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The technique of femtosecond coherence spectroscopy (FCS) is applied to the heme protein myoglobin.
Photostable samples of deoxy myoglobin (Mb) and photochemically active samples of the nitric oxide adduct
(MbNO) are investigated. The pump-induced change in the probe transmittance for both samples displays
coherent oscillations that, when transformed into the frequency domain, are in agreement with the resonance
Raman spectrum of deoxy Mb. This indicates that the coherences associated with the photoreactive sample
(MbNO) arise from the rapidly changing forces appearing in the crossing region(s) between the reactant and
product state potential energy surfaces. The relative phase and amplitude of the Fe-His vibration, associated
with the sole covalent linkage between the heme and the protein, are analyzed as a function of sample state
and pump/probe carrier frequency. The dependence of the phase on carrier frequency is found to be significantly
different for the “field driven” coherence in Mb and the “reaction driven” coherence in MbNO. In MbNO we
observe a dip in amplitude and a phase flip near 439 nm for the Fe-His mode, whereas in deoxy Mb we
observe a nearly constant phase and amplitude for this mode across the Soret absorption band. These
observations are shown to be in good agreement with a simple theoretical model of the pump-probe experiment.
Finally, we present recent observations of strong low-frequency oscillations, occurring near 40 cm-1 in both
species and near 80 cm-1 for MbNO.

Introduction

Femtosecond coherence spectroscopy (FCS) is a pump-probe
technique that utilizes ultrafast laser pulses to prepare and
monitor coherent states in resonant or nonresonant samples.1-23

Some novel characteristics of FCS, compared with other
standard spectroscopic techniques, include the capability of
following ultrafast processes in real time so that the initial phases
of vibrational oscillations can be measured and compared. For
example, under certain conditions, FCS reveals the sign of the
excited-state displacement, whereas resonance Raman spectro-
scopy is sensitive only to the absolute square of the excited-
state displacement. This technique can also follow coherences
generated by rapid electronic state surface crossings that take
place away from the vertical point of photon excitation.24 The
spin selection rules associated with diatomic ligand photolysis
in heme proteins lead to such nonvertical reactions, since the
vertical (photon induced) electronic transition must preserve the
spin of the ligand bound state (S)0), which differs from that
of the final dissociated product state (S)2). Thus, the transition
of the system from the S)0 reactant state to the S)2 product
state must occur away from the vertical excitation point and is
primarily dependent on the spin-orbit coupling. The ability to
detect these “dark” reaction coupled coherences is a unique
feature of FCS.11,15,25Such coherences are significant because
they provide a window to understanding the electronic and
electron-nuclear coupling forces associated with the reaction
coordinates of the “dark” chemical reaction.

In this paper we focus on the vibrational oscillations observed
in myoglobin (Mb) using FCS techniques. Myoglobin belongs
to the large class of heme proteins, which are involved in a

variety of physiologically important biochemical reactions such
as electron transfer, diatomic molecule storage and transport,
and catalysis. The heme group (active site) is a planar chro-
mophore containing iron, which is bound to the “proximal”
histidine (His) as the sole covalent link to the protein in Mb.
The heme iron binds diatomic molecules such as NO, CO, and
O2, which can be photolyzed by a femtosecond laser pulse,
rapidly creating a nonequilibrium structure. The relaxation
dynamics of this nonequilibrium structure toward equilibrium
has been extensively studied over broad time scales using a
variety of techniques.26-43

In this work, we tune the laser carrier frequency into
resonance with the strong Soret absorption band of myoglobin
near 420-435 nm in order to both pump and probe the various
sample states. This allows us to selectively probe the dynamics
of the active site (heme) and its interaction with the protein.
One of the observed nuclear vibrations, the Fe-His mode,44 is
found at 220 cm-1 and is an excellent indicator of the heme
protein relative motions. The frequency, amplitude, and phase
of the Fe-His mode observed in the FCS experiments are useful
in helping us understand the dynamics of protein relaxation as
well as the changes of the Fe-His bond length between the
various electronic states. The phase and amplitude measurements
also allow us to directly differentiate between the field driven
coherences in Mb and the reaction driven coherences in MbNO.

