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Two-dimensional infrared spectroscopy (2DIR) is used to measure the viscosity-dependent spectral diffusion
of a model vibrational probe, Mn2(CO)10 (dimanganese decacarbonyl, DMDC), in a series of alcohols with
time scales ranging from 2.67 ps in methanol to 5.33 ps in 1-hexanol. Alcohol-alkane solvent mixtures were
found to produce indistinguishable linear IR spectra, while still demonstrating viscosity-dependent spectral
diffusion. Using a vibrational exciton model to characterize the inhomogeneous energy landscape, several
analogies emerge with multichromophoric electronic systems, such as J-aggregates and light-harvesting protein
complexes. An excitonic, local vibrational mode Hamiltonian parametrized to reproduce the vibrational structure
of DMDC serves as a starting point from which site energies (i.e., local carbonyl frequencies) are given
Gaussian distributed disorder. The model gives excellent agreement with both the linear IR spectrum and the
inhomogeneous widths extracted from 2DIR, indicating the system can be considered to be a “vibrational
aggregate.” This model naturally leads to exchange narrowing due to disorder-induced exciton localization,
producing line widths consistent with our 1D and 2D measurements. Further, the diagonal disorder alone
effectively reduces the molecular symmetry, leading to the appearance of Raman bands in the IR spectrum
in accord with the measurements. Here, we show that the static inhomogeneity of the excitonic model with
disorder successfully captures the essential details of the 1D spectrum while predicting the degree of IR
activity of forbidden modes as well as the inhomogeneous widths and relative magnitudes of the transition
moments.

I. Introduction

A solute in a hydrogen bonding solvent experiences rapid,
discrete fluctuations in the number of hydrogen bonds it makes
with the nearest solvent molecules. When those fluctuations
induce appreciable changes in a spectroscopically observed
transition frequency, multidimensional methods such as two-
dimensional infrared (2DIR) spectroscopy are able to measure
the correlation function of the frequency fluctuations.1-13 A key
challenge for visible and infrared spectroscopy is the link
between actual molecular dynamics and accessible spectroscopic
observables, such as frequencies, transition moments, and
frequency correlation functions. For systems such as the amide
I band of peptides and proteins,14-18 and the OH (or OD) stretch
of liquid water, it has become possible to predict 2DIR spectra
using classical dynamics simulations.19-24 Such simulations
guide the atomistic interpretation that is otherwise lacking from
the frequency correlation function, which necessarily confounds
the actual molecular dynamics and how those dynamics
modulate the probed transition. The instances for which fre-
quency mapping methods have been so successful are character-
ized by being either essentially local modes (e.g., OH/OD and
nitrile25-30) or by having relatively weak coupling between local
modes (e.g., amide I transition dipole coupling). Very recently,
extensive progress has been made in treating the complex
coupled dynamics of pure liquid water using vibrational exciton
models as well as electrostatic maps based on ab initio quantum
chemistry.24,31,32 There has been less extensive consideration of
single, strongly coupled extended vibrational chromophores,
which should also be sensitive to subtle long- and short-range
interactions. It is a desirable feature of a dynamical probe to
respond not only to local fluctuations, but also to be sensitive

to correlated fluctuations as would be expected in a cooperative
hydrogen bonded environment.

To assess the value of such a spatially distributed probe, we
have undertaken a systematic study of the ultrafast vibrational
dynamics of the metal-carbonyl complex dimanganese decac-
arbonyl (Mn2(CO)10, DMDC) in a series of hydrogen bonding
alcohol solvents. Due to their amphiphilic nature, alcohols
exhibit complex liquid structure characterized by hydroxyl
aggregation,33-36 and given its ∼1 nm length and extensive
vibrational delocalization, DMDC is an attractive probe of the
heterogeneous solvent environment. From Fourier transform IR
(FTIR) and waiting-time-dependent 2DIR spectra, we extract
homogeneous and inhomogeneous spectral widths as well as
time constants for spectral diffusion.

We find that with increased alkyl chain length, the inhomo-
geneous width narrows, and the time scale for spectral diffusion
slows. With the aid of a vibrational exciton model incorporating
Gaussian disorder, the data are interpreted in terms of the
flexibility of the hydrogen bonded network responsible for the
spectral inhomogeneity and its dynamical evolution. On the basis
of the ability of the model to reproduce the solvent-dependent
absorption spectra while indentifying several features shared
with electronic aggregates, we suggest that it is appropriate to
view the extended delocalized complex as a “vibrational
aggregate.”24,37,38 This analogy immediately facilitates identifica-
tion of such phenomena as exchange narrowing39,40 and exciton
localization as characterized by measures such as the participa-
tion ratio.38,41,42

The simple model, which includes only local site disorder,
also correctly predicts that site energy disorder alone induces
IR activity of otherwise IR-inactive modes. That is, the
symmetry can be sufficiently broken without explicit geometric
distortion. Last, the model allows straightforward incorporation* Corresponding author. E-mail: kubarych@umich.edu.
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of site energy correlations in anticipation of the correlated
rearrangements of the hydrogen bonded network solvating the
probe.13,43 We find that the nature of the site energy correlations
have signatures that, in principle, could be extracted from ex-
perimental 2DIR data and compared with atomistic simulations.

Delocalized Vibrational Probe: Mn2(CO)10. We have previ-
ously studied the photochemistry and coherent dynamics of
dimanganese decacarbonyl using a variety of multidimensional
IR methods.44-48 In all of these studies, the solvent was chosen
to yield an essentially homogeneously broadened set of coupled
vibrations to maintain the maximum spectral resolution. DMDC
(Figure 1 inset) is a highly symmetric molecule consisting of
10 strongly coupled carbonyl units, belonging to an uncommon
symmetry point group of D4d. For this particular point group,
each vibrational mode of DMDC is either IR- or Raman-active,
with no vibrational modes that have both IR and Raman activity.
The four IR-active transitions (Figure 1) occurring at 1983, 2014,
2014, and 2045 cm-1 have B2, E1, E1 and B2 symmetry res-
pectively. The modes of DMDC are highly delocalized vibra-
tions involving the collective motion of 8 (E1 modes) and 10
(B2 modes) carbonyl units. The high- and low-frequency B2

vibrational modes can be described by the symmetric and
antisymmetric stretches of the axial carbonyls with respect to
the equatorial carbonyl units, with transition dipoles that are
parallel to the Mn-Mn bond.

The two E1 modes involve the motion of only the equatorial
carbonyls, with mutually perpendicular transition moments that
are perpendicular to the Mn-Mn bond (see Supporting Infor-
mation for animations of all modes).47 The four IR transitions
can be seen in the linear IR spectrum of DMDC in cyclohexane
(Figure 1), where the small peak at 2005 cm-1 is a band due to
natural abundance 13C in the complex. The FTIR spectrum of
DMDC in cyclohexane (Figure 1) shows transitions that are
well characterized by homogeneously broadened Lorentzian
lineshapes. In polar solvents, the strong system-bath coupling
results in inhomogeneous broadening, but several dark modes
also gain significant IR activity (Figure 1). For metal carbonyl
complexes, it is common to observe broadening as well as new
peaks emerging with increased solvent polarity, where the new

bands often correspond to dark or Raman-active vibrations.
Below, we introduce a vibrational exciton model that can
account for the appearance of new spectral bands without any
explicit geometric distortion or changes to the off-diagonal
Hamiltonian matrix elements; instead, they can be attributed to
fluctuations that break the energetic symmetry of the molecule.
The dynamic symmetry-breaking results in Raman active modes’
(classified by no zero-disorder IR activity) gaining IR oscillator
strength and becoming bright in the FTIR spectrum.

