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I. BACKGROUND

Over the past two decades coherent multidimensional spec-
troscopy has been established as a powerful probe of the ultrafast
dynamics of molecular systems. Two-dimensional infrared
(2DIR) spectroscopy, in particular, has provided much insight
into the dynamics of systems such as liquid water1�3 and
peptides.4,5 Extracting molecular information from spectra often
requires reliable theoretical modeling of the spectral signatures of
molecular structure and dynamics. The quality of the supporting
model often determines the level of detail and molecular insight
that one can obtain.6�11

One commonly used approach for interpreting 2DIR spectra
is based on electrostatic maps that link electric fields or
electrostatic potentials to frequencies. Usually established by
ab initio electronic structure methods, these maps are based on
the observation that the vibrational transition frequencies are
correlated with the electric field induced on the vibrational
mode by the molecular environment.6,12,13 Such maps have
been successfully employed to interpret the 2DIR spectra in
terms of the underlying molecular structure and dynamics in
such systems as the amide I stretch in proteins,4,14 the OH
stretch in liquid water,8 and the CN stretch in acetonitrile and
thiocyanate.9,11

In this work, we take a first step toward extending the analysis
to the case of nonlocal IR probes such as the carbonyl stretches in
metal carbonyl complexes. In these cases, one must account for a
relatively large number of highly coupled local modes whose

structure and dynamics are best described in terms of an
anharmonic excitonic vibrational Hamiltonian.

Metal carbonyl complexes have emerged as useful bench-
mark systems for nonlinear infrared spectroscopy.15�31 Char-
acterized by narrow line shapes, strong infrared activity,
complex vibrational structure, and well-defined anharmonic
behavior, these complexes have played a central role in facil-
itating the development of 2DIR spectroscopy, providing
insightful demonstrations of the unique ability of 2DIR spec-
troscopy to resolve vibrational structure and dynamics in
multimode systems in liquid solution. The narrow line shapes,
stemming from long-lived coherences and populations, also
turned metal carbonyls into excellent model systems for
exploring coherence�coherence and coherence�population
couplings, intramolecular vibrational redistribution, and popu-
lation relaxation.32,33 More recently, metal carbonyls have been
employed as nonlocal probes to elucidate how carbo-
nyl�hydroxyl hydrogen bonds partially localize the otherwise
delocalized CO stretching modes in Mn2(CO)10.

34

From a theoretical perspective, any attempt to model the
2DIR spectra of metal carbonyls must start with the anharmonic
vibrational Hamiltonian. A common approach is to model
the potential near the (ground-electronic-state) equilibrium
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ABSTRACT: We present a general approach for modeling
multidimensional infrared spectra based on a combination of
phenomenological fitting and ab initio electronic structure
calculations. The vibrational Hamiltonian is written in terms
of bilinearly coupled Morse oscillators that represent local
carbonyl stretches. This should be contrasted with the previous
approach, where the anharmonic Hamiltonian was given in
terms of normal-mode coordinates (Baiz et al. J. Phys. Chem. A
2009, 113, 9617). The bilinearly coupled Morse oscillator
Hamiltonian is parametrized such that the frequencies and
couplings are consistent with experiment, and the anharmoni-
cities are computed by density functional theory. The advan-
tages of the local-mode versus normal-mode approaches are discussed, as well as the ability of different density functionals to provide
accurate estimates of the model parameters. The applicability and usefulness of the new approach are demonstrated in the context of
the recently measured multidimensional infrared spectra of dimanganese decacarbonyl. The shifts in local site frequencies,
couplings, and anharmonicities due to hydrogen bonding to the individual carbonyls are explored. It is found that, even though the
effect of hydrogen bonding is nonlocal, it is additive.
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geometry in terms of a polynomial expansion along the normal-
mode coordinates q = (q1, q2, ..., q3N�6)

H ¼ ∑
i
Φiiðp2i þ q2i Þ þ ∑

ijk
Φijkqiqjqk þ ∑

ijkl
Φijklqiqjqkql þ :::

ð1Þ
Here, the coefficients {Φijk} and {Φijkl} can be obtained either
from electronic structure theory or by fitting to experiment. For
example, Golonzka and co-workers were able to obtain the
Hamiltonian corresponding to the two carbonyl stretches of
dicarbonyl acetylacetonato rhodium(I) (RDC) by fitting to
experiment.16 A subsequent study by Moran and co-workers
later demonstrated that the experimental 2DIR spectra are
consistent with a Hamiltonian obtained by density functional
theory (DFT).35

Although casting the anharmonic Hamiltonian in terms of the
normal-mode coordinates and momenta works well for small
systems, it is not scalable for larger ones for the following reasons:
(1) The set of anharmonic force constants grows rapidly with the
number of oscillators, thereby requiring either fitting or calculat-
ing an extremely large number of parameters. (2) Using the
eigenstates of the harmonic Hamiltonian as a basis requires use of
an extremely large number of basis functions in order to obtain
well-converged energy levels. As a result, it becomes impractical
to diagonalize the anharmonic Hamiltonian of a system such as
Mn2(CO)10 that has g10 coupled modes.24

In this work, we consider an alternative approach that mini-
mizes the number of free parameters and the size of the basis. To
this end, we write the Hamiltonian in terms of the local carbonyl
stretch coordinates and momenta, whose local dynamics are
described in terms of a Morse potential and are assumed to be
bilinearly coupled (see eqs 2 and 3 below). Furthermore, the
straightforward physical interpretation of the parameters also
makes it easier to either fit them to experiment or calculate them
in an ab initio manner. It should be noted that, at least in principle,
the local-mode and normal-mode representations of the anhar-
monic Hamiltonian contain the same information. However, in
many cases, the local-mode approach allows for a more intuitive
molecular interpretation and is easier to embedded within molec-
ular dynamics (MD) simulations, turning each oscillator into a
local probe of its chemical environment, as discussed below.

