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Sotid state, Tow temperature IR (25-7400 cm ') and Raman

(100-2600 cm”™ ') spectra were obtained for NQ{BH4)ﬁ and Np{SD@}g

3

based on the ?ﬁ molecuiar structure. Those assignments were

used in a normal coordinate analysis to derive a simple force

field using 8 primary and b interaction constants., This field

is very similar to those found for Z?(BHQ}Q and Hf(EHQ}QQ Isotopic
impurity, overtone, and combination bands were identified in the

IR spectira with the help of the normal coordinate calculations.
Near IR spectra of Zr{BHé}Q and Zr(EDé)Q were taken in the range
7400-4000 cmm% and the observed absorption bands were assigned as

either overtone or combination levels,
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Vibraticnal Spectra and Normal Coordinate Analysis of
Neptunium (IV) Borohydride and Neptunium (IV) Borodeuteride

Rodney H. Banks and Norman Edeistein

I. Introduction
Uranium borohydride, Q(BH4)4§ was the first tetrakis-borohydride

1

known and was synthesized during the Manhattan project.” Subsequently

Hf(BH4)49 Zf(BHé)49 and Th(BHé)4 were synthesized and their physical
properties determ%nedsz A11 four compounds are solids at room temperatuve,
but Hf(BH4)4 and Zr{BH4)4 are appreciably more volatile than their
actinide analogs. We have recently reported the syntheses of Pa(BH4)49
Np(BH4)4 and PQ(BHQ}QQS As expected, Pa(BH4)4 has physical properties
{melting point, sublimation temperature) intermediate to those of Th
and U borohydrides. However Np(BH4)4 and Pu(BH4)4 are liquids at room
temperature with vapor pressures very similar to those of Hf(BHé)Q
and Zr(BH4)4 rather than the earlier actinide borohydrides.

The seven known metal tetrakis-borohydrides are all of the same
symmetry in the gas phases&g but in the solid state, exhibit three types
of crystai structuresgﬁwg Analyses of the vibrational spectra have been
reported for the tetragonal, polymeric structure displayed by Thgjo
PaQ?T and U49§Q@32 borohydrides and for the cubic monomeric structure

4,13 9,14

shown by Zr(BH and Hf(BH Those studies revealed that the

4)g 4)g
vibrational spectra are highly dependent on solid state structure, and
very noticeable spectral differences were observed for the two structure
types. However in certain regions of the spectra it was not clear whether
the effects of me?esQ?ar geometry were primarily responsible for the

noted dissimilarities or if other factors were also important. In



addition, the assignments of some spectral features remained doubtful
and need further examination. Non-fundamental bands arising from combina-
tion and Qtertoﬂe transitions and normal modes involving isotopic impurity
atoms were given 1ittle attention and IR spectra above 4000 cj;r1f"i were
not examined at all.

We report in this paper an analysis of the IR and Raman spectra of
Np(BHQ)Q and Np(Bngé which, Vike the analogous Pu compounds, display

6 An

the third structure type, the tetragonal, monomeric structure.
attempt was made to elucidate some of the uncertainties in the earlier
analyses mentioned above and also to explain the origin of the non-

1

fundamental bands seen in the IR spectra from 25-7400 cm™ ' for Np(BH4)4

and in the near IR region for Zr(BH4)43 In doing so, it was found that

?OB

the unobserved T, fundamentals and modes involving the less abundant
atoms were very important, and required a heavy reliance on the normal

coordinate calculations using the derived force field.

Neptunium (IV) borohydride was prepared and purified as deécribed
prev%susiyeg Zirconium borohydride was synthesized by the reaction of
NaZZng with liguid A}{BH4}3 at ?ggm temperatureaz The borodeuterides
were conveniently made by allowing a mixture of the metal borohydride
vapor and dry, Oszree DZ gas to stand in a sealed glass reaction bulb

1 At 2-day intervals the bulb was cooled to a7803 evacuated,

at 25°C,
and refilled with another Voiume of Dza After several such cycles the
metal borodeuteride (> 99%D) was obtained in high yield.

Low temperatgre near IR spectra of Np(BH4)49 Zr(BH4)4§ and

Zr(BD4)4 were taken on a nitrogen-purged Cary 17 spectrophotometer in the
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1

region 7400-4000 ¢m ~ (1.35-2.5u). The borohydride compound was freshly

sublimed from its storage tube held at -10° into a degassed quartz
optical cell. The cell was then sealed off and the solid borchydride
was melted and collected into the lower optical section. Thin single

crystals of Zr(BHQ)Q (25 and 1000y thick) and ZP(BD4)@ (1000u thick)

were vapor grown using the cold wire techniquee}g

A Np(BHQ)4 single
crystal of 25u path length was obtained by cocling the liquid very slowly
to v 150K in the optical dewar. A1l near IR spectra were taken at 2K.

For the region 4000-200 en”!

, @ szflushed Perkin-Elmer 283 spectro-

photometer was used. Room temperature gas phase spectra of Np(Bﬁé)é

and Np(BD@)é were taken of the sample vapor (v 6 Torr) contained in a

10 cm cell fitted with Csl windows. To obtain Tow temperature, solid

state IR speciva in this region, the sample vapor was condensed as a thin

Tilm onto an inner CsI window cooled to 77K in a liguid nitrogen cryostat.
Far infrared spectra were obtained for Np(BH4)4 and Np(BD4)4 in the

1

range 200-25 cm . The cryostat employed was equipped with outer windows

made of 2 mil-thick mica. The inner sample window was a thin, wedged
sapphire disk cooled to 77K by a copper cold finger in contact with liquid
nitrogen. The IR radiation was guided through the cryostat and into the
detector via 1/2"0.D. brass light pipes which were kept evacuated during
the runs. Absorptions due to window materials were subtractgd out during
data processing., A far infrared, 2-beam Michelson iﬁterferemeterié was
used to collect the data from which the spectra were obtained by computing
the Fourier transforms of the truncated interferograms sampled at every

174 cn !,

Raman spectra were taken of Np(BH4)4 (ZéOOaTOQ cmsi

1

) and Np(BD4)4

(2300-100 em™ ") using a Ramanor HG, 25 spectrometer and the exciting



514.5 nm line of a Coherent Radiation Model CR-2 argon ion laser. The
scattered light was analyzed at 90% to the incident beam with a J-Y

double monochromator and detected by a photon counting system. The boro-
hydride sample vapor was condensed as a thick polycrystalline layer onto a 77K
cold finger housed in a 30 mm 0.D, quartz tube. This spraying technique

gave poor polarization results but was the only method tried which yielded
acceptable peak intensities. The Raman polarized AT bands were easily
identified by comparing the frequencies and intensities of our spectral

Vines to those in the Raman spectra of the Zr and Hf analogs.

