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Abstract—One-dimensional and frequency-selected ultrafast infrared vibrational echo experiments on the CO
stretching mode of a metalloporphyrin carbonyl compound in poly-methylmethacrylate (PMMA) and in
2-methylteterahydrofuran (2-M THF) were compared. By selecting the proper detection wavelengths, the fre-
guency-selected vibrational echo permits the independent detection of the dephasing dynamics associated with
0-1 and 1-2 vibrational transitions, eliminating cross terms and anharmonic beats that occur in the 1D echo
signals. In PMMA, the dephasing dynamics associated with the 0-1 transition are single exponential at low and
high temperatures, suggesting motional narrowed homogeneous dephasing imbedded in a massively inhomo-
geneously broadened line. In 2-MTHF liquid, 0-1 transition dephasing dynamics are exponential at low tem-
perature, but, the are non-exponential at high temperatures, demonstrating that a variety of time scales of sol-
vent fluctuations contribute to the dephasing dynamics. In the high temperature 2-MTHF liquid, 0-1 and
1-2 dephasing dynamics are essentially identical. Aspects of the negative delay time signals are al so discussed.

1. INTRODUCTION

In this paper, one-dimensional (1-D) ultrafast infra-
red vibrational echoes and frequency-selected vibra-
tional echoes (a type of frequency-dispersed experi-
ment) are employed to study solute-solvent dynamic
interactions of amoleculein both liquid and solid solu-
tions. The vibrational echo is the infrared vibrational
equivalent of the NMR spin echo [1] and the electronic
transition photon echo [2—4]. With the advent of the
ultrafast infrared vibrational echo [5], the gap between
the radio frequency spin echo and the visible and ultra-
violet electronic excited state photon echo was filled.
The spin echo, the vibrational echo, and the photon
echo comprise three of the most important members of
the family of non-linear techniques that exploit the
interaction of the molecules and el ectromagnetic fields.

Nonlinear spectroscopic techniques have proven
useful in the study of molecular systems because they
enable information to be obtained that cannot be
extracted readily from alinear spectrum. Studies of sol-
ute-solvent interaction dynamics have shown that many
dynamical processes can occur on the picosecond and
femtosecond time scales [6]. For the study of such fast
time scale processes, NMR spin echo studies are lim-
ited by the intrinsic NMR time scale, typicaly micro-
second. The electronic transition photon echo and other
visible optical nonlinear experiments have benefited
from the recent rapid devel opments and applications of
ultrashort pulses [7]. However, resonant nonlinear
experiments involving electronic transitions are com-
plicated by molecular vibrations that give rise to vibra-
tional progressions in the electronic absorption spec-
trum. Intramolecular vibrational modes have a signifi-

cant influence on third-order nonlinear signals [8, 9].
The complexity brought on by the simultaneous excita-
tion of many vibronic transitions can makeit difficult to
analyze the results of ultrafast nonlinear experiments
involving electronic transitions [9, 10].

The ultrafast infrared vibrational echo experiment
[11-22], can overcome the limitations of its two ana-
logs. Recent developments of ultrafast IR pulses have
enabl ed the vibrational echo to probe dynamicson fem-
tosecond time scales. Vibrational echo experiments are
providing significant information on liquids [12, 14,
20-22], glasses [12, 14], and proteins [23-28]. Recent
advances using two-dimensional methods [15-18,
20-22], areincreasing the utility of the vibrational echo
technique.

It is possible to perform a vibrational echo experi-
ment on asingle vibrational fundamental if arelatively
long (narrow bandwidth) pulse is used [29]. However,
to achieve the high temporal resolution, the broad spec-
tral bandwidth that is required to generate ultrashort
pulses, will usually span both 0-1 (fundamental) and
1-2 transitions unless the anharmonicity of the vibra-
tionisvery large. The 1-2 transition will beinvolvedin
athird-order signal. The additional contribution of the
1-2 transition to the vibrational echo signal makes the
observed signal more complex and more difficult to
interpret than a signal arising from a system involving
only two states (the ground state and the first excited
vibrational state) [17, 19, 30, 31]. In a one dimensional
echo experiment, the interference of the different exci-
tation pathways that occur in a multilevel system will
produce non-exponential decays that can also display
anharmonic beats [17, 19, 30, 31] even if the dynamic
dephasing of theindividual transitionsisexponential. If
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the individual decays are intrinsically non-exponential,
then the 1-D signal is virtually impossible to separate
into its components.