The rest of this article is organized as follows: In section II, we
describe the vibrational Hamiltonian in the local-mode repre-
sentation and the electronic structure methods used to compute
the underlying parameters and demonstrate the applicability of
the resulting approach in the case of RDC (see Figure 1). In
section III, we describe a hybrid approach that combines ab initio
and empirical inputs to obtain the anharmonic vibrational
Hamiltonian of the carbonyl stretches in Mn2(CO)10 and
proceed to diagonalize it to obtain the corresponding transition
frequencies and dipole moments, as well as the spectra to which
they give rise. It should be noted that a similar calculation would
have been prohibitively expensive if the Hamiltonian had been
cast in terms of normal-mode coordinates and the corresponding
harmonic Hamiltonian basis set had been used. We also compare
the results between four electronic structure methods and the
experimental fit. Excellent agreement is obtained between calculated
and experimental 2DIR spectra. In section IV, we explore solvent
effects by computing the effect of hydrogen bonding between one of
the carbonyls and a methanol molecule. The main results are
summarized and their significance pointed out in section V.

II. RDC: LOCAL MODES AND ANHARMONIC POTEN-
TIAL ENERGY SURFACE

Consider a system consisting of N bilinearly coupled Morse
oscillators whose Hamiltonian can be written in the form36,37

H ¼ ∑
N

i¼ 1
H0

i þ ∑
i > j

Hij ð2Þ

Here

H0
i ¼ Gii

2
pi
2 þDið1� e�RiriÞ2 ð3Þ

where Gii is the inverse reduced mass of each of the oscillators,
which correspond to the local CO stretches in a molecule such as
DMDC;Di is the well-depth;Ri is theMorse parameter related to
width of the potential; ri is the vibrational coordinate; and pi is the
corresponding conjugate momentum. The coupling between the
local CO stretches is assumed to be given by

Hij ¼ Gijpipj þ Fijrirj ð4Þ
where {Gij} and {Fij} are yet-to-be-determined coupling
coefficients.

In the next step, we express theHamiltonian in terms of raising
and lowering operators

H=hc ¼ ∑
i

ωi n̂i þ 1
2

� �
� xii n̂i þ 1

2

� �2
" #

þ ∑
N

i 6¼j

λijðai†aj þ aiaj
†Þ ð5Þ

where {ai} and {ai
†} are the lowering and raising operators,

respectively; n̂i = ai
†ai are the corresponding number operators;

ωi = (2DiRi
2Gii)

1/2/2πc is the local-mode harmonic frequency;
xii = hcωi

2/4Di is the local-mode anharmonicity; and

λij ¼ ffiffiffiffiffiffiffiffiffi
ωiωj

p Fij
2
ffiffiffiffiffiffiffiffiffi
DiDj

p
RiRj

� Gij

Gii

 !
ð6Þ

represents the coupling coefficients. Importantly, two assump-
tions have been made in deriving eq 5: (1) The lowering and
raising operators ({ai} and {ai

†}, respectively) are defined as they
would be for the harmonic oscillator rather than the Morse
oscillator. (2)Off-resonance coupling terms of the form (ai

†aj
†þ

aiaj) are neglected.
It should be noted that, in the case of CO stretches in a system

such as DMDC, the frequencies, {ωi}, and coupling constants,
{λij}, can be extracted from the 2DIR spectra and depend on the

Figure 1. (Left) Equilibrium structures of rhodium(I) dicarbonyl
acetylacetonato (RDC) and (right) dimanganese decacarbonyl
(DMDC).
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molecular geometry and environment.38�42 However, in this
work, we attempt to calculate these parameters using DFT in
order to shed light on the nature of the couplings in metal
carbonyls. Such calculations were carried out on RDC and
DMDC (see Figure 1). In the case of RDC, we used the
Becke�Perdew exchange-correlation functional (BP86)43,44

with a standard LanL2DZ effective core potential45 on Rh
and the 6-31G(d) basis set on the remaining atoms. In the case
of DMDC, we also tested the performance of the BP86
functional against the well-known Becke three-parameter and
Lee�Yang�Parr exchange correlation functionals (B3LYP),46,47

as well as the use of effective core potential, versus the all-electron
6-31G(d) basis sets on the metal atoms.

RDC contains two identical carbonyls (see Figure 1). The
Hamiltonian in eq 5 therefore takes on a particularly simple form
in this case. A Hamiltonian of this form was recently parame-
trized for RDC by Mathew et al.28 by fitting states with up to six
excitations. A similar model based on bilinearly coupled cubic
local-mode oscillators was also previously parametrized for RDC
by Golonzka et al.16

In this relatively simple case, it can be shown that the
fundamental transition frequencies are given by

E( ¼ ωi � 2xii ( 2λ12 ð7Þ
The single coupling coefficient, λ12, can therefore be readily
extracted from the splitting between the spectral lines that
correspond to the asymmetric and symmetric CO stretch
fundamental transitions. The frequencies of these transitions
have been measured experimentally to be 2014.8 and
2083.2 cm�1, respectively,16,28 leading to a value for the coupling
coefficient of λ12 = 34.2 cm�1.

