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Abstract 

We have investigated the vibrational spectrum of the dihydrogen complex 
[~(CO),(~~-~~)(~{isopropyl},)~] with particular emphasis on the inelastic neutron scattenng 
spectrum. Previous work treated the motion of the dihydrogen ligand as either the rotational 
transitions of dihydrogen in a deep attractive well o ra s  the modes of a dihydrogen complex. We 
have shown that neither model on its own can account for the inelastic neutron scattenng spec- 
trum. The rotational model requires the addition of vibrations and the vibrational model, a s  cal- 
culated by density functional theory, requires the addition of a split ground state. We have also 
shown that there is significant mechanical coupling of the dihydrogen modes to those of the 
other ligands, especially the carbonyls. Simulation of the method used in the literature. shows 
that the most irnportant result, the location of the torsional mode. is validated, but that the 
method is not reliable for higher energy modes. Assignments for the carbonyl modes and come 
of the skeletal modes are also given. The implications of the vibrational coupling for the use of 
the dihydrogen complexes as model compounds for suríace species are considered. 

Key words: Density functional theory; dihydrogen complex; inelastic neutron scattering; 
vibrationai spectroscopy. 

Análisis del espectro vibracional del complejo 
de di-hidrógeno [W (C0)3(y2-H2) (P{isopropil]3)2] : 

Un modelo para el espectro vibracional de la especie 
de superficies dihidrógeno 

Resumen 

En esta comunicacion presentamos los resultados de la investigacion del espectro vibra- 
cional del compuesto de dihidrogeno W(CO),(~~-H,)(P{isopropil},),] poniendo enfasis en particu- 
lar en el espectro inelastico de neutrones. En trabajos anteriores se  ha  tratado el movimiento 
del ligando de di-hidrogeno tanto como transiciones rotacionaies de la molecula de hidrogeno 
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en un pozo de potencial atractivo o como una serie de modos del complejo de di-hidrogeno. No- 
sotros demostramos que ninguno de estos modelos. por su  propia cuenta. puede explicar el es- 
pectro inelastico de neutrones observado. El modelo rotacional require la presencia de vibracio- 
nes y el modelo vibracional. calculado mediante el uso de caiculos ab-initio DFT [siglas en in- 
gles de la teoria del funcional de la densidad) necesita la incorporacion de un estado base bifur- 
cado. Tambien hemos demostrado que hay un acoplamiento significativo de los modos del di- 
bidrogeno con los demas ligandos. especialmente los carbonilos. Simulaciones de los metodos 
utilizados en la literaturamuestran que el resultado mas importante. la ubicacion de los modos 
torcionales es valida. pero que el rnetodo no es apropiado para los modos de mas alta energia. 
Asimismo presentamos las determinaciones de los modos de los gmpos carbonil y esqueletales. 
Finalmente analizarnos las consecuencias del acoplamiento vibracional en el uso de los com- 
puestos de di-hidrogeno como modelos de moléculas adsorbida sobre superficies. 

Palabras clave: Complejo de dihidrógeno: difracción de neutrones inelásticos: 
espectroscopía vibracional: teoria del funcional de la densidad. 

introduction lenethsof 1.1  - 1.5Aareknown[41.~hein 

In the passage from physisorbed dihy- 
drogen to chemisorbed hydride on a catalyst 
surface, there must be a stage where dihy- 
drogen is bound to the active centre but the 
H-H bond is still present. For many years it 
was believed that this was a transition state. 
so could not be trapped and studied. This 
changed in 1984 with the announcement of 
a series of complexes that contained a 
sideways-on, r12-bound, dihydrogen ligand 
(1). The history of their discover- and a com- 
prehensive review have been eiven 12). 