2-D vibrational echo experiments, in which the
vibrational echo pulseisfrequency-resolved, have been
used to reveal the nature of the quantum beats, anhar-
monic beats, and accidental degeneracy beats[19]. Ina
spectrally resolved 2-D vibrational echo experiment, a
two-dimensional, time-frequency, spectrum isrecorded
[15, 17, 18, 32]. While full 2-D vibrational echo spec-
troscopy can provide a variety of types of information
that cannot be obtained from a 1-D experiment, in
many applications, what is desired is the equivalent of
a 1-D experiment, but a 1-D experiment that is free
from the complications that arise from the interference
effect in amultilevel system. Below, it will be demon-
strated that by selecting the proper detection wave-
lengths of the vibrational echo signal, which is equiva
lent to taking the appropriate dices through the 2-D
spectrum, it is possible to obtain the ultrafast dynamics
associated with either the 01 or 1-2 transitions sepa-
rately, eliminating cross terms and anharmonic beats
[30, 31]. Thus, the signa can be modeled as arising
from a simple two-level system even though the broad
bandwidth associated with the ultrafast excitation
pulses spans more than two levels. This technique per-
mits the study of the underlying dynamics without the
complications brought on by the anharmonicity or
other multi-level affects.

The utility of thistechnique is demonstrated for the
CO stretching mode of a metalloporphyrin carbonyl
compound (a model scheme), RUTPPCOPy (TPP =
5,10,15,20-tetraphenylporphyrin, Py = pyridine), in
two solvents, poly-methylmethacrylate (PMMA) and
2-methylteterahydrofuran (2-MTHF). PMMA is a
glass at all temperatures studied, while 2-MTHF is a
glass forming liquid with its glass transition tempera-
ture at 86 K. In contrast to other metal-carbonyl sys-
temsthat have been studied [13, 14, 17, 29], thissystem
has a single CO mode that is non-degenerate. There-
fore, complications produced by quantum beats and
those associated with line broadening mechanisms that
can arise from degeneracies are avoided. In PMMA, the
inhomogeneous line is broad, and there is substantial
overlap between the 0-1 and 1-2 transitions, producing
strong anharmonic beats in the 1-D vibrational echo
decay. These are eliminated through the proper choice
of detection wavelength. In 2-MTHF, the absorption
line is narrower, and there is little overlap between the
0-1 and 1-2 transitions. No beats are observed in the
1-D spectrum, consistent with theoretical prediction
[17, 19]. The vibrational echo decays in the high tem-
perature liquid are non-exponential and virtually iden-
tical for 0-1 and 1-2 transitions. There is a strong sig-
nal at negative time delays, which is stronger for a
detection wavelength on the 1-2 transition than for
detection on the 0—1 transition. In the 2-M THF solvent,
astrong signal at negative delay times is also observed
because the inhomogeneous line width is narrow.
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Fig. 1. Double-sided Feynman diagrams for a vibrational
echofor athree-level system. Becauseitisathird order phe-
nomenon, only three levels contribute to a vibrational echo
signal detected in the phase matched direction. (8) Ry, Ry

and R are for positive delay times; (b) Ry, Rg and Rg for
times when the pulses overlap; (c) R; and Rg for negative
delay times.

2. 1-D AND FREQUENCY-SELECTED
VIBRATIONAL ECHO (FSVE)

For femtosecond third-order IR experiments, the
bandwidth of the femtosecond IR pulseisusually broad
enough to cover both 0-1 and 1-2 transitions. Thus the
v = 2 vibrationa level will aso be involved in the
experiments. A three-level system is necessary to
model the vibrational echo experiments performed on
vibrational transitions of molecules.

For a three-level system, eight double-sided Feyn-
man diagrams (Fig. 1), which exist after making the
rotating wave approximations, will contribute to the
total signal in atwo-pulse vibrational echo experiment
[33, 34]. In the experiments, the two pulses are sepa-
rated by avariabletime delay t. Three diagrams are for
the positive time delay region, that is, T > 0 (R;, R, and
R;), three arefor the pulse overlap region, T 0 (R,, Rs,
and R;), and two are for the negative time delay region,
T <0 (R; and Ry). For T much greater than the pulse
duration, only R;, R, and R; will contribute to the echo
signal. Of thesethree, R; and R, involve the 0-1 transi-
tion only; however, R; also involves the 1-2 transition
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[33]. Among these diagrams, only four of them (R;, R,,
R,, and Rs) will contribute if the system isrigorously a
two-level system (only the 0-1 transition is involved).
This situation will arise if the anharmonicity is much
greater than the pulse bandwidth and there are no other
vibrational transitions coupled to the ground state that
can give rise to quantum beats and anharmonic beats
[19]. When the delay is much longer than the pulse
duration, only the positive terms (R;, R,, and R; for a
three-level system, and R; and R, for a two-level sys-
tem) need to be considered.

The homodyne echo signal measured by a slow
detector can be written as the integrated modulus
squared of third-order polarization [33].

S(1) O I|P(3)(T, t)|2dt, (1)

where the third-order polarization P® is the convolu-
tion of the electric fields with the response functions, R.
In the impulsive limit, P® 0 R and the total response
functionR= Y R . R containsthedynamical informa
tion involved In the calculation of the different double-
sided Feynman diagrams shown in Fig. 1.

