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The Structure of W(CO)sL (L = pyridine, piperidine) in the Lowest Ligand Field Excited
State determined by Fast Time-resolved IR Spectroscopy; Unexpected C-O Bond

Length Changes

Frank P. A. Johnson, Michael W. George, Sara L. Morrison and James J. Turner*
Department of Chemistry, University of Nottingham, Nottingham, UK NG7 2RD

The frequencies of the v(CO) bands of W(CO)sL (L = pyridine and piperidine} in the lowest ligand field (LF) excited
states have been obtained by fast time-resolved IR spectroscopy of the species dissolved in low-temperature
glasses, and the shifts from the ground state indicate that the C-O bonds lengthen on excitation, contrary to the
interpretation of the pre-resonance Raman spectroscopy on the ground state.

There has been extensive study of the excited state and
photochemical properties of the complexes of general formula
M(CO)sL, where M = Cr, Mo or W, and L is a nitrogen donor
ligand.'-¢ It is generally agreed that for W(CO)sL, if L is
pyridine 1 or piperidine 2, then the lowest excited state is ligand
field (LF) in character (*A; — 3E; weak absorption ca. 442 nm
for both 1 and 2), too short-lived to be measured at room
temperature but with a lifetime, based on emission studies,
quoted as: 2.5 1 and 3.1 2 us in MCH (methyl cyclohexane) at
77 K;!1 0.86 1 and 0.82 2 us in EPA at 77 K;2 3.4 1 us in argon
at 12 K.3 In LF terms this 3E state is best described by eqn.
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where A is the mixing coefficient. With d,, lower in energy
than dxz_yz, the state is dominated by the d,, term. Since both
d,> and d >, are antibonding, on this approximation, popula-
tion of this state should result in lengthening of the W-N and
W-C bonds with the greatest distortions occurring in the z
direction. Zink and colleagues” have obtained the ground state
pre-resonance Raman (PRR) spectra of 1 and 2, by pumping at
476.5 and 488 nm respectively; at these wavelengths the
involvement of the 1E states (1A; — !E, 382 nm for 1; 404 nm
for 2) is avoided. Employing the time-dependent formalism,3
they concluded that, in the lowest excited state (3E), 1 and 2 are
distorted from the ground state by lengthening of the W-N, W—
C.x and W-C,, bonds by 1 0.18, 0.12 and 0.04 A, and 2 <0.3,
0.25 and 0.05 A, respectively, i.e. entirely consistent with the
above bonding scheme; there is also a change in the Cox—W—Ceq
bond angle but in the absence of a complete force field this
cannot be even approximately calculated. The PRR spectra also
showed effects due to changes in the C-O normal coordinates,
but these were not converted into bond length changes.
However, as stated by Zink,” it is a reasonable assumption that
if the W—C bonds lengthen then the corresponding C-O bonds
will shorten. In this communication we show that the C-O
bonds in fact are longer in the excited state than in the ground
state; this observation has implications for the W—C distortions
and for the photochemistry of 1 and 2.

We, and others,® have shown that changes in v(CO)
frequencies, monitored by fast time-resolved infrared (TRIR)
spectroscopy, provide information on changes in C-O bond
lengths on promotion to an excited state. Most studies have
involved compounds where the lowest excited state is MLCT in
character. For examplel® in the MLCT excited state of
CIRe(CO)3(bpy), the v(CO) bands shift up in frequency from
the ground state by an average of ca. 55 cm—!. This is because
the charge transfer effectively oxidises the Re centre, and the
CO groups experience less back-bonding in the excited state,
thus shortening the bond length and increasing the v(CO)
frequency. Exactly the same effect is expected if in the LF

excited state of 1 and 2 there is lengthening of the W—C bonds
and corresponding shortening of the C—O bonds.

