
rXXXX American Chemical Society A dx.doi.org/10.1021/jp109357d | J. Phys. Chem. B XXXX, XXX, 000–000

ARTICLE

pubs.acs.org/JPCB

Molecular Theory and Simulation of Coherence Transfer
in Metal Carbonyls and Its Signature on Multidimensional
Infrared Spectra
Carlos R. Baiz, Kevin J. Kubarych, and Eitan Geva*

Department of Chemistry, University of Michigan, Ann Arbor, Michigan 48109, United States

I. INTRODUCTION

Coherent multidimensional infrared spectroscopy has re-
cently become a powerful technique for unraveling structure-
dynamics relationships in many complex systems with femtose-
cond time resolution.1-10 Similar to multidimensional NMR
spectroscopy,11 detailed molecular information is most often
derived from models that map structures to frequencies, and the
quality of the specific model largely determines the amount of
molecular information that can be extracted from the
experiment.12-16 The ability of multidimensional NMR to
provide atomistically detailed structural information in large
biomolecules emerges from the fact that nuclear spin resonances
and spin-spin couplings can be predicted quantitatively from
standard models, providing the structure-frequency map needed
to translate the experimental data into chemical structures.17

Similarly, the most insightful two-dimensional infrared (2DIR)
experiments to date use complex models in order to obtain
information on the molecular structure and dynamics underlying
the spectra. For example, 2DIR studies of peptides in the amide-I
region rely on a combination of molecular dynamics simulations,
high-quality ab initio frequency maps, and vibrational coupling
schemes to extract protein structures from the measured
spectra.18-24

Although frequency maps have proven successful in reprodu-
cing the experimental lineshapes, two-dimensional spectra
also contain information on such processes as coherence-to-
coherence transfer25,26 or relaxation to dark states, for which

reliable microscopic models remain underdeveloped. As a
result, the analysis of these processes is often based on
phenomenological and somewhat oversimplified models that
contain a limited amount of information on the underlying
molecular picture. It is therefore important to construct a
theoretical framework to account for the aforementioned
processes based on an explicit description of molecular
structure and dynamics.

Over the last ten years, metal carbonyls have been established
as useful benchmark systems for 2DIR spectroscopy.27-38 Their
rich vibrational structure, narrow lineshapes, and large oscillator
strengths make metal carbonyls ideal molecules for testing
different aspects of 2DIR spectroscopy, such as intramolecular
vibrational redistribution (IVR), where populations are trans-
ferred among high-frequency vibrational states within the mole-
cule, or vibrational energy relaxation (VER), where the energy is
lost to the bath or low frequency modes of the molecule. In
addition, newer experiments have been able to directly test
coherence-coherence coupling (coherence transfer), where a
coherence created between two eigenstates by a laser pulse is
spontaneously transferred to a different coherence of similar
frequency but involving a new eigenstate or pair of eigenstates.
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ABSTRACT: We present a general and comprehensive theo-
retical and computational framework for modeling ultrafast
multidimensional infrared spectra of a vibrational excitonic
system in liquid solution. Within this framework, we describe
the dynamics of the system in terms of a quantum master
equation that can account for population relaxation, dephasing,
coherence-to-coherence transfer, and coherence-to-population
transfer. A unique feature of our approach is that, in principle, it
does not rely on any adjustable fitting parameters. More
specifically, the anharmonic vibrational Hamiltonian is derived
from ab initio electronic structure theory, and the system-bath
coupling is expressed explicitly in terms of liquid degrees of
freedom whose dynamics can be obtained via molecular dynamics simulations. The applicability of the new approach is
demonstrated by employing it to model the recently observed signatures of coherence transfer in the two-dimensional spectra
of dimanganese decacarbonyl in liquid cyclohexane. The results agree well with experiment and shed new light on the nature of the
molecular interactions and dynamics underlying the spectra and the interplay between dark and bright states, their level of
degeneracy, and the nature of their interactions with the solvent.
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One system in particular Rh(CO)2C5H7O2 (RDC) has pro-
vided important insights on the effect of anharmonic coupling
coefficients28,39 and coherence transfer25,39-41 on multidi-
mensional spectra. The interpretation of the results, however,
relied on fitting the data to phenomenological models
which lacked molecular detail. Furthermore, as the number
of fitting parameters grows rapidly with the number of modes,
phenomenological models become impractical for most sys-
tems, which unlike RDC would typically have more than
two modes.

Within this context, recent effort has been directed toward
developing a general electronic-structure-based framework for
calculating anharmonic frequencies and oscillator strengths,
which can be compared directly to experiment.35,36,42 It is
important to note that although the 2DIR experiment only
probes the bright (i.e., IR active) modes directly, it was found
necessary to include the dark (i.e., IR inactive) modes which
remain strongly coupled and turn out to have a significant effect
on the transition frequencies and dipole moments. In the present
paper we attempt to develop a new and complementary general
framework aimed at providing a molecularly detailed description
of solvent-induced dynamical effects such as dephasing, popula-
tion relaxation, coherence-to-coherence transfer and population-
to-coherence transfer. The development of such a framework is
motivated in part by recent 2DIR measurements of the carbonyl
stretching modes of dimanganese decacarbonyl, (Mn2(CO)10;
DMDC) where direct signatures of coherence transfer were
observed in the spectra.26 The strong infrared transitions and
weakly interacting cyclohexane solvent allowed for the observa-
tion of long-lived coherences between singly excited states as well
as dual-frequency oscillations of certain 2D cross peaks during
the waiting time. The latter observation was, to the best of our
knowledge, the first unambiguous evidence for low-frequency
coherence transfer in vibrational systems. It is worth pointing out
that RDC only has two carbonyl stretching modes and two states
in the singly excited band and, thus, only one low-frequency
coherence. The observation of coupling between coherences
within the singly excited band requires a system consisting of at
least three distinct energy levels, which is the case for DMDC. In
this paper we present a theoretical and computational modeling
approach based on a Markovian quantum master equation,
which, in addition to the coherence and population relaxation
terms, also accounts for coherence-to-coherence transfer as
well as coherence-to-population and population-to-coherence
transfer.

Importantly, our approach does not rely on empirical adjus-
table parameters: we obtain the transition frequencies and dipole
moments from electronic-structure calculations and employ
explicit expressions for the relaxation matrix elements in terms
of solvent force correlation functions, which are in turn obtained
from molecular dynamics simulations. We subsequently use the
model to explore the vibrational spectroscopy of Mn2(CO)10
with particular attention to the effects of coherence transfer and
coherence-population coupling on the spectra as well as inves-
tigate the effect of strongly coupled dark modes on the lineshapes
and waiting-time dependence of the 2D peaks.

The paper is organized as follows. In section II, we describe the
molecular Hamiltonian and derive the quantummaster equation.
In section III we derive explicit expressions for the system-bath
coupling. In sections IV and V, we provide a treatment of the
field-matter coupling and outline the procedure for computing
multidimensional spectra. In section VI, we provide the specific

simulation parameters, and in sections VII and VIII, we discuss
the simulation results for Mn2(CO)10 in comparison to experi-
ment. Finally, in section IX, we summarize the results and
provide an outlook toward future uses of the model.

II. EXCITONIC VIBRATIONAL HAMILTONIAN AND
QUANTUM MASTER EQUATION

In this section we develop the theoretical framework for
modeling coherence transfer in an excitonic system. For the sake
of concreteness, the theory is developed in the context of the
2DIR spectroscopy of the 10-carbonyl system Mn2(CO)10
(Figure 1) in the terminal CtO stretching region. However, it
should be noted that the methodologies described herein can be
straightforwardly extended to other molecular systems.

We start by writing the overall system Hamiltonian in a
system-bath form

Ĥ ¼ ĤS þ ĤB þ ĤBS ð1Þ
The system Hamiltonian, ĤS, corresponds to the anharmonic

vibrational Hamiltonian of the CtO stretches in DMDC

ĤS ¼ ∑
n1 - 1

j¼ 0
ðpω10 þ ε1jÞj1jæÆ1jj þ ∑

n2 - 1

j¼ 0
ðpω20 þ ε2jÞj2jæÆ2jj

ð2Þ
Here, |Rjæ represents the jth state (j = 0, 1, 2, ...) in the Rth band,
and R = 0, 1, 2 represents the ground, singly excited, and doubly
excited states, respectively (Figure 2). Since the model is devel-
oped within the context of two-dimensional spectroscopy, only

Figure 1. Equilibrium structure of dimanganese decacarbonyl
(Mn2(CO)10, DMDC), where the green and red atoms represent
carbon and oxygen, respectively.

