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Fast time-resolved infrared spectroscopy (TRIR) is used to probe the »(CO) spectrum of CIRe(CO);(4,4"-bipyridyl),
in the lowest MLCT (metal-to-ligand charge transfer) excited state. The three ground-state »(CO) bands all shift
up in frequency, but not by the same amount. The energy-factored force field (EFFF) of the ground state is
accurately solved by employing 1*CO-enrichment. Approximate methods yield information on the force field of the
excited state; the principal EFFF force constants (Kco(axial) 21d coequatorial)) change by the same amount on excitation.
This leads to a new interpretation of the resonance Raman spectrum of the compound.

Introduction

An understanding of the photochemistry of transition metal
compounds requires a knowledge of the properties of the
appropriate excited states.! Spectroscopic studies based on a
molecule in its ground state, such as low-temperature UV /visible
absorption spectroscopy,? the excitation profile of resonance
Raman spectra,’? or preresonance Raman intensities employing
the Heller formalism,*5 can provide very detailed information.
However such methods have limitations, particularly in that it
is extremely difficult to obtain data for the photoactive state, and
there are advantages in obtaining spectroscopic data for the
molecule in its appropriate excited state.5 Apart from straight
emission data which, although excellent for lifetime studies, are
of limited value for structural studies, the most popular technique
has been time-resolved resonance Raman (TR?®) spectroscopy.
Classic experiments have probed the structure of the excited states
of arange of ruthenium complexes, and have shown, for instance,
that in the lowest excited state of [Ru(bpy);]?* there is charge
transfer from Ru to one of the bpy groups.” Detailed isotopic
studies® have unravelled the details of the excited state structure.
There is, however, a limitation of resonance Raman spectros-
copy: only certain of the vibrational modes in the excited state
will be resonance enhanced, partly because of the nature of the
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excitation, and partly because of the selection rules which will
usually only permit the enhancement of totally symmetric modes.
There is thus a persuasive argument for expanding the spectro-
scopic measurements to the infrared.

Since the first demonstration? of the application of time-resolved
infrared spectroscopy (TRIR) to the excited states of transition
metal species, a few other studies have been reported.’® These
have involved the »(CO) or »(CN) vibrations of complexes and
have provided information on charge distribution,!!a? on rates of
electron transfer,!!°and on the complete course of photochemical
processes from ground state to final products.!2

In the original study® of CIRe(COQ)3(4,4'-bpy),, the IR source
was a CO laser, which limited the spectral range to IR bands
below about 2010 cm~!. This meant that it was not possible to
obtain the complete excited state spectrum, in particular the high-
frequency band, and hence it was not possible to evaluate the
force field parameters. Because of the importance of this, and
related molecules, in approaches to CO; reduction,!? we have
carried out more detailed spectroscopic studies and these are
reported here.

Experimental Section

Materials. fac-CIRe(CO);(4,4’-bipyridyl)s, 1, was synthesized by
literature methods,!4 according to the following scheme:

60°C
CiRe(CO), + excess 4,4-bpy — ClRe(CO);(4,4"-bpy),
iso-octane 1

Introduction of 13CO ligands was attempted by irradiation of the parent
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CIRe(CO);(4,4’-bipyridyl),

compound under a 3CO atmosphere, but no carbonyl substitution was
detectable. This demonstrates the photostability of 1. More successful
was thermally induced !3CO-enrichment of the CIRe(CO)s starting
material at 70 °C (yielding two samples with 35% and 73% '*CO-
enrichment, respectively, and statistical distribution as determined by
MS analysis), followed by reaction with the bpy ligand as above. The
solvent CH;Cl; (Aldrich) was distilled over CaH; before use.

Spectroscopic Measurements. FTIR spectra were recorded on either
a Nicolet MX-3600, with 32K data points giving ~ 2-cm™! resolution, or
a Perkin-Elmer 1620 with ~0.5-cm™! resolution. The TRIR apparatus
at Nottingham!* uses a pulsed excimer laser (Lumonics HyperEX 440;
308 nm; ~ 100 mJ per pulse; ~20 ns pulse half-width). The changes in
IR absorption are monitored by either a CW CO infrared laser (modified
Edinburgh Instruments PL3) which is tunable in steps of ~4 cm-!, or
an infrared diode laser (Miitek MDS1100) fitted with a monochromator
(Mitek MDS 1200) and custom-built Miitek “Experimental” module.
With a photoconductive 77K detector (Infrared Associates MCT-70),
used with the diode laser system, the time-resolution is ~300 ns, and
with a photovoltaic 77 K detector (Laser Monitoring Systems S-0025),
used with the CO laser, the resolution is ~ 30 ns.

