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Preparation and Spectroscopic properties 
of Three New Actinide (IV) Borohydrides 

Rodney Howard Banks* 
Abstract 

New tetrakis-borohydrides of Pa, Np, and Pu have Loan synthesized 
by similar reactions as those used in the preparation of thorium and 
uranium borohydrides, 

AnPi, + 2Al(BHi,)3 -> An(BH.,)i, + 2AlFiBH.,; An = Th - 3u. 

The crystal structure of Pa(BHi,) i* is isostructural to those of 
Th(BHi,)i, and U(BH*)i, and is of the tetragonal space group P4 32i2, where 
a = 7.53 (3) A, c = 13.22 (5) A, and Z = 4. Its calculated density is 
2.57 gm-crtT3. Pa(BHi,)i, is an orange, air-sensitive compound which is 
soluble in THF and sublimes at 55° in vacuum. 

Due to the thermal instabilities of Np(BHitK and Pu(BHi,)i,, their 
reaction temperatures are maintained at 0° and the compounds must be 
stored at lew temperature. Neptunium and plutonium borohydrides are 
pyrophoric liquids and are very soluble in organic solvents. The vapor 
pressure of Np(BHi»),, 10 rrrtHg/250, was measured as a function of temper
ature in the range of -5 to 25° and is described by the equations, 
log pftntHg) » -3168/T + 11.80 (solid) and log p = -1858/T + 7.24 (liquid), 
where T is in degrees K. 
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Lew temperaturw Xray diffraction studies have shown that »p(BHi»)f 
anil Pu(BHit)i, are iaonorphous and exhibit a unique crystal structure 
which is very similar to that of Zr(BHi,)i,. 3he details of this new 
structure were determined by single crystal Xray diffraction methods 
at 130K for ̂ p(BHit) it. Neptunium borohydride is monomeric and crystal
lizes into the tetragonal space group P4a/nmc, where a - 8.559 (9) A, 
c « 6*017 (9) A, and Z « 2. The 12 coordinate Np atom is triply hydro
gen-bridged bonded to four terminal BB* groups disposed tetrahedrally 
around it giving Mp-B distances of 2.46 (3) A. 

Solid-state, low temperature infrared (25-7400 cm - 1) and Raman 
(100-2600 cm - 1) spectra were taken for Np(BH*),, and NpfBD*)*. A nor
mal coordinate analysis was carried cut using the assigned fundamental 
frequencies obtained from the spectra and determined a reasonable set 
of force constants and calculated values for the frequencies of the un
observed Ti modes. Based on results of the analysis, isotopic impurity, 
overtone, and combination bands were identified in the infrared spectra. 

Electron paramagnetic resonance spectra of Np(BH*) n/ZrfBHi,) •> and 
Np(BDit)it/Zr(BDi()i( at X, K, and Q bands have established the ground elec
tronic states as r 6( l ,I J/2) having g values of 1.894 (1) and 1.892 (1), 
respectively. The hyperfine coupling constant was found to be large, 
|A| - .1140 ± .001 enT 1 for both isotopes. 

Optical absorption spectra of pure Np(BH%)n, Np(BD*)i», and these 
conpounds diluted in Zr(BH*) H and Zr(BD*)* single crystals were obtained 
at 2, 77, and 300K in the region 300-2500 nm. Although the other pure 
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Chapter 1 

SYNTHESIS AND CHEMISTRST 

OF 

PK.'BHJI,, Np(BHi,K, AND Pu(BH.,K 

Introduction 
1 2 

Hie first volatile metal fcorohydrides, Be{BHt,)2 and Al(BHi,)3, 

were prepared around 1940 by the reaction of Be (013)2 or Al (013)3 with 

B2H6. This procedure proved to be very tedious however, and in 1953 
3 Schlesinger et al. 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, 

MClj,. + xT.iBH., -> M(BH.,)X+ + xLiCl; x = 2,3,4 (1) 

Since that time many other metal borohydrides were synthesized by 
4 5 g Eq. (1) including the very volatile H, Zr, and Hf borohydrides, and 

7 8 some of the d-block metal compounds. ' Tetrahydrofuran adducts of the 
9 lanthanide tris-borohydrides were made by Zange who reacted the anhydrous 

lanthanum trichlorides with a solution of diborane and THF. ihe only 

synthesis of an actinide borohydride by Eq. (1) is Th(BHi,K'2THF, which 
upon heating in a vacuum gives the free tetrakis-borohydride. 

4 11 
During the time of the Manhattan Project, thorium and uranium 

tetrakis-borohydrides were prepared by a different reaction which involves 
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the actinide tetrafluoride and Al(BHi,)3: 

AnFi, + 2Al(BH«t), -»• An(BH*)i, + + 2A1F2BH^ (2) 

Many other procedures were found unsatisfactory12^ but U(BHKK was 
reported to be synthesized by Bq. (1) in a vacuum ball mill. ( b' 

These actijiide borohydrides are among the most volatile compounds 
of uranium and thorium. They form numerous coordination ' and organo-

14 actinide borohydride complexes which recently have been the subject of 

many structural '•*•"' and spectroscopic studies. ( a'' 

The new actinide (IV) borohydrides, Pa(BHi»)i,, Np(BHn)i,, and Pu(BH>,K 
have been synthesized and details of the experimental procedures and 
sate 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 some of the properties of acti
nide borohydrides is given. 

There are two structural types of actinide borohydrides, 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. 

Hie first three actinides Th, Pa, and U form polymeric tetrakis-
borohydrides. The most obvious characteristic distinguishing them from 

the monomeric compounds is their relatively low volatility. Vapor pres-
18 sures of the solids increase smoothly from lh(BHt,K to U(BHHKJ 
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4 
Th(BHi,)i, requires heating to 120°C to sublime, while U(BHi,)i, sublimes 

slowly at room temperature. Sublimation is nearly quantitative and is 

recommended immediately before use to insure high purity. Thoriun and 

uranium borohydrides can be handled and stored in ordinary inert-atmos

phere dryboxes but the high radioactivity 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 virti'ally 

insoluble in nonpolar, aliphatic hydrocarbons (UfBHiJi, 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 mare care is necessary in insuring that the solvents 

are completely dry. 

Thorium borohydride can be separated from the coordinated ethers by 

heating and pumping.1 However, uranium borohydride decomposes under 
13 these conditions and the ethers cannot be removed. Unsaturated and 

other hydrocarbons containing atoms 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 bcfrohydrides. Unlike the monomeric compounds, the 

polymeric ones are thermally stable at room temperature. Uranium boro-
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hydride has been observed to show signs of degradation after long periods 
in the form of surface discoloration, but this is probably due to 
traces of0 2or H2O. Pa(BHi»)* turns black after a month, which is most 
likely caused by radiation damage. Above the sublimation temperature, 
thermal decomposition is very noticeable and H 2 and B2H6 are evolved. 
At temperatures greater than 200° - 300° total decomposition takes place 
rapidly. 4' 1 1 

Disposing of unwanted material is accomplished by carefully condens
ing methanol onto the borohydride before admitting air and then finally 
washing with water and dilute HC1. 

The two moncmsric actinide compounds., Np(BH,,K and PU(BHI,)I,, are 
pyrophoric and much more volatile than the polymeric borohydrides. There
fore, they must be confined to a high-vacuum line employing grease-free 
stopcocks and Viton or Teflon Oring connections. The borohydrides 
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(BHn) it and PU(BHD) I, 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 other borohydride (e.g. 
Zr(BH),) i«r but not B 2 H 6 ) , degassing, and then vacuum transferring the 
solvent at low temperature into the apparatus. Glassware (optical cells, 
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esp.) which ccme into direct contact with the liquid or solid borohydride 
should be baked out under vacuum to remove surface water. 

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

Neptunium and plutoni urn borohydrides are unstable at room tempera
ture and must be kept at dry-ice or liquid-nitrogen temperatures in 
grea-se-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 Zr(BHi,)i, 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 isopropanol are good for the initial clean-
ip, then methanol, water, and dilute HC1 are used iu the final stages. 

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

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

19 20 
Preparation of Anhydrous Actinide Tetrafluorides ' 

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 
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which the Pa had to be recovered. Early purification techniques for Pa 
21 22 involved tedious fractional crystallization ' or anion exchange column 

23—26 separations. At about the tine when this work was beginning, Brown 
27 and Whittaker reported a new, sinple 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 oxide 

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 important role in the beginning of the 
purification procedure, Nalgene centrifuge cones, presoaked in cone. HCl 
and washed with distilled water, were used throughout. Reagent grade 
NHi,OH, NaOH, HNOa, and H2O2 fromMallinckrcdt, Inc. were used without fur
ther purification. 

Protactinium hydrous oxides were precipitated from the HF solution 
by careful addition of excess NHi»OH. The resulting precipitate was 
washed with 5M NaOH and water to effect decontamination frem some impuri
ties and to completely 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 HNO3 - 3% H 20 2 solution, made by substituting 3% H 20 2 for 

distilled water in the dilution of cone. HN0 3, greatly improves the de-
27 contamination from Fe, Cr, Mn, Mo, Ti, V, Pt, and Zn. Removal of Sb 

is accomplished by adding 12M HCl and evaporating the solution to dryness, 
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driving off the volatile SbCla. Although some Si is removed in the NaOH 
washings, the remainder is effectively eliminated frcm 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 
hydrofluorination. 

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 out with very little loss of 
material. 

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

From the calculated concentration of Pa in the above 20M HF solution, 
an amount containing 50 .pg 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.). 

29 Preparation of PaF.,. PaFi, was prepared according to Stein by 

treating the pentoxide with anhydrous HF and excess H 2 at 500° : 

H 2 

P a 2 0 5 + 8 HF gjjjj 2PaF., + 5H 20 (3) 

The dried P a 2 0 5 was placed into a Pt boat and inserted into a nickel 
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furnace. The hydrogen gas served both as a reductant and as a carrier 
gas by which the pre-purified HF was circulated through the furnace and 
finally into an A 1 2 0 3 absorption tower. The flow rate of HF from its 
transparent Kel-F container was monitored visually while the flow of 
H 2 was observed with an oil bubbler. 

After a 3-hour reaction tine, the furnace and the flow of HF were 
turned off but the H 2 flow continued overnight to flush out all traces 
of H 2 0 and HF. The brown solid was identified to be PaFi, by its Xray 
powder pattern. Approximately 110 rog of the anhydrous tetrafluoride was 
obtained. 

Neptunium Tetrafluoride 

The dioxide, 2 * 7Np0 2, was available in gram quantities and was of 
high purity. The tetrafluoride was initially prepared by a hydrofluori-

19 20 in nation reaction ' ' similar to Eq. (3): 

Ar or 0 2 

Np0 2 + 4 H F — 5 0 Q O - NpF„ + 2H 20 (4) 

This gives NpFu suitable for the borohydride synthesis but later it was 
discovered that its preparation from aqueous solution was much easier 
and gave very reactive NpFi,. 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 Th, Pa, and Pu de 
compose and must be dried under the conditions of Eq. (3) or (4). 
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Approximately 400 mg Np0 2 was put in 30 ml of hot 10M HN0 3 to which 
3 drops of 5M HF had been added to aid dissolution of the oxide. When 
the solution appeared saturated, the liquid was decanted into a 50 ml 
Nalgene centrifuge cone. Five ml of 48% aqueous HF was added and NpFi, 
immediately precipitated. After centrifugation, the liquid was discarded 
and the process was repeated until all Np0 2 was converted into NpF^. 
Initial drying was done similarly to that for P a 2 0 5 discussed in the 
previous section. Although the NpFi, was amorphous, it was identified 
by its characteristic green color. 

Plutonium Tetrafluoride 

The long-lived isotope of plutonium, Pu-242, was obtained as the 
dioxide. PuFi, prepared from aqueous solution is a hydrate of the formula 

2PuF„'5Hj>0 which when dehydrated at 300° under vacuum gives PuF 3 and 
31 

PuD 2. Therefore the anhydrous tetrafluoride must be prepared by reac
tion (5) where 0 2 is necessary to prevent the formation of PuF 3. 

0 2 

Pu0 2 +• 4 HF 4 0 0 _ 5 0 0 S PuF^ + 2H 20 (5) 

Approximately 300 mg of PuFi, was obtained using the same apparatus that 

was used in making PaFi,. 

18 Preparation of the Actinide Tetrakis-borohydrides 

Two basic designs shown in Fig. 2 were employed 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 
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O-ring joint (OKJ) for the addition of a stir bar and the tetrafluoride, 
removal of the borohydride product (A), and for cleaning. The Al(BHi.) 3 
comes in contact only with glass, Teflon, and Viton. 

Protactinium Borohydride 
The tetrafluoride and a small Teflon stir bar were added to the 

lower section of vessel (A). It was evacuated and a stoichiometric amount 
of AKBHn) 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(BHi,)3 turned light 
yellow in color as the concentration of dissolved PafBHi,)], increased. 
After about 5 days the unreacted A1(BH«,) 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 orange product was made by its infrared spectrum and its Xray powder 
pattern (see chapter 2). 

Neptunium and Plutonium Borohydrides 
The two actinide borohydrides eahibit nearly identical physical prop

erties, as do the analogous Zr and Hf compounds and the syntheses of 
^(BHuK and Pu(BH\K are also very similar. Since neither compound is 
thermally stable at room temperature, the reactions were carried out 
below 25°. The desired tetrafluoride and a Teflon stir bar were put 
into the bottom of reaction vessel (B) which was then assembled and evac
uated. PuFi, was made sufficiently anhydrous during its formation but 
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NpFi» needed further dehydration by heating the reaction vessel containing 
it to 80° while evacuating for several hours. Then the stoichiometric 
or a small excess of Al(BHO 3 was condensed in. 

After a 4-hour reaction period at 0°, the An(BHu)i» was collected 
in a dry-ice trap while the unreacted AKBHJ 3 passed through and into 
a liquid-nitrogen trap. Returning the Al(BHi») 3 to the tetrafluoride 
again produced more An(BHi,) t, 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 PuFi,. 

The unreacted Al(BHi,) 3 recovered from these syntheses is easily 
separated frcm the accompanying B 2H6 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 HC1 and 
drying prepares the fluoride residue for the usual hydrofluorination 
reaction appropriate to the particular actinide. 

Preparation of Actinide Borodeuterides 

All glassware which cotes in contact with the borcdeuterides should 
be passivated with B 2D 6 or Al(BDi,) 3 or treated with D2O and then baked 
out thoroughly under vacuum. This step is especially important for op
tical cells. Those cells which use alkali halide windows should only 
b3 treated with B 2D 6. 
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The borodeuterides of Th, Pa, and U are prepared in the same manner 
as the borohydrides except that AL(BD*) 3 is used. The resulting isotopic 
impurity is approximately 2% if the AKBDO 3 is made from commercial 
grade LiBDi,. Higher purity products can be obtained by further deuterium 
enrichment of the Al (BDi,) 3 as explained below in the syntheses of Np 
and Pu borodeuterides. 

Np(BDi,K and Pu(BDi,)., can also be prepared using Al(BDi,)3 but an 
easier and more effective method was employed which takes advantage of 
the high volatilities of the covalent borohydrides. Intermolecular ex
change reactions have been observed between the volatile metal boro-

33-35 34 . 
hydrides and B2D6 and D2, in which a hydrogen-deuterium inter
change occurs. If the B2D6 or D2 is maintained in large excess over 
the metal borohydride, all hydrogen is eventually replaced by deuterium. 
D2 was used in this work as it was readily obtainable and easily handled 
in a vacuum line. 

Sufficient Np(BHnK was condensed into a 500 ml glass bulb such 
that all of it would be in the gas phase at room temperature (~ .25 itirol). 
Approximately 1 atm of dry, 02-free D2 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° and the volatile compounds were pumped out. Another volume 
of D 2 was added and the exchange reaction continued for another 2-day 

37 
period. Biree such cycles were found sufficient for complete conver
sion to NptBDiJi, with an isotopic purity as high as the deuterium used 
(99.7%). 
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An attempt was made to prepare NpCBTOit by the above method. Five 
mg of HpfBHiK and 600 mm Hg T 2 were added to a 35 ml passivated glass 
vessel. After 2 days, all the Np(BHi»K was deconposed to the usual 
yellow solid by the intense 3~ emission {56 Ci) of the tritium gas and 
no volatile Np compound was recovered. 

This irsthcd is ger.srally saleable to all vrL?.ti?s rt«tal boro-
hydrid^ xncLuding Be {tstin; 2, Al (BHit) 3, Zr (Uu-,, <», and Hf (BH*) u where the 
number and durations of cycles depend on the particular borohydride. 

Exchange rates and decomposition rates are higher for the more unstable 
38 molecules and procedures must be modified accordingly. The unstable 

Pu(BH,)i,, for example, requires less time than the more stable Zr (BHi.)»„ 

The reason for the variance i n H + ^ D exchange rates can be explained 
by a mechanism shown belcw, ""' where the metal borohydride-dependent, 
rate-determining step is that in which a BHa- fragment breaks away frcm 
the metal borohydride molecule in Eq. (6). 

ki 
M(BH*)- HVH(BH\)x-i + BHs* (6) 

x k 2 

k 3 

BH3. + D2-*-BH2D- + HD etc. (7) 
U 

ks 
BHyD 3_y + MH(BHu)x-i ~»"M(BHOx-i (BHy+iD3-y) (8) 

The ratio kiA2 would depend on the stability of the borohydride; 

for Zr(BHi») i,, k i A 2 <K 1, while for PU(BHM) •• the ratio would be closer 
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to unity. In Bq. (7) k3 = k« and the exchange reaction takes place 
rapidly since the borane radical is very reactive. From synnetry con
siderations, ki = xk s, where Eq. (8) is basically Eq. (6) in the k 2 

direction. It can be seen that with enough D2 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 observations 

o f n B ++ io B exchanges between M ( u B H O x and 1 0 B 2 H 6 , 3 3 ' 3 5 ' 4 0 and the 
T1 18 presence of B 2 H 6 in part.:ally deccrrposed sc-ples of M(BHi»)x crarc-'Tr^. ' 

By perhaps a somewhat different mechanism, alkyl substitution re
actions have been reported in which the terminal hydrogen atoms of the 
tridentate BH~ group was replaced by C H 3

1 2 ' 4 1 and C 2 H 5
1 4 ( d ) in U(BHJ i, 

and ThOOT(BHi,)2 in 1HF, respectively. For U(BHi,K, Eq. (6) would remain 
as such (x = 4, M = U) but Eg. (7) would become 

k 3 

BH 3 + B(CH 3) 3 — ^ B H 2 C H 3 + BH(BH 3) 2 (9) 

from which only BH 2CH 3 could react with the metal compound as in Eq. (10). 

k$ 
BH 2CH3 + UH(BHi,) 3 " U ( B H H ) 3 (BH3CH3) (10) 

With large excesses of B(CH 3) 3» the tetramethyl compound, U(BH3CH3)i,, is 
obtained and can be separated from the monomethyl derivative by fractional 

41 sublimation. 
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Alkyl exchange reactions of the type given above, involving Np(BHnK 
and B(CH 3) 3 in the gas phase also showed that methyl groups replace 
terminal hydrogen atoms in Np(BHi,)i,. Several green compounds differing 
in volatility were isolated and the presence of CH 3 in them was confirmed 
by their infrared spectra. The compounds were not further characterized. 

Thermal Stability of Np, Pu Borohydrides 

All metal borohydrides evolve H2 and B2H6 during thermal decompo

sition. ' ' This can be seen in Eg. (6) which can be rewritten as 

M ( B H J X + MHfBH^Jx-, + hBiBs (11) 

where two borane radicals have combined to give diborane. The additional 
presence of an equimolar amount of H2 is explained if the metal ion is 
reduced, forming a lower borohydride, i.e. 

MfBHJx -* M(BHJ x_i+%H2+ J5B2H6 (12) 

Schlesinger and Brown characterized the reddish-brown U(BH^) 3 ob

tained by heating U(BHi,) i» to 100°. Based on the quantities of H2 and 

B 2 H 6 evolved, the color, and the fact that the solid generated 12 mols 

of H by hydrolysis per mol of U(BHi,) <, decomposed in its formation, they 

suggested that Bq. (13) occurred. 

U(BHi1)i.-=!ii*-U(BH.,)3 + HH2+ JsB2H6 (13) 
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The gas and liquid phase decompositions of Np(BHi,)i, at 2!? 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 compound, is important in determining the overall sta
bility of Np(BHi,)i,. Similar effects were seen in Pu(BHt»)i but not in 

Zr{BHi,)i, or Hf(BHi,)i4. 'Ihe H++T exchange experiment and observations 
42 

of Pa iBHi,) i, suggest that radiation damage is important in these boro-
hydrides. This effect, which would cause greater decomposition rates in 
the condensed phases of Np and Pu borchydrides, would be nonexistent in 
the Zr and Hf compounds. 

Since Np(BHi,)u and Pu(BHi,)t also liberate H2 and B2H6 on decomposi
tion and that Np and Pu are well-known, ' the tris-borohydrides are 
assuned to be formed analogously to U(BHi,)i,. However, Xray powder dif
fraction photographs show that the solids of decomposition for U and Np 
bore-hydrides are not isonorphous. 