The response function can be calculated through
line broadening function g(t), which connects the non-

linear response and the linear spectrum. The linear
absorption spectrum is usually calculated by [33]

l(w) = Rejdtexp[—(w—%l)t—g(t)]- )
0

The calculation of the nonlinear response has been dis-
cussed in detail in the monograph by Mukamel [33].
For vibrational transitions, g(t) is usually assume to be
real since no time dependent spectral shift was yet seen
in the pump probe experiments. The total response
function for positive delay times can be represented by
3
R= SR =2R(t,t)(1-€%), ©)
i=1

where Ry(1, t) = exp(-2g(t) — 2g9(t) + g(t +t)) and A is
the anharmonic shift, that is, the differencein frequency
between the 01 and 1-2 transitions. g(t) can be calcu-
lated from frequency-frequency correlation function,
which describes the solvent and solute interactions,

t Ty

g(t) = IdTldez (D wyo(T2) Oy (0) (4)
0 0

In Eqg. (3), it isassumed that the fluctuations of the 01
and 1-2 transitions are fully correlated, i.e., dwy, =
duy;. Thus, the total echo signa in the impulsive limit
can be described by

s o IR t)(1-€[ ct. )
0
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The 2-D or frequency-dispersed echo signal can be cal-
culated by the square of the Fourier transformed P®)
along t axis.

s(t.w) 0|[* PO, Oat|
(69)

0[fe R (-

= | Run et - Ie‘(w*A"Rl(T,t)dt\z. (6b)

In Eq. (6b), thefirst term peaks at w,,, corresponding to
the echo spectrum of the 01 transition (R, and R,); the
second term peak at w,; = w,;o— A, corresponding to the
echo spectrum of the overtone absorption (R;). From
Eq. (6), it can be seen that by choosing the proper detec-
tion frequency w, it is possible to suppress one of the
terms and avoid the interference. Therefore, the contri-
butions from either R,/R, (which are identical) or R,
can be obtained separately.

The above discussion only considers the pure
dephasing process (contributions from the solute—sol-
vent interactions) and the lifetime effect isnot included.
In the vibrational transition case, vibrational relaxation
may contribute significantly to the total dephasing (see
experiments discussed below); the lifetime needsto be
included. In Eg. (2), different response function terms
need to be scaled by the corresponding popul ation con-
tribution: exp[—t + T)/2T, , - 1] for the R; and R, terms,

g0 1 1 0
and exp[—(r/ZTLv:l) G =41] for

the R; term.

3. EXPERIMENTAL PROCEDURES

The experimental apparatusfor the ultrafast infrared
vibrational echo has been described in detail previously
[17]. Briefly, tunable mid-IR pulses centered at
1948 cm* with a repetition rate of 1 kHz were gener-
ated by an optical parametric amplifier pumped with a
regeneratively amplified Ti:Sapphire laser. The band-
width and pulse duration of the pulses were 90 cm™
(FWHM) and 170 fs (FWHM). Both the time profile
and the pulse spectrum were essentially Gaussian in
shape, and the pulses were nearly transform limited
(time-bandwidth product = 0.46). A 15/85% ZnSe
beam splitter was used create a weak beam (wave vec-
tor k,) and strong beam (wave vector k). In atwo-pulse
vibrational echo experiment, the signal intensity islin-
ear intheintensity of thefirst pulse and quadratic in the
intensity of the second pulse. Therefore, it is advanta
geous to have the second pulse more intense than the
first pulse. Furthermore, to perform a pump-probe mea-
surement of the vibrationa lifetime, the probe pulse
should be weak compared to the pump pulse. The
15/85% ZnSe beam splitter makesit possibleto do both
experiments without changing optics. The weak beam
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was delayed with respect to the strong beam by a step-
per-motor trandation stage. The beams were crossed
and focused at the sampleto a spot size of 150 pm. The
vibrational echo signa was generated in the phase
matched direction —k; + 2k,, and was detected with a
liquid nitrogen cooled HgCdTe detector directly (for
1-D signal) or first passed through a monochromator
(frequency selected signal). The resolution of the
monochromator was set to 2 cm™. The pulse energy
was ~3.5 pJ/pulse (before the beam splitter). Detailed
power studies were performed to make sure that there
were no higher order effects and no heating effects.

RuTPPCO, PMMA, methylene chloride (CH,CI,)
were purchased from Aldrich and used without further
purification. The 2-MTHF (Aldrich) was dried and dis-
tilled before use. The RUTPPCOPy/2-MTHF solution
was prepared by dissolving the RUTPPCO in 2-MTHF
and then adding two-fold excess of pyridine into the
RUuTPPCO solution. Pyridine is the 5th ligand on the
Ru. The optical density (OD) of the CO stretching
mode in the 200 pm path length sample cell was of 0.1.
The PMMA glass film was prepared by mixing PMMA
with aRUTPPCOPy/CH,CI,, solution. The solution was
spread on a clean glass plate and dried under a closed
atmosphere for two days. The sample was then placed
under vacuum for aweek to remove the remaining sol-
vent. The thickness of the PMMA film sample was 150
to 200 um, and the OD was ~0.5 at the absorption max-
imum. The samples were placed between two CaF,
windowsin a custom gas-tight copper sample cell. The
temperature of the sample was controlled with acontin-
uous flow cryostat and monitored with a silicon diode
temperature sensor bonded to the front CaF, window.

