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A new multidimensional spectroscopy (MUPPETS) was recently introduced (van Veldhoven, E.; et al.
ChemPhysChem2007, 8, 1761) that distinguishes between nonexponential relaxations that are due to
heterogeneous dynamics and those that are due to homogeneous dynamics. This paper develops methods for
the quantitative analysis of MUPPETS data and demonstrates the ability of this experiment to decompose a
complex decay into its components. These methods have been applied to MUPPETS data on the ground-state
recovery of auramine in methanol and on a mixture of auramine and coumarin 102 in methanol. The auramine
is found to have two kinetically different components, even though the decay times are too similar to be
distinguished in a one-dimensional experiment. The dynamics of each component are derived from the
MUPPETS data in a model-free procedure in particular without assuming that the individual decays are
exponential or that they have similar shapes. In fact, the component decays are each found to be nonexponential
and to have different decay shapes. We suggest that the two components are due to ion-paired and nonpaired
molecules. The effect of rotation on MUPPETS with all parallel polarizations is analyzed. The nonexponentiality
in ground-state recovery signals due to the combination of rotation and population decay is shown to behave
as a nearly ideal homogeneous nonexponentiality. This prediction is confirmed in a mixture of auramine and
coumarin. MUPPETS allows the decay from the fast relaxing auramine to be removed from the mixture,
leaving only the rotation/population decay of the coumarin.

Introduction

A single-exponential decay is the simplest and most common
form for many different relaxation processes in many different
systems. However, in complex systems nonexponential decays
are also frequently found. An easy explanation of the nonex-
ponentiality is that the sample consists of two or more
subensembles, each with an exponential decay but each with a
different rate. In other words, the sample is dynamically
heterogeneous.1,2 On the other hand, it is possible to devise
plausible mechanisms in which the first part of the decay occurs
at an inherently different rate than later portions. Because each
individual molecule undergoes the same nonexponential relax-
ation, such mechanisms can be called dynamically homoge-
neous. In conventional experiments that use only one time
dimension, these two types of nonexponential decay cannot be
distinguished. This paper develops the analysis of a new two-
dimensional experiment that discriminates between these dif-
ferent causes of nonexponential relaxation.3

Why is a new experiment needed? In favorable situations,
heterogeneity can be detected by characteristics independent of
the relaxation itself: different chemical species can be physically
separated, or different dynamic subensembles may have distinct
spectra. Yet in many situations, dynamic heterogeneity is more
difficult to detect. The different subensembles may exchange
on a time scale slower than the observed relaxation process,
but still fast enough to frustrate physical separation, or the
subensembles may not have distinguishable spectra. Examples
of these difficult-to-measure heterogeneities include protein
substates,4 DNA conformations,5,6 solvent-solute complexes,

or local structures in materials such as supercooled liquids,2

polymers7 or bilayers.
Single-molecule spectroscopy can be a powerful tool in these

circumstances.8 However, no more than one photon can be
collected for each relaxation cycle of a single molecule, and
many photons are needed to measure an instantaneous rate. As
a result, single-molecule spectroscopy is restricted to relatively
long-lived heterogeneities.

On the other hand, one cannot always assume that a
nonexponential relaxation is caused by heterogeneity. For
example, a molecule in an excited electronic state can undergo
conformational relaxation or solvation following excitation. If
these processes change the decay rate of the excited state, the
rate is inherently time-dependent. The same nonexponential
decay would be observed for every individual molecule in the
sample. Another example is rotation of a solute in a locally
structured material, such as a micelle. The solute can wobble
rapidly through a small cone of angles relative to the local
micelle structure, but complete reorientation requires diffusion
of the solute around the micelle.9 The same two phases of
relaxation occur for every solute molecule.

Thus, when confronted with a nonexponential decay two
questions must be answered: Is the decay homogeneous or
heterogeneous? And if the decay is heterogeneous, what are
the relaxation properties of each individual component?

We recently introduced a new approach to answering these
questions, which we callMultiple PopulationPeriod Transient
Spectroscopy (MUPPETS).3,10 It is a type of two-dimensional
spectroscopy in which relaxation during different time periods
is compared. Unlike other two-dimensional spectroscopies,11-15

it compares the decay of population during these periods, not
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the oscillation of coherences. MUPPETS answers the following
question: If a molecule relaxes more rapidly than the average
after one excitation, will it also relax rapidly after a second
excitation? If the decay is heterogeneous, the answer will be
yes. If the decay is homogeneous, the answer will be no. The
determination of dynamic heterogeneity is made only on the
basis of the relaxation itself; no associated spectral changes are
required. The heterogeneity only needs to have a lifetime longer
than the relaxation process being measured.

Previous examples of experiments that use multiple popula-
tion excitations are relatively few, but they have appeared
sporadically in the literature for a variety of purposes: stimulated-
emission pumping has been used to excite high vibrational
states;16,17 Schwartz has used multiple pulses to manipulate
electron-transfer processes;18 Shen has separated ground-state
and excited-state reorientation times;19 and a number of people
have used multiple excitations to identify intermediate states
in electronic relaxation.20-29

More relevant to the current work are papers that have
recognized that multiple-pulse experiments can distinguish
between relaxation mechanisms that we would call homoge-
neous or heterogeneous. A multiple-pulse photolysis experiment
was introduced by Fraunfelder30 and elaborated by several
others31-34 to look at the nonexponential ligand rebinding in
myoglobin. These experiments anticipate a number of key
concepts in MUPPETS. They differ in relying on complete
photolysis in at least two and up to 100 pulses. MUPPETS is a
perturbative technique, which allows it to adopt the theoretical
and experimental techniques from modern nonlinear spectros-
copy and to generalize to a wide range of systems.

More recent multiple-pulse experiments are more similar to
MUPPETS in design: Gaab and Bardeen developed a two-
excitation anisotropy experiment to look at anomalous energy
transport;35,36Larsen et al. used “pump-dump-probe” spectros-
copy to discriminate between a homogeneous and an “inhomo-
geneous” model of the electronic-relaxation pathway in the
photoactive yellow protein.26 In those papers, the utility of
multiple-pulse experiments was demonstrated for specific
systems and specific relaxation processes. The current MUP-
PETS work is characterized by an emphasis on developing
general methods, both theoretical and experimental, for separat-
ing homogeneous and heterogeneous relaxation mechanisms.

In our first paper, we not only defined the concepts of the
MUPPETS experiment, but also applied it to two systems
intended to demonstrate the effects of purely homogeneous and
heterogeneous relaxation.3,10 The process studied was ground-
state recovery following electronic excitation of dye molecules.
Auramine (Chart 1) is a dye that has a rapid and nonexponential
excited-state decay. Glasbeek and co-workers have attributed
this decay to a homogeneous mechanism: the phenyl groups
twist in the excited-state and cause the relaxation rate to increase
with time after excitation.37-39 To form a sample with hetero-
geneous dynamics, the fast relaxing (∼15 ps) auramine was
mixed with coumarin 102 (Chart 1), a dye molecule with a long
(4.7 ns) relaxation time.