DMDC as a Vibrational Aggregate. For moderate to strong
coupling, it is common to represent the system in a site basis,
including the coupling between the sites as off-diagonal matrix
elements of the Hamiltonian.37,49 In the diagonal representation,
the states are denoted excitons and generally exhibit some degree
of delocalization among the sites. The incorporation of energetic
disorder in those site energies (so-called “diagonal” disorder)
often leads to localization of the resulting eigenstates. In coupled
electronic aggregates, for example, such localization can
significantly alter the rates and efficiencies of charge and energy
transfer processes. Delocalized systems, such as light-harvesting
proteins,50-52 J-aggregates,53-57 and conducting polymers,58 have
been extensively studied due to the interest in long-distance
charge separation and transport.

Although coupled vibrational systems are routinely described
using excitonic Hamiltonians, DMDC displays striking mani-
festations of a range of phenomena that have long been observed
chiefly in coupled electronic chromophores. The highly delo-
calized vibrational modes of DMDC serve as a vibrational
analogue of electronic chromophore aggregates, where delo-
calization across individual vibrational sites occurs as a function
of the bath coordinates. Environmental fluctuations modulate
the site energies, thus influencing the coupling and extent of
vibrational delocalization. In general, the bath causes disorder-
induced localization,59 where large fluctuations can dislodge a given
site from the delocalized network. The extent to which an exciton
is distributed over local chromophores can be quantified using the
participation ratio, which provides the number of individual units
that compose the eigenstate.60 Spectral lineshapes (either optical
or vibrational) have been shown to be sensitive indicators of the
participation ratio, in which a higher degree of delocalization
naturally leads to narrower lineshapes than would be expected for
a given site energy distribution, a phenomenon known as exchange
narrowing.38,39,61 Effects identical to those seen in electronic
systems, such as exchange narrowing and disorder-induced local-
ization, are observed and modeled for DMDC in linear alcohol
solvents.

Finally, the excitonic nature of the DMDC vibrations enables
the molecule to sense nanometer-scale length correlations in
the solvation shell, providing a perspective that extends beyond
the vicinity of a single solvent molecule. Using the excitonic
model, we find that correlations between site energy fluctuations
have clear signatures in the inhomogeneous widths of the
resulting exciton bands. Since the present model is nondynamical
and considers only the static ensemble of transitions, the full
utility of this approach and its predictions will be realized once
it is combined with a molecular dynamics simulation and a local
mode frequency map. Nevertheless, as has been shown in
numerous examples, a static description of the energy landscape
and the correlations among structural units can provide key
insight in applications ranging from peptides to molecular
aggregates.

Spectral Diffusion. In linear and nonlinear infrared spec-
troscopy, the analysis of spectral features, including peak
position, shape, intensity, evolution, etc., provides insight into

Figure 1. FTIR spectra of DMDC in cyclohexane and methanol. The
cyclohexane spectrum shows homogeneously broadened lineshapes, and
the methanol spectrum shows complex, inhomogeneously broadened
lineshapes. Inset shows the structure of the vibrational probe DMDC
and the numbering of the carbonyl sites used for the vibrational exciton
Hamiltonian.
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the underlying molecular structures and dynamics.14,62,63 In the
condensed phase, the analysis of spectral features in linear IR
spectroscopy is particularly challenging due to constant fluctua-
tions of an inhomogeneous environment, leading to a distribution
of transition frequencies that depend on the bath coordinates.
Time-resolved spectroscopies based on photon-echo experi-
ments have allowed for the direct observation of the dynamic
frequency fluctuations that underlie inhomogeneously broadened
line shapes. The static distribution of transition frequencies in
systems with strong system-bath coupling can easily be seen
using linear IR spectroscopy, but the dynamic features are
difficult to discern due to the lack of time resolution in frequency
domain spectroscopies. Two-dimensional infrared spectroscopy
(2DIR) monitors the correlation between excitation and detection
frequencies as a function of waiting time as the system
undergoes stochastic fluctuations that modulate the transition
frequency. This correlation produces a signature line shape in
the 2D spectrum that evolves as the system undergoes envi-
ronmental fluctuations. The purely absorptive 2DIR spectrum
is the sum of real parts of the rephasing (echo) and nonrephasing
spectra.63-65 In the presence of inhomogeneous broadening, the
rephasing spectral amplitude is enhanced relative to the non-
rephasing spectrum by strong correlation between excitation and
detection frequencies. This imbalance in signal amplitudes
relaxes as the system explores all the available microscopic
environments. The time-dependent correlation of excitation and
detection frequencies is described by the frequency-frequency
correlation function, which can be extracted from 2DIR spectra
through the inhomogeneity index I(t),66

where A is the amplitude of the rephasing or nonrephasing peak
amplitudes (for single transitions). Monitoring this ratio as a
function of waiting time allows the frequency-frequency cor-
relation function (FFCF) to be experimentally extracted for
systems whose frequency correlations are slower than the
dephasing time, a condition that is satisfied in the metal carbonyl
system studied here. From the FFCF, the homogeneous and
inhomogeneous contributions to the total line width can be
separated using the initial correlation function value combined
with the full width at half-maximum (fwhm) of the 1D IR
spectrum.1 Our goal in the present work is to investigate the
correlation between translational diffusionstypically param-
etrized by the viscositysand the rate of spectral diffusion. The
viscosity of a linear alcohol increases monotonically with
length,67 whereas the global hydrogen bond structure is much
more weakly length-dependent, as discussed below.

A commonly used model for the FFCF consists of a
motionally narrowed term as well as a sum of exponential
terms:1,68,69

The first term in eq 2 describes the motionally narrowed
portion of the correlation function, where T2 incorporates pure
dephasing, population relaxation, and orientational relaxation
into the correlation function, which are considered to be waiting-
time-independent. This term, usually dominated by the dephas-

ing of the system caused by extremely fast structural fluctua-
tions, does not contribute to the time evolution of the 2D line
shape or the ratio of magnitudes of the rephasing and non-
rephasing signals. The second term is the sum over all
inhomogeneous terms that contribute an exponential decay to
the FFCF, where τi is the spectral diffusion time constant. For
systems with no measurable inhomogeneous broadening, such
as a vibrational probe in a weakly interacting solvent, there is
no measurable spectral diffusion, and the correlation function
consists of only the delta function in the first term in eq 2,
corresponding to the effectively constant transition frequency
for the band. The correlation function C1(t) describes the 0 f
1 transition autocorrelation function, but note that the 1 f 2
autocorrelation function as well as the 0 f 1, 1 f 2 cross
correlation function also contributes to the third order response
function.

For systems that have inhomogeneous broadening, the homo-
geneous portion will not contribute to the observed exponential
decay of the FFCF. By fully characterizing the inhomogeneous
contributions to the correlation function, the dynamics of specific
interactions can be isolated. In the case of DMDC in alcohol
solvents, there are two distinct limiting solvation environments:
hydrogen bonded environments and noninteracting alkyl envi-
ronments, although the sample is a complicated heterogeneous
mixture of the two. Simple alkyl environments would contribute
only to the motionally narrowed term of the correlation function,
whereas the hydrogen bonded environments are responsible for
the exponential decay. Because the inhomogeneous broadening
is caused exclusively by the hydroxyl groups of the alcohol,
the hydrogen bond dynamics of the system can be selectively
studied despite the lack of preferential solvation. The high
solubility of DMDC in both polar and nonpolar solvents assures
that the bulk solution will not be enhanced by phase separation
upon addition of the solute, making DMDC a nonperturbative
probe to the natural solvent environment.