4. RESULTS AND DISCUSSION

4.1. FSVE Sudy of RuTPPCOPy
in PMMA Polymer Matrix

Figure 2 shows the 1-D vibrational echo data for
RuTPPCOPy in PMMA at three different temperatures:
80, 180, and 280 K (from top to the bottom). The
decays of 1-D signals are multi-exponential and are
modulated by oscillatory beats at all three tempera-
tures. The echo decay becomes slower and the oscilla-
tory modulation becomes stronger as the temperature
decreases. The oscillatory beats are described in terms
of the interference of the R)/R, terms with the R; term,
which produces a beat at the frequency difference
between 0-1 and 1-2 transitions, that is, the anhar-
monic shift [17, 19, 30, 31]. Such beats are referred to
as anharmonic beats[17, 19, 30, 31]. An important pre-
requisite for the observation of the anharmonic beatsis
the substantial spectral overlap between the spectra of
the 0-1 and 1-2 transitions. In the current system, the
inhomogeneity (~22 cm™) is comparable to the vibra-
tional anharmonicity (25 cm™), which was determined
from the beat frequency [30, 31].
No. 8
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Fig. 2. 1-D vibrational echo decays of RUTPPCOPy in
PMMA at 80, 180, and 280 K (from top to the bottom). The
bandwidth of the pulse is much larger than the anharmonic

shift of the 1-2 transition (25 cm‘l) to lower energy than the
0-1 transition. The decay is a tri-exponential with anhar-
monic bests, that is, beats at the difference in the 0-1 and
1-2 transition frequencies.

Figure 3 displays the 0-1 spectrum (fundamental)
and 1-2 spectrum at 80 K. The 1-2 spectrum was mod-
eled as the 01 spectrum shifted by the anharmonicity.
The spectrally resolved pump-probe experiments on
metal carbonyls by Heilweil et al. [35] have shown that
the absorption spectra of the fundamental and the
1-2 transition have similar linewidths. It is reasonable
to assume that the linewidths are identical for the two
transitions for the current system. Figure 3 displays
substantial spectral overlap between 0-1 and 1-2 tran-
sition in PMMA at 80 K. The linewidth of the 0-1
absorption spectrum was also found to be insensitive to
the temperature in the range between 60 and 300 K. The
anharmonic shift obtained from the beats in the 1-D
echo signal (Fig. 2) was found to be identical for three
different temperatures, demonstrating that the anhar-
monicity is not dependent on temperature.

In a 1-D vibrational echo experiment, even if the
decays associated with R)/R, and R; terms are individ-
ually distinct single exponentials (asin PMMA solvent,
see below), the interference of these terms will cause
the total signal to be a tri-exponential with beats. The
time constants associated with the individual terms are
difficult to resolve, especialy when the time constants
aresimilar. If theindividual decaysare non-exponential
and the functional form is not known (as in the case of
RUuTPPCOPy in 2-MTHF solvent at high tempera
tures), thenit isvirtually impossible to separate the dis-
tinct decay components.

The problems associated with the 1-D data (Fig. 2)
can be overcome by performing a frequency selected
vibrational echo (FSVE). By selecting the proper
detection wavelengths, it is possible to obtain the con-
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Fig. 3. The absorption spectrum of RUTPPCOPy in PMMA
at 80K labeled 0-1. The curvelabeled 1-2 isamodel of the
1-2 absorption spectrum obtained by shifting the 01 spec-

trum by the anharmonic shift of 1-2 transition (25 cm‘l),
which was determined from the beat frequency in Fig. 2.
The frequencies indicated with errors correspond to the
observations frequencies for the data presented in Fig. 4.

tribution to the signal corresponding solely to R/R, or
R; terms, removing the contamination from other
terms. Frequency selected echo experiments are shown
for three different detection wavelengths, 1954, 1935,
and 1918 cm™ in Fig. 4. The data displayed in Fig. 4
were taken at the three wavelengths indicated in Fig. 3.
Thedatain Fig. 4aweretaken dightly on blueside of cen-
ter 01 trangition (1954 cm?), the data in Fig. 4b were
taken half way between the two transitions (1935 cm?),
and the data in Fig. 4c were taken dlightly on red side
of the 1-2 transitions (1918 cm™). In Fig. 4b, the beats
are very pronounced with amost 100% modulation
depth. In this case, both R,/R, and R; terms contribute
amost equally to the signal, producing strong anhar-
monic beats at positive delay times. When the blue
wavelength isselected (Fig. 4a), the echo signal isdom-
inated by the contribution from the R,/R, terms, and the
contribution from R; termis suppressed; the interference
is essentidly eliminated. The decay shown in Fig. 4a
(1954 cm™) is for the pure 0-1 transition. At positive
delay times, it is equivalent to the pure two level (0-1
transition) vibrational echo decay. Similarly, when the
red wavelength (1935 cm™, Fig. 4c) is selected, the sig-
nal is dominated by the contribution from R; term, free
of the contamination from Ry/R, terms. At both wave-
lengths, the oscillations are virtually eliminated, and
the echo decays can be fit with single exponentials, as
shown in the insets.

