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A new multidimensional spectroscopy (MUPPETS) was recently introduced (van Veldhoven, E.; et al.
ChemPhysChen2007, 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 or local structures in materials such as supercooled licuids,

A single-exponential decay is the simplest and most common polymers or bilayers.
form for many different relaxation processes in many different ~ Single-molecule spectroscopy can be a powerful tool in these
systems. However, in complex systems nonexponential decayscircumstance8.However, no more than one photon can be
are also frequently found. An easy explanation of the nonex- collected for each relaxation cycle of a single molecule, and
ponentiality is that the sample consists of two or more Many photons are needed to measure an instantaneous rate. As
subensembles, each with an exponential decay but each with & result, single-molecule spectroscopy is restricted to relatively
different rate. In other words, the sample is dynamically long-lived heterogeneities.
heterogeneous? On the other hand, it is possible to devise On the other hand, one cannot always assume that a
plausible mechanisms in which the first part of the decay occurs nonexponential relaxation is caused by heterogeneity. For
at an inherently different rate than later portions. Because eachexample, a molecule in an excited electronic state can undergo
individual molecule undergoes the same nonexponential relax- conformational relaxation or solvation following excitation. If
ation, such mechanisms can be called dynamically homoge-these processes change the decay rate of the excited state, the
neous. In conventional experiments that use only one time rate is inherently time-dependent. The same nonexponential
dimension, these two types of nonexponential decay cannot bedecay would be observed for every individual molecule in the
distinguished. This paper develops the analysis of a new two- sample. Another example is rotation of a solute in a locally
dimensional experiment that discriminates between these dif- structured material, such as a micelle. The solute can wobble
ferent causes of nonexponential relaxafion. rapidly through a small cone of angles relative to the local

Why is a new experiment needed? In favorable situations, micelle structure, but complete reorientation requires diffusion
heterogeneity can be detected by characteristics independent o the solute around the micefeThe same two phases of
the relaxation itself: different chemical species can be physically relaxation occur for every solute molecule.
separated, or different dynamic subensembles may have distinct Thys, when confronted with a nonexponential decay two
spectra. Yetin many situations, dynamic heterogeneity is more qestions must be answered: Is the decay homogeneous or

difficul_t to detect. The different subensembles may exchange heterogeneous? And if the decay is heterogeneous, what are
on a time scale slower than the observed relaxation processne relaxation properties of each individual component?

but still fast enough to frustrate physical separation, or the

subensembles may not have distinguishable spectra. Examples u\é\giiéﬁzerx%éﬂtwgz;&dulz qsvéspﬁ:;%%hptec:igg_sr\:fr:ls?gnihese
of these difficult-to-measure heterogeneities include protein q ’ P P

1015 o .
substate4, DNA conformations® solvent-solute complexes, Spectroscopy (MUPPETS;)' Itis a type of two-dimensional
spectroscopy in which relaxation during different time periods
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CHART 1: Chemical Structures of the Two Dyes Used Each of these systems has a nonexponential decay, but they
in This Paper behave in a qualitatively different manner in a MUPPETS
CHj experiment (Figure 1). In a system where the nonexponential
N (HsC)oN ] N(CHa), decay is solely due to heterogeneity, the MUPPETS signal
O cl O measured for different values of the first delay timeshould
N o” "o ” overlap onto a single curve if they are plotted as a function of
NH,* the sum of the first and the second delay timgst 2. Such

plots are shown in Figure 1 for the MUPPETS data from the
two systems just described. As expected, the MUPPETS data

the oscillation of coherences. MUPPETS answers the following SNoW that the nonexponential decay in the dye mixture is
question: If a molecule relaxes more rapidly than the average Primarily due to heterogeneity, whereas the decay of nonexpo-
after one excitation, will it also relax rapidly after a second Nential decay in auramine is not. o
excitation? If the decay is heterogeneous, the answer will be  The purpose of this paper is to go beyond these qualitative
yes. If the decay is homogeneous, the answer will be no. The conclusions and develop methods for the quantitative analysis
determination of dynamic heterogeneity is made only on the of MUPPETS experiments, using the data shown above as
basis of the relaxation itself; no associated spectral changes aré*@mples. Two significant issues arise. The auramine decay is

required. The heterogeneity only needs to have a lifetime longer Primarily homogeneous but also shows some evidence of
than the relaxation process being measured. 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
uniguely from the MUPPETS data alone. We will present a
guantitative 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 pumfprobe 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.

Coumarin 102 Auramine

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
statest®1” Schwartz has used multiple pulses to manipulate
electron-transfer processtsShen has separated ground-state
and excited-state reorientation tim€sind a number of people
have used multiple excitations to identify intermediate states
in electronic relaxatiof%2°

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 Fraunfeld€rand elaborated by several
other$ 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- Nonexponential Relaxation in Terms of Rate Correlation
copy and to generalize to a wide range of systems. Functions. Our earlier paper presented the basic theory of the

More recent multiple-pulse experiments are more similar to MUPPETS experimeritHere, we review and expand on that
MUPPETS in design: Gaab and Bardeen developed a two- Presentation. The formalism deliberately mirrors the approach
excitation anisotropy experiment to look at anomalous energy Used in multidimensional coherence spectroscdfiiewever,
transpor$®>3%Larsen et al. used “pump-dump-probe” spectros- Weé will not emphasize that analogy here; it will be explored in
copy to discriminate between a homogeneous and an “inhomo-more detail in an upcoming pap#r.
geneous” model of the electronic-relaxation pathway in the  We are concerned with a time dependent populaith or
photoactive yellow proteif® In those papers, the utility of ~ more specifically, its deviation from its equilibrium valu&?
multiple-pulse experiments was demonstrated for specific = P(t) — Peq The population can be regarded as the occupation
systems and specific relaxation processes. The current MUP-Of a specific state; for current purposes, it can be the ground
PETS work is characterized by an emphasis on developing €lectronic state. However, these ideas generalize to any quantity
general methods, both theoretical and experimental, for separatthat represents a quantum mechanical population (as opposed
ing homogeneous and heterogeneous relaxation mechanismdo a coherence).

