(e.g., Zn2*, CdZ*) is smaller in the solvent than in water.
Moreover, many reversible couples are available in these sol-
vents as additives for stabilizing the semiconductor. For ex-
ample, in this study photooxidation of compounds such as
10-MP at potentials negative of the reversible redox potential
at n-GaP was observed. These photoanodic currents were
stable and reproducible, showing that the n-GaP was stabilized;
only two other studies of photoprocesses at n-GaP in aqueous
solution showed stable behavior.3!:32 Furthermore, the larger
oxidation limits of the solvent allow more positive redox couples
to be employed in photoelectrochemical cells, which allow
greater output voltages and potentially higher efficiencies.
However, as described above, surface states can also play the
role of recombination centers for the redox processes of solution
species. When these are important, the maximum potential
available for a cell involving a solution containing a couple with
a potential E q0x, an electrode reversible to the couple, and an
n-type semiconductor will be decreased from Eeg0x — Vi t0
Eredox — E. When recombination via surface states is impor-
tant, chemical etching of the semiconductor, which can lead
to a change in the density of such states, may be useful in ob-
taining better efficiencies.
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Stereochemical Nonrigidity in Solid Zirconium and
Hafnium Tetrakistetrahydroborates. Evidence for
Two Dynamic Intramolecular Rearrangement
Processes in Covalent Tridentate Tetrahydroborates

I-Ssuer Chuang, Tobin J. Marks,* ! William J. Kennelly, and John R. Kolb
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Abstract: Proton nuclear magnetic resonance studies of stereochemical dynamics in Zr(BH4)4 and Hf(BH4)4 have been car-
ried out in the solid state. Variable temperature investigations were conducted in both continuous wave and pulsed modes. Two
intramolecular motional processes were identified for each complex and the nature of these processes was interpreted on the
basis of effective second moment calculations in both diffusive and positional jump regimes. The higher temperature process
is assigned to rapid intramolecular bridge-terminal hydrogen exchange, E,(Zr) = 5.2 £ 0.3 (AG* = 8.1 at 214 K) I; E,(Hf)
= 8.4 + 0.3 (AG* = 7.3 at 200 K) kcal/mol. The lower temperature motion is suggested to involve rapid threefold rotation
about the ligand M-B-H (terminal) axis with E,(Zr) = 5.4 £ 0.2 (AG¥ =4.3at 124 K) |; E,(Hf) =4.6 £ 0.2 (AG*¥ =44 at

133 K) kcal/mol.

Although nuclear magnetic resonance spectroscopy has
been employed to study motional processes in the solid state
for a number of years,? two relatively recent developments
promise to markedly increase activity in this area. The first is
the elegant refinement of multiple pulse techniques for ac-

quiring high-resolution information for magnetically dilute
nuclei.? The second is the discovery that dynamic phenomena
more elaborate than simple bond rotation (e.g., of methyl
groups), molecular reorientation, or molecular diffusion can
be observed and analyzed in the solid state. Among these more
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Figure 1. The molecular structure of Hf(BH4)4 as determined by neutron
diffraction (ref 13c).

elaborate processes are those in which there is a rapid, de-
generate, intramolecular making and breaking of chemical
bonds* (fluxional processes’). The value of solid state studies
becomes apparent when one considers the large number of
cases where low sample solubility or the great rapidity of site
exchange prevents dynamic NMR studies in solution. The solid
state studies also eliminate the ambiguity as to whether the
solution molecular structure of the sample is the same as that
in the crystal. Furthermore, the nature of the dipolar Hamil-
tonian is such that positional interchange between nuclei which
would be magnetically equivalent in solution (e.g., the spinning
of the n3-CsH; rings in ferrocene$) does not escape detection
in broad-line studies. Lastly, NMR investigations in the solid
offer the opportunity to study stereochemical dynamics in the
presence of a stringent, but relatively well-defined and ordered
perturbation: the lattice, and to compare these results with
solution phenomena.

