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Abstract

The actinide borohydrides of Pa, Np, and Pu have been pre-
pared and some of their physical and optical properties measured.
X-ray powder diffract.on photographs of Pa(BHu)« have shown that
it is isostructural to Th(BHu)s and U(BHu)v. Np(BH4)s and
Pu(BHy)y are much more volatile than the borohydrides of Th, Pa,
#znd U and are liquids at room temperature. Results from low-
 temperature single-crystal x-ray diffraction investigation of
¥p(BH4),; show that its structure is very similar to 2Zr(BHu)s.
With the data from low-temperature infrared and Raman spectra, a
normal coordinate analysis on Np(BH4)y and Rp(BDy). has been
completed. EPR experiments on Np(BH,)y/Zr(BHs)4 and Np(BDy)4/
Zr(BDy), have characterized the ground electronic state.
Introduction %

Four of the seven known metal tetrakis-borohydrides--2r, Hf,
Th, and U borohydrides (1,2)--were first synthesized about 30
years ago during the Manhattan project. They were found to be very
volatile and reactive compounds. In recent years, much structural,
spectroscopic, and chemical studies were dome on these molecules.
New tetrakis-borohydrides of the actinides Pa, Np, and Pu have re-
cently been prepared by analogous reactions used in the syntheses
of U and Th borohydrides (3). The Pa compound, Pa(BHy)., is iso-
morphous to and behaves like U(BH4 )¢ and Th(BH,). while x-ray
studies on Np(BH,), and the isostructural Pu(BH.):. have shown that
they resemble the highly volatile Zr and Hf compounds both in
structure and properties. All seven compounds contain triple
hydropen bridge bonds connecting the boron atom to the metal.

‘The 14 coordinate Th, Pa, and U borohydrides (4), in addition,
have double-bridged borohydride groups that are involved in link-
ing metal atoms together in a low symmetry, polymeric structure.
The structures of the other four borohydride molecules are mono-
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meric and much more symmetrical; the 12 coordinate metal is sur-
rounded by a tetrahedral array of BHS groups (3,6,7).

In an effort to understand the energy level etructures of
actinide 4+ ions in borohydride environments, optical and wmagnetic
measurements have been initisted. Spectra of pure Np(BH4)s and
Np(BDy)y, and these compounds diluted in single-crystal host
natrices of Zr(BH,), and Zr(BD,),, respectively, have been
obtained in the region 2500-300 mm at 2K. The covalent actinide
borohydrides display rich vibronic spectra (8) and assignment of
the observed bands depends on a knowledge of the vibrational
energy levels of M(BH4); molecules. A normal coordirate analysis
derived from low-temperature infrared and Raman spectra of Np(BH.)«
and Np(BD,), was undertaken to elucidate the nature of their
fundamental vibrations and overtones. Electron paramagnetic
resonance (epr) spectra of Np(BH,), and Np{BDy), that characterize
the ground electronic state have been obtained in a number of host
materials. Optical spectra of Pa(BH,), and Pa(BDy)y isolated in
2n organic glass were obtained in the near infrared and visible
regions at 2K. This paper will summarize our progress tc date
on these studies.

Experimental

Preparation of Borohydrides. Metal borohydrides are very
chemically reactive and most of them are pyrophoric in air. The
syntheses of the compounds and all manipulations with Al, Zr, Ff,
Np, and Pu borohydrides must therefore be performed in a grease-
free high-vacuum line. Work involving the less wolatile Th, Pa,
and U borohydrides can also be done in argon-filled dryboxes.

A1l actinide borohydrides are mude by reacting the anhydrous
actinide tetrafluoride with liquid A1(BH4)3: in the absence of a
solvent in a sealed glass reaction tube. The basic reaction
equation is:

AnF, + ZAl(BHl.); -+ An(BH,), + 2A1F,BH,.

