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The solution-phase photochemistry of the [FeFe] hydrogenase subsite model (μ-
S(CH2)3S)Fe2(CO)4(PMe3)2 has been studied using ultrafast time-resolved infrared spectroscopy
supported by density functional theory calculations. In three different solvents, n-heptane, methanol,
and acetonitrile, relaxation of the tricarbonyl intermediate formed by UV photolysis of a carbonyl
ligand leads to geminate recombination with a bias towards a thermodynamically less stable
isomeric form, suggesting that facile interconversion of the ligand groups at the Fe center is possible
in the unsaturated species. In a polar or hydrogen bonding solvent, this process competes with
solvent substitution leading to the formation of stable solvent adduct species. The data provide
further insight into the effect of incorporating non-carbonyl ligands on the dynamics and photo-
chemistry of hydrogenase-derived biomimetic compounds. © 2012 American Institute of Physics.
[doi:10.1063/1.3679387]

INTRODUCTION

The hydrogenase family of enzymes is capable of re-
versibly catalyzing the reduction of protons to dihydrogen.
This is a reaction of some considerable technological inter-
est and understanding the chemistry of the hydrogenases may
presage new methods for catalytic or electrocatalytic hydro-
gen production and its utilization in fuel cells, viz., replac-
ing platinum. Particular interest has been directed toward the
[FeFe]hydrogenases where the active site consists of a 2Fe3S
cluster. In the enzyme, this cluster features a bridging CO lig-
and with the five remaining coordination sites occupied by
CO and CN ligands and a cysteinyl bridge to a Fe4S4 clus-
ter that plays a role in the electron transfer process.1–3 Nu-
merous model compounds mimicking this natural H-cluster
have been synthesized and tested to determine both their pro-
ton affinity and catalytic activity with respect to the pro-
duction of molecular hydrogen.1–11 Specifically, it has been
shown that a family of compounds with the general formulas
(μ-SRS)Fe2(CO)4(L)2 (L = CO, CN, PMe3) are promising
candidates for further development.1–3, 7–9, 12–17 Indeed, the
existence of catalytic assemblies incorporating light harvest-
ing molecules or nanoparticles combined with hydrogenase
model systems have already been demonstrated.17

The majority of research to date has been devoted
to synthesis, structural, functional, and mechanistic stud-
ies of a wide variety of biomimetic models alongside ki-
netic and spectroelectrochemical analysis.2, 4, 7, 10, 11 A key
aspect of the catalytic mechanism at the enzyme-subsite–
cluster assembly is the generation of a vacant site where

a)Author to whom correspondence should be addressed. Electronic mail:
n.hunt@phys.strath.ac.uk.

substrates (H2, H+), inhibitors (CO), or other molecules
(H2O, OH−) can bind. Time-resolved infrared spectroscopic
methods are well suited to investigating these processes and
have been used to observe the dynamics and photochem-
istry of (μ-S(CH2)3S)Fe2(CO)4(L)2 (L = CO, CN) systems
in solution.13, 14, 16, 18. In these experiments, time-resolved in-
frared (TRIR) and transient 2D-IR studies employed UV-
induced carbonyl photolysis to create a vacant coordination
site. In all cases, UV excitation of the metal to ligand charge
transfer transition (MLCT) of the hydrogenase model com-
pound was shown to result in spectral changes consistent
with rapid CO loss that could not be reproduced by sample
heating. Further analysis revealed a subsequent competitive
mechanism involving geminate recombination and solvent
substitution for the L = CO variant in a range of solvents and
solvent mixtures.13, 16, 19

Studies of the chemistry of these model systems
have shown, however, that the presence of non-carbonyl
ligands, L, can significantly influence the chemical charac-
teristics of the compound and, in particular, they can im-
pact upon the propensity for protonation.8, 10, 15 For example,
(μ-S(CH2)3S)Fe2(CO)4(PMe3)2 (1) has been shown to form
a bridged protonation product (μ-H)Fe2(pdt)(CO)4(PMe3)2

