fashion to X-ray samples. 

La(BH4)3-3THF is triclinic at this temperature 
with the most likely space group being PI _ The rare 
earth ion in this structure occupies a general position. 

3.2. Suscep tibifity 

2.5. Optiml spectroscopy 

Low temperature optical spectra were obtained at 
medium resolution. Spectra were taken photographi- 
&Uy on a 2m Czerny-Turner spectrograph with a 
1200 eroovelmm eratine. blazed at 7500 A. This com- 

The magnetic susceptibility of Et(BH4)J-3THF in- 
dicates that between 3 10 and 4.2 K there is no mag- 
netic phase transition; based on a X, (magnetic suscep- 
tibility per gram, emu/g) versus l/T(K-t) plot, neat 
crystals follow a Curie law and are paramagnetic. The 
effective high temperature moment over this range is 

_- I Y Yl peg = 8.83 BM, and the low temperature slope gives 
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rqtr = 5.16 BM. The low temperature value corre- 
sponds to a IHI (average effective g-value) of 5.96 for 
a J’ = 4 level. An excited ground manifold level can 
be observed at about 12 cm-l. 

3.3. Optical spectra 

Data have been collected for neat Er(BH4)3-3THF 
crystals (1 and 2 mm path lengths), 1% Ere3/ 
Y(BH4)3-3THF crystals (16 mm path length), 5% 
Er+3/Gd(BH,+)3-3THF crystals (6 and 8 mm path 
lengths), and I%, 5%, 20% Er+3/La(BH,)J-3THF 
crystals. Of the possible 41 J-manifolds in the f3(f1’) 
configuration, 13 have been observed in absorption 
from the 41 ,5,2 ground state. The amount of spectro- 
scopic data is overwhelming and it would serve no use- 
ful purpose to report it all in this paper. We have thus 
chosen to summarize, in figures and a few tables, the 
most representative and important aspects of this 
study. Complete listings of all observed transitions 
can be obtained upon request [24]. 

Spectra for EI(BH~)~-~THF pure crystal and 
Er+3/Gd, Y(BH,),-3THF are virtually identical for 
electronic origins (21.0 cm-l) and within 22.0 cm-’ 
for vibronic bands. Figs. 1 through 6 show examples 
of these spectra at 77 and 1.6 K. Electronic origins 
are listed in table 1 and vibronic transitions are indi- 
cated as vibrations observed for various manifolds in 
table 2. The figures are intended to present an ac- 
curate pid:: re of relative electronic and vibronic in- 
tensity in each J-manifold. 

For Er+3/La(BH,&3THF again only electronic 
origins are tabulated (table 1). While there is little or 
no viironic intensity for these samples, there are many 
weak features whose intensity is related (but not 
quadratically) to Er+3 concentration. In some J-mant- 
fotds (e.g., 4C , ,,1), the number of satellite transitions 
is upwards of fifty. The energy of these lines is con- 
sistent from sample to sample but their intensity aIso 
varies with crystal optical quality. Figs. 7 and 8 give a 
reasonable representation of these features. 

From spectra taken at 77 K it is possible to obtain 
information on the ground electronic manifold and its 

vibrational states. Table 3 summarizes this data. 

4. Discussion 

The general theory of spectroscopic properties of 

Fig. 1. Absorption spectra of pure Er(BH4)3-3THF 4Ssn 
mmifold. Electronic origins are indicated by their transition 
frequency (an-‘) and site system (I or II). Vibronic features 
are connected to their associated electronic origins and as- 
signed vibrational frequencies (an-‘) are given. The vertical 
scale is arbitrary absorbance: a) 1.6 K; b) 77 K. Hot bands 
are indicated by energy (cm”). For site I lines. 12,108,132. 
165 cm-’ hot bands can be assigned; for site II lines, 28, 121. 
130 cm-’ hot bands are assigned. See tabk 3 for ground 
manifold structure. 
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Fig. 2. (8) Absorption spectrum of pure EI(B~)~.~THF ‘Pa, manifold at 1.6 K. Electronic origins are indiuted by their tmosi- 
tion frequency (cm-*) and site system (1 or II). This is the only manifold with very low intensity viironic features. The two sites 
structure can be recognized easily from this simple manif?Id. (b) Absorption spectrum of pure Er(B&)a-3THF *PSn mzoifold at 
77 K. For site I Lines. a 12 cm-’ hot band is identified. For site II lines, 28 and 121 cm-’ hot bands are identified. 