The decay rate associated with R; (Fig. 4c) is faster
than that of R/R, (Fig. 44). In a Bloch picture, the
decay rates of the signal associated with R, and R,
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Fig. 4. Frequency-selected vibrational echo decays (dlices
through the 2-D spectrum) of the CO stretch of RUTPPCOPy

in PMMA at 80 K. (a) 1954 cm™., the 0-1 transition;
(b) 1935 cm™, between the 0-1 and 1-2 transitions;

(c) 1918 cm™, the 1-2 transition. The wavel engthsareindi-
cated with arrows in Fig. 3. Almost 100% modulation is

seen at 1935 cm™2, where the 0-1 and 1-2 spectra overlap
(seeFig. 3). At the other two frequencies, single exponential
decays (see insets) are observed.

terms are identical and are denoted by 4yy;, while the
decay rate associated with the R; term is (2yp; + 2y10),
where yy; and y;, denote the total dephasing rates asso-
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ciated with the 0—1 and 1-2 transition, respectively. The
data demonstrate that the total dephasing rate associ-
ated with 1-2 transition is faster than that of R/R,
terms, that is, yy; = 1/(16.0 ps) and y,, = /(7.0 ps) at
80 K. The total dephasing process has contributions
from both vibrational population relaxation and pure
dephasing processes. The higher vibrational levels in
general have shorter lifetimes than that of v = 1 level.
For a harmonic oscillator, the lifetime of a vibration
level isinversely proportional to its quantum number,
while the pure dephasing is only dependent on the dif-
ference between the quantum numbers of the levels
involved [36]. For asystem with asmall anharmonicity,
it is reasonable to assume that the pure dephasing rates
associated with 0-1 and 1-2 transitions are very simi-
lar, which was found to be in other systems[15] and in
the systems studied here at high temperatures. The
vibrational lifetime is sensitive to the anharmonic cou-
pling, and the ratio of relaxation rate of higher vibra-
tional levelstothat of thev = 1level isgeneraly greater
than that predicted for a harmonic oscillator [37]. At
low temperatures, the vibrational population decays of
the levels make a significant contribution to the total
dephasing [14, 31]. Therefore, the difference in the
total dephasing rates in the current situation is most
likely due to the shorter vibrational lifetime of thev =
2 level than that of thev = 1 level [31]. Thelifetime of
thev = 1 level measured by a pump—probe experiment
is12.6 psat 80 K, which yields a pure dephasing rate of
~1/(44 ps) for 0-1 transition. By assuming the same
pure dephasing ratesfor the 0-1 and 1-2 transitions, the
lifetime of thev = 2 level is estimated to be 6.2 ps. The
ratio of the lifetimes of the two vibrationa levels,
T1v=1/T1 =2 152.05, very close to 2.0 predicted for a
harmonic oscillator.

Vibrational echoes measure the homogeneous line-
width and, thus, separate the homogeneous and inho-
mogeneous broadening. The fact that single exponen-
tial echo decay is obtained for 0—1 transition suggests
that the solvent motion in this system can be well sepa-
rated into homogeneous broadening and inhomoge-
neous broadening and that the homogeneous part isin
the motional narrowing limit [33]. The echo decay rate
of 4.0 psat 80K for the 0-1 transition corresponds to a
homogeneous linewidth of 0.65 cm if the line is sub-
stantially inhomogeneously broadened and 1.3 cm if
the line is homogeneously broadened. Because both of
these values are much smaller than the total absorption
linewidth (22.8 cm™), it isclear that the absorption line
is massively inhomogeneously broadened. The vibra-
tional dephasing in this system can be modeled as a
small amount of homogenous broadening (which is
motionally narrowed) imbedded in ainhomogeneously
broadened absorption line. Thisis consistent with what
might be expected for a chromophore imbedded in a
polymer matrix such as PMMA at low temperatures.
For this system at 80 K, the frequency-frequency cor-
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relation function of the solvent fluctuations can be
written as

[Bwio(T2)3wio(0)0 = Apexp(-t/Ty) + A, (7)

where A, and 1, are the solvent fluctuation magnitude
and time scale, respectively, for the homogenous line,
and 4, is the inhomogeneous broadening. The pure

dephasing rate is given by the product Aﬁrh. Because
the pure dephasing rate and thus the echo decay rate
depend only on the product in the motional narrowing
limit (At = 1), the values of A, and T, cannot be
obtained independently.

One possible mechanism that could give rise to the
data at 80 K is the phonon-induced motion, or the so-
caled inertial motion. In this mechanism, it is assumed
that fast phonon fluctuations are relatively strongly
coupled to the vibrational transition and that other
motions of the glass, such astherotational and diffusive
motions of the polymer matrix, are frozen out. Thetime
scale of the inertial motion has been found to range
from 30 to 200 fs for different solvents [38]. To illus-
trate the results of assuming this mechanism, wetake a

typical value, that is, T, = 100 fs. Then using AT, =

UT5 , and the experimentally determined value, T, ~
44 ps, gives A, = 0.48 ps™. A, = 1.8 ps is obtained
from the simulation of the linear absorption spectrum.
Using these parameters, we can simulate both the 1-D
and frequency-selected vibration echo. The main pur-
pose of the calculationsisto reproduce the 1-D and fre-
guency-selected vibrational echo decays. It is impor-
tant to emphasize that a choice of a different physical
mechanism for the dephasing could yield different val-
uesof T, and A, but the results of the calculations of the
wavelength dependence of the vibrational echo decays
would be unchanged.