Purification of the desired product is accomplished by sublimation
vhere only the unreacted A1(BH4)3; and An(BH,), are volatile. The
large difference in volatilities of these compounds permit easy
separation. Th(BH,), and Pa(BH,), are obtained on a 0° cold
finger by heating the solid reaction mixture to 120° and 55°,
respectively. uianium, neptunium, and plutonium borohydrides
sublime at room temperature and are collected in a dry ice trap
through which the A1(BH,)a passes into a liquid nitrogen trap.
The stabilities of the actinide borohydrides dictate the type of
reaction conditions needed for successful preparation. The
polymeric compounds are stable st room temperature and their
syntheses are carried out at 25° for about five days. Np(BH4)
and Pu(BHy), are unstable at room temperature and require that
the tetrafluorides react at 0° for only a few hours. These two
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borohydridel sust be ltoud at dry-ice or liquid-nitrogen temper-
el be. 2r(Biy)s used in expériments
sinilaily to U(BH,)s by rescting

described here was prepa;
Naz2rFe with AL(BH,);.

Preparation of Borodeuterides. All glassware which contacts
the borodeuterides had been previously paséivated with BaD¢ or
treated with D20 and then baked out tbomghly uidér vacuums., The
borodeuterides of Th, Pa, and U are prepaud as described above
using AL1(ED4)s as the souréa of BDy. The high volatilitles of
the covalent borohydrides aliow their deuterated analogs to be
prepared by a more satisfactory method that utilizes the R+ D
exchange property of these molecules with deuterimm {9). If the
D2 gas is maintained in large excess, the extent of equilibrium
will give the fully deuterated product in high yield. In a pasei-
vated glass bulb, a mixture of the borohydride vapor and 1 atn of
D2 gas was allowed to stand for a few days at room temperature.
After freezing out the products at -78° and evacuating, another
volume of D; was added and the exchange reaction continued. Three
cycles were sufficient to give the metal borodeuteride having an
. isotopic purity as high as that of the deuterium used (99.72).

An attempt to prepare Np(BTx)s using the sbove method
resulted in the decomposition of the borohydride due to the
extremely high radiation field of the rz gas (66 Ci) and no vola-

tile Np compound was recovered.
. The vapor pressure of Np(BH,), was determined as a function
of temperature using a Bourdon gauge (5). The data for the liquid
and solid shown in Figure 1 were used in calculating thermod;namic
quantities of the actinide borohydrides given in Table 1. A
single crystal x-ray study (5) was carried out for Np(BH.), at
130K. Its structure is shown in Figure 2,

Gas-phase infrared and low-temperature solid-state infrared
and Raman spectraz were obtained for Wp(BHa)s and Rp(BD4), from
2.5 to 50u. Assigmments were made of the observed bands and the
fundamental frequencies were fitted to calculated values in a
normal coordinate analysis (10).

Electron paramagnetic rescnance spectra were taken of
Np(BHs )+ /2r (BH, ), and Np(®Dy)./Zr(BD,); mixed crystals at X, K,
and Q bands. Spin Hamiltonian parameters were found by a least-
squares fit of the data.

Electronic spectra of Pa(BHy)y and Pa(BDy)s in an organic
glass were obtained at 2K from 2200 nm - 300 nm.

Results and Discussion

The crystal structure of U(BH,), has been examined by single
crystal z-ray (4b) and neutron diffraction techniques (4a). Much
like the bonding in the well-known boron hydrides (1l1), this metal
borohydride exhibits hydrogen bridge bonds that join the boron
atom to the metal. In U(BHs)s, there are two tridentate and four



boron atom. The bidentate bridge bond links ome boron atom to two
metal atoms thr gh two doublc-hydrogen—bridge bonds, resulting
in a helical polymeric structure.

