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Abstract

New tetrakis-borohydrides of Pa, Np, and Pu have l.:en synthesized
by similar reactions as those used in the preparation of thorium and

uranium borchydrides,

AnF, + 2A1 (BH,) 3 - An(BH,)y + 2A1F,BH,; An = Th - 2u.

The crystal structure of Pa(BHi)4 is isostructural to those of
Th(BH,) « and U(BHy)4 and is of the tetragonal space group P432,2, where
a=7.53 (3) &, ¢ =13.22 (5) &, and 2 = 4. Its calculated density is
2.57 gmeni3, Pa(BH,)s is an orange, air-sensitive compound which is
soluble in THF and sublimes at 55° in vacuum.

Due to the thermal instabilities of Np(BH.)4 and Pu(BH4)4, their
reaction temperatures are maintained at 0° and the compounds must be
stored at low temperature. Neptunium and plutonium borchydrides are
pyrophoric liquids and are very soluble in organic solvents. The vapor
pressure of Np(BH,),, 10 mmig/25°, was measured as a function of temper-
ature in tha range of -5 to 25° and is described by the equations,
log p(milg) = ~3168/T + 11.80 (solid) and log p = =-1858/T + 7.24 (liquid),
where T is in degrees K.

* Lawrence Berkeley Laboratory, University of California, Berkeley,
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Low tenmperature Xray diffraction studies have shown that Np(BHu)s
anl Pu(BH,), are isomorphous and exhibit a unique crystal structure
which is very similar to that of 2r(BHy)us. The details of this new
structure were determined by-single crystal Xray diffraction methods
at 130K for Np(BHy)s4. Neptunium borchydride is monomeric and crystal-
lizes into the tetragonal space group P4d;/mrc, where a = 8.559 (9) A,

c =6.017.(9) &, and Z.= 2. The 12 coordinate Np atom is triply hydro-
gen~bridged bonded to four terminal B growps disposed tetrahedrally
arouwnd it giving Np-B distances of 2.46 (3) &.

Solid-state, low temperature infrared (25-7400 cm™!) and Raman
(100-2600 cn™!) spectra were taken for Np(BH.), and Np(BDy)y. A nor-
mal cocrdinate analysis was carried out using the assigned fundamental
frequencies cbtained fram the spectra and determined a reasonable set
of force constants- and calculated values for the frequencies of the un~
cbgerved T; modes. ‘Based on results of the analysis, isotopic inpurity,
overtone, and conbination bands were identified in the infrared spectra.

Electron paramagnetic resonance spectra of Np(BHy)./Zr (BH,), and
Np(BD,) 4/2r (BDy) » at X, K, and Q bands have established the ground elec-
tronic states as I¢(*Is/2) having g values of 1.894 (1) and 1.892 (1),
respectively. .The hyperfine coupling constant was found to be large,
|a] = 1140 + .00L c™? for both isctopes.

_.Optical abeorption spectra of pure Np(BHy)s, Np(BD4)s, and these
compounds diluted -in;2r (BHy) 4 and Zr(BDy) single crystals were cbtained
at 2,.77; and 300K in the region 300-2500 nm. Although the other pure




electronic transitions were not assigned, the trensition I's (“Iszz) +
Ts) (*I1,/2) and its acconpanying vibronic bands have been assigned,
based on the results of the normal coordinate analysis and crystal
field energy level calculations, Similar spectra of Pa(BH)., and
Pa(BDs)y in an organic glass have been taken and a preliminary analysis
of the spectra is given.
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Chapter 1
SYNTHESIS AND CHEMISTRY
OF

P~ BHy)y, Np(BHy)y, AND Pu(BH,).

Introduction

The first volatile metal korohydrides, Be{BH,),> and AL(BH,) s,
were prepared around 1940 by the reaction of Be(CH3)» or Al(CH;)3; with
BzHs. This procedure proved to be very tedious however, and in 1953
Schlesinger et al.3 reported a more facile method using the metal halide
and an alkali metal borohydride. The most popular method is the reaction

of the metal chloride with lithium borohydride,
M:lx + xLiBH, - M(Bliu)x+ + XLiCl; x = 2,3,4 (1)

Since that time many other metal borohydrides were synthesized by
Bq. (1) including the very wolatile Ti,? zr, and B£® borohyarides, and

7,8 Tetrahydrofuran adducts of the

same of the d-block metal compounds.
lanthanide tris-borohydrides were made by Za.nge9 who reacted the anhydrous
lanthanum trichlorides with a solution of diborane and THF. The only
synthesis of an actinide borohydride by Eq. (1) is Th(BH.).+2THF, which
upon heating in a vacuum gives the free tetrakis-box:!::hydride.lo
During the time of the Manhattan Project, thz:)rium4 and uraniumll

tetrzkis-borohydrides were prepared by a different reaction which involves



the actinide tetrafluoride and Al(BH.)s:
AnFy + 2Al1(BH4)3 -+ An(BH4)4 * + 2A1F,PH, (2)

Many other procedures were found unsatisfactorylz(a) but U(BHu)4 was
reported to be synthesized by Eq. (1) in a vacuum ball mill.lz(b)
These actinide borchydrides are among the most volatile compounds

10,13

of uranium and thorium. They form numerous ccordination and organo-

actinide borohydride c:cwple:&cmz14 which recently have been the subject of

many stn.lctura113’ 15,16 14(a),17

and spectroscopic studies.

The new actinide (IV) borchydrides, Pa(BHy),, Np(BH4)u, and Pu(BHy),
have been synthesized and details of the experimental procedures and
same of their physical properties are given in this chapter. A few mis-
cellaneous reactions involving these compounds are also discussed. Before
the syntheses are described, a summary of same of the properties of acti-
nide borchydrides is given.

There are two structural types of actinide borochydrides, polymeric
and monomeric, which require different handling methods since their physi-
cal and chemical properties are very dissimilar and are treated separately.
Specific experimental techniques and apparatus, however, are described
later in the appropriate chapters.

The first three actinides Th, Pa, and U form polyreric tetrakis-
borohydrides. The most cbvious characteristic distinguishing them from
the monomeric camounds is their relatively low volatility. Vapor pres~

sures of the solids increase smoothly from Th(BH.) . to U(Bl-l..)..;l8



4 \hile U(BH,), sublimes

Th(BH,), requires heating to 120°C to sublime,
slowly at room temperature. Sublimation is nearly quantitative and is
recommended immediately before use to insure high purity. Thorium and
uranium borohydrides can be handled and stored in oxdinary inert-atmos-
phere dryboxes but the high radicactivity of Pa-231 requires the use of
special dryboxes designed for active materials.

Since all actinide borohydrides are extremely reactive, especially
towards oxidation, only the most nonacidic organic solvents can be used.
Due to the polymeric structures, Th and Pa borohydrides are virtvally
insoluble in nonpolar, aliphatic hydrocarbons (U(BH,), is slightly sol-
uble) but are quite soluble in coordinating ethers. The solvents must
be thoroughly dried, usually by refluxing with Na/benzophenone and then
degassed. When making solutions of low concentration, such as that for
spectroscopy, much more care is necessary in insuring that the solvents
- are campletely dry.

Thorium borohydride can be separated from the coordinated ethers by
heating and pumping. 10 However, uranium borohydride decamposes under
these conditions and the ethers cannot be removed. 13 Unsaturated and
other hydrocar’ons containing atams besides ethereal oxygen give decompo-
sition within a week or two. It is never wise to store any metal boro-
hydride in any' solvent for long periods as decomposition will inevitably
occur.

Thermal stability is another important difference between the two
types of actinide borohydrides. Unlike the monomeric compounds, the
polymeric ones are thermally stable at room temperature. Uranium boro-



hydride has been cbserved to show signs of degradation after long periods
in the form of surface discoloration, ! but this is probably due to
traces of O; or H20. Pa(BH.), turns black after a month, which is most
likely caused by radiaticn damage. Above the sublimation temperature,
thermal decamposition is very noticeable and H; and B:H; are evolved.
At temperatures greater than 200° -~ 300° total decomposition takes place
rapi dly.4'11

Disposing of urwanted material is acoonplished by carefully condens-
ing methanol onto the borohydride before admitting air and then finally
washing with water and dilute HCl.

The two monomeric actinide compounds. Np(BH.), and Pu(BH,),, are
pyrophoric arnd much more volatile than the polymeric borohydrides, There-
fore, they must be ccntfined to a high~vacuum line employing grease-free
stopcocks and Viton or Teflon O-ring connections. The borchydrides
easily sublime at 0° and quantitative amounts of material are transferred
using known vapor pressures.

The absence of polymeric chains holding molecules together makes
Np(BH,) , and Pu(BH,), very soluble in paraffinic hydrocarbons such as
pentane and also in coordinating ethers. Standard solvent-drying methods
seem to be inadequate unless undue care is taken and very concentrated
solutions are prepared. Thorough drying is successfully achieved by
mixing the predried solvent with the same or cther borohydride (e.q.
Zr(BH4) 4, but not B:Hs), degassing, and then vacuum transferring the
solvent at low temperature into the apparﬁtus. Glassware (optical cells,



esp.) which cane into direct contact with the liquid or solid borchydride
should be baked out under vacuum to remove surface water.

The above discussion also applies to the monomeric 2Zr, Hf, and Al
borohydrides which are important optical matrix materials (2r, Hf) and
reagent for synthesis (Al).

Neptunium and plutonium borohydrides are unstable at roam tempera-
ture and must be kept at dry-ice or liquid-nitrogen temperatures in
grease~free storage tubes. Deconposition is particularly rapid in the
liquid phase with half-lives of roughly a day or less. In the gaseous
state or when incorporated in 2r(BH,), crystals, the compounds have much
longer half-lives, on the order of a few weeks at room temperature.

Reactions with air, water, alcohols, etc. are violent and care
should be taken when handling large amounts and when disposing of
waste material. Ethanol or isopropancl are good for the initial clean-
1p, then methanol, water, and dilute HCl are used in the final stages.

All actinide tetrakis-borohydrides are synthesized by Bg. (2) with
variations (depending on An) being necessary in the purification steps.le

The preparation of very dry tetrafluorides is essential and is dis-
cussed in the next section.

Preparation of Anhydrous Actinide 'l‘etrafluorideslg'zo

Protactinium Tetrafluoride

Purification of Pa(V) oxides. The protactinium-231 was present in

a 15M HF stock solution composed of old discarded waste material from



which the Pa had to be recovered. Early purification techniques for Pa
involved tedious fractional crystallizati 21,22

23-26

or anion exchange colum

separations. At about the time when this work was beginning, Brown

and Wh:‘.t:taker27 reported a new, simple procedure for separating Pa-231
from a wide variety of elements including its radioactive daughters.

Their method is based on the insolubility of Pa (V) hydrous axide
in various aqueous acidic and basic media (except when F is present)
in which the impurities are soluble and easily separated from the Pa
oxide precipitate., A slightly modified version of the process is given
as a flow diagram in Fig. 1.

Since aqueous HF plays an inportant role in the beginning of the
purification procedure, Nalgene centrifuge cones, presocaked in conc. HCl
and washed with distilled water, were used throughout. Reagent grade
NH(OH, NaOH, HNOa, and H»0; fromMallinckrodt, Inc. were used without fur-

" ther purification.

Protactinium hydrous oxides were precipitated from the HF solution
by careful addition of excess NH,OH. The resulting precipitate was
washed with 5M NaGH and water to effect decontamination from some impuri-
ties and to conpletely remove fluoride before the later acid washes. It
is important that the precipitate age overnight during these steps in
order to minimize dissolution of the oxide in the acid washes which follow.

The .5M HNOj; — 3% H20; solution, made by substituting 3% H,0, for
distilled water in the dilution of conc. HNO,, greatly improves the de-

27

contamination from Fe, Cr, Mn, Mo, Ti, V, Pt, and Zn. Removal of Sb

is accomplished by adding 12M HC1 and evaporating the solution to dryness,



bDissolve impure

Pa(V) in 15 M HF
Precipitate in XS NH,CH Hp0
stand overnight wash
Wash in H-O
5 M NaCH was]
Wash in
S5 M HNO; -~ 3% H»02 ———————
Repeat
Wash in H20
2 M HNO; wash
l my—
Pure Pa(V}
hydrated oxide
Figure 1.

Pa~231 Purification Process

Inscluble
material

waste

aqueous
waste

Discard
supernatant

aqueous
waste




driving off the volatile SbCl;. Although some Si is removed in the NaOH
washings, the remainder is effectively eliminated from the product by
dissolving the dried Pa oxide in 20M HF and evaporating. This step is
not necessary in this case since later it is driven off as SiF, during
hydrofluworination.

After washing the solid oxide with water, it was dried in the Nalgene
cone by placing it in a beaker of water on a hot plate. Tapping the in-
verted cone causes the entire lump to fall ocut with very little loss of
material.

A small amount of the Pa oxide was dissolved in 20M HF and a known
quantity (~ 25 A) was transferred to a Pt counting planchet and flamed
dry in an induction heater. Reuults from an o pulse-height analysis
showed that 98% of the o activity was due to Pa-231, 1.25% to Th-227
(the short-lived o~decay daughter), and .7% due to other isctopes (e.g.
Ra-223).

From the calculated concentration of Pa in the above 20M HF solution,
an amount oontaining 50 .ug of Pa was evaporated on a Cu electrode for
spectrochemical analysis. The only significant impurities found within

28

the detection limits“” were Mg and Ca (~ .02 wt. % ea.).

Preparation of PaF,. PaF, was prepared according to St:ein29 by

treating the pentoxide with anhydrous HF and excess H, at 500° :

H.
Pa,0s + 8 HF 5'(_)'0’0 2PaF, + 5H,0 (3)

The dried Pa,05 was placed into a Pt boat and inserted into a nickel



furnace. The hydrogen gas served both as a reductant and as a carrier
gas by which the pre-purified HF was circulated through the furnéce and
finally into an Al,0, absorption tower. The flow rate of HF from its
transparent Kel-F container was imonitored visually while the flow of

H, was observed with an oil bubbler.

After a 3~hour reaction time, the furnace and the flow of HF were
turned off but the H, flow continued overnight to flush out all traces
of H,0 and HF. The brown solid was identified to be PaF, by its Xray
powder pattern. Approximately 110 mg of the anhydrous tetrafluoride was

obtained.

Neptunium Tetrafluoride

The dioxide, 2°’NpO:, was available in gram quantities and was of
high purity. The tetrafluoride was initiaily prepared by a hydrofluori~

19,20,30

nation reaction similar to Eq. (3):

Ar or 02
NpO, + 4 I-IE‘—S—éo—o"NpF,. + 2H,0 (4)

This gives NpF, suitable for the borchydride synthesis but later it was
discovered that its preparation from agueous solution was much easier
and gave very reactive NpF,. The ultimate success of this method is
due to the rather unique property of NpF, as compared with the other
actinide compounds in that it can be made anhydrous by simply heating
the solid under vacuum. The tetrafluorides of 'Ih,zo Pa,24 and Pu31 de-

compose and must be dried under the corditions of Eq. (3) or (4).
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Approximately 400 mg NpO, was put in 30 ml of hot 10M HNO; to which

3 drops of 5M HF had been added to aid dissolution of the oxide. Wwhen
the solution appeared saturated, the liquid was decanted into a 50 ml
Nalgene centrifuge oone. Five ml of 48% aqueous HF was added and NpF,
immediately precipitated. After centrifugation, the liquid was discarded
and the process was repeated until all NpO, was converted into NpFy.
Initial drying was done similarly to that for Pa,0s discussed in the
previous section. Although the NpF, was amorphous, it was identified

by its characteristic green color.

Plutonium Tetrafluoride

The long-lived isctope of plutonium, Pu-242, was cbtained as the
dioxide. PuF, prepared from agueous solution is a hydrate of the formula
2PuF, +5H,0 which when dehydrated at 300° under vacuum gives PuF; and
Puoz.31 Therefore the anhydrous tetrafluoride must be prepared by reac—
tion (5) where O, is necessary to prevent the formation of PuF;.

02
PuwO, + 4 HF 4'—0_0_:'?060— PuF, + 2H,0 (5)

Approximately 300 my of PuF, was obtained using the same apparatus that
was used in making PaF,.

Preparation of the Actinide Tetrakis-bacohydrides'®

Two basic designs shown in Fig. 2 were enployed in the construction
of reaction vessels--one for Th and Pa borohydrides (A) and the other

for U, Np, and Pu borohydrides (B). Each type comes apart at the 15 mm



Actinide Borohydride Reaction Vessels

9mm ORJ 9mm ORJ

JY
stopcock

15 mm ORJ—< w finger

1S mm ORJ—»
(A) (R}

Figure 2. XBL7911-13256
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O-ring joint (ORJ) for the addition of a stir bar and the tetrafluoride,
removal of the borohydride product (A), and for cleaning. The Al(BHs)3

comes in contact only with glass, Teflon, and Viton.

Protactinium Borohydride

The tetrafluworide and a small Teflon stir bar were added to the
lower section of vessel (A). It was evacuated and a stoichiametric amount
of Al(BH:.) 3 was condensed in and the stopcock closed. After warming to
room temperature, some bubbling occurred which later subsided. Periodi-
cally the solid-liquid mixture was stirred.

In a few days, the initially clear liquid Al (BH4)s; turned light
yellow in <color as the oconcentration of dissolved Pa(BHy), increased.
After about 5 days the unreacted Al(BH4)3; was collected in a liquid ni-
trogen trap and the orange Pa(BH,), was sublimed at 55° onto the -78°
cold finger. Yields were very low, less than 10%. Identification of

the 6range product was made by its infrared spectrum and its Xray powder

pattern (see chapter 2).

Neptunium and Plutonium Borchydrides

The two actinide borchydrides exhibit nearly identical physical prop-
erties, as do the analogous 2r and Hf compounds and the syntheses of
Np(BH,), and Pu(BH,). are also very similar. Since neither campound is
thermally stable at room temperature, the reactions were carried cut
below 25°. The desired tetralluoride and a Teflon stir bar were put
into the bottom of reaction vessel (B) which was then assembled and evac-

uated. PuF, was made sufficiently anhydrous during its formation but
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NpFy needed furiher dehydration by heating the reaction vessel containing
it to 80° while evacuating for several hours. Then the stoichiometric
or a small excess of Al(BH.)3: was candensed in.

After a 4-hour reaction period at 0°, the An(BHi)u was collected
in a dxy~ice trap while the unreacted Al(BH,); passed throuch and into
a liquid-nitrogen trap. Returning the Al(BH4)3; to the tetrafluoride
again produced more An(BHi):; but not nearly as much as was obtained in
the first period. In the case of Pu, this usually does not work since
large amounts of trivalent Pu have already formed after four hours and

it is best to start over with fresh Pur,.

The unreacted Al (BH,); recovered from these syntheses is easily
separated fram the acconpanying B:Hs by passing the mixture vapors through
a trap immersed in an n-pentane slush (- 130°). The unreacted actinide
' fluoride mixture remaining in the reaction vessel is revitalized by
carefully neutralizing it with methanol. After exposing it to the air,
the vessel is dismantled. Final washing with water and dilute HCl and
drying prepares the fluoride residue for the usual hydrofluorination
reaction appropriate to the particular actinide.

Preparation of Actinide Borodeuterides

All glassware which comes in contact witn the borodeuterides should
be passivated with BzDs or AlL(BD4)3; or treated with D0 and then baked
out thoroughly under vacwum. This step is especially important for op-
tical cells. Those cells which use alkali halide windows should only

ba treated with B:Dg.
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The borodeuterides of Th, Pa, and U are prepared in the same manner
as the borchydrides except that Al(BD,)s is used. The resulting isotopic
impurity is approximately 2% if the AL(BD4)3; is made from camercial
grade LiBD,. Higher purity products can be cbtained by further deuterium
enrichment of the Al(BD,): as explained below in the syntheses of Np
and Pu borcdeuterides.

Np(BDy)4 and Pu(BD,), can alsoc be prepared using Al(BD4)3; but an
ecasier and more effective method was employed which takes advantage of
the high wolatilities of the covalent borohydrides. Intermolecular ex-
change reactions have been cbserved between the volatile metal boro-

33-35 and Dz,34 in which a hydrogen—deuterium inter-

hydrides and B;Dg
change occurs. If the B;Ds or D, is maintained in large excess over
the metal borchydride, all hydrogen is eventually replaced by deuteriun.
D, was used in this work as it was readily cbtainable and easily handled
"~ in a vacuum line.

sufficient Np(BH4). was condensed into a 500 ml glass bulb such
that all of it would be in the gas phase at room temperature (~ .25 mmol).
Approximately .1 atm of dry, O:-free D: was admitted into the bulb which
was then closed off from the rest of the vacuum line, After letting
the two gases stand at room temperature for 2 days, the bulb was cooled
to -78° 3% and the wolatile compounds were pumped out. Another volume
of D, was added and the exchange reaction continued for another 2-day

3 were fourd sufficient for complete conver-

period. Three such cycles
sion to Np(BD,), with an isotopic purity as high as the deuterium used

(99.7%) .



An attempt was made to prepare Np(BT,), by the above method. Five
mg of Np(BH,), and 600 nm Hg T. were added to a 35 ml passivated glass
vessel. After 2 days, all the Np(BH.), was decomposed to the usual
vellow solid by the intense 8~ emission (56 Ci) of the tritium gas and
no volatile Np compound was recovered.

This methed is generzlly erplicable to all vrlatila metal horo-
hydricu.. anciuding Be(stsj2, Al(BHu)3, Zr{tune,s, and Hf (BHu)s where the
nunber and durations of cycles depend on the particular borohydride.
Exchange rates and decomposition rates are higher for the more unstable
rolecules and procedures nust be modified accordi.ngly.38 The unstable
Pu(BH.),, for example, requires less time than the nore stable Zr (BHu)u.

The reason for the variance in H «<* D exchange rates can be explained

by a mechanism shovm belc:w,3""34 where the metal borchydride-~dependent,
rate-determining step is that in which a BHs fragment breaks away fram
the metal borohydride molecule in Eq. (6).

. ki
M(BHu)';{—"M‘I(BHu)x-l + BHy (6)
k2
ks
BH3. + D2=BH;D. + HD etc. (7)
ks
ks
BHyDj3~y + MH(BHu) x-1 —*M(BHuy) x-1 (BHy+1D3-y) (8)

The ratio ki/k: would depend on the stability of the borohydride;
for Zr(BH4) ., ki1/k2 << 1, while for Pu(BH.)4 the ratio would be closer
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to unity. In'E'q. (7) k3 = k4 and the exchange reaction takes place
rapidly since the borane radical is very reactive., From symmetry con-
siderations, k; = xks, where Eq. (8) is basically Eg. (6) in the k»
direction. It can be seen that with enough D; in the system, y = 0 in

7,39 .

Eq. (8) and the fluxional behavior of the H atoms insures the even—

tual complete replacement of H by D.