In our first paper, we not only defined the concepts of the The population relaxation is represented by a time dependent
MUPPETS experiment, but also applied it to two systems fate
intended to demonstrate the effects of purely homogeneous and
heterogeneous relaxatiéi? The process studied was ground- k(t) = _—1 doP 1)
state recovery following electronic excitation of dye molecules. OP(t) dt
Auramine (Chart 1) is a dye that has a rapid and nonexponential
excited-state decay. Glasbeek and co-workers have attributedn the case of an exponential dec&ys constant in time and is
this decay to a homogeneous mechanism: the phenyl groupshe standard rate constant. With a nonexponential ddggy,
twist in the excited-state and cause the relaxation rate to increasevaries with time. The time dependent rate is an alternative to
with time after excitatio$’~3° To form a sample with hetero-  describing a nonexponential decay as a sum of exponentials
geneous dynamics, the fast relaxingl6 ps) auramine was  with different rates and amplitudes. In a heterogeneous sample,
mixed with coumarin 102 (Chart 1), a dye molecule with a long there may be subensembles, each of which has an exponential
(4.7 ns) relaxation time. rate constank;. The ensemble averaged rate will have a time

Muppets Theory
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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 methandBoth systems show a nonexponential ground-state recovery. Curves for different vatuetoafot overlap in the
case of homogeneous dynamics (A), but do overlap in the case of a purely heterogeneous dynamics (B).

dependent rate as defined by eq 1. However, the time-dependentast enough that this contribution can be neglected. This case
rate also describes other situations, for example, the exchangeholds reasonably well for the systems examined here.
of molecules between subensembles or cases where the time- In addition to its ability to boost signal size and reject
dependence is homogeneous. undesirable signals, heterodyne detection is desirable because
The population is perturbed from its equilibrium value by it creates a signal that is linear in the population. The signal in
pulses of light in a manner that is described by a differential a homodyne experiment is proportional to the squaréRff).
transition operator If the population decay is nonexponential and contains different
decay components, the square of the decay will also contain
dT(t) = —o,E ()E.(expl(k; — k;)r) +cc.  (2) cross terms between each pair of decay components. Thus,
determining the shape of a nonexponential decay is easier with
where Ej(t) represents the electric field of pulgek; is the heterodyne detection.
correspondingk-vector, r is the spatial position within the In a standard, one-dimensional relaxation experiment, there
sample, andy is the absorption cross section from the ground is a single excitation and a single evolution period; to first order
state to the excited state. This formula neglects the spatialin perturbation theory, the final population is
envelope of the pulses to focus on the grating structure.
Changing a population requires two interactions with the electric oPY(t,, t,; 1) = G(t,, t)dTy(t,)Peq (5)
field: the primed and double primed fields in eq 2. This equation
allows for the case where the interactions come from two beamsif the excitation and probe are separated by a tiftbe signal
with different k-vectors. In this case, a population grating is is
created'?-#4 The negative sign indicates that we are calculating
the ground-statg bleach, althoug_h it. is equally possible to ) = (09 -0 Qgg f dt, dt,E.(t, — 7)Ex(t, — 7)EL(ty)
consider the excited-state population instead.

Once created, the ground-state bleach decays fromtfitoe x Ep(tB(t, t)H-c.c. (6)
t, as described by the time-evolution operdft,, t;). Solving ) .
eq 1 gives where we také.q= 1. The probe and local oscillator are simply
described as the second pulse paiai2d 2', respectively. The
_ [t spatial integral has been done and yields the phase matching
Glt, t) = exp(= [ KO ) Zondition
In the last stage of the experiment, the population is measured. Ky =ky £ (kg —ky) (7)

A probe field Ep scatters from the population grating and is
mixed with a local oscillatoE_o to create a heterodyned signal  Specializing to delta-function light pulses and defining the
integrated “intensity” of a pulse pair as

S= (0, — 09 [ dtdr E{o(HE,(Hexpl(k o — Ky)-T) *
« BPOTH cc. (4) = [ dtELOE ) ®)

The pointed brackets indicate that the signal is an ensembleYi€lds a final expression for a one-dimensional kinetics experi-
average over the entire sample. It is assumed that the phase of1€nt
the local oscillator is set to detect changes in absorption, not in .
index-of-refraction. The cross section for excited-state absorption 1) = 1,l4(0g — UQUg@XP(j(; k(t')at')O ()]
is oe. Note that excited-state absorption interferes with the
detection step, but not with the excitation (eq 2). This equation  This expression applies equally well to the change in
also describes the simple case of detecting changes in thetransmission measured in a two-beam ptipmbe experiment
transmission of a single beam; in that cakg, andkp are or in a four-beam, heterodyne detected transient grasiffga
identical. nonexponential signal can arise either from a rate conktgnt

In principle, stimulated emission from the excited-state could that is inherently time-dependent before ensemble averaging
also be included in both the excitation and detection steps. For(homogeneous relaxation) or from an ensemble average over
simplicity, we assume that the Stokes shift is large enough anddifferent rates (heterogeneous relaxation).
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The approach just used can be easily extended to twosize and focus on the decay behavior of the MUPPETS and
excitations and two evolution periods. In this case, the final pump—probe experiment. The signals will be normalized at the
population is origin, §0) = 1 andM(0,0) = 1. These two experiments are

related in a simple way in certain limiting cases. First we note
OPA(t,, t,, ts; 1) = G(ts, t,)dT,(t,)G(L,, t,)dT;(t)Peq that if either of the time periods is set to zero, the MUPPETS
(10) experiment is identical to a one-dimensional experiment without

any further approximations

M(0, 7,) = (1) (13)

The corresponding phase-matching condition is

kg = kg £ (ko = kz) £ (ky — ky) (11)
and
Assuming delta-function light pulses with time between _
the excitations and time, between the second excitation and M(zy, 0) = Sty (14)

probe, the MUPPETS signal is We can precisely define a homogeneous relaxation as one in