Figure 2. Schematic view of the system energy level diagram and some
of the bath operators associated with various transitions. The interband
and intraband transitions are marked in blue and pink, respectively. The
bath-operators associated with the interband transitions (pink) are ne-
glected in this paper. See Figure 3 for a schematic view of the density matrix.
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the singly- and doubly excited states are considered as these are the
only states that are accessed experimentally. The ground state is
denoted by |00æ and its energy is assumed to coincide with the
energy origin. n1 is the number of CtO stretch modes, where it
should be understood that all CtO stretches need to be included,
whether photoactive or not (n1 = 10 in the case ofDMDC). n1 is also
the number of states in the “singly-excited” band. The overall number
of “doubly-excited” states is n2 = n1(n1 þ 1)/2 (55 in the case of
DMDC). Importantly, the “singly-excited” and “doubly-excited”
states correspond to eigenfunctions of the anharmonic vibrational
Hamiltonian, and as such include contributions from harmonic
states with higher occupancy. We also assume that the energy levels
within the R-th band are ordered in the following manner: εR0 e
εR1e εR2e ... (see Figure 2). The transition frequencies and dipole
moments are calculated from electronic structure methods. Indeed,
we have recently shown that these can be obtained in the case of
DMDC by combining density functional theory with vibrational
perturbation theory.35,36 Alternatively, if known, the experimental
frequencies and anharmonicitiesmaybeused. It should benoted that,
in a system likeDMDC, the intraband transitions range from0 to 135
cm-1, whereas the interband transition frequency is ∼2000 cm-1.
Thus, at room temperature, one can assume that

εRj e kBT , pωRβ ð3Þ
The bathHamiltonian, ĤB, corresponds to the solvent degrees

of freedom, and will remain undetermined for the time being.
Finally, the system-bath coupling, ĤBS, in its most general form,
is given by

ĤBS ¼ j00æΛ̂00, 00Æ00j þ ∑
n1-1

j¼ 1
∑
n1-1

k¼ 1
j1jæΛ̂1j, 1kÆ1kj

þ ∑
n2-1

j¼ 1
∑
n2-1

k¼ 1
j2jæΛ̂2j, 2kÆ2kj þ ∑

n1-1

j¼ 1
½j00æΛ̂00, 1jÆ1jj

þ j1jæΛ̂1j, 00Æ00j� þ ∑
n2-1

k¼ 1
½j00æΛ̂00, 2kÆ2kj

þ j2kæΛ̂2k, 00Æ00j� þ ∑
n1-1

j¼ 1
∑
n2-1

k¼ 1
½j1jæΛ̂1j, 2kÆ2kj

þ j2kæΛ̂2k, 1jÆ1jj� ð4Þ

Here, {Λ̂Rj,βk} are the, yet to be explicitly specified, bath operators.
Now, consider the free bath equilibrium density operator,
F̂Beq = exp(-βĤB)/TrB[exp(-βĤB)] where β = 1/kBT. Since
TrB[ĤBSF̂Beq], is a system operator, it can be added to the system
Hamiltonian, so that ĤS f ĤS þ TrB[ĤBSF̂B

eq]. As a result, the
system-bath coupling is also need to be renormalized so that
ĤBSf ĤBS-TrB[ĤBSF̂Beq]. Thus, we can assume, without loss of
generality, that TrB[ĤBSF̂Beq] � ÆĤBSæB = 0, which implies that

TrB½Λ̂Rj, βkF̂
eq
B � � ÆΛ̂Rj, βkæB ¼ 0 for all Rj, βk ð5Þ

Noting that Λ̂Rj,βk is the bath operator that couples to the system
operator |RjæÆβk| and assuming that that the bath is weakly coupled
to the system, energy conservation dictates that Λ̂Rj,βk induces an
energy change in the bath which is comparable to |ERj- Eβk|. The
fact that all modes that are close to resonance with the photoactive
transitions are included in the systemHamiltonian then implies that
the system-bath interactions are of the nonresonant type. Thus, the
bath can exchange no more than ∼kBT with the system. Since
interband energy gaps aremuch larger than kBT, one can neglect the
interband system-bath coupling terms in eq 4, thereby consider-
ably simplifying the system-bath coupling equation

ĤBS ¼ j00æΛ̂00, 00Æ00j þ ∑
n1-1

j¼ 1
∑
n1-1

k¼ 1
j1jæΛ̂1j, 1kÆ1kj

þ ∑
n2-1

j¼ 1
∑
n2-1

k¼ 1
j2jæΛ̂2j, 2kÆ2kj ð6Þ

In what follows, we will refer to this approximation as the
intraband coupling approximation (IntraCA).

Next, assuming that the system starts out at thermal equilib-
rium, pω10 . kBT implies that the initial state of the overall
system is given by the following density operator:

F̂ð0Þ ¼ F̂eqB X j00æÆ00j � F̂eqB X σ̂ð0Þ ð7Þ

.
Here, σ̂(t) = TrB[(t)] is the reduced density operator of the

system. In practice it is convenient to represent σ̂(t) as amatrix in the
basis of the system eigenfunctions, {|Rjæ}. In what follows we will
refer to the diagonal elements, {σRj,Rj(t)}, and off-diagonal elements
{σRj,βk(t)}, as populations and coherences, respectively. We will
also distinguish between intraband coherences, {σRj,Rk(t)}, and
interband coherences, {σRj,βk(t)} (where R 6¼ β).

The reduced dynamics of the system σ̂(t) are described by a
quantummaster equation (QME) which can be derived in the limit
of weak system-bath coupling by assumingMarkovity (i.e., that the
time scale for system relaxation is slower than the relevant bath
correlation times).43-67 The resulting QMEs for the populations,
intraband and interband coherences are given below

d
dt

σRj,RjðtÞ ¼ - ∑
m 6¼j

kRm r RjσRj,RjðtÞ

þ ∑
m 6¼j

kRj r RmσRm,RmðtÞ

- ∑
m 6¼j, n

ΓRj,Rn;Rn,RmðωRm,RnÞσRm,RjðtÞ

- ∑
m 6¼j, n

Γ
�
Rj,Rn;Rn,RmðωRm,RnÞσRj,RmðtÞ

þ ∑
m 6¼n

ΓRn,Rj;Rj,RmðωRm,RjÞσRm,RnðtÞ

þ ∑
m 6¼n

Γ
�
Rn,Rj;Rj,RmðωRm,RjÞσRn,RmðtÞ ð8Þ

Figure 3. Schematic view of populations, interband (blue and red) and
intraband coherence (yellow) blocks in the density matrix. The intra-
band coherences within the second manifold levels are inaccessible in
2DIR experiments, and thus are not shown.
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d
dt

σRj,RkðtÞ ¼ -
n
iωRj,RkσRj,RkðtÞ þ ∑

n 6¼j
ΓRj,Rn;Rn,RjðωRj,RnÞ

þ ∑
m 6¼k

Γ
�
Rk,Rm;Rm,RkðωRk,RmÞ þ ΓRj,Rj;Rj,Rjð0Þ

þ Γ
�
Rk,Rk;Rk,Rkð0Þ- ΓRk,Rk;Rj,Rjð0Þ

- Γ
�
Rj,Rj;Rk,Rkð0Þ

o
σRj,RkðtÞ

- ∑
m 6¼ðj, kÞ

½∑
n
ΓRj,Rn;Rn,RmðωRm,RnÞ�σRm,RkðtÞ

- ∑
m 6¼ðj, kÞ

½∑
n
Γ
�
Rk,Rn;Rn,RmðωRm,RnÞ�σRj,RmðtÞ

þ ∑
m 6¼n,m 6¼j, n 6¼k

ΓRn,Rk;Rj,RmðωRm,RjÞσRm,RnðtÞ

þ ∑
m 6¼n,m 6¼j, n 6¼k

Γ
�
Rm,Rj;Rk,RnðωRn,RkÞσRm,RnðtÞ

- ½∑
n
ΓRj,Rn;Rn,RkðωRk,RnÞ�σRk,RkðtÞ

- ½∑
m
Γ
�
Rk,Rm;Rm,RjðωRj,RmÞ�σRj,RjðtÞ

þ ∑
m 6¼ðj, kÞ

ΓRm,Rk;Rj,RmðωRm,RjÞσRm,RmðtÞ

þ ∑
m 6¼ðj, kÞ

Γ
�
Rm,Rj;Rk,RmðωRm,RkÞσRm,RmðtÞ ð9Þ

d
dt

σRj, βkðtÞ ¼ -
n
iωRj, βk þ ∑

n 6¼j
ΓRj,Rn;Rn,RjðωRj,RnÞ

þ ∑
n 6¼k

Γ
�
βk, βn;βn, βkðωβk, βnÞ þ ΓRj,Rj;Rj,Rjð0Þ

þ Γ
�
βk, βk;βk, βkð0Þ- Γβk, βk;Rj,Rjð0Þ

- Γ
�
Rj,Rj;βk, βkð0Þ

o
σRj, βkðtÞ

- ∑
m 6¼j

½∑
n
ΓRj,Rn;Rn,RmðωRm,RnÞ�σRm, βkðtÞ

- ∑
m 6¼k

½∑
n
Γ
�
βk, βn;βn, βmðωβm, βnÞ�σRj, βmðtÞ

þ ∑
m 6¼j, n 6¼k

Γβn, βk;Rj,RmðωRm,RjÞσRm, βnðtÞ

þ ∑
m 6¼j, n 6¼k

Γ
�
Rm,Rj;βk, βnðωβn, βkÞσRm, βnðtÞ ð10Þ

Here,

ΓRj,Rk;βm, βnðωÞ ¼ 1

p2

Z ¥

0
dτ eiωτCRj,Rk;βm, βnðτÞ ð11Þ

where {CRj,Rk;βm,βn(τ)} are free-bath quantum-mechanical correla-
tion functions

CRj,Rk;βm, βnðτÞ ¼ TrB½F̂eq
B eiHBτ=pΛ̂Rj,Rke

-iHBτ=pΛ̂βm, βn�
� ÆΛ̂Rj,RkðτÞΛ̂βm, βnæB ð12Þ

and

kRm r Rj ¼ 2Re½ΓRj,Rm;Rm,RjðωRj,RmÞ� ð13Þ

are intraband population relaxation rate constants. It should be
noted that within our model, interband population relaxation is
assumed infinitely slow, due to the IntraCA. However, it is also
important to note that population transfer between bright and dark
modes is accounted for and is expected to be the dominant
mechanism for population relaxation.

Importantly, the QMEs (eqs 8-10) were derived without
neglecting terms that couple between coherences and popu-
lations as well as terms that couple between different coher-
ences. The latter terms, in turn, lead to coherence transfer.
Note that these couplings are bath induced. Within the
IntraCA, populations are only coupled to intraband coher-
ences and intraband coherences are not coupled to interband
coherences. Thus, the coherence transfer terms can be
further classified as intraband or interband coherence transfer,
depending on the type of coherences that are coupled (see
Figure 4).