The trend of thermal stabilities: U(BHi,K > Np(BHtK > Pu(BHi,)i, 
follows from the general stabilities of the tetravalent oxidation states: 
U1*"1" > N p + > Pu.+. ' ' Similar conclusions were drawn for Ti boro-

4 8 hydride ' whose +4 oxidation state is so unstable that all routes to 
Ti (IV) borohydride lead to Ti(BHi,) 3. The other 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 
4 11 are formed which may be Np, Pu, NpB.,, or PuB*. ' 
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44 Preparation of Actinide (IV) TMCOT Complexes from An(BHi,)i, 

The high solubility of the Np and Pu borohydrides in various types 
of organic solvents such as pentane, THF, and benzene make these acti-
nide compounds useful in the preparation of organoactinide 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, NpCli, is not very soluble and that of Pu is 
unknown in the solid state so the slightly soluble (NEtM)2PuCl6 is sub
stituted. 

The syntheses of soma organoactinide conpounds, the bis(n8-tetra-
nethylcyclcoctatetraene) complexes, Np (TMCOT) 2 and Pu(TMCOT)2, prepared 
by the reaction of the tetrakis-borohydrides and the TMCOT dianion in 
THF were investigated. ' The reaction can be written as 

A M B I M L , + 2K2TMGOT-=^An(TMCOT)2 + 4KBH., (14) 

The actinide TMCOT compounds were identified by their visible spectra 
45 and Xray powder patterns. The formation of KBHi, was confirmed by an 

Xray powder pattern of the insoluble reaction product. The above method 

was found particularly attractive for Pu since analogous reactions of 
K2TM0OT with complex Pu (IV) halides were reported to give reduction to 
Pu (III). 4 7 ( a ) 

Although 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 
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Pa(TMOOT)2 were obtained from PaCL,, 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 Bq. (14) will also 
stabilize the Pa ion and give higher yields. 

Attempted Synthesis of Ce (BHi,) i, 

When the synthesis of the tetrakis-borohydrides of the Group IVB 
elements were reported for Zr, Hf, and Th and the tris-borohydride of 

4 Ti, no mention was made of the cerium compound. 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 Ce is significantly less stable to reduction than 
Pu , stable organometallic borohydride derivatives of Ce (IV), (C5H5)3CeBH„ 

48 and (C9H7)2Ce(BHi,)z, have been prepared. 
Since a solid-state structure transformation takes place between 

Hf and Th borohydride (ionic radii are Hr = .83 &, Th = 1.06 K), 

the molecular structure of CefBHOufCe = .97 A) would be interesting. If 
its solid-state structure were of high synmetry, it could be useful as 
a host matrix for optical studies of actiniae borohydrides (see chapter 5). 
Therefore an attempt to prepare Ce(BHOn was made. 

The nonexistence of CeClit ruled out Eq. (1) as a route to CefBHi,)*. 
Since Eq. (2) works well for the .'ict:r.ides and CCTJ, axirts cz ;. Ft-.-Me 
compound, this method was tried first. All commercially obtained CeFi, 
was identified to be CeF3 by Xray diffraction and so the tetrafluoride 

had to be made. The aqueous solution msthod of preparing CeFi, gives 
50 a hydrate which decomposes upon dehydration and is not satisfactory. 
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Two syntheses of CeFi, were tried by the reactions given below. 

CeCl3 + 2F2 -2H* CeF„ + -f CI4 (15) 

CeF3 + iirl ^£°CeF k (16) 

Bq. (15) proved to be a problem because the stated 25° reaction tem
perature is erroneous as CeCl3 ignites in fluorine and severe boat con
tamination results. The charred mass also contained soma CeF3 as well. 

52 53 Eq. (16) ' was then considered. 
CeF 3 was prepared in aqueous solution by the method of Cunningham 
en 

et al. and was dried at 80° overnight. Reaction at 250° for 6 hours 
with 2 atm F 2 gave pure CeFi,. 

The CeFn was added to reactor (B) (Fig. 2) in a drybox and Al(BHi,)3 
was condensed in after evacuation. After 4 days at 25° , the CeFi, turned 
grey and no cerium borohydride was obtained even after attempted sublima
tion at 110°. An Xray powder pattern showed that the solid was still 

4 CeFi,. Similar negative results were observed for ZrFu and HfF., which 
did not react with A1(BH,J3 although their double salts, e.g. Na 2ZrF 6, 
did. 

The double salt of Ce (IV), Na 2CeF 6/ was prepared by the reaction 
54 between NaCl and Ce0 2 in excess F 2 at 500 : 

F 2 2NaCl + Ce0 2 rr*b Na 2CeF 6 + mixed 0, Cl, F products (17) 
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and being isostructural to 32 - K 2UF 6, was identified by its Xray 
powder pattern. 

No reaction occurred between Na 2CeF 6 and Al(BHi,) 3 at 25° and the 
Na20eF6 and nearly all Al(BHi,)3 were recovered. Perhaps double salts 

of other alkali netals, I^CeFit+x, x = 1, 2, 3 may be reactive. Although 
7 8 many other reactions exist which could prove fruitful, ' the synthesis 

of Ce(BHh) 1, was not further investigated. 
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Chapter 2 

PHYSICAL PROPERTIES AND MDLECULAR STRUCTURES 

OF THE ACTIN1DE BOROHYDRIDES 

Introduction 

All five actinide (IV) borohydrides have the sane molecular geometry 
1-4 in the gas phase and are mononeric. In the solid state however, they 

crystallize into two different structure types, polymeric and nonomeric, 
each of which exhibits unique chemical and physical properties. Some 
of these properties were discussed in chapter 1. Xray pcwder diffraction 
patterns have shown that Th, Pa, and U borohydrides are isostructural, 
a result also verified by their solid state infrared spectra. Lattice 
parameters, 20 values, and densities for all these compounds were ob
tained from their powder patterns and are given in Tables 1-4. The 
molecular structures of the first three actinide borohydrides are poly-
meric and that of UCBHIJI,, determined by single crystal Xray and neutron 
diffractions methods by Bernstein et al., is discussed later in this 
chapter. 

Neptunium and plutonium borohydrides are monctneric and low-temperature 
Xray powder patterns have shown that they are isomorphous and are of a 
different structure type than that displayed by the three earlier acti
nide compounds. The structure of Np(BHn) k was determined by single 
crystal Xray diffraction at 130K and found to be very similar to that 
of the mcnomeric Zr and Hf borohydrides 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 ths polymeric compounds. 

The volatilities and sane calculated thermodynamic quantities of 
the seven metal tetrakis-borohydrides 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 borohydrides were 

taken from 4000-400 cm"1 on a Perkin-Elmer 283 infrared spectrophotometer 
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(BHH) n at 50° was recorded by heating the compound in a 10 cm KBr 
gas cell placed in the sample beam. Similar spectra of PajBHn).» could 
not be obtained even while heating to 100° due to the low vapor pressure 
of the borohydride. Gas phase infrared spectra of Np(BHi>K and Pu(BHi,)ii 
were taken at 18° and solid state infrared and Raman spectra were ob
tained for Np(BHi.) •, at 77K (see chapter 3). 

Xray Powder Diffraction 
Xray powder samples of freshly sublimed Th, Pa, and U borohydrides 

were prepared in an argon atmosphere drybox by adding 1 cm of the pcwdered 
canpound 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 Ka radiation (X = 1.5418 A) . The exposures were made on Ilford 
Industrial G Xray film from which the diffraction lines were measured 
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to an accuracy of ± .05 ran 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 correction. 

The Xray samples of Np(BHu)i, and PufBHuK were prepared by con
densing trie compounds into quartz capillaries and sealing them off to 
a length of approximately 13s 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 sample, 
and exited via another hole in the cover, thereby traversing a U-shaped 
path. Ihis method permitted the film to remain at room temperature 
during the exposure. Although the sample of Pu(BHi»K was cooled to -20°, 
a faster cooling rate and lower temperature of -150° was used for Np(BH!,) •, 
since it tended to freeze amorphously in these experiments. 

Single Crystal Xray Diffraction 
A sample of the dark green liquid NpCBHt,) h was sealed into a 0.3 mm 

ID quartz capillary and stored in liquid nitrogen prior to use. Ihe 
capillary was mounted on a Picker FACS-I automated diffractomster equipped 
with a Syntex LT-1 temperature controller. Slow cooling through the 
melting 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. 



30 

During unit cell measurements and intensity data collection, the 
sample was maintained at 130 ± 5K, as determined from prior calibration 
with a thermocouple in place of the capillary. 

Unit cell parameters were obtained from carefully centered settings 
on the Ktti peaks of the (14,0,0), (0,14,0), and (0,0,10) reflections 
using graphite-mcnochromated Mo radiation (X(Kcn) = 0.70930 &). Cell 
dimensions obtained before and after intensity data collection did not 
differ significantly and yielded the values a = 8.559(9) A and c = 
6.017(9) A for the tetragonal unit cell. The full width at half height 
for u)-scans of lew-angle reflections before and after intensity data 
collection was typically 0.15° . 

Intensity data were collected using the 6-28 scan technique to 68° 
in 26 for positive h, k, and S. with scans frcm 0.9° below Kai to 0.9° 
above K012 and with background counts of four seconds at each end of the 
scan. Two standards, measured every 100 reflections, shewed 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 (y is 40 cm"1 and r is approximately 
1 x 10" 2 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 total cf 511 unique reflections) for which the scatter 
exceed four times the estimated standard deviations. The diffraction 
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symmetry and systematically absent reflections were consistent with 
the space group P42/nmc. 

With ? = 2, the Np atom must occupy a special position with 42 m 
syititEtry as noted from the earlier Xray powder data which showed a 
body-centered pattern and intensities consistent with Np at the origin. 
The single crystal experimant detected the weak non-body-centered re
flections. The boron atom was initially placed 2.5 A from the neptunium 

in an eightfold position on a mirror plane by analogy with the tetra-
q 

hedral Hf(BHi,K structure. After several cycles of least-squares re
finement with anisotropic thermal parameters for Np and an isotropic 
thermal parameter for B, inspection of the agreement between observed 
and calculated structure factors for the strongest reflections suggested 
that an extinction correction was appropriate. An empirical correction 
was applied where F ^ ^ = F ^ U + 2.4 x 10_7I); F ^ ^ and FQJbs are the 
corrected and observed structure factors and I is the observed intensity. 
Several additional cycles of least-squares refinement with anisotropic 
thermal parameters for both Np and B then converged with R = Z||F | -
|Fc| |/Z|F0| = 0.115 for nine parameters and 352 data withF 2 > a(F 2). 
.. A difference-Fourier map was calculated to see whether the hydrogen 

atoms could be located. Peaks with an electron density of approximately 
one electron per A 3 were found .in positions expected for three bridging 
hydrogens and one terminal hydrogen as in the structure of Hf (BHO n. 
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 Ew|AF| 2/2wF2 where the assigned weights 
w = [a(F)] - 2 were derived from a(F2) = [S 2 + (pF2) 2]!s where S 2 is the 
variance due to counting statistics and p = 0.10. The final R-f actor 
was 0.114 for 16 parameters and 352 data with F 2 > a(F2) and 0.125 for 
all 511 data. The weighted R* = (LV(|F0|-|F |)2/ZwF0

2)!5 was- 0.140 and 
the estimated standard deviation for an observation of unit weight was 
2.15. The scattering factors used were those of Doyle and Turner for 

neural boron, those of Steward, Davidson, and Simpson for hydrogen, 
12 M-and those from the International Tables for Np corrected for ancmalous 

dispersion. 

Vapor Pressure Measurement 

The extreme chemical reactivity of NpfBHJ i, precluded the use of 
a mercury manometer and only an all-glass-and-TefIon 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(BHiJ x 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 cathetomater. Shortly after equilibrium was established, the 
pointer was nulled to its original position by pressurizing the outer 
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chamber of the gauge with argon. The argon pressure, as Treasured by 
a standard pressure gauge, then equaled the vapor pressure of the Np(BHi.) i,. 
Care was taken to remove all traces of H 2 and B 2H 6 before and after each 
measurement. Vapor pressure readings were taken at room temperature 
and below until the vapor pressure of the compound approached the sen
sitivity of the Bourdon gauge. 

Results and Discussion 

Polymeric Actinide Borohydrides 

The orange sublimate obtained from the PaF.,/Al (BHK ) 3 reaction gave 
a solid-state infrared spectrum almost identical to those of Th and 
3 13 U ' borohydrides and identified it to be Pa (BHi, )ii. It was further 

characterized by its Xray powder pattern which also shewed that Th, Pa, 
and U borohydrides are isostructural. 

From the single-crystal Xray study of UfBHuK, it was determined 
that UtBHji, crystallizes in the tetragonal space group P432]2(P4i2i2) 
where a = 7.49(1) A, c = 13.24(1) A, and Z = 4. The calculated density 
is 2.66 gm/cm3. These values agree (within experimental error) with 
those given 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)* 
structure and the diffraction data are listed in Table 1-4. The trend 
in lattice parameters reflect the effect of increasing ionic radii of 

lt-f h+ Iff-

the An ions from U to Th with the concomitant decrease in density. 
Metal-boron distances, which are accurately known for U(BHi,)i,, are not 
truly functions of a and c only and so corresponding distances in the 
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Th and Pa compounds cannot be obtained from the powipr diffraction data. 

Approximate values can be calculated by adding to the U-B distances the 
"*+ 'H- fi 14 M-

differences between the ionic radii of Th and U (.06 A) or Pa and 
U (.01 A). The c/a ratios are almost equivalent for all three com
pounds and therefore the intermolecular van der Waals forces are similar. 

The structure of U(BH.,)t, as determined by single-crystal neutron 
diffraction, is shown in Fig. 1. Like those in the well-known Kiron 15 hydrides, hydrogen bridge bonds are found in the actinide borohydrides. 
There are two types of borohydride 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 atoms in a polymeric structure 
of C 2 symmetry at uranium. The two tridentate JSU, 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 A, the terminal borohydrides 
are closer to the uranium atom with a U-B distance of 2.53 A. The U 
atom in U(BHi,) n is 14 coordinate and the 14 bridging hydrogen atoms form 
a slightly distorted capped hexagonal antiprism with a mean U-H distance 
of 2.35 A. The BHZ groups themselves are nearly tetrahedral with B-H 
distances in the range 1.2-1.3 A. 

Mononeric Actinide Borohydrides 

Gas phase infrared spectra of Np and Pu borohydrides are almost 

identical to that of UfBHi.) t, and therefore similar gas-phase structures 



Table 1 

Xray Pcwder Diffraction Data for Th(BHuK 
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Intensity hkl 29(obs) 20(calc) 

M 101 13.68 13.55 
S 110 16.63 16.65 
VS 111 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 
s 106 42.48 42.55 
w 320 43.28 43.14 

In Tables 1-3: S = strong, M = medium, W = weak, V = very. 

Cu Ka radiation of wavelength 1.5418 A was used. 
aSee Table 4 for lattice parameters. 
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Table 3 

Xray Powder Diffraction Data for U(BHt,)i, 
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Intensity hkl 2S(obs) 26(calc) 

M 101 13.83 13.75 
S 110 16.94 16.92 
vs 111 18.04 18.22 
w 103 23.61 23.59 
w 200 23.91 23.97 
M 201 25.01 24.92 
W 113 26.56 26.49 
M 004 27.06 27.13 
M 211 27.72 27.70 
S 212 30.12 30.13 
W 203 31.68 31.56 
S 114 32.13 32.11 
S 213 33.83 33.83 
W 221 34.78 34.81 
M 204 36.39 36.47 
M 222 36.79 36.82 
W 214 38.49 38.49 
M 302 38.84 38.82 
W 223 39.95 39.97 
W 312 40.70 40.74 
M - 303 42.00 41.85 

aSee Table 4 for lattice parameters. 
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Table 4 

Lattice Constants and Calculated Densities 

for Th, Pa, and U Borohydrides 

a * 

Th(BH„;„ 7.58 ± .03 13.31 ± .05 
PafBHiJ* 7.53 i .03 13.22 ± .05 
U(BH^)k 7.46 ± .03 13.19 ± .05 

^Values of a and c are in A. 
b . . . > 
TDensities are u\ gm-cnr . 

All conpounds are of the tetragonal space group P432i2(P4i2i2) with 
4 nolecules/unit c e l l . 

The Nelson-Riley correction was used in the f i t t ing procedures. 

c/a 
1.76 
1.76 
1.77 

b P 
2.53 
2.57 
2.69 
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XBL 771-7338 
Figure 1. Solid-State Molecular structure of U(BH<,). 
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are expected for them. In the solid state, NptBHj M (and presumably 
Pu(BHi,) •, also) gives basically the same spectrum as in the gaseous 
state, while U(BHi») * produces much different spectra in the two phases. 
The polymeric structure of U(BHi») * transforms into a different one 
upon vaporizing but Np(BHi») * retains its solid-state structure in the 
gaseous state. 

Lew temperature powder diffraction photographs of Np(BHi,)» and 
Pu(BHj „ shewed that they are isostructural and crystallize into a 
tetragonal structure different than the tetragonal structure of the 
polymeric compounds. Dissimilar molecular structures were also pre
dicted by the solid-state infrared spectra. Since the Np(BH„) h and 
PI.I(BHII)I> crystals were preferentially oriented, the powder patterns 
did not show any reflection with l values greater than 2 and therefore 
the c dimensions were not accurately determined. The diffraction pat
terns suggested that the ty? 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 

16 17 Np(BHi,) 1,-type structure is very similar to that of Zr(BHi.) u ' and 
Hf(BH„)„ 1 6' 1 8 described below. 

19 20 ' 
Hie molecular and crystal structures of ZrtBHj!, ' and Hf(BH»)i,' 

were determined by electron, Xray, and neutron diffraction methods. 
HftBHuK and Zr(BHi,)i, are monomeric and crystallize into a simple cubic 
lattice of space group P43 m. flhe metal atom is bonded to four tetra-
hedrally arranged borohydride groups by triple hydrogen bridge bonds 
giving the molecule T , symmetry. Corresponding Zr-B and Hf-B distances 
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are 2.34(3) k and 2.28(1) ( a'A, respectively. The coordination sphere 
around the Zr or Hf atons consists of only 12 H atoms in the form of a 
distorted cube octahedron. 

A single crystal Xray crystallographic investigation of Np(BHi,K 
was undertaken to determine its detailed molecular structure and com
pare it to the structures of the other metal tetrakis-borohydrides. 

The monomelic nature of solid Np(BHn) h is established by the Xray 
diffraction results. The molecule is shown in the ORJEP diagram in 
Fig. 2 (see also Appendix A, chapter 3) and is also representative of 
the structure of Zr(BHi»)i» and Hf(BHi,)i,. The molecular structure para
meters are given in Table 6. The Np(BHn) •, crystals are tetragonal and 
of the space group P42/nmc; a = 8.559(9) A, c = 6.017(9) A, Z = 2. 

The Np atari is coordinated to four borohydrides 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 regular tetrahe
dral geometry. 

7 Bernstein et al. observed that bridging borohydride groups give 
larger M-B distances than do the terminal ones in UfBHJ i,. They sug
gested an "ionic radius" of a terminal BHI group be approximately 
1.3(1) A and that of a bridging EH* group be about 1.6(1) A. Using 

14 >>+ 

the value from Shannon and Prewitt for the radius of Np and the 
Np-B distance of 2.46 A, it is found that the BH^ radius is 1.34 A. 
This is in good agreement with the values calculated for other triply 
bridged borohydride groups: U(BH„)i, 1.38 A, 7 1.37 k;21 Zr(BH„K 1-36 A,2' 
1.33 A ; 1 9 ( a 5 HftBHi,)!, 1.31 A . 9 ( a ) 
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Figure 2. OKTEP Stereo View of Np(BH^),,. 
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Table 5 
a Positional and Thermal Parameters for Np(BHO t 

Atom X Y z B u B22 B33 B 2 3 

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) 
H(l) b 0 0.33(3) 0.33(4) 
H(2) b 0 0.26(6) 0.05(4) 
H(3) h 0.10(3) 0.15(2) 0.24(6) 

"^le anisotropic temperature factor has the form exp(-0.25(Bah2a*2 + 
2Bi2hka*b* + . . . ) . Syrtnetry restraints of the thermal parameters of 
Np are: Bu = B22 and B12 = B13 = B23 = 0; and for B they are Bi 2 = 
B ! 3 = 0. 
2. 
The isotropic thermal parameter of the hydrogen atoms was constrained 
to a value of 3.0 A 2 and its isotropic temperature factor has the form 
exp (-B ((sine) /A 2). 

\ 
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Table 6 

Nblecular Structure Parameters for Np(BHi») i, 

Interatomic Distances (A) 
l^p-4B 2.46(3) H(l)-H(2j 1.8(5) 
Nt>-H(2) 2.3(5) H(1)-2H(3) 1.9(3) 
Np-2H(3) 2.1(3) H(2)-2H(3) 1.8(3) 
B-H(l) 1.0(3) H(3)-H(3) 1.8(4) 
B-H(2) 1.1(2) H(2)-2H(3) a 2.5(4) 
B-2H(3) 1.2(2) H(3)-H(3) a 2.5(4) 

distance to H(3) on an adjacent BEU group. 