Experimental evidence in support of Eq. (6) are the cbservations

33,35,40 and the

presence of B,He in partially decorpesed sioples of M(BHL )y cczrp:-~n".:-ll'18

of !!'B +» 1°B exchanges between M('!BHu)yx and !°B.He,

By perhaps a scmewhat different mechenism, alkyl substitution re-

actions have been reported in which the terminal hydrogen atoms of the

12,41 14Q) 50 uiemy) .

tridentate BH, group was replaced by CH, and CoHs
and ThCOT(BHu4) 2 in THF, respectiwvely. For U(BHu)u, Eq. (6) would remain
as such (x = 4, M = U) but Eq. (7) would become

k}

BHj3 + B(CH;3) 3 ~=BH.CH; + BH(BH3):2 (9
ki

from which only BH,CH; could react with the metal compound as in Eq. (10).

k!
BH,CH; + UH(BH4) 3=U(BH4) 3 (BH3CH,) (10)

With large excesses of B(CH;) 3, the tetramethyl compound, U(BH3CH3)u, is

cbtained and can be separated from the monomethyl derivative by fractional

sublimation, 41
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Alkyl exchange reactions of the type given above, involving Np(BHu).
and B(CH;)3; in the gas phase also showed that methyl groups replace
terminal hydrogen atoms in Np{(BH,),. Several green compounds differing
in wolatility were isolated and the presence of CH, in them was confirmed

by their infrared spectra. The compounds were not further characterized.

Thermal Stability of Np, Pu Borchydrides

All metal borchydrides evolve Hp and ByHg during thermal decompo-

sition.ll']']"]'8 This can be seen in Eg. (6) which can be rewritten as
M(BHy) y + MH(BHy) 3, + %B2He (11)

where two borane radicals have combined to give diborane. The additional
presence of an equimolar amount of H; is explained if the metal ion is
reduced, forming a lower borohydride, i.e.

M(BH4) 3 + M{BH4) 3, +%H2+ %B:Hs (12)

Schlesinger and Brown'l characterized the reddish-brown U(BH,), cb-
tained by heating U(BH,), to 100°. Based on the quantities of H, and
B,H; evolwed, the color, and the fact that the solid generated 12 mols
of H by hydrolysis per mol of U(BH,), decamposed in its formation, thev
suggested that Eq. (13) occurred.

U(BHY) 220U (BH,) 5 + RHo+ XBoHe (13)
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The gas and liquid phase decompositions of Np(BHu). at 25 were
followed by IR spectroscopy and by visual means of the liquid in a glass
capillary. It was found that its stability in the gas phase is roughly
50 times higher than in the liquid. This phenomenon indicates that an
intermolecular process, in addition to the inherent thermodynamic in-
stability of the ocorpourd, is important in determining the overall sta-
bility of Np(BHi).. Similar effects were seen in Pu(BH,)y but not in
Zr(BHy)uy or HE(BH,),. The H++ T exchange experiment and cbservations
of Pa{B4.), suggsst that radiation damage42 is important in these boro-
hydrides. This effect, which would cause greater decomposition rates in
the condensed phases of Np and Pu borchydrides, vpuld be nonexistent in
the Zr and Hf compounds.

Since Np(BHs) 4 and Pu(BH.). also liberate H; and B;Hs on decomposi~
tion and that N3* and P& are well-knom,1®'2% the tris-borohydrides are
assumed to be formed analogously to U(BHy).. However, Xray powder dif-
fraction photographs show that the solids of decomposition for U and Mp
borohydrides are not isamorphous.

The trend of thermal stabilities: U(BHu)s > Np(BH4)s > Pu(BHy)u

follows from the general stabilities of the tetravalent oxidation states:

Uu+ 5 N§+ > Pl‘..1+.20'32'43

hydride 478 whose +4 oxidation state is so unstable that all routes to

Similar ccnclusions were drawn for Ti boro-

Ti (IV) borochydride lead to Ti(BHu)s. The cther members of Group IVB
with stable +4 oxidation states, Zr, Hf, and Th, give very stable tetrakis-
borohydrides.

At very high temperatures (> 300°), metallic, amorphous, mirrors

are formed which may be Np, Pu, NpB,, or PuBn.-4'll



Preparation of Actinide (IV) T™™OOT Complexes from An(BH-.):.‘“l

The high solubility of the Np and Pu borchydrides in various types
of organic solvents such as pentane, THF, and benzene make these acti-
nide compourds useful in the preperation of organcactinide complexes.
For the tetravalent actinides, usually the tetrachloride is used with
THF as the solvent. Although the early actinide tetrachlorides are
reasonably soluble in THF, NpCl, is not very soluble and that of Pu is
unknown in the solid state so the slightly soluble (NEts)PuCleg is sub-
stituted.

The syntheses of some organoactinide compounds, the bis(n®-tetra-
methylcyclooctatetraene) complexes, Np(TMOOT): and Pu(TMOOT) 2, prepared
by the reaction of the tetrakis-borohydrides and the TMCOT dianion in

45,46

THF were investigated. The reaction can be written as

An(BH.), + 2K, TMCOT ~ie-An (TMCOT) , + 4KBH. (14)

The actinide TMOOT compounds were identified by their visible spectra47 ®)

45 The formation of KBH, was confirmed by an

and Xray powder p&tterns.
Xray powder pattern of the insoluble reaction product. The above method
was found particularly attractive for Pu since analogous reactions of
K,TCOT with complex Pu (IV) halides were revported to give reduction to
pu (11n).47@

Althouch the polymeric actinide borohydrides were not tried in this
synthesis, it is presumed that they would also give the desired product

since the borohydrides are very soluble in THF. Very low yields of

19
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Pa(TMCOT) , were obtained fram PaCl,.,45 possibly due to the relative ease
of oxidation of Pa (IV) to Pa (V). Perhaps the same kinds of effects
which seem to inhibit the reduction of Pu (IV) in Bg. (14) will also
stabilize the PA' ion and give higher yields.

Attempted Synthesis of Ce(BH,),

When the synthesis of the tetrakis-borohydrides of the Group IVB
elements were reported for Zr, Hf, and Th and the tris-borohydride of
Ti, no mention was made of the cerium oonpound.4 Even if the tetravalent
oxidation state of Ce were not sufficiently stable for it to form the
tetrakis compound the tris-borchydride should have resulted as in the
case of Ti. Although cet is significantly less stable to reduction than
Pt'i+,32 stable organametallic borohydride derivatives of Ce (IV), (CsHs)3CeBH.
and (CsHr)2Ce(BHy)2, bave been prepared. 8

Since a solid-state structure transformation takes place between

49 e ut™ = .83% ™ =1.06 %),

Hf and Th borohydride (ionic radii
the molecular structure of Ce(BH,). (Oz;+= .97 &) would be interesting. If
its solid-state structure were of high symmetry, it could be useful as

a host matrix for optical studies of actinide borohydrides (see chapter 5).
Therefore an attempt to prepare Ce(BH,), was made.

The nonexistence of CeCl, ruled out BEq. (1)} as a route to Ce(BHi)y.
Since Eq. (2) works well for the cctinides znd CoTy oxiche oo o stahls
campournd, this method was tried first. All cowrercially obtained CeFy
was identified to be CeF; by Xray diffraction and so the tetrafluoride
had to be made. The aquecus solution method of preparing CeFy gives

5

a hydrate which decomposes upon dehydration 0 and is not satisfactory.



Two syntheses of CeF, were tried by the reactions given below.

O
CeCl, + 2F, B ceF, + 2CL (15)

ceF; + 4 F, 20 cer, (16)

Eq. (15)51 proved to be a prablem because the stated 25° reaction tem-
perature is erroneous as CeCl; ignites in fluorine and severe boat con-
tamination results. The charred mass also contzinzd some CeF; as well.

52,33 was then considered.

Eq. (16)

CeF; was prepared in aqueous solution by the method of Cunningham
et al.>? and was dried at 80° overnight. Reaction at 250° for 6 hours
with 2 atm F, gave pure CeF,.

The CeF, was added to reactor (B) (Fig. 2) in a drybox and Al(BH4);
was condensed in after evacuation. After 4 days at 25°, the CeF, turned
grey and no cerium borchydride was obtained even after attempted sublima-
tion at 110°. 2n Xray powder pattern showed that the solid was still
CeF,, Similar negative results were observed for ZrF, and HfF..4 which
did not react with Al(BH,); although their double salts, e.g. Na,ZrF¢,
did.

The double salt of Ce (IV), Na,CeFg, was prepared by the reaction

between NaCl and Ce0, in excess F, at 500° :54

F,
2NaCl + CeO, 560 Na,CeFg + mixed O, Cl, F products (17)

21
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and being isostructural to B, - KzUF5,54 was identified by its Xray
powder pattern.

No reaction occurred petween Na,CeFs and Al(BH.)s at 25° and the
Na,CeFg and nearly all Al(BH,); were recovered. Perhaps double salts
of other alkali metals, MyCeFu+x, X = 1, 2, 3 may be reactive. Although
many other reactions exist which could prove fmit:ful,7’8 the synthesis

of Ce(BH.)s was not further investigated.
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Chapter 2
PHYSICAL PROPERTIES AND MOLECULAR STRUCTURES
CF THE ACTINIDE BORCHYDRIDES

Introduction

All five actinide (IV) borohydrides have the same mplecular geometry

in the gas phase and are monameric. T4 In the solid state however, they
crystallize into two different structure types, polymeric and monomeric,
each of which exhibits unique chemical and physical properties.> Some
of these properties were discussed in chapter 1. Xray powder diffraction
patterms have shown that Th, Pa, and U borchydrides are isostructural,

a result also verified by their solid state infrared spectra. lattice
parameters, 20 values, and densities for all these campounds were do—

- tained from their powder patterns and are given in Tables 1-4. The
molecular structures of the first three actinide borchydrides are poly-
meric and that of U(BH,),, determined by single crystal Xray6 and neutron7
diffractions methods by Bernstein et al., is discussed later in this
chapter. .-

Neptunium and plutonium borohydrides are monameric and low-temperature
Xray powder patterns have shown that they are isamorphous and are of a
different structure type than that displayed by the three earlier acti-
nide compounds. The structure of Np(BH4): was determined by single

5

crystal Xray diffraction at 130K~ and found to be very similar to that

of the monaveric Zr and Hf borchydrides although the crystal structures
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are slightly different. Both molecular structures are described in this
chapter and are contrasted to that of the polymeric campounds.

The volatilities and sawe calculated thermodynamic quantities of
the seven metal tetrakis-borchydrides are given and qualitatively com-
pared on the basis of their solid state structures.

Experimental

Infrared Spectra

Solid-state infrared spectra of Th, Pa, and U borchydrides were
taken from 4000-400 ar™! on a Perkin-Elmer 283 infrared SPeC&cprDtMEter
at room temperature. The samples were prepared as a suspension of the
powder in predried Nujol between two KBr disks. A gas phase spectrum
of U(BH,), at 50° was recorded by heating the compound in a 10 cm KBr
gas cell placed in the sample beam. Similar spectra of Pa(BH4), could
. not be obtained even while heating to 100° éue to the low vapor pressure
of the horohydride. Gas phase infrared spectra of Np(BH,), and Pu(BH) 4

ol

~ were takzn at 18° " and solid state infrared and Raman spectra were cb-

tained for Np(BH4)4 at 77K (see chapter 3).
Xray Powder piffraction

Xray powder samples of freshly sublimed Th, Pa, and U borohydrides
were prepared in an argon atmosphere drybox by adding 1 am of the powdered
cempound into a predried 0.3 mm diameter quartz capillary. The diffrac-

tion photographs were taken with a 114.6 mm Debye-Scherrer powder camera
using Cu Ko radiation (A = 1.5418 R). The exposures were made on Ilford
Industrial G Xray film fram which the diffraction lines were measured
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to an accuracy of * .05 mm with a Phillips-Norelco film reader. The

indexed lines were fitted by a least squares routine to calculated lines

using unit cell parameters by the lattice constant refinement program,

ICR-2, with the Nelson-Riley corr:ec:tim.8
The Xray samples of Np(BH4)s and Pu(BH,). were prepared by con-

densing tne campourds into quartz capillaries and sealing them off to

a length of approximately 1% cm. A 114.6 mm Debye—Scherrer camera was

modified for low temperature use. A stryofoam block which had a hole

drilled through its center to fit around the capillary, was inserted

into the camera. Cold nitrogen gas entered the camera through a hole

in the camera cover, flowed through the stryofoam block, bathed the sanple,

and exited via another hole in the cover, thereby traversing a U-shaped

path. This method permitted the film to remain at room temperature

during the exposure. Although the sample of Pu(BH,), was cooled to -20°,

- a faster cooling rate and lower temperature of -150° was used for Np(BH.) s

since it tended to freeze amorphously in these experiments.

Single Crystal Xray Diffraction

A sample of the dark green liquid Np(BH,). was sealed into a 0.3 mm
ID quartz capillary and stored in liquid nitrogen prior to use. The
capillary was mounted on a Picker FACS-I automated diffractometer equipped
with a Syntex LT-1 tenperature controller. Slow cooling through the
meliing point resulted in substantial supercooling followed by rapid
freezing giving pclycrystalline samples. Partial melting of the solid
followed by slow refreezing provided a crystal suitable for structure

determination.
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During unit cell measurements and intensity data collection, the
sanmple was namtamed at 130 t 5K, as determined fram prior calibration
with a thermocouple in place of the capillary.

Unit cell parameters were obtained fram carefully centered settings
on the Ko, peaks of the (14,0,0), (0,14,0), and (0,0,10) reflections
using graphite-monochromated Mo radiation (A(Kei) = 0.70930 &). cell
dirensions cbtained before and after intensity data collection did not
differ significantly and yielded the values a = 8.559(9) & and ¢ =
6.017(9) R for the tetragonal unit cell. The full width at half height
for w-scans of low-angle reflections before and after intensity data
collection was typically 0.15°. |

Intensity data were collected using the 6-26 scan technique to 68°
in 20 for positive h, k, and % with scans fram 0.9° below Ko, to 0.9°
above Ko, and with background counts of four secords at each end of the

-scan. Two standards, measured every 100 reflections, showed a decrease
in intensity of 17% during the course of data collection and the measured
intensities of the 1000 reflections were corrected accordingly. Crystal
faces were not clearly visible through the capillary so an absorption
correction was not attempted (i is 40 cm™! and r is approximately
1x 1072 cm). ‘The intensities were corrected for Lorentz and polariza-
tion effects. When the double data set was merged, the estimated stand-
ard deviation of the intensity of a reflection based on counting statis-
tics was replaced by the scatter in measured intensities for 137 re~
flections (out of a totai <f 511 wnique reflections) for which the scatter
excéed four times the eéti.mated standard deviations. The diffraction
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symmetry and systematically absent reflections were consistent with
the space group P4;/nmc.

With 7 = 2, the Np atom must occupy a special position with 42 m
symretry as noted from the earlier Xray powder data1 which showed a
body~centered pattern and intensities consistent with Np at the origin.
The single crystal experiment detected the weak non-body-centered re—
flections. The boron atom was initially placed 2.5 R from the neptunium
in an eightfold position on a mirror plane by analogy with the tetra-
hedral Hf (BH.) st::ix:tuz:e.9 After sewveral cycles of least-squares re-
finement with anisotropic thermal parameters for Np and an isotropic
thermal parameter for B, inspection of the agreement between dbserved
arnd calculated structure factors for the strongest reflections suggested
that an extinction correctioﬁ was appropriate. An empirical correction
was applied where Forr = bs (1 + 2-4 x1071); F_rr @d Fg . are the
corrected and cbserved structure factors and I is the cbserved intensity.
Several additional cycles of least~squares refinement with anisotropic
thermal parameters for both Np and B then converged with R = L||F | -
|F | |/Z|Fg| = 0.115 for nine parameters and 352 data with F? > o(F?).

A difference-Fourier map was calculated to see whether the hydrogen
atoms could be located. Peaks with an electron density of approximately
ane electron per A? were found in positions expected for three bridging
hydrogens and one terminal hydrogen as in the structure of Hf (BH.) 4.

An initial attempt to refine the hydrogen atom positions would not con-
verge and an attempt to refine a single isotropic thermal parameter

converged to a negative value. Finally, with all hydrogens given the
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same fixed isotropic thermal parameter and with positional parameters
allowed to shift only half of the indicated full matrix value in each
cycle, several additional cycles of least-squares refinement converged
smoothly to the values given in Table 5. The full matrix least-squares
program minimizes the function Iw|AF|%/IwF2 where the assigned weights
w = [0(F)]~2 were derived fram o(F2?) = [S2 + (pF2?) %)% where S? is the
variance due to counting statistics and p = 0.10. The final R-factor
was 0.114 for 16 parameters and 352 data with F? > o(F?) and 0.125 for
all 511 data. The weighted Rv = (Ew(|Fo|-]Fc|)2/ZwF02)!'i was: 0.140 and
the estimated standard deviation for an observation of unit weight was

10

2.15. The scattering factors used were those of Doyle and Turner— for

1

neural boron, those of Steward, Davidson, and SJ'.npsonl for hydrogen,

12 for Nf>+ corrected for anamalous

and those from the International Tables
dispersion.

Vapor Pressure Measurement

The extreme chemical reactivity of Np(BH,), precluded the use of
a mercury manometer and only an all-glass-and~Teflon Bourdon gauge was
found satisfactory for these measurements. The exposed surfaces of the
gauge were passivated with the Np borohydride vapor prior to use to mini-
mize a decomposition reaction which evolves hydrogen and diborane. Excess
Np (BHy) 4 was condensed into the passivated gauge and the gauge was pumped
out at -78°, At various temperatures, the compound was allowed to vapor-
ize and deflect a pointer, whose initial position was precisely deter-
mined by a cathetometer. Shortly after equilibrium was established, the

pointer was nulled to its original position by pressurizing the outer
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chanber of the gauge with argon. The argon pressure, as measured by

a standard pressure gauge, then equaled the vapor pressure of the Np(BHu.)..
Care was taken to remove all traces of H, and B,H; before and after each
measurcment.  Vapor pressure readings were taken at room temperature

and below until the vapor pressure of the campound approached the sen-

sitivity of the Bourdon gauge.

Results and Discussion

Polymeric Actinide Borchydrides

The orange sublimate cbtained fram the PaF,/Al(BH,)s; reaction gave
a solid-state infrared spectrum almost identical to those of Th'> and
U313 poronydrides and identified it to be Pa(BHi),. It was further
characterized by its Xray powder pattern which also showed that Th, Pa,
and U borohydrides are isostructural. A

From the single-crystal Xray study of U(BH4)s ,6 it was determined
that U(BH,), crystallizes in the tetragonal space group P4;2,2(P4,2,2)
where a = 7.49(1) &, c = 13.24(1) &, and Z = 4. The calculated density
is 2.66 gm/acmn’. These values agree (within experimental error) with
those givgn in Table 4 obtained from our powder patterns. The Xray pat-
terns of Th and Pa borohydrides were indexed on the basis of the U(BHu) 4
structure and the diffraction data are listed in Table 1-4. The trend
in lattice parameters reflect the effect of increasing ionic radii of
the ant ions from U** to Tt with the concomitant decrease in density.
Metal-boron distances, which are accurately known for U(BH4),, are not

truly functions of a and ¢ only and so corresponding distances in the




Th and Pa compounds cannot be cbtaired from the powder diffraction data.
Approximate values can be calculated by adding to the U-B distances the
differences between the iomic radii of Th and U™ (.06 %)% or pa* and
gt (.o1 %) .14 The c/a ratios are almost equivalent for all three com-
pourds and therefore the intermolecular van der Waals forces are similar.
The structure of U(BH4)., as determined by single-crystal neutron
diffraction, is shown in Fig. 1. Like those in the well-known horon
hydrides,l5 hydrogen bridge bonds are found in the actinide borohydrides.
There are two tvpes of borchydride groups in the molecule, bidentate
and tridentate. Each of the four bidentate groups are bound to the
uranium atom via two hydrogen bridge bonds and use their remaining two
hydrogen atoms to link neighboring uranium atams in a polymeric structure
of C, symmetry at uranium. The two tridentate BH, groups are in a cis
configuration about the metal and are connected to it by three hydrogen
bridge bonds. The terminal H atom is nearly colinear with the U-BT
vector and is bonded only to the boron atom. While the bidentate boro-
hydride groups exhibit a U-B distance of 2.87 3, the terminal borchydrides
are closer to the uranium atom with a U-B distance of 2.53 A. The U
atom in U(BH.), is 14 coordinate and the 14 bridging hydrogen atams form
a slightly distorted capped hexagonal antiprism with a mean U-H distance
of 2.35 A. The BH, groups themselves are nearly tetrahedral with B-H
distances in the range 1.2-1.3 3.

Monomeric Actinide Borohydrides

Gas phase infrared spectra of Np and Pu borchydrides are almost

identical to that of U(BH.), and therefore similar gas-phase structures

34



Table 1

Xray Powder Diffraction Data for Th(BH,).

Intensi hkl 20(cbs) 20(cale) ©
M 101 13.68 13.55
s 110 16.63 16.65

vs 1 17.83 17.95
M- 200 23.58 23.58
M 201 24,53 24.53
W 113 26.33 26.17
W 004 26.93 26.89
S 211 27.23 27.26
s 212 29.68 29.68
M 203 31.13 31.14
s 114 31.63 31.75
s 213 33.23 33.37
W 221 34.13 34.24
S 204 36.03 36.01
s 214 38.08 37.99
W 223 39.33 39.38
W 205 41.63 41.55
5 106 42.48 42.55
W 320 43.28 43.14

In Tables 1-3: S = strong, M = medium, W = weak, V = vexy.
Cu Ko radiation of wavelength 1.5418 & was used.

%see Table 4 for lattice parameters.



Table 2

Xray Powder Diffraction Data for Pa(BH.).

Bkl

101
110
111
200
201
113
211
212
203
114
213
221
222
302
223
312
303
205
106
320

5
$z§zz§§rpzzzzz$zz$§r{:zg
F‘f.

20 (obs)

13.49
16.62
17.77
23.54
24,59
26.27
27.28
29.71
31.24
31.82
33.42
34.28
36.28
38.24
39.54
40.24
41.35
41.65
42.70
43.20

20(cale) ¢

13.47
16.59
17.90
23.57
24.53
26.20
27.27
29.72
31.19
31.82
33.44
34.30
36.32
38.30
39.49
40.20
41.34
41.69
42.71
43.27

,

%gee Table 4 for lattice parameters.
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Table 3

Xray Powder Diffraction Data for U(BHu) 4

Intensity hkl
M 101
S 110
Vs 111

103
200
201
113
004
211
212
203
114
213
221
204
222
214
302
223
312
- 303

2 EE RTINS0 RE RS S

20(dbs)

13.83
16.94
18.04
23.61
23.91
25.01
26.56
27.06
27.72
30.12
3l.68
32.13
33.83
34.78
36.39
36.79
38.49
38.84
39.95
40.70
42.00

20{calc) a

13.75
16.92
18.22
23.59
23.97
24.92
26.49
27.13
27.70
30.13
31.56
32.11
33.82
34.81
36.47
36.82
38.49
38.82
39.97
40.74
41.85

9see Table 4 for lattice parameters.
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Table 4
lLattice Constants and Calculated Densities
for Th, Pa, and U Borchydrides

38

a? c c/a p b
Th(BHy,) 7.58 ¢+ .03 13.31 * .05 1.76 2.53
Pa(BHu) 4 7,53 + ,03 13,22 + .05 1.76 2,57
U(BHW) « 7.46 = .03 13.19 + .05 1.77 2.69

%Nalues of a and c are in &.
Ppensities are in gecnt 3.