In this study, we observe the spectral diffusion of a strongly
coupled vibrational probe DMDC in a series of linear alcohol
solvents. The hydrogen bonded environment leads to significant
spectral broadening, the extent of which is dampened by
exchange narrowing. In addition, large magnitude fluctuations
of local coordinates that participate in the delocalization network
cause dynamic vibrational exciton localization. This localization
acts to break the energetic symmetry of the vibrational molecule,
resulting in Raman-active vibrational modes gaining IR intensity
as well as the splitting of previously degenerate modes.

II. Experimental and Simulation Methods

2DIR. The experimental implementation of chirped-pulse
upconversion detected 2DIR spectroscopy has been described
in detail elsewhere.70-72 Briefly, a sequence of three fields, E1,
E2, and E3 with wave vectors k1, k2, and k3, separated by times
t1 and t2 arrive at the sample in a box geometry producing fields
E(, emitting during t3 with wave vectors k( ) (k1 - k2 +
k3corresponding to rephasing (-) and nonrephasing (+) signals,
respectively. The IR pulses are generated using a continuum
seeded dual-frequency two-stage optical parametric amplifier
based on �-barium borate. The collinear signal and reference
local oscillator are upconverted to the visible by sum-frequency
generation in a wedged 5% MgO/LiNbO3 crystal with a highly
chirped 800 nm pulse that is derived from the uncompressed
amplifier output before entrance into the compressor. The
upconverted light is detected using a silicon CCD camera with
1340 horizontal pixels (Roper, PIXIS). The detection frequency,
ω3, axis conjugate to t3 is obtained by the spectrometer, and

I(t) )
Arephasing - Anonrephasing

Arephasing + Anonrephasing
(1)

C1(t) ) 〈δω01(t) δω01(0)〉 )
δ(t)
T2

+ ∑
i

∆i
2 exp(-t

τi
)

(2)
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the excitation axis, ω1, is obtained by Fourier transformation
with respect to t1. Recently, we have demonstrated how to obtain
purely absorptive spectra,72 correcting the spectral phase of the
signal using the known spectral phase of the chirped pulse.73

The time delay between the first and second pulses is scanned
using independent pairs of ZnSe wedges. The maximum scanned
delay is 10 ps, corresponding to an experimental Fourier trans-
form resolution of 3.3 cm-1.

Simulation Methods. Both 1D and 2D spectra have been
successfully modeled using a vibrational exciton treatment,
coupling local modes to yield the vibrational eigenstates. Using
semiempirical transition dipole coupling between local mode
units and a fixed vibrational anharmonicity of the resulting
eigenstates, it is possible to use MD simulations to generate an
ensemble of structures from which the 2D spectrum at t2 ) 0
can be constructed from a sum of homogeneously broadened
spectra. Although this approach does not provide information
on the spectral diffusion of such an ensemble, it does aid in
determining the inhomogeneous width as well as providing
insight into the eigenstate energy landscape, including any pH,
temperature, or solvent dependence. The most complete spectral
simulation uses the dynamic frequency trajectory to compute
the full multitime correlation function needed to predict the
waiting-time-dependent 2DIR spectrum, capturing the spectral
diffusion dynamics, and, in principle, vibrational redistribution
and relaxation processes using, for example, a Redfield theory
description of the dissipation. Spectral diffusion and chemical
exchange have received recent attention in the literature.28-30,74-81

Rather that constructing an electric field map for the
metal-carbonyl CtO stretch, the model we have implemented
simply imposes Gaussian-distributed local mode energy disorder,
as is commonly done for electronic aggregates.37,55 This model
provides insight into the signatures of site disorder in a highly
coupled multivibrational chromophore system. The Hamiltonian
(eq 3),

describes the 10 carbonyl units using diagonal site energies εn

and off-diagonal coupling Jnm terms. The assignment of the 10
sites is shown in Figure 1. The values of the matrix elements
are determined by a genetic algorithm multivariable fit to the
10 experimental terminal carbonyl stretching frequencies. Based

on symmetry, the model has 7 coupling terms (C1...C7) and two
different site energies (S1 and S2) as follows,

The fit is also constrained to reproduce the experimental IR
transition strengths, including the IR inactivity of the six dark
modes. Agreement was found by setting the local mode tran-
sition dipole moment of the axial carbonyls, µax, to have a
magnitude 1.48 times that of the equatorial carbonyls µeq. Since
the model considers only the excitations on each local unit, there
is no information regarding the vibrational anharmonicity or
the associated excited state absorption. However, it is possible
to include multiple excitations either explicitly or by using
perturbation theory82 or the nonlinear exciton equations.83 Using
the present model, the two-exciton manifold was calculated
using a fixed anharmonicity of 8 cm-1, allowing the 2D spec-
trum of DMDC to be simulated in the presence of site disorder.
The experimental frequencies and the fit parameters for the one-
exciton manifold are given in Table 1.

To simulate the hydrogen bonded solvent environment, we
incorporate disorder into the model by allowing each diagonal
site energy to vary according to a Gaussian random variable,
δωn, such that for each realization of the Hamiltonian, the nth
site energy is εn ) εn

(0) + δωn, where εn
(0) corresponds to the

perfectly ordered system. The δωn are uncorrelated (unless
specified otherwise) with zero mean, and we define the site
inhomogeneous width ∆Ωin to be the standard deviation of δωn.
Using eigenstate frequencies and transition moments determined
from diagonalization of 5000 realizations with varying degrees
of inhomogeneity, we found no correlation between the two.
The eigenstate transition moments are calculated using the
approximation that the local carbonyl units have their transition

TABLE 1: Excitonic Hamiltonian Parameters and Experimental Frequenciesa

Fit Parameters (cm-1)

S1 S2 C1 C2 C3 C4 C5 C6 C7

2020.38 2017.16 19.39 4.47 0.59 6.41 19.66 16.44 4.77

Experimental Parameters

mode 1 2 3 4 5 6 7 8 9 10

Hexane
ν (cm-1) 1981 1981 1983 1997 2014 2014 2024 2024 2044 2116
∆ν (cm-1) 3.28 3.34 3.34 3.48
|µ| (a.u.) 0 0 0.659 0 1.0 1.0 0 0 0.813 0

Methanol
ν (cm-1) 1972 1979 1983 1998 2009 2012 2021 2027 2046 2116
∆ν (cm-1) 7.7 10.95 9.3 10.46 10.70 10.56 10.1 8.9 5.2
|µ| (a.u.) 0.15 0.27 0.28 0.10 0.76 0.70 0.25 0.25 0.74 0

a Experimental Raman are taken from ref 47. The IR-active modes in hexane are determined by fitting the FTIR spectrum, and in methanol,
all of the band frequencies are determined from fits to the FTIR spectrum.