Measurements as a function of detuning from the carrier
frequency of the probe pulse (dispersed detection) are also
presented to show how one can select for vibrational coherences
based on the frequency content of the third-order polariza-
tion.25,45,46 The low-frequency modes that are revealed using
the dispersed detection scheme are significant in that they likely
represent important heme/protein motions that are intimately* To whom the correspondence should be addressed.
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associated with the reaction coordinate for diatomic ligand
binding. One motion that is believed to be important to the
ligand binding and dissociation processes involves the “doming”
of the heme group and the concomitant displacement of the iron
atom from an in-plane position to roughly 0.4 Å out of the heme
plane.36,47,48The low-frequency modes may also be connected
to energy transport between the active site and the protein/
solvent interface.49-51 In this work, we present data that display
strong oscillations near 40 cm-1 in both deoxy and NO bound
myoglobin as well as the strong mode at 80 cm-1 reported
earlier11 that is present only in the reaction driven samples (e.g.,
MbNO, MbCO). The presence of the 80 cm-1 mode in only
those samples undergoing the photolysis reaction, where the
iron displacements are known to be large, suggests that the 80
cm-1 mode is a strong candidate for the heme doming motion.11

Materials and Methods

We use a self-mode-locked Ti:sapphire laser (Coherent, Inc.)
to generate the pump/probe pulses used in this work. The laser
is capable of generating femtosecond pulses (45-80 fs) with a
variable center (carrier) wavelength between 700 and 960 nm.
The pulses are generated with a repetition rate of 76 MHz and
are doubled using a 0.2 mm BBO crystal so that the resulting
blue pulses are used to both pump and probe the samples in
the Soret absorption band. The average power of blue light at
the sample is 30 mW, which corresponds to about 0.5 nJ per
pulse pair. The pump and probe beams are compressed using
double pass prisms (SF10) for chirp compensation so that the
time bandwidth product of the pulses is 0.46, which is only 5%
larger than the transform limit. The pump beam is modulated
using an acousto-optic modulator (Neos Technologies) at
approximately 1.5 MHz. The probe beam is passed through an
optical delay line with a motorized translation stage that controls
the pump-probe time delay. Both beams are focused into a
rotating cell using a two inch lens in a near parallel geometry
so that spatial filtration of the pump beam is possible. The
polarizations of the pump and probe pulses are set to be
perpendicular in order to improve the rejection of pump leakage
into the detector. A lock-in amplifier (Stanford Research
Systems SR844) is used to detect the small signal (10-4) induced
on the probe intensity. Multiple scans of the optical delay line
lead to the high signal/noise ratio necessary to detect the heme
protein oscillations.

We use two kinds of detection: (1) a photodiode and (2) a
monochromator-photomultiplier tube (PMT) combination. In
the first case, the entire spectral bandwidth of the probe pulse
is detected, which we refer to as an “open band” measurement.
In the second case, the monochromator allows us to select a
specific wavelength range, located within the probe pulse
bandwidth, and we refer to such measurements as “dispersed”
detection.

Horse heart myoglobin was purchased from Sigma Chemical
Co. and used without further purification. The samples are
prepared in a glovebox to prevent unwanted contamination from
molecular oxygen. Potassium phosphate buffer (pH) 7.8, 0.1
M) is used to dissolve the protein, and 2µL of 1 M dithionite
solution is added to 90µL of buffered sample to obtain the
deoxy Mb species. An additional 1µL of 1 M NaNO2 solution
is added to prepare the MbNO adduct. The nitric oxide ligand
is used in this study because it geminately rebinds to the heme
iron in the 10-100 ps range, allowing for a complete reset of
the sample prior to the arrival of the next pump-probe pulse
pair.

The concentration of protein is chosen so that the sample
has an absorbance of about 0.6 OD at the pump wavelength in

a 0.5 mm cell. Each data set is the average of 60-120 scans of
the optical delay line, generated in a 2-4 h experiment. To
ensure sample integrity, the absorption spectrum of the sample
is measured before and after each experiment and intermediate
FCS files are routinely compared.

Typical measured signals consist of damped oscillations
imposed on a monotonically decaying background. To generate
the power spectrum from the time-resolved data we use a linear
predictive singular value decomposition (LPSVD) method that
simultaneously fits both the oscillations and the monotonic
decay. The plotted LPSVD power spectrum is analogous to the
Fourier transform amplitude spectrum rather than the Fourier
power spectrum, because it is linearly proportional to the
oscillation amplitudes. An alternative method of analysis
involves preliminary fitting of the monotonic background using
the maximum entropy method (MEM), which generates a
distribution of exponential decay rate constants. The residual
oscillatory signal is subsequently fit using LPSVD or a Fourier
transform. When the monotonic decay can be well described
by exponential functions over the time range of interest (as is
the case for the samples studied here), both techniques for fitting
the monotonic background are found to generate the same power
spectrum for the oscillatory signals.