Low-teiipératuré x-ray powder diffraction photographs(3) of
Np(BH,), and Pu(BH.): revealed that they are isostructural and of
a unique structure type. The structure of Np(Bily), was determined
by a low-temperature, single-crystal x-ray study at 130K (5). The
borohydride moleciules are monomeric and crystallize into the
tetragonal space group, Plozlnnc, where a = 8.559(9) A
c = 6.017(9) A, and Z = 2.“ The four terminal, tr:l.ply-br:l.dged
borohydride groups are bound to the Np atom w:l.th Np-B distances
of 2.46(3) A. Although the hydrogen atom: were observed in the
Pourier maps and refined, values of the Np-Bb bond lengths,
2.2(5) A, had large standard deviations. No evidence was found
for symmetry lower than T4 for Np(BHa)s.

. The molecular structure of Np{BH4)4 is illustrated in the
ORTEP diagram shown in Figure 2.

Structural studies on Zr(BHu), (6) and Bf(BH4)s (7) have
shown that these molecules are monomeric and crystallize into a
cubic lattice with molecular structures very similar to those of

" Np and Pu borohydrides.

Some of the physical properties of metal tetrakis—-boro-
hydrides, which are primarily determined by their solid~state
structure, ave listed in Table 1. The polymeric Th, Pa, and U
borohydrides are of much lower volatility than the monomeric Zr,
Bf, Np, and Pu compounds. The intermolecular bonds conmnacting
nolecules together decrease their volatility substantially since
these bonds break when the solid vaporizes (12). A plot of
log p(mmHg) vs 1/T yields the equation log p(mﬂg) m -A/T + B,
where T ie in K. Vaiues of A and B allow the calculation of the
heats (AH) and entropies (AS) for phase-change processes as shown
in Table 1. The actinide ions in the polymeric compounds are l4
coordinate; however, in the gaseous state they are 12 coordinate
2.

The free energy for the structure transformation at 290K
described by the equation

U(BH4)» (solid, 14 coordinate, 4 double hydrogen bridge
bonds, 2 triple~hydrogen-bridge bonds)

+ U(BK) )4 (s0lid, 12 coordinate, 4 triple hydrogen
bridge bonds)

can be estimated. AH and AS values for a 12 coordinate U(BH,),
structure were obtained by an extrapolation of the measured
quantities for HEf(BHi)s and Np(BHy)y vs metal ionic radius.
Subtracting these derived U(BH.), values from the corresponding



measured ones gives the héat of transformition (4.5 Kcal/mol) and |
entropy of the transformatién (6.5 cal/mol degrs¢) of the 14 co-
ordinate to the 12 coordinate structure for U(BHe)s. Using the
squation AG = AH ~ TAS; AGC is: found to be 42.6 Kcal/mol. This
value can be compsred to the free emergy of au exchiiije process
involving the bridge and tersinal hydrogen atoms in #olution for
(CsHs) sUBH, where AG* = 5 Kcal/wol at the coalescencé temperature
of =140 * 20°C (13). The calculated value for the spontaneous
transformation of the 14 coordinate structure to the 12 coordinate
structure is “700K.

In addition to low vapor pressure, high melting points and
low solubility in noncoordinating organic solvents are character-
istic of the polymeric borohydrides. In contrast, Zr, Hf, and Np
borohydrides melt around room temperature and are highly soluble
in pentane.

Vibrational Spectroscopy. In spite of their complex molec—~
ular frameworks, the monomeric borohydrides display surprisingly
- simple vibrational spectra due to their high symmetry (I4), which
requires that many fundamental vibrations be degenerate. Normal
coordinate analyses have been carried out for 2r(BHy)s (14) and
Hf(BH,)4 (15) and a similar study was completed for Np(BH.)4 in
order to compare vibrational energy level structures and elucidate
the nature of the fundamental vibrations of Np(BHi), (10).

Table 2 lists the measured frequencies. The appendix compares
our notation to that of earlier work (7b,15). Unless otherwise
specified, the lip isotope is implied.

A tetrahedral M(BHy), molecule has 57 normal modes of
vibration which are divided into five symmetry types, 4A: + A2 +
5E -+ 5T3 + 9T2. The nine T; modes are infrared active and the
4A; (polarized), 5E, and 9T modes are Raman active. Those
vibrations of T and A; symmetry are both infrared and Raman
inactive.