H ) ∑
n)1

10

εn|n〉〈n| + ∑
n*m)1

10

Jnm|n〉〈m| (3)

H ) [S1 C1 C1 C1 C1 C2 C2 C2 C2 C3

C1 S2 C4 C5 C4 C6 C6 C7 C7 C2

C1 C4 S2 C4 C5 C7 C6 C6 C7 C2

C1 C5 C4 S2 C4 C7 C7 C6 C6 C2

C1 C4 C5 C4 S2 C6 C7 C7 C6 C2

C2 C6 C7 C7 C6 S2 C4 C5 C4 C1

C2 C6 C6 C7 C7 C4 S2 C4 C5 C1

C2 C7 C6 C6 C7 C5 C4 S2 C4 C1

C2 C7 C7 C6 C6 C4 C5 C4 S2 C1

C3 C2 C2 C2 C2 C1 C1 C1 C1 S1

]
(4)
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moments parallel to the CO bond axis; the eigenstate transition
moments are obtained by the coordinate transformation defined
by the Hamiltonian diagonalization. To compute the 1D spec-
trum, we used a Voigt profile, which takes as inputs the homo-
geneous (Lorentzian) and inhomogeneous (Gaussian) widths.
The Voigt profile for each transition is then weighted by the
square of the corresponding transition moment, and the sum of
these is the linear spectrum. The Gaussian width for the Voigt
profile corresponds to the standard deviation of the eigenstate
frequency for each mode. We used an accurate analytical fit to
a Voigt profile.84

In addition to the eigenstate frequencies, we also consider
the eigenvectors to gain insight into the origin of the spectro-
scopic features exhibited by the model. As is common in
analyses of J-aggregates and other excitonic systems, we
consider the extent of delocalization via the participation ratio
(PR).38,85 In J-aggregates and in multichromophoric light-
harvesting protein complexes, the excitons are often delocalized
over many nanometers, and the size of the exciton decreases
with disorder. By comparison, DMDC is a very small molecule,
but the vibrational eigenstates are nevertheless delocalized over
at least half of the carbonyl units. Thus, from the perspective
of the number of participating monomers, the extent of
delocalization is comparable to what is observed in, for example,
LH2 complexes.42 Like these large-scale electronic systems, as
the site disorder is increased, the excitons become localized.
Indeed, all of the trends we have noted thus far can be correlated
to disorder-induced exciton localization.

Using each eigenvector φn, we determine the degree of exciton
localization resulting from site disorder. The participation ratio,
Pn, given by eq 5 equals the number of local units (indexed by
m) that contribute to the resulting delocalized eigenstate �n.38,60

For the present system, Pn ranges from 1 to 10. In addition to
measuring the degree of localization, the participation ratio also
allows us to discover any correlation between the localization
tendency and the eigenstate frequency.

To illustrate the spectral signatures predicted by our exciton
model for DMDC, we have simulated 2DIR spectra by including
both the one- and two-exciton manifolds. Since our model treats
only static disorder, we do not make any attempt to simulate
the waiting time dependence of the 2D spectra. The 2D spectra
were simulated using the one-exciton transitions and transition
dipoles, and a quasi-harmonic ansatz for the two-exciton states.
Overtone and combination band energies were computed as the
sum of the one-exciton energies with a constant anharmonicity
for all of the excited states of 8 cm-1. Harmonic oscillator
scaling was assumed for all overtone transition dipole moments.

The transition dipole moment direction for a transition
between a given one-exciton state a and a given two-exciton
state ab was taken to be parallel to the transition dipole moment
for excitation of the one-exciton state b. Combination band
transition moments were scaled by the moduli of the constituent
one-exciton transitions to account for their degree of allowdness.
With the set of 10 one-exciton states and 55 two-exciton states
as well as the transition dipole moments derived from the one-
exciton Hamiltonian, we prepared multiple inputs for the
SPECTRON package which we used to compute the 2D
spectra.86 The spectra were simulated using a constant expo-
nential dephasing corresponding to a 2 cm-1 homogeneous
width, and the response function was evaluated using the sum-
over-states method (the “CGF” option in SPECTRON 2.4.0).

III. Experimental Results

Linear and Nonlinear Spectroscopy. Linear IR spectra are
often used to extract dynamic information using analysis of the
line width. This approach can often produce ambiguous dynamic
results, in which multiple systems showing identical linear
spectra exhibit different dynamics, such as orientational relax-
ation, population relaxation or spectral diffusion. This has been
demonstrated clearly by Fayer and co-workers, for which four
proposed water systems having identical linear IR spectra
displayed different orientational relaxation times.87 As shown
here, three systems (two different binary mixtures and a pure
long chain alcohol) displaying identical linear IR spectra are
shown to have significantly different spectral diffusion times.

Three solvent or solvent mixtures, 1-hexanol, propanol/hexane
(65/35% v/v) and butanol/squalane (70/30% v/v), have viscosi-

Figure 2. (left) FTIR spectra of DMDC in three solvent/solvent mixtures showing identical spectral lineshapes. (right) The inhomogeneous broadening
contribution to the total FTIR line shape of the E1 modes as a function of solvent viscosity, as well as the spectral diffusion time constants of
DMDC in each solvent system.

Pn ) [ ∑
m)1

10

(φn)m
4]-1

(5)
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ties ranging from roughly 1 to 6 cP at 25 °C. In these solvents,
DMDC displays identical linear IR spectra, shown in Figure 2
(left). Using the FFCF determined from the rephasing and non-
rephasing 2DIR spectra (eq 1), the spectral diffusion time
constants as well as the inhomogeneous contributions to the
line shape were determined and are shown in Figure 2 (right).
The spectral diffusion time constants, which range from roughly
3.5 to 6 ps, were found to depend on the solvent’s bulk viscosity.
Despite the difference in the dynamical sampling of microen-
vironments, however, the inhomogeneous broadening of DMDC
in these solvent mixtures is identical. The key observation from
these data is that the time scale for spectral diffusion is
independent of the magnitude of the microscopic fluctuations
that produce the inhomogeneous width. The situation in the neat
alcohols are markedly different, as shown below, where there
is a pronounced correlation between inhomogeneous width and
the time scale for spectral diffusion.

Heterogeneous Dynamics of Coupled Vibrations in DMDC.
The four IR-active modes are highly delocalized vibrations that
have been described by DFT calculations. The linear FTIR

spectrum of DMDC in methanol (Figure 1) shows significant
broadening of the central and low-frequency peaks compared
with DMDC in cyclohexane, but little broadening is seen on
the high-frequency mode. This trend is common to the alcohol
series shown below as well as several other polar solvents (not
shown).

Figure 3a shows the absorptive spectrum of DMDC in meth-
anol at a waiting time of 1 ps. Slices of the rephasing and
nonrephasing spectra are shown in Figure 3b and d for the bands
along the diagonal centered at 2045 and 2013 cm-1, respectively.
Coherent oscillations are evident in the 2045 cm-1 nonrephasing
signal due to the coherence created between the low- and high-
energy states in the first excited state manifold. These coherences
have previously been described in detail for this system44 as
well as for Co2(CO)8

88 and are the vibrational exciton analogues
of similar coherences observed in electronic systems with
excitonic coupling.57,58,89,90 The slow dephasing is due to the
narrow line width of the high-frequency band. Oscillations are
not observed in the nonrephasing response for the central band.
Such a feature would include contributions from a coherence

Figure 3. (a) 2DIR absorptive spectrum of DMDC in methanol at t2 ) 500 fs with the E1 modes and high-frequency B2 mode highlighted.
Rephasing and nonrephasing signals of the two modes (b and d), where the E1 modes have an enhanced rephasing signal at early times that is
absent from the B2 modes rephasing signal. (c) The frequency-frequency correlation functions for these two modes display significantly different
dynamics, where the B2 mode exhibits coherent oscillations but no pronounced spectral diffusion.
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between the broad central and low-energy bands, and their broad
bandwidths lead to very rapid dephasing.