Experimental Results

The femtosecond laser produces a pump pulse that can excite
vibrational coherences lying within the pulse spectral bandwith
(∼300-400 cm-1), which are subsequently monitored by the
probe pulse. When photostable samples (such as deoxy Mb)
are used, the coherences are driven by the pump electric fields
and the forces associated with differences in the ground and
resonant excited electronic state potential energy surfaces. In
general, these field-driven coherences can be associated with
vibrational states of both the ground and excited electronic state
potential energy surfaces. However, in the case of myoglobin
(and for heme proteins in general), the resonantπ-π* Soret
excited state is very short lived and population decay takes place
within 10-100 fs.52-57 Thus, the long-lived (∼1-2 ps) oscil-
latory signals that we observe are minimally complicated by
optically driven vibrational coherences associated with the Soret
excited electronic state.

The appearance of intermediate excited electronic states on
the relaxation pathway remains a possibility, and there have
been reports29,58,59that indicate the existence of such states.
However, Raman studies60,61 suggest that a majority of the
population is directly channeled into the ground state vibrational
manifold, while minor channels might lead to the appearance
of small amounts of long-lived (ps time scale) intermediate
states.61

A powerful method of studying the relaxation dynamics is
the measurement of transient absorption spectra using a white
light continuum. Figure 1a shows the evolution of the absor-
bance changes in the Soret region of Mb following Soret
excitation (400 nm). The observed spectral features can be
qualitatively interpreted as the cooling of a hot line shape that
shifts to the blue and narrows as cooling takes place (note the
early time evolution of the isosbestic point). Similarly, the
spectral evolution of photolyzed MbNO, shown in Figure 1b,
can be interpreted as the prompt appearance of the hot ground
state of deoxy Mb followed by cooling. A quantitative analysis
of the spectral changes introduced in Figure 1 will be presented
elsewhere.62 The possibility of an excited state with a weak (or
broadened) transition near 460 nm in deoxy Mb cannot be
completely ruled out, but the main features of both the Mb and
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MbNO spectral evolution are consistent with cooling of a hot
heme.42 Recent time-resolved Raman experiments on heme
proteins demonstrate the immediate appearance of Raman
spectra having peak positions within 5 cm-1 of the ground state
peak positions with enhanced anti-Stokes intensities.60 These
observations are also highly suggestive of the prompt formation
of a vibrationally hot electronic ground state Mb.60

Another strong argument for the prompt appearance of the
electronic ground state of deoxy Mb comes from FCS, which
probes the vibrational spectrum on still faster time scales. If
the vibrational coherence is formed in the electronic ground
state, the power spectrum of the observed FCS signals should
resemble the resonance Raman spectrum of deoxy Mb. Figure
2a presents the FCS signals obtained from deoxy Mb in the
dispersed detection scheme (open circles) along with the fit
(solid line) using a linear predictive singular value decomposi-
tion (LPSVD) analysis. The signal consists of oscillations
imposed on a monotonic decay. The monotonic decay is fit quite
well with a double exponential, which is found to be self-
consistent with a maximum entropy analysis (Kumar et al., to
be published) of the same data set. In Figure 2b we compare
the LPSVD generated power spectrum from the fit of Figure
2a to the resonance Raman spectrum of deoxy Mb. Because of
the large detuning condition (7 nm), the low frequency and
monotonic signals are strongly attenuated so that the higher
frequency oscillations (>100 cm-1) can be compared with the
resonance Raman spectrum. Notice that the fidelity between
the FCS power spectrum and the Raman spectrum is quite good
with the exception of the Raman peak at 304 cm-1, which is
systematically shifted to 280-285 cm-1 in all samples inves-
tigated so far.

As previously mentioned, a unique feature of FCS is its ability
to monitor the coherent dynamics triggered by a photon induced
chemical reaction. The generated power spectra for a reaction
driven process reveal the nuclear modes coupled to the reaction,

Figure 1. Transient absorption spectra displayed in 3D and contour plots: (a) deoxy Mb and (b) MbNO. Samples are excited by a 60 fs, 20 nJ
laser pump pulse at 400 nm.

Figure 2. (upper panel) FCS signal from deoxy Mb. The circles are
experimental data points and the solid line is the LPSVD fit. Two
exponential time constants of 0.29 and 2.8 ps are found from the
LPSVD fit, which characterize the monotonic background of the FCS
signal. The inset shows the absorption spectrum of deoxy Mb, the
spectrum of the laser pulse (grayed), and the detection wavelength.
(lower panel) LPSVD generated power spectrum and the Raman
spectrum of deoxy Mb.
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while the phase can be related to the direction of the reaction
forces. As an example, we consider the NO photodissociation
from MbNO. The mechanism that drives the vibrational
coherences in this case is essentially different24 from the one
in deoxy Mb where the vibrational coherences are driven directly
by the pump fields. Because of the different equilibrium
structures of the reactant (MbNO) and the product (Mb), strong
forces develop on the reaction coupled nuclei when the
electronic surface crossings take place between the reactant
(S)0) and product (S)2) states. Since the Fe-His bond is
approximately 0.1 Å longer in the NO bound state of myoglobin
compared to the deoxy state,63-65 the Fe-His mode is initially
compressed and driven into oscillation by the NO dissociation.
This generates a strong FCS signal for the Fe-His mode with
a uniquely determined phase.

