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The UV photoelectron spectra (PES) of the transition-metal complexes LM(CO)s, where M = Cr, Mo, or W and L =
PEt;, PMe,, P(NMe,);, P(OEt)s, P(OMe),, or PF;, are reported and compared with the PES of the uncoordinated ligands.
Particular emphasis is placed on the assignment of the metal d orbital band components, the M—P bond, and the P nonbonding
pair in the free ligand. The ability of the ligands to split the ty; orbitals of the parent hexacarbonyl into the ¢ and b, components
falls in the order PEt; ~ PMe; > P(NMe,); > P(OEt); ~ P(OMe), > PF; and follows the inverted order of w-acceptor
ability of these ligands. The o-donor ability is reflected in the ionization potential (IP) of the M—P bond and falls in the
order PEt; ~ PMe; > P(OEt); ~ P(OMe); > P(NMe,), > PF;. Comparisons of the free and complexed ligands allow
us to make definitive assignments of the PES bands of the free ligands, assignments about which there has recently been
considerable controversy. The spin—orbit coupling (SOC) parameters of the W complexes remain unexpectedly constant
through this series of ligands rather than decreasing as their m-acceptor ability increases. We attribute this constancy to
the ability of CO to release electron density to the metal, thus, compensating for loss of density as the w-acceptor ability
of L increases. Therefore, the total delocalization of the metal remains constant. The o/« parameters derived from the
PES are also compared with those from CO force constants. Fenske—Hall molecular orbital (MO) calculations were done
on the Cr complexes of PMe;, P(NMe,);, P(OMe),, and PF; and the results of these calculations support our assignments.

" Introduction

Photoelectron spectroscopy (PES) has proven to be a
valuable tool in the elucidation of the electronic structure of
molecules.? Previous work by M.B.H. has shown the value
of comparing the PES of first- and third-row transition-metal
complexes.’ The effect of spin—orbit coupling on the spectra
in the case of XRe(CO);s species provided a definitive as-
signment and a measure of the total delocalization of the metal
d electrons,

In this work we have undertaken a study of the PES of
LM(CO); systems where M is a group 6B metal (Cr, Mo, or
W) and L is a phosphorus ligand (PEt;, PMe;, P(NMe,),,
P(OEt);, P(OMe);, or PF;). Although there have been a
number of recent papers dealing with the relative 7 acceptor
and ¢ donor properties of the phosphine and phosphite ligands
in these pentacarbonyls, most of the conclusions about these
electronic properties have been based on the measurements
of CO stretching frequencies* or 3*W-31P coupling con-
stants.*®® There have been only a few studies on the electronic
structure via more direct measurements such as PES.® These
PES studies have also been under lower resolution than the
results to be reported here.

The relative w-acceptor properties of these ligands should
be reflected in the degree to which the t,, of the parent
hexacarbonyl is split into an e and b,. In the case of tungsten
the e is further split by the spin—orbit coupling into an ¢’ and
¢” of the double group Cy*.*> Since the b, is also of e”
symmetry under the spin—orbit Hamiltonian, there is some
interaction between it and the other ¢” component. As we have
shown previously,’ a study of this effect can increase our
confidence in a particular assignment and provide us with a
measure of the total delocalization of the metal d electrons.

The relative o-donor strength of ligands should be reflected
to a large degree by the ionization potential (IP) of the M-P
bonding molecular orbital (MO). The comparison between
the free and coordinated ligand spectra also provides a def-
initive assignment for the P lone pair (donor orbital), since
it will be perturbed more severely than the other ligand orbitals
on coordination. There has been considerable controversy
recently concerning the assignment of several of these ligands,’
which is resolved by this work,

Experimental and Theoretical Section

Preparation. All solvents were dried over molecular sieves and
purged with N, Where possible, all materials were handled in an
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Table I. Ligand Geometry Data

bond lengths, bond angles, dihedral angles,
ligand A deg deg

P(CH,), P-1 1.846 M-P-1 1189 M-P-1-2 0
1-2 1.096 P-1-2 109.6 M-P-1-3 120
1-P-1'  98.6 M-P-1-4 240
P[N(CH,),], P-1 1.648 M-P-1 112.7 M-P-1-2 60
1-2 1.448 P-1-2 1183 M-P-1-3 240
2-5 1.096 2-1-3 111.8 P-1-2-5 180
1-2-5 109.6 P-1-2-6 60
1-P-1" 106.1 P-1-2-7 300
P(OCH,), P-1 1.574 M-P-1 116.3 M-P-1-2 0
1-2 1.410 P-1-2 129.1 P-1-2-5 180
2-5 1.096 1-2-5 109.6 P-1-21-6 60
1-P-1' 101.8 P-1-2-7 300
PF, P-1 1.570 M-P-1 119.5