As stated above, the 3E LF excited states of 1 and 2 are very
short-lived at room temperature and, moreover, the quantum
yields for loss of pyridine and piperidine from this state are very
high.244.11,12 Both these problems make room temperature
measurement of the excited state spectra difficult. Hence we
have studied the excited state IR of 1 and 2 in a methylcyclohex-
ane/isopentane (MCH/P?) glass at ca. 90 K. The v(CO) FTIR
spectrum of 1 (except for the weak high frequency a; band) is
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Fig. 1 (a) FTIR spectrum (Perkin Elmer 2000) in v(CO) region of
W(CO)s(pyr) 1 in (MCH/P) (5:1) glass at ca. 90 K; (b) TRIR spectrum of
1 in the glass recorded ca. 100 ns after the laser flash. Data points plotted
downwards represent loss of parent; data points plotted upward represent
generation of excited state (1*). The solid line is a multiple Gaussian fit to
the data points. The flash was generated with a Quanta-Ray GCR-12S Nd—
YAG laser (355 nm); the emission spectrum (3E — 1A;) at 77 K is
independent of pump wavelength >300 nm. TRIR data points were
obtained using a MDS diode laser. Full details of the time resolved
apparatus and cold cell are given elsewhere.!®
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shown in Fig. 1(a), and the data are given in Table 1. The
assignment is based on the local C4, symmetry of the CO
groups. With this symmetry, in the energy factored force field
there are five C-O force constants (Kux, keq, Kiranss Kcis and kcis),
which, with only three frequencies, is not soluble without
isotopic data; thus the force field is approximated following
Cotton and Kraihanzel!3 (i.e. kgans = 2 keis = 2 keis’ = 2 k). On
flash photolysis, the TRIR spectrum shown in Fig. 1(b) was
obtained. It is clear that there is loss of the parent v(CO) bands
and the generation of three v(CO) bands (Table 1). No new
v(CO) bands were observed at higher frequency up to a
maximum of 2170 cm—1, the present upper limit of the IR range
of the diode laser in the Nottingham TRIR apparatus; simple
calculations'4 based on the v(CO) PRR data suggest that any
excited state v(CO) IR bands will fall well within this range.
The time dependencies of one band of the new species and one
band of the parent are illustrated in Fig. 2. This shows that the
new species is generated from the parent within the lifetime of
the photolytic flash (ca. 10 ns), and its first order decay rate
equals the rate of recovery of parent. We have illustrated the
decay of the excited state from its weakest v(CO) feature; less
noisy decay curves, which display very similar kinetic behav-
iour, are obtained from the other two v(CO) bands. Hence the
three new v(CO) bands can be assigned to the same species. The
lifetime of this new species (t ca. 0.8 ps at ca. 90 K)
corresponds reasonably well with the quoted lifetimes of the
excited 3E state of 1. It is extremely likely therefore that this
excited state is the new species.t

The assignment of the bands in Table 1 is based on the
intensity pattern, i.e. that the most intense band is associated
with the e mode. The C—K force constants are also given on this
assumption; the obvious alternative, with the assignments of the
1809 and 1860 bands reversed, leads to unreal force constants.
Using the recently derived relationship!> between C—O bond
length and C-O force constant,

rco = 1.674 — 0.184 In kco
(with rco in A and kco in mdynes A-1)

we can obtain very approximate values for the changes in C—O
bond lengths in going from ground to excited state. These are
also given in Table 1, together with data from the experiments
with 2.

The approximate relationship,

{Int (e)]/[Int (a;hieh) + Int (a,°%)] = [4 sin20]/[5 — 4 sin20],

allows an estimate of the C,—W-Ceq bond angle 8 from the
intensities of the three v(CO) modes. Unfortunately the
integrated IR intensities in the excited state are subject to
considerable error. Nevertheless there is the implication that
this bond angle is considerably increased in the excited
state.t

Compared with what might have been expected, there are two
striking features of these data:

(i) The v(CO) vibrational frequencies, and the corresponding
C-O force constants, all decrease on promotion into the
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lowest excited state; correspondingly the C~O bond lengths
all increase.

(ii) The difference between the ground and excited state force
constants, Ak, is considerably larger for the equatorial than
for the axial CO groups; correspondingly the changes in
bond length are greater for the equatorial than for the axial
CO groups.