Figure 3a displays the FCS signal from MbNO in the
dispersed detection scheme (open circles) and the fit to the data
(solid line) using LPSVD. In Figure 3b we see that the LPSVD
generated power spectrum contains the Fe-His mode at 222
cm-1 (which is not active in the resonance Raman spectrum of
MbNO) and resembles the resonance Raman spectrum of the
product state (deoxy Mb). Since less than 1% of the sample in
the irradiated volume is photolyzed by the pump pulse, the
observation of Fe-His oscillations is strong evidence that most
of the observed signal is generated by the electronic state
changes that accompany NO dissociation. The observed signal
has a linear dependence on the pump and probe intensities,
excluding the presence of higher order nonlinear phenomena.
The small peak near 250 cm-1 indicates the presence of some
ground state field driven coherence associated with the MbNO

reactant species. Nevertheless, the predominant signals in Figure
3 arise from those molecules in the sample that have absorbed
a photon and dissociated NO, subsequently driving the modes
comprising the reaction coordinate (e.g., Fe-His and heme
doming) into coherent oscillation.24

As observed in cryogenic studies, there are Soret band spectral
differences between myoglobin photolyzed at low temperature
and unligated myoglobin in solution.34,66 This difference is
characterized by a red shift in the Soret absorption band and an
upshift of the Fe-His mode frequency67 in the low temperature
photoproduct. The FCS studies also reveal slightly different
frequencies for the Fe-His mode in the case of deoxy Mb (219.8
( 0.6 cm-1) and MbNO (223.0( 0.4 cm-1) as determined
using the statistics from 20 independent data sets. Experiments
performed on samples prepared in a 75% glycerol solutions
reveal an Fe-His frequency of 220 cm-1 for deoxy Mb (two
independent data sets) and 225 cm-1 for MbNO (four indepen-
dent data sets). The increased viscosity of glycerol slows down
the conformational relaxation of the protein so that the Fe-His
mode is observed at higher frequency (225 cm-1) and evolves
toward its equilibrium value of 220 cm-1. Moreover, the fact
that we see a difference in the Fe-His mode frequency for
photolyzed MbNO between the aqueous (223 cm-1) and the
75% glycerol solutions (225 cm-1), demonstrates that the protein
relaxation process in aqueous solution is taking place on a time
scale of roughly 1 ps. This is consistent with earlier time-
resolved Raman work showing that the relaxation of the Fe-
His mode in Mb is completed within 30 ps.68

Since the detuning condition (4 nm) in Figure 3 is not so
severe as in Figure 2 (7 nm), signals from lower frequency
modes begin to appear and they can be identified at 43 cm-1

and 85 cm-1 in the power spectrum in Figure 3b. More detailed
studies of these modes25 will be presented elsewhere;69 here
we simply wish to stress the existence of the mode near 40
cm-1. Our earlier FCS studies11 clearly showed this mode in
the power spectrum, but direct 40 cm-1 oscillations in the time
domain data could not be discerned under the large detuning
conditions that were employed in that study. As a result, we
made no assignment of the 40 cm-1 feature. As will be shown
below, the 40 cm-1 mode is definitely associated with the heme
protein samples and robust oscillations with an∼800 fs period
can be seen directly in both the detuning measurements and
the open band data.

Figure 4 is an example of dispersed detection measurements,
where the carrier frequency of the pump/probe pulse is
positioned near the product state absorption maximum at 434
nm. The detection monochromator, with band-pass of about 0.5
nm, is systematically detuned from the carrier wavelength of
the pump/probe pulse so that higher frequency vibrational
components of the third order polarization are selected at larger
detuning. This effect can be seen directly in the oscillatory
components of the data in the left-hand panel of Figure 4. The
right-hand panel shows the LPSVD power spectra found at each
detuning wavelength. The main points to note here are that the
40 cm-1 mode is clearly a property of the sample and that the
frequency content of the FCS signals can be selected using the
dispersed detection scheme.25,45,46

In Figures 2 and 3, the probe pulse was dispersed through a
monochromator, which was detuned from the carrier frequency,
prior to detection by the PMT. When a detuning of several nm
is employed, the FCS signals are filtered so that only the high-
frequency vibrational components of the polarizability are
observed. On the other hand, we have observed that when the
detuning approaches 0 nm or when open band detection of the