Figure 5 displays the results of the calculations that
mimic the data taken in the PMMA solvent at 80 K. For
the simplicity, the simulation is carried out in the
impulsive limit (infinitely short pulse duration) and
only the positive part is considered (only R;, R, and R,
are included in the simulation of 1-D and frequency-
selected echoes). Figure 5a shows the absorption spec-
trum and the calculation of absorption spectrum
through Eqg. (2), with additional lifetime broadening
also included. The calculations of the echo signals are
based on Eq. (5) (1-D) and Eq. (6) (frequency-selected)
with thelifetime effect included asdiscussed in Section 2.
The parameters used in all the smulations are identical
and were obtained from the experimental results dis-
cussed above. The frequency-frequency correlation
function is assumed to be [Bw(T,)0w,E(0)O =

A2 exp(-tit,) + A2, withA, = 0.48 ps, T, = 100 fsand
A, = 1.8 ps?. The lifetimes T, , -, = 12.6 ps and
Ty v=2=6.2 psare used in the simulations. The center
frequency of 0-1 transition is 1948 cm™. Figure5bisa
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Fig. 5. Simulation of the linear and nonlinear spectra. The
frequency-frequency correlation function is taken to be

Buyo(1)dw 00 = A exp(-tiy) + A2, with Ay, =

0.48ps™?, 1, = 100 fs and A, = 1.8 ps. The lifetimes
Tiy=1=126psand Ty , -, =6.2psareused inthesm-
ulations. (a) Simulated (solid line) and experimental (sym-
bol) linear absorption spectrum; (b) Simulated 1-D echo
signal; (c) Simulated frequency-sel ected vibrational echo at

1954 cm ! (circles), 1935 cm™ (solid line) and 1918 cm
(triangles). The inset is the semi-log plot of the simulated

1954 and 1918 cm 2 results.

QING-HUA XU, FAYER

calculation of the 1-D echo decay. Of particular interest
is the calculation of frequency-selected vibrational
echo data shown in Fig. 5¢. The top most curve is cal-
culated for a detection wavelength of 1954 cm (w =
6 cm). The decay isasingle exponential (top curvein
the inset) without beats. The middle curve is calculated
for a detection wavelength of 1918 cm™ (w =-30 cm™Y).
Again, asingle exponential decay (bottom curvein the
inset) without beats is obtained. The lowest curve,
which is highly modulated, was calculated for a detec-
tion wavelength of 1935 cm (w = -13 cm™). In con-
trast to the other two curves in Fig. 5c, there are beats
with amost 100% depth of modulation. The calcula
tions reproduce the linear spectrum (Fig. 5a), and com-
paring to Figs. 2 and 4, they also reproduce the 1-D
(Fig. 5b) and frequency selected data (Fig. 5c)
extremely well, even though the phenomenological
parameters obtained from the experiments but based on
the two-level model system were used in the simula
tions. The consistence of the simulation results with
data suggests that the frequency selected echo signal of
athree-level system, when the proper detection wave-
length is selected, can be modeled as a pseudo two-
level system.

4.2. FSVE Sudy of RUTPPCOPy
in Liquid 2-MTHF

Figure 6 displays datataken on RuTPPCOPy/2-MTHF.
Figure 6a shows the 01 absorption spectrum and the
1-2 spectrum modeled as the 01 spectrum shifted by
the anharmonicity. In contrast to RuTPPCOPy/PMMA,
the absorption linewidth is smaller than the anharmo-
nicity; very little spectral overlap exists between the
0-1 and 1-2 transitions. Figure 6b displays 1-D data
taken at three temperatures (80, 100, and 280 K, top
curve to bottom curve). Because the inhomogeneous
broadening is small compared to the anharmonicity, no
obvious anharmonic beats are observed in the 1-D data,
even when the temperature is below the glass transition
temperature (80 K data) [17, 19]. Nonetheless, for pos-
itive delay times all of the terms R/R, and R; (Fig. 1a)
contribute to the echo signal's, and the decays reflect the
combined dephasing dynamics of the 0-1 and 1-2 tran-
sitions. Thelack of beatsin the 1-D decaysis consistent
with the theoretical prediction that the spectral overlap
between 0-1 and 1-2 transitions is a prerequisite to see
anharmonic beats that arise from interference between
the Ry/R, and R; terms in the 1-D echo signal. (Under
the right circumstances, it is possible to see anharmonic
beats when thereis spectral overlap with another vibra-
tiona transition of the molecule or if there is spectral
overlap with avibrational transition of a different mol-
ecule [19].) In the frequency selected experiment
(Fig. 60), setting the detection wavel engthsto the peaks
of the 0-1 and 1-2 transitions, yields the dephasing
dynamics solely associated with R/R, and R; terms,
respectively. At high temperatures (e.g., 280 K,
Fig. 6c), the vibrational echo decay profiles associated
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with R/R, (filled squares) and R; (open circles) terms
display strongly non-exponential behavior that is virtu-
aly identical for positive delays. This supports the con-
clusion drawn above that the pure dephasing rates asso-
ciated with 0-1 and 1-2 transitions are very similar, and
the difference in the decays for the 0-1 and 1-2 transi-
tionsat low temperatures (Fig. 4) arisesfrom difference
in the lifetimes. At 280 K in 2-MTHF, the lifetime
makes a negligible contribution to the vibrational echo
decay (thelifetime of v = 1 level is~16 psat 280 K).