rare earth ions (RE+3) is readily applicable to EP3(f11) 
in Er(BH,),-3THF [ I]. The J-manifolds are repro- 
duced from crystal data using three Racah parameters 
El = 6700 cm-l, E2 = 32 cm-l, and E3 = 650 cm-* 
and a spin-orbit coupling constant c = 2360 cm-l. 

The crystal field is assumed only to split each individu- 
al “free-ion”J-manifold with little mixing of these 
manifolds. The number of “Stark” levels for a givenJ- 
manifold in a low symmetry crystal filed is, due to 
Kramers degeneracy for odd electron systems, 4(2l+ 1) 
or (J-+4). Comparison of the centers of gravity of J- 
manifolds of many different systems (i.e., Ert3/Cd, 
Er. Y, La(BH4)3-3THF. Er(cpd)s, EP3/LaC13, 
La(C2H$04)3-9H20, Y2O3, etc.) relative to the 
ground level of the lowest J-manifold (41,,,a) reveals 
this is clearly an adequate approach, in general. If 
complete data on all manifolds, including the ground 
manifold, are available, mixing of free ion manifolds 
by the crystal and configuration interactions does lead 
to better data tits. For a crystal field symmetry of C, 
or lower (the present situation) a crystal field param- 
eter fit would involve 15 or 27 (C2 or Cl sites) total 
parameters. While there is sufficient data for such an 
exercise it does not seem useful (that is, it would add 

little physical insight) under the circumstances. When 
a complete crystal structure analysis becomes available 
it may be possrble to model the actual site by some 
higher crystal field symmetry, such as trigonal or 
tetragonal. It would then be quite informative to carry 
out an approximate crystal field analysis. 

4.1. 77re neat crystal and Cd. Y(BHd)j -3THF mixed 
crystals . 

These three systems are discussed as a unit because 
their low temperature spectra are, to +I .O cm-‘, 
superimpossible and their crystals possess the same 
room temperature structure. What is abundantly obvi- 
ous, from just a cursory look at the simple manifolds 

(4S 312 “Fa12 *4L) see figs. 1 and 2 and table I). is 
U-rat there are twice as many electronic origins as there 
should be based on the (J+f) rule, While it is possible 

that the neat and Cd@H4),-3THF crystals are mag- 
netically ordered at Iow temperature [2(J+&) gives 
the (Ut 1) typical Zeeman pattern], the 77 K spectra, 
Y(BI$h-3THF mixed crystal spectra, and magnetic 
susceptibility measurements all strongly argue against 
this interpretation. One is left to conclude that the 
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i6 
I 

(a) 

crystals undergo a structural phase transition between 
250 and 77 K which yields two symmetry unrelated 
(crystallographicaliy independent) sites in the low 
temperature unit cell. From the spectral data (see 
table 1) it is clear that these sites are quite different 
and may even be associated with a change in coordina- 
tion or bonding. 

While the.absorption associated with each of these 
sites cannot be distinguished from data taken at 1.6 K, 
hot bands in 77 K spectra make the separation and 
identification straightforward. Lines associated with 
12,85,lO!I,131, and 164 cm-l hot bands are called 
site 1 absorptions and lines associated with 28,120. 

I 
= 
5 
: 
z 
J = = ? 

Cd= 
= d- zz 
: 
N 

I I 

Fig. 3. Absorption spectra of pure ErtBH&*3THF. 
ErJ+/cdoH4)s-3THF. and EG+IYCBNS)~-THF 2H9n mani- 
fold at 1.6 K are depicted in (a), (b) and (c). respectively. 
Notice that the transition frequencies (CIII-~) of these three 
samples are nearly identical. Similar viironic features cm be 
assigned in all three samples. 