ITI. Symmetry Classification of M(BH4)4 Normal Modes

A low temperature, single crystal x-ray diffraction study of Np(BH4)46

showed that the molecule is monomeric and the four borohydride ions are
disposed tetrahedrally about the Np atom. The boron atoms are connected
to the Np atom by triple hydrogen bridge bonds. There was no evidence that
the symmetry of the molecule was lower than Tda The molecular structure of
Np{BHQ)4 has the same basic geometry as that of ZF(BH4)4 and Hf(BH4)49917
which were also found to be of Td symmetry in the solid state by x-ray and
neutron diffraction methods, respectively.

The 57 normal vibrational modes of a tetrahedral M(BH4)4 molecule
can be classified according to their symmetry properties with FV = QA] +
Ag + BE + STg + %ng Only the TZ modes are IR active and the A?
(polarized), E, and TZ modes are Raman active. Those vibrations which
are of Aglor T1 symmetry are both IR and Raman inactive.

Some fundamentals give rise to overtone and combination bands which
were seen in the vibraticnéi spectra. Since combination bands are
seldom observed in the ordinary Raman effect, only those which are symmetry

allowed in the IR were considered here., Based on intensity argumeni3918



difference bands were assumed to be unobservable. Only overtones of the
Tl and Tg modes are IR active and those binary IR active combinations
comprised of allowed parent fundamentals are A? + ng E+ Tzﬁ and

T? + TZQ The active combination bands which involve the inactive Ag

or T~g modes are AZ + 739 £+ "!l!S T1 + ‘T:gg and TlE + TZQ

IV, Infrared and Raman Spectra. 4000-25 cm™' Region.

The gas phase IR spectra of NQ(B%Q}Q and Np(BDQ)@ are shown in Fig.
1. The iow temperature, solid state IR spectra are given in Figs.
2 and 3 and the Raman spectra in Figs. 4 and 5. Complete listings of the
absorption band frequencies, assignments, internal coordinate composi-
tions, and gualitative descriptions of the spectral features for all
spectra below 4000 en” ! are given in Tables 1-3.

A. Assignment of Fundamental VibrationsJ®

1

1. 2600-2500 cn”! (2000-1900 cn” ') Region

The highest energy fundamental vibrations are stretches of the boron
and terminal hydrogen atoms. The four B*Ht bonds transform as A1 + TZ
where the AE mode is the in-phase vibration and the ?2 modes are the
degenerate set of out-of-phase stretches.

Apart from coupling to other motions occurring in the molecule, these

Aq and T2 modes should be similar in energy. A slightly broad band is seen

A
1 Ee The

in the Raman spectrum at 2557 cm  (H) and is assigned as vy

1 A

corresponding borodeuteride peak occurs at 1913 em” (vi 3) and is accompanied

by a shoulder at 1925 + 5 em™!

1

The gas phase IR spectra show strong
bands at 2568 cm ' (H) and 1922 cm“z(D) with the latter having a shoulder

at 1930 en”™'. In the solid state, a strong, sharp singlet at 2551 cm“l(%)

* 3 k3 < °
See the Appendix to relate our numbering with earlier work.



and & sharp, intense absorption at 1912 cmgi(D) adjacent to a weaker, well-

resolved band at 1931 cn”| are observed. The strong IR bands at 2551 cn” !
. T
and 1912 cn”™' are assigned as v,

In terms of energy, these modes are far removed from all the others
and are nearly pure vBﬁt(vBDt) stretches with vH/vD = 1.33, indicating

primarily hydrogen motion coupled to slight amounts of boron motion.

13,19

As is observed in other metal borohydrides, these vibrational states

exhibit small matrix shifts to lower energies.

-1 1

2. 2200-2000 c¢m” ' (1600-1500 c¢cm™ ') Region

Normal modes giving absorption bands in this region are due to
stretches of the boron and bridging hydrogen atoms. The set of twelve BH,,
bonds transform as A1 + B+ Ti + ZTZ and four Raman and two IR bands are
predicted to be observed in the specira. In the gas phase, Np(BH4)4

shows two strong IR absorption bands at 2155 and 2084 c:mmel which experience

matrix shifts to Tower energies in the solid and appear at 2143 and 2069 cmajg
T T
and'vg 29 respectively. It is seen that

Ty

These bands are assigned as v
T, T, 2
v, ~ is broader than Vg due to the presence of a weak shoulder onv,

1
at 2130 cm * which becomes well resolved in the solid state spectrum at

T
2110 cm@?g The V3 2 fundamental also splits in the solid with a separation
of 10 en” V.

The Raman spectrum of Np(BH4)4 displays three bands instead of the
predicted four at 2149, 2123, and 2070 cmﬁ1 because vZA] at 2149 cm%1
overlaps with the v212 peak seen in the solid state IR spectrum at 2143 cma1g
The mediumwinteﬁs;ty 2@70 cm‘;l Raman Tine, exhibiting a shoulder at 2060 cmmja

corresponds to Vg 2 which was observed as a close doublet at 2069 and 2059 cmgT

in the IR gpectrgm; Since no IR coincidence is cbserved for the Raman



feature at Zizgcmmlg its assignment as v?i is straightforward.
The spectral pattern for Np(BD4)4 differs significantly from that just
discussed for Np(BHa}é in that three well separated IR bands and four Raman

bands are observed. Similayr behavior is also noted in the spectra of the

13,20 b 14,20 2

T
analogous Zr, i and U

compounds and a completely satisfactory
explanation has yet to be found., Gas phase IR transitions occur at 1605,

1558, and 1526 cmth which sharpen and shift slightly to 1593, 1548, and

1

1516 cm ' in the solid. Comparison of both energies and intensities of these

bands with those of gther metal tetrakésmbgrcdeuteridasjés?3

i T
assignment of 1516 an! as vy 2. The wH/uD ratio for Vs 2

infers the
is 1.36 and is

consistent with that expected for a vBHy (vBDb) stretching mode.