) T2 | s which the decay during the first period is uncorrelated with the

M(zy, 75) = I5loly (0 — o)oglexp= f;l k(t")d decay during the second period. A good example is given by
T auramine. Auramine is planar in the ground-state and twists to
—Jo k(t)dt')0 (12) a nonplanar conformation in the excited state. The decay rate

is a function of the twist angle, so the decay rate is truly a

The key result is that the MUPPETS experiment measures function of time after excitation. However, once a molecule
the relaxation of each molecule twice over periagsand 7, relaxes, it returns to the planar ground state and undergoes
before ensemble averaging. As a result, MUPPETS can distin-exactly the same sequence of events after a second excitation.
guish between nonexponentiality due to ensemble averagingThis statement is true whether the first relaxation happened to

from nonexponentiality inherent in each subensemble. occur immediately after the excitation or long after the excita-
The integral ovelt' in eq 12 represents the excitation and tion.
relaxation of a molecule during; the integral ovet” represents In this case of uncorrelated or purely homogeneous relaxation,

a second excitation and relaxation duringlf a molecule has  the two-dimensional MUPPETS experiment reduces to the
an inherently time dependent relaxation rate, this time depen-product of one-dimensional experiments

dence will be exactly the same in the first and second

relaxation: these two relaxations are uncorrelated. On the other M(t,, 7,) = @xp(ﬁ:z k(t”)dt")xp(ﬁfl k(t"dtO

hand, a specific molecule in a heterogeneous sample may have

aratek; that is greater or lesser than the average. This difference = Y1,)t,) (15)
from the average persists over both excitation-relaxation cycles;

the two integrals in eq 12 are correlated. Thus, homogeneouslf the MUPPETS data is considered as a set of decays in
and heterogeneous sources of nonexponentiality correspond tovith different values ofr;, and if each decay is normalized at
uncorrelated or correlated rates in two relaxation periods. A one-72 = 0, then
dimensional relaxation measurement can only measure the

ensemble averaged decay. The two-dimensional MUPPETS M(r,: 7,) = M(zz 71) — 1) (16)
experiment is needed to measure correlations in this rate over 2l M(O, 7,) 2
time.

Before considering the implication of this result in more detail Where the bar indicates a renormalized decay. The MUPPETS

in the next subsection, a few comments on the signal amplitudedecay inz is the same as the decay in a one-dimensional
are in order. We have assumed that excited-state absorption i€xperiment and is invariant to the value uf .
followed by very rapid relaxation from the higher excited-state  The second limiting case is when the nonexponential decay

to the first excited-state and has no other effect on the kinetics. iS solely due to the presence of dynamic heterogeneity. In this
As a result, excited-state absorption only reduces the size ofcase, the rate is a constant for each subensemble. Furthermore,

the signal and does so to an equal extent in either a one-that constantis perfectly correlated between the two time periods
dimensional or two-dimensional experiment. When trying to Of the MUPPETS experiment; if a molecule relaxes rapidly after
disentangle heterogeneity using spectral differences betweerthe first excitation, it will also relax rapidly after the second
components, excited-state absorption create more substantiafXcitation. The heterogeneity need not be permanent: molecules
complications, especially if the excited-state absorption spectrumcan exchange between subensembles, so long as the exchange
evolves after excitation. time is significantly longer than the total range of the MUPPETS
MUPPETS s a six-wave mixing experiment, so the size of €xperiment.
the signal is a concern. Comparing egs 9 and 12, the ratio of ~ This limit leads to

signal size in a MUPPETS experiment to that in a corresponding _ ap
pump—probe experiment itog. For weak excitation, this is a M(z;, 75) = Eexp(ri(zy + )
factor equal to the fraction of molecules excited by a single =1, + 1) (17)

pulse pair. It is common to excite-11.0% of the molecules in
a pump-probe experiment, so the MUPPETS signal will be Because this limit arises from a heterogeneous distribution of

reduced from the pumpprobe signal by a factor of +6100. exponential decays, we will denote this as the heterogeneous-
On allowed transitions, pumfprobe signals are easily detected, exponential case.
so MUPPETS should have a broad range of applicability. The heterogeneous and homogeneous cases become degener-

MUPPETS Experiment Is Related to One-Dimensional ate, if and only if, the one-dimensional dec&y) is a single
Experiments in Limiting Cases. For the remainder of the  exponential. In this cas&t1)t2) = 71 + 72). The ideas of
discussion, we will neglect the factors that only affect the signal homogeneous and heterogeneous relaxation play no role when
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the one-dimensional relaxation is exponential, and the MUP- either much faster than or much slower than the phase decay.

PETS experiment is not useful in this case. As a result, the line shape can be described as an inhomogeneous
A set of MUPPETS decays im, for specific values ofr; distribution of homogeneously broadened lines. That model fails

can be plotted to test for the heterogeneous limit in the following when spectral diffusion is fast enough to cause partial motional

way. A time axis ofry = 11 + 72 is used so that each decay is narrowing. This analogy will be developed in detail in a future

shifted horizontally by an amoumt. The signals are normalized  publication®!

vertically so that the first point matches the= 0 decay

Optical Design

_ 0,7y
M3 72) = M(z,, 0) M(zy, 7, — ) MUPPETS is a® nonlinear process using five excitation
v fields to produce the signal. Unlike man{p) experiments, all
= H,) (18) interactions are resonant with a strong transition. As a result,

neither absolute signal size nor cascaded processes are major
If the heterogeneous-exponential limit holds, the curves for problems. The experimental design is driven by the need to
different values ofr; should overlap onto a single curve. reject potentially stronger® processes.
Examples of these plots are shown in Figure 1. In Figure 1B,  |n principle, the MUPPETS experiment could be done with
the curves overlap, showing that the nonexponential decay (fromeach pair of interactions (1", 2/2" and 3/3") coming from a
the dye mixture) is primarily heterogeneous. On the left-hand single beam. The phase-matching in such a three-beam config-
side, the curves overlap very poorly, showing that this nonex- yration provides no discrimination againé® processes. Careful
ponential decay (from pure auramine) is not primarily due to subtraction routines to isolate the desired signal are needed in
heterogeneity. this case4
A more detailed examination of the auramine data (see below) By using a six-beam configuration and more complex phase-
shows that it does not fit the purely homogeneous limit (éq 16) matching conditions, we isolated the desipg® MUPPETS
either. We are led to consider a limit in which there are gjgna| from other competing processes. The resulting six-beam
subensembles that exchange slowly, but in which each subeny,yppgTs experiment can be viewed as a high-order extension
semble may have a homogeneously nonexponential decay. Wey the heterodyne detected transient-grating experifiéhtve
call this the heterogeneouiomogeneous limit, and it results 46 adopted a diffractive-optics approach to provide passive
in the following signal for a one-dimensional experiment phase stabilizatiof~55 Our extension of this approach from
four to six beams required the resolution of three major