Each of these systems has a nonexponential decay, but they
behave in a qualitatively different manner in a MUPPETS
experiment (Figure 1). In a system where the nonexponential
decay is solely due to heterogeneity, the MUPPETS signal
measured for different values of the first delay timeτ1 should
overlap onto a single curve if they are plotted as a function of
the sum of the first and the second delay times,τ1 + τ2. Such
plots are shown in Figure 1 for the MUPPETS data from the
two systems just described. As expected, the MUPPETS data
show that the nonexponential decay in the dye mixture is
primarily due to heterogeneity, whereas the decay of nonexpo-
nential decay in auramine is not.

The purpose of this paper is to go beyond these qualitative
conclusions and develop methods for the quantitative analysis
of MUPPETS experiments, using the data shown above as
examples. Two significant issues arise. The auramine decay is
primarily homogeneous but also shows some evidence of
heterogeneity. Thus, we are faced with a heterogeneous sample
in which each component decay is itself nonexponential. It may
be surprising, but we find that we do not need to assume a model
for the form of the component decays; they can be derived
uniquely from the MUPPETS data alone. We will present a
quantitative fit to the data in Figure 1A based on two
components and find the decay rates and decay forms for each
component.

The second issue is the role of molecular rotation. It is well
known that a polarized pump-probe experiment has two decay
components: one due to electronic relaxation and one due to
molecular rotation. In auramine, the electronic relaxation is faster
than the rotation, so rotation has relatively little observable
effect. However, the analysis of the mixture including coumarin
requires a quantitative treatment of rotation in MUPPETS. Using
this theory and the results from the pure auramine, the
MUPPETS results in the auramine:coumarin mixture can be fit
quantitatively as well.

Muppets Theory

Nonexponential Relaxation in Terms of Rate Correlation
Functions. Our earlier paper presented the basic theory of the
MUPPETS experiment.3 Here, we review and expand on that
presentation. The formalism deliberately mirrors the approach
used in multidimensional coherence spectroscopies.40 However,
we will not emphasize that analogy here; it will be explored in
more detail in an upcoming paper.41

We are concerned with a time dependent populationP(t), or
more specifically, its deviation from its equilibrium value,δP
) P(t) - Peq. The population can be regarded as the occupation
of a specific state; for current purposes, it can be the ground
electronic state. However, these ideas generalize to any quantity
that represents a quantum mechanical population (as opposed
to a coherence).

The population relaxation is represented by a time dependent
rate

In the case of an exponential decay,k is constant in time and is
the standard rate constant. With a nonexponential decay,k(t)
varies with time. The time dependent rate is an alternative to
describing a nonexponential decay as a sum of exponentials
with different rates and amplitudes. In a heterogeneous sample,
there may be subensembles, each of which has an exponential
rate constantκi. The ensemble averaged rate will have a time

CHART 1: Chemical Structures of the Two Dyes Used
in This Paper

k(t) ) -1
δP(t)

dδP
dt

(1)
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dependent rate as defined by eq 1. However, the time-dependent
rate also describes other situations, for example, the exchange
of molecules between subensembles or cases where the time-
dependence is homogeneous.

The population is perturbed from its equilibrium value by
pulses of light in a manner that is described by a differential
transition operator

where Ej(t) represents the electric field of pulsej, k j is the
correspondingk-vector, r is the spatial position within the
sample, andσg is the absorption cross section from the ground
state to the excited state. This formula neglects the spatial
envelope of the pulses to focus on the grating structure.
Changing a population requires two interactions with the electric
field: the primed and double primed fields in eq 2. This equation
allows for the case where the interactions come from two beams
with different k-vectors. In this case, a population grating is
created.42-44 The negative sign indicates that we are calculating
the ground-state bleach, although it is equally possible to
consider the excited-state population instead.

Once created, the ground-state bleach decays from timet1 to
t2, as described by the time-evolution operatorG(t2, t1). Solving
eq 1 gives

In the last stage of the experiment, the population is measured.
A probe field Epr scatters from the population grating and is
mixed with a local oscillatorELO to create a heterodyned signal

The pointed brackets indicate that the signal is an ensemble
average over the entire sample. It is assumed that the phase of
the local oscillator is set to detect changes in absorption, not in
index-of-refraction. The cross section for excited-state absorption
is σe. Note that excited-state absorption interferes with the
detection step, but not with the excitation (eq 2). This equation
also describes the simple case of detecting changes in the
transmission of a single beam; in that case,kLO and kpr are
identical.

In principle, stimulated emission from the excited-state could
also be included in both the excitation and detection steps. For
simplicity, we assume that the Stokes shift is large enough and

fast enough that this contribution can be neglected. This case
holds reasonably well for the systems examined here.

In addition to its ability to boost signal size and reject
undesirable signals, heterodyne detection is desirable because
it creates a signal that is linear in the population. The signal in
a homodyne experiment is proportional to the square ofδP(t).
If the population decay is nonexponential and contains different
decay components, the square of the decay will also contain
cross terms between each pair of decay components. Thus,
determining the shape of a nonexponential decay is easier with
heterodyne detection.

In a standard, one-dimensional relaxation experiment, there
is a single excitation and a single evolution period; to first order
in perturbation theory, the final population is

If the excitation and probe are separated by a timeτ, the signal
is

where we takePeq ) 1. The probe and local oscillator are simply
described as the second pulse pair 2′ and 2′′, respectively. The
spatial integral has been done and yields the phase matching
condition

Specializing to delta-function light pulses and defining the
integrated “intensity” of a pulse pair as

yields a final expression for a one-dimensional kinetics experi-
ment

This expression applies equally well to the change in
transmission measured in a two-beam pump-probe experiment
or in a four-beam, heterodyne detected transient grating.45,46A
nonexponential signal can arise either from a rate constantk(t)
that is inherently time-dependent before ensemble averaging
(homogeneous relaxation) or from an ensemble average over
different rates (heterogeneous relaxation).

Figure 1. Log of the MUPPETS signals plotted against the sum of the two time periods for (A) pure auramine and (B) a mixture of auramine and
coumarin, each in methanol.3 Both systems show a nonexponential ground-state recovery. Curves for different values ofτ1 do not overlap in the
case of homogeneous dynamics (A), but do overlap in the case of a purely heterogeneous dynamics (B).

dTj(t) ) -σgEj′
/(t)Ej′′(t)exp(i(k j′ - k j′′)‚r ) + c.c. (2)

G(t2, t1) ) exp(- ∫t1

t2 k(t)dt) (3)

S) (σg - σe) ∫ dt dr ELO
/ (t)Epr(t)exp(i(kLO - kpr)‚r )

× 〈δP(t)〉 + c.c. (4)

δP(1)(t1, t2; r) ) G(t2, t1)dT1(t1)Peq (5)

S(τ) ) (σg - σe)σg ∫ dt2 dt1E2′′
/ (t2 - τ)E2′(t2 - τ)E1′′

/ (t1)

× E1′(t1)〈G(t2, t1)〉 + c.c. (6)

k2′′ ) k2′ ( (k1′′ - k1′) (7)

Ij ) ∫ dt Ej′′
/ (t)Ej′(t) (8)

S(τ) ) I2I1(σg - σe)σg〈exp(∫0

τ
k(t′)dt′)〉 (9)
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The approach just used can be easily extended to two
excitations and two evolution periods. In this case, the final
population is

The corresponding phase-matching condition is

Assuming delta-function light pulses with timeτ1 between
the excitations and timeτ2 between the second excitation and
probe, the MUPPETS signal is

The key result is that the MUPPETS experiment measures
the relaxation of each molecule twice over periodsτ1 and τ2

before ensemble averaging. As a result, MUPPETS can distin-
guish between nonexponentiality due to ensemble averaging
from nonexponentiality inherent in each subensemble.