(propane dithiolate) (Ref. 5) under acidic conditions that is
not observed when L = CO.8, 15 Additionally, ground state in-
vestigations of the L = CN derivative by 2D-IR spectroscopy
have revealed weak vibrational coupling between CO and
CN− ligands14, 18 alongside evidence for CN-induced accel-
eration of the vibrational relaxation of the molecule in com-
parison to the L = CO derivative further showing that the na-
ture of L plays a key role in the vibrational dynamics of these
species.
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Thus far, no ultrafast time-resolved studies of the depen-
dence of the photochemistry of such a system upon the iden-
tity of L have been carried out. To address this, we apply TRIR
spectroscopy to investigate the effects of replacing two car-
bonyl ligands with trimethyl phosphine groups in an effort to
further our understanding of the behavior of these systems in
solution. By using a combination of TRIR spectroscopy and
DFT simulations, it can be shown that the identity of L has
an effect upon the ability of the model species to form solvent
adducts following CO photolysis, which may have implica-
tions for protonation at the metal center. In addition, evidence
for photoinduced isomerisation indicates that interconversion
of ligands near the metal centers is facile, but slow in the ab-
sence of ligand removal.

EXPERIMENTAL

The model compound 1 used in this work was produced
by established synthetic routes5, while the solvents were ob-
tained from Sigma-Aldrich and used without further purifica-
tion. The oxygen sensitivity of 1 required that samples were
handled in a nitrogen-rich environment during sample prepa-
ration and that all solvents were purged with N2 and dried
over CaH2 prior to use to avoid complications due to the pres-
ence of water. For FTIR and TRIR measurements, the samples
were held in airtight cells (Harrick Scientific) consisting of a
pair of CaF2 windows separated by a PTFE spacer of 200 μm
thickness. The concentration of the solutions was adjusted to
yield peak optical densities in the carbonyl ligand stretching
mode (νCO) region of the mid IR of around 0.5. This equated
to a concentration in heptane of 1.3 mM and it was estab-
lished that the OD at 355 nm was around 0.35 under these
conditions. For TRIR studies, the samples were continuously
refreshed by closed-loop circulation and the sample cell was
rastered in two dimensions to prevent window damage.

Steady-state FTIR spectra were recorded on a Bruker
Vertex 70 spectrometer, and temperature-dependent FTIR
measurements were performed in a thermostatically con-
trolled cell (Harrick Scientific) accurate to ±1 K.

TR-IR measurements

The time-resolved infrared spectrometer used has been
described in detail in Refs. 13, 16, and 20. Briefly, a regenera-
tively amplified Ti:saphire laser system (Coherent) producing
35 fs duration pulses centered at a wavelength of 800 nm with
a pulse repetition rate of 1 kHz was used to pump two white-
light-seeded optical parametric amplifiers (OPA). One OPA
produced pulses with an energy of ∼4 μJ and a wavelength
of λ = 355 nm via a fourth harmonic generation process using
the signal beam. These were used as UVpump pulses, while the
second OPA generated IRprobe pulses via difference frequency
generation of the signal and idler beams. The latter were cen-
tered near 1950 cm−1 with a bandwidth of >200 cm−1. The
pump-probe time delay was controlled by an optical delay
line and the relative polarization of the pump and probe was
set to the magic angle to remove the effects of molecular ro-
tation from the signals. To facilitate collection of pump-on–

pump-off difference spectra, a chopper operating at half the
laser repetition rate (500 Hz) was used to modulate the pump
pulse train. The transmitted probe radiation was dispersed via
a grating spectrometer and recorded using a liquid-nitrogen-
cooled 64-element HgCdTe array. The spectral and temporal
resolution obtained from this apparatus was ∼4 cm−1 and 150
fs, respectively.

Data analysis

Data analysis was performed by fitting the TRIR spec-
tra to a sum of Gaussian lineshapes for all pump-probe de-
lay times simultaneously. This was done using a pseudo-
global fitting routine to optimize a set of Gaussian peaks
with linked positions across all pump-probe delay times in or-
der to determine the temporal amplitude variation. The initial
line positions were determined using the smallest number of
Gaussian lineshapes necessary to produce a good quality fit
to the spectra. The computation routine subsequently em-
ployed χ2 minimization by means of Levenberg-Marquardt
algorithm to find the best-fit parameters. The stability of the
solutions obtained was tested by cyclic variation of a subset
of initial parameters.

The temporal dynamics were then recovered by fitting
the time dependence of the amplitudes of the Gaussian peaks
using single or bi-exponential functions.