The experimental value of the coupling coefficient λ12 is found
to be in excellent agreement with the difference between the two
normal-mode frequencies (2000.2 and 2063.3 cm�1) as calculated
by a BP86/LanL2DZ/6-31(G) DFT calculation, which is given
by λ12 = 31.6 cm

�1. Importantly, these normal-mode frequencies
were obtained by diagonalizing the Hessian matrix of the
molecule as a whole, as obtained from DFT.

An alternative method of calculating λ12 is from the force
constant F12 (see eq 6). To this end, we also calculated the
internal force constants following the procedure described in the
Appendix. Using the value of F12 calculated in this manner,
we obtained λ12 = 12.9 cm�1, which clearly underestimates the
experimental value of λ12.

We were able to trace back the origin for the above-mentioned
discrepancy to the failure to account for the contribution of the
Rh�C stretch to the “local” carbonyl stretch modes. To this end,
we solved for the normal modes of the Rh�C and C�O bonds
by diagonalizing the appropriate two-dimensional FG matrix,48

where the matrices G and F were given by (mass units are amu,
and force constants are aJ/Å2)

G ¼
1

mRh
þ 1
mC

� 1
mC

� 1
mC

1
mC

þ 1
mO

0
BB@

1
CCA

¼ 0:093 �0:083
�0:083 0:146

 !
F ¼ 3:41 0:70

0:70 16:33

 !
ð8Þ

It should be noted that the relatively large kinetic coupling
between the C�O and Rh�C modes does not allow one to

treat the coupling as a small perturbation and that its effect
therefore cannot be taken into account using perturbation theory
(not shown).

Diagonalization of the FGmatrix yields the transformation to
a new set of local-mode coordinates

QRhC

QCO

 !
¼ 4:69 2:79

�0:21 2:50

 !
3

rRhC
rCO

 !
ð9Þ

Assuming that the local modes in eq 2 correspond to the dressed
CO stretches as defined in eq 9, we find a value of the coupling
coefficient λ12 = 30.1 cm�1, which is clearly in good agreement
with the values obtained from experiment and normal-mode
analysis.

The strong coupling between the C�O and Rh�C stretches
can be explained by the fact that the above transformation is very
similar to the following transformation to mass-weighted Jacobi
coordinates

R
r

 !
¼

ffiffiffiffiffiffi
mR

p ffiffiffiffiffiffi
mR

p
mO

mO þmC

0
ffiffiffiffiffi
mr

p

0
B@

1
CA 3

rRhC
rCO

 !

¼ 4:69 2:67
0 2:62

 !
3

rRhC
rCO

 !
ð10Þ

Here, mr is the reduced mass of the CO stretch, and mR is the
reduced mass of mC þ mO and mRh. Thus, as for the Jacobi
coordinates, extending the dressed CO stretch coordinate, QCO,
corresponds to extending rCO while contracting the Rh�Cbond.
This contraction is significant, as the two Rh�C stretches are
adjacent and, hence, directly coupled through the Rh atom. This
interpretation of the coupling is consistent with that discussed in
Golonzka et al. and attributed to dπ�π* interactions.16

To obtain further insight into the vibrational structure of
RDC, we computed the full potential energy surface (PES) along
the two local CO stretching coordinates. A total of 11 single-
point energy calculations for each coordinate were carried out
using the BP86 density functional with an effective core potential
on Rh as described above. The carbon and oxygen atoms for each
carbonyl were displaced along the bond vector while keeping the
CO center of mass fixed (eq 9). The resulting potential energy
surface (PES) was then fit to a double-Morse potential function
with bilinear coupling (see Figure 2)

Eðri, rjÞ ¼ DO½ð1� e�RriÞ2 þ ð1� e�RriÞ2� þ Fijrirj ð11Þ
with DO = 1.807 aJ, R = 2.301 Å�1, and Fij = 0.343 aJ/Å2. This
parametric formwas found to provide an excellent fit to the PES, as
evidenced by a fit coefficient of determination (R2) value of 0.998.

A CO frequency of 2043 cm�1, an anharmonicity of
Xii = 11.47 cm�1, and a coupling constant Fij = 30 cm�1 were
obtained from the fit values. These values can be compared
directly with the results from the harmonic calculations de-
scribed above. The CO stretching frequency is in good agree-
ment with the experimental frequency of 2048 cm�1 and
somewhat higher than the DFT harmonic frequency of
2030 cm�1. The coupling constant Fij compares well with the
value of 31.6 cm�1 from the harmonic analysis, but it is
somewhat lower than the experimental value of 34.2 cm�1.
The anharmonicity obtained from the fit is in excellent agree-
ment with the experimental value of 12.1 cm�1. The fit results
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are dependent on the number of fitting parameters used in the
model, and one must therefore carefully explore the function
space to ensure the reliability of the method. Table 1 lists the
results of fitting the PES to a Morse potential with (a) no
coupling, (b) bilinear coupling, (c) bilinear and cubic coupling,
or (d) bilinear and biquadratic coupling. One observes that the
force constant is significantly underestimated if the coupling is
neglected and that adding cubic and biquadratic coupling raises
the bilinear coupling strength while leaving the site energies
unchanged. This might be the origin of the discrepancy
between the experimental and fitted bilinear couplings. The
RMSE values also show that including the higher-order terms
greatly improves the quality of the fit.