Generally covalent metal tetrahydroborate complexes,” with
few exceptions,? exhibit exceedingly rapid intramolecular in-
terchange of bridge (Hy) and terminal (H,) hydrogen atoms

H Hy H
M l\tHb;B—Ht
\Hb/ Hy,
t

which is beyond the NMR time scale at room temperature, and
in most cases, at all accessible temperatures in solution. In an
effort to detect and to obtain information on the activation
energetics of these very rapid processes, we have taken three
approaches. The first was to expand the time resolution of the
'H NMR experiment’® by greatly increasing the difference
in resonance energies between bridge and terminal sites. This
was successful in the case of (n3-CsHs)3UBH4!0 (which has
a tridentate ground-state geometry) and the free energy of
activation at spectral coalescence (133 £ 20 K) was found to
be 5.0 £ 0.6 kcal/mol.'0 The second tack has been to investi-
gate molecules where electronic considerations or vibrational
spectroscopic data suggest that the metal-ligand bonding
might be more rigid, i.e., that the ground-state configuration
might lie in a deeper potential well so that bridge~terminal
hydride exchange would be slower. For the bidentate com-
plCXCS (1;5-C5H5)2VBH4” and [(C6H5)3P]2N+M0(CO)4-
BH,~,'2 this was found to be the case, and free energies of
activation respectively of 7.6 £ 0.3 (186 £ 7 K) and 10.1 £ 0.2

kcal/mol (231 £ 4 K) were found.

A third approach to studying rapid tetrahydroborate
bridge-terminal hydrogen interchange is by NMR in the solid
state, a technique which offers the unique features cited above.
The purpose of this article is to discuss our results on the tri-
dentate complexes Zr(BH4)4 and Hf(BHy)4. Here, the mo-
lecular structures are known with considerable precision'? and
the rate of bridge-terminal hydrogen interchange is too rapid
to measure in solution, even with decoupling of quadrupolar
1IB.!4 Besides providing the first quantitative information on
the rate of the fluxional process in the solid, our results also
assign the presence of another dynamic intramolecular process,
heretofore unknown.

Experimental Section

The extremely air-sensitive complexes Zr(BH4)4 and Hf(BHy)4
were prepared by the procedure of James and Smith,!? and were
handled under prepurified nitrogen or in vacuo at all times. Samples
for NMR studies were sublimed twice on a vacuum line and were then
sealed, under vacuum, in 11-mm outside diameter quartz tubes. As
a check for purity, laser Raman spectra were recorded of the sealed
samples and were found to be identical with published spectra.'6

Nuclear Magnetic Resonance Studies. Continuous wave 'H mea-
surements were performed at 16 MHz on a wide-line spectrometer
employing a Varian V-3703 electromagnet with a Fieldial Mark 1
power supply, and a Hill-Hwang!” marginal oscillator. Sample tem-
perature control was maintained with an Oxford Instruments DTC-2
precision temperature controller which applied the required heating
to the sample chamber of the liquid nitrogen cooled variable tem-
perature Dewar. A copper-constantan thermocouple was attached
with Teflon tape directly to the sample tube. Ample time was allowed
for equilibration at each new temperature; at least three derivative
spectra were recorded at each temperature. In addition, spectra at a
given temperature were recorded in the process of both going to and
coming from lower temperatures; in all cases the results were identical.
Pains were also taken to avoid signal distortion due to rf saturation
or overmodulation. Experimental second moment calculations were
performed using a local computer program similar in logic to that of
Smith;!8 corrections for finite modulation amplitudes were made in
the experimental data.'® For theoretical second moments, internuclear
distances were calculated from the diffraction-determined coordi-
nates!? using the program NUDAPA.20 The exact intermolecular
contribution to the second moment was calculated to cutoff distances
of 6.0 and 9.0 A. Beyond this, the value was approximated.2!

Pulsed NMR measurements were made at 16 MHz on a spec-
trometer constructed with a Varian V-3603 electromagnet, an
Arenberg PG-650C rf transmitter, and an Arenberg WA-600D
wide-band power amplifier. Spin-lattice relaxation times were mea-
sured by the 180°-7-90°22 technique using a Princeton Applied Re-
search CW-1 boxcar integrator to integrate the y axis magnetization.
Sample temperature regulation was the same as for the CW spec-
trometer.