Density functional theory

All DFT calculations were carried out using the
GAUSSIAN 03 package.21 The calculations were performed
on molecules in vacuo using the hybrid B3LYP functional22

and LanL2DZ basis set. The latter employs the Dunning/
Huzinaga valence double-ζ D95 V (Ref. 23) basis set for
first-row atoms and Los Alamos effective core potential plus
DZ on atoms from Na-Bi.23, 24 No scaling and correction
factors were applied. Harmonic frequency calculations were
performed on optimized geometry structures and transition-
state searches were performed using the synchronous transit-
guided quasi-Newton method.25 The combination of basis set
and functional used were chosen because previous compar-
isons with 2D-IR spectroscopy experiments on hydrogenase
model systems have shown the relative line ordering obtained
to be accurate.14 As absolute frequency determination is chal-
lenging with DFT simulations of metallocarbonyls in solu-
tion, these results were employed as a guide to assignment
and this combination, therefore, allowed the maximum confi-
dence in the relative line positions obtained for the different
structural forms discussed below.

RESULTS AND DISCUSSION

FT-IR spectroscopy

The infrared absorption spectrum of 1 in the CO stretch-
ing region is shown in Figure 1(a) for solutions in heptane,
MeOH, and MeCN. When dissolved in heptane, 1 displays
three intense νCO bands at 1895, 1909, and 1954 cm−1 along-
side a fourth, much weaker, transition at 1990 cm−1. In MeOH
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and MeCN solutions, the absorption bands display a redshift
and line broadening while the highest frequency mode ob-
served in heptane becomes more intense in the polar solvents
such that three peaks are visible at 1904 (1899), 1946 (1943),
and 1984 (1980) cm−1 in MeOH (MeCN). The lowest fre-
quency of these peaks shows evidence of additional struc-
ture consistent with broadening of the peaks observed in the
same region in heptane solutions. The FWHM observed for
the transitions was 5, 8, and 10 cm−1 in heptane, MeOH,
and MeCN, respectively. The increased linewidths in the polar
solvents are attributable to inhomogeneous broadening, indi-
cating a greater degree of solute-solvent interactions than is
present in heptane, though 2D-IR studies of similar species
have indicated that the associated mechanisms and dynam-
ics differ as MeOH solutions are dominated by H-bonding
effects, whereas in MeCN electrostatic interactions are more
prevalent.26

The change in relative intensity of the high-frequency
peak with increasing solvent polarity can be attributed to the
presence of different geometrical isomers of 1. Of the pos-
sible structural arrangements of the four carbonyl and two
trimethylphosphine ligands in 1, only two have previously
been observed experimentally. The structures of these two iso-
meric forms, denoted trans-1BA-BA and 1AP-BA (where BA and
AP indicate basal and apical ligand positions, respectively)
are displayed in Fig. 1(b). The all-basal isomer was detected
in the solid phase, while the 1AP-BA form was observed in po-
lar solvent solutions.8, 15 DFT structural optimizations and en-
ergy calculations have been carried out for these two isomeric
forms. These indicate that a 4.3 kJ/mol energy difference ex-
ists between the trans-1BA-BA and 1AP-BA structures with the
latter lying higher in energy. The calculations also indicate a
significant difference in the overall dipole moment for the two
forms with that of trans-1BA-BA predicted to be 1.9 D, while
the 1AP-BA structure gives a value of 5.5 D. This would appear
to be consistent with the trans-1BA-BA isomer being the dom-
inant form in heptane, while in polar solvents the proportion
of 1AP-BA might be expected to increase.

Figure 1(b) also shows the predicted FTIR spectrum of
these two isomeric forms of 1. It is noteworthy that the sim-
ulation of the CO stretching vibrational modes of the 1AP-BA
form shows a prominent high-frequency mode. This is appar-
ently consistent with the rising intensity of the high-frequency
peak in the FTIR spectrum on moving from heptane to MeOH
and MeCN suggesting that this peak is an indicator of the
presence of the 1AP-BA isomer.