The bonding in a dihydrogen complex 
is similar to the Dewar-Chatt-Duncanson 
description (3) of bonding in a n  or- 
ganometallic complex. viz. donation from a 
filled bonding orbital of the ligand to empty 
d-orbitals of the metal. and back donation 
from filled d-orbitals to empty non-bonding 
or antibonding orbitals of the ligand. Dihy- 
drogen is unique in that back donation oc- 
curs to the empty o'-antibonding orbital of 
the dihydrogen ligand rather than to an*  or- 
bital. Both o-donation from. and back dona- 
tion to, dihydrogen causes weakening of the 
H-H bond. the bond length increasing from 

., . . 
crease in bond length also requires that the 
observed 1i.e. anharmonic) vibrational fre- 
quency of free dihydrogen, v , ,  (4159 cm') 
should fall when dihydrogen is bound: val- 
ues in the range 2000 - 3200 m' are 
known. although 2600 - 3000 cm~'  is more 
typical 12). 

The complexes serve as model com- 
pounds for an  intermediate in the dissocia- 
tive adsorption of hydrogen. as such. they 
provide a bridge between physisorbed and 
dissociated states of hydrogen. Their vibra- 
tional spectra can be u s e d  to characterise 
the complexes and provide information as to 
the modes that may be useful to i d e n w  di- 
hydrogen intermediates on a surface. The 
complexes can be viewed from two direc- 
tions: as  an example of dihydrogen rotating 
in a strong potential. the rotational model. 
or as a conventionai complex. the vibra- 
tional model. Since both viewpoints are de- 
scribing the same phenomenon they should 
be equivalent. However. we shall see that 
both models are incomplete. 

Experimental 
0.746 A, the value for giiseous dihyd;ogen. The ab initio calculations were carried 
to. typically. 0.8 - 1 .O A for a dihydrogen out using density functionai theory [DFT) 
complex. although 'super-stretched' bond with the B3LYP hybrid functional and the 
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LanL2DZ basis set a s  implemented in Gaus- 
sian03 (5). The initial geometry was ob- 
tained from the crystal structure (1). The 
calculation reproduces the observed geome- 
try very well apart from an overestimation in 
the W-H distance. Table 1. The vibrational 
spectra were then calculated from the en- 
ergy minimised structure. The GaussView 
3.0 package was used for visualisation ofthe 
modes. The Gaussian03 outpiit includes 
the infrared and Raman intensities as well 
as  the atomic displacements of al1 the atoms 
in each vibrational mode. 

Inelastic Neutron Scattering 

on the cross section. means that scattering 
from hydrogen will dominate the s ectrum 2 sinceo,,= 82 barn (1 barn = m ), al1 the 
other atoms present have o, < 8 barn. This 
includes deuterium (o,= 7.6 barn). since the 
cross section is both element and isotope 
dependent. Further. from equation (1) it can 
be seen that the scattering is purely dy- 
narnic; al1 that is needed to calculate a n  INS  
spectrum are the mode frequencies and the 
displacements of the atoms in the mode. 
These are provided by the Gaussian03 out- 
put and the programme ACLIMAX (7) was 
used to generate the I N S  spectrum from the 
ab initio output. 

Inelastic neutron scattering is a foxm of Results and Discussion 
vibrational s~ectroscow. The maior differ- 
ence between inelastic-neutron scattering Dihydmgen mtating in a 
(INS) spectroscopy and inírared and Raman potential 
spectroscopies is that the intensity OS a t r m -  
sition is given by: (61 The energy levels of the ngid rotor in 

free space are given by: (8) 

where "u, is the amplitude of vibration of where 1 is the moment of inertia of the mole- 
atom 1 in the vth mode a t  energy u, and mo- cule and E,,, is the rotational constant. For 
mentum transfer Qwith cross section op nis  dihydrogen: 
the order of the transition. n = 1 for a funda- 
mental, n= 2 for a first overtone or b i n q  
combination and so forth. The dependence 

Table 1 
Comparison of calculated and obsewed geomehy of [W(CO),(HJ(P(i~opropyl]~)~] 

~- - ~- - 

DFT Experimental' 