B-Np-B " 
B-Np-B b 

H(l)-B-H(2) 
H(l)-B-H(3) 
H(2)-B-H(3) 
H(3)-B-H(3) 

Angles (deg) 

110.3(18) Np-B-H(l) 
109.1(9) Np-H(2)-B 
112(32) Np-H(3)-B 
122(15) 
99(20) 
100(22) 

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

Symmetry operation 0,x,z. 
Sy/metry operations x,0,z and x,0,z. 
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•Ehe iaorohydride group in Np(BHi,)i, is tetrahedral within the estinated 
standard deviation with an average B-H bond length of 1.1(2) A. Neutron 
diffraction investigations on "covalent" UfBHi,)* and Hf (Btt,)i, revealed 
departures from T, symmetry of the tridentate BHi, groups manifesting 
themselves as wider H^B-H^ (113°) and smaller ̂ -B-Hj^ (106°) angles 
with respect to the tetrahedral angle, and as a shorter B-Ht (1.15 A) 
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 T^ symmetry are present in Np (BHi,) •,. A neutron 
22 structure determination of the "ionic" KBHi, compound indicated that 

the BHi, 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 
23 in these compounds can be used to test for covalency must await further 

neutron diffraction results. 
Although the hydrogen atom positions have large estimated standard 

deviations and the inclusion of the hydrogen atoms in the refinement 
lowered the R-factor a trivial amount, the hydrogen atoms refined to 
chemically reasonable positions. Ihe terminal hydrogen atom is properly 
oriented away from the neptunium with a Np-B-H(l) angle of 179(16)°. 
The 12 bridging hydrogen atoms around the neptunium are all 2.5 A away 
f.rom 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 from two hydrogen atoms in adjacent borohydride groups. This 
polynedron is similar to the cube-octahedron which describes the coordi
nation in the cubic-closest-packing structure with six neighbors in a 
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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. 
17 24 James et al. ' have suggested that Zr(BHi,K may be of slightly 

lower T symtetry which is obtained by rotating all four BHi, groups from 

the staggered orientation by an angle of less than 60° about the Zr-B 
24 vector. They based their argument on an uncertain interpretation of 

19 an electron diffraction study on gaseous Zr(BHi,) i, and on weak mfra-
17 red transitions which they assigned as fundamental modes. However, 

the staggered arrangement of bridging hydrogen atoms offers the least 
amount of inter-hydrogen repulsion. Our work gives no evidence for 

symmetry lower than T d for Np(BH£,)... 

Despite the close similarity between the ionic radii of Np and 
**+ s 14 1**f" St+ 

U (difference is .02 A) as compared to those of Np and Hf (dif-
- 14 ference is .15 A), the solid-state structure and physical properties 

of NptBHOi, resemble those of Hf(BHi,)n. If the metal ion size is the 
determining factor in the number of bridging hydrogen atoms that can 
be accommodated in the coordination sphere of the metal in these boro-
hydrides, this work establishes the transition from 14 to 12 coordina
tion between u" + (r = 1.00 A) and Np + (r = .98 A). 

The solid-state molecular structure of Np(BHi,) >, has the same basic 
geometry as HffBHitK and ZrfBHi,)!, 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 



47 

Figure 3. Schematic diagram of packing in Np(BHi.) •,. Solid line 
is the tetragonal Np(BH<.) i. cell, the dotted line shows the 
cubic Zr(BHi»)i» 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, tiiis structure would 
be identical with that of the Zr and Hf compounds, 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-borohydrides 

fall into three types, P4 32i2 (Th, Pa, U ) , P42/nrrc (Np, Pu), and P43 m 
(Hf, Zr) but their molecular structures are only of two types, polymeric, 
^symmetry (Th, Pa, U) and monomeric, T, symmetry {ftp, Pu, Hf, Zr). The 
primary properties of these metal borohydrides reflect the polymeric 
or monomelic nature of their solid-state structures. In chapter 1, it 
was pointed out that the polymeric compounds display very different 
properties than the monomeric ones, especially their volatilities. 

25 
Schlesinger and Brown measured the vapor pressure of U(BHi,)i» as 

26 
a function of temperature and Hoekstra and Katz determined those of 
Th, Zr, and Hf borohydrides. In order to put the vapor pressure of 
the Np(BHi,K-type structure on a quantitative basis, the vapor pressure 
of Np(BHiJ i, was measured at various temperatures. 

Using the data obtained frcm the measurements, linear plots were 
found for the equation log P—j^. = -A/T + B, where T is in degrees K, 
for liquid and for solid Np(BHi,)i,. Least squares lines were fitted to the observed points and are given in Fig. 4 along with those frcm other 

25 26 2fi work for U, Hf, and Zr borohydrides. Table 7 lists the values 
of A and B for U, Zr, Hf, and Np borohydrides 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 polyneric U(BHi.) •, 
is much lower than those of the mononeric compounds which themselves 
are very similar. It appears that the intertnolecular bonds holding 
the U(BH.,)i, molecules together in a polyneric structure are responsible 
for the low vapor pressure of the compound and the large disparity in 
volatilities of Th, Pa, and U borohydrides is caused by the large dif
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 accompanied by decomposition, good 
chemical stability toward hydrolysis and low solubility in nonpolar, 
non-coordinating organic solvents. The moncmeric borohydrides are low 
melting, react violently with water, and are very soluble in solvents 
such as pentane. At room temperature Pa(BHi»K is insoluble in Zr(BH.,)i, 
but when the mixture is heated slightly above the sublimation tempera
ture of Pa(BHi,)i,, the liquid turns yellow as the polymeric structure 
is disrupted and the Pa compound dissolves. 

All of the metal tetrakis-borohydrides are monomrric in the gaseous 
state and therefore the internolecular bonds in the polyneric compounds 
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(BHuK (solid, 14 coordinate, 4 double-, 2 triple-hydrogen-
bridge bonds) -»• U(BHi,)i» (solid, 12 coordinate, 4 triple-
hydrogen-bridge bonds) 

can be estimated. AH and AS values for a 12 coordinate UtBHuK struc
ture were obtained by an extrapolation of the measured quantities for 
Hf(BH.,)i, and Np(BH^)i, vs. metal ionic radius. Subtracting these derived 
U(BHK)I, values from the corresponding measured ones gives the heat of 
transformation (4.5 kcal/mol) and entropy of transformation (6.5 cal/mol0) 
of the 14 coordinate to the 12 coordinate structure for UfBHiiK. Using 
the equation AG = AH - TAS, AG is found to be +2.6 kcal/mol. This 
value can be compared to the free energy of an exchange process involving 
the bridge and terminal hydrogen atoms in solution for (C5H5) 3UBH1, 

27 where G* « 5 kcal/mol at the coalescence temperature of -140 ± 20°. 
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(BHi,)* will be used in the normal coordinate vibrational analysis of 
Np(BHn)D discussed in the next chapter. 
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Chapter 3 
VIBRATIONAL ANALYSIS CF NEPTUNIUM BOROHYDRIDE 

Introduction 
The study of the nolecular structures of metal borohydrides was 

found to be very important in elucidating their chemical and physical 
properties. Analogously, vibrational spectra can give much informa
tion on molecular structures and also on the bonding and the quantum 
mechanical properties of molecules. Vibrational studies on metal 
borohydrides and their organic derivatives are numerous and a short 
review of a few of them is presented here. 

As discussed in the previous chapter, metal borohydrides eriiibit 
hydrogen bridge bonds linking the boron and metal atoms together. 
Three types of ligation geometries have been observed (shown below) 
and each one produces a unique spectral pattern in the infrared (IR) 
and Raman spectra. 

MH 

H H H 
i *.' \ > 

H-B-H M B 
f \ / \ H H H 

M-H-B-H \ / H 
(a) (b) (c) 

Simple inspection of the spectra can determine which type of bonding 
arrangement exists in the molecule—either (a) ionic, (b) bidentate, 
or (c) tridentate. 
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Type (a) The ionic borohydrides are those which involve an alkali 

netal. Their solid-state and solution IR and Raman spectra have been 
_ 3 well studied for the tetrahedral BHi, anion. According to synmetry 

selection rules, there should be only two IR active modes and these 

occur at 2200-2300 cm - 1 (vBH stretching) and 1100 cm"1 (6HBH bending). 

In practice, however, more bands are observed and are attributed to 
3(f) overtones and combinations. * ' Four bands, one of which is polarized 

(Ai), are seen in the Raman. Effects of the crystalline fields of 
alkali halides on the vibrational energy levels of the BHi species have 

3(e) 4 5 been reported by several authors. v ' ' The spectroscopic results 

are consistent with the structure of the borchydride ion in these com-
g 

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

7 8 bis - and tris -borohydrides, the polymeric actinide tetrakis-

borohydrides, ' ' and in mixed organometal-ic borohydride com

plexes vAien the metal is not an actinide. Some of the first vibrational 

studies on these systems were of Al(BH0 3 3 < a ) ' ( b ) , U and Be(Bn-,) 2
3 ( a ) , 1 3 

and useful structural information was obtained before any diffraction 

studies were carried out. ( ' Recently cyclopentadienyl-
15 borohydrides have been prepared and from their vibrational spectra, 

it was concluded that for transition metals, the borohydride groups 
are bound in a bidentate fashion. A particularly good example of the 

efficacy of vibrational spectroscopy in structural analysis is the work 
16 17 

on CsHsBeBHi,. From an electron diffraction study of the compound, 
it was not possible to distinguish between a doubly- or triply-bridged 



borohydride group but results from IR and Raman spectra lead to a defi
nite conclusion that the-Ha*' group is bidentate. 

Hie roost apparent spectroscopic feature characteristic of the 
doubly-bridged borcbydride ligand is a close doublet (60-80 cm"* separa
tion) of the symmetric and antisymmetric VBH. stretching nodes in the 
2400-2600 air 1 region of the IR, and a strong singlet in the Raman. 
Strong and broad adsorptions are observed in both effects at 1650-
2150 cm"1 (vBHk stretches), 1300-1500 cm - 1 (bridge bond stretches), 
and 1100-1200 atT1 (6HBH bends) . 3 ( b ) , 1 8 

Type (c) Triply-bridged borohydride groups are found in the metal 
tetrakis-borohydrides, ' uranium (3V) borohydride etherates, and 
in other mixed organoactinide borohydride complexes. ' ' Vi
brational studies have played an important part in understanding their 

15 structures and have agreed with Xray diffraction results. Marks et al. 
determined from IR spectra of compounds of the type (C5H5)sAnBHn that the 
borohydride ligand is bonded to the actiniae (An = Th, U) via triple 
hydrogen bridges. The same conclusions were drawn for the complexes 

20 21 
C8H8An(BHi,) 2 and An[N(Si(CH3) 3) 2 JaBHi, front their IR spectra. An 

21 
Xray crystal structure of the latter compound confirmed the spectro
scopic results. 

The pattern of spectral bands for the tridentate structure is 
easily distinguishable from those of the other two types. Most noted 
is the vBH t stretching region (2600-2500 cm" 1) 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 cm - 1 and 
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bands appear as a strong doublet (~60-80 cm - 1 separation) in the IR. 

Bending modes are observed in the energy range 1150-1250 cm - 1 in both 
22 

the IR and Raman spectra. Figure 1 illustrates the spectral pattern 
in the IR for the tetrakis borchydrides (a) and borodeuterides (b). 
Atomic motions contributing to the fundamental bands are given above 
the corresponding region. 

The remaining part of this chapter will present the reults of a 
vibrational spectroscopic investigation on Np (BH.,) i, and Np (BDi,) ^ whose 
purpose was not to obtain structural information but to quantitatively 
describe the vibrational energy states of a new actiniae borohydride. 
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. Prom these assignments, a normal coordinate analysis 
was carried out to develop a simplified general valence force field 

23 
(SGVFF) employing a small set of force constants which could repro
duce the experimental frequencies. Overtones, combinations, and iso-
tcpic iirpurity bands have been identified in the lew temperature, solid-
state IR spectra and their frequencies are compared to calculated ones 
using the derived force field. The vibrational and rotational parti
tion functions and various therrrodynamic quantities were calculated 
from the spectroscopic data and compared to experimental values found 
for analogous systems. 



60 

VBH. 

S c h e m a t i c o f MtBHO* and M(BD„)., IR S p e c t r a 

6HBH \#B 

(a) 

6HM1 
6BMB 

3000 
T -

2000 1000 

vBa 

(b) 

B D t > 

fiDBD vMB 6EMD 
6BMB 

3000 
7^ 

2000 1000 

Wavenumber (cm" ) 

Figure 1 

XBL 7912-13708 



61 

Experimental 

Infrared Spectroscopy 
Near infrared spectra of Np and Zr borohydrides and borodeuterides 

were obtained on a nitrogen purged Cary 17 spectrophotometer in the 
region 4000-7400 cm"1. The compound was vacuum transferred into a 
degassed, quartz cell from its storage tube held at -10°C. Ihe 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 cm x 2 cm x 25u (and lOOOy) were vapor grown and then 
slowly cooled in a quartz optical dewar. A Np(BHi,) •» single crystal 
(1 cm x 2 cm x 25u) was grown by simply 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 landa point, 2K. Single crystals of NpJBDitK (30p thick) and 
Zr(BDi,)i, (lOOOp thick) were similarly grown and their spectra were 
taken at 2K. 

In the region 4000-2000 cm - 1, a Perkin-ELmer 283 IR spectrometer 
was used. Gas phase spectra were taken of the sample gas contained 
in a 10 cm cell fitted with Csl 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 outer 
2" Csl 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 maneuvered for both 
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sample depositing and spectra recording operations. The borohydride 
compound was in the form of a very thin, translucent film made by 
condensing the vapor onto a cooled Csl window held by the cold finger. 
An evacuated and clean Csl gas phase cell of the sane path length was 
situated in the reference beam to reduce window and trace atmospheric 
absorptions. 

Far infrared spectra were obtained for Np(BH.,K and Np(BD*)i, in 
the range 200-25 cm - 1. 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 V O.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. Absorptions 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-

24 dew held at 77K. A far infrared, 2-beam Michelson interferometer 
was used to collect the data from which the spectra were obtained by 
computing the Fourier transforms of the truncated interferograms sampled 
at every \ cm" 1. 

Raman Spectroscopy 
Raman spectra were taken of NptBHO * (2600-100 cm - 1) and NpfBDJ,, 

(2300-100 cm"1) using a Ramanor HG, 2S 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 nonochromator and detected by a photon counting system. 

The pyrophoric and radioactive hazards associated with neptunium-237 
borchydrides required that the sample holder be wholly contained in a 
negative pressure, safety enclosure which hampered sample alignment and 
lowered detection sensitivity. Ihis, in addition to the dark green 
color of the confounds, made even reasonable quality spectra difficult 
to obtain. 

Initially the liquid compound was sealed into a 2 nm 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 compound. 

The Raman spectra which are shown in Figs. 2 and 3 were obtained 
by a different method. A diagram of the cryostat is given in Fig. 4. 
Ihe borohydride 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 outer quartz tube by means 
of a ground glass connection. Attached to the wall of the quartz 
tube was a valved, sample-inlet-and-evacuation tube which aiited 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 Ai 

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 21-atom molecule would display a 

rather complicated vibrational spectrum but the high symmetry of the 
monomeric metal tetrakis-borohydrides causes nearly all of the numerous 
fundamentals to be degenerate. This property helps in making assign
ments and reduces the number of observable modes which need to be 
identified. 

In this chapter a particular fundamental or overtone is denoted 
by the label nv , where b is the Mulliken symbol for the irreducible 
representation of 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 1st overtones, 3 for 2nd overtones, etc. An (H) or 
(D) next to a frequency or assignment label indicates that isotope to 
which the frequency or label applies. Unless otherwise specified, the 
n B isotope is implied. 

The 57 normal vibrational modes of a tetrahedral M(BH^) >. molecule 
are classified a>»4Ai + A 2 + 5E + 5Ti + ST 2, where only the triply de
generate T 2 modes are IR active and the Ai (polarized), E, and T 2 modes 
are Raman active. Those vibrations of A 2 or Ti symmetry are both IR 
and Raman inactive. 
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The gas phase IR spectra of Np(BHi»)it and Np(BDi,)t are shown in 
Fig. 5. One low temperature, solid-state IR spectra are given in 
Figs. 6 and 7. Gas phase absorption bands are much broader than the 
corresponding 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 vizti 

the surface of the sample window. ;' ' 
Ccnplete 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 cm*1 are given in Tables 1-3. 

2600-2500 cm"1 (2000-1900 cnr 1) Region 
The highest energy fundamental vibrations are stretches of the 

boron and terminal-hydrogen atom. The four B-H. bonds transform as 
Ai + T 2 where the Ai mode is the in-phase vibration and the T 2 modes 
are the degenerate set of out-of-phase stretches. 

Apart from coupling to other motions occurring in the molecule, 
these Ai and Ts nodes should be close in energy. One slightly broad 
band is seen in the Raman at 2557 cm"1 (H) and is assigned as v r • 
The borodeuteride shows a peak at 1913 cm - 1 (v2

 1) accompanied 
by a shoulder at 1925 ± 5 cm - 1. The gas phase IR spectra give 
strong bands at 2568 cm"1 (H) and 1922 cm - 1 (d) with a shoulder at 
1930 cm" l(D). In the solid state, a strong, sharp singlet at 2551 cm"1 

(H) and a sharp, intense absorption at 1912 cm"1 (D) adjacent to a 
weaker, well-resolved band at 1931 cm"1 are observed. Contrary to 
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Table 1 
Observed Bands in Gas Phase IR Spectra of NpCBHO* and tt£(BDOi, 

Bierqy (cm"1) Assiqnmerr' 
Internal 

Coordinates Ccmten ts 

Np(BHO., 
2568 
2480 

Vi T» 
2vjz, 2 v 5

T z 

VBRj. strong 
weak, v. broad 

2350 v»*i + v 6
T * weak, broad 

2155 
2130 

v 2
T 2 

v 2 £ a 
v B H b strong 

shoulder on v 2
 2 

2084 V 3 ^ V B H b strong, sharp 
1280 shoulder on V M , | 
1240 
1205 

v j 2 , v 5
T 2 

v 3
E + v,* 2 

6HBH, VME^ v. strong, broad 
shoulder on \>i»fs 

1122 v 6
T * 6HBH medium, broad 

1080 shoulder on v 6
 2 

478 Vs T^ VMB, VMft strong 

NptBDOi. 
3092 2 v 2

T z v. weak, broad 
3030 2 v 3

T 2 v. weak, broad 
1930 "B(V,V V 1 0 B D t 

T? shoulder on Vi 
1922 
1605 2vs T» c 

VBD t strong 
medium 

1562 
1558 

1 0 B ( V 2
T 2 ) 

VBI^ 

T2 shoulder on v 2 

strong 
1526 v,* 2 VB^ strong, sharp 
1190 JH 6HBD weak, broad 
928 v.Ti 6EBD, VMD^ v. strong 
845 v. T« 6DBD weak, broad 



73 

Table 1 (continued) 
Internal 

Biergy (cm"1) Assignment Coordinates Comments 
Np(BD.,K 

810 shoulder on v 6
 2 

437 v 7
 2 VMB, vMl strong 

In the tablri; H. = terminal hydrogen, H. = bridging hydrogen, v = very 
"This feature could not be assigned with any certainty so it was given 
the identifying symbol, v ^ 2 -
A fundamental in parenthesis next to an impurity atom is that mode in 

which the irapurity atom is participating. 
These two bands are in Fermi resonance. 
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Table 2 
Cbeerved Bands in 77K IR (4000-25 art-1) and Raman (2600-100 cm - 1) 

Spectra of Np(BHO-

Eheroy (cm-1) Assi^vnent 
Internal 

Coordinates Comments 
2557 v,A> vBHfc medium, R. 
2551 v, T' « t strong, sharp, IR 
2490 2vJ2 weak, IR 
2445 2v s

T* weak, IR 
2378 v»T» + v«T* weak, breed, IR 
2149 
2143 

Ai 
T 2 V 2 

*BHb medium, R 
strong, sharp, IR 

2123 V l
E vB^ medium, R 

2117 , 0B(v 2I 2) medium, shoulder 
2110 T2 vja medium, sharp, IR 

2069 (2070)a 

2059 (2060) V3 Z VB^ 
strong, sharp doublet 
medium, + shoulder, R 

1283 Ai 
V3 ' VM^, 5HEI^ msdium, R 

1276 medium, sharp, IR 
1260 F v 2 \tVfr, 6HBH weak, R 

1247 (1255) •C2 VM^, 6HBH v. strong IR, medium, R 
1225 (1230) v s

T* VM^, 6HBH v. strong IR, medium, R 
1199 (1205) v, E + v,T* medium IR, weak, R 

1159 medium +, IR 
1138 (1127) v«T* 6HBH, vM^ strong, IR, weak, R 

1068 weak,, IR 
1053 E V3 6HBH medium, R 
639 V. T* + Vs E weak, R 
611 v,T* + v, T 2 weak, IR 
517 v* A l \>m strong, R 

509 (506) v 7
T>? weak, sharp, IR, medium, 

file:///tVfr
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Table 2 (continued) 

Qiergy (an-1) Assignment 
Internal 

Coordinates Connents 

475 (~480) v.T' \*B v. strong, IR, 
shoulder, R 

168 v s
E oWW v. strong, sharp, R 

130 (141) v,T* 6»W strong, IR, medium R 

^ 2 modes also seen in the Raman are shown next to the IR value in 
parenthesis. 
The more important internal coordinates are to the left of the lesser 
important ones. 