It is frequently assumed that a vibration in a liquid
at or near room temperature is homogeneously broad-
ened, since the solvent motion will be expected to
become faster and the absorption line shape becomes
more Lorentzian as the temperature increases. When
the vibrational line is entirely homogeneously broad-
ened, the solvent motion will cause the vibrational tran-
sition to be in the motional narrowing limit, the spread
in frequenciesis averaged into aLorentzian line (linear
spectrum), and the vibrational echo decay is exponen-
tial [39, 40]. The non-exponential decay observed at
high temperaturesin liquid 2-M THF demonstrates that
the above simple picture does not apply to this system
intheliquid at 280 K. The functional form of the decay
and the rate of the decay show that CO stretching mode
of RUTPPCOPy/2-MTHF is not completely homoge-
neously broadened at 280 K (or room temperature).
Instead, the solvent modulation of the vibrational tran-
sition frequency occurs on a variety of time scales. In
thePMMA glass, arelatively narrow homogeneousline
is imbedded in a large amount of inhomogeneity. The
same description also appliesin 2-M THF near the glass
transition temperature (86 K) and in the glass. Theinset
in Fig. 6b shows the 01 data taken at 100 K on a semi-
log plot; the echo decay is found to be single exponen-
tial. As discussed above, one possible source of the
motional narrowing in the glassis the phonon (inertial)
motions of the medium that have a very short correla
tion time, t,. When the temperature is raised above the
glasstransition temperature in 2-M THF, motions of the
small solvent molecules will no longer be frozen out,
and the diffusive motions of the solvent (both transa-
tions and rotations) will contribute to the vibrational
echo signal decay. These diffusive motionswill become
faster as the temperature increases. Even though the
absorption line width at 280 K in 2-MTHF is narrower
than that in PMMA (thus, aslower echo decay might be
expected in 2-MTHF), comparing the 1-D data at
280 K in PMMA and 2-MTHF (Figs. 2 and 6b) shows
that the 1-D echo decay in 2-MTHF is significantly
faster than in PMMA. The similar faster decay in
2-MTHF than in PMMA at same temperature is also
observed in the frequency-selected vibrational echo
(Fig. 7). These observations add to the evidence that in
2-MTHF, additional dephasing due to diffusive
motions, which are potentially frozen in PMMA, aso
contributes to the echo decay. At high temperatures, the
solvent modulation of the vibrational transition fre-
guency occurs on at least two time scales. Besides the
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Fig. 6. Data for RUTPPCOPy in 2-MTHF. (a) The absorp-
tion spectrum at 100 K labeled 0-1. The curve labeled 1-2
isamodel of the 1-2 absorption spectrum obtained by shift-

ing the 0-1 transition by the anharmonic shift (23 cm‘l).
(b) 1-D vibrational echo decays at (from top to bottom) 80,
100, and 280 K. There are no anharmonic beats because of
the very small spectral overlap of the 0-1 and 1-2 lines. The
inset showsthat thelow temperature (100 K) 01 datadecay
is an exponential. (c) Frequency selected vibrational echo
decays (dices through the 2-D spectrum) at 280 K detected
at the peaks of the 01 (squares) and 1-2 (circles) transi-
tions. The decays at positive delays are virtually identical
and non-exponential. At negative delays, the relative ampli-
tude of the 1-2 signal is larger than the 0-1 signal when the
signals are matched at their maxima. The two lines at nega-
tivedelay timesare an aid to the eyeto indicate that the neg-
ative time signals are very similar in functional form.
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Fig. 7. The demonstration of the effect of theinhomogeneity
on the negative time delay signals. RuTPPCOPy in
2-MTHF (open circles) and PMMA (solid squares) at
200 K. The wavelength was chosen to correspond to the 1-2
trangition. It can be seen at negative times, larger signalsis
observed in 2-MTHF than in PMMA. However, at positive
times, the echo decay in 2-MTHF is found to be faster than
that in PMMA.

fast phonon-induced (inertial) motion, the diffusive sol-
vent motion will also modulate the vibrational transi-
tion frequency. The fast phonon-induced motion is usu-
ally inthe motional narrowing limit, whilethe diffusive
motion could be on the time scale of subpicosecondsto
hundreds of picoseconds depending on the solvent
property and temperature [41], and isusually not in the
motional narrowing limit. Having multiple time scales
will result in a non-exponential decay. As mentioned
earlier, sorting out the dynamics from such non-expo-
nential decays would be virtually impossibleto doin a
conventional 1-D experiment. The details of the effect
of the temperature dependence of the inertial motion
and diffusive motion on echo signal will be presented
elsawhere[42].