The integral overt′ in eq 12 represents the excitation and
relaxation of a molecule duringτ1; the integral overt′′ represents
a second excitation and relaxation duringτ2. If a molecule has
an inherently time dependent relaxation rate, this time depen-
dence will be exactly the same in the first and second
relaxation: these two relaxations are uncorrelated. On the other
hand, a specific molecule in a heterogeneous sample may have
a rateki that is greater or lesser than the average. This difference
from the average persists over both excitation-relaxation cycles;
the two integrals in eq 12 are correlated. Thus, homogeneous
and heterogeneous sources of nonexponentiality correspond to
uncorrelated or correlated rates in two relaxation periods. A one-
dimensional relaxation measurement can only measure the
ensemble averaged decay. The two-dimensional MUPPETS
experiment is needed to measure correlations in this rate over
time.

Before considering the implication of this result in more detail
in the next subsection, a few comments on the signal amplitude
are in order. We have assumed that excited-state absorption is
followed by very rapid relaxation from the higher excited-state
to the first excited-state and has no other effect on the kinetics.
As a result, excited-state absorption only reduces the size of
the signal and does so to an equal extent in either a one-
dimensional or two-dimensional experiment. When trying to
disentangle heterogeneity using spectral differences between
components, excited-state absorption create more substantial
complications, especially if the excited-state absorption spectrum
evolves after excitation.

MUPPETS is a six-wave mixing experiment, so the size of
the signal is a concern. Comparing eqs 9 and 12, the ratio of
signal size in a MUPPETS experiment to that in a corresponding
pump-probe experiment isIσg. For weak excitation, this is a
factor equal to the fraction of molecules excited by a single
pulse pair. It is common to excite 1-10% of the molecules in
a pump-probe experiment, so the MUPPETS signal will be
reduced from the pump-probe signal by a factor of 10-100.
On allowed transitions, pump-probe signals are easily detected,
so MUPPETS should have a broad range of applicability.

MUPPETS Experiment Is Related to One-Dimensional
Experiments in Limiting Cases. For the remainder of the
discussion, we will neglect the factors that only affect the signal

size and focus on the decay behavior of the MUPPETS and
pump-probe experiment. The signals will be normalized at the
origin, S(0) ) 1 andM(0,0) ) 1. These two experiments are
related in a simple way in certain limiting cases. First we note
that if either of the time periods is set to zero, the MUPPETS
experiment is identical to a one-dimensional experiment without
any further approximations

and

We can precisely define a homogeneous relaxation as one in
which the decay during the first period is uncorrelated with the
decay during the second period. A good example is given by
auramine. Auramine is planar in the ground-state and twists to
a nonplanar conformation in the excited state. The decay rate
is a function of the twist angle, so the decay rate is truly a
function of time after excitation. However, once a molecule
relaxes, it returns to the planar ground state and undergoes
exactly the same sequence of events after a second excitation.
This statement is true whether the first relaxation happened to
occur immediately after the excitation or long after the excita-
tion.

In this case of uncorrelated or purely homogeneous relaxation,
the two-dimensional MUPPETS experiment reduces to the
product of one-dimensional experiments

If the MUPPETS data is considered as a set of decays inτ2

with different values ofτ1, and if each decay is normalized at
τ2 ) 0, then

where the bar indicates a renormalized decay. The MUPPETS
decay inτ2 is the same as the decay in a one-dimensional
experiment and is invariant to the value ofτ1.

The second limiting case is when the nonexponential decay
is solely due to the presence of dynamic heterogeneity. In this
case, the rate is a constant for each subensemble. Furthermore,
that constant is perfectly correlated between the two time periods
of the MUPPETS experiment; if a molecule relaxes rapidly after
the first excitation, it will also relax rapidly after the second
excitation. The heterogeneity need not be permanent: molecules
can exchange between subensembles, so long as the exchange
time is significantly longer than the total range of the MUPPETS
experiment.

This limit leads to

Because this limit arises from a heterogeneous distribution of
exponential decays, we will denote this as the heterogeneous-
exponential case.

The heterogeneous and homogeneous cases become degener-
ate, if and only if, the one-dimensional decayS(t) is a single
exponential. In this case,S(τ1)S(τ2) ) S(τ1 + τ2). The ideas of
homogeneous and heterogeneous relaxation play no role when

δP(2)(t1, t2, t3; r) ) G(t3, t2)dT2(t2)G(t2, t1)dT1(t1)Peq
(10)

k3′′ ) k3′ ( (k2′′ - k2′) ( (k1′′ - k1′) (11)

M(τ1, τ2) ) I3I2I1(σg - σe)σg
2〈exp(- ∫τ1

τ1+τ2 k(t′′)dt′′

- ∫0

τ1 k(t′)dt′)〉 (12)

M(0, τ2) ) S(τ2) (13)

M(τ1, 0) ) S(τ1) (14)

M(τ1, τ2) ) 〈exp(∫0

τ2 k(t′′)dt′′)〉〈exp(∫0

τ1 k(t′)dt′)〉

) S(τ1)S(τ2) (15)

Mh (τ2; τ1) )
M(τ2, τ1)

M(0, τ1)
) S(τ2) (16)

M(τ1, τ2) ) 〈exp(-κi(τ1 + τ2))〉i

) S(τ1 + τ2) (17)
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the one-dimensional relaxation is exponential, and the MUP-
PETS experiment is not useful in this case.

A set of MUPPETS decays inτ2 for specific values ofτ1

can be plotted to test for the heterogeneous limit in the following
way. A time axis ofτ+ ) τ1 + τ2 is used so that each decay is
shifted horizontally by an amountτ1. The signals are normalized
vertically so that the first point matches theτ1 ) 0 decay

If the heterogeneous-exponential limit holds, the curves for
different values ofτ1 should overlap onto a single curve.
Examples of these plots are shown in Figure 1. In Figure 1B,
the curves overlap, showing that the nonexponential decay (from
the dye mixture) is primarily heterogeneous. On the left-hand
side, the curves overlap very poorly, showing that this nonex-
ponential decay (from pure auramine) is not primarily due to
heterogeneity.