H-H / A 0.82 0.84 

W-H / A 1.94. 1.94 1.75. 1.75 

w-co, / A 2.01, 2.01 2.00. 2.00 

~ € 0 ,  / A 1.95 1.96 

W-P / A 
H-WXO, / " 
H-WXO, / " 

H-W-P / O  - -- 
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where rHH is the dihydrogen bond length and 
pis  the reduced mass. The integers J and M 
are the angular momentum quantum num- 
bers, with allowed values: 

The magnetic quantum nuniber. M, re- 
flects the quantised nature of the z-comp- 
onents of the angular rotational momentum 
vector. In the gas phase the molecule is in an 
isotropic. zero valued, potential field and the 
relative orientations of the z-components 
are irrelevant. The number of orientations 
represents the total degeneracy of the S y o -  
tational state. The energy of the gas-phase 
molecule does not depend on M and the 
magnetic quantum number is often omitted. 

Quantum mechanical restrictions on 
the symmetry of the rotational wave func- 
tion produce two molecular species for dihy- 
drogen: orllio- and para-hydrogen. The hy- 
drogen nucleus. a particle with half-integer 
spin. is a fermion. lts quantum mechanical 
description must obey Fermi statistics. a s  
expressed through the Pauli principle. This 
imposes a symmetry requirement on mo- 
lecular wavefunctions and forbids the occu- 
pation of certain states. The total wavefunc- 
tion (spin +nuclear) must be antisymmetric 
with respect to exchange of nuclei. 

The evenvalues of Jcorrespond to anti- 
syrnrnetric wavefunctions and must be com- 
bined with symmetric nuclear spin wave- 
functions. The oniy allowed rotational states 
of spin paired, or antiparallel ( t J ). dihydro- 
gen are thus thosewith. J= 0 ,2 .4  ... This de- 
fines para-hydrogen. There are 2J+1 possi- 
ble spin states for each acceptable J value 
and it follows from Eq. 121 that there is only 

one spin state for the para-hydrogen ground 
state, J = 0. 

The odd rotational values of J corre- 
spond to symmetric rotational wavefunc- 
tions and. in order to have an antisymmetric 
total wavefunction. these must be combined 
with antisymmetric nuclear spin wavefunc- 
tions. The odd rotational states J=  1. 3, 5... 
are combined with a symmetric nuclear spin 
wavefunction (where nuclear spins are par- 
allel. or unpaired. ? ?). This defines ortho- 
hydrogen and again its degeneracy. in the 
gas phase. is the 2 J + l  possible spin states. 

In Raman spectroscopy. but not in in- 
frared spectroscopy, transitions within the 
spin maniíolds are allowed with the selec- 
tion rule A J  = ?2. In the absence of a cata- 
lyst. transitions between the spin paired 
and spin unpaired states are rare. the spe- 
cies are 'spin-trapped'. Dihydrogen is. 
therefore. effectively a mixture of two stable 
species. para-hydrogen a n d  ortho- 
hydrogen. where the molecules mix freely 
and there is little exchange between the two 
populations. Transitions between the mani- 
folds are observable by inelastic neutron 
scattering (INS) spectroscopy (6) since the 
neutron is a spin one-half particle. 

Transitions within the separate para- or 
ortho-hydrogen maniíolds are controlled by 
the coherent cross seclion of hydrogen. 1.76 
barn. and these transitions are too weak to 
be observed in its INS  spectrum. In contrast. 
spin-nip transitions. between the manifolds. 
are controlled by the incoherent cross seciion 
of hydrogen. 80.3 barn. and are readily ob- 
servable by INS spectroscopy (9). 