The FFCFs for the two bands are shown in Figure 3c. Al-
though the large amplitude oscillations due to the intraband
coherences obscure the FFCF at early times, the high frequency
mode of DMDC in methanol shows little inhomogeneity and
exhibits little to no loss of correlation, despite being in a polar
solvent. Indeed, the fact that the coherences are so pronounced
is a direct consequence of the comparable rephasing and
nonrephasing signal amplitudes, a direct indication that the band
is not significantly inhomogeneously broadened. Although there
is additional information present in these low-frequency coher-
ences, here, we focus on the spectral diffusion, where it can be
seen that there is little to no memory loss for this vibrational
mode, as well as line broadening that differs significantly from
the central band. The difference in line broadening can also be
seen in the line shape of the absorptive spectra, where the high-
frequency mode has no peak elongation along the diagonal and
a symmetric line shape at t2 ) 1 ps. That two strongly coupled
vibrational modes show different lineshapes suggests qualita-
tively distinct dynamics or differences in each band’s response
to solvation structure and dynamics.91

Spectral Diffusion in Alcohol Series. The spectral diffusion
time scale for DMDC in a series of alcohol solvents, ranging
from methanol to 1-hexanol, were determined using the method
previously described. Figure 4a shows the FTIR spectra of
DMDC in the series of alcohol solvents. The spectra become
narrower with increased alkyl chain length. The central band
center remains largely constant, but the high-frequency band
shifts to the red with increased chain length. The presence of
spectral amplitude at frequencies corresponding to IR-inactive
modes also diminishes with increased chain length.

Figure 4b shows representative FFCFs for the solvents
methanol and 1-butanol. The solid curves are single exponential
fits to the data starting at t2 ) 100 fs. It is evident from the data
that the loss of frequency correlation in methanol is considerably
more rapid than it is in 1-butanol. The early waiting time value
of the correlation function corresponds to the fraction of the
1D line width that is due to inhomogeneous broadening.
Although the early time value for methanol (0.15) is smaller
than that of 1-butanol (0.2), the overall spectral width of
methanol is greater than that of 1-butanol. Combining the two
observationssmethanol’s broader spectrum and comparable
inhomogeneous contributionsindicates that methanol induces

Figure 4. FTIR spectra of DMDC in a series of linear alcohols (a) and the corresponding homogeneous and inhomogeneous broadening of each
system (c). (b) Example correlation functions of DMDC in methanol and 1-butanol. (d) Spectral diffusion time constants as a function of solvent
viscosity.
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a broader inhomogeneous width. The full analysis described
below is based on using a Voigt profile for the linear spectrum,
and the two spectral width contributions are extracted using the
method described by Kwak et al.1

Figure 4c shows the extracted homogeneous and inhomoge-
neous widths of the central band of DMDC in the alcohol series.
The inhomogeneous widths decrease monotonically from 11
cm-1 for methanol to 7 cm-1 for 1-hexanol. Except for a slight
difference in the case of ethanol, the homogeneous widths
likewise decrease with increasing alcohol chain length, although
the overall variation is less than 1 cm-1. It is key to note here
that this band is composed of two degenerate modes, and
according to the model presented below, these states are split
by site disorder. Thus, the extracted width of the central band
is actually the combined widths of two bands. From the model,
it is possible to deduce the width of the combined band, and
this analysis is presented in the discussion.

Figure 4d shows the spectral diffusion time constants
extracted using eq 2, as was also done for the case of the solvent
mixtures. The spectral diffusion times depend monotonically
on the solvent viscosity, ranging from 2.67 ps in methanol to
5.33 ps in 1-hexanol. There is a linear dependence of spectral
diffusion time on solvent viscosity from methanol to 1-pentanol,
with some deviation for the longest chain solvent 1-hexanol.

IV. Simulation Results

Analysis of the vibrational exciton model is broken into two
parts: the first describes general aspects of the eigenstate
distributions and the spectral lineshapes as a function of ∆Ωin;
the second compares the model to the measured data described
above.

Figure 5 shows several spectra generated using the model
exciton Hamiltonian with varying values of the site disorder
frequency width ∆Ωin. In addition to the initial fit to the known
experimental IR and Raman frequencies and IR transition
moments, there are no further adjustable parameters. The model
spectra reproduce the experimental 1D spectra remarkably well.
In this section, we analyze the model’s results to deduce a
molecular interpretation for the origin of the spectral changes.

For this simplified model of the vibrational Hamiltonian, we
have considered only the effect of diagonal disorder, since
hydrogen bonding between the alcohol solvent and the carbonyl
units is a local interaction. It should be noted, however, that
the site energies and the coupling matrix elements are not
independent parameters, and future studies will need to include
disorder in the full Hamiltonian. To sample a range of
broadening that resembled the experiment, ∆Ωin ranged from
0 to 25 cm-1, and for each value of the local site inhomogeneity,

5000 realizations were evaluated. The resulting eigenvalues are
enumerated from 1 to 10 in increasing energy and are identified
as either “IR”- or “Raman”-active according to their zero-
disorder activity; hence, modes 3, 5, 6, and 9 are the “IR modes”,
whereas 1, 2, 4, 7, 8, and 10 are the “Raman modes.” The zero-
disorder frequencies are shown in Table 1.

Figure 6a shows the average transition frequencies for each
eigenstate as a function of the site disorder frequency width,
∆Ωin. It is immediately clear that the two E modessdegenerate
in the absence of disorderssplit with increasing site disorder.
Both B modes (3 and 9) increase in frequency initially, and
then mode 3 starts to decrease when the site disorder becomes
comparable to the large coupling terms in the Hamiltonian near
∆Ωin ) 15 cm-1. For the Raman modes, a similar symmetry
breaking is also clear: modes 1 and 2 are initially degenerate
but become split by the increased disorder and shift to lower
frequency. A similar trend is evident for modes 8 and 9, although
they shift to higher frequency as they split. Mode 10 is not
shown in these figures, since it never acquires appreciable IR
oscillator strength for the range of disorder considered here.

Along with the changes in the average eigenstate frequencies,
there is also a clear trend in the oscillator strengths. In general,
all of the IR-active modes lose oscillator strength, whereas all
of the Raman modes gain oscillator strength. Figure 6b shows
the IR and Raman mode transition moments as a function of
∆Ωin. Among the IR modes, the principle difference is the rate
at which the modes lose oscillator strength. Compared to the
rather gradual decrease seen in the higher-frequency modes (5,
6 and 9), mode 3 loses almost half of its oscillator strength by
∆Ωin ) 10 cm-1. This finding is consistent with our experi-
mental observations and explains the much weaker diagonal and
cross peaks seen in the 2D spectra for the lowest frequency
band. The gradual increase in oscillator strength above ∆Ωin ≈
15 cm-1 is likely due to the limited applicability of including
only site disorder in our model. The Raman modes gain IR
oscillator strength with increased disorder, with the lower
frequency modes (1 and 2) growing at a somewhat faster rate
than the higher frequency modes.