A more detailed examination of the auramine data (see below)
shows that it does not fit the purely homogeneous limit (eq 16)
either. We are led to consider a limit in which there are
subensembles that exchange slowly, but in which each suben-
semble may have a homogeneously nonexponential decay. We
call this the heterogeneous-homogeneous limit, and it results
in the following signal for a one-dimensional experiment

and the following MUPPETS signal

with ∑i ai ) 1. The implications of this formula are more easily
seen if the MUPPETS signal is normalized as in eq 16

with ∑i Ai ) 1. The MUPPETS decays inτ2 are a superposition
of the decays of each subensemble, but the contribution of each
subensemble is dependent on the value ofτ1. The relative
contribution of a subensemble decreases asτ1 increases if the
subensemble decaySi(τ) is faster than the ensemble averaged
decayS(τ). On the other hand, the relative contribution of a
subensemble increases asτ1 increases if the subensemble decay
Si(τ) is slower than the ensemble averaged decayS(τ). Thus
the first time period of this MUPPETS experiment acts as a
dynamic filter to remove rapidly decaying molecules. The decay
of this filtered set of molecules is measured duringτ2.

The heterogeneous-homogeneous model is an approxima-
tion. It assumes that the time dependent rate is either fully
correlated or completely uncorrelated between the two time
periods of the MUPPETS experiment. For example, if molecules
exchanged between dynamical subensembles on a time scale
similar to the decay rates within each subensemble, the
heterogeneous-homogeneous model would fail. This model can
be compared to the inhomogeneous-homogeneous model of
line shapes. In that model, the frequency correlation time is

either much faster than or much slower than the phase decay.
As a result, the line shape can be described as an inhomogeneous
distribution of homogeneously broadened lines. That model fails
when spectral diffusion is fast enough to cause partial motional
narrowing. This analogy will be developed in detail in a future
publication.41

Optical Design

MUPPETS is aø(5) nonlinear process using five excitation
fields to produce the signal. Unlike manyø(5) experiments, all
interactions are resonant with a strong transition. As a result,
neither absolute signal size nor cascaded processes are major
problems. The experimental design is driven by the need to
reject potentially strongerø(3) processes.

In principle, the MUPPETS experiment could be done with
each pair of interactions (1′/1′′, 2′/2′′ and 3′/3′′) coming from a
single beam. The phase-matching in such a three-beam config-
uration provides no discrimination againstø(3) processes. Careful
subtraction routines to isolate the desired signal are needed in
this case.24

By using a six-beam configuration and more complex phase-
matching conditions, we isolated the desiredø(5) MUPPETS
signal from other competing processes. The resulting six-beam
MUPPETS experiment can be viewed as a high-order extension
of the heterodyne detected transient-grating experiment.45,46We
have adopted a diffractive-optics approach to provide passive
phase stabilization.45-55 Our extension of this approach from
four to six beams required the resolution of three major
problems: design of a phase-matching pattern, correction of
spherical aberration and elimination of single-beam bleaching
effects. A schematic of the final optical setup is shown in Figure
2.

The phase-matching pattern chosen is shown in Figure 2. Each
excitation wavevector (k1′-k1′′ andk2′-k2′′) is only half the length
of the detection wavevector (k3′′-k3′). Thus detection of processes
involving only a single excitation are not phase matched. The
symmetry pattern-reflection symmetry about the diagonals, but
not about the vertical and horizontal axes-is important. It creates
good phase matching for processes combining a 1 and 2
excitation, but poor phase-matching for double interactions of
1 and 1 or 2 and 2. The principles of the design process will be
discussed in a future publication.

The phase-matching pattern is also designed so it can be
generated from two standard transmission gratings (G1 and G2,
INO optics), rather than a custom designed diffractive optic.
The first grating (G1) serves primarily as a beam splitting
mechanism. The region before G2 is not phase sensitive. Placing
the delay lines between gratings G1 and G2 means that they do
not need to be phase-stable delays. It also makes simultaneous
scanning of the pulse pairs easy.

The silica gratings are identical with 96 g/mm, producing a
full angle of 4.4° between the(1 diffraction orders. The groove
shape and depth are optimized to yield three equal intensity
beams corresponding to 0 and(1 diffraction orders. Ap-
proximately 10% is lost to higher orders. The L1-G1 distance
is slightly less than the L1 focal length (fl) of 200 mm. Grating
G1 is imaged onto the sample, so moving L1 adjusts the size
of the beam both on G1 and at the final crossing point in the
sample.

Lenses L2 (175 mm fl) and L3 (150 mm fl) image G1 onto
G2. The grooves of G2 are oriented at 90° relative to those of
G1, yielding a pattern of nine beams. This pattern is masked
(M1) to give the final six-beam phase-matching pattern. The

Mh het(τ+; τ1) )
M(0, τ1)

M(τ1, 0)
M(τ1, τ+ - τ1)

) S(τ+) (18)

S(τ) ) ∑
i

aiSi(τ) (19)

M(τ1, τ2) ) ∑
i

aiSi(τ2)Si(τ1) (20)

Mh (τ2; τ1) ) ∑
i

Ai(τ1)Si(τ2)

Ai(τ1) ) ai

Si(τ1)

S(τ1)
(21)
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pattern is slightly rectangular, because L2 and L3 are not
identical, but this feature is not important. Each time-coincident
pair of pulses in the final pattern is derived from a single beam
coming from grating G1 and can be scanned by a single delay
line. Delay lines D1 and D2 were varied to produce the times
τ1 and τ2, respectively. Reflective prisms P1-P3 could be
removed for initial alignment of the experiment and then
reinserted to introduce time delays.

The beam pattern emerging from G2 must be reimaged onto
the sample. An often unstated issue in using diffractive optics
is that the imaging system between the optic and the sample
must have near diffraction limited performance not just over
the diameter of one beam but over the entire aperture covered
by the beam pattern. Reflective paraboloids are popular in
diffractive-optics schemes because of their low chromatic
dispersion and negligible spherical aberration. However, pa-
raboloids have high coma, distort out-of-plane polarizations, and
produce cramped set-ups due to the need for folded geometries
and small apertures.

We have chosen to use lenses to avoid these problems. Lenses
L5 and L6 have 4 in. diameters and 500 mm focal lengths. As
a result, the beam separations are large in the region between
these lenses (e.g., 25 mm from 1′ to 1′′). These large separations
give flexibility in adding optics in this region to manipulate
each of the six beams individually.

With singlet lenses, spherical aberration is the dominant
aberration and is problematic, even with long focal length lenses.
In the four-beam transient grating experiment, a square pattern
with each beam equidistant from the centers of the lenses is
normally chosen. Each beam experiences exactly the same
spherical aberration, so no correction for this aberration is
needed in the four-beam experiment. However, in the six-beam
MUPPETS experiment, spherical aberration is unavoidable. A
beam pattern sufficiently symmetric to avoid spherical aberration
will not discriminate against allø(3) processes.

To deal with the problem of spherical aberration, we have
introduced two meniscus lenses (L4 and L7) approximately half
way between the collimating lenses and their foci. These lenses
create a negative spherical aberration to compensate the normal
aberrations in the other lenses. Small movements of these lenses
along the beam direction (d1 and d2) vary the total aberration
of the system continuously. The beam pattern at the sample is
magnified onto an inexpensive camera to provide a direct
diagnostic for this adjustment.