Figure 3. (upper panel) FCS signal from MbNO. The circles are
experimental data points and the solid line is the LPSVD fit. Two
exponential time constants 0.34 and 2.12 ps are found from the LPSVD
fit, which characterize the monotonic background of the FCS signal.
The inset shows equilibrium absorption spectra of MbNO (reactant)
and the deoxy Mb (product), the spectrum of the laser pulse (grayed),
and the detection wavelength. (lower panel) LPSVD generated power
and the Raman spectrum of MbNO.
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probe pulse is used, it is possible to detect robust low-frequency
modes. An important advantage of open band detection is that
the autocorrelation measurement, used to determine the zero
time delay between the pump and probe pulses, is also
performed using this detection method. This allows the initial
phases of the observed oscillations to be determined with
improved accuracy compared to dispersed detection, since small
frequency dependent time delays associated with probe pulse
chirp can be eliminated.

We illustrate these observations in Figure 5, which displays
the oscillatory part of the FCS signals for Mb and MbNO using
open band detection at 427 nm. For both samples a strong in-

phase 40 cm-1 mode can be observed (thick solid line
superimposed on the data). The observation of the same
frequency in both samples suggests that both samples are driven
into coherent motion on the same (presumably ground) elec-
tronic state surface. The components of the LPSVD fits
representing the 220 cm-1 modes in the Mb and MbNO samples
are displaced from the data and amplified by 4 to show the
opposite phasing when the reaction and field-driven coherences
are compared at 428 nm. The vertical dashed lines are drawn
to facilitate a direct visualization of the maxima and minima
corresponding to the 220 cm-1 mode in the two data sets. The
pump/probe carrier wavelength is chosen in this experiment to

Figure 4. Sequence of experiments using dispersed detection. The MbNO sample is excited by∼70 fs pulses at 434 nm. Detection is at 434, 432,
431, and 428 nm. The left panels present the oscillatory part of the FCS signals (circles) with their LPSVD fits (solid line), whereas the right panels
show the LPSVD generated power spectra.
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minimize the amplitude of the 80 cm-1 mode, so that it does
not interfere with the 40 cm-1 mode in the MbNO sample.

We have also studied the behavior of the Fe-His mode in
deoxy and NO bound myoglobin over the 400-470 nm spectral
range. Figure 6 shows a sequence of five open band measure-
ments of MbNO near 439 nm, where a dip in the intensity and
an abrupt phase change of the Fe-His oscillatory signal are
observed. The thin solid lines (displaced for clarity) show the
220 cm-1 component of the LPSVD fit, while the vertical dashed
lines facilitate visualization of the 220 cm-1 phase change as a
function of the carrier frequency. The heavy dashed lines show
the 40 cm-1 LPSVD components. To minimize congestion in
the figure, the LPSVD components associated with the 80 cm-1

mode are not shown. However, the contribution from this mode
can be identified by the positive oscillations in the data near
400 and 800 fs.

The disappearance of the 220 cm-1 mode intensity at 439
nm and the accompanying phase change on either side of this
wavelength are clearly discerned from the data presented in the
left panel of the figure. Note that the phase change and loss of
intensity of the 220 cm-1 mode at 439 nm is occurring near the
absorption maximum of the product state (see Figure 1). This
is further evidence that the measured coherence signals of the
MbNO samples are arising from vibrational oscillations of the
deoxy Mb product state.

In Figure 7, we present more detailed measurements of the
phase of the 220 cm-1 mode in the MbNO sample as the pump/
probe carrier frequency is tuned over a broader spectral range.
In the lower part of the figure, we show a schematic representa-
tion of the relevant energy surfaces describing the process. The

potential well of the photoexcited reactant (MbNO*) along with
the ground (Mb) and Soret excited (Mb*) potentials of the
product state are shown as a function of the Fe-His coordinate
(Q). The dashed lines indicate pump/probe carrier frequencies
that are detuned to the red and blue of the absorption maximum.