130 cm-t are called site II absorptions. This assign- 
ment is possible because virtually every low tempera- 
ture feature of sufficient intensity shows at least either 
a 12 or 28 cm-l hot band at 77 K. Table 3 gives the 
41 rs12 ground state assignments. 

For almost all J-manifolds CP,,, is one of the ex- 
ceptions, see fig. 2), nine other consistent frequencies 
(separations) are observed which have been assigned 
as “molecular” vibrations (tables 2 and 3). Similar 
separations were observed in the optical spectra of 

WD&IHf, Z@D4)4 and U(BH4)4/HfB ZWW4 
[18]. Most of the observed modes are low frequency 
BG group twists and bends (H-D substitution affects 
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Fig. 4. Absorption spectrum of pure Er(BH4)3*3THF 4Fgn 
manifold at 1.6 K. Electronic origins are indicated by their 
transition frequency (cm-‘) and site system (I or II). Vibronic 
features (fundamental, overtone and combination bands) are 
assigned and are indicated by their separations from the origins 
(in cm-‘). For an estimation of their intensities, see table 4. 

Fig. 5. Absorption spectrum of Era+/CdfB~)~-3THF 4F7, 
manifold at 1.6 K. Electronic or&ins are indicated by their 
transition frequency (a-n-‘) and site system (I or II. Note 
that viironic features are often as intense as the origins. 

such frequencies only slightly). It is just these motions 
which would be expected to couple best to electronic 
motion. Surprisingly, the intensity distribution found 
here is not dissimilar from that observed in 
U(BDJ4/HF. Zr(BD4).+ (compare ref. [ 181 with 
figs. l-6 and table 5 of present work). Many mani- 
folds have more than half of their total intensity in 

-IL 
L 

160 

Fig. 6. Absorption spectrum of pure Ert.BH,&-3THF 4Fsn 
manifold at 1.6 K. Electronic origins are indicated by their 
transition frequency (cm-‘) and site system (I or II). Notice 
that 114 and 160 cm-’ viironic features have large intensities 
relative to the origin. 

vibronic transitions. Selected transitions are tabulated 
in table 5 according to J-manifold origin and progres- 
sions built on the origins. Most of the intensity is _ 
found in the fit few members of a vibronic progres- 
sion and usually within 400 cm-l of the particular 
electronic origin. 

A large vibronic intensity would be associated wiih 
covalentiy bonded systems and, in this regard, Cd, Er, 
Y(BH,),-3THF are similar to U(BH4)4. However, 
large crystahield splittings, as claimed for Er(cpd)3 
[I5 1, should also be expected.J-manifold splittings 
and centers of gravity for Er(BH4)3-3THF are pre- 
sented in tables 4 and 6 and compared with other Erf3 
compounds. Based upon these tabulations it is not 
possible to state that the crystal field is significantly 
different or larger for borohydrides than for other 
systems. In particular the J = 3/2 manifolds, if as- 
sumed to be pure, indicate small values of BP and B$. 
It is not at all clear why viironic intensity seems to 
indicate covalent bonding character while the crystal 
field parameters and splittings seem to be in accord 
with standard ionic values. All that can be said is that 
for known covalent systems (U(BH,t)4 [IS] and m6 
[26]) similar results are found. Apparently the crystal 
field is influenced greatly by the position of the 
protons even though it is of only medium strength_ 
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Table 1 
Summary of crystal f=kl levels of neat Er(lW&~3THF and 5% E?/I..a(BH&~3THF crystal. All electronic transitions reported 
for the pure crystal are alsa observed in mixed crystals of Y and Gd(S!.!.)~-3THF with the same transition frequency (tl.0 cm-t) 
but difCerent relative intensities. AU data taken at 1.6 K 

ErCBH&3THF 5% E~J+/L~~H~)~-~THF 

Vacuum corrected Vacuum corrected Vacuum corrected 
energy site 1 (an-t) 0’) energy site II (cm”) lb) energy (cm-*) 0’) 