The four Raman bands are seen at 1619, 1592, 1549, and 1517 cmmza
1 Ay 13,14

is easily assigned as v, ' which
is nearly coincident with its out-of-phase partner, Vq 2(I})9 at 1516 Cm91°

The strong, sharp peak at 1517 cm”

Having a VH/VD ratio of 1.31 and no strong IR incidence, the rather weak Raman
1 E

"! £
Since the remaining two Raman transitions at 1592 and 1549 c::m;3 are

practically at the same energies as the 1593 and 1548 cm“3 IR bands, they are
T
identified as TZ species, one of which is v, 2(

Tine at 1619 cm™' is tentatively assigned as v

D). Isotopic frequency ratios

are not sufficiently sensitive here so both species are equally likely candidates.

-1 (1549 cmag} as the fundamental

Intensity considerations, however, favor 1548 cm
vibration. The presence of the overtones of these \)BD33 modes allows the identifica-
tion of VZTZ(D)@ In the solid state IR spectrum of Np(BDQ)Q,two weak but sharp
peaks are observed at 3012 and 3074 Cm&ia As in the case of ZV‘(BD@)Qg the
VBTZ fundamental produces an obse&vib?% overtone, 2\);2g seen at 3012 cm”
inTthg spectrum of Np(BD4)4 (2 x Va 2 . 3032 cmmg)a The other ;vBDb fundamental,
VZ 29 being similar in internal coordinate composition to v3f2$ gives the overtone

1



3.

. j"{’a
at 3074 cm . Assuming equal degrees of anharmonicity in Vo ¢

Trequency for Vo 2 can be calculated as

T, T T T
e, “ 2 2 2 — ”7
vy T E 1/2 (Zv2 - 2v3 )+ gg = 1547 cm ',

This value is very close to those of the observed IR and Raman bands at 1548
:, T 7

and 1549 cm ', respectively, and these two bands are assigned as Vs (D).

{950-800 Qmas} Region

3
s

3. 1300-1050 o™’
This spectral region is comprised of metal-hydrogen stretches and internal

BHQ bending motions. Each symmetrically equivalent set of internal coordinates,

12 MH,, - 12 Héﬁﬁband 12 %EBHE transforms as Ay + E o+ T! + ZTZ and being

simitar in energy, combine to give complicated normal modes. Three IR

and six Raman bands are expected to be observed.

The gas phase IR spectrum of Np(BH4)4 shows a strong broad band at

1240 Cm“gg a weaker one at 1122 cm*é3 and a number of shoulders visible

on both, For the borodeuteride these modes are seen at 928 and 845 cmmg

bt g - . 4 ,
where the latter is very weak. Infrared spectra for monomeric U(BH4)4 25,12
1

and U(BDQD4 2 show transitions at 1237 and 1121 cm”

1

for the borchydride
but only one band at 924 cm * for U(BDé)QQ The three IR fundamentais are
not distinguishable in the gas phase spectra where the broadness of the
bands may cause the overlap of two modes which are close in energy. In
contrast, ZF(BH4)4 and Hf(BHé)Q give different patterns and have bands
which are well separated.

Differences in the solid state IR spectra between the Np and the Zr

compounds are even more pronounced. The gas phase bands split into many sharper

ones and the shoulders become clearly resolved. It is impossible with the



T T T
s , oy 2 2 2
present data to correctly choose v, s vg , and Ve but for the purpose
of the normal coordinate calculation, any reasonable choice is satisfactory.

The broad 1240 gm“z(H} gas phase absorption band experiences no

observable matrix shift and in the solid divides into a strong, symmetrical

doublet at 1247 and 1225 ima1a Although the weaker band at 1276 cmmi
T |
corresponds well to Vg 2 at EZSS(imm‘ in ZP(BQQ)@Q its low intensity does

[}

is assigned to the 1247 en”! peak,
1 1

not favor this assignment and Vg

There is a Raman spectrum coincidence at 1230 cm™ ', so the 1225 em”
T

i

band is assigned as v

5
the 1122 zm“ziﬁ} gas phase band which is seen in the solid to be split

Matrix effects are most strongly cbserved for

into a doublet at 1159 and 1138 gqui where the most intense and least
. T.
shifted peak (1138 cm™') is rather arbitrarily assigned as Ve 2. Overtone

bands of these ?2 modes are observed in the solid state IR spectra but
due to their broadness, they cannot help in locating the fundamental
vibrations.

Similar behavior is noted in the Np(BDQ)é spectra. The strong gas

phase absorption at 928 mei becomes several equally intense bands at 941,
926, 917, and 910 e with the least shifted bands, 926 and 917 cmwsﬁ
T T

being assigned as v 2 and v Ze The very weak feature in the gas phase
g g 4 5 p

spectrum at 845 Qmmz sharpens in the solid state and moves to higher energy,

1

860 cm™ ', but unlike the borohydride case, does not split. It has a

T
and is assigned as Ve -

1

1
i

Raman spectrum correspondence at 863 cm”
A
In the Raman spectra, the vg L modes occur at 1283 cm”

E

(H) and 955 cm™ ' (D)
yielding VH/VD =1,34. The E modes, vZE and V3Ts are found at 1260 cm@](%)§
1

905 ¢m” " (D), and 1053 cmﬁi(H)g 795 Qm“1{D)s.respective3ye These assignments



10,

conform to those of the Zr and Hf compounds.

4. 600-450 cm” ! (450-400 cn™') Region.

At this point one A}g two £, and three TZ fundamentals need to be Tocated
and four Raman and two IR bands are expected in this spectral region. Metal-
boron stretches transform as A} + T2 and for these modes, vH/vD ratios should
be near unity. For the other E and TZ modes, the most significant contribu-
tions are from gHBH and vMHb coordinates and therefore should give larger
vH/vD ratics =1.3.

The WMB stretching vibrations are easily identified with the aid of their

Tow VH/vD ratios. Strong IR bands at 475 gms}(H) and 437 cm“ﬁ(D) give
T T
vH/vD = 1,087 and are assigned as Vg 2(H) and vy Z(D)e Their in-phase
A
counterparts, v, ?(HgD)g are observed at 517 cmm](H) and 475 ch}(D) in the

Raman spectra and give a similar vH/vD ratio of 1.088. The vMB T2

fundamentals are present only weakly as shoulders in the Raman spectra
A
near the bases of the Vg I bands.