) = z &S(7) (19) problems: design of a phase-matching pattern, correction of
! spherical aberration and elimination of single-beam bleaching
and the following MUPPETS signal effects. A schematic of the final optical setup is shown in Figure
2.
M(zy, 7p) = Z 8§(7,)S(7y) (20) The phase-matching pattern chosen is shown in Figure 2. Each
|

excitation wavevectoki-ki+ andkz-kz+) is only half the length
) o ] ~of the detection wavevectdk{-kz). Thus detection of processes
with 3 & = 1. The implications of this formula are more easily  jyyolving only a single excitation are not phase matched. The

seen if the MUPPETS signal is normalized as in eq 16 symmetry patterpreflection symmetry about the diagonals, but
_ not about the vertical and horizontal axés important. It creates
M(zz 7)) = z A()S(7) good phase matching for processes comiginn 1 and 2
' excitation, but poor phase-matching for double interactions of
S(z,) 1 and 1 or2and 2. The principles of the design process will be
Ary) = o) (21) discussed in a future publication.

The phase-matching pattern is also designed so it can be
with 5 A, = 1. The MUPPETS decays in are a superposition generatgd from two standard transmissipn gratipgs (Ql and _GZ,
of the decays of each subensemble, but the contribution of eacHNO 0ptics), rather than a custom designed diffractive optic.
subensemble is dependent on the valuerofThe relative ~ 1Ne first grating (G1) serves primarily as a beam splitting
contribution of a subensemble decreases,dacreases if the mechanlsm. The region befo_re G2 is not phase sensitive. Placing
subensemble deca§(z) is faster than the ensemble averaged the delay lines between gratings G1 and G2 means that they do
decayS(r). On the other hand, the relative contribution of a not ne.ed to be phase-stable delays. It also makes simultaneous
subensemble increasesmsncreases if the subensemble decay S¢anning of the pulse pairs easy.

S(7) is slower than the ensemble averaged deS@ay. Thus The silica gratings are identical with 96 g/mm, producing a
the first time period of this MUPPETS experiment acts as a full angle of 4.4 between thet1 diffraction orders. The groove
dynamic filter to remove rapidly decaying molecules. The decay shape and depth are optimized to yield three equal intensity
of this filtered set of molecules is measured during beams corresponding to 0 antll diffraction orders. Ap-
The heterogeneou$iomogeneous model is an approxima- proximately 10% is lost to higher orders. The-+G1 distance
tion. It assumes that the time dependent rate is either fully is slightly less than the L1 focal length (fl) of 200 mm. Grating
correlated or completely uncorrelated between the two time G1 is imaged onto the sample, so moving L1 adjusts the size
periods of the MUPPETS experiment. For example, if molecules Of the beam both on G1 and at the final crossing point in the
exchanged between dynamical subensembles on a time scaléample.
similar to the decay rates within each subensemble, the Lenses L2 (175 mm fl) and L3 (150 mm fl) image G1 onto
heterogeneoushomogeneous model would fail. This model can G2. The grooves of G2 are oriented at 96lative to those of
be compared to the inhomogeneet®mogeneous model of  G1, yielding a pattern of nine beams. This pattern is masked
line shapes. In that model, the frequency correlation time is (M1) to give the final six-beam phase-matching pattern. The
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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-Z1llenses; G1 and G2, gratings with grooves oriented in perpendicular direction3; Rflective

prisms that can be moved in and out of the beams to engage delay linre% DILl—-2, masks; C, chopper; NBAL, neutral density filters; VND,

variable neutral density filter; S, sample; PB4, matched photodiodes; and A-B, difference inputs of a lock-in amplifier.

VND

pattern is slightly rectangular, because L2 and L3 are not through different amounts of glass and have different group
identical, but this feature is not important. Each time-coincident delays. Thus, pulses pairs-11"" and 2—2" do not have identical
pair of pulses in the final pattern is derived from a single beam arrival times. Thin silica plates (ESCO Products) were intro-
coming from grating G1 and can be scanned by a single delayduced between L5 and L6 to correct for the delay differences.
line. Delay lines D1 and D2 were varied to produce the times  Phase stability is only required within the pairs of excitation
71 and 7, respectively. Reflective prisms PP3 could be  and detection beams but is not needed between pulse pairs. As
removed for initial alignment of the experiment and then a result, only the area between G2 and the sample S needs to
reinserted to introduce time delays. be phase-stable. The entire setup is on a vibration isolated table
The beam pattern emerging from G2 must be reimaged ontowith laminar air flow, and the region between G2 and S is
the sample. An often unstated issue in using diffractive optics enclosed to exclude air currents. No active phase stabilization
is that the imaging system between the optic and the sampleis used.
must have near diffraction limited performance not just over A disadvantage of the diffractive-optics approach to hetero-
the diameter of one beam but over the entire aperture covereddyne detection is that the strength of the local oscillator is altered
by the beam pattern. Reflective paraboloids are popular in by the bleaching of the sample by each, individual excitation
diffractive-optics schemes because of their low chromatic heam. A chopper placed in beam dombined with lock-in
dispersion and negligible spherical aberration. However, pa- detection eliminates the single-beam bleaching effects due to
raboloids have high coma, distort out-of-plane polarizations, and all beams except'1Solutions have been proposed to deal with
produce cramped set-ups due to the need for folded geometrieshis remaining artifact: a separate optical stage to generate the
and small apertures. local oscillatof® or displacing the local oscillator at the sample
We have chosen to use lenses to avoid these problems. Lenseand re-establishing overlap with the signal at the detector.
L5 and L6 have 4 in. diameters and 500 mm focal lengths. As  \we have devised a relatively simple solution based on
a result, the beam separations are large in the region betweerpgjanced detection of the probe)(@nd local oscillator (3)
these lenses (e.g., 25 mm froitd 1"). These large separations  peams. Each beam is detected on a matched photodiode (PD1
give flexibility in adding optics in this region to manipulate  and PD2) and the signals are subtracted using the difference
each of the six beams individually. inputs of the lock-in amplifier. A variable neutral density filter
With singlet lenses, spherical aberration is the dominant (VND) is used to zero the signal in the absence of a MUPPETS
aberration and is problematic, even with long focal length lenses. signal (e.g.z2 < 71 = 0). Any bleaching of the sample affects
In the four-beam transient grating experiment, a square patternpoth beams equally and cancels in the difference measurement.
with each beam equidistant from the centers of the lenses is  Qgjlvie et al. have shown that if the intensities of the probe
normally chosen. Each beam experiences exactly the sameynd |ocal oscillator are exactly matched at the sample, then only

