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ABSTRACT: The vibrational response of the activated C−D bond in the chloroform
complex [Pt(C6H5)2(btz-N,N′)·CDCl3, where btz = 2,2′-bi-5,6-dihydro-4H-1,3-thiazine] is
studied by linear and nonlinear two-dimensional infrared (2D-IR) spectroscopy. The change
of the C−D stretching vibration of metal-coordinated CDCl3 relative to the free solvent
molecule serves as a measure of the non-classical Pt···D−C interaction strength. The
stretching absorption band of the activated C−D bond displays a red shift of 119 cm−1 relative
to uncoordinated CDCl3, a strong broadening, and an 8-fold enhancement of spectrally
integrated absorption. The infrared (IR) absorption and 2D-IR line shapes are governed by
spectral diffusion on 200 fs and 2 ps time scales, induced by the fluctuating solvent CDCl3.
The enhanced vibrational absorption and coupling to solvent forces are assigned to the
enhanced electric polarizability of the activated C−D bond. Density functional theory
calculations show a significant increase of C−D bond polarizability of CDCl3 upon
coordination to the 16 valence electron Pt(II) complex.

The metal-induced activation of covalent carbon−hydro-
gen (C−H) bonds plays a key role in many catalytic

processes of industrial relevance, such as olefine polymer-
ization. However, the chemical inert nature of C−H bonds as a
consequence of their low bond polarizability and large bond
dissociation energies renders their activation rather difficult. It
is therefore of fundamental interest to understand the
electronic origin and the microscopic control parameters of
metal-induced C−H bond activation processes in transition
metal complexes.
Since the early 1960s, numerous examples of M···H−C

interactions have been identified and characterized by a large
variety of spectroscopic and structure determination techni-
ques as well as computational methods, e.g., in the case of
agostic1−4 or σ-alkane transition metal complexes.5,6 However,
relatively little information is available in the case of the
activation of C−H bonds via metal hydrogen bonding.7 This is
surprising because the first M···H−X hydrogen bonds (X = N
and O) have already been observed in metallocenyl alcohols in
1960 by the detection of subtle red shifts of the coordinating
M···H−O moieties (M = Fe and Ru) relative to the free
hydroxyl stretching modes.8

M···H−C hydrogen bonds are considered a predominantly
electrostatic three-center four-electron (3c4e) interaction
between the hydrogen atom and the metal atom (hydrogen-
bond acceptor). As a result of the rather unpolar character of
the covalent bond between the carbon atom (hydrogen-bond
donor) and the hydrogen atom, 3c4e M···H−C hydrogen
bonds are considered to be rather weak. However, as outlined

recently, when the hydrogen-bond acceptor represents an
electron-deficient transition metal complex with a valence
electron count of ≤16, covalent M···H−C bonding might
become the predominant interaction,9 which causes a
significant C−H bond activation with a bond enlargement in
the range typically observed in agostic benchmark systems
(0.03−0.1 Å).10,11 This is also the case for our title compound
Pt(C6H5)2(btz-N,N′)·CDCl3 (1), where btz = 2,2′-bi-5,6-
dihydro-4H-1,3-thiazine, with 16 valence electrons and a
square-planar coordinated d8−Pt(II) complex center, which is
characterized by a significantly depopulated dz

2 orbital. The
latter can establish a non-classical M···H−C metal hydrogen
bond between the metal ligand fragment and the C−H bond of
the chloroform ligand.9

The M···H−C interaction in compound 1 has been
characterized by vibrational spectroscopy because it is
particularly sensitive to local molecular interactions, which
induce shifts of vibrational transition frequencies and changes
of vibrational line shapes. In a very recent study of compound
1, pressure-dependent infrared (IR) spectra have been
measured in the crystalline phase.9 A broad vibrational
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absorption band has been observed, which is red-shifted by
254 cm−1 relative to the C−H stretching band of neat
chloroform in the gas phase.12 This band has been assigned to
the C−H stretching vibration of the coordinating chloroform
molecule forming a non-classical Pt···H−C bond. We note that
the red shift of a C−H band can be used to characterize metal-
induced bond activation as a result of agostic or M···H−C
hydrogen bonding in solution.9,13,14

