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Vibrational and structural dynamics of two transition metal carbonyl complexes, Mn(CO)5 Br
and Re(CO)5 Br were examined in DMSO, using ultrafast infrared pump-probe spectroscopy,
steady-state linear infrared spectroscopy and quantum chemistry computations. Two carbonyl stretching vibrational modes (a low-frequency A1 mode and two high-frequency degenerate E modes) were used as vibrational probes. Central metal eﬀect on the CO bond order
and force constant was responsible for a larger E-A1 frequency separation and a generally
more red-shifted E and A1 peaks in the Re complex than in the Mn complex. A generally
broader spectral width for the A1 mode than the E mode is believed to be partially due
to vibrational lifetime eﬀect. Vibrational mode-dependent diagonal anharmonicity was observed in transient infrared spectra, with a generally smaller anharmonicity found for the E
mode in both the Mn and Re complexes.
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tional excited state, a weak IR pulse (referred as probe)
is followed with a varying delay time to characterize
the vibrational relaxations of the excited states. Because molecular vibrations are directly inﬂuenced by the
molecular structures as well as by instantaneous solvent
conﬁgurations, the IR pump-probe method provides a
sensitive measurement of both vibrational relaxations
and molecular structural dynamics. With the aid of
femtosecond IR laser pulses, the time resolution of this
method is readily comparable to that of molecular dynamics simulations.
Manganese and rhenium pentacarbonyl bromides
(Mn(CO)5 Br and Re(CO)5 Br) are typical transition
metal carbonyl coordination compounds that can be
used as model molecules to understand the vibrational
properties of these transition metal carbonyl species.
The two complexes share the same formula, M(CO)5 Br
(M=Mn and Re respectively), and have C4v symmetry. In this work, we are particularly concerned with
the carbonyl stretching mode (νCO ) whose vibrational
frequency is located in the 5-µm wavelength region
(2000 cm−1 in wavenumber). The vibrational representation of M(CO)5 Br complexes contains two infraredactive νCO modes (A1 and E) [5], which are mainly
the axial and equatorial CO stretching vibrations respectively. While it has been established that the vibrational frequency of these two modes is in the order
of E>A1 , the vibrational and structural dynamics underneath these two modes, and the inﬂuence of central
metal atom on the vibrational dynamics, are less under-

I. INTRODUCTION

It is well known that transition metal carbonyl coordination compounds play a very critical role in catalyzing chemical reactions, however, it still remains
as a challenge for chemists to uncover the fundamental mechanisms lying underneath the complicated catalytical processes [1]. Vibrational excited states, in
particular those of carbonyl ligands, are very important in these catalytic reactions. Infrared (IR) spectroscopy, particularly ultrafast time-resolved IR spectroscopy, is a powerful tool to investigate complicated
molecular structures and structural processes at the
level of chemical-bond structural sensitivity and on the
time scale of femtosecond temporal sensitivity [2−4].
Tabletop Ti:sapphire laser and optical parametric ampliﬁer technologies can now generate stable femtosecond IR pulses, providing excellent light sources for ultrafast transient IR spectroscopic measurements. One
of such measurements is pump-probe. In a typical IR
pump-probe experiment, a relatively intense IR pulse
(referred as pump) is used to excite a subensemble of
a condensed-phase molecule (solute) to a speciﬁc vibra-
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stood.
Further, the carbonyl stretching mode can be eﬀectively used as a vibrational probe for the structures and
dynamics of the transitional metal carbonyls [6]. The
carbonyl stretching mode has a large transition dipole
moment and an absorption linewidth that are sensitive
to both molecular structure and solvent environment
[7]. The carbonyl stretching mode also usually has a
vibrational lifetime that falls into the picosecond time
regime [8], providing a time window for examining the
ultrafast structural dynamics of these transition metal
compounds. An aprotic polar solvent, namely dimethyl
sulfoxide (DMSO), was selected in this work because
it can dissolve manganese and rhenium pentacarbonyl
bromides at reasonable concentration, also because it is
relevant in catalytic and photophysical studies.

II. MATERIALS AND METHODS

pump pulse at half of the laser repetition. Sample position was controlled with a manual mechanical XY Ztranslation stage. The nonlinear IR experiments were
carried out at room temperature (22 ◦ C).