Pd.l compounds are of the tetragonal space
4 molecules/unit cell.

The Nelson-Riley correction was used in the fitting procedures.

group P432,2(P4,2,2) with
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XBL 771-7338

Figure 1. Solid-State Molecular Structure of U(BHu) ..
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are expected for them. In the solid state, Np(BH.). (and presumably
Pu(BHO + also) gives basically the same spectrum as in the gaseous
state, while U(BH4)4 produces much different spectra in the two phases.
The polyreric structure of U(BH.)+ transforms into a different one
upon vaporizing but Np(BHs) 4 retains its solid-state structure in the
gaseous state.

Low temperature powder diffraction photographs of Np(BH.). and
Pu(BH.) © showed that they are isostructural and crystallize into a
tetragonal structure different than the tetragonal structure of the
polymeric conmpounds. Dissimilar molecular structures were also pre-
dicted by the solid-state infrared spectra. Since the Np(BH,), and
Pu(BH,) , crystals were preferentially oriented, the powder patterns
did not show any réflection with 2 values greater than 2 and therefore
the ¢ dimensions were not accurately determined. The diffraction pat—
terns suggested that the Np and Pu compounds are monomeric but did not
define the boron and hydrogen atom positions. It was concluded both
from the powder patterns and solid state vibrational spectra that the
Np (BH,) ,~type structure is very similar to that of Zr(BH,) -.16’17 and

16,18

HE (BH4) o described below.

19,20 .3 ne(eR, 2

The molecular and crystal structures of Zr(BH.),.
were determined by electron, Xray, and neutron diffraction methods.
Hf (BH,), and Zr(BH,), are monomeric and crystallize into a simple cubic
lattice of space group P43 m. The metal atom is bonded to four tetra-
hedrally arranged borohydride groups by triple hydrogen bridge bonds
giving the molecule Ty symmetry. Corresponding 2r-B and Hf-B distances



are 2.34(3) 820 and 2.28(1)° @8], respectively. The coordination sphere
around the Zr or Hf atams consists of only 12 H atoms in the fom of a
distorted cube octahedron.

A single crystal Xray crystallographic investigation of Np(BH4)«
was m\dertakms to determine its detailed molecular structure and com-
pare it to the structures of the other metal tetrakis-borohydrides.

The monomeric nature of solid Np(BH.), is established by the Xray
diffraction results. The molecule is shown in the ORTEP diagram in
Fig. 2 (see also Appendix A, chapter 3) and is also representative of
the structure of Zr(BH,), and Hf (BH.),. The molecular structure para—
meters are given in Table 6. The Np(BH.)4 crystals are tetragonal and
of the space group P4,/mmc; a = 8.559(9) &, ¢ = 6.017(9) &, 2 = 2.

The Np atom is coordinated to four borochydrides through three
bridging hydrogen atoms each, with all B-Np~-B angles being tetrahedral
to within less than one estimated standard deviation, even though the
crystallographic site symmetry for Np does not require reqular tetrashe-
dral geometry.

Bernstein et al.’ observed that bridging borohydride groups give
larger M-B distances than do the terminal ones in U(BH,),. They sug-
gested an "ionic radius" of a terminal BH, group be approximately
1.3(1) & and that of a bridging BH, group be about 1.6(1) A. Using
the value from Shannon and Prewitt!?
MNp-B distance of 2.46 &, it is found that the BH, radius is 1.34 &.

for the radius of Nf>+ and the

This is in good agreement with the values calculated for other triply

bridged borohydride groups: U(BH,), 1.38 &,7 1.37 &;2 zr(mu,), 1.36 &,%°

1.33 42 pea,), 1.31 8.



Figure 2.

ORTEP Stereo View of Np(BH.),.
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Table 5
Positional and Thermal Parameters for Np(BHu.). @

Atom X Y z By B2 Bjj Bz
Np 0 0 0 1.94(5) 1.94(5) 2.07(6) 0
B 0 0.235(4) 0.233(5) 2.8(11) 3.0(12) 2.4(7) ~-1.6(8)
BU ? o 0.33(3)  0.33(4)
HZ2) 2 o 0.26(6)  0.05(4)
H3) ? 0.1003) 0.15(2)  0.24(6)

%Mhe anisotropic temperature factor has the form exp(-0.25(B; h%a*? +
2B;2hka*b* + ...). Symmetry restraints of the thermal parameters of
Np are: B;) = Bz2 and Bjz = B3 = B23 = 0; and for B they are B;; =
Bysz = 0.

bThe isotropic the.rrznal parameter of the hydrocgen atams was constrained
to a value of 3.0 A% and its isotropic temperature factor has the form

exp(~B((sing) /A2).



Table 6

Molecular Structure Parameters for Np(BHu) s

Interatomic Distances (R)

Np~4B 2.46(3) H(1)-H(2)
Np~H(2) 2.3(5) H(1)-2H(3)
Np~2H(3) 2.1(3) H(2)-2H(3)
B~H(1) 1.0(3) H(3)-H(3)
B-H(2) 1.1(2) H(2)-2H(3)?
B-2H(3) 1.2(2) H(3)-H(3) ¢

“pistance to H(3) on an adjacent BH; group.

Angles (deg)
B-Np-B ¢ 110.3(18) Np~B-H(1)
B-Np-B ? 109.1(9) Np-H(2)-B
H(1)-B-H(2) 112(32) Np-H(3)~B
H(1)-B-H(3) 122(15)
H(2)-B-H(3) 99 (20)
H(3)-B-H(3) 100(22)

%symmetry operation 0,X,z.
beymmetry operations x,0,z and X,0,2.

1.8(5)
1.9(3)
1.8(3)
1.8(4)
2.5(4)
2.5(4)

179(16)
85(26)
93(16)

44
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The borchydride group in Np(BH,)}, is tetrahedral within the estimated
standard deviation with an average B-H bond length of 1.1(2) A. Neutwon
diffraction investigations on "covalent" U(BH,), and Hf (BH, ), revealed
departures from T; symmetry of the tridentate BH, groups manifesting
themselves as wider H-B-H, (113°) and smaller H_-B-H (106°) angles
with respect to the tetrahedral angle, and as a shorter B-H_ (1.15 &)
distance compared to the longer B-H_ (1.24 A) distances. Unfortunately
the present Xray diffraction results are not accurate enough to determine
if these deviations from Tq Symmetry are present in Np(BH4)u. A neutron
structure determination of the "ionic" KBH, compouncil22 indicated that
the BH, group was symmetrical with all B-H bond lengths being 1.260(2) A
and the H-B-H angle of 109.5°. Whether the distortion of the BH, groups
in these compounds can be used to test for oovalency23 must await further
neutron diffraction results.

Although the hydrogen atom positions have large estimated standard
deviations and the inclusion of the hydrogen atams in the refinement
lowered the R-factor a trivial amount, the hydrogen atoms refined to
chemically reasonable positions. The terminal hydrogen atom is properly
oriented away from the neptunium with a Np-B-H(1) angle of 179(16)°.

The 12 bridging hydrogen atoms around the neptunium are all 2.5 3 away
from it and form a coordination polyhedron in which each hydrogen atom
is 1.8 A from two other hydrogen atoms in the same borohydride group,
and 2.5 A fram two hydrogen atoms in adjacent borohydride groups. This
polynedron is similar to the cukbe-octahedron which describes the coordi-

nation in the cubic-closest-packing structure with six neighbors in a



plane, three above, and three below. The inequality of the H-H dis-
tances corresponds to a tetrahedral distortion of this figure which
changes the square faces into rectangles and the triangular faces into
four larger ones and four smaller ones.

James et al.l7'24 have suggested that 2Zr(BH,). may be of slightly
lower T symmetry which is obtained by rotating all four BH, groups from
the staggered orientation by an angle of less than 60° about the Zr-B
vector.24 They based their argument on an uncertain interpretation of
an electron diffraction study on gaseous Zr (BH4) ..19 and on weak infra-

17 which they assigned as fundamental modes. However,

red transitions
the staggered arrangement of bridging hydrogen atoms offers the least
amount of inter-hydrogen repulsion. Our work gives no evidence for
symmetry lower than Td for Np(BH4) 4.

Despite the close similarity between the ionic radii of Nf)+ and
u** (difference is .02 8)2 as compared to those of Np' and HET (dif-
ference is .15 &) ,14 the solid-state structure and physical properties
of Np(BH,)y resenble those of HE(BH4)4. If the metal ion size is the
determining factor in the munber of bridging hydrogen atoms that can
be accommodated in the coordination sphere of the metal in these boro-
hydrides, this work establishes the transition fram 14 to 12 coordina-
tion between U (r = 1.00 &) ana Nt (r = .98 }).

The solid-state molecular structure of Np(BH,), has the same basic
geometry as HE(BH.). and Zr(BH.). yet the crystal structures are dif-
ferent. The tetragonal unit cell (Fig. 3) has one molecule at the origin
and another (with inverted configuration) at the body center. If the



Figure 3.

Schematic diagram of packing in Np(BH4)4. Solid line
is the tetragonal Np(BH,)s cell, the dotted line shows the
cubic Zr(BH.), cell if the metal atoms were at z = 0.

The H atoms are not shown.
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second molecule were moved to z = 0 and inverted, this structure would
be identical with that of the 2Zr and Hf campounds, apart from a devia-
tion of about 0.6% from cubic lattice dimensions. The boron positions
are hardly changed in this transformation, but the packing of their
terminal hydrogen atoms is significantly different in the two structures.

Volatilities of the Metal Tetrakis-Borohydrides

The crystal structures of the seven metal tetrakis-borchydrides
fall into three types, P432:2 (Th, Pa, U), Pdp/rmc (Np, Pu), and PA3 m
(Hf, 2Zr) but their molecular structures are only of two types, polymeric,
Cosymretry (Th, Pa, U) and monomeric, T4 Symmetry (Np, Pu, Hf, Zr). The
primary properties of these metal borchydrides reflect the polymeric
or monomeric nature of their solid-state structures. In chapter 1, it
was pointed out that the polymeric compounds display very different
properties than the monameric ones, especiall, their volatilities.

Schlesinger and Brcwn25 measured the vapor pressure of U(BH4)4 as

a function of temperature and Hoekstra and Katz26 determined those of
Th, 2r, and Hf borohydrides. In order to put the vapor pressure of

the Np(BH,) ,~type Structure on a quantitative basis, the vapor pressure
of Np(BH,), was measured at various temperatures.

Using the data obtained fram the measurements, linear plots were
found fortheequati.onlogpmﬂg=-m+3, where T is in degrees X,
for liquid and for solid Np(BH,).. Ieast squares lines were fitted to
the cbserved points and are given in Fig. 4 along with those fram other
work for U,2> HE,%® and 2r°6 borchydrides. Table 7 lists the values
of A and B for U, 2r, Hf, and Np borchydrides and various thermodynamic
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quantities calculated from the vapor pressure curves. Other physical
properties are also given.

From Fig. 4 it is seen that the vapor pressure of polymeric U(BH4) .
is much lcwer than +hose of the monameric compounds which themselves
are very similar. It appears that the intermolecular bonds holding
the U(BH,), molecules together in a polymeric structure are responsible
for the low vapor pressure of the campound and the large disparity in
volatilities of Th, Pa, and U borohydrides is caused by the large Qif-
ferences in the intermolecular-bond strengths. The small differences
in the volatilities of the monomeric borohydrides are due to the rather
weak van der Waals forces between molecules.

The consequences of a polymeric structure, in addition to low
volatility, are high melting points accampanied by decomposition, good
chemical stability toward hydrolysis and low solubility in nonpolar,
non~coordinating organic solvents. The monameric borohydrides are low
melting, react violently with water, and are very soluble in solvents
such as pentane At room temperature Pa(BHy)y is insoluble in Zr(BH.)«
but when the mixture is heated slightly above the sublimation tempera-
ture of Pa(BH4),, the liquid turns yellow as the polymeric structure
is disrupted and the Pa compound dissclves.

All of the metal tetrakis-borohydrides are mononrcic in the gaseous
state and therefore the intermolecular bonds in the polymeric campounds
must break, changing the coordination number of the Th, Pa, or U atom
from 14 to 12. The free energy for the structure transformation at

298K described by the equation
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U(BHy)y (solid, 14 coordinate, 4 double~, 2 triple-hydrogen-
bridge bonds) -~ U(BH,)s (solid, 12 coordinate, 4 triple~
hydrogen-bridge bonds)
can be estimated. AH and AS values for a 12 coordinate U(BH4)4 struc-
ture were obtained by an extrapolation of the measured quantities for
Hf(BH4)4 and Np(BHi), vs. metal ionic radius. Subtracting these derived
U(BH4) 4 values from the corresponding measured ones gives the heat of
transformation (4.5 kcal/mol) and entropy of transformation (6.5 cal/mol’) .
of the 14 coordinate to the 12 coordinate structure for U(BHy)us. Using
the equation AG = AH - TAS, AG is found to be +2.6 kcal/mol. This
value can be conpared to the free energy of an exchange process involving
the bridge and terminal hydrogen atoms in solution for (CsHs) sUBH,
where G* ~ 5 kcal/mol at the coalescence temperature of -140 + 20°.27
The calculated value for the spontaneous transformation from 14 to 12
coordination is ~700K.
The molecular structure parameters found in the Xray study of
Np (BHy) 4 will be used in the normal coordinate vibrational analysis of

Np(BHy) » discussed in the next chapter.
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Chapter 3
VIBRATIONAL ANALYSIS OF NEPTUNIUM BORCHYDRIDE

Introduction

The study of the molecular structures of metal borchydrides was
found to be very important in elucidating their chemical and physical
properties.l Analogously, vibratinnal spectra can give much informa-
tion on molecular structures and also on the bonding and the guantum
mechanical properties of 1'aalecul¢-:v:».2 Vibrational studies on metal
borchydrides and their organic derivatives are numerous and a short
review of a few of them is presented here.
s discussed in the previous chapter, metal borchydrides eshibit
hydrogen bridge bonds linking the boron amd metal atoms together.
Three types of ligation geometries have been cbserved (shown below)
ard each one produwes a unique spectral pattern in the infrared (IR)

and Raman spectra.

H H H H
) /7 \.7 VAR
M* |H-B=H M B M=H-B-H
l!l \H/ 1 \H/
(a) (b) (o)

Simple inspection of the spectra can determine which type of bonding
arrangement exists in the molecule—either (a) ionic, (b) bidentate,

or (c) tridentate.

56
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Type (a) 'The icnic borohydrides are those which involve an alkali
metal. Their solid-state and solution IR and Raman spectra have been
well studied for the tetrahedral BH; anion.> According to symmetry
selection rules, there should be only two IR active modes and these
occur at 2200-2300 ar! (VBH stretching) and 1100 cm™! (SHBH bending).
In practice, however, nore bands are cbserved and are attributed to
overtones and conbinations.3(f) Four bands, one of which is polarized
(3,), are seen in the Raman. Effects of the crystalline fields of
alkali halides on the vibrational energy levels of the BH, species have
3(e),4,5 The spectroscopic results

are consistent with the structure of the borchydride ion in these can-
6

beel: reported by several authors.

pounds determined by single crystal neutron diffraction.
Type (b) This is the most common bonding scheme and occurs in the

bis’- and tris®-borohydrides, the polymeric actinide tetrakis-
bomhydrides,g'm(a) + {b) and in mixed organometal.ic borchydride cam-
plexes]']' when the metal is not an actinide. Some of the first vibrational

3(a), b),12 )23(a),13

studies on these systems were of Al(BHy)s and Be (Bii4

and useful structural information was cbtained before any diffraction

3(b),13(b),14

studies were carried cut. Recently cyclopentadienyl-

borol'nydrides15 have been prepared and fram their vibrational spectra,
it was concluded that for transition metals, the borchydride groups
are bourd in a bidentate fashion. A particularly good example of the
efficacy of vibrational spectroscopy in structural analysis is the work
on CsI-IsBeE&I-h..l6 From an electron diffraction study of the carpcumi,17

it was not possible to distinguish between a doubly- or triply-bridged
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borohydride group but results fram IR and Raman spectra lead to a defi-
nite conclusion that the BH, group is bidentate.

The nmost apparent spectroscopic feature characteristic of the
doubly-bridged borchydride ligand is a close doublet (60-80 ani™ ! separa-
tion) of the symmetric and antisymmetric VBH, stretching modes in the
2400~2600 cnr! region of the IR, and a strong singlet in the Raman.
Strong and broad adsorptions are observed in both effects at 1650-

2150 cnr! (vBH,, stretches), 1300-1500 an~! (bridge bond stretches),
and 1100-1200 cn™! (SHEH bends) .3 ®) /18
Type (¢} Triply-bridged borchydride groups are found in the metal

1,19 10

tetrakis-borchydrides, uranium (IV) borohydride etherates,™ and

in other mixed organoactinide borohydride ccnplexes.ls(c) +20,21 Vi~

brational S;:l:di&ﬁ have played an important part in understanding their
structures and have agreed with Xray diffraction results. Marks et al.15 @
determined from IR spectra of campounds of the type (CsHs) sAnBH, that the
borohydride ligand is bonded to the actinide (An = Th, U) via triple
hydrogen bridges. The same conclusions were drawn for the camplexes
CeHe2n (BH,) 220 and An{N(Si(CH3)3)2 laBHuzl from their IR spectra. an
Xray crystal structure of the latter carpoundzl confirmed the spectro-
scopic results.

The pattern of spectral bands for the tridentate structure is
easily distinguishable fram those of the other two types. Most noted
is the vBH,_ stretching region (2600-2500 an!) where only a strong,
sharp singlet is seen in each of the IR and Raman spectra. The boron
bridging-hydrogen stretching region occurs around 2200-2050 cwi™' and
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bands appear as a strong doublet (~60-80 cm~! separation) in the IR.
Bending modes are dbserved in the energy range 1150-1250 cm ' in both
the IR and 1"’.am=_m22 spectra. Figure 1 illustrates the spectral pattern
in the IR for the tetrakis borohydrides (a) and borodeuterides (b).
Atamic motions contributing to the/ fundamental bands are given above
the ~orresponding region.

The remaining part of this chapter will present the reults of a
vibrational spectroscopic investigation on Np(BH4)x and Np(BD4). whose
purpose was not to cbtain structural information but to quantitatively
describe the vibrational energy states of a new actinide borchydride.
Gaseous IR and solid-state IR and Raman spectra are given and the ob~-
served bands were assigned assuming the tetrahedral structures reported
in chapter 2. From these assigmments, a normal coordinate analysis
was carried out to develop a simplified general valence force field
(SGVFF) 23 employing a small set of force constants which could repro-
duce the experimental frequencies. Overtones, conbinations, and iso-
topic impurity bands have been identified in the low temperature, solid-
state IR spectra and their frequencies are campared to calculated ones
using the derived force field. The vibrational and rotational parti-
tion functions and various thermodynamic quantities were calculated
from the spectroscopic data and compared to experimental values found

for analogous systems.

el



60

Schematic of M(BH.). and M(BD.). IR Spectra
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Experime.tal
Infrared Spectroscopy
Near infrared spectra of Np and 2r borchydrides and borodeuterides

were cbtained on a nitrogen purged Cary 17 spectrophotometer in the
region 40007400 cm~!. The campound was vacuum transferred inte a

degassed, quartz cell from its storage tube held at -10°C. The cell
was then sealed off and the sample was melted and collected into the
optical part of the cell. Thin single crystals of Zr borohydride meas-
uring 1 an x 2 an x 25u (and 1000u) were vapor grown]'9 (@) and then
slowly cocled in a quartz optical dewar. A Np(BH,), single crystal
(1 cm x 2 am x 251) was grown by sinply cooling the liquid very slowly
in the optical dewar. When the sample temperature reached ~150K in
about 8 hours, liquid helium was added and spectra were recorded near
the lamda point, 2K. Single crystals o Np(BD4). (30M thick) and
'Zr(BDy) & (1000 thick) were similarly grown and their spectra were
taken at 2K.

In the region 4000-2000 cn!, a Perkin-Elmer 283 IR spectrometer
was used. Gas phase spectra were taken of the sample gas contained
in a 10 an cell fitted with CsI windows. For the solid-state spectra
a specially designed liquid nitrogen cryostat was built in our labora-
tory. It consisted of a hollow aluminum block which held two cuter
2" CsI windows colinearly aligned with the sample window, a liquid
nitrogen tower fixed with a copper cold finger, and a sliding evacu-
ation~and-sample transfer tube which could be mancuvered for both
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sample depositing and spectra recording operations. The borohydride
conpourd was in the form of a very thin, translucent film made by
condensing the vapor onto a cooled CsI window held by the cold finger.
&n evacuated and clean CsI gas phase cell of the same path length was
situated in the reference beam to reduce window and trace atmospheric
absorptions.

Far infrared spectra were cbtained for Np(BH,), and Np(BDi): in
the range 200-25 cm . ‘The same liquid nitrogen cryostat described
above was used but it was modified for this low energy region. Each
of the outer 2" Csl windows was replaced by a 2 mil-thick, 1" diameter
mica disk sealed between two brass plates which were bolted to the
aluminum block. Soldered to these plates were %" 0.D. brass light pipes
in which the IR radiation was guided through the cell and into the
detector. The light pipes were kept evacuated during the runs to eli-
minate atmospheric interference. BAbsorptions due to all materials
except the sample were subtracted out during data processing. The
sample vapor was condensed as a film onto a thin, wedged sapphire win-
dow held at 77K. A far infraved, 2-beam Michelson interfercmeter”:
was used to collect the data fram which the spectra were cbtained by
computing the Fourier transforms of the truncated interferograms sampled

at every ¥ en™!.

Raman Spectroscopy
Raman spectra were taken of Np(BH,), (2600-100 cmi!) and Np(BD,),

(2300-100 cm ') using a Ramanor HG, 2§ spectrometer and the exciting

514.5 nm line of a Coherent Radiation Model CR-2 argon ion laser. The
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scattered light was analyzed at 90° to the incident beam with a J-Y
double monochromator and detected by a photon counting system.

The pyrophoric and radicactive hazards associated with neptunium237
borohydrides required that the sample holder be wholly contained in a
negative pressure, safety enclosure which hampered sample alignment and
lcwered detection sensitivity. This, in addition to the dark green
oolor of the carpounds, made even reasonable quality spectra difficult
to dbtain.

Initially the liquid compound was sealed into a 2 mm O.D. quartz
tube and frozen with a flow of cold nitrogen gas. As the solid cooled,
it contracted away from the inside tube surface causing much of the in-
cident laser light to scatter from the tube before reaching the sample.
Resulting transition intensities were so low that only a few of the
strongest lines were observed. High intensity laser light eventually
decomposed the campound.