While the red shift of the C−H stretching frequency can be
empirically correlated with a lengthening of the C−H bond,15

the molecular mechanisms behind the red shift and the strong
spectral broadening observed for non-classical M···H−C
interactions are not understood. Linear IR spectra reflect the
time-averaged vibrational response of the C−H group and do
not allow for a clear separation of different broadening
mechanisms. In contrast, nonlinear two-dimensional infrared
(2D-IR) methods can grasp vibrational frequency correlations
on the intrinsic femtosecond time scale of structural
fluctuations in liquids and, thus, dynamically discern different
contributions to the overall line shape.16 In this Letter, we
report a 2D-IR study of C−D stretching excitations of the

chloroform−Pt(II) complex 1 (Figure 1a) in liquid CDCl3.
The C−D stretching vibration of the CDCl3 solvent serves as a
direct benchmark for bringing out the impact of complex
formation on the vibrational properties. In addition to a
pronounced red shift and broadening of the C−D stretching
band of the complex, we demonstrate a strong enhancement of
IR absorption strength in the complex compared to neat
CDCl3. The line shapes of the linear and 2D-IR spectra are
governed by spectral diffusion on 200 fs and 2 ps time scales,
set by fast structural fluctuations of the solvent. The changes in
vibrational line shapes and the strong coupling to solvent
fluctuations are assigned to the enhanced electric polarizability
of the activated C−D bond.
The molecular structure based on density functional theory

(DFT) calculations and a linear IR absorption spectrum of
compound 1 are shown in Figures 1a and 2. In the isolated
complex, the C−D group of a CDCl3 molecule coordinates the
Pt atom in the axial direction, resulting in a calculated
elongation of the C−D bond by 0.024 Å and a respective red
shift of the ν(C−D) stretching mode at 2020 cm−1 relative to
non-coordinated chloroform [ν(C−D) = 2272 cm−1]. This is

Figure 1. (a) Ball-and-stick representations of the calculated structures of compounds CDCl3, Pt(C6H5)2(btz-N,N′)·CDCl3 (1), and
Pt(C6H5)Cl(btz-N,N′)·CDCl3 (2a and 2b), with salient bond distances given in angstroms. Hydrogen atoms have been omitted for clarity. (b, c,
and d) Visualization of the atomic polarizability tensors. Panel d depicts the entire molecules where, for sake of better visibility, the polarizabilities
are drawn like thermal ellipsoids using the software Mercury,17 and therefore, the sizes are not correctly proportioned; however, the orientation is
correct. Panel c shows a zoom in the region of the CDCl3 coordination, and panel b shows a further zoom on the D atoms. Here, the plots are
obtained with the software Polaber,18 and the tensors have the correct proportions, adopting the scale factor of 0.40 Å−2 (b) and 0.20 Å−2 (c). Note
how the polarizability tensor of D is modified upon passing from uncoordinated to coordinated species. For the sake of clarity in panel b, the
principal axes of the D polarizabilities are shown, to emphasize the rotation with respect to the C−D bond direction.
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mainly due to the predominant Pt(dz
2) → σ*(C−D) back

donation and a secondary Pt(RY) ← σ(C−H) donation into
unoccupied extravalent (“Rydberg”) d orbitals at the metal as
revealed by second-order perturbation theory natural bond
orbital (NBO) analysis.9,19 The Pt(dz

2) → σ*(C−D)
interaction amounts to −26.3 kJ mol−1 and provides a
substantial contribution to the total bonding energy between
the metal ligand fragment and the chloroform ligand (−64.6 kJ
mol−1) as derived by an energy decomposition analysis
(EDA).20

The linear IR absorption spectrum in liquid CDCl3 (black
line in Figure 2a) exhibits two prominent components, a broad
band centered at 2133 cm−1 with a spectral width of 65 cm−1