4hm ZI 
22 
23 
z4 

‘km BI 

B2 

B3 

B4 

BS 

4b2 DI 

D2 

D3 

D4 

DS 

‘S3,a EI 

5 

2H 11/z FI 
F2 

F3 

F4 

F5 

4bn 5 

G2 

G3 

G4 

‘%a HI 

H2 

H3 

‘F3n h 

12 

‘Hm KI 

KZ 

K3 

rc, 

l G 11n J-t 
Lz 
La 

2 

‘G/2 Ml 

M2 

M:, 

M4 

MS 

0 
12 
85 

0 
28 

0 
32 
60 
92 

12440.3 
12442.4 
125 10.0 
12547.7 
12627.2 

15253.2 
15281.9 
15336.8 
15353.1 
15356.9 
18388.2 
18423.7 

19056.8 
19179.2 
19185.9 
19202.4 
19249.6 

20473.4 
20509.4 
20533.4 
20564.0 

22174.3 
22218.4 
2223 1 .P 

22553.7 
22574.2 

245 10.9 
24537.5 
24546.9 

12359.4 
12462.7 
12583.1 
12648.0 

12368.3 1 
12690.1 2 
12737.4 6 

15237.7 
15286.4 
15338.8 
15359.9 

15206.6 
15299.1 
15387.8 
15414.8 

18380.9 6 

18399.7 6 

19069.9 6 
19143.0 7 
19164.8 9 
19195.9 10 

18452.8 

18472.4 

19048.9 
19108.0 
19128.3 

8 
5 
8 
7 
8 

1 
5 
4 
4 

1 
1 
1 

1 
1 

1 
5 
2 

20486.9 4 20444.2 1 
20523.9 5 20538.3 5 
20577.2 2 20631.9 5 

22169.1 5 22127.3 1 
22179.1 5 22144.5 1 

22533.1 
22553.2 

24465.1 
245 10.4 
24528.4 

22580.7 
22602.6 

24481.2 
24558.3 
24752.8 
24782.0 

26158.2 
26365.2 
26397.9 
26473.4 
26543.0 

27281.S 
27334.8 
27355.7 
274255 

26200.1 6 
262951 9 
26337.4 8 
26438.4 10 
26498.0 6 

27319.1 7 
27374.5 8 
27382.7 a 
27401.0 1 

1 
a 

26223.0 
263585 
26444.2 
26484.9 
265113 

27361.9 
27370.3 
27398.3 
274163 

27433.8 

a 
10 
3 
7 
6 

1 
4 
a 

: 
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Table 1 (continued) 

I-manifold 
and Line group 
assignment a) 

ErfBIQ)s*3THF 5% Er3+/LafBH4)s.3THF 

Vacuum corrected Vacuum corrected vacumn corrected 
energy site I (an-‘) Ib) energy site II (an-‘) lb) energy (cm-‘) fb) 

aK 1s~ NI 27959 1 28013 I 
N2 28085 4 
N3 28120 5 

2c 7,?, 01 28561.6 2 28407.4 1 
02 28606.0 2 28460.8 1 
03 28521.4 2 

2p3n Pl 31476.0 1 31524.7 
p2 31510.8 1 315615 : 

a) See ref. [ l] for conventions followed. 
b) Relative intensity based on a 1 to 10 scale. These are very approximate numbers because the data are taken from a number of 

photographic plates and often on different samples. 

Table 2 

Vibrational frequencies of rue earth borohydddes (Er, Y, Cd) infcned from viironic absorption spectra at 1.6 K 

Frequency 
Ca-n-‘) 

Origin on which ~j is obseerved Samples for which 
LJi is ObSCWd 

Y, (114) 

~2 (138) 

~3 (163) 

~4 (402) 

us (627) 

Qj (713) 

~7 (804) 

Y8 (994) 

v9flOSl) 

BIWL B3(I),D3W.D4W, DaW).D,CW. EI(I).E~(I).FI(~).C~(II). 