When dihydrogen is bound to a metal, 
the rotational model, the potential becomes 
anisotropic [the unique direction of the po- 
tential is taken to lie along the z-axis). A 
commonly used (10) expression for the po- 
tential that govems the rotation of the mole- 
cule is: 
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1 error smaller than B,,,x 1 0 . ~  in the calcu- 
v(L$)= [ a + 5 c 0 s ~  sin' 0 161 lated energies. The energy levels are shown 

in Figure 1. Since most I N S  expenments in- 

where O is the polar angle (the angle behveen 
the H-H bond and the z-axis], q is the mi- 
muthal angle [behveen the xaxis. defmed in 
the plane normal to z. and the projection of 
the H-H bond onto this plane). The values of 
aand bgive the relative weights of the poten- 
tia1 and the factor two in 2@ represents how 
the symmetry of the field matrhes the Cz 
molecular symmetry. Treating the orienta- 
tional potential as  a perturbation and ex- 
panding it in sphencal harmonics. Y,,. we 
can solve the Schrodineer eouation for the a 

system. The relevant Hamiltonian is: 

volve para-hydrogen in its ground state, Fig- 
ure 1 refers al1 energies to the energy of that 
state. Note that the absolute energy of the 
ground state actually rises as  the potential 
deepens and the convention of Figure 1 is 
not universally followed in the literature. In 
particular, Eckert and co-workers (1 1 ,  12) 
use the energy of the unperturbed rigid rotor 
as  the zero of energy, which explains why 
their graphs of energy versus potential differ 
from ours. The labels of the states refer to 
the unperturbed case since, strictly. Jand M 
are no longer good quantum numbers in the 
presence of an externa1 field. 

H , . ~ ~ "  = ~ ( ~ + l ) ~ ~ d ~ . ~ i ) ~ ~  For a dihydrogen complex. the appro- 

+J.wlv(O.I)lyJ M )  
pnate model is that of a perturbed planarro- 17' tor in a deep attractive field. In this case 
both a and b are large so the potential is a 

where the pnmes denote the iipper state. waisted. figure-of-eight-like shape. This is 
The resultant matrix is diagonalised nu- chemically reasonable because the dihydro- 
mencall~ to determine the e n e r a  states of gen occupies a well-deíiied position in the 
the perturbed rotor. A minimum of 64 rota- 
tional levels must be calculated to obtain an 

Figure 1. The energiesof the rotational states of dihydrogen as aperturbedplanar rotor in a deep attrac- 
tive field. The dashed vertical iiie shows the transitions expected for w(CO)a(H2)(P(iso- 
propyl)s)2] with tunnel splittings of 0.62 and 0.80 cm-' (inset). 
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complex and the 'cups' of the potential give 
the hydrogen positions. 

Transitions between al1 the levels are 
allowed but because the intensities of para- 
topara- and ortho- to ortho- transitions de- 
pend on the (small] coherent cross section of 
hydrogen they will be unobservable in prac- 
tice and only para- to ortho- or ortho- to 
para- transitions wiil be observed in the I N S  
spectmm. Thus the expected transitions 
are: (J,M(l.l-0.0)). (J,M(l.+l-0.0)). (J.M 
(2. -2-1.-11),(J,M(2.+2-l,-l))and~J.M(3, 
+ 3-0.0)). 

From Figure 1. the lowest energy rota- 
tional transition. (J, M (1.-1-0.0)) occurs in 
the energy regime expected for tunnelling 
transitions (< 20 cm"]. Even at very low tem- 
perature (20 K - 14 cm') there will be a sig- 
nificant population of the (1.-1) leve1 and 
this gives rise to the two transitions to the 
J =2 levels. 

Thus the spectrum in the vibrational 
spectroscopy region (> 100 cm-') would be 
expected to consist of four peaks (ignoring 
any contribution from the other ligands 
present). Transitions to higher J. M values 
will also occur but wili be difficult to observe 
because of the effects of recoil and the 
Debye-Waller factor. 

One of the f m t  dihydrogen complexes to 
be discovered was W(C01,(~2-H,)(P(isopro 
pyl)JJ (1). We have chosen to use this com- 
plex as an example because the crystal 
structure is known (1) and the phosphine 
ligands have fewer atoms than the corre- 
sponding cyclohexyl complexes. This makes 
the complex more tractable computationally. 