,I_
)
[}
—_

97.8

inert atmosphere. Published procedures® were followed for the
preparation of all compounds except the PF; derivatives. All complexes
were purified by sublimation or recrystallization and were verified
by melting/boiling point or 'H NMR or IR spectroscopy.

The PF;M(CO)s compounds were prepared by the slow, simul-
taneous addition of fairly dilute CH,Cl, solutions of (Et;0)(BF,)°
in twofold excess and [NH,][CIM(CO)s]'° to a PF;-saturated CH,Cl,
solution cooled to 0 °C. The additions were done under an N, blanket
while concurrently bubbling PF, through the cooled CH,Cl,. After
the additions were complete, the volatiles were removed under high
vacuum, while maintaining the reaction mixture at —10 °C. The flask
was then allowed to slowly warm to room temperature, while the
remaining volatile components were trapped at ~25 °C. Overnight
pumping of the trap, held at -15 °C, removed all contaminants and
the remaining material proved to be the desired product. Although
the yield is low, this procedure avoids the formation of any di- or
trisubstituted complexes.

Spectroscopy. The PE spectra were taken on a Perkin-Elmer Model
PS-18 photoelectron spectrometer, modified by the addition of a Tracor
Northern Model TN-1706 multichannel analyzer. By making multiple
passes through the region of interest, we were able to significantly
improve the signal/noise. The data from the channels, which are
spaced at 0.02-¢V intervals, were used to deconvolute the d envelope
into its components. The full spectra were recorded as a single slow
sweep using the standard PS-18 recorder system. The argon line was
used as the single internal standard, but the instrument was calibrated
periodically using both Mel and Ar. The resolution was always better
than 30 meV for the Ar 2Py, line.

Deconvolution. The splitting of the d bands was resolved by fitting
the data from the multichannel analyzer to asymmetric Gaussian
peaks. The ratios of the left to right half-widths were fixed at the
value obtained by fitting a single asymmetric Gaussian to the d band
of Cr(CO)¢ (ratio = 0.467). It was further assumed that, when the
tys band was split into an € and b,, the intensity ratio would be 2 to
1. These assumptions can be justified from our work on Mn and Re
complexes,’ where the larger e-b, splitting and spin—orbit coupling
made these assumptions unnecessary. Thus, for the Cr and Mo
complexes, a single amplitude factor, a single half-width, a single
overall band position, and the e—b, splitting were varied to fit the data
(75 to 100 points). For the W complexes a fifth parameter, the value
of the spin—orbit coupling, was introduced. The equations relating
the final IP’s to the value of the e-b, splitting and the spin—orbit
coupling have been presented previously.?

Theoretical. The MO calculations on the Cr complexes of PMej,
P(NMe,);, P(OMe),, and PF; were performed by the approximate
nonempirical method of Fenske and Hall.!! The Cr(0) functions were
those of Richardson'? except for the 4s and 4p for which we used
exponents of 2.0, a value which maximized the ¢ overlap with the
ligands.!* The C, N, O, and P functions were taken from the double
¢ functions of Clementi'* and reduced to a single {!* except for the
valence p, for which we retained the double ¢ function. The exponent
of H was taken as 1.2, The functions on each atom were made
orthogonal by the Schmidt procedure. The geometries for the ligands
were idealized to C;, symmetry from published structural studies.'®
The bond length and angles for the CH; groups were those reported
for MeOH.'¢ The geometries are presented in Table I, wherein the
numbering system refers to Figure 1, and the A-B—C-D dihedral angle
refers to the clockwise rotational difference between AB and CD when
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Figure 1. Ligand numbering system. (Note: only one of the three
C,, symmetry related phosphorus substituents is shown.)
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Figure 2. PES of PEt;/PEt;Mo(CO)s.
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Figure 3. PES of P(NMe,);/P(NMe,),Cr(CO)s.

looking down the BC axis. The Cr-P, Cr-C, and carbonyl C-O bond
lengths were also literature values!’ and were kept constant in each
complex so that the calculated differences could be limited to energetic
effects and would not include an inherent geometric bias. A Mulliken
population analysis was used to determine the gross charges on the
atoms and populations of individual atomic orbitals.