Another unusual feature of the vibrational echo
decay data taken in 2-MTHF is that significant signals
were observed in the negative timeregion (Fig. 6¢). The
signals at negative times are significantly larger than
those observed in the PMMA solvent (see Fig. 7). Such
signals are due to the contributions from the R; and Rg
terms in Fig. 1. Since R, and Ry are non-rephasing
terms, their contributions will be minimized when a
large amount of inhomogeneity exists. The negative
time signal in 2-MTHF is significantly larger than that
in PMMA because the inhomogeneity in the PMMA
polymer matrix large compared to that in 2-MTHF.
Observation of alarge negative time signal isusually an
indication that the system has only a small degree of
inhomogeneous broadening. Inspection of the vibra
tiona echo signals at the two wavel engths (Fig. 6c¢) cor-
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responding to the 0-1 (squares) and 1-2 (circles) tran-
sitions, showsthat the signal at the 1-2 detection wave-
length is larger in the negative time delay region than
the 0-1 signal when the signals are matched at their
peaks. This difference in amplitude is observed at a
variety of temperatures. When the detection wave-
length is close to the peak of the 0-1 transition, R;, R,
R, Rs, R; contribute to the total signal, and R; and the
rising edges of the other four terms will contribute to
the signal at negative time delay. When the detection
wavelength is located at the peak of 1-2 transition, Rs,
Rs; and Rg contribute to the total signal, and Rg and the
rising edges of other two terms contribute to the signal
at negative delays. At significant negative delay, the sig-
nal arises only from R; for the 0-1 detection wave-
length and only from Rg for the 1-2 detection wave-
length. The mechanism responsible for the different
signal amplitudes at negative delay times is unknown.
Both the R; and Rg terms involve 0-1 and 1-2 transi-
tionsto the same extent and should give equal contribu-
tions to the negative delay signals. In the harmonic
approximation, the transition dipole matrix element for

the 21 transition is /2 bigger than that for the 1-0
transition. At thesignal level, (matrix element squared),
the sum of R, and R, (or R, and Rs) will give the same
amount of the signal asthat of R; (or Rg). After normal-
ization at the peak of the signal, the same amount of
signal would be expected at both detection wavel engths
at negative delay times. It is also worth noting that the
negative time delay signalsinvolve a2-0 coherence. In
principle, information on the decay of the 2-0 coher-
ence can be obtained from analysis of the negative time
delay signals.

5. CONCLUDING REMARKS

Ultrafast infrared vibrational echo experiments
inherently involve pulses with bandwidths that can
exceed the vibrational anharmonicity and other vibra-
tional splittings. Frequently, the information that is
desired from a vibrational echo experiment is the
dynamics of a particular transition. Comparison of the
vibrational echo decays in Figs. 2 and 4 demonstrates
that spectrally resolving the vibrational echo and
detecting the signal at particular wavelengths (fre-
guency-selected vibrationa echo) can simplify the
nature of the decays and provide the desired informa:
tion directly.

Frequency-selected vibrational echo studies of the
CO stretching mode of RUTPPCOPy permitted com-
parison of the vibrational echo decays of the 0-1 (fun-
damental) and the 1-2 transitions. The FSVE decay sig-
nal of the 01 transition of RUTPPCOPy in PMMA
polymer matrix is single exponential, suggesting that a
motionally narrowed homogeneous dephasing process
is imbedded in vibrational absorption line with a sub-
stantial degree of inhomogeneity. The dephasing of the
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1-2 transition is faster than that of 01 transition at low
temperature dueto significant contributionsfrom vibra-
tional population relaxation and the shorter lifetime of
v = 2 compared to v = 1 states. A simulation based on
the phenomenological parameters obtained above was
performed (Fig. 5) that reproduced the data for the lin-
ear spectrum and the nonlinear 1-D and frequency-
selected vibrational echo decays.

In contrast, in 2-M THF liquid, the decays associated
with 0-1 transition is exponential at low temperatures
but non-exponential at high temperatures (Fig. 6¢). The
dephasing dynamicsfor 0—1 and 1-2 transitions at high
temperatures are dominated by pure dephasing and are
virtually identical. The non-exponential decays show
that, even in a high temperature liquid, the vibrational
absorption lines are not motionally narrowed, homoge-
neously broadened transitions. Instead, the data suggest
that a multitude of the time scales of solvent modula-
tion contribute to the linear spectrum and nonlinear
vibrational echo signals. The temperature dependence
of the vibrational dephasing of RuTPPCOPy in PMMA
and 2-MTHF and the underlying dephasing mecha-
nismswill be discussed in detail subsequently [42].
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