Results

Structural Considerations. The molecular structure of
Zr(BH,4)4 has been determined by single crystal x-ray dif-
fraction at 113 K!32 and by gas-phase electron diffraction.!3b
The structure of Hf(BH4)4 has been studied at 79 and 24 K
by single crystal neutron diffraction.!3¢ The results for these
isostructural molecules are in substantial agreement, with four
tridentate tetrahydroborate ligands coordinated to the metal
in a tetrahedral array. The neutron diffraction results are
displayed in Figure 1.

Continuous Wave NMR Results. The 'H NMR line width
of polycrystalline Hf(BHy4)4 as a function of temperature is
shown in Figure 2A. The second moments of the line shapes,?
as defined in

|7 - moyunan
S= - )
j: " J(H)dH
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Table I. Line Width and Second Moment Data for Zr(BH4)4 and Hf(BHy)4

Exptl line
width, G

Exptl second

Compd and temp moment, G2

Calcd second
moment
jump, G2

Calcd second
moment

Process diffusive, G2

17.0£ 1.
8.0£0.
55£0.

448 £ 0.4
12.5-14.7
5.2-5.3

ZI'(BH4)4, <I20K
155K =T=180K

0
1
20K =T =<29K 1

Hf(BH4)s, <120 K 19
ISSK=<T=<180K 8.
240K = T <290K 6

48.7£ 1.7
13.7-15.6
49-53

W W
oo~

Rigid lattice 53.5 53.5
BH4™ rotation® 18.3 17.0
Fluxional ® 4.6 4.4
Overall molecular 1.3 1.0
reorientation

Rigid lattice 54.8 54.8
BH,4™ rotation® 19.2 17.3
Fluxional® 5.1 49
Overall molecular 1.3 1.0
reorientation

@ Process depicted in eq 10. ® Process depicted ineq 11.

are plotted in Figure 2B vs. temperature. The results for
Zr(BHy)4 are nearly identical, and data for both molecules are
summarized in Table I. the second moment can be related to
the rigid lattice molecular structure by the Van Vleck formula,
suitably modified for a polycrystalline sample:2

S = é11'(11' + Dg%BN; =t X e
5 >

+ 14—5321\/,'”' LI+ Dg2era™®  (2)
i

Here i and j refer to protons, k to nonresonant nuclei ('°B, !B,
Zr, Hf), and the other terms have their usual meaning. Besides
the internuclear dipolar interaction described by eq 2 three
other interactions could conceivably complicate the relation-
ship between the observed and calculated second moments. The
most significant of these terms arises in the boron-proton
component of the second moment if the 1°B (18.8% abundant)
and 1'B (81.2% abundant) nuclear quadrupolar interactions
are larger than the respective Zeeman interactions.?? This
leads to quantization of the boron spin vector in a direction
other than that of the static field Hg (i.e., toward the z axis of
the field gradient tensor) and to anomalously large observed
second moments. For this perturbation to be significant, the
a factor in

_ 41, (21 — 1)gkBHy
o= 2
e’qQ

must be less than ca. 10-20. Here, the denominator is the nu-
clear quadrupole coupling constant (the field gradient about
boron is axially symmetric). For zirconium and hafnium which
have isotopes with nuclear quadrupole moments, the cubic
symmetry assures that e2gQ = 0. For the M(BH,4)4 com-
pounds the nuclear quadrupole coupling constants were
found'#2 tobe 1.7 £ 0.3 (!'B) and 3.5 £ 0.6 MHz ('°B), which
yield o values of 31.4~44.0 (''B) and 25.1-35.6 ('°B). Thus,
the “indirect” dipolar interaction should not introduce ap-
preciable error in theoretical second moments calculated with
the Van Vleck equation. Another possible source of error arises
in cases where internuclear scalar coupling is large enough to
contribute to the second moment via23®

(3)

5= 1,(1,3+ 1) 72 @)
In solution,!42 Jig_yy = 90.0 (Zr), 88.6 (Hf), and Jiog_y =
30.0 (Zr), 29.6 (Hf) Hz, so that any effects arising from these
terms are calculated to be on the order of 0.001G2, which is
undetectable. Finally, any proton chemical shift anisotropy
would lead to errors; fortunately proton chemical shift aniso-
tropies are expected to be quite small.2* Thus, eq 2 is applicable
to the present problem.