Results and Discussion

Free vs. Coordinated Ligand. Several representative PES
are shown in Figures 2—35, and each contains a spectrum of
the free ligand and the complex. Since the exact confor-
mational geometry is unknown for most of the ligands and
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Figure 5. PES of PF,/PF;W(CO)s.

complexes, we have made assignments of the bands according
to their major atomic components. To assume a particular
point group and make assignments using the symmetry
designations would only be misleading. In Figure 2 the first
band of the free PEt, corresponds to the P lone pair, the second
corresponds to the symmetry-adapted P-C combinations, and
the remaining broad overlapping bands correspond to the C~C
and C-H interactions. In the complex the band around § eV
is the Mo d envelope; the next is the Mo—P bond, followed by
the P-C bonds and, finally, the CO region overlapping the
C-C and C-H bands. All of the ligand bands increase in IP
upon coordination, but the P lone pair increases the most
because of the direct M-P interaction. The PES of free and
coordinated tris(dimethylamino)phosphine is shown in Figure
3. The spectrum of the free ligand shows four bands below
11 eV; three are assigned to N lone pair orbitals and one to
the P lone pair. Much of the recent controversy has concerned
these band assignments. We feel justified in assigning the
highest IP band as the P lone pair because upon coordination
this band is stabilized more than the others. The larger
stabilization for the P lone pair compared to the N lone pairs
is also supported by the MO calculations. However, the
approximate MO calculations indicate substantial mixing of
the P and N lone pair orbitals, so this band probably contains
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Table II. Free Ligand and Complex PES Data (eV)

a, free a,com- A coor- metald

compd ligand plex  dination maxima

PEt, Cr 8.52 9.63 1.11 7.6
Mo 8.52 9.63 1.11 7.7
w - 8.52 9.71 1.19 7.8

Av 8.52 9.66 1.14
PMe, Cr 8.79 9.87 1.08 7.6
Mo 8.79 9.84 1.05 7.7
w 8.79 9.92 1.13 7.9

Av 8.79 9.88 1.09
P(NMe)), Cr 10.01 11.07 1.06 7.6
Mo 10.01 11.03 1.02 7.8
w 10.01 11.14 1.13 7.9

Av 10.01 11.08 1.07
P(OEt), Cr 9.15 10.27 1.12 7.9
Mo 9.15 10.30 1.15 8.0
w 9.15 10.34 1.19 8.1

Av 9.15 10.30 1.15
P(OMe), Cr 9.21 10.33 1.12 8.0
Mo 9.21 10.35 1.14 8.1
w 9.21 10.36 1.15 8.2

Av 9.21 10.35 1.14
PF, Cr 12.20 12.55 0.35 8.7
Mo 12.20 12.52 0.37 8.8
w 12.20 12.60 0.40 8.9

Av 12.20 12,57 0.37

substantial N character, at least in the free ligand. The
assignments of the remaining bands are indicated on Figure
3. A particularly important point is that the N lone pairs are
lower in IP than the P lone pair. Our results support the
assignments of Cowley et al.,”* but not those of Worley.”
Figure 4 shows the PES of P(OMe); and its Cr complex. The
assignments are indicated and, again, it should be noticed that
the P lone pair is stabilized upon coordination to a greater
extent than any other ligand orbital. However, unlike the
previous N compound, the O lone pairs in the phosphite have
an IP higher than that of the P lone pair. This conclusion
differs from the previous interpretation of the free ligand
spectrum.” Figure 5 contains the PF, spectra and shows the
P lone pair at higher IP than that of the other ligands and the
F lone pair at a very high IP. On coordination the P lone pair
moves up in IP, but not as much as in the other ligands.