76 

Table 3 
Observed Bands in 77K IR (4000-25 an" 1) and Raman (2300-100 cm"1) 

Spectra of Np(BDO<. 

Eherqy (era - 1) Assignment 
Internal 

Coordinates Gomments 

3092 , 0 B ( 2 v 2

T 2 ) v . weak, IR 
3074 2 v 2

T 2 weak, sharp, IR 
3012 2 v , T ' weak, sharp, IR 
2110 ' H t v , 7 2 (H)) x-BHb weak, IR 
1979 weak, broad, IR 
1931 1 0 B ( v , T 2 ) V l 0 B D t medium, sharp, IR 
1925 
1913 
1912 
1842 

, 0 B ( V , A ' ) 

V , * 

2 v „ T 2 

V , 0 B D t 

vBD t 

VBD 

shoulder, R 
medium +, R 
strong, sharp, IR 
weak, s i . broad, IR 

~1780 (~1780) v J 2 + v s

T * weak, v . broad, IR, R 
1619 v , E VBI^ weak, R 

1621, 1614,1 
1604, 1598 J 

1 0 B , 1 H ( 2 v 3

T l ) ? 
— a. 

medium, sharp, IR 

1593 (1592) 2v, T> medium +, sharp, IR, R 
1560 , 0 B ( v 2

T 2 ) V 1 0 B I ^ medium, sharp, IR 

1548 (1549) v , * 2 * vBDb 
strong, sharp IR, 
medium R 

1517 
1516 
1251 

v 2

A « 
v , T 2 

>H(V,T 2(H)) 

VBÊ  
VBD̂  

VM^, 6HBD 

strong, sharp, R 
v. strong, sharp, IR 
weak, v . broad, IR 

1191 'H(vJi(H)) VM^, 6HBD weak •»-, sharp, IR 
955 v, A > VMD. , 6DBD weak +, R 
941 strong, sharp, IR 
926 vJ 2 VMD. , <5DBD strong, IR 
917 
910 

v s

T 2 

v 3

E + v 9

T * 
VMD̂ , 6DBD strong, IR 

strong, IR 



77 

Table 3 (continued) 
Internal 

Enerqy (cro~') Assignment Coordinates Oonrents 

905 v,E 6DBD, vMC^ weak, si. bread, R 

860 (863) v,T' «DBD strong, sharp, IR, 
weak, R 

838 weak, IR 
802 weak, IR 
795 E 

V3 6DBD weak, R 
475 v,A» VMB strong, R 
457 , eB(v 7

T i) VM 1 0B medium, sharp IR 
437 (440) v,T« VMB v. strong, IR, 

shoulder, R 
406 v.T'? vMCl , 6DBD v. weak, IR 
154 v 5

E 6CMD v. strong, SII.JT? 
112 (121) v,T> 6EM> strong, IR, medium, R 

^Ihese two bands are in Permi resonance. 
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previous assignments for these high frequency features of other metal 
borcdeuterides, the bands at 1925 and 1931 cm - 1 are due to the 1 0B 
isotope and not toa 'H impurity. The strong IR bands at 2551 an - 1 (H) 
and 1912 an"' (D) are therefore assigned an vi 2. 

In terms of energy, these modes are well separated from all others 
and are practically pure vBH. (vBD.) stretches with vfl/vD = 1.33, in
dicating substantial hydrogen motion along with slight amounts of boron 
motion. As is observed in other metal borohydrides, ' these vi
brational states exhibit small matrix shifts to lower energies. 

2200-2000 cm"' (1600-1500 an"1) Region 
Similar to the above region, normal modes in this energy range 

are nearly pure stretches arising from one set of equivalent internal 
coordinates. The twelve boron bridging-hydrogen bonds (BH. ) transform 
as A] + E + Ti + 2T2 giving four allowed Raman and 2 IR bandr. In the 
gas phase, the IR spectrum shows two strong absorptions at 2155 end 
2084 cm"1 (H) which experience matrix shifts to lower energies and in 
the solid, appear at 2143 and 2069 cm - 1. These can be assigned as 

v 2
 2 and v 3

 2, respectively. It is seen that V2 2 (H) is broader than 
T i T 

v 3
 2 (H) due to the presence of a weak shoulder at 2130 cm - 1 (v 2 a

2) 
which is well defined in the solid at 2110 cm - 1. Also va 2 (H) under
goes changes from the gas to the solid state and splits into a very 
close doublet with a separation of 10 cm"1. 

The Raman spectrum of Np(BKu)., displays three bands instead of 
the predicted four at 2149, 2123, and 2070 cm - 1 since v 2

A j at 2149 cm"1 
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overlaps with the out-of-phase v 2 * modes seen in the IR at 2143 cm . 
The medium-intensity 2070 cm"1 Raman line/ exhibiting a shoulder at 
2060 cm" 1, corresponds to v 3

T 2 , the doublet at 2069, 2059 cm - 1 in the 
IR. Since no IR coincidence is observed for the Raman feature at 
2123 cm*1, its assignment as vj is straightforward. 

Unlike the case of Np(BH0 *, this region for the borcdeuteride 
is complicated by the presence of a mysterious, third IR band and a 
fourth Raman band. Ihis apparent anomaly is also noted in the spectra 

22 25 22 27 .28 of Zr, ' ' Hf, ' and IT borcdeuterides and an explanation for its 
existence has yet to be confirmed. Gas phase IR transitions occur at 
1605, 1558, and 1526 cm"1 and shift slightly to 1593, 1548, and 1516 cm - 1 

in the solid. Ihey also sharpen and considerable fine structure becomes 
apparent, especially on the 1593 an* 1 band. Comparing both energies 
and intensities of these bands with those of other borodeuterides, ' 
the very intense spike at 1516 cm - 1 is assigned as v 3

 2 (D) with 
vH/vD = 1.36, consistent that expected for a vBH (vBE^) stretch. 

Identification of v 2
 2 (D) is not iamediately obvious now and the 

isotopic frequency ratios are not sufficiently sensitive to be useful. 
The four Raman bands are at 1613, 1592, 1549, and 1517 cm - 1. The 
strong, sharp peak at 1517 cr - 1 is easily assigned as v 2

 ! ' which 
is nearly coincident with its outrof-phase partner, V3 2 (D), at 
1516 cm - 1. Having vH/vD =1.31 and no strong IR coincidence, the rather 
weak Raman transition at 1619 cm" 1 is tentatively assigned as Vi (D). 
Being practically of the same energies with the 1593 and 1548 cm"1 IR 
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bands, the remaining two Raman lines at 1592 and 1594 cm - 1 are iden-
T tified as T 2 species, one of which is v 2
 2 (D). Isotopic frequency 

ratios make both equally-likely candidates although intensity consider
ations favor 1548 cm"1 (1549 cm - 1) as the fundamental. 

As will be seen later, the vBH (VBDL ) fundamentals give rise to 
intense overtones and it is their presence in the borodeuteride, solid-

T state IR spectrum (Fig. 6) that allows the identification of v 2
 2 (D). 

Above 3000 cm"1 are two weak but sharp peaks at 3012 and 3047 cm"1 (D), 
the former being 2v» 2 (2 x v 3

 2 = 3032 c m - 1 ) . The other vBC^ funda-
mental, v 2

 2, being similar in internal coordinate composition to v 3
 2, 

will give the overtone seen at 3074 cm - 1 while the other nonfundamental 
T 2 species (1593 or 1548 cm - 1) will not. Assuming equal degree.-? of 
anharmonicity in v 2

 2 and v 3
 2, the frequency for v 2

 2 can be calculated 
as 

v j 2 = 1/2 (2v 2
T 2-2v3 T 2) + v 3

T 2 

v 2
T z = 1/2 (3074-3012) car1 + 1516 cm - 1 

v 2
T 2 = 1547 cm - 1. 

This value agrees very well with the observed ones, 1548 cm - 1 (IR) and 
1549 cm - 1 (Raman). The origin cf the other T 2 species at 1592 cm"1 

(1593 cm - 1) will be discussed later. 

1300-1050 cm"1 (950-800 cm"1) Region 
This region of fundamental activity is due to metal hydrogen-bridge 

stretches and intemal-BHi. bending motions. Each symmetrically equiva-
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lent set of internal coordinates, 12**^, 12^13^, and 12H tH^ trans
forms as Ai + E + Ti + 2T 2. They are also similar in energy and give 
complicated normal coordinates. 

Since the pattern of spectra lines in this area depends so strong-
1 18 30 ly on the geometry of the MH3B unit ' ' and to a somewhat lesser 

degree on bond strengths involving the central metal, substantial dif-
31 32 ferences are observed in the spectra ' of the tetrahedral actinide 

borohydrides and Zr, Hf (BH!,K. 

Three IR and six Raman fundamentals are expected here. As seen 

in the gas phase spectrum of NpfBHuK, there is a strong, broad band 
at 1240 cm"1, a weaker one at 1122 cm - 1, and a number of shoulders 
visible on both. For the borodeuteride these same modes are at 923 

and 845 an™1, respectively, with the latter decreasing in intensity. 
28 32 33 28 

Spectra of monomeric U(BH.,)<, ' ' and U(BD<,)<, are very sijnilar 

and show bands at 1237 and 1121 cm - 1 (H) but only one is reported for 

U(BDi,)i, at 924 cm - 1. 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 line with symmetry predictions, the isostructural zir-
22 

conium and hafnium borohydrides exhibit three gas phase IR bands which 

were assigned as v* 2, Vs 2, and V6 2. For comparison, these are 

given below. Zr(BH^)k: 1288 1218 1034 cm"1 

HffBHJ.,: 1300 1228 1020 cm - 1 

Assignment: v? 2? v? 2 v$ 2 

Zr(BDOu: 1020 922 812 cm - 1 

Hf{BD„K: 945 923 830 cm - 1 

Assignment: vi, 2?vs 2 v6
 2 
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The vi, 2 assignments are not well substantiated especially in the boro-
deuterides where the bands were observed to be very weak. 

Assignment of 1240 cm - 1 (H) and 928 cm - 1 (D) for the neptunium 
compounds as v» 2 or Vs 2 is somewhat arbitrary but choosing 1122 cm - 1 (H) 

T 845 cm"1 (D) as v« 2 seems correct. One isotopic frequency ratios 
T T are 1.34 and 1.33 for Vi»/S
 2 and v 6

 2 respectively and are considered 
reasonable for these kinds of normal modes. Turning to the lew 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, Hf (BHK) I, axe even more pronounced as the gas bands split into many 
sharper ones and the shoulders become 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 - 1 (H) gas phase absorption band experiences no 
observable matrix shift and in the solid divides into a strong, synme-
trical doublet at 1247 and 1225 cm -'. Although the weaker absorption 
at 1276 cm - 1 seems to correspond well to that at 1286 cm - 1 in Zr(BHi.) •, 
as v<, 2, its low intensity does not favor this and with the lack of 
other information, v» T* is assigned to 1247 cm"1 and v$ 2 to 1225 cm - 1. 
Matrix effects are most strongly observed for v s

 2 which increases in 
energy and splits into two peaks at 1159 and 1138 cm - 1 where the most 
intense and least shifted one is rather arbitrarily assigned as V6 2. 



A similar situation is seen for Np(BD<,U. The strong, gas phase 
absorption at 928 cm - 1 becomes several equally intense bands at 941, 
926, 917, and 910 cm"1 with the least shifted ones, 926 and 917 cm"1 

rp rp 

being labelled as v« 2 and v 5
 2, respectively. The very weak feature 

in the gas spectra at 845 cm - 1 sharpens in the solid and moves to 
higher energy, 860 an - 1, but unlike the borohydride case, does not T split. It is assigned as v« *. 

Overtones of these T2 fundamentals are observed in the IR spectra 

just as those of the vBCx region are, but unfortunately, can offer no 

help in selecting fundamental transitions since they are very broad. 

In the Raman spectra, the V3 1 modes occur at 1283 cm - 1 (H) and 

955 cm - 1 (D) yielding vH/vD =1,34. E rrodes are easily spotted at 

1260 cnr1 (H), 905 cm - 1 (D) and 1053 cm - 1 (H), 795 cm - 1 (D) and conform 
F 

to those of the Zr and Hf conpounds. These are assigned as V2 and 
V3 / respectively. A Paman line at 1230 cm"1 (H) identifies with 
1225 cm"1 as vs 2. For the borodeuteride, a weak peak at 863 cm - 1 is 
close to the IR value of 860 an - 1 for v 6

T 2 . 
600-450 cm"1 (450-400 an"1) Raqion 

At this point in the search, lAi, 2E, and 3T2 fundamentals need to 
located, of which four Raman and two IR bands are expected in this spec
tral region. vMB stretches transform as Ai + T 2 and so for these two 
modes, vH/vD ratios should be near unity. For the other E and T2 modes, 
the most significant contributions are from vHBH and vM& coordinates 
and therefore should give large vH/vD ratios « 1.3. Confusion as to 

27 the labelling of the two T 2 modes has arisen in the past' since it 
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was not realized that the large difference in vH/vD ratios caused the 
T* T 

corresponding borcdeuteride mode of v 8 (H) to be V7 2 (D) and not 
va 2 (D). Had potential energy distributions been calculated, the 
problem would not have existed. The situation was further complicated 
by the very low intensities of v 7

 2 (H) and v* (H,D) in the Zr and Hf 
compounds. 

The vMB stretching modes are located easily with the aid of their 
low vH/vD ratios. Strong IR bands at 475 cm - 1 (H) and 437 cm - 1 (D) give 

To T 
vH/vD = 1.087 and are assigned as ve (H) and v7

 2 (D). Their in-
phase counterparts, vi, l (H,D), are observed at 517 cm"1 (H) and 
475 cnT1 (D) in the Raman with vH/vD = 1.088. The T2 fundamentals are 
present only weakly as shoulders near the bases of the Vi, : bands. 
Accompanying much boron motion are l°B effects and these are clearly 
visible in the low temperature IR spectrum at 457 cm - 1 (D). 

Once more spectral differences appear between the ac':inide and 
Hf, Zr compounds. The obvious distinction is seen in both gas phase 
and solid-state IR spectra of the borodeuterides in which a medium 
intensity band occurs at ~400 cm - 1 in each of the Zr, Kf (BDJ i, spectra 

25 27 but not in these of U(BDi,) i» or Np(BDi,) u. Authors ' have assigned 
that mode as v$ 2 (D) lying below the intense V7 2 (D) fundamental by 
about 80 cm - 1. Strangely, the corresponding Zr, HfCBHOt peaks are 
only very weakly observed around 570 cm - 1 and there is doubt that they 

19 (a) 22 are seen at all. It was pointed out v " that the great intensity 
of the 400 cm"' bands may be due to a Fermi resonance interaction with 
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another T 2 species having an energy similar to v 8
 2 (D) such that reso

nance is seen only in the borodeuterides. Candidates which have the 
correct vH/>D ratios were given in the papers but they either included 
A2 or Ti modes or unreasonable difference combinations. 

From a comparison of the vH/vD ratios in the actinide compounds-
where the interaction is absent, to those in Zr, Hf(BHM)lt and Zr, Hf(BD.,)*,, 
it appears that resonance is occurring in the Zr and Hf compounds between 
the two fundamentals v 7

 2 (D) and Va 2 (D). The vH/vD ratio for the 
Np compounds is 1.087 and is the sane for those of uranium. A similar 
ratio is expected for the Zr and iif compounds if no resonance is oper
ating and a smaller value if there is resonance, since interacting 
states repel each other. The vH/vD ratios are calculated to be 1,043 
for Zr and 1.026 for Hf, indicating perhaps that the mixing of wave-
functions is more complete in the Hf case. 

the assignment of 398 cm"1 (Hf(BD„)„) and 418 cm - 1 (ZrCBDj!,) as 
T v 8
 2 (D) may still be correct since two T 2 fundamentals close in energy 

can interact. In fact, this assignment is more reasonable than the 
T others previously mentioned because if the unperturbed V7 2 (D) and 

T ve 2 (D) are close in energy, the corresponding borohydride fundamentals 

will not be and therefore cannot interact. It is concluded that the 

vv 2 (H) and Vs 2 "^ are inherently very weakly IR active and only the 
latter is experimant-iily observed for Zr, Hf (BDi.)., through the effects 

T of Fermi resonance with v 7
 2 (D). The lack of an observed state other 

T 
than v 7

 2 (D) for Np(BDi,) n in tne 450-370 cm - 1 range precludes an 
rn 

assignment for v« 2 (D). 
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The last fundamental in this region. i& v» . In the Raman spectra 
of Zr and Hf compounds, very weak lines were assigned as v H at 
533 car 1 (H), 435 coT 1 (D) for Zr and tentative assignments were made 
for Hf at 570 cm"1 (H), 430 car 1 (D). In the I*) Raman spectra no 
bands near those of Zr and Hf were noted. There is a very weak peak 
at 639 cm - 1 (H) and another on the low energy side of v* l (H) at 
506 cm - 1 with an IR coincidence at 509 cm"1 but no firm assignments 
can be made since borodeuberide correspondences are lacking. The 
rather strong 506 cm"1 (H) Raman band cannot be in resonance with vi> 1 

at 517 cm - 1 and thus an equally intense borodeuteride counterpart is 
expected at 380-400 cm - 1 1, but none is seen. It is tentatively identi
fied as a Tj species and even though it is possible for a weak IR T2 

T band to be strong in the Raman effect, it cannot be assigned as v, ! (H) 
T* E 

with any degree of certainty. So like v? * (H), no assignment of v* 
can be made at this tine. 
200-25 cnr1 Region 

T E The last two nodes in the lowest energy regime are v» * and v 5 

which are comprised of fine and to a lesser extent 6EMB bends. The 
Raman spectra show very strong bands at 163 cm - 1 (H) and 154 cm"1 (D). 
Weaker ones are observed at 141 cm*1 (H) and 121 cm"1 (D). A priori, 
either Of a pair could be the E or T z fundamental since both species 
are symmetry allowed in the Raman. Both bands have approximately the 

2 
sane \«/vD ratio and the Teller-Redlich isotopic product rules (see 

Table 4) are hot very useful here as assignments are missing from each 

of the E and T2 symmetry blocks. 
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Very similar Banian spectra were found for the Zr ' and Hf^ 
compounds and the intense lines were assigned as the E nodes. Sub-
stantiating their assignments were the observations of v, in the 
IR for the borohydrides only; the borodeuteride transitions occurred 
too near or below the lower limit of the IR spectrometer tc oe ob
served. 

Although these assignments could reasonably be carried a a r to 
the Hp case, it was decided that far IR spectra would be needed to 
confirm the analogy since in other regions of the spectra, there have 
been very noticeable differences between Hf, Zr and the Np ccrrpoL^ds. 
The IR spectrum of t£>(BHi>) % in the region below 200 cm - 1 is show. _n 
Fig. 7. A similar one was taken of typ(BDi,)i, but is not shown. Absorp
tion bands were seen at 130 cm - 1 (H) and 112 cm - 1 (D) and are no doubt 
v% 2. Although slightly higher values were obtained from the Raman 
spectra, 140 cnr1 (H) and 121 cm - 1 (D), there is no problem in assigning 
the intense Raman lines at 168 cm - 1 (H) and 154 cm - 1 (D) as vs , thus 
justifying the earlier analogy. 

leller-RedTich Isotopic Product Rules 
2 23 One theoretical ratios ' for the product of frequencies are given 

in Table 4 and can sometimes 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 observed ones 
due to anharnonicity. Usually observed frequencies give ratios slightly 
smaller than predicted theoretically. 



Table 4 
Teller-Redlich Isotopic Product Rules 

H -» D Isotope Change 
Syimetry 

Block Formula 
Ratio 

l »B l l B 

Ai i«i% W 2.82 2.82 

A 2 UD ~ V V 
1.41 1.41 

E 
1=1% \ V 

3.99 3.99 

Ti 1=1% \"v Vv 6.49 6.44 

T 2 

9 0). 7 / Z 1/3 

i=i% W/ W 

1 0 B -• 1 ! B Isotope Change 

11.59 11.58 

H D 

Aj 
i = l % , V m > « / 

1.049 1.049 

E 
TT i i o / m u \ 

1.049 1.049 



Table 4 (continued) 
Symmetry 

Block Formula 
Ratio 

H D 

Ti 

s H h 
TT W i i o / m n \ / I i A 

1.083 1.075 

T 2 

TT "i io / m u \ / M i A 8 5 

i = 1 u i M

 = \mT7/ \MTV/ 

* 
Zr,Hf * Np Mass Change 

1.1070 i .1066 

Zr Hf 

T 2 

n V M / v \V % \% 

i = l " i ^ \ i nZr,Hf/VMZr,Hf/' 
2.26(H) 1.29(H) 
2.21(D) 1.28(D) 

In the table: m = isotope mass, M = molecular mass, 1 = moment of inertia. 