spherical aberration, so no correction for this aberration is the refractive portion of the final grating contributes to the
needed in the four-beam experiment. However, in the six-beam signal?” In a future publication, we will discuss the converse

MUPPETS experiment, spherical aberration is unavoidable. A case: if the probe is much weaker than the local oscillator at
bgam pat.tern. sgﬁiciently §ymmetric to avoid spherical aberration e sample, then only the absorptive component of the grating
will not discriminate against ajf® processes. is detected® We use this method in the current experiments.
_ To deal with the problem of spherical aberration, we have g congition for detecting absorptive signals was created
introduced two meniscus lenses (L4 and L7) approximately half by putting a neutral density filter (ND1) in bear lefore the
way between the collimating lenses and their foci. These lensesgampje. The variable neutral density filter VND rebalanced the
create a negative spherical aberration to compensate the normaensities of 3and 3 at the detectors. A similar blank glass
aberrations in the other lenses. Small movements of these Ienseaate (NDO) in beam '3 matched the travel time of &nd 3'.
along the beam direction {@nd @) vary the total aberration  This plate was also rotated to vary the phase of the local
of the system continuously. The beam pattern at the sample isyqijiator.

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 The pulse entering the experiment was the frequency doubled
phase delay between the object at G2 and the image at S isoutput (398 nm) ba 1 kHz amplified Ti:sapphire laser with a
guaranteed to be identical for all the beams. However, beamspulse width of 40 fs. Dispersion in the optics led to a pulse
passing through the lenses at different radial distances passwidth of approximately 200 fs at the sample. Because this width

Experimental Details
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consistent with the data is a two-component (fast f and slow s)
heterogeneoushomogeneous model

M(7y, 7)) = aS(t)S(7) + aS(1)S(7) (22)

with as + as = 1.

Moving beyond this qualitative assessment and developing
a quantitative interpretation of the data presents a challenge.
Two functions of undetermined fornk andS;, 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
% (ps) reduced to a fitting function.

i S . One could guess at empirical model functions $and S
Figure 3. MUPPETS data on pure auramine in methanol normalized . one t0 find an adequate fit. However, there is no guarantee
according to eq 16. The curves should overlap if the nonexponential . . L
decay is purely homogeneous. The solid curves are fits to a model t_hat this strategy will work. Moreovgr,_ even aft_er_flndlng one
with two components, each with a homogeneous nonexponential decayfit, one does not know how much flexibility there is in the result.
(egs 22 and 31). See Figure 6 for parameters. For example, assume that a fit is found in whiglandS; have

different shapes. Is this difference a requirement of the data, or
is much smaller than the measured decay times, no effort wascould they have similar shapes if a different model function
made to compensate the dispersion. were assumed?

The input pulse had energy of 2/J. Higher energies This section of the paper demonstrates a different approach.
produced spectral broadening as the pulse passed through gratinglUPPETS data can be used to derive experimental decays for
G1. Atthe sample, each excitation beam and the local oscillator § and S without a priori assumptions on the forms of these
had energies of 0.2aJ. The energy of the probe beam)(3  decays. Being experimental results, these decays retain noise.
was ten times lower at the sample. The beams had/00  One can legitimately ask questions such as the following: do
diameters at the sample. S andS, differ in shape by more than the experimental error?

The samples were contained & 1 mmpath length silica Model-Free Decomposition of MUPPETS DataWe as-
cuvette. Both samples consisted of methanol solutions with the syme that there are two dynamical subensembles (eq 22) and
concentrations adjusted to produce an absorbance of 0.5 at 40@hat we have collected MUPPETS curves alandor at least
nm: 0.4 mM in the pure auramine sample and 0.17 mM three values ofry: 7, 7), and 7). For convenience in the
auramine plus 0.14 mM coumarin 102 in the mixed sample. discussion, we take these times to be in the temporal order listed,
With the beam intensity used, the bleaching by a single although this order is not essential.

excitation beam in the auramine sample was 2%. We begin by considering just the first two curvesraand

The photodiodes PDA and PDB were used in photoconductive 7;, The fast component should contribute more to the first
mode with a common voltage source. The photodiodes were decay, and the slow component more to the second decay. After
unamplified and had carefully matched RC time constants. The normalizing the MUPPETS data according to eq 16, a trial result

signals from the detectors were subtracted using the differencefor  is obtained by subtracting a fractidhof the later decay
inputs of the lock-in amplifier. A synchronized chopper blocks from the earlier one

every other pulse in beani.1Scans of the lock-in signal were B _

collected with NDO rotated to produce the maximum signal and M(ty; 3) — F1M (75 T7)

the minimum signal. Subtraction of these two scans produced S(z,) = 17 (23)
the final result. !