The TRIR apparatus at Miilheim!é uses a pulsed excimer laser
(Lambda Physik EMG 200; 308 nm with XeCl; 15-20 ns pulse half-
width; maximum output 400 mJ per pulse, routinely attenuated to 80 mJ
per pulse) as the excitation source and a globar or an appropriate infrared
diode laser (Spectra Physics) as the monitoring source. In either case
photoconductive HgCdTe detectors (77 K) with rise times of 50-70 ns
are used for IR detection. The configuration with the globar IR source
requires 14000X amplification and has a system response time of 1.5-2
us, whereas with the IR diode laser in combination with 600X amplification
a system response time of 250—400 ns is achieved.

In both the Nottingham and Miilheim systems, IR spectra are built
up “point-by-point” by repeating the excimer flash photolysis with the
IR source tuned to a different frequency. Note that the spectra are
difference spectra; i.e., they compare the intensity of IR bands before and
after the flash.

The resonance Raman spectrum was obtained using the 413-nm line
of a CW Kr* laser. Raman scattering was detected by a photo diode
array system (Spectroscopy Instruments) connected to a spectrograph
(Spex 1877). Further details of the resonance Raman instrumentation
are reported elsewhere.!’

Results and Discussion

Infrared Spectra of CIRe(CO)1(4,4’-bipyridyl),, 1, in Ground
and Excited States. Figure 1a shows the »(CO) IR spectrum of
1in CH,Cl;solution recorded on a conventional FTIR instrument.
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As expected for a tricarbonyl with C, symmetry there are three
»(CO) IR bands. Figure 1b shows the TRIR spectrum obtained
“point-by-point” with a CO laser, 240 ns after the excimer laser
flash.® It is clear that the ground state is depleted and a new
transient is produced with »(CO) bands at 1957 and 1992 cm™};
i.e., it appears that the low-frequency pair of bands have each
moved up in frequency by 66 cm-! (see Table 1). However due
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Figure 1. (a) FTIR spectrum (Nicolet instrument), in the »(CO) region,
of CIRe(C0)1(4,4’-bpy)s, 1, in CH,Cl; solution (~ 5 X 10-5M; pathlength
7 mm). (b) TRIR spectrum of the same solution, degassed under Ar,
obtained 240 ns after the excimer laser flash at 308 nm. Each point
corresponds to a different line of the CO laser; data points below the
dotted horizontal represent depletion of the ground state and those above
represent generation of the excited state. The arrows mark the maxima
of the bands assigned to the MLCT excited state of 1. Reproduced with
permission from ref 9. Copyright 1989 Royal Society of Chemistry.

Table 1. Observed Frequenciés in cm™!, (Fwhm in cm-!; Relative
Intensities [Fwhm X peak O.D.]) of the »(CO) Bands of the Ground
and Excited States of CIRe(CO)3(4,4’-bipy); (1) in CH,Cl,

ground state excited state
FTIR TRIR TRIR
2027.3 (6.5; 1.00) 2025 (8.7; 1.0) 2055 (~25; ~4)

1925.9 (16.2; 1.67) 1927 (14.9; 1.7) 1992 (~26; ~1)
1890.7 (22.3; 1.75) 1891 (22.3; 2.1) 1957 (~25; ~1)

to the limited range of the monitoring IR radiation of the CO
laser it was not possible to observe the high-frequency band of
the ground state, and any excited-state band above ~2010 cm™!
(see Figure 1b). Although thereisstrongevidence foranincrease
in»(CO) frequencyin the excited state, the absence of the expected
third band prevents a complete analysis. Experiments in
Nottingham and Miilheim have now resolved this problem.

Figure 2a shows the whole of the »(CO) range recorded using
a globar source rather than a CO laser; parts b and ¢ of Figure
2 show the higher frequency region recorded with diode lasers in
both Nottingham and Miilheim. A number of conclusions can
be drawn from these and the earlier data. As expected, the high
frequency parent band is depleted, and a new band appears at
2055 cm-1. This band has only shifted up ~30 cm™! relative to
the ground state; i.e., the three bands do not shift up in frequency
by the same amount, and the interpretation of the infrared
spectrum of the excited state is not straightforward and requires
a force field analysis.