The Raman spectra which are shown in Figs. 2 and 3 were dbtained
by a different method. A diagram of the cryostat is given in Fig. 4.
The borchydride vapor was condensed as a thick, polycrystalline layer
on a flat-sided pyrex cold finger containing liquid nitrogen. This
rotatable finger fitted vacuum tight into an cuter quartz tube by means
of a groud glass connection. Attached to the wall of the quartz
tube was a valved, sample-inlet-and-evacuation tube which aimed directly
at the lower part of the cold finger. After the sample was deposited,
and the cryostat was placed into the safety enclosure, the cold finger

was rotated for maximum signal. Although this technique gave accept-
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able intensities, it yielded very poor polarization results. The A
modes, however, were easily identified by comparing the frequencies
and intensities of these spectral lines to those in the Raman spectra

of the Zr and Hf analogs.

Assignment of Fundamentals

It might be expected that a 2l-atom molecule would display a
rather camplicated vibrational spectrum but the high symmetry of the
monomeric metal tetrakis-borchydrides causes nearly all of the numercus
fundamentals to be degenerate. This property helps in making assign-
ments and reduces the number of cbservable modes which need to be
identified.

In this chapter a particular fundamental or overtone is denoted
by the label m®, where b is the Milliken synbol for the irreducible
representationof the mode and a is the number of the mode given in
numerical order beginning with 1 for the highest frequency, 2 for the
second highest, etc. The n is unity and is omitted for fundamentals;
it equals 2 for lst overtones, 3 for 2nd overtcnes, etc. 2An (H) or
(D) next to a frequency or assignment label indicates that isotope to
which the frequency or label applies. Unless otherwise specified, the
11g isctope is implied.

The 57 normal vibrational modes of a tetrahedral M(BHu) .4 molecule
are classified agmdA; + Az + SE + ST, + $T,, where only the triply de-
generate T; modes are IR active ard the A; (polarized), E, and T2 modes
are Raman active. Those vibrations of A; or T; symmetry are both IR

and Raman inactive.



The gas phase IR spectra of Np(BH.)», and Np(BDw)u are shown in
Fig. 5. The low temperature, solid~state IR spectra are given in
Figs. 6 and 7. Gas phase absorption bands are much broader than the
correspending solid-state ones and many of the weaker solid-state
features are either absent or appear as shoulders in the gas phase
spectra. In addition to narrowing, many vibrational levels undergo
matrix shifts due to interaction of the borohydride molecules wi:h
the surface of the sanple wi.ndow.3(e) r4,5

Carplete listings of the absorption band frequencies, assignments,
internal coordinate compositions, and qualitative descriptions of the
spectral features for the gas phase and solid-state spectra for the
region below 4000 cni} are given in Tables 1-3.

2600-2500 cm~! (2000-1900 cmr!) Region

The highest energy fundamental vibraticns are stretches of the
‘boron and terminal-hydrogen atom. The four B-H, bonds transform as
A, + T; where the A; mode is the in-phase vibration and the T, modes
are the degenerate set of out-of-phase stretches.

Apart from coupling to other motions occurring in the molecule,
these A; and T2 modes should be close in energy. One slightly broad
band is seen in the Raman at 2557 cn~' (H) and is assigned as v,
The borodeuteride shows a peak at 1913 an~® (v;™) accompanied
by a shoulder at 1925 * 5 cm™!. The gas phage IR spectra give
strong bands at 2568 am™! (H) and 1922 an~! (d) with a shoulder at
1930 cm~'(D). In the solid state, a strong, sharp singlet at 2551 cm™!
() and a sharp, intense absorption at 1912 au™! (D) adjacent to a
weaker, well~resolved band at 1931 cn"! are cbserved. Contrary to

68
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Table 1
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Cbserved Bands in Gas Phase IR Spectra of Np(BH.). and Np(BD.),

Internal
Energy (cm”!) Agsignmer’. Coordinates Comments
Np(BHy) &
2568 v,Tz VEH, strong
2480 20,72, 2512 weak, v. broad
2350 VulZ + vl weak, broad
2155 vaz VBH strong
2130 vag2? shoulder on v, T2
2084 v,T2 VEH strong, sharp
1280 shoulder on Vi3
1240 v-.Tz, vst SHBH, VMH, v. strong, broad
1205 vif 4 veT2 shoulder on v..?%
1122 Ve 12 SHEH medium, broad
1080 shoulder on Vs 2
478 \,st wMB, vMHb strong
Np(BD4) &

3092 20,12 v. weak, broad
3030 2v,72 v. weak, broad
1930 top(y,T2)> vi%n, shoulder an v,T2
1922 v 12 VED, strong
1605 2v,11¢ medium
1562 108 (v, 12) 1o shoulder on v, 2
1558 vp12¢ VBO, strong
1526 VT2 vBD, strong, sharp
1190 H SHED weak, broad
928 v..?% 608D, WD, v. strong
845 Ve 2 SDBD weak, broad
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Table 1 (continued)

Internal
Energy (cm™?!) Assigrment Coordinates Camments
Np(BD4) &
810 shoulder on ve 2
437 V712 WB, WO, strong

In the tabls: Ht = terminal hydrogen, Hb = bridging hydrogen, v = very
%Mis feature could not be assigned with any certainty so it was given
the identifying symbol, vz'gZ.
bAfmﬂanentalinparenmesisnexttoanjmmrity atom is that mode in
which the impurity atom is participating.

®These two bands are in Fermi rescnance.
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Cbserved Bands in 77K IR (4000-25 am~') and Raman (2600-100 cri!)

Spectra of Np(BH4)u

Internal
Enerav (ca™!) Assignment Coordinates Comments
2557 M vEH, medium, R.
2551 v 12 v, strong, sharp, IR
2490 2v, 22 weak, IR
2445 2vs 12 weak, IR
2378 VeT? 4 ygT2 weak, brosd, IR
2149 vz ™ vEH, medium, R
2143 vz 12 VBE, strong, sharp, IR
2123 v;E VEH, medium, R
2117 108 (v,a2) medium, shoulder
2110 vaa? medium, sharp, IR
2069 (2070)% T strong, sharp doublet
2059 (2060) Vs VBH, medium, + shoulder, R
1283 v Wik, spr madium, R
1276 medium, sharp, IR
1260 voh VM, SHEH weak, R
1247 (1255) vel2 VM, , SHEH v. strong IR, medium, R
1225 (1230) vsT? VM, SHEH v. strong IR, medium, R
1199 (1205) vaE 4 yyT2 medium IR, weak, R
1159 medium +, IR
1138 (1127) ve 2 SHEH, VM, strong, IR, weak, R
1068 weak, IR
1053 vsE SHBH medium, R
639 vel2 + ysF weak, R
611 VelZ + vgl2 weak, IR
517 v M vMB strong, R
509 (506) vrt22

weak, sharp, IR, medium,
R
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Table 2 (continued)

Internal
Enerqy (am ’) Assigrment Coordinates Corments
475 (~480) ve 1?2 WB v. strong, IR,
shoulder, R
168 vsa SHMH v. strong, sharp, R
130 (141) R SHVH strong, IR, medium R

%pr, modes also seen in the Raman are shown next to the IR value in
parenthesis.

b’me more important internal coordinates are to the left of the lesser
inportant ones.
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Table 3
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(beerved Bands in 77K IR (4000-25 cm™') and Raman (2300-100 cm™’)
Spectra of Np(BD:).

Internal
Enerqy {(cm ') Assignment Coordinates Comments
3092 108(2v,12) v. weak, IR
3074 v, 72 weak, sharp, IR
3012 2v, 12 weak, sharp, IR
2110 YH(v3 2 (H)) VBH, weak, IR
1979 weak, broad, IR
1931 108(vyT2) vi%BD_ medium, sharp, IR
1925 108y, A1) vI%D, shoulder, R
1913 v,p" VBD, medium +, R
1912 vy 12 VBD_ strong, sharp, IR
1842 2v, 72 weak, sl. broad, IR
~1780 (~1780) VeT? 4 ygr2 weak, v. broad, IR, R
1619 vy VED, weak, R
iggi: ig;g'} 10g, lu‘izngl)? medium, sharp, IR
1593 (1592) v, medium +, sharp, IR, R
1560 198 (v, 2) v'BD, medium, sharp, IR
1548 (1549) v T2 vBD, :;—;‘i’gz';harp IR,
1517 v vBD, strong, sharp, R
1516 vaTz VBD v. strong, sharp, IR
1251 (Ve 2 (H) ) WM, SHBD  weak, v. broad, IR
1191 M(veT3 (H)) VMY, SHBD  weak 4, sharp, IR
955 vt WD, §DBD  weak +, R
941 strong, sharp, IR
926 v..Tz vMD,,, 6DED strong, IR
917 vs1? WD, 60BD  strong, IR
910 VL + vor2 strong, IR



Table 3 (continued)

Internal
Ererqy (am’) Assigrment Coordinates Comment s
905 v:E S08D, WO, weak, sl. broad, R
860 (863) v"rz SDBD strong, sharp, IR,
838 weak, IR
802 weak, IR
795 Vi §pBD weak, R
475 v M VMB strong, R
457 10g(y,12) w%B medium, sharp IR
T2 v. strong, IR,
437 (440) V7 VvMB shoulder, R
406 ver?? WD, , 6DBD v. weak, IR
154 st SpvD v. strong, sl.ap
112 (121 Vel ? STMD strong, IR, medium, R

%These two bands are in Fermi resonance.
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previous assignments for these high frequency features of other metal
borodeuterides,?> the bands at 1925 and 1931 an! are due to the !°B
isotope and not to a 'H impurity.2® The strong IR bands at 2551 an™' (H)
and 1912 an! (D) are therefore assigned an v; 2.

In terms of ehergy, these modes are well separated fram all others
and are practically pure vBHt (vBDt) stretches with vH/VWD = 1.33, in-
dicating substantial hydrogen motion along with slight amounts of boron

12(b),25

motion. As is cbserved in other metal borochydrides, these vi-

brational states exhibit small matrix shifts to lower energies.

2200-2000 cm”! (1600-1500 cm™}) Region

Similar to the above region, normal modes in this energy range
are nearly pure stretches arising fram one set of equivalent internal
coordinates. The twelve boron bridging-hydrogen bonds (BH) transform
as A) + E+ T, + 2T, giving four allowed Raman and 2 IR bands. In the
gas phase, the IR spectrum shows two strong absorptions at 2155 and
2084 cam! (H) which experience matrix shifts to lower energies and in
the solid, appear at 2143 and 2069 an~'. These can be assigned as
v2T2 and v,12, respectively. It is seen that v2T2? (H) is broader than
V312 (H) due to the presence of a weak shoulder at 2130 am™’ (vo.?)
which is well defined in the solid at 2110 aw™!. Also v3'? (H) under-
goes changes from the gas to the solid state and splits into a very
close doublet with a separation of 10 an!.

The Raman spectrum of Np(EH.), displays thrcee bands instead of
the predicted four at 2149, 2123, and 2070 cm} since v, at 2149 o
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overlaps with the out-of-phase v, 2 modes seen in the IR at 2143 av’.
The medium-intensity 2070 an ' Raman line, exhibiting a shoulder at
2060 o™}, corresponds to vi1?, the doublet at 2069, 2059 an”! in the
JR. Since no IR coincidence is cbserved for the Raman feature at

E s straightforward.

2123 an’}, its assigmment as v
Unlike the case of Np(BH4)., this region for the borodeuteride
is camplicated by the presence of a mysterious, third IR band and a
fourth Raman band. This apparent anamaly is also noted in the spectra
of Zr,22’25 Hf,22'27 and 028 borodeuterides and an explanation for its
existence has yet to be confimmed. Gas phase IR transitions occur at
1605, 1558, and 1526 am~’ and shift slichtly to 1593, 1548, and 1516 cm !
in the solid. They also sharpen and considerable fine structure becomes
apparent, especially on the 1593 an™! band. Conparing both energies
and intensities of these bands with those of other borodeuterides,?>’%8
the very intense spike at 1516 o™’ is assigned as v 2 (D) with
VH/VD = 1.36, consistent that expected for a \)BHb (vBDD) stretch.
Identification of v, 2 (D} is not immediately cbvious now and the
isotopic frequency ratios are not sufficiently sensitive to be useful.
The four Raman bands are at 1619, 1592, 1549, and 1517 an”!. The
strong, sharp peak at 1517 or™! is easily assigned as v, 22527 nien
is nearly coincident with its out-of-phase partner, \’aTz (D), at
1516 a”!. Having vH/WD = 1.31 and no strong IRk coincidence, the rather
weak Raman transition at 1619 au~ ' is tentatiwely assigned as vxE (D).

Being practically of the same energies with the 1593 and 1548 av~! IR
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bands, the remaining two Raman lines at 1592 and 1594 cm ' are iden-
tified as T; species, one of which is vaz (D). Isotopic fregquency
ratios make both equally-~likely candidates although intensity consider-
ations favor 1548 cm ! (1549 aw ') as the fundamental.

As will be seen later, the VBH, (\)B%) fundamentals give rise to
intense overtones and it is their presence in the borodeuteride, solid-
state IR spectrum (Fig. 6) that allows the identification of \,sz (D).
ove 3000 o' are two weak but sharp peaks at 3012 and 3047 cwi™! (D),
the former being 2vs™? (2 x vs'2 = 3032 aw-)).?® The other vBD, funda-
mental, \,sz, being similar in internal coordinate camposition to \,3'1‘2'
will give the overtone seen at 3074 cm ! while the other nonfundamental

T, species (1593 or 1548 cni™!) will not. Assuming equal degrees of

anharmonicity in vaz and \,3'1‘2' the frequenc’ for vaz can be calculated

as
val? = 1/2 (2v272-23T2) + yT2
w212 = 172 (3074-3012) cmr! + 1516 am™!
\)sz = 1547 cn'l-

This value agrees very well with the cbserved ones, 1548 am ! (IR) and
1549 cni™! (Raman). The origin of the other T. species at 1592 cm™!
(1593 cm™!) will be discussed later.

1300-1050 cmi™! (950-800 cni!) Region

This region of fundamental activity is due to metal hydrogen-bridge
stretches and interal-BH, bending motions. Each symmetrically equiva-



lent set of internal coordinates, 12M8, , 124 BH, , and 12H BH, trans-
forms as A; + E+ T, + 2T;. They are also similar in energy and give
complicated normal coordinates.

Since the pattern of spectra lines in this area deperds so strong-
ly on the geometry of the MH;B unitl’18'3o and to a sanewhat lesser
degree on bond strengths involving the central metal, substantial dif-
ferences are cbserved in the spectra:“":‘s2 of the tetrahedral actinide
borohydrides and 2r, Hf (BH.)..

Three IR and six Raman fundamentals are expected here. As seen
in the gas phase spectrum of Np(BH,)., there is a strong, broad band
at 1240 an !, a weaker one at 1122 au”}, and a aunber of shoulders
visible an both. For the boradeuteride these same modes are at 528
and 845 am™!, respectiwvely, with the latter decreasing in intensity.
Spectra of monomeric U(BH~)«28'32’33 ard U(BD:.)x.28 are very similar
and show bands at 1237 and 1121 cm~! (H) but only one is reported for
U(BDy)y at 924 o !. The three IR fundamentals are not distinguish-
able in the gas phase where the broadness of the levels may have caused
overlap of two fundamentals which are close in energy.

More in lire with symmetry predictions, the isostructural zir-
conium and hafnium borohydrides®? exhibit three gas phase IR bands which

T

were assigned as v,,Tz, vst, and v¢ 2., For camparison, these are

given below.

Zr(BEy)y: 1288 1218 1034 cm ! Zr(BDy)4: 1020 92Z 812 am !
HE(BH,)y: 1300 1228 1020 cm™! Hf(BDy)y: 945 923 830 an!’
Assignment: vi2? ve?  vd? Assigmment: vi2? vi? vg?
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The \)-.Tz assignments are not well substantiated especially in the boro-
deuterides where the bands were chserved to be very weak.

Assignment of 1240 am ! (H) and 928 cm ! (D) for the neptunium
compounds as V412 or vsi2 is somewhat arbitrary but choosing 1122 an! (H)
845 am! (D) as V12 geems correct. The isotopic frequency ratios
are 1.34 and 1.33 for v, o2 and vg 2 respectively and are considered
reascnable for these kinds of normal modes. Turning to the low tempera-
ture IR and Raman spectra will help in locating the remaining fundament-
als.

Differences in the solid state IR spectra between An(BH,). and
Zr, HE(BH.), are even more pronounced as the gas bands split into many
sharper ones and the shoulders became clearly resolved. With so many
spectral features seen here, choosing the correct ones as the fundament-
als is impossible with the present data. However, any reasonable choice
will be sufficiently satisfactory for the calculations which follow.

The broad 1240 cm~! (H) gas phase absorption band experiences no
dbservable matrix shift and in the solid divides into a strong, symme—
trical doublet at 1247 and 1225 cm °. Although the weaker absorption
at 1276 cm™ ! seems to correspond well to that at 1286 cm~! in 2Zr(BHu).
as vuT?, its low intensity does not favor this and with the lack of
other information, Va2 ig assigned to 1247 am™ ! and ‘,st to 1225 am~}.
Matrix effects are most strongly observed for VT2 which increases in
enerqy and splits into two peaks at 1159 ard 1138 am ! where the most

intense and least shifted one is rather arbitrarily assigned as \:st.



A similar situation is seen for Np(BD.).. The strong, gas phase
absorption at 928 cm ' becowes several equally intense bands at 941,
926, 917, and 910 o ! with the least shifted anes, 926 and 917 cm™!
being labelled as vy 2 and vs 2, respectively. The very weak feature
in the gas spectra at 845 an ' sharpens in the solid and moves to
higher energy, 860 am !, but unlike the borohydride case, does not
split. It is assigned as vst.

Overtones of these T; fundamentals are observed in the IR spectra
just as those of the vBDb region are, but unfortunately, can offer no
help in selecting fundamental transitions since they are very broad.

In the Raman spectra, the vaAl modes occur at 1283 cm~! (H) and
955 cm~! (D) yielding vH/uD = 1,.34. E modes are easily spotted at
1260 cr® (H), 905 ™! (D) and 1053 em™! (H), 795 an™! (D) and conform
to those of the Zr and Hf compounds. These are assigned as sz and
viZ, respectively. A Raman line at 1230 cm™! (H) identifies with
1225 a~! as vs 2. For the borodeuteride, a weak peak at 863 am ! is

close to the IR value of 860 cn~} for velZ.

600-450 cm! (450-400 an”!) Region

At this point in the search, 1A, 2E, and 3T: fundamentals need to be
located, of which four Raman and two IR bands are expected in this spec-
tral region. WMB stretches transform as A, + T, and so for these two
modes, VH/VWD ratios should be near unity. For the other E and T; modes,
the most significant contributiomms are fram vHBH and VM coordinates

and therefore should give large VH/WD ratios ~ 1.3. Confusion as to

the labelling of the two T; modes has arisen in the past‘?‘7 since it
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was not realized that the large difference in VH/vD ratios caused the
corresponding borodeuteride mode of ve 2 (H) to be v7-2 (D) and not
ve'? (D). Had potential energy distributions been calculated, the
problem would not have existed. The situation was further caomplicated
by the very low intensities of v;°2 (H) and vif (H,D) in the 7r and Hf
compourds.

The WB stretching modes are located easily with the aid of their
low VH/WD ratios. Strang IR bands at 475 cm™! (H) and 437 an ! (D) give
VH/VD = 1.087 ard are assigned as ng2 (H) and \,7'1‘2 (D). Their in-
phase counterparts, v’*! (H,D), are observed at 517 cm™} (H) and
475 cnr! (D) in the Ramen with VH/VD = 1.088. The T; fundamentals are

A pande.

present only weakly as shoulders »ear the hases of the v,
Accampanying much boron motion are !°B effects and these are clearly
visible in the low temperature IR spectrum at 457 cm™' (D).

Once more spectral differences appear between the ac:inide and
Hf, Zr campounds. The cbvious distinction is seen in both gjas phase
and solid-state IR spectra of the borodeuterides in which a medium
intensity band occurs at ~400 cm™! in each of the Zr, Hf(BD.). spectra

but not in these of U(BDy), or Np(BD4)s. Authors2>’2’

have assigned
that mode as vs 2 (D) lying below the intense v712 (D) furdamental by
about 80 am~!. Strangely, the corresponding Zr, Hf(BH.). peaks are
only very weakly cbserved around 570 cm ! and there is doubt that they

19(a) ,22

are seen at all. It was pointed out that the great intensity

of the 400 om ! bands may be due to a Fermi resonance interaction with
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another T, species having an energy similar to vaTz (D) such that reso-
nance is seen only in the borodeuterides. Candidates which have the
correct VHAD ratios were given in the papers but they either included
A, or T; modes or unreasonable difference combinations.

From a camparison of the vH/vD ratios in the actinide compounds.

where the interaction is absent, to those in 2Zr, Hf(BHs) s and 2r, Hf(BDu) 4,

it appears that resonance is occurring in the Zr and Hf compounds between
the two fundamentals \)7T2 (D) and \)aTz (D). The VH/VD ratio for the

Np compounds is 1.087 and is the same for those of uranium. A similar
ratio is expected for the Zr and if compounds if no resonance is oper-
ating and a smaller value if there is resonance, since interacting

states repel each other. The VH/AD ratrios are calculated to be 1.043

for 2r and 1.026 for Hf, indicating perhaps that the mixing of wave-
functions is more complete in the Hf case.

The assignment of 398 an~'! (HE(BD,),) and 418 an~! (Zr(BD.}.) as
vaT2 (D) may still be correct since two T, fundamentals close in energy
can interact. In fact, this assignment is nmore reasonable than the
cothers previously menticned because if the unperturbed v7T2 (D) and
Vel (D) are close in energy, the corresponding borohydride fundamentals
will not be and therefore cannot interact. It is concluded that the
\)‘,Tz (H) and vaTZ M are inherently very weakly IR active and only the
latter is experiment.ily cbserved for Zr, Hf(BD,). through the effects
of Fermi resonance with v;-2 (D). The lack of an cbserved state other
than v,72 (D) for Np(BDu) » in the 450-370 an ! range precludes an

assigmment for v, 2 (D).
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The last fundamental in this region is vi®. In the Ramwan spectra
of Zr and Hf compounds, very weak lines were assigned as w' at
533 ca"! (H), 435 car} (D) for Zr and tentative assignments were made
for HE at 570 c! (H), 430 on™? (D). In the Np Raman spectra no
bands. near those of 2r and Hf were noted. There is a very weak peak
at 639 cw! (H) and ancther on the low energy side of w2 (H) at
506 cn~ ! with an IR coincidence at 509 au~! but no firm assigments
canbel'adesimebomdmberideconespaﬂetmsareladdm. The
rather strong 506 cu ! (H) Raman band cannot be in resonance with vy ™
at 517 cn ! and thus an equally intense borodeuteride counterpart is
expected at 380-400 cm *, but none is seen. It is tentatively identi-
fied as a T species and even though it is possible far a weak IR T:
band to be strong in the Remen effect, it cannot be assigned as v;12 (H)
with any degree of certainty. So like v7T2 (H), no assigmment of wE
can be made at this time.