C. Quantum chemistry calculation

Geometry optimization of both Mn(CO)5 Br and
Re(CO)5 Br was carried out and followed by subsequent
vibrational frequency analysis including anharmonicity
computations, in implicit solvent using polarizable continuum model (PCM) [12, 13] with default parameters for DMSO. Density functional (B3LYP) with the
6-31++G∗∗ basis set for light atoms (C, O, and Br)
and the Lanl2dz pseudopotential for the central transition mental atom were used. All computations were
performed using the density functional theory (DFT)
as implemented in Gaussian 09 [14].

A. Sample and FTIR experiments

Mn(CO)5 Br and Re(CO)5 Br were purchased from
Sigma-Aldrich and used without further puriﬁcation.
The two transition metal carbonyl complexes were
dissolved in DMSO at concentrations of 10.8 and
17.1 mmol/L, respectively. The sample solutions were
loaded into a home-made liquid IR sample-cell, which is
composed of two 2-mm thick calcium ﬂuoride windows
and separated by a 50-µm thick Teﬂon spacer. FTIR
spectra were collected using a Nicolet 6700 FTIR spectrometer (Thermo Electron) at 1-cm−1 spectral resolution. The FTIR experiments were carried out at room
temperature (22 ◦ C).

B. Pump-probe spectroscopy

The transient IR pump-probe experiments were carried out with a home-built IR pump-probe spectrometer [9, 10]. Mid-infrared pulses with central frequency
at near 2000 cm−1 were generated via a diﬀerence frequency generator (DFG) that was pumped by an optical
parametric ampliﬁer (OPA), and the latter was pumped
by a Ti:sapphire laser ampliﬁer system (sub 35-fs pulse
width, 800-nm central wavelength, and 1-kHz repetition rate). The pump and probe pulses were generated
by a beam splitter subsequently collimated and focused
on the sample cell by a focusing parabolic mirror with
10-cm focal length. The time delay between the pump
and probe pulses was controlled with a motorized translation stage. The polarization direction of the probe
pulse, with respect to that of the pump pulse, was adjusted to 54.7◦ (the so-called “magic” angle [11]) via a
half-wave plate and a polarizer, at which angle the lifetime of the vibrational excited state can be measured
free from molecular reorientational eﬀects.
Transient spectra were obtained by chopping the
DOI:10.1063/1674-0068/29/cjcp1512253

III. RESULTS AND DISCUSSION
A. Linear IR spectra

The infrared spectra of Mn(CO)5 Br and Re(CO)5 Br
dissolved in DMSO in the CO stretching region are
shown in Fig.1 with peak intensity normalized. Clearly,
for each compound, ﬁve CO groups exhibit only two
absorption peaks, and show compound-dependent peak
positions and peak separations. The bands from the
high- to low-frequency direction are denoted as two
infrared-active νCO modes (E and A1 ) respectively by
symmetry coordinate [5], which are mainly the axial and
equatorial CO stretching vibrations respectively. It is
noticed that the E mode is a doubly degenerate mode
with identical frequency. This is veriﬁed by DFT computations (see below).
Table I is the ﬁtting result of the experimental IR
spectra using Voigt function. The Voigt function is
used because neither pure Gaussian nor pure Lorentzian
function could yield a satisfactory ﬁtting result. Peak
widths are reported in the form of full-width at halfmaximum (FWHM), showing a tendency of increase as
the metal center changes from manganese to rhenium.
In addition, for the same molecule, the FWHM for the E
mode is generally narrower than that for the A1 mode,
whose signiﬁcance will be explained in later section.

B. Computations

To understand the observed IR spectra and vibrational frequency change associated with central atom,
we performed quantum chemistry calculations on each
complex in implicit DMSO solvent using the PCM
method. Figure 2 shows the two optimized structures
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TABLE I Voigt function fitting parameters of the linear IR
spectra of the CO stretching of Mn(CO)5 Br and Re(CO)5 Br
dissolved in DMSO.
Mode
Peaka
FWHMa
Areab
Mn(CO)5 Br
E
2043.7
20.4
24.6
A1
2009.0
27.4
7.7
Re(CO)5 Br
E
2037.6
23.5
29.4
A1
1984.7
31.4
9.9
a
b

Peak position and FWHM are in unit of cm
Area is in unit of arbitrary unit.