Spectral differences between the actinide and Zr, Hf compounds are

also seen in this region but in the IR spectra only. A medium intensity

1

band occurs at V400 cm ' in each of the Zr, Hf(BDé)4 spectra but not in

those of U(BD4}4 or Np(BDQ)Qe Previous a%signments}3§]4 for these extra
bands near 400 cm;E identified them as Vg 2(D) lying below the intense

wygzéD) f%ﬂdamenta? by about 80 cm“?s
modes, Vg Z(H}g however were not assigned with certainty as they were

9,20

The corresponding Zvr, Hf borohydride

observed to be extremely weak. It was pointed out
1

in earlier papers

that the great intensity of the 400 cm”
T
resonance interaction of Vg 2(D) with another TZ species such that

bands may be due to a Fermi

resonance occurs only for the borodeuterides. Our examination of the

vH/VD ratios for the vMB modes of the actinide compounds, where this



phenomenon is absent, to those of Zr and Hf, suggests that the other

interacting T2 species is Vg Z(D)@ The ratios for the VMB modes of Np

are 1.087 (TZ) and 1.088 (A1> are the same as those of U, 1.087 (T The

2):
corresponding TZ ratios for Zr and Rf relative to 1.087 reflect the degree

of Fermi resonance for these vibrations since their A1 ratios, 1.078 and
1.082, respectively, are nearly the same as those of U and Np. TZ ratios

close to 1.087 indicate 1ittle or no resonance and smaller values suggest
thit some resonance is occurring. The vH/VD ratios for Vg ZCH) and

7T2(D) are 1.043 for Zr and 1.026 for Hf. It is concluded that
vy Z(H) and v 2(

Y

D) for all compounds are inherently very weakly IR active
and only the latter is observed for Zr, Hf(BDg)4 through the effects of Fermi

T T
. 2
resonance with v Z(D)g The lack of an observed state other than v, © for
T

20p).

The remaining fundamental in this region is v4Ee In the Raman spectra of the
£ 1

Np(BDé)g in the 450-350 Qm‘”\“2 range precludes an assignment of Vg

Zr and HT compounds very weak lines were assigned as Vg at 533 cm”

(H) and
435 cmaj(D) for Zr and tentative assignments were made for Hf at 570 cmwi(H)

and 430 cmE}(D)e No bands near those of Zr and Hf are noted in the Np Raman

1

spectra, There is a very weak band at 639 cm '(H) but no firm assignments for

v4E can be made since the borodeuteride counterpart is missing.

5, 200-25 en”! Region ;

The last two fundamental vibrations found in this region are v g 2 and

vgg which are comprised of SHMH and small amounts of SBMB bends. The Raman

1

spectra show very strong bands at 168 cm™ ' (H) and 154 cm”1(D)e Weaker peaks

are observed at 141 cm§1(H) and 121 cm”z

(D). A priori, either of a
pair could be the E or T2 fundamental since both species are symmetry allowed

in the Raman spectrum. Both bands have approximately the same vH/vD ratio



12.

and the Teller-Redlich isotopic product rules are not Qery useful here as
assignments are missing from each of the E and TZ symmetry blocks.
Far infrared spectra of Np(BH4)4 and Np(BDQ)4 (Fig. 3) show strong

1 1

bands at 130 cm '(H) and 112 cm (D). These bands correspond reasonably

well to the Raman lines at 141 cm™' and 121 cm”' and can be assigned as
T

Vg . The other, higher-energy Raman bands at 168 cmg1 and 154 c:m;i are

identified as ng@ Qur assignments agree with those made for the Zr and Hf

compounds .

B. Te?jerméediich Isotopic Product Rules

The theoreticai ratios11?18 for the products of frequencies can be
useful in checking a set of assignments. Usually observed frequencies give
ratios slightly smaller than predicted theoretically due to effects of
aﬂharmenicity938

The experimental Teller-Redlich ratio for the complete A1 symmetry
block 1s 2.77 and compares very favorably to the theoretical ratio of 2.82.
Although the E and T2 blocks are incomplete, assuming a reasonable ratio of

1.33 for the missing assignments gives ratios of 10.1 and 3.51 for the T?

and £ blocks respectively. Theoretical ratios are 11.58 and 3.99.

V. Normal Coordinate Analysis
The program NORCRD used to calculate frequencies and normal coordinates
was devised by W. Gwinnz7 and later expanded to include least squares fitting,

group theory, and other calculations by D. Reuter,zz

It sets up the normal
coordinate problem in terms of mass-weighted Cartesian coordinates in which

the kinetic energy matrix is a unit matrix and the potential energy matrix contains



13,

the force constants in terms of bond distances and angles. In diagonalizing
the V matrix the frequencies and normal modes are obtained.

The molecular structure parameters used in the calculations were taken
from the results of the low temperature x-ray structure study on ND(BH4)49
Internal coordinate sets employed in this analysis were the QBHtg ?ZBHbs
12MHD9 and 4MB bonds; IZHtBHb§ 12HbBHﬁ9 and 12HbMHb (triads of Hbag related
by ES) angles; and SéHbBMB torsions. Variations in these sets were considered
during the fitting process. The fundamental frequencies which were used as
input to the program were given unit weight and are listed in Tables 2 and 3.

Since there are not as many observed spectral data as there are
independent force constants, an approximate general valence force field
was derived using a limited number of the more important constants. Fits
using only primary force constants were tried first and then interaction
constants were added later to achieve better agreement.

The optimum force field is given in Table 4 and the calculated frequencies
it produces are listed in Table 5. The standard deviation is 10 Qm';1
for 32 of the 36 allowed fundamentals.

The agreement between calculated and observed fundamental frequencies in
the A1 block is very good for both Np(BH4)4 and Np(BD4)4 while that in the others
is satisfactory. As was noted in the analyses of the Zr and Hf analogs, the
fow energy modes do not agree as well as the higher frequency modes. This

T,
2 and vSE where the calculated £ mode frequencies

is particularly evident in Vg
are lower than those of the corresponding TZ modes in disagreement with
experiment.

Since the derived force fields for Zr(BHQ)49 HF(BHQ)QQ and Np(BH4)4
are all slightly different in composition, one must be cautious in making

close comparisons of the force constants. All primary force



14.

constants follow the same trend and in the case of the VBHt coordinates
the values are nearly identical., A1l three fields give a large MB force
constant and a very small MHb constant indicating the possibility of
significant MB bonding.