Following the spin-allowed Soret excitation to MbNO* by
the pump pulse, the Fe-NO bond lengthens (on a time scale
that is roughly one-half the Fe-NO vibrational period,∼30
fs) and spin state crossings take place leading to a deoxy Mb
product state where the Fe-His mode is positively displaced
from equilibrium. The sign of this displacement follows from
the fact that the Fe-His bond is weakened and lengthened in
the equilibrium MbNO state compared to the equilibrium deoxy
Mb state. Note that MbNO and MbNO* have the same Fe-
His bond length, since the Fe-His mode is undisplaced and
Raman inactive in MbNO upon Soret excitation. In the case of
the photolysis reaction, the initial displacement of the product
state vibrational wave packet for the Fe-His mode is indepen-
dent of the carrier frequency of the pump pulse. Thus,
assuming70 that Fe-His bond contraction takes place upon Soret
excitation to Mb*, the probe pulse sees an initial antibleach
(less transmission) when it is detuned to the blue of the
absorption maximum. This leads to a phase ofπ for the
transmission signal, which is described by the functionAcos(ωt
+ æ). In contrast, when the carrier frequency of the probe is
tuned to the red side of the absorption band, the probe pulse
sees an initial bleach (more transmission), leading to a phase
of zero for the transmission signal. This behavior is seen in the
experimental data presented in the upper panel, which also
shows the theoretical prediction (solid line) based on a fully
quantum mechanical calculation in the well-separated pulse
limit.71 We emphasize that if the Fe-His bond were expanded
rather than contracted upon Soret excitation to Mb* the absolute
phases of the transmission signals would be reversed. This
demonstrates how the phases of the FCS signals can be used to
determine the absolute sign of excited state displacements and
confirms Stavrov’s prediction70 that the Fe-His bond contracts
upon Soret excitation.

In contrast to the distinct intensity and phase changes seen
for the Fe-His mode in the photoreactive MbNO sample, the
open band oscillatory signals for the nonreactive (field driven)
deoxy Mb sample show a nearly constant phase and the lack of
a distinct dip in the intensity, for the 220 cm-1 mode. In Figure
8 we present open band measurements on deoxy Mb in the Soret
region, and the corresponding phases of the 220 cm-1 mode
are plotted in Figure 9a. It is important to note that the initial
ground state wave packet displacement of a field-driven
coherence depends critically on the detuning of the pump pulse
carrier frequency relative to the center of the resonant absorption
band. Figure 9b schematically depicts the creation and detection
of wave packet motion along the Fe-His coordinate, for a
degenerate pump-probe experiment, assuming a two electronic
level system. A resonant pump pulse induces wave packet
motion in the ground state with a momentum impulse (shown
in the figure as an arrow above the wave packet) in the direction
of increasing difference potential.72,73 Furthermore, when the
carrier frequency is detuned toward the blue side of the resonant
absorption maximum (corresponding toλB in Figure 9b), the
wave packet is displaced toward decreasing bond lengths. This
leads to an initially increased probe transmission, and the
resulting phase is close to zero. On the other hand, as the pump
carrier frequency is tuned to the red of the absorption maximum
(λR in Figure 9b), the wave packet is displaced initially toward
increasing bond lengths, and hence the phase of pump-probe

Figure 5. Oscillatory parts of the FCS signal (circles) in open band
detection (pump and probe at 427 nm, pulse duration 77 fs) from (a)
deoxy Mb and (b) MbNO are displayed along with the LPSVD fits
(solid lines). Superimposed are the 40 cm-1 (thick solid line) and 220
cm-1 (thin solid line) modes found in fitting procedure. For clarity the
220 cm-1 oscillations are vertically shifted and scaled up by a factor
of 4.
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signal for red detuning is still expected to be near zero. (The
expected results for a degenerate pump-probe experiment
should be contrasted with the results one finds for a two-color
experiment,8,9 where a fixed pump carrier frequency sets up an
initial wave packet that is independent of probe carrier
frequency, and results similar to Figure 7, with a distinct phase
change near band center, are observed.)

The presence of momentum transfer from the pump pulse
contributes to deviations of the predicted phase from zero. A
fully quantum mechanical treatment of the pump pulse prepara-
tion step shows that the relative magnitudes of the momentum
transfer and the displacement imparted to the wave packet
(which determine its initial phase) depend on the temperature
as well as the pump pulse carrier frequency.71 It is found that
at high temperature (hω , kBT) the induced wave packet

displacement dominates the momentum transfer. However, in
the region close to band center, the displacement approaches
zero while the momentum is nonvanishing. This gives rise to
deviations of the phase from zero near the center of the resonant
region, where it undergoes a sharp and discontinuous jump
between(π/2 on either side ofλmax. In Figure 9a, we illustrate
the predictions for the measured phase using a fully quantum
mechanical theory of the pump-probe experiment in the well-
separated pulse limit. Our approach incorporates the measured
equilibrium absorption line shape and the Kramers-Kronig
determined dispersion line shape. The dashed line is obtained
when the asymmetric experimental line shape of deoxy Mb at
T ) 300 K is used, while the solid line is the result using a
Gaussian approximation. It can be seen that the approach to
the off-resonant impulsive limit (when the phase approaches

Figure 6. Sequence of open band FCS measurements on MbNO samples. The left panels present the oscillatory parts of the FCS signals (circles)
with their LPSVD fits (solid line). The 40 cm-1 mode component (dashed line) is superimposed and the 220 cm-1 mode is shifted for clarity (thin
solid line). The relative signal intensities at the different wavelengths are calibrated using the white light continuum measurements (Figure 1).
Excitation and detection utilized 70-80 fs pulses at 435, 437, 439, 442, and 445 nm. The right panels show the LPSVD-generated power spectra.
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π/2) occurs much more rapidly for the asymmetric line shape,
due to the sharp decrease of the deoxy Mb absorption band at
the red edge of the transition.