The implication is that the W—C bond lengths all decrease on
excitation rather than increase. However, as pointed out by
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Fig. 2 Time dependence of data points at (@) 1940.8 cm—1, associated with
the highest frequency band of 1* and (b) 1921.7 cm—!, associated with the
e mode of the ground state 1. The thick lines represent exponential fits to the
curves with (@) T = 0.75 us and (b) T = 0.81 us.

Table 1 The frequencies (cm—1), and assignments, of the v(CO) bands, and the energy factored force constants, k, (N m—1), of (a) 1, and (b) 2, in the ground
and 3E excited states in MCH/Pi glass at ca. 90 K; and the calculated changes in C-O bond lengths, Ar (A)

Ground state  Excited state Av k(gs) k(es) Ak Ar

(a) W(CO)s(pyr) 1 (excited state lifetime T ~ 0.8 us)

2071 (vs, ay) 1942 (w, a,) —129 ki = 1482 kax = 1433 —49 ax: +0.006
1927 (vs, €) 1809 (s, €) —118 keq = 1571 keq = 1377 —194 eq: +0.024
1903 (s, a;) 1860 (s, a;) —43 ki =355 ki =28 -7.5

(b) W(CO)s(piperidine) 2 (t ca. 1.2 us)

2069 (vs,a;) 1942 (w, ay) —127 ki = 1472 ki = 1431 —41 ax: +0.005
1920 (vs, e) 1788 (s, €) —132 keq = 1563 keq = 1354 —209 eq: +0.026
1898 (s, a;) 1855 (s, a;) —43 k= 36.5 k =315 -5
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Zink,!¢ it is an important limitation of the application of the
time-dependent PRR method that only the magnitude of bond
length changes can be obtained since the relationship between
normal coordinate distortions and PRR intensities is given, in
the simplest formulation, by:

Il = (Axw)?/(Ajw)?

where /i and [; are the intensities of two PRR bands at
frequencies wy and w;, and Ay and A; are the distortions along
normal coordinates k and j. It is thus consistent with the PRR
data if the W—C bonds do in fact shorten rather than lengthen. Is
this feasible? There are two naive arguments which support this
idea. The quantum yield for loss of pyridine or piperidine from
1 or 2 is very high244.11.12 (.~ (.5), but for loss of CO is almost
zero. This is a little surprising if the excitation results in increase
in W-C bond length, particularly in the W-C,x bond. The
second argument relies on a molecular orbital picture of the
excited state. Zink17 originally introduced a simplified extended
Hiickel (EHMO) model to examine the photochemical behav-
iour of some transition metal species. We have performed
preliminary EHMO calculations!418 on the model compound
W(CO)s(NHs); the m orbitals on pyridine cannot play a
significant role since the results for 1 and 2 are so similar. These
calculations indicate that the LUMO has the Mulliken overlap
populations: W=N (—0.063). W-C,, (0.05); W—C,q (0.003); C—
Oax (—0.0013); C-Oq (—0.33). These data are striking in
several respects: although the LUMO is antibonding with
respect to W-N, it is bonding with respect to W—-C; the LUMO
is antibonding with respect to C-O, with by far the greatest
effect being observed for the C—O.q bond.§ Population of this
orbital will lead to the distortion changes predicted on the basis
of the excited state IR data. Of course this ignores what is
happening to the HOMO, but the results are at least indica-
tive.

It is thus clear that the IR spectra of excited states can provide
additional valuable information for structural change and
photochemical behaviour.
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Footnotes

+ Obvious other possibilities such as W(CO)s (Cs,) or W(CO)4L (C) can be
eliminated since these species are well known and their v(CO) fre-
quencies?%-2! are very different from those observed in the present
experiments. One, rather unlikely possibility, is the Dj, structure of
W(CO)s; however this would produce frequencies which are identical on
photolysis of both 1 and 2, and Table 1 shows that this does not occur. This
argument also applies to, for instance, any excited state of W(CO)s.

F Since the excited state is 3E, there may also be Jahn—Teller distortion.

§ This is because in the LUMO there is considerable interaction between the
p. metal orbital and the four equatorial mt* orbitals on the CO groups.
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