The allowed fundamenté?s which wére not observed in the spectra were
calculated at reasonable energies when compared to results from earlier
work on the Zr and Hf compounds. In view of the fact that the Ajg £,
and TZ modes are calculated rather accurately, those values for the inactive
T§ modes should also be close to the correct energies. For example, the

véTi modes was observed for Zr(BH4)4 by inelastic neutron sgatteringzs

at 594 cm”! !

and the corresponding 565 cm ~ value for that in Np(BHQ)4

is quite reasonable. The overall trend found in this analysis even for the
non Tz modes is v(Np) < v(Zr). Further assurance is given by the Teller-
Redlich product rules for the T1 symmetry block. The ratio for the calculated
frequencies from Table 5 is 5.0 which is not in serious disagreement with the

theoretical value of 6.4,

VI. Assignment of non-fundamental IR bands

A, 4000-200 cm”' Region
The solid state IR spectra clearly show more bands than just fundamentals

These extra features are either isotopic impurity, overtone, or combination

bands. The impurity bands contain contributions from 1H atoms in the

borodeuteride molecules and 108 atoms in both the borohydride and borodeuteride.
From gas phase IR spectra of the molecules NpBQHXDiéaxga prepared

by intentionally reducing the time of reaction between Np(BH4)4 and D29

[

the 'H bands are eésiiy assigned and are included in Tables 1 and 3. Similariy,

bands are also seen in the Zr borodeuteride Spectraels
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It is more difficult to locate ~B modes since the isotopic shift is

inherently smaller and there is always some of each isotope present in every
sample. However frequency calculations of various isotopically substituted

molecules, e.g. Np(iOBHé)x(11BH and Np(‘K‘)BD@)X(.HB[JQ)@@Xs using the

é)émx
force field in Table 4 were found to be very useful, in particular when

1

x=1. The IR and Raman bands at 1931 cmﬁi(D) and 1925 + 5 cm” (D) mentioned

in Section IV are nicely predicted by the calculations at 1931 cm":g

and contrary to previous explanations for analogous features in the spectra

of Zvr(BD 13 these bands are due to the 1OB isotope and not to a ]H

1

4)4
impurity. The great intensity of the 1931 cm”
10

peak also substantiates this

assignment. Similar VB effects are not observed for the borchydride

105 , 11

since the change in reduced mass for a B exchange in the

borohydride is approximately half that in the borodeuteride.
T
In the vBHb(vBDb) region, only Vo 2 is predicted to show a significant

1¢ -
“QB band and this is in agreement with the spectra. A separation of 11 cm 1

T T
between v, 2(D) and ]OB(VZ 2(D)) is predicted and corresponds to a well

resolved band at 1560 cm“‘1 as the 10

10

B mode.

Distinct '“B effects are clearly visible in the WMB stretching region.

Both the borohydride and borodeuteride fundamentals at 475 and 437 cmmj

reveal sub-bands of reasonable intensity but that in the borohydride spectrum

T
1 2y with av 97y 1> 1.050.

at 509 em” ' is too high in frequency to be IOB(vS

The 457 cmgj(D) peak gives an acceptable frequency ratio of 1.046 and is

assigned as ?OB(v7 2) but is predicted at only 444 cma](x:1) and 449 cn”!

10

(x=4).
For a more detailed understanding of ~B effects in the vibrational spectra,
isotopically pure samples would have to be examined experimentally.

An interesting non-fundamental band is the V1600 c:mm.i features in both
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the gas and solid state IR spectra and Raman spectrum of Np(BD4)4@

It is apparent from Table 5 that while the agreement between the ob-

served and calculated frequencies for vZTZ(H) is very good, that for the
borodeuteride is surprisingly poor. The fact that the 1593 cn”!
so intense for a non-fundamental transition and that VZTZ(D) is so far

(D) is

removed from its calculated position suggests that Fermi resonance is

important. Identical effects in this same energy region are also observed

13,20 ‘ ) 9,14 12 ) 19
474> 4° 473°
explanation was given for the ZF(BD4)4 case as the overtone of a very weak,
T
' in Fermi resonance with Vo 2(D) at 1603 cm !,
T
Later, the third band was assigned as V1 1 in an analysis which assumed the

13

for Zr(BHé)49 it (BD U(BDQ) and AT(BD A possible

unassigned feature at 812 cm”

T symmetry model for Zr(BDQ)Qe
In choosing overtones that could be in resonance with a TZ species,

only T3 and T2 modes can be considered. In this work, the 1593 cm“1(D)

T

band is tentatively assigned as the TZ component of ng 1 (of symmetry

T
species A1 + E + TZ) in resonance with v, 2 causing the observed perturba-

tion of energies and intensities. From an inspection of Table 5, the most

. T
1ikely fundamental to give an overtone near 1600 cm@1 is Va ! even though

only the calculated value is available. Other possible states which could
T.

interact w%th\@ 2 are the combination levels containing a TZ species but
any firm assignment of such a Tevel must await further data.
T T
The vBDb fundamentals of Np(884)49 Vo 2 and Vs Z, were seen to give

relatively strong overtones at 3012 and 3074 cmsj

, respectively. Also the
OHBH bending region in the borohydride (1100-1200 cm“}) exhibits overtones

in the solid state IR spectrum,
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B. 7400-4000 cm”' Region

The near IR spectra of Zr and Np borohydrides are shown in Fig. 6
and listings of the observed bands and their assignments are given in
Tables 6 and 7.

Overtones of the vBHt modes are seen at the high energy end of the

10

spectra in Fig. 6 with the weaker "“B modes clearly visible. From the

spectrum of a 1T mm thick Zr{BHé)@ crystal, the 2nd overtone of the
T . T
vy 2 fundamental was observed. Similar overtones of Yy 2(D) of Np(BDé)4

were not visible in the IR spectrum (Fig. 2) apparently because they were

buried in the broad absorption due to surface moisture on the Csl windows seen

in the region 4000-3700 cm™ ',

The next group of bands are those in the 2100-2250 nm (4750-4450 cmﬁi)
region. From Table 5 it appears that no first or second overtone of any “ii2

or T, fundamental has the correct energy. Although third overtones of

the 1200 gmg? region are reasonable assignments from energy considerations,

they are not expected to be as intense as are the observed bands since the
second overtones do not occur near 3400 cm“qe
rejects the assignments évéTZ and QVSTIG

are combination bands and possible ones are given in Tables 6 and 7,

Similar reasoning also

The only possible origins left

The last group of bands are the most intense ones between 2350 and
2470 nm (4250-4050 cmmT}, The three bands in each spectrum are due to

overtones of the three VBH, stretching modes (ZnglTl) in the energy range

1

2150-2060 cn” ' for Np(BH,), and 2180-2100 cu™' for Zr(BH,),. In contrast

to the borohydride spectra which show 3 distinct bands, the borodeuteride
spectra (see Fig. 2 of this work and Table 3, ref. 13) show only 2 bands

in which the effects of Fermi resonance has possibly caused the overlap of
T. T,
2

1
sz and ng .
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T T T.