Further support for this isomeric equilibrium can be ob-
tained from the thermal dependence of the FTIR spectrum of
1 in heptane. Example spectra are displayed in Figure 1(c),
which show that increasing temperature leads to a decrease
in the intensity of the three main νCO peaks and a concomi-
tant gain in the intensity of the 1990 cm−1 peak as would be
expected. It is noticeable that the two effects are not identi-
cal in terms of absolute intensity; however, the proportional
changes are similar. In addition, the higher temperature spec-
trum shows an increase in the intensity of a small transition
near 1922 cm−1. These two features are highlighted using
arrows in the main figure and a difference approach in the
inset of Fig. 1(c). Comparisons with the DFT calculations

FIG. 1. (a) νCO region of the FT-IR spectrum of 1 dissolved in heptane
(black), MeOH (green), and MeCN (blue). The spectra were corrected for
solvent absorption and normalized, (b) DFT calculated infrared spectra of 1
for the trans-1BA-BA (black) and 1AP-BA (red) isomeric forms, (c) νCO region
of FT-IR spectrum of 1 dissolved in heptane at 20 ◦C and 80 ◦C. Inset shows
the T-induced difference spectrum and arrows indicate the temperature-
correlated absorption increases.

in Fig. 1(b) suggest that these are both indicative of a shift
in the equilibrium position toward the higher energy iso-
meric form as the predicted spectrum of the 1AP-BA isomer
generally blueshifts with respect to that of the trans-1BA-BA
form, which would lead to increased spectral density on the
blue edge of the transitions of the trans-1BA-BA isomer near
1922 cm−1 as is observed. The vibrational frequencies pre-
dicted by the DFT are expected to show errors in relation to
the absolute experimental frequencies, though the overall pat-
terns and relative line positions have generally been found
to be in good agreement with experiment when using this
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combination of functional and basis set.3, 12, 27 It is noted that,
while the 1990 cm−1 peak is a clear indicator of the pres-
ence of the higher energy isomer, the 1922 cm−1 contribution
may also arise from temperature-induced broadening of the
trans-1BA-BA isomer peaks, though this is not a symmetrical
effect as might be expected. As such, the former peak will be
taken as the main indicator henceforth.

Time-resolved IR spectroscopy

The time-resolved difference spectra obtained in the νCO

region following 355 nm irradiation of 1 in heptane, MeOH,
and MeCN are presented in Figs. 2(a)–2(c). The data are
shown for three time delays that are representative of the ob-
served dynamics: ∼8 ps, effectively immediately following
excitation; 440 ps, after which much of the spectral evolution
was complete; and an intermediate time delay near 80 ps.

In the spectra obtained for 1 dissolved in heptane with
a pump-probe delay of a few ps (Fig. 2(a), black), negative
features are observed that, allowing for the reduced resolution
of the TRIR spectra, are coincident with the three main peaks
observed in the FTIR spectrum of this sample. These features
were present even at the earliest pump-probe delay times and
are assignable to bleaches of the parent molecule absorptions
arising from excitation by the UVpump pulse and subsequent
rapid (sub 100 fs) loss of a carbonyl ligand.. A small bleach
is also observed at 1990 cm−1 consistent with a comparable
reduction in the population of the small quantity of 1AP-BA
isomer present in the heptane solution.

These bleaches are accompanied at short delay times
by the instantaneous appearance of broad, positive features
shifted to lower wavenumber. These are consistent with ear-
lier studies of hydrogenase model systems using TRIR and are
assignable to a combination of the short-lived MLCT excited
state, vibrationally hot species formed by irradiation, and tri-
carbonyl photoproducts created by the loss of a CO ligand,
which has been shown to occur on sub-ps time scales.13, 16

At intermediate pump-probe time delays (80 ps, Fig. 2(a),
red) the bleaches show some recovery while the transient
absorptions decay via narrowing and blueshifting, a process
consistent with vibrational cooling. This evolution reveals
narrower photoproduct lines that originate from CO loss from
the parent molecule, these are redshifted in relation to the par-
ent tetracarbonyl as would be expected on account of the in-
creased electron back donation into carbonyl π* orbitals.