(fwhm) and the much narrower C−D stretching band of the
CDCl3 solvent at 2252 cm−1 of a spectral width of 12 cm−1

only. The assignment of the broad vibrational absorption will
be discussed below.
Femtosecond pump−probe measurements give insight in

the dynamics of vibrational excitations in the range of the
broad IR band. The pump spectrum (dashed line in Figure 3a)
is kept below 2220 cm−1 to avoid excitation of the solvent via
its C−D stretching band at 2252 cm−1. In Figure 3a, we
present a series of transient pump−probe spectra recorded at
different delay times between pump and probe pulses (colored
symbols). The absorption change ΔA = −log(T/T0) in mOD
(OD = optical density) is plotted as a function of probe
frequency (T and T0 = sample transmission with and without
excitation). The pronounced absorption decrease ΔA < 0
between 2090 and 2220 cm−1 is accompanied by an absorption
increase ΔA > 0 of similar amplitude at lower probe
frequencies. The absorption decrease in the range of the linear
absorption band 1 (solid line) originates from the pump-
induced depopulation of the v = 0 vibrational ground state and
stimulated emission on the v = 1 to 0 transition. The transient
population of the v = 1 state gives rise to enhanced absorption

on the v = 1 to 2 transition, which is anharmonically red-
shifted compared to the v = 0 to 1 transition. Figure 3b shows
two time-resolved transients for fixed probe frequencies of
2041 cm−1 (v = 1 to 2 transition) and 2128 cm−1 (v = 0 to 1
transition). Both traces show a quasi-instantaneous rise around
delay zero and a complete decay of the absorption changes on
a 20 ps time scale. The solid lines are numerical fits to the data
points, following a monoexponential decay with a time
constant of 5.1 ± 0.3 ps.
More specific insight in vibrational line shapes and the

underlying molecular mechanisms is attained from 2D-IR
spectra. Figure 4a displays an experimental 2D-IR spectrum,
measured at a population time T = 300 fs in the range of the
broad absorption band with a maximum at 2133 cm−1 (cf.
Figure 2). The absorptive 2D signal, i.e., the real part of the
sum of the rephasing and non-rephasing signal, is plotted as a

Figure 2. (a) Linear IR absorption spectrum of the complex in CDCl3
(black line, concentration c = 0.24 M), consisting of (1) the stretching
absorption band of the complexed C−D groups, (2) a shoulder
probably as a result of C−D groups in hydrogen bonds with
dissociated btz ligands, and (3) the stretching absorption band of
uncomplexed C−D groups. The red line gives the spectrum of the
neat solvent CDCl3. Both spectra were normalized to the peak
absorbance at 2252 cm−1. (b) Normalized IR absorption in the range
of the C−D stretching mode of the complex (1, solid line) and
numerical spectrum from the fit of the 2D-IR spectrum (dotted line).

Figure 3. Results from femtosecond pump−probe experiments in the
range of the C−D stretching vibration of the Pt(II) complex. (a)
Transient pump−probe spectra for different delay times. The
absorption change ΔA = −log(T/T0) is plotted as a function of
probe frequency (symbols, where T and T0 = sample transmission
with and without excitation). The dashed line represents the spectrum
of the pump pulses, and the solid line represents the linear absorption
spectrum of the complexes [Pt(C6H5)2(btz-N,N′)·CDCl3]. (b) Time-
resolved pump−probe traces measured at probe frequencies of 2041
cm−1 (red symbols) and 2128 cm−1 (black symbols). The absorption
change ΔA is plotted as a function of the pump−probe delay. The
solid lines are monoexponential fits to the data with a decay time of
5.1 ± 0.3 ps.
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function of the excitation frequency ν1 (ordinate) and the
detection frequency ν3 (abscissa). The yellow contour
represents the 2D signal on the v = 0 to 1 transition, while
the blue contour is due to the v = 1 to 2 transition. Following
the standard convention of 2D-IR spectroscopy, the yellow
contour is given with a positive sign and the blue contour is
given with a negative sign, opposite to the sign of the
absorption change ΔA in the pump−probe spectra of Figure
3a.
The 2D-IR spectra allow for a clear separation of the signals