There are 42 hydrogen atoms associ- 
ated with the phosphines so these would 
dominate the I N S  spectrum. To avoid the 
difficulty and expense of preparuig deuter- 
ated phosphines. the difference spectrum 
was used: the spectrum of the dideuterium 
complex was subtracted from that of the di- 
hydrogen complex. The result is shown in 
Figure 2 (1 1). 

Figure 2. 'ihe difference INC spechum of comple- 
xed dihydrogen recorded with the FDS 
spectrometer at LANXE. Thepointsare 

[W(Co).i(~)(P{bpropylI.i)21 - 
p(CO)3p)(P{bpropyll3t]. The verti- 
cal h e s  indicate the calculated posi- 
tions of the dihydmgen rotationai tran- 
sitions having 0.62 an' (solid h e )  and 
0.80 an-' (dashed h e )  as the lowest 
energy transitions. Adapted íroml4 with 
pennission írom the American Chemi- 
cal Cociety. 

For this complex (1 1 r,,,, = 0.84 A hence 
r,,,, = 47.4 cm-', Eq. 141. (cf. for gaseous H,, 
r ,,,, = 0.746 A and BZ= 59.3 cm'). In this 
complex. one of the phosphine ligands is 
disordered. which gives rise to two slightly 
different baniers to rotation and hence two 
sets of transitions. The lowest transitions 
are at: (1 1) 0.62 (0.013 B) and 0.80 cm ' 
(0.017 B) so from Figure 1 transition ener- 
gies of 346 (7.3 B). 360 (7.6 B), 592 (12.5 B) 
and 720 cm~'  (15.2 B) for the 0.62 cm-' set 
and 332 (7.0 B). 346 (7.3 Bl, 559 (11.8 B) 
and 664 cm-' (14.0B) forthe 0.80 cm'set are 
predicted and from Figure 2 four bands are 
apparent a t  340, 370. 460 and 660 cm~ '  in 
qualitative agreement with the prediction. 

Ccientific Journal from the Experimental Faculty of Cciences, 
at La Universidad del Zulia Volume 14 Special Number, 2üU6 



S.F. Parker et al. 1 Ciencia Vol. 14, Cperial Number Special Number on Adcorption and Catalysis (2006) 31 - 42 37 
- - . . . - -- - - -- ..~. - - - - - 

Dihydmgen as a Ligand 
The disadvantage of the dihydrogen- 

in-a-potential model is that it ignores al1 the 
vibrations of the coordinated dihydrogen ex- 
cept the torsion: it assigns the entire spec- 
trum in terms of rotational transitions of di- 
hydrogen. 

The alternative is to consider dihydro- 
gen a s  a ligand and to treat the vibrations of 
the dihydrogen in the conventional manner. 
the vibrational model. Gaseous dihydrogen 
has six degrees of freedom: one internal (the 
H-H stretch). two rotational and three 
translational. When bound. the rotational 
and translational degrees of freedom be- 
come frustrated and appear a s  internal 
modes of the complex a s  shown in Figure 3. 
It has proven extraordinarily diíficult to ob- 
serve al1 of the modes and only bv using the 
combination of infrared, Rarnan and INS 
spectroscopies has it been feasihle in two 
cases, those of [W(CO),(HJ(PR,),] (R = cyclo- 
hexyl. isopropyl) (1  1-14). 