The traces at a pump-probe time delay of 440 ps
(Fig. 2(a), green) show further decreases in the amplitude of
the bleaches assignable to geminate recombination and recov-
ery of the parent molecule. The bleach recovery is greater
than 75% of the initial amplitude at this time delay suggest-
ing a dominant geminate recombination process in heptane.
The photoproduct peaks present in the 8 ps and 80 ps traces
have virtually disappeared by 440 ps and have been replaced
by two new peaks at 1922 and 1990 cm−1. These features are
assignable by comparison with the FTIR spectra and DFT cal-
culations discussed above to the formation of the 1AP-BA iso-
mer suggesting that the equilibrium position is shifted some-
what by irradiation and CO photolysis. The positive peaks due

FIG. 2. Magic angle TR-IR spectra of 1 in heptane (a), MeOH (b), and
MeCN (c) at ∼8 ps (black), ∼80 ps (red), and 440 ps (green) pump-probe
delay times.

to the 1AP-BA isomeric form and the residual parent bleaches
showed evidence of a subsequent slow recovery process with
similar kinetics suggesting recovery towards the thermal equi-
librium position. It is interesting to note that no other major
peaks are observed that may be assigned to the 1AP-BA iso-
mer, though these were also not seen in the T-dependent FTIR
spectra and it is reasonable to conclude that, while predicted
by DFT, these are obscured by parent molecule bleaches.

In heptane solution, no further positive peaks that are
readily assignable to solvent coordination of the vacant site
left by CO were observed in contrast to the hexacarbonyl
derivative of 1, which showed significant solvent adduct
formation.13, 16 In the case of the hexacarbonyl species, these
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solvent adduct peaks were significantly redshifted in rela-
tion to the parent molecule and would have been expected
in the region below 1890 cm−1 for 1. It is noteworthy that a
small feature is present in the 440 ps dataset in heptane near
1900 cm−1, which could conceivably arise from a solvent
adduct species and is not inconsistent with the DFT calcu-
lations of this molecule; however the small size, close over-
lap with the parent molecule bands and the fact that this was
not observed to be sufficiently long-lived or correlated with
any other spectral feature would make this assignment ten-
uous and rather inconsistent with data observed for the hex-
acarbonyl derivative. Equally, it is plausible that the feature
observed near 1922 cm−1 could arise from a solvent adduct.
However, the comparisons with T-dependent FTIR make this
unlikely and the correlation with the peak at 1990 cm−1,
which lies in the same position as the parent spectrum bleach
and is a clear indicator of isomerisation, makes it more likely
that the 1922 cm−1 peak is due to isomerisation.

The data obtained in MeOH (Fig. 2(b)) and MeCN
(Fig. 2(c)) solutions are broadly similar to those in hep-
tane and can be assigned to similar processes and species.
In contrast to heptane however, both MeOH and MeCN
solutions gave rise to further small non-vanishing positive
peaks in the 1840-1880 cm−1 region, suggestive of a com-
petition between geminate recombination and solvent sub-
stitution leading to tricarbonyl derivatives of general for-
mulas (μ-S(CH2)3S)Fe2(CO)3(PMe3)2(Solv) (Solv = MeCN,
MeOH). The position of these bands to the red of the par-
ent molecule and peaks due to the tricarbonyl intermedi-
ate are entirely consistent with previous studies.13, 16 Further-
more, DFT calculations performed to simulate the infrared
spectra of intermediate- and solvent-substituted photoprod-
ucts are shown in Figure 3. The simulations also predict a
general downshift of the νCO bands of the adducts, when Solv
= alkane, MeOH, or MeCN, in relation to those of the par-
ent molecule. In the case of heptane, propane was used as
the solvating ligand in the simulations for reasons of com-
putational cost, though it has been shown elsewhere that the
length of alkane chain in solvent adducts has little effect on
the simulated IR spectra produced.13 Despite this, little ev-
idence for the formation of a solvent adduct is observed in
the data obtained for heptane solutions. Work on the hex-
acarbonyl species suggested little difference in experimental
spectra of MeCN and heptane solvent adducts in terms of line
positions, further suggesting that the heptane variant does not
occur. The differences are predicted to be larger by DFT sim-
ulations of 1 but, while not conclusively ruled out, evidence
of a heptane photoproduct is weak.

It is also noted, though not shown, that loss of a
trimethylphosphine ligand was simulated via DFT calcula-
tions and was predicted to cause a large blueshift of the pho-
toproduct bands in comparison to the parent and, as such, the
results of 355 nm excitation are assigned only to species aris-
ing from CO loss.