HIWL KI(I), KI(IIL K3CII). LIWL I-3(0. Ls(D, LsUD. M,(U), M1(h02W). 01(U.02(1) 

~~,(D,F~(II),GI(II),HI(II),KI(II), L~(l),L,(ll),~l~(ll),~~(~) 

DI(I),FI(I),F~(I~).F~(I).~~(I).~IO~).HI(II).H~(I), 
KICD. KlUI), KaU). II(I). LafII). L4U). M,(II). Ma(I1) 

J32(1). D,(I). b(I). ElUI). CI(I), F3(I),G2(D.G,W. 

K,(I), K2(D, K3flI), 4(I). MIU-J, M2O. +,0).%(I) 

F,(I).F2flI). F,,(I~.G~(I),Gz(II), K2W L3(1), MI(I) 

D2(D, Fa(II), FsflI), &(ll). Ka(ID. Is(I) 

BIW). Dt(l), Et(I). Et(H). &OI). F30).G1(10, KI(D. K3(I). 4011 Ml(I). &(I).%(II) 

D2OA FIW, F,UI), F3(1), G,Ol), DIW), KsfD, 13(I) 

DzUl, FIUL F,(n), F~(I).GI (II), HIOIL HzOU, H20. I-s(l), 40) 

Dztn. D200, D30L D40: D401). EIU). E2W. EIOD. FIOL F2W, Fs(ll). F3(D. 

G~(~I).GI(I),G~W), L2(1). L30). Ls(l0. Mt (0. M,Wh h(II).Ma(l).hb(II) 

Et(D, E2(I), Fl(I), F2ODs F2W, FJO), E4(I), I+(I), Lz(r), L30. LOUD 

F30, F20. I-40, LZW). LaOI). 4fU. 4fID 

GI~W,~,C~,G,WLL~(I) 

FI (I), F3flI), F2(0,G1tn, Czfl). C201), LI(I) 

F,O). FzUU.F3(l% F,(I), F~(~).F~~).GI(II.G~MI 

E?+iGdfBH&.3THF 

Er3+/YfBH4)s-3THF 

E~+IGd(BH&-3THF 

EG+/Y@H&-3THF 

ENBfi&-3THF 

ti+/cd@H&-3THF 

ti+/Y(B&)3-3THF 

Fir(E&)3-3THF 

Er@H4)3-3YHF 

Er(Bb)s-3THP 

Er(Bl&)y3THF 

Er@&G)3-3THF 

EI(EM&~THF 
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1 . I ’ I 1 1 1 I - 

5380 5400 5420 5440 5460 

WAVELENGTH 61 

Fig. 7. Absorption spectra of Er3+/L3(BH4)~*3THF 4San 
manifold at 1.6 K. (A). @a) and (0 are 1%. 5%. 20% samples, 
respectively. The two electronic transitioas assigned are 31 
5437 A (18388 an-‘) and 5426 A (18424 cm-‘). The weak 
sharp lines in the 5410 A region, as well as those immedtatcly 

in the vicinity of the origins, arc satellite tines. Compare these 
spectra with those of tig. I. 

Coupling of low frequency vibrations to electronic 
motion is good. 

In keeping with predicted small values of B;. 

Er(BH&-3THF shows no hypersensitivity [27] 
(tables I and 5) in the expected transitions (2H, ,,a, 
4G Ill2 +44*12’ AI=2,AL=2). 

4.2. Er(BH4)J-3THF/La(BHJ)3-3THF mixed crystals 

Spectra of Er@H&-3THF diluted (I%, 5%, 20%) 
into La(BH4)3*3THF are entirely different from 
those discussed above: the (J+3) rule is Followed 
rigorously for the maximum number of observed lines; 
no vibronic intensity is found; and many sharp weak 
“satellite” features appear near electronic transitions 
(see table I and figs. 7 and 8). These spectra are much 
like the classical ionic rare earth spectra [ I]. Based on 
these observations one can conclude: there is only one 
type of site in this crystaI; bonding and/or coordina- 
tion in JA(BH~)~-~THF is different from that in the 
other compounds; and since the satellite intensity is 
proportional to the EP3 concentration (not its square), 
it is due to defects caused by structural differences. 
This proportionality between the numbe; of sateliite 
lines, their intensity, and the Er+3 concentration is 