2.0

LINERIDTH (BAUSS)

i 120.0 180.0 200.0 700 20.0 0.0
TEMPERATURE1 DEGREES K}

0.0 x

SECOND MOMENT(GRAUSS SQUARED}

"80.0 120.0 160.0 200.0 0.0 260.0 %0.0
TEMPERRTURE(DEGREES K1

Figure 2. A. Plot of the experimental 'H NMR line width vs. temperature
for a polycrystalline sample of Hf(BH4)4. The points represent an average
of three to five measurements. The solid line is a least-squares fit toeq 7.
B. Plot of experimental second moments vs. temperature for a polycrys-
talline sample of Hf(BH4)4. The points represent an average of three to
five measurements.

Table 1 presents experimental second moment data for
Zr(BH4)4 and Hf(BH4)4 along with estimated standard de-
viations for these measurements. Also given are calculated rigid
lattice second moments based upon the structural data. The
agreement between experimental and calculated rigid lattice
second moments was slightly better when B-H distances from
the tridentate BH4~ group in the neutron diffraction study of
U(BH4)4252 were used. Since the second moments are pro-
portional to 1/r6, they are extremely sensitive to small struc-
tural inaccuracies,?5® and the uranium structure determination

Marks et al. | Zirconium and Hafnium Tetrakistetrahydroborates
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Figure 3. Plot of the natural logarithm of the proton spin-lattice relaxation
time vs. inverse temperature for a polycrystalline sample of Hf(BHg)4.
The solid line corresponds to a least-squares fit to eq 6 with C = € as
described in the text.

was of somewhat better quality, As can be seen, the agreement
between experimental and calculated rigid lattice second
moments is generally good. It is unlikely that appreciable
molecular motion is occurring at 100 K, and any discrepencies
between experimental and calculated S values are easily at-
tributed to saturation effects since in this temperature region
the proton spin-lattice relaxatica times are very long (vide
infra). As the temperature is raised, line narrowing in
Hf(BH,)4 occurs (Figure 2) and continues until ca. 170 K. The
line width then remains constant until ca. 180 K, when a second
narrowing process is observed. Above ca. 220 K, the line width
remains constant until the compound melts at 302 K. That this
line narrowing is due to the successive onset of two rapid mo-
tional processes rather than phase transitions is supported by
T measurements (vide infra). Furthermore, no evidence for
phase transitions has been noted in the structural studies. The
line narrowing is completely reversible on lowering the tem-
perature, The variable temperature behavior of Zr(BHy),4 is
similar (Table I) but not identical.

Pulsed NMR Results. Figure 3 presents proton spin-lattice
relaxation time (7)) data for Hf(BH,)4 as a function of tem-
perature. The classical expression for spin-lattice relaxation
by motional modulation of nuclear dipolar interactions (by a
single motional process) is given by?

1 _ T 47,

T ¢ <l + w72 M 1+ 4w2702> (5)
where C depends on the particular interacting nuclei and their
spatial relationship, w/2 is the Larmor frequency, and 7 is
the correlation time for the motion. Though this equation was
originally derived for spin pairs, it is generally found to be a
reasonable approximation of relaxation behavior in more
complicated systems. Equation 6 is applicable in cases where
two motional processes occur.26 It predicts a minimum in the
plot of In T vs. 1/ T for each process.

1 _ C < Tep 47, >
T; 1+ w22 1+ 4w21'c|2

’ Tep 4Tcz >

+C <1 + wirey + 1 + dwrcp2 (6)
The pattern observed in Figure 3 is characteristic of the pres-
ence of two correlated motional processes.26 The low-tem-
perature process is readily evident. The onset of a second,
higher temperature process is observed, but owing to the rel-
atively fast time scale of the measurement technique at this
frequency, melting takes place before the minimum is reached.
It will be shown that the two motional processes observed in
the pulsed experiments are kinetically identical with those

defined in the CW studies. There is no evidence of a phase
transition which is characterized by an abrupt discontinuity
inthe In T vs. 1/T plot. Figure 3 also shows a least-squares
fit of the relaxation time data to eq 6 assuming thermal acti-
vation (vide infra). There is no evidence in the magnetization
recovery plots of appreciable nonexponential behavior. This
is sometimes observed in reorienting methyl groups and is in-
dicative of relaxational cross-correlation effects.2’2 Other
causes of nonexponentiality have been identified as cross-re-
laxation2?® and T, anisotropy.2’¢