200-25 anr! Region

'ﬂmelastt:nxtbdesintlre]mtmgyreginearengzarﬂst
vhich are comprised of SHME and to a lesser extent SEMB bends. The
Raman spectra show very strang bands at 163 am * (H) and 154 an! (D).
Weaker ones are cbeerved at 141 au™’ (H) and 121 ! (D). A priori,
either of a pair could be the E or T; fundamental since both species
are symmetry allosed in the Ramen. Both bands have approximately the
same VH/WD ratio and the Teller-Redlich isotopic product rules’ (see
Table 4) are not very useful here as assignments are missing from each
of the E and T2 symretry blocks.
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Ve:ys.i.mi.la:Rananspectrawerefounﬁfort\':eZr25'34aniﬂf27
compourds ard the intense lines were assigned as the E modes. Sub-
stantiating their assigrments were the cbeervations of Vs'2 in the
IR for the borchydrides only; the borodeuteride transitions occurred
too near or below the lower limit of the IR spectrameter tc e cb~
served.

Although thiese assignments could reasonably be carried oiar to
the Np case, it was decided that far IR spectra would be needed to
oconfirmm the analogy since in other regions of the spectra, there have
been very noticeable differences between Hf, Zr and the Np campoirxds.
The IR spectrum of Np(BHs)s in the region below 200 o' is showr. .n
Fig. 7. A similar one was taken of Np(BD4)}s but is not shown. 2bsorp-
tion bands were seen at 130 cw! (H) and 112 a~! (D) and are no doubt
vel?. Althouch slightly higher values were cbtained fram the Raman
" spectra, 140 ar! (H) and 121 cm! (D),thereisﬁoprobleninassigning
the intense Raman lines at 168 an’ (H) and 154 a™' (D) as vs®, thus
justifying the earlier analogy.

Teller-Redlich Isotopic Product Rules

The thecretical ratios®'23 for the product of frequencies are given
in Table 4 and can sametimes detect gross errors in a set of assignments.
These ratios are rigorously correct for zero-order frequencies which, as
will be discussed later, can be very different from the dbserved ones
due to anharmonicity. Usually dbserved frequencies give ratios slightly
smaller than predicted theoz:etically.35



Table 4
Teller-Redlich Isotopic Product Rules

H - D Isotope Change

Symmetry Lo, FAtIO
Block - Formula B 1lp
[ 2
Al H..’E ( ) 2.82  2.82
18 \Ry
L
As % = <:._l;.) 1.41 1.41
S 2
E H|—J—H=<n—l-9> 3.99 3.99
i=1 iy \MH
5 w, 5/2 172
I % _ (%%
T, —_—== - 6.49 6.44
i=1 % \Mg/ \ly
W 72 172
. M) (5 | we s
i=1 % \Ty/ \My
10g » !lp ysotope Change
H D
172
1!0 my,
A (m ) 1.049 1.049
1=1 111 10
1/2
lln m,
E i 1.049 1.049
i=) 111 12




Table 4 (continued)
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Symmetry Ratio
Block Formula H D
5 ] X
Y410 (mn) (In> 1083 5
™ jo B \im/ \Tis : 1.07
k]
H “$10 mi1\ /M %
T, = ——} | = 1.1070 1.1066
=1 wi“ mig/ \Myo
Zr,Hf + Np Mass dlangg*
B
g % Moo %
T IT Ze E ( Thp )(Mz ) 2.26(H) 1.29 (H)
=1 %5, \ernf/ Varst/ 5 01 0) 1.2800)
In the table: m = isotope mass, M = molecular mass, I = moment of inertia.

*
The !!'B isotope is used here.
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A caplete list of assignments for the A, block was cbtained friom
the spectra and the experimental Teller-Redlich ratio is 2.77 which
campares favorably to the theoretical value of 2.82. Because the E ard
T, symmetry blocks are still inconplete, a reasonable value of 1.33
for the VH/VD ratios of v.F and v712 (H) . (vel2 (D)) is used. Experi-
rental ratios now came out to be 10.1 and 3.51 for the T2 and E blocks
respectively. Theoretical ratios are 11.58 and 3.99. Inversely, the
theoretical values can give information on missing fundamentals. It
seems certain that fram Zr, HE(BD.). Spectra, the missing ve 2 (D) for
No(BDy) « would occur at 380 + 15 am !. Using this value and the theo-
retical ratio of 11.58, v, 2 (H) = 550 am ! which agrees well to the

tentative vy 2 (H) assignment of 570 cm™! for HE(BH4)u.

Normal Coordinate Analysis

‘The Program
After having tentatively assigned 32 of 36 fundamental modes, a
normal coordinate analysis seemed feasible. The program NORCRD used
to calculate frequencies and noxrmal coordinates was devised ki Gvinn36
ard later expanded to include least squares fitting, group theory, and
other calculations by D. Reuter.>’ Especially well suited for elec-
tronic computers, the program sets up the normal coordinate prcblem
in terms of mass-weighted Cartesian coordinates. Since the 3N Cartesian
coordinates are all independent, £he question of redundancy never arises.
In this coordinate system, the kinetic energy matrix is simply a

unit matrix while the potential erergy can be written as
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V= Zﬁi’lp ax.dx,

where g , q, are any generalized coordinates X, xj are Cartesian coor-

dinates; and Fy, are the force constants in terms of bond distances and

angles. The orthogonal transformation which diagonalizes V is just the

transformation from mass-weighted Cartesian coordinates to normal coor-

dinates. Only after the diagonalization process are rotation and . trans-
lation separated from the normal vibrations.

Using a nonlinear least squares routine, NORCRD finds the best-fit
values for an input set of force constants by minimizing the difference
between the cbserved and calculated vibrational frequencies for all iso-
topes simultaneously. All of the symmetry information about a 'calculated
normal mode is contained in its eigenvector and the program insures that
each calculated frequency which is adjusted to agree with an cbserved
e is of the same symmetry type.

In addition to many other physical guantities which the program can
calcuil.atve:,37 those of moment of inertia, the first derivative of the di-
pole moment with respect to the normal coordinates, and the nomal coor-
dinates in terms of Cartesian coordinates were included in this study.

The molecular structure parameters used in the calculations were
taken from the results of the low temperature Xray structure investiga-
tion on Mp(BH,), and are given in Table 5. For the majority of the cal-

38

culations, the T4 Staggered (w = 60°) configuration™ was used but the

other T, eclipsed (uw = 0°) structure was also tried.



Table 5

Molecular Structure Parameters for Np(BH,).

Distances (&)

Np ~ B 2.455
B -H 1.000
B -H 1.170
Np - Hb 2.341 (calc)
Angles (deq)
H -B- H 109.47
H -B -H 109.47
B -Np-B 109.47
Np - H - B 81.37 (calc)
Masses (amu)
237 237.048
log 10.0129
g 11.00931
H 1.007825

D 2.0140
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Internal cocrdinate sets used in this analysis are the 4BHt, 1213!-1b,
12M-lb, 4MB bords; 12HtBHb, 12HbBHb, lZHbNHb (triads of Hb's related by
Ci3) angles; and 36HbB'IB torsions. Variations in these sets were consid-
ered during the fitting process. The fumdamental frequencies which
were input into the program are listed in Tables 2, 3, and 7 and each
was given unit weight.

The least Squares Fit

Primary Force Constants. For a molecule of this type there are 86 inde-
pendent force constants allowed by synmetry.';-s Since there are not nearly
this many dbserved spectral data, an approximate force field was derived
using a limited nunber of the more important force constants. During
the course of least squares fitting, only four or five constants could
be fit simultaneously per run. By fitting a different group of four or
five constants each time until all have been adjusted, a steady-state con-
dition was reached and then a conclusion as to the quality of the field
could be made. Throughout all runs, the torsion constant was held fixed
since the dependences of all other frequencies besides the uncbserved V2
on this constant are negligible.

Initially same of the values of the force constants were taken from

19(2),27 19 others were guesses. Fits

the results of the Hf (BH,), study
using no interaction constants were tried first and then interaction

constants were added later to achieve better agreement. To a large de-
gree, the quality of a force field was determined by the standard devi-

ation (SD) it produced and is defined as
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VoarcVeps) -\’

- 8D =(2—ﬂ_1)
, i

where N is the total muber of frequencies for all isotopes, M is the

mmber of force constants allowed to vary, and i is the nuvber of

observations.

The vBH,_ constant converged rapidly and was not significantly af-
fected by other changes in the potential function so it was held fixed
during subsequent runs. Iikewise the VEH, constant was easily fit but
interactions between it and other constants were cbserved and‘ the ano-
malously poor agréenent of v;Tz (D) with the calculated value made the
adjustment of the VBH,, constant frequently necessary.

Attempts to add a set of 12 6BHbeendstothe 4vMBcoordinates
resulted in very low values of the bending constant while the stretching
constznt remained significant. No improvement in the fits was obtained
and those using only the bends gave very large SD's. Therefore the bends
were dropped.

Difficulty was encountered in fitting the SHEH bends. The c‘>HtB1-lb
and GHbBHb force constants are highly correlated and reaching convergence
tock many iteratioms, if it occurred at all, when the two were simul-
taneously varied. No problem in convergence was noted when only one was
allowed to vary at a time in the least squares fit. Trials with both
internal coordinate sets combined into -me representing 24 GHBHb bends
gave significant discrepancies between observed and calculated frequen-
cies and were no longer considered.

The low energy modes proved to be a prcblem in that vs® calculated

lower than ngz in disagreement with experiment. Since \:..I"1 was also
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affected by the SHMH constant, satisfactory agreement could not be
attained by simply reducing the force constant value. In one test,
the 12 SHMH coordinates were replaced by 6 SBMB angles but no improve-
ment was seen. Even when the two sets were used together, the SBMB
constant diminished practically to zero and eventually was deleted.
The other symmetry-equivalent set of 12 SHMH bends described by

Keiderling et al.27 as SHMH (tor), where the H, atoms are related by

C;, has a very large A; component and affects vA

2 to a similar degree
as our torsion. Its influence on the other frequencies is negligible
and consequently does not help in fitting V& O Vo 2.

At this point the VBH, frequencies, v,A‘ and v1T2 fit well, with
cbserved and calculated frequencies agreeing to better than 0.5%. Both
pairs of VBH, and VBD, modes have calculated separations larger than
are observed especially in the borodeuteride. The vy 2 and vs'2 modes
calculate too high in the borchydride but too low in the borodeuteride.
However, considering how sensitive these frequencies are to bridge
geometry, the agreement is satisfactory. From the IR spectra, it was
seen that \)sTZ experiences a large matrix shift to higher frequency so
the low calculated value is not unexpected and agrees surprisingly well
with the unperturbed gas phase frequency. The A, modes gave excellent
agreement to the Teller-Redlich rules and in general fit the best, al-
though vaA‘, which depends essentially on WH_ and SHBH, calculated low
without interaction permitted between the two internal coordinate sets.
The calculated E modes were fairly satisfactory, with the greatest per

cent deviation occurring in st.
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Employing a set of only 8 primary force constants, the SD = 20 cm™!
for 32 cbserved frequencies.
Interaction Constants. A few well-chosen interaction constants in the

potential function can greatly improve the overall agreement beiween
cbserved and calculated frequencies and give a more realistic descrip-
tion of the normal coordinates. The nurber of interaction constants
greatly exceeds that of primary or diagonal ones and it would be uwise
to try them all. Knowing some of their properties is worthwhile and
three of them are given below.

(a) Symmetry considerations are helpful in choosing an interaction
constant. A mode will be influenced by an interaction constant only if
its symmetry species is common to both sets of internal coordinates in-
wlved in the constant.

(b) The modes which are most affected by an interaction constant
-have as their major components at least one of two internal coordinate
sets constituting the constant.

{c) The pair of internal coordinates which interact strongly will
be close together in energy.

For caplex molecules, it is not possible, a priori, to know whether
a frequency will increase or decrease when an interaction constant is
introduced. In this work, in more than 50% of the cases, the frequency
decreased.

The choice of the first interaction constant, VBH, :VBH,, where

stretches in one BH{ group could only interact with those in the same
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BHE group made use of all three of the above properties. This type of
interaction is labelled an “"intra" for intragroup interaction. It was
found that the motion of a BH, bond did not significantly couple to
the motion of another such bond located in ancther borchydride group.
In fact this is generally true for all intermal coordinates and is
the basic assumption of the SGVFF model.23 Being similar in energy,
the interaction is appreciable and its inclusion made a definite im-
provement to the quality of the fit. The vaz, \J3T2 separation de~
creased as desired, but as will be discussed later, the calculated
v2T2 (D) is still too high. The val and v;E modes also improved and
the SD drcpped to 16 an™?.

Similarly the VM, modes improved with the addition of a VMH, :VMH
interaction constant and the SD dropped to 12 cmi .

The three types of binary combinations using the 6H_BH, and SH BH
coordinates did not lower the SD significantly since very likely the
problem of poor agreement does not lie in their interaction but nore
probably in the accurate location of the fundamentals and in the molecu~
lar structure parameters. There was difficulty in obtaining convergence
and in the end, these constants were eliminated.

Including a vMB:WB interaction @id help samewhat but later was
replaced by a more effective constant inwolving the WB stretching coor-
dinates. The lowest frequency modes did not get better using a SHMH:SHMH
interaction constant. An unsymmetrical interaction constant employing

the above iwo low energy coordinates, vMB:SHMH, was then considered since,



by property (a), would oniy affect the A; and T, modes and it was hoped
that v,Tzwuﬂdthczeasemilestuou]dretainmdxanged. The inter-
action constant converged to a large but negative valve, decreasing the
SD to 11 ar"! and improving the calculated vi! frequency. Unfortunately,
it caused not the reduction of vsl? but a slight increase. Sawe relief,
h:wevet,vasfaxﬂinthelme\ezgynndabjtheuseofa%:ﬁm
interaq:immid\cawergedrapidlyboﬂevalueinl‘able 6.

For the 1200 o™’ (H) and 900 an~’' (D) regioms, the anly inter-
action constant tried which assumed a reasonably large valve wes the
VBH, :H BH, constant and the final SD = 10 cw' for the SGVFF given in
Table 6.

Although the staggered orientation of bridging hydrogen atoms is

the most. stable fram a steric point of view,1’3 the results of Smith

25,38 and Plato and Herbergls(c) on 2r(BHsy) s prawpted an investi-

at al.
gation on th= eclipsed, tetrahedral structure of Np(BH.).. As far as
the computer program was concerned, all that needed to be changed wers
ﬂie(:artsianwordinateﬁofthenawﬂbatuupositiusardthenmber-
ing of the dHMH bending coordinates. The SGVFF given in Table 6 was
shown in Table 8. The major differences in the two structures are in
the SHBH and SHMH bending modes, as expected. The Vst frequencies are
calculated very low while those in the 1200 an ' (H) and 900 au ' (D)
region of the spectra increased. Allowing the force constants vo vary
in a nuber of fits improved the bending frequencies only moderately and



Table 6
Best-Fit Force Constants for Neptunium Bordhydride

Primary Force Constants Interaction Force Constants
Internal Coordinates value Tnternal Coordinates Value

VBH, 3.51 md/A VBH : VBH, (intra) .04 md/A

VB, 2.36 L NER N .02

\I‘Hb .37 wWwB GHbM-lb -.09 md/rad

wB 1.28 VBH, : H BH (intra) .04

SH BH, .28 mdA/rad? W : SH M .04

submh .36

SH M, (Cy) .26

GHbHB .18

*

The torsion force constant is essentially undetermined since the Az
mode is not dbserved. It was set at .18 and kept constant during all
fits.
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vs® always calculated less than 100 cx'. Since the SD was never below
17 cn! in any of the runs, the eclipsed structure was finally disregarded.

The cbeerved and calculated frequencies using the best-fit force
constants in Table 6 are listed in Table 7. The agreement in the A
symmetry block is very good for both isotopes while that in the others
is satisfactory. For reasons unknowWn, the low energy modes do not agree
as well as the higher anes, a result also found in the analyses of Zr2>
and HE?? borohydrides. Of course, by including a greater mmber of
force constants, the fit can be made better but it was the purpose of
this study to explain the spectra with a small nmmber of constants. It
is conpletely senseless to expect an exact fit to a set of anharmonic
frequencies of a quantum mechanical system as camplex as Np(BH4)« using
a classical harmonic oscillator model. That such a good fit was ob-
tained seems alnost fortuitous.

The final force fields derived for Zr(BH.)., HE(BH.) W, and Np(BH,)

are slightly different in composition and one must be cautious in making
close comparisons of the force comstants. It is seen that all the pri-
mary constants are very similar especially the vBH, force constants.
In general the stretching constants are ten times the bending constants
and the bending constants are about ten times the interaction constants.
mwnbforcembantsinallﬂmeest\ﬁiwweremmmuylmmile
the WB constants turmed out to be large and may be indicative of signi-
ficant M-B bonding in these molecules.

The allowed fundamentals which were not cbserved in the spectra are
calculated at reasonable energies. Going back to the spectra and locking
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Table 7
Fundamental Vibrations (om ') of Np(BHy), and Np(BD:)s

Np(BHa )+ Np (BD )
Calculated Cbserved Calculated

2551 2557 1912 1911
2143 2144 1548 1603
2069 2078 1516 1485
1247 1266 926 897
1225 1223 917 895
1138 1104 860 824
— 575 437 447
475 488 — 415

130 156 112 139
2557 2554 1913 1905
2149 2147 1517 1523
1283 1284 955 953
517 517 475 466
2123 2117 1619 1589
1260 1270 905 899
1053 1089 795 807
—_— 571 — 413

168 142 154 125
—_— 2116 _— 1587
—_ 1256 _— 889
—_— 1084 _— 810
—_— 565 — 405
_— 405 —_ 288
—_— 288 — 204
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Table 8

Calculated Frequencies far the Eclipsed (w= 0°) Structure

Mode &(HBHu)h EE(“BDH)I.
vy T2 2556.9 1910.9
va 12 2110.2 1584.3
V312 2066.5 1476.8
vy T2 1289.2 915.1
vsT2 1223.2 895.1
Vg 12 1121.5 825.8
vy 2 587.7 448.3
V2 486.3 425.7
ver2 147.1 130.7
v, 2555.8 1908.7
v M 2076.5 1480.3
vy 1333.5 972.3
v 499.0 455.1
v, E 2106.8 1581.7
vo& 1287.5 915.0
Vit 1126.4 829.2
vE 584.8 423.4
vse 96.8 85.2
v 11 2107.4 1582.4
vail 1259.3 891.4
vaTl 1081.8 805.4
vy1! 577.3 416.5
vsil 519.6 367.7
v iz 288.2 203.9




for transitions near the calculated values gives no positive results,
however. The symmetry forbidden T; modes were also calculated and
identified by the program and since the A,, E, and T2 modes were cal-
culated rather accurately, it does not seem likely that the freguencies
for the T: modes are in serious error. The v ! mode was observed for

9 at 594 an~! and the corres-

Zr(BH,) 4 by inelastic neutron scattering®
ponding 565 an~ ! value for that in Np(BH,)s is quite reasonable in light
of the overall trend found in this analysis where even for the non T,
modes, V(Np) < v(2r). Further assurance is given by the Teller-Redlich
product rules. The ratio for the calculated frequencies from Table 7

is 5.0 and is not considered too unreasonable when cawpared to the
theoretical valus of 6.4 using the values of the moments of inertia
computed by the program. Using the same arguments, the values of vz
simply cbtained by setting the torsion constant to 0.18 are again prob-
.ably not too bad considering the value of v»2 for Zr(BH,), of 302 cm~!
cbserved by Tamkinson and Waddington.3? It is comforting to know that
the calculated VH/VD ratio of 1.41 for vAz agrees exactly with the the-

orztical value.

Assignment of Nonfundamental IR Bands

4000-200 an”! Region
Now that a better understanding of Np(BHu)}s and Np(BDs)4 fundamentals

was supplied by the normal coordinate analysis, an effort in identifying
the nonfundamental transitions seen in the low temperature IR spectra
was carried out. These extra features are either impurity, overtone

103
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or conbination bands. Since overtones and conbinations are rarely seen
in the ordinary Raman effect, just those which are IR allowed will be
discussed here. Only overtones of T) and T, fundamentals are IR active
and the active oconbination bands comprised of dbservable parent funda-
mentals are A, + T, E+ Ty, and T, + T,. Difference bands are also
allowed but due to intensity arguments, they are not considered in

this work.2 Although the T; modes are not directly dbservable, it was
found that their overtone activity is important and the calculated values
from Table 7 are used but with caution. They are also involved in numer-
ous canbinations: A, + T, E+ Ty, T: + T1, and T1 + T2.

It is perhaps worth mentioning at this point of the possibility of
Np(BH,), exhibiting electronic transitions in this spectral region. Un—
like zr** and ne*, Np**([Rn)S£?) has unpaired electrons which can under-
go transitions within the ‘I manifold. 90 1n a tetrahedral crystalline
field, two transitions can take place between the ground T's state'l and

42 In contrast to vi-

the two excited T'y levels of the “I,/, manifold.
brational states, the electronic states should show only very weak H + D
shifts and not necessarily to lower energies.

The only possible candidate for a I's ~ I's transition, is the weak
but sharp 1199 carr! (H), 1191 (D) peaks. Howewver, this is readily ruled
out since this 1191 ar? band is also seen in Zr(BD4)s at 1188 cm 12
and is of the same shape and relative intensity and is explained as a
'H impurity of the very strong 1200 cu! region of the borohydride spec-

trml.“3 The 1199 o} (H) band is seen weakly in the Raman at ~1205 cui™!



and is tentatively assigned as v, + vs12 = 1183 cm™! or 1194 cw! if
the Ranan value Of vs'? is used. For the deuteride, this combination
yields 907 cm”! and may be buried in the strong absorption there.

Pure transitions of this kind are forbidden by parity and anly
through configuration interaction with the higher d states can forced
transitions be observed. 1Therefore electronic transitions in very
thin samples are expected to be extremely weak. Vibronic bards could
have appreciable intensity but their identification as such is not pos-
sible at this time,

Fram the gas phase IR spectra of mixed isotopic molecules of the
formila ZrB..HxDls-x43 and Nplau.l-lxt)u;.:,.:,44 the other 'H impurity bands
listed in Tables 1 ad 3 are easily assigned.

Locating '°B bands is not as easy since their isotopic shifts are
inherently smaller and there is always some of each boron isotope in
every sample. Besides knowing the '°B/!'B abundance ratio and the

atomic masses, calculations using the previously derived SGVFF on various

isotopically substituted molecules are the only handles on the prdblem
of locating !B impurity bands.

The program NORCRD is very well suited for calculations of this
kind. Davies et al.?? determined that 44% of all metal tetrakis-
borchydride molecules contain four ''B atams, 40% containone !'B atom,

and 14% have two of each isotope. Calculations of the fundamental fre-

quencies for the molecuies Np('°BH.)x(!'BHy)u—x and Np(!°BDy)x(''BDy) u-x,

where x = 0, 1, 2, 4 assuming the SGUFF of Table 6 were performed and
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the results are given in Tables 9-13. Although molecules in which x = 4
are exceedingly rare, their calculated frequencies were invaluable in
assigning the new, lower symmetry modes.