The Energy factored CO force field (EFFF) has proved very
successful in providing information on the structure—both
geometric and electronic—of transition metal carbonyls.!8 Thus,
ideally, having obtained the »(CO) data in both ground and excited
states, for maximum information we should obtain the complete
EFFF for 1 in both ground and excited states. However 1 has
four EFFF force constants, the two principal constants k,x and
keq, and the two interaction constants, kaseq and Kegeq, but exhibits
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Figure 2. TRIR spectra of 1 in CH,Cl; recorded with (a) the globar
source in Miilheim and the diode lasers in (b) Nottingham and (c)
Miilheim. Data points below the mean indicate depletion of the ground
state and those above indicate generation of the excited state.

only three frequencies. Hence isotopic substitution is necessary
or approximate methods have to be applied.

The EFFF of CIRe(CO)3(4,4"-bipyridyl),, 1,in the Ground State.
Complex 1 is not soluble in nonpolar solvents and in CH,Cl, the
two low-frequency »(CO) IR bands are unfavorably broad.
Fortunately the crucial isotopic information comes from the in-
phase vibrational modes of the various isotopomers which derive
from the narrower high-frequency band of the unsubstituted
parent compound, and these bands are sufficiently well separated
to solve the complete force field. Figure 3 shows the »(CO)
spectral region of 1 at natural abundance of 13CO and both low
and high 3CQ-enrichment. Table 2 lists the observed and
calculated frequencies based on an EFFF with the force constants
listed; the calculated normal coordinates for the unsubstituted
molecule are also listed in Table 2. Particularly important is the
observation of the high-frequency bands of all six isotopomeric
molecules. The intensity pattern among these bands allows for
an unambiguous assignment of the bands associated with the two
monolabeled (eq, ax) and the two bislabeled (eqax, eqeq)
isotopomers, which in the case of statistical distribution of 13CO
groups should be present in 2:1 ratio. Moreover, thisinformation,
together with the frequency pattern, immediately demonstrates
that kg is larger than kg, as is confirmed by the exactly calculated
force field data (Table 2). This has two interesting implications.
First, the a” »(CO) band is in the middle (iea’ > a” > a’), whereas
in most facial C; tricarbonyl metal complexes it is the band at
lowest frequency (ie a’ > a’ >a”); there has in fact been previous
disagreement about the assignment of the »(CO) bands in this
type of molecule.!” Second, the normal coordinate of the high-
frequency vibration has a larger contribution from the equatorial
CO groups than from the axial CO, in contrast to previous
deductions from the resonance Raman spectra for closely related
molecules.20
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Figure 3. FTIR spectra (Perkin-Elmer instrument) in the »(CO) region

of 1in CH,Cly: (a) natural abundance of 13CO; (b) low (35%) 3*CO

enrichment; (c) high (73%) 13CO enrichment. For the numbering of the

various isotopomeric molecules see Table 2.

In contrast to the well-resolved isotopic pattern of the ground
state molecule (Figure 3) the spectral resolution in the transient
spectra of the 13CO-enriched samples is insufficient to allow a
reliable positioning and assignment of the excited state bands. In
consequence of this we have to intreduce appropriate approxima-
tions, the reliability of which will be demonstrated in the following
for the case of the ground-state spectrum. Since the three CO
groups are oriented perpendicular to each other, a simple
approximation (originally introduced by Cotton and Kraihanzel!s#)
would be to assume Kgzeq = Kogeq = ki (Which, judged by comparison
with the exact solution, see Table 2, is clearly a good approxima-
tion). The remaining set of three force constants can be
determined from the three observed frequencies. However the
solution depends on the assignment, ie whether a’(1) > a” >
a’(2) (assignment A) or a’(1) > a’(2) > a” (assignment B). With
the two assignments the results (in Nm-1) are as follows:

A: k,, = 1486; k., = 1558; k; = 60
B: k,, = 1600; k., = 1500; k; = 56

Clearly by comparison with the exact solution assignment B
is eliminated, (and assignment A is listed in Table 2).