−1

83

1.144

1.142

2.601

2.022

1.883

2.730

1.941

1.825
1.148

1.155
Re(CO)5Br

Mn(CO)5Br

.
FIG. 2 Molecular structure of Mn(CO)5 Br and Re(CO)5 Br
with C4v symmetry. These important bond lengths are
marked in Å.
O≡C

M

Br

FIG. 3 Carbon monoxide ligand acts as a strong acceptor
in Mn(CO)5 Br and Re(CO)5 Br complexes. Only the axial
direction is shown.

TABLE II Calculated CO stretching vibration frequency
ν, reduced mass µ, force constant k (in unit of mDyne/Å),
transition intensity I for the A1 and E modes in Mn(CO)5 Br
and Re(CO)5 Br.
FIG. 1 Linear IR spectra of Mn(CO)5 Br and Re(CO)5 Br
dissolved in DMSO in the CO stretching region. The bands
from low frequency to high frequency in DMSO are denoted
as A1 and E.

with key bond distances listed, each showing a C4v symmetry with relatively elongated CO bond length in the
case of Re(CO)5 Br. Table II lists the computed vibrational parameters. In Table II, the IR active A1
and doubly degenerate E modes are predicted. Normalmode analysis shows that the E mode is mainly due to
four radial CO stretching vibrations, while the A1 mode
is mainly due to the single axial CO stretching. This is
in agreement with previous assignment [5]. The computation not only reproduces experimentally observed
order for the E and A1 modes in both frequency and
intensity in each complex, but also reproduces the frequency shift as a function of metal center mainly in two
aspects: ﬁrst, as metal center goes from Mn to Re, both
vibrational modes are red shifted (i.e. towards the lowfrequency side); second, the E and A1 frequency separation becomes larger as metal center goes from Mn
to Re. Because the two complexes are believed to have
identical molecular symmetry (C4v ) [15], these changes
are attributed to the eﬀect of the central atom, which
both belong to the VIIB group in the Periodic Table of
element.
For carbonyl metal complexes, the intense carbonyl
stretching bands are known to be closely related to back
bonding eﬀects [16] that result from the interaction between the unoccupied antibonding (π ∗ ) orbitals of the
DOI:10.1063/1674-0068/29/cjcp1512253

Mode ν/cm−1 µ/amu
k
I/(km/mol)
Mn(CO)5 Br A1
2076.2 13.39 34.02
1328.4
E
2103.9 13.44 35.05
2323.9
Re(CO)5 Br A1
2032.3 13.35 32.49
1875.8
E
2078.9 13.45 34.25
3187.9

carbonyl group and the d orbital electrons of the metal
center. This is illustrated in Fig.3. Further, because
the d orbital electron energy in Re is lower than that
in Mn, a better energy match with the energy of the
π ∗ orbitals of the carbonyl ligand in the case of Re is
expected, thus forming stronger back bonding. Such a
stronger back bonding also causes a Re−C bond length
shortening in comparison with a single ReCO case (not
given here). This causes C atom to be less positively
charged and thus weakens the CO bond strength (decreases its bond order) and generally increases its bond
length (Fig.2), resulting in a lowered vibrational frequency in the Re(CO)5 Br complex than that in the
Mn(CO)5 Br complex. Because the four equatorial CO
share the d orbital interaction, a rather limited red shift
in frequency is expected for the E mode in the Re complex with respect to that in the Mn complex. This is
the reason for larger E-A1 frequency separation in the
Re complex.
Further, Table II suggests that the metal atom eﬀect
is mainly reﬂected in the force constant of the carbonyl
stretch. Figure 4 shows the relationship between the
computed frequency and the square root of the force
constant for the E and A1 modes in two transition metal
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FIG. 4 Theoretically computed frequency versus force constant for the CO stretching modes of Mn(CO)5 Br and
Re(CO)5 Br. Experimentally observed frequencies are also
plotted.
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The pump-probe spectra of both Mn(CO)5 Br and
Re(CO)5 Br were obtained in the CO stretching vibration frequency region, of which the results are shown
in Fig.5. This contour plot maps the state evolution of
the vibrationally excited carbonyl stretching as a function of the pump-probe delay time. The magic-angle
polarization condition is chosen so that the molecular
orientational eﬀect is removed and only true vibrational
relaxation can be seen. Here for simpliﬁcation the zero
delay time is set to when maximum pump-probe signal was observed, and instrumental response function
deconvolution was not carried out. Nevertheless, the
lifetime evaluation, which is found to be tens of picosecond (see below), will not be signiﬁcantly aﬀected by the
inclusion of the instrumental response function. Two
types of signals corresponding to a given peak in the linear IR (e.g. the E mode), are shown as a negative signal
(plotted in blue color) due to vibrational-state bleaching and stimulated emission (from v=0 to v=1, where v
is vibrational quantum number), and as a positive signal (plotted in red color) due to the ﬁrst excited state