Kinetic Data Analysis. For the presence of two motional
processes it is possible to express the line width as in28

(AH)? = C2 + (42— BY)2/m [tan“ ‘;’AH]

e

+ (B2 - C?)2/w [tan‘1 ﬂA—H-] @)
27ve,

Here A, B, and C are the rigid lattice line width, the line width
when the first motional process is rapid (v, > ayAH at ca.
170-180 K in the present case), and the high temperature line
width (vc,, v, » ayAH at T > 220 K), respectively. The ».’s
are the correlation frequencies (v, = (2r7.)~") for the low (v,)
and high (v,) temperature processes, and the other terms have
their usual meaning.?® Figure 2A illustrates a least-squares
fit to the line width data. The agreement is quite satisfactory.
If it is assumed that the dynamic processes are thermally ac-
tivated, i.e.,

7o, = oie £/ R (8)

is valid, then it is possible to derive activation energies for the
two motional processes by solving eq 7 for the cases where v,
—0 (110K £ T $170K), »,, = « (T 2 180 K). Fitting plots
of In v vs. 1/ T by least squares yielded E, values for Hf(BH,4)4
of 4.6 £ 0.2 (low-temperature process) and 8.4 £ 0.3 kcal/mol
(high-temperature process). The activation parameters for
Zr(BHy)4 are roughly the same; data are set out in Table I1.
Because of inherent errors in fitting Arrhenius plots, more
reliable AG¥ values,3? calculated from

1/7e, = (kT/h)eAC/RT 9

at the midpoints of the narrowing regions, are also presented.
It is also possible to derive activation parameters from the
pulsed NMR data. From eq 6 and 8,2 a least-squares fit of the
data for Hf(BH4)4 (Figure 3) yields an activation energy for
the low-temperature motional process of 4.5 £ 0.2 kcal/mol,
which is in excellent agreement with the results from the line
width studies. We are reluctant to attempt to derive an accu-
rate E,, from the scanty pulsed data in this temperature region.
From the least-squares fit to eq 6 (Figure 3) it is evident that
the minimum (at 16 MHz) in the In T vs. 1/ T plot will be at
ca. 360 K, which is above the melting point. Studies at signif-
icantly lower frequencies, which would increase the effective
spectral time scale, suffered from loss in sensitivity and in-
terference with the '°F signal of the Teflon sample holding
apparatus.?’

Mechanistic Discussion. Though the foregoing section has
established the presence and activation energetics for two
dynamic motional processes in Zr(BH4)4 and Hf(BH4)4, the
nature of these processes is of great interest and remains to be
discussed. Three kinds of processes are conceivable: self-dif-
fusion, overall molecular reorientation, and intramolecular
rearrangement of the tetrahydroborate ligands as in the
bridge~-terminal hydrogen interchange observed in solution.
As will be seen, it is possible to numerically estimate the effects
of each of these processes on the observed line widths and
second moments.

Self-diffusion has been observed in several molecular sys-
tems, e.g., cyclohexane2? and one phase of Si(CH3)4.3% The
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Table II. Activation Parameters for Motional Processes in Zr(BH4)4 and Hf(BH4)4¢

Compd E,,b keal /mol ato,? s X 10~14 AG* kcal/mol®  E,,9 kcal/mol 70,75 X 1014
Zr(BH4)4
Low-temperature process 5.4+0.2 0.09 43 (124 K)
High-temperature process 52+03 3820 7.3 (200 K)
Hf(BH4)4
Low-temperature process 46+0.2 3.56 4.6 (133K) 45+£0.2 6.07
High-temperature process 8.4+0.3 0.304 8.1 (214 K)