I s I - I 

3760 3780 3dOJ ad20 
WAVELENGld, 

Fig. 8. Absorption spectra of Er”*/La(BH&-3THF 4Gltn 
manifold at 1.6 K. (A), (B) and (C) are 1.5. and 20 mole% 
mixed crystals, respectively. The five electronic transitions as.- 
signed are nt 3812.4 A (26223 an-‘). 3792.8 A (26358 cm-‘), 
3780.5 A (26444 an-‘), 3774.1 A (26485 cm-‘) and 
3770.9 A (265 11 an-l). Weak sharp lines in the region 3795 
to 3809 A and 3782 to 3788 A are satellite lines. The photo- 
graphic plates show the numbers of lines more distinctly than 
do the tracings. 

Table 3 
41 I~~ ground manifold energy levels and viirations observed 
in hot band spectra at 77 K (in an”) 

Site I 

0 
12 
85 

109 3) 
131b) 
164b) 

Site II 

0 
28 

i2oa) 
13ob) 

0 
32 
60 
92 

a) Obwved also in room temperature Raman spectra. 
b) 7he corresponding excited state vibrational frequencies in- 

ferred from electronic absorption spectra are 138 an-’ 
and 163 cm-*. 
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Tabk 4 
Centers of gravity a) of /-manifolds (in an-l) 

Sample 
LST manifold label 

4km 4Fg/z 4%n ?&In 4F,n ‘Fm 4F3/Z ‘6x2 ‘Cm 

Er@W4)3-3THF 
site I 12514f) 153160 18390 19143 0 205299 221740 22543 24501f) 264420 
site II 125980 15327 D 18462 19095n 2053Ef) 221360 22592 246430 263870 

E?+/La(BH&-3THF 12513 15316 18406 191750 20520 22209 22564 245320 264040 

E?+/LaCi9 b) 12460 15284 18399 191540 20511f) 22276 22507 24542 26379 

Er ES. C) 12504 15354 18474 19234 20605 22269 22608 24663 26495 

~r~+/~zo3d) 12490 15273 18274 19133 20470 22096 22410 24506 26276 

WY&e) 183908) 18943B) 20403fJ) 21919g) 22440 24305 f, 

a) Relative to the ground level of 4115, manifold. 
b) F. Vananyi and G.H. Dieke, J. Chem. Phys. 36 (1962) 295 1. 
c) E.H. Erath. 1. Chem. Phys. 34 (1961) 1985. 
d) P. Kisliuk, W.F. Krupke and J.B. Gtuber, J.Chem. phys. 40 (1964) 3603. 
e) SW nf. 1101. 
fI Incomplete group. 
g) The. number of levels observed corresponds to a two silts stxuctwe. 

not simple. For 1% and 20% mixed crystals, satellite 
line intensities are about equal (*25’S) but for 5% 
Er+3/La(BH4)3-3THF, satellite intensity is about a 
factor of two greater than in the 1% or 20% sample. 
One can rationalize such variations based on forced 
creation of defect planes and major crystal faults at 

certain concentration levels which then allow heavier 
dopings without further structural discontinuities. 
There is also some (-i20%) sateUite intensity variation 

from crystal to crystal which can be attributed to 
crystal optical quality. 

While the splitting patterns differ for La(BH4)3-3THF 
and Er, Cd, Y(BH,),-3THF samples, the overall cry.- 
tal field splittings and centers of gravity seem to be 
comparabIe. Tables 3,4 and 6 give these comparisons. 

4.3. Vibrational spectra and covalency 

Perhaps the most meaningful determination of 
bonding character of Ln(BH4),-3THF compounds is 
through comparison with similar compounds of general- 
ly agreed upon properties. The series Zr, Hf, U, 