due to v = 0 to 1 (yellow) and v = 1 to 2 (blue) excitations.
The latter are red-shifted along the detection frequency axis ν3
as a consequence of the anharmonic red shift of the v = 1 to 2
transition. Both components of the 2D signal display elliptic
envelopes with the long axis tilted relative to the frequency
diagonal ν1 = ν3 (black solid line). For an analysis of the 2D-IR
envelopes, cuts along the directions A (diagonal) and B
(antidiagonal) are plotted in panels c and d of Figure 4 (black
lines).
The 2D-IR spectra were analyzed with the help of a density

matrix approach for describing the third-order nonlinear
response of the sample.16,21,22 A three-level system including
the v = 0 to 1 transition and the red-shifted v = 1 to 2
transition was considered. To account for the impact of solvent
fluctuations on the 2D line shapes, the frequency fluctuation
correlation function (FFCF) was approximated by a sum of
two Kubo terms.

δν δν ν τ ν τ⟨ ⟩ = Δ − + Δ −t t t( ) (0) exp( / ) exp( / )1
2

1 2
2

2
(1)

Here, Δν1 and Δν2 are frequency fluctuation amplitudes, and
τ1 and τ2 with τ1 < τ2 are correlation decay times. On top of the
FFCF, the contribution of the v = 1 population decay with a
time constant of 5.1 ps was included in the calculations. The
calculated 2D-IR spectra were convoluted with the electric
field envelopes of the femtosecond mid-IR pulses to facilitate a
1:1 comparison to the experimental data. As a benchmark, the
linear IR absorption spectrum of the C−D stretching
vibrations was calculated as well (dotted line in Figure 2b).
The 2D-IR spectrum calculated for a population time T =

300 fs is shown in Figure 4b, and the parameter values used in
the calculations are summarized in Table 1. The calculated 2D-

IR and linear absorption spectra are in good agreement with
their experimental counterparts. The correlation decay times
derived from the calculation are τ1 = 180 fs and τ2 = 2 ps, with
the fluctuation amplitudes Δν1 = 35 cm−1 and Δν2 = 21 cm−1.
The fast correlation decay makes the predominant contribu-
tion to the antidiagonal line width of the 2D spectral envelopes
(Figure 4d), while the slow component induces a substantial
broadening along the diagonal (Figure 4c). The population
decay of the v = 1 state has a minor influence on the observed
line shapes. The diagonal anharmonicity of the oscillators, i.e.,
the difference in frequency of the v = 0 to 1 transition and the v
= 1 to 2 transition, has a value of 85 cm−1. It should be noted
that 2D-IR spectra of C−D stretching excitations of
uncoordinated CDCl3 molecules, i.e., in the range of the
strong absorption band at 2252 cm−1 (red line in Figure 2b),
have been reported in ref 23. They exhibit spectral envelopes
oriented parallel to the excitation frequency axis, pointing to
ultrafast spectral diffusion and a line shape close to the
homogeneous limit. The diagonal anharmonicity derived from
the 2D-IR spectra had a value of 67 cm−1.
We now discuss the experimental and theoretical results.

The broad IR absorption band with a maximum at 2133 cm−1

occurs in a frequency range where the neat solvent CDCl3 is
essentially transparent and vibrational bands of Pt(C6H5)2(btz-
N,N′) are absent. We thus assign the broad IR absorption to
the C−D stretching mode of CDCl3 molecules being part of
the Pt(II) chloroform complex 1, in line with the assignment of
the corresponding C−D stretching band in ref 4. The red shift
by 119 cm−1 of the broad C−D stretching band relative to that
of uncoordinated CDCl3 molecules at 2252 cm−1 is due to the
attractive Pt···D−C interaction within the complex, lowering
the force constant of the C−D stretching vibration. The extent
of the red shift is much larger than frequency shifts observed in
hydrogen bonds of similar length between a C−H or C−D
group and a non-metallic acceptor atom.23,24 This fact supports

Figure 4. (a) 2D-IR spectrum of the C−D stretching vibration of the
Pt(II) complex Pt(C6H5)2(btz-N,N′)·CDCl3. The absorptive 2D
signal measured at a waiting time T = 300 fs is plotted as a function of
excitation frequency ν1 and detection frequency ν3. Yellow−red
contours represent signals on the v = 0 to 1 transition corresponding
to an absorption decrease, while blue contours are due to the v = 1 to
2 transition and represent an absorption increase. The signal change
between neighboring contour lines is 2%. The dashed lines mark the
directions along which the cuts in panels c and (d were taken. (b)
Simulated 2D-IR spectrum. (c) Cuts of the 2D-IR spectra along the
direction A. The black line represents the experimental data, and the
blue line represents the simulation. (d) Same as panel c for a cut along
the direction B.