2 Standard deviations are derived from least-squares fits to the appropriate equations. ® Continuous wave data using eq 7 and 8. ¢ From
eq 9, taken at the midpoint of the narrowing process. ¢ Pulsed data using eq 6 and 8.

rapid isotropic molecular motion averages all dipolar inter-
actions and leads to spectral line widths which approach those
observed in fluid solution. This type of behavior is not observed
for Zr(BH4)4 and Hf(BH4)4 and it is safe to conclude that
self-diffusion is not an important line-narrowing process. Rapid
molecular reorientation averages intra- and intermolecular
dipolar interactions in a predictable manner. Rapid isotropic
overall reorientation will average the intramolecular compo-
nent of the calculated rigid lattice second moment (ca. 49 G2
out of ca. 55 G2) to zero.? Likewise, the cubic molecular and
lattice symmetry in the present case ensures that there is an
equal probability for reorientation about symmetry-related
molecular axes, and again the intramolecular part of the second
moment averages to zero.?% The reduction of the i.atermo-
lecular part of the rigid lattice second moment can be calcu-
lated for the two extreme descriptions of molecular reorien-
tation. For the case of a classical diffusive process in which all
atoms can be considered to be moving with constant angular
velocity on the surfaces of spheres centered at the metal ion,
the center-to-center method of second moment calculation is
rigorously applicable and has been used with considerable
success.3! By this procedure we calculate a total second mo-
ment of 1.3 G2, which is far below either of the experimental
leveling-off values observed in the present case. An alternative
description of isotropic molecular reorientation is the “jump
model” in which each of the hydrogen atoms in the molecule
jumps between symmetry-equivalent positions. The problem
becomes one of averaging terms of the type (3 cos? 8 — 1)/r3;;
between intermolecular pairs of nuclei i and j over all possible
relative positions, and also averaging over all orientations for
a powder sample. This can be done by an expansion utilizing
the addition theorem of associated Legendre polynomials (see
Appendix for details). By this procedure we calculate a theo-
retical second moment of 1.0 G2. Again the theoretical value
is far smaller than either of the observed, narrowed second
moments, and it is clear that overall molecular reorientation
does not make a significant contribution to the spectral line
narrowing,

The above results indicate that the motional processes ob-
served by NMR in Zr(BH,)4 and Hf(BH,4)4 must be intra-
molecular in nature. Since two regions of spectral narrowing
are observed, any accurate description of the molecular dy-
namics must incorporate two intramolecular processes. It is
reasonable to postulate and then to test by calculation that one
of the two processes is the bridge-terminal hydrogen inter-
change process. For the second process we shall examine BH4~
rotation about the M~B-~H; axis. This rearrangement can be
most easily viewed by Newman projections (eq 10).

The plausibility of this rotational mechanism is supported
by the fact that both the electron and neutron diffraction
studies revealed large thermal amplitudes along this rotational
coordinate,!3 suggestive of a shallow potential well. Further-
more, this process is analogous to ring rotation in #°-CsHs,%
7%-C¢Hs,28 and #8-CgHg?? organometallics.

We first calculate the effect which rotation of the ligands
about the M-B-H; axes would have on the second moment of

H s

b

H,B BH, H,B BH,

Hb Hb Hb H:
BH, BH,

Hy
HéB H4
= B (10)
*
H, H,
BH,

Hf(BH,4)4. Two extreme descriptions of the rearrangement are
possible: a diffusive (constant angular velocity) or a three-
position jump process. For the diffusive reorientation, the
intra-BH,~ contribution to the second moment will be reduced
by a factor of Y4(3 cos? a;; — 1)2,2 where ay; is the angle be-
tween the internuclear vector r;; and the rotation axis. The
intramolecular inter-BH4~ and intermolecular inter-BH,~
contributions can be calculated in this case by a center-to-
center method?! in which the three Hy, nuclei of each BH4~
group are placed at the point where their plane intersects the
rotation axis. This procedure yields an estimated total effective
second moment of 19.2 G2. For the three-position jump model,
which is probably a more accurate description of eq 10, it can
be shown that the intra-BH4~ portion of the second moment
will again be reduced by !/4(3 cos? a; — 1)2.31230b The intra-
molecular inter-BH4~ and intermolecular inter-BH4~ com-
ponents of the second moment were rigorously calculated in
this description by the Lengendre polynomial expansion av-
eraging procedure (see Appendix). Combining these results
yields a total theoretical second moment for the three-position
ligand jump rotational model of 17.3 G2, In comparison the
experimental effective second moment of Hf(BH,)4 for the
low-temperature process in the relatively level region of
155-180 K is in the range 15.6-13.7 G2, These values are in
reasonable agreement with the rotational jump model espe-
cially considering that there is some overlap of the two motional
processes and that there may be slight inaccuracies in the ex-
perimental bond distances (vide supra) of Hf(BH4)4. The re-
sults of these calculations and those on Zr(BH4)4 are sum-
marized in Table 1.