The B isotope is used here. 
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A complete list of assignments for the A t block was obtained from 
the spectra and the experimental Teller-Bsdlich ratio is 2.77 which 
compares favorably to the theoretical value of 2.82. Because the E and 
T 2 symmetry blocks are still incomplete, a reasonable value of 1.33 
for the vfl/vD ratios of Vi,E and v 7

T z (H), (v8
T* (D)) is used. Experi

mental ratios now come 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 frcm Zr, Hf (BD.,) i, spectra, the missing v 8

 2 (D) for 
H K B D K K would occur at 380 ± 15 cm - 1. Using this value and the theo
retical ratio of 11.58, V7 (H) = 550 cm - 1 which agrees well to the 
tentative V7 T z (H) assignment of 570 cm - 1 for Hf(BHi,K. 

Normal Coordinate Analysis 

Pie Program 
After having tentatively assigned 32 of 36 fundamental modes, a 

normal coordinate analysis seemed feasible. The program NOKCRD used 
36 to calculate frequencies and normal coordinates was devised by Gtfinn 

and later expanded to include least squares fitting, group theory, and 
37 

other calculations by D. Heuter. Especially well suited for elec
tronic computers, the program sets up the normal coordinate problem 
in terms of mass-weighted Cartesian coordinates. Since the 3N Cartesian 
coordinates are all independent, the question of redundancy never arises. 

In this coordinate system, the kinetic energy matrix is simply a 
unit matrix while the potential energy can be written as 
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ijkl *i * j J"- x 3 

where q. , q, are any generalized coordinates x., x. are Cartesian coor
dinates; and F., 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, NOPCBD finds the best-fit 
values for an input set of force constants by minimizing the difference 
between the observed 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 observed 
one is of the same symnetry type. 

In addition to many other physical quantities which the program can 
37 . . . 

calculate, those of moment of inertia, the first derivative of the di-
pole moment with respect to the normal coordinates, and the normal 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 lew temperature Xray structure investiga
tion on Np(BH,,) k and are given in Table 5. For the majority of the cal-38 dilations, the T, staggered (w = 60°) configuration was used but the 
other T d eclipsed (u) = 0°) structure was also tried. 
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Table 5 

Molecular Structure Parameters for NpCBFMn 

Distances (A) 
Np - B 2.455 
B - H, 1.000 
B -l£ 1.170 
N P - ^ 2.341 (calc) 

Anqles (deg) 
H t - B - ^ 109.47 
« b - B -«b 109.47 
B - up - B 109.47 
N p - Hjj- B 81.37 (calc) 

Masses (amu) 
2 3 7 N p 237.048 

1 0 B 10.0129 
n B 11.00931 

H 1.007825 
D 2.0140 
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Internal coordinate sets used in this analysis are the 4BH., 12BH. , 
1 2 ^ , 4MB bonds; 1 2 ^ , 1 2 ^ , 1 2 ^ (triads of H-s related by 
C 3) angles; and 36H. BMB torsions. Variations in these sets were consid
ered during the fitting process. The fundamental 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-

45 pendent force constants allowed by symmetry. Since there are not nearly 
this many observed spectral data, an approximate force field was derived 
using a limited number 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 unobserved v z 

on this constant are negligible. 
Initially sore of the values of the force constants were taken from 

19 (a.) 27 the results of the HfCBHuK study w » " and others were guesses. Fits 
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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S D " ^ N - M 

where N is the total number of frequencies for all isotopes, M is the 
number of force constants allowed to vary, and i is the number of 
observations. 

The vBH t constant converged rapidly and was not significantly af
fected by other changes in the potential function so it was held fixed 
during subsequent runs. Likewise the vBtt constant was easily fit but 
interactions between it and other constants were observed and the ano-
malously poor agreement of v 2

 2 (D) with the calculated value made the 
adjustment of the v M ^ constant frequently necessary. 

Attempts to add a set of 12 SBiyi bends to the 4 vMB coordinates 
resulted in very low values of the bending constant while the stretching 
constant remained significant. No iitprovement 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 6HBH bends. The SH.BH. 
and "SHuBtt force constants are highly correlated and reaching convergence 
took many iterations, 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 one representing 24 6HBH bends 
gave significant discrepancies between observed and calculated frequen
cies and were no longer considered. 

The low energy modes proved to be a problem in that vs calculated 
lower than V9 2 in disagreement with experiment. Since Vi, l was also 
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affected by the 6HMI constant, satisfactory agreement could not be 
attained by simply reducing the force constant value. In one test, 
the 12 6HMH coordinates were replaced by 6 6BMB angles but no improve-
irent was seen. Even when the two sets were used together, the 6BMB 
constant diminished practically to zero and eventually was deleted. 
The other symmetry-equivalent set of 12 6HMH bends described by 

27 
Keiderling et al. as 5HMH (tor), where the R atoms are related by 
Cz, has a very large A 2 component and affects v 2 to a similar degree 
as our torsion. Its influence on the other frequencies is negligible 
and consequently does not help in fitting \>s or v 9

 2. 
A T 

At this point the vBH. frequencies, Vi ' and vi 2 fit well, with 
observed and calculated frequencies agreeing to better than 0.5%. Both 
pairs of vBH. and VBEL nodes have calculated separations larger than 

m rp 

are observed especially in the borodeuteride. The Vi, 2 and vs 2 nodes 
calculate too high in the borohydride 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 T seen that V6 2 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, lhe Ai modes gave excellent 
agreement to the Teller-Redlich rules and in general fit the best, al-

Ai though V3 , which depends essentially on v M ^ and 6HBH, 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 v s . 
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Employing a set of only 8 primary force constants, the SD = 20 cm - 1 

for 32 observed frequencies. 
Interaction Constants. A few well-chosen interaction constants in the 
potential function can greatly improve the overall agreement between 
observed and calculated frequencies and give a more realistic descrip
tion of the normal coordinates. The number of interaction constants 
greatly exceeds that of primary or diagonal ones and it would be unwise 
to try them all. Knowing same of their properties is worthwhile and 
three of them are given below. 

(a) Syirmetry considerations are helpful in choosing an interaction 
constant. A mode will be influenced by an interaction constant only if 
its symmetry species is ccjimon to both sets of internal coordinates in
volved 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 complex molecules, it is not possible, a priori, to knew 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, VBI^:vBK^, where 
stretches in one BHf group could only interact with those in the same 
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BHiT 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 notion of a BH. bond did not significantly couple to 
the notion of another such bond located in another borohydride group. 

In fact this is generally true for all internal coordinates and is 
23 the basic assumption of the SGVFF model. Being similar m energy, 

the interaction is appreciable and its inclusion made a definite im-
provement to the quality of the fit. The vz 2, V3 2 separation de
creased as desired, but as will be discussed later, the calculated 
V2 2 (D) is still too high. The V2 ' and vj nodes also improved and 
the SD dropped to 16 cm"1. 

Similarly the vMH. nodes improved with the addition of a vMH. :vMH, 
interaction constant and the SD dropped to 12 cm - 1. 

The three types of binary combinations using the 6H.BH. and 6H. BE 
coordinates did not lower the SD significantly since very likely tne 
problem of poor agreement does not lie in their interaction but r.ore 
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:vMB interaction did help scnewhat but later was 
replaced by a more effective constant involving the vMB stretching coor
dinates. The lowest frequency modes did not get better using a <SHM1:6HMH 
interaction constant. An unsymmetrical interaction constant employing 
the above two low energy coordinates, vMB:6HMl, was then considered since, 
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by property (a), would only affect the Ai end T 2 modes and i t was hoped 

that v» * would decrease while v$ would remain unchanged. The inter

action constant converged to a large but negative value, decreasing the 
i A 

SD to 11 cm"1 and improving tite calcu]Lated v% l frequency. Unfortunately, 
it caused not the reduction of v s * but a slight increase. Sane relief, 
however, was found in the low energy modes by the use of a \*W. :6HMH 
interaction which convergadrapidly to the value in Table 6. 

Bor the 1200 cm - 1 (H) and 900 cm"'1 (D) regions, the only inter
action constant tried which assumed a reasonably large value was the 
VB^:6!LBGL constant and the final SD = 10 cm - 1 for the SGVFF given in 
Table 6. 

Although the staggered orientation of bridging hydrogen atoms is 1 39 the most, stable from a steric point of view, ' the results of Smith 
Gt a l . 2 5 ' 3 8 and Plato and Hedberg 1 3^ on Zr(BH*)« prompted an investi
gation on the eclipsed, tetrahedral structure of ty?(BHi,K. As far as 
the computer program was concerned, all that needed to be changed wero 
the Cartesian coordinates of the new H. atom positions and the number
ing of title Sam bending coordinates. The SGVFF given in Table 6 was 
applied to the eclipsed structure and the resulting frequencies are 
shown in Table 8. The major differences in the two structures are in 
tite 6HBH and fine bending modes, as expected. The v 5 frequencies are 
calculated very low while those in the 1200 cm - 1 (R) and 900 an - 1 (D) 
region of the spectra increased. Allowing the force constants to vary 
in a number of fits improved the bending frequencies only moderately and 
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Table 6 
Best-Fit Force Constants for Neptuiiunt Borohydxide 

Priaary Force Gonstants Interaction Force Constants 

Internal Coordinates Value Internal Coordinates Value 

VBHt 3.51 md/A vBHĵ  : \ « ^ (intra) .04 md/A 

™b 2.36 \Mf̂  : vM^ .02 

**b .37 \*« : 6 i y i ^ -.09 md/rad 
\*B 1.28 \ « ^ : fil^BI^ (intra) .04 

to^ .28 mdA/rad2 \*t^ : S i y t ^ -04 

Vh* .36 

«w> (C,) .26 
* ei^Bfft .18 

the torsion force constant is essentially undetermined since the Pa 
mode is not cfaserved. It was set at .18 and kept constant during all 
fits. 
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v s always calculated less than 100 cm - 1. Since the SD was never below 
17 cm - 1 in any of the runs, the eclipsed structure was finally disregarded. 

The observed and calculated frequencies using the best-fit force 
constants in Table 6 are 1i«*wi in Table 7. The agreement in the Ai 
syimetry block is very good for both isotopes while that in the others 
is satisfactory. For reasons unknown, the low energy modes do not agree 

25 as well as the higher ones, a result also found in the analyses of Zr 
27 and Hf borohydrides. Of course, by including a greater number of 

force constants, the fit can be made better but it was the purpose of 
this study to explain the spectra with a small number of constants. It 
is completely senseless to expect an exact fit to a set of anharmonic 
frequencies of a quantum mechanical system as complex as typ(BHi,) •, using 
a classical harmonic oscillator model. That such a good fit was ob
tained seems almost fortuitous. 

The final force fields derived for Zr(BH*)„, HffBHvK, and Np(BH»K 
are slightly different in composition and one must be cautious in making 
close comparisons of the force constants. 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. 
The vtf^ force constants in all three studies were unusually lew while 
the vlfi constants turned out to be large and may be indicative of signi
ficant M-B bonding in these molecules. 

The allowed fundamentals which were not observed in the spectra are 
calculated at reasonable energies. Going back to the spectra and locking 
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Table 7 

Fundamental Vibrations (cnf1) of Np(BH*K and NpfBIXk 

Normal 
Mode 

Np(Bft,)» 
Observed Calculated 

Np(Ba,)i 
Observed Calculated 

T 2 

Vi 2 

T 2 

T 2 

Tz 
Vi, 2 

Tz 
Tz 
T 2 

V 7
 2 
Tz v B
 2 

T 2 V 9
 2 

2551 2557 
2143 2144 
2069 2078 
1247 1266 
1225 1223 
1138 1104 

575 
475 488 
130 156 

1912 1911 
1548 1603 
1516 1485 
926 897 
917 895 
860 824 
437 447 

415 
112 139 

A! 
Vi l 

Ai Vz l 

Ai 
Ai 

Vi, » 

2557 2554 
2149 2147 
1283 1284 
517 517 

1913 1905 
1517 1523 
955 953 
475 466 

E Vl 
E 

v 2 

v, E 

E Vi, 
E v 5 

2123 2117 
1260 1270 
1053 1089 

571 
168 142 

1619 1589 
905 899 
795 807 

413 
154 125 

Ti 
Vi l 

Ti 
Vz ' 
V 3 T ' 
vj' 
v 5

T> 

2116 
1256 
1084 
565 
405 

1587 
889 
810 
405 
288 

v A z 288 • 204 
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Table 8 

Calculated Frequencies for the Eclipsed (UJ= 0°) Structure 

Made ^ ( ' ' B H * ) . . NpC'BD.,).. 

v , T * 2556,9 1910.9 

v 2

T * 2110.2 1584.3 

v , T * 2066.5 1476.8 

v*T* 1289.2 915.1 
v 5

T * 1223.2 895.1 

v 6

T * 1121.5 825.8 
v 7

T * 587.7 448.3 
v 8

T * 486.3 425.7 
v 9

T * 147.1 130.7 

v,A> 2555.8 1908.7 
v ^ 2076.5 1480.3 
v,A« 1333.5 972.3 

V * * 499.0 455.1 
E 

Vl 2106.8 1581.7 
E v 2 1287.5 915.0 
E 

V3 
1126.4 829.2 

v , E 584.8 423.4 

v 5

E 96.8 85.2 
v»T» 2107.4 1582.4 

v,T> 1259.3 891.4 

v,T> 1081.8 805.4 
v, T » 577.3 416.5 

v s T l 519.6 367.7 
v A * 288.2 203.9 
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for transitions near the calculated values gives no positive results, 
however. The symmetry forbidden Ti nodes were also calculated and 
identified by the program and since the A t, E, and T 2 modes were cal
culated rather accurately, it does not seem likely that the frequencies 

m 
for the Ti modes are in serious error, The va ' mode was observed for 

39 i 
Zr(BHi.)i, by inelastic neutron scattering at 594 cm and the corres
ponding 565 cm - 1 value for that in Np(BHt.) •, is quite reasonable in light 
of the overall trend found in this analysis where even for the non T 2 

modes, v(Np) < v(2r). Further assurance is given by the Teller-Redlich 
product rules. The ra.tio for the calculated frequencies from Table 7 
is 5.0 and is not considered too unreasonable when compared to the 
theoretical value of 6.4 using the values of the moments of inertia 
computed by the program. Using the same arguments, the values of v 2 

simply obtained by setting the torsion constant to 0.18 are again prob
ably not too bad considering the value of v z for Zr(BHi.) •, of 302 cm - 1 

39 observed by Tonkinson and Waddington. It is comforting to know that 
the calculated vlVvD ratio of 1.41 for v 2 agrees exactly with the the

oretical value. 

Assignment of Nonfundamental IR Bands 

4000-200 cm"1 Region 

Now that a better understanding of Np(BHn)<i andNp(BDn)n fundamentals 

was supplied by the normal coordinate analysis, an effort in identifying 

the nonfundamental transitions seen in the low terrperature IK spectra 

was carried out. These extra features are either impurity, overtone 
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or conbination bands. Since overtones and combinations are rarely seen 
in the ordinary Raman effect, just those which are IR allowed will be 
discussed here. Ctily overtones of Ti and T 2 fundamentals are IR active 
and the active conbination bands comprised of observable parent funda
mentals are Ai + T 2, E + T 2, and T 2 + T 2. Difference bands are also 
allowed but due to intensity arguments, they are not considered in 

2 this work. Although the Ti modes are not directly observable, 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 combinations: A 2 + Ti, E + Ti, Ti + Tj, and Ti + T 2. 

It is perhaps worth mentioning at this point of the possibility of 
Np(BHJi, exhibiting electronic transitions in this spectral region. Un
like Zr" and Hf1* , Np" ([Rn]5f9) has unpaired electrons which can under

do 
go transitions within the Hx manifold. In a tetrahedral crystalline 

41 field, two transitions can take place between the ground r 6 state and 
the two excited r 8 levels of the *I 9 /2 manifold. In contrast to vi
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 r ( + r s transition, is the weak 
but sharp 1199 cm - 1 (H), 1191 (D) peaks. However, this is readily ruled 
out since this 1191 cm"1 band is also seen in Zr(BDi») * at 1188 cm - 1 

and is of the same shape and relative intensity and is explained as a 
*H impurity of the very strong 1200 cm - 1 region of the borohydride spec-
trum. The 1199 cm ' (H) band is seen weakly in the Raman at ~1205 cm"' 
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and is tentatively assigned as V) + v 9
 2 = 1183 cm - 1 or 1194 cm - 1 if 

the Ranan value of v$ 2 is used, For the deuteride, this combination 
yields 907 cm - 1 and may be buried in the strong absorption there. 

Pure transitions of this kind are forbidden by parity and only 
through configuration interaction with the higher d states can forced 
transitions be observed. Therefore electronic transitions in very 
thin samples are expected to be extremely weak. Vibronic ba*<d5 could 
have appreciable intensity but their identification as such is not pos
sible at this time. 

Fran the gas phase IR spectra of mixed isotopic molecules of the 
43 44 i 

formula ZrBuHxDis-x and NpBuHxPi 6-x* && other H impurity bands 
listed in Tables 1 and 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 l 0 B / n B abundance ratio and the 
atomic masses, calculations using the previously derived SGVFF on various 
isotopically substituted molecules are the only handles on the problem 
of locating 1 0B impurity bands. 

The program NOBCRD is very well suited for calculations of this 
kind. Davies et al. 2 2 determined that 44% of all metal tetrakis-
borohydride molecules contain four U B atoms, 40% contain one 1 0B atom, 
and 14% have two of each isotope. Calculations of the fundamental fre
quencies for the molecules Np(10BHi,)x(11BH,()1)-x and Np^BDOxf^BDnK-x, 
where x = 0, 1, 2, 4 assuming the SGVFF 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 cm"1 (D) (see Pig. 6) is nicely predicted by the calculations. 
Even though the corresponding band in the borohydride spectrum should 
occur at 2564 cm"1 and be observable, it is evidently too close to vi 2 

in the wavenumber range where the resolution is half of that below 
2000 cm" 1. A separation of 11 cm"1 between v 2

T j ! (D) and ' °B (v 2
T 2 (D)) 

is predicted and observed. However, no 1 0 B band on V3 2 (D) is expected 
or seen due to the small calculated separation of 1.6 cm - 1. None of 
the "extra" bands in the 6HBH bending region at 1300-1050 cm"1 (H) and 
950-800 cm"1 (D) is due to 1 0 B since there is very little boron notion. 

22 
This is also noted in the 2r and Hf borohydride spectra and the cal
culations agree. 

Distinct 1 0 B effects are clearly visible in the vMB stretching re
gion. Unfortunately the calculations indicate smaller shifts than are 
observed. Both the borohydride and borodeuteride fundamentals at 
475 cm"1 (H) and 437 cm"1 (D) reveal subbands of reasonable intensity 
and energy but that in the borohydride spectrum at 509 cm"1 is too high 
in frequency to be 1 0B(v 9

T 2) with a v 1 0 / v n > 1.050. The 457 cm - 1 (D) 
peak gives a satisfactory frequency ratio of 1.046 but is predicted at 
only 444 cm"1 (x = 1) and 449 an - 1 (x = 4). This brings up again the 
question as to whether 509 cm"1 (H) could be V7 2 (H). 