The IP values for the P lone pair, the M~P bonds, and the
approximate maxima of the multicomponent metal d envelopes
are given in Table II.. Our assignments of the P lone pair and
M-P bond are supported by the rather constant change on
coordination which is ~1.1 eV for each ligand except PF;.
These data allow us to establish an order of s-donor ability
as PEt3 ~ PMC3 > P(OEt)3 ~ P(OMC)3 > P(NM52)3 > PF3
based upon both the free and complexed ligand a; IP’s. The
PF, ligand stands out as a much weaker donor because of both
its higher IP and its smaller change on coordination. From
inductive arguments one might expect the o-donor trend to
parallel the electronegativity of the P substituents (R < NR,
< OR < F).. However, the donor properties as reflected by
the IP are reversed for NR, and OR. This reversal can be
accounted for by considering direct interaction between the
lone pair on P and the orbitals on its substituents, as shown
in Figure 6. In PF; the highly electronegative F’s place the
P diagonal term rather low. The P is then destabilized
somewhat by P-F interactions, but because the F orbitals are
much lower in energy, they interact only very weakly with the
P orbitals. Thus, the electronegativity effects of F dominate
the energy of the P a; orbitals. In the phosphites the P lone
pair diagonal energy rises compared to that in PF; due to the
less electronegative oxygen. In addition, the close proximity
of the oxygen (both lone pairs and P-O bonding) orbitals to
the P destabilizes the P a; considerably. In the case of the
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Figure 6. MO diagrams for PF;, P(OR);, and P(NR;);.
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Figure 7. MO diagrams for three possible cases of spin-orbit coupling
in LM(CO)s compounds.

(dialkylamino)phosphine, the P diagonal term again rises
because of the decrease in the electronegativity, but now the
N orbitals are above the P diagonal term so that their in-
teraction stabilizes the P a, orbital. Thus, the direct interaction
of the P lone pair with the heteroatom’s orbitals accounts for
the reversal in the o-donor properties of P(OR); and P(NR,);
ligands. The MO diagram in Figure 6 was constructed by
placing the MO energies at their experimental values. The
MO calculations and the experimental assignments were then
used to establish the qualitative trends in the diagonal terms.

Resolution of d Bands. We have also taken high-resolution
spectra of the metal d bands with the multichannel analyzer
described earlier. In a hexacarbonyl such as Cr(CQO)g, the
electronic configuration is ty,® and there is a single band
observed at 8.5 eV corresponding to this orbital. When the
symmetry is reduced by replacing one of the carbonyls with
a different ligand, the t,, band splits into e and b, components.
Although the full symmetry of the molecules considered here
is much lower than C,, our calculations on several LCr(CO);
compounds indicate that the splitting of the e bands due to
symmetry components lower than C,, is less than 0.001 eV.
Thus, for the metal orbitals the symmetry is well approximated
by C,,. If the unique ligand is a better & acceptor than CO,
one would expect the ¢ IP to be greater than the b, IP, while
if it is a poorer = acceptor, one would expect the reverse order.
For W compounds there is an additional perturbation due to
spin—orbit coupling (SOC), which splits the e into ¢/ and e”
(C4, double group) and also perturbs the b, since it is now of
¢” symmetry. The complete equations for this effect have been
presented previously® and the results are summarized in Figure
7. Case | of Figure 7 shows the scheme for the b, level above
the e level; in this case the splitting between the first and second
IP must be greater than the splitting between second and third
IP. As the b, level approaches the ¢ level, the splitting between
the second and third IP decreases until they are equal (case
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Figure 8. Deconvolution of the metal d band in PEt;M(CO)s.

2). As the b, level becomes more stable than the e (case 3,
Figure 7), the splitting between the second and third IP in-
creases while the splitting between the first and second de-
creases. Only in case 3 can the splitting between the first and
second IP be equal to or less than the splitting between the
second and third IP. In addition to providing an aid to the
assignment on the basis of the splitting pattern, the value of
the spin—orbit coupling parameter from the deconvolution of
the W spectra provides us with a measure of the overall
delocalization of the metal electrons. The smaller the SOC
parameter, the more delocalized the metal d electrons are.

The spectra and the computer curve fits for PEt;M(CO)s,
M = Cr, Mo, and W, are shown in Figure 8. The vertical
tick marks are the experimental data. The two (or three)
components and their sum are shown by the solid lines. The
observed bands clearly show a splitting of d orbitals, and,
within the constraints described earlier, they can only be
deconvoluted with precision by assuming IP, < IP,,. This order
and only this order can produce three approximately equally
spaced peaks as is seen in the W spectrum. Although these
deconvolutions could have been done without the applied
constraints, which would have improved the curve fit, the
constraints were necessary for some of the other spectra.
Therefore, the constraints were applied to all deconvolutions
s0 that valid comparisons could be made.