Based on the frequencies for v, Zg Vg 2 and V1 i calculated for

NQ(BHg)49 the @bser&ed bands at 4664§ 4126, and 4169 cmei are assigned
T, T T
as 2v3 23 2v1 39 and sz 29 respectively. Although the intensity of the

T
4113 cn”! band might favor its assignment as Zvj 1

10

» this would suggest

that the 4126 en” ] peak is due to
10

B modes. The latter absorption band

B mode since at least two ]OB atoms per molecule are
-]

is too intense for a

needed to produce the 13 cm
20

shift and those molecules are only 15.4%
T
" band is assigned as 2v, ° which

abundant. Therefore the 4113 em”

appears as a sharp, medium intensity absorption in the Np(B%Q)q spectrum

at 2110 cm“1e The overtone of the 10

11

B mode is calculated to be about
T

10-12 cn” higher than that of "B for 2v, 2 and this agrees well with the

4180 mej shoulder both in terms of energy and intensity.

1

The overtones in the 4250-4050 ¢m ' region for Zr(BH4)4 are not as

well resolved but three bands are discernible. By analogy with the

previous assignment for Np(BHQ)Q, the bands at 4153, 4174, and 4230 c:m;1 are
T T, T

assigned as ZvB 29 ng !9 and sz 29 respectively. This conforms to the

13 14

assignments made in the Zr(BH4)4 and Hf(BH studies which used the

4>4
Td model,

The near IR spectrum of Zr(BD4)4 is shown in Fig. 7 and & listing of the
observed bands is given in Table 8. The Very low intensities of the bands
is the result of the fact that high order overtone and combinations ob-
served are due to the fundamentals occurring at relatively low energy. This
also increases the number of possible choices for assignments of the bands

to the point where no firm decisions can be drawn from the present spectra.
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T
No overtone of vy 2(D).'is predicted anywhere in the areas where bands

T
are seen. The second overtone of Vg 2 1

10

is probably the 4545 c¢cm™' band show-

ing small "B effects as a high-frequency shoulder. The remaining bands

were assigned as combinations which were allowed and had a calculated energy

in reasonable agreement with those observed.

VII. Entropy and Heat Capacity
The entropy and heat capacity for Np(BHq)4 were calculated from the
partition function, Q = QthQVQ using the methods of statistical thermo-

dynamicsaZS The vibrational partition function, Qgs was determined from

26 25

the fundamental frequencies given in Table 5. Both free™ and hindered

internal rotation were considered in the calculation of Qr where the BH4
groups rotate about the M-B axes. The barrier potential energy was assumed

to have the form V = 1/2 Vg(iwcossq))g where the value VO = 34720 cal/mol

23

found for Zr(BH was used for Np(BHQ)Qe The value of VO for Np(BH

)y 4y

is unknown and is most likely different than that for Zr(BH4)4 but a
50% deviation in Vo would cause less than a 5% error in the entropy and

heat capacity. Table 9 gives the total sums of all contributions and these

27 and

29

are compared to experimental and calculated values for Hf(BH@)4

29

the structurally related compounds Pb(CH3)4928 Sn(CHB)Q, Ge(CH

29,30 31

3)49

Si(CH and C(CH It can be seen that although the M(CH

3lg0 34 34

molecules have slightly fewer atoms giving lower heat capacities and
entropies, the thermodynémic guantities are comparable. From the
partition functions, the greatest deviation occurs in the vibrational

contribution.
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VIII. Conclusion

Although the solid state structure of Np(BHQ)4 is slightly different
than that of Zr and Hf borohydrides, their basic similarities are clearly
reflected in the vibrational spectra. There are a few differences, however,
seenn mostly in the lower energy vegion in the solid state spectra, which
also persist in the gas phase where all M(BH4)4 molecules are isostructural.

The 2600-2400 gm%1 (2000-1800 cng) region shows the same pattern for
Np, Zr and Hf borohydrides--the sharp vBHt(vBDt) fundamental and a broad

! (900 cm“?) range. The

(1600-1500 cm” ') region are also

set of overtones due to modes in the 1200 cm”
VBH, (vBD, ) bands in the 2150-2000 cm”'
very similar in appearance éVen for the borodeuterides where Fermi resonance
is observed for all those compounds. A close resemblance is also noted
in the near IR spectra of NQ(BH4)4 and Zr(BH4)4 (Fig. 6) which are comprised
of overtone transitions of the \)BH,t and vBHb modes.

Stight differences of several types are observed in the
remaining spectral regions for the Np and Zr, Hf compounds. The
MH 5 SHBH (vMDbg 8DBD) modes seen in the 1250-1050 en” ! (950-800 cm“1)
range are very dependent on the size of the MHBB(MDBB) cage and mass of
the metal atom as determined by the normal coordinate calculations using
various size cages and metal masses. OSmaller cages and Tighter metals
produce higher frequency normal modes. Frequencies were also found to
be very dependent on the positions of the Hb atoms in the coordination

sphere of the metal. Therefore the \>4T2s v TZ@ and vSTZ modes for the

5
actinide compounds, whose masses and sizes are very similar, are more alike
among themselves than they are to those of the lighter and smaller Zr and Hf

analogs.
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1

The WMB region, unlike the 1600-1500 cm™ ' region in the borodeuteride

spectra, shows Fermi resonance only for the lighter Zr(BDQ) and Hf(BD

T 4 4)4
giving significant intensity to Vg Z(D)e Since the stretching modes in
the 500-400 Qmei region are not highly sensitive to size effects, metal
mass differences are therefore primarily responsible for gcverning the

axtent of resonance between vy
T T
of Vg 2(H) and Vg Z(H), mass effects are inadequate to induce resonance and

Z(D) and Vg Z(D)e Due to the large separation

the spectra are basically the same for all compounds except that the modes

for the heavier molecules occur at lower energies.

Ts

The lowest frequency vibrations, Vg and v55$ are mainly SHMH bends

where the former involves the greatest amount of metal motion of all modes.