For the sake of comparison, we also fitted the PES to a
polynomial expansion of up to fourth order

Eðri, rjÞ ¼ Φ1ðri2 þ rj
2Þ þΦ2ðri3 þ rj

3Þ þΦ3ðri4 þ rj
4Þ

þ FijðrirjÞ þ Fijði þ jÞ½rirjðri þ rjÞ� þ Fiijjðri2rj2Þ ð12Þ
The fit parameters are included in Table 1. Compared to the

Morse potential, the polynomial model requires additional
parameters to converge the fit. Fourth-order diagonal terms are
needed to converge the second-order force constant. The
second-order force constants obtained from the polynomial fits
are also in good agreement with those calculated from the Morse
fit, as well as the experimental results. When including second-
and third-order force constants and bilinear coupling, a model
that contains the same number of fitting parameters as the
Morse fit of eq 11, the obtained second-order force constant
(8.700 aJ/Å2) is in good agreement with the experimental
value(8.683 aJ/Å2). Similarly to the Morse fits, it is important
to include as many higher-order terms as required to converge
the lower-order parameters. For example, third- and fourth-
order terms are needed to converge the second-order force
constant. In the Morse and polynomial cases, the effects of the
cubic coupling term Fij(iþj) on the lower-order coefficients are

very similar to those of the quartic (bilinear) term Fiijj. The
RMSE values also show that the Morse equation with bilinear
coupling gives a significantly better fit than the equivalent
polynomial fit.

III. DMDC: LOCAL MODES AND ANHARMONIC PO-
TENTIAL ENERGY SURFACE

Having verified our approach for RDC, we now turn our
attention to DMDC, which is our primary interest. The structure
of DMDC, along with the numbering scheme of the sites, is
shown in Figure 1. The force constant matrix takes the form

F ¼

S1 C1 C1 C1 C1 C2 C2 C2 C2 C3

C1 S2 C4 C5 C4 C6 C7 C7 C6 C2

C1 C4 S2 C4 C5 C6 C6 C7 C7 C2

C1 C5 C4 S2 C4 C7 C6 C6 C7 C2

C1 C4 C5 C4 S2 C7 C7 C6 C6 C2

C2 C6 C6 C7 C7 S2 C4 C5 C4 C1

C2 C7 C6 C6 C7 C4 S2 C4 C5 C1

C2 C7 C7 C7 C6 C5 C4 S2 C4 C1

C2 C6 C7 C7 C6 C4 C5 C4 S2 C1

C3 C2 C2 C2 C2 C1 C1 C1 C1 S1

0
BBBBBBBBBBBBBBBBBB@

1
CCCCCCCCCCCCCCCCCCA
ð13Þ

where S1 and S2 correspond to the axial and equatorial
carbonyls respectively. The coupling elements C1�C7 repre-
sent the seven different coupling interactions between the
carbonyls.

Figure 2. Potential energy surface of RDC along the CO stretching
coordinates. The points represent the DFT single-point energies, and
the surface is the best fit to the double Morse potential with bilinear
coupling (eq 11).

Table 1. RDC Potential Energy Surface Fits along the rCO
Coordinatea

diagonal off-diagonal RMSE

Φ1 calcd DO R Fij Fij(iþj) Fiijj

rCO Morse Fit

8.394 2.051 2.232 � � � 225.4

8.431 1.807 2.301 0.343 � � 28.5

8.432 1.804 2.162 0.488 0.0416 � 28.4

8.415 1.797 2.164 0.484 � 1.918 26.3

Φ1 Φ2 Φ3 Fij Fij(iþj) Fiijj

Polynomial Fit

8.638 �15.50 � � � � 1317

8.700 �16.40 � 0.441 � � 151.8

8.408 �18.81 23.96 0.507 � � 10.6

8.407 �18.84 24.01 0.493 0.0659 � 10.0

8.407 �18.79 23.74 0.503 � 0.7178 10.0

Experimental Fit

8.683 � � 0.472 � � �
Harmonic Hessian Analysis

8.328 � � 0.4030 � � �
a Force constants are in units of aJ and Å; root mean square errors
(RMSEs) are in cm�1.
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Similarly to RDC, we find that the Mn�C stretch makes a
significant contribution to the local CO modes

QMnC

QCO

 !
¼ 4:30 2:57

�0:18 2:51

 !
3

rMnC

rCO

 !
ð14Þ

As for RDC, this transformation turns out to be similar to the
transformation to mass-weighted Jacobi coordinates

R
r

 !
¼ 4:31 2:46

0 2:62

 !
3

rMnC

rCO

 !
ð15Þ

The local CO force constants for DMDC can be obtained
from electronic structure calculations by projecting the Hessian
from Cartesian coordinates onto the local CO stretch coordi-
nates. We computed the Hessian by DFT using both the BP86
and B3LYP functionals. We also tested the reliability of using the
LanL2DZ effective core potential on theMn atoms by comparing
the results to those obtained with an all-electron basis set. Table 2
reports the site energies and couplings obtained by fitting to
experiment and computed by using the different functionals and
basis sets. The fit was performed using a genetic algorithm that
involves independently varying each of the nine parameters (two
site energies and seven coupling constants) while minimizing the
mean square deviations between the fit and experimental fre-
quencies and transition dipoles. It is important to note that the fit
minimum is well constrained but not unique: the site energies
and couplings can vary over a small range while yielding
essentially the same frequencies and transition dipoles.

Table 2 shows that the computed results are in reasonable
agreement with experiment. BP86 is seen to somewhat under-
estimate the site energies, S1 and S2, compared to experiment,
whereas B3LYP overestimates them by a similar amount. The
two functionals predict similar values of the coupling coefficients,
C1�C7, which are all in reasonable agreement with experiment. It
should be noted, however, that the relative errors in the smaller
coupling coefficients might be due to the inability of these
functionals to account for long-range interactions such as the
through-space interactions between carbonyls.49 Table 2 also
shows that effective core potentials do not have a significant effect
on the CO frequencies. This is not surprising given that the basis
sets on the carbon and oxygen atoms remain the same and the
electronic structure of the metal centers plays a relatively minor
role in determining the through-bond coupling strengths.