Similarly, a trial result folS; is obtained by subtracting a fraction
f, of the earlier decay from the later one

M(t,; 75) — F5 M(Ty; 79)
1-1)

Pure Auramine and the Decomposition of MUPPETS
Data into Subensemble Decays

Qualitative Assessment of the Auramine ResultsMUP- S(r,) =
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 The two parameter andf, are initially arbitrary. Certain
long times. This plot is designed to detect pure heterogeneousbasic physical constraints applyS; and S should not be
broadening (eq 18), and it shows that auramine’s nonexponen-negative and should decay, not rise with time. (This assumption
tiality is not primarily due to sample heterogeneity. This result is reasonable for the current system, but for other systems
is entirely expected from the proposed mechanism in which the different constraints may be appropriate.) More importantly, the
electronic relaxation rate increases as the molecules twists inheterogeneoushomogeneous approximation (eq 22) implies a
the excited state. constraint on these two parameters and the functions derived
This mechanism predicts that the nonexponentiality is purely by using them
homogeneous. In that case, the three curves should overlap , ,
perfectly in the plot shown in Figure 3 (eq 16), and they do ) §() zis ()
not. Using the idea that increasing filters out the effect of 2 S(t) fi1S@)
rapidly decaying molecules, it appears that the sample has some
degree of dynamic heterogeneity. The decay slowsrias  Thus, one obtains a one-dimensional range of self-consistent
increases. However, even when= 20 ps, nonexponentiality — parameter pairsf{, f,) and associated decay functions.
remains forr, < 10 ps. Thus, each dynamic subensemble must  This procedure is repeated on a second pair of MUPPETS
have a homogeneous nonexponential decay. The simplest modetlecays at; and

(24)

(25)



Analyzing Nonexponential Kinetics with MUPPETS J. Phys. Chem. A, Vol. 112, No. 15, 2008371

M(z,; 79) — f 1/ M(zy; 7) experimental finding, not an artifact of the assumptions used
S'(r) = 11" (26) in the fitting.
1 Quantitative Fitting of the Auramine Data. In the previous
|\_/|(12; 7)) —f} |\_/|(12; %) subsection, MUPPETS data were deliberately analyzed without
Si(ry) = 11" (27) selecting an analytical model function to describe the component
2

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

However, the parametefg andf} are not arbitrary. They
are fully determined by two conditions: the amplitudgsnd
& derived from each pair of times;/7; andz3/ty, must be the
same,a; = a; and & = &; and the values of the extracted
components must be the samef S'(z°) = S{'(z°) and

§/(z°) = S{(z°). These conditions yield the following formu- [z
s () = sech ;") (3D)
B
f/=f+ 1f1_f2f o @r-f) (28) has proven sufficient to fit the component decays. At long times,
172 this function approaches an exponential decay with a time
e e constant ofri. The parametef; determines how far the slow
fi'f2" = Qff; (29) region at the beginning of the decay lasts. Figure 6 shows fits
Nersm to this function. From these fits, the limiting time constants are
0= §()S'(@) (30) in a ratio of 0.6. As expected, the shapes of the decay differ:
S(")S'(7") pr= 1.1, butfs = 1.7.

To double check the quality of these fits, the results can be

We now have a set of possible decompositions of the datacompared to the original MUPPETS data using eq 22. The
that can be described by a single paramefgr,all other results are shown in Figure 3. There is no further adjustment of
parameters are determined by self-consistency requirements (egparameters at this point. The agreement with the data is good,
25 and 28-30). These equations guarantee that the componentas expected. A careful examination of the first 1.5 ps ofithe
decays extracted from each pair of MUPPETS decays match at= 0 data shows a small and very rapid decay component that
a single point in time; they do not guarantee that the componentis not present in the other curves and does not fit the model.
decays will match at every time. Requiring that the two Because it is too small to characterize accurately, we have
determinations each vyield the same decays allows one tosimply left this feature out of our fitting by only using times
uniquely determine the best decomposition of the data. greater than 1.5 ps in analyzing the data.

This procedure was used on the pure auramine data (Figure The fits to the component decays can also be used to derive
3). Three possible solutions are shown in Figure 4. The time dependent relaxation rates for each subensemble of
component decay§ and S determined from the; = 0 and auramine, as defined in eq 1. These curves are shown in Figure
10 ps data are shown in red; the decays determined fromythe 7. The time dependent rates should be more closely related to
= 0 and 20 ps data are shown in bluefjlis too low (Figure the time dependent torsional angle in auramine; the rate should
4A), S has a physically unrealistic rise at early timesf;lfs be a product of the angle and the angle dependent electronic
too large (Figure 4C)&(7) is not consistent between the two coupling. The long time value of the rate should be the rate at
determinations. Thus, we are led to a single optimum value of the equilibrium torsional angle in the excited state.

f; = 0.43+ 0.03, and a unique decomposition of the MUPPETS  These results give some information on the nature of the two
data into two heterogeneous decay components. This value ofsubensembles. One can envision two ways that the torsional
f, implies that the relative amplitudes of the two components motion could be modified. In one case, the electronic structure
area; = 0.75 andas = 0.25. of the auramine, that is, the shape of the torsional potential and

This procedure does rely on the assumption that there arethe nonradiative rate as a function of torsional angle, are
exactly two components. However, this assumption is disprov- constant, but the torsional motion is slowed due to purely
able. If there is only one component, the procedure will either mechanical reasons. An example germane to auramine in
yield §(7) = S() or it will set the amplitude of one component methanol is solvent attachment by hydrogen bonding. Even
to zero. If there are three sufficiently different components, no without any changes in the torsional potential, the increased
fully self-consistent solution will exist. Of course, if two of these viscous drag would slow the torsional motion. A similar process
three components are sufficiently similar in shape and decayis known to slow the rotation rate of some dye molecules in
time, they may not be resolvable within the experimental noise. alcohols3”-°8and auramine has several potential hydrogen-bond