In order to quantify the time scales of these processes, the
TRIR difference spectra were fit to a series of Gaussian line-
shape functions using the approach described above. Exam-
ples of the results of this fitting are shown in Figs. 4(a)–4(c)
for 1 in heptane solution at similar representative time delays

FIG. 3. The DFT calculated infrared spectra of trans-1BA-BA (black),
1AP-BA (red), and the tricarbonyl photoproduct Fe2(pdt)(CO)3(PMe3)2
(blue) are shown in the lower panel. The dominant parent-molecule spec-
trum is shown as negative-going peaks for ease of comparison with
TRIR bleach signals. Similar predictions for candidate transient molecules,
Fe2(pdt)(CO)3(PMe3)2 · (propane) (green), Fe2(pdt)(CO)3(HOMe)(PMe3)2
(cyan), and Fe2(pdt)(CO)3(NCMe)(PMe3)2 (navy) are shown in the upper
panel. NB pdt: propane dithiolate.

as are shown in Fig. 2(a). The time dependence of selected
TRIR features obtained from the amplitudes of the Gaus-
sian fitting functions for each of the solvents are presented in
Figures 5(a)–5(c) and dynamics were obtained for the peaks
by fitting to a series of exponential decay functions. The re-
sults are collated in Table I.

It is noted that the overlap of the various broad positive
and negative features often led to difficulties in isolating indi-
vidual peak dynamics but general patterns clearly emerge and
the uncertainties in individual measurements can be gauged
from the scatter of the data in Fig. 5 to be small compared to
the time scales obtained. In the case of the parent bleaches,
these displayed a biexponential recovery (black traces in
Fig. 5 and Table I) with the faster decay time scale in
the ∼15-60 ps region and the longer time scale in the
∼100-200 ps range depending on the solvent. A ns-time scale
component was also observed, though this was so slow as
to be treated as being a static contribution in comparison to
the fast dynamics for the purposes of the fitting process.

By contrast, the broad low-frequency features observed
at early times decayed with single exponential dynamics in
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TABLE I. Results of fitting temporal dependencies of Gaussian peak amplitudes of 1 in heptane, MeOH, and
MeCN solutions derived from fitting of TR-IR spectra. Lifetimes τ 1 and τ 2 represent exponential decays, while
τR represents an exponential rise.

Peak position FWHM τR τ 1 τ 2

Solvent [cm−1] [cm−1] [ps] [ps] [ps] Line assignment

Heptane 1857 10.5 20 MLCT decay/vibrational cooling
1885 19 38 MLCT decay/vibrational cooling
1897 15 23 197 M2(CO)3 cooling/geminate recomb.
1909 8 51a 400a Parent bleach
1919 9 171 >1ns Isomerisation
1936 17 38 MLCT decay/vibrational cooling
1948 11 23 150 M2(CO)3 cooling/geminate recomb
1954 7 26 166 Parent bleach
1990 9 170 >1ns Isomerisation

MeOH 1852 15 38 MLCT decay/vibrational cooling
1882 16 16 133 M2(CO)3 cooling/geminate recomb
1904 12 32a 265a Parent bleach
1910 14 152 >1ns Isomerisation
1930 14 45 MLCT decay/vibrational cooling
1938 14 28 139 M2(CO)3 cooling/geminate recomb
1946 10 12 114 Parent bleach
1984 13 138 >1ns Isomerisation

MeCN 1850 13.5 65 MLCT decay/vibrational cooling
1872 13.5 21 115 M2(CO)3 cooling/geminate recomb
1899 22 22 195a Parent bleach
1908 26 112 >1ns Isomerisation
1919 15 60 MLCT decay/vibrational cooling
1930 10 22 105 M2(CO)3 cooling/geminate recomb
1943 14 28 95 Parent bleach
1980 12 93 >1ns Isomerisation

aDynamics of lowest frequency bleach are affected by overlap of trans-1BA-BA and 1AP-BA isomer transitions.

the 15-60 ps range (red traces in Fig. 5). This is consistent
with assignment of this time scale to the combined relaxation
of the MLCT excited state and vibrational cooling (Table I)
and coincides with the narrowing and blueshifting of those
features towards intermediate pump-probe time delays. The
latter effect is seen in the fit by the 15-60 ps “rise” of narrower
Gaussian peaks immediately to the red of the parent bleaches.
Identified as cooling and geminate recombination in Table I,
these peaks are assignable to tricarbonyl species that become
visible as cooling proceeds and which then decay with the
100-200 ps time scale as recombination occurs.