III. SYSTEM-BATH COUPLING

In practice, one needs to know the bath operators that couple
to the system in order to describe its dynamics in terms of the
QMEs in eqs 8-10. To this end, we note that the Hamiltonian of
the overall system is generally given by

Hðq, p,Q ,PÞ ¼ H0
Sðq, pÞ þ TðPÞ þ V0ðQ Þ þ V1ðq,Q Þ

ð14Þ
Here,Q = (Q1, ..., QN) are the bath coordinates and q = (q1, ...,
qn1) are the normal mode coordinates, P = (P1, ..., PN) and p =
(p1, ..., pn1)are the corresponding conjugate moment a, HS

0(q,
p)is the gas phase vibrational Hamiltonian, T(P) is the bath
kinetic energy, V0(Q) is the free bath potential energy (i.e.,
solvent-solvent interactions), and V1(q,Q)represent the in-
teractions between the bath and the system (i.e., solvent-
solute interactions). It should be noted that the explicit
functional form of V0(Q) and V1(q,Q) depends on the force
fields governing solvent-solvent and solvent-solute interac-
tions which are system specific.

Since the displacement along the normal mode coordinates is
expected to be relatively small in a molecule like DMDC, one can
approximate V1(q,Q) by its expansion to first order in the normal

Figure 4. Schematic representation of the vibrational dynamics cap-
tured by the model. Interband coherences are decoupled from intraband
coherences and populations. Intraband coherences are coupled to
populations. The light-matter interactions couple populations and
intraband coherences to interband coherences.
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mode coordinates

V1ðq,Q Þ ¼ V1ðQ , 0Þ þ ∑
n1

l¼ 1

∂V1

∂ql

" #
q¼ 0

ql þ :::

� V1ðQ , 0Þ- ∑
n1

l¼ 1
FlðQ Þql þ ::: ð15Þ

Here, Fl(Q) is the force exerted by the bath on the lth
normal mode.

Since V1(Q,0) is a bath operator, it can be included in the
potential energy part of the bath Hamiltonian, so that

HBðQ ,PÞ ¼ TðPÞ þ V0ðQ Þ þ V1ð0,Q Þ ð16Þ
It is also convenient to define the free bath thermal average of

the force Fl(Q)

ÆFlðQ ÞæB ¼ Tr½FlðQ̂ Þ expð-βĤBÞ�
Tr½expð-βĤBÞ�

ð17Þ

so that the system Hamiltonian and the system-bath coupling
can be defined as follows:

HSðq, pÞ ¼ H0
Sðq, pÞ- ∑

n1

l¼ 1
ÆFlðQ ÞæBql ð18Þ

HBS ¼ - ∑
n1

l¼ 1
ðFlðQ Þ- ÆFlðQ ÞæBÞql

� - ∑
n1

l¼ 1
δFlðQ Þql ð19Þ

Writing HBS in terms of the eigenfunctions of ĤS and only
accounting for intraband coupling we obtain (see eq 6)

ĤBS ¼ j00æ½∑
n1

l¼ 1
ql;00, 00δFlðQ Þ�Æ00j

þ ∑
n1-1

j¼ 0
j1jæ½∑

n1

l¼ 1
ql;1j, 1jδFlðQ Þ�Æ1jj

þ ∑
n2-1

j¼ 1
j2jæ½∑

n1

l¼ 1
ql;2j, 2jδFlðQ Þ�Æ2jj

þ ∑
n1-1

j 6¼k
j1jæ½∑

n1

l¼ 1
ql;1j, 1kδFlðQ Þ�Æ1kj

þ ∑
n2-1

j 6¼k
j2jæ½∑

n1

l¼ 1
ql;2j, 2kδFlðQ Þ�Æ2kj ð20Þ

where

ql;Rj,Rk ¼ ÆRjjqljRkæ ð21Þ

It should be noted that ql;Rj,Rk = 0 if the vibrational Hamilto-
nian is assumed harmonic, i.e. within the normal mode approx-
imation. Thus, within the treatment of the system-bath
coupling as linear in the normal mode coordinates, one needs
to use the anharmonic vibrational Hamiltonian in order to
account for relaxation.

According to eq 20 one can identify the bath operators that
couple to the system as so

Λ00, 00 ¼ ∑
n1

l¼ 1
ql;00, 00δFlðQ Þ; Λ1j, 1j ¼ ∑

n1

l¼ 1
ql;1j, 1jδFlðQ Þ;

Λ2j, 2j ¼ ∑
n1

l¼ 1
ql;2j, 2jδFlðQ Þ; Λ1j, 1k ¼ ∑

n1

l¼ 1
ql;1j, 1kδFlðQ Þ;

Λ2j, 2k ¼ ∑
n1

l¼ 1
ql;2j, 2kδFlðQ Þ ð22Þ

The corresponding bath correlation functions then assume the
following form:

ÆΛRj,RkðtÞΛβm, βnæ ¼ ∑
n1

l, l0 ¼ 1
ql;Rj,Rkql0;βm, βnÆδFlðtÞδFl0 æ ð23Þ

In principle, if the force fields for the solvent-solute interac-
tions are known, and then the forces {Fl} can be obtained
explicitly. Furthermore, due to the IntraCA, {ΓRj,Rk;βm,βn(ω)}
only need to be calculated at frequencies which are comparable to
or smaller than kBT/p (see eq 11). Thus, the corresponding
correlation functions, {CRj,Rk;βm,βn(τ)}, can be obtained from
classical MD simulations where the solute and solvent are treated
as rigid molecules. It should be noted that the assumption that
the solvent dynamics are independent of the solute vibrational
state is implicit in the derivation of theQME and requires that the
system-bath coupling is sufficiently weak.

One can further simplify the model by making the following
plausible assumption:

ÆδFlðtÞδFl0 æ � δðl, l0ÞCFFðtÞ ð24Þ
Equation 24 relies on the assumption that the forces on different

normal modes are uncorrelated but have the same autocorrelation
function (which can be justified in a molecule like DMDC where
the CO stretch normal modes are highly delocalized, see section
VII). Applying this assumption to eq 23 then yields

ÆΛRj,RkðtÞΛβm, βnæ ¼ ½∑
n1

l¼ 1
ql;Rj,Rkql;βm, βn�CFFðtÞ

� ARj,Rk;βm, βnCFFðtÞ ð25Þ
The coefficients {ARj,Rk;βm,βn} can then be calculated explicitly

provided that the eigenfunctions of the anharmonic vibrational
Hamiltonian are known. The spectral density that corresponds to
CFF(t) can be obtained asZ ¥

0
dτ eiωτCFFðτÞ � Re

Z ¥

0
dτ eiωτCFFðτÞ

¼ 1
2

Z ¥

-¥
dτ eiωτCFFðτÞ

� 1
2
~CFFðωÞ ¼ 2

1þ e-βpω
~CS
FFðωÞ

� 2
1þ e-βpω

~Ccl
FFðωÞ ð26Þ

The first approximation,
R
0
¥ dτ eiωτCFF(τ) ≈ Re

R
0
¥ dτ eiωτCFF-

(τ), is based on assuming that the imaginary part can be neglected;
the fourth equality, 1/2C~FF(ω) = (2/(1þ e-βpω))C~FF

S (ω), is based
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on an identity that relates the Fourier transform of CFF(τ), i.e.,
C~FF(ω), with that of ReCFF(τ), i.e., C~FF

S (ω); the fifth equality is
based on assuming that the real part of the force correlation function,
ReCFF(τ), can be approximated by the classical force correlation
function, CFF

cl (τ). This procedure assures that detailed balance is
satisfied within the band

~CFFðωÞ
~CFFð-ωÞ ¼ 1þ eβpω

1þ e-βpω
¼ eβpω ð27Þ

Although the above treatment is equivalent to employing the
so-called harmonic quantum correction factor, quantum correc-
tions are expected to be minimal in light of the fact that our
model only accounts for energy relaxation between states that
belong to the same manifold, and therefore involve transition
frequencies that are smaller than kBT/p. Under these circum-
stances, other quantum correction factors would be expected to
yield similar results. Thus, the only reason for including the
harmonic quantum correction factor (or any other quantum
correction factor for that matter) is to preserve detailed balance,
rather than accounting for extensive quantum corrections be-
yond that.68

Substituting eqs 25 and 26 into eq 11 then yields the following
general expression for the relaxation coefficients that appear in
the QMEs, eqs 8-10

ΓRj,Rk;βm, βnðωÞ ¼ 2ARj,Rk;βm, βn
p2

1
1þ e-βpω

~Ccl
FFðωÞ

� 2ARj,Rk;βm, βn
p2

1
1þ e-βpω

~Ccl
FFð0Þ ð28Þ

The last approximation in eq 28 is based on the fact that
C~FF
cl (ω) is typically observed to remain within the relatively

narrow range of intraband transition frequencies considered
here. Thus, we are left with a single parameter, namely C~FF

cl (0),
which can either be obtained from molecular dynamics simula-
tions or by fitting to experiment.

Further insight can be obtained by considering the expressions
for some of the relaxation coefficients that can be obtained based
on eq 28. For example, the population relaxation rate constants
can be shown to be given by

kRm r Rj ¼ 2Re½ΓRj,Rm;Rm,RjðωRj,RmÞ�

� 4

p2
∑
n1

l¼ 1
ql;Rj,Rm

2 1

1þ e-βpωRj,Rm
~Ccl
FFð0Þ ð29Þ

and are seen to depend solely on the off-diagonal matrix elements
of ql. In practice, the latter are found to be small compared to the
diagonal ones, which is consistent with the observation that
population relaxation is slower compared to pure dephasing
despite of the fact that βpωRj,Rm < 1.