‘W3%)4, d(BH4)3, and Na, KBH, represents a use- 
ful point of departure [16,18,19]. Solution infrared 
and crystal Raman spectra of Ln(BH,& have been 

studied in the terminal and bridge hydrogen stretching 
regions (2000-2600 cm-t). If a system is covalent - 
with three hydrogen bridge bonds per borohydride 
group (Zr, Hf. U, Th@Q)4) this region shows one 
peak at ca. 2600 cm-t and2atca.22CMcmcm-t;ifa 
system is covalent with 2 hydrogen bridge bonds per 
borohydride group [Al(BH4)3 and solid Th, U(BH4)4] 
this region shows 2 peaks at IX. 2600 cm-l and 
2 peaks at ca. 2200 cm-l; and if a system is ionic 
(BH4 hydrogens equivalent like Na, KBH4) this spec- 
tral region gives a single broad featureless peak. Rare 
earth borohydrides show a single peak at 2450 cm-1 
and a doublet at 2185 and 2225 an-l, all three of 
which are rather broad. This indicates a much more 
covalent structure than Na. KS% and a slightly less 
covalent structure than Th(BH,),. 

Based on this rather weak vibrational evidence, and 
low vapor pressure, one would expect a polymeric or 
site-bridging structure in the solid, as is found in Th, 
U, Np(BH&, with mixed double- and triple-hydrogen 
bridge bonded borohydride groups. The double bonded 
BH4 groups would bridge two sites and the triple 
bonded BHq groups would be one-site terminal groups 

[171- 
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Table 5 
Relative intensities of selected vibronic features of pure crystal Er@&)3-3THF at 1.6 K 

LSI Vacuum cortccted Assignment a) Rehtiveb) LSI Vacuum corrected Anignmcnt a) 

manifold frequency (an’*) intensity manifold frequency (cm-‘) 

label label 

Rehtiveb) 
intensity 

4bA 12368.3 
12452.4 
12530.4 

12462.7 
126015 

1258.1 
12699.4 

.FS%Z 15206.6 
15482.6 

15237.7 
15405.5 
15642.5 

15286.4 
15423.0 
15512.2 
15688.3 

15299.1 
15605.6 
15702.1 

15338.8 
15453.3 
15743.2 

15359.9 
15473.0 
15662.3 

- 15762.8 
15387.8 
15501.8 

15414.8 
15529.7 
15815.6 

origin BlOD 
Bl(II)+q 
BI Ob+v3 
origin&O 
BzO+vz 

origin B3O 
B~(l)+vt 

ori@nDtO 
Dt(Ul+~t+~3 

ozigin Dt(D 

Dim+- 
D1O+v4 

origin D2(D 

Jh0+9 
Dz(I)+2 X ut 
Dz W+v4 

origin D2(lD 
DZ(in+Q+v, 
&(ln+v4 

origin D3(0 

Ds(D+q 
D3(l)+w 

origin D.t (I) 

D.W+q 

b(r)+vZ+v3 
D40+~4 

origin D,(H) 
DsCID+w 

origin D40D 
D~CLD+Q 
D4ODfv4 

.s3n 18380.9 origin Et(I) 
18494.9 EtW+vt 
18549.4 h(I)+9 
18654.7 EI(I)+YI+YB 
18686.0 EI(I)+Q*~~ 
18782.0 Elm+v. 