2000
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150
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C. Pump-probe spectroscopy

(b)

0

1950

complexes, which is indeed more or less linearly correlated as predicted. The experimental frequencies are
also plotted for a direct comparison, in which a linear
ﬁtting also seems reasonable. On the other hand, it
should be pointed out that the reduced mass is also a
factor because the frequency is proportional to µ−1/2 .
However, from the A1 mode to E mode, their frequencies are not proportional to µ−1/2 , because the two
modes have slightly diﬀerent µ values. In addition, the
CO bond lengths also generally increase in Re(CO)5 Br
as shown in Fig.2, which is the result of stronger back
bonding. The increased bond length is apparently proportional to the increased frequency as well.

2029.4
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FIG. 5 Magic-angle pump-probe spectra of (a) Mn(CO)5 Br
and (c) Re(CO)5 Br in the CO stretching region. Decomposition of transient spectra at 0 fs delay time of (b) Mn(CO)5 Br
and (d) Re(CO)5 Br for anharmonicity evaluation.

absorption (from v=1 to v=2). The red and blue signals
are separated in the frequency range shown in Fig.5 due
to vibrational anharmonicity (∆=δE0−1 −δE1−2 , where
δE is corresponding two-level vibrational energy separation).
The E and A1 modes are more separated in frequency
for the Re complex than for the Mn complex, so that
the absorption and bleach signals are clearly shown in
the former but not in the latter. Note that ground-state
bleaching signal of Mn(CO)5 Br in the A1 mode appears
c
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TABLE III Vibrational lifetime (T1 ) obtained by single exponential fitting the magic-angle data for the Mn(CO)5 Br
and Re(CO)5 Br complexes at desired frequency positions:
bleaching (ν0→1 ) and absorption (ν1→2 ).
Solute
Mn(CO)5 Br

Re(CO)5 Br

ν/cm−1
1991
2027
2046
1963
1985
2017
2040

Assignment
ν1→2 , A1
ν1→2 , E
ν0→1 , E
ν1→2 , A1
ν0→1 , A1
ν1→2 , E
ν0→1 , E

T1 /ps
87.7±0.4
102.8±0.7
100.8±0.3
81.3±0.5
77.0±1.0
93.6±0.8
86.4±0.5

to be missing in Fig.5(a) due to signal overlap between
the 0-1 and 1-2 transitions. This missing spectral component can be identiﬁed by spectral ﬁtting (Fig.5(b)).
To have a detailed understanding of the ultrafast dynamics in relative to those vibrational transitions investigated, we extracted the temporal evolution of the population distribution at the maximum intensity of the excited state transitions, which are shown in Fig.6 for the
Mn(CO)5 Br and Re(CO)5 Br complexes. These vibrational relaxation traces were ﬁtted reasonably by single
exponential decay, of which parameters are summarized
in Table III.
One may intuitively think that those two complexes
should have the same vibrational relaxation behavior
for their very much alike molecular structure. However, our experiment results show that there is a significant diﬀerence between the T1 times for the E and A1
modes in a given transition metal complex, and there
is also some dependence on the transition metal center.
Speciﬁcally, for the Mn complex, the T1 time of the A1
mode (87.7 ps) is nearly 10% faster than the E mode
(ca. 101 ps). For the Re complex, the T1 time of the A1
mode (ca. 80 ps, averaged from v=0 to v=1 and v=1
to v=2 transitions) is also nearly 10% faster than the E
mode (ca. 90 ps, averaged from v=0 to v=1 and v=1
to v=2 transitions).
These T1 values are found to roughly anticorrelate
with the behavior of the linewidth shown in the linear IR spectra (Fig.1), that is, the shorter the T1 , the
broader the spectral width, which is found to be true for
both Mn and Re complexes. In addition, the linewidth
in the E and A1 modes are generally broader in the Re
complex than in Mn complex, which is also in agreement
with relatively shorter T1 observed in the Re complex
than in Mn complex. Of course, the discussion here simply ignores the contribution of inhomogeneous broadening. The question is why the A1 mode is nearly 10%
shorter lived than the E mode? It could be due to a
better energy match between the A1 mode and linear
combinations of low-frequency solvent modes; it could
be also due to the axial bromide ligand eﬀect. Even
though the data are solid, a deﬁnite answer cannot be
DOI:10.1063/1674-0068/29/cjcp1512253