Finally, the photoproduct peaks (blue) due to the higher
energy isomer were observed to show a rise time in the
100-200 ps time range followed by a ns decay profile. It is
noted that these peaks start from a negative value owing to
the bleaching of the initial population of the 1AP-BA isomer,
which then recovers and exceeds the initial value as the ex-
periment proceeds.

The kinetics are entirely consistent with a relatively
simple mechanism in which vibrational cooling of transient
species formed following photolysis occurs rapidly in tens of
picoseconds while the 100-200 ps decay time can be associ-
ated with geminate recombination. The longer time scale is
associated with both bleach recovery, and the growth of peaks
due to the 1AP-BA isomer is indicative that it is due to recom-
bination with the CO ligand and that it is this process that

results in isomerisation rather than any rearrangement of vi-
brationally hot species.

The three solvents show some difference in the observed
time scales with the values obtained for cooling and recom-
bination being somewhat shorter in MeOH and MeCN than
in heptane. In the case of heptane, however, (Fig. 4(a)), the
main bleach recovery is almost complete within 800 ps, while
this is not the case in the polar solvents. This suggests that the
longer lived species are more stable in the polar solvents, con-
sistent with the formation of secondary solvent adduct photo-
products. Specific peak positions are not reported in the fitting
results for the solvent adducts discussed above. This is be-
cause the peaks are small and in terms of position are largely
indistinguishable from the peaks due to MLCT or hot par-
ent molecule contributions. This means that their presence
is somewhat inferred from the very long-lived nature of the
peaks, which appear as the cooling and relaxation processes
proceed. The time scales for formation of these adducts are
thus indistinguishable from those due to vibrational cooling,
and this suggests that the solvent adducts form in a fashion
that is fast relative to isomerisation and the cooling time scale
provides a well-defined window for this process on the order
of 15-60 ps.

The results indicate that the photochemistry of 1 in so-
lution shows several similarities with previous studies of the
hexacarbonyl derivative. Indeed, the observed time scales
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FIG. 4. TRIR spectrum (black) and Gaussian lineshape fitting results (red)
for 1 in heptane at three pump-probe delay times.

for cooling and relaxation on tens of ps alongside gemi-
nate recombination within 200 ps are in excellent agreement
with prior work and suggest relatively little influence of the
trimethylphosphine ligands on the dynamics following irradi-
ation. This is perhaps to be expected due to the fact that the
relaxation and cooling are likely to be largely controlled by
intramolecular processes, while geminate recombination will
be a function of the immediate solvent cage environment and
this time scale has shown relatively little solvent dependence
for the hexacarbonyl in similar solvents.

Certain differences are observed however, perhaps most
notably in relation to the formation of solvent adducts of 1
in MeOH and MeCN but not in heptane. In the case of the
hexacarbonyl species, solvent adduct formation was observed
in heptane indicating a change in the ligand chemistry aris-
ing from the substitution of CO for trimethylphosphine at two
coordination sites. This is consistent with studies of protona-

FIG. 5. Time dependencies of Gaussian peak lineshapes from fitting re-
sults for 1 in heptane (a), MeOH (b), MeCN (c). Black indicates a main
parent bleach exhibiting biexponential decay kinetics. Blue shows the high-
frequency peak due to the 1AP-BA isomer, which exhibits a rise time due to
isomersiation. Red shows the dynamics of a broad peak formed at early times
which decays with single exponential kinetics due to vibrational cooling.

tion of 1 and the hexacarbonyl which showed that 1 proto-
nates readily in low pH conditions, while the hexacarbonyl
does not.8, 11, 15 These observations suggest that the presence
of the PMe3 groups leads to a greater electron density local-
ized on the dimetal center which both encourages protonation
and perhaps discourages interaction with weakly associating
ligands. The lower vibrational frequencies of the CO stretch-
ing transitions of 1 in comparison to the hexacarbonyl variant
support this and it is also noticeable that the fraction of solvent
adducts formed in MeCN and MeOH solutions in comparison
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to the height of the residual parent bleaches was rather smaller
than observed for the hexacarbonyl.13, 16