Next, consider the interband and intraband pure dephasing
rate constants

1

T�
2

 !
Rj, βk

� ΓRj,Rj;Rj,Rjð0Þ þ Γ
�
βk, βk;βk, βkð0Þ

- Γβk, βk;Rj,Rjð0Þ- Γ
�
Rj,Rj;βk, βkð0Þ �

1

p2
∑
n1

l¼ 1
½ql;Rj,Rj

- ql;βk, βk�2~Ccl
FFð0Þ ð30Þ

1

T�
2

 !
Rj,Rk

¼ ΓRj,Rj;Rj,Rjð0Þ þ Γ
�
Rk,Rk;Rk,Rkð0Þ

- ΓRk,Rk;Rj,Rjð0Þ- Γ
�
Rj,Rj;Rk,Rkð0Þ

¼ 1

p2
∑
n1

l¼ 1
½ql;Rj,Rj - ql;Rk,Rk�2~Ccl

FFð0Þ ð31Þ

It should be noted that the interband pure dephasing rate
constant relies on the difference between the diagonal elements of
ql in different bands, thereby making it rather sensitive to anharmo-
nicities. In contrast, the intraband pure dephasing rate constant rely
on the difference between the diagonal elements of ql within the
same band, and can therefore be expected to be significantly slower.

The interband and intraband coherence transfer terms and the
population-coherence transfer terms can be shown to involve both
diagonal and off-diagonal matrix elements of ql. More specifically,
the matrix elements appear as pair products where either both
members in the pair are off-diagonal or one is diagonal and one is
not. In practice, we have observed that the diagonal elements are
larger. Thus, a reasonable approximation can be based on neglecting
the terms that involve two off-diagonals

d
dt

σRj, βkðtÞ
� �

coh - coh

�

-
2~C

cl
FFð0Þ
p2

∑
m 6¼j
∑
n1

l¼ 1

1

1þ e-βpωRm,Rj ql;Rj,Rjql;Rj,Rm

�(

þ 1
2
ql;Rj,Rmql;Rm,Rm

�
σRm, βkðtÞ

þ ∑
m 6¼k

∑
n1

l¼ 1

1

1þ e-βpωβm,βk ql;βk, βkql;βk, βm

�

þ 1
2
ql;βk, βmql;βm, βm

�
σRj, βmðtÞ

)
ð32Þ

d
dt

σRj,RkðtÞ
� �

coh - coh

�

-
1

p2
~Ccl
FFð0Þ ∑

m 6¼ðj, kÞ
∑
n1

l¼ 1
½ql;Rj,Rmq1;Rm,RmσRm,RkðtÞ

þ ql;Rk,Rmq1;Rm,RmσRj,RmðtÞ� ð33Þ

d
dt

σRj,RkðtÞ
� �

coh - pop

�

-
2~C

cl
FFð0Þ
p2

1

1þ e-βpωRk,Rj ql;Rj,Rjql;Rj,Rk

��

þ 1
2
ql;Rj,Rkql;Rk,Rk

�
σRk,RkðtÞ

þ 1
2
ql;Rk,Rjql;Rj,Rj þ 1

1þ e-βpωRj,Rk ql;Rk,Rkql;Rk,Rj

� �
σRj,RjðtÞ

�
ð34Þ
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IV. FIELD-MATTER INTERACTION

The interaction of the system with the laser is treated
perturbatively. The interaction Hamiltonian is given by

WðtÞ ¼ - ^
VB 3 EBðtÞ cos½ωt - kB 3 rB� ð35Þ

where EB(t), kB, and ω are the envelope, wave vector and leading
frequency of the driving field and

^
VB is the dipole moment vector

operator. It is assumed that the bandwidth of the laser overlaps
with the fundamental transition (ground state to the first-excited
band) and overtone transition (first-excited band to the second-
excited band). Thus, within the rotating wave approximation
(RWA)69-71

ŴðtÞ ¼ -
p

2
eiωt - i kB 3 rB ∑

n1-1

j¼ 0
χ00, 1jðtÞj00æÆ1jj

2
4

þ ∑
n1-1

j¼ 0
∑
n2-1

k¼ 0
χ1j, 2kðtÞj1jæÆ2kj

#

-
p

2
e-iωt þ i kB 3 rB ∑

n1-1

j¼ 0
χ1j, 00ðtÞj1jæÆ00j

2
4

þ ∑
n1-1

j¼ 0
∑
n2-1

k¼ 0
χ2k, 1jðtÞj2kæÆ1jj

#
ð36Þ

Here

pχRj, βkðtÞ ¼ VBRj, βk 3 EBðtÞ ¼ ∑
b
VRj, βk, bEbðtÞ

¼ ∑
b
pχRj, βk, bðtÞ ð37Þ

where {VBRi,βj = (VRi,βj,x, VRi,βj,y, VRi,βj,z)} are the transition dipole
moments which are assumed to be constant vectors (the Condon
approximation). Dark transitions can be included by setting the
corresponding transition dipole moments to zero, VBRi,βj = 0.

In order to eliminate rapidly oscillating terms, it is desirable to
calculate the system’s optical response in the rotating frame. To
this end, we define the density operator in the rotating frame
picture as follows:

~σðtÞ ¼ eiHrot t=pσ̂ðtÞe-iHrot t=p ð38Þ
where

Ĥrot ¼ pω ∑
n1-1

j¼ 0
j1jæÆ1jj þ 2pω ∑

n2-1

j¼ 0
j2jæÆ2jj ð39Þ

As a result:

σRj, βkðtÞ ¼ e-iωrot
Rβt~σRj, βkðtÞ S ~σRj, βkðtÞ ¼ eiω

rot
RβtσRj, βkðtÞ

ð40Þ
whereωRR

rot = 0,ω10
rot =-ω01

rot =ω21
rot =-ω12

rot =ω,ω20
rot =-ω02

rot = 2ω.
It is important to note that the populations and intraband coherences
are invariant to the transformation to the rotating frame and that only
interband coherences (R 6¼ β) change as a result of it.

Next we consider the effect on the system of an interaction
with a light pulse which is short on the time scale of the system
relaxation. Under these conditions, relaxation dynamics can be
neglected during the period of the pulse. Assuming for the sake of

simplicity, that the pulse has a square profile, such that

χRj, βkðtÞ ¼ χRj, βk during pulse
0 otherwise

(
ð41Þ

one can describe the dynamics during the short time period when
the pulse is on by equation of motion in the rotating frame

d
dt
~σðtÞ ¼ -

i
p
½~H, ~σðtÞ� ð42Þ

where

~H ¼ ∑
n1-1

j¼ 0
Δ1jj1jæÆ1jj þ ∑

n2-1

j¼ 0
Δ2jj2jæÆ2jj

-
p

2
e-i kB 3 rB½∑

n1-1

j¼ 0
χ00, 1jj00æÆ1jj þ ∑

n1-1

j¼ 0
∑
n2-1

k¼ 0
χ1j, 2kj1jæÆ2kj�

-
p

2
ei kB 3 rB½∑

n1-1

j¼ 0
χ1j, 00j1jæÆ00j þ ∑

n1-1

j¼ 0
∑
n2-1

k¼ 0
χ2k, 1jj2kæÆ1jj� ð43Þ

Here, ΔRj = ωR0 þ εRj - Rω is the detuning. Assuming
resonance, |ΔRj| , |χRj,βk|, the rotating-frame interaction Ha-
miltonian can be further simplified to become

~H ¼ -
p

2
e-i kB 3 rB ∑

n1-1

j¼ 0
χ00, 1jj00æÆ1jj

2
4

þ ∑
n1-1

j¼ 0
∑
n2-1

k¼ 0
χ1j, 2kj1jæÆ2kj

#

-
p

2
ei kB 3 rB ∑

n1-1

j¼ 0
χ1j, 00j1jæÆ00j

2
4

þ ∑
n1-1

j¼ 0
∑
n2-1

k¼ 0
χ2k, 1jj2kæÆ1jj

#
ð44Þ

Furthermore, in the limit of weak field-matter interaction, one
can treat the latter perturbatively, so that the evolution (in the
rotating frame) during a pulse of length τp is given by

exp -
i
p

~Hτp

� �
¼ 1-

i
p

~Hτp

¼ 1þ i
2
e-i kB 3 rBΩ̂

- þ i
2
ei kB 3 rBΩ̂

þ ð45Þ

where

Ω̂- ¼ ∑
b
Ω̂-

b ¼ τp∑
b

∑
n1-1

j¼ 0
χ00, 1j, bj00æÆ1jj

2
4

þ ∑
n1-1

j¼ 0
∑
n2-1

k¼ 0
χ1j, 2k, bj1jæÆ2kj

#

Ω̂
þ ¼ ∑

b
Ω̂þ

b ¼ τp∑
b

∑
n1-1

j¼ 0
χ1j, 00, bj1jæÆ00j

2
4

þ ∑
n1-1

j¼ 0
∑
n2-1

k¼ 0
χ2k, 1j, bj2kæÆ1jj

#
ð46Þ
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Finally, we note that the field-free evolution in the rotating frame
can be described by eqs 8-10, except for the fact that ωRj,βk
needs to be replaced by

ΔRj, βk ¼ ωRj, βk -ωrot
Rβ ð47Þ

V. REPHASING AND NONREPHASING SIGNALS

Let kR,kβ,kγ be the wave vectors of the first (R), second (β),
and third (γ) pulses, respectively. Let the time intervals between
pulses R and β be t1, and between pulses β and γ be t2. Let t3 be
the time interval between pulse γ and detection. The rephasing
and nonrephasing signals are defined as the signal fields mea-
sured in the directions kr =-kRþ kβþ kγ and knr = kR - kβþ
kγ, respectively. These signals can then be calculated based on
the algorithm described below.