Another issue with lenses is that the group delay for different
beams is not identical. When the aberrations are corrected, the
phase delay between the object at G2 and the image at S is
guaranteed to be identical for all the beams. However, beams
passing through the lenses at different radial distances pass

through different amounts of glass and have different group
delays. Thus, pulses pairs 1′-1′′ and 2′-2′′ do not have identical
arrival times. Thin silica plates (ESCO Products) were intro-
duced between L5 and L6 to correct for the delay differences.

Phase stability is only required within the pairs of excitation
and detection beams but is not needed between pulse pairs. As
a result, only the area between G2 and the sample S needs to
be phase-stable. The entire setup is on a vibration isolated table
with laminar air flow, and the region between G2 and S is
enclosed to exclude air currents. No active phase stabilization
is used.

A disadvantage of the diffractive-optics approach to hetero-
dyne detection is that the strength of the local oscillator is altered
by the bleaching of the sample by each, individual excitation
beam. A chopper placed in beam 1′ combined with lock-in
detection eliminates the single-beam bleaching effects due to
all beams except 1′. Solutions have been proposed to deal with
this remaining artifact: a separate optical stage to generate the
local oscillator49 or displacing the local oscillator at the sample
and re-establishing overlap with the signal at the detector.

We have devised a relatively simple solution based on
balanced detection of the probe (3′) and local oscillator (3′′)
beams. Each beam is detected on a matched photodiode (PD1
and PD2) and the signals are subtracted using the difference
inputs of the lock-in amplifier. A variable neutral density filter
(VND) is used to zero the signal in the absence of a MUPPETS
signal (e.g.,τ2 < τ1 ) 0). Any bleaching of the sample affects
both beams equally and cancels in the difference measurement.

Ogilvie et al. have shown that if the intensities of the probe
and local oscillator are exactly matched at the sample, then only
the refractive portion of the final grating contributes to the
signal.47 In a future publication, we will discuss the converse
case: if the probe is much weaker than the local oscillator at
the sample, then only the absorptive component of the grating
is detected.56 We use this method in the current experiments.

The condition for detecting absorptive signals was created
by putting a neutral density filter (ND1) in beam 3′ before the
sample. The variable neutral density filter VND rebalanced the
intensities of 3′ and 3′′ at the detectors. A similar blank glass
plate (ND0) in beam 3′′ matched the travel time of 3′ and 3′′.
This plate was also rotated to vary the phase of the local
oscillator.

Experimental Details

The pulse entering the experiment was the frequency doubled
output (398 nm) of a 1 kHz amplified Ti:sapphire laser with a
pulse width of 40 fs. Dispersion in the optics led to a pulse
width of approximately 200 fs at the sample. Because this width

Figure 2. Schematic of the optical setup used in the MUPPETS experiments. Phase-stability is required in the region indicated by the box. The
beam patterns are shown in the inset circles. L1-7, lenses; G1 and G2, gratings with grooves oriented in perpendicular directions; P1-3, reflective
prisms that can be moved in and out of the beams to engage delay lines D1-3; M1-2, masks; C, chopper; ND0-1, neutral density filters; VND,
variable neutral density filter; S, sample; PD1-2, matched photodiodes; and A-B, difference inputs of a lock-in amplifier.
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is much smaller than the measured decay times, no effort was
made to compensate the dispersion.

The input pulse had energy of 2.5µJ. Higher energies
produced spectral broadening as the pulse passed through grating
G1. At the sample, each excitation beam and the local oscillator
had energies of 0.25µJ. The energy of the probe beam (3′)
was ten times lower at the sample. The beams had 200µm
diameters at the sample.

The samples were contained in a 1 mmpath length silica
cuvette. Both samples consisted of methanol solutions with the
concentrations adjusted to produce an absorbance of 0.5 at 400
nm: 0.4 mM in the pure auramine sample and 0.17 mM
auramine plus 0.14 mM coumarin 102 in the mixed sample.
With the beam intensity used, the bleaching by a single
excitation beam in the auramine sample was 2%.

The photodiodes PDA and PDB were used in photoconductive
mode with a common voltage source. The photodiodes were
unamplified and had carefully matched RC time constants. The
signals from the detectors were subtracted using the difference
inputs of the lock-in amplifier. A synchronized chopper blocks
every other pulse in beam 1′. Scans of the lock-in signal were
collected with ND0 rotated to produce the maximum signal and
the minimum signal. Subtraction of these two scans produced
the final result.

Pure Auramine and the Decomposition of MUPPETS
Data into Subensemble Decays

Qualitative Assessment of the Auramine Results.MUP-
PETS data from the pure auramine solution are shown on the
left of Figure 1. The decays are clearly nonexponential with a
slow initial rate evolving into a more rapid exponential tail at
long times. This plot is designed to detect pure heterogeneous
broadening (eq 18), and it shows that auramine’s nonexponen-
tiality is not primarily due to sample heterogeneity. This result
is entirely expected from the proposed mechanism in which the
electronic relaxation rate increases as the molecules twists in
the excited state.

This mechanism predicts that the nonexponentiality is purely
homogeneous. In that case, the three curves should overlap
perfectly in the plot shown in Figure 3 (eq 16), and they do
not. Using the idea that increasingτ1 filters out the effect of
rapidly decaying molecules, it appears that the sample has some
degree of dynamic heterogeneity. The decay slows asτ1

increases. However, even whenτ1 ) 20 ps, nonexponentiality
remains forτ2 < 10 ps. Thus, each dynamic subensemble must
have a homogeneous nonexponential decay. The simplest model

consistent with the data is a two-component (fast f and slow s)
heterogeneous-homogeneous model

with af + as ) 1.
Moving beyond this qualitative assessment and developing

a quantitative interpretation of the data presents a challenge.
Two functions of undetermined form,Sf andSs, are needed to
fit the data. The proposed mechanism provides little guidance:
the form of the torsional potential and the dependence of the
rate on torsional angle are not well understood and not easily
reduced to a fitting function.

One could guess at empirical model functions forSf andSs

and hope to find an adequate fit. However, there is no guarantee
that this strategy will work. Moreover, even after finding one
fit, one does not know how much flexibility there is in the result.
For example, assume that a fit is found in whichSf andSs have
different shapes. Is this difference a requirement of the data, or
could they have similar shapes if a different model function
were assumed?

This section of the paper demonstrates a different approach.
MUPPETS data can be used to derive experimental decays for
Sf and Ss without a priori assumptions on the forms of these
decays. Being experimental results, these decays retain noise.
One can legitimately ask questions such as the following: do
Sf andSs differ in shape by more than the experimental error?

Model-Free Decomposition of MUPPETS Data.We as-
sume that there are two dynamical subensembles (eq 22) and
that we have collected MUPPETS curves alongτ2 for at least
three values ofτ1: τ°1, τ′1, and τ′′1. For convenience in the
discussion, we take these times to be in the temporal order listed,
although this order is not essential.