The metal d band spectra and deconvolutions of W(CO),
and the remaining LW(CO); complexes are shown in Figure
9. In the phosphorus compounds the left and center bands
are the spin—orbit split e orbitals while the right band is the
b,. In W(CO)¢ the orbitals are split by SOC only. In these
W compounds the overall fit between the experimental and
calculated curves is less than perfect because of the constraints
applied, but the individual peaks do fall under the band
maxima. On going from PEt, to PMe; we see a similar but
less well resolved band with a somewhat smaller e-b, splitting.
The band width and splitting decrease further in the P(NMe,);
compound, and both decrease further still in the P(OEt),
complex although a splitting at the top of the band and a
shoulder on the low-IP side can still be discerned. Further
narrowing and an absence of obvious splitting are seen in the
P(OMe), spectrum. Finally, the PF; compound exhibits the
narrowest band and smallest splitting, which is consistent with
its known w-acceptor ability.
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Table IH. Orbital Splittings and W SOC Constants (eV)

8.80 9.30
ENERGY (EV)

e=b, ‘ w
ligand Cr Mo w Av SOC
PMe, -0.29 -0.29 -0.28 -0.29 0.17
PEt, -0.29 -0.27 -0.30 -0.29 0.18

P(NMe,), -0.24 -0.22 -024 -023 018
P(OMe), -0.23 -0.20 -0.19 -0.21 0.18
P(OEt), -020 -019 -021 -0.200 0.18
PF, -0.16 -0.20 -0.15 -0.17 0.16

The final values for e-b, splittings and W SOC parameters
are shown in Table III. The standard error from the statistics
of the deconvolution is less than 0.01 eV except for the PF,.
The uniformity of the splittings for each ligand with three
different metals gives support to our values, especially, since
each deconvolution was independently done without infor-

mation from the others. The largest variation occurs in the

PF, compounds which have the smallest e-b, splittings. The
large Mo-PF; value may be due to the neglect of Mo spin—
orbit coupling which becomes more important as the e-b,
splitting decreases. A general overview of w-acceptor ability
for each ligand type can be obtained from the average
splittings: PR; (-0.29 £ 0.01) < P(NR;); (-0.23 £ 0.01) <
P(OR); (-0.20 £ 0.01) < PF; (-0.17 £ 0.03). This series
parallels the relative electronegativity of the phosphorus
substituent. , '
Also in Table III are listed the SOC constants obtained from
the deconvolution of the W complexes. One might expect that
the concomitant loss in metal electron density on increasing
the m-acceptor ability of L would be reflected in decreasing
SOC constants. However, this is not seen, as the complexes
show a rather constant value in this parameter, and no ap-
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Table IV, Deconvolution Results for PF ,W(CO), (eV)
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parent trend is evident. We believe this behavior is due to the
very flexible M—CO = bond, which can release density into
the metal as the acceptor ability of the phosphorus ligand
increases. Thus, the CO’s are acting as electron reservoirs and
keep the overall metal d electron delocalization constant as
shown by the SOC parameters.

Our results for the PF,; complexes deserve some additional
comment, since they imply that PF; is a weaker 7 acceptor
than CO. As shown in Table III, the e-b, splitting is rather
small for the PF; ligand. From the conclusion of Figure 7,
we recall that if the e level is below the b,, one should observe
a single band followed by two closely spaced ones. Thus, if
the e-b, order were reversed in the PF; complexes, the spectra
should resemble W(CO)4 with a prominant shoulder at low
IP. In fact the d band appears as a single envelope without
any apparent structure. This shape is most readily explained
by assuming the e level is above b, (case 3, Figure 7). Further
quantitative evidence for this conclusion comes from our
deconvolution program. The program can be forced to obtain
the best possible fit of the spectra with a positive e-b, splitting
(case 1, Figure 7). The best parameters for both cases and
their standard error are shown in Table IV. The standard
errors for both the e~b, splitting and the SOC parameter are
statistically larger for case 1. In addition the SOC parameter
itself is unacceptably small for a tungsten pentacarbonyl. We
are forced to conclude that the e-b, splitting is negative and
that PF; is a similar but weaker = acceptor than CO. In
previous work on M(PF;)¢ and M(CO)4 complexes!® Nixon
observed the d band envelope at larger IP for PF; complexes
and concluded that PF; has a slightly greater overall elec-
tron-withdrawing effect. We see a similar effect for the
monosubstituted complex. However, our calculations suggest
that this is due not to a greater electron-withdrawing effect
for PF; but to the fact that this ligand, with the three very
electronegative F’s withdrawing charge from the P, presents
a large electrostatic stabilization energy to the metal d
electrons.