A common simplification in modeling nonexponential decays accepting sites.
is that all the component decays have similar shapes. In other If there were no differences in the electronic structure of the
words, all decays can be superimposed onto a single mastetwo subensembles, the internal conversion rates at long times
function by stretching or compressing the time sc&8g) = should be the same; the subensembles would only differ in the
S(t/tr) = S(t/ts). This simplification has not been imposed in  time it takes to reach the long time rate. This case does not
the decomposition of the MUPPETS data. Rather this idea canmatch the experimental results. Figure 7 shows that the final
be tested from the experimental results. rates are substantially different. Either the minimum of the

This test is done on the auramine results in Figure 5. The torsional potential is shifted to a larger angle in one of the
two determinations of each decay function have been averagedsubensembles, or the internal conversion rate at the minimum
and then the time scales and relative amplitudes of the fast andis increased in one of the subensembles.
slow decays have been scaled to match the two decays at long Solvent attachment by hydrogen bonding does not typically
time. Nonetheless, the two curves differ at early times. This cause strong changes in electronic structure as indicated by the
difference in shape is outside the scatter of the data. It is andata®” A mechanism more likely to cause strong perturbations
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Figure 4. Individual decay component§ (lower) andS; (upper) extracted from the MUPPETS data on pure auramine (Figure 3) for different
assumed values df. The red data is determined from the= 0 and 10 ps data; the blue data from the= 0 and 20 ps data. (B) is the correct
fit. In (A), S initially rises instead of decaying; in (C), the two determination&alo not agree.
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TZ/‘C,- Figure 7. The time dependent electronic relaxation rates for the fast

(red) and slow (blue) subensembles of auramine derived from the fits

Figure 5. Comparison of the shapes of the faSt plue) and slow |1{1 Figure 6 and eq 1.

(S, red) components of the auramine decay. These decays have bee
scaled in amplitude and in times(= 4.9 ps,ts = 8.0 ps) to match the ) ) ) )
later parts of the decays. A difference in the shape of the early portions Auramine-Coumarin Mixture and the Effect of Rotation
of the decays is evident. in MUPPETS

e e T Qualitative Assessment of the Dye-Mixture ResultsCou-
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 const&itThe 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
T (S S B S S predict the MUPPETS data from the mixture.
0 10 20 30 There is one complication. The MUPPETS data on the
mixture are replotted agains in Figure 8. Ther; = 0 decay
5 (ps) is strongly nonexponential because of the dynamic heterogene-
Figure 6. Fits to the fast and slow components of the auramine ity. As 7; increases, the contribution of the fast relaxing auramine
electronic-state relaxation. The points are averages of the two deter-is filtered out, and the long decay of the coumarin becomes
minations ofS (blue) andS; (red) shown in Figure 4B. Fits to eq 31 more dominant. Whem; = 30 ps, the auramine decay, which
are shown as solid curves; = 4.9 ps = 1.1,7,= 8.0 psfs = 1.7. is essentially complete by this time, should be completely

is ion-pairing. Different resonance structures of auramine place liminated, but the data still show a rapid decay component.
the positive charge at different places in the molecule. An anion ~However, rotation of the coumarin molecule is also expected
near the central nitrogen would greatly stabilize resonance t0 be on the tens-of-picosecond time scale. The next subsection
structures with change on the central nitrogen (as shown in Chartdiscusses the role of rotation in MUPPETS in general. The
1) and thereby alter the overall electronic structure of the following subsection shows that rotation accounts for the
auramine. residual fast dynamics seenat= 30 ps in Figure 8.

No kinetic measurement by itself is definitive on the question ~ Effect of Molecular Rotation in MUPPETS. In one-
of molecular structure. Further experiments are needed to settledimensional measurements of electronic-state populations, the
the nature of the difference in the two kinetic subensembles. signal is affected by rotation in a manner that depends on the
However, these arguments show that the existence of suchrelative polarization of the pump and probe excitations
subensembles is not only plausible but that they are expected
to occur in at least some systems. MUPPETS can not only detect S(@ =1+ 2r(1))S1) (32)
these subensembles, but can also determine important properties

of them. Sy(7) = (1 = r(H)) (33)

1.0

vy 0.5

0.0
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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=(

20 ps ande = 4.7 ns). All polarizations are parallel. The nonexponential
decay caused by rotation is only slightly affecteddpyThe rotational-
electronic decay nearly behaves like a single homogeneous process.

= = When the rotation is slower than the electronic relaxation,
0 10 20 30 40 50 60 rotation has no effect on the MUPPETS signal. In this case,
7, (ps) S(t) approaches(t), r(t) is approximately one, and eq 36
Figure 8. (A) MUPPETS data from a mixture of coumarin and reduces to eq 20. This case applies to auramine. Rotation times
auramine in methanol (noisy colored curves) and fits (smooth black of molecules similar to auramine are all greater than 85 ps in
curves). For small values of, the decay is a combination of the decays  methanoF® which are times that are slower than its electronic

of both dyes. Asr increases, the fast auramine decay is eliminated, ra|axation. Thus, the neglect of rotation in analyzing the pure
leaving only the coumarin decay. The coumarin decay itself is biphasic, . S
auramine results is justified.

consisting of a fast rotation and a slow electronic relaxation. (B) The

three component decays contributing to the mixture: the &saad The opposite limit is when the rotation is faster than the
slow (&) auramine components and the coumarin compor&@jitds electronic relaxation. In this case, the effect of rotation is split
derived from the fits in (A). into an apparently homogeneous part and an apparently het-

where the signal i§(t) in the case of parallel pump and probe €rogeneous part. In the second term of eqg 36, the electronic
polarizations, the signal iS(t) in the case of perpendicular ~relaxation can be neglectef(f) ~ 1, leading to
polarizations, and the signal &t) in the rotationally averaged 7
case. The rotational dynamics are governed by the anisotropy -
r(t). Even in the absence of heterogeneity, the signal contains M) (T2 7)) Z 38,(7)S,(v) + 7 Z ari(wri(w)
at least two decay components, corresponding to the orientation 37)
and population relaxations. (The anisotropy decay itself can be
nonexpone_ntial, but a single expone_ntial is often an adequate |, the first summation of eq 37, the decay due to rotation
approximation.) In a MUPPETS experiment, does this two-phase 5y que to electronic relaxation are not separaigdl behaves
? :
decay behave homogeneously or heterogeneously? as a homogeneous, nonexponential decay. In the second term,

coﬁroéittle%rt] ;Sf 'trlliegir:gﬁqnitsogﬁg&gfggﬁg&:ﬁ% Teltr:]?rgtjattﬁjica: the rotational anisotropy behaves as like a separate heteroge-
P Y neous contribution to the overall MUPPETS decay.