We begin by considering just the first two curves atτ°1 and
τ′1. The fast component should contribute more to the first
decay, and the slow component more to the second decay. After
normalizing the MUPPETS data according to eq 16, a trial result
for Sf is obtained by subtracting a fractionf ′1 of the later decay
from the earlier one

Similarly, a trial result forSs is obtained by subtracting a fraction
f ′2 of the earlier decay from the later one

The two parametersf ′1 and f ′2 are initially arbitrary. Certain
basic physical constraints apply:Sf and Ss should not be
negative and should decay, not rise with time. (This assumption
is reasonable for the current system, but for other systems
different constraints may be appropriate.) More importantly, the
heterogeneous-homogeneous approximation (eq 22) implies a
constraint on these two parameters and the functions derived
by using them

Thus, one obtains a one-dimensional range of self-consistent
parameter pairs (f ′1, f ′2) and associated decay functions.

This procedure is repeated on a second pair of MUPPETS
decays atτ°1 andτ′′1

Figure 3. MUPPETS data on pure auramine in methanol normalized
according to eq 16. The curves should overlap if the nonexponential
decay is purely homogeneous. The solid curves are fits to a model
with two components, each with a homogeneous nonexponential decay
(eqs 22 and 31). See Figure 6 for parameters.

M(τ1, τ2) ) afSf(τ1)Sf(τ2) + asSs(τ1)Ss(τ2) (22)

S′f(τ2) )
Mh (τ2; τ°1) - f ′1Mh (τ2; τ′1)

1 - f ′1
(23)

S′s(τ2) )
Mh (τ2; τ′1) - f ′2 Mh (τ2; τ°1)

1 - f ′2
(24)

f′2
S′s(τ′)
S′s(τ)

) 1
f ′1

S′f (τ′)
S′f (τ)

(25)
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However, the parametersf ′′1 and f ′′2 are not arbitrary. They
are fully determined by two conditions: the amplitudesas and
af derived from each pair of times,τ°1/τ′1 andτ°1/τ′′1, must be the
same,a′s ) a′′s and a′f ) a′′f, and the values of the extracted
components must be the same atτ°, S ′f (τ°) ) S ′′f (τ°) and
S ′s (τ°) ) S ′′s (τ°). These conditions yield the following formu-
las:

We now have a set of possible decompositions of the data
that can be described by a single parameter,f1; all other
parameters are determined by self-consistency requirements (eqs
25 and 28-30). These equations guarantee that the component
decays extracted from each pair of MUPPETS decays match at
a single point in time; they do not guarantee that the component
decays will match at every time. Requiring that the two
determinations each yield the same decays allows one to
uniquely determine the best decomposition of the data.

This procedure was used on the pure auramine data (Figure
3). Three possible solutions are shown in Figure 4. The
component decaysSf andSs determined from theτ1 ) 0 and
10 ps data are shown in red; the decays determined from theτ1

) 0 and 20 ps data are shown in blue. Iff1 is too low (Figure
4A), Ss has a physically unrealistic rise at early times. Iff1 is
too large (Figure 4C),Sf(τ) is not consistent between the two
determinations. Thus, we are led to a single optimum value of
f1 ) 0.43( 0.03, and a unique decomposition of the MUPPETS
data into two heterogeneous decay components. This value of
f1 implies that the relative amplitudes of the two components
areaf ) 0.75 andas ) 0.25.

This procedure does rely on the assumption that there are
exactly two components. However, this assumption is disprov-
able. If there is only one component, the procedure will either
yield Sf(τ) ) Ss(τ) or it will set the amplitude of one component
to zero. If there are three sufficiently different components, no
fully self-consistent solution will exist. Of course, if two of these
three components are sufficiently similar in shape and decay
time, they may not be resolvable within the experimental noise.

A common simplification in modeling nonexponential decays
is that all the component decays have similar shapes. In other
words, all decays can be superimposed onto a single master
function by stretching or compressing the time scale,S(τ) )
Sf(τ/τf) ) Ss(τ/τs). This simplification has not been imposed in
the decomposition of the MUPPETS data. Rather this idea can
be tested from the experimental results.

This test is done on the auramine results in Figure 5. The
two determinations of each decay function have been averaged,
and then the time scales and relative amplitudes of the fast and
slow decays have been scaled to match the two decays at long
time. Nonetheless, the two curves differ at early times. This
difference in shape is outside the scatter of the data. It is an

experimental finding, not an artifact of the assumptions used
in the fitting.

Quantitative Fitting of the Auramine Data. In the previous
subsection, MUPPETS data were deliberately analyzed without
selecting an analytical model function to describe the component
decays. However, now that the analysis is complete, it is
convenient to develop such a description. Inspection of Figures
4 and 5 show that the decays are exponential in the tail and
relatively flat in the beginning. Moreover, the extent of the flat
initial portion differs between the fast and slow components.

A model function based on the hyperbolic secant

has proven sufficient to fit the component decays. At long times,
this function approaches an exponential decay with a time
constant ofτi. The parameterâi determines how far the slow
region at the beginning of the decay lasts. Figure 6 shows fits
to this function. From these fits, the limiting time constants are
in a ratio of 0.6. As expected, the shapes of the decay differ:
âf ) 1.1, butâs ) 1.7.

To double check the quality of these fits, the results can be
compared to the original MUPPETS data using eq 22. The
results are shown in Figure 3. There is no further adjustment of
parameters at this point. The agreement with the data is good,
as expected. A careful examination of the first 1.5 ps of theτ1

) 0 data shows a small and very rapid decay component that
is not present in the other curves and does not fit the model.
Because it is too small to characterize accurately, we have
simply left this feature out of our fitting by only using times
greater than 1.5 ps in analyzing the data.

The fits to the component decays can also be used to derive
time dependent relaxation rates for each subensemble of
auramine, as defined in eq 1. These curves are shown in Figure
7. The time dependent rates should be more closely related to
the time dependent torsional angle in auramine; the rate should
be a product of the angle and the angle dependent electronic
coupling. The long time value of the rate should be the rate at
the equilibrium torsional angle in the excited state.

These results give some information on the nature of the two
subensembles. One can envision two ways that the torsional
motion could be modified. In one case, the electronic structure
of the auramine, that is, the shape of the torsional potential and
the nonradiative rate as a function of torsional angle, are
constant, but the torsional motion is slowed due to purely
mechanical reasons. An example germane to auramine in
methanol is solvent attachment by hydrogen bonding. Even
without any changes in the torsional potential, the increased
viscous drag would slow the torsional motion. A similar process
is known to slow the rotation rate of some dye molecules in
alcohols,57,58and auramine has several potential hydrogen-bond
accepting sites.

If there were no differences in the electronic structure of the
two subensembles, the internal conversion rates at long times
should be the same; the subensembles would only differ in the
time it takes to reach the long time rate. This case does not
match the experimental results. Figure 7 shows that the final
rates are substantially different. Either the minimum of the
torsional potential is shifted to a larger angle in one of the
subensembles, or the internal conversion rate at the minimum
is increased in one of the subensembles.