The EFFF of CIRe(CO)3(4,4’-bipyridyl);, 1, in the Excited
State. As stated above the ?*CQ isotopic ¥(CO) bands in the



CIRe(CO);(4,4'-bipyridyl),

Table 2. Experimental and Calculated }3CO Isotopic Spectral Data
(¢m-!), EFFF Force Constants (N m-1), and Normal Coordinates of
CIRe(CO);(4,4’-bpy)2 (1) in CHCl; Solution
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Table 3. Summary of »(CO) Frequencies (cm-!), EFFF Force
Constants (N m™!) for Ground and Excited states of 1, and Change
in C—O Bond Lengths (A)

molecule? exptl caled®

unsubst 2027.3 2027.0 a’(1)
(1) 1925.9 1925.9 a”

1890.7 1890.7 a’(2)

mono ¢q 2012.3 2012.6

2) 1906.2

1878.0

mono ax ~2019 2018.6

A3) 1925.9

1853.4

di eg-ax 2002.6 2002.7

4) 1900.0

1848.4

dieq—eq 1992.8 1992.8

%) 1880.0

1877.3

tri subst 1978.9 1978.7

6) 1880.0

1845.7

EFFF based on 1*CO bands, EFFF, assuming the two
producing the calcd spectrum above interaction constants equal

Kax 1492.1 1486
key 1555.1 1558
Kexeq 63.4 60
keaea 56.7 60

Normal Coordinates® from 13CO-Based EFFF

0u(1) = 0.4717 ry + 0.6235 ro + 0.6235 r
0u» = 0.7071 7, - 0.7071 r5
0.(2) = 0.8818 r, - 0.3335 r, - 0.3335 1

a Refers to degree (un-, mono-, di-, tri-) and position (eq = equatorial,
ax = axial: see 1) of 13CO substitution. 2 ry, ry, ry refer to CO,x and the
two COg internal coordinates.

excited state show an unresolved pattern, which thus prevents an
exact solution of the force field. We expect that, in the charge-
separated excited state of 1, there will be positive charge on the
Re and negative charge on one of the 4,4’-bipyridyl ligands, as
shown (1*):

Cl
® “co (3: equatorial)
"R
/
SN | \CO (2: equatorial)
= # €
| o
N ~ (1: axial)

1

This is also consistent with the early emission studies'4 on this
molecule. In principle this lowers the vibrational symmetry of
the excited state from the ground state, and the EFFF requires
6 force constants, ky, k2, and k; plus ki3, k3, and kz3. At first
sight this makes the problem worse. However, very recent
experiments?! on ClRe(CO);(2,2’-bpy), which must have C;
symmetry in the excited state, show similar ground-to-excited
state shifts in the »(CO) bands. If we assume k; = k; and k;,
= k3 = ka3, the force field can be solved and the force constants
are given in Table 3. The substantial shifts of the »(CO) bands
to higher frequencies in going from the ground to the excited
state arise because the CO groups are now seeing a Re atom with
an oxidation state increased by approximately one.

(21) George, M. W.; Johnson,F.P. A ; Turner, J. J.; Westwell, J.R. J. Chem.
Soc., Dalton Trans. 1993, 2977.

EFFF force constants

frequencies

ground excited A ground excited A4 Arco
2027 2055 428 k. 14929 1486% 1566¢ ~+80 ~-0.010
1926 1992 +66 ke 1555 1558 1644 ~+86 ~-0.010
1891 1957 +66 kueq 63 60 40 ~-20

ks 57 60 40

2 Based on 13CO data (see Table 1). ® Assuming interaction constants
equal (see Table 1). ¢ Assuming C, symmetry and interaction constants
equal. ¢ Differences for assumption of equal interaction constants in both
cases; corresponding principal force constant values?! for CIRe(C0);(2,2/-
bipyridyl); are ~+85 N m-!.