Table 1. Parameter Values from the Numerical Simulation
of the 2D-IR Spectra

C−D stretching v = 0 to 1 transition 2133 cm−1

C−D stretching v = 1 to 2 transition 2048 cm−1

diagonal anharmonicity 85 cm−1

vibrational lifetime 5.1 ps
frequency fluctuation correlation function (FFCF)

correlation decay times τ1 = 180 fs
τ2 = 2 ps

fluctuation amplitudes Δν1 = 35 cm−1

Δν2 = 21 cm−1

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.2c00771
J. Phys. Chem. Lett. 2022, 13, 4447−4454

4450

https://pubs.acs.org/doi/10.1021/acs.jpclett.2c00771?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c00771?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c00771?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c00771?fig=fig4&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.2c00771?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the results of an earlier DFT study suggesting that the red shift
in the title complex is mainly due to the pronounced Pt(dz

2)
→ σ*(C−H) back donation as a signature of non-classical
metal hydrogen bonding.9

The strength of the red-shifted C−D stretching absorption is
substantially enhanced in comparison to the C−D stretching
band of the solvent CDCl3. From the IR absorbance at 2133
cm−1, the complex concentration, and the sample thickness,
one calculates a peak molar extinction coefficient ε(2133
cm−1) ≈ 16 M−1 cm−1, whereas the solvent C−D stretching
band displays a peak extinction coefficient of ε(2252 cm−1) =
6.2 M−1 cm−1. Spectral integration over the two bands gives a
ratio of the complex to solvent absorption strength per C−D
bond of approximately 8.2. This drastic enhancement is a
consequence of the modified electronic structure of the C−D
groups interacting with the metal atom. We assign it to a
strong increase of electric polarizability.
A theoretical study of the polarizability of the activated C−D

bonds is in line with this suggestion. Analysis of the calculated
atomic polarizability tensor of the bridging deuterium atom of
the Pt···D−C moiety (α33 = 6.8 bohr3) in compound 1 (Figure
1 and Table 2) reveals a noticeable polarizability enhancement

along the Pt···D direction relative to that in uncoordinated
chloroform (α33 = 3.5 bohr3). This enhancement is mainly due
to the establishment of non-classical Pt···D orbital interactions.
Accordingly, the bond polarizabilities of the Pt···D bond of
compound 1 and Pt(C6H5)Cl(btz-N,N′)·CDCl3 (compound
2a in Figure 1) are rather similar (32.4 bohr3 in compound 1
and 32.3 bohr3 in compound 2a) in line with their comparable
Pt···D orbital interaction.9 This is also evident in the α11
component of the polarizability tensor of the Pt atom (cf.
Table 2), which is very large in compounds 1 and 2a but
significantly smaller in compound 2b, where no Pt···D
interaction takes place.
Also, the C−D bond polarizabilities increase significantly

upon establishment of a non-classical Pt···D−C interaction: 8.3
bohr3 in CDCl3, 14.4 bohr3 in compound 1, and 14.5 bohr3 in
compound 2a. We note that the C−D bond polarizability also
increases when CDCl3 is involved in classical hydrogen
bonding. However, the polarizability enhancement is smaller.
Accordingly, in Pt(C6H5)Cl(btz-N,N′)·CDCl3 (2b in Figure
1) characterized by a classical Cl···D−C hydrogen bond,25 the
C−D bond polarizability of the bridging C−D group is 12.2
bohr3. In this respect, compound 2b might serve as a
benchmark of a classical hydrogen bond, in keeping with the
discussion presented by Dos Santos and Macchi.26 The smaller