Solvent attachment by hydrogen bonding does not typically
cause strong changes in electronic structure as indicated by the
data.57 A mechanism more likely to cause strong perturbations

Si(τ) ) sechâi( τ
âiτi

) (31)

S′′f (τ2) )
Mh (τ2; τ°1) - f ′′1 Mh (τ2; τ′′1)

1 - f ′′1
(26)

S′′s (τ2) )
Mh (τ2; τ1′′) - f ′′2 Mh (τ2; τ°1)

1 - f ′′2
(27)

f ′′1 ) f ′1 +
f ′1 f ′2 Q

1 - f ′1 f ′2
(1 - f ′1) (28)

f ′′1 f ′′2 ) Q f ′1 f ′2 (29)

Q )
S′s(τ′)S ′f (τ′′)
S′s(τ′′)S ′f (τ′)

(30)
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is ion-pairing. Different resonance structures of auramine place
the positive charge at different places in the molecule. An anion
near the central nitrogen would greatly stabilize resonance
structures with change on the central nitrogen (as shown in Chart
1) and thereby alter the overall electronic structure of the
auramine.

No kinetic measurement by itself is definitive on the question
of molecular structure. Further experiments are needed to settle
the nature of the difference in the two kinetic subensembles.
However, these arguments show that the existence of such
subensembles is not only plausible but that they are expected
to occur in at least some systems. MUPPETS can not only detect
these subensembles, but can also determine important properties
of them.

Auramine-Coumarin Mixture and the Effect of Rotation
in MUPPETS

Qualitative Assessment of the Dye-Mixture Results.Cou-
marin and auramine have strongly overlapping absorption
spectra, but whereas auramine has a nonexponential excited-
state relaxation that is essentially complete within 30 ps,
coumarin 102 in methanol has an exponential excited-state
relaxation with a 4.7 ns time constant.59 The mixture of the
two should show a strong dynamic heterogeneity, and this
expectation is confirmed in Figure 1B. With the parameters of
the auramine decay derived in the last section and the known
behavior of coumarin, it should be possible to quantitatively
predict the MUPPETS data from the mixture.

There is one complication. The MUPPETS data on the
mixture are replotted againstτ2 in Figure 8. Theτ1 ) 0 decay
is strongly nonexponential because of the dynamic heterogene-
ity. As τ1 increases, the contribution of the fast relaxing auramine
is filtered out, and the long decay of the coumarin becomes
more dominant. Whenτ1 ) 30 ps, the auramine decay, which
is essentially complete by this time, should be completely
eliminated, but the data still show a rapid decay component.

However, rotation of the coumarin molecule is also expected
to be on the tens-of-picosecond time scale. The next subsection
discusses the role of rotation in MUPPETS in general. The
following subsection shows that rotation accounts for the
residual fast dynamics seen atτ1 ) 30 ps in Figure 8.

Effect of Molecular Rotation in MUPPETS. In one-
dimensional measurements of electronic-state populations, the
signal is affected by rotation in a manner that depends on the
relative polarization of the pump and probe excitations

Figure 4. Individual decay componentsSf (lower) andSs (upper) extracted from the MUPPETS data on pure auramine (Figure 3) for different
assumed values off ′1. The red data is determined from theτ1 ) 0 and 10 ps data; the blue data from theτ1 ) 0 and 20 ps data. (B) is the correct
fit. In (A), Ss initially rises instead of decaying; in (C), the two determinations ofSf do not agree.

Figure 5. Comparison of the shapes of the fast (Sf, blue) and slow
(Ss, red) components of the auramine decay. These decays have been
scaled in amplitude and in time (τf ) 4.9 ps,τs ) 8.0 ps) to match the
later parts of the decays. A difference in the shape of the early portions
of the decays is evident.

Figure 6. Fits to the fast and slow components of the auramine
electronic-state relaxation. The points are averages of the two deter-
minations ofSf (blue) andSs (red) shown in Figure 4B. Fits to eq 31
are shown as solid curves:τf ) 4.9 ps,âf ) 1.1,τs ) 8.0 ps,âs ) 1.7.

Figure 7. The time dependent electronic relaxation rates for the fast
(red) and slow (blue) subensembles of auramine derived from the fits
in Figure 6 and eq 1.

S||(τ) ) (1 + 2r(t))S(t) (32)

S⊥(τ) ) (1 - r(t))S(t) (33)
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where the signal isS||(t) in the case of parallel pump and probe
polarizations, the signal isS⊥(t) in the case of perpendicular
polarizations, and the signal isS(t) in the rotationally averaged
case. The rotational dynamics are governed by the anisotropy
r(t). Even in the absence of heterogeneity, the signal contains
at least two decay components, corresponding to the orientation
and population relaxations. (The anisotropy decay itself can be
nonexponential, but a single exponential is often an adequate
approximation.) In a MUPPETS experiment, does this two-phase
decay behave homogeneously or heterogeneously?

If rotation is independent of the electronic dynamics, but each
component of the system is allowed to have different rotational
dynamics, then the MUPPETS signal with all polarizations
parallel is

whereMi(τ1,τ2) is calculated without including rotation. Through
a detailed calculation described in the Supporting Information,
the rotational effect is found to be

Combining the homogeneous-heterogeneous approximation (eq
20) with eqs 32-35 gives

in terms of the one-dimensional signals with parallel polarization
Si,|| and without rotational effectsSi.

When the rotation is slower than the electronic relaxation,
rotation has no effect on the MUPPETS signal. In this case,
S||(t) approachesS(t), r(t) is approximately one, and eq 36
reduces to eq 20. This case applies to auramine. Rotation times
of molecules similar to auramine are all greater than 85 ps in
methanol,60 which are times that are slower than its electronic
relaxation. Thus, the neglect of rotation in analyzing the pure
auramine results is justified.

The opposite limit is when the rotation is faster than the
electronic relaxation. In this case, the effect of rotation is split
into an apparently homogeneous part and an apparently het-
erogeneous part. In the second term of eq 36, the electronic
relaxation can be neglected,S(t) ≈ 1, leading to

In the first summation of eq 37, the decay due to rotation
and due to electronic relaxation are not separated;S||(t) behaves
as a homogeneous, nonexponential decay. In the second term,
the rotational anisotropy behaves as like a separate heteroge-
neous contribution to the overall MUPPETS decay.

Although the nonexponential decay due to rotation has both
homogeneous and heterogeneous properties, in practice the
homogeneous properties dominate. This idea is illustrated in
Figure 9, which shows calculations of individually normalized
scans at fixed values ofτ1. In eq 36, a single component has
been assumed with its rotational and electronic relaxations each
taken to be a single exponential with time constantsτr ) 20 ps
andτe ) 4.7 ns respectively. (These values match the ones used
for coumarin in the next subsection.) On the time scale in the
figure, the electronic relaxation is essentially constant. The one-
dimensional signalS||(t) for this system is a biexponential. The
MUPPETS signal is also nonexponential. Asτ1 increases, the
amplitude of the fast rotational component of the decay
decreases slightly, reflecting a slight filtering of the rotational
component, as if it were another component in the system.
However, this effect is very slight. (Note the linear scale in
Figure 9 compared to the log scale in most of the other figures.)
To a good approximation, the MUPPETS experiment does not
separate a fast rotation from a slow electronic decay of the same
molecule.