VBH, stretching motions transform as A1 + T2 and these are
seen in the highest frequency regions 2600-2500 cm~! (1950-1900
cn™!) for the borohydride (borodeuteride). The 12 BHy, bonds
(stretches) transform as A; + E + T; + 2T, and modes involving
these coordinates occur at 2200-1900 cm~' (1600-1500 cm™'). The
next region of fundawental activity, 1300-1100 cm~' (1000-.800
cm"'), consists of normal modes cowposed of VMH, stretches and
SHBHl bends, with each symmetry equivalent set classified as
Ay + E + T) + 2T2. Modes consisting mainly of VMB stretches ocrur
at lower energies, 600-450 cm~' (500-400 cm~'). The lowest
frequency vibrations are observed below 200 cm~' and involve SHMH
and 6BMB bends. In addition to the fundamental vibrations, over-
tones and cembination bands are also seen. Peaks due to '°B and
M (in the deuteride spectra) are resolved in the solid-state,
low-temperature spectra.

The gas-phase infrared spectra for Np(BH,), and Np(BD.),
are shown in Figure 3. The frequencies and assignments for the




bands, are given in:Table 2. The solid-state apactra show many
more bands and it'.is.from these that' a normal cooidinate analysis
vas carried out:

A -odifild valence. force field using the force constants
and - interial:coordinates-listeéd in Table 3 gave the calculated
f:equencins showii with the cozresponding observed ones in Table 4.
The force constants afe very similir to those used in Zr (BHy) s
and Bf(BH,)s even though the force fields ate: slightly different.
The significant VMB force constant implies that thére may be some
direct metal-boron bonding in these borohydrides. The force field
obtained for Np(BHy)y is consistent for a molecule intermediate
in covalency between that in-diborane (16) and the alkali boro-
hydrides (17). .
. |

Electron Paramagnetic Resonance. EPR spectroscopy ‘involves
transitions within the magnetic sublevels of the ground electronic
state of a metal ion in the GHz energy region. The “Iss2 ground
state of the Np“+ ion in a T3 crystal field of the form

v = 8,1c+ 5n0%c+ ¢ + 3,1c®- 1723+ )

splits into an isotropic I's doublet and two anisotropic Is
quartets. Isotropic spectra for Np(BHy), and Np(BD,), establish
the T's level as the ground state. The spin Hamiltonian describ-
ing the system 1is

X = AI+S' + gBH-S' - gIBH-I ’ :

where A is the hyperfine coupling comstant, I = 5/2 for 2"Np

and S' = 1/2.  The calculations were carried out using |F, mp)
basis sets where F = I + §'. Ia zero magnetic field there are two
states, F = 2 and F = 3, that are separated by 3A. When t"e
magnutih field 1s turned on, each of these two states spliis into
(2F + 1)[ } levels as shown in Figure 4 vwhere A is assumed posi-
tive, The arrows in Figure 4 represent observed allowed transi-
tions.

Results of least-squares caleuwlations of the data to the
spin-Hamiltonian above are shown in Table 5. The Np(BHy)y/Zr(BHy)
apectra gave relatively broad resonances compared to the deuteride
and a reliatle g, value could not be found. Inclusion of a non-
zero gy value in the calculations of the deuteride data improved
the £it even though it was cal..lated to be very small. However,
the significance of this improved fit must be tested further.
Similar trials on the hydride data gave poorer fits.

The experimental g value is lower than cslculated from LLW
wavefunctions (17) (n2.7), which may indicate that covalency (19)
or Jahn-Teller (20) effects may be important.

Electronic Spectra of Pa(BH.).. Cary 17 spectra of Pa(BHy)y
and Pa(BDy)y in an organic glass at 2K are shown in Figure 5.