Local anharmonicities (xii) of the axial and equatorial carbo-
nyls can be obtained by displacing the C and O atoms along the
local-mode coordinate and fitting the resulting potential to a
Morse function. Figure 3 shows the potential energy surfaces for
the axial and equatorial carbonyls, along with the respective
Morse fits, and the fit parameters are listed in Table 3. Once the
anharmonicities are known, it is straightforward to construct a
bilinearly coupledMorse Hamiltonian (eq 2). In what follows we
use the experimentally fitted site energies and coupling constants
(Table 2, rightmost column) along with the anharmonicities
extracted from the Morse fit (Table 3). To overcome any
possible ambiguity in assigning overtones and combination
bands, we used a correlation plot that relates the energy levels
of the anharmonic Hamiltonian with the corresponding values
for the harmonic ones. Starting with the harmonic Hamiltonian
(xii = 0), the anharmonicity is increased while following the
energy levels from the harmonic to the final anharmonic values
(see Figure 4). Each eigenstate can be labeled as either an

overtone or a combination band. Ambiguities arise in the case
of degenerate states, in which case the transition dipole vectors
can serve to evaluate the contributions from each one-
quantum state.

The calculated normal-mode anharmonicities (Δ =ω01�ω12)
are listed in Table 4, along with the experimental results for the
infrared-active modes of DMDC. For comparison, we include
previous results from ref 23 obtained using second-order
vibrational perturbation theory (VPT2)50,51 with the same
DFT procedure (BP86/LanL2DZ/6-31G(d)). Qualitative
agreement between the local CO Hamiltonian, VPT2, and
experiment show how, by exploiting the high degree of sym-
metry in DMDC, one can compute anharmonic frequencies at
relatively low computational cost while keeping the number of
fitting parameters tractable and retaining most of the molecular
details of interest.

Table 2. Quadratic Force Constants for DMDCCalculated at
Different Levels of Electronic Structure Theory

BP86 BP86a B3LYP B3LYPa fit

S1 2008.27 2001.53 2088.63 2083.26 2046.97

S2 2013.73 2009.00 2092.52 2088.75 2038.01

C1 15.60 15.78 14.15 14.58 20.80

C2 3.03 2.80 4.99 4.64 5.88

C3 4.05 4.09 5.30 5.16 5.17

C4 10.62 10.85 9.53 9.81 5.26

C5 20.28 20.96 15.04 15.89 18.51

C6 13.88 13.59 16.63 16.37 15.29

C7 2.54 2.26 4.81 4.49 3.62
aNo effective core potentials.

Figure 3. Potential energy surface along the (top) axial and (bottom)
equatorial CO stretching coordinates of DMDC calculated with a BP86
density functional and effective core potential on the Mn atoms. The
circles represent the computed single-point energies, and solid lines are
the Morse fits as described in the text. The plots are vertically offset for
clarity.

Table 3. Morse Fits of the DMDC PES along the Axial and
Equatorial CO Coordinates Shown in Figure 3

Di (aJ) Ri (Å
�1) ωi (cm

�1) xii (cm
�1)

axial CO 1.678 2.237 2038.9 12.3

equatorial CO 1.770 2.176 2037.9 11.6
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It is important to discuss the limitations of the current
modeling framework and its applicability to larger, less-sym-
metric systems. The analytical ab initio calculation of the Hessian
will become an important challenge as the system size increases.
However, working in the center-of-mass coordinates, the full
quadratic force field can be calculated by finite differentiation in
the reduced N-dimensional subspace of the local modes of
interest, and so, there is a maximum of N(N þ 1)/2 unique
elements in the F matrix, assuming no symmetry. The key role
of symmetry is to greatly reduce the number of independent
F-matrix elements. Phenomenological fitting of the F-matrix

elements will become significantly more challenging in less-
symmetric systems because the fits are less likely to be unique.
Two-Dimensional Spectroscopy. Two-dimensional infra-

red spectra are directly related to the third-order nonlinear
response function of the system S(3)(t1,t2,t3), which contains
information on the one- and two-quanta energy levels, anhar-
monic couplings, and vibrational dynamics. The measured
spectra can be expressed as a convolution of the response
function with the applied laser fields [E1(t), E2(t), E3(t)]. The
analytical ab initio calculation of the Hessian becomes a sig-
nificant challenge as the system size increases. However, working
in the center-of-mass coordinates, the full quadratic force field
can be calculated by finite differentiation in the reduced
N-dimensional subspace of the local modes of interest, and so,
there is a maximum of N(N þ 1)/2 unique elements in the F
matrix assuming no symmetry. The important role of symmetry
is to greatly reduce the number of independent F-matrix elements.
Phenomenological fitting of the F-matrix elements is significantly
more challenging in less-symmetric systems because the fits are
less likely to be unique.