Table 9 
Calculated Frequencies for Np(' °'! 'B 1 ' 2 H 0 -

Synnetry Np^'EtK)., Np('°BH.,).. Np(MBD^)^ Npt^BD,,)., 

v, T* 2557.0 2570.8 1911.1 1932.4 
v 2

T * 2143.8 2155.7 1602.9 1620.5 
v, T* 2078.4 2081.1 1485.2 1487.4 

vj> 1266.3 1266.5 897.3 900.6 
v 5

T * 1223.2 1227.6 895.0 897.5 
v 6

T * 1104.4 1111.3 82?,.7 830.5 
v 7

T * 574.8 576.0 447.3 459.2 
v, T* 488.4 505.8 414.6 415.S 
v 9

T> 156.1 160.7 139.3 142.3 
v , A ' 2554.2 2567.5 1905.1 1925.5 
v 2

A l 2146.6 2147.4 1523.4 1524.1 
v,A> 1284.3 1290.8 953.0 961.2 
v.A> 517.0 536.4 466.0 479.1 
v , E 2117.3 2130.0 1588.5 1606.8 
v 2

E 1270.0 1270.1 899.0 899.1 
V 3 E 1088.6 1094.7 807.2 813.2 
v , E 5"1.2 572.7 412.6 413.9 
v 5

E 142.1 146.9 125.1 128.3 
v , T l 2115.9 2128.5 1587.1 1605.2 
v 2

T> 1255.6 1255.6 888.8 889.0 
v 3

T l 1084.1 1091.3 810.2 817.1 
v , T l 565.0 565.9 404.5 405.2 
V S T > 404.7 405.0 287.8 288.0 
v A> 288.2 288.2 203.9 203.9 



Table 10 
Calculated Frequencies for Np (' lBH.,) 3

1 0BH., 

Synnetry 
in T, A, A 2 E 

v, T * 2570,1 2557.0 
v 2

T * 2143.9 2149.6 
v, T * 2080.2 2078.5 
v„ T < 1266.3 1266.4 
v 5

T > 1226.5 1223.2 

v 6

T > 1104.4 1107.6 
v 7

T * 574.8 575.3 

Va T z 498.7 488.4 
v 9

T ' 156.2 158.0 
v,A> 2554.8 
v , A ' 
v 3

A> 
v. A« 

2146.8 
1286.0 
524.6 

v , B 2123.1 
E V 2 1270.1 
E v 3 1090.6 
E 571.6 

v 5

E 143.2 
v , T l 2115.9 2116.7 
v , T l 1255.6 1255.6 

V s T l 1084.1 1085.7 

W* 565.0 565.3 

vA> 
404.7 
288.2 

404.8 



Table 10 (continued) 

Correlation Table 
T d ^ C 3 v 

Ai Ai 

A 2 A 2 

E E 

Ti A 2+ E 

T 2 Ai+ E 

In the new point group, c , 
the Ai and E nodes are IR and 
Rattan act ive. A2 i s both IR 
and Rattan inactive. 
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Table 11 
Calculated Frequencies for Np(nBDi,)3,0BD^ 

Symmetry 
in T, Ai 

Np(,1BCfc,)310BD1, 
A, E 

v,T* 1931.0 1911.1 
v 2

T> 1602.9 1614.4 
Va T 2 1486.8 1485.2 
v.T> 899.1 897.4 
vs T 2 897.1 895.1 
v 6

T* 823.7 827.0 
v 7

T> 454.3 447.3 
v 6

T* 414.7 415.1 
v 9

T> 139.3 140.5 
v,A> 1906.3 
v 2

A> 
V s A l 

1523.6 
955.2 

v.A> 471.2 
v,E 1594.2 
E v 2 899.0 
E V 3 807.9 
E v., 412.8 

v 5
E 125.9 

V ! T I 1587.1 1587.9 
v 2

T l 888.8 888.9 
V 3 T l 810.2 812.9 
v„ T> 404.5 404.8 
v 5

T l 

v A * 
287.8 
203.9 

287.9 



Table 12 

Calculated Frequencies for N)?(nBH.()2(1°BHi,)2 

Symmetry 
i n T j Ai 

N p ( M B H i , ) 2 ( l ) B H . , ) 2 
B 2 

Symmetry 
i n T j Ai A 2 B i B 2 

2569.3 2570.8 2557.0 
v 2

T * 2151.1 2 i T "I 2153 5 

V s T 2 2079.7 2080.9 2078.6 
v, T * 1266.4 1266.4 1266.4 
v s

T * 1225.3 1227.6 1223.2 
v 6

T > 1108.5 1106.7 1110.0 
T 2 V 7

 z 575.5 575.1 575.7 
T- 494.5 505.7 488.4 

v 9

 z 158.8 157.3 159.6 
v,A> 2555.5 

v 2

A ' 2147.0 

V 3 A l 1287.6 
529.3 

E 
Vl 2122.3 2129.3 

E v 2 
1270.1 1270.1 

E 
V 3 

1091.0 1093.5 
E v., 571.8 572.0 

V s E 144.2 144.6 

v> T l 2116.6 2124.1 2118.3 
v 2

T l 1255.6 1255.6 1255.6 
V 3 T > 1085.8 1088.9 1085.5 
v „ T ' 565.4 565.7 565.2 
v s

T > 404.8 404.9 404.8 
vA> 288.2 

1 



Table 12 (continued) 
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Oarrelation Table 
T d ' C2v 

A, A! 

A 2 A 2 

E Ai+ A 2 

Ti A 2 + Bi + B 2 

Ti Ai + Bi + B 2 

In the new point group, C ^ , 
all but A 2 are IB active; all 
all are Raman active. 



Table 13 

Calculated Frequencies fcjr N|p(11BIX)2 ( 1 0BDs) 2 

Symmetry 
i t i T , A, 

flP^HX.) *( I 0 BD., ) 2 

Bz 
Symmetry 

i t i T , A, A* B i Bz 

v ^ 1929.5 1932.4 1911.1 
v 2

T * 1616.0 1612.4 16 IS.3 
v , T * 1486.3 1487.4 1485.3 
v . T * 898.0 900.5 897.6 

v 5

T * 897.0 897.2 895.1 
v 6

T * 827.7 826.2 829.3 
v 7

T * 451.4 459.2 447.3 
T 2 415.4 415.0 415.4 

v , T * 141.0 140.1 141.5 
v,A> 1907.6 
v 2

A> 1523.8 
v,A> 957.3 
Vi, l 474.4 

E 
Vi 1593.3 1606.0 
v 2

E 899.1 899.1 
V 3 E 809.6 808.2 

E 
V* 413.1 413.2 
v s

E 126.6 126.8 

V t * 1587.8 1595.6 1589.4 
v 2

T ' 888.9 888.9 888.9 
v,T> 815.6 814.6 811.4 
v j ' 404.9 405.1 404.7 
V 5 T 1 287.9 287.9 287.8 
v A * 203.9 
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To further explore the utility of these calculations, the frequen
cies of the molecules UpOV'H*)j( l IB i'*Hj,) a , 1H! t b (e.g., Hp( l lB 2H») 3 

("B'Hs) 1^ » H>(llBDi,)s(1,BDj)Ht) investigated. Statistically, singly 
contaminated molecules with the impurity atcn. in the bridging position 
should be three tines more abundant than those with a terminal impurity 
atom and their spectral features should be mere easily seen. 'Unfor
tunately, the symmetry of the more abundant molecule is C s and all 57 
modes are nondegenerate and 1R allowed, making an analysis of them 
intractable. Ihe symmetry of the less abundant molecule is higher, 
C3v» but its effects are seen only for tha more highly contaminated 
samples. Ihe 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 unknown. The program used in this analysis cam compute the first 
derivative of the dipole moment with respect to the normal coordinates 
with an input set of partial charges on the: atom. Infrared intensities 

45 are proportional to the square of these quantities. 
Approximate partial charge calculations were performed on metal 

46 47 borohydrides by Sanderson and James and using the values of partial 
charges: tt> * +.772, B * +.095, H = -.072, intensities were calculated 
for H E > ( 1 1 B 1 ' 2 H » ) H . They 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 far Np( l l BI\) 3

u BDaH t 

Symmetry 
i n T . Ai 

Np( l l BDi , )3 l l BD3H t . 
A2 E 

Vx T * 2552.0 1911.1 
v 2

T * 1603.0 1603.7 

v, T * 1499.7 1485.2 

v „ T * 901.6 898.3 

v s

T * 897.1 895.1 

v 6

T * 823.7 857.5 

v 7

T * 454.8 456.8 

veT* 414.7 446.5 

v, T * 139.3 142.7 

v , A ' 1906.6 
v 2

A ' 1527.3 

V 3 A > 957.3 
v„ A> 472.3 
v>E 1589.3 

v 2

E 1020.3 

v , E 808.3 
v , E 413.4 
v 5

E 126.8 
v,*» 1587.1 1587.6 

v 2

T> 888.8 892.7 

V 3 T > 810.2 817.2 
vj> 404.5 407.7 

v s

T > 287,8 287.9 
v A * 203.9 

The point grotp of this molecule i s C3v-
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Table 16 

Calculated Frequencies for Np(llBHO j I lBHjE^ ancl Np(1!BD^) s '^Djl^ 

Symmetry 
i n T , 

Np( l l BH, 3 U BH 3 Dh N P ( M B D H ) 3

l , B D 3 H b Symmetry 
i n T , A' A " A' A " 

V | T » 2557 .0 , 2556.0 2557.0 2125 .5 , 1911.1 1911.1 

V a T 2 2143 .8 , 2133.3 2143.7 1 8 9 8 . 3 , 1602.9 1603.7 

v 3

T * 2 0 7 8 . 4 , 1574.5 2078.4 1507 .2 , 1485.3 1485.3 
v* T » 1266 .3 , 1260.8 1260.2 8 9 8 . 6 , 897 .3 898.4 

v 5

T 2 1223 .2 , 1110.7 1221.0 8 9 6 . 8 , 985 .1 895 .1 

v 6

T * 1104 .3 , 1092.4 1098.2 8 3 5 . 9 , 823.7 846 .1 

v 7

T * 5 7 4 . 8 , 573.0 573.3 4 5 5 . 6 , 447.3 447.4 
v . T » 4 8 8 . 4 , 470 .3 488 .4 4 3 3 . 9 , 414.6 426.5 
v 9

T > 1 5 6 . 1 , 154.9 155 .2 140 .4 , 139.3 139.9 

^ 2553.9 1906.7 

V a A l 2145.6 1535.2 

V 3 A > 1281.0 1161.1 

v , A ' 505.0 472.7 

v , E 2116.8 2117 .1 1597.3 1589.8 

Va E 1268.8 1268.8 945.2 1060.0 

V 3 E 1085.4 1086.8 808.2 808.2 

v , E 568 .1 568.9 413.4 413.4 

v 5

E 141.0 141.5 125.8 125.5 
v , T » 2090.2 2115 .9 , 2115.8 1587.9 1587 .5 , 1587.1 

V a T l 1237.5 1255 .6 , 1223.3 891.0 8 9 1 . 8 , 888.8 

V a T l 998.7 1084 .1 , 972.0 815.3 8 1 7 . 5 , 810.2 
.v*T» 521.3 565 .0 , 544 .5 407 .2 4 0 6 . 9 , 404.5 

v 5

T l 404.5 404 .7 , 367.4 287.8 307 .3 , 287.8 
v A * 274 .1 
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Table 16 (oontinued) 

Correlation Table 
T. » C a s 
Ai A' 
A 2 A" 
E A'+ A" 
Ti A'+ 2A" 
T 2 2A'+ A" 

in the new point groiq>, C s, 
both A' and A" modes are IR 
and Raman active. 
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as given above, does not describe the real situation in Np(BHO>.. For 
a clear understanding of the spectra, isotopically pure samples would 
have to be examined. 

The identity of the troublesome 1593 cm - 1 (D) IR absorption remains 
to be solved. It is apparent from Table 7 that while the agreement be
tween the observed and calculated frequencies for v 2

 z (H) is very good, 
that for the borodeuteride is surprisingly poor. The fact that the 
1593 cm - 1 (D) band is so intense for a nonfundamental transition and 
V2 2 (D) is so far renoved from its calculated value suggests that Fermi 

resonance is operating. Identical effects in this same energy region 
22 25 only for the borodeuterides are also observed in Zr(BDi,)i,, ' 

Hf(BDi,)i,,19(a)'27 U(BDi,K,28 and Al(BDi») 3. 1 2 ( b ) A possible explanation 
22 

was given for Zr(BDn)ii as the first harmonic of a very weak, unassigned 
transition at 812 cm - 1 (D) in Fermi resonance with v z

 a (D) at 1603 cm - 1. 
This may be possible but still does not help since the origin of the 
812 cm"1 band was never given and may have been caused by an impurity. 

24 Later the same authors tentatively assigned the third band as the Ti 
T node, vi ', allowed in their T symmetry model but made no mention of the 

obvious perturbation of V2 2 (D) they reported earlier. In that sane 

paper, they rejected their earlier explanation of Ref. 22. 

In this work, the 1593 cm"1 band is assigned as the T 2 component 

of 2v3
 1 (D) (of symmetry species Ai + E + T 2) in resonance with v 2

 2 (D) 

causing a mixing of wavefunctions and a change in intensities and en-
ergies. The calculated value of 2\>3

 l is perhaps a bit high but anhar-
nonicity, which must be present, could put it at the correct energy. 
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The nature of the high frequency subbands is interesting but must remain 
a mystery for now. 

7400-4000 oiT1 Region 
The near IR spectra of Zr and Np borohydrides are shown in Fig. 8 

and listings of the observed bands are given in Tables 17-18. For poly
atomic molecules, mak: j assignments of the observed bands in the non-
fundamental region is < -fficult since 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 combination. Identification of such 
transitions is not a siaple task as the degrees of anharmonicity are 
ordinarily unknown. The subject of anharmonicity is very complex in 
the case of polyatomic molecules but for diatomi.cs it is better under-

48 i 
stood. As was found in the normal coordinate analysis, the 2500 cm 
(1900 cm" 1) region is practically pure vBH t (VBDfc) stretches. This 
result and the vBD t normal mode pictured in Fig. Al suggest that a 
diatomic molecule approximation would be a useful model in describing 
this portion of the borohydride molecule. 

The overtones of the vBH. modes are seen at the high energy end 
of the spectra in Fig. 8 with the l 0 B modes clearly visible. Fran the 
spectrum of a 1 mm thick Zr(BHiJ i, crystal, transitions up to the 2nd 
harmonic of this fundamental were observed. 

http://diatomi.cs
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Figure 8. Near IR Spectra of Zr(BHi»)i, and Np(BHi,)i,. xm^.-™ 



Table 17 

Observed IR Bands {7400-4000 cm"1) of NptBH,,)., a t 2K 

Wavelength (ran) Energy (cnT1) Assignment Ccnnents 

2460 4064 2 v 3

T 2 v. strong 
2457 4070 1 0 B ( 2 v , T 2 ) ? shoulder on 2V3 2 

2447 4086 v 2

T 2 + v , T * weak shoulder 
2431 4113 2v,r strong, sharp 
2423 4126 2 v 1

T l medium, sharp 
2398 4169 2v 2

T * medium, sharp 
2392 4180 1 0 B(2v 2

T 2 ) shoulder on 2v2

 2 

2378 4205 V | T * + V 6 T 2 + V 3 E broad, v. weak 
2335 4281 2 v 6

T i + v , T * broad, weak 
2237 4469 v , T 2 + 2 v , T 2 v. broad, v. weak 
2201 4542 v 3

T 2 + 2 v ^ broad, weak + 
2165 4618 v 2

T a + 2v<,Ti! broad, weak 
2129 4696 v 2

T 2 + 2 V 3 A 1 broad, weak 
1994 5013 2 v , T 2 weak, sharp 
1986 5033 1 0 B ( 2 V i T 2 ) weak 
1654 6046 3 v 3

T 2 broad 
1353 7389 3 V ! f t weak 

See Table 1, footnote a. 



Table 18 

Observed IR Bands (7500-4000 cm - 1) of ZrfBHJi, at ;.*' 

Wavelength (nm) Energy (cnT1) Assignment Garments 

2407 4153 2v,T* shoulder, intense 
2395 4174 2v, T l a strong 
2363 4230 2v*T* medium, broad 
2290 4366 V 3 T i + V 6

T i + V 3
E v. weak, broad 

2261 4422 v, T i + 2v 6
T 2 v. weak, broad 

1976 5053 2 V l
T 2 weak +, sharp 

1968 5080 I 0B(2vi T 2) weak 
1946 b 5138 medium 
1634 6117 3va T 2 v. intense, sharp 
1621 6167 3v,T> T shoulder on 3 
1592 6279 3v 2

T z weak 
1579 6332 medium, broad 
1341 7458 3 ^ medium, sharp 
1335 7487 , 0B(3v, T 2) weak 

"The calculated value for Vi l was taken from Ref. 27 for Hf (BHi,)<t which is 
believed to be more accurate than that from Bef. 25. 

This band and the others listed below it are taken from the spectrum of the 
1 ran pathlength crystal. 
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The energy level expression for a diatomic molecule with one an

harmonicity constant, i a X , is 

E v ( a r 1 ) = (V+^)w e- (V+>s)2a)eXe , (1) 

where 10 is the zero-order frequency. Using the values of nvi z 

(n = 1, 2, 3) for 2r(BHi.)i, from Table 18, u> X is calculated to be 44 c m - 1 

which is typical for diatomics involving a hydrogen atcm. Similar 
calculations for typ(BHit) >, yield u> X = 45 cm" 1. 

The borodeuterides do not show any overtones of this mode (see 
Big. 6) but a sufficiently thick sanple undoubtedly would. Therefore 

an anharmonicity constant cannot be calculated from the spectra. An 
48 approximate value can be obtained using the relation 

D - "H (2) 

where \i is the reduced mass. A value of (u> X ) = 24 c m - 1 is obtained 
e e D 

for Zr(BDit)i, andNp(BDi,) i,. 
Prom Eq. (1), a formula for the zero-order frequency is easily 

derived by letting Ey-i = Vi and V = 1. 

One gets UL = vi + 2u>_X_ , (3) 
6 6 6 

where vi is the observed fundamental frequency. In terms of to and 

u X , the frequency of any overtone can be calculated from Eq. (1) 



125 

as v v = Vu>e - V(V+l)u>eXe (4) 

or from the fundamental frequency and anharmonicity constant 

Vy = Wi + V(l-V)u)eXe (5) 

Using Bq. (3), the harmonic frequencies are 

Zr compounds: uiei^2 (H) = 2657 cm - 1 and ue^2 (D) = 1968 cm - 1 

Np compounds: (HeiTz (H) = 2641 cm - 1 and wei T 2 (D) = 1960 cm - 1 

As a simple test of the accuracy of the diatomic approximations, 
in T the frequency of 10B(2vi 2) can be calculated and compared to experiment. 

For Zr(BHi»)i,, the calculated separation between 2vi 2 and 10B(2vi 2) is 
24 cm - 1 which is very close to the observed value. Similarly for Np(EHi()i1, 
1 0B(wei T 2) = 2653 cm - 1 and therefore 1 0B(2vi T 2) = 5013 + 2 4 = 5037 cnr 1. 
Using Bq. (4), the value of 5036 cm - 1 is found in good agreement with the 
observed values of 5033 cm - 1 in Table 17. According to Bq. (2), the 
anharmonicity constant is also dependent on the reduced mass. After cor
rection u e X e for l 0 B , a better calculated value of 10B(2vi 2) is 5034 cm - 1. 

The next region of interest is the 2100-2250 nm region. Looking 
at the Ti and T 2 frequencies in Table 7, it appears that no first or 
second harmonic has the correct energy. Third harmonics of the 1200 cm - 1 

region are possibilities but intensities of higher-order overtones de
crease rapidly with v and it seems that the relative intensities of the 
observed bands may be too high* Overtones of vi» 2, vs 2 (H) are seen 
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in the 4000-200 cm - 1 spectra at 2490 and 2445 cm"1. Since the modes in 
the 1200 cm"1 region are priinarily <5HBH bends, the diatonic approximation 
is no longer valid. Using linear extrapolations, the energies of the 
third harmonics are found to lie outside the 2100-2250 nm region. The 

•p. T 

frequencies for 4v(
 z and 4vj l are in the range but these are discarded 

on the grounds that not even their 1st harmonics are observed. The only 
probable origins left are the ternary combinations and some possible 
ones 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 nm (4250 and 4050 cm - 1). Simple division by two suggests that 
the three bands are due to overtones of the three vBtt stretching modes 
(2T2, lTj) seen at 2150-2060 cm - 1 in 14>(BHi,K and 2180-2100 atT1 in 
Zr(BHj k. 

As discussed previously overtones of the VBDL modes appear as weak., 
sharp bands in the 4000-200 cm"l spectra but only two bands are visible 
unlike the three predicted. In the borodeuteridesr Fermi resonance is 
operating and perhaps the perturbation of v 2

 z (D) (and therefore 
2v 2

T 2 (D)) has caused the overlap of 2v 2
T 2and 2v T l. 

The diatomic molecule approximation was tried for these modes but 
as the normal coordinate calculations have shown, there is significant 
coupling between the vBE^ modes and other vibrations. With a non zero 
force constant between the M and 1^ atoms, the HL bonds are not dia
tomic and deviations between theory and experiment are expected. 
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The borodeuteride overtones were easily identified in Fig. 6 and 
from them a value far (wJL) iscalculated to be 10.5 cm*1 as the average 

e e n 
for v 2

T" and v 3
T". From Bq. (2), (wJCJ = 19 cm"1 for llp(BH.,) ,,. Using 

T H 

Bq. (5), 2vj 2(H) is calculated to be 4100 (4080) em * for the 2069 
(2059) cm - 1 fundamental. Similarly 2v 2

T" (H) = 4248 cm - 1. It is ob
vious that the two calculated values do not agree very well with the ob
served data. Ihe diatonic model is not satisfactory in this case as the 
borohydride anharmonicity constant seems to be larger than is predicted 
and those for vj 2 and v 2

 2 appear to differ greatly. 
T T 

It seems reasonable, based on the frequencies for v 2
 2 (H), v 3

 2 (H), 
and Vi T l ( H ) c a l c , that one might assign the 4064, 4113, and 4169 cm - 1 

observed bands as 2v 3
 2, 2vi ', and 2v 2

 2, respectively. The 4113 cm - 1 

band has a peak nearby at 4126 cm - 1 and if 2vi l is assigned as 4113 an - 1, 
its 4126 cm"*1 neighbor is too intense for a 1 0 B mode since at least two 
1 °B atoms per molecule are needed to produce the 13 cm - 1 shift (see 
Table 12) and those molecules are only 14% abundant. A more reasonable 
explanation may be that 4113 cm"1 is 2v 2a 2 (H) and 4126 cm - 1 is 2vi T l 

where the 13 cm - 1 separation between the overtones agrees with the 6 cm - 1 

separation between the fundamentals. 
The lowest frequency absorption (2va 2) has on its high-frequency 

side two shoulders at 4070 and 4086 cm - 1. From earlier ' °B calculations, 
I 0B(V3 2) = va 2 + 2 cm - 1, indicating that the overtones should be sepa
rated by about 4 cm""1, "this suggests that 4070 cm - 1 is the 1 0 B band 
by its high intensity is worrisome. For 2v* 2, the 1 0 B overtone is 



calculated to be about 10-12 cm - 1 higher than the l l B overtone and this 
agxees well with the 4180 cm - 1 shoulder both in terms of energy and 
intensity. 