We start out with the system at equilibrium (t = 0- implies
prior to the first pulse while t = 0þ implies right after the first
pulse)

~σð0-Þ ¼ j00æÆ00j ð48Þ

The interaction with the bR component bR = [bR,x, bR,y, bR,z]
of the first pulse (laser pulse R) can then be described by

~σð0þÞ ¼ 1þ i
2
e-ikR 3 rΩ̂-

bR

�

þ i
2
eikR 3 rΩ̂þ

bR

�
~σð0-Þ 1-

i
2
e-ikR 3 rΩ̂-

bR -
i
2
eikR 3 rΩ̂þ

bR

� �
ð49Þ

This product can be broken into 9 terms. However, we are
only interested in the terms that contribute to the rephasing and
nonrephasing signals. Since the rephasing signal is along the wave
vector kr =-kRþ kβþ kγ, only the following two terms that go
as e-ikR 3 r, out of the nine, contribute to it

~σð0þÞ sf
rephasing i

2
e-ikR 3 r½Ω̂-

bR
~σð0-Þ- ~σð0-ÞΩ̂-

bR � ð50Þ

Similarly, for the nonrephasing signal, which is along knr = kR-
kβþ kγ, only the following two terms that go as eikR 3 rcontribute
to it

~σð0þÞsf
nonrephasing i

2
eikR 3 r½Ω̂þ

bR
~σð0-Þ- ~σð0-ÞΩ̂þ

bR
� ð51Þ

In the next step, the field-free evolution between pulses R and
β is obtained by solving the QMEs, eqs 8-10, in the rotating
frame. More specifically, by writing the QME for σ~Rj,βk(t) in the
following way

d
dt

~σRj, βkðtÞ ¼ - iΔRj, βk~σRj, βkðtÞ- ∑
γm, δn

RRj, βk;γm, δn~σγm, δnðtÞ

ð52Þ

where {RRj,βk;γm,δn} stand for the relaxation coefficients given
explicitly in eqs 8-10, it can be easily shown that

~σBðt1-Þ ¼ expð-iΔt1Þ expð-Rt1Þ~σBð0þÞ ð53Þ

Here, Δ is the diagonal matrix detuning matrix

Δ ¼
0 0 0 3 3 3
0 Δ10, 00 0 3 3 3
0 0 Δ11, 00 3 3 3
l l l 3 3 3

0
BBBB@

1
CCCCA ð54Þ

and exp(-Rt1) can be obtained by numerical diagonalization of
the R matrix.

The interaction with the bβ component of the second pulse is
treated similarly to that of the first pulse. In the case of rephasing
(kr = -kR þ kβ þ kγ), only the two terms that go as eikβ 3 r

contribute

~σðt1þÞ sf
rephasing i

2
eikβ 3 r½Ω̂þ

bβ
~σðt1Þ- ~σðt1ÞΩ̂þ

bβ
� ð55Þ

Similarly, for the nonrephasing signal (knr = kR- kβþ kγ) only
the two terms that go as e-ikβ 3 r contribute

~σðt1þÞsf
nonrephasing i

2
e-ikβ 3 r½Ω̂-

bβ
~σðt1-Þ- ~σðt1-ÞΩ̂-

bβ
� ð56Þ

The field-free time evolution between pulses β and γ is then
obtained similarly to that between pulses R and β

~σBðt1 þ t2-Þ ¼ expð-iΔt2Þ expð-Rt2Þ~σBðt1þÞ ð57Þ
This is followed by the interaction with the bγ component of

the third pulse which is treated similarly to that of the first and
second pulses. In this case, both rephasing (kr =-kRþ kβþ kγ)
and nonrephasing (knr = kR- kβþ kγ) signals go as e

ikc 3 r, so that
the following two terms contribute:

~σðt1 þ t2þÞsf
rephasing

nonrephasing

i
2
eikγ 3 r½Ω̂þ

bγ
~σðt1 þ t2-Þ

- ~σðt1 þ t2-ÞΩ̂þ
bγ
� ð58Þ

Finally, heterodyne detection of the signal with polarization
along bδ, corresponds to measuring the following expectation
value:

ÆŴbδæðt1 þ t2 þ t3Þ ¼ Tr½σ̂ðt1 þ t2 þ t3ÞŴbδ �

¼ Tr½e-iHrotðt1 þ t2 þ t3Þ=p~σðt1 þ t2

þ t3ÞeiHrotðt1 þ t2 þ t3Þ=pŴbδ � ¼ Tr½~σðt1 þ t2

þ t3ÞeiHrotðt1 þ t2 þ t3Þ=pŴbδe
-iHrotðt1 þ t2 þ t3Þ=p�

� ½∑
n1-1

j¼ 0
V00, 1j, bδ~σ1j, 00ðt1 þ t2 þ t3Þ

þ ∑
n1-1

j¼ 0
∑
n2-1

k¼ 0
V1j, 2k, bδ~σ2k, 1jðt1 þ t2 þ t3Þ� ð59Þ

Steps 1-8 need to be repeated for different values of (t1,t2,t3)
as well as for the 34 = 81 possible tensor elements and
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orientational averaging need to be performed in order to get the
lab-frame spectrum of one’s choice (XXXX, XYXY, etc).

VI. AB INITIO CALCULATION OF THE MODEL
PARAMETERS

The required input parameters include the transition energies
and dipole moments, the normal-mode coordinate displacement
matrix elements, the classical force-force time correlation func-
tions, and the laser frequency and polarization. Aside from the
choice of electronic structure method and MD force fields, our
approach is free of adjustable phenomenological parameters. Below
we describe how each of these inputs was obtained forMn2(CO)10.

The fundamental transition frequencies ω1j (eq 2, Table 1)
were obtained from infrared absorption and Raman scattering
experiments of Mn2(CO)10 in nonpolar solvents. We chose to
use the experimental frequencies so as to compare the results
directly with experiment (see below). Overtone and combina-
tion-band anharmonicities (ε2j) are set to 10 cm-1, a value that
agrees well with the 2DIR experimental data for transitions
between IR active states. Since the modes are highly delocalized,
we expect the anharmonicities of the dark states to remain similar
to those of the IR active ones. Alternatively, second-order
vibrational perturbation theory (VPT2) can be used to obtain
the transition frequencies for the first- and second-manifold
states. We have recently shown that VPT2 gives excellent
agreement with experiment for the case Mn2(CO)10 and its
two photoproducts Mn2(CO)9 andMn(CO)5 (see ref 35 for full
details). The transition dipole moments were obtained from a
harmonic analysis of Mn2(CO)10 using a Hessian derived from
density functional theory. Electronic structure calculations were
carried out using the Becke 1986 exchange and Perdew correla-
tion functionals (BP86)72,73 combined with a LANL2DZ pseu-
dopotential basis74 on theMn atoms and a 6-31G(d) basis on the
remaining atoms. The optimization gradient convergence was set
to 10-6 hartree/bohr and the SCF convergences were set to
10-10 hartree.

In order to obtain the ql;Rj,Rk elements of the transport
coefficients, the full anharmonic Hamiltonian for the system
needs to be diagonalized. The Hamiltonian, which includes third
(φijk) and semidiagonal fourth order (φijkk) force constants, was

obtained by finite differentiation. Briefly, the molecule was
displaced along each normal mode in the positive and negative
directions and a Hessian was computed for each structure; the
difference between the frequencies at the equilibrium and dis-
placed geometries is directly related to the higher order force
constants. Once these force constants are known, writing the
molecular Hamiltonian is straightforward

Ĥ ¼ 1
2
∑
i
φiiðqi2 þ pi

2Þþ1
6
∑
ijk
φijkqiqjqkþ

1
24
∑
ijkk

φijkkqiqjqk
2 ð60Þ

Diagonalizing the 10-oscillator anharmonic Hamiltonian to
obtain the wave functions remains computationally challenging.
To converge the eigenfunctions and energies, a minimum of
approximately 7 basis functions per oscillator is needed, within a
ten mode system, such as in the present model, the total number
of basis functions needed would be 710 or approximately 280
million functions. Although the matrices are sparse, this is
beyond the memory capacity of modern computers.

In the present case we include six modes in the Hamiltonian,
four IR active modes and two dark modes (Table 1 modes 2 and
8). The Hamiltonian matrix is diagonalized, and the eigenvectors
are used to calculate the ql;Rj,Rk elements to be used in calculating
the transport coefficients (eq 25). We observe that the diagonal
elements (ql;Rj,Rj) which lead to pure dephasing of the interband
coherences are approximately an order of magnitude larger than
the off-diagonal elements (ql;Rj,Rk;j 6¼k) which lead to coherence
transfer and population relaxation. We also observe that the
elements depend mostly on the third-order force constants, as
the fourth order force constants have little effect on the final value
of the displacement elements.

The force-force time correlation functions were obtained
from a one-nanosecond molecular dynamics simulation of
Mn2CO10 in cyclohexane. The general Amber force field76 was
used tomodel the solvent and a custom force field was developed
for Mn2CO10.

77 All bonds were kept rigid using the SHAKE
algorithm.78 The equilibration and production trajectories were
run within the Canonical ensemble (NVT) at 300 K. All MD
simulations were carried out using the GROMACS 4.0.5 package
of programs.79 The eigenvectors of the CtO Hamiltonian in a
local-mode basis were used to project the Cartesian forces onto
the normal modes of Mn2(CO)10.

The laser polarization was set to [x,y,z] = [1/
√
3,1/

√
3,1/√

3]and the center laser frequency was set to 2000 cm-1. In our
case the laser is assumed to have infinite spectral bandwidth; the
pulse envelope can be straightforwardly implemented by mod-
ulating the transition dipole moments to include a resonance
overlap term for each transition. The density matrix was propa-
gated for 15 ps along t1 and t3 using an adaptive step-size while
stepping the value of t2 from 0.1 to 40 ps in 0.1 ps steps. All of the
simulations were carried out in the body-fixed molecular frame.
In order to simplify and streamline the code the eight-index
relaxation terms ΓRj,Rk;βm,βn were stored in a standard query
language (SQL)-like database and the sums were done by
extracting the values through database queries.