Tables 10 and 11 (x = 1) were particularly useful. The IR band
at 1931 em™! (D) (see Fig. 6) is nicely predicted by the calculations.
Even though the corresponding band in the borohydride spectrum should
occur at 2564 cm™! and be observable, it is evidently too close to vi'?
in the wavenunber range where the resclution is half of that below
2000 cm~!. A separation of 11 cm! between v, 2 (D) and 10p(v,T2 (D))
is predicted and chserved. However, no !°B band on vs 2 (D) is expected
or seen due to the small calculated separation of 1.6 cm !. None of
the "extra" bands in the SHBH bending region at 1300-1050 ar? (H) and
950-800 cm~! (D) is due to !°B since there is very little boron motion.
This is also noted in the Zr and Hf borohydride spectra®? and the cal-
culations agree.

Distinct !°B effects are clearly visible in the WB stretching re-
gion. Unfortunately the calculations indicate smaller shifts than are
cbserved. Both the borchydride and borodeuteride fundamentals at
475 cmi! (H) and 437 cni”! (D) reveal subbands of reascnable intensity
and energy but that in the borohydride spectrum at 509 an™! is too high
in frequency to be !%B(ve 2) with a v19/A!! > 1,050. The 457 cm! (D)
peak gives a satisfactory freguency ratio of 1.046 but is predicted at
only 444 a™! (x = 1) and 449 an~! (x = 4). This brings up again the
question as to whether 509 cx~! (H) could be v7 2 (H).
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Table 9

Calculated Frequencies for Np('®r'B!'*?H.),

107

Symretry Np(''BHY) W Np('°BHu)w Np(''BDu)u Np(*°BD4) 4
vy T2 2557.0 2570.8 1911.1 1932.4
vo 12 2143.8 2155.7 1602.9 1620.5
w312 2078.4 2081.1 1485.2 1487.4
v ¢ 1266.3 1266.5 897.3 900.6
V12 1223.2 1227.6 §95.0 897.5
ve 2 1104.4 1111.3 823.7 830.5
vy12 574.8 576.0 847.3 459.2
vel2 488.4 505.8 414.6 415.8
Vo 2 156.1 160.7 139.3 142.3
v 2554.2 2567.5 1905.1 1925.5
v 2146.6 2147.4 1523.4 1524.1
vy 1284.3 1290.8 953.0 961.2
v 517.0 536.4 466.0 479.1
v, E 2117.3 2130.0 1588.5 1606.8
voF 1270.0 1270.1 899.0 899.1
st 1088.6 1094.7 807.2 813.2
wE 1.2 572.7 412.6 413.9
Vst 142.1 146.9 125.1 128.3
w1} 2115.9 2128.5 1587.1 1605.2
vaT? 1255.6 1255.6 888.8 889.0
Va1l 1084.1 1091.3 810.2 817.1
vy Tt 565.0 565.9 404.5 405.2
vsT} 404.7 405.0 287.8 288.0
v B2 288.2 288.2 203.9 203.9




Table 10

Calculated Frequencies for Np(''BH.);'°BH,
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Symmetry Np(*1BH,) 3 3,

in Tq A A, E

vy 12 2570.1 2557.0
v, 12 2143.9 2149.6
312 2080.2 2078.5
i T2 1266.3 1266.4
Vg2 1226.5 1223.2
Ve 2 1104.4 1107.6
vy 12 574.8 575.3
Ve 2 498.7 488.4
Vo 2 156.2 158.0
v 2554.8

v, 2146.8

v P 1286.0

v 524.6

v,E 2123.1
v,F 1270.1
R 1090.6
v, E 571.6
Vst 143.2
v 2115.9 2116.7
vy Tt 1255.6 1255.6
vt 1084.1 1085.7
Va1 565.0 565.3
vs1! 404.7 404.8

v B 288.2
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Table 10 (continued)

Correlation Table

Tds—-—’c3

v

Ay A
A, .V
E E
T, A2+ E
T2 A+ E

In the new point group, C3v,

the A; and E modes are IR and
Raman active. A, is both IR
and Raman inactive.



Table 11

Calculated Frequencies for Np(!'BD.)3!°BDy

1o

Symmetry Np(}'BDy)s'%BDy

in T, A Ag E

vy 12 1931.0 1911.1
vy T2 1602.9 1614.4
var2 1486.8 1485.2
vy 2 899.1 897.4
Vs T2 897.1 895.1
vg T2 823.7 827.0
VT2 454.3 447.3
vg T2 414.7 415.1
vg T2 139.3 140.5
v 1906.3

v, M 1523.6

v 955.2

vy 471.2

v,E 1594.2
v,E 899.0
viE 807.9
Ve 412.8
Vst 125.9
vy 1587.1 1587.9
ot 888.8 888.9
a1l 810.2 812.9
VTl 404.5 404.8
Vst 287.8 287.9

v Bz 203.9




Calculated Frequencies for Np(!BHi)2 (!°BH,}2

Table 12

111

Symmetry Np(*!BH4) » (1°BH4) »
in Td M) Ay B, By
v, 12 2569.3 2570.8 2557.0
Vo 2 2151.1 2145 1 2152 5
w312 2079.7 2080.9 2078.6
vy 12 1266.4 1266.4 1266.4
s 2 1225.3 1227.6 1223.2
e 12 1108.5 1106.7 1110.0
vy 2 575.5 575.1 575.7
Ve 2 494.5 505.7 488.4
Vg1 158.8 " 157.3 159.6
v, 2555.5
v, 2147.0
v 1287.6
v, 529.3
viE 2122.3 2129.3
v, © 1270.1 1270.1
v 1091.0 1093.5
e 571.8 572.0
vsZ 144.2 144.6
v 11 2116.6 2124.1 2118.3
o l 1255.6 1255.6 1255.6
e 1085.8 1088.9 1085.5
vy 1 565.4 565.7 565.2
51! 404.8 404.9 404.8
vhe 288.2




d 2v
A A
Az A,

E A+ A;

Tl A2+BI+BZ
T A; + B +B;
In the new point group, sz'

all but A; are IR active; all
all are Raman active.



Calculated Frequencies for Np(!!BD:y), (1°BDy)2

Table 13

Symmetry No(''BDu)2 (*°BDy).
in Ta— Ay A B Bz
vy 12 1929.5 1932.4 1911.1
V12 1616.0 1612.4 1618.3
V312 1486.3 1487.4 1485.3
Va2 898.0 900.5 897.6
vs12 897.0 897.2 895.1
Ve 12 827.7 826.2 829.3
v 2 451.4 459.2 447.3
ver? 415.4 415.0 415.4
Vo2 141.0 140.1 141.5
w 1907.6
v 1523.8
vy 957.3
w1 474.4
viE 1593.3 1606.0
vaE 899.1 899.1
Vst 809.6 808.2
wE 413.1 413.2
vsE 126.6 126.8
v 11 1587.8 1595.6 1589.4
vall 888.9 888.9 888.9
vsTl 815.6 814.6 811.4
Vil 404.9 405.1 404.7
vsil 287.9 287.9 287.8
vhz 203.9
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To further explore the utility of these calculations, the freguen-
cies of the molecules Np(!!B!’2H,) ,("n"znm)"‘ﬂt'b {e.g., Np(*'B%Hy) 5
(*'B?Hs) 'H_ = Np(''BDy) 3 (*'BD)H,) investigated. Statistically, singly
contaminated molecules with the impurity atcm in the bridging position
should be three times more abundant than those with a terminal impurity
atom and their spectral features should be mcre easily seen. !nfor-
tunately, the symwetry of the more abundant molecule is Cg and all 57
modes are nondegenerate and IR allowed, making an analysis of them
intractable. The symmetry of the less abundant molecule is higher,
Cav, but its effects are seen only for the more highly contzminated
samples. The calculated frequencies for both types of molecules are
given in Tables 14-16.

Other conclusions relating to the spectra are difficult to draw
since transition intensities and concentrations of the :impure species
are mknown. The program used in this analysis can comgute the first
derivative of the dipole mament with respect to the nommal coordinates
with an input set of partial charges on the ztom. Infrared intensities
are proportional to the square of thae quamtit.i.w.‘s

Approximate partial charge calculations were performed on metal
borohydrides by Sanderson’® and James?’ and using the values of partial
charges: Np = +.772, B = +.095, H = -.072, intensities were calculated
for Np(''B!*2Hy) . 'mey.were in mediocre agreement with experiment
and there were a few major disparities which essentially showed the
intensity calculations to be useless. The simple charge distribution,



Table 14
Calculated Frequencies for Np(“m.)s”nmat

Symmetry Np(''BDu) s ' 'BDsH,

in T, A s E

v, 12 2552.0 1911.1
v, 12 1603.0 1603.7
312 1499.7 1485.2
v T2 901.6 898.3
vs 12 897.1 895.1
Vg 12 823.7 857.5
v 12 454.8 456.8
ve 12 414.7 446.5
Vo 12 139.3 142.7
v 1906.6

v, 1527.3

vsM 957.3

v 472.3

v 1589.3
vE 1020.3
vif 808.3
v B 413.4
vst 126.8
v 11 1587.1 1587.6
varl 888.8 892.7
vyl 810.2 817.2
ve Tt 404.5 407.7
Vg1 287.8 287.9

v B2 203.9

The point group.of this molecule is Cay.
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Table 16
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Calculated Frequencies for Np(!'BHi)s''BH:D anc Np(''BDu) 3! 'BDsH

Symmetry Np{'BH.) 3! 'BH; Np (' 'BDy) 5 'BD;H,

in T, | A A N A

vy 12 2557.0, 2556.0 2557.0 2125.5, 1911.1 1911.1

Vo 2 2143.8, 2133.3 2143.7 1898.3, 1602.9 1603.7
V3l 2078.4, 1574.5 2078.4 1507.2, 1485.3 1485.3

v, T2 1266.3, 1260.8 1260.2 898.6, 897.3 898.4
vs1? 1223.2, 1110.7 1221.0 896.8, 985.1 895.1
ve12 1104.3, 1092.4 1098.2 835.9, 823.7 846.1
VT2 574.8, 573.0 573.3 455.6, 447.3 447.4
Vel 488.4, 470.3 488.4 433.9, 414.6 426.5
Ve 2 156.1, 154.9 155.2 140.4, 139.3 139.9
v, 2553.9 1906.7

v, 2145.6 1535.2

vy 1281.0 1161.1

v 505.0 472.7

v,E 2116.8 2117.1 1597.3 1589.8

v E 1268.8 1268.8 945.2 1060.0
viE 1085.4 1086.8 808.2 808.2

v, B 568.1 568.9 413.4 413.4
vst 141.0 141.5 125.8 125.5

v T 2090.2 2115.9, 2115.8 1587.9 1587.5, 1587.1
varl 1237.5 1255.6, 1223.3 891.0 891.8, 888.8
vyl 998.7 1084.1, 972.0 815.3 817.5, 810.2
vl 521.3 565.0, 544.5 407.2 406.9, 404.5
vsi! 404.5 404.7, 367.4 287.8 307.3, 287.8
v A2 274.1
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Table 16 (continued)

Correlation Table

Td Cs

Ay a'

A, a"

E A'+ A"
T A'+ 28"
T2 2A'+ A"

In the new point group, cs,
both A' ard A" modes are IR
and Raman active,
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as given above, does not describe the real situation in Np(BH,),. For
a clear understanding of the spectra, isotopically pure samiles would
have to be examined.

The identity of the troublesame 1593 cm! (D) IR absorption remains
to be solved. It is apparent from Table 7 that while the agreement be-
tween the cbserved and calculated frequencies for vaz (H) is very good,
that for the borodeuteride is swrprisingly poor. The fact that the
1593 am~! (D) band is so intense for a nonfundamental transition and
vaz (D) is so far removed from its calculated value suggests that Fermi
resonance is operating. Identical effects in this same energy region

anly for the borodeuterides are also cbserved in 2r (BDy) 4, 2212

12(b) A possible explanation

BE(BDy) 4, > @127 y@D4), 2 and ALEDY) .
was given for Zr(BD..)..z"Z as the first harmonic of a very weak, unassigned
transition at 812 au ! (D) in Fermi resonance with v,12 (D) at 1603 an™!.
This may be possible but still does not help since the origin of the
812 cm! band was never given and may have been caused by an impurity.
Later the same authors24 tentatively assigned the third band as the T)
node, v;T‘, allowed in their T symmetry model but made no mention of the
obvious perturbation of v2'2 (D) they reported earlier. In that same
paper, they rejected their earlier explanation of Ref. 22.

In this work, the 1593 an ® band is assigned as the T, component
of 2\::«;'1‘l (D} (of symmetry species A, + E + T;) in resonance with vaz (D}
causing a mixing of wavefunctions and a change in intensities and en-
ergies. The calculated value of 2vs ! is perhaps a bit high but anhar-

monicity, which must be present, could put it at the correct energy.



The nature of the high frequency subbands is interesting but must remain
a mystery for now.

7400~-4000 o™ Region

The near IR spectra of 2Zr and Np borchydrides are shown in Fig. 8
and listings of the abserved bands are given in Tables 17-18. For poly-
atomic molecules, mak:' ; assignments of the cbserved bands in the non-
fundamental region is ¢ .fficult sinoe there are many possible symmetry
allowed conbinations and overtones. The effects of anharmonicity cause
the non uniform spacing of vibrational levels as the quantum number,

V, increases. Therefore the energy of an overtone or combination band
will not be an exact multiple of the fundamental frequency or exactly
the sum of the parent terms of a corbination. Identification of such
transitions is not a simple task as the degrees of anharmonicity are
ordinarily unknown. The subject of anharmonicity is very camplex in
the case of polyatomic molecules but for diatomics it is better under-

48 25 was found in the normal coordinate analysis, the 2500 cni!

stoad.
(1900 cn™!) region is practically pure VBH_ (vBD,) stretches. This
result and the VBED, normal mode pictured in Fig. Al suggest that a
diatomic molecule approximation would be a useful model in describing
this portion of the borchydride molecule.

The overtones of the VBH, modes are seen at the high energy end
of the spectra in Fig. 8 with the !°B modes clearly visible, From the
spectrum of a 1 mm thick Zr(BH.). crystal, transitions up to the 2nd

harmonic of this fundamental were dbserved.
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Table 17

(bserved IR Bands (7400-4000 cm ') of Np(BH)s at 2K

122

Wavelength (nm) | Energy (em™!) | Assignment Conments
2460 4064 20,72 v. strong
2457 4070 108 (2v5T2) 2 shoulder on 2vs 2
2447 4086 V212 4 yy12 weak shoulder
2431 4113 2v,02" strong, sharp
2423 4126 20, 11 medium, sharp
2398 4169 2v, 72 medium, sharp
2392 4180 108 (2y,T2) shoulder on 2va 2
2378 4205 vaT2 + veT2 4 vsF | broad, v. weak
2335 4281 2Ve T2 4 vy12 broad, weak
2237 4469 viT2 4+ 2y,T2 v. broad, v. weak
2201 4542 val? + 2v, T2 broad, weak +
2165 4618 V212 + 2v,T2 broad, weak
2129 4696 v2T2 4 2y ™ broad, weak
1994 5013 2v, T2 weak, sharp
1986 5033 105 (2y,12) weak
1654 6046 3vs 72 broad
1353 7389 3vy 72 weak

*See Table 1, footnote a.
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Table 18
Cbserved IR Bands (7500-4000 cm™!) of Zr(BH.), at ..*

Wavelength (nm) | Enerqy (cm™!) Assignment Conments
2407 4153 20512 shoulder, intense
2395 4174 2v, 71 @ strong
2363 4230 2v, 12 medium, broad
2290 4366 vat? + v 2 4 viF | v. weak, broad
2261 4422 VaT? 4 2ye12 v. weak, broad
1976 5053 2v, 72 weak +, sharp
1968 5080 10g(2y,12) weak
1946 © 5138 medium
1634 6117 3uy12 v. intense, sharp
1621 6167 3, T} shoulder on 3
1592 6279 3vp12 weak
1579 6332 medium, broad
1341 7458 3,12 medium, sharp
1335 7487 108 (3v,12) weak

%he calculated value for v;®'was taken from Ref. 27 for HE(BH4)s which is
believed to be more accurate than that fram Ref. 25,

b'l'nis band and the others listed below it are taken from the spectrum of the
1 mm pathlength crystal.



The energy level expression for a diatomic nolecule with one an-

harmonicity constant, “’exe' is

=1y = - 2
Ejar?) = (vH)u, - (V)20 X, (1)

where u, is the zero-order frequency. Using the values of nv, 12
(n=1, 2, 3) for Zr(BH.), fram Table 18, w X  is calculated to be 44 av '

48 gimilar

which is typical for diatomics involving a hydrogen atom.
calculations for Np(BH.)4 yield w.X, = 45 cn !,

The borodeuterides Jo not show any overtones of this mode (see
Fig. 6) but a sufficiently thick sample undoubtedly would. Therefore

an anharmonicity constant cannot be calculated from the spectra. An

approximate value can be dbtained using the r.'elation48
(w0 X,) My
T )D =B (2)
Ye"e - ¥p

where p is the reduced mass. A value of (wexe)D = 24 an~' is obtained
for Zr(BDy)y and Np(BD4) 4.

From Eg. (1), a formula for the zeroc-order frequency is easily
derived by letting Ep-; = vy and V= 1.

One gets W, =Vt 20X, (3)

where v; is the dbserved fundamental frequency. Internsofmeard
mexe, the frequency of any overtone can be calculated fram By. (1)
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as vy = Vi, - V(V+1)wexe (4)

or from the fundamental frequency and anharmonicity constant

vy = Wi+ v(1-v) weXe (5)

Using Bg. (3), the hammonic frequencies are

]

2r campounds: ue:r ? (H) = 2657 cr} and we;T? (D) = 1968 an}

Np compounds: g1 ? (H) = 2641 am™! and we; T2 (D) = 1960 cnr!

Bs a sinple test of the accuracy of the diatomic approximations,
the frequency of }°B(2v;12) can be calculated and compared to experiment.
For 2r(BHy)., the calculated separation between 2v; % and 1°B(2v,T2) is
24 can! which is very close to the cbserved value. Similarly for Np(BH4)s,
1"13(:.1.31'1'2) = 2653 cm~! and therefore '°B(2v;12) = 5013 + 24 = 5037 cml.
Using Bq. (4), the value of 5036 cm! is found in good agreement with the
observed values of 5033 an~! in Table 17. According to BEq. (2), the
anharmonicity constant is also dependent on the reduced mass. After cor-
rection w X, for 195, a better calculated value of 1°13(2\)1T2) is 5034 cml.
The next region of interest is the 2100-2250 rm region. Looking
at the T, and T, frequencies in Table 7, it appears that no first or
second harmonic has the correct energy. Third harmonics of the 1200 cmi!
region are possibilities but intensities of higher-order overtones de—
crease rapidly with v and it seems that the relative intensities of the

cbserved bands may be too high. Overtones of vz.Tz, vst (H) are seen
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in the 4000-200 cri! spectra at 2490 and 2445 cr!. Since the modes in
the 1200 o' region are primarily SHBH bends, the diatomic approximation
is no longer valid. Uzing linear extrapolations, the energies of the
third harmonics are found to lie outside the 2100-225C rm region. The
frequencies for 4vs 2 and 4vs ! are in the range but these are discarded
on the grounds that not even their 1lst harmomics are cbserved. The anly
probable origins left are the temary corbinatioms and some possible
anes are given in Tables 17 and 18 where only energy and symmetry con—
siderations were used.

The last group of bands are the most intense ones between 2350
and 2470 rm (4250 and 4050 an !). Simple da.msmn by two suggests that

theﬂlreebandsared:etoovertmesofﬁzethreevmibstretchingmdes
- (2T2, 1T,) seen at 2150-2060 an~! in Np(BH«)+ and 2180-2100 cn! in
Zr (BHy) o

Asdismssedpreviwslywertamofthevwbmappearasweak,
sharp bands in the 4000-200 an~! spectra but only two bands are visible
unlike the three predicted. In the borodeuterides, Fermi resonance is
operating and perhaps the perturbation of v,12 (D) (and therefore
2v,72 (D)) has caused the overlap of 2v;'2and 2v; !.

The diatomic molecule approximation was tried for these modes but
as the nomal ccordinate calculations have shown, there is significant
coupling between the VER, modes and other vibrations. With a non zero
forcemtantbetmnﬂEMarﬂHbatms, t]EBbeouisaxenotdia-
tomic and deviations between theory and experiment are expected.



127

The borodeuteride overtones were easily identified in Fig. 6 and
from them a value for (mexe)D is calculated to be 10.5 cn ! as the average
for V212 and v3 2. Fram By. (2), (agk) = 19 ai~! for Np(BH,),. Using
Bq. (5), 2vs'2(H) is calculated to be 4100 (4080) cm ! for the 2069
(2059) cu-! fundamental, Similarly 2v, 2 (H) = 4248 an!. It is cb-
vious that the two calculated values do not agree very well with the db-
served data. The diatamic model is not satisfactory in this case as the
borohydride anharmonicity constant seems to be larger than is predicted
and those for v 2 and v, 2 appear to differ greatly.

It seems reascnable, based on the frequencies for vaz ), sz H,
and viT! () s that cne might assign the 4064, 4113, and 4169 cm™}
cbserved bands as 2vs12, 2v,T!, and 2v, 2, respectively. The 4113 am}
band has a peak nearby at 4126 a~! and if 2v,T! is assigned as 4113 an™!,
its 4126 an ! neighbor is too intense for a !°B mode since at least two
18 atoms per molecule are needed to produce the 13 an ! shift (see
Table 12) and those molecules are only 14% abundant. A more reascnable
explanation may be that 4113 cn™? is 2v,.2 (H) and 4126 av! is 2v; 11
where the 13 an ! separation between the overtones agrees with the 6 am™!
separation between the fundamentals.

The lowest frequency absorption (2va1?) has on its high-frequency
side two shoulders at 4070 and 4086 an !. From earlier !°®B calculations,
10B(vs12) = vy12 + 2 can !, indicating that the overtones should be sepa-
rated by about 4 o !. This suggests that 4070 an™! is the !°B band
by its high intensity is worrisame. For 2v» 2, the !°B overtone is
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calculated to be about 10-12 cm~! higher than the !!B overtone and this
agrees well with the 4180 an ! shoulder both in terms of energy and
intensity.

The overtones seen for 2r(BH,), are not as well resolved but three
bands are visible. By analogy with assignments for Np(Bii)«, 2vs 2 is
the low frequency shoulder at 4153 ar™! and the broad band at 4230 avi!
is 2v,72. However, the "chserved” value for v; ! of Zr(BH,), by Smith
et al.25 contradicts this explanation and suggests that 4230 an! is
20,71 and 4174 au™! is 2v,T2. It is believed that their value of 2199 cm
for v, ! is too high and if the calculated value for v,L! cbtained in
the HE (BH,), study®’ of 2122 an”! is used, agreement is found with the
present results on Np(BH,). given in Tables 17 and 18. Carrying over
the 2122 au~! value for v,1! for 2r(BH.) . is probably accurate since
change in metal mass does not significantly affect the T, modes for
2r and Hf.