In liquid solution at 25°C, the dissolved Pa(BHy)s is monomeric
and of Ty symmetry., Under these conditions there ire five crystal
field levels: Ty, Ty, and Iy, I}, T} of the 2Pgia (SIOund) and
2pis2 levels: Poliit chirge calculations (20) give the I'y(*Fss2)
level as the ground stite.

Keiderling (7b) has observed that when U(BH,)4 dissolved in
an organic sclvent is cooled to 2K, the mMonomeiic Tq structure
transforms back into the polymeric structure. Althovgh it is
tempting to &ssign the observed baids based upon the tetrshedral
structure, definite conclusions must await comparison with pure
Pa(BH,), spectra.

Rear infrared and optical spectra have been obtained for
Kp(5Hu)s and Np(BDy)s diluted in Zr{sHy)y, Zr(BD4). and methyl-
cyclohexane at 2K, The spectra are dominited by vibronic ;
transitiona and the analysis of the data ‘s now underway.

Summary

The actinide borohydrides Pa(BH,),, Np(BH,),, and Pu(BH,),
have been synthesized. The structure of Np(BH.)s has been studied
by single-crystal x-ray diffraction and found to be similar in
structure to Hf(BH4)y4. A normal coordinate analysis on Np(BH,).
was completed using IR and Raman spectra. The electronic ground
state of Np(BH4)4 has been characterized by EPR spectroscopy.
The elactronic spectra of Np(BH,), and Pa(BH,)s are under
investigation.
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Table 1
Physical Properties of Metal Tetrakis-Borohydrides

Property Th(BH-.):.a U(BH:.)-.E Hf(BH..).,a Zr(BH:.)ua Np(BKu)uc
Crystallographic space group P432,2 P432, Zd Pzame PTBm( P4z /nme
(tetragonal) (tetragonal)  (cubic) (cubic) (tetragonal)
Solid-gtate structure polymeric polymeric monomeric monomeric monomeric
Density in the solid state(gm/cc) 2.53 2.69 1.85 1.13 2.23
Melting point €C) 2039 1269 29.0 28.7 4.2
Boiling point (") extrap. - - 118 123 153
Vapor pressure (mmHg/°C) 0.05/130 0.19/30 14.9/25 15.0/25 10.0/25
Liquidh a - - 2097 2039 1858
Liquid B - - 8.247 8.032 7.24
solidh A - 4264.6 2844 2983 3168
Solid B ] - 13.354 10.719 10.919 11.80
Heat of sublimation (Rcal/mol) 21 19.5 13.0 13 5 14,5
Heat of vaporization (Kcal/mol) - - 9.6 9.3 8.5
Heat of fusion (Kcal/mol) - - 3.4 4.3 6.0
Entropy of sublimation (cal/mol®) - 61.1 49.0 50.0 54.0
Entropy of vaporization (cal/mol’) - - 37.7 36.8 33.1
Entropy of fusion (cal/mol’) - - 11.3 13.2 20.9
Solubility in pentane insol slight high high high
TRef. 1 CRef. 7
Ref. 2 6Ref . 6
CRef. 5 9w1:h decomposition

ef. &4 h‘Log p(mnHg) = -A/T + B
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Table 2
Observed Bands in Gas-Phase IR Spectra of Np(BHy), and Np(BDsy)s

Energy (cm™!) Assignment ::z::li‘::tes Comments
Kp(BHA)s
2568 \)?z VBH, strong
2480 2v1?, 2972 weak, v.br.
2350 viZg Vi weak, br.
2155 \gz vBHb strong
2130 2032 sh on -vi?
2084 v?z vBHb strong, sharp
1280 sh on viZ,vi2
1240 \,Ez' \,Ez SHIBH,\)MHb strong, broad
1205 sh on v3Z,vi2
1122 vaz SHBH,VMH,  mediun, sl.br.
1080 viz_yE sh on viZ
478 \)'Ez VMB, \)MHb strong
Np(BDy)y
1930 v1°BD_ sh on v}2
1922 viz VBD, strong
1605 203! * medium
1562 v°%p, sh on v3?
1558 viz % VBD, strong
1526 V?a \)BDb stroung,sharp
1190 ) SHBD v.weak, br,
928 \)’il:z,v?? GDBD,\)MDb strong, sl.br
845 vi? 8DBD, ID, weak, br.
437 v?’ VMB, \’MDb etrong