Consequently it gives the largest frequency shift for a given change

in metal mass and is observed 70 cm"’sg

E

Tower in Np(BH4)4 than in the Zr
compound., The large shift of vg , also about 70 cm“TQ indicates that other
effects such as Hb - Hb interactions and M - Hb bond strengths must be
important,

14

Although the two force fields found for Np(BH4 and Hf(BHQ)@

)4
cannot be compared in fine detail, the values of the force constants are
very similar especially those related to the BH4 group. This is to be
expected since it was observed that the BH4 modes are not strongly dependent
on metal size or mass. Greater differences are fouhd in the force constants
involving the MHSB structures but in general follow the same trend where

the MB constant is higher than the MHb constant. As was also noted in the

vibrational analyses of Hf and Zr borohydrides, MB bonding may be significant

in these molecules,
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Appendix
In this paper a fundamental or overtone is denoted by the symbol
mvzg where b is the Mulliken symbol for the irreducible representation
of the mode and a is the number of the mode starting with 1 for the
highest Trequency, 2 for the second highest, etc. The n is omitted for
fundamentals, equals 2 for first overtones, 3 for second overtones, etc.
The table given below relates our notation to that used in earlier work

(7b,15).

This work Literature
VlAl - \)J‘a; Vi = Vg
W Vs
E E
Vi = Vs Vg = Vio
Tz Ty
Vi = Vg Vii = Vis
T T,

Vi 2. Vg Vis = Vau
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Table 1

Observed Bands in Gas Phase IR Spectra of Np(BHu). and Np(BDy) .,

Internal
Fnergy (cm') Assignment Coordinates Comments
Np (BHy )
2568 vy VBH, strong
2480 2\)§25 2\)5T2 7 weak, v. broad
2350 VT3 4 vgi2 weak, broad
2155 vy t2 VBH, strong
2130 x>z§2a shoulder on vy 2
2084 ngz VBH, strong, sharp
1280 shoulder on Vi %
1240 va.,T?“g \)5T"2 SHBH, VMH, v. strong, broad
1205 vah 4 vy 2 shoulder on Vi 3
1122 Vg2 SHBH medium, broad
1080 shoulder on ve 2
478 \)st VMB, VM, strong
Np (BDy) o
3092 v, 72 v. weak, broad
3030 ngTz v. weak, broad
1930 1og (v, T2y V18D, shoulder on vi'2
1922 v 1T2 VBD, strong
1605 2v503¢ medium
1562 %056\)2%) v”EDb shoulder on Vi~ 2
1558 \)gTz@ \)BDb strong
1526 ngz VBD,, strong, sharp
1190 ty SHRD weak, broad
928 \)g% §DBD, WMD), v. strong
845 \)STZ SDBD weak, broad
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Table 1 {continued)

Internal
Frerqgy {cnt) Agsignment Coordinates Comrents
Np (BDy) 4
810 shoulder on v 2
437 vy t2 WMB, WMD) strong

in the table: ;Efz% = terminal hydrogen, B = bridging hydrogen, v = very

%his feature could not be assigned with any certainty so it was given
the identifying symbol, v zgz .

E)za fundamental in parenthesis next to an impurity atom is that mode in
which the impurity atom is participating.

“These two bands are in Ferml resonance.
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Table 2

Observed Bands in 77K IR (4000-25 cm™) and Raman (2600-100 cm™)

Spectra of Np(BHu)e

Internal
Enerqy {cm™!) Assignment Coordinates Comments
2557 vI‘Al VBH, medium, R.
2551 v,z VBH,_ strong, sharp, IR
2490 vy 2 weak, IR
2445 Py 2 weak, IR
2378 ViaT? 4 ygt2 weak, broad, IR
2149 vy b VBH medium, R
2143 \)gTz VBE, strong, sharp, IR
2123 \)IE VBH, medium, R
2117 wB(\)sz) medium, shoulder
2110 Vag medium, sharp, IR
2069 (2070)¢ 7, strong, sharp doublet
2059 (2060) V3 VBH,, medium, + shoulder, R
1283 v gAl = SHBZIb medium, R
1276 ' medium, sharp, IR
1260 va VMH, , SHBH weak, R
1247 (1255) vy 2 VM, , SHBH v. strong IR, medium, R
1225 (1230) vs 2 VMH, , SHBH v. strong IR, medium, R
1199 (1205) VsE + vg12 medium IR, weak, R
1159 medium +, IR
1138 (1127) Vel 2 SHBH, WM, strong, IR, weak, R
1068 weak, IR
1053 vt SHBH medium, R
639 \)aTZ + \)SE weak, R
611 Ver? + vgl? weak, IR
517 v, VB strong, R
509 (506)

weak, sharp, IR, medium,
R



Table 2 {continued)

A T gos
Froergy (om 7)) Assignment

29.

Internal
Coordinates

Comrents

475 (~480) ve l2
168 vt
130 (141) \)gTz

vMB

SHMH
SHMH

v. strong, IR,
shoulder, R

v. gtrong, sharp, R
strong, IR, medium R

a., . ] .. ,
Ty modes also seen in the Raman are shown next to the IR value in

parenthesis.,

b The more important internal coordinates are to the left of the lesser

imeortant ones.
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Table 3

Chserved Bands in 77K IR (4000-25 cm ') and Raman (2300-100 cm™!)

Spectra of Np(BDu)y

Internal
Energy {cm ') Assignment Coordinates Corments
3092 10R(2v,72) v. weak, IR
3074 20,12 weak, sharp, IR
3012 2uy 2 weak, sharp, IR
2110 Y (vs 2 (1)) VBH, weak, IR
1579 weak, broad, IR
1931 105y, 12) \)”BDt medium, sharp, IR
1925 10g (v, A1) v OBD,_ shoulder, R
1913 val VBD, medium +, R
1912 vy 2 VED,_ strong, sharp, IR
1842 20,12 weak, sl. broad, IR
~1780 (~1780) Vat? 4 g2 weak, v. broad, IR, R
1619 VgE \)BDb weak, R
oo iﬁ;éﬁg} 105, lg(2vsT0)2 medium, sharp, IR
1593 (1592) TQ(Z\)gTE)a medium +, sharp, IR, R
1560 105 (y,12) \)”BDb medium, sharp, IR
1548 (1549) v, 12 vBD, string, sharp IR,
1517 \)Q,A’* VBD,, strong, sharp, R
1516 ; \)BTZ VBD, v. strong, sharp, IR
1251 Y (v 22 (H) ) WMH_, SHBD  weak, v. broad, TR
1191 16 (vy L2 (H)) VMH_, OHBD  weak +, sharp, IR
955 vt VMD_, SDBD  weak +, R
941 strong, sharp, IR
926 vy L2 VMD,, SDBD  strong, IR
917 vyt 2 VMD_, 6DBD  strong, IR
910 ng + \)gTZ strong, IR
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Table 3 {continued)