dynamics, then the MUPPETS signal with all polarizations - -
parallel is Although the nonexponential decay due to rotation has both

homogeneous and heterogeneous properties, in practice the
MH(Tl’ 7,) = z Ry, T)M(14, 7,) (34) h_omogeneoqs properties domi_nate. T_his_ i_dea is iIIustra’Fed in
| Figure 9, which shows calculations of individually normalized
scans at fixed values af. In eq 36, a single component has
been assumed with its rotational and electronic relaxations each
taken to be a single exponential with time constants 20 ps
andt. = 4.7 ns respectively. (These values match the ones used
55 for coumarin in the next subsection.) On the time scale in the
R(z,, 7)) = 1+ 2r(ty) + 2r(7,) + 7 rz)r(z;) (395) figure, the electronic relaxation is essentially constant. The one-
dimensional signaf(t) for this system is a biexponential. The
Combining the homogeneouketerogeneous approximation (e MUPPETS signal is also nonexponential. Asincreases, the

whereM;(z1,72) is calculated without including rotation. Through
a detailed calculation described in the Supporting Information,
the rotational effect is found to be

20) with eqgs 32-35 gives amplitude of the fast rotational component of the decay
M . decreases slightly, reflecting a slight filtering of the rotational
(72 7)) = component, as if it were another component in the system.

27 However, this effect is very slight. (Note the linear scale in
Z 3| Sy () (r) + 7 M(0)S(T,) T(1)S(7) | (36) Figure 9 compared to the log scale in most of the other figures.)
To a good approximation, the MUPPETS experiment does not
in terms of the one-dimensional signals with parallel polarization separate a fast rotation from a slow electronic decay of the same
S| and without rotational effects. molecule.
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Fitting MUPPETS Data from the Coumarin-Auramine case, the ratio of decay times was 1.6, and the two components
Mixture. These ideas were used to understand the data takenwere easily separated. Even smaller ratios should be distinguish-
in a mixture of coumarin and auramine in methanol. The data able.
were fit as a mixture of three components: a fast and a slow Although the main focus of the paper was the development
auramine componerf andS;, and a coumarin component with  of the technical aspects of MUPPETS, new information on
electronic decag. and anisotropy.. The auramine components auramine emerged naturally from the data analysis. Before the
were described by the fits to the pure auramine sample (Figure MUPPETS experiment, it was not suspected that auramine was
6A). Rotation was included for the coumarin, but neglected for dynamically heterogeneous. In hindsight, there are plausible
the auramine. Coumarin’s rotational and electronic relaxation sources of transient heterogeneity, including solvent attachment
were each described by a single exponential. The electronicor ion pairing. Van der Meer, Zhang, and Glasbeek previously
relaxation time of coumarin 102 is known to be 4.7°H€nly found that the shape of the auramine decay is sensitive to the
the coumarin rotation time and the ratio of the auramine and solvent, an observation that is consistent with a changing the
coumarin contributions to the signal needed to be adjusted. ratio of the different dynamical species involv&ddowever,

The fits in Figure 8A are quite good. The rotation time of using only conventional experiments, it would be difficult to
coumarin is 20 ps and the fraction of the signal due to coumarin make a compelling case for dynamical heterogeneity.
is 4.5%. (Because the signal size is affected by both the ground- Quantitative analysis of the MUPPETS data showed that two
state and excited-state absorption cross sections, the relativeistinct subensembles were involved. These subensembles not
signal size is not simply related to the relative concentrations.) only have different average electronic-relaxation times but also

The success of the fits confirms that the rotational motion is have different decay shapes. We suggested that ion-paired and
being treated correctly. The components of the fits describing NOnPaired molecules are the origin of the two subensembles.
the three main contributions to the sign&;, S, andS,¢; are The last portion of the paper looked at the effect of
shown in Figure 8B. As; increases, the auramine contributions MUPPETS on the two-phase, rotation/electronic relaxation
are eliminated, leaving only the coumarin rotation-electronic typically seen in pumpprobe measurements of solutes in
decay atr; = 30 ps. Atry = 30 ps, a fast decay component liquids. To a very good approximation, the rotation and

remains due to the rotational motion of the coumarin. 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.

This paper has looked at the analysis of MUPPETS data. The current experiments can be straightforwardly extended
Although the systems were chosen for demonstration purposesin @ number of directions. By using different frequencies for
they displayed a number of complicated features: short-lived the different excitations and for the probe, MUPPETS can be
dynamical subensembles, subensembles with only modestlyapplied to molecules with multiple states involved in the
different average rates, component decays that are nonexpo!€laxation pathway. By combining the spectral resolution of
nential and have different shapes in different Subensemb|es,diffel'ent transitions with the dynamical resolution of MUPPETS,
decays that combine rotation, and electronic relaxation. DespiteCOmplex relaxation mechanisms can be unraveled. Alternatively,
these complications, the MUPPETS experiment was able to the different beams can be given different polarization. It should
extract the relaxation properties of each subensemble uniquely.be possible to decompose dynamic heterogeneity in rotational

The difference between homogeneous and heterogeneoué“OtiO” as well as in electronic relaxation. Finally, additional
relaxation was related to time-correlations of a time-dependent /M€ Periods can be added to create three, or even higher,

rate. Whereas standard one-dimensional experiments measurfimensional MUPPETS experiments. For example, experiments
the ensemble average of this time-dependent rate, a two-t0 measure the exchange time between different dynamical

dimensional experiment such as MUPPETS is needed to subensembles can be envisioned. The results of this paper help
measure its correlations. More specifically, we showed that the t© 12y the foundations for these future developments.

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 probeReferences and Notes
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