The IR spectrum of Zr(BD,), is shown in Fig. 9 and a listing of
the cbserved bands is given in Table 19. The very low intensities of
the bands campared to those of the borohydride is due to the fact that
since deuteride fundamentals are so low in frequency, it takes higher-
order overtones and canbinations to got into the 4000-4800 cm™ ! region.
The resulting mumber of possible candidates for the bands is too high
for a choice to be made with any degree of certainty.

Using the (mexe)D value found earlier, no harmonic of v, 2 is
predicted anywhere in the areas where bands are seen. The second har-
monic of vy 2 is probably the 4545 cn~! band showing small !°B effects
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Table 19

(bserved IR Bands (4800-4000 cm ') of Zr(BD.), at 2K

130

Wavelength (nm) | Energy (cm™!) Assigrment Comments
2455 4072 vaT? + 3vgT2 medium
2394 4176 val2 +2vsT2 +vsl? | strong
2347 4259 vl 4 3usT2 strong
2238 4486 viT2 4 20 T2 4 vs 2 | weak +, broad
2199 4545 3v,12 strong
2175 4597 vl 4 2v,72 strong
2165 4617 20,2 4 vT2 weak +
2148 4655 3up T2 weak
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as a high~frequency shoulder. The other VBD, second bammonic (the first
harmonic was not seen in the 4000-200 an™' spectrum) calculates t~ be
about 150 cn~! above 3v, 2 and is assigned to the weak absorption at
2148 nm (4655 on™l).

The remaining bands are assigned rather arbitrarily to combinations
which were allowed and had a calculated energy in reasonable agreement
with those cbhserved. The assignments are given in Takble 19.

No spectrum could be cbtained on such a large sample needed for
Np(BDy) 4 but it is assumed that its spectrum is very similar to that of

2r(BDy) 4.

Other Calculations

Pictures of A; Normal Modes

The eigenvectors expressed in Cartesian coordinates were calculated
by the program and fram these, pictures of the normal modes were drawn.
In Appendix A the four A; normal modes for Np(BD4), are shown where the
displacement vectors were nultiplied by five times their actual length
for clarity. Np(BD4), was chosen in order to make the boron vectors
long enocugh to be visible.

Partition Function and Thermodynamic Quantities
In statistical mechanics,49 the partition function of a system is

defined as

Q =2qne-eﬂ/kT ; where q is the statis-
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tical weicht of the nth energy level of energy €,. From the partition

function all thermodynamic quantities can be derived.
'I‘hetotalpartitimfmctimfcrwrcaseisQ=QtQi, where Q.

is the translaticnal partition function and Q is the internal partition

function. For calculations of entropy and heat capacity, Q = Qer'

where Q. and Q, are the rotational and vibrational partition functions.

At ordinary temperatures, only the ground electronic state is assumed

to be populated.
Assuming Np(BH,) . to be an ideal gas, the expression for the entropy
of translation isso
5, = R(3enM+ $4nT) - 2.315 cal/deg,

where M is the molecular weight and T is the absolute temperature. The
" entropy of translation is therefore s"t = 42,97 cal/deg for Np(BH) 4 at
298. 15K.
The heat capacity c;t = 5/2R = 4.97 cal/deg.
The vibrational entropy and heat capacity can be calculated from Q-

For a single harmonic oscillator, the vibrational energy is the sum

E= 2 ,
v

where w is the frequency and v is the vibrational quantum nurber. From

the definition of @, Qv can be written down immediately as
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_ -wvhe/kT
Q= Xe
v
For a polyatcmic molecule with 3N-6 normal vibrations, Q, becanes

sz Y ... e—(w;v,+sz2+...+w3N_6v3N_6)hc/kT
ViVa  V3nN-g

Q, = I[1 (@eihe/ATy 5 -1, 2, 3,..., ave.
1 Vv

This expression can be made casier to evaluate by using the dengeracies
to reduce the nunber of factors. The substitution, Xi = wihc/kT, is

also helpful.

Xy AL
QV= n(z exlvl} i = 1’ 2, 3,__.' 24
i v,
* for Np(BHu) s

The infinite sum over Vi can be written in closed form as

Ee—XiVi = ]:.x"
- "

vi 1-e

so that
_Xi qi _x.
Q, = II (l-e ™}  and WnQ, = - s g;in (1-e 1y
i i
. dwn

Since 8, = RI —37— + RnQ, and (6)



d
=]
C =R ————1, (7)
P, ar ar
one obtains
X quxl
SV=R2q n(l-e i) +RZ-———x— and
i l-e
.X‘
q.X2e 1
c =Yyt
v 1 (l-e XJ_)

The vibrational partition functions can be calculated using the funda-
mental frequencies and their degeneracies found in this vibrational
study of Np(BH4) 4.

It was very profitable to write a simple computer program and using
the information in Table 7, the following quantities were calculated for

T = 298.15K
Q, =184.21
C = 34.01 cal/deg.
pV
s, = 25.83 cal/deg.

The last contribution is that due to the rotational partition func-
tion which is more canplex than either the translational or vibrational
partition functions. It involves not only rotation of the molecule as a
whole but in the case of M(BH.). molecules, includes internal rotation
whether hindered or not. The rotational barrier of one BHy group ia
2r (BH,) » has been determined; however, it is very possible that the bar-

134
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rier in other metal tetrakis~borohydrides could be very different and
the values would not be transferable. In similar campounds of the type
M(CH;) 4, barriers to internal rotation vary significantly with the size

31,52 Since an accurate value of a barrier of ro-

of the central atom.
tation is lacking for Np(BH.)., it will be assumed to be free initially
and then the potential found in Zr(BH.)y will be introduced as a rough
correction.

For spherical tops, all these maments of inertia are equal and
therefore all three rotational constants are equal. The energy expres-

sion for the rotational lewels is

F(J) = BI(J+1),

. and J is the rotational gquantum

where B is the rotational constant, s
8r°cI
number. The rotational partition function for the rigid molecule is

_ ¥ ~BJ (J+1)hc/kT
o = Jz=}° (23+1)e

K.assels3 has derived a formula for Qr which is suitable for muerical

evaluation. Q. is now
Bhc/4kT kTV %
4 T
Q.=e [‘g; (E)] (8)

Using the value of I = 4.20 x 107*® gm-cm®? for Np(BH4) 4,



- s
Qr 3.08 x 10

The rotaticnal entropy S, is cbtained fraom Eq. (6) by replacing
Q, by Q.:

damn
SrSRI' a7 +R,‘.‘,nQr

At room temperature and for small rotational constants, the exponential

factor in Eq. (8) is very close to unity and need not be considered

further in Qr' The rotational entropy is2

5, =53 {39.n‘1‘-32nB—22,m+9.n [“(51%_)3] +3}

For tetrahedral molecules, the symmetry number, o, is equal to 12. So

S;_ for Np(BH,), is

S; = 23,16 cal/deg.
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At temperatures considered in these calculations, it is a geod approxima-

tion to assume that each degree of rotational freedam contributes -;-R to

the heat capacity at constant pressure. This gives

L

. = 3R = 2.98 cal/deg.

P, 2

-

Thus far, the molecule is rigid with no internal rotation occurring.
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The total entropy and heat capacity for the ideal gas at 298.15K is

g =s°t+s‘;,+s;=91.96ca1/deg.

=C° +C° +C° = 41.96 cal/deg.
%% *%, * %,

The free internal rotation partition function was derived by Pitzer

54

and Gwinn. The quantum mechanical expression far the energy levels

of a system of linked free rotation is

h2K?
2
8 Ir

,whereIrisﬂlereducednmentof

E.K=

inertia and K is the rotational quantunnumber. The partition functicn,

er, is
iy 214 2 2
o =%Ee-xh/sn I kT
r K==
2,7935 s %
Qf = (10 IrT)

r

Here n is the mmber of equivalent orientations of the rotation (n= 3
for BiR) and I = I:T2/(I1412) where I, and I; are the moments of in~
ertia for the two symmetrical, coaxial tops.

In Np(BH,)., there are 4 equivalent tops and each contributes one
factor to er. The total er is

= 2.725 x 10”312

0
rh
[

242.20 at 298.15K

._hO
"
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Substituting Qf into Bg. (7), the heat capacity becomes
r

¢ = 2R = 3.97 cal/deq.
Pe.

The entropy of free intermal rotation is obtained by substituting

Qp into ki (6) and is
r

2
]

2R(AnT+AnI r-22.nn+90 .667)

o

x

15.34 cal/Geg.

In th: case of hindered intermal rotation, the energy expression for

the rotaticnal levels is very complex but Pitzer and BreWer55

have develcped
tables of thermodynamic functions in terms of the difference between the
function for restricted rotation and for free rotation. The contribution
of hindered internal rotation, when the barrier potential energy is
V= -2]—'V°(1-cos n¢), to the thermodynamic properties is given as functions
of two variables, VO/RI‘ and 1/er.

From the tables™> it is apparent that the size of the contributions
are not strongly dependent on relatively small (< 50%) changes in Vo‘
For lack of a better value, the barrier potential energy of v, = 3420
_cal/m:l fc r Zr(BHL) ..39 is used to obtain the value for the contributions
to +h2 hesr ranacity and entropy due to hindered rotation at 298.15K.

'Iheyarel

[}
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¢ = 8.56 cai/deg.
B,
& = 8.80 cal/deg.

r
In using the tables, thle used is that for one top and the total con-
tribution for all four topsris obtained by multiplying the single-top
value by four.

Table 20 gives total sums of all contributions and these calculations
are compared to the experimental and calculated values for Pb(CHg)..,56

57,58

Sn(CHs) s, Ge(CHs)u,”! Si(CHs), C(CHs)u, > and HE(BHy) 4. %O

Qonclusion

From infrared and Raman spectra most of the fundamentals were as-
signed for Np(BH.)s and Np(BDus),. These were used in a normal coordinate
analysis and a simple force field was derived using 8§ primary and 5 inter-
action constants. The overall agreement with experiment was satisfactory
but rather large discrepancies were found in the luw energy modes. Matrix
isolated spectra would have helped in obtaining better agreement. Spectra
of samples containing pure !°B and !B isotopes would greatly simplify
the identification of nonfundamental bands while also reducing the general
complexity of the vibrational problem. Calculated frequencies of theore-
tically !°B- and 'H-contaminated molecules in addition to those of the
!1p-containing molecules formed the foundation upon which the assignment
of impurity, overtone, and combination bands were based. Hopefully the
results obtained from this work will be of use in future spectral studies
on actinice borchydrides.
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Using the method of statistical thermodynamics, the entropy and heat
capacity for gaseous Np(BHa) were calculated fram the spectral informa-
tion cbtained from the vibrational analysis. A comparison of the calcu-
lations to those of similar compounds confirms both the utility and ac-
curacy of such a study. Since M{(CHj;)» type molecules have slightly fewer
atoms, their heat capacities and entropies are expected to be lower, with
the greatest deviation existing in the vibrational contribution. A closer
examination, however, must await experimental values and more accurate,

low frequency infrared data.



Table 20
Entropies and Heat Capacities of Hf (BH4)., Np(BH,), and M(CHj),

Heat Capacities ¢

HE (BHu) u Np(BHy) » Pb(CHj) » Sn(CHs) 4 Ge(CHs) s Si(CHs) C(CH3) 4
FIR HIR FiR HIR FIR FIR FIR FIR
45.09 49.77 45.93 50.52 34.32 33.34 31,98 33.39 —
En ies
HE (BHy) o Np(BHu) u Pb(CHs) Sn(CHa) s Ge(CHj) « Si(CHs) s C(CHa)
FIR __ HIR FIR HIR — FIR FIR —FIR FIR FIR
102.51 96.04 107230 100.76 100.5 96.11 9T.99 88.25 80.12
100.48 © 86.04 2 71.71°

In the table: FIR = free internal rotation, HIR = hindered internal rotation. All values
for c‘;, and S° are for the ideal gas at 298.15K.

a1 C; values are calculated.
bExperinmtal values.
°Experimental value at 282.6K. Ref. 59 (b).

T
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APPENDIX A

Totally Symmetric (Ai)
Normal Modes of Np(BDy).
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APPENDIX B

The spectroscopic notation used in this chapter is not standard
literature notation. A correlation table is given below relating that
of this work to that found in the literature.

This work Literature
\’1A] - ;’:.Al w1 - V4
\’Az Vs
VJE - \’sE Ve = Vo
v t - VsTJ Vi1 = Vis
Vsz - Vst V15 = Vau
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Chapter 4
ELECTRON PARAMAGNETIC RESONANCE OF Np(BH.) .

Introduction
Electron paramagnetic resanance (EPR) spectroscopy involves trans-
itions between the magnetic sublevels of the ground crystal field state
of a paramagnetic ion situated in a host cx:ystal.l vWhile the micro-
wave frequency is kept constant, an EPR transition can take place when
the variable extermal magnetic field produces an energy separation be-
tween two Zeeman levels which equals the energy of the incident micro-
wave radiation. Whether a transition is allowed or forbidden depends
on the quantum nunbers of the levels involved. The resulting EPR spec—
trum yields a series of lines which can be fitted to an appropriate
- Hamiltonian. Values of the Hamiltonian parameters whichdescribe the
ground state are obtained and are important in the interpretation of
optical spectra (see chapter 5) because they identify the ground crystal
field state.
EPR spectra of Np(BH,), and Np(BD,), in various host materials
were obtained and an analysis of them is given in this chapter.

Experimental
Approximately 50-100 mg Zr(BH,), was vacuum transferred to the bot-

+mof a 3 mm ID quartz EPR tube. A small amount (~ 100 pg) of Np(BH.).
was then condensed on top of the Zr(BH,),. Due to the small sizes of
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the microwave cavities, the sawple tubes were required to be no longer
than 3 cm. Several initial attempts at sealing off the tubes of that
length resulted in the formation of metailic mirrors at the seal-off
end. These mirrars sufficiently lowered the Q values of the cavities
so that no EPR signals were cbserved.

Since the solid 2r (BH.)«/Np(BH,) s mixture remained at -196° and
the tube was kept evacuated during seal off, the origin of the mirrors
nust have been due to the decomposition of adsorbed borvhydride mole-
cules on the imer tube surface. It was found that these adsorbed mol-
ecules bind tenaciously to the quartz surface and cannot: be removed
without decomposition. If the seal-off area remained above room temper-
ature during borohydride addition, the mirrors did not form, unlike
the case when the area was ardinarily cold due to the presence of liquid
nitrogen belbw it. Prevention of mirror formation was achieved using
* a nichrome heater wire wrapped around the seal-off area.

After the tubes were sealed off cleanly, the s0lid borohydride
mixture was melted to give a solution whose green color was barely per-
ceptible. Following solidification of the liquid at one end of the tube,
the other end vas kept immersed 1 in. in ice water for 15 hours. The
resulting vapor-grown single crystal was homogeneous and transparent.
Spectra of Np(BDy)./2r(BD,). mixed crystals, pure Np(BDy)s, and Np(BH)./
methylcyclchexane were also dbtained.

The EPR measurerments at X and Q bands were made at 4.2K with Varian
models B-101 (9GHz) and E-110 (34.5 GHz) microwave bridges. The magnetic
field was produced by a rotating electramagnet with a 2-5/8" gap (12"
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diameter polefaces, mxvi-wm field strength 10.8 kG) and measured with
an Alpha Scientific NMR gaussmeter mnitored by a frequency counter.

The K band spectra were cbtained with a superheterodyne spectro~
meter at 1.7K in the region 24-25 GHz. A George Associates rotating-coil

gaussmeter was used to measure the magretic field.

Theory and Results

Since the EPR transition energies are in the G, régicn (.3-1.2cn?),
only the lowest electronic state is involved and all other J states can be
neglected. The electran configuration of Np' is [ Rn]5£? and the Russell-
Saunders ground state is predominantly “Is/z.

From the single~crystal Xray study of Np(BHi). (see chapter 2), the
Np ion is surrounded by a tetrahedral array of BH, ligands. The poten-
tial exerted by this crystal field® can be expressed as

V= E‘Bno;‘; = By (O4450%) + B (O2-210¢) (1)

where B, and B¢ are the 4th and 6th degree crystal field parameters and

3 A J = 9/2 state

the O] are operator equivalents derived by Stevens.
in a crystal field of the form of Bg. (1) splits into an isotropic T
Kramers doublet and two anisotropic I's quartets.

Point-charge calculations in the past have been successful in pre-
dicting the ground crystal field states of ions in crystals. The ef-
fect of the cubic crystal potential Bj. (1) on various anqular momentum
J states as a function of B./Bs have been determined by Iea, Leask, and

wolf.? Their energy level diagram for J = 9/2 is given in Fig. 1 in
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which all valtes of By/B¢ fram » to -» are represented by the parameter

x,whereB../B5=1%
5

Using a B(4) model,

for £°.

in which four point changes are located at
the vertices of a regular tetrahedron, yields a positive By, negative
Bg, and a I's grourd state. However, isotropic resonances were dbserved
in the EPR spectra, showing that the T¢ state lies lowest. Therefore
the B(4) model is unsatisfactory. This same conclusion was also reached
by Bernstein et al.” in their interpretation of the optical spectra of
U(BH,) ,/HZ (BH,) , mixed crystals. They derived a successful H{12) rodel
vhere the crystal field is generated by the twelve bridging hydrogen
atoms in the coordination sphere of the actinide ion. It was assumed
that the hydrogen atams were located on the midpoints of the edges of
a cube. This model gives both B, and Bg positive and the correct ground
state if 0 < x < .37. The experimental results therefore show that

-0 < B4/Bs < 24. The cbservation that the resonances were isotropic to
at least 1 part in 10° indicate that the higher-lying T's(") level does
not interact greatly with the [s state and the upper limit of B./Bg
should be samewhat less than 24. If the crystal field parameters for
U(BH.) 4> are applied to Np(BHu) 4, a By/Bs ratio of +12.6 is cbtained.

The EPR spectrum of Np(BD,) +/2r(BDy)4 at X band is shown in Fig. 2

and those of Np(BH,)./Zr(BH,), at X and Q bands are given in Fig. 3.

Listings of the resonance field values are given in Tables 1 and 2.

Calculations of Hamiltonian Parameters

In cases where EPR transitions are induced between a few levels

which are isolated fram all others, it is convenient to assign to the
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Table 1
Gbserved X and Q Band Resonances of Np(BH.)«

Transition X Band Q Band
Type (v = 9.3928 Giz) (v = 34.933 GHz)
400.8
9790.3
754.4
Allowed
3242.3
10220.3
6266.5
508.3
Forbidden 10270.0
4829.0
Table 2

Observed and Calculated Field Values (gauss) at K Band

Np(BH4) 4 Np(BHu)

v = 25.986 GHz v = 24.238 GHz
Cbserved Calculated Cbsexved Calculated
6355.6 6355.8 5683.1 5683.1
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
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system as an effective spin S' such that 28' + 1 equals the nuwber of
levels. For the I's doublet, S' = —;'— and there will be one transition
from S' = ‘%- to 8' = % If the nuclear spin I is included, this elec-
tron spin transition is split into 2I + 1 hyperfine levels. For 2¥7Np,
I =5/2. The spin Hamiltonian describing the system consists of three

terms and can be written as
*=a1 .8 +ggf .5 - gt -1 (2)

where A is the hyperfine coupling constant, g is the Bohr magneton,
and g is the g value.

The EPR data for the hydride and deuteride were fitted to the spin
Hamiltonian, By. (2) above and the results of the least squares calcula-
tions are given in Table 3. The Np(BH,)./Zr(BH,), spectra displayed
relatively broad rescnances campared to those of Np(BDy)4/Zr(BDy)s and
a reliable g; value could not be dbtained fram the iydride data. In-
clusion of a nonzero gy value in the calculations of the deuteride im-
proved the fit even though it calculated to be very small. Similar trials
on the hydride data gave poorer fits.

The large hyperfine interaction of 2°7Np® and the observatien of
low-field transitions at X band, suggested that setting up the energy
level calculations in terms of the weak magnetic field case was appropriate.7
In this case, T and 3 are strongly coupled together to form a resultant
f, where F = T + 8'. In the absence of a magnetic field, there are two

states, F = 2 and F = 3 which are separated by 3A. When the magnetic
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Table 3
Electron Paramagnetic Resonance of 237Np(BH.) . and 2°’Np(BD.),

X - B8 4 g - gt |
s' =1/2
Spin Haniltonian Parameters
|A] (™) g o 91
Np (BHu) 4 .1140 + 001 1.894 * .002 0

Np (BDy) & .1140 + .001 1.892 + .002 .0062 + ,002
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field is turned on, each of these two states split into (2F+1)|mF)
Zeeman levels as shown in Fig. 4, where A > 0. The arrows in the
fiqure represent the cbserved allowed transitions in accordance.with
the selection rules AF = 0, 1; Amy = #1. In addition, three forbidden
transitions were also seen with AF = #1; mg, = 0, but were much less
intense (see Table 1 and Fig. 3).

In the weak magnetic field case where the hyperfine interaction
is comparable to the microwave energy, the spacings of the resonance
lines is very irregular as can be seen in the X band data in Figs. 3
and 4. The predicted six-line spectrum is not even cbserved. At low
magnetic fields, the energy levels are nonlinear functions of H due to
large off-diagonal matrix elements of A T - J and this term is the domi-
nant one in the spin Hamiltonian. Only F and its Z-component, Mg, are
good quantum mumbers with I and S' being naminal at best. In the K
and Q band regions however, the magnetic field can more successfuly com-
pete with the hyperfine interaction and the spacings of resonant absorp-
tion transitions are more wniform. As the strong magnetic field case
is approached fram the weak field limit, the field-deperdent terms in
Bg. (2) become more important, the energy levels become more linear,
and T and ' begin to precess about f independently. Descriptions of
the energy levels, therefore, are better demoted by |I, m;, S', Mg 1>

basis functions since F is not longer a good quantum number.

Assuming no crystal field mixing of states, the wavefunction for

the I's ground state i54
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¥p,= .6124|£9/2) + .7638]£1/2) + .2041}¥7/2>

and gives a g value of 2.667. This calculated value is larger than
the 1.894 value determined fram the EPR spectra. Since the volatile,
low melting metal borohydrides are regarded as covalent molecules in
contrast to the non-volatile, high melting, ionic alkali metal boro-
hydrides,8 9
lowering the g value. Crystal field calculations performec in the pre- -

the effects of covalency” may be an important e or in
liminary analysis of Np(BH.). optical spectra have includs i J mixing
and yielded the correct g value for certain values of Hamiltonian para-

meters. A discussion of the calculations are given in - hap*ar 5.