Figure 6c shows the mean participation ratio (eq 5) as a
function of the site energy inhomogeneity. The results clearly
indicate that exciton localization is induced by disorder. All of
the modes exhibit localization, with the more rapid and
pronounced change seen in mode 3, which localizes by two
carbonyl units with only about 3 cm-1 of disorder. The
localization of mode 3 corresponds well to the loss of oscillator
strength seen in Figure 6b. Modes 5 and 9 show the smallest
degree of localization, whereas mode 6 contracts by about 20%
with about 8 cm-1 of site disorder. The Raman modes also show
varying degrees of localization, with the single exception of
mode 4, which actually becomes more delocalized with
increased disorder. Modes 7 and 8 abruptly collapse with the
slightest degree of disorder, reflecting their high symmetry.
Modes 1 and 2 remain relatively delocalized, which again cor-
relates with their rapid onset of oscillator strength.

In addition to the average properties shown in Figure 6, we
also examine the frequency widths of the eigenstates. For each
value of ∆Ωin, we take the standard deviation of each resulting
eigenstate distribution as a measure of its inhomogeneous width.
It is well-known from molecular aggregates that in coupled
systems, the eigenstate width is narrower than the site width.39

This exchange narrowing is a result of averaging over the site
energy fluctuations.

Figure 7 shows the vibrational exciton inhomogeneous width
together with the correlation with the inverse of the participation

Figure 5. Simulated linear IR absorption spectrum of DMDC using
the vibrational exciton Hamiltonian with site inhomogeneity ∆Ωin

varying from 0 to 10.0 cm-1.
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ratio. At three selected values of ∆Ωin, we find that the ei-
genstate width tracks the participation ratio. Since the participa-
tion ration is the number of local mode units over which the
exciton is delocalized, a larger inverse participation ratio
indicates a higher degree of localization. Thus, the data show
that the inhomogeneous width correlates with the degree of
exciton localization, consistent with many studies of exchange
narrowing in molecular aggregates. Note that in all cases, the
eigenstate widths are narrower than the site widths. The
relationship between site and exciton energy disorder allows
us to associate a site energy distribution with the inhomogeneous
widths determined from the FFCFs (Figure 4c). Since the
inhomogeneous and homogeneous broadening parameters shown

in Figure 4c are for the whole central band, where the two
degenerate modes are split by the site disorder and thus increase
the band’s overall width, our estimate of the local site energy
width is only an upper bound. Nevertheless, we can estimate
the site energy full width at half-maximum to be 31.5 cm-1

(fwhm ) 2∆Ωin(2 ln 2)1/2), for the case of methanol, which is
substantially greater than the 11.7 cm-1 inhomogeneous width.
For the case of 1-hexanol, where the inhomogeneous width was
measured to be 7 cm-1, comparison with the model gives a site
energy fwhm of 18.5 cm-1.

Another informative measure that has been considered in
molecular aggregates is the correlation between the participation
ratio and the eigenstate frequency.38 Figure 8a-b shows a
summary of the results for ∆Ωin ) 4.5 cm-1. This figure
combines several of the considerations abovesfrequency, PR,
and inhomogeneous widthsand illustrates that for the low-
frequency modes, there is generally a positive correlation
between frequency and PR (i.e., delocalization), whereas for
the highest frequency mode, the correlation is negative. In the
middle of the band, the frequency and PR values are only weakly
correlated. The results also indicate the lack of a clear trend in
the absolute delocalization across the band, which differs from
the trend in molecular aggregates, where more delocalization
has been observed in the band center relative to the band edges.
When the degree of disorder is increased further, however, the
expected trend is observed (Figure 8c): the delocalization is
greater in the center of the band relative to that in the wings,
with the exception of mode 10, whose high symmetry resists
localization.

In addition to the 1D spectrum, the 2D absorptive spectrum
of DMDC was simulated as described in section II. These
simulations demonstrate the characteristic spectral signatures
of the general trends we have described above. Figure 9 shows
the 2D spectrum of DMDC calculated for ∆Ωin ) 0, 3, and 7
cm-1, with a fixed homogeneous width of 2 cm-1. Figure 9a
shows the spectrum with no site disorder, and the simulation,
which agrees well with our previous experimental results,92

Figure 6. Eigenstate properties (a) average frequency, (b) transition moment, and (c) participation ratio (PR) for (top) the four IR active modes
(modes 3, 5, 6 and 9) and (bottom) the five Raman modes (modes 1, 2, 4, 7 and 8) that acquire appreciable IR activity due to the site disorder.

Figure 7. Correlation between the inhomogeneous widths of each
ensemble of eigenmode frequencies (left axis) and the eigenmode
inverse participation ratio (right axis) for three representative values
of the local site inhomogeneity, 3, 7, and 11 cm-1 (top to bottom).
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clearly displays no inhomogeneous broadening evident from the
largely symmetric peak shapes. Some slants of the cross and
diagonal peaks are evident and are due to well-known Liouville
path differences between rephasing and nonrephasing sequences
previously observed in other metal carbonyl systems.64,65 Upon
the addition of 3 cm-1 of site disorder, the spectrum becomes
noticeably broader, and the peak shapes begin to elongate along
the diagonal (Figure 9b). Finally, with 7 cm-1 of site disorder,
the spectrum shows several dark transitions and significant
spectral broadening (Figure 9c).

Site Disorder Correlation. So far, we have considered only
uncorrelated site disorder. Since recent simulation and experi-

ment shows that hydrogen bond switching occurs largely by
rapid angular jumps,43,93,94 it is very likely that there will be
site energy correlations as a hydroxyl hydrogen bond breaks
from one carbonyl and forms with an adjacent carbonyl. Such
a scenario could lead to a negative frequency correlation, since
the site of the broken bond would experience a blue shift
accompanied by a red shift on the site gaining the hydrogen
bond. Very recently, hydrogen bond rearrangement around an
anionic solute has been found to involve cooperative motion
reminiscent of the Grotthuss mechanism for proton transport
in liquid water.93,94 Understanding the collective hydrogen bond
network rearrangement is a general goal of condensed phase
dynamics, and molecules such as DMDC offer an attractive
probe of these coordinated fluctuations.

Though it is difficult a priori to devise a site energy correlation
scheme that is physically correct, we nevertheless consider what
the effect of positive or negative correlation would be. We use
the distances ∆rij between pairs of oxygen atoms i and j to
construct a covariance matrix Mij according to the following
scheme

where the amplitudes of the off diagonal elements (1 - δij) are
proportional to the inverse fourth power of the distance, which
preferentially correlates those sites that are closest to each other.
There is an overall scaling factor, R. Multiplying the set of
uncorrelated site energies by the Cholesky decomposition of
Mij produces Gaussian randomly distributed site energies with
intersite correlation given by the covariance matrix elements.95

The sign and amplitude of the correlations are set by the
parameter R. In our implementation, we first normalize the off-
diagonal matrix elements to the maximum value and then
multiply all the values by R before adding the diagonal elements
(all of which are equal to unity). This normalization ensures
that the largest correlation coefficient is equal to R.

Figure 10 shows a summary of |R| ) 0.15 comparing positive
and negative correlation. The sign of the correlation appears to
have little effect on the values of PR, mean frequency, and the
transition moments. On the other hand, the degree of exchange
narrowing is more pronounced for the negatively correlated case.
Indeed, negative correlation reduces the inhomogeneous width
by roughly a factor of 2 relative to the case of positive cor-
relation.