As can be seen from Figure 9, the predicted phase of the
220 cm-1 mode in deoxy Mb is in qualitative agreement with
the experiment, except near the resonant region where the
expected discontinuity near 435 nm is not clearly observed. As
mentioned above, the approach of the theoretical phase to(π/2
near the absorption maximum arises from the presence of
nonzero momentum transfer between the pump pulse and the
material. The center pair of potential surfaces in Figure 9b
depicts the situation when the pump-probe carrier frequency
is aligned with the absorption maximum. Under this condition,
the wave packet merely receives a momentum impulse without
a coordinate displacement, and we expect the intensity of the
fundamental oscillations to vanish (the overtone intensity is a
maximum under this condition). However, no clear dip in the
intensity of the 220 cm-1 mode is observed experimentally, as
seen in Figure 8. One possible reason for the deviation between
the theoretical prediction and the experiment may be a nonoscil-
latory component of the deoxy Mb line shape that varies in
time. From the dynamic absorption spectra presented in Figure
1a, it is clear that the absorption line shape of photoexcited
deoxy Mb is dynamic on the fs-ps time scale, especially in
the wavelength region 441-435 nm. This could potentially
remove the dip in intensity of the 220 cm-1 mode, since the
presence of a dip requires that the oscillatory dynamics of the
line shape occur about a fixed absorption peak.

Thus, when the line shape exhibits a time dependent shift,
we can expect that there is no fixed probe frequency for which
oscillations are completely extinguished. It also turns out that
the observed signal cannot be described by a simple cosine
function so that the phase is ill-defined when probing within
the dynamic region of the absorption band. Thus, the various
fitting procedures, which assume simple cosine oscillations,
return phases that are “averaged” over the shifting line shape
and do not display evidence of the predicted(π/2 phase
discontinuity near band center. Another signature of the dynamic
line shape model is an apparent increase in the damping of the
vibrational oscillations, which arises as the line shape sweeps
past the probe pulse carrier frequency. There is some evidence
of this behavior in the 439 nm data shown in Figure 8.

Discussion

The technique of FCS can play a major role in helping us to
understand the nuclear motions that are involved in biomolecular
reaction dynamics. We have shown how a nonreactive sample
such as deoxy Mb can be driven into coherent motion by the
action of the pump pulse fields and how these motions differ
in phase and content from the coherent motions that are induced
by a chemical reaction such as NO photolysis. In both cases,
the FCS signals generate power spectra that are very similar to
the resonance Raman spectrum of the deoxy sample. In
particular, the 220 cm-1 mode, associated with the vibration of
the Fe-His bond, shows phase behavior that demonstrates a
contraction of the Fe-His bond upon Soret excitation of deoxy
Mb. This experimental result is consistent with earlier predic-
tions of the sign of the excited state potential energy surface
displacements70 and shows how FCS (in contrast to resonance
Raman spectroscopy) can be utilized to obtain the sign of excited
state displacements.

Moreover, the observed changes in the phase of the 220 cm-1

mode, as the pump/probe carrier frequency is tuned across the
resonant absorption band, dramatically differentiates between
field-driven and reaction-driven excitation of the coherent
motion. The reaction-driven coherence shows a clear phase shift
of π as the carrier frequency moves through the center region
of the absorption band. This is expected for a photolysis reaction
that takes place independently of the pump carrier frequency.
In contrast, the deoxy Mb sample displays no apparent phase
shift, reflecting the fact that the pump pulse sets up an initial
wave packet that depends on the pump carrier frequency. Thus,
the results presented here confirm the idea11 that electronic
forces, arising from the surface crossings associated with the
MbNO f Mb + NO chemical reaction, are the prime source
of the coherent nuclear motions observed in the MbNO samples.