VII. SIMULATION RESULTS: SYSTEM-BATH COUPLING

Figure 5 shows the value of the force-force correlation
function at τ = 0, C~FF

cl (0), along the four IR active normal mode
coordinates of Mn2(CO)10 and an average correlation function
obtained from the molecular dynamics simulations. The diagonal
elements along the four normal modes are similar, indicating that

Table 1. Experimental Transition Frequencies for the Ground-
to-First-ManifoldTransitions ofMn2(CO)10Obtained from (a)
Infrared Absorption35 and (b) Raman Scattering75 in Nonpolar
Solvents, along with theAnharmonicities for the InfraredActive
States (Bold) Obtained from Transient Infrared Absorption
Experiments35

experiment

mode ω1j þ ε1j (cm
-1) ε2j (cm

-1)

1 1981a

2 1981a

3 1983b -11

4 1997a

5 2014b -13

6 2014b -13

7 2024a

8 2024a

9 2044b -15

10 2116a
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the system-solvent interactions are the same for all of the modes;
this is expected since the modes are highly delocalized. Off-
diagonal cross correlations are much smaller than the diagonal
autocorrelations, indicating that the force fluctuations along the
different modes are essentially uncorrelated. An exponential fit to
the average time correlation function over the ten modes gives a
decay time constant of 62 fs. The inset shows the frequency-
domain behavior of the average correlation function over the
0-135 cm-1 range of intraband transitions. The correlation
function varies within approximately a factor of 3 over this range,
but for simplicity we assume that the value remains constant.
Similar force fluctuations are observed for all ten normal modes
regardless of IR activity.

To simplify the calculation of the relaxation coefficients, based on
the molecular dynamics results we make the following two approx-
imations: 1. The autocorrelation functions are the same for all
modes and the cross correlations are zero. 2. The corresponding
spectral densities are constant with respect to the frequency gaps

between different modes. This allows us to use the simpler form of
the system-bath coupling expression as shown in eq 25.

The qRj,Rk elements obtained from the diagonalization of the ab
initio anharmonic Hamiltonian are shown in Figure 6. As discussed
above, it is presently not possible to include all ten modes, and thus
six modes, four infrared active and two dark, were included in the
Hamiltonian. The diagonal elements, which lead to pure dephasing,
have, on average, higher amplitude than the off-diagonal elements,
which lead to coherence transfer. Consequently, coherence transfer
rates are on average slower than the corresponding parent dephasing
rates (see eqs 9 and 10).

VIII. DISCUSSION OF THE SIMULATION RESULTS

Three different models were devised to test the effect of dark
modes on the relaxation and coherence transfer rates. The simplest
model (a) contains the four IR activemodes ofMn2(CO)10 as shown
in Table 1; the secondmodel (b) has fivemodes, four IR active and a
single dark mode (mode 2, 1981 cm-1); the last model (c) contains
four IR active and two dark modes (modes 2 and 7, 1981, and 2014
cm-1). The coupling between the IR active and darkmodes is similar
for all the dark modes, so the two modes were simply chosen as
representative dark modes. It is worth mentioning that the elements
of the q matrix are somewhat dependent on the specific modes
included in the Hamiltonian, leading to slightly different relaxation

Figure 5. (Top) Classical force-force time-correlation functions along
the four IR active modes of Mn2(CO)10 at τ = 0. The diagonal terms
represent the self-correlation whereas the off-diagonal terms represent
the cross-correlations. (Bottom) Average diagonal and off-diagonal
correlation functions corresponding to the ten modes of Mn2(CO)10
along with a single exponential fit to the diagonal decay. The figure
shows that the force along different normal modes remains uncorrelated
whereas, on average, the self-correlation decays with a time constant of
62 fs-1. The inset shows the correlation function in the frequency
domain obtained by Fourier transforming time-domain function from 0
to 1.5 ps. In both plots the error bars correspond to one standard
deviation within the ten-mode average.

Figure 6. Matrix elements corresponding to the anharmonic intraband
transitions. The figure shows the sum of the absolute values over all
oscillators dimensionless units: ∑l|ql;Rj,Rk|. The first block corresponds
to the singly excited states, whereas the second block contains overtones
and combination bands.

Table 2. Interband Dephasing Time Constants (ps) for the
Ground-to-First-Manifold Coherences and Population Re-
laxation Rates for the First-Manifold States Calculated for the
Three Models (a-c)

interband dephasing

(00,1j;00,1j)

population

(1j,1j;1j1j)

mode 4 IR active þ 1 dark þ 2 dark 4 IR active þ 1 dark þ 2 dark

1981 1.6 1.0 1.3 0.7

1983 12.6 5.8 3.5 6.4 2.9 1.8

2015 5.2 5.2 2.7 104.1 71.2 2.7

2015 2.7 1.5 1.0 2.3 1.0 0.6

2024 0.6 0.4

2045 6.4 3.2 1.7 3.3 1.6 0.9
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rates when different dark modes are included, but the overall trends
described below are independent of the specific set of dark modes
included in the simulation.
a. Relaxation Rates and Two-Dimensional Infrared Spec-

tra. Table 2 shows the interband dephasing times (inverse rate
constants) for coherences involving the ground and first-excited
states as well as the population relaxation constants correspond-
ing to the first manifold states, for the three model systems
described above. Several observations can be made from these
data. First, the relaxation rates approximately double upon
addition of a single dark mode and double again upon addition
of the second dark mode. For example, the dephasing times for
the coherence involving mode 3 (1983 cm-1) decreases from
12.8 to 5.6 to 3.5 ps as the number of dark modes increases from
zero to one to two respectively. Numerically, this arises from the
increase in the number of terms included the system-bath
coupling equation (eq 25) with increasing number of dark
modes. The additional dark modes can thus be thought of as
an effective strongly coupled “intramolecular bath” that can

accelerate the rates of dephasing for the IR active modes. Second,
it can be observed that coherences and populations involving
dark modes generally decay faster than those involving IR active
modes. This phenomenon is observed when including different
sets of dark modes but it is not clear why these modes should
dephase faster since, aside from their transition dipole moments,
the dark modes behave similarly to the IR active modes.
Unfortunately it is difficult to test this prediction as the dark
modes cannot be resonantly probed with infrared spectroscopy.
Third, the dephasing and population relaxation rates for the
different modes vary over a wide range. For example, the
population relaxation corresponding to mode five is significantly
slower than mode four in all three models. At first this may seem
surprising given that that the two modes share the same symmetry
and are indeed degenerate. However, in the full ten-modemolecular
Hamiltonian, the dark modes at 1981 and 2024 cm-1 also have
degenerate counterparts, we expect each degenerate mode to be
coupled differently to other degenerate modes depending on the
specific symmetry and the number of sharedCOsites. Including one
mode from each pair of dark modes in the simulation may then
cause the observed differences in the dephasing rates for the
degenerate IR active modes. These issues could be avoided by
diagonalizing the full Hamiltonian (see the above discussion).
Intraband coherences show similar trends as interband coher-

ences, namely the relaxation time constants become faster as
additional dark modes are included in the Hamiltonian.
Table 3 shows the relaxation time constants for coherences

involving states within the first manifold, these are the only
intraband coherences that can be accessed with resonant third
order experiments such as 2DIR spectroscopy. Addition of a
single dark mode roughly doubles the dephasing time constant.
This is consistent with the interpretation of the trends seen in the
interband coherence rate constants. Figure 9 shows the popula-
tions, intraband coherences, and coherence-population coupling
rate constants. Diagonal elements, corresponding to pure de-
phasing and population relaxation, remain larger than the off-
diagonal elements corresponding to coherence transfer and
population transfer. These results are at odds with the model
of Tokmakoff and co-workers, where phenomenological fitting
of the peak amplitudes along the waiting time to a Redfieldmodel
suggested that in a two-carbonyl system (Rh(CO)2C5H7O2,
RDC), the intraband coherence transfer rate remains very fast
(0.35 ps-1) whereas the diagonal dephasing is much slower (10
ps-1).25 An extra peak appearing below the diagonal in the RDC
spectrum was interpreted as evidence for coherence transfer as
there are no Liouville paths that lead excitation and detection at
those particular frequencies in the rephasing spectrum. There is a
possibility that the spectrum at zero waiting time has contribu-
tions from intramolecular vibrational redistribution (IVR) be-
tween the two first-manifold states of RDC. For example, the
experimental laser pulses have a finite width of ∼100 fs, IVR
could thus give rise to the extra peak even at “zero” time delay.
Using the 3 ps-1 IVR rate reported in the paper, we should
expect 3.2% of the excitation being transferred within the first
100 fs; thus pathways involving IVR between the two one-
quantum states should not be discarded, even at zero waiting
time. These effects could make the extracted coherence transfer
rates appear somewhat faster than their actual values.
Figures 7 and 8 show the simulated and experimental 2DIR

spectra Mn2(CO)10 respectively. Overall the simulations are in
good agreement with experiment; the additional peaks observed
in the experimental spectrum (i.e., peak 8) are due to naturally

Table 3. Intraband Dephasing Time Constants (ps) for the
First-Manifold Coherencesa

intraband dephasing (1j,1k;1j,1k)