Probably the most widely used method for obtaining relative
o and 7 characteristics of ligands is based on a Graham
analysis!® of carbonyl force constants, Using literature values
of IR frequencies,* we have obtained the Cotton-Kraihanzel
force constants?®® and analyzed them according to the method
of Graham. The results are shown in Figure 10. The error
limits are those suggested by Graham and are probably
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conservative. Thus PF; and CO are of identical donor/ac-
ceptor characteristics within the error limits, and the clustering
of the remaining ligands prevents any definitive ordering of
their characteristics. However, the same type of plot can be
constructed using e—b, splittings as a measure of w-acceptor
ability and the M—P a, IP to define s-donor ability.

This plot is shown in Figure 11 where the error bars
(standard deviations) are considerably smaller than in Figure
10. The smaller error bars arise in large part from the fact
that we are making direct experimental measurements of the
w-acceptor /o-donor properties, while a Graham-type analysis
involves the reduction of the experimental frequency to ap-
proximate force constants and then the reduction of these to
approximate 7 and ¢ parameters. Figure 11 shows that PF;
is a better o donor and poorer 7 acceptor than CO and es-
tablishes, without the overlap of the error limits, scales of
relative acceptor and donor ability of the three classes of P
ligands.

Our conclusion concerning the w-acceptor ability of PF,
compared to CO is in agreement with the thermochemical
bond energies.?! These results show that the M—~CO and
M-PF; bonds are of nearly equal strength. Since PF;is a
better o donor than CO, a conclusion supported by this and
most other work, it is reasonable that it should be a poorer
m acceptor in order to have a overall bond strength equal to
that of CO. If PF; were both a better o donor and a better
7 acceptor than CO, one would expect a stronger overall
M-PF; bond, a result in disagreement with the thermo-
chemical studies.?!

We also have done some approximate MO calculations on
uncoordinated PMe;, P(NMe,);, P(OMe);, and PF; and the
Cr complex of each. The calculations are in excellent
qualitative agreement with our MO assignments made earlier
and with the observed e-b, splittings. A plot of the calculated
e—b, splitting vs. the experimental splitting is shown in Figure
12, The calculated splittings are larger than the observed
value in each case, but the trend is reproduced well. The larger
splittings are due in part to the fact that d functions were not
included in the P basis set, so that the calculated w-acceptor
abilities are less than expected. An additional calculation on
P(OMe); with P d orbitals showed only small changes in the
eigenvalues and eigenvectors. We, therefore, feel justified in
using this smaller basis set, even though the P d orbitals may
play some part in the bonding.

Another particularly interesting aspect of these calculations
is that they suggest that the alkylphosphines not only are poor
# acceptors but may actually have some w-donor ability. One
can see how this may arise by comparing the qualitative MO
diagrams for the complexes of PF; and PMe, shown in Figure
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Figure 12, Observed vs. calculated e-b, splitting.

M(COWPF, M(CO)PRy /s._EBA
- €*PFa //
_al 7 O // T*Co
¥4 ’
,’:/ /// ’//
_eL M3d M3d /7
f1 N !/
"‘ ,’/ \\\‘\ .~ e ///l
L o \\ N /
8 W e VBN e
2 A P N PR
g-io Y ———"" N\ ePRj
u iy P-C L
-2 ‘\\ a _‘___Q&FA_
-4}
-6} V77P7_7Fm e 8PP

Figure 13. MO diagrams for PF;Cr(CQO)s and PMe;Cr(CO)s.

13.  In both compounds the e*, which is the antibonding
counterpart to the P-L set, is the m-acceptor orbital. This
orbital is closer in energy to the metal e set in PF, than in
PMe;. Thus, PF; will accept more electron density from the
metal. The bonding P-F ¢ set is so low in energy in PF; that
it will not interact with the metal e orbitals. However, the
P-C e set is much closer to the metal levels in the PMe;
compound. The calculations suggest that this e set, in fact,
destabilizes the metal ¢ levels and, in part, accounts for the
large e~b, splitting observed in the alkylphosphines. Thus, the
alkylphosphines are acting like = donors.