The second, higher temperature dynamic process must
necessarily be one which results in greater motional averaging
of the internuclear dipolar interactions than the ligand rotation
and thus produces a smaller effective second moment. It is
possible to describe the bridge-terminal hydrogen interchange
process (eq 11) both in terms of diffusive BH4™ reorientation

*

H
M£H>B—H* = MéH«B——H (11)
Ny %
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and in terms of a four-position jump model. In either case the
contributions to the total second moment can be divided into
intra-BH 4™, intramolecular inter-BH,4~, and intermolecular
inter-BH,4~ parts. For both diffusive and jump models, the
intra-BH4~ component goes to zero in the regime where this
tumbling motion of the tetrahydroborate ligand becomes rapid.
For the diffusive process, the intramolecular inter-BH4~ and
intermolecular inter-BH4~ contributions to the second moment
can be calculated by the center-to-center method described
above. This yields a total effective second moment for
Hf(BH4)4 of 5.1 G2, For the jump model, the intramolecular
inter-BH4~ second moment contribution was rigorously
computed using the Lengendre polynomial expansion aver-
aging procedure mentioned earlier (see Appendix) as was the
intermolecular inter-BH4~ component. This averaging pro-
cedure yields a total effective second moment of 4.9 G2 for the
four-position jump model. Reference to Table I and Figure 2a
shows that above 240 K, the experimental second moment for
Hf(BH4)4 is in the range 5.3-4.9 G2, which is in excellent
agreement with the theoretical values for both descriptions of
the fluxional process in eq 11. Analogous results for Zr(BHy)4
are also presented in Table .

Conclusions

The two motional processes observed in solid state '"H NMR
spectra of both Zr(BH4)4 and Hf(BH,)4 are assigned to dy-
namic intramolecular rearrangements. The process which
results in the greatest line narrowing (E,(Zr) = 5.2 £ 0.3;
E.(Hf) = 8.4 £0.3 kcal/mol) is ascribed, on the basis of sec-
ond moment calculations, to rapid bridge-terminal hydrogen
permutation (eq 11), a phenomenon already suggested by
90-MHz 'H studies in solution.”'¥ Here negligible line
broadening was observed down to 193 K in toluene-dg.!4
Whether incorporation in a crystal lattice has significantly
changed the barrier to rearrangement is difficult to estimate,
principally owing to the paucity of solution rate data. The
barriers for bridge-terminal interchange found in the present
case are roughly comparable to that found for the tridentate
(CsHs)3UBH4 (AG* ~ 5.0 + 0.6 kcal/mol at 133 K). For
Zr(BH4)4 and Hf(BHy)s, if it is assumed that the mean
preexchange oroton site lifetime in solution, 7, is less than 10~4
s at 193 K, t!:en from eq 9,33 AG* < 9.3 kcal/mol. From the
broad-line data and eq 9 AG¥(Zr) and AG*(Hf) ~ 7.4 kcal/
mol at 193 K. From these data and similar studies on fluxional
organometallics in the solid state,* it appears that lattice effects
on activation enecrgies are at most on the order of a few kcal/
mol. Ironically, it is the lack of accurate solution rate data
which prevents more detailed conclusions.