Pð3ÞðtÞ ¼
Z ¥

0
dt1

Z ¥

0
dt2

Z ¥

0
dt3 S

ð3Þðt1, t2, t3Þ

E1ðt � t3Þ E2ðt � t3 � t2Þ E3ðt � t3 � t2 � t1Þ ð16Þ
Here, the response functions of DMDC were calculated within
the framework of Redfield theory.52 The phenomenological rate
constants for dephasing, intramolecular vibrational redistribu-
tion (IVR), and population relaxation were set to their empirical
values of 3, 4, and 50 ps�1, respectively. Anharmonic frequencies
extracted from the local CO Hamiltonian (eq 2), along with the
Harmonic transition dipole moments (BP86), were used to
construct the molecular Hamiltonian in the normal-mode re-
presentation. The laser pulse interactions were treated as im-
pulsive on the time scale of vibrational relaxation.
Figure 5 shows simulated and experimental 2DIR spectra of

DMDC. The experimental spectrum was collected using a
Fourier transform 2DIR spectrometer as described in detail
elsewhere.29 For comparison, Figure 6 shows projections of
2DIR spectra onto the detection axis. Such projections are
equivalent to measuring the dispersed transient absorption
signal. The 2DIR spectrum features three main diagonal peaks
and the corresponding cross-peaks. The negative (blue) ground-
state bleach peaks appear at the frequencies corresponding to the
0 f 1 transitions, whereas the positive (red) excited-state
absorption features are due to transitions between the one-
and two-quanta states (1f 2) and are referred to as “anharmo-
nic” peaks. The splitting between a negative peak and its
corresponding positive peak is given by the anharmonicity of
overtones (diagonal peaks) and combination bands (off-diagonal
peaks): Δ = ω01 � ω12. The center frequencies, intensities, and
line shapes in the calculated spectrum are in good agreement with
the experimental spectrum. It is important to note that the
amplitude of the two-dimensional peaks is dictated by two
different factors: (1) the orientationally averaged transition
dipole moment, in analogy to linear absorption spectroscopy,
and (2) the overlap between negative (ground-state bleach) and
positive (excited-state absorption) peaks, which is given by the
anharmonicities and line widths of the peaks. To illustrate this
effect, consider a harmonic oscillator. In this case, the frequency
of the 0f 1 transition is the same as that of the 1f 2 transition,
and therefore, positive and negative contributions appear at the

Figure 4. Normal-mode correlation plot for the two-quanta states of
DMDC. The IR-active and IR-inactive overtone states are shown in red
and blue, respectively. The symmetry of each state's mode is shown on
the right. The gray lines correspond to combination states.

Table 4. Normal-Mode Frequencies and Overtone Anhar-
monicities of DMDC Obtained from the Local Carbonyl
Stretching Hamiltonian along with the Experimental
Values23 a

mode exptl fit calcd anharm VPT2 exptl

1 1981b 1981.0 4.4 4.3

2 1981b 1981.0 4.4 4.3

3 1983c 1983.0 3.2 5.4 8.3

4 1997b 1997.0 7.4 8.0

5 2014c 2014.0 1.8 4.5 6.5

6 2014c 2014.0 1.8 4.5 6.5

7 2024b 2024.0 3.0 3.0

8 2024b 2024.0 3.9 3.0

9 2044b 2044.0 4.6 3.5 4.4

10 2116b 2116.0 2.2 2.6
a Second-order vibrational perturbation theory (VPT2) anharmonicities
from ref 23 included for comparison. bRaman spectra in nonpolar
solvents. c IR absorption and transient absorption in cyclohexane.
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same frequency. Because the two peaks have the same intensity,
the two contributions should effectively cancel out. Although the
calculated anharmonicities are smaller than the experimentally
measured values, the peaks are sufficiently narrow and well-
separated that the amplitude is not significantly affected by the
overlap.
In the experimental spectrum of DMDC, the anharmonic

peaks are broader than the ground-state bleaches, showing that

the second-quanta energy levels are affected to a greater extent by
the solvent fluctuations. This effect is not captured by the
simulations, as the dephasing times (peak widths) of ground-
and excited-state transitions are equal. However, it is worth
pointing out that these effects are naturally captured when
frequency fluctuations are computed from molecular dynamics
simulations.33 One additional observation worth discussing in
this context is the spectroscopic effect of the 1% natural 13C
isotope abundance. In the case of DMDC, about 10% of the
molecules contain at least one substituted 13CO ligand. If the
substitution occurs on an axial CO, a new peak centered near
2002 cm�1 appears in the spectrum, whereas an equatorial sub-
stitution will give rise to new peaks at 1950 and 1956 cm�1.23

The new peak near 2002 cm�1 is seen in the experimental
absorption and 2DIR spectra. It is straightforward to simulate
this effect using the local CO Hamiltonian, but because of
the highly delocalized nature of the CO vibrations, this is signif-
icantly more challenging when working in the normal-mode
representation.