Conclusions

Photoelectron spectroscopy has been shown to be a valuable
tool in studying phosphorus ligands and their transition-metal
complexes. These studies established scales of relative =-
acceptor ability, PR; < P(NR,); < P(OR); < PF,, and o-
donor strength, PR; > P(OR); > P(NR,); > PF,, with much
higher precision than approximate CO force constant analysis.
The order of w-acceptor abilities parallels the electronegativity
of the P substituents, but the o-donor strengths are influenced
by the direct interaction of the substituents’ lone pairs and P-L
bond pairs. Our results show that PF; is a similar but
somewhat poorer 7 acceptor than CO and that alkylphosphines
may have some w-donor properties. The constancy of the
tungsten spin—orbit coupling parameter illustrates the ability
of the carbonyls to act as reservoirs for the w-electron density
and to release these electrons as the w-acceptor strength of the
other ligands changes. This latter result and the fairly large
changes in the e-b, splitting in going from M(CO), (0.00) to
PR M(CO)¢ (-0.29) confirm the importance of = bonding in
group 6B carbonyl systems.
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By use of the technique of matrix-isolation spectroscopy in conjunction with a hollow-cathode sputtering source the
infrared-active vibrations of the diatomic hydrides and deuterides of aluminum, copper, and nickel have been directly observed.
The metal hydride and deuteride vibrations at 14 K in an argon matrix occurred as follows: AlH, 1593 cm™; AID, 1158
cm!; CuH, 1882 cm™!; CuD, 1356 cm™!; NiH, 1906 ¢cm™; NiD, 1374 cm™.,

I. Introduction

Recent interest in the possible production and detection of
metal hydrides and deuterides arising from physical/chemical
sputtering of metals by energetic reactive ion beams is related
to the plasma first-wall interactions envisioned to occur in
thermonuclear reactors. Sputtering of the first wall by ions
and/or neutrals escaping from the plasma can lead to serious
first-wall erosion as well as plasma contamination problems.
Therefore, the qualitative and quantitative detection of the
sputtered products resulting from bombardment of a metal
surface by energetic hydrogen and deuterium ions is essential
to ascertain the extent of these problems and the possible
solutions thereof. ‘

A convenient method for producing diatomic metal hydride
and deuteride molecules would also be useful for a detailed
examination of the elementary steps involved in catalytic
reactions. Recent work on matrix-isolated ethylene!? as well
as nickel- and platinum-ethylene complexes!® has shown the
close relationship between the spectroscopic properties of
matrix-isolated complexes and the spectroscopy of chemisorbed
species on metal surfaces. To investigate intermediates in
catalytic hydrogenation reactions, the program would be to
matrix-isolate metal hydrides together with ethylene for
‘example and to search for reaction products on the way to
ethane. The hollow-cathode discharge method for the pro-
duction of metal hydrides has some advantages over the more
conventional method using thermally generated H or D beams.
As will become apparent, the discharge method also appears

to have some disadvantages, particularly with regard to the
large M/MH ratios observed in the matrices.

The technique and utility of matrix-isolation spectroscopy
has been well documented in the literature?> demonstrating
that it is a viable technique for the optical study of atomic and
molecular (stable or unstable) species. Hollow-cathode
sputtering sources where the metal atoms are sputtered from

“the surface of the cathode by a low-energy plasma and

subsequently excited in the discharge to produce an atomic
spectrum have been used for many years.® If small amounts
of a reactive gas are added to the discharge, molecular species
formed by reactions with the sputtered metal atoms can
occur.”® In this paper, the technique of matrix-isolation
spectroscopy has been utilized to detect by infrared absorption
the formation of aluminum, copper, and nickel diatomic
hydrides and deuterides produced in a hollow-cathode cathode
discharge. This technique permits, at present, the qualitative
determination of the sputtered products resulting from a
low-energy reactive plasma interaction with a metal surface
using UV-visible and infrared absorption detection of the

matrix-isolated sputtered species.

II. Experimental Section

A cross-sectional view of the hollow-cathode sputtering source and
matrix-isolation collection assemblies is shown in Figure 1. The
hollow-cathode sputtering source is similar to one which has been
previously used in our laboratory;’ the present source has been modified
for easier use and reliability. A Cryogenic Technology, Inc., Model
21 closed-cycle helium refrigerator (b) enclosed by a stainless steel
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