C−D bond polarizability in compound 2b versus compounds 1
and 2a is also reflected in the smaller atomic polarizability αiso
of the chloro ligand in compound 2b (20.6 bohr3) compared
to those of the platinum atoms in compounds 1 (38.8 bohr3)
and 2a (36.5 bohr3). The bond activation itself, however, does
not impart a significant change of the bond polarizabilities
because small increases in the atom−atom distance affect the
polarizability solely in terms of a subtle secondary contribution.
The red shift and absorption enhancement of the C−D

stretching band in the complex are accompanied by a strong
broadening to a spectral width of 65 cm−1 compared to 12
cm−1 for the C−D stretching band of CDCl3. The femto-
second pump−probe experiments give a lifetime of the red-
shifted C−D stretching vibration of 5.1 ± 0.3 ps, somewhat
shorter than the ∼15.7 ps decay time of the C−D vibration at
2252 cm−1.23 The corresponding lifetime broadening leads to a
respective spectral width of 1.04 and 0.35 cm−1, in both cases
negligible compared to the total spectral widths. The much
stronger broadening is dominated by the impact of fluctuating
forces, which CDCl3 solvent molecules in thermal motion exert
on the anharmonic C−D stretching oscillators.27 Such forces
originate from short-range dispersion interactions and longer
range electric interactions among CDCl3 molecules and with
the complex. In neat liquid CDCl3, the molecules display an
electric dipole moment of approximately 1.1 D28,29 and a
calculated C−D bond polarizability of 10.4 bohr3 (calculated
using a polarizable continuum model around the molecule of
CDCl3; noteworthy, the polarizability of the bond is 8.3 bohr3

when computed without the polarizable model). Both electric
multipole and polarization forces are relevant, which have been
approximated by a pairwise additive Coulomb potential and a
non-additive polarization energy.
The impact of the fluctuating force on the C−D stretching

excitations depends upon the anharmonicity of the C−D
stretching oscillator27,30 and the coupling strength of the C−D
bond to the liquid environment. A non-zero diagonal
anharmonicity of the oscillator is essential because excursions
of the IR transition frequency require a different energy
modulation of the two optically coupled states, the v = 0 and v
= 1 states for the fundamental transition. In the present system,
the anharmonicities of 67 cm−1 for the solvent C−D stretching
mode and 85 cm−1 for the C−D stretching mode of the
complexes are of similar magnitude. The spectral width of the
solvent C−D stretching band of 12 cm−1 is a measure for the
broadening caused by the total fluctuating intermolecular force
acting on a non-activated C−D group in the bulk of liquid
CDCl3. In striking contrast to this behavior, the spectral width
of the C−D stretching band of the complex is roughly 5 times
larger. This most interesting and surprising observation points
to a substantially stronger coupling to the external fluctuating
force. The enhanced electric polarizability of the activated C−
D bond thus leads to a significant induced dipole moment of
the C−D group, which vice versa results in a stronger coupling
to the electric forces from the solvent. We consider this
mechanism the main origin of the observed strong broadening.
In our analysis of the linear IR spectrum and the 2D-IR

spectrum, the influence of the fluctuating force on the line
shapes is described by introducing a FFCF consisting of two
Kubo terms (eq 1). The resulting line width is determined by
both the frequency fluctuation amplitudes Δν1,2 and the
correlation decay times τ1,2. The fluctuation amplitudes are
proportional to the coupling strength between the oscillators
and their liquid environment, while the correlation times are

Table 2. Calculated Polarizability α33 of the Deuterium
Atom along the Direction of the Maximum Polarizability
(Almost Coinciding with the C−D Direction) and
Polarizability α11 of the Platinum Atom along the Direction
of the Lowest Polarizability (Almost Coinciding with the
Pt···D Direction for 1 and 2a) for CDCl3, Pt(C6H5)2(btz-
N,N′)·CDCl3 (1), and Pt(C6H5)Cl(btz-N,N′)·CDCl3 (2a
and 2b)

molecular system
polarizability of
D, α33 (bohr

3)
polarizability of
Pt, α11 (bohr

3)