The data presented in Table 3 lead to some rather interesting
conclusions. Although the two principal force constants increase
by the same amount, there is no uniformity in increase in
frequency. The reason is that the interaction force constant
decreases; this is expected on the basis of Timney’s equations;22
i.e., as the principal force constants increase, the interaction
constant decreases. Having concluded that both k. and ke
increase by the same amount, we can use these changes to estimate
the structural changes in the excited state. There have been
many studies relating frequencies or force constants to bond
lengths.8.118.23-27 We have examined a wide range of metal
carbonyls by comparing C—O bond lengths, determined crystal-
lography, with EFFF C-O force constants. A wide variety of
molecules fits the relationship2?

rco = 1.647 —0.184 In(kgo) (rcoin A; ko in N m™)

This relationship will be particularly valuable when used to
calculate changesin bond lengthin the same molecule on electronic
excitation. Table 3 includes the estimate of the decrease in rco
from the ground state to the excited state, which, to a good level
of approximation, is the same for axial and equatorial CO groups.
This conclusion is particularly important in understanding the
resonance Raman (RR) spectra of 1 and similar molecules.
The Resonance Raman Spectrum of CIRe(CO)1(4,4’-bpy),.
Diimine complexes of the type CIRe(CO);(diimine), including
CIRe(CO);(2,2’-bipyridyl), display RR spectra where the only
resonance-enhanced »(CO) band is the high-frequency symmetric
mode.? A proposed explanation2?is that this resonance-enhanced
band is a stretching mode of the CO ligand trans to the halogen
(i.e. corresponding to the axial CO1in 1); through-space interaction
between this CO and the diimine ligands causes the resonance
enhancement. However the infrared spectra of CIRe(CO)3(4,4'-
bpy)2 (1) and CIRe(CO)3(2,2’-bpy) are almost identical, and we
have shown above that the »(CO) bands of 1 arise from strongly
coupled modes and that the normal coordinate of the highest
frequency vibration contains a larger contribution from the
equatorial CO group than from the axial CO group. To make
a more direct comparison, we have recorded the RR spectrum
of 1, a part of which is shown in Figure 4. The only resonance-
enhanced »(CO) mode is again the highest band, i.e. a’(1). We
believe that the correct explanation for this is as follows,
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Figure 4. Part of the resonance Raman spectrum of 1, taken toillustrate
the observation of only one band in the »(CO) region of the spectrum.
The »(CO) band is marked with an arrow. (The strong band near 1620
cm-! is assigned as a C==C stretching vibration of the 4,4’-bpy ligand.)

The ratio of the intensities of two RR bands (strictly speaking
this applies to spectra obtained under preresonance conditions),
is given by*2¢

L/1,= (wlesAIZng)/(wZesAZZwlg)’

where wig, wag, wie, and wye, are the radial frequencies of modes
1 and 2 in the ground and excited states, and A; and A, are the
distortions in going from ground to excited state along normal
coordinates 1 and 2. [In most applications® this equation is
simplified to I/, = (wigA1/wds)?, since the excited state
frequencies are not known; usually, as in the present case, this
makes only a small difference.] Strictly speaking, this refers to
the state initially excited, which will be the singlet MLCT state,
whereas the TRIR experimentsrefer to the tripletstate. However
the differences are unlikely to be significant. We have shown
above that, on promotion to the excited state, each of the rco
internal coordinates is distorted by nearly the same value, e.g.
“d”, so that on the basis of the normal coordinates given in Table
2, the distortions occurring upon promotion in the MLCT excited
state are estimated as follows:
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Afa’(1)] = +0.4717d + 0.6235d + 0.6235d = 1.7187d
Ala”] = +0.7071d - 0.7071d = 0
Afa’(2)] = +0.88184 — 0.3335d - 0.3335d = 0.21484

Therefore, as expected, the RR intensity of the out-of-phase
a”” mode is zero, and the ratio of the intensities of the two a’
modes is

I[a’(1)1/112’(2)] = (2055% X 1.719? X 1891)/(1957% x
0.215% x 2027)
~ 66/1

Thus, under conditions where the high-frequency band is observed
in the RR, the intensity of the lowest frequency band will usually
be too weak for detection. It is likely that the same argument
applies to the closely related molecule CIRe(CO)3(2,2’-bpy).
Moreover it also seems likely that a similar explanation applies
to complexes of general formula M(CO),(diimine) (M = Cr,
Mo, W), which also show resonance-enhancement of only the
highest frequency, symmetric »(CO) mode.?® A complete
explanation will require the solution of the ground-state EFFF,
and, via TRIR, the measurement of the distortions of the C-O
groups on excitation.

Conclusions

We have shown that time-resolved infrared spectroscopy can
probe the MLCT excited state of a transition metal complex, and
from the energy factored force field of both the ground state and
the excited state, a new interpretation of the resonance Raman
enhancement of only one CO stretching vibration of this and
related species is proposed.
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