4 IR active þ 1 dark þ 2 dark

1981 1983 1.3 0.8

1981 2015 0.8 0.6

1981 2015 1.1 0.6

1981 2024 0.4

1981 2045 1.0 0.6

1983 1981 1.3 0.8

1983 2015 3.3 2.5 1.5

1983 2015 2.4 1.2 0.8

1983 2024 0.5

1983 2045 4.2 2.0 1.2

2015 1981 0.8 0.6

2015 1983 3.3 2.5 1.5

2015 2015 1.1 0.9 0.6

2015 2024 0.5

2015 2045 3.3 2.1 1.1

2015 1981 1.1 0.6

2015 1983 2.4 1.2 0.8

2015 2015 1.1 0.9 0.6

2015 2024 0.4

2015 2045 1.8 1.0 0.6

2024 1981 0.4

2024 1983 0.5

2024 2015 0.5

2024 2015 0.4

2024 2045 0.5

2045 1981 1.0 0.6

2045 1983 4.2 2.0 1.2

2045 2015 3.3 2.1 1.1

2045 2015 1.8 1.0 0.6

2045 2024 0.5
aThe three models are described in the text. Similar to the inter-band
coherences and population relaxation rates, faster dephasing is observed
when a larger number of dark modes is included.
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occurring isotopologues, containing a single 13CO substitution.
Simulated two-dimensional spectra for the three model systems
show that as extra modes are included, the 2D peaks become
broadened. This is due to the faster dephasing of the interband
coherences observed in models (b) and (c). In a 2D spectrum,
the diagonal peaks and corresponding cross peaks involve
coherences between the ground and first-manifold states during
the excitation and detection times. The peaks appearing below
the diagonal, and corresponding cross peaks, involve coherences
between the first- and second-manifold states during the detec-
tion time. These peaks contain information about the two-quanta
states, and are commonly referred to as “anharmonic” peaks. The
anharmonic peaks remain broader than the fundamental peaks,
indicating that first-to-second-manifold coherences dephase fas-
ter than the ground-to-first-manifold coherences. Two-quanta
states exhibit greater anharmonic behavior than the one-quan-
tum states as they sample a larger region of the anharmonic
potential (see Figure 6). The different widths observed for the
three diagonal peaks are due to the fact that the dephasing rates
for the different modes can be quite different (see the above
discussion). The corresponding cross peaks also exhibit different
widths along the excitation and detection axes depending on the
widths of the parent peaks.
b. Vibrational Dynamics along the Waiting Time: Coher-

ence Transfer and Coherence-Population Coupling. The
dynamics of the peaks along the waiting time (t2) are dictated
by the dynamics of the populations and intraband coherences.
Population transfer causes an overall decay of the peak ampli-
tudes whereas intraband coherences account for the oscillations
observed along the waiting time. In the absence of coherence
transfer, rephasing and nonrephasing spectra show oscillations of
the off-diagonal and diagonal peaks, respectively. In this section,
we focus on the oscillations of the off-diagonal peaks present in
the absolute-value rephasing spectra, as these can be directly
compared to experiment.26 To test the spectral signatures of
particular couplings between states (coherence-coherence, co-
herence-population, etc.), we switch off the respective contribu-
tions by setting the particular rates in the relaxation matrix to
either zero or their respective values obtained from the system-
bath coupling equations.
Four cross peaks, labeled 1-4 in Figure 7, are selected for

analysis of the amplitude along the waiting time. In the absence of
off-diagonal coherence-coherence and coherence-population

couplings peaks 1 and 2 oscillate at 62 cm-1, the frequency
corresponding to the difference between the two parent peaks
(1983-2045 cm-1), and peaks 3 and 4 oscillate at a frequency of
32 cm-1 which is similarly given by the diagonal frequencies
(2013-2045 cm-1). Figures 10 and 11 show the waiting-time
peak oscillations for a selected set of 2D peaks together
with the corresponding frequency-domain plots. In order to
focus solely on the coherence dynamics, all the population-
population couplings were set to zero. Population transfer
gives rise to an overall decay of the peaks but does not induce
additional oscillations.
Several observations can be made from the simulation results:

1. The diagonal dephasing rate is similar for all the intraband
coherences, as evidenced by the similar decay rate of the
oscillations for the different peaks. Intraband dephasing rates
are shown in Table 1 and discussed above. 2. Interband coher-
ence-coherence coupling does not have any significant effect on
the oscillations of the peaks along the waiting time. This is not
surprising since the peak oscillations are caused by intraband
coherences excited during t2, and interband coherences are only
excited during t1 and t3. 3. Intraband coherence-coherence
coupling (coherence transfer) causes peaks 1 and 2 to oscillate at

Figure 7. Absolute value rephasing spectra ofMn2(CO)10 calculated using three different models: four IR active modes (left); fivemodes, four IR active
plus one dark mode (center); and six modes, four IR active plus two dark modes (right). The figure shows how the peaks become broadened as dark
modes are included in the model. The peaks below the diagonal correspond to interband coherences involving the first and second manifolds during the
detection time t3. The waiting time dynamics of cross peaks labeled 1-4 are shown in Figures 10 and 11 below, and the three diagonal peaks labeledD1-
D3 shown in Figure 13. See text for full details.

Figure 8. Experimental absolute-value rephasing spectrum of Mn2-
(CO)10 in cyclohexane. Adapted with permission from Nee, M.; Baiz,
C.; Anna, J.; McCanne, R.; Kubarych, K. J. Chem. Phys. 2008, 129,
084503. Copyright 2008 American Institute of Physics.
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two different frequencies 32 and 62 cm-1, corresponding to the
difference in energy between the three one-quantum levels in the
system. In addition, the peaks oscillating at 62 cm-1 only show
minimal amplitude at 32 cm-1. These results are in good
agreement with experiment and are discussed in detail below.
4. Interband coherence-coherence coupling has, once again, no

effect on the peak oscillations in the presence of intraband
coupling. We can thus conclude that the dual-frequency oscilla-
tion of the peaks is due solely to interband coherence transfer. 5.
Coherence-population coupling (Figure 11) does not have a
significant effect on the oscillation frequencies of the peaks but it
does affect the overall peak amplitude ratios.

Figure 9. Relaxation and transfer rate constants (ps-1) for the populations (small square box in upper left corner) intraband coherences (large square
box in lower right corner) along with the population-coherence coupling constants (off-diagonal blocks). The three matrices from left to right
correspond to the three, four, and fivemodemodels, respectively. To allow for direct comparison of the rates, all of the models are plotted using the same
color scale shown on the right.

Figure 10. Amplitude oscillations along the waiting time corresponding to the peaks labeled 1-4 in Figure 7. All of the plots were obtained using the
model which only includes the four IR active modes of Mn2(CO)10. Each panel shows a plot of the peak oscillations along the waiting time (t2, ps) with
the corresponding Fourier-transforms below (ω2, cm

-1). Spectra were calculated at waiting times ranging from 0 to 40 ps in 0.1 ps intervals, but for
clarity, the oscillations are only plotted out to 20 ps. To compare the different peak dynamics, the maximum amplitude for each peak is normalized to a
value of one. Population-population coupling terms, which lead to an overall decay of the peaks, were set to zero in order to better observe the
coherences. In addition to interband and intraband coherence relaxation, the four different simulations show the oscillations when including: (a) only
diagonal dephasing, (b) dephasing and interband coherence-coherence coupling, (c) dephasing and intraband coherence-coherence coupling, and
(d) dephasing, interband, and intraband coherence-coherence coupling as indicated within each individual plot.
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c. Dual-Frequency Oscillations As a Signature of Coher-
ence Transfer: A Comparison with Experiment. To the best
of our knowledge, the observation of dual-frequency oscilla-
tions of certain cross peaks in the rephasing spectra of Mn2-
(CO)10 represented the first direct experimental evidence for
vibrational coherence transfer.26 The theory and simulations
presented herein are meant to shed light on the mechanism for
coherence transfer in terms of the underlying molecular
structure and dynamics. The present simulations are indeed
found to be in semiquantitative agreement with experiment,
i.e., intraband coherence transfer is seen to give rise to dual-
frequency oscillations similar to those observed in the experi-
ment. For comparison, the experimental 2DIR spectrum and
corresponding peak oscillations for selected peaks are shown
in Figures 8 and 12, respectively. As shown in Figure 10 and
described in the previous section, in the absence of coherence
transfer the cross peaks oscillate at the difference frequency of
the corresponding diagonal peaks: 30 (32) cm-1 for coher-
ences between the center peak (2013 cm-1) the high- (low-)
frequency peak, and 62 cm-1 for coherences involving the
high- and low-frequency peaks. Due to the intrinsic dephasing
of the oscillations, the 30 and 32 cm-1 coherences are
indistinguishable in the frequency-domain plots. Most inter-
estingly, in the presence of coherence transfer, the peaks that
normally oscillate at 62 cm-1 exhibit dual-frequency oscilla-
tions, but the peaks that oscillate 32 cm-1 do not. These
observations can be straightforwardly explained as follows.
Since the 2013 cm-1 mode is degenerate, there are eight
possible coherences that oscillate at 30 (or 32) cm-1 but only
two possible coherences at 62 cm-1. Thus, once a 62 cm-1

intraband coherence is created, it is likely that it will be
transferred to a 30 (or 32) cm-1 intraband coherence, whereas
the reverse coherence-transfer process is much less probable.
In the frequency-domain plots, the largest amplitude com-
ponent appears near 30 cm-1 for all peaks, including the peaks
that normally oscillate at 62 cm-1. It can be observed that even
in the absence of coherence transfer all oscillations show a
small amplitude component at either low or high frequency.
These components arise from the fact that, for absolute-value
rephasing spectra, the oscillations are not simply described by
a purely sinusoidal function due to the contributions from
ground-state pathways (full discussion given in ref 80).
Instead these t2 oscillations can be described by an equation

of the type

Aðt2Þ � j1þ e-iðωab þ iΓabÞt2 j ð61Þ

where ωab represents the difference in frequency between
levels a and b and Γab is the dephasing rate constant. These
observations are also consistent with the experimental results.
In addition, experimental measurements of the dephasing

rates for the intraband coherences provided a direct observation
of the frequency-frequency cross correlation functions for states
within the same manifold. Consider the limit where the two
frequencies are fully correlated. In this case, the frequency
difference is constant and there should be no dephasing of the
intraband coherence. In the other limit, where the frequency
fluctuations remain uncorrelated, the intraband dephasing rate
should be similar to the dephasing rate of the ground-to-first-
manifold coherences, and thus the Fourier-transform peak
widths of the oscillations should exhibit a similar width to that
of the parent peaks. Indeed, the experimental data suggests that
the frequency fluctuations are uncorrelated. The results are
consistent with the MD simulations which showed that the force
fluctuations along different modes remain uncorrelated.
d. Diagonal Peak Oscillations Are Induced by Coher-