Figure 9. Simulated 2DIR spectra (t2 ) 0) of DMDC computed using the 10 one-exciton and 55 two-exciton states with local site disorder ∆Ωin

) 0 (a), 3 (b), and 7 cm-1 (c).

Figure 8. (a) Spectrum and ensemble of PR values plotted as a function
of individual mode frequency. Each cluster of colored dots corresponds
to a different eigenmode. (b) PR-frequency correlation coefficient of
each eigenmode, showing generally positive correlation for the low-
frequency modes and negative correlation for the high-frequency modes.
(c) For the case of large site disorder, the PR-versus-mode number
exhibits the trend that delocalization is greatest near the center of the
spectrum, except for the highly symmetric mode 10.

Mij ) δij + R
(1 - δij)

∆rij
4

(6)
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Since the spectroscopy probes the eigenstates, it is instructive
to consider their properties. One relationship among the eigen-
states is their mutual eigenenergy correlation. It has been shown
experimentally and through simulation that the extent and sign
of correlation of two different exciton states is evident in the
tilt of the cross peak connecting the two states.65 For a fixed
value of the site inhomogeneity (∆Ωin ) 6 cm-1), we evaluate
the matrix of correlation coefficients for both positive and
negative site disorder correlation. Figure 11 shows the predicted
spectra with the superposed PR together with the matrix of
eigenvalue correlation coefficients. The essential observation
is that the correlation between the central band (modes 5 and
6) with the strong high-frequency band (mode 9) is positive
with positive intersite correlation, whereas the bands are neg-
atively correlated with negative intersite correlation.

This prediction can, in principle, be compared with the
experiment, despite the fact that the presence of coherences
complicates the clean extraction of the cross-peak tilt, since it
is well-known that coherent beating leads to cross-peak tilt
oscillations.96,97 The simulated 2D absorptive spectra with
intersite correlation are shown in Figure 12, using R ) ( 0.15.
Due to the inherent tilt of the cross peak between mode 9 and
modes 5 and 6, the predicted frequency cross-correlation is not
evident in the simulated 2D spectra. Instead, a clear difference
is observed in the degree of frequency correlation of the excited
state absorption from modes 5 and 6, shown in the boxed region
and zoomed. The spectrum simulated with positive correlation
shows a more pronounced peak tilt in the spectrum parallel to
the diagonal, whereas the spectrum simulated with negative
correlation shows a reduced tilt angle as well as the narrower
width expected from the simulated 1D spectra (Figure 11).

To highlight the differences, we found the peak maximum
along ω3 for various values of ω1 using the center of a Gaussian

fit. Figure 13a shows the ω3 maxima for the ground state bleach
and stimulated emission band, and Figure 13b shows the ω3

maxima for the excited state absorption bands. Negative cor-
relation leads to both a narrower inhomogeneous width (∼7 vs
∼11 cm-1 for positive correlation), as indicated by the region
where the frequencies are correlated, and the degree of cor-
relation is also reduced as indicated by the smaller slope of the
correlation. This effect is most pronounced for the excited state
absorption band, in which the ratio of the slopes is roughly 2.
Although it is difficult to extract the contribution due to intersite

Figure 10. Simulations including correlation between sitesssolid traces correspond to R ) -0.15, and dashed traces to R ) +0.15sof (a) average
mode frequency, (b) average transition moment, (c) average PR, and (d) the standard deviation of the eigenmode ensemble. Only the IR-active
modes are shown in this figure using the same color coding as in Figure 6.

Figure 11. Spectra and eigenmode PR values for (a) positive and (c)
negative site correlation. Maps of the correlation coefficients (indicated
in the color bars) of eigenmode frequencies for (b) positive and (d)
negative site correlation.
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frequency correlation from measured 2D spectra, it is encourag-
ing that such correlations do influence the observed 2D line
shapes.

V. Discussion

Spectral Diffusion in the Alcohol Series. The frequency
correlation time is found to have a monotonic dependence on
the solvent viscosity, where methanol shows the fastest spectral
diffusion time scales, and 1-hexanol, the slowest. The depen-
dence of spectral diffusion on solvent viscosity can be explained
by the fluctuation rate, in which motional diffusion throughout
the first solvation shell is significantly hindered as the chain
length is increased. The slowing of molecular motions leads to
prolonged hydrogen bond interactions, and transition frequencies
that are a function of these interactions stay correlated for longer
periods of time. In the case of localized vibrations, spectral
diffusion has been reliably predicted using simple molecular
diffusion models, such as the Stokes-Einstein relation to
determine the diffusion constant of the solvent.98 This relation-
ship appears to break down when considering delocalized
modes, where molecular diffusion models predict significantly
longer spectral diffusion times. The spectral diffusion time scales
predicted by the molecular diffusion model range from 1 ps in
methanol to 27 ps in 1-hexanol. This disagreement suggests that
the spectral diffusion of DMDC (and perhaps other delocalized
systems) in alcohol solvents does not strongly depend on large-
scale solvent diffusion within or throughout the first solvation
shell. However, the energetics and dynamics of the system could
be affected by the global structure in the liquid and local
inhomogeneities that such a network could induce.

As seen in the FTIR spectra of DMDC in the alcohol series
(Figure 4a), methanol leads to the broadest spectrum, with
additional contributions from otherwise IR inactive modes.
Therefore, the broadening seen in the IR spectrum of DMDC

in methanol is not simply due to a distribution of transition
frequencies but, instead, has contributions from dark vibrational
modes as well as degeneracy splitting. As the chain length is
increased, the fluctuations of the solvent are impeded, and the
extent of symmetry breaking is reduced. As the solvation
environment is limited in its configurations, the spectral
broadening is reduced. The smaller magnitude fluctuations also
lead to less dynamic exciton localization. Thus, in 1-hexanol,
the spectral features are relatively narrow and there are only
small contributions from dark modes.

High Frequency Mode. Above, we reported that the inho-
mogeneity in the transition frequency of the 2045 cm-1 mode
does not follow the trend that is seen in the other vibrational
modes. The 1D spectrum shows that the broadening of this mode
throughout the alcohol series remains essentially constant,
whereas other modes display greater inhomogeneous broadening
in the more polar, short-chain alcohols. Even in methanol, the
most polar alcohol solvent used in this study, the correlation
function extracted from the 2D spectrum suggests that the
vibrational mode is almost completely homogeneously broad-
ened and shows no spectral diffusion. The simulated absorptive
spectrum of DMDC with site disorder shows distinct peak
elongation along the diagonal for the high frequency peak
(Figure 9), whereas the experimental absorptive spectrum of
DMDC in methanol shows no peak elongation (Figure 3a), even
at early times. The vibrational exciton model used in this work
accurately predicts the blue shift of this vibrational mode when

Figure 12. Simulated 2DIR spectra with positive (R ) 0.15) (a) and
negative (R ) -0.15) (b) site energy correlation. The right panels are
zooms of the central band involving modes 5 and 6. The site
inhomogeneity is set at 6 cm-1.

Figure 13. Plots of the correlation between ω3 emission maximum
versus excitation frequency, ω1, for (a) the peak due to ground state
bleach and stimulated emission and (b) the peak due to excited state
absorption. For each band, the case of negative (blue) and positive
(green) site energy correlation are shown.
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site disorder is added but does not accurately reproduce its
resistance to inhomogeneous broadening.