A second, lower temperature dynamic process was also
identified in the M(BH,)4 solids, with E,(Zr) = 5.4 £ 0.2 and
E,(Hf) = 4.6 £ 0.2 kcal/mol. This motion results in less line
narrowing at fast exchange than the bridge-terminal hydrogen
interchange process and is already rapid at the onset of the
latter process. On the basis of effective second moment cal-
culations this motion is postulated to involve rotation of the
coordinated BH4~ ligands about the M-B-H, axes (eq 9).
Large thermal vibrational amplitudes along this coordinate
were identified in both the neutron'3¢ and electron diffrac-
tion'3P studies of these compounds, and the situation is, as
stated previously, completely analogous to (n” = C,H,)M
molecules where libration is frequently apparent in diffraction
results and where rapid motion is observed in broad-line NMR
studies.® 2832 The molecular orbitals of a tridentate BH;™ li-
gand are similar in energy and symmetry to an n” = C,H,
carbocycle,’35 which is in accord with a relatively low barrier
to rotation.

It is also interesting to compare BH4~ motion in the present
covalent cases with motion in ionic alkali metal tetrahydro-

borates.?® The latter undergo BH,~ tumbling with barriers of
2.7-4.7 kecal/mol, depending on the alkali metal and the
crystalline phase. Only one motional process is evident for a
given type of ionic BH4~ group in a given phase.
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Appendix

The general equation for the second moment of an NMR
signal in the case of a cingle crystal with a rigid lattice is given
by

S = 3/4g,‘462N,'_11(1+ 1) z (1 — 3 cos? (9,‘]‘)2/7‘,']'6 (Al)
i

(eq 2 is derived from this), where r;; is the distance between
nuclei / and j, 6;; is the angle between the static field and the
internuclear vector, and the other terms have their usual
meaning. For (1 — 3 cos? 8)/r(j/n;® we desire to take a tem-
poral average (denoted by { )) to account for molecular mo-
tion (r;; and 8;; become time dependent) and a spatial average
(denoted by [ 1) for powder samples. By the addition theorem
of Lengendre polynomials,3’

1 —3cos2f\2 3cos?d—1\2
[0y s (22

. 5 . . 5
+3/5‘<sm26cos<p> + <sm26sm<p>

3 3

- NPT

sin® ¢ cos 2¢ \ 2 sin“ § sin 2¢\ 2

P ()] Wy
r r

can be derived for each nuclear pair i, j, where r, 8, and ¢ are

the spherical polar coordinates of internuclear vector r in an

arbitrary reference coordinate system. The equation

(120 s (2252 s (25
P ()] w

follows on changing to Cartesian coordinates, where x, y, z are
the coordinates of vector r. This equation can be readily in-
corporated into a computer program?? for calculating effective
second moments under different types of motional averaging.
Equation A3 is equivalent to expressions derived by Watton
et al.3® and Andrew et al.40

For multiposition jump3® descriptions of molecular motion
in M(BHy)4, the procedures given below were employed. The
numerical results were summarized in Table I.

(1) Rotation about M-B-H (terminal) axes. Terms on the
right-hand side of eq A3 were calculated for each internuclear
pair, averaging over the three possible sites that each bridge
hydrogen could occupy (with equal probability). Second mo-
ments calculated for cutoff radii of 6.0 and 9.0 A were within
0.1 G2

(2) Bridge-terminal hydrogen interchange. A calculation
was performed as above, but with each BH4~ hydrogen having
access, with equal probability, to four sites. Computed second
moments with 6.0 and 9.0 A cutoff radii were within 0.1 G2.

(3) Molecular reorientation (with rigid BH4~ groups). In
this case, the intramolecular internuclear distances remained
constant, and each BH4~ ligand had access to four sites, with
three orientations in each site. As expected, the intramolecular
component of the effective second moment was calculated to
be zero. Second moments for 6.0 and 9.0 A cutoff radii were
essentially identical.
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(4) Molecular reorientation combined with rotation about
the M-B-H (terminal) axes, and molecular reorientation
combined with bridge-terminal hydrogen interchange. In these
cases, intramolecular internuclear distances must also be av-
eraged in the calculation. For the former process (6.0 or 9.0
A cutoff) the effect second moment was calculated to be 1.0
G2, while for the latter process (6.0 or 9.0 A cutoff) it was
computed to be 0.9 G2,
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