ence-Coherence Coupling. Liouiville pathways that involve
intraband coherences along t2 only contribute to off-diagonal peaks
in the rephasing signal. In the absence of coherence transfer or
coherence-population coupling, the dynamics of the diagonal
peaks as a function of the waiting time are solely dictated by the
populations and therefore no oscillations should be observed.
Monitoring the amplitudes of the diagonal peaks in the rephasing
spectrum provides an additional test for coherence transfer and
coherence-population coupling.
Figure 11 shows the amplitudes corresponding to the three

diagonal peaks (D1-D3) simulated using the different relaxation
models as indicated in each plot. The upper left plot is calculated
using only intraband and interband dephasing. In this case there
should be nooscillations observed, however there are very small dual-
frequency oscillations present. The oscillations are due to a small
overlap between the Lorentzian tails of the oscillating off-diagonal
peaks and the diagonal peaks. In the absence of coherence transfer
the diagonal peaks oscillate in phase with respect to the off-diagonal
peaks, but the phase changes in the presence of coherence transfer,
indicating that there are additional effects leading to the oscillations
of the diagonal peaks. The lower left panel shows the dynamics in the
presence of nonsecular coherence-population coupling terms. In
this case the peaks decay exponentially but the oscillations remain
small. We can therefore conclude that, within the present model,
coherence-population couplings do not induce oscillations of the
diagonal peaks but only an additional decay. Experimentally isolating
the extra decay due to coherence-population coupling may be
difficult as the signal contains relaxation factors from intramolecular
vibrational redistribution, orientational relaxation, and vibrational
energy relaxation. It isworthnoting that similar to coherence transfer,
some coherences are strongly coupled to populations, as shown in
Figure 9. This accounts for the different decay rates observed for the
three diagonal peaks.
Unlike coherence-population coupling, coherence transfer does

undoubtedly induce extra oscillations of the diagonal peaks, as shown
in the upper right panel of Figure 13. Naturally, coherence transfer
enables new Liouiville pathways that lead to coherences during the
waiting time, yet contribute to diagonal peaks. Analogous to the off-
diagonal peaks, the oscillation frequency remains at 30 cm-1, as there

Figure 11. Peak amplitude oscillations along the waiting time calculated
including coherence-coherence and coherence-population coupling
terms. See Figure 10 for full description.
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is a larger number of coherences near this frequency (see the
discussion in the previous section). Unfortunately, since the oscilla-
tion amplitudes are small, roughly 10% of the total peak amplitude in
our model, they have not been observed in the experiment. Further
theoretical modeling may reveal additional information regarding the
coherence-coherence or coherence-population coupling contained in
the phase difference between the diagonal and off-diagonal peak
oscillations. In our case the phase difference between the diagonal
peaks D1 and D3 and the off-diagonal peaks connecting D1 and D3
to the center diagonal peak (D2) is 109 ( 4�. It remains unclear,
however, how this phase difference can be interpreted in terms of an
interference between different Liouiville paths.
Finally, including coherence transfer and coherence-popula-

tion coupling terms (Figure 13, lower right plot) shows oscilla-
tions and an overall decay of the peaks but no additional features.
Thus we conclude that the two effects of coherence-coherence
and coherence-population coupling are additive and may be

treated separately. From a Liouiville-pathway point of view, it is
not clear why oscillations are induced by coherence-coherence
but not population-coherence coupling as both terms enable
new pathways that ought to contribute to oscillations. However,
since in our systems there are N[N - 1] coherences and N
populations, from a probabilistic perspective it is more likely that
a coherence will transfer to another coherence instead of to a
population. It would be informative to perform similar simula-
tions on smaller systems such as RDC, where there is only on
intraband coherence and two populations within the first mani-
fold. Similar to Mn2(CO)10 no diagonal oscillations of the
rephasing spectra have been experimentally observed in RDC.
We would like to comment on the relationship between our

findings and the recent experimental studies81,82 which argued that
population-coherence coupling83 may contribute to efficient energy
transport in photosynthetic complexes. Despite the rapid dephasing
that characterizes electronic states, long-lived coherences were

Figure 12. Experimental peak amplitude oscillations along the waiting time with their corresponding Fourier-transforms. The labels correspond to the
peaks labeled 1-22 in the experimental spectrum shown in Figure 8. The bottom panel (peak 3) shows the dual-frequency oscillations observed due to
of coherence-transfer. Adapted with permission from Nee, M.; Baiz, C.; Anna, J.; McCanne, R.; Kubarych, K. J. Chem. Phys. 2008, 129, 084503.
Copyright 2008 American Institute of Physics.

Figure 13. Amplitude oscillations of the three diagonal peaks labeled D1-D3 in Figure 7. The spectra were obtained using the samemodel described in
Figures 10 and 11. The relaxation coefficients included in each simulation are indicated within each plot.
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observed in these systems even at ambient temperature.84 In the light
of these experiments,Mukamel and co-workers investigated the effect
of coherence transfer and coherence-population coupling in excitonic
complexes thatmimic photosynthetic reaction centers.85Theirmodel
is different from ours in several respects, including the assumption of
bilinear system-bath coupling to a harmonic bath and the fact that
the system’s dynamics aremodeled in terms of aQMEof the Linblad
type. In contrast to our simulations, the authors observe direct
oscillations of the populations, to which they attribute the experi-
mentally observed long-lived oscillatory behavior of the diagonal
peaks as a function of the waiting time. The authors concluded that
coupling between thepopulations and the coherences leads to longer-
lived coherences, as the populations “feed” the electronic coherences.
In our case coherence-coherence coupling does not lead to oscilla-
tions of the populations as these elements remain decoupled from the
coherences. Including coherence-population coupling terms leads to
multiexponential evolution of the population with an additional
growth and decay for some elements, but not to oscillatory behavior.
Furthermore, the transfer rates of coherences to populations are faster
than the transfer rates from populations to coherences (Figure 9). As
a result, coherences can get “trapped” into populations but not the
reverse. The origin for the difference appear to lie in the different
nature of the system (vibrational vs electronic), the bath (nonpolar
liquid vs protein in aqueous solution), and the coupling between
them. In our cases, the relative simplicity of the system allows us to
trace back each and every observation to the underlying molecular
dynamics and electronic structure, whereas the same is still not
possible in the case of photosynthetic complexes in light of their
complexity and the fact that modeling the dynamics of excited
electronic states remains extremely challenging formodern electronic
structure methods even for systems of modest size. The question of
whether the oscillations of populations is an important phenomenon
in vibrational systems remains open, but it is clear that coherence
transfer can lead to oscillations of the diagonal peaks in the rephasing
spectrum. We believe that future ultrafast measurements will further
elucidate the complex issue of nonsecular effects, particularly in
vibrational systems such as Mn2(CO)10 where peaks remain narrow
and coherences long-lived.

IX. CONCLUSION AND OUTLOOK

We presented a general and comprehensive theoretical and
computational framework for modeling ultrafast multidimensional
infrared spectra of a vibrational excitonic system in liquid solution.
Using this approach we were able to provide new molecular insight
into the vibrational dynamics of metal carbonyls. By disentangling
the different contributions to the relaxation matrix it became
possible to understand the individual signatures of coherence
transfer, coherence-population coupling, and dark states on the
spectra. Three different models which included, four, five, and six
normal modes were explored in an effort to understand the role of
dark modes on the dephasing and coherence transfer rates of our
Mn2(CO)10 model system.

The simulation results are consistent with the experimental data
and the previous interpretation of the experiment. Coherence
transfer leads to dual-frequency oscillations of the cross peaks in
the rephasing signal and, in a four level systemwith a degenerate state
like the one presented here, the number of coherences at a given
frequency dictates the dominant oscillation frequency for the cross
peaks. The uncorrelated fluctuations of the energy levels yield similar
inter- and intraband dephasing rates; thus the width of the low-
frequency peaks along ω2 are similar to the widths of the parent
peaks along ω1 and ω3. Coherence-population coupling was

observed to not have a significant effect on the peak dynamics, but
coherence transfer was observed to lead to dual-frequency oscilla-
tions of the cross peaks as well as oscillations of the diagonal peaks.
Though the amplitudes seem to remain small, given a suitable signal-
to-noise ratio, these effects may be observed in future experiments.

Our approach can provide a rather rigorous theoretical frame-
work for analyzing the vibrational dynamics of a variety of
systems, and understanding the system-bath interactions in
different combinations of molecules and solvents. The nice
agreement of the results with experiment is encouraging. The
fact that the simulations predict fine effects such as oscillations of
the diagonal peaks in the rephasing spectra, provide motivation
for improving the accuracy of the spectra in order to test these
predictions experimentally. Importantly, since the model inputs
are derived from electronic structure and molecular dynamics
simulations, at least in principle, there is no need for employing
phenomenological fitting parameters. Once a chemical structure
and a solvent are selected, the only “free” choices are the level of
electronic-structure theory and particular choice of molecular
dynamics force field. Finally, themodel can be readily applied to a
wide range of systems and extended to support other nonlinear
spectroscopic techniques, as long as the system-solvent inter-
actions remain weak.

It should be noted that the approach presented here relies
heavily on the excitonic band structure that makes it possible to
distinguish between low frequency intraband and high frequency
interband transitions. These distinctions will no longer be valid in
a scenario where molecules are strongly coupled to the solvent, for
example, in liquidwater, somajormodificationswill have to bemade
to treat such systems; in addition, it is not yet clear whether itmay be
possible use a Markovian QME approach in a strongly coupled
systemwhere the bath fluctuations are on the same time scale as the
system dynamics and Markovity may not be justified.

It should also be noted that that although the linear system-
bath coupling mechanism presented here has produced quite
satisfactory results, it is not unique. In particular, it would be
interesting to test the case of quadratic coupling. Indeed a
simulation with quadratic coupling is currently underway and
the results will be presented in a future publication. Unlike the
linear coupling method, the quadratic coupling equations are
greatly simplified by treating the system harmonically.
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’NOTE ADDED IN PROOF

We have carried out new simulations which explicitly include the
frequency dependence of the force-force correlation function
(Figure 5, inset). No qualitative difference in the peak dynamics
was observed.