IV. HYDROGEN BONDING

The theoretical framework described in the previous section
relies on gas-phase electronic structure calculations and the
assumption of weak coupling with the solvent. In this section,
we consider the effects of interaction with a strongly coupled
hydrogen-bonded solvent such as methanol. In this case, hydro-
gen bonds can form between the solvent OH groups and the CO
groups in RDC and DMDC. Recent 2DIR studies of DMDC in
hydrogen-bonding solvents have suggested that DMDC can be
used as a nonlocal probe of the hydrogen-bonded network.
Hydrogen bonds formed between carbonyls and the solvent give
rise to frequency fluctuations of the local sites and, correspond-
ingly, the normal modes. Two-dimensional infrared spectrosco-
py essentially measures these correlations by mapping the joint
transition frequencies between pairs of eigenstates. In the case of
a strongly coupled set of oscillators, such as in DMDC, normal
modes are highly delocalized, with each CO site contributing to a
large number of normal modes. Consequently, a single hydrogen
bond will shift the frequencies of many normal modes. In
contrast, the local CO frequencies should be mostly sensitive
to the local environment around each ligand; thus, decomposing
the normal-mode frequency fluctuations into linear combina-
tions of local-mode fluctuations will offer a more intuitive
molecular perspective of the solvation dynamics in hydrogen-
bonding liquids. For example, consider a single solvent molecule
switching hydrogen bonds between two adjacent CO sites; this
scenario would lead to the two local frequencies being antic-
orrelated. Measuring the local-site correlation thus turns a
molecule such as DMDC into a molecular probe of the liquid
dynamics, where each site behaves as an individual reporter of the
local environment fluctuations, but the molecule as a whole has
the ability to probe longer-range delocalized fluctuations of the
solvent. In this section, we explore the effects of hydrogen
bonding on the carbonyl frequencies by constructing a set of
model systems consisting of RDC and DMDC with methanol
molecules σ-hydrogen-bonded to the carbonyl groups. We test
the effects of a single hydrogen bond as well as two hydrogen
bonds to adjacent carbonyl groups.
A. RDC. In the case of RDC, the two carbonyls are equivalent.

The geometry of the complex was optimized using the BP86
functional with an effective core potential on themetal atoms. No

Figure 6. Projection of the 2DIR spectrum (Figure 5) onto the
detection axis.

Figure 5. Simulated and experimental absorptive two-dimensional
infrared spectra of DMDC at a waiting time of 5 ps. The experimental
spectrum was collected in n-hexane, a weakly interacting solvent.
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geometric constraints were placed on the optimization. The force
field parameters were obtained by finite displacements along the
CO coordinates and fit to a bilinearly coupled Morse potential as
described above. Table 5 reports the two frequencies and
anharmonicities corresponding to the hydrogen-bonded and free
CO sites. These can be compared directly with the gas-phase
values listed in Table 1. The hydrogen-bonded site energy red
shifts from 2043.0 to 2032.9 cm�1, whereas the free CO blue
shifts from 2043.0 to 2047.7 cm�1. These results suggest that,
even though hydrogen-bonding is local, its spectral impact is
nonlocal. The through-bond coupling between adjacent sites
likely accounts for much of the nonlocal nature of the perturba-
tion. The effect of hydrogen bonding on the bilinear coupling is
relatively small, increasing from 30.0 to 30.6 cm�1.
To test whether the hydrogen-bonding effects are additive, we

now examine the case of forming two hydrogen bonds to
different sites in the molecule. If we take the contributions to
be independent, starting from 2043.0 cm�1 for the gas-phase case
and taking the values for the single hydrogen-bonded case, there
should be, first, a lowering by 10.1 cm�1 due to the local HB and,
second, a raising by 4.7 cm�1 due to the HB to the adjacent CO,
giving a total frequency of 2037.6 cm�1. This value compares
favorably to the doubly hydrogen-bonded case where the fre-
quency is 2035.4 cm�1, suggesting that the contributions are
mostly independent. The bilinear coupling shows similar effects:
the first HB increases the coupling from 30.0 to 30.6 cm�1, and
the second increases it to 31.5 cm�1, showing that, to a good first
approximation, the individual HB contributions to the coupling
strength can also be treated additively.
B. DMDC. The larger number of sites in DMDC enable us to

better evaluate the nonlocal effect of hydrogen bonding and its
additivity. Table 6 shows the frequencies and anharmonicities of
the four different carbonyl sites when DMDC is hydrogen-
bonded with an equatorial carbonyl (site 2, Figure 7). The
hydrogen-bonded site red shifts from 2037.9 cm�1 (gas phase,
Table 3) to a value of 2024.7 cm�1 . In addition, all nearby CO
site frequencies are also affected by the hydrogen bonding.
However, because there is a larger number of carbonyls, the
impact per carbonyl is smaller than in RDC. If the strength of the
neighbor perturbation is somehow proportional to the coupling
strength (Table 2), we would expect the frequency increase of
site 4 to be larger than that of site 3. This is, in fact, the case: the
frequency of site 3 increases by 1.3 cm�1, and that of site 4
increases by 3.3 cm�1. Surprisingly, the axial carbonyl frequency
decreases by 1.2 cm�1, indicating that additional factors affect the
frequency shifts of the neighboring sites.

Table 6 also lists the frequencies of the carbonyls in the case
where two adjacent sites are hydrogen-bonded. From the one-HB
case, we have a 13.2 cm�1 red shift due to hydrogen bonding of the
site and a 1.3 cm�1 blue shift due to a HB neighbor. Starting from
the 2037.9 cm�1 frequency of an axial CO in the gas-phase case
(Table 3), we expect a final frequency of 2026.0 cm�1. This value
is in excellent agreement with the 2025.6 cm�1 obtained from the
two-HB model. Similarly, adding up the individual contributions
to the frequency of site 4 (one perpendicular and one opposite HB
carbonyl), we predict a blue shift of 4.6 cm�1, which compares well
with the extracted shift of 5.4 cm�1.
The results show that the individual hydrogen-bonding con-

tributions can be treated independently and that the coupling
strengths and anharmonicities are unaffected by hydrogen bond-
ing. Therefore, it would be straightforward to develop a para-
metrized local-mode Hamiltonian to account for the site
perturbations due to hydrogen bonding. Such a model can be
easily embedded within molecular dynamics simulations to
compute the normal-mode frequency fluctuations and the sub-
sequent two-dimensional spectra.
In both metal carbonyls, hydrogen bonding is only a minor

perturbation of the overall electronic structure of the molecule.
This is reflected by the small changes in site frequencies: only

Table 5. Local CO Frequencies and Anharmonicities of RDC
with a Single Hydrogen Bond (HB) to a COGroup AsWell As
Two Hydrogen Bonds to Each CO Group

CO site Di (aJ) Ri (Å
�1) ωi (cm

�1) xii (cm
�1)

One HB

1 (HB) 1.811 2.147 2032.9 11.3

2 1.812 2.162 2047.7 11.5

coupling 30.6

Two HB

1 (HB) 1.805 2.152 2035.4 11.4

2 (HB) 1.805 2.152 2035.4 11.4

coupling 31.5

Figure 7. Equilibrium structure of the DMDC�methanol complexes
used to test the effect of hydrogen bonding.