10 
10 

5 

10 
5 

10 
2 

10 
10 

10 
8 
1 

10 
8 
1 .FsfZ 
1 

10 
1 ‘Hqn 
1 

10 
8 
1 

10 
1 
2 
2 

10 
1 

10 
1 
2 

10 

Cl 
1 
1 
2 

19008.4 
18399.7 
18511.0 
18536.7 
18625.8 
18673.1 
19707.4 
18804.5 
19026.4 

18452.8 
18592.2 
18617.8 
18759.0 
18858.0 

22127.3 
22241.4 
22287.4 

24465.1 
24579.6 
24605.6 
24627.7 
24741.7 
24907.0 

24481.2 
24594.0 
247099 
24937.4 
245 10.4 
24648.9 

24528.4 
24694.3 
24828.4 

24752.8 
24868.0 
24892.1 
24981.7 

24782.0 
24952.4 

E,(D+vs 1 

origin Ez (1) 10 

ho)+vl 1 

Ezw+uz Cl 
&(1)+2x u, 2 
E2O+Yt+Y3 1 

Ez(I)+9+uo 1 

EZm+v. 3 
Ez(r)+Q 1 

origin E,(lI) 10 

El crn+u2 2 
El W-I+Y~ 1 

E1(ll)+vz+v3 1 

El(ln+v. 1 

otigin HI(U) 10 
HtOn+v~ 200 
H~ffO+vs 50 

origin Kt 0 10 
KI O,+~I 1 

KIW+~Z 1 
K1(l)+v3 3 

KIO+VI*YB 1 
Kt(I)+~+2Xvg <l 

origin KtO 10 

KI(II)+vI 3 
Kl(ll-)+2xvt Cl 
Kt(ID+Vt+Z x Yj <l 

originK2O 10 
K20+~2 10 

origin K30) 10 

K3O+va 2 
K30+~+~3 <I 

origin K30D 10 

K3flI)+v2 1 
K3(IT)+v1 1 
K3(U)+2Xut <l 

origin K40 LO 

Kgo+v3 <l 

a) See table 2 for numbering of vibrations. 
b) Relative intensities ate much better within a given manifold than between manifolds. They arc probably at best good to roughly 

10%. 
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Table 6 
Overali splitting of /-manifolds and Mmparison with EI*~/LICI~ and EI+‘/Y~OJ at 1.6 K 

LSI manifold 
label 

Overall splittings (cm-‘) 

Er(BH&.3THF EI+~/L~(BH~)~*~THF Er+x/Lxlr a) ti+/Y,olb) 

Set I Set II 

419A 
4F9rz 

4SiA 

4H llrz 

4bLl 

4F~n 

4F3r2 

‘H912 

4G IIn. 

‘G9n 

289 c) 
122 c) 

19 

126 

37c) 

1oc) 
20 

63 C) 

298 c) 
a2 c) 

369 C) 187 155 

21ac) 104 65 

20 35 24 

19 c) 193 c) 43 c) 

188 c) 91 71 c) 
16Oc) 5% 16 
22 20 30 

301 c) 36 C) 100 
385 c) 290 c) 139 
144 c) 72 24 C) 

280 
316 

aa 
214 
229 

126 
166 

244 

36R 

a) F. Varunyiand G.H. Dicke, J. Chem. Phys. 36 (1962) 295 1. 
b) P. Kisliuk. W.F. Krupke and J.B. Gruber. J. Chem. Phys. 40 (1964) 3606. 
c) incomplete group. total splitting of known levels is given. 

Table 7 
Ionic radii of vtious ions of interest [source: Handbook of Physics and Chemistry, SOti Ed. (CRC Press, Cleveland. Ohio. 1970) 
FlS2) 

Ion 

SC+3 Y+a La+’ Sm+3 cd+3 Es+’ 21-J la-+-J -I-h+4 u* 

Radius 0.732 0.893 1.016 0.964 0.938 0.881 0.79 0.78 1.02 0.97 
(in A) 

4.4. Structure differences 

It is initially quite surprising to find a structure 

difference across the lanthanide series for compounds 
with such complex ligands (BH4 and C4 H80). The 
only other compound for which a change in structure 
is known is LnC13. A structural change has been noted, 
however, for Sc(cpd)3 and Sm(cpd)3 [4,6]. The ionic 
radii fnr pertinent ions are given in table 7. The cause 
of this structure variation is most likely associated 
with size relationships (LzI+~ is much larger than Gd+3, 
Er+3, Y+3 which are all about the same size), but why 
for borohydrides and not, for example, hydrated 
chlorides or ethyl sulfates, or double nitrates, etc., is 
not obvious. A fuller discussion of this point must 

await the more complete crystal study. In this regard, 
the synthesis and structure determination of SZ(BH~)~ 
would be quite interesting. 

As mentioned above, it was not possible to grow 
crystals from diethyl ether or MeTHF. It appears that 
THF is an essential feature of both structures and 
that THF packing, interfered with or prevented by 
the bulkier methyl groups, is an irnportan~ considera- 
tion for both crystal configurations. 

An additional useful tool for understanding struc- 
ture and bonding in these systems will be magnetic 
resonance since both ions and ligands possess nuclear 
moments. Such studies are commencing presently in 
our laboratory. 
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