An alternative possibility is that steric factors at the metal
centers prevent ligand association at the vacant coordination
site. The PMe3 species will be significantly larger than CO
though this alone does not explain the relative propensities
for protonation. A third possibility is the involvement of an
agostic interaction between a methyl hydrogen on the PMe3

ligand and the vacant site on the metal, which may partially
result from the natural protonation affinity of the diphospine
complex.28

The observation of isomerisation at the Fe centers fol-
lowing CO photolysis is extremely interesting as the possibil-
ity of interchange between the terminal groups at the Fe center
has proven very difficult to resolve experimentally. While iron
pentacarbonyl is well known to undergo such isomerisation
on ps time scales via the Berry pseudo rotation mechanism,29

it is not known whether a similar process affects CO and CN
ligands in the hydrogenase active site or biomimetic models.
The implications of these data are that CO loss leads to re-
combination that favors formation of the 1AP-BA isomer in re-
lation to the thermodynamic position of the equilibrium. Ini-
tially, the indications appear to be that the FeL2 unit is flexible
enough to undergo interconversion of the ligand groups, even
when one is a bulky PMe3 ligand.

DFT calculations of the transient (μ-
S(CH2)3S)Fe2(CO)3(PMe3)2 species have been performed in
order to further understand the mechanism for ligand inter-
conversion. These show that the tricarbonyl species forms
stable asymmetric structures with geometries close to those
observed in the parent molecule. Attempts to determine the
energy barrier for ligand permutation consistently led to CO
bridged species (μ-CO)Fe2(μ-S(CH2)3S)(CO)2(PMe3)2. The
CO bridged structures were on average 35.7 kJ/mol lower
in energy than the most stable asymmetric forms but were
separated from them by a barrier of similar magnitude. While
by no means conclusive, the large-energy barrier to intercon-
version of the tricarbonyl alongside the lack of experimental
evidence for a bridged intermediate and straightforward
dynamics make it seem unlikely that the transient species
undergo isomerisation prior to geminate recombination.
This further suggests that isomerisation occurs during the
recombination process and explains the similar time scales
for isomerisation and recombination. Another indicator that
rapid ligand interconversion is not occurring is the slow (ns)
recovery of the equilibrium position suggesting that while the
1AP-BA isomer does interconvert with the trans-1BA-BA form
without excitation, the processes are by no means ultrafast
and do not occur on similar time scales to the few ps required
for the Berry pseudorotation. Indeed, DFT calculations
suggest that the barrier to this interconversion process is of
the order of 38 kJ/mol, consistent with these slow time scales.

One possibility is that recombination can be represented
as an interchange process or pseudo Sn2-type substitution
with the free CO acting as the attacking group perhaps
displacing a very weakly interacting solvent molecule at the
original vacant site. In such process the product geometry
is controlled by orientation of both the incoming and leav-
ing ligand resulting in a non-equilibrium mixture of isomers.

This would require some rotation of the tricarbonyl interme-
diate but is supported by anisotropy decay rates of 15-25ps
observed for the parent species indicating fast solute rotation
in all solvents.

CONCLUSIONS

In summary, we have employed time-resolved infrared
spectroscopy to observe the primary and secondary photo-
chemical processes of a hydrogenase enzyme-inspired model
compound in polar and nonpolar solvents. It has been de-
termined that UV light induced excitation of MLCT bands
leads to rapid (sub 100 fs) photodissociation of a CO lig-
and with relaxation and vibrational cooling processes occur-
ring on tens of ps time scales alongside geminate recombi-
nation on 100-200 ps time scales. Recombination is observed
to cause isomerisation of the parent molecule resulting in a
transient perturbation of the equilibrium position towards an
energetically less-stable isomeric form of 1 in all solvents
studied. Comparison of photodissociation experiments in dif-
ferent solvents further shows that in a polar heptane solution
the tricarbonyl intermediate species undergoes almost com-
plete geminate recombination within the experimental time
window, while in MeCN and MeOH coordination of a solvent
molecule competes with recombination leading to semi-stable
solvent adducts.
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