The vibrational exciton model used in this work assumes a
Gaussian distribution of transition frequencies to induce site
disorder. This simple model of site disorder accurately predicts
many aspects of the 1D and 2D spectrum of DMDC in alcohol
solvents, but the Gaussian model for transition frequency
distribution is not sufficient for predicting the full 1D and 2D
spectrum of DMDC in systems that cause a large degree of
inhomogeneous broadening. The simplest expression for the line
shape function uses the second order cumulant approximation,
but recent work has suggested that non-Gaussian dynamics could
influence the line shape of systems that interact strongly with
their environment.91,99 Furthermore, it has been demonstrated
that non-Gaussian fluctuations can lead to dissimilar dynamics
of coupled vibrational modes.99-101

1D and 2D IR lineshapes and line shape dynamics that are
not accurately reproduced by Gaussian frequency fluctuations
have been observed in hydrogen bonded environments, including
the amide I transition in aqueous environments99 and the OH
transition of water in acetonitrile.91 In the case of the strongly
coupled vibrational modes of the symmetric and asymmetric
OH stretches of water in acetonitrile, the two coupled vibrational
modes display significantly different frequency dynamics. This
effect was attributed to non-Gaussian statistics, giving rise to
nonzero odd-order correlation functions, which vanish in the
case of Gaussian statistics. The non-Gaussian character of the
hydrogen bond distance along the N-H coordinate leads to non-
Gaussian frequency fluctuations, which are strongly dependent
on the hydrogen bond coordinate.

The apparent non-Gaussian characteristic of the hydrogen
bond dynamics occurring in DMDC in alcohol solvents could
be the result of a non-Gaussian distribution of hydrogen bond
distances between the carbonyl groups of DMDC and the
hydroxyl groups of the alcohol solvent. Similar to the coupled
vibrations of the water OH stretch in the H2O/CH3CN system,
the strongly coupled vibrational modes of DMDC exhibit
significantly different dynamics, as seen through the frequency-
frequency correlation function. By coupling the current exciton
model with MD simulations, it will be possible to gain an
atomistic view of the hydrogen bonding environment, including
the distribution of hydrogen bond distances and angles. Whether
non-Gaussian dynamics alone account for the large difference
in line shape and dynamics of the vibrational modes of DMDC
will be the subject of a future study.

Nature of the Solvation Environment. Although it is
established that alcohols contain some amount of polar/nonpolar
structural segregation, the picture of alcohol structure that
emerges from several simulation and experimental studies is
that of a relatively well mixed hydrophobic and hydrophilic
medium.33,35,36,102 The smaller and more flexible solvents are
able to present the DMDC probe with a larger range of hydrogen
bonding configurations, whereas the lower viscosity facilitates
rapid fluctuations of this solvation shell. On the other hand, the
longer-chain alcohols are sterically confined while exhibiting
slower dynamics.

Excellent agreement between experiment and the vibrational
exciton Hamiltonian with site disorder enables us to deduce a
molecular picture of the solvation environment probed by the
1D and waiting-time-dependent 2DIR spectra reported above.
Since DMDC is amphiphilic, both the 1D and 2D spectra contain
both polar and nonpolar contributions, and it remains to be
determined how the single site disorder parameter maps to the
distinct solvation environments. If the DMDC solute were

present only in a polar environment with a nearly complete
hydrogen bonded solvation shell, we would conclude that as
the solvent chain length is increased, the magnitude of the
energetic fluctuations would decrease due to the increased
stiffness of the more viscous solvents. From the spectral
diffusion time scale, we would also conclude that the rate at
which the frequencies are sampled decreases. Both conclusions
are consistent with the 2DIR data, and the modeling explains
why the frequencies shift with increased disorder and why the
Raman modes become bright in the infrared.

Since the first implementations of liquid-phase X-ray scat-
tering, there has been interest in the structure of alcohols.103,104

It is known that these liquids are structurally heterogeneous due
to the need to balance hydroxyl hydrogen bonding and the
hydrophobicity of the alkyl tails.105 The result of these competing
interactions is that linear alcohols adopt structures that to some
degree segregate polar and nonpolar regions. Simulation and
experimental studies have concluded that linear alcohols form
aggregates of varying size corresponding to the alkyl chain
length. A recent simulation study characterized the aggregate
topology and found that from methanol to 1-octanol, the
aggregates were largely linear or branched, with only a small
fraction (<5%) in ring or lasso aggregates.33 These authors also
found the aggregate size to range from 1 to 5 nm throughout
the series, with a trend toward larger diameter with increased
alkyl chain length. The shift in the aggregate size distribution
was found to be due largely to the increased size of the
molecules rather than to the number of molecules in the
aggregates. In fact, there was little variation in number density
of the aggregates from methanol to 1-octanol, with roughly 4
molecules in linear aggregates and 15 molecules in branched
aggregates (these values refer to maxima in the number density
distributions). Thus, despite the existence of aggregates, which
certainly are responsible for rich structure and dynamics in
alcohols, the solvent is nevertheless largely a well-mixed binary
mixture of hydrophobic and hydrophilic components. We
anticipate the framework described here to be instrumental in
developing extended vibrational chromophores as probes of
complex solvation environments such as alcohols, polymers,
and lipids.

VI. Conclusion and Outlook

We have reconsidered the delocalized coupled complex of
carbonyl oscillators in Mn2(CO)10 as a vibrational aggregate and
have shown experimental and modeling results that indicate the
complex can serve as a probe of large-scale hydrogen bonding
solvation networks. Using an alcohol series to vary both the
inhomogeneous broadening and the time scale for spectral
diffusion, we find that DMDC is sensitive to local structure and
dynamics in strongly interacting environments. With the alcohol
series as a calibration, we identified several solvent systems
consisting of pure solvents and solvent mixtures that result in
identical linear FTIR spectra and inhomogeneous widths, but
whose spectral diffusion time scales reflect the variation in
solvent viscosity. To develop a predictive yet intuitive picture
of the coupled vibrations in DMDC, we used an exciton model
parametrized to reproduce the experimental transition frequen-
cies and IR transition moments. With the simple addition of
Gaussian site energy disorder, we found striking reproduction
of several solvent-dependent spectral features observed experi-
mentally. These included trends in the line shape, reflecting the
manifestation of pronounced exchange narrowing, and the
appearance of IR inactive modes due to the disorder induced
symmetry breaking.
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Correlations between sites also leads to testable signatures
in the 2DIR spectrum in the form of correlated or anticorrelated
cross-peaks reflected in the tilts relative to the diagonal. Despite
the many successes, the model fails to reproduce the lack of
inhomogeneous broadening of the highest-frequency IR mode,
suggesting that qualitatively distinct dynamics or system-bath
interactions influence that mode’s transition energy. Beyond the
1D spectra and analysis of the one-exciton manifold, we
computed the two-exciton manifold and used these states to
simulate 2DIR spectra. These simulations largely confirm the
observations of the analysis based only on the one-exciton
manifold. The 2D simulations also demonstrated an effect of
intersite frequency correlation on the 2D peak shapes, where
negative site correlation was found to reduce the overall
frequency correlation, particularly that probed in the excited
state absorption band. This initial investigation prepares the
groundwork for further computational studies using dynamical
simulations in the place of static distributions to extract the
spectral diffusion dynamics as well as direct observation of
coordinated hydrogen bonding solvation network rearrange-
ments. Further, DMDC can be incorporated into different
complex environments, providing a sensitive probe of local and
global fluctuations with a high temporal dynamic range owing
to the very long vibrational lifetime, even in strongly interacting
solvents.
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