It is possible to test the validity of the 
vibrational model by calculating the vibra- 
tional spectrawith DFT. Figure 4a shows the 
calculated 1NS s p e c t r u m  of 
i~lCOl,(HJ(P~isopropyllJ1l. íThe spectrum is 

that that would be obtained with the high 
resolution INS spectrometer M S C A  ( 15) at  
ISIS. UK). The complexity of the INS spec- 
trum is readily apparent hence the need for 
the difference technique. Figure 4b shows 
the same spectrum (with a x 10 ordinate ex- 
pansion) but with the cross sections of al1 
the atoms except for the two hydrogen at- 
oms in the dihydrogen ligand set to zero. ie. 
only the modes involving dihydrogen motion 
contribute to the spectrum. It can be seen 
that there are many modes that involve sig- 
nificant dihydrogen motion. 

The dihydrogen-only spectrum of Fig- 
ure 4b is an ideaüsed version of the experi- 
mental difference spectrum. Figure 2. The 
diíference spectrum assumes that the dihy- 
drogen (dideuter ium) modes a r e  not  
strongly coupled to those of the rest of the 
complex: if this is so, then the difference 
spectrum will contain only the dihydrogen 
modes. Figure 5 compares the experimental 
difference spectrum and a smoothed version 
of Figure 4b. The latter includes phonon 
wings. overtones and combinations to better 
represent the spectrum. 

The smoothing is to reproduce the 
modest resolution of the INS spectrometer 

Figure 3. How the six degrees of freedom of free dihydrogen become six interna1 modes of vibration of 
an q2-coordinated dihydrogen molecule. (a) VHH +VHH, @) x axis rotation becomes the M-Hz 
antisymmetric stretch (vmtiasym), (c) y axis rotation becomes the M-H2 torsion, (d) z axis 
translation becomes the MHz rock, (e) y axis translation becomes the M-tú symrnetric stretch 
(~h<~sym)  and (f) x axis translation becomes the MHz wag. 
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Figured. The INS spectrum of complexed 
dihydrogen. in [W(C0)3(q2-Hz)(P(iso- 
propyl)i)z] calculated by DFT 
(B3LYPLanL2DZL). (a) All atoms in- 
duded and @) only the dihydrogen 
ligand. Note that @) is 10 ordinate ex- 
panded relative to (a) and only the 
fundamentals (without phonon 
wings) are plotted. TOSCA1%stm- 
ment parameters assumed. 

[FDS (16) a t  LANSCE, Los Alamos. USA) that 
the spectra were originally measured with. It 
can be seen that even though there are more 
modes present than would be the case if 
there was no coupüng between the dihydro- 
gen ligand and the other ligands. the pattern 
of the experimental spectrum is reproduced. 
The key result from the experimental differ- 
ence spectrum is the determination of the 
dihydrogen torsional energy: the simulation 
shows that the f i t  peak is largely due to 
this motion so this assignment is sound. 
However. location of the higher energy 
modes is much less certain. 

The calculated v,,, of 3183 cm'  is too 
high but this is the harmonic value. whereas 
the experimental value is an anharmonic 
value. This is also compounded by the ten- 
dency of DFT to overestimate frequencies. 

Figure 5. Cornparison of experimental diffe- 
rence spectrum (points) of 
[W(CO)3(H2)(P(isopropylJS)2] and 
the smoothed dihydrogen-only 
spectrum calculated from the DFT 
results. 

Scaling the frequency by the usual value of 
0.97 and assuming that the anharmonicity 
correction is 5.2% a s  for gaseous dihydro- 
gen (17) gives a more reasonable value of 
2926 cm' .  

Inspection of the eigenvectors shows 
that the strongermodes generally agree with 
the literature assignments. Table 2. How- 
ever. it is also apparent that the torsion. wag 
and rock are strongly coupled to the W€=O 
linear bend deformation modes. This arises 
because as  the heavy atoms move, to main- 
tain the invariance of the centre-of-mass [a 
requirement for a normal mode) the hydro- 
gens move in counterpoise. Since they are 
much lighter. a correspondingly larger am- 
plitude ofmotion is required and this results 
in significant INS intensity. A similar effect 
is responsible for the intensity of the mode 
at  31 cm'. which rides the motion of the 
tungsten atom in the P-W-P equatorial bend 

The mode a t  360 c m '  involves the 
wag. those a t  386. 425 and 648 cm'  in- 
volve the rock and that a t  457 cm-' the tor- 
sion. A Wilson GF matrix method study of 
the cyclohexyl complex (14) came to simi- 
lar conclusions. but  considered that the 
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Table 2 
Vibrational frequencies and intensities of dihydrogen in [W(CO),(HJ(P(isopropyl),)J. 