Figure 8. (A) MUPPETS data from a mixture of coumarin and
auramine in methanol (noisy colored curves) and fits (smooth black
curves). For small values ofτ1, the decay is a combination of the decays
of both dyes. Asτ1 increases, the fast auramine decay is eliminated,
leaving only the coumarin decay. The coumarin decay itself is biphasic,
consisting of a fast rotation and a slow electronic relaxation. (B) The
three component decays contributing to the mixture: the fast (Sf) and
slow (Ss) auramine components and the coumarin component (Sc), as
derived from the fits in (A).

M||(τ1, τ2) ) ∑
i

Ri(τ1, τ2)Mi(τ1, τ2) (34)

R(τ2, τ1) ) 1 + 2r(τ1) + 2r(τ2) + 55
7

r(τ1)r(τ2) (35)

M||(τ2, τ1) )

∑
i

ai(Si,||(τ2)Si,||(τ1) +
27

7
ri(τ2)Si(τ2)‚ri(τ1)Si(τ1)) (36)

Figure 9. A model calculation of the effect of rotation in MUPPETS.
The signal is calculated (eq 36) for a single component with an
electronic relaxation time much longer than its rotational time (τr )
20 ps andτe ) 4.7 ns). All polarizations are parallel. The nonexponential
decay caused by rotation is only slightly affected byτ1. The rotational-
electronic decay nearly behaves like a single homogeneous process.

M||(τ2, τ1) ≈ ∑
i

aiSi,||(τ2)Si,||(τ1) +
27

7
∑

i

airi(τ2)ri(τ1)

(37)
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Fitting MUPPETS Data from the Coumarin-Auramine
Mixture. These ideas were used to understand the data taken
in a mixture of coumarin and auramine in methanol. The data
were fit as a mixture of three components: a fast and a slow
auramine component,Sf andSs, and a coumarin component with
electronic decaySc and anisotropyrc. The auramine components
were described by the fits to the pure auramine sample (Figure
6A). Rotation was included for the coumarin, but neglected for
the auramine. Coumarin’s rotational and electronic relaxation
were each described by a single exponential. The electronic
relaxation time of coumarin 102 is known to be 4.7 ns.59 Only
the coumarin rotation time and the ratio of the auramine and
coumarin contributions to the signal needed to be adjusted.

The fits in Figure 8A are quite good. The rotation time of
coumarin is 20 ps and the fraction of the signal due to coumarin
is 4.5%. (Because the signal size is affected by both the ground-
state and excited-state absorption cross sections, the relative
signal size is not simply related to the relative concentrations.)

The success of the fits confirms that the rotational motion is
being treated correctly. The components of the fits describing
the three main contributions to the signal:Sf, Ss, andS||,c; are
shown in Figure 8B. Asτ1 increases, the auramine contributions
are eliminated, leaving only the coumarin rotation-electronic
decay atτ1 ) 30 ps. Atτ1 ) 30 ps, a fast decay component
remains due to the rotational motion of the coumarin.

Summary and Conclusions

This paper has looked at the analysis of MUPPETS data.
Although the systems were chosen for demonstration purposes,
they displayed a number of complicated features: short-lived
dynamical subensembles, subensembles with only modestly
different average rates, component decays that are nonexpo-
nential and have different shapes in different subensembles,
decays that combine rotation, and electronic relaxation. Despite
these complications, the MUPPETS experiment was able to
extract the relaxation properties of each subensemble uniquely.

The difference between homogeneous and heterogeneous
relaxation was related to time-correlations of a time-dependent
rate. Whereas standard one-dimensional experiments measure
the ensemble average of this time-dependent rate, a two-
dimensional experiment such as MUPPETS is needed to
measure its correlations. More specifically, we showed that the
first time period in MUPPETS acts as a dynamical filter to
remove fast relaxing molecules from a subsequent relaxation
measurement in the second period.

To execute these two-dimensional, heterodyne detected
experiments, a diffractive-optics setup was developed. The
concept is based on diffractive-optics schemes for four-beam
transient-grating experiments, but several innovations were
needed for the six-beam MUPPETS experiment: continuously
adjustable spherical aberration, balanced detection of the probe
and local oscillator, and phase-matching patterns based on
superimposing the images of multiple linear gratings.

The paper then looked at the quantitative analysis of the
resulting MUPPETS data. In particular, we showed that it is
not necessary to know the form of the decay within each
subensemble. We did not assume that the subensembles have
exponential decays nor even that they have similar decay shapes.
Nonetheless, individual decays for each subensemble can be
extracted from the MUPPETS data. This “model-free” analysis
was demonstrated on the two auramine components. However,
the method can be extended to any number of components, so
long as their decay times differ sufficiently. In the auramine

case, the ratio of decay times was 1.6, and the two components
were easily separated. Even smaller ratios should be distinguish-
able.

Although the main focus of the paper was the development
of the technical aspects of MUPPETS, new information on
auramine emerged naturally from the data analysis. Before the
MUPPETS experiment, it was not suspected that auramine was
dynamically heterogeneous. In hindsight, there are plausible
sources of transient heterogeneity, including solvent attachment
or ion pairing. Van der Meer, Zhang, and Glasbeek previously
found that the shape of the auramine decay is sensitive to the
solvent, an observation that is consistent with a changing the
ratio of the different dynamical species involved.37 However,
using only conventional experiments, it would be difficult to
make a compelling case for dynamical heterogeneity.

Quantitative analysis of the MUPPETS data showed that two
distinct subensembles were involved. These subensembles not
only have different average electronic-relaxation times but also
have different decay shapes. We suggested that ion-paired and
nonpaired molecules are the origin of the two subensembles.

The last portion of the paper looked at the effect of
MUPPETS on the two-phase, rotation/electronic relaxation
typically seen in pump-probe measurements of solutes in
liquids. To a very good approximation, the rotation and
electronic relaxation decays of a single molecule are not
separated in a parallel-polarization MUPPETS experiment.
These predictions were confirmed by quantitative fits to
MUPPETS data in a mixture of auramine and coumarin 102.

The current experiments can be straightforwardly extended
in a number of directions. By using different frequencies for
the different excitations and for the probe, MUPPETS can be
applied to molecules with multiple states involved in the
relaxation pathway. By combining the spectral resolution of
different transitions with the dynamical resolution of MUPPETS,
complex relaxation mechanisms can be unraveled. Alternatively,
the different beams can be given different polarization. It should
be possible to decompose dynamic heterogeneity in rotational
motion as well as in electronic relaxation. Finally, additional
time periods can be added to create three, or even higher,
dimensional MUPPETS experiments. For example, experiments
to measure the exchange time between different dynamical
subensembles can be envisioned. The results of this paper help
to lay the foundations for these future developments.
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