The g; value found for Np(BD4)y improved the fit and was used in

10-12 for th- energy of the higher-

a second-order perturbation calculation
lying Ts () state. The deviation of the observed pseudo—nuclear g value
from the calculated one is reflected in the interaction of the ground

(1)

I's state and the nearest I'a(l) quartet. The energy of the I's state

is

2
2ag5<rs |9, | AR

Gy

B ) = (3)

where a = % A, gy = %_— g, GN is the difference bétween the observed

10,13

and calculated nuclear 9y values, and BN is the nuclear magneton.

Using the I'a(l) wave function? where x = .23, the I‘a(l) energy is 7 cu~l.
To test whether the 7 cm~! separation would cause anisotropy in the cb-~
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served EPR spectra, the camplete Hamiltonian for the J = 9/2 manifold
was used in calculating the energy levels for all three crystal field
levels and their Zeeman components. The Hamiltonian is

H=at.F+qpll.F- g T+a.0050 +B0f- 200 ()

Using the B, and B; values found for U(BH.).> in Bq. (4) for Np(BHu)u.
gave a mach larger Tg, Ts'") separation than that cbtained fram Eg. (3).
If the same B./Bs ratio of 12.6 is used in Bj. (4), the calculated val-
wes of By and Bs which results by requiring E(Ts{M) - E(Te) = 7 an =Y,
turn out to be unreasonably small. This suggests that the gy value given
in Table 3 was not accurately determined.

If the I‘g(') state is sufficiently close to the I's ground state,
the wavefunctions will mix and anisotropy will be seen in the EPR spec-
tra as a function of the angle between the magnetic fleld and the crys-
tal axes. The degree of anisotropy of the T's state was calculated as
a function of the Ts, T's'!) separation for the (001) and (111) direc-
tions by the Hamiltonian

x=al-F+qpmIMI) - qp (H;ch+ HI)

+ By (08450%) + B¢ (02-210¢) (5)

The direction of the magnetic field was restricted to lie along the xz
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plane, making an angle © with the z-axis. Energy levels for ¥ along
(001) were calculated with © = 0° and those for ¥ along (111) were found
using @ = tan~’v/2 and -0§ and -O¢ instead of 6: and O¢f.

Results of the above calculations showed that considerable anis-
otropy would be noticeable for a change of the magnetic field direction
from (001) to (111) if the Te, Ts'?) separation were less than approxi-
mately 20 can}. Field values for transitions of all samples at X, K,
and Q bands were not observ=d t« change when the magnet was rotated.
Although the orientation: of the crystals were not known, it seems un-
likely that the calculated 7 cm™! separation is correct. The other cal-
culations using BEq. (4) described earlier, support this conclusion. The
significance of the improved fit and g; value in Table 3 must be tested
further.

It was boped that, from the EPR data, values of B, and By could
be determined :zing Bq. (4). It turned out that the energy lewvels are
too insensitive to the crystal field parameters and accurate values
must be cbtained from the electronic spectra discussed in the next chap-
ter.

The observed EPR transitions shown in Figs. 2 and 3 did not sig-
nificantly shift when the host malrix was changed fram the cubic Zr(BHu) .
crystal to an amorphous methylcyclchexane (MCH) glass. The structure
of Np(BHy) 4 retains its T4 Symmetry in both host materials.

The EPR spectrum of pure Np(BD,)» consisted of one broad resonance
(FWHH = 5000 gauss) centered at approximately g = 2.0 * .2, The extreme
broadness of the band is mainly due to the magnetic @ipole-dipule inter-

action.
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Chapter 5
OPTICAL SPECTRA OF Np(BH«)« AND Pa(BHu)s
Introduction

There are numerous reportsl > of spectroscopic studies of f-electron
ions in crystalline ligand fields which have furnished mxch information
on the electronic etergy level structures of the lanthanide and actinide
ins. In systems where the symmetry of the ligand fields is high, assign-
ments of the spectral bands have been made and have led to the determi-
nation of free ion and crystal field Hamiltonian parameters. In oonjunc-
tion with theory, spectral studies have formed the basis of the under-
standing of the quantum mechanical properties of these ions.

Optical spectra of Np(BH4), and Np(BDy). in pure form and diluted
in 2r(BH,)s and Zr(BD,), were found to be dominated by vibronic trans-
itions. Results from the normal coordinate analysis (see chapter 3)
were used in assigning vibronic bands of the T (“Iy/;) + I'a(l) (*I11/2)
transitions. The vibrational modes found are expected to appear with
the other electronic bands within the 5£? confiquration. Assignment of
these remaining spectral bands have not been done and must wait for
results from Zeeman, resonance Raman, low-temperature-far infrared,
and fluwrescence spectra.

Preliminary spectra of Pa(BH,)« and Pa(BD.), are also given in this

chapter.
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Experimental
Pure Compound Spectra
All spectra presented in this chapter were recorded on a Cary 17

spectrophotometer. Single crystals of Np(BHs)s and Np(BDy)s Of 30 M
path length and 1 mm thick 2r(BH.). and Zr(BD.). crystals were grown

as described in chapter 3. Spectra were taken fram 350-2500 nm at 2K,
77K, and 300K.

Diluted Compound Spectra
Mixed crystals, Np(BH4)«/Zr (BHv)« and Np(BD.) »/Zr(BDy) 4, were grown

from the vapor accarding to the method of Bernstein and Keiderling.®
Np(BHy)» and Np(BD.)« isolated in a methylcyclohexane (MCH) glass were
found to give slightly broader but equivalent spectra.

In the photographic region, 300-1000 nm, low temperature spectra
of Np(BH.) +/2r (BH,) « were recorded on a 3/4 m Jarrell Ash spectrograph.
Mo additional struture was cbeerved.

At room temperature Pa(BH.). does not dissolve in Zr(BHs). or M(H,
but small amounts can be made to dissolve in them if the mixtures are
heated to 60-70° for approximately 1 hour in a sealed glass tube.’ Five
mg Pa(BH.). were added to a quartz optical cell in an inert atmosphere
drybox. After evacuating the cell at roam temperature, 300 mg Zr(BH.) s
was condensed into the cell which was subsequently sealed off under
vacuum. A yellow solution was obtained upon heating as the Pa(BHu) s
dissolved. Crystals grown by slow cooling of the solution were very
inhawogenous and the Pa(BH4)« did not appear to incorporate itself into



17

the Zr(BH.). lattice. Dark yellow and colorless areas in the crystals
were dbserved with the former presumably being pure Pa(BH.).. This
crystal was not suitable for spectroscopic measurements. Single crys-
tals grown fram the vapor were colorless Zr(BH.)« crystals since the
Pa(BHs)}+ did not cosurblime with 2r(BHu)..

Suitable quality samples of Pa{BH,)./MCH~d,. and Pa{BD,)./MCH-d:.
for cptical spectra were made by dissolving the Pa campound in MCH-d;.
as abowe. Transparent glasses were formed when the solutions were
quickly cooled with liquid helium in the optical dewar. As will be
discussed later, the structure of Pa(BH.,'s, in the organic glass is not
known with certainty. Spectra were taken in the range 2100-300 nm at
2K and 300K.

Theory
The energy lewels of an ion in a crystalline electric field (e.g.
bé+ in Np(BH«)4 Or Pat in Pa(BH,)4) can be approximately calculated

using a Hamiltonian of the for:m'fI

=3+ x (1)
'me!(‘ftemisthe free ion Hamiltonian and consists of the sun of the
kinetic energies of the electrons, the potential energy of all the elec-
trons in the field of the nucleus, the electrostatic repulsion of pairs
of electrons, and the spin orbit interaction between the spin and orbi-
tal angular momenta for each electron. The second term, o is the



crystal field contribution which accounts for the splitting of free ion
J levels by the electric field produced by the ligand change. The free

ion Hamiltonian is

21 b&vz i 5: L _+ e(ri)éi. Tzi (2)

=1 1<) 13 i=

when the nucleus of atomic number 2 is assumed to have infinite mass.

8

Usually the central field approximation™ is made where each electron

moves in a spherically symmetric potential, =U(r;)/e. 3 becomes

2
’fsii?;—u(r) +i—e——+§€(r.)§.-l. 3
f [‘=l r; Gy £V i
The first term in Eq. (3) shifts all levels in the sane 9,N configuration
equally and can be ignored. The magnitude of the second term depends

on the particular electronic state of the configuration and matrix ele-

ments of the type

<8V vwsLmM |2 ——IfN UWS'LII M
i<j Tij
are needed.
Tensor operators are very useful in the calculation of matrix ele-

rents and that above can be written as

<& uwsLM IZ e vwstLaw > = E £°F, (nf,nf) (4)

i<j Tij
even
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where fK are the angular parts of the interaction and Fy are the Slater

integrals
oo o
K
F =S < R _(r.)R2(r.)dr.dr (5)
K~ K K71 Fnf (T3 Ry (ry)drydry
x'->
00

The DX are numerical factors; D? = 225, D = 1089, and D¢ = -1%4—1.

4
These F, do not appear in the free ion Hamiltonian for Pa' (5f')
since it has only one 5f electron.
Matrix elements of the spin . it operator can be expressed in ten-

sor operator form as

+ N . ; L JHLAS!
(N UwsmMchnf §,1 s - _ﬁi|f UW'S'L'aM;> = g (-1)

X [2(2+1) (2041)] {;‘. ;‘ ‘_},} <EN owst] VO Y prwrs Ly (6)

KRS fng = 0-[ R £(0)dr and <& st v |1 £0ws Ly

(11)

is the reduced matrix element of V . tabulated by Nielsen and Koste.r9

Using the hydrogenic ratios for the Slater radial integrals, Fu/F:
and F¢/F2, the free ion energy matrix can be expressed in terms of two

parameters, F; and ChE? to be determined from experiment.

Y
Previous studies on Np'1%712 have found that F,=200-250 cm! and

Cee = 1950-2150 om ! compared to F» = 320-340 cm ' and Caf = 800~900 cm™*

4,13 114

for nd" (4£%). For nf! systems, Zge = 1500 am™' ™" for pat and Lie=

640 canr} for cot. P
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When an ion is placed in a static electric field of a crystal, the
spherical symmetry of the free ion J levels is reduced to that of the
crystals and each (2S+1) (2L+1)-fold degenerate J state splits into crys-

tal field states labelled by Fi. The Hamiltonian for a Ty crystal field

was given in chapter 4 as
¥ = By (O0+504) + B (0§-210¢) M

whose matrix elements are tabulated by Hutchings.16 In tensor operator

notatian,ch, is

% =silcd) + /1) el el 4 Bl L2 ey @

%ﬁ and B§ =

In Eq. (8), Cg() is a tensor operator of rank K and B =
16Bg

where B and Y are the 4th and 6th degree operator equivalent fac-
tors.l7’l8

All 41 J states of Nf)+ and 2 J states of pat in a Td crystal field
breck up into either g, Ty, or I's states where the I's and I'; levels

are douwbly degenerate and the T's states are four-fold degenerate.

The total Hamiltonian in Eq. (1) contains four parameters, F»,
Logr Bi, and B§ for Nf>+ and three parameters, fc., BY, and B§ for Pa’
which are determined by a least squares fitting process that minimizes
the difference betwesn the dbserved and calculated energies of the crys-

tal field states. Using the values F; = 204 cm™! and Tge = 2116 an”?,



175

crystal field levels for Np(BH.). were calculated for various values and
ratios of Bj/B§. Plots of the levels are shown in Figs. 1-3. The range
of B and Bf values used in the plots were such that the actual values
for Np(BH4)4 would be represented. These plots are helpful in assigning
the spectral bands.

Results and Discussion

Neptunium Borohydride

As seen in the energy level diagrams in Figs. 1-3, the I'; level of
the "Ig,, manifold is the ground state, in agreement with the EPR
results (see chapter 4). The two T's states of that manifold are well
below the other manifolds yet they were not identified in the IR spec-
tra (see chapter 3).

The next higher lying manifold is “I,,/, which breaks up into
I'e + Ty + 2I'g states in which one of the Ty sfates is lowest. This one
is identified in the optical spectra and is discussed later. BAbove
these manifolds the states hecome closer together and their assignment
is very difficult without large amounts of experimental data. Spectral
analyses of £° configurations which lLave been reported considered only
the lowest six J manifolds,3/1%:20

The optical spectra of Np(BH,), and Np(BD,), at 2K are shown in
Figs. 4-7. Similar spectra of U(BH,), and U(BDy). in Hf(BH,), and
HE(BD,) , were taken by Bernstein and Keiderling® which, like the spectra
presented here, revealed extensive vibronic structure. In general the
deuteride spectra are sharper than those of the hydride and considerable

broadening was cbserved with samples at 77K and 300K.
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Figures 4-7. Optical Absorption Spectra of Np(BH.), and Np(BDy) .

in the Near Infrared and Visible Regions at 2K.
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For molecules lacking a center of irversion, forced electric dipole
transitions are allowed although the transition intensities are expected
to be weak. Magnetic dipole transitions are allowed but they are usually
10" times weaker than those of electric dipole origin and are not ocb-
served. Far Np(BH,), having a I'¢ ground state, the only forbidden elec-
tronic and vibronic transitlms are

Te + T¢(0+0); Tg + T7 + vP2; Te » Y + VP,
It is difficult to locate I's levels since they are forbidden but vibronic
transition tenm.natu\g on non-totally symmetric vibrational levels ca
have appreciable intensity.

The spectral bands in Fig. 4 are all vibrational overtone or cambi-
nation bands (see chapter 3). The absence of electronic bands in this low
energy region is due to the large spin orbit interaction which separates

the J = 9/2 and J = 11/2 states of the "I manifold by about 5600 cm-!.10

The spectra shown in Fig. 5 clearly exhibit the  (“Isss) + T's'’)
(*I11/2) 0-0 Stark transition at 1783.8 nm (5604.5 an™') for Np(BD4) 4/
2r(BDy)« and 1783.5 nm (5605.4 cmi!) for Np(BH.)4/Zr{BH.),. Vibronic
bwnds extending to higher energies are obvious and follow the decreasing
Franck-Condon envelope. According to the Franck-Condon principle, the
geametries of the electronic states involved in the transition are simi-
lar, Adiabatic (vertical) transitions fromthe ground to excited states
therefore are expected to be the most intense while the vibronic trans-

itions become weaker for those transitions ending on the higher vibra-
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tional states of the excited electrconic level. Basic line shapes and
relative intensities of the vibronic bands are similar for the hydride
and deuteride and corresponding vibronic bands show the expected in-
crease in energy from the deuteride to hydride. Assignment of these
bands were based on the results of the normal coordinate analysis and
are listed in Table 1.

The vibronic transitions which originate from the ground vibra-
tional state ofI'¢ (*Is/2) (KT = 1.4 cm ! at 2K), terminate on the vari-
ous vibrational states of the T's (! (“I,1/,) electronic level. In Table 1
and Fig. 4 (chapter 3), it is seen that the highest-energy vibronic trans-
itions for the hydride and deuteride are the highest-energy VMH, (\)MDb)
fundamental modes. The VBH, 1, modes do not couple well to electronic
transitions of the metal ion and also would not be expected to be strong
from Franck-Condon arguments. The fundamental vibrations listed in
Table 1 were also seen in the spectra of U(BHy)u4/HEf(BHy), and U(BDy) s/
HE (BD4) 4¢ and should be seen with other electronic transitions in the
spectra shown in Figs. 6 and 7.

The strong bands at 1600-1650 nm and 1900-2000 rm in the spectrum
of Np(BHu)s/2r(BHy), are due to 3\)3T2 and 2\)1T2 modes of Zr(BHu)w re-
spectively (see Table 18, chapter 3).

In the pure Np(BH,) + and Np(BD4)4 Spectra, the corresponding bands
shift to lower energies by approximately 50 cm™' and broaden with a loss

of Getail. The IV (*I11/2) becomes a doublet with a separation of

10 am !



Table 1

vibronic Bands of the Te (*Is2) + Ts ') (*I114) 0-0 Stark Transition

Np (BHs ) v /Zx (BHu ) 4

Wavelength (nm) Energy (ont’) Difference (cr’) Assigrment
1783.5 5605 — I’V (*111 )
1741.3 5741 136 Ts (1) 4 voT2
1735.2 5762 157 To (1) 4y F
1711.2 5842 237 ra (1) 4 vP2
1665.0 6004 399 relt) 4 vy
1627.1 6144 586 re(1) 4 B
1608.1 6217 612 To () 4 T2 4 T2
1601.2 6244 639 To (1) 4 T2 4 v F
1502.1 6656 1051 o) 4w
1498.8 6670 1065 o) 4 v,T2
1481.1 6750 1145 ref1) 4 v T2
1462.3 6837 1232 ref1) 4 ysT2
1453.9 6876 1271 T gy, T

Np(BDu) 4 /2 (BDu ) &

1783.8 5604 — re () (*1,, 1)
1746.1 5725 121 Te (1) 4 3 T2
1740.9 5743 139
1735.4 5761 157 s 1) 4 vE .
1730.6 5777 173 e (1) 4 VP2
1695.7 5896 292 rs (1) 4 yT2 5
1662.4 6014 410 re'1) 4 o F
1656.5 6035 431 o'V 4 y,T2
1650.6 6057 453 re (1) 4 10g(y,T2)
1644.6 6079 475 re (1) 4y,
1562.6 6398 794 re (1) 4 y,F
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Table 1 (continued)

Wavelength (nm) Fnerqy (cmi~!) Difference (cm') Assignment
b

1560.1 6408 804 rel1) 4y, T
1545.0 6471 867 To (1) 4 T2
1533.5 6519 915 e 1) 4 v T2
1530.0 6534 930 re (1 4y, T2

%Me A, mode was not cbserved or calculated for Np(BHi). and Np(BDy) .
so this assignment has not been confirmed.

b'mese assigmments are based on frequency calculations (see chapter 3).

°bue to interference fram 3\)3T2, this band was taken from pure Np{(BH:).
spectra.
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Spectra in Figs. 6 and 7 are very complicated and no assignments
of the bands were made. The next electronic band is probably that at
1411.4 nm (7038.2 cm ') for Np(BDs)«/Zr(BDs)s seen as an intense, sharp
peak in Fig. 6. It is too far removed from the 5604 an™! level to be
vibronic and is also too intense. Strangely, it is only weakly cbserved
as a close doublet in the Np(BDu)s spectrum.

10,21,22 very strongly

Consistent with spectra of other 5f° ions,
absorbing regions occur at 1300 nm (Fig. 6) and 740, 780, 810, 880 rm
(Fig. 7).

The g value (1.89) found for the I's ground state of Np(BH,)s dif-
fered significantly from that calculated from crystal field the(:ry with~
out J mixing. Eigenvectors fram the energy level calculations of Figs.
1-3 showed that substantial J mixing occurred. Although some of the
g-value deviation may be due to covalency effects, the correct g value
was calculated if certain values of B}, B§, and Lge were used. A plot
of g value vs. Bf (with constant B{/B§) were made for various Bg/Bf
ratios and is shown in Fig. 8. It is evident that for small values of
the BY/B} ratio, J mixing is strong (see also Figs. 1-3). Lines of
constant g (g = 1.89) were drawn far various values of B¢ and B and
for three values of f¢. This graph is given in Fig. 9. A satisfactory
fit of I‘a(l) (*I11/2) was cbtained for g = 1.89 but the next higher —
lying crystal field state was calculated at ~7700 cm ' suggesting that
the intense absorption at 7083 cm™! mentioned earlier is vibronic. Ad-
ditional spectroscopic data are nseded before reliable assignments can
be made.
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Protactinium Borohydride
The 5f' configuration of PA' has one IS state, °F, which breaks up

into a ®Fs/2 ground state and Fs/2 excited state by the spin orbit in-
teraction with a separation of 7/21;5f. A crystal field of the type given
as Eq. (8) causes the further splitting of the free ion lewels into

Fss2 + Ty + Ts and ?F7/, + Ts + T3 + I'j. RAccording to the H(12) cxystal
field model, BY < 0 and the Ts (°Fs/2) state is the ground stace.?> Al-
though this prediction has not been confirmed by EPR experiments, it is
probably correct since the H(12) model was correct for U(BH.)y and
Np(BHy) 4 .

Transitions between the J = 5/2 + J = 7/2 manifold for f' ions oc-
cur in the near infrared. The lowest 7 state is predicted to lie approx-
imately 1300 cni! above theTl, ground state and was not cbserved in the
Cary 17 spectra. The low temperature optical spectra of the hydride and |
deuteride in a MCH-d,4 glass are shown in Fig. 10, Three bands are
seen which, if the symmetry of Pa(BH.). were tetrahedral, would be the

s, I't, and Tj of the J = 7/2 level. But Keiderling®

4 discovered that
when a hydrocarbon solution of U(BH.), was frozen, the monomeric, tetra-
hedral structure of U(BH.), reverted into the polymeric, C: symmetry
structure. This same phencmenon is presumed to occur for Pa(BH4)y and
would result in the splitting of the I's states. A crystal field Hamil-
tonian consisting of nine crystal field parameters would then be needed
to analyze the spectra.

while it is very tempting to assign the three observed bands on

the basis of the tetrahedral structure, comparison of these spectra to
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pure crystal spectra is necessary before any definitive conclusions can
be reached.
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CONCLUSIONS AND FUTURE WORK

The physical properties and molecular structures of thorium and
uranium borchydrides are very similar and it was expected that those of
other actinide borohydrides would resenble them. When Pa(BHs)s was syn-
thesized, it was found to be isostructural to Th(BH,)s and U(BH«)« and
have intermediate physical properties (e.g. vapor pressure, solid-state
density, etc.). However, the tetrakis-borohydrides of Np and Pu are
very different from the other three actinide compounds both in their
behavior and molecular structures.

The molecalar structure of Np(BH.)¢ was studied by single crystal
Xray diffraction and campared to those of other metal tetrakis-horchy-
drides. 2dditional insight into the understanding of bonding and prop-
erties of these campounds would be cbtained by studying the structures
of alkyl derivatives and coordination conplexes. Single crystal neu-
tron diffraction techniques would be necessary in accurately locating
the hydrogen atams. Corplementing this work would be an investigation
of actinide borchydride chemistry, especially of No(BHy)s and Pu(BHu)s,
which is essentially unknown.

The vibrational spectra of Np(BH«)« and Np(BD.), were analyzed and
the results were found useful in the preliminary interpretation of the
electronic spectra of the Np compounds. Hich resolution gas phase in-
frared and Raman spectra would aid in substantiating uncertain vibra-
tional assignments and identify unknown bands. Vibrational spectra of
the pure isotopic molecules (e.g. Np()°BH,). would be of great value
in explaining the origins of weak satellite pezks.
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Vibronic transitions were observed to dominate the optical spectra
of covalent Np borohydride and additional spectral information seems
to be needed before the identification of pure electronic transitions
can be accomplished. Zeeman, resonance Raman, fluorescence, and low
terperature-far infrared spectra of Np(BH,) ./Zr (BH.) . and Np(BDy) v/
Zr(BD,) , would be useful in the determination of the electronic states
of Np(BHd,) .

While it is clear that there is much to be learned about these
compounds, the work reported in this thesis should provide a firm founda-

tion for any future studies which may follow.
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