Internal
tnergy {(cm ') Assionment Coordinates Comments
905 " SDED, WMD), weak, sl. broad, R
T2 - strong, sharp, IR,
860 (863) Vg 8nBD weak, R
838 weak, IR
802 weak, IR
795 v SDED weak, R
475 \)gAl UMB strong, R
457 1@5(\)7‘1‘2} Wl ls medium, sharp IR
. 2 v. strong, IR,
437 (440} vy vMB shoulder, R
406 v. weak, IR
154 \)55‘ S0MD v. strong, sharp, R
112 (121) Vel 2 SDMD strong, IR, medium, R

%hese two bands are in Fermi resonance.
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Table 4

Best-Fit Force Constants for Neptunium Borohydride at 77K

Primary Force Constants

Interaction Force Constants

Internal Coordinates Value Internal Coordinates Value
vBH, 3.51 md/A VBH, vBHg .04 md/A
vBH, 2,36 WMH, 2 WMH RY
VHH, .37 WMB s 8H MH, -.09 md

b
VMB 1.28 VBH & &H, BH, .04
8H, BH, .28 mdA WMH, 5 8H, MH .04
8H, BH, .36
SHyMH, (C4) .26
cH, BB .18

“*The torsion force constant is essentially undetermined since the Ay

mode 1s not observed.
fits.

It was set at .18 and kept constant during all

b“Iﬂternai coordinates in this constant interact only with other like
coordinates in the same BH4 group.
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Table 5

Fundamental Vibrations (cm ') of Np(BH,), and Np(BDy)s

Normal Np (BHy ) 5 Np (BDy )
Moxde Observed Calculated Obsarved Calculated
vy 2 2551 9557 1912 1911
v, 12 2143 2144 1548° 1603
vy 12 2069 2078 1516 1485
vy 2 1247 1266 926 897
g 12 1225 1223 917 895
g 12 1138 1104 860 824
vy 2 - 575 437 447
Vg 2 475 488 S 415
Ve 2 130 156 112 139
vyt 2557 2554 1913 1905
v, 2149 2147 1517 1523
vyt 1283 1284 955 953
v, 517 517 475 466
vt 2123 2117 1619 1589
vy 1260 1270 905 899
vy 1053 1089 795 807
e - 571 — 413
Vs 168 142 154 125
vy . 2116 S_— 1587
vyt - 1256 — 889
vyt — 1084 — 810
vyt S 565 — 405
st - 405 _— 288
vz - 288 — 204

& - . . Ty ..
This mode is in Fermi resonance with 2v; * (D).
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Table 6

Cbsexved IR Bands (7400-4000 cm ') of Np(BHy)y at 2K

Wavelength (nm) | Energy (cm™!) Assignment Comments
2460 4064 2u4T2 v. strong
2457 4070 10 (2v512) 7 shoulder on 2vs.2
2447 4086 V2 2 oyt weak shoulder
2431 4113 2,02 strong, sharp
2423 4126 20,11 medium, sharp
2398 4169 20,72 medium, sharp
2392 4180 10B (2v,12) shoulder on 2v, 2
2378 4205 Vat? 4 ve 2 + vt | broad, v. weak
2335 4281 2V T? 4 vyt broad, weak
2237 4469 ViT? 4 2y,12 v. broad, v. weak
2201 4542 V3i? 4 2,12 broad, weak +
2165 4618 V2 T2 4 v, T2 broad, weak
2129 4696 Vo % 4 2u5 broad, weak
1994 5013 vy T2 weak, sharp
1986 5033 10g (2v,72) weak
1654 6046 v 12 broad
1353 7389 3y, 12 weak

*
See Table 1, footnote a.




o

weak b

v, intense, sharp
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14 for HE(BHL) 4,

taken from the spectrum of the



Table 8

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

== 1

Wavelength (nm) | Energy (cm °) Assignment Comments
2455 4072 Va2 4 3yg2 medium
2394 4176 V3 2 +2v5 2 +ve 2 | strong
2347 4259 val 4 3ygt2 strong
2238 4486 ViT2 4 20672 4502 | weak +, broad
2199 4545 3y 2 strong
2175 4597 val 4 20,72 strong
2165 4617 20, & vyt weak +
2148 4655 3y, 2 weak




Table 9

Entropies and Heat Capacities of HE(BHy) s, Np(BHy), and M{CH;)

Heat Capacities 4

HE (BHy ) & Np(BHu ) o Po{CH3} s Sn{CHs) s Ge{CHs)u Si{CHs)a C(CHz} s
FIR HIR FIR HIR FIR FIR FIR FIR
45,09 49.77 45,93 50.52 34.42 33.34 31.98 33.39 e oo
Entropies

HE (BHy ) Np (BHs ) o Po(CH3z) o Sn{CHs) 4 Ge (CHz) » Si(CH3z)u C(CHs)
FIR HIR FIR HIR FIR FIR FIR FIR FIR
102.51 96.04 107.30 100.76 100.5 96.11 91.99 88.25 80.12

100.48 © 86.04 2 71.71 ¢

In the table: FIR = free internal rotation, HIR = hindered internal rotation. Aall values
for CZ) and S° are for the ideal gas at 298.15K and are in units of cal/deg.

“a11 C; values are calculated.
bExpermmtal values.

“rxperimental value at 282.6K. Ref. 31(b).

"LE
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Figure Captions

Figure 1. Gas Phase IR Spectra of Np(BHQ)4 and Np(BDQ)ga

Figure 2. Solid-State IR Spectra of Np(BHQ‘)4 and Np(BDQ)4 at 77K,

Figure Far IR Spectrum of Np(BH at 77K,

Q)Q
Raman Spectrum of Np(BH4)4 at 77K.

=Y Lad
* o

Figure

L

Figure Raman Spectrum of Np(BDé)4 at 77K.

Figure 6. Near IR Spectra of Np(BHQ)é and Z?(BHq) at 2K.

4
Figure 7., Near IR Spectrum of Zr(804)4 at 2K.
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