One overtones seen for Zr(BHi,) * are not as well resolved but three 
bands are visible. By analogy with assignments for Np(BH.,) <,, 2v 3

 2 is 
the lew frequency shoulder at 4153 cm'1 and the broad band at 4230 cm - 1 

T T 
is 2v 2

 2- However, the "observed" value for vi ' of Zr(BH,,)» by Smith 25 et al. contradicts this explanation and suggests that 4230 cm - 1 is 
2v! T l and 4174 cnT 1 is 2v 2

T*. It is believed that their value of 2199 cm' 
for vi l is too high and if the calculated value for vi ' obtained in 

27 the Hf (BH»)„ study of 2122 cm"1 is used, agreement is found with the 
present results on t̂ >(BHi,) H given in Tables 17 and 18. Carrying over 
the 2122 cm - 1 value for Vi l for Zr(BH k) H is probably accurate since 
change in metal mass does not significantly affect the T t modes for 
Zr and Hf. 

The IR spectrum of Zr(BDi,) •» is shown in Fig. 9 and a listing of 
the observed bands is given in Table IS. The very low intensities of 
the bands compared 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 combinations to get into the 4000-4800 cm - 1 region. 
The resulting number of possible candidates for the bands is too high 
for a choice to be made with any degree of certainty. 

• T 
Using the (u> X ) value found earlier, no harmonic of vi 2 is 

e e D 
predicted anywhere in the areas where bands are seen. The second har
monic of v 3

 2 is probably the 4545 cm"1 band showing small 1 0 B effects 
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Table 19 

Observed IR Bands (4800-4000 on - 1 ) of Zr(BDi.) •, at 2K 

Wavelength (nm) Biergy (cm-1) Assignment Oonments 

2455 4072 v 2
T* + 3v 6

T i medium 
2394 4176 V 3 T j

+ 2 v 5
T 2

 + v 6
T 2 strong 

2347 4259 v, A l + 3v s
T 2 strong 

2238 4486 v 1
T* + 2v 6

T 2
 + v 5

T' weak +, broad 
2199 4545 3v 3

T 2 strong 
2175 4597 v 2

A l + 2vs T 2 strong 
2165 4617 2v 2

A l + v 3
T z weak + 

2148 4655 3v 2
T 2 weak 
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as a high-frequency shoulder. The other vBD^ second harmonic (the first 

harmonic was not seen in the 4000-200 cm - 1 spectrum) calculates t~- he 

about 150 cnT above 3v3
 2 and is assigned to the weak absorption at 

2148 ran (4655 car1). 

The remaining bands are assigned rather arbitrarily to combinations 

which were allowed and had a calculated energy in reasonable agreement 

with those observed. The assignments are given in Table 19. 

No spectrum could be obtained on such a large sample needed for 

Np(BDn) •, but it is assumed that its spectrum is very similar to that of 

Zr(BDi,)i,. 

Other Calculations 

Pictures of A t Normal Modes 

The eigenvectors expressed in Cartesian coordinates were calculated 

by the program and from these, pictures of the normal modes were drawn. 

In Appendix A the four Aj normal modes for Np(BDi,) •, are shown where the 

displacement vectors were multiplied by five tines their actual length 

for clarity. Np(BDi.) •, was chosen in order to make the boron vectors 

long enough to be visible. 

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

defined as 

Q = 2 < 3 n

e ~ E n / ^ ' where ^n * s ^ e s t a t i s -
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tical weight of the nth energy level of energy e . From the partition 

function all thermodynamic quantities can be derived. 

The total partition function for our case is Q = QtQ^» where Q^ 

is the translational partition function and Q* is the internal partition 

function. For calculations of entropy and heat capacity, Q^ = QJ^/ 

where Q^ and 0 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 is 

S t = R(4«nM+-^taT) - 2.315 cal/deg, 

where M is the molecular weight and T is the absolute temperature. The 
entropy of translation is therefore Si = 42.97 cal/deg for Np(BHi,)n at 
298.15K. 

The heat capacity (f - 5/2R = 4.97 cal/deg. 

The vibrational entropy and heat capacity can be calculated from 0 . 
For a single harmonic oscillator, the vibrational energy is the sum 

E= 2uW , 
v 

where <o is the frequency and v is the vibrational quantum nunber. From 
the definition of Q, 0 can be written down immediately as 
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% = ^p-uwhcAT f6 
V 

for a polyatomic molecule with 3N-6 normal vibrations, O becomes 

Qv= Z 2 --.2 e ~ ( w i V l W 2 + " - - t o 3 N - 6 v 3 N - 6 ) h c / k T 

Vi V 2 V 3 N_g 

i V i 

'Ihis expression can be made easier to evaluate by using the dengeracies 
to reduce the number of factors. The substitution, X. = w.hc/kT, is 
also helpful. 

Cv= IJ(2 e"Xivi) X i = 1, 2, 3,..., 24 
i v± 

for Np(BH.,K 

The inf ini te sum over V. can be written in closed form as 

" x i v i = 

so that 

v± l - e~ X i 

- X i ^ 0 ^ = 1 1 ( l -e~ A l ) and too = - £ cuto ( l - e" X i ) 
i i 

dXno 
Since s v = RT ^ + WlnQy and (6) 
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one obtains 

- E S ^ e 

v^ i y^ ] - "» 

Y _ q . X . e " X l 

s , , - R 2 9< «n(l-e" A i) + R S 1

Y . an<a 
v i x i l - e " X i 

"Xi 

- X ^ . 2 v *• ( l - e " X i ) 

The vibrational partition functions can be calculated using the funda
mental frequencies and their degeneracies found in this vibrational 
study of Np(BHi,K. 

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 

% = 184.21 
<* =34.01 cal/deg. 

p v 
S° =25.83 cal/deg. 

The last contribution is that due to the rotational partition func
tion which is more complex 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(BHi») * molecules, includes internal rotation 
whether hindered or not. The rotational barrier of one BH^ group i/i 
Zr(BHi,) i, has been determined; however, it is very possible that the bar-
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rier in other metal tetrakis-borohydrides could be very different and 

the values would not be transferable. In similar compounds of the type 

M(CH 3K, barriers to internal rotation vary significantly with the size 
51 52 

of the central atom. ' Since an accurate value of a barrier of ro
tation is lacking for NpfBHi,)!., it will be assumed to be free initially 
and then the potential found in ZrCBHu)K will be introduced as a rough 
correction. 

For spherical tops, all these moments of inertia are equal and 

therefore all three rotational constants are equal. 3he energy expres

sion for the rotational levels is 

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

where B is the rotational constant, , and J is the rotational quantum 
8TT2CI 

number. The rotational partition function for the rigid molecule is 

Q = £ ( 2 J + 1 ) e-aJ(J+i)hcAr 
" r j=o 

53 Kassel has derived a formula for (L. which is suitable for numerical 

evaluation, o is now 

Using the value of I = 4.20 x 10 - 3 8 gm-cm2 for Np(BHi,K, 
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Q r - 3.08 x 10 s 

The rotational entropy S is obtained from Eg. (6) by replacing 

dJUiO 

At room tenperature and for small rotational constants, the exponential 
factor in Eg. (8) is very close to unity and need not be considered 

2 
further in Q . The rotational entropy i s 

S r = | l3lffl-3lr&-2iU)o+ln \T<(^) J +3^ 

For tetrahedral molecules, the symmetry number, c, i s equal to 12. So 

S° for NpttMM,, i s r 

Ŝ . = 23.16 cal/deg. 

At temperatures considered in these calculations, it is a good approxima
tion to assume that each degree of rotational freedom contributes ̂ R to 
the heat capacity at constant pressure. This gives 

<? = | R = 2.98 cal/deg. 

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 

& = ̂ t + S^ + Sj. * 91.96 cal/deg. 
tf = C° + C° + c£ = 41.96 cal/deg. P P t P v P r 

The free internal rotation partition function was derived by Pitzer 
54 Winn. The quantum mechanical e> 

of a system of linked free rotation is 

54 and Gwirm. The quantum mechanical expression for the energy levels 

h 2K 2 

R, = , where I is the reduced moment of 

^ 8u 2I r
 r 

inertia and K is the rotational quantum number. The partition function, Q f , is 

0 _ 1 V -K 2 h 2 /8ir 2 I i*r 
Uf - « ±J e 

* fr n K « o 

Q f =iiZpi (10 3 8I rT) 

Here n is the number of equivalent orientations of the rotation (n = 3 
for BHi;) and 1 » Iil2/(Ii+l2) where Ii and I2 are the moments of in
ertia for the two symmetrical, coaxial tops. 

In NpfBHji,, there are 4 equivalent tops and each contributes one 
factor to Q. . The total Q f is 

r r 

Q f = 2.725 x 10" 3T 2 

r 
Q = 242.20 at 298.15K 
r 
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Substituting Q f into Bq. (7), the heat capacity becomes 
r 

Pfr 
2R = 3.97 cal/deg. 

The entropy of free internal rotation is obtained by substituting 
2 

Q f into Lj. (6) and is 
r 

S f = 2R(WT+«nIr-2«nn+90.667) 

&f = 15.34 cal/deg. 
r 

In th: case of hindered internal rotation, the energy expression for 
55 the rotational levels is very complex but Pitzer and Brewer have developed 

tables of thermodynamic functions in terms of the difference between the 
functicn for restricted rotation and for free rotation. The contribution 

of hindered internal rotation, when the barrier potential energy is 

V = ijV (1-oos n$), to the thermodynamic properties is given as functions 

of two variables, VL/RT and 1/Qf 

55 r 

Fran the tables it is apparent that the size of the contributions 

are not strongly dependent on relatively small (< 50%) changes in V"0. 

Fcr lack of a better value, the barrier potential energy of V = 3420 
39 cal/mol fcr ZrfBHvK is used to obtain the value for the contributions 

•to +-1-"? he-.*- rapacity and entropy due to hindered rotation at 298.15K. 

They are 
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C° = 8.56 cal/deg. 

£ =8.80 cal/deg. 
r 

In using the tables, the Q f used is that for one top and the total oon-
r 

tribution for all four tops is 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 (CH3) >*, 
Sn(CH 3k, 5 7 Ge(CH 3)M, 5 7 Si(CH 3K, 5 7' 5 8 C(CH 3K, 5 9 and Hf(BH<,),.60 

Conclusion 
From infrared and Faman spectra most of the fundamentals were as

signed for Np(BHi,K and Nj?(BDuK. 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 low energy modes. Matrix 
isolated spectra would have helped in obtaining better agreement. Spectra 
of samples containing pure 1 0 B and U 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 1 0 B - and ^contaminated molecules in addition to those of the 
1'B-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 actinida borohydrides. 
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Using the method of statistical thernodynamics, the entropy and heat 
capacity for gaseous t%>(BHi>) % were calculated from the spectral informa
tion obtained 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(CH3) * type molecules have slightly fewer 
atoms, their heat capacities and entropies are expected to be loner, with 
the greatest deviation existing in the vibrational contribution. A closer 
examination, however, must await experimental values and more accurate, 
lew frequency infrared data. 



Table 20 
Entropies and Heat Capacities of Hf(BHi»K, Np(BHi»K and M(CH3)i, 

Heat Capacities a 

Hf(BHi»K Np(BH.,U Ib(CH 3H Sn(CHSK GefCHaK Si(CHs)H 
FIR HIR FIR HIR FIR FIR FIR FIR 

45.09 49~.77 45.93 50.52 34.42 33.34 31.98 33.39 

C(CH 3) ! 

Hf(BH..)., 
FIR HIR 

10231 95704 
Np(BH.,)„ 

FIR HIR 
10730 10u776 

Entropies 
tt>(CH3),, FIR 
1003 
100.48 h 

Sn(CH3)i, FIR 
9BTT1 

Ge(CH3)i, FIR 
9T39 

Si(CH3K FIR 
8535 
86.04 l 

CCCHa)., 
FIR 
85712 
71.71 C 

In the table: FIR = free internal rotation, HIR = hindered internal rotation. All values 
for Cl and S° are for the ideal gas at 298.15K. 
aAll C? values are calculated. 
Experimental values. 
'Experimental value at 282.6K. Ref. 59(b), 
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Figure A2. 
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Figure A3. 
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Figure A4. 
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APPENDIX B 

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

This work literature 
V l

A l - v„ A l Vi - Vi, 

V** Vs 
v, E - v 5

E v 6 - v 1 0 

v, T l - v 5
T ' Vu - Vis 

vi T* - v, T' V 16 - V2U 
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Chapter 4 
ELECTRON PARAMAGNETIC RESONANCE OF Np(BH.,K 

Introduction 

Electron paramagnetic resonance (EPR) spectroscopy involves trans
itions between the magnetic sublevels of the ground crystal field state 
of a paramagnetic ion situated in a host crystal. While the micro
wave frequency is kept constant,, an EPR transition can take place when 
the variable external 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 numbers 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 which describe 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 H>(BHi,) i, 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(BHi»K was vacuum transferred to the bot-
+"HI of a 3 mm ID quartz EPR tube. A small amount (~ 100 ug) of Np(BHi,) i, 
was then condensed on top of the Zr(BHt,K. Due to the small sizes of 
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the microwave cavities, the sample 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 metallic mirrors at the seal-off 
end. These mirrors sufficiently lowered the Q values of the cavities 
so that no EPR signals were observed. 

Since the solid Zr(BHit)*/K|p(BHi,)* mixture remained at -196° and 
the tube was kept evacuated during seal off, the origin of the mirrors 
must have been due to the decomposition of adsorbed borohydride mole
cules on the inner 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 alxsve room temper
ature during borohydride addition, the mirrors did not form, unlike 
the case when the area was ordinarily cold due to the presence of liquid 
nitrogen below 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 solid 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 was kept iimersed -r in. in ice water for 15 hours. The 
resulting vapor-grown single crystal was homogeneous and transparent. 
Spectra of Np(BDj,)»/Zr(BDi,)„ mixed crystals, pure Np(BD*)i,, and Np(BHi,K/ 
nethylcyclohexane were also obtained. 

One EPR measurements at X and Q bands were made at 4.2K with Varian 
models B-101 (90Hz) and E-110 (34.5 fflz) microwave bridges. The magnetic 
field was produced by a rotating electromagnet with a 2-5/8" gap (12" 



diameter palefaces, na^^mm field strength 10.8 kG) and measured with 
an Alpha Scientific 1** gaussneter monitored by a frequency counter. 

One K band spectra were obtained 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 magnetic field. 

theory and Results 

Since the EPR transition energies are in the GHg region (.3 - 1.2 am" 
only the lowest electronic state is involved and all other J states can be 
neglected. The electron configuration of Np is [ Rn] 5f 3 and the Russell-
Saunders ground state is predominantly "19/2. 

From the single-crystal Xray study of Np(BHi») „ (see chapter 2), the 
Np ion is surrounded by a tetrahedral array of BH7 ligands. The poten-

2 tial exerted by this crystal field can be expressed as 

V = S ^ = B* <0°+5°*> + B* (06-210s) (1) 
ran 

where Bit and Be are the 4th and 6th degree crystal field parameters and 
the 0™ are operator equivalents derived by Stevens. A J = 9/2 state 
in a crystal field of the form of Bq. (1) splits into an isotropic r$ 
Kramers doublet and two anisotropic Ta 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 angular momentum 
J states as a function of BH/BG have been determined by lea, Leask, and 

4 Wolf. Their energy level diagram for J = 9/2 is given in Fig. 1 in 
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which all values of B<,/B6 from » to -» are represented by the parameter 
42x J x, where Bi»/B6 = - _ . t for f 3. 

Using a B(4) model, in which four point changes are located at 
the vertices of a regular tetrahedron, yields a positive Bi», negative 
B 6, and a r$ ground state. However, isotropic resonances were observed 
in the EPR spectra, showing that the r 6 state lies lowest, Therefore 
the B(4) model is unsatisfactory, This sane conclusion was also reached 
by Bernstein et al. in their interpretation of the optical spectra of 
U(BHi») n/HffBHi,) i, mixed crystals. They derived a successful 11(12) irodel 
where the crystal field is generated by the twelve bridging hydrogen 
atoms in the coordination sphere of the actinide ion. It was assured 
that the hydrogen atoms were located on the midpoints of the edges of 
a cube. This model gives both B* and B 6 positive and the correct ground 
state if 0 < x < .37. The experimental results therefore show that 
0 < Bn/B6 < 24. The observation that the resonances were isotropic to 
at least 1 part in 10 3 indicate that the higher-lying T B level does 
not interact greatly with the r 6 state and the upper limit of Bi»/B6 

should be somewhat less than 24. If the crystal field parameters for 
U(BHi.)•, are applied to 1$>(BHI,) K, a B^/Be ratio of +12.6 is obtained. 

The EPR spectrum of Np(BDn) */Zr(BD*) * at K band is shown in Fig. 2 
and those of Np(BH^) •>/Zr(BHil) n 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 from all others, it is convenient to assign to the 
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Figure 3. EPR Spectra of Np(BHM) ../ZrCBH,,) „. 



Table 1 
Cbserved X and Q Band Resonances of Np(BHi,) n 

Transition 
Type 

X Band 
(V = 9.3928 GHz) 

Q Band 
(v = 34.933 GHz) 

Allowed 

400.8 

754.4 

3242.3 

6266.5 

9790.3 

10820.3 

Forbidden 
508.3 

4829.0 
10270.0 

Table 2 

Cbserved and Calculated Field Values (gauss) at K Band 

Np(BHu) H Np(BHOu 
V = 25.986 GHz v = 24 .238 GHz 

Cbserved Calculated Cbserved 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 2S" + 1 equals the number of 
levels. For the Ts doublet, S' = j and there will be one transition 
from S' = %• to S' = =•. If the nuclear spin I is included, this elec
tron spin transition is split into 21 + 1 hyperfine levels. For 2 3 7 N p , 
I = 5/2. The spin HantLltonian describing the system consists of three 
terms and can be written as 

X = A! . t' + gfc$ . 3' - gxeS • 1 (2) 

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

The EPR data for the hydride and deuteride were fitted to the spin 
Hamiltonian, Bq. (2) above and the results of the least squares calcula
tions are given in Table 3. The Np(BH<,)i,/Zr(BHi,)i, spectra displayed 
relatively broad resonances compared to those of NpfBDitK/ZrfBDiJi, and 
a reliable g~ value could not be obtained frcm the hydride data. In
clusion of a nonzero g^ 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 3 7 N p and the observation 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. 
In this case, f and S 1 are strongly coupled together to form a resultant 
F-, where F" = 1 + S"'. 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 
Election Paramagnetic Resonance of 2 3 7Np(BHi,K and 237Np(BDu)i 

(I = 5/2 
is' = 1/2 X - A?•£' + gB3-S' - g_^.f i 

1 (S' = 

Spin Handltonian Paraneters 

lAUcnT 1) 

l$)(BHi,)i» .1140 ± .001 1.894 ± .002 -̂ 0 

I*>(BDO<» .1140 ± .001 1.892 ± .002 .0062 + .002 
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field is turned on, each of these two states split into (2F+l)|mp> 
Zeeman levels as shown in Fig. 4, where A > 0. Ihe arrows in the 
figure represent the observed allowed transitions in accordance* with 
the selection rules AF = 0, ±1; Am-, = ±1. In addition, three forbidden 
transitions were also seen with AF = ±1; Am„ = 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 observed. At low 
magnetic fields, the energy levels are nonlinear functions of H due to 
large off-diagonal matrix elements of A I -J and this term is the domi
nant one in the spin Hamiltonian. Chly F and its Z-component, nu, are 
good quantum numbers with I and S' being nominal 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 uniform. As the strong magnetic field case 
is approached from the weak field limit, the field-dependent terms in 
Bq. (2) become more important, the energy levels becone more linear, 
and $ and §' begin to precess about H independently. Descriptions of 
the energy levels, therefore, are better denoted by |l, nu, S', mg,> 
basis functions since F is not longer a good quantum number. 