. . - -- - - - - ~- 
Mode DFI" Expe~imental'~.'~ 

Position lnfrared Raman Position lnfrared 
/ cm' intensity / km intensity / A4 / cm'  intensity" 

~ - mal' ~~. "U' - -- - -- 

vHMH asym 1495 50 13 1567 w 

''$"a, SY"' 940 135 64 953 m 

Rock 585 11 3 660 - 

wag 522 5 11 465 w 

Torsion 406 1 O 3701340 - 

"Harmonic values. bs = shong, m = rnediurn, w = weak, - = not observed. 

modes were coupled to the W-C stretches. 
which occur in the same region a s  the lin- 
ear bends. This was done by introducing 
an  interaction force constant between the 
relevant modes. whereas the DFT results 
suggest the hydrogen's response is a sim- 
ple mechanical reaction. 

The disadvantage of the vibrational 
model is that it is unable to account for the 
splitting in the modes. particularly the tor- 
sion. This is treated in an ad hoc fashion by 
recognising that the ground state is split by 
the tumelling transition that results in the 
interchange of the two hydrogen atoms in 
the dihydrogen ligand. The tunnel splitting 
is present in al1 the vibrational levels and in- 
creases with increasing transition energy. 
We should remind the reader that the nor- 
mal modes analysis is only valid for small 
displacements of the atoms around their 
equilibrium positions. and that rotations 
are not included. so their effeets have to be a 
'bolt on" to the vibrational analysis. 

Thus neither model is able to account 
for the spectrum without additional features 
being added. The reality is that both de- 
scriptions are valid but incomplete and how 
the intensity in the spectnim should be par- 
titioned between the two models is a com- 
plex and, as  yet. unresolved problem. 

The difficulties with making assign- 
ments on the assumption that the dihydro- 
gen modes are decoupled from the remain- 
der of the molecule was also highlighted by a 
DFT analysis (18) of the [Rh(H),(H,)lTp3.S~M71 
[Tp3""' = (3.5-dimethylpyrazoly1)borate) 
complex. The original study 119) had as- 
signed modes a t  120 and 200 cm'  as  the 
transitions to the split torsional level. The 
DFT study showed that the 120 cm' modes 
were largely methyl torsions of the (3.5- 
dimethylpyrazo1yl)borate ligand. For these 
to have appeared in the difference spectrum 
(Ha-D,), the methyl torsions must  be 
strongly coupled to (presumably) the dihy- 
drogen torsion. 

Our DFT results also allow us to assign 
the vibrational modes of the other ligands. 
The C=O stretches are caleulated at 1798. 
1810 and 1906 cm~ '  with intensities of 
1862000. 780000 and 42000 m mol'. After 
sealing the frequencies by the usual factor of 
0.97. these are in good agreement, in both 
energy and relative intensity with the ob- 
served features (13) at 1852. '1867. and 
1965 cm~'. From the visualisation of the 
modes. these are assigned a s  the antisyrn- 
metric equatorial stretch. the axial sketch 
and the syrnmemc equatorial sketch re- 
spectively. although aii three modes have al1 
three carbonyl groups in motion. The three 
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modes can be considered as  denved from 
the E and A modes of a C, W(CO), fragment. 
where the degeneracy is lifted because of the 
C, syrnmetry. ln the Rarnm spectrum of the 
cyclobexyl complex. whose frequencies are 
very close to those of the isopropyl complex. 
the most intense band is the highcst energy 
mode. in agreement with the assignment of 
being denved from the totally s v m e t r i c  
mode of the hypothetical C,, WICO), frag- 
ment. 