CDCl3 3.54
Pt(C6H5)2(btz-N,N′)·CDCl3 (1) 6.76 23.34
Pt(C6H5)Cl(btz-N,N′)·CDCl3 (2a) 7.01 23.78
Pt(C6H5)Cl(btz-N,N′)·CDCl3 (2b) 5.62 16.63
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determined by the dynamics of thermally activated motions of
solvent molecules. The analysis of the 2D-IR line shapes gives
decay times of 180 fs and 2 ps in the FFCF and amplitudes of
Δν1 = 35 cm−1 and Δν2 = 21 cm−1 for the fast and slower
correlation components. The correlation decay times are close
to literature values derived from ultrafast Kerr and theoretical
studies of chloroform.28,29,31 The latter have been attributed to
orientational and, at short times, collision-induced dynamics.
The agreement between the correlation times from the present
2D-IR analysis and literature underlines the prominent
influence of fluctuating solvent forces on the vibrational line
shape of the C−D vibration of the Pt(II) chloroform
complexes. The large fluctuation amplitudes are specific for
the C−D stretching mode of a CDCl3 molecule in a complex
and result in the substantial line width of the linear IR
absorption and 2D-IR spectra. The much smaller spectral
widths of IR absorption and 2D-IR spectra of neat CDCl3

23

suggest fluctuation amplitudes of ∼10 cm−1.
In conclusion, a combination of linear and nonlinear 2D-IR

spectroscopy gives direct insight in the molecular mechanisms
that determine the ultrafast vibrational dynamics and line
shapes of stretching vibrations of activated C−D bonds in
chloroform−Pt(II) complexes. A one-to-one comparison to
the C−D stretching mode of the solvent CDCl3 elucidates and
benchmarks the strong enhancement of absorption strength
and the strong broadening of the linear and nonlinear
vibrational line shapes of the complex. The broadening is
dominated by fluctuating electric forces from the solvent
CDCl3. The strongly enhanced electric polarizability of
activated C−D bonds plays a key role for such spectroscopic
properties. In this way, the changes of the electronic structure
of the complex induced by pronounced Pt(dz

2) → σ*(C−H)
back donation manifest in vibrational spectra, making them a
sensitive probe for this activation mechanism. A similar
polarizability behavior is expected to occur also in the case
of agostic or σ-type alkane transition metal complexes
displaying activated C−H bonds.

■ MATERIALS AND METHODS
Sample Preparation. A solution was prepared in a

glovebox by dissolving Pt(C6H5)2(btz-N,N′) crystallites in
CDCl3 (deutero, 99.8%) with a saturated concentration (c ≈
0.24 M). A neat CDCl3 sample was prepared for reference
measurements. The sample was held in a demountable liquid
cell (Harrick) in between two 1 mm thick CaF2 windows
separated by a Teflon spacer of 390 μm thickness. The linear
IR absorption spectrum of the Pt(II) complex in CDCl3 and
the CDCl3 reference spectrum were recorded with a Fourier
transform infrared (FTIR) spectrometer (Bruker Vertex 80,
spectral resolution of 1 cm−1).
Femtosecond Mid-IR Pump−Probe Measurements.

The two-color mid-IR pump−probe setup has been described
in detail in ref 32. The output of an amplified Ti:sapphire laser
system (Coherent Libra, center wavelength of 800 nm, pulse
duration of <50 fs, pulse energy of 3.5 mJ, and repetition rate
of 1 kHz) drives two independent home-built optical
parametric frequency converters to generate two tunable
mid-IR pulses. The pump and probe pulses were centered at
2061 and 2105 cm−1 without spectral overlap with the very
strong C−D stretching absorption peak of CDCl3 at 2252
cm−1. The spectral width of the pulses was 170 cm−1 [full
width at half maximum (fwhm)], the energy of the pump
pulses up to 2 μJ. The intensity ratio of pump to probe pulse

was approximately 100. The temporal cross-correlation
between pump and probe pulses had a width of 150 fs (fwhm).
The pump and probe pulses are focused onto the sample