The theoretical predictions for a ground state field-driven
coherence presented in Figure 9 are somewhat clouded by the
lack of a clear dip in the 220 cm-1 mode intensity as the carrier
frequency is tuned across the deoxy Mb absorption band. In
addition, the observed phases, while in qualitative agreement
with the theoretical predictions, do not show the expected(π/2
dicontinuity as the carrier frequency approaches the band center
region (435-445 nm). One possible reason for this discrepancy
is the assumption that the nonoscillatory component of the
resonant absorption line shape has a time independent first
moment. However, the presence of overdamped modes and/or
anharmonicity invalidates this assumption and leads to mono-
tonic time evolution in the first moment. This significantly
affects the signals when the carrier wavelength of the probe
pulse is in the vicinity of the peak of the shifting line shape.
As can be clearly seen from the time dependent “isosbestic”

Figure 7. (a) Dependence of the phase of the 220 cm-1 mode of MbNO
as the pump/probe carrier wavelength is varied. The circles are
experimental data, and the solid line is the prediction based on a simple
theoretical model for reaction-driven coherence in MbNO. The
uncertainty in the phase estimation is about(π/4. (b) The potential
energy surfaces and the reaction wave packets along the Fe-His
coordinate (Q) of the product state (Mb). The dashed arrows indicate
the probe carrier wavelength and Mb* denotes the Soret excited state
of the product. The pump pulse creates the reactant excited state
(indicated as MbNO*), which rapidly decays to Mb+ NO along the
transverse coordinateRFe-NO and is not shown explicitly in the figure.
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point in Figure 1a, the probed absorption band in deoxy Mb is
shifting during the first few picoseconds, so that the band center
wavelength is changing. (Note that the transient absorbance of
the MbNO photoproduct, Figure 1b, displays a much faster
relaxation of the isosbestic point.) As mentioned above, the ps
evolution of “band center” in the deoxy Mb sample can cause
a blurring of the region over which a dip in the 220 cm-1 mode
intensity would be seen and also affect the observed phases. A
more formal theoretical treatment of these effects will be given
elsewhere.71 Another theoretical issue that needs further con-
sideration is the possibility that vibrational coherence created
in the short-lived Soret excited state might contribute to the
signal after nonradiative internal conversion to other longer lived
states (including the ground state). The possibility that ultrafast
nonradiative internal conversion processes can drive vibrational

coherence (analogous to the reaction driven coherence) also
needs to be explored. For simplicity, such effects have been
ignored in the present discussion.

In addition to the quantitative phase and intensity measure-
ments of the 220 cm-1 mode, we have also presented data to
document the observation of a strong mode near 40 cm-1 in
both the deoxy and NO bound myoglobin samples. The presence
of this mode in deoxy Mb as well as in the NO bound sample
(and all other heme samples studied to date) suggests that it is
not driven by the dissociation reaction, but rather it may be a
low-frequency mode, common to all heme protein samples. The
universal appearance of the∼40 cm-1 mode in the FCS signals
of all heme proteins so far studied indicates that its observation
in the cytochrome oxidase system is not unique, and therefore

Figure 8. Sequence of open band measurements on deoxy Mb. The left panels present the oscillatory parts of the FCS signals (circles) with their
LPSVD fits (solid line). The 40 cm-1 mode is superimposed (dashed line) and the 220 cm-1 mode is shifted for clarity (thin solid line). The
wavelength dependence of the signal intensities is calibrated using the white light continuum experiment (Figure 1). Excitation and detection
utilized 70-80 fs pulses at 427, 430, 435, 439, and 445 nm. The right panels show the LPSVD generated power spectra.
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it is unlikely to be related to coherent population transfer as
recently suggested.74

In contrast, a strong 80 cm-1 mode is seen exclusively in
samples that undergo the ligand photolysis reaction, suggesting
that it is the likely candidate for heme doming motion.
Independent calculations of the doming frequency75,76 are
supportive of this assignment. The possibility that the 80 cm-1

mode is an overtone of the 40 cm-1 mode, enhanced by the
large difference in heme geometry between the reactant and
product states (i.e., the∼0.4 Å displacement of Fe from the
heme plane), has also been suggested.25 A third possibility is
that a fundamental mode exists at 20 cm-1 (note the weak
feature near 20 cm-1 in the power spectra of Figure 6) and that
strong quadratic coupling enhances the even harmonics at 40
and 80 cm-1. However, quantitative theoretical calculations,
using realistic values for the linear and quadratic coupling,
suggest that the overtone and higher harmonic assignments are
unlikely.71

Finally, we note that new high-resolution synchrotron based
measurements, using the 14.36 Kev Mo¨ssbauer transition of Fe,
have revealed the vibrational density of states that couple to
the iron atom in Mb and MbCO.77 These low-temperature
experiments find significant coupling to iron motion near 20
cm-1 and suggest that, if either the 40 or 80 cm-1 modes are
assigned to the doming fundamental, the iron atom must move
in concert with a significant amount of protein material (or else
be more strongly damped below the glass transition). More

detailed FCS studies of these very interesting low-frequency
modes will be reported elsewhere.
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