O 1W 200 300 400 5W 600 700 
The W-CO stretches and WC=O linear wamlumbiri Cm ' 

anae  bends occur in the 350 to 650 cm'  
r G e .  Skeletal defoTmatiOn mOdes 0f the Figure 6. Amplitude of motion squared of the 
isopropyl moieties also occur in this range. carbon atoms (dotted lines) and the 
Visualisation oí the modes allows the car- 
bonvl modes to be identified. Thc same in- oxygen atoms (dashed lines) of the 

formation that is used to generate the mi -  carbonyl ligands of 

mations ofthemodes can be used in a differ- [W(C0)3(Hz)(P(isopropy1)3)~]. 
ent way. To generate the I N S  spertrum. the 
ACLIMAX program (7) calculates the ampli- 
tude of vibration of each atom from its dis- 
placement in each mode; the displacement 
is weighted by the total scattering cross sec- 
tion. If the cross sections of al1 the atoms are 
set to zero. except for the atomls) of interest 
then the result shows which atoms have sig- 
niflcant motion in each mode. This process 
was done separately for the carbon and oxy- 
gen atoms oí the carbonyl ligands and the 
result is shown in Figure 6. 

As expected, both atoms have motion 
in the same modes. although the amplitude 
are not always tbe same. For the W-CO 
stretcbes both carbon and oxygen have 
similar amplitudes since the CO is beating 
against the W. whereas for the W-C=O linear 
angle bends. the carbon has a much larger 
amplitude. The modes below 100 c m ~ '  are 
the CO-W-X bends. where X is either CO or 
P. In these the oxygen has a large amplitude 
of vibration because it is a t  the end of a long 
m. The mode at 41 cm~'  is unusual: It con- 
sists of the central W(CO),(H,) unit rotating 
about the P-W-P axis with the ~ h o s ~ h i n e s  

The C-H stretch and deformation 
modes are unremarkable and occur in the 
usual ranges (20). The methyl tonions are 
calculated at  192 to 266 cm'. again in the 
usual range (21). The W-P stretch and bend 
modes are highly mixed with the skeletal de- 
formations of the alkyl groups. This is ap- 
parent from Figure 6, which shows the am- 
plitude of vibr4ation of the phosphorous at- 
oms (dotted lines) and the alkyl carbon at- 
oms (dashed lines). In the region below 700 
cm '  the similarity is striking, showing that 
both atoms are involved in the same modes. 
The lowest energy mode a t  13 cm~ '  is the 
counter-rotation of the two phosphine 
ligands accounting for its high intensity in 
both the total spectrum. Figure 4a. which is 
largely determined by the motions of the al- 
b l  hydrogen atoms. and the carbon spec- 
trum, Figure 6b. The axis of rotation is along 
the almost linear (178") P-W-P chain. ex- 
plaining wby there is little motion of the 
phosphoms. 

Conclusions 
movlng in opposition. We have carried out a systematic inves- 

tigation of the vibrational spectrum of the di- 
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hydrogen complex [W(CO),(~a-H,)(P(isopro- 
pyl),),]. Previous work has considered the 
motion of the dihydrogen ligand as either 
the rotational transitions ofdihydrogen in a 
deep attractive well or as  the modes of a con- 
ventional complex. We have shown that nei- 
ther is able to account for the vibrational 
spectra. in particular the INS spectmm. on 
its own. The rotational model requires the 
addition of vibrations and the vibrational 
model requires the addition of a split ground 
etnte 

We have also shown that there is sig- 
nificant mechanical coupling of the dihydro- 
gen modes to those of the otherligands pres- 
ent. especidy the carbonyls. Simulation of 
the difference method used in thr literature. 
shows that the most important INS result. 
the location of the torsional mode, is vali- 
dated. but that the method is not reliable for 
higher energy modes. 
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