Assuming no crystal field mixing of states, the wavefunction for 
4 the r 6 ground state is 
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f r = .6124|+9/2> + .7638|±l/2> + .2041|+7/2> 
* 6 

and gives a g value of 2.667. This calculated value is larger than 
the 1.894 value determined from the EPR spectra. Since the volatile, 
lew malting metal borohydrides are regarded as covalent molecules in 
contrast to the non-volatile, high melting, ionic alkali netal boro-

8 9 
hydrides, the effects of covalency may be an iirportant t<». or in 
lowering the g value. Crystal field calculations performec in the pre
liminary analysis of Np(BHuK optical spectra have include a J mixing 
and yielded the correct g value for certain values of Hariltonian para
meters. A discussion of the calculations are given in • hapt-sr 5. 

The g_ value found for Np(BDit) n improved the fit and was used in 
a second-order perturbation calculation for th energy of the higher-
lying Te state. The deviation of the observed pseudo-nuclear g value 
from the calculated one is reflected in the interaction of the ground 
T& state and the nearest r$ quartet. The energy of the Te state 
is 

2agS<r 6|j |r e
( l )>8 

E ( r 8
( 1 ) ) = - J

 fi
z O) 

3 3 where a = -jy A, g_ = T T g, &. is the difference between the observed 
and calculated nuclear CL, values, ' and £ N is the nuclear magneton. 
Using the r e wave function where x = .23, the r 8 energy is 7 cm - 1 

To test whether the 7 cm - 1 separation would cause anisotropy in the ob-
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served EPR spectra, the complete 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 

X = a 1 • 3 + gjBff . J - ĝ BiS • 1 + B., (0j+50!!) + B6(Og- 210&) (4) 

Using the Bi» and B« values found for U(BHi>) L, in Eq. (4) for Np(BH») •,, 

gave a much larger r 6, Tt1' separation than that obtained from Eq. (3). 
If the sane Bi»/B6 ratio of 12.6 is used in Eq. (4), the calculated val
ues of Bit and B 6 which results by requiring E(IB *') - E(r€) = 7 cm _ 1, 
turn out to be unreasonably snail, this suggests that the g T value given 
in Table 3 was not accurately determined. 

If the Te state is sufficiently close to the r 6 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 field and the crys
tal axes. The degree of anisotropy of the Te state was calculated as 
a function of the r 6, r e

( l ) separation for the (001) and (111) direc
tions by the Hamiltonian 

JC = a 1 • 3 + gj0(HxJx4H zJ z) - g ^ y - H Z I Z ) 

+ Bu(0?+50S) + B6(0|-21Dj) (5) 

The direction of the magnetic field was restricted to lie along the xz 
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plane, making an angle 0 with the z-axis. Energy levels for S along 
(001) were calculated with 0 = 0° and those for ?i along (111) were found 
using 0 = tarTl\/2 and -oi| and -06 instead of Oj and olt. 

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 r 6, F e separation were less than approxi
mately 20 cm - 1. Field values for transitions of all samples at X, K, 
and Q bands were not observed tx change when the magnet was rotated. 
Although the orientation of the crystals were not known, it seems un
likely that the calculated 7 cm - 1 separation is correct. The other cal
culations using Eq. (4) described earlier, support this conclusion. The 
significance of the improved fit and g.. value in Table 3 must be tested 
further. 

It was hoped that, from the EPR data, values of Bi, and B 6 could 
be determined using Eq. (4). It turned out that the energy levels are 
too insensitive to the crystal field parameters and accurate values 
must be obtained 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 maJ,_rix was changed from the cubic Zr(BHi,) i, 
crystal to an amorphous mathylcyclohexane (MCH) glass. The structure 
of Np(BHi,) n retains its T. symmetry in both host materials. 

The EPR spectrum of pure Np(BDi,K 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 dipole-dipule inter
action. 
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Chapter 5 

OPTICAL SPECTRA. OF H>(BHO<. AM) Pa(BEKK 

Introduction 

There are numerous reports ~ of spectroscopic studies of f-electron 
ions in crystalline ligand fields which have furnished much information 
on the electronic eiiergy level structures of the lanthanide and actinide 
ions. In systems where the syitinetry 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 Hamiltcnian parameters. In conjunc
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(BHi.) •, and Np(BDO <» in pure form and diluted 
in ZrfBHi,)!, and Zr(BDi») i, were found to be dominated by vibronic trans
itions. Results from the normal coordinate analysis {ses chapter 3) 
were used in assigning vibronic bands of the r6("l9/2) •* r 8 ("in/*) 
transitions. The vibrational modes found are expected to appear with 
the other electronic bands within the 5f 3 configuration. Assignment of 
these remaining spectral hands have not been done and must wait for 
results from Zeeman, resonance Raman, low-temperature-far infrared, 
and fluorescence spectra. 

Preliminary spectra of Pa(BH*)i» and Pa(BDi,)i, are also given in this 
chapter. 
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Experimental 

Pure Compound Spectra 
All spectra presented in this chapter were recorded en a Cary 17 

spectrophotometer. Single crystals of Np(BH.,).. and Np(BD»)u of 30 v 

path length and 1 ran thick ZrfBHO* and Zr(BDO<. crystals were grown 
as described in chapter 3. Spectra were taken from 350-2500 nm at 2K, 
77K, and 300K. 

Diluted Compound Spectra 
Mixed crystals, Np(BHi,)<./Zr(BHi.)'* and NE>(BDu) .,/Zr(BDn) u, were grcwr 

frcni the vapor aocording to the method of Bernstein and Keiderling. 
t$>(BH*)<< and Np(BDOi. 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 fyp(BHi,) i>/Zr(BH%) i, were recorded on a 3/4 m Jarrell Ash spectrograph. 
N D additional structure was observed. 

At room temperature Pa(BHi.K does not dissolve in Zr(BH<,)<, or MCH, 
but snail anounts 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(BHn)i, were added to a quartz optical cell in an inert atmosphere 
drybox. After evacuating the cell at room temperature, 300 mg Zr(BHi«)i. 
was condensed into the cell which was subsequently sealed off under 
vacuum. A yellow solution was obtained upon heating as the Pa(BH^) •, 
dissolved. Crystals grown by slow cooling of the solution were very 
inhanogenous and the Pa(BHit)* did not appear to incorporate itself into 
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the Zr(BH<.K lattice. Dark yellow and colorless areas in the crystals 

were observed with the former presumably being pure Pa (BH*)«. This 

crystal was not suitable for spectroscopic measurements. Single crys

tals grown from the vapor were colorless Zr(BHi,)>. crystals since the 

Pa(BHO<. did not cosumblime with ZrCBHt)*. 

Suitable quality sanples of Pa(BHOi,/MCH-diii and Pa(BD^) ̂ /MCH-dm 

for optical spectra were made by dissolving the Pa compound in MCH-di „ 

as above. 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(BHi,U 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 levels of an ion in a crystalline electric field (e.g. 

tip in Np(BHn)i. or Pa in FataHi,)"!) can be approximately calculated 
4 using a Hanmltonian of the form 

X = Jff + xc (1) 

The JC~ term is the 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, Jf , is the 
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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 

•-£^-£$•£^•2"*^ <2> 

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

Usually the central field approximation is made where each electron 
moves in a spherically symmetric potential, -iHr^/e. 3Cf becomes 

The first term in Eq. (3) shifts all levels in the same % 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 

N 
<f N UWSKJM | J 3 — 1 ^ U'W'S'L'J'M' > 

J i<j r i j 

are needed. 

Tensor operators are very useful in the calculation of matrix e le 

ments and that above can be written as 

N 6 
<fN UWSUM7|]C r^-lf1* U'W'S'L'J'M'^ = 2 3 f^EUnf ,nf) (4) 

J i<j r i j J k=0 K 

even 
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where f^ are the angular parts of the interaction and F„ are the Slater 

integrals 

•K *K 

OO 00 

2 
F" = - / / 7R+I "&f (ri)Rnf C j ) * ! ^ (5) 

The D K are numerical factors; D2 = 225, D1" = 1089, and D6 = 25 
134041' 

These F K do not appear in the free ion Hamiltonian for Pa (5f ' ) 

s ince i t has only one 5f e lectron. 

Matrix elements of the spin . j i t operator can be expressed in ten

sor operator form as 

. = 1 . . • ™ J > = W - 1 > J + L + S ' <fN uwsuM,k , Z s. - t . |fN u'ws'L': 
JI nr f^i l l 

X |><*+i)(2*+i)],i{£1 £' J} <f N W S L M V ^ ^ I I ^ U ' W S ' L ' ) (6) 
00 

where c n f = J l£ f C(r)dr and <f? UWSL| |v(''' | | fVw'S'L') 

is the reduced matrix element of V , tabulated by Nielsen and Koster 
Using the hydrogenic ratios for the Slater radial integrals, F^/Fj 

and F6/F2, the free ion energy matrix can be expressed in terms of tv» 
parameters, F 2 and c -, to be determined from experiment. 

Previous studies on Np have found that F2=200-250 cm - 1 and 
? 5 f = 1950-2150 cm"1 compared to F 2 = 320-340 cm - 1 and & 4 f = 800-900 cm - 1 

for Ncl+ (4f 3). 4 , 1 3 For nf1 systems, C 5 f = 1500 cm" 1 1 4 for Pa + and e 4 f = 
640 cnr1 for Ce +. 1 S 
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When an ion is placed in a static electric field of a crystal, the 
spherical synnetry of the free ion J levels is reduced to that of the 
crystals and each (2S+1)(2Lfl)-fold degenerate J state splits into crys
tal field states labelled by r.. The Hamiltonian for a T, crystal field 
was given in chapter 4 as 

JC c = B^(0S+50l|) + B 6 (Og-210^) (7) 

whose matrix elements are tabulated by Hatchings. In tensor operator 
notation,K is 

* = BUct] + (Vl^iC^^V 1 + B§[Co(6)-(7/2)i5(C,(6)4C-(S)) ] c (8) 

In Eq. (8), C* is a tensor operator of rank K and Bo = - 5 - and Bo = 
where 0 and y are the 4th and 6th degree operator equivalent fac-Y 
17,18 tors. 
All 41 J states of Np and 2 J states of Pa in a T, crystal field 

breeJc up into either "t, T 7 , or T e states where the T 6 and Y7 levels 
are doubly degenerate and the Ts states are four-fold degenerate. 

The total HaraLltonian in Eq. (1) contains four parameters, F 2, 
? 5 f , Bo, and B | for Np and three parameters, £ „ , Bo, and B8 for Pa 
which are determined by a least squares fitting process that minimizes 
the difference betoreen the observed and calculated energies of the crys
tal field states. Using the values F2 = 204 c m - 1 and ? „ = 2116 c m - 1 , 
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crystal field levels for Np(BHi»K were calculated for various values and 

ratios of Bo/Bo. Plots of the levels are shewn in Figs. 1-3. The range 

of Bo and Bo values used in the plots were such that the actual values 

for Np(BHi,)<, 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 Ts level of 

the ''li/i manifold is the ground state, in agreement with the EPR 
results (see chapter 4). The two Ta states of that nvnnifold 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 "in/z which breaks up into 
r 6 + r 7 + 2re states in which one of the r8 states is lowest. This one 
is identified in the optical spectra and is discussed later. Above 
these manifolds the states become closer together and their assignment 
is very difficult without large amounts of experimental data. Spectral 
analyses of f 3 configurations which have been reported considered only 
the lowest six J manifolds. 1 3' 1 9' 2 0 

The optical spectra of Np(BHi,)i, and Np(BD.,K at 2K are shown in 
Figs. 4-7. Similar spectra of U(BHi,K and U(BD̂ )i, in HftBHuK and 
HffBDji, 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 
broadordng was observed with samples at 77K and 300K. 
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Figures 4-7. Optical Jtosorption Spectra of Np(BHi,)n and Np(BDi,)i, 

in the Near Infrared and Visible Rsgions at 2K. 
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For molecules lacking a center of inversion, 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 ob
served. For Np(BHi,) i, having a r« ground state, the only forbidden elec
tronic and vibronic transitions are 

r 6 * rJ((H0); r 6 + r 7 + v*2,- r 6 + n + v A l. 

It is difficult to locate r 6 levels since they are forbidden but vibronic 
transition terminating on non-totally symmetric vibrational levels can 
have appreciable intensity* 

The spectral bands in Fig. 4 are all vibrational overtone or combi-
nation bands (see chapter 3). The absence of electronic bands in this lew 
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 o n - 1 . 1 0 

The spectra shown in Fig. 5 clearly exhibit the ("I9/2) -»• Te 

(*Iii/2) 0-0 Stark transition at 1783.8 nm (5604.5 cm - 1) for NpfBD.,)!,/ 
Zr(BDi,K and 1783.5 nm (5605.4 cm" 1) for H>(BHi,)i,/Zr(BHi,K. Vibronic 
binds extending to higher energies are obvious and follow the decreasing 
Franck-Condon envelope. According to the Franck-Condon principle, the 
geometries of the electronic states involved in the transition are simi
lar. Adiabatic (vertical) transitions from the 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 electronic level, Basic line shapes and 
relative intensities of the vibronic bands are similar for the hydride 
and deuteride and corresponding vibronic bands shew 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 of T 6 (''19/2) (kT = 1.4 cm"1 at 2K), terminate on the vari
ous vibrational states of the r 6 (*Iu/2) 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. (vMCL) 
fundamental modes. The vBH. . nodes 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(BHi,K/Hf (BH..K and UfBDitK/ 
Hf(BDK)H and should be seen with other electronic transitions in the 
spectra shewn in Figs. 6 and 7. 

The strong bands at 1600-1650 ran and 1900-2000 nm in the spectrum 
of Np(BHi,).f/Zr(BHi,)i( are due to 3 v 3

T 2 and 2vi T z modes of Zr(BH.,)<. re
spectively (see Table 18, chapter 3). 

In the pure N£(BHI»)I» and NpfBDi,)!, spectra, the corresponding bands 
shift to lower energies by approximately 50 cm"1 and broaden with a loss 
of detail. The T 8 ' ("in/s) becomes a doublet with a separation of 
10 cm"1. 
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Table 1 

ViJbranic Bands of the r s ( 1 , I 9 / 2 ) •* r 8

( l ) (*lii/2) 0-0 Stark Transition 

Wavelength (nm) Energy (cnT1) Difference {car1) Assignment 

1783.5 5605 F8<>> ( * I l l / 2 ) 
1741.3 5741 136 r 8

( l ) + v 9

T * 
1735.2 
1711.2 
1665.0 
1627.1 

5762 
5842 
6004 
6144 

157 
237 
399 
586 

r 8

( l ) 

r 8

( l ) 

* V T l B 
+ Vi» 

1608.1 6217 612 F 8

( l ) + v 8

T * + v 9

T z 

1601.2 6244 639 T 8

( l ) T» E + Ve + V 5 

1502.1 
1498.8 

6656 
6670 

1051 
1065 

r8<>> E 

+ V 3

T l 

1481.1 6750 1145 r 8

( l ) + v 6

T 2 

1462.3 6837 1232 r 8

( l ) + v s

T * 

1453.9 6876 

N)?(BDi 

1271 

itK/Zr(BDn)i» 

r e

( l ) 

1783.8 5604 F B

( l ) ( " i n / 2 ) 
1746.1 5725 121 r . ( »> + v 9

T * 

1740.9 5743 139 
1735.4 
1730.6 

5761 
5777 

157 
173 

r 8

( i ) 
r8<>> 

1695.7 
1662.4 

5896 
6014 

292 
410 

r8<>> + v 5

T j

 b 

+ v „ E 

1656.5 6035 431 r.<»> + v 7

T * 

1650.6 6057 453 r 8

( l ) + 1 0 B ( v 7

T * ) 
1644.6 6079 475 r 8

( l ) + v „ A l 

1562.6 6398 794 r 8

( l ) 
+ v 3

E 
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Table 1 (continued) 

Wavelength (nm) Energy (cm"1) Difference (cm"1) 
1560.1 6408 804 
1545.0 6471 867 
1533.5 6519 915 
1530.0 6534 930 

The A 2 node was not observed or calculated for Np(BHn) n and Np(BDit) •, so this assignment has not been confirmed. 
These assignments are based on frequency calculations (see chapter 3). 

eDue to interference from 3V3 2, this band was taken from pure Np(BH<,)i, 
spectra. 

Assignment 

r 9
( l ) + v 6

T 2 

r 8
( l )

 + v 5
T 2 

r 8
( , ) + v j * 
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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 - 1) for Np(BDk)i)/Zr(BDi))-. seen as an intense, sharp 
peak in Fig. 6. It is too far removed from the 5604 cm"1 level to be 
vibronic and is also too intense. Strangely, it is only weakly observed 
as a close doublet in the Np(BDu)i» spectrum. 

i n o"\ oo Consistent with spectra of other 5f 3 ions, ' ' very strongly 
absorbing regions occur at 1300 nm (Fig. 6) and 740, 780, 810, 880 nm 
(Fig. 7). 

The g value (1.89) found for the T* ground state of Np(BHi,)<, dif
fered significantly from that calculated from crystal field theory with
out J mixing. Eigenvectors from the energy level calculations of Figs. 
1-3 shewed that substantial J mixing occurred. Although sane of the 
g-value deviation may be due to covalency effects, the correct g value 
was calculated if certain values of Bo, Bo, and C 5- were used. A plot 
of g value vs. Bo (with constant Bo/Bo) were made for various Bo/Bo 
ratios and is shown in Fig. 8. It is evident that for small values of 
the Bo/Bo ratio, J mixing is strong (see also Figs. 1-3). Lines of 
constant g (g = 1.89) were drawn foi various values of Bo and Bo and 
for three values of £ 5 f . This graph is given in Fig. 9. A satisfactory 
fit of T 8* (*Iii/2) was obtained for g = 1.89 but the next higher-
lying crystal field state was calculated at "°7700 cm"1 suggesting that 
the intense absorption at 7083 cm"1 mentioned earlier is vibronic. Ad
ditional spectroscopic data are needed before reliable assignments can 
be made. 
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Figure 8. 

g Value vs. Bo 
The nunber next to a curve 
indicates the Bo/B§ ratio. 
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Figure 9. 
XBL 7912-13707 



Protactinium Borohydride 
The Sf1 configuration of Pa + has one IS state, ZF, which breaks up 

into a 2Fs/2 ground state and *F7/2 excited state by the spin orbit in
teraction with a separation of 7/2C 5 f• A crystal field of the type given 
as Bq. (8) causes the further splitting of the free ion levels into 
zF s/2 •*• T 7 + T 8 and 2F 7/2 •+ T 6 + r 7 + Tj. According to the H(12) crystal 

23 
field model, B<! < 0 and the Ta (2Fs/2) state is the ground state. Al
though this prediction has not been confirmed by EPR experiments, it is 
probably correct since the H(12) model was correct for U(BIV, <, and 
Np(BHi,)i,. 

Transitions between the J = 5/2 •*• J = 7/2 nanifold for f 1 ions oc
cur in the near infrared. The lowest P7 state is predicted to lie approx
imately 1300 ari"1 above theTs ground state and was not observed in the 
Cary 17 spectra. The low tenperature optical spectra of the hydride and 
deuteride in a MCH-dn, glass are shown in Fig. 10. Three bands are 
seen which, if the symmetry of PafBHOi, were tetrahedral, would be the 
r 6, T 7, and T'e of the J = 7/2 level. But Keiderling discovered that 
when a hydrocarbon solution of U(BHn) « was frozen, the imnomeric, tetra
hedral structure of U(BHK) •, reverted into the polymeric, C2 synmetry 
structure. This same phenomenon is presumed to occur for Pa(BHn) •, and 
would result in the splitting of the r e 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 EttfUHE W O K 

The physical properties and molecular structures of thorium and 
uraniim borohydrides are very similar and it was expected that those of 
other actinide borohydrides would resenble them. When Pa(BHO * was syn
thesized, it was found to be isostructural to Th(6Hi.)H and U(BH*H 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 actiniae compounds both in their 
behavior and molecular structures. 

The molecular structure of Np(BHi,K was studied by single crystal 
Xray diffraction and compared to those of other metal tetrakis-borohy
drides. Additional insight into the understanding of bonding and prop
erties of these compounds would be obtained by studying the structures 
of alkyl derivatives and coordination complexes. single crystal neu
tron diffraction techniques would be necessary in accurately locating 
the hydrogen atoms. Complementing this work would be an investigation 
of actinide borohydride chemistry, especially of Np(BHi,K and PuCBHtK, 
which is essentially unknown. 

The vibrational spectra of Np(BHO% and NpfBDitK were analyzed and 
the results were found useful in the preliminary interpretation of the 
electronic spectra of the Np compounds. High 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(10BHiJi> would be of great value 
in explaining the origins of weak satellite peaks. 
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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 
temperature-far infrared spectra of Np(BHi,) H/Zr(BHi,) i, and Np(BDi,) >,/ 
Zr(BD,,) „ would be useful in the determination of the electronic states 
of ̂ ?(BH„) „. 

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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