In the table: br = broad, sh = shoulder, sl = slightly, v = very,
“b = bridging hydrogen, Ht = terminal hydrogen. (See Appendix
for description of notation)

*These two bands are apparently in Fermi resonance.


http://sl.br
http://sl.br

Table 3

Best Fit Force Consiants for Solid Neptunium Borohydride at 77K

Primary Force Constants Interaction Force Constants
Internal cooxdimate Value Inteznal coordinates Value
VBH,_ 3.51 md/A VBH, :VEH, (intra) .04 md/A
VBH, 2,36 VM, :\'M‘l-lb .02
vm-lb .37 VMB :Gﬂbmlb =,09 md/rad
vMB 1.28 vBHb:SHbBHb (intra) .04
6H, BH, .28 mdA/rad® Vi 1 SH M, .04 =
GHbBHb .36
GHb“ I.D(ca) .26
eHbBHE .18%

* Thie force constant was srbitrarily set at .18 since this depends almost solely
on the A,‘ torsion mode, which 1s not observed.
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Table 4
Fundamental Vibrations (c-l) of Np(mb) 4 Np(mb)ﬁ

No(BH) Np(2D,),

Mode  gpgerved Calculated  Observed Calculated
v 12 2551 2557 1912 1911
v 12 2143 2144 1548 1603
v T2 2069 2078 1516 1485
v T2 1247 1266 926 897
vsT2 1225 1223 917 895 -
vg T2 1138 1104 860 824
vy 12 - 575 437 447
veT2 475 488 - 415
Vg T2 130 156 112 139
vt 2557 2554 1913 1905
v 2149 2147 1517 1523
v, 1283 1284 955 953
v, A 517 517 475 466
wnE 2123 2117 1619 1589
voF 1260 1270 905 899
v,E 1053 1089 795 807
v,E - s - 413
vsE 168 142 156 125
v 1! — 2116 - 1587
Vo1 - 1256 - 889
voll - 1086 - 810
w11 - 565 -- 405
vsT? -— 505 - - 288

Az - 258 - 204
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Table 5

Electron Paramagnetic Resonance of zs’lp(nﬂ‘)‘ und 237&)(!1),.) 4

X = AL.S' + g8S' - g BT S1o/2

Spin Eamiltonian Parameters

-1
(Al (ex™) s 8y
Np(eH,), L1140 * .001 1.894 * .002 0
Np(BD,), .1140 * 001 1.892 + ,002 .0062 * .002

Observed and Calculated Field Values (gauss) at K Band

Np(BHl.)l. llp(ll\l)")6
Vv = 25,986GHz VvV = 24,235GhHz

Observed Calculated Observed Calculated

6355.6 6355.8 5683.1 5613.1

7295.0 7294.3 6596.0 6595.8

8406.0 8405.7 7695.0 7694.3

9700.0 9700.2 8991.0 8991.4
11177.0 11178.1 10487.6 10487.1

12829.6 12828.7 12167.9 12167.6




Figure Captions

Figure 1.

Figure 2.
Figvre 3.

Figure 4.

Figure 5.

14

Vapor pressure vs 1/T for Np(BHs)s. Thr open circles
tepresent data of the 1iquid and the solid circles
are those for the solid.

ORTEP diagram of Np(BH4)4.

Gas phase infrared spectra of Np(BHs)s and Np(BDy)4.

Observed allowed epr transitions for Np(BH4)./

Zr(BH,)s. X band —-—. K band

Q band -~

Optical spectra of Pa(BH4)s and Pa(BDy), in methyl-

cyclohexane.
band.

S above a peak represents a solvent
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