Table 6. Local CO Frequencies and Anharmonicities of
DMDC with a Single Hydrogen Bond (HB) to an Equatorial
CO Group (The Site Numbers Correspond to the CO Sites
Labeled in Figure 7, and the COFrequencies in the Absence of
HBs are Reported in Table 3)

CO site Di (aJ) Ri (Å
�1) ωi (cm

�1) xii (cm
�1)

One HB

1 1.742 2.194 2037.7 11.8

2 (HB) 1.669 2.227 2024.7 12.1

3 1.681 2.236 2039.2 12.3

4 1.687 2.233 2041.2 12.2

Two HB

1 1.744 2.195 2039.7 11.8

2 (HB) 1.670 2.228 2025.6 12.2

3 (HB) 1.670 2.228 2025.6 12.2

4 1.683 2.238 2043.3 12.3
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0.5% of the total frequency. Because the couplings and anhar-
monicties are approximately 2 orders of magnitude smaller than
the site energies, the same 0.5% perturbation of these param-
eters remains nearly imperceptible compared to the larger site-
energy changes. Therefore, solvent effects in metal carbonyls
can be described in terms of fluctuations of the local site
energies.

V. CONCLUSIONS AND OUTLOOK

We have presented a new hybrid approach for modeling the
vibrational structure and dynamics of metal carbonyls and the
corresponding two-dimensional spectra that is based on describ-
ing the Hamiltonian in terms of bilinearly coupled Morse
oscillators. The local site anharmonicities are obtained from
electronic structure calculations, whereas the couplings are fit to
reproduce the linear IR absorption and Raman spectra. Fitting
the frequencies to experiment greatly reduces the computa-
tional expense and increases the accuracy of the model. The
harmonically coupled Morse Hamiltonian allowed one- and
two-quanta anharmonic frequencies to be obtained for a 10-
mode system, DMDC, a task that is exceedingly challenging by
the normal-mode approach because of its enormous computa-
tional requirement. We have demonstrated that the model can
successfully reproduce the two-dimensional infrared spectrum
of DMDC.

This intuitive local-mode framework provides practical in-
sights into the vibrational structure of the systems that are not
easily accessible in the normal-mode representation. We exam-
ined the effects of hydrogen bonding on local carbonyl frequen-
cies in RDC and DMDC and found that the perturbations are
pronouncedly nonlocal and yet additive. We also found that the
coupling constants and anharmonicities are relatively insensitive
to hydrogen bonding. These observations pave the way to
calculating the frequency fluctuations in multimode systems in
strongly interacting solvents, thereby providing an atomistic view
of the local and nonlocal fluctuations in the solvation environ-
ment surrounding the molecule.

’APPENDIX

There are many approaches to calculating the internal force
constant matrix elements from the Cartesian coordinate Hessian.
In this work, we follow Wilson, Decius, and Cross48 and write

S ¼ Bx ð17Þ
where we include the center-of-mass and Eckart constraints so
that B is a 3N � 3N matrix. Here, S represents the matrix of
atomic displacements in internal coordinates (e.g., bond
stretches), and B is the matrix that translates Cartesian displace-
ments to internal coordinate displacements. The elements of the
B matrix are defined as the first derivatives

Bij ¼ DSi
Dxj

ð18Þ

The first 3N � 6 rows of the B matrix are calculated by finite
difference by extending a single Cartesian coordinate in the plus
and minus directions and determining the corresponding
changes in the internal coordinates.

If the first N columns of the B matrix correspond to differ-
entiation with respect to x and the next N correspond to
differentiationwith respect to y and so forth, then the coordinates

corresponding the center of mass are

S3N � 5 ¼ ∑
N

i¼ 1
mixi=mtotal

S3N � 4 ¼ ∑
2N

i¼N þ 1
miyi=mtotal

S3N � 3 ¼ ∑
3N

i¼ 2N þ 1
mizi=mtotal

ð19Þ

and B3N�5,i = mi/mtotal, where xi, yi, and zi are the Cartesian
coordinates; mi is the mass of the ith atom; and mtotal is the total
mass of the molecule. A similar expression is found for the three
rows of the B matrix corresponding to rotations. For rotation
about the x axis, the expression is

S3N � 2 ¼ ∑
N

i¼ 1
miðx2N þ ixN þ i, e � xN þ ix2N þ i, eÞ ð20Þ

where the subscript e denotes the equilibrium value of the
coordinates. As above, the corresponding elements of the B
matrix are obtained by finite differentiation.

Inverting B gives x = B�1S. This leads to a force constant
matrix

F ¼ ½B�1�TVB�1 ð21Þ
where V is the Hessian in non-mass-weighted Cartesian
coordinates.

Any choice of the internal coordinates can be used. For
example, the internal coordinates of the standard Z-matrix input
of electronic structure programs are acceptable.
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