with a spot diameter of 100 μm. In parallel, a reference probe
pulse travels through an unexcited part of the sample to correct
for shot-to-shot intensity fluctuations. After interaction with
the sample, the probe and the reference pulse are spectrally
dispersed in a monochromator and detected with a dual 64-
pixel mercury−cadmium−telluride (MCT) double array
detector (spectral resolution of 2 cm−1). Complementary
pump−probe experiments with the neat solvent CDCl3 were
performed under the same experimental conditions. The
absorbance change of the neat solvent is subtracted from
that of the Pt(C6H5)2(btz-N,N′)·CDCl3 sample to derive the
response of the Pt(II) complexes.

2D-IR Spectroscopy. Heterodyne-detected three-pulse
photon echoes are recorded to derive 2D-IR spectra of the
Pt(II) complexes. Details of the 2D-IR setup have been
presented elsewhere.21 Femtosecond pulses tunable in the
near-infrared (NIR) are generated in a three-stage optical
parametric amplifier, employing β-barium borate crystals
driven by a commercial Ti:sapphire laser system (Coherent
Legend Elite, 800 nm, 80 fs, 3.1 mJ, and 1 kHz). Difference
frequency mixing of the near-IR signal and idler pulses in a
0.75 mm thick GaSe crystal generate mid-IR pulses of a 150 fs
duration with a center frequency of 2060 cm−1 [spectral width
(fwhm) of 150 cm−1] and an energy of some of 4.5 μJ.
Two pairs of phase-locked mid-IR pulses with wavevectors

(k1 and k2) and (k3 and kLO) are generated by reflection from
diffractive optics. The pulses (k1, k2, and k3) of 0.3 μJ energy
each are focused onto the sample in a box-coherent anti-Stokes
Raman scattering (CARS) geometry. The third-order photon
echo signal is emitted in the phase matching direction (−k1 +
k2 + k3 = ksig) and overlapped with the local oscillator pulse
kLO transmitted through the sample for heterodyne detection.
The heterodyne signal is dispersed by a monochromator and
detected by a 64-pixel MCT detector array (spectral resolution
of 2 cm−1), defining the detection frequency ν3. The recorded
signal field depends upon the coherence time τ between the
first (k1) and second (k2) pulse and the waiting time T
between the second (k2) and third (k3) pulse. The excitation
frequency ν1 is generated by Fourier transforming the
nonlinear signal along the coherence time τ. For proper
phasing of the Fourier transform, the nonlinear signal
integrated along the excitation frequency ν1 is fitted to
pump−probe spectra measured in the same setup under
identical experimental conditions.

DFT Calculations and Atomic Polarizabilities. DFT
calculations on the Pt(II) complexes 1, 2a, and 2b and the
CHCl3 molecule were performed employing the BP86 density
functional in combination with a TZ2P basis set as
implemented in the ADF suite of programs.33−36 Scalar
relativistic effects were included within the zeroth-order
regular approximation (ZORA),37−40 and dispersion inter-
actions for compounds 1 and 2a were treated via the density-
dependent dispersion correction.41 The molecular geometries
were relaxed and verified to converge to a local minimum via
subsequent frequency calculations. For the calculation of the
bond polarizability, field-dependent calculations employing the
Gaussian 09 code (BP86/def2TZVP/DKH2)42−44 have been
performed applying an electric field of 0.005 V/Å in positive
and negative x, y, and z directions, respectively.45 From the
field-dependent calculations, intrinsic atomic dipole moments
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have been extracted via the quantum theory of atoms in
molecules (QTAIM) analysis46 of the resulting electron
densities, performed using AimAll.47 Bond dipole moments
have been calculated for QTAIM recognized bonds, using the
QTAIM charges, following the scheme proposed by Bader and
Keith48 and modified by Krawczuk et al.18 The atomic
polarizability tensors were calculated via numerical differ-
entiations of the total atomic dipoles, using the software
PolaBer.18 The inherent asymmetry of the atomic polar-
izabilities is overcome by the symmetrization scheme of Nye.49

The bond polarizability is calculated as the projection of the
atomic polarizabilities along the according bond direction.
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