FIG. 6 Population relaxation dynamics of the CO stretching mode of (a, b, and c) Mn(CO)5 Br and (d, e, f, and g)
Re(CO)5 Br. Experimental data (circle) and exponential fitting (solid line) are given. Probing frequency positions are
marked as dashed lines in Fig.5 (a) and (c).

provided at this moment.

D. Anharmonicity

In Fig.5 the contour plot clearly shows the presence
of anharmonicity for both the E and A1 modes in the
two transition metal carbonyls. By taking a slice of the
time-dependent transient absorption spectra at a given
delay time, the anharmonicity of each mode can be extracted. Early-time spectra were used to avoid crosspeak contributions due to intramolecular vibrational redistribution that may occur at longer time [17]. The results are shown in Fig.5 (b) and (d). Here the diagonal
anharmonicity for a given mode is measured, which is
deﬁned as ∆=δE0−1 −δE1−2 , as mentioned above. For
each transient spectrum, two pairs of Gaussian functions were utilized (for simpliﬁcation) with negative
peak positions ﬁxed to those observed in the linear IR
spectra (Fig.1). For the E mode the anharmonicity was
determined to be 14.3 cm−1 , while for the A1 mode the
anharmonicity was 17.7 cm−1 . For the Re complex, the
anharmonicity of the E and A1 mode was determined
to be 13.3 and 24.9 cm−1 , respectively.
To evaluate the diagonal anharmonicity of the carbonyl stretching modes in the two transition metal complex, ab initio computations were carried out using the
method outlined in previous work [18, 19]. It was found
that for both the Mn and Re complexes, the diagonal
anharmonicity of the E mode is generally smaller than
that of the A1 mode (data not shown), which is in general agreement with the experimental results.
These results show that due to the nature of the
c
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vibrational mode (A1 mode is mainly the axial CO
stretching vibration while the degenerate E modes are
mainly the linear combination of the four equatorial
CO stretching vibrations), the diagonal anharmonicity
of the E modes is generally smaller than that of the
A1 mode. This is understandable because more delocalized modes tend to smaller diagonal anharmonicity
[19], which is the case of E mode in the present work.
No obvious metal center dependence can be obtained,
either due to the limitation of the spectral-resolution of
the pump-probe method in measuring the anharmonicity, or due to the possibility that the metal-center dependence on the carbonyl stretching anharmonicity is
insigniﬁcant for the two cases studied here. At the moment, our data cannot diﬀerentiate these two possibilities.
IV. CONCLUSION

In this work, we investigated two typical transition
metal carbonyl coordination compounds which have different central metal atoms, namely Mn(CO)5 Br and
Re(CO)5 Br. Examination of the carbonyl stretching
modes of the two compounds in an aprotic but polar solvent (DMSO) using steady-state linear infrared
and time-resolved nonlinear infrared methods yields detailed insights into the structural and vibrational relaxation dynamics of the two carbonyl complexes in solution phase. From Mn to Re, the metal center dependent linear IR feature is seen and explained as the
π backbonding eﬀect, which results in a larger E-A1
mode vibrational frequency separation and a generally
red-shifted E and A1 modes in the case of Re. A generally broader spectral width for the low-frequency A1
mode than the high-frequency E mode is believed to be
partially due to the vibrational lifetime (T1 ) eﬀect. By
ignoring the inhomogeneous broadening contribution,
the T1 time is shorter for the A1 mode, whose spectral
width (FWHM) is also broader, due to the well-known
1/2T1 contribution to the total spectral linewidth [2].
This is found to be true in both Mn and Re complexes.
Finally vibrational diagonal anharmonicity for the E
and A1 modes are measured from the early-time transient pump-probe spectra. The anharmonicity of the
E mode is found to be generally smaller in both Mn
and Re complexes, which is believed to be associated
with the more delocalized nature of the E mode. These
results provide fundamental measurements of the vibrational signatures of the VIIB-group transition metal
carbonyl complexes.
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